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IOÓKT ) ) 

Laa pysu; orov jrm/aiuó yva TTJV lödicn,, 
vaa eüxEoai vdvai uaicpüc; o o Spóuos, 
yeudto<;; jrspucéra»;, y£udïO<; yvÓKTEu;. 
Toix;; Aatarpvyóvâ Kat xovq KuKXüwtag, 
TOVV Bvuxouévo IloaEiScbva ur| cpopdoai, 
Téroiaa orov opóuo oou JCOT£ oou 5cv 6a ppeu;, 
avv uev' ii oxéi|fu; ooi) u\|/r|W|, av etd£KTr| 
ouyKiVnoic,, TO TTVEUUO KOI TO otiiua oou ayyi^ei. 
Touc,, Aaiorpuyóvâ  Kaï Tom; Kvkkamaq, 
TOVV dypio riooei&üva Sev 9a oDvavrfjoei?, 
avv Sev TOUC, KouPaveic, pee arriy \|n>xr| oou, 
avv i\ v|n)%f| aou oev TOUC, orf|V£i epjtpóc oou. 

Naa EüxEoai vdvai uatcpüc o 5póuo<;. 
rioAXdd Ta KaXoKaipivd nptoïd va eivai 
nouu ue Ti euxapiotT|ot, ue TI xapd 
0aa uxaiveic oe Xiuévag JtponoeiocouÉvouc,, 
vaa GTauarriceii; o' ejjjtopEia Ooivucucd, 
ïcaii  TEC, Kdkèq JtpaytidTeiec, v' ajtoxxriaeic, 
aevrétpiaa Kaï KopdAXia, Ksxpiundpia K' ÉPEVOUI;, 
KOII  r|5oviKd uupooucd tcdöe Aoyfjc, 
óooo pjtopeii; mo dtpöova rjoovucd uuptooucd, 
ass JIÓXBU; AiyujmaKéc, noXKèq va icaq, 
vaa udöeic KOI va udÖeic arc' TOUC ojtouSaouévou^. 

ndvraa orov vou oou vdxeu; TT|V I9dKr|. 
Too (pödctuov etcei eiv' o jrpoopiauóc oou. 
AXXdd ya\ pid^eic. TO TC^eioi öióAou. 
KaAAitepaa xpovia jcoMd va oiapicéoEi 
Kaxx yépoc ma v' apd^eu; oro vnai, 
jtXoüaioc,, ue óoa Képoiaec oro Spóuo, 
uqq jtpooöoKÓvta? J&OÜTTI va OÊ SÓOEI r| IÖdicn,. 

HH IOdicn o'éocooE T' rapaio Ta^eioi. 
Xaipi;; auTT|v Öev 6dPyaiv8<; orov 5póuo. 
AXXaa 5EV ÉXEI va OE SÜXJEI ma. 

Kii  av 7CT<OX"CT| TT|V Ppeic, r| IQÓKX\ 5e ae yéXaoe. 
'ETOII  ao<póc, nou éywec, UE TÓOT| jtexpa, 
f|5r|| 6a TO KaTdXapsc. oi IGdicec TI aripaivouv. 

KcovaravrivogKcovaravrivog IJ, KoJjia<pt\q(l911) 

Ithaca a 

Ass you set out for Ithaca 
wishh the road is long, 

fulll  of adventure, full of knowledge. 
Laistrygonians,, Cyclops, 

angryy Poseidon-do not fear of them: 
you'lll  never find such as these on your way 

ass long as you keep your thoughts raised high, 
ass long as a rare emotion 

touchess your spirit and your body. 
Laistrygonians,, Cyclops, 

wildd Poseidon-you wont encounter them 
unlesss you carry them inside your soul, 

unlesss your soul sets them up in front of you. 

Wishh the road is long. 
Mayy there be many summer mornings when, 

withh what pleasure, what joy, 
youu enter ports seen for the first time; 

mayy you stop at Phoenician markets 
andd buy fine merchandise, 

mother-of-pearll  and coral, amber and ebony, 
hedonicc perfumes of every kind, 

ass much as you can abundant hedonic perfumes; 
mayy you visit many Egyptian cities 

too learn and learn from those who have knowledge. 

Alwayss keep Ithaca in your mind. 
Arrivingg there is what you're destined for. 

Butt dont hurry the journey at all. 
Betterr if it lasts for long years, 

andd when you're old to anchor at the isle, 
richh with all you've gained on the way, 

nott expecting Ithaca to give you wealth. 

Ithacaa gave you the beautiful journey. 
Withoutt her you wouldn't have set out on the road. 

Shee has nothing more to give you now. 

Andd if you find her poor, Ithaca has not deceived you. 
Wisee as you have become, with so much experience, 

you'lll  have already understood what these Ithacas mean. 

ConstantineConstantine P. Cavqfy (1911) 

Translatedd by Edmund Keeley & Philip Sherrard 
Modifiedd by Eva Dova 
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Chapterr  1 

Generall  Introductio n 

1.1.. Introductio n 

X-rayy crystallography is an experimental technique that exploits the fact that X-rays are 
diffractedd by crystals. The phenomenon of diffraction occurs when electromagnetic waves 
interactt with a regular repeating structure whose repeat distance is about the same as their 
wavelength.. X-rays have wavelengths of the order of a few Angstroms (lA = 10",0m), the same 
ass typical interatomic distances in crystalline solids. When certain geometric requirements are 
fulfilled,, X-rays scattered from a crystalline solid can constructively interfere, producing a 
diffractedd beam. The diffracted radiation can be recorded using proper detectors and these data 
providee information about the crystal structure of the material concerned. Therefore it is not 
surprisingg that crystallographic methods and techniques are employed in many fields of physics, 
chemistry,, materials science, geology, pharmacy and molecular biology in which crystals occur. 
Inn this first chapter a brief introduction will be given to X-rays, the main tool of X-ray 
crystallography,, the basic elements of crystallography and diffraction theory, the basic concept 
off  the derivation of the three-dimensional structure from diffraction data, a short introduction to 
powderr diffraction and the scope of this thesis. 

1.2.. X-rays 

X-rays,, discovered by Röntgen in 1895, are electromagnetic waves whose wavelength I 
rangess from about 0.1 to 100 A and their energy E is so high that they can penetrate objects that 
aree opaque to ordinary light. When fast moving electrons impinge on matter, X-rays result from 
twoo general types of interaction of the electrons with the atoms of the target material. The first 
onee occurs when a high-speed electron removes an electron from an innermost shell, thereby 
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ionizingg the atom. Then, an electron from an outer shell may fill  the vacant position resulting in 
thee emission of an X-ray photon characteristic of the atom involved. The other manner in which 
aa high-speed electron interacts with matter is manifested by its deceleration when passing 
throughh the strong electric field near the nucleus of an atom. The decrease in energy AE of the 
electronn appears as an X-ray photon of frequency v as given by Einstein's equation hv = AE, in 
whichh h is Planck's constant. X-ray radiation produced in this manner is independent of the 
naturee of the atoms of the target material and appears as a continuous band of wavelengths, 
whichh depend on the energy of the bombarding electrons (white radiation). 

1.2.1.. Laborator y X-rays 

Inn a crystallography laboratory, X-rays are produced in X-ray tubes. In an X-ray tube, a 
veryy high voltage is applied between the electrodes at the two ends of the high-vacuum tube. The 
electronss generated in the cathode (one of the two electrodes) are accelerated between the two 
electrodess and strike the metal target, for example copper, molybdenum etc. This causes the 
emissionn of X-rays according to the mechanisms explained above, the former creating sharp 
intensityy peaks that are called characteristic lines. In laboratory practice usually monochromatic 
characteristicc X-ray radiation, depending on the material of the target, is used while all other 
wavelengthss are filtered out. 

1.2.2.. Synchrotro n Radiatio n 

Synchrotronn radiation is produced when charged particles, in particular electrons or 
positrons,, are forced to move in a circular orbit. At relativistic velocities the photons are emitted 
inn a narrow cone in the forward direction, at a tangent to the orbit. In synchrotron radiation 
stations,, in which high-energy electrons or positrons are available, the emitted photons range 
fromm low energy (infrared) photons to high energy (short wavelength) X-rays. Synchrotron 
radiationn is extremely intense (around a billion times more brilliant than conventional X-ray 
tubes),, highly collimated and it is emitted with a wide range of energies. 

Inn a synchrotron radiation experimental station, electrons are emitted by an electron gun 
beingg first accelerated in a linear accelerator (linac) and then transmitted to a circular accelerator 
(boosterr synchrotron) where they are accelerated to reach a high energy level, e.g. 6 GeV at the 
Europeann Synchrotron Radiation Facility (ESRF, Grenoble, France) and 8 GeV at the SPring8 of 
thee Japan Synchrotron Radiation Research Institute (JASRI, Hyogo, Japan). These high-energy 
electronss are then injected into a large storage ring where they circulate in a vacuum, at a 
constantt energy for many hours [Fig. 1.2.1 (left)]. As they travel round the ring, the electrons 
passs through different types of magnets, e.g. bending magnets or insertion devices, the latter 
beingg comprised of rows of magnets of alternating polarity. [Fig. 1.2.1 (right)]. When the 
electronss pass through such a device, they are deflected from their straight path by several 
degreess and this change in direction causes them to emit synchrotron radiation. 
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FIGUREE 1.2.1. (left) Schematic view of a synchrotron radition station, (right) Inside the storage ring. 

Thee synchrotron beams emitted by the electrons are directed towards the "beamlines" 
whichh surround the storage ring in the experimental hall. Each beamline is designed for use with 
aa specific technique or for a specific type of research. 

Third-generationn facilities are optimised to use insertion devices and a synchrotron 
radiationn facility is considered to be of large-scale when it has more than 5 GeV electron energy, 
andd is capable of delivering X-rays from undulators (a type of insertion devices). Currently three 
third-generationn large-scale synchrotron radiation facilities exist in the world, SPring8, ESRF 
andd APS (Advanced Photon Source, Argonne, USA). The experiments to be discussed in this 
thesiss have been carried out at the ESRF and SPring8. 

1.3.. Elements of Crystallography 

Thee majority of the solids can be classified into crystalline and non-crystalline 
(amorphous)) forms based on the internal arrangement of their atoms or molecules. For 
simplicity,, the special cases of incommensurate compounds and quasi-crystals will not be 
discussed.. Non-crystalline solids, such as plastics or glasses, have only a local atomic order but 
crystallinee solids have a consistent, three-dimensional periodic long-range order. If this 
periodicityy extends throughout the material to a size (in each direction) of at least 0.1 mm, it is 
calledd a single crystal. A polycrystalline material is an agglomeration of very small crystals, so 
calledd crystallites (~ 0.1 urn). 

AA crystal can be considered as a repetition of identical units and in order to describe it, the 
conceptt of the space lattice is used, which is a collection of lattice points in a periodic 
arrangement.. Theoretically a lattice is infinite in extent, all its lattice points are identically 
surroundedd and mathematically it can be described by a set of translation vectors. A 
parallelepipedd formed by eight connected lattice points is called the unit cell, which can be 
consideredd as a building block that can be periodically repeated to result in the crystal lattice. 
Severall  ways exist to connect adjacent lattice points, so in principle allowing for a large number 
off  possible unit cells, but in practice the smallest unit cell in accordance with the three-
dimensionall  (3D) symmetry elements present in the structure is chosen. The unit cell is defined 
byy the length of the basic vectors a, b and c (a, b and c) along its edges and the three interaxial 
angless a (between b and c), (3 (between a and c) and y (between a and b). Any crystal belongs to 
onee of seven crystal systems (Table 1.1), the symmetry of which limits the possible values of the 
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unitt cell parameters. There are 230 possible arrangements of symmetry elements that lead to a 
3DD periodic stacking at the atomic level, called space groups, and each crystal belongs to one 
(andd only one) of these space groups. 

TABLEE 1.1. The seven crystal systems 
CrystalCrystal system 
Triclinic c 
Monoclinic c 
Orthorhombic c 
Trigonal/Rhombohedral l 
Hexagonal l 
Tetragonal l 
Cubic c 

Axis Axis 
a ^ b ^c c 
a ^ b ^c c 
a ^ b #c c 
aa = b = c 
aa = b# c 
aa = b ^c 
aa = b = c 

InteraxialInteraxial angles 
a # P #y y 
aa = Y = 90°, p Ï 90° 
aa = P = y = 90° 
aa = p = y  90° 
aa = p= 90°, y= 120° 
aa = p = Y = 90° 
aa = P = Y = 90° 

Inn order to solve the atomic 3D structure of a (periodic) crystal, it is only necessary to 
solvee the 3D structure of the asymmetric part of the unit cell, because the rest of the crystal can 
bee generated by the application of the symmetry operations and by periodic translations of the 
unitt cell in the three lattice directions. To describe crystallographic directions and interatomic 
distancess in the unit cell, the concept of parallel equispaced lattice planes intersecting the unit 
celll  edges is used. The Miller indices (hkl) associated with a stack of parallel equispaced lattice 
planess denote the interceptions of the three axes of a unit cell at the points a/h, b/k, c/l, where a, 
bb and c are the unit cell axes (h, k and / are integral). The interplane distance of a set of parallel 
Millerr planes (hkl) is called dhki-spacing. 

Ewaldd (1921) devised the concept of the reciprocal lattice, a geometrical construction that 
consistss of the normals to all possible (lattice) planes whose indices are (hkl). The normals have 
aa common origin (0, 0, 0 in the unit cell) and the length of each normal is proportional to the 
reciprocall  of the ^/-spacing. The reciprocal lattice is commonly described by a set of vectors 
a*,, b*  and c*, being normal to b and c, c and a, a and b respectively. Then, in the reciprocal 
lattice,, each family of (hkl) planes is described by only one point, the end point of the vector H, 

HH = /7a*+£b*+/c*  (1.1) 

1.4.. X-ray diffractio n 

X-rayy diffraction, the scattering of X-rays by the regularly spaced atoms in a crystal, is 
mostt simply explained using Bragg's law (Bragg and Bragg, 1913). Bragg explained X-ray 
diffractionn in term of reflection from a stack of parallel lattice planes, although not to be 
confusedd with the phenomenon of surface reflection. When a beam of X-rays strikes an extended 
crystall  face and is reflected, the same happens at an effectively infinite stack of equispaced 
atomicc planes parallel to the face because X-rays penetrate to a depth of several million layers 
beforee being appreciably absorbed. At each lattice plane a minute portion of the beam may be 
consideredd to be reflected. 

AA schematic representation of Bragg's law is shown in Fig. 1.4.1 and it states that for a 
givenn d spacing between the lattice planes and for a given wavelength A of the X-ray radiation, 
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thee various orders n of reflection occur only at those values of angle 6 which satisfy the 
followingg equation 

nlnl = 2dsm0 (1.2) 

Thee angle 9 is called the Bragg angle. The above law is easily derived by imposing the 
conditionn that for a constructive interference of all elastically reflected beams by the parallel 
latticee planes, their path difference within the crystal must be an integer multiple of the 
wavelengthh /, so that they interfere in phase, i.e. AP + PC = nX, and from trigonometry it is easy 
too derive that AP = PC = OPsinO = dsind. The integer n is called the order of reflection. Because 
off  the condition of constructive interference, all planes in the stack that are not too deep in the 
crystall  will contribute to the reflection and if this number of planes is large enough, theoretically 
att no other angles than Bragg angles a diffracted beam can be observed. 

R R 

FIGUREE 1.4.1. Schematic representation of Bragg's law. 

1.5.. Structure determination using X-ray diffraction data 

Fromm a physical point of view, X-rays are electromagnetic waves that are scattered by the 
electronss of the atoms. As a result, the intensity of the reflected beam will be proportional to the 
intensityy of the incident beam and to the 3D periodic electron density p(x,y,z) (e/V3). The 
structuree factor Fhu of an X-ray reflection (diffracted beam) hkl, the quantity that represents the 
resultantt amplitude of the waves scattered by the electron density of one unit cell in the direction 
H,, is the primary quantity necessary for the derivation of the three-dimensional distribution of 
electronn density. The structure factor can be expressed by 

N N 
f M ; = I / , e x p [ 2 * , + f y ,, +lZj)]  = \FH\exp(i(pH) (1.3) 

withh the sum taken over the N atoms in the unit cell, fj being the atomic scattering factor 
expressingg the scattering amplitude of an atom, h, k and / the Miller indices and x, y and z the 
fractionall  coordinates of each atom with respect to the unit cell vectors a, b and c respectively. 
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Becausee of its periodicity, the electron density can be expressed as a Fourier series with the 
structuree factors FMI being the Fourier coefficients. 

M*,>^ )) = - X £ X ^ e x p [ - 2 ; r i ( / i x + Ay + /z)] (1.4) 
YY h k I 

Inn principle, the summation should go from -oo to +00 for all h, k, I, but because of practical 
limitations,, the amount of observable diffraction data is finite, the synthesis will always be an 
approximation. . 

Thee intensity In of a diffracted beam is proportional to |F#j2 but, unfortunately, there is no 
methodd available yet for observing the phase <PH of each structure factor. The absence of all 
phasess that are necessary to construct an image of the structure via (1.4), constitutes the so-called 
phasee problem in crystallography. A crystal-structure determination therefore consists of 
applyingg some technique to obtain approximate phase values for at least some of the X-ray 
reflections.. After the first construction of p(x,y,z) via (1.4) and its interpretation in terms of 
atomicc coordinates, a preliminary structural model is available. In the subsequent process of 
structuree completion and refinement, gradually phase values are obtained for all observed 
reflections. . 

Sincee the phases cannot be compared with any observable quantities, the validity of the 
proposedd structure can be judged only by comparing the calculated structure factor magnitudes 
l̂ cll  [= |FM/(calc)|] with the observed magnitudes |F0| [= \Fhki(obs)\]. A quantity commonly used 
forr this purpose is the reliability index or R factor defined as 

RR = Z*U\  c"  (1.5) 

withh the summation taken over all the observed reflections. Because of random errors in the 
observedd structure factors \F0\, and approximations made in the model on which the calculated 
structuree factors are based, it is never possible to obtain a set of \FC\ which reproduces exactly the 
\F\F00\,\, so structure refinement never reduces R to zero. 

1.5.1.. Single-crysta l diffractio n 

Inn case of a single crystal all In can be observed individually by an appropriate re-
orientationn of the crystal (planes H) with respect to the incident beam. Several techniques have 
beenn developed allowing the structure determination from single-crystal data to be considered as 
routine,, mainly because the amount of data (///) generally largely exceeds the amount of 
structurall  parameters to be determined. 

1.5.2.. Powder diffractio n 

Inn some cases, a single crystal cannot be obtained or used for specific research reasons, and 
onlyy a polycrystalline material (crystallites -1-10 um) is available. The diffracted beams of such 
aa sample form continuous cones (Fig. 1.5.1). A detector can be used to record the diffraction 
pattern,, e.g. a film in the shown figure. Each cone intersects the film giving diffraction lines. The 
liness are seen as arcs on the film. 

6 6 



FIGUREE 1.5.1. The diffracted beams by a polycrystalline sample form cones recorded by a film. 

Thee basic disadvantage of using a polycrystalline sample is that the collected data are 
condensedd into one dimension as a result of the random orientation distribution of the crystallites 
comprisingg the polycrystalline sample. Thus, important information concerning the direction of 
thee reflection is lost and needs to be recovered first, which is not easy if independent directions 
andd associated intensities overlap. 

Powderr diffraction plays an important role in structural physics and chemistry because the 
one-dimensionall  diffraction pattern (Intensity versus 29) characterizes the solid material. When a 
singlee crystal of a material is not available and it is of interest to determine its structure, powder 
diffractionn data may be used instead but certainly not in a routine way because the amount of 
accuratelyy known intensity data is much less than in single-crystal diffraction. Crystal structures 
determinedd by both techniques show that although the accuracy of the structure obtained by 
powderr diffraction is lower than that obtained by single crystal data, the former can be 
consideredd reliable (e.g. Kaduk, 2002; Dova et al, 2001; Goubitz et al, 2001; Kaduk & 
Partenheimer,, 1997). 

Forr more details about problems encountered in powder diffraction and methods for the 
structuree solution from powder diffraction data, the reader is referred to Chapter 2. 

1.6.. Scope of the thesis 

Spin-crossoverr complexes are metal-organic compounds of which the magnetic moment 
cann be changed by several physical phenomena, e.g. temperature, pressure. The specific Fe(II) 
spin-crossoverr complexes studied in this thesis could not be crystallized as single crystals while 
theirr structure was thought to be important in order to interpret their observed spin-crossover 
behaviour. . 

Inn the framework of this thesis, crystal-structure determinations have been carried out of 
fivefive Fe(II) spin-crossover complexes with halo-ethyltetrazole ligands, using laboratory Guinier 
cameraa and high-resolution powder diffraction data, the latter being collected at two synchrotron 
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radiationn facilities (ESRF and SPring8). At the latter facility various temperature-dependent X-
rayy diffraction data were collected for those complexes. 

Inn Chapter  2 a review is given of the techniques being used nowadays for the structure 
determinationn from powder diffraction data. Special attention is given to a number of direct-
spacee methods for structure solution from powder diffraction data, namely Grid Search, Genetic 
Algorithmm and Parallel Tempering, that have been used for structure determination in this thesis. 

Chapterr  3 discusses several elements of the Rietveld refinement method, which has been 
appliedd at the structure refinement stage of all compounds. 

Chapterr  4 contains the experimental work having been carried out and the obtained 
results.. In the first section 4.1, an introduction to the spin-crossover phenomenon is given with a 
mainn emphasis on the Fe(II) compounds exhibiting this property, as well as some possible 
applicationss of these compounds. 

Inn section 4.2, the crystal structures of [Fe(teec)6](BF4)2 at room temperature (RT) and at 
900 K are presented, solved using both Guinier and Synchrotron radiation data and applying the 
Gridd Search and Parallel Tempering techniques. The two-step spin crossover of [Fe(teec)6](BF4>2 
iss discussed. 

SectionSection 4.3 discussed the results for [Fe(teec)6](C104)2 that exhibits a 50% incomplete spin 
crossover.. The crystal structures of [Fe(teec)6](C104)2 at 300 and 90 K were solved by Genetic 
Algorithmm and Parallel Tempering techniques. 

SectionSection 4.4 presents the crystal structure of [Fe(teei)6](BF4)2, a compound that exhibits a 
completee single-step spin crossover. The structure has been solved at RT and 90 K with Grid 
Search,, Genetic Algorithm and Parallel Tempering techniques. 

SectionSection 4.5 discusses the crystal structure determination of [Fe(teeb)6](BF4)2 that also 
exhibitsexhibits a complete single-step spin transition. Because of the lower crystallinity of the sample, 
onlyy the main structural characteristics could be determined and not the complete structure. 

SectionSection 4.6 focuses on the crystal structure of [Fe(teef)6](BF4)2 at RT as determined by 

Geneticc Algorithm techniques. This is the only compound of this series crystallizing in P1, while 

alll  the previous complexes crystallize in P2j/c. [Fe(teef)6](BF4)2 exhibits an interesting 

incompletee and two-stepped spin crossover. 

Inn each of the sections 4.2 - 4.4 and 4.6, the diffraction and crystal structure results will be 
discussedd in view of existing theories of the spin-crossover behaviour. 

Onn the basis of the crystal structures of all complexes and the observed temperature-
dependentt X-ray data, their spin-crossover behaviour versus temperature is discussed and several 
conclusionss are drawn in section 4.7. In particular, it will be shown that in case of two-step or 
incompletee spin transitions, diffraction data should be collected in special way. 

Finally,, in Chapter  5, the experience gained with the various structure determination and 
refinementt methodologies applied in this thesis will be discussed and suggestions for future 
improvementss are given. 
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Chapterr  2 

Techniquess for  structure determination from 
X-rayy powder-diffraction data 

2.1.. Introductio n 

X-rayy diffraction is one of the most important and powerful techniques for characterization 
andd structure determination of crystalline solids. Single-crystal X-ray diffraction in particular is 
usedd routinely for crystal structure determination. However, not all crystalline solids can be 
preparedd as single crystals of sufficient size and quality for single-crystal X-ray diffraction 
studies.. Moreover, in some cases it is more convenient or desirable to study a material in a 
polycrystallinee form, for example pharmaceuticals (optimal solubility properties), catalysts 
(increasedd surface area) and pigments (increased dispersibility). Therefore, it is essential to 
developp methods that enable the structural characterization of materials in this form and it is not 
surprisingg that the field of structure determination from powder diffraction data has become an 
activee area of research in which new and/or improved methodologies and techniques are 
developed. . 

Althoughh both single-crystal and powder diffraction data are based on the same structural 
information,, in the latter case information is lost since the three-dimensional single-crystalline 
diffractionn data is confined into a single dimension (intensity vs 29). The main consequence of 
thiss is the overlap of diffraction maxima (reflections) in the powder diffraction pattern, either 
accidental,, especially in low-symmetry cases at higher angles, or systematic due to symmetry, 
especiallyy in high-symmetry cases. Another consequence is that, in general, the final structural 
parameterss obtained by powder diffraction data are not as accurate or precise as those 
determinedd by single-crystal diffraction data and it can not always be concluded reliably whether 
smalll  deviations from standard bond lengths and angles are significant or not. 

Crystall  structure determination from diffraction data can be divided in general into the 
followingg stages: (1) unit-cell and space-group determination (indexing), (2) full pattern 
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decomposition/intensityy extraction, (3) structure solution and (4) structure refinement. This 
chapterr will discuss the first three subjects, and especially the several approaches that exist 
nowadayss in structure solution from powder diffraction data, while the structure refinement 
proceduree is discussed in the next chapter. 

2.2.. Unit Cell Determination - Indexing 

Thee first step in a structure elucidation procedure is the determination of the lattice 
parameterss (unit cell) and space group. In almost all structure determination techniques it is 
possiblee to enter the structure solution stage only if the correct unit cell has been determined. 

Thee information necessary to determine the unit cell concerns the accurate positions of the 
diffractionn maxima and in most cases at least 20 peak positions are required. A significant zero-
pointt error, ambiguous peak positions due to peak overlap, poor sample crystallinity or low 
instrumentall  resolution and the presence of an unknown impurity phase may impede or prohibit 
thee determination of correct unit cell parameters. The most widely used programs for indexing 
powderr diffraction data are ITO (Visser, 1969), TREOR (Werner et al, 1985) and DICVOL 
(Boultiff  & Louèr, 1991). Also other less widely used programs exist, most of them being 
includedd together with the above-mentioned ones in the program package CRYSFIRE (Shirley, 
2001). . 

Ann alternative manner for unit cell determination has been proposed by Kariuki et al. 
(1999)) that uses a genetic algorithm in combination with whole-profile fitting. In this method, 
triall  unit cells are generated using a genetic algorithm strategy and their quality is assessed with 
aa whole-profile fitting procedure. 

Afterr the unit cell has been assigned correctly, the space group has to be determined taking 
intoo account the systematic absences. However, mainly because of peak overlap, the intensities 
andd thus also the systematic absences may not always be inferred correctly so it is quite possible 
thatt the space group cannot be assigned uniquely. In such cases considerations of the density 
mayy be helpful but in the end all possible space groups should be considered. 

2.3.. Full Pattern Decomposition - Intensities Extraction 

Inn structure solution, the aim is to obtain an (approximate) model of the crystal structure 
whilee initially no knowledge on the atomic arrangement in the unit cell is available. If this model 
iss good enough, a refinement of the structure can be carried out successfully. 

Ass it is known from single-crystal structure determination techniques, knowledge of the 
intensitiess of the reflections is essential for the structure solution since it contains information 
aboutt the atomic arrangement in the unit cell. If these intensities would be known, methods 
developedd for single-crystalline data could be applied to solve structures from powder diffraction 
data.. However, peak overlap is often the main reason that the extracted individual reflection 
intensitiess may not be completely reliable. As a result, the application of methods that rely upon 
thee correctness of the extracted intensities in the structure solution from powder data (direct 
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methods,, Patterson methods, entropy maximization and likelihood ranking method) is often 

restrictedd to structures of a limited complexity. 

Thee most common techniques to extract intensities are based on profile-fitting procedures 
andd include a least-squares approach to fit the calculated profile to the experimental pattern by 
refiningg the parameters that characterize a powder diffraction pattern, like zero-point error, 
backgroundd parameters, unit cell and peak-shape parameters. Such methods work without 
referencee to any structural model but, inevitably, the intensities determined from overlapping 
peakss by pattern decomposition will contain intrinsic uncertainties, especially when the 
differencee in 20-positions of the peaks is smaller than half the full width at half maximum 
(FWHM)) of the peaks. 

Thee most widely used methods of fitting a powder diffraction pattern are the Pawley 
methodd (Pawley, 1981) and the Le Bail method (Le Bail et al, 1988). The first one treats 
intensitiess as individual variables in the least-squares fitting so that some of them may become 
negativee during refinement, although this has no physical meaning. The second procedure is an 
iterativee method that redistributes intensities starting from initial structure factors arbitrarily set 
too have the same value. A lot of work has been done to improve the extraction of intensities 
(Toraya,, 1986; Jansen et al, 1992ab; Rodriguez-Carvajal, 1990; Altomareef Ö/„  1995). 

Ass will be discussed in 2.5, the direct-space techniques, an alternative approach for 
structuree solution from powder diffraction data, do not rely on the availability of all individual 
reflectionn intensities, thus avoiding the peak overlap complication to a large extent, but still an 
analysiss of the diffraction pattern is required in order to establish as reliable as possible the 
descriptionn of the peaks (accurate values of unit cell, zero-point offset, peak width, peak shape, 
background)) to be used later in the calculation of the Rwp for the trial structures. 

