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Kurzfassung

Die Eigenschaften, verbunden mit dem Einfluss von nicht koordinierenden Anionen und der
Kettenldnge der verbriickenden Liganden, von Eisen(II) Spin Crossover Verbindungen wurden sys-
tematisch untersucht. Hierzu wurden Komplexe mit Tetrafluoroborat, Perchlorat bzw. Hexafluo-
rophosphat als Gegenionen und Ditetrazolliganden mit unterschiedlicher Anzahl von C-Atomen

(n = 4-10 und 12) innerhalb der Alkylenkette hergestellt und analysiert.

Die sich daraus ergebenden Verdnderungen des strukturellen, optischen, magnetischen bzw.
magneto-optischen Verhaltens wurden im Detail gemessen und werden in der vorliegenden Arbeit
vergleichend diskutiert. Der Tetrafluoroboratkomplex mit 4 C-Atomen in der Kette, bildet ein 3
dimensionales Netzwerk und weist einen gemischten High Spin (HS) / Low Spin (LS) Zustand
unterhalb von 70 K auf. Wird der Komplex innerhalb kurzer Zeit auf 4,2 K abgekiihlt (gequencht),
bildet sich ein metastabiler Zustand aus 80% HS und 20% LS Anteil, der bei hoheren Temperaturen
mit einer Halbwertszeit von 2 Tagen relaxiert. Den selben metastabilen HS Zustand kann man mit
Licht geeigneter Wellenlédnge (A = 537 nm) bei 10 K anregen (LIESST-Experiment). Im Vergleich
dazu zeigt der Perchloratkomplex einen 2 stufigen Ubergang, mit Spin-Crossovertemperaturen
bei 84 K und 134 K. Im Falle des Komplexes mit Hexafluorophosphat als Anion, wurde die

Induzierung des Spiniibergangs durch Magnetfelder iiber 100 T erstmals gemessen und prisentiert.

Komplexe mit lingeren Briickenliganden (n = 5-10 und 12) kristallisieren kettenformig wobei
die Spiniibergangskurven mit steigender Anzahl von C-Atomen in der Kette gradueller werden.
Vergleicht man die Spiniibergangstemperaturen der Perchloratkomplexe mit jenen der Tetrafluoro-
boratkomplexe, zeigen letztere hohere Ubergangstemperaturen fiir 5-7 C-Atome in der Alkylenket-
te. Weiters teilen sich die Komplexserien abhiingig von der Kettenlénge in zwei Gruppen: Solche
mit geradzahliger Anzahl von C-Atomen in der Kette zeigen hohere Ubergangstemperaturen als je-
ne mit ungeradzahligen C-Atomen. Dieser ,,Parititseffekt” kehrt sich in der Tetrafluoroborat Serie
ab n =8 um. Wird die Anzahl der C-Atome weiter erhoht, ndhern sich die Spiniibergangstemperatu-
ren der beiden Serien 160 K. Der Paritétseffekt findet sich in der Analyse der Absorptionsspektren

wieder und kann als Jahn-Teller Verzerrung interpretiert werden.

Die Ergebnisse gewihren Einblick in die sensiblen Zusammenhinge zwischen strukturellen Verdnde-
rungen und elektronischen Besetzungszustinden, welche sich in thermisch, optisch und magne-

tisch anregbaren Spiniibergangen zeigen.



Abstract

The influence of non-coordinating anions and spacer length of the ligand is analysed in exten-
sion of the systematic investigations into iron(II) spin crossover coordination polymers. Ditetra-
zole complexes of iron(Il) perchlorate, tetrafluoroborate and hexafluorophosphate where the two
tetrazole moieties are separated by alkylene spacers with different number of carbon atoms (n) are
presented. Pronounced structural, optical, magnetic and magneto-optical changes are analysed and

found in the comparison of the two series.

When n = 4 a three dimensional network is formed that in the case of the tetrafluoroborate deriva-
tive stabilises a mixed high spin (HS)/low spin (LS) state below 70 K. If, however, the sample is
rapadly cooled (quenched) to 4.2 K a metastable 80% HS /20% LS state is produced, which has
a ty/ = 2 days at 44 K. This metastable HS state is also obtained when irradiating the sample at
530 nm at 10 K (LIESST effect). The perchlorate form shows a two-step transition at 84 K and
134 K. For the hexafluorophosphate complex the induction of the spin crossover at magnetic fields

higher than 100 T are measured and presented for the first time.

Complexes with longer spacers (n = 5-10 and 12) crystallise in a chain type arrangement and the
spin transition curves become more gradual with increasing n. When n = 5-7 the smaller tetraflu-
oroborate causes spin transitions to occur at higher temperatures than the equivalent perchlorate
series. Furthermore the two series can be divided into two groups: those with an even number
of carbons in the spacer show higher spin transition temperatures than the odd ones. This parity
effect, reverses at n = 8 for the tetrafluoroborates. With a further increase of n, however, the
complexes approach a limiting value of 160 K. This parity effect is also reflected in the analysis of

the absorption spectra of the two series and can be attributed to the Jahn-Teller distortion.

The results allow a deeper insight in coherences between structural changes and electronic oc-

cupations, which can be detected as thermal, optical or magnetic spin transitions.
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Introduction



1 Introduction

1.1 First Investigations

In the 1930s Cambi et al. observed for the first time the anomalous mag-
netic properties of some N,N’-substitueted tris(dithiocarbamate)iron(III) com-
plexes [1]. Concurrently, Pauling and co-workers discussed similar anoma-
lous magnetic behaviour of ferrihaemoprotein hydroxides [2]. Around twenty
years elapsed between these investigations and the time when the foundations
of the ligand field theory were solidly established. At thistime, Orgel suggested
the possibility for a spin state equilibrium for these anomalous properties [3].
Subsequently, Griffith and co-workers observed the expected thermal equilib-
rium between spin states for several haemoproteins [4] and Martins, White
and co-workers published the first theoretical interpretation of the magnetic
behaviour in the tris(dithiocarbamate)iron(Il) complex [5]. In 1964 Baker and
Bobonich reported an unusual cooperative behaviour observed for the com-
plexes [Fe (phen), (NCX),] (X=S,Se) and [Fe (bipy), (NCS),], which represented
the first Fe(II) spin-crossover (SC) systems (whereas the expression of ”spin-
crossover” was established by Ewald et al. in the same year [5]). However, they
did not associate these observations with a spin transition between S=0 and 2
spin states for iron(Il) [6]. Three years later Konig and Madeja established
definitively the nature of the spin transition for these iron(II) derivatives from
detailed magnetic and Mossbauer spectroscopic studies [7]. Soon after this
fundamental results the number of SC compounds with different ions raised
rapidly. So that the research work in this field is nowadays distributed on the
following transition metals: Fe(III) [1, 8], Cr(II) [9], Mn(II) [10], Co(II) [11, 12],
Mn(III) [13], Co(III) [14] and of course Fe(Il) about which this work is focused.
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1.2 Overview of the Theoretical Background

In octahedral symmetry (Oy) iron(II) complexes can adopt two different elec-
tronic ground states depending to a first approximation on the magnitude of
the A energy gap between the e, and t,; metal d-orbitals relative to the mean
spin pairing energy P. More precisely, for A >> P, the ground state arises
from the configuration where the d electrons occupy first the t,, orbitals of
lowest energy. The ground state is then LS. For A << P, on the other hand,
Hund's rule is obeyed. The HS ground state has the same spin multiplicity as
the free metal ion. When the conditions A << or >> P are no longer fulfilled,
a LS < HS transition may occur. The condition for a spin transition to occur
is often defined by |A — P| = kT. Such a formulation is often confusing. As a
matter of fact, A depends on the electronic state: for a SC compound A(HS)
and A(LS) are clearly not the same. Similarly, the mean spin pairing energy P is
defined in rather ambiguous way. The occurrence of spin transition is related
to LS and HS potential energy curves (see Figure 1.1). A spin-transition may
be induced in a controlled, detectable and reversible manner, by the action of
temperature (T), pressure (p), magnetic field (h) or light irradiation (hv)
(see Figure 1.1).

The SC phenomenon can be considered to be an intra-ionic electron trans-
fer, where the electrons move between the e, and the t,, orbitals. Given that
the e, subset has an antibonding character its population/depopulation takes
place concomitantly with an increase/decrease in the metal-to-ligand bond dis-
tances. An opposite change in the population takes place in the t,, orbitals,
which affects the electron back-donation between the metal ion and the vacant
7" orbitals of the ligands. Both o and 7" factors contribute to the change of
the metal-ligand bond length. The typical mean metal-to-ligand bond length
change, AR, is around 0.2 A for Fe(Il). Hence, a remarkable change of the molec-
ular size and shape takes place during the spin conversion (see Figure 1.1).
It is worth noting, that in addition to the metal-ligand bond length changes,

remarkable variations of the bond angles are also observed. Consequently the
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SC molecule experiences a drastic change of Ao upon spin conversion, which
may be estimated from A;s/Ays = (ARys/ARrs) " with n = 5-6. For instance,
Ars = 1.75 Agg for Fe(Il). This estimation neglects the angular dependence of
Ao and considers that AR is the most significant structural parameter as con-
tirmed experimentally [15]. With these theoretical background in mind, many
efforts have been made to design “molecular materials” possessing a set of
properties tunable by external constraints with the target to reproduce at the
molecular scale traditional electronic functions, like memories, modulators,

rectifiers, transistors, switches and wires [16].

/ LS Hs
S=0 S=2

EM

=t

H%%/ PR

K R(Fe-L) /

Figure 1.1: Presentation of the adiabatic potentials for the high-spin and the
low-spin state along with the most important reaction coordinate for SC in
Fe(II) complexes.
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1.3 Possibilities to Induce Spin Transition

1.3.1 Spin Transition Induced by Temperature

Temperature is historically the most commonly used method to induce the spin
transition [1, 5, 8, 9, 10, 11, 12, 13, 14, 17, 18, 19]. It is this method which all the
others are established on.

As spin conversions have been observed in the solid state as well as in solu-
tion, Ewald et al. [5] discovered for the latter case, that the processis essentially
molecular, and the spin transition is very gradual, obeying a Boltzmann distri-
bution law between the two spin states. On the macroscopic scale,the situation
is more complicated and the spin transition has to be described thermody-
namically. The change of the spin state is given by a physical equilibrium
between the LS and the HS state which can be changed by the variation of
the Gibbs free energy AG or the entropy factor AS and the enthalpy factor AH

(see equation 1.1).

AG = GHS - GLS =AH - TAS (11)

For example, the variation of AH is directly connected with the electronic
contribution, AH,; [20] which is positive for the LS — HS transition. The
entropy, which is the sum of electronic AS,; and vibrational AS,;, contributions,
is also positive for the LS — HS transition. If AH and AS have the same sign,
there exists an equilibrium temperature T ,. This critical temperature, at which

the same amount of LS and HS molecules exists, is defined by AG = 0, hence

Ty2 = AH/AS (1.2)

Below T3, AH is greater than TAS (AG > 0) and therefore the LS is more stable.
On the opposite, above T3, AH is smaller than TAS (AG<0) and the HS state
is more stable. An increase in temperature therefore stabilizes the HS state

because of a gain of entropy during the LS — HS transition. The thermal spin
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transition is consequently a molecular process dominated by entropy [21, 22].
Until 1964, the obtained spin transition curves of Fe(II) compounds in the liquid
phase were all gradual. Itis also possible to obtain such curves in the solid state,
but because of possible cooperative interactions in the solid phase, the transi-
tion curve can take many shapes. In 1964 the first compound which showed
an abrupt temperature dependent spin transition was [Fe(phen),(NCS)] [19],
in 1976 the [Fe (4,7 — (CH3), — phen), (NCS),] was the first compound with
an hysteresis, measured by Koénig and Ritter [23]. Today there are a lot of
compounds known which show differences between 2 and 90 K when they
are cooled down and afterwards heated again [24], whereas for example an
hysteresis of 50 K can be attributed to a loss of solvent (often water) during the
tirst temperature cycle [25, 26]. In 1982 the first two step spin transition was
observed with the compound [Fe (2 - pic3)] Cl, - EtOH [27]. The trends of these

curves are shown schematically in Figure 1.2.

1.0F 1 1.0f
YHs

0.5} (Y| N—

O : . 0
T1/2 ¥ TiTi2 T
1.0t 1 1.0r .
VHs . e
0.5 4 0.5+ 4
ot | o ]
T T

Figure 1.2: Principal types of spin-transition curves represented in the form
of high-spin molar fraction, yys, vs. temperature T: (a) gradual, (b) abrupt,
(c) abrupt with hysteresis, (d) two-step and (e) incomplete.
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1.3.2 Spin Transition Induced by Pressure

The effects of applied pressure on the SC have already been studied by
Ewald et al. [5]. As explained under 1.2 the LS state has a smaller molecular
volume than the HS state and is favoured as pressure increases. This means
that the spin transition occurs at higher temperatures compared to the spin

transition temperature at normal pressure (see Figure 1.3).
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Figure 1.3: yuT vs. T curves at different pressures for [Fe(phen),(NCS),] poly-
morph II [33].

Systematic and detailed studies of the concerted action of temperature and
pressure variation of SC compounds have only recently become possible with
the development of special hydrostatic pressure cells in connection with mag-
netic susceptibility, optical and Mossbauer measurements, EXAFS and vibra-
tional spectroscopy [28, 29]. After this technical progress significant results of
pressure effect studies on solid mononuclear, dinuclear and polymeric 1D, 2D
and 3D SC compounds of iron(II) have been obtained [30, 31]. These results led
to important information on thermodynamical properties and on the driving
force of the thermal spin transition in SC compounds. Analysing the evolution
of the spin transition curve obtained under pressure allows to extract, along

with the changes of enthalpy and entropy, the change of the volume of the
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unit cell upon spin conversion as well as the behaviour of the interaction con-
stant. Application of pressure is also a powerful tool to investigate the role of
the structure and the interplay between spin transition and structural phase

transition [29, 32].

1.3.3 Spin Transition Induced by Light

The first evidence of Light-Induced Excited Spin State Trapping - LIESST ef-
fect - in an iron(II) SC material was reported by McGarvey and Lawthers [34]
in solution and then by Decurtins et al. [35] in the solid state. The latter
authors demonstrated the possibility of converting a LS state into a metastable
HS state at low temperatures (< 50 K) by using green light irradiation. Later
Hauser [36] showed that red laser light switches the system back to the LS state
(reverse - LIESST effect). The mechanism for these photo-switching processes,
which turned out to be a common feature of most Fe(Il) SC systems, is shown
in Figure 1.4.

Green light (514 nm) is used for the spin allowed excitation 'A; — 1T,
with 1T, lifetimes typically of nanoseconds. A fast relaxation cascading over
two successive intersystem crossing steps, 'T; — 3T; — °T,, populates the
metastable °T, state. Radiative relaxation °T, — A is forbidden, and decay by
thermal tunneling to the ground state ' A; is slow at low temperatures. Reverse-
LIESST is achieved by application of red light (~ 820 nm) whereby the °T) is
excited to the °E state with the two subsequent intersystem crossing processes,
°E — 3Ty - 'A;, leading back to the LS ground state. As demonstrated later by
Hauser, photoswitching is also possible via 'A; — 3T; — °T, transitions using
red light of 980 nm. The lifetime of the photoinduced HS state is usually long
at very low temperature, e.g. weeks at 20K for [Fe(ptz)s](BF4), [36], but above
50 K the relaxation process becomes thermally activated and in few seconds the
stored light induced information has vanished. In 1991 Hauser introduced the
first guideline allowing some expectations of the lifetime of the photoinduced
HS state [38]. By carefully investigating the dynamics of the LIESST effect

in different diluted SC compounds he noticed a strong correlation between
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Energy

—

Figure 1.4: Schematicillustration of LIESST and reverse- LIESST of a d° complex
in the SC range. Spin allowed d-d transitions are denoted by arrows and the
radiationless relaxation processes by waved lines [37].

the lifetime of the LIESST state extrapolated to T — 0 (e.g. in the tunneling
region [39]), expressed as Inky (T — 0), and the thermal SC temperature,
T12. In other words, Hauser demonstrates that the lifetime of the metastable
LIESST state is inversely proportional to Ti,,. This relation is today known
as the inverse - energy - gap law. Based on this result Létard et al. measured
more than sixty SC compounds and summarised the results in the so called
T(LIESST) database, which clarifies the T(LIESST) / T4, relation [40].

The relaxation of metastable LIESST states applies also to the relaxation of
metastable spin states generated by “nuclear decay-induced excited spin state
trapping” (NIESST) [28]. It can therefore be concluded that both phenomena,
LIESST after optical excitation and NIESST after nuclear decay, follow the same

relaxation mechanism.
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The effect of light on SC systems is being pursued very actively and a number
of new phenomena have recently been reported. These include: Light-Induced
Thermal Hysteresis (LITH), the effect of generating an hysteresis in the spin
transition curve under constant irradiation [41]. Light-Induced Perturbation
of a Thermal Hysteresis (LIPTH), whereby the hysteresis associated with a
thermal spin transition is shifted to either lower or higher temperatures under
light irradiation with light of different wavelengths [42]. Ligand-Driven-Light
Induced Spin Change (LD-LISC) is another remarkable light effect, whereby
irradiation affords a cis-trans isomerisation of the coordinated ligand, e.g. of
stilbenoid type, with subsequent spin transition at the Fe(II) centre as a conse-

quence of a change in ligand field strength [43].

1.3.4 Spin Transition induced by a High Magnetic Field

Keeping in mind that (i) a magnetic field stabilises the highest spin-state of
the molecule through the Zeeman effect, (ii) the SC phenomenon is a dynamic
process and (iii) it is possible to generate high pulsed magnetic fields the pos-
sibility to induce the SC by applying a magnetic field was first demonstrated
by Sasaki and Kambara, who proposed a model based on the ligand field the-
ory, predicting the effect of large static magnetic fields (20-200 T) in ferrous
and ferric compounds [44]. Shortly after, Qi et al. [45] experimentally quan-
tified the effect for a lower static field (5.5 T) on the iron(II) SC compound
[Fe(phen),(NCS),], which revealed a shift of the thermal spin transition by -
0.12 K. In 2000 Bousseksou et al. [46] reported the first study of the effect of a
high and pulsed magnetic field (32 T) on the spin state of the above mentioned
compound. A partial triggering of the SC was demonstrated with at least a
15% HS fraction ceated in an irreversible process. A typical result of these
experiments is given in Figure 1.5.

In the future prospects of designing molecular switching devices based on
SC compounds, the use of pulsed magnetic fields for the investigation of the

switching dynamics represents an appealing perspective. Until now, exper-
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iments on SC complexes consisted of applying 32 T pulsed magnetic fields
of about 1 s [46] are known. At present, microsecond magnetic fields well
beyond this value are available using high-field facilities, which opens new
perspectives for fast triggering of spin transition. Fields above 100 T and with
durations of few microseconds can be reached in the Humboldt Magnetic Field
Center in Berlin and Tokyo University, the absolute record being 2800 T was
obtained at the Russian Federal Nuclear Center (VNIEF).
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Figure 1.5: [Fe(phen),(NCS),], the complete set of pulsed field experiments in
the ascending (a) and descending (b) branches of the thermal hysteresis loop
[46].
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1.4 Spin Crossover Complexes with Heterocyclic
Ligands

Iron(II) SC compounds have been produced with many different ‘N’ coor-
dinating heterocyclic ligands, including triazoles [47], tetrazoles [48, 49,
50, 51, 52] and imidazoles [53]. In particular, tetrazole containing lig-
ands have been successfully employed as part of a family [54] of termi-
nal and bridging ligands to form 1D chain structures [55, 56] and 3D net-
works [52]. The latter, [u -tris-(1,4-bis(tetrazol-1-yl)butane-N4,N4")iron(II)]-
bis(hexafluorophosphate) ([Fe(4ditz);](PFs),) synthesised from MeOH, proved
to be particularly interesting. Each iron(Il) is octahedrally coordinated by
symmetry equivalent tetrazole rings with the butylene spacer outstretched,
assuming a zigzag configuration spanning iron(Il) centres (see Figure 1.6).
The ditetrazole ligands link the Fe(Il) atoms into a 3D network and three
such 3D networks interpenetrate each other. This structure results in cooper-
ativity between iron(II) centres as borne out by SQUID measurements. The
compound has a two-step spin transition at 168 K (with an hysteresis of 5 K)
and 173 K [52]. While the shorter ethylene bridged ligand, 1,2-bis(tetrazol-1-
yl)ethane, produces a 1D polymeric chain structure [56] with a more gradual
spin transition curve than the butylene analogue.

With these results in mind the recent research efforts are focused onto dite-
trazole ligands with various length alkylene spacers between the coordinating
tetrazole groups (see Figure 1.6).

Therefore in the first part of this work the empahsis is placed on two series
of complexes, namely the [u-tris-(1,n-bis(tetrazol-1-yl)butane-N4,N4")iron(II)]-
bis(hexafluoroborate) [Fe(nditz);](BFs), and the [u-tris-(1,n-bis(tetrazol-1-
yl)butane-N4,N4")iron(Il)]-bis(perchlorate) [Fe(nditz);](ClO,4), withn = 4 - 10
and 12. The idea was to study systematically the influence of the number of
carbons () in the spacer as well as the influence of the non-coordinating anion

on the magnetic, photomagnetic and structural properties of the compounds.
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Figure 1.6: The basic structural units of [Fe(4ditz);](PFs), showing how the
ligands span the iron(II) centres to produce a three dimensional polymer.