2.4.. Structure-solution Techniques 

Onee of the earliest methods to solve crystal structures is the 'trial and error' method. This 
processs involves the postulation of an atomic arrangement that conforms to the space group and 
thee calculation of the structure factor amplitudes that this arrangement would give for certain 
reflections.. If these amplitudes agree roughly with those observed then the atomic arrangement is 
probablyy correct, and one can continue the calculations for other reflections. However, if the 
calculationss disagree with the observations, the atomic arrangement is probably wrong and 
discarded.. In order to increase the probability to find the correct structure and because of the lack 
off  certainty in this method, any hints possibly related to the atomic positions should be used. 
Thus,, one should take into consideration spatial characteristics (e.g. atomic radii, atomic 
coordination,, symmetry elements) and/or physical properties (e.g. piezoelectricity). The method 
hass been applied for several inorganic and organic compounds by, for example, Taylor and 
Jacksonn (1928), Beevers and Schwartz (1935) and Robertson (1933). In organic structures, 
severall  relative positions of the atoms in the molecules or the complete stereochemistry is often 
knownn and it might be possible to construct complete structural models or fragments of the 
structure,, which can be used in the same way as described above. Naturally, the main problem in 
thee application of such methods is their time consumption, however, the development of the 
computerr power in the recent years allowed for the reconsideration of their possibilities. Indeed, 
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thee 'trial and error' method is the basic idea of the so-called direct-space methods developed in 
thee recent years especially for structure solution from powder diffraction data. Such methods 
havee been used in this thesis and they will be discussed separately in the next section. 

Ass pointed out by Lipson and Cochran (1953), whatever the methods used for the structure 
determination,, the proof of its correctness lies on the agreement between the calculated and the 
observedd intensities. This leads to the idea of producing a structure from the observed intensities 
themselves,, and several techniques have been developed, in which the atomic coordinates are 
beingg estimated from manipulation of the observed intensities as obtained from single-crystal 
diffractionn data or as extracted from a powder diffraction pattern. The major examples of this 
classs of techniques will be here discussed shortly. For more details and references on these 
techniques,, the reader is referred to the books of Giacovazzo et al, (2002), Clegg et ah, (2001), 
Schenk,, (1991) and, Lipson and Cochran, (1953). 

PattersonPatterson methods: The Patterson function P(u) = — ̂ \FH\ exp[-2;riH  u] uses the 

observedd structure factor amplitudes \FH\ obtained from the reflection intensities IH that have 
beenn extracted in the pattern decomposition (Patterson, 1934). Each peak of the Patterson map 
P(u)P(u) corresponds to a superposition of parallel interatomic vectors {rj-rj)  in the unit cell while 
itss height is proportional to the sum of the products of the scattering powers of the atoms i andy' 
inn each of the parallel vectors. In principle, the atomic positions can be calculated from the set of 
interatomicc vectors of a Patterson map but in practice only if the structure contains a small 
numberr of strong scatterers: the interatomic vectors involving these atoms dominate the 
Pattersonn map, allowing the positions of the strong scatterers to be readily deduced. However, if 
alll  non-hydrogen atoms have more or less the same scattering power, the Patterson map cannot 
bee interpreted unambiguously. In case a structure (mainly) consists of a rigid body, a well-
definedd set of interatomic vectors appears in the Patterson map that can be used in positioning 
thiss rigid body. This procedure involves a rotational and a translational search in order to achieve 
thee best fit of the calculated and observed Patterson map. A program for structure determination 
fromm powder diffraction data incorporating the above procedure is ROTSEARCH (Rius and 
Miravitlles,, 1987). 

DirectDirect methods: Direct methods are based on the fact that certain items of direct-space 
information,, e.g. that the electron density is always positive or that it is a superposition of 
sphericallyy symmetric atoms of approximately the same shape, impose limitations on the 
reciprocal-spacee distribution, i.e. the magnitudes and the phases of the structure factors. By using 
relationshipss among the phases <pH, it is attempted to evaluate them directly from the measured 
diffractionn intensities IH- In the first steps of the structure determination with direct methods, as 
manyy phase relationships (triplets, quartets) as possible are collected and the origin is fixed by 
specifyingg the phases of a few suitable reflections numerically. In general, it is not possible to 
assignn numerical phase values to all reflections just from the origin defining phases. However, it 
iss possible to construct starting sets consisting of more reflections, which are capable to access 
thee other phases through the use of phase relationships by means of a process called phase 
propagationn or phase extension, through the multi-solution or the symbolic addition method. 
Whenn a phase has been assigned to most of the strong reflections, the numerical values of the 
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unknownss are evaluated and using a Fourier summation an image of the structure is produced via 

thee electron density equation (1.4). 

Initially ,, direct-method programs developed for use in single-crystal determination 
proceduree were used but later direct method procedures optimized for powder data have been 
developed,, e.g. SIMPEL, (Jansen et al 1992ab, 1993) and SIRPOW (Cascarano et al, 1992; 
Altomaree et al, 1994). 

MaximumMaximum Entropy Method: The Maximum Entropy Method (MEM) is a method to 
reconstructt the most probable and least biased probability distribution given a set of 
experimentall  data and it is applied in a wide range of scientific fields (Gull & Daniel, 1978; 
Buckk & Macauley, 1992; Gilmore, 1996). In crystallography the maximum entropy criterion has 
beenn used to examine the crystallographic inversion problem (Wilkins et al, 1983), to generate 
highh quality electron density maps (Livesey & Skilling, 1985; Sakata et al, 1990), as a means of 
partitioningg the intensities of completely overlapping reflections in powder diffraction patterns 
andd as an approach for direct phase determination (Narayan & Nityananda, 1982; Britten & 
Collins,, 1982; Piro 1983; Bricogne, 1984). The method adopts a similar approach to structure 
determinationn as conventional direct methods. Both methods consider a crystal structure 
consistingg of atoms with unknown position. These positions are considered as random variables 
havingg a uniform distribution in the asymmetric unit. By gradually removing this randomness the 
finall  crystal structure occurs. The method is able to handle groups of overlapping peaks enabling 
intensityy information of these peaks to be used in the structure solution process. The program 
MICEE (Gilmore and Nicholson, 1994) applies the MEM for structure solution from powder 
diffractionn data. 

2.5.. Direct-Space Methods 

Inn direct-space methods, as in the 'trial and error' methods mentioned in the previous 
section,, trial crystal structures are generated in direct space independent of the experimental 
powderr diffraction data. In this model-based approach the unit cell and space group should be 
knownn as well as the contents of the unit cell to a good approximation. The position and 
structurall  arrangement of the constituents are the subject of the investigation. The structure is 
definedd by a fragment X(j) comprising an appropriate collection of atoms within the asymmetric 
unitt and it is defined by a set of variables x(j), also called its degrees-of-freedom (DOF), that 
determiness its location in the unit cell. Thus, a fragment can be defined by the fractional 
coordinatess (x, y, z) of the center-of-mass or of a predefined atom, its orientation by rotation 
angless (cp, \|/, K) with respect to a set of orthogonal axes and its intramolecular geometry by a set 
off  n variable torsion angles (t,, x2,..., T„), see e.g. Andreev & Bruce (1998). It is more convenient 
too let these variables define the position and orientation of the structural fragment as a whole, 
ratherr than to consider the coordinates of every atom individually. It is possible to extend these 
conceptss in case the structure consists of more than one structural fragment. 

AA structural fragment to be used in a direct-space method can be retrieved from a database 
orr it can be constructed taken into account standard interatomic bond distances and angles for the 
typee of molecules under study. Additionally, an energy minimization procedure may have to be 
carriedd out to find a suitable intramolecular configuration. In general, the complexity of direct-
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spacee structure-solution calculations increases as the number of variables defining the structural 
fragmentt increases. 

Thee correctness of each trial structure is assessed with a cost function, comparing the 
experimentall  powder diffraction data with the calculated pattern, either directly via the 
diffractionn pattern or using the extracted intensities and/or clusters of intensities. A cost function 
orr criterion-of-fit that is often being used is the weighted profile Rwp, as known from the Rietveld 
refinement.. As the comparison is using the digitized pattern, the peak overlap is implicitly taken 
intoo account. Other definitions of cost functions such as  ̂ (Andreev et al, 1997) or R(X), based 
onn extracted peak intensities (Chernyshev & Schenk, 1998; David et al, 1998), have also been 
used.. The aim of a direct-space investigation is to find the trial structure with the lowest possible 
costt function. 

Direct-spacee techniques have given a new prospective to determine the crystal structure of 
molecularr compounds for which the success of traditional methods is relatively limited (Harris et 
al,, 2001). The algorithms used in direct-space techniques range from exhaustive ones (Grid 
Search),, in which a systematic search of the whole parameter space specified by the user 
(definedd as grid) is carried out in predefined steps, to more sophisticated ones (Monte Carlo, 
Simulatedd Annealing, Genetic Algorithms etc), in which a selective search of the parameter 
spacee is performed on the basis of several criteria. Successful results have obtained using the 
abovee methods, to be discussed below in more detail. 

2.5.1.. Mont e Carlo/Simulate d Annealin g Technique s 

Montee Carlo and Simulated Annealing techniques (Metropolis et al, 1953; Allen & 
Tildesley,, 1987; van Laarhoven & Aarts, 1987) are closely related and both involve the 
generationn of a sequence of structures for consideration as plausible structure solutions. Monte 
Carloo techniques have been applied in structure determination from powder diffraction data since 
19899 (Deem & Newsam, 1989; Newsam et al, 1992; Harris et al, 1994). 

Thee first generated structure X(j) is chosen by positioning the structural fragment randomly 
inn the unit cell. Then, starting from structure X(j), a series of trial structures X(j+n; n=l,...) is 
generatedd with each structure, X(j+n), being derived from the previous one, X(j+n-I), by small 
randomm displacements in the set of variables x(j) (x, y, z, q>, y, K, H, T2, ..., xn). After each change 
off  variable the powder diffraction pattern of the trial structure is calculated and its Rwp, or any 
otherr cost function, is compared with that of the starting structure. If Z = Rwp[X(i+n)]  -
RRwpwp[X(]+n-\)][X(]+n-\)]  <0 the trial structure is automatically accepted. If Z>0, the trial structure is 
acceptedd with a probability of exp(-Z/S) and rejected with a probability of [1- exp(-Z/S)] (using 
thee Metropolis importance sampling technique), where S is a scaling factor. So the new 
"starting""  structure is then the X(j+n+l) (if accepted) or X(j+n) [if X(j+n+l) was rejected]. The 
scalee factor S is a parameter that expresses the strictness of acceptance of a trial structure; the 
higherr S, the higher the probability that a trial structure with Z > 0 will be accepted. After an 
extensivee range of structural space has been explored, the structure with the lowest Rwp is 
selectedd to be used in the refinement. 

Inn the Monte Carlo method, the parameter S is fixed so a certain percentage of the trial 
structuress will be accepted. This value might be altered during the Monte Carlo calculations in 
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orderr to allow exploration of a wider range of parameter space or a selected region in more 

detail. . 

Startingg from a single reference structure, Simulated Annealing techniques also use the 
Montee Carlo algorithm to generate a series of structures, which will be accepted or rejected using 
thee Metropolis importance sampling, but the fundamental difference is the use of the parameter 
S.. In simulated annealing S is systematically decreased, like a decrease in temperature, according 
too a certain annealing schedule. The annealing procedure starts from a 'temperature' S high 
enoughh to allow the system to explore the entire conformational space. The temperature is 
graduallyy lowered so that, in the later stages of the procedure, the local regions around a deep 
minimumm can be investigated. 

AA method proposed as an improvement of Simulated Annealing is Parallel Tempering 
(Falcionii  & Deem, 1999). Instead of a single reference structure in Simulated Annealing, the 
ideaa of Parallel Tempering is to consider several reference structures in parallel, each evolving at 
aa constant simulation temperature. The temperatures are chosen such that the structure with the 
highestt temperature is able to search the complete conformational space, whereas the one with 
thee lowest temperature performs a local search for the best solution within the neighborhood of a 
deepp minimum. When a structure is selected for the next move, either a configurational move or 
aa swap move can be carried out. In the first case, a new trial structure is generated and assessed 
inn the same way as in the Simulated Annealing techniques. In the case of a swap move the 
exchangee of two structures at different temperatures is proposed. The proposed move is accepted 
alsoo in accordance with the Metropolis importance sampling. In this way the system may escape 
fromm local minima. 

AA Monte Carlo technique combined with a potential energy function has been recently 
proposedd to work with low-resolution powder diffraction data as well as with compounds of 
whichh the correct molecular structure or bonding pattern are not completely known (Brodski et 
al,, 2003). When a Monte Carlo move is realized, for this configuration the locally minimized Rwp 

andd a potential energy function E (currently simple van der Waals potentials) are calculated 
independently.. The new configuration is accepted if either EJ+n+]< Ej+n or /f^+n+n < Rwpti+n), 
otherwisee the old configuration is retained. The calculation of the potential energy function may 
helpp to avoid chemically and physically unrealistic structures, which could have an acceptable 
loww Rwp value. Overall in this Monte Carlo algorithm both Rwp and the potential energy function 
aree expected to decrease, but not necessary simultaneously because a decrease of one cost 
functionn can be accompanied by an increase of the other. By using two functions the system can 
passs barriers in multidimensional space and escape from local minima on the biopotential 
energyy hypersurface. 

2.5.2.. Geneti c Algorith m 

Geneticc Algorithms (GA's) (Holland, 1975; Goldberg, 1989; Cartwright; 1993) are 
optimizationn techniques based on the principles of natural evolution and involve the evolutionary 
operationss of crossover, mutation and natural selection. 

Thee Genetic-Algorithm approach is based on the evolution of a set of trial crystal 
structuress (population). The initial population consists of a number of randomly generated 

17 7 



structuress (parents) that may evolve to subsequent generations by evolutionary operations. Each 
memberr X(j) of the population is defined by a unique set of variables x(j). The initial structures 
aree ranked according to a cost function (Rvp or R(X) or others, depending on the method). The 
topp ranking members of the initial population may propagate into the next generation via a 
naturall  selection procedure. 

AA certain percentage of the trial structures is allowed to participate in a crossover 
proceduree in which some of the parameters defining the structures may be swapped (the precise 
proceduree depends on the implementation). The probability that a structure propagates and its 
participationn in crossover operations depend on its ranking position. The higher the position of a 
triall  structure (parent) in the ranking, the higher the possibility to be selected for crossover. 
Everyy two parents produce two new structures (the offspring). 

Offspringg and parents form an intermediate population that goes through a mutation 
proceduree in which every parameter has a certain (predefined) possibility to mutate. The 
mutationn rate can be adapted during the calculations in order to get a population with a higher or 
lowerr diversity. Another way of enriching diversity is the inclusion of a certain number of 
randomlyy generated structures. At the end, after ranking all the structures (offspring, mutants, 
neww members, old members selected by natural selection), a new population is selected with a 
sizee that is equal to the initial population. The evolutionary cycle is repeated for a specified 
numberr of generations or until convergence is reached. 

Thee application of the GA in structure determination from powder diffraction data was 
realizedd independently by two research groups: the group of Harris and co-workers (Kariuki et 
al,al, 1997; Harris et al, 1998ab; Lanning et al, 2000; Kariuki et al, 1999; Tedesco et al, 2000; 
Turnerr et al, 2000) and the group of David and co-workers (Shankland et al, 1997 & 1998; 
Csokaa et al, 1998). Another implementation of a GA has been realized recently in the 
Laboratoryy of Crystallography of the University of Amsterdam (see 2.7.2). All three approaches 
differr in the definition and handling of the cost function and in some aspects of the way the 
geneticc algorithm is implemented. 

Forr example, in an implementation of Turner et al (2000), each structure generated during 
thee calculation was subjected to local minimization of Rwp. These minimized structures were 
usedd for further evolutionary calculations. This approach was shown to improve the efficiency of 
thee calculations both in terms of the necessary number of generations to achieve convergence 
andd in reproducibility of finding the correct solution. 

Inn another implementation (Lanning et al, 2000) a combined normalized energy//?wp cost 
functionn was used. At high energy, the energy guided the calculation towards energetically 
plausiblee structures while at lower energies an increasing importance was given to the Rwp. 

2.5.3.Gridd Search 

Gridd Search (GS), the most straightforward direct-space method, is an exhaustive search 
proceduree in which the structural fragment is moved systematically throughout the unit cell. All 
possiblee packing arrangements of the fragment are assessed systematically by changing the 
valuess of the variables of the set x(j) using predefined grid increments. The more degrees of 
freedomm the structural fragment has, the more time consuming the search is. 
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Thee implementation of this technique as incorporated in the program MRIA (Zlokazov & 
Chernyshev,, 1992) will be discussed in 2.7.1. Another program performing an exhaustive grid 
searchh is P-RISCON (Masciocchi, 1994), that also uses intensities of single and/or sets of 
overlappingg reflections but does not take texture into account. 

2.6.. Some remarks on the structure solution methods 

Thee reliability of the techniques involving extraction of intensities, is increased by the use 
off  high-resolution data (e.g. synchrotron) as the peak overlap is in general lower than in 
conventionall  X-ray data. For direct-space techniques, which use the Rwp as the cost function, 
synchrotronn data are not necessarily advantageous over laboratory data (Harris et al, 2001). 

Thee complexity of the structure-determination problem in the methods described in 2.4 
dependss on the number of atoms to be located in the asymmetric unit whereas in direct-space 
methodss the complexity is defined by the set of parameters x(j) (DOF) of the structure. Prior 
structurall  knowledge, e.g. structural units of well-defined geometry or extended framework 
structuress consisting of well-defined building blocks, is essential in case of direct-space methods 
becausee it reduces the DOF and it is being used in the calculations. Thus, large rigid molecules 
cann be solved in general easier with direct space techniques than smaller but flexible ones. 

Recently,, hybrid approaches have been developed that incorporate features of the global 
optimizationn techniques into direct methods (Altomare et al, 1998, Burla et al, 2002). 

Inn general, direct-space algorithms require more computational time than the other 
structure-solutionn methods described in 2.4 and it is recommended to run the algorithm several 
timess for different starting structures: obtaining a specific solution several times is a strong 
indicationn of its correctness. 

2.7.. Structure solution methods used in the current work 

2.7.1.. Grid Search 

Thee method as described in 2.5.3 has been implemented in a local version (Driessen, 
unpublished)) of the program suite MRIA (Zlokazov and Chernyshev, 1992). A full pattern 
decompositionn (FPD) procedure is carried out in the beginning with which integrated intensities 

and/orr clusters of intensities with value Jf„Aï
 = X w ' j ^ v | = 5 ' " S / , Ï ' ^ I ^ | = s'Xcaic c an ^ 

extracted.. The summation is over the overlapping reflections, m; is the multiplicity of the i* 
reflection,, yt is a texture correction multiplier and s an overall scale factor. The cost function 
R(X)R(X) (Chernyshev and Schenk, 1998) used to assess the correctness of the calculated structures is 

definedd as R(x)=Y\Xoh,(j)-s'xaüC{jVlL Xot,U)' An advantage of the R(X) is that the 
jj  J 

overlappingg reflections can be included in a natural way in the calculation of the cost function. 
Texturee can be taken into account during calculation if the direction of preferred orientation is 
knownn or by applying the spherical harmonics method in which the predefinition of the 
orientationn of the preferred orientation is not necessary. 
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Quitee often in case of flexible molecules, the computational time required makes the 
methodd less efficient. However, in some GS problems it is possible to split the total set of 
variabless in smaller sets, each next set having a smaller (expected) influence on the cost function. 
Byy carrying out sequential sub-searches for each set it is not necessary to consider all variables 
simultaneouslyy and unnecessary calculations can be avoided (Dova et al, 2001). 

2.7.2.. Geneti c Algorith m 

Ass a part of the program suite MRIA, a version of the GA method has been developed at 
thee Laboratory of Crystallography (University of Amsterdam, The Netherlands) (Driessen, 
unpublished). . 

Thee program is able to handle four independent structural fragments. The parameter space 
includess the translational (in fractional coordinates), rotational as well as torsion angle 
parameters,, Optionally, the parameter space can be limited automatically to a smaller one (by 
0.37)) around a current best solution. The cost function R(X) used is the same as for Grid Search 
inn MRIA. 

Thee mutation rate (the probability that a structure will mutate) is adapted automatically 
duringg the calculations in the range [0.0005, 0.25] in order to get a population with a higher or 
lowerr diversity and its default starting value is 0.005. The crossover rate (default 0.95) is the 
probabilityy that two structures will crossover. A number of the best solution is kept (default 10 
structures)) in every new generation. Several GA tests showed that multiple cycles with a small 
populationn (150-250) and few generations (200 -300) is to be preferred over a single cycle with 
aa larger population and many generations (with respect to both calculation time and 
effectiveness). . 

Parallell  Genetic Algorithm (pGA) is a variation of the method described above, in which 
severall  GA cycles are processed in parallel, examining a smaller parameter space (box). A box is 
createdd around the solution of a cycle (typical sizes are 1.5 A, 10° and 30° for translational, 
rotationall  and torsion parameters respectively) and its size is dynamically varied in order to 
searchh a smaller or larger area. The pGA allows the search within five boxes in parallel, in 
additionn to the search in the user defined parameter space. 

2.7.3.. Paralle l Temperin g 

Parallell  tempering as incorporated in Powder Solve (Engel et al, 1999) of the Materials 
Studioo package (Accelrys, 2001) has been used for the structure solution of several structures in 
thiss work. In general, the default values of the parameters guiding the algorithm have been used 
andd an overview is given below. 

Thee highest temperature is calculated automatically. The program calculates the standard 
variationn of the Rwp factor using a random sequence of trial structures. The highest temperature is 
sett to 1.5 the value of the standard variation. Typically, the highest temperatures are in the order 
off  0.02, corresponding to acceptance ratios larger than 0.8. The lowest temperature is calculated 
automaticallyy and is set to 0.2 times the highest temperature. 
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Thee step width is the average variation of the value of a degree of freedom during a single 
Montee Carlo step (not to be confused with the fixed step width in the exhaustive Grid Search 
procedure).. Step widths are random and have values in the range 0 to 1 and for translational 
degreess of freedom they are measured in fractions of a lattice vector, for rotational and torsional 
degreess of freedom they are fractions of 360 degrees. By default, the program adapts the step 
widthh automatically, such that the acceptance ratio is approximately 0.5. 

Duringg a Powder Solve run, suitable trial structures are selected and subjected to a local 
Rietveldd minimization, which ensures that the local minimum is found accurately. 

Thee program also allows searching for preferred orientation of crystallites in a powder 
samplee using simulated annealing. The direction of the preferred orientation vector and the 
valuess of the preferred orientation parameters (the preferred orientation degrees of freedom) can 
bee varied in addition to the structural degrees of freedom. 

References s 

Accelryss (2001). Materials Studio. Accelrys Inc., 6985 Scranton Road, San Diego, CA 92121-3752, USA 

Allen,, M.P. and Tildesley, DJ. (1987). Computer simulations of liquids. Oxford University Press, Oxford, UK. 

Altomare,, A., Burla, M.C., Cascarano, G., Guagliardi, A., Moliterni, A.G.G. and Polidori, G. (1995). J.Appl. Cryst. 
28,, 842-846 

Altomare,, A„  Cascarano, G., Giacovazzo, C, Guagliardi, A., Burla, M.C., Polidori, G. and Camalli, M. (1994). J. 
ApplAppl Cryst. 27,435-436 

Altomare,, A., Giacovazzo, C, Guagliardi, A., Moliterni, A. G. G. (1998). Mat. Science Forum, 278-281 (Pt. 1, 
Proceedingss of the Fifth European Powder Diffraction Conference, 1997), 289-293 

Andreev,, Y.G. and Bruce, P.G. (1998). Mat. Science Forum, 278-281, 14-19 

Andreev,, Y.G., Lightfoot, P. and Bruce, P.G. (1997). J. Appl. Cryst. 30,294-305 

Beevers,, C. A. and Schwartz. C. M. (1935). Z. Kristallogr. 91, 157-

Boultif,, A. and Louer, D. (1991). J. Appl. Cryst. 24, 987-993 

Bricogne,, G. (1984). Acta Cryst. A40,410-445 

Britten,, P.L. and Collins, D.M. (1982). Acta Cryst. A38, 129-132 

Brodski,, V., Peschar, R, Schenk, H. (2003). J. Appl Cryst. 36,239-243 

Buck,, B. and Macaulay, V.A. (1992). Eds. Maximum entropy in action, Oxford University Press, Oxford, UK 

Burla,, M.C., Carrozzini, B., Cascarano, G.L., Giacovazzo, C, Polidori, G. (2002). In Abstracts of the XIXCongress 
andand General Assembly of the International union of crystallography. Part 1, 79. Geneva, Switzerland. 

Cartwright,, H.M. (1993). Applications of artificial intelligence in chemistry, Oxford University Press, Oxford, UK. 

Cascarano,, G., Favia, L. and Giacovazzo, C. (1992). J. Appl. Cryst. 25,310-317 

Chernyshev,, V.V. and Schenk, H. (1998). Z. Kristall. 213, 1-3 

Clegg,, W., Blake, A. J., Gould, R. O. and Main, P. (2001). "Crystal structure analysis. Principles and Practice". 
IUCrr Texts on Crystallography 6. Ed. W. Clegg. Oxford University Press, New York, USA 

Csoka,, T., David, W.I.F. and Shankland, K. (1998). Mat. Science Forum 278-281, 294-299 

David,, W.I.F., Shankland, K. and Shankland, N. (1998). Chem. Commun. 931-932 

Deem,, M.W. and Newsam, J.M. (1989). Nature 342,260-262 

Dova,, E., Stassen, A. F., Driessen, R. A. J., Sonneveld, E., Goubitz, K., Peschar, R., Haasnoot, J. G., Reedijk, J. and 
Schenk,, H. (2001). Acta Cryst. B57, 531-538 

21 1 



Engel,, G.E., Wilke, S., König, O., Harris, K.D.M, and Leuse, F.JJ. (1999). J. Appl. Cryst. 32, 1169-1179 

Falcioni,, M and Deern, M. W. (1999). J. Chem. Phys. 110, 1754-1766 

Giacovazzo,, C, Monaco, H. L., Artioli , G., Viterbo, D., Ferraris, G., Gilli , G., Zanotti, G. and Catti, M. (2002). 
"Fundamentals"Fundamentals of Crystallography" Second Edition. IUCr Texts on Crystallography 7. Ed. C. Giacovazzo. 
Oxfordd University Press, New York, USA 

Gilmore,, C.J. (1996). Acta Cryst. A52, 561-589 

Gilmore,, C.J. and Nicholson, W. (1994). Trans. Amer. Cryst. Association, 30, 15-27. 

Goldberg,, D.E. (1989). Genetic algorithms in search, optimization and machine learning, Addison-Wesley, 
Reading,, Mass., USA. 

Gull,, S.F. and Daniel, GJ. (1978). Nature 272,686. 

Harris,, K.D.M., Johnston, R.L. and Kariuki, B.M. (1998b). Acta Cryst. A54, 632-645 

Harris,, K.D.M., Johnston, R.L., Kariuki, B.M. and Tremayne, M. (1998a). J. Chem Res. 390-391 

Harris,, K.D.M., Tremayne, M. and Kariuki, B.M. (2001). Angew. Chem. Int. Ed. 40, 1626-1651. 

Harris,, K.D.M., Tremayne, M., Lightfoot, P. and Bruce, P.G.J. (1994). J.Am. Chem.Soc. 116, 3543-3547 

Hollandd J. (1975). Adaptation in natural and artificial systems, University of Michigan Press, Ann Harbor MI, 
USA A 

Jansen,, J., Peschar, R. and Schenk, H. (1992a). J. Appl. Cryst. 25, 231-236. 