To make a reasonable comparison two conditions had to be fullfield:

(i) non-coordinating anions, tertafluoroborate (BF;~) and perchlorate (C1O47),
of similar size (estimated ionic radii are 2.68 A for BF,” and 2.78 A for ClO,",
geometry and chemical hardness were used and (ii) the complexes were all
prepared identically. All compounds of the two series have been characterized
by temperature dependent UV/Vis-NIR spectroscopy, reflectivity experiments,
SQUID, LIESST and X-ray powder Diffraction (XRPD).

During the work it became apparent that the [Fe(4ditz);](X), with
X = BF,~, ClO;~, PFy~ (295 A), ReO,” (3.08 A) and SbF,~(3.17 A) complexes
are structurally different and show different magnetic behaviour in comparison
to the complexes with longer chains. Therefore the change in the ligand field
parameters, depending on the size of the anions!, were studied in detail using
temperature dependent UV/VIS-NIR spectroscopy.

Responding to a growing interest in compounds which exhibit the LIESST
effect additionally to the above mentioned series the [Fe(4ditz);](PFs),,
[Fe(nditz);](PFg), with n = 4, 7-9 and [Fe(nditz);](SbF¢), with n = 7-9 com-

IThe size of the anions is dependent upon the chemical surrounding. To be able to compare
the size of the anions with the magnetic behaviour and to be consistent, the size was
estimated via the effective ionic radii table presented by Shannon [57]
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plexes have been checked for their LIESST properties.

Another interest of this work is the measurement of SC properties under dif-
ferent pulsed high magnetic fields. One expects some important information
concerning the dependence between the spin relaxation time as well as the
reaction time of the SC at different magnetic fields. Therefore the behaviour of
the [Fe(4ditz);](PF),.EtOH complex when applying fields of 140 T at different

temperatures of the SC curve.



Experimental
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2 Experimental Part

2.1 Chemicals and standard physical characterization

L-ascorbic acid, 1,5-diamino-pentane (< 98 %), 1,7-diamino-heptane (99 %),
1,9-diamino-nonane (99 %), glacial acetic acid (99 %), iron(II)perchlorate-
hexahydrate, iron(Il)tetrafluoroborate-hexahydrate, sodium azide, sodium
hydroxide (97 %) and triethyl orthoformate were obtained from Aldrich. All

other chemicals were standard reagent grade and used as supplied.

Elemental analysis (C, H and N) were performed by the Mikroanalytisches
Laboratorium, Faculty of Chemistry, Vienna University, Wahringerstrasse 42,
A-1090 Vienna, Austria and in the laboratories of Dr. Roman Boca,
Slovenskd Vyskd Scola Technicd v Bratislave, Chemitechothenologicka
Fakulta, Radlinského 9, SK-81237 Bratislava, Slovakia.

Mid-range FTIR spectra of the compounds were recorded as KBr-pellets
within the range of 4400 - 450 cm™! using a Perkin-Elmer 16PC FTIR spectrom-
eter. Pellets were obtained by pressing the powdered mixture of the samples
in KBr in vacuo using a hydraulic press applying a pressure of 10.000 kgem™
for 5 minutes.

Far-range FTIR spectra were recorded within the range 600 - 250 cm™
on a Perkin-Elmer System 2000 Far-FTIR spectrometer. The complexes were
diluted with polyethylene and pressed with a pressure of 10.000 kgem™
transiently. Variable temperature Far-IR spectra in the temperature range

100 - 298 K were recorded using a Graseby-Specac thermostatable sample

16
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holder with polyethylene windows, attached to a Graseby-Specac automatic

temperature controller.

'H-NMR and “C-NMR in deuterated [d*]DMSO were measured using
Bruker DPX 200 MHz and Bruker 250 FS FT-NMR spectrometers. Proton NMR

chemical shifts were reported in ppm calibrated to the respective solvent.

2.2 Synthesis and Crystal Structure of the Ligands

WARNING: Tetrazole and perchlorate compounds should be handled with

care; they may detonate upon heating or shock!!!

The general synthetic pathway and the synthesis of the even-numbered lig-
ands 4ditz, 6ditz, 8ditz, 10ditz and 12ditz has been reported in the literature
[54, 58, 59]. Modified procedures were used to produce three odd-numbered
ligands 1,5 -bis (tetrazol - 1 - yl ) pentane [5ditz], 1,7 - bis (tetrazol - 1 - yl) hep-
tane [7ditz] and 1,9 - bis (tetrazol - 1 -yl ) nonane [9ditz] as given below (Note
that the 1,11 - bis (tetrazol - 1 - yl ) undecan [11ditz] has not yet been synthe-
sized):

80 mmol of the respective diamines, 160 mmol sodium azide and 160 mmol
triethyl ortho formate were stirred in a 500 ml three-necked round bottom flask.
250 ml 99.5% acetic acid was added and heated to 90 - 95°C for four hours.
After 4 and 16 hours reaction time another 160 mmol triethyl orthoformate and
160 mmol sodium azide were added and stirred for an additional 24 hours at
95°C. After cooling the reaction mixture was poured into a beaker and a satu-
rated sodium hydrogencarbonate solution was added under vigorous stirring
to neutralise the acetic acid, followed by solid sodium hydrogencarbonate to
precipitate the product. The suspension was cooled to 4°C for 3 hours and
the precipitate was filtered off and recrystallised from ethanol. The colourless
needle-shaped crystals were dried over P,Os. Analytical data are presented in
Table 2.1.
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The single crystals used for X-ray diffraction were obtained via solvent evapo-
ration from ethanol (5ditz), pyridine (7ditz) and DMF (9ditz).

Crystals of 5ditz, 7ditz and 9ditz were all elongated lath-like and soft. Se-
lected crystals were mounted on a Bruker SMART diffractometer (graphite
monochromated Mo-Ka radiation from a sealed X-ray tube, A = 0.71073 A plat-
form 3-circle goniometer, CCD area detector) and intensity data were collected
at room temperature. After raw data extraction with program SAINT, ab-
sorption and related effects were corrected with program SADABS (multi-scan
method) and data were processed with program XPREP [60]. The structures
were then solved with direct methods using SHELXS97 followed by struc-
ture refinements on F? with program SHELXL97 [61]. Non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were inserted in calculated po-
sitions and refined with the riding model. Crystallographic data are given in
Table 2.2 and ORTEP plots are given in Figure 2.1 with the corresponding
even ligands. CCDC 268788 - 268790 contains the supplementary crystallo-
graphic data. These data can be obtained free of charge from The Cambridge

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.



Table 2.1: Yield, NMR and IR data of 5ditz, 7ditz and 9ditz.

5ditz 7ditz 9ditz
C7H12Ng CoH16Ng C11HNs
Yield [g,%] 3.22,10 12,64 3.5,22.3
m.p. [°C] 125-127 85 — 86 92-93
TH-NMR 9.39 (s, 2H) 9.38 (s, 2H) 9.39 (s, 2H)
(250 MHz, d° DMSO) [ppm] | 4.44 443 443
(t, 4H, J=7.03 Hz) (t, 4H, J=7.05 Hz) (t, 4H, J=7.14Hz)
1.86 1.81 1.81

(quin, 4H, J=7.19 Hz)

(quin, 4H, J=7.09 Hz)

(quin, 4H, J=7.09 Hz)

1.18 (quin, 2H, J=7.62 Hz) 1.22 (m, 6H) 1.21 (m,10H)
BC-NMR 143.8 (2C, d) 143.7 (2C, d) 143.7 (2C, d)
(50 MHz, d® DMSO) [ppm] | 47.1 (2C, 1) 47.3 (2C, 1) 47.4 (2C, t)
28.3 (2C, 1) 28.9 (2C, t) 29.0 2C, t)
224 (2C, 1) 27.4 (1) 28.4 (1)
254 (2C, 1) 28.0 (2C, 1)
25.5 (2C, t)
Mid-FTIR cm™!
v(C-H) 3115 3115 3115
aromatic,tetrazole ring
vs(C-H), 2950 2950 2950
aliphatic spacer 2870 2870 2849
v5(C-C), v5(C-N) 1790 1792 1793
tetrazole ring 1490 1491 1492
1175 1174 -
elemental analysis C:40.38 % C:45.75 % C:49.98 %
calculated H:5.81 % H: 6.83 % H:7.63 %
N: 53.81 % N: 47.42 % N: 42.39%
found C:40.65 % C:45.97 % C:50.06 %
H:5.72 % H: 6.90 % H:7.73 %
N: 53.52 % N:47.32 % N: 42.32%

SANVOI'THAHL 4O HANLON™LS TVLSAYO ANV SISHHINAS C'¢
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Table 2.2: Crystallographic data of 5ditz, 7ditz and 9ditz.

| | 5ditz 7ditz 8ditz
Formula C7H12N8 C9H16N8 C1 1H20N8
F, 208.25 236.30 264.35
cryst.size [mm] 0.60x0.22x0.20 1.00x0.25x0.04 1.00x0.25x 0.04
Space group Fdd?2 (no. 43) Fdd?2 (no. 43) Fdd?2 (no. 43)
a[A] 14.111(2) 13.738(2) 13.393(4)
b[A] 32.041(4) 38.770(7) 45.260(13)
c[A] 4.5613(6) 4.6300(8) 4.6724(14)
V,[A3] 2062.3(5) 2466.0(7) 2832.4(15)
Z 8 8 8
Pealcd,ECM > 1.341 1.273 1.240
T K 297(2) 297(2) 297(2)
¢ [mm~(MoKa) 0.095 0.088 0.084
F(000) 880 1008 1136
Ormax,[°] 25 30 25
no. of rflns meas 4273 8879 6658
no. of unique rflns | 912 1788 1240
no. of rflns I > 20(I) | 885 1365 984
no. of params 69 78 87
Ry (I>20(1) 0.0444 0.0391 0.0547
R; (all data) 0.0462 0.0558 0.0726
wR, (all data) 0.1083 0.1069 0.1549
Diff.Four.peaks, -0.11/0.12 -0.10/0.12 -0.13/0.22
min/max,[eA3]

i = B k= [ e - 12)) (1)
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Figure 2.1: Structural views of 5ditz, 7ditz and 9ditz (20% probability ellipsoids). All molecules have C, symmetry
with the twofold axis passing through C4, C5 and C6, respectively. 4ditz, 6ditz and 8ditz are shown to the right for
comparison [54]

SANVOITHHL 4O HYNLOAALS TVISAYD ANV SISHIHLNAS T¢C
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2.3 Synthesis of the Complexes

The respective ligand (nditz, Immol) was dissolved in hot reagant
grade ethanol (n = 4-10 and 12). While the solution cooled down to
40 °Ciron(Il)tetrafluoroborate-hexahydrate or iron(Il)perchlorate-hexahydrate
(0.33 mmol) and a small amount of ascorbic acid to keep the iron as iron(II)
were diluted in ethanol (5 ml). This solution was slowly added to the dissolved
ligand and the resulting mixture stirred for four hours. The precipitate was
tiltered off and the obtained powder was dried over P,Os. Analytical data are
presented in Table 2.3 and 2.4.

Synthesis of [Fe(4ditz);](X), complexes with X = PF¢~, ReO,~, SbFs~ as well as
[Fe(nditz);](PF¢), with n = 7-9 and [Fe(nditz)3](SbFs), with n = 7-9 can be found
in [62] and [63]. Single crystals of [Fe(4ditz);](BFs), and [Fe(4ditz);](ClO4),
were obtained by H-tube slow diffusion. 0.65 mmol ligand was dissolved in
10-15 ml hot solvent and placed in one side of the H-tube. On the other
side of the tube 10-15 ml of an ethanolic solution containing 0.17 mmol
iron(IT)tetrafluoroborate-hexahydrate was added. For the ClOs~ complex
0.17 mmol of iron(II)perchloratehexahydrate have been dissolved in CHCls.
The colorless single crystals of the complexes were obtained after 5 days
([Fe(4ditz)3;](ClOy),) or fourteen days ([Fe(4ditz);](BE,),) respectively.

Figure 2.2 and Figure 2.3 present the crystal structures of [Fe(4ditz);](BF4),
and [Fe(4ditz)3](ClO,),. Discussion of the structures and crystallographic data

are given in [62].
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Figure 2.2: Crystal structure of [Fe(4ditz);](BF,),.EtOH at 89. Coordination
environment of Fe(Il). The disordered 4ditz-chain is drawn dashed, the unit
cell is outlined. H atoms are omitted.
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Figure 2.3: Crystal structure of [Fe(4ditz);](ClO,),.EtOH at RT. Coordination
environment of the two iron sites. H atoms are omitted.



Table 2.3: Yield, elemental analysis and mid-FTIR data of the [Fe(nditz);](BF4), complexes.

’ [Fe(nditz)3(BF4)2
n 4 5 6 7 8 9 10 12
Yield [g, %] 0.20, 73 0.16, 59 0.15, 50 0.19, 61 0.18, 55 0.25,72 0.24, 69 0.26, 67
Elemental Analysis

calculated C26.62% | C29.53% | C32.16% | C34.56 % | C36.75% | C38.77 % | C40.62 % | C44.15 %
H3.72% |H425% |H472% |H516% |Hb555% |Hb591% |H625% | H6.35%
N 41.40% | N 39.36 % | N 37.51 % | N 35.83 % | N 34.29 % | N 32.88 % | N 31.58 % | N 29.42 %

found C2620% | C29.30% | C31.41% | C34.00% | C36.84% | C37.95% | C40.83 % | C44.08 %
H375% |H418% |H478% |H518% |Hb558% |Hb583% |H6.03% | H6.90%
N 40.40 % | N 37.66 % | N 36.15 % | N 35.72 % | N 33.63 % | N 31.96 % | N 31.41 % | N 28.08 %

Mid-FTIR [cm™!]

vs(C-H) 3148 3146 3148 3147 3148 3148 3145 3141

aromatic,

tetrazole ring

vs(C-H), 2984 2949 2938 2940 2936 2933 2929 2917

aliphatic spacer | 2958 2933 2862 2862 2859 2857 2851 2852
2942 2862 - - - - - -

VN=N, VC-N 1507 1506 1506 1507 1507 1507 1504 1501
1384 1370 1372 1368 1368 1375 1372 1383

V=N, VN-N, 1182 1183 1182 1173 1183 1174 1177 1176

VeoN 1101 1109 1102 1108 1102 1108 1098 1096

SHXATdINOD AHL 4O SISHHINAS ¢€°¢
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Table 2.4: Yield, elemental analysis and mid-FTIR data of the [Fe(nditz);](ClO,4), complexes.

[Fe(nditz);(ClOy),
n 4 5 6 7 8 9 10 12
Yield [g, %] 0.22, 80 0.29, 82 0.21,76 0.15, 43 0.32,96 0.28, 86 0.20,55 0.28,71
Elemental Analysis
calculated C25.82% | C28.68% | C31.28% | C33.66% | C3583% | C37.83% | C39.68% | C43.19 %
H 3.61% H413% |H459% |H502% |Hb541% |H5.77% H610% | H6.21 %
N 40.15% | N 38.23 % | N 36.48 % | N 34.69 % | N 33.43% | N 32.08 % | N 30.85 % | N 28.78 %
found C2659% | C29.65% | C31.24% | C33.78% | C36.64 % | C38.930% | C39.03% | C42.57 %
H358% |H403% |H445% |H448% |H516% |HD5.16% H5.60% | H6.63%
N 39.36 % | N37.53 % | N35.68 % | N34.53% | N 32.88 % | N32.88% | N 29.23 % | N 28.01 %
Mid-FTIR [cm™]
v5(C-H) 3137 3135 3137 3137 3138 3138 3136 3139
aromatic,
tetrazole ring
vs(C-H), 2956 2947 2935 2940 2934 2929 2917 2922
aliphatic 2875 2866 2860 2864 2859 2856 2850 2851
butylene spacer
VN=N, VC-N 1506 1504 1504 1507 1506 1506 1506 1504
1368 1363 1360 1372 1364 1366 1373 1374
VC=N, VN=N, 1182 1181 1178 1180 1181 1181 1178 1175
Ven 1086 1097 1093 1089 1093 1094 1089 1094

SHXATdINOD AHL 4O SISHHINAS ¢€°¢
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2.4 Laboratory X-ray Powder Diffraction

The samples were gently ground and transferred to single crystal silicon sample
holders by the slurry technique with cyclohexane (Merck, p.a.) as elutriating
liquid. Powder patterns were recorded on a Philips X'Pert diffractometer in

Bragg-Brentano geometry using Cu K, radiation.

2.5 Synchrotron Powder Diffraction

Synchrotron radiation powder diffraction experiments were carried out by us-
ing the large Debye-Scherrer camera installed at the BL02B2 beamline, SPring - 8
(Sayo - gun, Japan), thatis equipped with an imaging plate detector [64]. With
this camera, both high angular resolution and high counting statistics data can
be collected. The as-precipitated phases were sealed in 0.3 mm glass capillar-
ies. The X-ray powder patterns were measured from 300 K down to 9 K. (A He
gas circulation type cryostat was used for the low temperature measurements.)
All data were collected under the same experimental conditions except for the
temperature. The exposure time of X-rays was 5 min. for each temperature.
The wavelength of the incident X-rays was approx. 1 A. The exact value was
determined from a CeO, standard. The patterns were recorded with a step
width of 0.01° in 20 in the range 20 = 0-75°, which corresponds to a resolution
of d =082 A.

2.6 Scanning Electron Microscope (SEM)

SEM measurements have been made at the Aoyama Gakuin University on a
JEOL JXA-8200 Electron Probe Microanalyzer and at the TU Wien on a JEOL
JSM-T330A.
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2.7 Optical Measurements

2.7.1 UV/VIS-NIR Measurements

UV/Vis-NIR spectra were recorded with a Perkin-Elmer Lambda 900
UV/Vis-NIR spectrometer between 1500 and 300 nm using the method of dif-
fuse reflection. A spectrum of BaSO, was subtracted as background. Variable-
temperature measurements were made using a custom-made thermostattable
sample holder with quartz glass windows within a spectralon integration
sphere. The temperature was controlled with a Harrick controller. Aluminium
foil was used to improve the thermal contact between the sample holder and

the sample. The spectra were measured between 100 and 303 K in intervals of
5to 10 K.

2.7.2 Reﬂectivity Measurements

The reflectivity of the samples was investigated with a custombuilt reflectivity
set-up equipped with a CVI spectrometer, which allows the collection of both
the reflectivity spectra within the range of 450-950 nm at a given temperature
and to follow the temperature dependence of the signal at a selected wave-
length (+ 2.5 nm) at 5-290 K. The analysis was performed on a thin layer of
the powdered sample without any dispersion in a matrix [65]. A schematic

illustration of the experimental setup is presented in Figure 2.4.
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Figure 2.4: Schematic view of the Reflectivity setup.With 1...helium de-
war; 2. .. Control board; 3. .. lamp; 4. . . optical detector; 5. . . CVI spectrometer;
6. .. multimeter and 7. . . motorised sample holder

2.8 Magnetic and Magneto-optical Measurements

2.8.1 Magnetic measurements

Magnetic measurements were completed on three SQUID magnetometers:

(i) SQUID Cryogenix S600 magnetometer with an applied field of 1T
(LAMM, Dipartimento di Chimica & UdR INSTM, Universita di Firenze,
Italy),

(ii) MPMS-55 Quantum Design SQUID magnetometer with an operating field
of 2 T (Institut de Chimie de la Matiere Condensée de Bordeaux, Université
Bordeaux 1, France) and (iii) MPMSR2-RSO Quantum Design SQUID magne-
tometer with an operating field of 1 T within the temperature range of 2 - 300K
and with a cooling/heating rate of 10 Kmin™' in the settle mode at atmospheric
pressure. Further measurements were made on a 9 T-PPMS-system from
Quantum Design VSM operating with a field of 1T. All magnetic measure-

ments were performed on powder samples weighing ~ 12 mg. The data
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were corrected for the magnetisation of the sample holder and for diamagnetic

contributions, estimated from Pascal’s constants.

2.8.2 Magneto-optical Measurements

The photo-magnetic measurements were performed with a Spectra Physics
Series 2025 Kr* laser (A1=532 nm) coupled by an optical fibre to the cavity
of the SQUID magnetometer (MPMS-55 Quantum Design SQUID) operating
with an external magnetic field of 2 T within the 2-300 K temperature range
and a speed of 10 Kmin™! in the settle mode at atmospheric pressure. The
quantity of the studied material is typically around 0.1 mg. The use of such
small quantity is critical, particularly when the sample is couloured, because
light penetration problems in bulk material should be avoided. The sample, in
powder or crystal form, is deposited on commercial transparent adhesive tape
placed close to the edge of an optical fiber installed in the rod sample holder,
which is slowly placed down in the cavity of the SQUID. To eliminate oxygen
the SQUID cavity is purged with gas, otherwise a magnetic peak is recorded
in the 50 K region.

Another difficulty is to center the signal into the SQUID cavity. Because of the
fact that both the LS state and the commercial transparent tape are diamagnetic,
the resulting emu signal is negative, while the HS state is paramagnetic with
a positive emu response. The magnetic signal between the initial and final
states is then opposite; during the photo-excitation and/or relaxation process
the signal irreversibly passes the zero emu position and any centering position
is prohibited. Therefore the above mentioned reflectivity experiments are
also used for the optimization of the light excitation. The power of the light
excitation is adjusted to 5 mWcm™2, which verifies that, when the light is
switched off the magnetic response does not jump. Such an artificial effect is,
in fact, a way to prove that a heating effect is happening on the sample. The
weight of the thin layer samples is obtained by comparison of the measured
thermal spin-crossover curve with another curve of a more accurately weighed

sample of the same compound. The light irradiation is stopped when signal
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Figure 2.5: Scheme and characteristic points of a LIESST experiment

saturationis reached e.g. when for a given laser power the equilibrium between
the population and the relaxation is operating. This normally occurs after
approximately one hour. After switching off the light (detection of the LIESST
region) the time associated with three extractions used to detect the magnetic
signal is 60 s and the time to reach the next temperature in steps of 1 Kis 120 s.
A characteristic procedure and the characteristic points of the experiment are

illustrated in Figure 2.5.

2.9 Mossbauer Spectroscopy

The *"Fe-Mossbauer spectra were recorded at selected temperatures within
42 -294 K using a conventional constant acceleration drive system. The
source used was *’Co in a Rh-matrix with an activity of about 50 mCi. The data
were analyzed using a least-squares fitting procedure assuming Lorentzian
lines [66].
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2.10 High Magnetic Field Measurements

2.10.1 Generation of Magnetic Fields

The Megagauss facility (Magnetotransport in Solids, Humboldt University at
Berlin, Germany) can be used to produce magnetic fields up to 311 T [67]. For
experiments this value is reduced to approx. 100 T. Fields of that magnitude
have to be generated as pulsed magnetic fields [68, 69]. Therefore the technique
of single turn coils (stc), which was introduced by Furth et al. [70], is used.
Efficiency and simplicity of the experimental setup were demonstrated first by
Forster and Martin [71]. In principle high electric electricity is created through
tast discharge of capacitors and conducted in a lightweight single-use stc. The
system comes up to an RCL-resonant circuit. Due to the magnetic pressure of
over 40 GPa (10 tons cm™2) in the megagauss range the coil disintegrates within
microseconds. However, the disruption of the conductor does not affect the
current flow which carries on by inductive plasma discharge. Since the outward
bound radial acceleration of coil fragments does not harm the experimentally
useful bore volume, the technique has been termed semi-destructive. Figure 2.6

gives an impression of the coil before and after the discharge.

Figure 2.6: 12mm x 12mm x 3mm scts before the experiment (bottom), after a
10 kV, 6 k] discharge with 37 T peak field (middle) and after a 55 kV, 189 k]
discharge with 188 T peak field (top).
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The dimension of the magnetic field depends on the charging voltage of the
capacitors as well as on the dimensions of the coil. Due to the fact that the
charging voltage is limited to 60 kV, the magnetic field can only be increased
by scaling down the coil dimensions. See Table 2.5 which gives the correlation

between the coil dimensions and the reached fields.

Table 2.5: Correlation between the coil dimensions and the induced magnetic
fields.

coil[mm] 20%20%3 | 15x15%3 | 12x12x3 | 10x10x3 | 8x8%3 | 5x5%3
maximum field | 114T 154T 188T 214T 261T | 300T
rise time 2.7us 2.5us 2.3us 2.0us 1.7us | 13us

The yield strength of copper permits peak fields of only 20 T for the non-
destructive operation of the assumed standard coil. At higher fields the coil
expansion is delayed only by mechanical inertia and the containment of mag-
netic flux must be supported by short rise times. Calculating the momentum
transfer of a sinusoidal 200 T pulse on the standard coil yields a 2.4 us rise-
time requirement if the radial expansion is limited to 10 %. Although this
condition is to some extent arbitrary, microsecond rise times are an intrinsic
teature of single-turn coils and by far the most important technical boundary
condition. All electrical parameters of the discharge circuit are fixed by the
required rise time, a current of roughly 2.6 MA providing 200 T in the stan-
dard coil and technical feasibility. Assuming a thoroughly minimized total
inductance of 20 nH and reasonable margins for resistive losses in a system
with capacitive energy storage, the upper limits of 200 kJ and 120 uF for the
energy and capacitance and a lower limit of 50 kV for the charging voltage are
set. Following this guideline, the Berlin generator (see Figure 2.7) is composed
of 20 capacitors, rated at 60 kV, 40 nH and 6 uF each, and 10 rail-gap switches,
nominally 20 nH and a 750 kA, 1 C charge transfer limitation [72]. The short
tield rise time requires a rather precise ignition of high-voltage switches, as
well as perfect synchronization of data recording equipment. The proper tim-
ing is achieved by a six channel, 0.1-10 us delay trigger unit that controls both

the recording systems and a 50/60 kV master/slave pulse generator with 10 ns
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rise time, a jitter of 1 ns [72], and separate output channels for each rail-gap
switch. To avoid a disastrous accidental discharge of the entire capacitor bank
via a single switch, the generator is composed of 10 separate modules, each
including two capacitors and one switch in a high-voltage insulated housing.
While switches are open the modules are only interconnected via 100 k() re-
sistances, which are part of the charge and shutdown circuit. The high-voltage
trigger—discharge operation produces tremendous electromagnetic perturba-
tions and bears the risk of fatal accidents. All high-voltage units are therefore
enclosed in an interlock secured Faraday cage. The remote control and data
transfer lines entering the cage are exclusively based on optical fibres and
pneumatic tubes to guarantee a complete galvanic separation and optimum
shielding efficiency. Although in smaller proportions, stationary parts of the
generator are exposed to the same type of electromagnetic forces as the single-
turn coil. In the 1.0 m wide strip-line a 2.6 MA current produces a pressure
of almost 1 MPa. However, the limited momentum transfer during the short
pulse makes a rigid heavy weight support unnecessary. The Berlin generator
is therefore mounted in a suspension frame with flexible shock absorbers sta-
bilizing the large aluminium plates. For the monitoring of the inductive field
probes and magnetization measurements inside the high-voltage area an elec-
tromagnetic pulse protected 8 bit, 200 MS s™! digitizer with integrated optical

converter was therefore devised [67].
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Figure 2.7: Diagram of the Megagauss facility in Berlin

2.10.2 Detection of the Magnetic Field

The magnetic field is measured with an calibrated induction coil, the so called
pick up coil (puc). The induced voltage U, is proportional to the derivative of

the time of the trapped magnetic flux @ (see equation 2.1).

d® _ d(B-A) _ AdB
ar at dt

Uing = — (2 1)

A is the effective area of the puc. The puc consists of one turn, with a diameter
of 2.5 mm and a 60 u copper wire. Coils like that result in 1.5 kV induced
voltage for a rising field of 300 T/us.

Before saving and digitalisation the voltage is electronically integrated. A
digital system, consiting of an integrator, digitiser, temporary storage, electro-
optical converter and a battery-buffered current supply in a shielded box in
the Fraraday cage, commutes the voltage into an optical signal. The sample

rate is 200 MS/s. The error of the measurement of the field is less than 1 Tin a
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200 T signal. Induced magnetic fields during the measurements are presented

in Figure 2.8 a.

2.10.3 Sample Holder and Cooling System

To detect the high-spin/low-spin transition a setup measuring the normal re-
flection in Faraday configuration using Plastic Optical Fiber (POF) for the
monochromatic laser radiation of A=632 nm or A=541 nm is applied. The pow-
der sample is fixed with a PE folio in the sample holder and is then carefully
placed on the holder of the fibre until the puc contacts the surface of the sample.
That warranted that the puc is as close as possible to the sample. Afterwards
two POFs are fixed on the glass fiber bar. For a strong signal, the POFs must
be aligned, so that a maximum of the reflected light is collected in the second
POF. The thermocouple is also fixed close to the sample (see Figure 2.8 b)
The sample holder was mounted in a miniature N,-cryostat to meet the limited
dimensions of the magnetic field coil. As detector a fast photo-diode with 125
MHz bandwidth was used.

a) 12#12%3, 30kV b)
150 £ o 12%12%3, 40kV Glasfiberstab  — ——POF
L :}' *A a— 13*%13*3, 50kV
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Figure 2.8: a) The induced magnetic fields depend on the dimension of the
coil and the charging voltage b) Profile of the justified system with the sample
holder, POF, Thermal element (TE) and the light conductor system.
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3 Results

3.1 Powder Diffraction

The microcrystalline samples were investigated by XRPD. If one considers
the visual appearance of the powder patterns the [Fe(nditz);](BF,), series splits
into two groups, namely the phase with the butylene spacer and the series with
n =5 - 10 and 12 (Figures 3.1 und 3.2). Incidentally, this division also holds
for the corresponding perchlorate compounds [Fe(nditz);](ClO,),, whereupon
these show a higher degree of crystallinity compared to the tetrafluoroborates:
Whereas the patterns of the phases with n > 4 are characterised by reflec-
tion broadening that increases with n, [Fe(4ditz);](X), (X= BF,~, ClO,7) are
well crystallised. During the synthesis of the BF,” and ClO,~ phases with
n > 4 it turned out that the amount of water in the used ethanol influences
the crystallinity of the powders. Therefore the powders were synthesised in
EtOH / H,O mixtures (abs. EtOH, 95% / 5% and 75% / 25%). The results of
these series of experiments were on the one hand that the precipitation rate
followed the order: abs. EtOH > 95% / 5% > 75% / 25% and on the other that
the crystallinity of the powder was best when the used EtOH contained 5%
water. The 75% / 25% mixture lead to co-precipitation of the ligand and the
powders made in abs. EtOH showed in comparison with the others a higher
amorphous content.

[Fe(4ditz);](BF,), exhibits a reflection distribution similar to its perchlorate ana-
logue (Figure 3.1) as preiviously described [58]. There is, however, a mismatch
in the reflection positions. Since van Koningsbruggen et al. [58] report a unit
cell for the perchlorate an attempt was made to obtain lattice parameters for

the tetrafluoroborate as well. The positions of the first 20 reflections were

38
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used for autoindexing using the ITO program [73] without prior knowledge
of the unit cell later determined from a single crystal. The best solution was
found in the triclinic crystal system, a = 8.56, b=10.91, c=10.94 A, =602,
p=85.0, y=90.0 °, V=881 A3 M,p=26. The volume is in accordance with one
formula unit of the complex per unit cell. As can be seen readily the cell
shows pseudo-hexagonal symmetry with parameters lying closely to the trig-
onal phase [Fe(4ditz);](PFs),.MeOH [52] (SG P-3, a = 11.258(6), c=8.948(6) A,
V=982(1) A?, at 300 K. To allow better comparison the indexing solution was
transformed by the matrix [0 1 0] [0 0 -1] [1 0 O] to a non-standard setting
to resemble the lattice parameters of its parent PFs~ phase.). Comparative
inspection of the powder patterns’ relative intensities of the tetrafluoroborate
and the hexafluorophosphate clarified that the BF,~ complex constitutes a dis-
torted variant of the PFg~ salt. To back the result Le Bail [74] refinement was
carried out to obtain more accurate lattice parameters utilising the program
GSAS [75]. The first refinement trials with profile function no. 3 indicated
pure microstrain broadening of the reflections ( x> = 26.8). To improve the fit
the anisotropic microstrain axis Y, [/ k I[] was permuted in the range -1 to 1 in
order to obtain a better fit, that was found for the [0 1 1] axis ( x* = 20.7). Since
the agreement indices were quite bad at this stage it was switched to profile
function no. 4 that includes a more sophisticated treatment of anisotropic mi-
crostrain broadening [76]. Indeed the refinement converged with R,,,=0.049
and y?=14.4 (see Figure 3.1). The quite large GoF results from the long count-
ing time/step [77]. The analysis of the crystal structure of the [Fe(4ditz);](BF,),
and [Fe(4ditz);](ClO;4), complex can be found under [62]. The interpretation
of the [Fe(4ditz);](ClO,),.EtOH phase’s pattern is less clear-cut. Le Bail fit-
ting with the lattice parameters reported in [58], 2 = 10.754(3), b = 10.768(4),
c=17.43(1) A, o =89.47(4), B =88.36(4), y =60.46(3)°, resulted in unacceptable
agreement indices (Ryp= 0.24, x> = 93). The erroneous fit is readily apparent
from the difference curve (Figure 3.1, top). Release of the lattice parameters
produced unrealistic values. The reason for this are missing reflections and

shifts in some angular reflection positions. In spite of these severe discrepan-
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cies it is obvious from Figure 3.1 that the perchlorate is structurally closely
related to the BF,” and PF, complexes. Due to the high reflection density,
however, indexing of such a complex pattern is outside the scope of laboratory
X-ray powder data. The apparent difference in the unit cells between the pre-
sented product and the phase reported earlier [58] is ascribed to the different
solvents used to crystallise the complexes. Whereas van Koningsbruggen et al.
[58] used methanol the present samples were precipitated from ethanol.

The homologous series [Fe(nditz);](X),.EtOH (X= BF,~, ClO47),n = 5 - 10
and 12 is characterised as follows (Figure 3.2): i) The perchlorate compounds
show a higher degree of crystallinity compared to the tetrafluoroborates.

ii) The diffractograms are very similar in shape. iii) The reflection with the
longest d - spacing is the strongest and is shifted systematically to lower diffrac-
tion angles with increasing alkyl chain length. iv) The reflections broaden with
increasing n and level off to background at 20 ~ 35°, while the half-widths
of the longest ones are more or less conserved. v) All phases form very thin
plate-like microcrystallites with a thickness of a fraction of a micrometer. Point
ii) suggests that the phases exhibit more or less the same basic structure. The
reflection broadening can be explained by size effects due to the extremely thin
plates. As the largest crystallographic axis is usually the direction of the lowest
crystal growth rate, the base plane of the microplates lies perpendicular to the
longest cell axis. The reflection with the largest d-spacing, showing a steady
shift as n increases, can be regarded as this axis (possibly of higher order) that
mirrors the increasing number of methylene groups in the ligands. Powder in-
dexing of the phase [Fe(5ditz);](BF4), with the positions of the first 20 reflections
using the DICVOL program [78] yielded a preliminary solution in the mono-
clinic crystal system (pseudo-hexagonal), 2 = 10.99, b = 20.37,c = 10.07 A,
a=vy=290p=1261°V = 1822 A3 M,y = 13, which is in accordance with
a unit cell content of Z = 2. This metric can be regarded as a distorted vari-
ant of the trigonal symmetry found for [Fe(2ditz);](BEs), [56] with comparable
lattice parameters, a = b = 10.380(1), c = 14.953(3) A,V = 1395.3(3) A3
(at 296(2) K, the shortened c-axis is caused by the ethylene spacer). Therefore
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we tend to describe the pentylene- to dodecylene-ditetrazole complex series in
a chain-type arrangement as well. The higher order complexes are suspected
to crystallise in the triclinic system which, however, is not possible to confirm
from the low quality powder patterns. Calculating the unit cell volumes for
the phases under investigation, assuming the monoclinic cell from above and
setting the b-axis length to d X 2 of the longest line (i.e. the 020 reflection),
results in unit cell contents Z of about 2, which again is in accordance with the
[Fe(2ditz);](BEy), complex.
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Figure 3.1: Le Bail fitted X-ray powder patterns (A ...Cu K,1,) of the 4ditz
phases with BF;~, bottom and ClO,~, top. Calculated profiles are drawn
with solid lines, reflection positions are marked with vertical ticks and the
difference curves are shown at the bottom. Inset is the calculated diffractogram
of [Fe(4d1tz)3](PF6)2MeOH
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Figure 3.2: Comparison of the [Fe(nditz);](BF;), (n = 5-10, 12, solid) series’
X-ray powder patterns (A ... Cu K,1,) with the corresponding perchlorates
(- - -), flanked by the corresponding SEM images ( BF;~ left, ClO,~ right).
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3.1.1 Synchrotron Powder Diffraction

In order to get an overview of the temperature dependent shift of the re-
flections and to check for possible phase transitions well crystallised batches
of [Fe(5ditz)3](BF,),, [Fe(8ditz);](BF,), and [Fe(7ditz);](ClO4),were measured at
the beamline BLO2B2 (wavelength approx. 1A) installed at the synchrotron
source SPring-8 (Hyogo, Japan). As this diffractometer is equipped with an
imaging plate it is especially suited for rapid data collection. In Figure 3.3
the powder patterns of [Fe(5ditz);](BF4),at 300 K, 133 K, 50 Kand 10 K are
illustrated. Note that due to the longer exposure time (60 min.) higher intensi-
ties of the measurement at 10 K are observable in comparison to 5 min. scans.
The change of the metal to ligand bondlength during the spin transition can
be detected by the shift of the reflections. In the three mentioned compounds

this shift is clearly visible see Figures 3.4 and 3.5.
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Figure 3.3: Synchrotron powder patterns of [Fe(5ditz);](BEFs), at 300 K (-),
133 K (-),50 K (=) and 10 K (-) (note that the measurement time was 60 min.
in comparison to 5 min. in all other measurements).
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Figure 3.4: Synchrotron powder patterns of [Fe(8ditz);](BF,), at 300 K (-),
250 K (-),200 K (), 150 K ( ),100 K (-),50 K (-),9 K (-),100 K (-) and
200 K (-).
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Figure 3.5: Synchrotron powder patterns of [Fe(7ditz);](ClO,), at 300 K (-),
250 K (-),200 K (), 150 K ( ),100 K (-),50 K (-),9 K (-),100 K (-) and
200 K (-).
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3.2 UV/VIS-NIR Spectroscopy

As expected all members of the series show a thermochromic effect associ-
ated with the spin transition, from white in the HS state and violet in the
LS state. A typical example of a temperature - dependent spectrum, the one
of [Fe(9ditz);](ClOy), is shown in Figure 3.6. The spectra are all recorded
within the range 5000 - 35000 cm™ (1500 - 300 nm) and at temperatures
between 100 and 303 K. The absorption spectrum is composed of one charge-
transfer (CT) band and three recognisable peaks, two of which decrease and
one that increases with increasing temperature. The peaks at ~ 18200 c¢m™!
and ~ 26000 cm™ are d-d transitions of the LS state of the complex , the peak
at ~ 33000 cm™! is the CT band of the ligand and the band at ~ 12000 cm™! is
the d-d transition of the HS state. According to the Tanabe-Sugano diagramm
for d® systems, the two LS transitions can be assigned to the spin-allowed tran-
sitions 'A; — 1T, and 'A; — !T; and the HS band corresponds to the °T, — °E

transition.
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Figure 3.6: Temperature-dependent UV/VIS-NIR spectra of [Fe(9ditz);](ClO,),
between 5000 and 35000 cm™ and the corresponding d-d transitions.
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3.2.1 Absorption spectra of the BF;~ and ClO4™ series

Due to the technical limitation of the cooling system (liquid nitrogen), in some
complexes of the [Fe(nditz);](BF.), and [Fe(nditz);](ClO,), series (n = 4-9) the
HS to LS transition is not complete. This means that the absorption bands of
the complexes with very low Ty, (< 150 K) are not strongly pronounced (see
Figure 3.8 ab,e and 3.9 b,c). If one looks in detail at the HS bands, it seems
that in some compounds, except in the [Fe(6ditz);](BFs),, [Fe(8ditz);](ClO4),
and [Fe(9ditz);](ClOy),, the HS band disappears not completely, respectively
unsymmetrically. To verify this observation and to analyse the curves in more
detail the following procedure was carried out: i) the area of the 'A; — 'T; and
°T, — °E transition is integrated and the calculated mole fraction is compared
with the SQUID curves ii) the change of the HS band with temperature is fitted
with a Gaussian curve iii) based on the energies of the HS and LS transitions,
the ligand field splitting energy Ao is investigated.

The first step is to calculate the area of the ' A; — 'T; and °T, — °E band. These
values are converted into mole fraction (see equation 3.1 and Figure 3.5) to
allow a comparison of the T/, values with the more accurate magnetic mea-
surement. As an example the result for [Fe(9ditz);](ClOy), is presented. The
calculated T, value from the optical device is 170 K in comparison to 155 K
from the magnetic data (see Figure 3.7). Subsequently the displayed tempera-
ture of the optical system is shifted by 15 K. This anomaly is representative for

all performed experiments.

A-Ay

X= ——
Ao — Ay

(3.1)

X = molfraction

A = Area of the peak

Ay = minimum area of the respective state
Ajpp = maximum area of the respective state
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Figure 3.7: Mole fraction of the optical measurement (squares) and magnetic
measurement (dots) of [Fe(9ditz);](ClO,),. The interception point corresponds
to Tl /2¢

As a result of this temperature shift it is self-evident that the motivation of
the temperature dependent UV/VIS-NIR measurements is not the observation
of the SC temperature but more the analysis of the obtained transitions of the
complexes. If one looks in detail at the spectra, it is recognisable, that the
appearance of the °T, — °E transition differs from the LS transitions. Hence
this band is fitted with a Gaussian curve. The used parameters are given in

equation 3.2.
V=V
A = Apax —(4In2 ﬂ) 3.2
exp (- 4In2) *= 62)

A = Absorption at v

A, = Band maximum

Vax = Wavenumber of the band
Av = half-width

Due to the fact that the left part of the HS bands between 12000 and
15000 cm™ overlap with the LS transitions and that the HS band of Fe(II)
seems to be consist of two absorptions bands, the band must be fitted with two

or three Gaussian curves. During the attempts to fit the temperature depen-
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dent spectra, it was impossible to establish a logical sequence of bands and
parameters which can be used for every HS band of the different compounds.
Therefore it was decided to fit the band at RT respectively at low temperature
(LT) with one Gaussian curve so that the change of the parameters can be com-

pared between the complex series.