Jansen,, J., Peschar, R. and Schenk, H. (1992b). J. Appl. Cryst. 25, 237-243 

Jansen,, J., Peschar, R. and Schenk, H. (1993). Z. Kristall. 206, 33-43 

Kariuki,, B.M., Calcagno, P., Harris, K.D.M. Philp, D. and Johnston, R.L. (1999). Angew. Chem. Int. Ed. 38, 831-
835 5 

Kariuki,, B.M., Serrano-Gonzalez, H., Johnston, R.L. and Harris, K.D.M. (1997). Chem. Phys. Lett. 280, 189-195 

Lanning,, O.J., Habershon, S., Harris, K.D.M., Johnston, R.L. and Kariuki, B.M,, Tedesco, E. and Turner, G.W. 
(2000).. Chem. Phys. Lett. 317, 296-303 

Lee Bail, A., Duray, H. and Fourquet, J.L. (1988). Mat. Res. Bull. 23,447-452 

Lipson,, H. and Cochran, W. (1953). "The determination of crystal structures". The crystalline state-Vol. III . Ed. Sir 
L.. Bragg. G. Bell and Sons Ltd, London, UK 

Livesey,, A.K. and Skilling, J. (1985). Acta Cryst. A41, 113-122 

Masciocchi,, N., Bianchi, R., Cairati, P., Mezza, G., Pilati, T. and Sironi, A. (1994). J. Appl. Cryst. 27,426-429 

Metropolis,, N., Rosenbluth, A.W., Rosenbluth, M.N., Teller, A.H. and Teller, E. (1953). J. Chem. Phys. 21, 
1087-1092 2 

Narayan,, R., Nityananda, R. (1982). Acta Cryst. A38, 122-128 

Newsam,, J.M., Deem, M.W. and Freeman, CM. (1992). Accuracy in powder diffraction II. NIST special 
publicationn 846, 80-91 

Patterson,, A.L. (1934). Phys. Rev. 46, 372-376 

Pawley,, G.S. (1981). J. Appl. Cryst. 14, 357-361 

Piro,, O. E. (1983). Acta Cryst. A39, 61-68 

Rius,, J. and Miravitlles, C. (1987). J. Appl. Cryst. 20, 261-264 

Robertson,, J. M. (1933). Proc. Roy. Soc. A 141, 594-602 

Rodriguez-Carvajal,, J. (1990). Collected Abstracts of Powder Diffraction Meeting; Toulouse, France, 127 

Sakata,, M., Mori, R., Kumazawa, S., Takata, M. and Toraya, H. (1990). J. Appl. Cryst. 23, 526-534 

Schenk,Schenk, H. (1991). "Direct methods of Solving Crystal Structures", NATO ASI Series, Series B:Physics Vol. 274. 
Plenumm Press, New York , USA 

Shankland,, K., David, W.I.F. and Csoka, T. (1997). Z. Kristall. 212, 550-552 

22 2 



Shankland,, K., David, W.I.F., Csoka, T. and McBride, L. (1998). Int J. Pharm. 165, 117-126 

Shirley,, R. (2001). http://www.ccpl4.ac.uk/ 

Taylor,, W. H. and Jackson,W. W. (1928). Proc. Roy. Soc. A 119, 132-146 

Tedesco,, E., Turner, G.W., Harris, K.D.M., Johnston, R.L. and Kariuki, B.M. (2000). Angew. Chem. Int. Ed 39. 
4488-4491 1 

Toraya,, H. (1986). J. Appl. Cryst. 19,440-447 

Turner,, G.W., Tedesco, E., Harris, K.D.M., Johnston, R.L. and Kariuki, B.M. (2000). Chem. Phys. Lett. 321, 183-
190 0 

Vann Laarhoven, P.J.M, and Aarts, E.H.L.(1987). Simulated Annealing: Theory and Applications, D. Riedel 
Publishing,, Dordrecht, The Netherlands, 1987. 

Visser,, J.W. (1969). J. Appl. Cryst. 2, 89-95 

Werner,, P.E., Eriksson, L. and Westdahl, M. (1985). J. Appl. Cryst. 18, 367-370. 

Wilkins,, S.W., Varghese, J.N. and Lehman, M.S. (1983). Acta Cryst. A39,47-60 

Zlokazov,, V.B. and Chernyshev, V.V. (1992). J. Appl. Cryst. 25, 447-451 

23 3 

http://www.ccpl4.ac.uk/


24 4 



Chapterr  3 

Rietveldd Refinement 

3.1.. Introductio n 

Thee determination of a structure is completed when the structure is successfully refined. 
Thee most widely used manner of refinement in powder diffraction is the Rietveld Refinement 
(RR)) (Rietveld, 1969), first introduced for powder neutron diffraction data but later adapted for 
X-rayy diffraction data (Malmros & Thomas, 1977; Young et al, 1977). In this method the 
powderr diffraction pattern is used as it is and no effort is made to separate overlapping 
reflectionss and to assign an observed intensity to each Bragg reflection. A reasonably good 
startingg structural model is necessary, as RR is not a solution method. In RR a least-squares 
refinementt is carried out until the best fit  is obtained between the entire observed powder 
diffractionn pattern and the entire calculated pattern based on parameters describing the crystal 
structure,, diffraction optics effects, instrumental factors and other specimen characteristics. The 
quantityy commonly minimized in the least-squares RR is the residual Sy. 

wheree yoi is die observed intensity at the /th data point, \vt =l/yoi is the weight assigned to each 
observedd intensity, ycl is the calculated intensity at the /*  data point and the summation is over all 
dataa points. 

AA powder diffraction pattern of a crystalline material can be considered as a superposition 
off  individual reflection profiles, each of which has a peak height maximum, a peak position and 
aa width. The contribution of a reflection to the powder diffraction pattern decays gradually with 
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distancee from its peak height maximum while the total integrated peak area is proportional to the 
Braggg intensity /// plus background. The intensities, proportional to the square of the absolute 
valuee of the structure factor (\FH\2), depend on the atomic positions but also on other specimen-
relatedd parameters such as absorption, extinction and preferred orientation. The peak shape is a 
convolutionn of several sample and instrumental effects such as geometry of the X-ray source, 
displacementt of a flat specimen from the focusing circle, axial divergence of the X-ray beam, 
specimenn transparency, effects of receiving slits and misalignment of the diffractometer (Klug & 
Alexander,, 1974). 

Inn general, at any point i of an experimental powder pattern, several Bragg reflections 
contributee to the intensity yoi. The calculated intensities yci are determined by summing the 
calculatedd \FH\2contributions from the neighbouring Bragg reflections plus the background. 

yyaa =^LHmH\FH\2^(2ei -29H)PHYHAH+yh, (3.2) 

wheree s is the scale factor, H denotes the Miller indices hkl of a Bragg reflection, LH the Lorentz-

polarizationn factor, mn the multiplicity of the //*  reflection, ^ is the reflection profile function, 

22 6H 'is the calculated Bragg angle, 26t is the angle at the Ith point in the pattern, PH is the 

preferredd orientation function, YH is the extinction correction function, An is the absorption 

factor,, FH is the structure factor for the i/*1 Bragg reflection and yti is the background intensity. 

Thee background is due to several factors such as fluorescence of the sample, amorphous phases 

inn the sample, sample holder, the scattering of X-rays by air etc. It is quite common to model the 

backgroundd using polynomials (e.g. in 20) of which the coefficients are variables in the 

refinement. . 

Thee least-squares parameters can be divided into two groups. The first group of specimen-
relatedd parameters consists of background and profile parameters, the latter including the 
positions,, the halfwidths and the possible asymmetry of the diffraction peaks, specimen 
displacementt and transparency parameters, crystallite size and microstrain and preferred 
orientation.. The second group of structural parameters consists of the unit cell parameters and 
thee parameters describing the crystal structure model (atomic coordinates, atomic displacement 
parameters,, occupation factors). 

Thee least-squares minimization procedure leads to a set of normal equations involving 
derivativess of all the calculated intensities yci with respect to each refinable parameter. Because 
thiss problem is not linear in the parameters, approximate values for all parameters are required in 
thee first refinement cycle. These are refined in subsequent refinement cycles until a certain 
convergencee criterion has been met. 

3.2.. Profile Shape Functions 

Thee profile shape function describes the effects of both instrumental features (including 
reflectionn profile asymmetry) and specimen features (transparency, displacement, crystallite size, 
microstrain).. The relatively large number of parameters, the correlation between them and the 
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smalll  contribution of some of the sources to the profile shape, makes an analytical description 
veryy difficult. In addition, the contributions of the sources vary with instrumental configuration 
andd with the specimen. 

Thee analytical reflection profile functions available for use vary from simple Gaussian, 
Lorentziann and pseudo-Voigt (combination of the first two) functions til l complicated variations 
off  the above (Pearson VII , Finger-Cox-Jephcoat modified pseudo-Voigt, split-type pseudo-
Voigt,, Tomandl etc). All profile shape functions are functions of the line position 26H and the 
Full-Width-at-Half-Maximumm (FWHMor HH) (Table 3.1). 

HuHu is commonly expressed a function of the diffraction angle as shown in the equation 3.3 
(Cagliottii  et al, 1958). 

HHHH
22 =Utan20H+Vten0H+W (3.3) 

withh U, V, W being refinable parameters. For a specific sample their values depend on the 
instrumentall  configuration and the choice of profile shape function. This expression, however, 
doess not incorporate peak broadening due to sample characteristics such as the crystallite size. It 
iss possible to use a modified profile shape function to accommodate crystallite-size broadening. 
Withh respect to the structure determinations carried out in this thesis, modified expressions of HH 
havee been used as incorporated in the programs GSAS (Larson & Von Dreele, 1994) and MRIA 
(Chernyshevv & Schenk, 1998) (see Chapter 4). 

TABLEE 3.1 Analytical profile shape functions. 

<)>{x)<)>{x)  = exp[- 4 In 2(x)2 J Gaussian (G) 

<fi( <fi( x)x) = ̂ - [  + 4(-j2-l)(x)2Y Lorentzian (L) 
***H ***H 

ftx)ftx) = T]L + {\- TJ)G Pseudo-Voigt (P-V) 

== 2V^r(2 1/--l ) r  Vm _ 2 Y 
rr ' ;rT(m-0.5)#„l J v ' 

<K<K XX)) = l[L(x)-asxL2 (aLx)\+ (1 - rj)[G(x) - as(x + x0 )G(aa (x + *„)) ] Tomandl 

<p(x)<p(x) is the profile shape function at the / point in pattern 
x=(28x=(28rr2dH)/H2dH)/HH H 

2d2dHH Bragg angle 
asas is the asymmetry factor with 0<|as|<0.5 
^ = 0 .66 00=0.85*0=0.7 
TI=NA+NBX26,TI=NA+NBX26, NA and NB refinable parameters 

Thee fitting of an X-ray powder diffraction pattern is difficult due to the strong asymmetry 
off  the peak profile and the angular dependence of their shapes. Both the pure Gaussian and the 
puree Lorentzian profile shape functions usually do not fit  adequately the diffraction lines. The 
Pearsonn VII function approximates the convolution of a Lorentzian and a Gaussian function (i.e. 
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aa Voigt function), the contribution of each being determined by the factor m. For m = 1, 1.5, 2, 
100 a Pearson VII becomes a basic, intermediate, modified Lorentzian and Gaussian respectively 
(Bishh and Post, 1989). Another option to model asymmetric peaks is to use a split profile 
functionn e.g. a split Pearson VII . 

Thee profile shape function used in the Rietveld refinements carried out with GSAS was a 
variationn on the pseudo-Voigt function (type number 3 in GSAS) that corrects for asymmetry 
duee to axial divergence as described by Finger, Cox and Jephcoat (1994). In this function the 
mixingg parameter r\ of the pseudo-Voigt function is a function of a modified expression of the 
FWHMFWHM incorporating a Gaussian broadening coefficient and a coefficient that describes an 
additionall  type of particle size broadening with Lorenztian character. 

Inn Rietveld refinements carried out with MRIA, a split-type pseudo-Voigt function 
(Toraya,, 1986) was used in several cases and a modified pseudo-Voigt function suggested by 
Tomandll  (Young, 1993, p. 117) in some others. Both profile functions accommodate to some 
extentt peak profile asymmetry. 

3.3.. Preferred orientation correction 

Preferredd orientation (or texture) arises when the crystallites in a specimen show a strong 
tendencyy to be oriented in certain directions. As a result, the diffracted intensities related to the 
preferentiallyy oriented directions become enhanced, thus leading to systematic deviations. The 
systematicc increase or decrease of the reflection intensities can be modelled mathematically with 
preferredd orientation functions. In this work, in order to correct for the texture, the spherical 
harmonicss expansion method has been used as available in MRIA and GSAS and the March-
Dollasee method as implemented in Materials Studio. A description of the methods follows which 
intendss to be informative rather than exhaustive. 

Spherical-harmonicsSpherical-harmonics expansion method: The preferred orientation of crystallites in a 
polycrystallinee sample can be described by its orientation-distribution function (ODF), which is 
aa mapping of the probability occurrence of each of the possible crystallite orientations with 
respectt to the sample coordinates (Roe and Krigbaum, 1964). The preferred orientation effects 
cann be modelled by expanding the ODF of the crystallites in spherical harmonics. The harmonics 
aree chosen according to the Laue class and the coefficients are the parameters being refined. 

Inn a special case of the spherical-harmonic model (symmetrized harmonics expansion), 
developedd by Ahtee et al (1989) and Jarvinen (1993), it is assumed that the ODF of the sample is 
axiallyy symmetric, as may be realized for example by spinning of the sample. In the program 
MRIAA the texture correction is implemented according to this principle. Von Dreele (1997) has 
implementedd in the program GSAS the generalized spherical harmonics description of texture. 

Whenn a sample is spinning during the measurement, the rotation axis becomes the polar 
axiss and every crystallite has a specific direction in relation to it defined by the spherical 
coordinatess 6 and (p. If dV is the total volume of the crystallites whose polar axes fall in a solid-
anglee element dQ in a direction (8, (p), the polar-axis density W(6,(p) is given by the equation 

W(0,<p)W(0,<p) = (dV/Vo)/(dQ/47r) (3.4) 
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wheree V0 is the total volume of the illuminated crystallites. The polar-axis density is a 
characteristicc quantity of the orientation distribution of the grains in the sample. It can be 
representedd as a density map on the surface of the unit sphere. In an ideal sample the orientation 
distributionn is uniform, thus Wuk=\. 

Iff  a is the angle between the polar axis and the scattering vector, die integrated intensity 
lobslobs measured for a reflection hkl will be proportional to the average value of the polar-axis 
densityy along the circle O on the unit sphere, which is intercepted by a cone with apex angle 2a, 

C=W(hkl,a)I%C=W(hkl,a)I% (3.5) 

wheree 7*£is the intensity in absence of texture. The average polar-axis density W(hkl,a) can be 

expressedd in Legendre polynomials Pjfcosa) and a set of symmetrized harmonics Y\m, 

W(hkl,a)W(hkl,a) = £ct aIU0w ,?*,)/ï(cosflO (3-6) 
lm lm 

withh Coo=l, Cim the refinable parameters and (dhu, <phki) the spherical coordinates of the normal to 
thee plane (hid). 

Thee texture correction as applied in GSAS is described below. The factor that describes the 
changess in intensity due to texture is given by Von Dreele (1997). 

LL Air ' ' 

A(Ky)A(Ky) = I + £ - ^ - I £<T*,"(WO0 (3.7) 

wheree the two harmonic terms kim(h) and k"(y) take values according to the crystal and sample 
symmetryy respectively. In the case of cylindrical sample symmetry (all cases in this work) only 
kt°(y)kt°(y) terms are nonzero and only the set of C/"° parameters is used. L is the maximum order of 
thee spherical harmonics used and its value depends on the complexity of the texture and the 
qualityy of the data. In general one should try to have an order as low as possible. The crystal 
reflectionn coordinates {(p,p) in k/m(h) are determined by the choice of reflection index (hkl) while 
thee sample coordinates (y,y) in k"(y) are determined by the sample orientation on the 
diffractometer.. Then, equation 3.7 becomes 

' A i rr ' ' 

A(<p,p,A(<p,p,¥¥,y),y) = \ + ̂ -—YT,crK^PW(¥,r) (3-8) 
/=22 "  + l m=-!n=-l 
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Thee harmonic terms kim(<p, fi) and k"(y/, y) can be expanded in Legendre polynomials as 
pointedd out by Bunge (Bunge, 1982; Von Dreele, 1997). The harmonic coefficients C{"n are the 
refinablee parameters in the least-squares refinement. 

Thee magnitude of the texture can be evaluated from the texture index by 

J'iJ'i  + tfrzttlTf  (3-9) 

Inn absence of texture J = 1, otherwise J > 1; for a single crystal J= oo. Until now, there are 
noo generally accepted rules established about the value of J. In the GSAS tutorial pages in 
http://www.ccpl4.ac.uk/,, there is reference to a comment of Scott Belmonte stating that a texture 
indexx of 3 indicates strong texture while higher values could be an indication of overfitting. It 
hass been suggested (Von Dreele, 1997) that the number of spherical harmonic parameters used 
forr texture correction should be kept as low as possible, as the use of too many parameters may 
resultt in fitting other phenomena as well (e.g. atomic displacements). In practice, though, it is 
veryy difficult to judge whether other effects have been incorporated into the texture correction. 

March-DollaseMarch-Dollase method: Dollase (1986) proposed a single pole-density profile based on 
functionss used by March (1932). Preferred orientation results usually from processes such as 
compaction,, settling or deformation acting on non-isotropic crystallite shapes. Dollase (1986) 
definedd as the preferred orientation plane (HKL) the prominent planar surface for platy 
crystallitess and the plane normal to the prominent elongation axis for rod-shaped crystallites. If a 
diffractionn plane hkl(= H) makes an angle a with (HKL) the March-Dollase pole-density profile 
iss given by 

PPHH =(r2cos2a + ( l / r)sin2ar3 /2 (3.10) 

withh r characterizing the strength of the preferred orientation and giving the effective sample 
compressionn or extension along the cylinder axis due to preferred orientation. For platy 
crystallitess r = d/do while for rod-shaped crystallites r = AJd, with d0 the thickness of a 
hypotheticall  sample that does not exhibit preferred orientation and d the sample thickness after 
axiall  extension or compression. If there is no preferred orientation r = 1. In Materials Studio, the 
valuess of the normal to the preferred orientation plane are expressed in fractions of the reciprocal 
latticee vectors a , b , and c . 

3.4.. Criteri a of fit 

Thee purpose of the Rietveld refinement process is to obtain the set of parameters that 
minimizess the least-squares difference between the calculated and measured profiles. A number 
off  criteria-of-fit (listed in Table 3.2) have been developed to help one judge how well the 
refinementt proceeds and to assess the quality of the final fit. 
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TABLEE 3.2. Criteria of fit  in Rietveld refinement 

R-pattern n 

R-weightedd pattern 

Goodness-of-Fitt (GOF) 

thee subscript i denotes all points in the pattern range undergoing refinement. 
w;; = l/yoi 

NN = the number of observations 
PP = the number of refined parameters 
CC = number of constraints applied 

Fromm a mathematical point of view, Rwp is the most meaningful indicator of a calculated-
to-observedd pattern fit because the numerator is the residual minimized during the refinement 
(Young,, 1993). The effect of weighting is to reduce the contributions of the errors due to the 
misfitt at the tops of the peaks. In contrast, the contribution of the misfit in the regions near the 
tailss will be significant. As a result, discrepancies will be observed mainly at the peak profile 
maximaa while the agreement will be better at the tails. 

Thee effectiveness of the derivative-based algorithm in the RR is affected by factors such as 
thee quality of the initial estimates of the parameters, the degree of correlation between the 
parameterss and the number of parameters undergoing refinement. For example, both an increase 
off  the number of parameters and a parameter correlation increase the number of cycles required 
forr convergence and reduce the ability of the algorithm to determine the optimum parameter 
valuess (Young, 1993). 

Althoughh numerical criteria are useful, they should be considered as indicators of the 
progresss of the refinement and not be interpreted in absolute sense. The difference plot and the 
refinedd structural model should be judged critically in order to assure the correctness of the 
refinementt procedure (Mc Cusker et al, 1999). Visual inspection of the difference pattern can be 
veryy informative and may reveal various kinds of misfits, such as inadequately calculated profile 
tails,, an inappropriate background or incorrect lattice parameters. A check of the structural 
modell  is essential, especially in case of organic fragments (with a specific geometry), as a highly 
distortedd model might be hidden behind a very satisfactory R-value. Moreover, R-values can be 
misleadinglyy small in case of a high background. 

3.5.. Restraints and constraints in Rietveld Refinement 

Thee loss of information because of the collapse of the three-dimensional single-crystal data 
too an one-dimensional powder diffraction pattern is the main reason of the poor ratio 
observation/variables,, which in turn hinders the efficiency of a refinement. A way to 

nn £ J | / I I I  sic 

KKPP = 

zz22 = 
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compensatee for this loss is to introduce additional stereochemical information e.g. by inclusion 
off  interatomic distances and angles (Waser, 1963; Baerlocher, 1982). The additional 
observationss can be included as hard constraints or restraints (soft constraints). Constraints are 
imposedd rigorously so that the relationship specified must be fulfilled exactly. Restraints are 
relationshipss that are imposed approximately, with the degree of approximation being given by a 
finitee weight, so allowing for deviations from the prescribed values. The use of restraints 
increasess the number of the observations (so improves the observation/variables ratio) thereby 
allowingg more parameters to be refined and keeping the geometry of the structural model 
sensible. . 

Thee function of restraints or pseudo-observations to be minimized can be written as 

S*=I>nfe,-*t,(*)) 22 (3-11) 

withh Ro an expected value (e.g. distance, angle or any other stereochemical quantity), Rc(x) the 
valuee calculated from the atomic positions or other structural variables and w the inverse of the 
variancee of the pseudo-observation. The whole minimization function can be written as 

SSyRyR=S=Syy+c„S+c„S RR (3.12) 

withh cw a common weight factor which can be used to vary the contribution of the restraints in 
thee refinement progress. The larger the cw the more dominant the restraints in the result will be. 
cww should be decreased as the refinement progresses and ideally be removed at the end. 

Inn MRIA, only distance restraints can be applied. Angle and planar restraints are expressed 
ass distance requirements when restraining more distances additional to the bond distances 
(Waser,, 1963). The cw factor in (3.12) is given by 

cu,=10V<w,>> (3.13) 

withh Sb a user defined constant and <Wj> the average experimental weight (wj=l/yi) . 

Inn GSAS it is possible to use constraints and restraints. A set of the expected values of 
stereochemicall  restraints with a standard deviation each can be supplied and used as a set of 
observations.. In this work, bond distance, bond angle and planar restraints have been applied in 
thee refinements. In this case the minimization function can be expressed by 

SSRR = /,2>,«, -dj + ƒ,!>>„, -aJ +fp^X-pct? (3.14) 
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withh Wj=l/(Ti2 the individual weight of the restraint and a*  a standard deviation set by the user. 
Thee weight factors fa, U, fp, are used to increase or decrease the effect of each restraint 
componentt on the minimization function. The planar group restraint is computed by determining 
thee distance of each atom to the best plane through a group of atoms. 

3.6.. Estimates of precision in Rietveld Refinement 

Thee refinement can be stopped when several convergence criteria are met. The most 
commonlyy used criterion (Young, 1993) is based on the estimated standard deviations (e.s.d.) 
calculatedd as oj in the fh parameter, which can be derived from the errors associated with the 
measuredd intensity values. 

Mpkv,(yMpkv,(yoioi-yj] -yj] 
N-PN-P + C 

(3.15) ) 

wheree Mjf 1 is the corresponding diagonal element in the inverted normal equation matrix, N is 
thee number of observations, P the number of parameters adjusted and C the number of 
constraintss applied. Convergence is achieved when all the parameter shifts Axt calculated in a 
givenn cycle satisfy the condition \Axt\ < aah where a is a user-defined value (-0.3 according to 
Young,, 1993). 

Thee e.s.d.'s are not the experimental errors but, as formulated by Young (1993, p. 26), 
minimumminimum probable possible errors arising from random errors (counting statistics) alone. 
However,, as noted by Langford and Louër (1996), systematic errors arising e.g. from inadequate 
modellingg of preferred orientation, description of line profiles etc can introduce a bias in the 
calculationn of e.s.d.'s and the precision and accuracy of the parameter estimates cannot be 
assessedd validly by statistical methods. 

Thee estimates of precision obtained from profile-fitting algorithms should be regarded only 
ass estimates of how well the values of the parameters could be determined for a particular set of 
dataa and not as an indication of how close the parameter values are to the true values, that is to 
say,, e.s.d.'s are measures of precision and not of accuracy. The true errors and the accuracy of 
thee Rietveld refinement results are best assessed by comparison to single-crystal results for the 
samee material. 
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Chapterr  4 

Temperature-dependentt  synchrotron X-ray powder-diffraction 

studiess of [Fe(teeX)6]A2 spin-crossover  complexes 
partsparts of this chapter have been published in Acta Cryst. B57 (2001), 531- 538, others have been submitted for 

publication publication 

4.1.. Introductio n on spin transition 

Inn this chapter, structural studies at various temperatures of five spin-transition complexes 
off  the form [Fe(teeX)6]A2 (teeX = halo-ethyltetrazole, X = c for CI, i for I, b for Br, f for F, 
A=BF4""  or CIO4") are reported. All structures have been determined using X-ray 
powder-diffractionn data with various direct-space methods. Data have been collected with 
Guinierr camera and at synchrotron radiation facilities, namely the European Synchrotron 
Radiationn Facility (ESRF) in Grenoble (France) and the SPring8 of the Japan Synchrotron 
Radiationn Research Institute (JASRI) in Nishi-Harima, Hyogo (Japan). The temperature-
dependentt data have been collected at the latter. 

Spinn transition (or spin crossover) is the phenomenon that external influences (temperature, 
lightt or pressure) can change the spin state of an atom, thereby changing the total magnetic 
momentt of the compound. In this work, only the influence of temperature has been investigated, 
thee so-called thermal spin transition. This temperature-dependent change is observed in a number 
off  coordination compounds of first-row transition metals with electronic configuration in the 
rangee 3d4 to 3d7. The conditions for each metal to exhibit a spin transition vary and are 
dependentt on the metal studied. Most of the studies on spin crossover concentrate on iron(II) 
(3d6),, (Haasnoot, 2000; Gütlich & Hauser, 1990; Goodwin, 1976; Hauser, 1991a-b), iron(III) 
(3d5)) (Simaan et al, 2000; Sour et al., 1999) and cobalt (II) (3d7) (Zarembowitch, 1992; 
Zarembowitchh & Kahn, 1984; Stoufer et al., 1966). 
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4.1.1.. Thermal spin transition in Fe(ll) complexes 

AA splitting of the five 3d6-orbitals occurs when Fe(II) is in an octahedral ligand field. The 
dx*.y**  and dZ' orbitals are raised to a higher energy level eg, while the dxv, dxz and dyz are lowered 
too t2g. An energy gap, defined as A, separates the two degenerated levels. In this orbital 
configuration,, two different electronic distributions are possible (see Fig. 4.1.1). 

A A 

A A A A 

—— t2B — j - h i r ^ 
Highh spin, S = 2 Low spin, S = 0 

FIGUREE 4.1.1. The two different electron distributions in 3d6 species. 

Whenn the ligands exert only a weak influence on the d electrons of the central atom, the 
energyy difference A will be smaller than the spin-pairing energy and the electrons will be 
distributedd according to Hund's rule. The electrons will fill  all orbitals with the remaining 
electronn anti-parallel in the lowest energy level, following the Pauli principle (Atkins, 1990). 
Thiss results in an effective spin of four electrons, S = 2, called a high-spin state (HS, 5T2). When 
thee ligands exert a stronger influence, the energy difference A will increase. Above a critical 
ligand-fieldd strength, the energy gap between the low- and high-energy orbitals becomes so large 
thatt a lower overall energy is obtained when all six d-electrons are in the three lower-energy 
orbitals.. In this spin state, known as the low-spin state (LS, !A|), no unpaired electrons are 
present,, thus the total spin S = 0. 

Inn some complexes, the energy difference between the LS and HS states is so small that the 
HSS state can be stabilized by thermal energy. This phenomenon is reversible: a decrease of the 
thermall  energy (cooling) can stabilize the LS ground state again. In the LS state all electrons are 
inn non-bonding orbitals. In the HS state two of the electrons are in anti-bonding orbitals (dx^ 
andd dZ2). The d-d interactions are different for the same complex in the LS and in the HS state. 
Thiss difference can be accompanied by a change in colour, depending on the ligand. Usual 
colourr changes are from colourless in the HS state to purple or red in the LS state. 

Transitionn curves for diluted systems, such as spin-crossover complexes in solution or in 
dilutedd mixed crystals, are gradual, following the prediction of a Boltzmann distribution between 
thee two vibronic manifolds (Hauser et ai, 1999). In neat, non-diluted compounds, however, 
cooperativee interactions of elastic origin, due to the large differences in metal-ligand bond 
lengthss and differences in crystal volumes between the two states, generally result in much 
steeperr transition curves (within a few Kelvin) or thermal hysteresis. Thermal hysteresis is the 
phenomenonn that the change from low spin to high spin occurs at a higher temperature than the 
transitionn from high spin to low spin. Also incomplete transitions and stepped transitions have 
beenn reported and explained for by cooperative or structural effects (Wiehl, 1993; Garcia et al, 

~ ~ 
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1999).. Combinations of the different effects have also been observed, e.g. a two-step transition 
withh thermal hysteresis (Petrouleas & Touchagues, 1987). 

Inn the research field of magnetic phase transitions, correlations between interacting 
magneticc moments have been subject to many experimental and theoretical studies. Tn spin-
crossoverr compounds, the molecules, which can change their spin state, are the interacting 
centress (Spiering et al, 1999). A literature search reveals two main types of thermodynamical 
models,, one being based on the hypothesis of regular solutions and the other one on the idea of 
spin-domainn formation within the crystal lattice. The regular solution model was proposed in 
19722 by Slichter and Drickamer and developed further by, among others, Onishi and Sugano 
(1981)) and Spiering et al. (1982). According to this model, the origin of the intermolecular 
interactionss lies in the elasticity of the medium. A volume change of a few molecules uniformly 
distributedd over the crystal, by replacing atoms of different size or by the spin-state change of 
spin-crossoverr molecules, may give rise to lattice strain and this, in turn, to long-range 
interactions.. This may be interpreted as an internal pressure that increases linearly with the 
concentrationn of the LS species and affects all molecules in the crystal by the same strength 
(independentt of distances). Koppen et al (1982), Kohier et al. (1990) and Gütlich and Hauser 
(1990)) have interpreted the two-step spin transition of the [Fe(2-pic)3]Cl2EtOH (2-pic = 2-
picolylamine)) on the basis of the above idea. Romstedt et al (1998b) developed this idea further 
byy adding to the interactions an anisotropic contribution due to the differences in lattice shape 
(thee lattice changes anisotropically). According to the latter authors, these interactions act in such 
aa way that always the majority species is stabilized. The direct interaction, in particular with the 
nearestt neighbour, depends critically on the mutual orientation of the molecules. It may either 
justt reinforce the pressure-type contributions or it may counteract them by stabilizing HS-LS 
nearest-neighbourr pairs. According to Romstedt et al. (1998a-b), this is the physical origin of the 
two-stepp transition in [Fe(2-pic)3]Cl2.EtOH. 