The first noticeable change of the HS bands is the shift of the maximum
from RT to LT (RT — LT) which ends up at 600 cm™ for [Fe(8ditz);](BF,), and
700 cm™ for [Fe(8ditz);](ClO,), (see Figure 3.8 and 3.9 respectively the inserts).
The displacement of the bands is reviewed in Table 3.1 for the [Fe(nditz);](BF,),
and [Fe(nditz);](ClOy), (n = 4-9) series.

The comparison of the received values for the BF,~ and ClO,~ series (see
Table 3.1) shows, that the shift for the same number of carbons in the spacer,
independently of the anion, are in the same dimension. For n = 8 the highest
values are observable in both series. This shift of the maximum of the °T, — °E
transition is also responsible for the impression that only the right side of the
curve disappears. But if one imagines that the area of the peak decreases at
the same time as the band is shifted towards higher wavenumbers with tem-
perature, it seems that the left side stays constant until the difference between
these two effects is big enough that both changes are observable at the same
time. This can be clearly seen in the [Fe(6ditz);](BFs), and [Fe(8ditz);](ClO4),
complexes (see inserts Figure 3.8 ¢ and Figure 3.9 e).

The most important point, regarding the °T, — °E transition, is the fact that the
width of the HS transition also changes with temperature. The reason for that
phenomenon is the following: if one acts on the assumption that in a Jahn-Teller
distorted iron(I) complex (in solution [79] ), the iron(II) HS band is composed
of two absorption maxima (see 4.2) instead of one, it can be manifested that
this also holds for the iron(II) in the discussed complexes. Because of the fact
that the measurements are done on powder samples and measured in diffuse
reflection, the separation of the two transition maxima is not possible. Instead

of this one broad absorption band appears. Nevertheless, the variation of the
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width of the discussed HS band between RT and LT as well as between the

different complexes should be an indication of the Jahn-Teller distortion of the

complex. For comparison the widths of the HS transitions at RT for the BF,~

and ClO,~ series are presented in Table 3.2.

Table 3.1: Summery of the displacement of the HS band maximum (RT — LT)
for the [Fe(nditz);](BF4), and [Fe(nditz);](ClOy4), (n = 4-9) complexes.

] Shift of the HS band maximum [cm™]

|

[Fe(nditz)3](BF4)2 [Fe(ndztz)g](ClO4)2
n=4 480 600
5 440 400
6 550 450
7 350 200
8 600 700
9 400 400

Table 3.2: Widths of the °T, — °E
[Fe(nditz);](BF,), and [Fe(nditz);](ClOs), (n = 4-9) complexes.

transition at RT and LT for the

|

‘ [Fe(nditz)3](BF4)2 ‘ [Fe(ndztz)3](ClO4)2 ‘

Width [em™'] | RT LT RT LT
n=4 5500 | 4400 | 6990 5900
5 6200 | 5000 | 5000 4000
6 8100 | 5000 | 5500 4200
7 7000 | 5800 | 5000 4200
8 6000 | 4900 | 7000 7000
9 6500 | 3700 | 6000 5000
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Figure 3.8: Temperature dependent UV/VIS-NIR spectra of the BF,~ complexes
withn = 4-9 (a-f) in the range of 5000 - 35000 cm™'. Inserts represent the
5T, — °E transition.
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Figure 3.9: Temperature dependent UV/VIS-NIR spectra of the ClO;~ com-
plexes with n = 4-9 (a - f) in the range of 5000 - 35000 cm™. Inserts represent
the °T, — 5E transition.



3.2. UV/VIS-NIR SPECTROSCOPY 53

Another important information which one can get out of the absorption
spectra, is the Ligand field splitting energy Ap. There are two possibilities
to obtain these values. The first one is the Tanabe-Sugano Diagramm for d°
complexes, which shows the possible transitions as a function of Ag / B versus
E/B where B represents the Racah-Parameter and E the Energy. The fact that
the Tanabe-Sugano Diagramm allows only a graphical analysis of the Ag and
B values of a certain complex, it is not the method which is suitable for the
comparison of the two complex series discussed here. The differences between
the complexes are too small for a graphical analysis. For that reason Ag(LS) is
calculated from the energies of the transitions ( see equation 3.3 ). Therefore
the 'A; — !'T; transition at LT is also fitted with a Gaussian curve. The overlap
between the 'A; — T, and the CT transition, makes fitting of this transition
impossible. The energy of the 'A; — 'T, transitions are therefore taken from

the spectra.
E('T,) - E('Ty)
4

Ao for the HS transition is obtained from the maximum of the °T, — °E band

Ao(LS) = E('Ty) +

(3.3)

[49]. The calculated values are summarized in Table 3.3.

Table 3.3: Ap values for LS and HS for the BF,~and ClO, complexes.

’ ‘ [Fe(nditz)g](BF4)2 ‘ [Fe(ndztz)g](ClO4)2 ‘

Ao LS HS LS HS

4 A 11610 | 20124 11500
19881° | 11830 | 20489 11800
20352 | 11750 | 20319 11900
20281 | 11800 | 20369 12150
20281 | 11500 | 20614 11900
20044 | 11800 | 20264 11800

\O G0 3 O O1 ||

“No LS transition visible, Ty, outside the range of the
instrument.

b1A; — Ty transition very small, no fit, E is read off the
spectra.
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3.2.2 Influence of the Anions

Asnot only the influence of the carbons in the spacer on the absorption spectra is
of interest, the following section focuses on the influence of the anion. Since the
complexes with 4ditz as bridging ligands have been structurally analysed (see
[62]) the temperature dependent UV/VIS-NIR spectra of the [Fe(4ditz);](BF.),,
[Fe(4ditz)3](ClOs),, [Fe(4ditz);](PFe),, [Fe(4ditz);](ReO,), and [Fe(4ditz)3](SbFs),
are presented hereafter. If one compares these spectra with the already dis-
cussed ones, there are no great differences detectable. The energies of the
°T, - °E ,'A; -» 'T; and 'A; — 'T, transitions are nearly the same as
in the [Fe(nditz);](BF,), and [Fe(nditz);](ClO,), series. The biggest difference
within the discussed complexes clearly appears in the HS transition of the
[Fe(4ditz);](PF¢), complex, which shows the only HS transition which disap-
pears completely (see insert Figure 3.10 ¢ ). This can be ascribed to the high
transition temperature of this compound. To underline the small differences
between the spectra, the same systematically analysis is made as in the two
series described before. The results are presented in Table 3.4. It can be seen

that the Ao slightly increases with the size of the anion.

Table 3.4: Displacement of the HS band maximum between RT and LT, width
of the °T, — °E transition at RT and LT and Ao LS respectively Ay HS for the
[Fe(4ditz);](X). (X= BFs~, ClO4~, PFs~, SbFs~and ReO,~) complexes.

BE,~ CIO4_ PFs~ SbF6_ ReO,~
Shift HS band maximum [cm™!] 480 600 900 550 500
Width °T, — °E transition at RT | 5500 6200 5500 5500 7600

at LT 4400 5000 -4 4400 6100
Ag LS [em™] b 20056¢ 20056 20164 20314
Ao HS [em™] 11610 11500 11700 11500 11500

“HS transition disappears completely at LT.
"No LS transition visible, Ty s2 out of the range of the instrument.
“1A; - Ty transition very small, no fit, Energy is determined from the spectra.
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Figure 3.10: Presentation of the temperature dependent UV/VIS-NIR spectra in
the range of 35000 - 5000 cm™ of (a) [Fe(4ditz);](BFy),, (b) [Fe(4ditz);](ClO,),,
(c) [Fe(4ditz);](PFe),, (d) [Fe(4ditz);](SbFe), and (e) [Fe(4ditz);](ReOy),.
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3.2.3 Solvent Effect

A very interesting topic concerning the discussed complexes is the influence
of the solvent on the SC behaviour. Extensive discussion of this topic can be
found in [62]. Hence a minimal example of changing the optical properties
of the [Fe(4ditz)3](ClO,4),.MeOH within the solvent amount is presented here.
Two [Fe(4ditz);](ClO4),.MeOH complexes were measured: one immediately
after the synthesis (the powder was dried for approximately 15 min.) and
the other after drying several days in the desiccator. The comparison of the
LT measurements show, that the 'A; — 'T, and 'A; — !T; transitions are
not detectable in the dried complex but clearly visible in the solvated one
(see Figure 3.11). This result leads to the conclusion that this complex needs a

special amount of solvent to exhibit SC.

35000 30000 25000 20000 15000 10000 5000

cm”

Figure 3.11: Comparison of the [Fe(4ditz);](ClO4),.MeOH “dry” (- -) and
"wet” (=) complex measured at 101 and 120 K.
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3.3 Reflectivity Measurements

In parallel to the temperature dependent UV/VIS-NIR measurements a custom-
built reflectivity instrument to record the change occurring at 830+2.5 nm
and at 550+2.5 nm, respectively the wavelengths of the °T, — °E and the
'A; — T transitions, as a function of temperature (290 - 10 K) and also light
irradiation is used. The second LS transition, 'A; — 'T, , normally observable
at 370 nm, is not within the range of the instrument. This experiment is done as
a preliminary test for the LIESST experiment. Due to the fact that there is a great
interest on compounds which show the LIESST effect the following series of
complexes were measured: [Fe(nditz);](BFy), with n = 4-9, [Fe(nditz);](ClO4),
with n = 4-9 and 12, [Fe(nditz)s;](PF¢), with n = 4, 7-9 and [Fe(nditz);](SbFe)»
with n = 7-9. The goal was to get an idea how the chain length of the spacer
and the size of the anion influences the LIESST properties of the compounds.
A typical experiment is shown in Figure 3.12 for [Fe(5ditz);](ClO,), (spectra of

all discussed complexes see appendix A).
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Figure 3.12: Reflectivity measurements of [Fe(5ditz);](ClO,), as a function of
temperature. In the main figure the absorbance spectra at (-) 280 K; (- - -) 140 K,
(---)80K, (---) 60 Kand (-) 10 K is shown. The insert reports the reflectivity
followed at 550+2.5 nm and 830+2.5 nm.



3.3. REFLECTIVITY MEASUREMENTS 58

In agreement with the previous UV-VIS-NIR study, within the range of 450 -
950 nm at room temperature for all compounds only the HS band is visible
whilst at 80 K only the LS transition is observable. Below 80 K, however, the
reflectivity experiment demonstrates the existence of a photo-induced phe-
nomenon at the surface. In fact, at low temperatures the sample was seen
to bleach (see Figure 3.12 and insert) indicating the occurrence of a LS/HS
photo-conversion through the LIESST effect. For each compound, the amount
of photo-bleached fraction (% Irr-Surface; reported in Table 3.5) relative to
the value found at room temperature was calculated. Interestingly, the level
of photo-excitation roughly decreases with the length of the spacer in the
[Fe(nditz);](ClO4), complexes. A similar trend could not be found for all the
other series, but indeed, in agreement with the inverse energy-gap law [38], the
higher the T, the lower the level of the light-induced LS/HS transformation.
(T1/2 is the temperature of the spin transition estimated from the maximum in
the first derivative of the T vs. T plot.) Note that a value for [Fe(4ditz);](BF.),
is less reliable than the others because T1; is so low (approx. 80 K) that photo-
bleaching occurs before a stable LS state is produced thus affecting the results.
Furthermore, this sample does not switch more than 50% of its iron atoms to
LS over all the considered temperature range.

Due to the fact that the discussed compounds (except [Fe(4ditz);](PFs),) show
the LIESST phenomenon on the surface, this effect seems to appear indepen-
dent of the size of the anion, respectively the spacer length. Another noticeable
fact is the appearance of a light induced thermal hysteresis (LITH) in almost all
complexes. The best example for such an effect is found in the [Fe(4ditz);](BF,),.
The changes in the HS band intensity during light irradiation while cycling the
temperature are presented in Figure 3.13. As the system is cooled, the reflec-
tivity at 830 nm reaches a maximum at approximately 70 K and below this
temperature bleaching occurs. As the sample is heated again the maximum
occurs at approximately 80 K. This seems to indicate the presence of a ther-
mal hysteresis during the spin transition which is confirmed by the SQUID

measurements described hereafter. The existence of an hysteresis associated



3.3. REFLECTIVITY MEASUREMENTS 59

with the LIESST phenomenon corresponds to the LITH. This means that in this
complex both phenomena, namely the LITH and the thermal hysteresis are

detectable.

Table 3.5: % Irradiation surface caculated from the reflectivity measurements
of the discussed complexes

] % Irradiation surface” \

[Fe(ndit2)3](X)2 X = BF4_ CIO4_ PF6_ SbF6_

4 52° 52 - -
5 71 64 - -
6 34 42 - -
7 47 42 17 7
8 47 14 40 26
9 50 26 54 41
10 - - - -
12 - 28 - -

“Percentage of the sample photo-bleached

"This calculation is affected because the close vicinity of
T1/2 and T(LIESST) causes photo-bleaching to occur be-
fore a stable LS is reached
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Figure 3.13: Reflectivity of [Fe(4ditz);](BF,), followed at 830+2.5 nm as a func-
tion of temperature. Cooling (V); warming (aA).

Another interesting result of the reflectivity measurement is the fact that
the already well studied [Fe(4ditz);](PF¢), complex, shows no LIESST effect
(see Figure 3.14).
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Figure 3.14: Reflectivity measurement of [Fe(4ditz);](PFe),.
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3.4 Far-FTIR properties of the ClO4™ series

Far-FTIR spectra of all the members of the [Fe(nditz);](ClO,), series were
recorded. Interestingly almost no difference was observed (see Table 3.6). Un-
fortunately it was impossible to analyse the far-FTIR spectra of the [Fe(nditz);](BF,),

complexes.

Table 3.6: Temperature dependent far IR bands that can be associated with HS
and LS species of [Fe(nditz);](ClO,),.

n | HS LS

5 | 469 (w); 388(w); 367(m) 421(s); 380(w); 358(sh); 287(s)
6 | 476(m); 378(s); 357(sh); 282(sh)  422(m); 393(s); 364(m)

8 | 437(sh); 373(m); 338(m); 310(sh) 424(s); 395(w); 379(w); 354(s)
9 | 366(sh); 331(sh) 422(s); 354(m)
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3.5 Magnetic Measurements

In order to study how the number of carbon atoms in the spacer of the ligand
and the size of the anion influences the spin transition, susceptibility curves
were recorded between 10 and 300 K for the complexes of the [Fe(nditz);](ClO4),
and [Fe(nditz);](BF,), series with n = 4-10 and 12. The obtained curves
reporting xmT, where xu is the molar magnetic susceptibility and T is the
temperature, versus T are shown in Figure 3.15, Figure 3.16 and Figure 3.17.
The temperature of the thermal spin state transition, T4,,, estimated from the

maximum in the first derivative of the x)T vs. T plot is given in Table 3.7.

3.5.1 Magnetic properties of the [Fe(nditz);](ClO,); series

The investigated products of the [Fe(nditz);](ClO,), series with n = 4-10 and 12
undergo a thermal spin transition at around 150 K, from a x;T product close
to 3.0 cm™?Kmol™ at room temperature in agreement with the expected HS
state, and a diamagnetic value at low temperature reflecting the LS state. At
low temperatures in some of the curves a residual magnetization is observed
yielding a xyT value up to 1 ecm>Kmol™!, which might be caused by traces of
iron(IlT), thermally SC inactive HS iron(II) or zero-field splitting (ZFS).
Interestingly, an increase in the length of the spacer raises the T;,, value,
but it can also be seen that the influence of the parity of the spacer is not
negligible. Indeed, it seems that depending on the parity of the spacer, the
complexes can be divided into two series: the first having a bridging lig-
and with odd-numbered carbon atoms in the spacer, which shows a yuT
product at room temperature always equal to 3.0 cm>Kmol™}; and a second
series with even-numbered spacers, which exhibits a ;T at room tempera-
ture of approximately 3.75 cm>Kmol™. A similar classification can also be
made if the shape of the thermal spin transitions is compared in (see Fig-
ure 3.15). Complexes with an odd-numbered spacer ([Fe(5ditz);](ClO,),,
[Fe(7ditz);](ClOy4), and [Fe(9ditz);](ClO4);) display a more gradual transi-

tion than complexes with an even-numbered ligand ([Fe(4ditz);](ClO,),,
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[Fe(6ditz);](ClO,), and [Fe(8ditz)3](ClO,),). However, within such a classifi-
cation the case of [Fe(4ditz);](ClO,), is somewhat exceptional, in that it is the
only one displaying a two-step thermal spin transition with a plateau between

93 K and 124 K (Figure 3.15b).
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Figure 3.15: Temperature dependency of the xuT product for the
investigated complexes (A) [Fe(4ditz);](ClO4),, (O) [Fe(5ditz);](ClOy),,
(m) [Fe(6ditz);](ClOy),, (o) [Fe(7ditz);](ClO4),, (o) [Fe(8ditz);](ClOy), and
(2) [Fe(9ditz)3](ClO4), b) cooling and heating modes for [Fe(4ditz);](ClO4),.



Table 3.7: Spin transition and LIESST parameters of the discussed complexes.

\ X = BF,;~ ClOy~
[Fe(nditz);](X)2 | T1/2 [K]  T(LIESST) % Irr-Surface” T T(LIESST) % Irr-Surface

n=4 80/89° 63 79¢ 84/1344 58/39 60

5 131 58 84 125 52 72

6 164 € 25 155 - 43

7 154 58 71 144 51 57

8 148 52 55 169 - 13

9 154 50f 36 155 37 47

108 150 - - 160 - -

12" 156 - - 159 - -

“Percentage conversion to the metastable high spin state by irradiation at 10 K

"Determined as the maximum of the first derivative of the cooling and warming curve

10 K the sample remains in a mixed LS-HS state, thus this refers to the % of “switchable” ions
9Determined as the maximum of the first derivative of the two transitions
*No minimum in oy, T/0T observable
fNo minimum in 5x;T/ST observable - estimated from the obtained relaxation curve of the LIESST experiment
$No magneto-optical data available
"No magneto-optical data available

SINANHANSVAN ODILHNODVIN 'S¢

¥9
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3.5.2 Magnetic Properties of the [Fe(nditz)s;](BF4), Series

The compounds of the [Fe(nditz);](BF,), series with n = 4-10 and 12 undergo,
similar to the compounds of the [Fe(nditz);](ClO,), series, a complete spin
transition between 100 and 220 K (see Figure 3.16 and 3.17) and reach
a xmT product close to 3.3 cmKmol™ . The residual magnetisation up to
0.5 cmKmol ™ at low temperatures can be attributed to the same reasons as
mentioned under 3.5.1. Comparison of the magnetic data with the perchlorate
data shows a similar trend from n = 5-7 (see Table 3.7). The temperatures
of transition, Tj),, are all higher for BF;~ than for ClO4~. The SC curves
themselves are also very similar to the [Fe(5ditz);](BEs), transition curve but
a little steeper. There is, however, a disjunction when # is changed from 7 to
8. Here Ty, of [Fe(8ditz);](BF4), is lower and the transition itself is a lot more
gradual than its perchlorate analogue. By n = 9, the transition is very gradual
and almost exactly the same in both cases (T1,, = 154 K for BF,~ and 155 K
for ClO,™ ). [Fe(10ditz);](ClO4), has a flatter magnetic curve than the BF,~
analogue but T;; is 10 K higher (see Figure 3.17). But by n = 12, the transitions
are remarkably similar again (see Figure 3.17).

The exception of the series is again the complex with 4 carbons in the spacer,
namely the [Fe(4ditz);](BF,),(see Figure 3.16). It shows an incomplete SC of
approximately 50 % of the iron centres with an hysteresis of 9 K (T, of cool-
ing = 80 K, warming = 89 K). Below 25 K a further sharp decrease of yuT
is observed. This drop might be associated with a second spin transition at
around 5 K. This would mean a shift of both SC temperatures by some 50 - 60

K. However this sharp decrease can also be associated with ZFS.
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Figure 3.16: Temperature dependency of the yuT product for the investigated
complexes, a) (O) [Fe(5ditz);](BF4),, (W) [Fe(6ditz);](BE4),, (o) [Fe(7ditz);](BFy),,
(o) [Fe(8ditz)s](BF4), and (2) [Fe(9ditz);](BF4). b) cooling and heating modes for
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Figure 3.17: Temperature dependence of xuT for (a) (a) [Fe(10ditz);](BF,), and
(o) [Fe(10ditz)3](ClO4), b)(a) [Fe(12ditz);](BF4), and (o) [Fe(12ditz);](ClOy), in
the heating mode. The existence of a small anomaly at around 50K on the
curves almost certainly corresponds to an oxygen contamination.
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3.6 Photo-Magnetic Measurements

The photo-magnetic properties of the different compounds have been investi-
gated by following the effect of irradiation with light under the influence of an
applied magnetic field. At first the sample was cooled slowly down to 10 K
in order to stabilise the low spin state; then it was irradiated and the change
in magnetism was followed (see Figure 2.5). When the saturation point had
been reached the light was switched off, the temperature increased at a rate of
0.3 Kmin™! and the magnetisation measured every 1 K. This procedure allows
the quantification of T(LIESST), which is determined by the minimum of the
OxmT/6T vs. T curve recorded during relaxation [80].