Inn the other theoretical model, proposed by Sorai and Seki (1974), the LS and HS 
moleculess are not assumed to be distributed randomly but to form domains with the same spin. 
Onn the basis of heat capacity measurements, they suggested that in [Fe(phen)2(NCS)2] and 
[Fe(phen)2(NCSe)2]]  (phenyl, 10-phenanthroline) a cooperative spin transition takes place, 
throughh a significant coupling between the electronic state and the phonon system, and that the 
conversionn of the electronic-state occurs simultaneously in a group of molecules that form a 
'cooperative'' region. Bolvin and Kahn (1995) explored with Monte Carlo simulations the case 
thatt the HS and LS transition molecules are not randomly distributed within the lattice but form 
domainss of molecules with identical spin. They concluded that molecules with the same spin 
tendd to assemble themselves in clusters, a direct result of high cooperativity, and that these 
clusterss should be viewed in terms of a high probability and not of a static distribution. 

4.1.2.. Alkyltetrazol e complexe s and therma l spin transitio n 

Thermall  spin crossover in coordination compounds of 3d transition metals has been well 
knownn for many years. Spin-crossover compounds of the form [Fe(alkyltetrazole)6](X)2 (with X 
== BF4\ C104\ CF3SO3") were first described by Franke (Franke et al, 1982a-b). On the basis of 
magnetic-susceptibilityy measurements, he discovered that the 1-methyltetrazole (mtz) complexes 
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andd the 1-ethyltetrazole (etz) complexes have a large residual of high-spin Fe(II) ions at low 
temperature,, 50% for the mtz complexes and 33% for the etz complexes, while the 
propyltetrazolee (ptz) complexes did not show the presence of any HS residual. Mössbauer 
studiess and crystal-structure determination of the perchlorate and tetrafluoroborate complexes 
(Wiehl,, et al, 1993; Hinek et al, 1996a) provided an explanation for these differences. In both 
thee mtz and etz complexes the Fe is positioned at two different sites in the unit cell, nA and ne- In 
mtzz complexes nA : ne = 1 : 1 while in etz complexes the ratio is nA : ne = 2 : 1. Therefore, the 
HSS residue has been explained for by assuming that the Fe atoms at site no remain in the HS 
statee at all temperatures while those at site nA show a temperature-dependent spin transition. 

Moree specifically, [Fe(mtz)6]X2 (mtz = methyltetrazole, X=BF4~, CIO4") complexes show a 
thermall  spin crossover of 50% of the Fe(II) ions and have transition temperatures 7>, close to the 
boilingg point of liquid N2. The parameter T>/: is defined as the temperature in a thermally-driven 
spinn equilibrium at which the amount of HS and LS metal ions involved in spin transition is 
equal.. In the single-crystal structures of [Fe(mtz)6](C104)2 determined at 298 K and of 
[Fe(mtz)6](BF4)22 determined at 157 and 113 K (P2|/n, Z=4), two crystallographically 
inequivalentt sites were found, Fel and Fe2 positioned at inversion centres, and there was no hint 
off  a structural phase transition (Wiehl, 1993). The Fel-N distances were nearly equal for the 
threee inequivalent N atoms and at all three temperatures (on average 2.18 A at RT and 2.17 A at 
113K).. In the case of Fel, one Fel-N bond was contracted while the other two became elongated 
whenn lowering the temperature. The complex at site Fel had smaller ADP's (atomic 
displacementt parameters) than those at site Fe2, in line with the smaller vibrational amplitudes 
determinedd by Mössbauer spectroscopy, and also smaller distances to adjacent atoms. According 
too the author, the complex at site Fel experiences therefore a higher pressure from its 
surroundingss and has a greater tendency to reduce its volume by undergoing a spin transition to 
thee LS state. The mtz complex with X = CF3SO3" has been described in Giitlich and Poganiuch 
(1991).. Two different hysteresis loops have been observed, the first being a HS(1) **  HS(2) 
crystallographicc phase transition occurring completely between 195 and 175 K and the second a 
thermall  HS(2) <-> LS hysteresis of 16 K wide, between 158 and 174 K. On the basis of 
Mössbauerr spectroscopy and magnetic susceptibility measurements, Stassen et al (2001) have 
concludedd the latter hysteresis loop is actually 12 K wide. 

Thee complex [Fe(etz)ö](BF4)2 exhibits a thermal spin transition centred around 105 K, but 
onlyy 2/3 of the Fe(II) ions undergo this transition. No magnetic properties have been published 
off  the [Fe(etz)6](C104)2 complex. Both compounds crystallize in the space group PI , with Z = 
3.. Two of the Fe(II) are located in general positions close to the center of the cell and connected 
byy the central inversion centre and thus being symmetry equivalent. From this symmetry it seems 
obviouss that the symmetry related Fe(II) undergo the spin transition while the other remains in 
thee high-spin state (Hinek et al, 1996a). 

Thee [Fe(ptz)6](X)2 complexes differ from the mtz- and etz- complexes by possessing only 

onee lattice site for the Fe(II) atoms above the spin-transition temperature. For X = CIO4", BF4" the 

complexess crystallize in the space group R3 , with Z = 3. The spin transition in the BF4' complex 

exhibitss a thermal hysteresis with Tt = 131 K and T-l = 123.5 K. This transition is accompanied 

byy a displacive structural phase transition with the space group changing from R3 to PI (Jeftic 
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etet al, 1997). For X = PFÓ', the complex also shows a steep thermal spin transition of 100 %, but 
att much lower temperature (74 K), while no hysteresis effect has been observed. The space 
groupp is P\ with Z=\ (Nagai et al, 1998). In contrast to the tetrafluoroborate complex, this 
spinn transition is not accompanied by a crystallographic phase transition. 

4.1.3.. Light-Induce d Excite d Spin State Trappin g (LIESST) 

Decurtinss et al. (1984, 1985) discovered that in [Fe(ptz)6](BF4)2 it is possible to excite the 
'Aii  LS ground state to the 5T2 HS state by irradiating into the ' AJ - ^ 'TI d-d absorption band 
(~540nm).. This phenomenon is called Light-Induced Excited Spin State Trapping (LIESST). 
Beloww a critical temperature (~50K for this complex) the HS state remains practically stable 
whilee above this temperature the HS state relaxes gradually back to the LS state. It is possible to 
convertt the HS state to LS by irradiating with a proper radiation (k > 700 nm in this case), a 
phenomenonn called Reverse-LIESST. Such a system thus constitutes an optical switch, which 
eventuallyy may lead to practical applications in devices for optical data processing and 
informationn storage. 

Thee HS state obtained by irradiation does not have to be the same state as the HS state at 
highh temperature. In the case of [Fe(ptz)6](BF4)2, it has been found mat the volume of the 
crystallographicc unit cell in the HS state after LIESST lies in between those of the LS state and 
thee thermally induced HS state. Also the symmetry in the thermal and the light-induced HS 
statess (Wiehl et al, 1990) can be different. LIESST has also been observed in 
[FexZn,.x(ptz)6](BF4)22 (x~0.1) (Hauser, 1986) and [Fe(etz)6](BF4)2 (Hinek et al, 1996b). 

4.1.4.. Possibl e application s of spin-crossove r compound s 

Spin-crossoverr compounds can be used for storage of information or in display devices, 
bothh important aspects of molecular electronics. Several conditions should be fulfilled before a 
compoundd may be used in display or recording devices (Kahn et al, 1992). The spin crossover 
mustt involve hysteresis. This evidence of bistability is the property of a molecular assembly to 
existt under two stable (or metastable) electronic states in a given range of external parameters 
(e.g.. temperature, pressure). The hysteresis width should be large enough to accommodate a 
variationn of the external temperature but not too large because otherwise a large temperature 
variationn is required to induce the change of state. The transition temperature must be as close as 
possiblee to ambient temperatures and, ideally, room temperature should be in the middle of an 
hysteresiss loop. The two states (HS and LS) must be easily distinguishable, which happens when 
thee spin crossover is accompanied by an abrupt change of colour. Finally, the material must be 
chemicallyy stable. 

Althoughh the origin of the spin transition lies at the molecular level, the shape of the 
temperaturee dependence of the HS molar fraction depends strongly on intermolecular 
interactions.. These interactions are enhanced by hydrogen bonding but this is still not enough for 
strongg cooperativity (Giitlich et al, 2000). One way to increase the cooperativity of a system, is 
thee replacement of the mononuclear compounds by polymers, in which the active sites are linked 
byy chemical bridges through which the intersite interactions may be propagated efficiently. 
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Accordingg to Kahn et ai (1992), a compound suitable for data recording is 
[Fe(trz)(Htrz)2](BF4)) (Htrz=l,2,4-lH-triazole) (Haasnoot et ai, 1977), which shows an abrupt 
spinn transition with a large hysteresis (~42 K) with l i = 349 K and Tt = 391 K. The compound 
(powdered)) was dispersed in a resin acting as material support and environmental protection 
(screenn printing technology) and was locally deposited through a mask on a prepared substrate. 
Thee substrate consisted of an alumina plate on which resistive dots and connecting electrodes 
hadd been screen printed previously. Before writing, the layer was purple (LS state). The dots 
weree addressed by columns and rows and when the electrodes were heated and the temperature 
reachedd the Tt, the compound turned white (HS state). The information could be retained as 
longg as the temperature remained within the hysteresis loop. To erase the signal, the system had 
too be cooled down to Ti (Jay et ai, 1993). 

Kröberr et al. (1993), succeeded in designing a molecular system that has the middle of the 
hysteresiss loop at room temperature. The basic compound was [Fe(Htrz)3](C104)2, which had 
beenn doped with the ligand 4-NH2trz in order to tune the temperature at which the hysteresis 
loopp occurs. The colour of the compound changed by slight cooling or heating and the 
phenomenonn was reproducible without indications of fatigue. The authors emphasized the 
perspectivess concerning the design of molecular-based memory devices and displays. 

Thee polymeric compounds [Fe(Rtrz)3]A 2.nH20, in which the Fe(II) ions are triply bridged 
too 4-R-substituted-l,2,4-triazole molecules, were synthesized by Kahn and Jay Martinez (1998). 
Alsoo in these compounds the spin transition was accompanied by a change of colour, violet in 
thee LS state and white in the HS state. The transition temperatures of these materials could be 
finee tuned using an approach based on the concept of molecular alloys. These alloys may be 
synthesizedd from two types of triazole ligands (Rltrz and R2trz) and/or different counter ions (A, 
A')) and have the form [Fe(Ritrz)3-3x(R2trz)3x]A2.nH20 (or [Fe(Rtrz)3]AyA'i.y.nH20). The spin 
transitionn temperature of such an alloy may be controlled by the composition defined by x (or the 
naturee of the counter ion) provided no demixing into the pure compounds occurs. The material 
withh x=0.015 and A=C104~ was violet or white at room temperature depending on its history or 
onn the information which has been stored. According to the authors, these materials have many 
potentiall  applications such as temperature sensors, as active elements in various types of displays 
andd in information storage and retrieval. 

Thee light-induced switching phenomena (LIESST and reverse-LIESST) can be used in 
principlee for application in optical data processing and information storage (Giitlich et ai, 1994 
andd 2000). However, even more than with the thermal spin transition, the temperature at which 
LIESSTT occurs is too low, usually below 60K. 
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4.2.. [Fe(teec)6l(BF4)' 

4.2.1.. Introduction 

Inn Fig. 4.2.1, the molar magnetic susceptibility (xT) of two batches (1 and 2 respectively) 
off  [Fe(teec)6](BF4)2 versus temperature (T = 5-300 K for 1 and T = 60-189 K for 2) is shown. 
Thee experiments were carried out with a MPMS 5S Quantum Design SQUID susceptometer (as 
forr all compounds studied in this chapter). The spin transition is two-stepped and may indicate 
thee presence of two different Fe(II) sites in the S = 2 (HS) <-> S = 0 (LS) spin crossover. The 
observedd magnetic susceptibility of all complexes of the form [Fe(teec)6]A2 (A = BF4", CIO4", 
PFè")) has been explained in terms of the presence of two sites, at which a different magnetic 
behaviourr occurs (Stassen et al., 2002). To simplify the description, the sites will be referred to 
ass nA and ne (as defined in Stassen et al, 2002), site nA being associated with the transition at 
highh temperature and site nB with the transition at lower temperature. 
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FIGUREE 4.2.1. [Fe(teec)6](BF4)2 molar magnetic susceptibility %T versus temperature (T) for batches 1 
(upper)) and 2 (lower). 

Stassenn et al. (2002) suggested that the Fe(II) ions on site nA change from HS to LS 
betweenn 260 K and 160 K, with T1/2 = 190 K, while those on site nB change from HS to LS 
betweenn 145 K and 75 K, with T1Q(V) = 107.5 K and T,/2(2)= 111 K, resulting in an almost 
diamagneticc compound. A plateau of almost 20 K wide around 150 K separates the two spin 
crossoverss in the curve of 1 while in the case of 2 this plateau is smaller and all transitions are 
reversible.. Also d-d excitations change and changes in colour (red/purple in case of LS to white 
inn case of HS) have been observed. Fig. 4.2.1 shows that the transition curves are in principle 
similarr (two-stepped) but exhibit some small differences in the magnetic susceptibility at the 
samee temperature. A possible explanation could be the presence of Fe(III) or Fe(II) compounds 

Alll  compounds studied in this chapter, have been synthesized by A. F. Stassen and M. Grunert 
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whichh do not show spin transition [e.g. water- instead of tetrazole-coordinated Fe(II), (Stassen, 

privatee communication)]. 
57Fee Mossbauer spectra of a third batch (3) have been obtained with a constant-acceleration 

spectrometer,, which uses a 57Co in Rh source. In the spectra of 3 three different doublets have 
beenn observed, one of which is assumed to be characteristic for Fe(II) in the LS state and the 
otherr two for Fe(II) in the HS state. The percentage of low-spin Fe(II) is in good agreement with 
thee magnetic susceptibility results. The presence of two different high-spin signals HS1 and HS2 
inn the spectra of 3 suggests the presence of two crystallographically different Fe(II) ions, each 
onee with its own characteristic spin-crossover behaviour. Such a situation has been observed in 
thee cases of [Fe(btr)3](C104)2 (btr = 4,4'-bis-l,2,4-trazole) (Garcia et ai, 1999) and 
[Fe(DPEA)(bim)](ClO4)2.0.5H2OO [DPEA = (2-aminoehtyl)bis(2-pyridylmethyl)amine and bim 
== 2,2-bismidazole] (Matouzenko et al, 2001), where two different sites for Fe(II) ions were 
assumedd to exist on the basis of Mossbauer measurements, an assumption that was confirmed by 
single-crystall  structure analysis. 

Inn Fig. 4.2.2 the fraction (yHS) of Fe(II) ions in the HS1 and the HS2 state, as calculated 
fromm the 57Fe Mossbauer experiment, have been plotted versus the temperature. One hypothesis 
iss that HS2 is related to a transition of nA and HS1 to a transition of nB. If this hypothesis would 
bee correct, in the cooling mode first the signal representing HS2 would have to disappear and 
nextt the signal of HS1. However, Fig. 4.2 shows no behaviour that suggests two inequivalent 
sitess of equal population. Also the presence of a large percentage (16.5 %) of iron in the LS state 
att room temperature underlines the difficulty to interpret the measured spectra. However, both 
fromfrom the magnetic measurements and visual observation (colour), it was clear that at room 
temperaturee no significant amount of low-spin species was present. The asymmetric nature of the 
observedd 57Fe Mossbauer spectra, as well as the (probably small) difference between HS1 and 
HS2,, could be reasons why the magnetic susceptibility and 57Fe Mossbauer data do not seem 
consistentt (Stassen, 2002). From the above no definite conclusions can be drawn about the 
existencee of two different crystallographic Fe(II) sites. 
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FIGUREE 4.2.2. Results of  57Fe Mössbauer spectroscopy showing the fraction of Fe(II) ions at sites HS1 
andd HS2 in [Fe(teec)6](BF4)2, as a function of T. 

Anotherr possibility that could explain the two-step spin crossover is the occurrence of 

structurall  phase transitions, which would diversify the Fe(II) lattice sites. On the basis of single-

crystall  X-ray molecular structures, Boinnard et al. (1994) reported that the complex Fe[5-N02-

salN(( 1,4,7,10)] (5-N02-sal= 5-nitrosalicylaldehyde), which exhibits a two-step HS->LS spin 

crossover,, undergoes two structural phase transitions. The structure at 292 K (HS state) is 

describedd by P2/c, Z = 2, at 153 K (50% HS state) by P2, Z=2 and at 103 K (LS state) by PI, 

Z=2. . 

Ass an alternative explanation of the two-step transition, it has been proposed that an extra 

thermodynamicall  stabilisation takes place when 50% of the Fe(II) ions are in the high-spin state 

andd 50% in the low-spin state, as suggested by the plateau at T = -155 K in Fig. 4.2.2 (Stassen, 

2002).. That would be similar to the case of [Fe(2-pic)3]Cl2EtOH, the first complex at which a 

two-stepp spin transition has been observed. This complex has been studied extensively since the 

firstfirst report about its spin transition by Renovitch and Baker (1967). Until 1982, all studies on the 

basiss of Mössbauer and magnetic susceptibility data suggested a single-step spin crossover 

(Soraii  et al, 1976; Greenaway & Sinn, 1978; Mikami et al, 1979, Spiering et al., 1982) and 

onlyy in 1982 Koppen et al. observed a two-step spin-crossover behaviour after applying highly 

accuratee Mössbauer spectroscopy and magnetic susceptibility measurements. From single-crystal 

X-rayy diffraction data (Mikami et al, 1979 and 1980; Greenaway et al, 1979; Katz & Strousse, 

1979),, the crystal structure has been determined both in the HS and LS states. The space group 
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wass P2i/c for both states and no structural phase transition was observed during the spin 

crossover. . 

Inn order to establish whether indeed two different crystallographic Fe(II) sites are involved 
orr not, crystal-structure determinations have been undertaken. Since no single crystal could be 
obtained,, the structures were determined from X-ray powder diffraction data. The structure at 
roomm temperature was determined from powder data collected at the Swiss-Norwegian 
Collaborationn Research Group (SNBL CRG) beamline BM1B at the ESRF (from now on ESRF-
data).. In order to establish whether structural phase transitions occur during the spin transitions, 
whichh would allow the diversification of the Fe(II) ions, X-ray powder diffraction patterns have 
beenn collected at a series of temperatures from 3 00K down to 90 K, using a Debye-Scherrer 
cameraa and Imaging Plate detector at the BL02B2 beamline at SPring8 (from now on SPring8-
data).. All structures have been determined using direct-space methods, namely Grid Search 
(ESRF-data)) and Parallel Tempering (Simulated Annealing) techniques (SPring8-data). On the 
basiss of crystal structure determination results, and an analysis of the experimental data, it will 
bee discussed that the structural changes, as expressed via the unit cell contraction, depend on the 
averagee cooling rate and the time spent for every experiment. 

4.2.2.. Material s and method s 

4.2.2.1.. Sample preparatio n and data collectio n 

Thee two batches (1 and 2) of [Fe(teec)6](BF4)2 (white crystallites) studied with X-ray 
powderr diffraction have been prepared as described by Stassen et al. (2002). The first data set of 
[Fe(teec)6](BF4)22 (batch 1) was collected at room temperature (RT) using an FR 552 Guinier-
Johanssonn camera (Nonius, Delft, The Netherlands) equipped with a Johansson monochromator 
usingg CuKai radiation (X= 1.54056 A). The sample was prepared by slightly pressing the 
powderr into a thin layer on Mylar foil. To improve particle statistics the sample holder was 
rotatedd in the specimen plane. For indexing of the patterns accurate positions of as many lines as 
possiblee were collected by reading out the Guinier photographs with an optical instrument. Using 
aa Johansson LS-18 microdensitometer the Guinier photographs were digitized from 4.0 to 81° 28 
inn steps of 0.01° 28. 

Thee second data set, the ESRF-data of batch 1, was taken at room temperature at the 

BM1BB beamline (ESRF), with X = 0.99542 A. A 2-circle diffractometer was available at BM1B 

forr high-resolution powder-diffraction measurements. The diffractometer was equipped with 

fourr parallel detectors, so four complete patterns could be collected simultaneously, with offsets 

inn 28 of 1.1°. A Si-111 analyser crystal was mounted in front of each detector (Na-I scintillation 

counter),, resulting in an intrinsic resolution (in terms of FWHM) of approximately 0.01° 20 at a 

wavelengthh of lA . The sample was prepared into a capillary of 0.5 mm diameter and rotated 

duringg the measurement. Data were taken by continuous scanning the interval 3.04 < 20 < 54°. 

Takingg into account the increase of reciprocal lattice points density with 20 and to mimic a 

single-crystall  like data collection, special 20 scan protocols were devised in order to expose each 
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reciprocall  lattice point to an approximate equal amount of radiation. Finally the data were binned 

att 0.005° 26. 

Thee third, temperature-dependent SPring8 data-set series was collected using batch 2 at the 
beamlinee BL02B2 (SPring8). A large Debye-Scherrer camera with radius 286.5 mm was 
availablee for data collection in a wide range of temperatures (15 - 1000 K) [Fig 4.2.3(top), 
schematicc and photograph]. A N2 gas-flow system could be installed for low-temperature (90 -
3000 K) experiments with accuracy at each temperature of about 2 K. A displex He cryostat 
(155 - 300 K) was available as well and has been used for experiments at temperatures lower than 
900 K. An Imaging Plate detector (IP) was mounted on the 20-arm [Fig. 4.2.3 (bottom)]. The 
pixell  size of the IP was selected to be 50 um. It was possible to record several powder patterns 
(max.. 18) on one IP using a long vertical slit attached in front of the IP. 

FIGUREE 4.2.3. Debye-Scherrer camera, (top) and (bottom) and Imaging Plate detector available at the 
BL02B22 beamline (SPring8). 
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AA 0.4 mm capillary was mounted in the sample holder of die camera and rotated with a 
speedd of 17min. The wavelength used was I = 0.999995 A. After each experiment the IP was 
readd out by a BAS-2000 machine and a two-dimensional digital frame was created. The 29 vs 
Intensityy powder diffraction patterns data (0.01 < 29 < 76.61°, step 0.01°) were created by the 
programm Ipv32 (SPring8, local program) by integrating 51 pixels of the image, which 
correspondss to 2.55 mm on the IP. 

Shortt exposures (5 min) of the prepared samples were used to examine their quality. 
Sampless that gave the most homogeneous (non-granular) and sharp lines on the IP were chosen 
forr the experiments. The diffraction pattern of one of the test samples was completely different 
fromm the others. This has been attributed to a possible phase transition due to intensive grinding 
off  the sample. No further study of this possibly new phase was carried out. Next, short scan 
measurementss (5 min) were carried out using a good quality sample at temperatures 300 K and 
fromm 250 to 90 K in steps of 10 K. The cooling system consisted of a N2 gas flow system, 
quenchingg at 100K/min in the temperature range 300-110 K and 30K/min in the temperature 
rangee 110-90 K. To avoid temperature overshoot, a temperature-stabilization period was applied 
beforee starting data collection. The temperature-stabilization time from 300 to 250 K was 240 
secc and for all lower temperatures 160 sec. In total 18 diffraction patterns have been collected 
withinn almost 137 min. 

Afterr inspection of the diffraction patterns, several temperatures were chosen for long-term 
measurementss of 60 min duration. The selected temperatures were 300, 250, 200, 190, 180, 160, 
1400 and 90K and using a temperature-stabilization time of 5 min this amounted to a total data 
collectionn time of 8 h 35 min. From the temperature difference and the sum of temperature-
stabilizationn period and data collection time, the average temperature drop AT(¥Jmm) for each 
experimentt can be calculated (Table 4.2.1). After the long-term experiments the colour of the 
samplee had turned to light pale. 

TABLEE 4.2.1. Average temperature drop AT (K/min) in the [Fe(teec)6](BF4)2 experiments 
ScanScan measurements (5 min) Long measurements (60 min) 

ATT ^ P _£f 
S'.S5S'.S5 300-»250,250:>2Ö0, Ï40-»90~~ 0Ï77~ 

200-M90,, 190-» 180 0.15 
JJ 180-» 160,160-» 140 0.31 

4.2.2.2.. Structure Solution and Refinement 

UnitUnit cells determination, Indexing and Pattern Fitting 

Alll  powder-diffraction patterns were indexed using the program ITO (Visser, 1969). The 
Guinierr and ESRF powder-diffraction patterns were decomposed with the full-pattern 
decompositionn (FPD) program MRIA (Zlokazov & Chernyshev, 1992) using a split-type 
Pseudo-Voigtt profile function (Toraya, 1986) into Xobs-values (Xobs= the intensity of a resolved 
reflectionn or the sum of the intensities of a cluster of reflections; for the analytical definition of 
thee Xobs-values see Chernyshev and Schenk, 1998). The background was split up into three 

300-»250 0 

rest t 
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segmentss and each one was fitted with up to 5th order Legendre polynomial, the cell parameters 
weree refined and zero-point correction was applied. 

Thee unit cells of the SPring8 patterns were refined applying the Pawley refinement as 
incorporatedd in the program package Materials Studio (MS) of Accelrys (2001). The 29 regions 
correspondingg to ice peaks (ice formed outside the capillary at lower temperatures) were 
excludedd except for ice peaks very close to reflection peaks. The background was fitted with the 
defaultt settings (20th order polynomial). At first, the PearsonVII profile function was used to fit 
thee patterns. These fitted patterns were used in all cases in the first run of the structure solution 
procedure.. Later, the Tomandl Pseudo-Voigt profile function was used, offering a more 
satisfactoryy fitting and this profile function was used for additional structure solution runs (if 
any)) and for all Rietveld refinement runs. In some cases, asymmetry correction was applied 
accordingg to the Bérar-Baldinozzi function (Bérar & Baldinozzi, 1993). All unit cells were 
monoclinicc and the space group assigned in all cases was P2]/c. 

StructureStructure Solution 

Thee structure at RT was solved using Guinier and ESRF-data using Grid-Search (GS) 
techniquess (Dova et al, 2001) while the structures at lower temperatures were solved from 
SPring8-dataa with Parallel-Tempering (PT) techniques as applied in MS. Taking into account the 
spacee group (P2j/c) and volume requirements (Z = 2), the molecule was assumed to be 
centrosymmetricc and with the metal kept fixed in a special position (0,0,0 was used) only half of 
thee molecule was required as a search model, thus comprising two fragments: the (teec)3-moiety 
andd the BF4\ This structural model is characterized by 18 degrees of freedom (DOF): three 
rotationall  parameters and nine torsion angles for the (teec)3-moiety (Fig. 4.2.4) and six 
parameterss (three translational and three rotational) for BF4". 

GridGrid Search (ESRF data) 

Thee initial search model was taken from the work of Wiehl, (Wiehl, 1993), having as 
refcodee JANSAS01 in the Cambridge Structure Database (Allen & Kennard, 1993) and modified 
usingg the program XTAL3.7 (Hall et al, 2000) to obtain the desired model. In order to do that, 
thee last -CH3 of the propyltetrazole was replaced by CI at 1.79 A distance. The GS procedure was 
splitt into the following searches: (a) a rotational search to position the (teec)3 moiety, (b) a 
translational/rotationall  search to locate the BF4" and (c) a torsion-angle search to optimise the 
orientationn of the tetrazole rings and the chloroethyls. 

Thee rotational search of the (teec)3 moiety was carried out using 80 low-angle Xobs-values 
andd an initial rotation step of 10° in the whole angular range (cp = 0 -180°, 14/ = 0 -180°, K = 
00 - 360°). In order to locate more precisely a minimum, the steps were gradually reduced to 1° 
andd additional searches were carried out until the position was established. 

Thee search for BF4" was carried out with 80 low-angle Xobs-values by applying in the 
beginningg only translations with a step of 0.5 A within the asymmetric unit. The search 
continuedd around the found minimum with translations within a smaller range and rotations with 
aa step of 10° within the whole angular range. Finally, the search was restricted to a smaller area 
withh a translation step of 0.1A and a rotational step of 1 °. 
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AA torsion-angle search exploiting 150 X0bs-values was applied to determine more 
accuratelyy the position of the rings and the chloroethyl side chains. As shown in Fig 4.2.4, the 
torsionn angles were arranged in three groups (tl-t3), (t4-t6) and (t7-t9) that were handled 
independently.. The torsion angles within each group were varied simultaneously in steps of 20° 
inn the beginning but at the end the step-size had been reduced to 1°. The procedure was carried 
outt by means of a script, which varied systematically the relevant torsion angles and created 
automaticallyy a new input for the grid-search procedure in the MRIA program. Afterwards, step 
(b)) was repeated in order to locate more precisely BF4". 

144 _."  P 

44 ^x}^ a (BF4 4 

FIGUREE 4.2.4. Torsion-angle variations in [Fe(teec)6](BF4)2. 

Ann alternative order, applying first a torsion-angle variation before searching for the BF4", 
hass also been carried out but after completing the grid search the structural models were almost 
thee same, so this line was not pursued any further. 

Independentlyy of the order of the stages followed, it turned out to be useful to repeat the 
secondd step at the end in order to optimise the position of the fragments. Thus, the stage order 
followedd was (a)-(b)-(c)-(b). 

ParallelParallel Tempering (SPring8 data) 

Thee initial search model was taken from the structure of [Fe(teec)6](BF4) at room 
temperaturee (Dova et al, 2001). The (teec)3-moiety and the BF4" were searched for 
simultaneouslyy in the first run. Thus, the optimisation procedure was carried out with all 18 
DOF.. In later runs the number of DOF to be varied was decreased and adjusted as required. 

Inn all runs the default settings of the program Powder Solve (Engel et ai, 1999; 
Stephenson,, 2000) in the MS package were used, as described in 2.7.3. In general the search was 
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donee using the interval 3-25° 29 unless stated otherwise (see Table 4.2.3). As mentioned, the 
initiall  run in all cases was done using PearsonVII profile function parameters. 

RietveldRietveld  Refinement 

ESRFdata ESRFdata 

Rietveldd Refinement (RR), as described in Chapter 3, was carried out using the program 
MRIA.. The background parameters were refined (S^-order Legendre polynomial), a split-type 
pseudo-Voigtt profile (Toraya, 1986) was assigned to the reflections and texture correction was 
appliedd using the symmetrized-harmonics expansion method (Ahtee et al, 1989; J3rvinen, 
1993).. Zero-point correction and cell-parameter refinement were carried out as well. In order to 
avoidd distortion of the fragments, a distance-restrained refinement as described in Chapter 3 was 
appliedd to intramolecular distances (< 6 A) with a=\% of the ideal distance. 

SPring8SPring8 data 

RRR was carried out with the refinement program available in the MS package. The 
Tomandll  Pseudo-Voigt profile function was used and in some cases asymmetry correction was 
appliedd according to the Bérar-Baldinozzi function (Bérar & Baldinozzi, 1993). The Fe(teec)62+ 

moietyy and BF4" were refined initially as rigid bodies and the torsion angles (see Fig. 4.2.4) were 
refinedd as well. Texture correction was applied using the March-Dollase method. The initial 
valuess of the parameters a, b, c and r (for their definitions see Chapter 3) were found by 
Simulatedd Annealing (as incorporated in the MS package) and then refined with RR. In the 
versionn of the MS package available at the time this work has been carried out, no sophisticated 
restraintss handling was implemented, except for rigid bodies. Attempts to refine unrestrained 
individuall  atomic coordinates, with the atoms not defined as a rigid body, resulted in a distortion 
off  the model and therefore the refinement was continued with the program GSAS (Larson & Von 
Dreele,, 1994) using the interface EXPGUI (Toby, 2001). However, due to limited time available, 
onlyy the structure at 90 K has been refined completely. A special type of pseudo-Voigt function 
(profilee function type 3 in GSAS) was used to model reflection asymmetry. Texture was 
correctedd for using up to 6th order spherical-harmonics function. Zero-point correction and cell 
parameterss refinement were applied as well. Bond-distance, bond-angle and planar restraints (as 
describedd in Chapter 3) were applied in order to avoid extreme distortion of the structural model. 

4.2.3.. Result s and discussio n 

4.2.3.1.. Unit cell s determinatio n 

Thee unit cell resulting after indexing the RT Guinier pattern was monoclinic with 
aa = 12.22, b = 18.02, c = 10.60A, p = 90.51° and has been used as starting point of the FPD of 
bothh the Guinier and ESRF-synchrotron patterns. On the basis of the systematic extinctions, 
P2|/cc was assumed to be the most likely space group with Z = 2, in view of a density of about 
1.433 g/cm3 for this type of materials (Wiehl, 1993). 
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Thee unit cells resulting after indexing the powder diffraction patterns collected at SPring8 
weree also monoclinic and the space group (P2|/c) could be maintained in the complete 
temperaturee range. In view of this and the similarity of the diffraction patterns (Fig. 4.2.5) it is 
nott likely that a significant structural phase transition has taken place from 300 K->90 K. 

FIGUREE 4.2.5. Diffraction patterns (3-35° 26) of the scan measurements of [Fe(teec)6](BF4)2: 300-»90K 
fromm top to bottom. Several changes of the peak positions and intensities can be observed. 
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Unitt cells of both scan and long-term measurements have been determined with ITO and 
refinedd with MRIA and MS respectively (Table 4.2.2). The volume variation of the unit cells 
withh T and the magnetic susceptibility vs T are plotted in Fig. 4.2.6. It can be seen that the 
volumee vs T curve of the scan measurements follows closely the curve of the magnetic 
susceptibilityy vs T, which is in agreement with the findings of Meissner et al. (1983). It is noted 
thatt the average temperature drop AT during the short scan experiments (1.3 K/min, see Table 
4.2.1)) is comparable to the cooling rate used in the magnetic susceptibility measurements 
(-11 K/min). The Imaging Plate picture of the scan measurement is shown in the same figure 
showingg the corresponding pattern at every temperature. 
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Thee unit-cell axes and the angle (3 as functions of T are depicted in Figs. 4.2.7(a) and (b). It 
iss remarkable that at the same temperature unit cells of the scan and long-term measurements 
exhibitt some differences, mainly in the angle p, the a-, b-axes and the volume, and especially 
afterr the first step of the spin crossover (T-170K). A possible explanation is the much larger 
thermall  stabilization in case of long-term measurements (see Table 4.2.1). 

Inn Fig. 4.2.7(c) for each temperature the changes in unit-cell axes and volume with respect 
too their values at 90 K are plotted for the scan measurements and in Fig. 4.2.7(d) for the long-
termm measurements (AL = LT-UO, AV = V-1--V90). It can be observed in Fig. 4.2.7(c) that all 
parameterr changes follow to good approximation a two-step behaviour. This is in agreement 
withh the observations of Wiehl et al. (1986) on the lattice variation of the complex 
[Fe(2-pic)3]Cl2.EtOH,, which exhibits a two-step spin crossover as well. For the long-term 
measurementss [Fig. 4.2.7(d)], this conclusion cannot be drawn, also because of the lack of 
experimentall  points along the second step of the spin transition. 

Figuree 4.2.7(e) shows the change in % of the unit-cell axes and volume of the scan 
measurementss relative to their values at 3 OOK, [(LT-L30o)/L3oo]-100%, with LT a cell axis or 
volumee at temperature T. It can be seen that die b-axis contracts the most and the a-axis the least. 
Thee final contraction percentages at 90 K were 1.7, 3.2, 1.9 and 6.8 % for a, b, c and volume 
respectively.. The same plot for the long-term measurements is shown in Fig. 4.2.7(f) and the 
correspondingg percentages for the lattice contractions were 3.0, 2.2, 1.7 and 6.8 % for the a, b 
andd c axes and volume respectively, the a-axis contracting the most. The main difference 
concernss the a- and b-axes, which can also be seen in Fig. 4.2.7(a). The above volume changes 
[(V3oo-V9o)/Z]]  correspond to 78.3 A3 per complex molecule for the scan measurements and 78.0 
AA for the long-term experiments. In the above results, an anisotropy of the unit cell contraction 
alongg the axes is observed in the scan measurements (b-axis contracts more than a-axis). 
Surprisingly,, the direction of the contraction seems to have changed direction during the long-
termm measurements: the shrinkage appeared to be larger along the a-axis while b-axis has 
contractedd less than in the scan experiments. The decrease of the c-axes seems to be essentially 
thee same in both the scan and long-term experiments and also the final overall volume shrinkage 
iss practically the same. 

AA summary of the FPD and Pawley refinement is listed in Table 4.2.3. 
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FIGUREE 4.2.7. Unit-cell axes lengths (a) and angle p (b) of the Fe(teec)6](BF4)2 unit cells as function of 
temperaturee T. Changes in unit-cell axes and volume at each temperature relative to the values at 90K 
forr the scan (c) and long-term (d) measurements. Changes of the unit-cell axes and volume relative to 
theirr values at 300K of the scan (e) and long-term (f) measurements (both in %). 
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TABL EE 4.2.2. Unit cells of [Fe(teec)6](BF4)2 on the basis of all scan measurements (SPring8), Guinier and 
ESRFF data at room temperature after full-pattern decomposition with MRIA. The second line given at 
severall  temperatures denotes the unit cell of the long-term measurements (refined with Materials Studio). 

T(K) T(K) aa (A) b(A) b(A) c(A) c(A) fiO fiO V(AV(A33) ) 

90 0 

100 0 

110 0 

120 0 
130 0 

140 0 

150 0 

160 0 

170 0 

180 0 

190 0 

200 0 

210 0 

220 0 

230 0 
240 0 

250 0 

300 0 

Guinier r 

ESRF F 

11.9509(16) ) 

11.8171(4) ) 

11.9704(18) ) 

12.011(2) ) 

12.034(17) ) 

12.065(3) ) 

12.0735(16) ) 
11.9341(4) ) 

12.0608(15) ) 

12.0609(16) ) 

11.9801(5) ) 
12.0646(15) ) 

12.0683(15) ) 

12.04465(13) ) 
12.0892(12) ) 

12.06831(12) ) 

12.1136(12) ) 
12.10189(12) ) 

12.1365(14) ) 

12.1490(12) ) 
12.1558(12) ) 

12.1646(15) ) 

12.1529(13) ) 
12.15736(12) ) 

12.1630(13) ) 
12.1775(3) ) 

12.2013(15) ) 

12.1977(7) ) 

17.407(3) ) 

17.5389(4) ) 

17.415(4) ) 

17.419(4) ) 
17.433(4) ) 

17.449(5) ) 
17.469(4) ) 

17.5775(5) ) 

17.498(4) ) 
17.532(4) ) 

17.5995(7) ) 
17.548(4) ) 

17.621(3) ) 

17.6686(3) ) 
17.672(3) ) 

17.6939(3) ) 

17.6943(17) ) 
17.7231(2) ) 

17.7383(17) ) 
17.7709(14) ) 

17.8105(14) ) 

17.8488(17) ) 
17.8700(13) ) 

17.8463(2) ) 

17.9882(12) ) 

17.9411(3) ) 
17.9994(13) ) 

17.9693(9) ) 

10.3463(13) ) 

10.3690(3) ) 

10.3512(16) ) 
10.368(2) ) 

10.3715(16) ) 

10.387(3) ) 

10.3977(17) ) 

10.4050(3) ) 
10.4057(17) ) 

10.4170(17) ) 

10.4173(4) ) 

10.4223(16) ) 

10.4459(15) ) 
10.44625(19) ) 
10.4603(11) ) 

10.45744(16) ) 

10.4746(11) ) 
10.46997(17) ) 

10.4869(12) ) 
10.5036(9) ) 

10.5035(8) ) 

10.5042(10) ) 
10.4952(9) ) 

10.51659(14) ) 

10.5472(8) ) 
10.5498(2) ) 

10.5832(8) ) 

10.5668(5) ) 

92.064(12) ) 

90.8123(15) ) 

92.085(15) ) 

92.08(2) 92.08(2) 
92.170(16) ) 

92.13(3) ) 

92.025(17) ) 

90.8032(16) ) 
91.873(17) ) 

91.661(17) ) 

90.772(16) ) 
91.350(14) ) 
90.968(12) ) 

90.5910(16) ) 

90.739(8) ) 

90.5112(13) ) 

90.581(8) ) 
90.4326(14) ) 

90.397(9) ) 
90.179(13) ) 

90.07(3) ) 

90.09(3) ) 
90.195(9) ) 

90.2864(12) ) 

90.496(6) ) 
90.5700(16) ) 

90.560(6) ) 
90.548(4) ) 

2150.9(6) ) 

2148.85(11) ) 
2156.5(7) ) 

2167.8(9) ) 

2174.3(7) ) 

2185.1(10) ) 

2191.7(8) ) 
2182.46(12) ) 

2194.8(8) ) 
2201.8(8) ) 

2196.2(4) ) 
2205.9(7) ) 
2221.0(6) ) 

2222.97(7) ) 

2234.6(5) ) 
2232.95(6) ) 

2245.0(5) ) 
2245.57(6) ) 

2257.6(5) ) 
2267.7(5) ) 

2274.0(8) ) 

2278.7(7) ) 
2279.3(4) ) 
2281.69(5) ) 

2307.5(4) ) 
2304.78(9) ) 

2324.1(4) ) 

2316.0(3) ) 

TABL EE 4.2.3. Full pattern decomposition (MRIA) of Guinier and ESRF data (RT) and Pawley refinement 
(longg measurements) (MS) results for SPring8 data for [Fe(teec)6](BF4)2. 

T(K) T(K) 
Rp(%) Rp(%) 
Rwp(%) Rwp(%) 
2626 range (") 
ResolutionResolution (A) 
Excluded Excluded 
regionsregions (") 

Guinier r 
R.T R.T 
3.02 2 
4.07 7 
4-44 4 
2.06 6 

ESRF F 
R.T. R.T. 
6.10 0 
7.19 9 
3.04-28.54 4 
2.02 2 

300 300 
1.75 5 
2.51 1 
3-25 5 
2.31 1 

250 250 
1.39 9 
2.00 0 
3-35 5 
1.66 6 

200 200 
1.20 0 
1.79 9 
3-35 5 
1.66 6 

SPring88 (long measurements) 
190 190 
1.25 5 
1.89 9 
3-35 5 
1.66 6 

180 180 
1.21 1 
1.86 6 
3-35 5 
1.66 6 

160 160 
1.11 1 
1.69 9 
3-30 0 
1.93 3 
16.68-16.76, , 
27.85-27.93 3 

140 140 
1.15 5 
1.82 2 
3-35 5 
1.66 6 
15.65-15.70, , 
25.64-25.74 4 

90 90 
1.07 7 
1.75 5 
3-35 5 
1.66 6 
15.67-15.78, , 
16.65-16.80 0 

4.2.3.2.. Structure Solution 

GridGrid Search (ESRF data) 

Forr the initial grid search the 80 lowest-angle Xobs-values were used, corresponding to 67 

resolvedd and 28 overlapping reflections (2emax = 30.20°, dmin= 2.96 A) in case of the Guinier data 

andd 68 resolved and 25 overlapping reflections (29max= 19.28°, dmin= 2.97 A) in case of ESRF 
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data.. In both cases the first part of the grid search resulted in a number of minima with 

approximatelyy the same R(Xobs) (Fig. 4.2.8). The models corresponding to these minima were 

plottedd with the program PLUVA v3.0 (Driessen et al, 1988) and an analysis revealed that they 

couldd be reduced to a single model because of the internal symmetry of the molecule. 

FIGUREE 4.2.8. R(X) plotted versus rotational angles K and vj/ after the first rotational search of the 
(teec)3-moietyy of [Fe(teec)6](BF4)2. Minima of comparable depth are observed due to internal symmetry 
off  the Fe(teec)6-moiety (MATLAB , 2003). 

Inn the second part of the grid search, BF4" was finally located at about the same position 

withh either of the two data sets (Table 4.2.4). The rotational search led to several equivalent 

minimaa which was expected because of the internal symmetry of BF4" and its well-known 

disorderr with F positions being not fully occupied (Wiehl, 1993; Hinek et al, 1996a; Stassen et 

al.,al., 2000). After a visual analysis of the models using the program PLUVA v.3.0, it turned out 

thatt all of them could be reduced to a small number of equivalent models and finally one of them 

wass chosen. 

AA torsion-angle variation was carried out in order to determine more accurately the 

orientationn of the ligands. The search with Guinier data led to a quite distinct minimum 

(hereafterr referred to as Model-1) while the search with the ESRF data led to two very close 

minimaa (R(X) = 0.397 and 0.399), the first one being the same as Model-1 and the second being 

referredd to hereafter as Model-2. After an analysis of the packing of the structures, Model-1 was 

consideredd less likely than Model-2 and therefore a more detailed torsion-angle variation was 

carriedd out using more (100, 120, 150 and 172) X0bs-values. For the Guinier data the increase of 

thee number of reflections led only to the decrease of the difference in R(X) between Model-1 and 

Model-22 but the order of the minima remained the same. In the case of the ESRF data with 100-

1500 Xobs-values, the two minima corresponding to Model-1 and Model-2 were clearly distinct 

withh Model-2 having the lowest R(X)-value. When using 172 X0bs-values, the difference 

betweenn the R(X)-values corresponding to these two minima became smaller. Finally, the 

Model-22 solution found with 150 X<,bS-values (29max = 24.34°, dmjn= 2.36 A) was chosen as 

startingg model for the RR as implemented in the program MRIA . From the above it can be 

concludedd that the number of X0bS-values to be used should not be very small because a torsion-

anglee variation is quite detailed and requires more information but also not too large since less 

resolvedd higher-angle intensities are available due to the increasing overlap. After torsion-angle 
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variation,, BF4" was again searched for to improve its position but there was no change of its 
initiall  position. 

Inn Table 4.2.4 for both data sets R(X)-values and positions of the moieties after every step 
off  the grid search are given for the case of 80 X0bS-values, showing the change in R(X) at the 
distinctt stages of the grid search. A remarkable drop in R(X) occurs after positioning BF4" with 
bothh Guinier and ESRF data. Torsion-angle variation also improved the model significantly. 

TABLEE 4.2.4. R(X) and positions of the moieties after every step of the grid search of [Fe(teec)6](BF4)2. 
cp,, \\i, K are the rotational angles, x, y, z the translational parameters and tl, t4 and t7 the changes of the 
torsionn angles as shown in Fig. 4.2.4. 

„„  . , , Search BF4, „ . . „ , . . Search BF4 GridGrid search „ , ,2  . , Torsion variation (TV) „ ., .2  ̂ -., 
Fe(teec)Fe(teec)66 is imported Fe(teec)6 after TV 

PositionalPositional <p\UK(°) ., t*  .n/o\ 9WK(<> ) 
parametersparameters *VK<°>  xyz(A) PVKtlt4t7r) J / z (jif 

GuinierGuinier ^ ^ U9A59-267- 0.000 O ^ l 0.500 0 0-1,-125-119-137 ^O O.SÔ ^.507 

R(X)R(X) 0.758 0.553 0.427 0.416 

ESRFESRF POSiti°n 1 3 9- 1 5 9 2 6 7- 0.0020 0212522 0.500 0 0 0.5,+344-3+3 ^ m ' ^ ' ^ 0 

R(X)R(X) 0.778 0.457 0.391 0.390 

Thee fact that with Guinier data the torsion-angle search led to a different solution may have 
severall  explanations. From the fit between experimental and calculated XRPD patterns after 
FPD,, shown in Fig. 4.2.9, it is clear that a good agreement exists with respect to the positions of 
thee reflections found after FPD while the intensities agree less well. The data suffer from 
preferredd orientation as can be seen from the difference in the intensities especially at the low 
anglee range. Therefore, differences in the grid-search results can be expected. Furthermore, the 
Guinier-dataa intensities were measured as optical densities and then converted to X-ray 
intensities,, which also reduces the quality of the data. Both data sets were adequate to position an 
approximatee structural model but for a more demanding search, such as the torsion variation, 
high-qualityy synchrotron data were necessary. 
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FIGUREE 4.2.9. Experimental, calculated and difference diffraction patterns of Guinier (top) and ESRF 
dataa (bottom) after FPD of [Fe(teec)6](BF4)2 showing the preferred orientation problem encountered 
duringg the data collection. 
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ParallelParallel Tempering (SPring8 data) 

Thee initial model in all cases was taken from Dova et al. (2001) (referred to as ESRF-
structuree from now on). To compensate for the expected volume contraction due to cooling and 
thee Fe-N shortening due to the spin crossover, the Fe-N bonds were shortened (see Table 4.2.5). 
Thee results of the PT runs are summarized in Table 4.2.5. All final solutions were subsequently 
refinedd with the RR module in the MS package. 

TABLEE 4.2.5. Summary of the Parallel Tempering runs of [Fe(teec)6l(BF4)2. 
T(K)T(K) 200 180 160 140 90 
290 290 
ResolutionResolution (A) 
DOF DOF 
CyclesCycles in the first PT run 
RwpRwp (%) 
Fe-NFe-N (A) 

3-35 5 
1.66 6 
18 8 
1 1 
7.42 2 
2.2 2 

3-25 5 
2.31 1 
18 8 
1 1 
7.71 1 
2.15 5 

3-25 5 
2.31 1 
18 8 
1 1 
8.01 1 
2.15 5 

3-25 5 
2.31 1 
18 8 
2 2 
8.48 8 
2.11 1 

3-25 5 
2.31 1 
18 8 
1 1 
7.34 4 
2.0 0 

Somee additional information on the structure solution procedure is given for 200 and 90 K. 

T=200T=200 K: after the first PT run (Rl), a second one (R2, 5 cycles) was carried out with the 
solutionn of the first run as initial model and only two torsion angles (tl and t4 in Fig. 4.2.4) were 
allowedd to vary. All cycles of the second run gave identical solutions; both runs gave almost the 
samee solutions [Fig. 4.2.10(a)]. The solution of the second run was processed with RR. 

T=90T=90 K: the solution of the first run was processed with RR (MS) and after texture 
correctionn (March-Dollase) had been applied, the Rwp dropped to 6.10 (3 < 20 < 45°). Then, a 
neww PT run of 6 cycles was carried out, using the refined model as the new starting model and 
keepingg BF4" fixed (/?wp=5.81). The solution of the second run (5th cycle) was used in the 
subsequentt RR with MS. Finally a restrained RR was completed with GSAS. 

Inn Fig. 4.2.10, Rwp is plotted versus the Frame number at all temperatures. In all runs (18 
DOF,, 3 < 29 < 25/35) at T=200-90 K and using the modified ESRF structure as initial model, a 
significantt decrease of Rwp could be observed in less than 15 Frames (20,000 steps) from 
RRwpwp ~ 14 % to ~ 9.5 % and in general in less than 25 Frames (1,000,000 steps) the final solution 
wass found (and only small changes in Rwp occur until the end of every cycle). In the second run 
att 90 K (12 DOF, 3 < 29 < 45) in most of the cycles, Rwp had reached its final value in less than 
15,0000 steps. 
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FIGUREE 4.2.10. R„p versus the Frame number for structure solution of [Fe(teec)6](BF4), at 200 (a), 180 
(b),, 160 (c), 140 (d) and 90 K (e). 

Thee superposition in Fig. 4.2.11, involving all the final structural models found after the 

PTT runs and the structure solution determined from the ESRF data, shows the similarity of the 

Fe-tetrazolee ring conformations and the much larger diversity in conformation of the chloroethyl 

groups. . 
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FIGUREE 4.2.11. Superposition of structure solutions of [Fe(teec)6](BF4)2 at all temperatures after the 
Parallell  Tempering procedure (Spring8 data) and the structure at RT from ESRF data. 

4.2.3.3.. Rietveld Refinement 

Resultss of the RR of all structures are listed in Table 4.2.6. Detailed results obtained from 
eachh of the used programs are listed below. 

TABLEE 4.2.6. Summary of Rietveld Refinement results of the [Fe(teec)6](BF4)2 structures. 
ESRFF SPring8 

T(K)T(K) (program) R.T. (MRIA) 200 (MS) 180 (MS) _ 160 (MS) 140 (MS) 90 (MS) 90 (GSAS) 
Rp(%)Rp(%) ' 6^89 3.65 ~ 3 . 72 ~ 3.93 3.81 3.93 2.36 
Rwp(%)Rwp(%) 8.05 5.23 5.25 5.48 5.34 5.45 3.21 
2626 range (°) 3.04-45.04 3-55 3-52 3-52 3-51.5 2.5-47 2.5-47 
ResolutionResolution (A) 1.08 1.08 1.14 1.14 1.15 1.25 1.25 
ExcludedExcluded 15.50-15.70 25.60-25.75 16.68-16.76 15.65-15.70 15.67-15.78 
regionsregions Q 16.85-16.95 27.85-28.02 27.85-27.93 25.64-25.74 16.65-16.80 

MRIAMRIA (ESRF data): In order to avoid distortion of the fragments, a distance-restrained 
refinementt was carried out as described in Chapter 3, applying distance restraints to all 
intramolecularr distances < 6A with a=l% of the ideal distance. The weight c„, (eq. 3.13) was 
graduallyy reduced from 27.7 to 3.2. Trials to lower cw further resulted in a distortion of the 
model.. The coordinates of both B and F of the BF4" were refined in the beginning but kept fixed 
afterwards.. Atomic displacement parameters (a.d.p.'s) of Fe and CI could be refined isotropically 
too an Ueq= 0.049(8) for Fe and 0.135(8) A2 for CI. Attempts to refine the a.d.p.'s of N and C were 
nott successful and therefore they were kept fixed, as well as the a.d.p.'s of B, F and H, at 0.05A . 
Finall  plots of the observed, calculated and difference patterns after RR are shown in Fig. 4.2.12. 
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MaterialsMaterials Studio (Spring8 data, T=200, 180, 160, 140 and 90 K): As explained in 4.2.2.2 
att all T initially a RR was carried out with MS using rigid bodies. A more sophisticated RR using 
distance/angle/planarr restraints should be carried out but this was not possible because of lack of 
time,, except for the 90 K structure (see next paragraph). 

GSAS-T=90GSAS-T=90 K: Since GSAS allows the refinement of a second phase, the hexagonal 
(P63/mmc)) phase of ice with a = b = 4.523, c= 7.367 A (Megaw, 1934) was introduced as a 
secondd phase into the RR. After fitting the ice phase using the same profile function as for the 
mainn phase, all its parameters were kept constant and only those of the [Fe(teec)6](BF4)2 phase 
weree refined. 

Bond-distance,, bond-angle and planar 
restraintss were applied (as described in Chapter 
3).. The final values of the global weighting T A B L E 4-2-7- T e r ms i n least-squares 

. , „ - , „ _ , __ , minimization function of Rietveld Refinement of 
factorss were fd=10, f.=10, fp=12 and every rFe(teec)6l(BF4)2 at 90K. 
groupp of restraints contributed to the final $ as Bond Distances (46) 2690.6 
shownn in Table 4.2.7. A.d.p.'s of CI could be Bond angles (78) 3617.9 
refinedd isotropically. Attempts to refine those Tota7data™4449) 43317 
off  the rest of the non-hydrogen atoms led to (diffraction data + restraints) 
unacceptablee values and therefore they were 
keptt fixed at 0.025A2 (default value in GSAS). Spherical harmonics coefficients up to 6th order 
weree refined and the final texture index was J = 2.027, implying a significant preferred 
orientation.. The final observed, calculated and difference patterns are shown in Fig. 4.2.13. 
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Inn all Rietveld refinements restraints were essential to avoid a distorted structural model, 
implyingg that the results must be judged critically. Very strict restraints do not allow a proper 
refinementt of the structure and their relaxation is necessary. However, at the moment no 
numericallyy established and widely accepted criteria exist to assess the strictness of the 
restraints.. One consequence of too strict restraints can be a stagnant refinement, which 
mistakenlyy might be interpreted as being the end of the refinement. Bond distances and angles 
aree also sensitive with respect to the application of restraints and their values should be 
consideredd as indicative and not absolute. Nevertheless, even if the application of strict 
geometricc restraints is necessary in order to retain the geometry, a structure determined this way 
iss by no means worthless as it can be considered to be a good approximation of the average 
structure,, especially if the resolution of the data is not sufficient, the quality of the data is 
relativelyy poor or if disorder can not be excluded. 

AA study of the effect of the relaxation of restraints on a crystal structure and on x2 has been 
recentlyy reported (Nowell et al, 2002). The ideal values and s.u. of the bond and angles 
restraintss have been selected on the basis of a statistical analysis of a number of structures in the 
Cambridgee Structural Database (Allen and Kennard, 1993). The restraints were relaxed, keeping 
alll  calculated bond-lengths and bond-angles within 1 s.u. of their ideal values, but not completely 
removedd in order to retain a realistic crystal structure. Nowell et al. used bond distance and angle 
restraintss and relaxed the global weighting factors f from 1000 to 65. It has to be noted though 
thatt these criteria may be chosen on a different basis. The importance of the balance between 
veryy weak and very strong restraints is also pointed out in this work. 

AA superposition of the structure at 90 K before and after RR with GSAS is plotted in Fig. 
4.2.14.. It can be seen that the model, although restrained, has changed quite considerably, which 
mightt be an indication of the importance of the restraints' strictness. The starting model used in 
RRR with GSAS was the one after RR with MS. The improvement of the final model is indicated 
byy the criteria of fit  listed in Table 4.2.6, showing the limitation of the structure refinement in 
termss of a set of rigid bodies. 

67 7 



FIGUREE 4.2.14. Superposition of the structure of [Fe(teec)6](BF4)2 at 90K after Rietveld Refinement with 
MSS (light grey) and GSAS (dark grey). 

4.2.3.4.. Comparison of ESRF and SPring8 data 

Thee experimental ESRF synchrotron pattern appears to be quite 'noisy' and peak shapes 
aree abnormal with a shoulder-like behaviour and typical zig-zag pattern (Fig 4.2.15). A major 
reasonn for this seems to be a particle statistics problem, which is often encountered in cases of 
capillaryy geometry, due to inhomogeneous packing. In order to avoid absorption a narrow 
capillaryy (diameter of 0.5 mm) was used, but because of the relatively large particles the 
capillaryy probably was not packed in an optimum way. Spinning of the sample improved slightly 
thee particle statistics but did not correct the problem sufficiently, as can be observed in Fig. 
4.2.15.. Obviously, a smooth profile shape is not adequate to describe these peaks and therefore a 
'noisy'' difference pattern results. 

Badd particles statistics may explain the relatively large difference between experimental 
andd calculated diffraction patterns of the 0 1 1 and 0 2 0 reflections (around 6.3° 26) of the ESRF 
structure.. A comparison of the experimental intensities of these reflections in the two 
synchrotronn (ESRF and SPring8-300 K) diffraction patterns, shows that the reflection intensities 
off  Spring8 data are relatively lower than those of the ESRF data, which is in agreement with the 
calculatedd diffraction pattern. Therefore it can be concluded that the too high experimental 
intensitiess of these reflections in the ESRF data is an artifact. Naturally, texture correction could 
nott correct this problem. 