3.6.1 LIESST Properties of the ClO4~ Complexes

Figure 3.18 shows the photo-magnetic behaviour together with - for the
sake of completeness - the magnetic susceptibility for each compound of the
[Fe(nditz);](ClOy), with n = 4-9 series. Table 3.7 collects for each compound
the highest percentage of photo-conversion obtained by irradiation at 10 K
relative to the magnetic value recorded at room temperature for a pure HS
state (%lrr-Bulk). As expected from the reflectivity analysis, all compounds
undergo a light induced spin transition. If the shape of the T(LIESST) curve
recorded by increasing the temperature is compared, the complexes continue
to behave differently one from the other. For those having a short spacer, the
XmT product increases in the 10-30 K range while for long spacers the mag-
netic signal strongly decreases. This increase of the magnetic response with
the temperature can be attributed to the effect of the zero-field splitting (ZFS)
of the iron(II) HS in non perfectly octahedral geometry [81]. Indeed, the series
of odd-numbered ligands shows a ZFS effect that progressively vanishes in the
order [Fe(5ditz);](ClOs), > [Fe(7ditz);](ClOy), > [Fe(9ditz);](ClOy),, reflecting a
decrease of the lifetime of the photo-induced HS state in the tunneling region.
An additional way to see the stability of the photo-induced HS state is to com-
pare the magnitude of the T(LIESST) temperatures [80, 40]. Table 3.7 collects
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T(LIESST) temperatures of the [Fe(nditz);](ClO4), family, with the exception of
the [Fe(6ditz);](ClO4), and [Fe(8ditz);](ClO4), complexes where the minimum
on the 6x;T/6T vs. T curve can not be properly determined due to the very low
efficiency of the photo-excitation (Figure 3.18). Nevertheless, it is interesting
to see that the lowest T(LIESST) temperature is found for [Fe(9ditz);](ClO,),
which presents the highest T/, value. Finally, it is important to note that the
peculiarity of [Fe(4ditz);](ClOy),, which is characterized by a two-step thermal
spin transition, shows similar features in the T(LIESST) experiments. Analysis
of the SxmT/0T vs. T curve clearly shows the existence of two minima, at 39 K
and 58 K, proving that both magnetically non-equivalent iron(II) metal centres
can be photo-excited. It is also reasonable to propose that the T(LIESST) tem-
perature found at 58 K certainly corresponds to photo-excitation of the iron(II)
metal centres involved in the LS/HS thermal spin transition occurring at 84 K,
and the T(LIESST) temperature at 39 K is linked to SC phenomenon occurring
at 134 K.
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Figure 3.18: Temperature dependence of yuT for (a) [Fe(4ditz);](ClOy),,
(b)  [Fe(5ditz)s](ClO4)2, (c)  [Fe(6ditz)s](ClO4)2, (d)  [Fe(7ditz)s](ClOs),,
(e) [Fe(8ditz);](ClOy),, (f) [Fe(9ditz)3](ClOy),. (A) Data recorded without irra-
diation; (o) data recorded with irradiation at 10 K; (e) T (LIESST) measurement,
data recorded in the warming mode with the laser turned off after irradiation
for one hour. (Note that the small bump at 49 K observable in (c) is due to a
small amount of oxygen).
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3.6.2 LIESST Properties of the BF;~ Series

The results of the LIESST experiments for the [Fe(nditz);](BF4), with n = 4-9
complexes are shown in Figure 3.19 together with the magnetic suscepti-
bility for each compound and Table 3.7 collects the %Irr-Bulk values. At
first view there are no significant differences visible between the complexes
with ligands yielding more than 4 carbons in the spacer in comparison to
the results of the [Fe(nditz)3;](ClO,), series. [Fe(5ditz)3;](BF4), shows like the
ClO,™ analogon an increase of yyT after irradiation which can be attributed
to ZFS. In the case of the [Fe(6ditz);](ClO,), the change of the anion leads to
a shift of the Ty, to higher temperatures and consequently the LIESST effect
is less pronounced. The change of the anion from ClO4~ to BF,™ generates
a higher metastable HS state and ZFS in the [Fe(7ditz);](BF4), complex in con-
trast to the [Fe(6ditz);](BF,), case. An increase of the LIESST effect can be
followed in the [Fe(8ditz);](BF4), complex, however without ZFS. Irradiation
of the [Fe(9ditz);](BF,), compound during the LIESST experiment does not
reach the same value as in the [Fe(9ditz)3](ClO,), and the relaxation behaviour

is slower.
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Figure 3.19: Temperature dependence of xyTfor (a) [Fe(4ditz);](BF4),,
(b)  [Fe(5ditz);](BFy)y, ()  [Fe(6ditz)s](BFa)y, (d)  [Fe(7ditz)s](BFa),,
(e) [Fe(8ditz);](BF,),, (f) [Fe(9ditz);](BF,),. (A) Data recorded without irradi-
ation; (o) data recorded with irradiation at 10 K; (e) T (LIESST) measurement,
data recorded in the warming mode with the laser turned off after irradiation
for one hour. The existence of a small anomaly at around 50 K on T(LIESST)
curve corresponds to an oxygen contamination even if particular precaution
has been taken to purge the SQUID cavity for one hour at room temperature.
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[Fe(4ditz);1(BE,),

The lower T,,, of [Fe(4ditz);](BFs), results in a higher T(LIESST) than
[Fe(4ditz);](ClO4),, although only 50 % of the switchable irons (LS state) are
available. Furthermore, the light induced metastable HS state relaxes slower
than that of [Fe(4ditz);](ClO4), and the ZFS is stronger pronounced. It is well
known [82, 83, 84] that this light induced metastable HS state at low tempera-
ture can, in some cases, be populated through rapid freezing. [Fe(4ditz)3](BF4),
exhibits such an effect. If the sample is cooled down rapidly to 10 K from room
temperature (taking approx. 5 min) a metastable HS fraction can be obtained.
The temperature was then increased at a rate of 0.5 Kmin™' and the metastable
HS state starts to relax to the mixed HS-LS phase at 50 K before returning to
the pure HS state at approximately 85 K.

If the initial cooling rate is decreased (0.5 Kmin™") then the transition occurs
at 80 K and the mixed HS-LS state is stable down to very low temperatures (see
Figures 3.17a and 3.18). Slow warming (1.0 Kmin™') follows now the same
path back except the transition to HS occurs at 89 K equating to an hysteresis
of approximately 10 K, which was also observed in the reflectivity experiments
(see 3.3). Such behaviour has also been confirmed by Mossbauer experiments
carried out at temperatures between 4.2 K and 294 K (see Figure 3.20 and Ta-
ble 3.8). The isomer shifts are consistent for HS and LS iron(I) but have a wider

quadrupole splitting than those previously measured for [Fe(4ditz);](PF), [52].
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Table 3.8: Isomer shift (0) and Quadrupole Splitting (A) obtained for
[Fe(4ditz);](BF,),.
T/K ALS / % 6LS / 1’1’11’1’18_1 ALS / II'[II'[S_1 ALS / % 6LS / mms‘1 ALS / II”[II"[S_1
4.2 18.8 0.42 0.17 81.2 1.04 2.35
44 45.5 0.42 0.17 54.5 1.05 243
70 44.0 0.41 0.19 56.0 1.05 2.47
110 6.2 0.32 0.44 93.9 1.02 2.34
294  5.80 0.30 0.58 94.2 0.92 1.64

rel. transmission / %

-2 0
. -1
velocity/mms

Figure 3.20: ’Fe-Mossbauer spectra of [Fe(4ditz);](BF,), at selected tempera-

tures.
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3.7 Low-spin/High-spin Transition in Megagauss
Fields

To investigate the influence of high magnetic fields in a SC complex that shows
hysteresis and a sharp two step transition, the [Fe(4ditz);](PF¢)..EtOH complex
has been investigated. As already described in section 3.2 the material exhibit a
pronounced visible color change in the temperature range between 77 K and 300
K indicating the high-spin/low-spin phase transition. The principal objective
of the experiments was the demonstration that this phase transition and hence
change in color can also be obtained by application of strong magnetic fields
in the megagauss range, since lower magnetic fields up to 40 T proved to
be not successful for the discussed material. The sample was checked for
its exact temperature dependence of the phase transition to find the optimal
temperature for the experiment in megagauss fields. In Figure 3.21 both the
reflection data and the magnetic field intensity as a function of time in the
upper and lower part respectively for [Fe(4ditz);](PFe),. EtOH for A = 632 nm
at T = 183.4 K are plotted. The second wavelength A = 541 nm provided no
additional information. The experimental data of the reflection (upper solid
curve in Figure 3.21) follows the experimental magnetic field (lower solid
curve) with a pronounced hysteresis. This means, that the relaxation times
involved are of the order of i sec. There is a clear increase of the reflectivity with
increasing magnetic field indicating the increased population of the high-spin
levels. The broken curves indicate the results of the corresponding simulation
discussed below. To demonstrate both the magnetic field dependence and
the hysteresis involved the data were plotted directly as a function of the
applied magnetic field (Figure 3.22). Again solid and broken curves indicate

experimental and simulation results, respectively.
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Figure 3.21: Experimental data (— and -) and simulation (- and —) for the
relative reflection and the magnetic field as a function of time.
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Figure 3.22: Experimental data (-) and simulation of the hysteresis.
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3.7.1 Variation of the Temperature at Constant Field

The [Fe(4ditz);](PFe)..EtOH complex was measured at different temperatures
and an applied field of 140 T (coil dimension:12mmx12mmxX3mm, charging
voltage: 40 kV). It was possible to induce the spin transition at 172.6, 183.4 and
186.5 K (see Figure 3.23). The applied field stabilises the induced HS state and
hence with rising temperature the population of the HS states also increases,
not only because of the applied field but also because of the thermally induced
SC. At 177 and 165 K a magnetic induced SC was not detectable.

0.26

T=186.5K
0.25 4
T=186.5K
>
E 5
5 o I} o | T=1834K
° 5 b c
:
o T=183.4K 2
[y [}
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g 0234 Q r-1726k 2
E H
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e
0.22 4
0.21 T T T T T T
160 170 180 190 200 0 50 100 150
T/IK Magnetic Field B/ T

Figure 3.23: Effect of the induced magnetic field on [Fe(4ditz);](PFe),.EtOH
complex at different temperatures.
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3.7.2 Variation of the Magnetic Field

To show the influence of variable high magnetic fields (%) on the SC behaviour
of [Fe(4ditz);](PFs),.EtOH at 183.4 K, the following coil dimensions were used:
(1) I2mm X 12mm X 3mm (ii) 13mm X 13mm X 3mm (iii)15mm X 15mm X 3mm
(see Figures 3.24-3.26). The applied magnetic fields are in the range of 100 to
160 T. This series of measurements show that an applied field of 140 T caused
the highest population of the HS state at the selected temperature. At higher
fields, the excitation decreases again. The slew rate of the magnetic field is

directly linked to the spin transition.

1.06

1.04 1

1.02 1

1.00 4

Relative Reflection / a.u.

0.98

0.96 v T T T T T T T T T v
-100 -50 0 50 100 150 200

Magnetic Field B/ T

Figure 3.24: Excitation of the SC in [Fe(4ditz);](PFs),.EtOH at 183.4 K at different
induced magnetic fields with the coil of 12mmX 12mmX 3mm and different
charging voltages: (-) 30 kV,(-) 35 kV,(-) 40 kV,(-) 45kV and (-) 50 kV.
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Figure 3.25: Excitation of the SC in [Fe(4ditz);](PF¢),.EtOH at 183.4 K at different

induced magnetic fields with the coil of 13mmX 13mmX 3mm and different
charging voltages: (-) 35 kV,(-) 40 kV,(-) 45 kV and (-) 50 kV.
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Figure 3.26: Excitation of the SC in [Fe(4ditz);](PFs),.EtOH at 183.4 K at different
induced magnetic fields with the coil of 15mmX 15mmx 3mm and different
charging voltages: (-) 40 kV,(-) 45 kV,(-) 50 kV and (-) 50 kV.



Discussion

79



4 Discussion

4.1 Powder Diffraction

From the visual appearance of the powder patterns the [Fe(nditz);](BF4), com-
plexes split into two groups, namely the phase with the butylene spacer and
the series with n = 5-10 and 12. This division also holds for the correspond-
ing perchlorate compounds [Fe(nditz);](C1O,), whereupon these show a higher
degree of cristallinity compared to the tetrafluoroborates. Comparative inspec-
tion of the tentative intensities of the [Fe(4ditz);](BF,), and [Fe(4ditz);](PFs), [52]
complex, clarifies that the BF,~ complex constitutes a distorted variant of the
PF, salt. Unfortunately the present powder quality does not allow structure
solution from the pattern and is subject to currently ongoing research. The
interpretation of the [Fe(4ditz);](ClO4),.EtOH phase’s pattern is less clear-cut
but it can be said that it is also structurally closely related to the BF,~ and PF,
complexes. Due to the high reflection density, however, indexing of such a
complex pattern is outside the scope of laboratory X-ray powder data. The ap-
parent difference in the unit cells between the presented product and the phase
reported earlier [58] is ascribed to the different solvents used to crystallise the
complexes. Whereas van Koningsbruggen et al. [58] used methanol the present
samples were precipitated from ethanol. Concerning the homologous series
[Fe(nditz);](X), with X = BF,~, ClO,~ and n = 5-10 and 12 it was possible to
index the powder pattern of the [Fe(5ditz)3](BF,), complex. The obtained pa-
rameters can be regarded as a distorted variant of the trigonal symmetry found
for [Fe(2ditz);](BF,), [56] with comparable lattice parameters. Therefore it is
obvious to describe the pentylene- to dodecylene-ditetrazole complex series in

a chain-type arrangement as well. The higher order complexes are suspected
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to crystallise in the triclinic system which, however, is not possible to confirm
from the low quality powder patterns. Calculating the unit cell volumes for
the phases under investigation, assuming the monoclinic cell from above and
setting the b-axis length to d X 2 of the longest line (i.e. the 020 reflection),
results in unit cell contents Z of about 2, which again is in accordance with
the [Fe(2ditz);](BF,), complex. In Figure 4.1 an idealised tentative structural
proposition is depicted. The ligands, linked together by iron(Il), are stretched
out and aligned parallel in a hexagonal close-packed manner with the counter
ions in between the chains. Increase of the alkylene spacer length will ex-
pand the unit cell in the crystallographic direction of the chains leaving the
other two untouched. Additionally the voids between them become larger
and are likely to be filled with presumably disordered and non-stoichiometric
amounts of solvent molecules. As the interaction between the chains is weak
(the Coloumb forces between the positively charged iron(Il) and BF,~ will
diminish with increasing 7) stacking faults are favoured by longer spacers and

additional reflection broadening is likely to be observed.
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Figure 4.1: Tentative basic structural model of the [Fe(nditz);](X),.EtOH (n = 5-
10, 12, X = BF;~ and ClO;~ ) phases viewed along the [Fe(nditz);]** chains
(circled, top) and the perpendicular direction (bottom). The orientation and
geometry of the complex is presumed arbitrarily.
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4.2 UV/VIS-NIR Spectroscopy

The members of the discussed compounds, namely the [Fe(nditz);](BF,),,
[Fe(nditz);](ClO,4), with n = 4-9 and the [Fe(4ditz);](X), with X = BF,~, Cl1O,~,
PF¢~, SbFs~and ReO,~, show a thermochromic effect associated with the spin
transition, from white in the HS state and violet in the LS state. The spin
transition is detected in terms of three peaks, two of which decrease and one
that increase with increasing temperature. These peaks can be assigned to
the spin allowed transitions: 'A; — 'T, ,'A; —» 'T; and °T, — °E whereas
these d-d transitions can be found found at ~ 26000 cm™, 18200 cm™" and
12000 cm™. Due to the cooling system of the spectrophotometer, the displayed
temperatures are shifted by a value of 15 K in comparison to the magnetic
measurements. Therefore the emphasis is given on the analysis of the obtained

absorption bands and the ligand field properties of the measured compounds.

Regarding the HS band the discussion must be focused on the appear-
ance and the parameters obtained in this investigations. The asymmetric
appearance of the peak is the most conspicuous property. This asymmetry
was already seen in the related compounds [Fe(mtz)s](BF4),,[Fe(etz)s](BF4)2
and [Fe(ptz)s](BFs), (mtz = 1-methyl-1H-tetrazole, etz = 1-ethyl-1H-tetrazole,
ptz = 1-propyl-1H-tetrazole) [15, 48, 49, 85]. The anomaly of the HS band in
the complexes [Fe(mtz)](BF,), and [Fe(etz)q](BF,), is explained by the struc-
turally properties of the compounds. The two compounds possess two different
iron(II) lattice sites A and B, whereupon one iron(Il) stays in the HS state until
4.2 K and the other iron(Il) exhibits a spin transition to LS under 160 K. These
results suggest that the unusual form of the HS band in the absorption spectra
of these two compounds can be attributed to the two nonequivalent iron(II)

lattice sites.
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By virtue of the structures of the propyltetrazole complex, the
[Fe(4ditz);](PFs). complex as well as for the [Fe(4ditz);](BFs), and
[Fe(4ditz);](ClO,4), complex the reason for the appearance of the HS band of
the discussed complexes in this work cannot be explained with two different
iron(II) latice sites. As already mentioned by Decurtins et al. [48] an alternative
explanation for this unusual property is the Jahn-Teller distortion. In 1937
Jahn and Teller showed that in general no nonlinear molecule can be stable in
a degenerated electronic state. The molecule must become distorted in such
way as to break down the degeneracy. Such distortions may be evident from
the spectroscopic properties of the complex [86, 87]. The theorem holds for the
ground states as well as for the excited states, whereas the explanation in the
latter case is more difficult because the short lifetime of the excited state avoids
the adjustment of a stable equilibrium. For example, the electron configuration
of [Fe(H,0)q]*" is tr*e,? for the ground state and ty, e, for the excited state,
with the same number of unpaired electrons. Therefore the excited state of this
ion is Jahn-Teller distorted and consequently split into two species. This split
can then be detected in the absorption spectra. In Figure 4.2 the absorption
spectra of [CoFs]™ in K,Na[CoF] is taken as an example for such a result.
Interestingly, these Jahn-Teller distortions can also be found for compounds

with 4 electrons in the t,, orbital hence in the HS state of the discussed series.

|

Absorption —

LLlllll
500 600 700 800 900 1000 100 1200
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Figure 4.2: Absorption spectra of the [CoFs]™® in K;Na[CoFs], the splitting of
the t2g3eg3 excited state as a result of the Jahn-Teller distortion is visible [86]
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The broad HS band seen in the absorption spectra of the complexes can now
be considered as an overlap of two bands, which unfortunately due to the
powder form and measurement method of the sample cannot be distinguished
or deconvoluted. Consequently the HS band was fitted with one Gaussian
curve, described in chapter 3.2.1 and equation 3.2. From the above mentioned
results for the Jahn-Teller distortion of Fe(II) the width of the fitted curve must
be directly correlated to the dimension of the distortion. Because of the fact that
obviously these two bands do not disappear synchronously, the band appears
to decrease at first only on the right side. But if one considers two bands, where
one decreases faster than the other, the shift of the maximum and the asymme-
try is understandable. If the obtained values for the HS band widths of the two
series [Fe(nditz);](BF,), and [Fe(nditz);](ClOy), are compared (note, due to the
structural difference of the [Fe(4ditz);](X), with X = BF,~ and ClO,~ complexes
these are excluded from this comparison), an alternating dependence between

n and the width is visible in the ClO,~ complexes (see Figure 4.3 a,b).
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Figure 4.3: Dependence between n and the width of the HS band for a)
[Fe(nditz);](ClOy4), with n = 5-9 and b) [Fe(nditz);](BF,), with n = 5-9 com-
plexes.

This means that in the ClO,~ series, the complexes with the even number of
carbons in the spacer are more distorted than the ones with the odd number
of carbons, whereas [Fe(84itz);](ClO,4), shows the highest degree of distortion.
The BF;™ series show a similar trend whereupon the [Fe(8ditz);](BF,), complex

exhibits again the exception: the parity is broken and it is the complex with
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the lowest degree of distortion. This obtained parity effect of the two series
is one of the fascinating results, concerning the investigated compounds. The
same analysis is made for the [Fe(4ditz);](X), complexes with X = BF,~, ClO,~,
PFs~, SbFs~ and ReO,. If one looks at the obtained values for the width of
the HS band at RT (see Table 3.4) the ClO4s~ and ReO,~ complexes reach much
higher values compared to the BF,~, PFs~ and SbFs~ which have the same
values. Therefore it can be concluded that the complexes are divided into two
groups the ones with a fluorin containing anion and the ones with an oxygen
containing anion. This could lead to the assumption that the ClO;~ and the
ReO,™ anion leads to higher Jahn-Teller distortion than BF;~, PFs~ and SbF,™.
The calculated ligand field strength Ag of the discussed BF,~ and ClO,™ series
as well as for the [Fe(4ditz);](X), complexes are in the expected region compared
to the related monotetrazole compounds [15, 48, 49, 85]. For neutral ligands
such as the nditz, Ao is expected to vary as ~ 1/r® [88, 89], where r is the metal-
ligand distance. Therefore the proportionality Ao(LS) / Ao(HS) ~ (rus / r1s)°
should hold, with rys and r;s being the Fe-N bondlengths in the HS and LS
state, respectively. As the the crystal structure of the [Fe(4ditz);](PFs), and
[Fe(4ditz);](ClOy), are solved, these two complexes were used to verify this
proportionality (see equation 4.1 and 4.2). (Note that, due to the very low
transition temperature of the [Fe(4ditz);](BF,), complex, the energy of the LS
band cannot be determined. Therefore, even though, the crystal structure of
the complex is solved, it can not be taken for the calculation.) 175 and rys of the
[Fe(44ditz);](ClOy4), complex are 2.002 A and 2.191 A! and the calculated ligand
field strengths for LS and HS are 20056 and 11500 cm™.

LS

0
(HSye —1.72 4.2)
rLs

The values for [Fe(4ditz);](PFy), are: rys and rig 2.193 A and 2.00 A and the

'Due to the fact that in the LS and HS state of the [Fe(4ditz);](ClO4), complex different Fe-N
bondlengths are detected [62] an average of these values has been taken.
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ligand field strengths for LS and HS are 20056 and 11700 cm™!. The ratio of
the ligand field strength is therefore 1.71 and 1.73 is the result of (rys/rs)°. This
apparently perfect agreement should not be overrated, but it is a confidence,
however, ligand field theory can be used in a first step for describing the

absorption spectra.
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4.3 Magnetic and Photo-Magnetic Measurements

In the following section the results of the magnetic and photo-magnetic mea-
surements of the [Fe(nditz);](BF,), and [Fe(nditz);](ClO4), series will be dis-
cussed and compared with other performed measurements. The aim of this
discussion is to clarify the influence of the spacer length of the ligand as
well as the influence of the anion on the obtained properties of the series.
To simplify matters the structurally different [Fe(4ditz);](X), complexes with
X = BF; and ClO,4~ will be discussed separately after the disquisition on the
[Fe(nditz);](BF,), and [Fe(nditz);](ClO,4), complexes.

[Fe(nditz);](Cl1Oy4), Series

Firstly I will focuse on the temperature of the thermal spin-state transition of
the [Fe(nditz);](ClOy), series with n = 5-9, Ty, estimated from the maximum
in the first derivative of the yT versus T plot which are given in Table 3.7, and
Figure 4.4 shows the change of T;/, with the length of the alkylene spacer (n).
Interestingly, an increase in the length of the spacer raises the T4, value, but it
can also be seen that the influence of the parity of the spacer is not negligible.
Indeed, the complexes can be divided into two series depending on the parity
of the spacer (see Figure 3.15): complexes with odd-numbered carbon atoms
in the spacer, reach a lower xyT product at room temperature than the ones

with even numbered ligands.
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Figure 4.4: T1,5(a) and %lIrr-Bulk (b) as a function of the number of carbons n
in the spacer of the ditetrazole ligands for the perchlorate series.

To verify this separation of the complexes depending on the number of car-
bons 7 in the spacer, the calculated amount of photo-bleached fraction (%lrr-
Surface; reported in Table 3.7) for each compound relative to the value found at
room temperature, is also correlated to 11, whereas this comparison shows that
the level of photo-excitation roughly decreases with the length of the spacer.
It cannot be excluded that other parameters, such as the morphology of the
powder particles, should be taken into account in order to discuss the problem
of the light penetration, but it is clear that the level of photo-excitation follows
the increase of the T;), value: the higher the T;,,, the lower is the level of the
light-induced LS/HS conversion. This result can, in fact, be discussed in terms
of the inverse energy-gap law introduced by Hauser [38]. In the so-called sin-
gle configurational coordinate (SCC) model, the potential wells of the LS and
HS states are plotted along a single reaction coordinate Q, which describes the
totally symmetric breathing mode and is related to the metal-ligand bond dif-
ference by AQ= V6Ar (see Figure 4.5). The potential wells and their shape can,
therefore, be moved horizontally relative to each other by changing the relative
bond strengths of HS and LS, or the wells can be moved vertically relative to
each other. The difference in the zero-point energies of LS and HS, AE, is there-
fore related to T;,,. The recorded far-FTIR spectra of all the members of the
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[Fe(nditz);](ClO4), series show almost no difference (see Table 3.6). Strikingly,
the LS state shows a band that only varies between 421 and 424 cm™! and the
HS state shows bands that vary by a maximum of 10 ecm™! and certainly do not
follow any obvious trend. From that it can be concluded that the shape of the
potential wells of the LS and the HS states, as well as the horizontal distance
between them (AQ), can be considered almost the same for all complexes. In
other words, along the [Fe(nditz);](ClO,), series the change in T, implies a
vertical displacement of the two potential wells and hence a variation in AE
with the parity, as shown in Figure 4.4. A further consequence of the variation
of AE can be explained as it has previously been shown that there is a direct
relationship between the rate constant of tunnelling, k,, and T;,, [90]. Based
on this finding one can see that if the stability of the photo-induced HS state
decreases with the increase of T4, (and of AE), for a constant intensity of light
irradiation, the photo-excitation becomes more and more difficult, as observed

experimentally (%lrr-Surface; reported in Table 3.7).

Odd Even
AQ, » AQe

AE, < AE,

Figure 4.5: Potential wells for an odd and even ditetrazole coordination poly-
mer demonstrating the effect of the parity of the bridging ligand. Only AE
appears to be affected and not AQ.
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The photo-magnetic properties of the different compounds were investi-
gated by following the effect of irradiation with light under the influence of an
applied magnetic field. Due the fact that one procedure was followed for all
investigated compounds, the quantification of T(LIESST), which is determined
by the minimum of the 6x;T/6T vs. T curve recorded during relaxation be-
comes possible. Table 3.7 collects, for each compound, the highest percentage
of photo-conversion obtained by irradiation at 10 K relative to the magnetic
value recorded at room temperature for a pure HS state (%lrr-Bulk). As ex-
pected from the surface analysis, one can see here that with bulk detection
the level of photo-excitation is not uniform for all the compounds, even when
special attention was paid to tune the intensity and/or the wavelength. This
confirms once more that the level of photo-excitation decreases with an increase
of T1/, and therefore clearly shows the influence of both the length and parity
of the bridging ligand (see Figure 4.4). This behaviour provides new evidence
that the stability of the photo-induced HS state in the tunnelling region varies
along the [Fe(nditz);](ClOy), series. In fact, only for complexes possessing a
sufficiently long lifetime does the photo-induced HS fraction remain almost
independent of any change of the temperature and of the effect of time during
the measurement of the T(LIESST) curve.
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[Fe(nditz);]1(BF,), Series

To verity this fascinating result of the parity found in the ClO,™ series, a similar
analysis was completed for the BF,~ complexes. As in the ClO,~ complexes
also for the BF;~ complexes the amount of photo-bleached fraction from the
reflectivity measurements (%lrr-Surface; reported in Table 3.7) was calculated.
However, similar to the previously discussed ClO,~ analogues, the higher
the T4 ,,, the lower the level of the light-induced LS/HS transformation on the
surface. This relation can also be found in the comparison of the magnetic
and magneto-optical data, presented in Table 3.7. Comparison of the new
magnetic data with the perchlorate data shows a similar trend fromn = 5-7.
The temperatures of transition, T7,,, are all higher for BF;~ than for ClO,".
The %Irr-Surface and %Irr-Bulk values show a similar relationship with n but
the actual values are different suggesting a similar relationship with parity.
There is, however, a disjunction when # is changed from 7 to 8 (see Figure 4.6).
This reversal of the parity dependence at this point suggests the smaller BF,~
causes a change in the arrangement of the alkyl chains. Rising n up to 12
the transitions become remarkably similar. This might be because any further
changes in the arrangement of the alkyl chains would now be insignificant
with respect to the greater separation of the iron centres. This suggests that
as the alkylene spacer is lengthened T, eventually reaches a limiting value of
160 K. As mentioned in 3.1, perchlorate samples in general crystallize more
readily than the tetrafluoroborate analogues. It is, however, obvious that the
tetrafluoroborates show a limited parity effect from n = 5-7, however if n is
increased from 7 to 8 the parity effect is reversed (see Figure 4.6). This suggests
that at this length the alkylene chains are differently arranged.

This result of the parity is repeated, if the width of the °T, — °E transition is
displayed as function of n (see Figure 4.3). Actually even the reverse of the
alternating parity at [Fe(8ditz);](BF,), appears again. This agreement of the
results, lead to the conclusion that a small change in the spacer length as well
as in the size of the anion has an remarkable influence on the properties of the

presented complexes.
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Figure 4.6: Comparison of T4, as function of the number of carbons (1) in the
spacer of the ditetrazole ligands for the BF,™ series.

[Fe(4ditz);1(BF,), and [Fe(4ditz);]1(ClO,),
As already mentioned during the previous discussions, the complexes with the
butylene spacer as bridging ligand behave, in respect of the mentioned prop-
erties, somehow differently in comparison to the complexes with the longer
spacers. Regarding the thermal spin transition [Fe(4ditz);](ClOy), is the only
one within the CIO,~ series that displays a two-step thermal spin-transition
with a plateau between 93 and 124 K. This behaviour can be compared with
the same complex synthesised in methanol solution and published previously
by van Koningsbruggen et al. [58]. The magnetic susceptibility curves of the
two [Fe(4ditz);](ClO4), compounds (one synthesised in methanol and the other
synthesised in ethanol) show clear differences in both the shape of the spin-
transition curves and in their spin-transition behaviour. Indeed, the shape
of the magnetic susceptibility curve of the compound made previously in
methanol shows an incomplete one-step spin transition. This suggests a sig-
nificant influence of the solvent on this coordination polymer (see [62] and
3.2.3). An extensive discussion of this effect can be found in [62]. It is also
important to note that the peculiarity of the [Fe(4ditz);](ClO,), spin-transition,
shows similar features in the T(LIESST) experiments. Analysis of the 6xuT/0T
vs. T curve clearly shows the existence of two minima, at 39 Kand 58 K, thus

proving that both magnetically non-equivalent iron(II) metal centres can be
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photo-excited. The presence of two minima on the T(LIESST) curve is not un-
expected as a similar result has been found for [Fe(DPEA)(bim)](ClO4),-0.5H,O
(DPEA = (2-aminoethyl)bis(2-pyridylmethyl)amine, bim = 2,2’-bisimidazole)
which also displays a two-step thermal spin-transition [91].

The [Fe(4ditz);](BF4), complex exhibits in comparison to the [Fe(4ditz);](ClO4),
complex different properties, which can already be detected in the reflectivity
measurement. There it shows a strong pronounced LITH and coexistently a
shift of the reflection maximum by 10 K. This seems to indicate the presence
of a thermal hysteresis during the spin transition which is confirmed by the
SQUID measurements described. The existence of an hysteresis associated to
the LIESST phenomenon corresponds to the LITH defined by Létard et al. [92]
and correlated by Varret et al. [41] to the existence of cooperative interaction in
the lattice. Such a result is confirmed by the existence of an hysteresis loop on
the thermal SC regime. The [Fe(4ditz);](BF,), complex shows an incomplete SC
of approximately 50 % of the iron centres with an hysteresis of 9 K and a second
sharp decrease of )T below 25 k is observed. This drop might be associated
with a second spin transition at around 5 K. This would mean a shift of both
SC temperatures by some 50 - 60 K. However this sharp decrease can also be
associated with ZFS. The latter explanation seems to be more likely as the spin
state should be frozen at such low temperatures. A similar phenomenon has
also been observed by Klingele et al. [93] using a 1,2,4-triazole-bridged Fe(II)
complex with BF,™ as its anion and Real et al. [94, 95] when discussing the
dinuclear [Fe(bpym)(NCSe);], compound. The lower T, of [Fe(4ditz);](BF4),
results in a higher T(LIESST) than [Fe(4ditz);](ClOy),, although, of course, only
50 % of the switchable irons (LS state) are available. Furthermore, the light
induced metastable HS state relaxes slower than that of [Fe(4ditz);](ClOy), and
the ZFS is stronger pronounced. It is well known [82, 83, 84] that this light
induced metastable HS state at low temperature can, in some cases, be pop-
ulated through rapid freezing. [Fe(4ditz);](BF,), exhibits such an effect which
is not only proved in the SQUID measurement but also with Mdossbauer. To

compare these results with the SQUID data the latter was converted into mole
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fraction (see equation 4.3) and plotted in Figure 4.7.

XMT = (XM T )min
(XMT)max - (XMT)min

mole fraction = (4.3)

The mole fraction values calculated from the Mossbauer data are within
experimental error the same as the SQUID data obtained after fast cooling
except for one point measured at 44 K. In preparation for the Mossbauer
experiments the sample is cooled down to 4.2 K within 20 minutes for the
first experiment and then the sample is slowly heated for each subsequent
experiment. The measurement time at each temperature averages 8 days. The
spectrum measured at 4.2 K shows that cooling of the sample is fast enough
that most of the sample remains in the HS state (approx. 80%). It also shows
that at this temperature the relaxation time of this metastable HS state has a
ti2 > 8 days and this is confirmed by analysis of Mdssbauer spectra recorded
during the 8 days which add together to give the final spectrum given in
Figure 3.20. At 44 K, however, the Mossbauer data shows that during the
long measurement time the system has relaxed back to the mixed LS-HS state:
indeed spectra taken every 12 hours show that t;, ~ 2 days. Complete re-
laxation during Mossbauer experiments even at 4.2 K has been observed by
Yamada ef al. [82] when investigating a Fe(II) complex based on a tripodal
ligand with coordinating imidazoles ([Fe™H;LM]CLI; - (H3LM¢ = tris[2-(((2-
methylimidazoyl-4-yl)methylidene)amino)ethyl]amine)). This complex crys-
tallises in a 2D layer structure linked by NH-CI- hydrogen bonds between the
Cl” ion and three neighbouring imidazole groups. The magnetic measure-
ment shows a metastable HS state caused by rapid cooling but the Méssbauer
measurements do not. It seems that the weak inter-layer linking caused by
the CI” ion means the relaxation time from the metastable HS state is faster
than the Mossbauer measurement time. In related compounds Matsumoto and
co-workers [83, 84] show 2D networks consisting of two tripodal components
tied together by imidazole-imidazolate hydrogen bonds. Here the metastable
HS state is observable in both SQUID and Mdssbauer measurements. In these

cases the relaxation time is longer than the measurement times and this could
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be because of the stronger hydrogen-bond interactions within the layer.

Mole fraction
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Figure 4.7: Comparison of the mole fraction of [Fe(4ditz);](BF,), from SQUID
(slow cooling V; slow warming A; warming preceded by rapid cooling o) and
Mossbauer measurement warming preceded by rapid cooling (e).
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4.4 High Magnetic Field Measurements

Generally the SC can also be induced by the different magnetic-field depen-
dence of the spin levels involved, so that beyond a critical magnetic field the
population of the spin-levels is inverted. In this way temperature, and mag-
netic field are complementary parameters to control the system with respect
to the majority population and its related effects experimentally.The principal
objective of the presented experiments was the demonstration that this phase
transition and hence change in color can also be obtained by application of
strong magnetic fields in the megagauss range. To detect the HS/LS transition
the applied setup is measuring the normal reflection in Faraday configura-
tion using Plastic Optical Fiber (POF) for the monochromatic laser radiation of
A = 632 nm. The corresponding sample holder was mounted in a miniature
N»-cryostat to meet the limited dimensions of the magnetic field coil. As detec-
tor a fast photo-diode with 125 MHz bandwidth was used. As magnetic field
generator a single-turn coil was used, providing in the experiments peak fields
of 160 T for a half-sine pulse of the order of 6 usec length. The single-turn
coils of 12 mm and 15 mm diameter were driven by a 225 kJ/60 kV capacitor
bank providing a peak current of the order 3 MA [67]. The magnetic field
was measured by a calibrated pick-up coil with suitable integrator. Both data

channels were set at 100 MHz sampling frequency.

4.4.1 Simulation

In general the calculations for the induction of the SC through a high magnetic
tield are made for fields smaller than 100 T. The usually simplification assumed
gupB << kgT cannotbe used for such high induced fields used in the described
experiments. Due to the two possible spin states S = 0 for the LS state and
respectively S=2 for the HS state the calculation is done for a two split level
system. For B = 0 the HS state is fivefold degenerated whereas the LS state is
not degenerated (see Figure 4.8).
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Based on the electron dispersion in the e, and t,, orbitals the equilibrium

energies for Ap LS and Ap HS are calculated as follows:

Ao(LS) = —%me(LS) (4.4)
Ao(HS) = —%10Dq(HS) (4.5)

The energy gap between the S=0 and S=2 state is the difference between the

equilibrium energies:

AO = Ao(HS) - Ao(LS) (46)

In an magetic field, the energy-levels of the HS state split because of the
Zeeman-Effect and the distance between the spin-levels changes (see Figure
4.8).

T=183.4K
80

> 60

v )

£

= 40

>

20 20

=

= S=0
0 \S;-z

. . . . .

350 0 50 100 150
Magnetic Field B [T]

00

Figure 4.8: Energy-level system as a function of the magnetic field.
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To simulate the experimental results the model of this split (5=2/5=0) level
system as shown in Figure 3.26 which corresponds to the Hamiltonian [96]

(see equation 4.7) is applied.
H= (A + g[uBSzB) . (32,5 +0- 60/5 (47)

The dynamics of the system is determined by equation 4.8.

df(E) _ (f(E) = fo(Ed)
dt T

(4.8)

Here f(E;) and f,(E;) are the non-equilibrium and equilibrium occupation
probabilities of the levels E; as indicated in Figure 4.8. The parameters A, g,
and 7 were fit to the experimental data (see Figure 3.27): A = 40meV, g = 2.7,
T = 1.6 psec. The value of A is within the expected range. Evidently the
g-factor is increased by ligand interaction. The novel feature is the determina-

tion of the dynamical relaxation time 7.
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5 Conclusion

The first systematic study of a homologous series of iron(Il) spin-crossover
coordination polymers containing ClO,~ and BF;™ as counteranions are pere-
sented. It is demonstrated that for the [Fe(nditz);](ClO,), and [Fe(nditz);](BF,),
(n = 4-10 and 12) series both the length and parity of the spacer have a large
and systematic influence on the magnetic and photo-magnetic properties. As
indicated by XRPD, the phases with n > 4 seem to adopt a one dimensional
polymer by forming chains, arranged approximately hexagonal close packed.
Perchlorate samples in general crystallize more readily than the tetrafluorobo-
rate analogues. The longer the alkylene spacer the higher the disorder of the
infinite one dimensional network as indicated by severe reflection broadening
The larger iron- iron distances and disorder leads to a decrease in coopera-
tivity between iron centres until the transition can be described by a simple
Boltzmann distribution. This behaviour is supported by the magnetic prop-
erties presented around the transition points in Figure 5.2. For clarity an
insert, which shows the slope of the inflection point of the transition curves,
is additionally displayed. Hence it can be seen that the spin transition curves
become more gradual with increasing n. Therefore we conclude that the chain
arrangement, as it is proposed in the PXRD section, holds for the discussed

series.

101



102

Figure 5.1: Temperature dependence of x;T for [Fe(nditz);](BFs), withn = 5-
10 and 12, [Fe(10ditz)3](ClO4), and [Fe(12ditz);](ClO4), in the heating mode
close to the transition temperatures. The insert shows the slope of the inflec-
tion point of the transition curves. BF,~ compounds are denoted with (e)
[Fe(10ditz)3](ClOy), and [Fe(12ditz);](ClOy), are denoted with (a).The line con-
necting the points has no physical meaning but is intended as a guide to the
eyes.

From the magnetic studies of the [Fe(nditz);](ClO,), series, it is shown that
the thermal spin-transition temperature increases with the number of carbon
atoms () in the spacer and a fascinating effect of the parity is reported (see
Figure 4.3). The complexes with an even n display a more abrupt spin transition
than odd-numbered ones. The T, values have also been found to be higher for
the complexes having even-numbered nditz ligands than for the odd-numbered
ligands. From the photo-magnetic investigations, it can also be highlighted that
the LIESST properties of the [Fe(nditz);](ClO,), family are strongly affected by
the parity of the bridging ligands. Based on the SCC model in combination
with far-FTIR spectroscopic data, it can be proposed that the energy difference
between the LS and the HS states is higher for the even series. Moreover, it
is experimentally observed that the level of photo-excitation, as well as the
T(LIESST) temperature, perfectly follow the tendency defined by T1,.

By changing the anion to BF,~, the structure is slightly changed and thus
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altered the SC behaviour. In Figure 5.2 Ty, vs. n is shown for the BF,™ and the
ClO;,™ series. The curves show a zigzag behaviour with decreasing amplitude.
This suggests that as the alkylene spacer is lengthened T4/, eventually reaches
a limiting value of 160 K. It is, however, obvious that the tetrafluoroborates
show a limited parity effect from n = 5-7, however if n is increased from 7
to 8 the parity effect is reversed. This suggests that at this length the alkylene
chains are differently arranged. Chemical intuition would suggest more or less
identical results for such similar non-coordinating anions like perchlorate and
tetrafluoroborate. In spite of this the investigations on these two related series
show clearly that there is an anion dependence, especially in terms of their
magneto-optical behaviour. It is, however impressing that the dependence
of the number of carbons 7 in the spacer can also be found, when analysing
the absorption spectra of the complexes of the two series in the UV/VIS-NIR
range (see Figure 4.3). Therefore it can be concluded that the distortion of
the complexes is linked to n as well as the above mentioned magnetic and

magneto-optical properties.
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Figure 5.2: Comparison of T, as function of the number of carbons (1) in the
spacer of the ditetrazole ligands for the BF,™ (a) and ClO,™ (e) series.
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[Fe(4ditz);](BF4), and its ClO,~ analogue are exceptions within the series.
[Fe(4ditz);](ClO,), shows a two-step transition that is similar to the previously
published compound obtained with PFs~ as anion [52]. A similar feature
is obtained in the T(LIESST) experiments. The [Fe(4ditz);](BFs), shows two
interesting effects in its ability (i) to remain even at low temperatures in a
mixed HS-LS state and (ii) to remain in a metastable HS state when rapidly
cooled. Because of this different properties it can therefore be concluded that
the 4ditz ligand provides exactly the correct length to allow 3D networks,
which is proved through the crystal structure analysis of the [Fe(4ditz);](BF.),
and [Fe(4ditz);](ClO4), complexes, and interesting cooperative effects. Further
discussions about the [Fe(4ditz);](X), complexes can be found in [62].