Preferredd orientation is likely to be an additional reason for the bad particle statistics in 
somee directions because the needle-like shape of the particles favours a longitudinal 
arrangement.. A texture correction was applied and led to a significant improvement of the fit. 
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FIGUREE 4.2.15. Excerpt of the ESRF powder diffraction pattern of [Fe(teec)6](BF4)2 showing the peak 
shapess affected by particle statistics. The small vertical lines at the 29 axis indicate the calculated 
positionss of the reflections. 

Tabless 4.2.3 and 4.2.6 show that the Rwp and Rp values are systematically lower in case of 
SPring88 data compared to the corresponding values of ESRF data. This can be attributed to the 
relativelyy higher background in case of the low-temperature data, which increases the 
denominatorr in the Rwp and Rp equations, as well as to the more 'noisy' character of the ESRF 
experimentall  pattern, as explained above. The inspection of the sample quality before longer data 
collectionn in case of Spring8 data helped to select those samples for which a particle statistics 
problemm was least likely to occur. 

4.2.3.5.. Crystal Structure description 

Thee Fe in the centrosymmetric Fe(teec)6
2+ complex is at a special position and is almost 

perfectlyy octahedrally coordinated by the neighbouring nitrogens at distances 2.201(16)-
2.220(16)AA at RT and 1.813(10)-1.962(10) at 90 K, which are typical Fe-N distances at HS and 
LSS states respectively. All N-Fe-N angles show almost ideal octahedral symmetry with a 
maximumm deviation of 0.8° from 90° at RT and 2.4° at 90K. At RT, the four in-plane N atoms 
formm an almost perfect square (deviation smaller than 1° from 90°). At 90K, the square is 
distortedd with a maximum deviation of 4.5° from 90° [distances and angles given in the text 
containingg e.s.d's have been calculated with the program PLATON (Spek, 2001); those not 
containingg e.s.d.'s have been calculated with DIAMOND (Pennington, 1999; Cordier, 1999) or 
PLUVAA (Driessen, 1988); list of final coordinates and selected bonds and angles of 
[Fe(teec)6](BF4)22 at RT and 90 K are given in Tables 4.2.9 - 4.2.12]. 
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Thee average bond distance of the Fe-moiety (excluding the Fe-N bonds) at RT is 1.29 A 

andd 1.28 A at 90 K, thus overall hardly any shrinkage has occurred because of the temperature 

drop.. In contrast, the average Fe-N bond decrease is 13.9% (0.31 A), suggesting that the 

shorteningg of the Fe-N bonds is related with the HS->LS transition, rather than just with the 

decreasee of temperature, which is common in the spin-crossover compounds behaviour (König, 

1987a). . 

Inn Fig. 4.2.16 (left) the refined structures at RT and 90 K are superimposed. (All figures 

displayingg the structure have been made with the program DIAMOND or PLUVA). The 

molecularr structure with the numbering of the non-hydrogen atoms in the asymmetric unit is 

shownn in Fig. 4.2.16 (right). From the superposition of the structures it is concluded that, apart 

fromm the Fe-N contraction, the orientations of the tetrazole rings have hardly changed, being 

almostt parallel at both temperatures. However, the ethyls of the ligands have undergone much 

largerr changes, especially the ethyl of ligand c. 

FIGUREE 4.2.16. (left) The refined structures at RT (dark grey) and 90K (light grey) with an obvious 
shorteningg of the Fe-N bonds in the latter, (right) Molecular crystal structure of [Fe(teec)6](BF4)2 showing 
thee numbering scheme of the non-hydrogen atoms. 

Thee structure forms layers along the b- and c-axis, perpendicular to the a-axis (Fig. 4.2.17) 

andd within the layers the Fe and B atoms exhibit a pseudo trigonal symmetry (Fig. 4.2.18). There 

iss a quite significant difference between the two structures along the b- and c-axis mainly 

becausee of the move of the ethyl of ligand c. The distance between these layers is around 2.9 at 

RTT and 2 A at 90 K*, and atoms involved in the closest contacts between the layers are CI and H 

atomss with CI - H and H - H distances. At RT, there are three interlayer H - H short contacts 

<< 3.5 A ranging from 2.82 - 3.43 A, four CI - H < 3.5 A ranging from 2.87 - 3.48 A and three 

CII  - CI < 4.4 A (one of them being intralayer) ranging from 3.90 to 4.26 A. At 90 K, there are 

threee H - H < 3.5 A, two CI - H < 3.5 A and five CI - CI < 4.4 A (one of them being intralayer). 

Theree are possibly weak interactions between the layers through those close contacts. In Table 

4.2.88 possible intermolecular hydrogen bonds within the layers are listed. The N. . .H-C 

**  It is noted that the interlayer distances reported in this thesis refer to the shortest perpendicular distances between 
thosee planes and have been estimated visually; therefore they are given as indicative and mostly for comparative 
reasons. . 

71) ) 



hydrogenn bonds are almost along the b axial direction and become weaker at 90 K. However, at 
thee latter temperature, two C1...H-C hydrogen bonds seem to form, oriented almost parallel to 
thee c-axis, probably after the significant move of the chloroethyl of ligand c. Both the C1...H-C 
hydrogenn bonds involve the b and c ligands of neighbouring molecules along the c-axis. 

TABL EE 4.2.8. Possible 

N2a...H2b2—C2b b 
N2b...H2al—C2a a 
N2b...H3a2—C3a a 
N2c...H2cl—— C2c 

C3b...H3b22 — C13 
C3c...H3c22 — C12 

intermolecularr hydrogen bonds (A, °) of [Fe(teec)6](BF4)2 

RT RT 
N...H H 
2.29(3) ) 
2.44(3) ) 
2.61(4) ) 
2.64 4 

N...C C 
3.13(3) ) 
3.18(3) ) 
3.33(3) ) 
3.39 9 

N-H-C C 
134(3) ) 
121(2) ) 
122(3) ) 
127 7 

90K 90K 
N...H H 
2.73 3 

2.70 0 
3.40 0 
C1...H H 
2.76(3) ) 
2.75(3) ) 

structuree at RT and 90K. 

N...CC N-H-C 
3.577 133 

3.255 110 
3.511 87 
C1...CC Cl-H-C 
3.677(19)) 144(3) 
3.541(19)) 128(2) 
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FIGUREE 4.2.17. The [Fe(teec)6](BF4)2 structure at RT (left) and 90K (right) forms layers along b- (top) 
andd c-axis (bottom), perpendicular to a-axis 
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FIGUREE 4.2.18. View of the [Fe(teec)6](BF4)2 structure at RT (left) and 90K (right) along a-axis; within 
thesee layers the Fe and B atoms exhibit a pseudo-trigonal symmetry, shown with a thick line (left). 

4.2.3.6.. Spin Crossover 

Ann attempt to explain the spin-crossover behaviour on the basis of the crystal structure 
similarityy impels the comparison of [Fe(teec)6](BF4)2 with the structure of [Fe(mtz)6](BF4)2 
(mtz=methyltetrazole,, Wiehl, 1993). Both structures are monoclinic and the cation complex is 
centrosymmetricc with Fe(II) being on inversion centre. The structures are layered with Fe and B 
exhibitingg pseudo trigonal symmetry within the layers, following the general feature of the series 
[Fe(Rtz)6](BF4)22 (Hinek et al, 1996a), and Fe-B distances being about the same. However, the 
twoo structures show a different spin-crossover behaviour since the teec compound exhibits a 
two-stepp spin crossover but the mtz compound a single-step spin crossover of only 50% of the 
Fe(II)) ions. 

Inn view of the space group requirements with Z=2 and the Fe being on a special position, 
theree is no evidence that the Fe atoms of [Fe(teec)6](BF4)2 are behaving differently and therefore 
itss two-step spin-crossover behaviour can not be attributed to the existence of two types of 
differentlyy behaving Fe (II) ions, like in [Fe(mtz)6](X)2 (Wiehl, 1993) or [Fe(btr)3](C104)2 

(Garciaa et al, 1999). The low-temperature X-ray powder diffraction experiments carried out 
withh [Fe(teec)6](BF4)2 also provided no evidence that structural phase transitions are involved 
likee in Fe[5-N02-salN( 1,4,7,10)] (Boinnard et al, 1994) thus the two-step spin crossover can not 
bee attributed to such a phenomenon either. 

Ass noted in 4.2.1, the spin-crossover behaviour of [Fe(teec)6](BF4)2 resembles strongly that 
off  [Fe(2-pic)3]Cl2EtOH (Koppen et al, 1982). On the basis of single-crystal X-ray diffraction 
data,, the structure of [Fe(2-pic)3]Cl2-EtOH at various temperatures has been reported in four 
journall  papers in 1979 and 1980 (Mikami et al, 1979 and 1980; Greenaway et al, 1979; Katz 
andd Strouse, 1979). The paper of Mikami et al (1980) is the most detailed and will be discussed 
here.. Mikami et al (1980) determined the structure of [Fe(2-pic)3]Cl2-EtOH at three 
temperaturess [298, 150 (HS) and 90 K (LS)]. A comparison of [Fe(teec)6](BF4)2 with [Fe(2-
pic)3]Cl2EtOHH shows that in both complexes the Fe(II) is coordinated pseudo-octahedrally (pic) 
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orr almost perfect-octahedrally (teec) via six N atoms, belonging to three bidentate 2-
picolylaminee ligands (pic) or six monodentate chloroethyl-tetrazole (teec) ligands. The Fe-N 
bondss contract on average by 0.18 A (pic) while in the case of teec the contraction is much more 
prominentt (0.31 A). In both complexes, there are no significant changes in the rest of the bond 
distances. . 

Bothh complexes are organized in layers along the b- and c-axes that interact along the a-
axiss by weak interactions. In the layers of the pic complex, a two-dimensional hydrogen-bond 
networkk parallel to the (001) is formed by N-H...C1 and 0-H...C1 hydrogen bonds. In the HS 
statee stronger N-H...C1 hydrogen bonds are present along the c axial direction, while in the LS 
statee the ordering of the ethanol causes stronger 0-H...C1 hydrogen bonds so creating a stronger 
networkk along the b axis. The behaviour of this hydrogen-bond network presents several 
similaritiess to that of [Fe(teec)6](BF4)2 as described in 4.2.3.5. For the latter, no hydrogen bonds 
havee been specified between the counter ion (BF4~) and the Fe-moiety because of the possible 
disorderr of BF4". However, it is possible that such C-H...F and N-H...F hydrogen bonds between 
thee BF4" and die Fe-moiety exist especially at 90 K, as on average the shortest F-C and F-N 
distancess are around 3 A and the F-H slightly larger than 2 A. 

Inn contrast to the unsolvated [Fe(teec)6](BF4)2, the pic complex includes a solvent ethanol 
molecule,, which contributes to a stronger hydrogen-bond molecular interaction network. 
Accordingg to Mikami et al. (1980), the interactions between the pic complexes and that between 
thee Fe-moiety and the order-disorder variation of the ethanol molecule through hydrogen bonds 
seemm to cause the cooperative nature of this spin traction. It must be noted, however, that at that 
timee the spin transition of pic was still believed to be one-stepped. 

Fromm the powder diffraction experiments carried out and structure determination results of 
[Fe(teec)6](BF4)2,, it cannot be concluded in a straightforward way whether the origin of the two-
stepp spin crossover is due to the elasticity of the medium or due to the formation of domains of 
thee same spin. The X-ray diffraction patterns show no evidence that domains of the same spin 
havee been formed, at least not large enough to be observed in the diffraction pattern and not at 
thee time scale of the diffraction experiments carried out. The hypothesis of Romstedt et al. 
(1998b)) concerning the anisotropy of the molecular interactions due to an anisotropy of the 
latticee change is in agreement with the results of this work and, moreover, it has been shown here 
thatt the average cooling rate is of importance at least for the lattice contraction and (possible) 
structurall  changes. However, this fact does not necessarily justify the theory of the regular 
solution. . 

Ass discussed in section 4.2.3.1 and visible in Fig. 4.2.7, the unit-cell contraction along the 
axess during the scan measurements was anisotropic: the b-axis contracted more than the a-axis, 
indicatingg a larger mobility along the former within the structural layers parallel to the be plane 
(describedd in 4.2.3.5), rather than in between them, and resulting in an increase of the angle p. In 
thee long-term measurements the contraction turned out to be directed differently: the shrinkage 
appearedd to be larger along the a-axis while the b-axis seemed to have relaxed compared to the 
scann experiments [Fig. 4.2.7(a)]. It is remarkable that the main differences in the lattice 
parameterss are observed practically after the completion of the first spin crossover. The decrease 
off  the c-axes was essentially the same in both the scan and long-term experiments. These 
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differencess between the scan and long-term measurements suggest that structural changes in the 
complex,, if any, occur first within the layers and parallel to the b-axis (probably facilitated by 
thee hydrogen bonds along the b axis), but later perpendicular to the layers. The above may be 
explainedd as follows: after the spin crossover takes place, the modified lattice vibrations (mainly 
duee to the Fe-N bond-length shrinkage), will be transmitted to the rest of the molecule. The first 
wayy for the vibrations to be transmitted is within the be planes as the intermolecular contacts and 
interactionss (hydrogen bonds) are stronger within the planes than between them (parallel to the 
a-axis).. When the structure relaxes within the be planes, the contractions occur in directions 
wheree more space is available, i.e. along the a-axis. If this hypothesis is correct, the time span of 
thee scan measurements could have been such that the first part of the lattice vibrations was 
traced,, while the long-term measurements revealed the later structural changes. Overall, the 
structurall  changes connected with the lattice contraction probably were not very large since the 
unitt cells of the scan measurements could still be described by the same space group. 

Anisotropicc changes in lattice parameters as function of temperature have been observed in 
otherr cases as well. The lattice constants of [Fe(2-pic)3]Ch.EtOH were obtained at eight different 
temperaturess from single-crystal X-ray diffraction data (Mikami et ai, 1979). All the cell 
constantss showed a linear decrease as the temperature was lowered in the HS region but after the 
spin-transitionn temperature region, abrupt changes took place: 1.3% shrinkage in the b axis and 
0.7%% elongation of the a-axis (at the time these results were reported, a one-step spin crossover 
vss T was still considered to take place). The unit-cell volume decreased by - 6 %. After 
calculatingg the thermal expansion coefficients, the authors concluded that the thermal vibration 
wass the largest in the direction [100] along which no hydrogen bonds were present. The latter is 
inn agreement with the long-term measurements of [Fe(teec)6](BF4)2, as along the a-axis there are 
noo significant hydrogen bonds. The unit-cell contraction in the case of the 
[Fe(DPEA)(bim)](ClO4)2.0.5H2OO (exhibiting also a two-step spin crossover) was anisotropic as 
well,, with cell-parameter reductions of 2.15, 0.03 and 1.94% for the a, b and c-axes respectively, 
whilee the unit-cell volume decrease was 5.66%. (Matouzenko et ai, 2001). 

However,, anisotropic changes in lattice parameters that depend on the cooling rate do not 
seemm to have been reported previously. Until now, littl e attention has been paid to the 
dependencee of the spin-crossover behaviour on the cooling/heating speed, except for the 
quenchingg leading to HS state trapping. Amongst the few cases, König et al (1987b) concluded 
thatt the cooling rate is of importance to the spin-crossover behaviour. On the basis of magnetic 
susceptibilityy measurements and Mössbauer spectroscopy, it was observed that the complex 
[FeL(CN)2].H200 (of a N3O2 macrocyclic Schiff-base ligand L) exhibits a complicated spin 
transitionn behaviour, ranging from a reversible incomplete spin crossover with hysteresis (slow 
cooling)) to almost complete and irreversible spin transitions (fast cooling 10-20K/min). 
However,, the dependence on the cooling rate referred to the spin-crossover behaviour and not to 
changess in the crystal structure, the latter being not available at the time the work was reported. 

Thee above does not allow a definite conclusion about the origin of the two-step spin 
transition.. Several structural similarities have been observed between [Fe(teec)6](BF4)2 and the 
onlyy available and exhaustively studied example in the literature, [Fe(2-pic)3]Cl2.EtOH, which 
alsoo has a two-step spin crossover without undergoing a structural phase transition. Although 
bothh structures have several structural similarities, there does not seem to be a striking feature 
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thatt is shared by these two compounds alone and that could be responsible for the two-stepped 
spinn crossover. From this, it is concluded that the crystal structure alone is not sufficient to 
answerr this question. This is supported also by the example of [Fe(mtz)6](BF4)2, which is 
structurallyy more similar to [Fe(teec)6](BF4)2 but has a completely different spin crossover 
behaviour. . 

TABLEE 4.2.9. Final Coordinates and Equivalent Isotropic Displacement Parameters of the non-Hydrogen 
atomss of [Fe(teec)6l(BF4)2 at RT (ESRF data). 

Atomm x y z U(eq) (A2) 

Fe e 
Cl l l 
C12 2 
C13 3 
N1A A 
NI B B 
NI C C 
N2A A 
N2B B 
N2C C 
N3A A 
N3B B 
N3C C 
N4A A 
N4B B 
N4C C 
CI A A 
C1B B 
C1C C 
C2A A 
C2B B 
C2C C 
C3A A 
C3B B 
C3C C 
B B 
Fl l 
F2 2 
F3 3 
F4 4 

0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
3742(16 } } 
3820(17 } } 
3944(16 ) ) 
0.188(2 } } 
0.179(2 ) ) 
0.19 44 (2 ) 
0.22 44 (2 ) 
0.212(2 ) ) 
0.23 11 (2 ) 
0.175(2 ) ) 
0.16 77 (2 ) 
0.177(2 ) ) 

.103 88 (17 ) 

.1021(17 ) ) 
1065(17 ) ) 

.1112(19 ) ) 

.1075(19 ) ) 

.1174(18 ) ) 
0.22 11 (2 ) 
0.208(2 ) ) 
0.233(2 ) ) 
0.341(2 ) ) 
0.335(2 ) ) 
0.358(2 ) ) 

0.0091 3 3 
0.1059 3 3 
0.0437 1 1 

-0.0286 4 4 
-0.0467 4 4 

1/ 2 2 
0.7360(11 ) ) 
0.4423(11 ) ) 
0.3536(10 ) ) 

0.6619(9 ) ) 
0.5307(12 ) ) 

0.3143(9 ) ) 
0.6015(8 ) ) 

0.5873(10 ) ) 
0.3198(9 ) ) 
0.5467(7 ) ) 
0.5857(8 ) ) 
0.3732(7 ) ) 
0.5725(7 ) ) 
0.5274(9 ) ) 
0.4038(8 ) ) 
0.6440(9 ) ) 

0.4932(11 ) ) 
0.3651(8 ) ) 

0.7373(13 ) ) 
0.5173(18 ) ) 
0.2547(11 ) ) 
0.7496(15 ) ) 
0.5073(19 ) ) 
0.2599(15 ) ) 

0.1584 1 1 
0.1593 3 3 
0.1704 8 8 
0.0915 2 2 
0.2128 8 8 

0 0 
0 0 

0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 

1/ 2 2 
4318(17 ) ) 
88722 (18 ) 
0.224(2 ) ) 
294 77 (18 ) 
8490(13 ) ) 
0.375(2 ) ) 
24377 (17 ) 
7853(13 ) ) 
4948(16 ) ) 
2963(14 } } 
6761(11 ) ) 
5466(13 ) ) 
3836(14 ) ) 
6687(12 ) ) 
4604(15 ) ) 
3786(17 ) ) 
7773(12 ) ) 
3553(18 ) ) 
0.249(3 ) ) 
9849(17 ) ) 
0.290(3 ) ) 
0.270(3 ) ) 
0.99 44 (2 ) 
0.277(3 ) ) 

0.4890 1 1 
0.5584 4 4 
0.3739 1 1 
0.5107 6 6 
0.5388 6 6 

0.049(8 ) ) 
0.135(8 ) ) 
0.135 4 4 
0.135 4 4 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0,050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 
0.050 7 7 

TABLEE 4.2.10. Selected bond distances and angles of rFe(teec)6l(BF4)2 at RT (ESRF data). 
Fe e 
Fe e 
Fe e 
Cl l l 
C12 2 
C13 3 
Fl l 
F2 2 
F3 3 
F4 4 
N1A A 
N1A A 
N1A A 
NI B B 
NI B B 
NI B B 
NI C C 
NI C C 
NI C C 
N2A A 

-N4 A A 
-N4 B B 
-N4 C C 
-C3 A A 
-C3 B B 
-C3 C C 
- B B 
- B B 
- B B 
- B B 
-N2 A A 
-C2 A A 
-CI A A 
-N2 B B 
-C1 B B 
-C2 B B 
-C2 C C 
-C1 C C 
-N2 C C 
-N3 A A 

2.201(16 ) ) 
2.220(16 ) ) 
2.205(17 ) ) 

1.77(4 ) ) 
1.73(3 ) ) 
1.83(3 ) ) 

1.384 1 1 
1.309 2 2 
1.308 2 2 
1.306 4 4 

1.29(2 ) ) 
1.49(3 ) ) 
1.3 44 (3 ) 
1.29(3 ) ) 
1.33(3 ) ) 
1.50(2 ) ) 
1.48(3 ) ) 
1.3 22 (3 ) 
1.3 44 (3 ) 
1.2 88 (2 ) 

N3B B 
N3C C 
N4A A 
N4B B 
N4C C 
C2A A 
C2B B 
C2C C 
CI A A 
C1B B 
C1C C 
C2A A 
C2A A 
C2B B 
C2B B 
C2C C 
C2C C 
C3A A 
C3A A 
C3B B 

-N4 B B 
-N4 C C 
-CI A A 
-C1 B B 
-C1 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-H1 A A 
-H1 B B 
-H1 C C 
-H22 A A 
-H21 A A 
-H22 B B 
-H21 B B 
-H21 C C 
-H22 C C 
-H31 A A 
-H32 A A 
-H32 B B 

1.31(3 ) ) 
1.36(3 ) ) 
1.29(2 ) ) 
1.30(2 ) ) 
1.32(2 ) ) 
1.49(3 ) ) 
1.56(3 ) ) 
1.53(3 ) ) 
1.09(3 } } 
1.08(3 } } 
1.0 77 (3 ) 
1.09(4 ) ) 
1.12(4 ) ) 
1.07(4 ) ) 
1.09(5 ) ) 
1.0 77 (4 ) 
1.08(3 ) ) 
1.06(5 ) ) 
1.10(4 ) ) 
1.11(4 ) ) 
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N2B B 
N2C C 
N3A A 

N4A A 
N4A A 
N4A A 
N4A A 
N44 A 
N4B B 
N4AA a 
N4B B 
N4B B 
N4AA a 
N4BB a 
N4C C 
N4A_a a 
N4AA a 
N4BB a 
N2A A 
N2A A 
CI A A 
N2B B 
N2B B 
C1B B 
N2C C 
N2C C 
C1C C 
N1A A 
NI B B 
NI C C 
N2A A 
C3A A 
C3A A 
H21A A 
NI B B 
NI B B 
C3B B 
C3B B 
H21B B 
NI C C 
NI C C 
C3C C 
C3C C 
H21C C 
Cl l l 
Cl l l 
C2A A 
C2A A 

-N3 B B 
-N3 C C 
-N4 A A 

-F e e 
-F e e 
-Fe -Fe 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-N1 A A 
-N1 A A 
-N1 A A 
-NI B B 
-NI B B 
-NI B B 
-NI C C 
-NI C C 
-NI C C 
-N2 A A 
-N2 B B 
-N2 C C 
-N3 A A 
-C2 A A 
-C2 A A 
-C2 A A 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 C C 
-C2 C C 
-C2 C C 
-C2 C C 
-C2 C C 
-C3 A A 
-C3 A A 
-C3 A A 
-C3 A A 

1 1 
1 1 
1 1 

-N4 B B 
-N4 C C 
-N4 AA a 
-N4B_ a a 
-N4 CC a 
-N4 C C 
-N4 B B 
-N4 BB a 
-N4 CC a 
-N4 C C 
-N4 C C 
-N4 CC a 
-N4 BB a 
-N4 CC a 
-N4 CC a 
-CI A A 
-C2 A A 
-C2 A A 
-C1 B B 
-C2 B B 
-C2 B B 
-C1 C C 
-C2 C C 
-C2 C C 
-N3 A A 
-N3 B B 
-N3 C C 
-N4 A A 
-H21 A A 
-H22 A A 
-H22 A A 
-H21 B B 
-H22 B B 
-H21 B B 
-H22 B B 
-H22 B B 
-H21 C C 
-H22 C C 
-H21 C C 
-H22 C C 
-H22 C C 
-H31 A A 
-H32 A A 
-H31 A A 
-H32 A A 

27(2 } } 
29(3 ) ) 
35(3 ) ) 

89.8(6 ) ) 
90.8(6 ) ) 

180.0 0 0 
90.2(6 ) ) 
89.2(6 ) ) 
90.0(6 ) ) 
90.2(6 ) ) 

180.0 0 0 
90.0(6 ) ) 
89.2(6 ) ) 
90.0(6 ) ) 

180.0 0 0 
89.8(6 ) ) 
90.8(6 ) ) 
90.0(6 ) ) 

108.6(17 ) ) 
122(2 ) ) 

128. 77 (19 ) 
108.0(15 ) ) 

124(2 ) ) 
128(2 ) ) 

109.2(18 ) ) 
121(2 ) ) 
129(2 ) ) 

107.6(19 ) ) 
108.8(19 ) ) 
106.7(18 ) ) 
109.7(14 ) ) 

110(3 ) ) 
112(3 ) ) 
106(3 ) ) 
110(2 ) ) 
110(3 ) ) 
108(3 ) ) 
111(3 ) ) 
110(3 ) ) 
109(2 ) ) 
110(3 ) ) 
110(3 ) ) 
108(3 ) ) 
110(3 ) ) 
114(3 ) ) 
108(3 ) ) 
109(3 ) ) 
107(3 ) ) 

C3B B 
C3C C 
C3C C 

N2B B 
N2C C 
Fe e 
Fe e 
N3A A 
Fe e 
Fe e 
N3B B 
Fe e 
Fe e 
N3C C 
N1A A 
NI B B 
NI C C 
N1A A 
NI B B 
NI C C 
Cl l l 
C12 2 
C13 3 
N1A A 
N4A A 
NI B B 
N4B B 
NI C C 
N4C C 
N1A A 
N1A A 
H31A A 
C12 2 
C12 2 
C2B B 
C2B B 
H31B B 
C13 3 
C13 3 
C2C C 
C2C C 
H31C C 
Fl l 
Fl l 
Fl l 
F2 2 
F2 2 
F3 3 

-H31 B B 
-H31 C C 
-H32 C C 

-N3 B B 
-N3 C C 
-N4 A A 
-N4 A A 
-N4 A A 
-N4 B B 
-N4 B B 
-N4 B B 
-N4 C C 
-N4 C C 
-N4 C C 
-CI A A 
-C1 B B 
-C1 C C 
-C2 A A 
-C2 B B 
-C2 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-CI A A 
-CI A A 
-C1 B B 
-C1 B B 
-C1 C C 
-C1 C C 
-C2 A A 
-C2 A A 
-C3 A A 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 C C 
-C3 C C 
-C3 C C 
-C3 C C 
-C3 C C 
- B B 
- B B 
- B B 
- B B 
- B B 
- B B 

1 1 
1 1 
1 1 

-N4 B B 
-N4 C C 
-N3 A A 
-CI A A 
-CI A A 
-N3 B B 
-C1 B B 
-C1 B B 
-N3 C C 
-C1 C C 
-C1 C C 
-N4 A A 
-N4 B B 
-N4 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-C2 A A 
-C2 B B 
-C2 C C 
-H1 A A 
-H1 A A 
-H1 B B 
-H1 B B 
-H1 C C 
-H1 C C 
-H21 A A 
-H22 A A 
-H32 A A 
-H31 B B 
-H32 B B 
-H31 B B 
-H32 B B 
-H32 B B 
-H31 C C 
-H32 C C 
-H31 C C 
-H32 C C 
-H32 C C 
-F 2 2 
-F 3 3 
-F 4 4 
-F 3 3 
-F 4 4 
-F 4 4 

10(5 ) ) 
04(4 ) ) 
12(5 ) ) 

109.0(14 ) ) 
109.8(15 ) ) 
123.6(10 ) ) 
130.8(15 ) ) 
105.5(16 ) ) 
123.9(10 ) ) 
128.7(15 ) ) 
107.3(15 ) ) 
124.0(11 ) ) 
129.6(14 ) ) 
106.4(16 ) ) 
108.5(17 ) ) 
106.8(18 ) ) 
108.0(18 ) ) 

111(2 ) ) 
107.6(18 ) ) 

110(2 ) ) 
110(2 ) ) 

111.9(19 ) ) 
109.1(18 ) ) 
127.0(18 ) ) 

1244 (2 ) 
126.4(16 ) ) 
126.8(19 ) ) 

126(2 ) ) 
126(2 ) ) 
108(2 ) ) 
110(3 ) ) 
110(4 ) ) 
114(2 ) ) 
113(3 ) ) 
106(3 ) ) 
105(3 ) ) 
107(4 ) ) 
113(3 ) ) 
107(3 ) ) 
1111 (3 ) 
106(3 ) ) 
111(4 } } 
102.1 0 0 
102.5 9 9 
102.8 7 7 
115.6 3 3 
115.1 1 1 
115.5 7 7 
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TABL EE 4.2.11. Final Coordinates and Equivalent Isotropic Displacement Parameters of the non-
Hydrogenn atoms of rFe(teec)61(BF4)2 at 90K (Spring8 data). 