Investigations of the magnetic field induced HS/LS transition of the
[Fe(4ditz);](PF¢), complex in transient megagauss fields using optical reflec-
tion measurements at A=0.632 nm leads to induced small reflection changes
with strong hysteresis. Evidently the strong (160 T) but short (5 psec) magnetic
field pulse cannot drive the transition into saturation. Using magnetic field
pulses with different time constants the dynamic process could be studied.

To simulate the experimental results the model of a split S=2/S=0 level system
was applied. The parameters A, g, and 7 were fit to the experimental data:
A = 40meV,g = 27,1t = 1.6 usec. The value of A is within the expected
range. Evidently the ¢ factor is increased by ligand interaction. The determi-
nation of the dynamical relaxation time 7 is presented for the first time. The
development of the device, provides the opportunity to induce the SC at fields
higher than 100 T. Therefore it is now possible to measure SC systems, which

do not show any reaction in fields smaller than this.
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Both Spacer Length and Parity Influence the Thermal and Light-Induced
Properties of Iron(11) o,m-Bis(tetrazole-1-yl)alkane Coordination Polymers
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Abstract: A new series of [u-tris-{1,n-
bis(tetrazol-1-yl)alkane-N4,N4'}iron(1)]
bis(perchlorate) spin-crossover coordi-
nation polymers ([Fe(nditz);](ClO,),];
n=4-9) has been synthesised and char-
acterised. The ditetrazole bridging li-
gands provide octahedral symmetry at
the iron(m) centres while allowing the
distance between iron(1) centres to be
varied. These polymers have therefore
been investigated to determine the ef-

and light-induced spin-transition be-
haviour. An increase in the number of
carbon atoms in the spacer (n) raises
the thermal spin-crossover tempera-
ture, while decreasing the stability of
the light-induced metastable state gen-

Keywords: iron - magnetic proper-
ties - nitrogen heterocycles - organ-
ic-inorganic hybrid composites
photo-magnetism - spin crossover

erated through the light-induced excit-
ed spin state trapping (LIESST) effect
by irradiating the sample at 530 nm.
Remarkably, however, the parity of the
spacer also has an effect, enabling the
series of complexes to be divided into
two sub-series depending on whether
the bridging ligand possesses an even
or an odd number of carbon atoms. An
explanation at the molecular level
using the single configurational coordi-

fects of spacer length on their thermal

Introduction

Compounds that are able to switch their magnetic properties
through changes in external conditions (e.g. temperature,
pressure, light, etc.) have been studied for many years"” be-
cause of their potential application in data-storage systems.
In such systems, optical switching is particularly promising
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nate (SCC) model is presented.

because of the high speed and ease of writing and reading
information. This mode of switching thermally induced spin-
crossover (SC) compounds was made possible following the
discovery of light-induced excited spin state trapping
(LIESST), which allows the spin state of an iron(1) centre
to be changed from low spin (LS) to high spin (HS) and
then restored through the reverse LIESST phenomenon.*
The major drawback of this process is that although the life-
time of the photo-induced HS state is almost infinite below
approximately 50 K, at higher temperatures the decay in-
creases rapidly, thus making data storage impossible. It is
therefore important to identify and understand the nature of
the parameters affecting the stability of the photo-induced
state,*® and indeed many different complexes have been
studied for the LIESST effect. Of those containing iron(ir),
however, the majority use terminal ligands®”! and are thus
only able to form mononuclear complexes. Notable excep-
tions involve dimers"®' and a mixed-metal bridging system
with a 2D layered structure.™ Furthermore, a few systems
have been investigated with a homologous series of ligands,
which would allow a more systematic approach to the study
of the various influences of the ligand.

Iron(1) spin-crossover compounds have been produced
with many different N-coordinating heterocyclic ligands,
such as triazoles,™ tetrazoles®” 'Y and imidazoles.'™! In
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particular, tetrazole-containing ligands have been successful-
ly employed as part of a family!" of terminal and bridging
ligands to give mononuclear complexes®™ and within
bridging ligands to form 1D chain structures!''® and 3D
networks.™ The latter, [p-tris-{1,4-bis(tetrazol-1-yl)butane-
N4,N4'}iron()]  bis(hexafluorophosphate)  ([Fe(4ditz);]-
(PF),), proved to be particularly interesting. Each iron(1)
centre is octahedrally coordinated by symmetry-equivalent
tetrazole rings with the butylene spacer outstretched, there-
by assuming a zigzag trans configuration spanning iron(Ir)
centres (see Figure 1). The ditetrazole ligands link the
iron(1) atoms into a 3D network, and three such 3D net-

Figure 1. The basic structural units of [Fe(4ditz);](PF,), showing how the
ligands span the iron(11) centres to produce a three-dimensional polymer.

works interpenetrate each other. This structure results in co-
operativity between the iron(i) centres, as borne out by
SQUID measurements. The compound has a two-step spin
transition at 168 K (with a hysteresis of 5 K) and 173 K.['¥
While the shorter ethylene-bridged ligand 1,2-bis(tetrazol-1-
yl)ethane produces a 1D polymeric chain structure,'® it was
thought possible that longer alkyl spacers (n >4, where 7 is
the number of carbon atoms in the spacer) might allow
more interlocking networks and therefore exhibit interesting
new effects.

We present here a detailed study of a series of o,w-bis(te-
trazole-1-yl)alkane iron(1) bis(perchlorate) coordination
polymers in which the alkane is varied in the series from
butane to nonane (n=4-9). All compounds have been char-
acterised by UV/Vis-NIR and FTIR spectroscopy, reflectivi-
ty experiments, SQUID and LIESST. The effect of the
spacer length and also the parity of the spacer on the ther-
mal and light-induced properties in particular are discussed.

Experimental Section

Chemicals and standard physical characterisation: L-Ascorbic acid, 1,5-di-
aminopentane (>98%), 1,7-diaminoheptane (99 %), 1,9-diaminononane
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(99%), glacial acetic acid (99%), iron(m) perchlorate hexahydrate,
sodium azide, sodium hydroxide (97 %) and triethyl orthoformate were
obtained from Aldrich. All other chemicals were standard reagent grade
and used as supplied.

Elemental analyses (C, H and N) were performed by the Mikroanaly-
tisches Laboratorium, Faculty of Chemistry, Vienna University, Wéhrin-
gerstrasse 42, 1090 Vienna, Austria. 'H and "“CNMR spectra in
[D¢]DMSO were measured with Bruker DPX 200 MHz or Bruker 250 FS
FT-NMR spectrometers. 'H NMR chemical shifts are reported in ppm
calibrated to the respective solvent. Mid-range FTIR spectra of the com-
pounds were recorded as KBr pellets in the range 4400-450 cm™' with a
Perkin—Elmer 16PC FTIR spectrometer. Pellets were obtained by press-
ing a powdered mixture of the samples in KBr in vacuo in a hydraulic
press at a pressure of 10000 kgem 2 for 5 min. Far-range FTIR spectra
were recorded in the range 600-250 cm™ on a Perkin-Elmer System
2000 Far-FTIR spectrometer. The complexes were diluted with polyethy-
lene and pressed at a pressure of 10000 kgcm ? transiently. Variable-tem-
perature far-IR spectra in the temperature range 100-298 K were record-
ed with a Graseby-Specac thermostattable sample holder with polyethy-
lene windows, attached to a Graseby—Specac automatic temperature con-
troller.

Synthesis and crystallographic studies of the ligands: The general synthet-
ic pathway and the synthesis of the even-numbered ligands 4ditz, 6ditz
and 8ditz have been reported in the literature.'>?"! Modified procedures
were used to produce three odd-numbered ligands 1,5-bis(tetrazol-1-yl)-
pentane (5ditz), 1,7-bis(tetrazol-1-yl)heptane (7ditz) and 1,9-bis(tetrazol-
1-yl)nonane (9ditz), as described below.

The respective diamine (80 mmol), sodium azide (160 mmol) and triethyl
orthoformate (160 mmol) were stirred in a 500-mL, three-necked, round-
bottomed flask. Acetic acid (250 mL, 99.5%) was then added and the
mixture heated to 90-95°C for four hours. After 4 and 16 h reaction time
another aliquot of triethyl orthoformate (160 mmol) and sodium azide
(160 mmol) was added and the mixture stirred for an additional 24 h at
95°C. After cooling, the reaction mixture was poured into a beaker and a
saturated sodium hydrogencarbonate solution was added with vigorous
stirring to neutralise the acetic acid, followed by solid sodium hydrogen-
carbonate to precipitate the product. The suspension was cooled to 4°C
for 3 h and the precipitate was filtered off and recrystallised from etha-
nol. The colourless needle-shaped crystals were dried over P,Os. For all
three compounds the mid-FTIR spectra show prominent absorptions at
3115em™ (v of the aromatic tetrazole ring); 2950/2940/2939 and
2870/2865/2849 cm™" (vey of the aliphatic C—H in the pentylene/hepty-
lene/nonylene spacer); and 1790/1792/1793, 1490/1491/1492, 1460/1464/
1463 and 1175/1174 cm™" (typical v ¢ and vy of the tetrazole rings in
Sditz/7ditz/9ditz). The single crystals used for X-ray diffraction were ob-
tained by solvent evaporation from an ethanol solution (5ditz), a pyridine
solution (7ditz) or a DMF solution (9ditz).

Sditz: Yield: 10%; m.p. 125-127°C; 'HNMR (250 MHz, [D¢]DMSO):
0=9.39 (s, 2H), 4.44 (t, J=7.03 Hz, 4H), 1.86 (quin, /=7.19 Hz, 4H),
1.18 ppm (quin, J=7.62 Hz, 2H); *CNMR (50 MHz, [D¢]DMSO): 6=
143.8 (d, 2C), 47.1 (t,2C), 28.3 (t, 2C), 22.4 ppm (t, 2C); elemental anal-
ysis caled (%) for C;H ,Ng: C 40.38, H 5.81, N 53.81; found: C 40.65, H
5.72, N 53.52.

7ditz: Yield: 6.4%; m.p. 85-86°C; 'H NMR (200 MHz, [D¢]DMSO): 6 =
9.38 (s, 2H), 443 (t, J=7.05Hz, 4H), 1.81 (quin, J=7.09 Hz, 4H),
1.22 ppm (m, 6H); "*CNMR (50 MHz, [D¢]DMSO): 6=143.7 (d, 2C),
47.3 (t, 2C), 289 (t, 2C), 27.4 (t), 25.4 ppm (t, 2C); elemental analysis
caled (%) for CoH,(Ng: C 45.75, H 6.83, N 47.42; found: C 45.97, H 6.90,
N 47.32.

9ditz: Yield: 22.3 %; m.p. 92-93°C; 'H NMR (200 MHz, [D,]DMSO): 6 =
9.39 (s, 2H), 443 (t, J=7.14Hz, 4H), 1.81 (quin, J=7.17 Hz, 4H),
1.21 ppm (m,10H); "CNMR (50 MHz, [D¢]DMSO): 6=143.7 (d, 2C),
474 (t,2C), 29.0 (t, 2C), 284 (t), 28.0 (t, 2C), 25.5 ppm (t, 2C); elemen-
tal analysis caled (%) for C;;H,Ng: C 49.98, H 7.63, N 42.39; found: C
50.06, H 7.73, N 42.32.

Crystals of 5ditz, 7ditz and 9ditz were all elongated, lath-like and soft. Se-
lected crystals were mounted on a Bruker SMART diffractometer
(graphite-monochromated Moy, radiation from a sealed X-ray tube, A=
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0.71073 A, platform three-circle goniometer, CCD area detector) and in-
tensity data were collected at room temperature. After raw data extrac-
tion with the program SAINT, absorption and related effects were cor-
rected with the program SADABS (multi-scan method) and data were
processed with XPREP.!! The structures were then solved by direct
methods using SHELXS-97 followed by structure refinements on F* with
SHELXL-97.”2 Non-hydrogen atoms were refined anisotropically. Hy-
drogen atoms were inserted in calculated positions and refined with the
riding model. Crystallographic data are given in Table 1 and ORTEP
plots are given in Figure 2 with the corresponding even ligands. CCDC-
268788 (5ditz), CCDC-268789 (7ditz), and CCDC-268790 (9ditz) 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.

Table 1. Crystallographic data of 5ditz, 7ditz and 9ditz.

FULL PAPER

Synthesis of the complexes: A similar procedure was used for the synthe-
sis of all members of the series [Fe(nditz);](ClO,), (n=4—9). The respec-
tive ligand (1 mmol) was dissolved in hot ethanol. While the solution
cooled down to 40°C, iron(1) perchlorate hexahydrate (0.33 mmol) and a
small amount of ascorbic acid (to keep the iron as iron(1)) were diluted
in ethanol (5 mL). This solution was slowly added to the dissolved ligand
and the resulting mixture stirred for four hours. The precipitate was fil-
tered off and the obtained powder dried over P,Os. Unfortunately, it has
so far proved impossible to grow single crystals by any of the standard
methods, including H-tube slow diffusion or slow cooling.
Elemental analyses and mid-FTIR data
[Fe(4ditz);](C10,),: Yield: 80%. Elemental analysis caled (%) for
CisH3CLFeN,,Oq: C 25.82, H 3.61, N 40.15; found: C 26.59, H 3.58, N
39.36. Mid-FTIR: #=3137 (vcy; of the aromatic tetrazole ring); 2956
and 2875 (vey of the aliphatic C—H in the butylene spacer); 1784, 1651,
1470, 1445 and 1183 cm™! (typical v ¢
and v¢_y of the tetrazole rings).

[Fe(5ditz);](C10,),: Yield: 82%. Ele-

Sditz 7ditz oditz mental analysis caled (%) for
formula CH Ny CyH 6Ny CyHyNg C,;H;CLFeN,,O4: C 28.68, H 4.13, N
molecular weight 208.25 236.30 264.35 38.23; found: C 29.65, H 4.03, N
crystal size [mm] 0.60x0.22x0.20 1.00x0.25x0.04 1.00x0.25%0.04 37.53. Mid-FTIR: #=3135 (V¢ of
space group Fdd2 (no. 43) Fdd2 (no. 43) Fdd2 (no. 43) the aromatic tetrazole ring); 2947
alA] 14.111(2) 13.738(2) 13.393(4) and 2866 (vey of the aliphatic C—H
b [A] 32.041(4) 38.770(7) 45.260(13) in the pentylene spacer); 1787, 1649,
c[A] 4.5613(6) 4.6300(8) 4.6724(14) 1459, 1445 and 1181 cm™' (typical vec
VAT 2062.3(5) 2466.0(7) 2832.4(15) and v¢_y of the tetrazole rings).
fiam [gem 7] f.341 f13.273» é13.240 [Fe(‘s?iiz)ﬂ(ciof)ﬂ: Yieild: Zf/of’ ]fil'
emental analysis calc b) for
Z[[rlrﬂn’l] (MoK.,) 39079(52) 39078(82) (2)9078(2) C,,H,,CLFeN,,Og: C 31.28, H 4.59, N
F(000) 380 1008 1136 36.48; fo.und: C 3124, H 445, N
O [°] 25 30 5 35.68. M1d-FTIR: 7 =3137‘ (Verm of
no. of reflections measured 4273 8879 6658 the aromatic  tetrazole .rlng)-; 2935
no. of unique reflections 912 1788 1240 j‘md 2860 (vey of the aliphatic CH
no. of reflections 7> 26(1) 885 1365 984 in the hexylene spacer); 1781, 1636,
no. of parameters 69 78 87 1452, 1438 and 1178 cm gtyplcal Ve
R, (I>20(1))¥ 0.0444 0.0391 0.0547 and vy of the tetrazole rings).
R, (all data) 0.0462 0.0558 0.0726 [Fe(7ditz);](C10,),]: Yield: 43%. El-
wR, (all data) 0.1083 0.1069 0.1549 emental analysis caled (%) for
difference Fourier peaks min./max. [e A~ —0.11/0.12 —0.10/0.12 —0.13/0.22 C,;H;xsCLFeN,,O4: C 33.66, H 5.02, N

[a] Ri=S||F| | F||/S|F, | wR=[S(w(F —F2 ) Ew(E)] -

34.69; found: C 33.78, H 4.84, N
34.53. Mid-FTIR: 7=3137 (v¢y of

Figure 2. Structural views of 5ditz, 7ditz and 9ditz (20 % probability ellipsoids). All molecules have C, symmetry with the twofold axis passing through
C4, C5 and C6, respectively. 4ditz, 6ditz and 8ditz are shown to the right for comparison.!'®!

Chem. Eur. J. 2006, 12, 2235-2243

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org — 2237


www.chemeurj.org

CHEMISTRY=

W. Linert et al.

A EUROPEAN JOURNAL

the aromatic tetrazole ring); 2940 and 2864 (vc_y of the aliphatic C—H in
the heptylene spacer); 1790, 1635, 1463, 1443 and 1180 cm™! (typical vc ¢
and vy of the tetrazole rings).

[Fe(8ditz);](Cl0,),]: Yield: 96%. Elemental analysis caled (%) for
C;Hs,CLFeN,,Og: C 35.83, H 5.41, N 33.43; found: C 36.64, H 5.16, N
32.88. Mid-FTIR: #=3138 (V¢ of the aromatic tetrazole ring); 2934
and 2859 (vey of the aliphatic C—H in the octylene spacer); 1792, 1645,
1457, 1440 and 1181 cm ™" (typical ve_c and vy of the tetrazole rings)

[Fe(9ditz);](C10,),]: Yield: 86%. Elemental analysis calcd (%) for
C;3HgCLFeN,,O: C 37.83, H 5.77, N 32.08; found: C 38.30, H 5.54, N
30.84. Mid-FTIR: #=3138 (V¢4 of the aromatic tetrazole ring); 2929
and 2856 (vc_y of the aliphatic C—H in the nonylene spacer); 1798, 1650,
1462, 1444 and 1180 cm™" (typical v ¢ and ve y of the tetrazole rings).

UV/Vis-NIR reflectivity: UV/Vis—NIR spectra were recorded with a
Perkin-Elmer Lambda 900 UV/Vis-NIR spectrometer between 1500 and
300 nm using the method of diffuse reflection. A spectrum of BaSO, was
subtracted as background. Variable-temperature measurements were
made using a custom-made thermostattable sample holder with quartz
glass windows within a spectralon integration sphere. The temperature
was controlled with a Harrick controller. Aluminium foil was used to im-
prove the thermal contact between the sample holder and the sample.
The spectra were measured between 105 and 260 K in intervals of 5 to
10 K.

The reflectivity of the samples was further investigated with a custom-
built reflectivity set-up equipped with a CVI spectrometer, which allows
the collection of both the reflectivity spectra within the range of 450-
950 nm at a given temperature and to follow the temperature depend-
ence of the signal at a selected wavelength (+2.5 nm) at 5-290 K. The
analysis was performed on a thin layer of the powdered sample without
any dispersion in a matrix.’

Magnetic susceptibility and magneto-optical measurements: Magnetic
measurements were recorded on two SQUID (Superconducting Quan-
tum Interference Device) magnetometers as described hereafter: 1)
SQUID Cryogenix S600 magnetometer with an applied field of 1 T; 2)
MPMS-55 Quantum Design SQUID magnetometer with an operating
field of 2 T within the temperature range of 2-300 K and with a speed of
10 Kmin~" in the settle mode at atmospheric pressure. All measurements
were performed on polycrystalline powder samples weighing about
12 mg. The data were corrected for the magnetisation of the sample
holder and for diamagnetic contributions, estimated from Pascal’s con-
stants.

The photo-magnetic measurements were performed with a Spectra Phys-
ics Series 2025 Kr™ laser (1=>532 nm) coupled by an optical fibre to the
cavity of the SQUID magnetometer (MPMS-55 Quantum Design
SQUID) operating with an external magnetic field of 2 T within the 2—
300 K temperature range and a speed of 10 Kmin™' in the settle mode at
atmospheric pressure. The power at the sample was adjusted to
5mWcm 2 Bulk attenuation of light intensity was limited as much as
possible by the preparation of a thin layer of compound. It is noteworthy
that there was no change in the data due to sample heating upon laser ir-
radiation. The weight of these thin layer samples (approximately 0.2 mg)
was obtained by comparison of the measured thermal spin-crossover
curve with another curve of a more accurately weighed sample of the
same compound.

Results and Discussion

The coordination polymers described herein form a series
that differ only in the length of the alkane spacer connecting
the tetrazole moieties. Unfortunately, it was not possible, de-
spite considerable effort, to produce single crystals suitable
for X-ray diffraction studies. However, some general com-
ments about the structure of these polymers can be made.
Firstly, the structures can be compared with that of [Fe-
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(4ditz);](PF,),, which was published previously!"” and is de-
scribed above (see also Figure 1). Preliminary powder X-ray
diffraction investigations of the ClO,” and PFy~ salts of [Fe-
(4ditz);] show that they have a similar structure, with C1O,~
having reduced symmetry due to compression along one or
more axes. As the group is traversed, the anion and the
method of production are kept constant, with only the
alkane spacer changing. The crystal packing of all the free li-
gands is very similar, thereby suggesting a similar behaviour.
Furthermore, the UV/Vis-IR data presented below show
that the iron is octahedrally coordinated. Thus, although the
presence or number of interpenetrating networks seen in
[Fe(4ditz);](PF,), is unknown, it can be assumed that a 3D
network of octahedrally coordinated iron centres, as shown
in Figure 1, is present in all samples. Naturally, as the alkane
spacer increases in length, the increase in degrees of free-
dom reduces the crystallinity of the samples (i.e. making
them more amorphous). However, because the iron centres
themselves are well defined, a non-crystalline structure in
no way precludes important information being gained from
measurement of the magnetic properties.