Ato m m 

Fe e 
Cl l l 
C12 2 
CII  3 
Nl A A 
NI B B 
NI C C 
N2A A 
N2B B 
N2C C 
N3A A 
N3B B 
N3C C 
N4A A 
N4B B 
N4C C 
CI A A 
C1B B 
C1C C 
C2A A 
C2B B 
C2C C 
C3A A 
C3B B 
C3C C 
F2 2 
F3 3 
F4 4 
F5 5 
Bl l 

X X 

0 0 
0.4338(9 ) ) 

-0.3943(11 ) ) 
0.4076(10 ) ) 
0.2046(10 ) ) 

-0.1884(10 ) ) 
0.1804(10 ) ) 
0.2421(10 ) ) 

-0.2273(11 ) ) 
0.2175(11 ) ) 
0.1802(10 ) ) 

-0.1768(12 ) ) 
0.1607(10 ) ) 

0.098 77 (8 ) 
-0.0981(9 } } 

0.091 22 (8 ) 
0.1148(10 ) ) 

-0.112 11 (10 ) 
0.1075(10 ) ) 
0.2696(12 ) ) 

-0.227 88 (11 ) 
0.2187(12 ) ) 
0.3260(13 ) ) 

-0.3485(13 ) ) 
0.2805(13 ) ) 

-0.0280(14 ) ) 
-0.0121(13 ) ) 

0.1182(10 ) ) 
-0.0554(13 ) ) 

0.0065(9 ) ) 

y y 
0 0 

-0.2149(6 } } 
-0.0989(5 ) ) 

0.1151(6 ) ) 
-0.1405(7 ) ) 

0.0227(7 ) ) 
0.1627(7 ) ) 

-0.0755(9 ) ) 
0.0765(8 ) ) 
0.1648(8 ) ) 

-0.0290(8 ) ) 
0.0772(8 ) ) 
0.111 44 (7 ) 

-0.0630(6 ) ) 
0.0224(6 ) ) 
0.0805(6 ) ) 

-0.1350(8 ) ) 
-0.0100(7 ) ) 

0.1119(7 ) ) 
-0.2092(9 ) ) 

0.0049(8 ) ) 
0.2085(7 ) ) 

-0.2618(9 ) ) 
-0.0098(9 ) ) 

0.1486(9 ) ) 
0.6809(9 ) ) 
0.6160(6 ) ) 
0.6917(9 ) ) 
0.7322(8 ) ) 
0.6849(6 ) ) 

z z 

0 0 
0.060 11 (11 ) 
0.3731(11 ) ) 

0.2456(9 ) ) 
0.2032(10 ) ) 
0.3113(11 ) ) 
0.1309(11 ) ) 
0.2295(11 ) ) 
0.2447(14 ) ) 
0.0076(12 ) ) 
0.1716(12 ) ) 
0.1402(13 ) ) 

-0.0565(12 ) ) 
0.1040(9 ) ) 

0.1461(10 ) ) 
0.0358(10 } } 
0.120 44 (11 ) 
0.2506(12 ) ) 
0.1433(13 ) ) 
0.259 44 (13 ) 
0.4485(14 ) ) 
0.2459(15 ) ) 
0.1547(16 ) ) 
0.4566(16 ) ) 
0.321 00 (14 ) 

-0.151 00 (12 ) 
0.0085(16 ) ) 

-0.0150(17 ) ) 
0.052 44 (14 ) 

-0.0189(11 ) ) 

U(eq ))  (A : 

0.025 0 0 
0.103(3 ) ) 
0.103(3 ) ) 
0.103(3 ) ) 

0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 

TABLEE 4.2.12. Selected bond distances and angles of [Fe(teec)61(BF4)2 at 90K (Spring8 data). 
Fe e 
Fe e 
Fe e 
Cl l l 
C12 2 
C13 3 
F2 2 
F3 3 
F4 4 
F5 5 
Nl A A 
Nl A A 
Nl A A 
NI B B 
NI B B 
NI B B 
NI C C 
NI C C 
NI C C 
N2A A 
N2B B 
N2C C 
N3A A 
N4A A 
N4A A 
N4A A 
N4A A 
N4A A 
N4B B 
N4AA a 

-N4 A A 
-N4 B B 
-N4 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-B l l 
-B l l 
-B l l 
-B l l 
-N2 A A 
-C2 A A 
-CI A A 
-N2 B B 
-C1 B B 
-C2 B B 
-C2 C C 
-C1 C C 
-N2 C C 
-N3 A A 
-N3 B B 
-N3 C C 
-N4 A A 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 

1.928(10 ) ) 
1.962(10 ) ) 
1.813(10 ) ) 
1.817(19 ) ) 
1.865(19 ) ) 
1.803(19 ) ) 
1.42 77 (17 ) 
1.262(15 ) ) 
1.327(16 ) ) 
1.33 77 (18 ) 
1.253(19 ) ) 
1.54 11 (19 ) 
1.361(16 ) ) 
1.254(18 ) ) 
1.248(17 ) ) 
1.537(18 ) ) 
1.504(19 ) ) 
1.248(17 ) ) 
1.359(17 ) ) 
1.246(19 ) ) 

1.25(2 ) ) 
1.327(18 ) ) 
1.326(16 ) ) 

-N4 B B 
-N4 C C 
-N4 AA a  a 
-N4 BB a 
-N4 CC a 
-N4 C C 
-N4 B B 

92 2 
88 8 

4(4 ) ) 
8(4 ) ) 

180.0 0 0 
87 7 
91 1 
92 2 
87 7 

6(4 ) ) 
2(4 ) ) 
4(4 ) ) 
6(4 ) ) 

N3B B 
N3C C 
N4A A 
N4B B 
N4C C 
C2A A 
C2B B 
C2C C 
CI A A 
C1B B 
C1C C 
C2A A 
C2A A 
C2B B 
C2B B 
C2C C 
C2C C 
C3A A 
C3A A 
C3B B 
C3B B 
C3C C 
C3C C 
N2B B 
N2C C 
Fe e 
Fe e 
N3A A 
Fe e 
Fe e 

-N4 B B 
-N4 C C 
-CI A A 
-C1 B B 
-C1 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-H1 A A 
-H1 B B 
-H1 C C 
-H22 A A 
-H21 A A 
-H22 B B 
-H21 B B 
-H21 C C 
-H22 C C 
-H31 A A 
-H32 A A 
-H32 B B 
-H31 B B 
-H31 C C 
-H32 C C 
-N3 B B 
-N3 C C 
-N4 A A 
-N4 A A 
-N4 A A 
-N4 B B 
-N4 B B 

1 1 
1 1 
1 1 
1 1 
1 1 

-N4 B B 
-N4 C C 
-N3 A A 
-CI A A 
-CI A A 
-N3 B B 
-C1 B B 

.339(18 ) ) 

.382(16 ) ) 

.289(17 ) ) 

.23 88 (16 ) 

.257(17 ) ) 
1.58(2 ) ) 
1.45(2 ) ) 
1.49(2 ) ) 
0.94(3 ) ) 
1.0 77 (3 ) 
1.09(2 ) ) 
1.08(4 } } 
1.09(3 ) ) 
1.10(3 ) ) 
1.06(3 ) ) 
1.10(3 ) ) 
1.08(3 ) ) 
1.0 77 (3 ) 
1.10(4 ) ) 
1.0 77 (3 ) 
1.08(3 ) ) 
1.07(3 ) ) 
1.12(3 ) ) 

107.1(13 ) ) 
103.4(11 ) ) 

117.9(9 ) ) 
136.3(8 ) ) 

105.4(10 ) ) 
121.8(9 ) ) 
132.3(9 ) ) 
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N4B B 
N4B B 
N4A_a a 
N4BB a 
N4C C 
N4A_a a 
N4A_a a 
N4BB a 
N2A A 
N2A A 
CI A A 
N2B B 
N2B B 
C1B B 
N2C C 
N2C C 
CI C C 
N1A A 
N1B B 
NI C C 
N2A A 
C3A A 
C3A A 
H21A A 
Nl B B 
NI B B 
C3B B 
C3B B 
H21B B 
NI C C 
NI C C 
C3C C 
C3C C 
H21C C 
Cl l l 
Cl l l 
C2A A 
C2A A 

-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-N1 A A 
-N1 A A 
-N1 A A 
-Nl B B 
-Nl B B 
-Nl B B 
-NI C C 
-NI C C 
-NI C C 
-N2 A A 
-N2 B B 
-N2 C C 
-N3 A A 
-C2 A A 
-C2 A A 
-C2 A A 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 C C 
-C2 C C 
-C2 C C 
-C2 C C 
-C2 C C 
-C3 A A 
-C3 A A 
-C3 A A 
-C3 A A 

-N4 BB a 
-N4 CC a 
-N4 C C 
-N4 C C 
-N4 CC a 
-N4B_ a a 
-N4 CC a 
-N4C_a a 
-CI A A 
-C2 A A 
-C2 A A 
-C1 B B 
-C2 B B 
-C2 B B 
-CI C C 
-C2 C C 
-C2 C C 
-N3 A A 
-N3 B B 
-N3 C C 
-N4 A A 
-H21 A A 
-H22 A A 
-H22 A A 
-H21 B B 
-H22 B B 
-H21 B B 
-H22 B B 
-H22 B B 
-H21 C C 
-H22 C C 
-H21 C C 
-H22 C C 
-H22 C C 
-H31 A A 
-H32 A A 
-H31 A A 
-H32 A A 

180.0 0 0 
87.6(4 ) ) 
91.2(4 ) ) 
87.6(4 ) ) 

180.0 0 0 
92.4(4 ) ) 
88. 88 (4 ) 
92.4(4 ) ) 

110.1(12 ) ) 
117. 22 (11 ) 
132.5(12 ) ) 
109.3(12 ) ) 
123.4(12 ) ) 
127.2(12 ) ) 
110.4(12 ) ) 
129. 44 (12 ) 
120.1(12 ) ) 
106.7(12 ) ) 
108.1(13 ) ) 
106.6(12 ) ) 
112. 22 (13 ) 
107.1(19 ) ) 

109(2 ) ) 
112(3 ) ) 

108.9(19 ) ) 
111(2 ) ) 

108. 33 (18 ) 
107(2 ) ) 
108(3 ) ) 
1122 (2 ) 

111.9(19 ) ) 
111(2 ) ) 
112(2 ) ) 
109(3 ) ) 
114(2 ) ) 
105(2 ) ) 
107(2 ) ) 
1077 (2 ) 

N3B B 
Fe e 
Fe e 
N3C C 
N1A A 
Nl B B 
NI C C 
N1A A 
Nl B B 
NI C C 
Cl l l 
C12 2 
C13 3 
N1A A 
N4A A 
Nl B B 
N4B B 
NI C C 
N4C C 
N1A A 
N1A A 
H31A A 
C12 2 
C12 2 
C2B B 
C2B B 
H31B B 
C13 3 
C13 3 
C2C C 
C2C C 
H31C C 
F2 2 
F2 2 
F2 2 
F3 3 
F3 3 
F4 4 

-N4 B B 
-N4 C C 
-N4 C C 
-N4 C C 
-CI A A 
-C1 B B 
-CI C C 
-C2 A A 
-C2 B B 
-C2 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-CI A A 
-CI A A 
-C1 B B 
-C1 B B 
-CI C C 
-CI C C 
-C2 A A 
-C2 A A 
-C3 A A 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 C C 
-C3 C C 
-C3 C C 
-C3 C C 
-C3 C C 
-B I I 
-B I I 
-B I I 
-B I I 
-B I I 
-B I I 

-C1 B B 
-N3 C C 
-CI C C 
-CI C C 
-N4 A A 
-N4 B B 
-N4 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-C2 A A 
-C2 B B 
-C2 C C 
-H1 A A 
-H1 A A 
-H1 B B 
-H1 B B 
-H1 C C 
-H1 C C 
-H21 A A 
-H22 A A 
-H32 A A 
-H31 B B 
-H32 B B 
-H31 B B 
-H32 B B 
-H32 B B 
-H31 C C 
-H32 C C 
-H31 C C 
-H32 C C 
-H32 C C 
-F 3 3 
-F 4 4 
-F 5 5 
-F 4 4 
-F 5 5 
-F 5 5 

105.6(11 ) ) 
121.4(8 ) ) 
127.4(9 ) ) 

111.0(10 ) ) 
105.4(11 ) ) 
109.7(12 ) ) 
108.6(12 ) ) 
114.2(11 ) ) 
113.6(12 ) ) 
100.3(10 ) ) 
114.4(11 ) ) 
113.6(12 ) ) 
114.1(11 ) ) 

128(2 ) ) 
127.0(19 ) ) 

126(2 ) ) 
124.6(19 ) ) 
124.7(17 ) ) 
126.6(16 ) ) 

106(2 ) ) 
109(2 ) ) 
109(3 ) ) 
1144 (2 ) 
110(2 ) ) 
106(2 ) ) 
1044 (2 ) 
108(3 ) ) 

108.4(19 ) ) 
110(2 ) ) 
107(2 ) ) 
107(2 ) ) 
110(3 ) ) 

96.9(12 ) ) 
107.8(13 ) ) 
114.3(12 ) ) 
104.8(12 ) ) 
111.8(12 ) ) 
118.7(13 ) ) 

79 9 
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4.33 [Fe(teec)6](C104)2 

4.3.1.. Introductio n 

Outt of all [Fe(teec)6](A)2 batches investigated in Stassen et Ö/.(2002), [Fe(teec)6](C104)2 
(batchh la, see below) is the only one in which the LIESST effect has been observed. It is also the 
onlyy one that does not have a 100 % occupation of the low-spin (LS) state at low temperature. 
Afterr irradiation of la with green light at 10 K, an increase of magnetization has been observed, 
whichh reaches a maximum after approximately 80 minutes. This excited high-spin (HS) state is 
temperaturee stable up to 40 K. At higher temperature, the HS ions relax back to the LS state. 
Magneticc susceptibility measurements and 57Fe Mössbauer spectroscopy have been carried out at 
twoo batches (la and lb) of [Fe(teec)6](C104)2 being made with different preparation methods: la 
wass formed slowly over several days while l b was obtained instantaneously. All batches showed 
aa HS to LS change between 235 K and 150 K, with Tm = 178.5 K. 

Inn magnetic susceptibility experiments on la it was also observed that, when cooling once 
too low temperature, 50% of the Fe(II) atoms remained in the HS state, while according to 57Fe 
Mössbauerr spectroscopy this percentage was lower (almost 20%). Additional  57Fe Mössbauer 
spectroscopyy experiments pointed out that by repeated cycles of cooling and heating the 
percentagee of the high-spin species at low temperature could be reduced virtually to 0 %. 

Magneticc susceptibility experiments on lb revealed actually a two-step spin transition: a 
secondd steep HS <-> LS spin crossover was observed with T\ = 143 K, while T-i = 126 K, 
resultingg in a hysteresis loop of 17 K wide. In 57Fe Mössbauer experiments also a very small 
differencee was observed between the heating and cooling curve, indicating the presence of a 
hysteresiss loop. In 57Fe Mössbauer spectra of l b four doublets have been observed, one having 
beenn assigned to the HS state of Fe(II), another to the LS state and two small ones to impurities. 
AA high percentage (~ 20 %) of impurities was estimated to be present at RT, but at lower 
temperaturess this percentage was estimated to be much lower (~ 4 %). The large spread in the 
estimatedd amount of impurities has been attributed to the difficulty in fitting the experimental 
57Fee Mössbauer spectra because of the more asymmetric character of the peaks at RT so the 
estimationn at lower temperatures is considered to be more reliable (Stassen, 2002). The 
percentagess of HS and LS species found at the measured temperatures are in agreement with the 
magneticc susceptibility results. 

Ass it seems, the preparation method of l a could well be responsible for the large 
percentagee of Fe(II) atoms that remain in the HS state. Also the hysteresis observed in lb seems 
too result from the synthesis of the sample. The width varied from 17 K, in the sample used for 
thee magnetic measurement, to about 2 K in the sample used for 57Fe Mössbauer spectroscopy. 
Thee difference was observed only in the cooling mode, TT remained 143 K in all samples. 

Thee magnetic susceptibility and 57Fe Mössbauer observations were explained by assuming 
thee existence of two different Fe(II) sites nA and nB. Site nA was associated with the change from 
HSS to LS between 235 K and 150 K, with Tm = 178.5 K. The high percentage of Fe(II) 
remainingg in the HS state as the temperature lowers (batch la) as well as the second spin 

81 1 



crossoverr associated with the hysteresis loop observed at batch lb have been attributed to the 
presencee of a Fe(II) site nB. In similar compounds, two crystallographically different Fe(II) sites 
havee been found, e.g. in [Fe(mtz)6](C104)2 (mtz = methyltetrazole) determined at 298 K and in 
[Fe(mtz)6](BF4)22 determined at 157 and 113 K (P2i/n, Z=4), the Fe(II) ions are positioned at 
inversionn centres 2(a): 0, 0, 0 and !4, lA, Vi (Fel) and 2(b): Vi, 0, 0 and 0, 0, Yi (Fe2). The 
[Fe(mtz)6]X2,, (X=BF4", C104") complexes show a spin-crossover behaviour similar to that of 
[Fe(teec)6j(C104)2,, as both exhibit a single-step spin crossover of around 50% of the Fe(II) ions. 

Inn order to establish whether also in [Fe(teec)6](C104)2 two crystallographically different 
Fe(II)) sites are involved or not, a crystal-structure determination from X-ray powder diffraction 
dataa was undertaken. Guinier camera data of batch la have been collected at room temperature 
fromm which the unit cell has been determined, though with difficulty because of the amount of 
impuritiess (~ 3 %) present. It is noted here that the impurity percentage agrees with the one 
suggestedd from the lower temperature 57Fe Mössbauer experiments. Because of the impurities, 
noo attempts were made to determine the crystal structure from these data. Instead, a new batch lc 
wass prepared similar to that of la and this batch turned out to contain no significant amount of 
impurities. . 

Inn Fig. 4.3.1, the molar magnetic susceptibility (xT) of batch lc of [Fe(teec)6](C104)2 
versuss temperature (Tl = 160-100K and T t = 100-298K) is shown. Like in la, a high 
percentagee of Fe(II) remained in the HS state as the temperature lowered. Also a small hysteresis 
loopp was observed, so exhibiting similarities to batch lb but it was small enough to be 
consideredd negligible (Stassen, private communication). 
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FIGUREE 4.3.1. Molar magnetic susceptibilities xT versus temperature (T) of [Fe(teec)6](C104)2 (batch lc). 
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4.3.2.. Material s and method s 

4.3.2.1.. Sampl e preparatio n and data collectio n 

[Fe(teec)6](C104>22 (white crystallites) has been synthesized as described by Stassen et 

a/.. (2002). The first data set of a sample of l a was collected using a Guinier-Johansson camera as 

describedd in 4.2.2.1. The second (temperature-dependent) data-set series of the sample l c (called 

fromfrom now on SPring8-data) was collected at the BL02B2 beamline of SPring8 as described in 

4.2.2.1,, using a 0.4 mm capillary. 

Shortt exposures (5 min) of several samples have been carried out to check the quality of 

thee powder samples. Almost all samples resulted in a granular diffraction pattern, likely to have 

beenn caused by insufficient particle statistics (large crystallites). However, a more intensive 

powderingg of the samples led to a completely different type of diffraction pattern (possible phase 

transition)) and therefore a compromise had to be made and the sample with the least granular 

patternn was selected for the longer experiments. 

Scann measurements of 5 min duration were carried out in exactly the same way as for 

[Fe(teec)6](BF4)22 (see 4.2.2.1). After inspection of the diffraction patterns, several temperatures 

weree selected for the long-term measurements (50 min): 300, 250, 200, 175, 155, 140 and 90 K, 

usingg a temperature-stabilization time of 5 min each, which led to a 6 h 20 min total data 

collectionn time. The average temperature drop Ar(K/min) for each experiment is listed in Table 

4.3.1.. After the long-term experiments, the colour of the compound was light orange. 

TABL EE 4.3.1. Average temperature drop AT (K/min) in [Fe(teec)6l(C104)2 experiments. 
ScanScan measurements (5 min) Long-term measurements (50 min) 

stepstep XT steP A77 

30042500 - 5 5~ - - 300->250,250-»200, 140-»90 0.91 
restt 1.3 200^175 0.45 

175-M555 0.36 
155^1400 0.27 

4.3.2.2.. Structur e Solutio n and Refinemen t 

UnitUnit  cells  determination  and Indexing 

Thee powder-diffraction patterns were indexed using either the program ITO (Visser, 1969) 

orr a local program (Peschar, unpublished). The unit cells of the SPring8 long-term experiments 

weree refined, using the Pawley refinement as incorporated in the Materials Studio (MS) package, 

inn the same way as described in 4.2.2.2, except that only the Tomandl Pseudo-Voigt profile 

functionn has been used in the pattern-fitting process. 

Thee SPring8 diffraction patterns at 300 and 90 K have been decomposed as well with the 

programm MR1A, (see 4.2.2.2), to extract intensities for use in the structure solution. 
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StructureStructure Solution 

Thee structure at 300 K was solved with both Parallel Tempering (PT) and Genetic 
Algorithmm (GA) techniques, at 155 K with PT techniques and the structure at 90 K by the GA 
method.. The initial search model was constructed from the structure of [Fe(teec)6](BF4)2 at room 
temperaturee (RT) (Dova et al, 2001) with BF4" being replaced by C104" using MS. For the same 
reasonss as in the case of [Fe(teec)6](BF4)2, only half of the molecule was required as a search 
modell  [consisting of the (teec)3-moiety and the CIO4'] and the degrees of freedom were defined 
inn the same way (see section 4.2.2.2/'Structure Solution). 

ParallelParallel Tempering 

Thee method and the settings (default) used have been described in Chapter 2. The search 
wass done using the interval 3-35° 26 unless stated otherwise (see Table 4.3.4). 

GeneticGenetic Algorithm 

GAA techniques were applied as described in Chapter 2. The two clusters [(teec)3-moiety 
andd CIO4] were searched for simultaneously. In total 18 DOF were defined in the same way as 
inn the PT method. The first 120 low-angle Xobs-values have been used at both temperatures and 
2000 parents were used in cycles of 200 generations each. Crossover and mutation rates were the 
defaultt ones. 

RietveldRietveld Refinement 

Rietveldd Refinement (RR) of the structures at 300 and 155 K was carried out with the MS 
programm package as described in 4.2.2.2. The Fe(teec)6-moiety and C104" were refined as rigid 
bodies,, starting with the model found in the structure solution. Attempts to relax the model and 
too refine individual atomic coordinates resulted only in an unacceptable distortion of the model. 
Inn view of these results it was decided to continue the RR of the structure at 300 K with the 
programm GSAS using the interface EXPGUI because of the more sophisticated handling of 
geometricall  restraints. The structure at 90 K was refined from the beginning with GSAS. All 
refinementss with GSAS were carried out as described in 4.2.2.2. 

4.3.3.. Result s and discussio n 

4.3.3.1.. Unit cells determinatio n 

Thee unit cell resulting after indexing the Guinier pattern was monoclinic with 
aa = 12.232(5), b = 18.055(6), c = 10.627(3) A, (5 - 90.59(2)°. P2,/c was assumed to be the most 
likelyy space group and Z = 2 in view of the expected similarity to the structure of 
[Fe(teec)6](BF4)2.. The unit cells resulting after indexing the powder diffraction patterns of the 
long-termm measurements collected at SPring8 were also monoclinic and the space group (P2i/c) 
couldd be maintained through the complete temperature range. The diffraction patterns of the scan 
measurementss are plotted in Fig. 4.3.2. The volume of the unit cells is shown in Fig. 4.3.3 
togetherr with the Imaging Plate picture of the scan measurement. In the same figure also the 
magneticc susceptibility versus temperature is plotted. 
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FIGUREE 4.3.2. Diffraction patterns (3-35° 29) of the scan measurements of [Fe(teec)6](C104)2: 300->90K 
fromm top to bottom. Several changes of the peak positions and intensities can be observed. 
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Inn the case of [Fe(teec)6](C104)2, the evolution of the diffraction patterns as the 
temperaturee lowers is very interesting as can be seen in Fig. 4.3.3. Within the temperature range 
300-1800 K, the evolution of the patterns appears to be quite gradual and only a simple lattice 
contractionn seems to occur. In almost all regions of the patterns it can be observed that some 
liness initially present at 300 K start to fade while new lines appear below certain temperatures. 
Forr example, below 150 K, very close to the first line at ~ 4.7° 29 (d ~ 12.15 A which is the a-
axis),, a second line appears, which becomes stronger at 130 K and thereafter seems to stabilize. 
Att the same time, the first strong line seems to disappear and only a few spots remain at low 
temperatures.. Around 12° 29 and until 150 K, two main lines are splitting, but below 140 K these 
liness fade out while a new one in between them becomes stronger (see Fig. 4.3.3). At around 15° 
299 and below 170 K, some reflections seem to fade out and at 150 K a new peak begins to 
appear,, very close to the initial reflections, which becomes stronger at lower temperatures. 
Beloww 130 K the patterns seem to stabilize. It is remarkable that the temperature interval, in 
whichh these differences were observed coincides with the temperature interval during which the 
spinn transition occurs. An obvious hypothesis is that, as the temperature lowers, the molecules in 
thee HS state are being replaced by those in the LS state. Interestingly, each state gives a 
distinguishablee diffraction pattern. 

Anotherr observation concerns the difference between scan and long-term measurements at 
thee same temperature. From inspection of the long-term and the scan measurements at every 
temperature,, it can be concluded that the diffraction patterns of both scan and long-term 
measurementss at 300, 250 and 200 K do not exhibit large differences. The long-term-experiment 
patternn at 175 K is still quite similar to the scan-experiment pattern at 180K but differs 
appreciablyy from the scan-experiment pattern at 170 K especially in the interval 12-25° 29. Also 
thee long-term measurement at 155 K differs considerably from the 150 and 160 K scan data in 
thee interval 20 = 15-25°. Comparing the patterns at 90 and 140 K, remarkable differences can be 
observedd in the range 20 = 4-25°. The above-described differences can be attributed to the 
relaxationn of the structure during the long-term measurements, a conclusion drawn also in the 
casee of [Fe(teec)6](BF4)2. Indeed, inspection of the long-term diffraction patterns at 155-90 K 
showss that the existence of a separate HS state is not significant. In Fig. 4.3.4, scan- and long-
termm diffraction patterns in the interval 11.7 < 200 < 12.5° 20 are shown. It can be observed indeed 
thatt no significant differences exist between the scan and long-term measurements at 300-175 K 
whilee some changes appear already at 170 K and become more prominent as the temperature 
lowerss to 90 K. 
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FIGUREE 4.3.4. Excerpt of the diffraction patterns of the scan (broken lines) and long-term (continuous 
lines)) experiments of [Fe(teec)6](C104)2, showing their evolution as function of temperature. 

Anotherr conclusion that can be drawn from the examination of the diffraction patterns is 

thatt the intensity peaks at several 29 angle ranges, in both the scan and long-term measurements, 

aree broader and less well defined in the temperature range T=140-170K for the scan 

measurementss (T= 140-175 K for the long-term ones). This can be explained by the fact that the 

ImagingPlatee detector records the kinetics of the spin crossover, which is quite prominent in the 

mentionedd temperature range. 

Ass explained above, in the scan measurements the diffraction patterns of both the HS and 

LSS states occur simultaneously, so making the determination of both unit cells difficult . The 

presencee of a small amount of the HS state phase in the long-term measurements, however, did 

nott hinder the unit cell determination. The latter results are discussed below. In Fig. 4.3.5(a) for 

eachh temperature the changes in the unit-cell axes and volume relative to their values at 90 K are 

plottedd for the long-term measurements (AL=L T-L9o, AV=VT-V 9O). The angle (3 as function of 

temperaturee is depicted in Fig. 4.3.5(b). In Fig. 4.3.5(c) the % change of the unit-cell axes and 

volumee of the scan measurements relative to their values at 300 K is depicted: [(L-r-

L3oo)/L3oo]""  100%, with LT a unit-cell axis or volume value at temperature T. At 90 K, the final 

contractionn percentages were 4.5, 1.1 and 1.1 % respectively for a-, b- and c-axes. The much 

largerr contraction of the a-axis compared to the b- and c-axes is remarkable. Al l unit cells are 

listedd in Table 4.3.2. Results and information of the FPD and Pawley refinement are summarized 

inn Table 4.3.3. 
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FIGUREE 4.3.5. (a) Changes in the unit-cell axes and volume relative to their values at 90 K, as function 
off  temperature T for long-term measurements of [Fe(teec)6](C104)2. (b) The angle p as function of 
temperaturee T. (c) Change of the unit-cell axes and volume relative to their values at 300K (%). 
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TABLEE 4.3.2. Unit cell data of all long-term measurements of [Fe(teec)6](C104)2 
Materialss Studio). 
T(K) T(K) aa (A) b(A) b(A) (A) (A) ACL ACL 

(refinementt with 

V(A<) V(A<) 
90 0 
140 0 
155 5 
175 5 
200 0 
250 0 
300 0 

11.6214(2) ) 
11.8900(4) ) 
11.9962(4) ) 
12.02833(17) ) 
12.0833(3) ) 
12.14157(18) ) 
12.1669(3) ) 

17.7883(3) ) 
17.7246(4) ) 
17.6797(4) ) 
17.7513(2) ) 
17.8039(3) ) 
17.8964(2) ) 
17.9845(3) ) 

10.46283(19) ) 
10.4418(3) ) 
10.4528(3) ) 
10.47896(18) ) 
10.4934(2) ) 
10.53631(15) ) 
10.5736(2) ) 

90.3470(16) ) 
90.348(2) ) 
90.279(4) ) 
90.232(2) ) 
90.196(2) ) 
90.3846(12) ) 
90.6044(13) ) 

2162.89(8) ) 
2200.52(12) ) 
2216.90(15) ) 
2237.43(7) ) 
2257.43(9) ) 
2289.39(6) ) 
2313.54(9) ) 

TABLEE 4.3.3. Full pattern decomposition (MRIA) and Pawley refinement (Materials Studio) results for 
long-termm measurements of [Fe(teec)6](C104)2. 