Magnetic properties: To study how the number of carbon
atoms in the spacer of the ligand influences the spin transi-
tion, susceptibility curves were recorded between 10 and
300 K for all the complexes of the series. Figure 3 shows the
obtained y\T versus T curves, where yy, is the molar mag-
netic susceptibility and 7 is the temperature.

All the investigated products undergo a thermal spin-tran-
sition at around 150K, from a yu7 product close to
3.0cm*Kmol ™ at room temperature, in agreement with
the expected HS state, and a diamagnetic value at low tem-
perature reflecting the LS state. In some of the curves a re-
sidual magnetisation is observed at low temperatures, yield-
ing a yy7T value of up to 1 cm *Kmol !, which might be
caused by traces of iron(ir) or thermally SC-inactive HS
iron(1n).

The temperature of the thermal spin-state transition, T,
estimated from the maximum in the derivative of the y\T
versus T plot is given in Table 2, and Figure 4a shows the
change of T:, with the length of the alkane spacer (n). Inter-
estingly, an increase in the length of the spacer raises the T,
value, but it can also be seen that the influence of the parity
of the spacer is not negligible. Indeed, it seems that the
complexes can be divided into two series depending on the
parity of the spacer: the first, which contains bridging ligand
with odd-numbered carbon atoms in the spacer, shows a
xm I product at room temperature that is always equal to
3.0cm>Kmol™; the second series, with even-numbered
spacers, exhibits a yy,T at room temperature of approximate-
ly 3.75cm?Kmol™. A similar classification can also be
made if we compare the shape of the thermal spin-transi-
tions in Figure 3. Complexes with an odd-numbered spacer
([Fe(5ditz);](Cl0O,),], [Fe(7ditz);](ClO,),] and [Fe(9ditz);]-
(Cl0,),)) display a more gradual transition than complexes
with an even-numbered ligand ([Fe(4ditz);](ClO,),, [Fe-
(6ditz);](ClOy), and [Fe(8ditz);](ClO,),).
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Figure 3. a) Temperature dependency of the y\7 product for the investigated complexes [Fe(4ditz);](ClO,), (A), [Fe(5ditz);](ClO,), (0), [Fe(6ditz);]-
(ClO,), (m), [Fe(7ditz);](ClO,), (0), [Fe(8ditz);](ClO,), (@) and [Fe(9ditz);](ClO,), (2); b) cooling and heating modes for [Fe(4ditz);](ClO,),.

Table 2. Spin-transition, reflectivity and LIESST parameters of the dis-
cussed complexes.

[Fe(nditz);](ClO,), T, [K] T(LIESST)[K] % Irr-sur- % Irr-
facel®! bulk!

[Fe(4ditz);](ClOy), 84/ 58/39 52 60

1340

[Fe(5ditz),](ClO,), 125 52 64 72

[Fe(6ditz),](C1O,), 155 - 42 43

[Fe(7ditz),](ClO,), 144 51 42 57

[Fe(8ditz),](C1O,), 169 - 14 13

[Fe(9ditz),](ClO,), 155 37 26 47

[a] Estimated at the maximum of the derivative of each of the two ther-

mal spin-transitions. [b] Percentage of sample photo-bleached. [c] Per-
centage conversion to the metastable high-spin state by irradiation at
10 K.

However, within this classification the case of [Fe(4ditz);]-
(ClO,), is somewhat exceptional in that it is the only one
that displays a two-step thermal spin-transition with a pla-
teau between 93 and 124 K (Figure 3a). This behaviour can
be compared with the same complex synthesised in metha-
nol solution and published previously by van Koningsbrug-
gen et al.'l The magnetic susceptibility curves of the two
[Fe(4ditz);](ClO,), compounds (one synthesised in methanol
and the other synthesised in ethanol) show clear differences
in both the shape of the spin-transition curves and in their
spin-transition behaviour. Indeed, the shape of the magnetic
susceptibility curve of the compound made previously in
methanol shows an incomplete one-step spin transition. This
suggests a significant influence of the solvent and could be
due to either inclusion of solvent, as observed previously in
the [Fe(2-pic);]Clysolvent family of complexes,* or the
production of different polymorphs according to the solvent.
The effect of solvent on the present coordination polymers
is currently being investigated further.

Optical and far-FTIR properties: As expected, all members
of the series show a thermochromic effect associated with

Chem. Eur. J. 2006, 12, 2235-2243
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the spin transition, from white in the HS state to violet in
the LS state. A typical temperature-dependent UV/VIS—
NIR spectrum of these complexes is given in Figure 5. The
spectrum shown is that of [Fe(9ditz);](ClO,), within the
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Figure 5. Temperature-dependent UV/VIS-NIR spectra of [Fe(9ditz)]-
(ClO,), between 1500 and 300 nm. The gaps in the data occur because
we have removed the large noise caused by changing grating and detec-
tor.

range 300-1500 nm and at temperatures between 105 and
256 K. The absorption spectrum is composed of one charge-
transfer (CT) band at low wavelength and three recognisa-
ble peaks, two of which decrease and one that increases
with increasing temperature. The peaks at 550 and 370 nm
are d—d transitions of the LS state of the complex, the peak
at 300 nm is a charge-transfer band of the ligand and the
band at 1000 nm is the d—d transition of the HS state. Ac-
cording to the Tanabe-Sugano diagram for d° systems, the
two LS transitions can be assigned to the spin-allowed tran-
sitions !A;—'T, and 'A,—'T, and the HS band corresponds
to the °T,—°E transition.

In parallel to this we used a custom-built reflectivity in-
strument to record the change occurring at 830 +2.5 nm and
at 550+2.5 nm, which are the wavelengths of the *T,—°E
and the 'A;—!T, transitions, respectively, as a function of
temperature (290-10 K) and also light irradiation. The re-
sults of a typical experiment are shown in Figure 6 for [Fe-
(5ditz);](C1O,),.

In agreement with the previous UV-VIS-NIR study,
within the range of 450-950 nm only the HS band is visible
at room temperature for all compounds, whilst at 80 K only
the LS transition is observable. Below 80 K, however, the
reflectivity experiment demonstrates the existence of a
photo-induced phenomenon at the surface. In fact, at low
temperatures the sample was seen to bleach (see, for exam-
ple, Figure 6 and insert), which indicates the occurrence of a
LS/HS photo-conversion through the LIESST effect. We
have calculated the amount of photo-bleached fraction
(% Irr-Surface; reported in Table 2) for each compound rela-
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Figure 6. Reflectivity measurements of [Fe(5ditz);](ClO,), as a function
of temperature. The absorbance spectra at 280 (-—-), 140 (—-—), 80
(=+=+), 60 (+++++) and 10 K (—) are shown in the main figure. The insert
reports the reflectivity followed at 550+2.5 nm and 830+2.5 nm.

tive to the value found at room temperature. Interestingly,
the level of photo-excitation roughly decreases with the
length of the spacer.

It cannot be excluded that other parameters, such as the
morphology of the powder particles, should be taken into
account in order to discuss the problem of the light penetra-
tion, but it is clear that the level of photo-excitation follows
the increase of the T, value: the higher the T, the lower is
the level of the light-induced LS/HS conversion. This result
can, in fact, be discussed in terms of the inverse energy-gap
law introduced by Hauser.” In the so-called single configu-
rational coordinate (SCC) model, the potential wells of the
LS and HS states are plotted along a single reaction coordi-
nate O, which describes the totally symmetric breathing
mode and is related to the metal-ligand bond difference by
AQ=,/6Ar (see Figure 7). The potential wells and their
shape can, therefore, be moved horizontally relative to each
other by changing the relative bond strengths of HS and LS,
or the wells can be moved vertically relative to each other.

Odd Even
AQ, ~ AQ:

AE, < AE,

HS HS
LS LS

Figure 7. Potential wells for an odd and even ditetrazole coordination
polymer demonstrating the effect of the parity of the bridging ligand.
Only AFE appears to be affected and not AQ.
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The difference in the zero-point energies of LS and HS, AE,
is therefore related to Ti,, We therefore recorded the far-
FTIR spectra of all the members of the [Fe(nditz);](ClO,),
series; interestingly, almost no difference was observed (see
Table 3). Strikingly, the LS state shows a band that only

Table 3. Temperature-dependent far-IR bands that can be associated
with HS and LS species of [Fe(nditz);](ClO,),.

HS LS

469(w), 388(w), 367(m) 421(s), 380(w), 358(sh), 287(s)
476(m), 378(s), 357(sh), 282(sh)  422(m), 393(s), 364(m)
437(sh), 373(m), 338(m), 310(sh)  424(s), 395(w), 379(w), 354(s)
366(sh), 331(sh) 422(s), 354(m)

O 00N |

varies between 421 and 424 cm™' and the HS state shows
bands that vary by a maximum of 10 cm™' and certainly do
not follow any obvious trend. From that we can conclude
that the shape of the potential wells of the LS and the HS
states, as well as the horizontal distance between them
(AQ), can be considered almost the same for all complexes.
In other words, along the [Fe(nditz);](ClO,), series the
change in 7', implies a vertical displacement of the two po-
tential wells and hence a variation in AE with the parity, as
shown in Figure 7.

A further consequence of the variation of AE can be ex-
plained as it has previously been shown that there is a direct
relationship between the rate constant of tunnelling, k,, and
T,,.* Based on this finding we can see that if the stability
of the photo-induced HS state decreases with the increase
of T, (and of AE), for a constant intensity of light irradia-
tion, the photo-excitation becomes more and more difficult,
as observed experimentally (% Irr-Surface; reported in
Table 2).

Photo-magnetic properties: The photo-magnetic properties
of the different compounds were investigated by following
the effect of irradiation with light under the influence of an
applied magnetic field. At first, the sample was cooled
slowly down to 10 K in order to stabilise the low-spin state;
it was then irradiated and the change in magnetism was fol-
lowed. When the saturation point was reached the light was
switched off, the temperature was increased at a rate of
0.3 Kmin' and the magnetisation measured every 1 K. This
procedure allows the quantification of T(LIESST), which is
determined by the minimum of the 9y 7/0T versus T curve
recorded during relaxation.””) Figure 8 shows the photo-mag-
netic behaviour together with the magnetic susceptibility for
each compound for the sake of completeness.

Table 2 collects, for each compound, the highest percent-
age of photo-conversion obtained by irradiation at 10 K rel-
ative to the magnetic value recorded at room temperature
for a pure HS state (% Irr-Bulk). As expected from the sur-
face analysis, we can see here that with bulk detection the
level of photo-excitation is not uniform for all the com-
pounds, even when special attention was paid to tune the in-
tensity and/or the wavelength. This confirms once more that
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the level of photo-excitation decreases with an increase of
T, and therefore clearly shows the influence of both the
length and parity of the bridging ligand (see Figure 4).

If we now compare the shape of the T(LIESST) curve re-
corded by increasing the temperature, the complexes contin-
ue to behave differently from one other. For those with a
short spacer, the yy7T product increases in the 10-30K
range, while for long spacers the magnetic signal strongly
decreases. This behaviour provides new evidence that the
stability of the photo-induced HS state in the tunnelling
region varies along the [Fe(nditz);](ClO,), series. In fact,
only for complexes possessing a sufficiently long-lived life-
time does the photo-induced HS fraction remain almost in-
dependent of any change of the temperature and of the
effect of time during the measurement of the 7(LIESST)
curve. Consequently, the y\7 curve displays an increase in
the magnetic response with the temperature due to the
effect of the zero-field splitting (ZFS) of the iron(m) HS
state in a non-perfectly octahedral geometry.”” Indeed, the
series of odd-numbered ligands show a ZFS effect that pro-
gressively vanishes in the order [Fe(5ditz);](ClO,),> [Fe-
(7ditz);](ClOy), > [Fe(9ditz);](ClO,),, thereby reflecting a
decrease of the lifetime of the photo-induced HS state in
the tunnelling region.

An additional way to see the stability of the photo-in-
duced HS state is to compare the magnitude of the 7-
(LIESST) temperatures.™® Table 2 collects T(LIESST) tem-
peratures of the [Fe(nditz);](ClO,), family, with the excep-
tion of the complexes [Fe(6ditz);](ClO,), and [Fe(8ditz);]-
(ClO,),, where the minimum on the 9y 7/0T versus T curve
cannot be properly determined due to the very low efficien-
cy of the photo-excitation (Figure 8). Nevertheless, it is in-
teresting to see that the lowest T(LIESST) is found for [Fe-
(9ditz);](ClO,),, which presents the highest T', value, as ex-
pected from the previous discussion of the stability of the
photo-induced HS state.

Finally, it is important to note that the peculiarity of [Fe-
(4ditz);](ClO,),, which is characterised by a two-step ther-
mal spin-transition, shows similar features in the 7(LIESST)
experiments. Analysis of the dyy7/0T versus T curve clearly
shows the existence of two minima, at 39 K and 58 K, thus
proving that both magnetically non-equivalent iron(1) metal
centres can be photo-excited. It is also reasonable to pro-
pose that the T(LIESST) temperature found at 58 K corre-
sponds to photo-excitation of the iron(i) metal centres in-
volved in the LS/HS thermal spin-transition occurring at
84 K, and the T(LIESST) temperature at 39 K is linked to
an SC phenomenon occurring at 134 K. The presence of two
minima on the T(LIESST) curve is not unexpected as a sim-
ilar result has been found for a mononuclear iron(m) SC ma-
terial that also displays a two-step thermal spin-transition.”"!

Conclusion

We have presented the first systematic study of a homolo-
gous series of iron(1) spin-crossover coordination polymers
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Figure 8. Temperature dependence of yyT for a) [Fe(4ditz);](ClO,),, b) [Fe(5ditz);](ClO,),, ¢) [Fe(6ditz);](ClO,),, d) [Fe(7ditz);](ClO,),, ) [Fe(8ditz);]-
(Cl0,), and f) [Fe(9ditz);](ClO,),. (2) Data recorded without irradiation; (o) data recorded with irradiation at 10 K; (@) 7(LIESST) measurement, data
recorded in the warming mode with the laser turned off after irradiation for one hour. (Note that the small bump at 49 K observable in (c) is due to a

small amount of dioxygen).

containing ClO, as counteranion and have demonstrated
that for the [Fe(nditz);](ClO,), (n=4-9) series both the
length and parity of the spacer have a large and systematic
influence on the magnetic and photo-magnetic properties.
With the exception of [Fe(4ditz);](ClO,),, we have shown a
two-step transition that is similar to the previously published
compound obtained with PF,~ as anion.™ This behaviour
contrasts with [Fe(2ditz);(BF,),], which is known to display
an incomplete gradual thermal spin-transition at about
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140 K.'®1 A butylene group between the tetrazoles seems to
provide the ideal distance between iron(i) centres that
allows an interpenetrated network structure to be formed.
In the case of longer spacers, the thermal spin-transition is
also gradual, although whether this is due to structural
changes is still unclear. Unfortunately, we have not been
able to obtain single crystals of these coordination polymers.

From our magnetic studies, we have provided evidence to
show that the thermal spin-transition temperature increases
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with the number of carbon atoms (#) in the spacer and we
have reported a fascinating effect of the parity. The com-
plexes with an even “n” display a more abrupt spin transi-
tion than odd-numbered ones. The T:, values have also been
found to be higher for the complexes having even-numbered
nditz ligands than for the odd-numbered ligands.

From our photo-magnetic investigations, we have also
highlighted that the LIESST properties of the [Fe(nditz);]-
(Cl0,), family are strongly affected by the parity of the
bridging ligands. Based on the SCC model in combination
with far-FTIR spectroscopic data, we have proposed that
the energy difference between the LS and the HS states is
higher for the even series. Moreover, we have experimental-
ly observed that the level of photo-excitation, as well as the
T(LIESST) temperature, perfectly follow the tendency de-
fined by T,
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Abstract

We have investigated the temperature and magnigtid induced high-spin low-spin transition of [pid{d,4-bis(tetrazol-1-yl)butane-
N4,N4%)iron(Il)] Bis(hexafluorophosphate) and [u4(d,8-bis(tetrazol-1-yl)octane-N4,N4")iron(Il)] Bgrchlorate) in transient megagauss
fields using optical reflection measurementa3=a0.632 pm and=0.541 um radiation. The experimental set-up uas P an environment
between 140 K and 200 K. For sample temperatureimwthis transition range magnetic field inducedaimeflection changes with strong
hysteresis were detected. Evidently the strong @6But short (5usec) magnetic field pulse cannot drive the tramsitnto saturation. Using
magnetic field pulses with different time constathis dynamic process could be studied.

For [u-Tris(1,4-bis(tetrazol-1-yl)butane-N4,N4 " )ir@l)] Bis(hexafluorophosphaté)was found that the solvent used in the actuatipction

process of the material had a strong influenceherekperimental results.

The project was supported by EuroMagNET.
© 2006 Elsevier B.V. All rights reserved
75.5; 75.30C;

low-spin high-spin transition; megagauss magnetinat

1. Introduction

Spin crossover in magnetic materials has becan
increasingly investigated phenomenon in magnetidoe to
the different degeneracy of the high-spin and Ipmdevels
the majority population, and hence the characterfsatures
of the material, are changed as a function of teatpee. This
manifests not only in the magnetic properties bisb an
secondary features as optical properties [1]. Galyethis
crossover can also be induced by the different midgfield
dependence of the spin levels involved, so thatobdya
critical magnetic field the population of the spavels is
inverted. In this way temperature, and magnetidd fiare
complementary parameters to control the system reispect
to the majority population and its
experimentally.

2. Materials

We have investigated the following two materials in

powder form [u-Tris(1,4-bis(tetrazol-1-yl)butane-N4,N4")irorll
Bis(hexafluorophosphate) [2,3]and [u-Tris(1,8-bis(tetrazol-1-
yloctane-N4,N4")iron(ll)] Bis(perchlorate) [3] Both materials

exhibit a pronounced visible color change in thmperature
range between 77 K and 300 K indicating the high/gpv-

spin phase transition. The principal objectivetted present
experiments was the demonstration that this phasesition
and hence change in color can also be obtainegjycation

of strong magnetic fields in the megagauss rarigee dower
magnetic fields up to 40 T proved to be not sudoédsr

these two materials.

3. Experimental Setup
To detect the high-spin/low-spin transition we hapgplied

a setup measuring the normal reflection
configuration usingPlastic Optical Fiber (POF) for the

related effectsmonochromatic laser radiation a£632 nm orA=541 nm.
The corresponding sample holder was mounted inngaimie

N,-cryostat to meet the limited dimensions of the nwig

field coil. As detector we used a fast photo-diadéh 125

MHz bandwidth.
As magnetic field generator we used the single-eoih
providing in our experiments peak fields of 1600F & half-

sine pulse of the order of 6 psec length. The sitigin coils
of 12 mm and 15 mm diameter were driven by a 2260kBvV

in Faraday
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capacitor bank providing a peak current of the oBIBIA [4].

The magnetic field was measured by a calibratek-piccoil
with suitable integrator. Both data channels wereat 100
MHz sampling frequency.

4. Experimental Results

A=632 nm
t/Q:.,‘\ T=183.4K}r00

1,05

1,00f=" 100

L] g p1do1d dusugeq

0,95

Relative Reflection [a.u.]

Time t [ps]

Fig. 1 Experimental data (solid curves) and satiah for the
relative reflection and the magnetic field as acfion of time.

Each of the mounted samples was checked for itstexa

temperature dependence of the phase transitiorintb the

optimal temperature for the experiment in megagéakss. In

Fig. 1 we have plotted both the reflection data ahd

magnetic field intensity as a function of time hetupper and
lower part respectively fofu-Tris(1,4-bis(tetrazol-1-yl)butane-
N4,N4")iron(I)] Bis(hexafluorophosphatefor A=632 nm at T =
183.4 K. The second wavelengtih=541 nm provided no
additional information.
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Fig. 2 Experimental data (solid) and simulationtioé hysteris
curve.

The experimental data of the reflection (upperdsalirve
in Fig.1) follows the experimental magnetic fieldwer solid
curve) with a pronounced hysteresis. This meanat the
relaxation times involved are of the order of usHuwere is a
clear increase of the reflectivity with increasimggnetic field
indicating the increased population of the higmsfgvels.

The broken curves indicate the results of the spoading
simulation discussed below. To demonstrate bothmtagnetic
field dependence and the hysteresis involved we ipatted
the data directly as a function of the applied negignfield
(Fig. 2). Again solid and broken curves indicatpexmental
and simulation results, respectively.

5. Discussion and Simulation

Energy E [meV]

-50 0
Magnetic Field B |T]

50 100 150 200

Fig. 3 Energy-level system as a function of thagnetic field.

To simulate the experimental results we have agplie
model of a split S=2/S=0 level system as shownign ¥
corresponding to the Hamiltonian [5]:

H =(A+9ugS,B) 10,5 +00ds
The dynamics of the system is determined by:

df(Ei) =_(f(Ei)_ fO(Ei))
dt T

Here f(E) and §(E;) are the non-equilibrium and equilibrium
occupation probabilities of the levels & indicated in Fig. 3.
The parametera, g, andt were fit to the experimental data:
A=40meV,g=2.71=1.6 usec.

The value ofA is within the expected range. Evidently the g-
factor is increased by ligand interaction. The ndeature is
the determination of the dynamical relaxation time
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