T(K) T(K) 300 300 300 300 250 250 200 200 175 175 155 155 140 140 90 90 
(MRIA)(MRIA) (MS) (MS) (MS) (MS) (MS) (MS) 

90 90 
(MRIA)(MRIA) (MS) 

Rp(%) Rp(%) 
Rwp(%) Rwp(%) 
2929 range (°) 
ResolutionResolution (A) 
ExcludedExcluded regions 0 0 

2.54 4 
4.12 2 
2-28.65 5 
2.02 2 

1.98 8 
2.77 7 
3-25 5 
2.31 1 

1.83 3 
2.90 0 
3-35 5 
1.66 6 

1.95 5 
3.41 1 
3-35 5 
1.66 6 

1.68 8 
2.87 7 
3-35 5 
1.66 6 

2.26 6 
3.75 5 
3-25 5 
2.31 1 

1.91 1 
3.42 2 
3-35 5 
1.66 6 
15.60-15.75 5 
16.65-16.75 5 
17.30-17.42 2 

3.66 6 
5.97 7 
2-29.61 1 
1.96 6 

1.97 7 
3.27 7 
3-35 5 
1.66 6 

4.3.3.2.. Structure Solution 

ParallelParallel Tempering 

Thee results of the PT runs are summarized in Table 4.3.4. All final solutions were 
subsequentlyy refined using the MS package. 

TABLEE 4.3.4. Summary of the first PT run of [Fe(teec)61(ClQ4)2 at 300 and 155 K. 
T(K)T(K) 300 IJl 

3-25 5 
2.31 1 
18 8 
3 3 
9.64 4 

T=300K:T=300K: The solution found in the first run was similar to the structure of 
[Fe(teec)6](BF4)2,, apart from the orientation of one ligand. The expected similarity of the 
structuress of both complexes, suggested by the similarity of their diffraction patterns, encouraged 
too carry out a second run (4 cycles) in which only the 12 DOF describing the Fe(teec)6-moiety 
weree allowed to vary and, for the same reason, a third run (10 cycles) in which only the torsion 
angless were free to vary (9 DOF). However, eventually all runs gave almost identical solutions. 
Thee solution of the third run was processed further with RR of MS. 

T=155K:T=155K: For the same reason as in case of 300 K, a second run (5 cycles) was performed 
withh C104" being kept fixed (12 DOF) while in a third run (5 cycles) only the rotational angles of 
thee (teec)3-moiety and all parameters of C104" were varied (9 DOF). Again, all runs gave almost 

2d(°) 2d(°) 
ResolutionResolution (A) 
DOF DOF 
CyclesCycles in the first run 
Rwp(%) Rwp(%) 

3-25 5 
2.31 1 
18 8 
2 2 
11.39 9 
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identicall  solutions. The solution of the first run was processed further with RR. In Fig. 4.3.6 the 
evolutionn of Rwp versus the Frame is shown at T = 300 and 155 K. 

Inn the runs in which 18 DOF (3 < 20 < 25°) were varied, a significant drop of Rwp occurred 
inn general within 20,000 steps, After that, the Rwp decreased gradually and within approximately 
500,0000 steps the final R„p factor was reached. In the runs with 12 DOF, this required less than 
80,0000 steps, while in runs with 9 DOF, in general the final Rvp was reached in less than 20,000 
steps. . 

35 5 

30 0 

25 5 

\ \ 

ca ca 

R1 1 R2 2 R3 3 

10 0 
50 0 1000 _ 150 

Frame e 
200 0 250 0 

of f ?? 20 

30 0 600 90 
Frame e 

120 0 150 0 

FIGUREE 4.3.6. RKp versus the Frame number of the structure solution of [Fe(teec)6](C104)2 at 300 (top) and 
1555 K (bottom). 
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GeneticGenetic Algorithm 

300K:300K: As explained above, the structures of both teec complexes were expected to be 
similarr as suggested by the similarity of their diffraction patterns. The structure solution of 
[Fe(teec)ö]]  (004)2 found by PT turned out to be similar to the structure of [Fe(teec)6](BF4)2 
indeed,, apart from the orientation of one ligand. Because of the uncertainty that the structural 
modell  found was a correct solution, also the GA has been applied using the (with MS) refined 
structuree at 300K as initial model. Several runs of pGA (see Chapter 2) have been applied. Most 
off  the structural solutions found could be reduced (after applying symmetry operations) to two 
structurall  models, differing in the orientation of just one ligand. One of the models was very 
similarr to the one determined by PT (called from now on Ml ) and the other one very similar to 
thee structure of Dova et al. (2002), called from now on M2. 

Thee run that led to Ml was carried out with 100 Xobs values, which corresponded to 75 
resolvedd and 54 clustered reflections (26max = 21.98°, dmjn

= 2.62 A). The best solution 
[R(X)) = 0.501] was found at the 86th cycle but, as can be seen in Fig. 4.3.7(top), the basic 
structurall  model was actually found earlier in cycle 38. The run that led to M2 was carried out 
withh 120 Xobs values, which corresponded to 86 resolved and 75 clustered reflections 
(29maxx = 23.45°, dmin= 2.46 A). The best solution [R(X)=0.522] was found at the 244th cycle but, 
ass can be seen in Fig. 4.3.7(bottom), in this case as well the structural model was found earlier, 
inn cycle 141. The seemingly horizontal series of points in Fig. 4.3.7, are the results of the local 
GAA cycles in each of the parallel genetic algorithm runs. In order to choose the best structural 
model,, both models were refined with GSAS. 
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FIGUREE 4.3.7. Evolution of R(X) vs number of cycles of [Fe(teec)6](C104)2 at 300K leading to Ml (top) 
andd M2 (bottom). The box searches of the parallel genetic algorithm are apparent as more or less 
horizontall  series of points. 

90K:90K: As initial model for the GA runs, the (with MS) refined structure with Materials 

Studioo at 155 K had been used. After several runs, as several different structural models had 

beenn found, it was decided to use the almost refined structural model M2 of [Fe(teec)6](C104)2 at 

3000 K as the starting point of the refinement with GSAS. 

4.3.3.3.. Rietveld Refinement 

Thee [Fe(teec)6](C104)2 structure at 300 K has been refined initially with the MS package 

butt because the refinement was not satisfactory (for the same reasons as explained in 4.2.2.2), 

thee GSAS program has been used to complete the refinement of the two structural models (M l 

andd M2) delivered by GA. Because of the limited time available, the structure at 155 K has been 

refinedd only by MS. A full refinement of the structure at 90 K has been carried out with GSAS, 

inn order to have a refinement as detailed as possible at the lowest available temperature. Results 
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off  the RR of all structures are summarized in Table 4.3.5 and some results wil l be discussed 
beloww in some detail. 

TABL EE 4.3.5. Summary of the Rietveld Refinement results of the [Fe(teec)6l(C104)2 structures. 
T(K)T(K) 300 (MS) 300(GSAS-M1) 300 (GSAS-M2) 155 (MS) " 90 (GSAS) 
Rp(%)Rp(%) 5.09 3.29 3.28 5.45 3.52 
Rwp(%)Rwp(%) 8.08 4.58 4.58 7.75 4.70 
2929 range (°) 3-50 2.5-50 2.5-50 3-51 2.5-66 
ResolutionResolution (A) U 8 L18 [AS LA6 0.92 

MaterialsMaterials Studio: The same observations as discussed in 4.2.3.3 hold here as well. 

GSASGSAS - 300K: Two RR's were carried out: one for M l and one for M2. The difference 

betweenn those models concerned the anti-parallel orientation of the tetrazole ring of ligand a. 

Thee CI position of the same ligand, though, is almost the same (Fig. 4.3.8). Although both 

modelss do not differ much in terms of criteria-of-fit (see Table 4.3.5) and difference pattern (Fig. 

4.3.9),, model M2 is slightly better and, moreover, its packing is similar to that of 

[Fe(teec)6](BF4)2.. In view of this, M2 is suggested to be the most likely structural model of 

[Fe(teec)6](C104)22 at 300K. 

FIGURE.. 4.3.8. Superimposed Ml (--) and M2(—) of [Fe(teec)6](C104)2. The main differences exist at 
thee tetrazole rings of ligand a, which are antiparallel. 
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GSAS-90K:GSAS-90K: As in case of [Fe(teec)6](BF4)2 at 90K, the hexagonal phase of ice was 
introducedd as a second phase into the RR. After fitting the ice phase using the same profile 
functionn as for the main phase, all its parameters were kept constant and only those of the 
[Fe(teec)6](C104>22 phase were being refined. 

Bothh at 300 and 90 K, bond-distance, bond-angle and planar restraints were applied (as 
describedd in Ch. 3 and considering the discussion in 4.2.3.3). The final values of the global 
weightingg factors were fd=3, fa=10, fp=15 at 300 K, fd=12, fa=20, fp=20 at 90 K and every group 
off  restraints contributed to the final x2 as shown in Table 4.3.6. Atomic displacement parameters 
off  the non-hydrogen atoms were refined isotropically and they were constrained such that all 
atomicc displacement parameters of each type of element were the same (in addition, Uc = UN 
exceptt for me C atoms connected to CI atoms). Spherical-harmonics coefficients up to 6th order 
weree refined and the final texture index was J = 2.264 for Ml , J = 2.598 for M2 at 300K and 
JJ = 2.163 at 90 K, implying a quite considerable preferred orientation. The final plot of the 
observed,, calculated and difference patterns after RR at 90K. is shown in Fig. 4.3.10. 

TABLEE 4.3.6. Restraints terms in least-squares minimization function of Rietveld Refinement of 
rFe(teec)6l(C104)22 (GSAS). 
T(K) T(K) 
BondBond Distances (46) 
BondBond angles (78) 
PlanarPlanar Group (15) 
TotalTotal data (300K:4888; 90K:6462) 
(powder(powder + restraints) 

300300 (Ml) 
5565.5 5 
5879.6 6 
2952.8 8 

69912 2 

300300 (M2) 
4116.2 2 
6371.5 5 
3088.7 7 

68951 1 

90 90 
4010.7 7 
8396.7 7 
2880.5 5 

114400 0 
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Thee refinement results of Ml and M2 indicate that RR and the Rwp are not very sensitive to 
differentiatee between small structural differences, like those observed at the two models, 
especiallyy when the experimental data are of relatively poor quality. In this case, the sample 
granularityy is thought to be responsible for the lower quality of data, as explained in section 
4.3.2.1.. The problems caused by the sample granularity could be diminished in the long-term 
measurementss (compared to the scan experiments) by spinning the capillary, but not be 
eliminatedd completely. An extensive grinding of the compound was avoided as it led to the 
occurrencee of a different diffraction pattern, as mentioned in section 4.3.2.1. This different phase 
showedd similarities to the one of [Fe(teec)6](BF4)2 observed after intense grinding of the sample. 
Duee to a lack of time, this (probably) new phase of [Fe(teec)6](C104)2 has not been studied yet. 

Anotherr important reason for the quality reduction, especially at T = 90 K, is the presence 
off  a (though small) quantity of the HS state phase as explained in 4.3.3.1. Although unit cell 
determinationn was possible, it appeared to be an important hamper for a structure solution and 
evenn more for a structure refinement. The small amount of HS phase, affected the diffraction 
patternss when digitised from the ImagingPlate images: a slightly different choice of integration 
areaa led to different integrated intensities as shown in Fig. 4.3.11. 

299 n 

FIGUREE 4.3.11. Excerpt of two diffraction patterns of the [Fe(teec)6](C104)2 at 90 K, as integrated from 
thee ImagingPlate using two different integration areas. The lowest line is the difference between them. 

Inn all Rietveld refinements of [Fe(teec)6](C104)2, restraints were essential to avoid a 
distortedd structural model. Therefore, values of bond distances and bond-angles should be 
consideredd in this case as well as indicative and not absolute. 

4.3.3.4.. Crystal Structure description 
2+ + Likee in [Fe(teec)6](BF4)2, the Fe in the centrosymmetric Fe(teec)6

ZT moiety is at a special 
positionn and is octahedrally coordinated by the neighbouring nitrogens at distances 2.174(9)-
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2.188(9)) A at 300K, which are typical Fe-N distances in the HS state. The Fe-N distances at 
900 K are 1.909(7) - 2.091(8) A. The average bond distance of the Fe-moiety (excluding the Fe-N 
bonds)) at 300K is 1.30 A while at 90K this averages to 1.28 A, which correspond to a shrinkage 
off  1.9% due to temperature. For Fe-N bonds alone, the decrease is 7.8% (0.17 A). From the 
abovee it can be concluded that the shortening of the Fe-N bond distances due to the HS->LS 
transitionn is more prominent than the contraction due to just a decrease of temperature. 

Al ll  N-Fe-N angles show almost ideal octahedral symmetry with a maximum deviation of 
1.5(3)°° from 90° at 300K and 2.9(3)° at 90K. At 300K, the four in-plane N atoms form an almost 
perfectt square (deviation smaller than 0.5° from 90°). At 90 K, the square is distorted with a 
maximumm deviation of 5.2° from 90°. [Distances and angles given in the text containing e.s.d's 
havee been calculated with the program PLATON; those not containing e.s.d.'s have been 
calculatedd with DIAMOND or PLUVA; list of final coordinates and selected bonds and angles 
off  [Fe(teec)6](C104)2 at 300 and 90K are given in Tables 4.3.8 - 4.3.11]. 

Inn Fig. 4.3.12 (left) the refined structures at 300 and 90 K have been superimposed. (All 
figuress displaying the structure have been made with the program DIAMOND or PLUVA ). The 
molecularr structure with the numbering of the non-hydrogen atoms of the asymmetric unit is 
shownn in Fig. 4.3.12 (right). From the superposition of the structures it is concluded that mainly 
thee ethyls of the ligands have been moved and/or changed direction, rather than the tetrazole 
rings,, which are almost parallel at the two temperatures, with the ethyl of the ligand c being 
changedd the most and the ethyl of ligand b the least. 

FIGUREE 4.3.12. (left) The refined structures at 300 (dark grey) and 90K (light grey) superimposed, (right) 
Molecularr crystal structure of [Fe(teec)6](C104)2 at 300K showing the numbering scheme. 

Thee formation of layers along the unit cell axes, as observed in case of [Fe(teec)6](BF4)2, 
holdss here as well. In Fig. 4.3.13 the layers parallel to the b- and c-axes and almost 
perpendicularr to the a-axis are shown while in Fig. 4.3.14, they are viewed along the a-axis. The 
differencess between the structures at the two temperatures mainly concern the orientation of the 
Cl-CC bonds of the c-ligand, which are almost parallel to the b- and c-axis at 300K (within 15° 
deviation)) while at 90K this deviation is 35°. The distance between the structural layers is around 
2.33 at 300 K and 1.8 A at 90 K, and the atoms involved in the closest contacts between the layers 
aree the CI and H atoms with Cl-H and H-H distances. There are five H-H short contacts < 3.5 A 
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rangingg from 2.03 to 3.38 A at 300 K and from 2.21-3.31 A at 90 K, five Cl-H < 3.5 A ranging 
fromfrom 2.70 to 3.49 A at 300K and six ranging from 2.34-3.50 A at 90 K. There are three CI -
CII  < 4.4 A both at 300 K and at 90 K (one of them being intralayer). According to PLATON, of 
thee above distances, three C1...H-C bonds at 300K are short enough to be considered as 
hydrogenn bonds, one of them being intralayer (Cll ...H3a2-C3a) and almost parallel to the c-axis, 
andd the other two interlayer. At 90 K the intralayer hydrogen bond and one of the interlayer 
hydrogenn bonds have become stronger while the other interlayer hydrogen bond has become 
quitee long (Table 4.3.7). From the above it can be concluded that the interlayer interactions are 
ratherr stronger than in case of the tetrafluoroborate complex, especially at 90 K. Other possible 
intermolecularr and intralayer hydrogen bonds are also listed in Table 4.3.7. The N...H-C bonds 
correspondd to those observed in the tetrafluoroborate complex and they are rather long. From the 
N...HH distances it can be concluded that, just like in case of the tetrafluoroborate complex, at 
3000 K more N...H-C hydrogen-bond stabilization exists compared to 90 K and in fact, at 90 K 
twoo out of three distances have become too large to be considered as hydrogen bonds. In 
contrast,, and also in agreement with the findings in the tetrafluoroborate complex, the C1...H-C 
hydrogenn bonds seem to become stronger at lower temperature. 

TABLEE 4.3.7. Possible intermolecular hydrogen bonds (A, °) of [Fe(teec)6](ClQ4)2 at 300K and 90K. 
300300 90K 

N2a. . 
N2b. . 
N2c. . 

Cll. . . 
C13. . . 
C12. . . 

. .H2b2—C2 b b 
. .H2al—C2 a a 
. .H2c l —— C2 c 

.H3a2—C3a a 

.H3b l —— C3 b 

.H3b2—C3b b 

N... H H 
2.8 4 4 
2.7 4 4 
2.8 2 2 
C1... H H 
2.81(4 ) ) 
2.70(5 ) ) 
2.82(4 ) ) 

N... C C 
3.7 0 0 
3.5 0 0 
3.5 9 9 
C1... C C 
3.68(2 ) ) 
3.53(2 ) ) 
3.83(2 ) ) 

N-H- C C 
134 4 
126 6 
127 7 
Cl-H- C C 
136(3 ) ) 
130(3 ) ) 
154(3 ) ) 

N... H H 
3.1 6 6 
2.6 7 7 
3.6 1 1 
C1... H H 
2.68(3 ) ) 
2.34(4 ) ) 
2.9 5 5 

N... C C 
3.9 9 9 
3.4 0 0 
3.6 3 3 
C1... C C 
3.65(2 ) ) 
3.266(19 ) ) 
3.9 0 0 

N-H- C C 
133 3 
124 4 
83 3 
Cl-H- C C 
150(2 ) ) 
139(3 ) ) 
149 9 
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FIGUREE 4.3.13. The [Fe(teec)6](C104)2 structure at RT (left) and 90K (right) forms layers along b- (top) 
andd c-axis (bottom), perpendicular to a-axis 
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FIGUREE 4.3.14. View of the [Fe(teec)6](C104)2 structure at 300 (left) and 90K (right) along a-axis; within 
thesee layers the Fe and B atoms exhibit a pseudo-trigonal symmetry. 

4.3.3.5.. Spin Crossover 

Ass it turns out, like in [Fe(teec)6](BF4)2, one type of Fe(II) crystallographic site is involved 
andd therefore the incomplete spin crossover can not be attributed to the existence of two 
differentlyy behaving Fe(II) ions, one of which does not undergo spin crossover, as in cases of 
[Fe(mtz)6]X2,, A"=BF4\ C104~ (Wiehl, 1993) (see section 4.1.2) and [Fe(etz)6](BF4) (Hinek et al., 
1996a). . 

Unlikee the case of [Fe(teec)6](BF4)2, however, it is concluded from the non-gradual 
evolutionn of the diffraction patterns as function of temperature that two distinguishable lattices 
occurr whose quantities vary with the temperature, a behaviour suggesting a structural phase 
transition.. It is suggested that the lattice at 300 K is the HS state lattice while the one appearing 
beloww 150 K is the LS state lattice. The two states give distinct but similar diffraction patterns so 
itt is likely that their difference involves mainly gradual changes of the unit cell parameters 
withoutt large conformational changes, as the characteristic reflection positions of the two phases 
inn the beginning of the powder patterns are quite close to each other (Fig. 4.3.3). 

Accordingg to the incomplete spin crossover found by magnetic susceptibility 
measurements,, both HS and LS states are observed at 90 K. This observation supports the theory 
thatt domains with the same spin can be formed during spin crossover. These domains are (in the 
casee of [Fe(teec)6](C104)2) large enough to give their own diffraction pattern. Such a 
phenomenonn was not observed in the case of [Fe(teec)6](BF4)2. 

Ass in the case of the long-term experiments of [Fe(teec)6](BF4)2, the final lattice 
contractionss of [Fe(teec)6](C104)2 relative to the values at 300 K show a remarkable anisotropy 
alongg the a-axis, although the anisotropy in the latter is quite larger. In both complexes, the 
c-axiss contracts the least. The changes in unit-cell parameters are not linear and although all axes 
changee rather gradually, after the largest part of the spin crossover is completed (-155K) the a-
axiss decreases faster while the b- and c-axes increases slightly. Thus, after -155K the volume 
changee is mainly due to the decrease of the a-axis. The overall relative change in volume 
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betweenn the highest and lowest temperature was 6.5%, which is comparable to the change in 
volumee of [Fe(teec)6](BF4)2, and corresponds to 75.3 A3 per complex molecule. 

Comparingg [Fe(teec)6](BF4)2 with [Fe(teec)6](C104)2, it is observed that the average 
decreasee of the Fe-N bond (0.17 A) in [Fe(teec)6](C104)2 is smaller than in [Fe(teec)6](BF4)2 

(0.311 A) and this is likely to be related to the incomplete HS-^LS spin transition as observed by 
magneticc susceptibility measurements (Fig. 4.3.1). 

Inn the case of [Fe(PM-TeA)2(NCS)2].CH3OH (PM=N-2'-pyridylmethylene, TeA = 
4-aminoterphenyl),, which also exhibits a smooth and incomplete spin crossover, it was 
concluded,, on the basis of single-crystal structures determined at 298K, 140K and 1 IK (all space 
groupss Pccn), that no large phase transition was involved in the HS->LS spin crossover. The 
structurall  variations from 298 to 11 K have been characterized as weak and continuous, in 
agreementt with the magnetic behaviour. The molecule is centrosymrnetric with the octahedrally 
coordinatedd Fe(II) being on a special position. The average Fe-N contraction of Fe-N = 0.15 A, 
whichh is quite close that of [Fe(teec)6](Cl04)2, and induced, according to the authors, an 
incompletee spin crossover (Guionneau, 1999). The structure is organized in layers and the 
interlayerr interactions (S-C contacts) are weak. 

AA similar behaviour was observed in the case of Fe(btz)2(NCS)2 (btz = 2,2'-Bi-4,5-
dihydrothiazine),, which also shows a gradual incomplete spin crossover, both at low and at room 
temperature.. The single-crystal X-ray diffraction structures at RT and 130 K have been 
determinedd (space group Pbcn, Z = 4) and no structural phase transition was observed (Real, 
1992).. The general conformation of the complex was nearly unchanged upon cooling. The Fe(II) 
iss surrounded by six N atoms forming a distorted octahedron and is located on a 2-fold axis QA, 
y,, VA). The intramolecular geometry did hardly change and the most significant variations 
concernedd the Fe-N6 core with an average Fe-N reduction of 0.170 A (reduction of Fe-
N(btz)) = 0.20 and Fe-N(CS) = 0.11 A). The btz ligands were not planar and two C atoms 
belongingg to one of the rings are disordered (even at 130 K). The structure is organized in layers 
parallell  to the a-b plane that interact via C-S and C-C close contacts. 

Fromm the above it is concluded that the incomplete HS->LS spin crossover is manifested 
byy the Fe-N bond reduction and it can be compared to the respective values found in the 
literature.. However, as the structural characteristics reported both here and in the literature are 
basedd on long-term measurements, and taking into account the remarkable differences between 
thee scan and the long measurements of [Fe(teec)6](C104)2, one cannot safely draw conclusions 
aboutt the precise mechanism of the incomplete spin crossover on the basis of the structure only. 
Thee behaviour of the complex during the scan measurements is remarkable as the two magnetic 
phasess (HS and LS) give rise to distinct diffraction patterns. One should take into account this 
behaviourr and the significant structure relaxation occurring during long-term measurement. 
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TABL EE 4.3.8. Final Coordinates and Equivalent Isotropic Displacement Parameters of the non-Hydrogen 
atomss of [Fe(teec)6l(C104)2 at 300K (M2). 

Atomm x y z U(eq)(A2) 
Fe e 
Cl l l 
C12 2 
C13 3 
N3B B 
N1A A 
NI B B 
NI C C 
N2A A 
N2C C 
N3A A 
N3B B 
N3C C 
N4A A 
N4B B 
N4C C 
CI A A 
C1B B 
C1C C 
C2A A 
C2B B 
C2C C 
C3A A 
C3B B 
C3C C 
CI I 
01 1 
02 2 
03 3 
04 4 

0 0 
-0.382 77 (13 ) 

0.4100(14 ) ) 
0.3959(13 ) ) 
0.2395(12 ) ) 

-0.204 33 (10 ) 
0.2135(10 ) ) 

0.2084(9 ) ) 
-0.2513(12 ) ) 

0.2380(12 ) ) 
-0.1866(8 ) ) 
0.175 77 (10 ) 
0.1792(12 ) ) 
-0.1016(6 ) ) 

0.1080(7 ) ) 
0.107 44 (7 ) 

-0.1188(11 ) ) 
0.137 44 (10 ) 

0.1301(9 ) ) 
-0.2468(12 ) ) 

0.2599(10 ) ) 
0.2468(12 ) ) 

-0.3619(14 ) ) 
0.3817(11 ) ) 
0.3615(15 ) ) 
-0.0082(8 ) ) 

0.022(2 ) ) 
0.1004(17 ) ) 

-0.1208(17 ) ) 
-0.03 22 (2 ) 

0 0 
-0.2349(6 ) ) 
-0.0791(6 ) ) 
-0.1088(6 ) ) 

0.0949(7 ) ) 
-0.1407(6 ) ) 

0.0357(6 ) ) 
-0.1738(6 ) ) 
-0.0728(7 ) ) 
-0.171 44 (8 ) 
-0.0308(7 ) ) 

0.0858(6 ) ) 
-0.1193(7 ) ) 
-0.0711(5 ) ) 

0.0257(5 ) ) 
-0.0935(5 ) ) 
-0.1421(6 ) ) 
-0.0064(7 ) ) 
-0.1240(6 ) ) 
-0.2108(7 ) ) 

0.019 11 (8 ) 
-0.219 22 (7 ) 
-0.2038(9 ) ) 

0.0120(9 ) ) 
-0.2040(7 ) ) 

0.329 88 (4 ) 
0.3178(11 ) ) 
0.367 00 (10 ) 
0.3892(10 ) ) 
0.2413(10 ) ) 

0 0 
0.0727(14 ) ) 
0.3422(12 ) ) 

-0.2748(13 ) ) 
0.2309(13 ) ) 
0.2170(11 ) ) 
0.3065(11 ) ) 

-0.1304(12 ) ) 
0.2310(13 ) ) 

-0.0064(13 ) ) 
0.1689(10 ) ) 
0.1383(12 ) ) 
0.0483(15 ) ) 

0.1170(8 ) ) 
0.1592(8 ) ) 

-0.0462(9 ) ) 
0.1457(11 ) ) 
0.2610(13 ) ) 

-0.1501(14 ) ) 
0.270 77 (12 ) 
0.4319(15 ) ) 

-0.233 88 (17 ) 
0.2421(15 ) ) 
0.4089(17 ) ) 

-0.2808(18 ) ) 
0.0124(8 ) ) 

-0.1545(17 ) ) 
0.0912(19 ) ) 

0.028(2 ) ) 
0.082(2 ) ) 

00 .10 2 (4 ) 
0.310(5 ) ) 
0.31 00 (5 ) 
0.310(5 ) ) 
0.11 77 (4 ) 
0.117(4 ) ) 
0.11 77 (4 ) 
0.117(4 ) ) 
0.11 77 (4 ) 
0.11 77 (4 ) 
0.11 77 (4 ) 
0.117(4 ) ) 
0.11 77 (4 ) 
0.117(4 ) ) 
0.11 77 (4 ) 
0.117(4 ) ) 
0.100(4 ) ) 
0.100(4 ) ) 
0.100(4 ) ) 
0.100(4 ) ) 
0.100(4 ) ) 
0.100(4 ) ) 

0.070(10 ) ) 
0.070(10 ) ) 
0.070(10 ) ) 

0.033(3 ) ) 
0.200(8 ) ) 
0.200(8 ) ) 
0.200(8 ) ) 
0.200(8 ) ) 

TABLEE 4.3.9. Selected bond distances and angles of [Fe(teec)6](ClQ4)2 at 300K (M2). 
Fe e 
Fe e 
Fe e 
CI I 
CI I 
CI I 
CI I 
Cl l l 
C12 2 
C13 3 
N3B B 
N3B B 
N3B B 
N1A A 
N1A A 
N1A A 
NI B B 
NI B B 
NI C C 
NI C C 
NI C C 
N2A A 
N2C C 

N4A A 
N4B B 
N4C C 
N4A A 
N4A A 
N4B B 
N4A A 

Fe e 
Fe e 
Fe e 
Fe e 
Fe e 
Fe e 
Fe e 

-N4 C C 
-N4 A A 
-N4 B B 
-0 1 1 
-0 2 2 
-0 3 3 
-0 4 4 
-C3 A A 
-C3 B B 
-C3 C C 
-NI B B 
-N3 B B 
-N4 B B 
-N2 A A 
-C2 A A 
-CI A A 
-C1 B B 
-C2 B B 
-C1 C C 
-C2 C C 
-N2 C C 
-N3 A A 
-N3 C C 

N4C C 
N4C C 
N4C C 
N4B B 
N4C C 
N4C C 
N4B B 

2.18 88 (9 ) 
2.17 44 (8 ) 
2.17 44 (9 ) 

1.82(2 ) ) 
1.69(2 ) ) 
1.75(2 ) ) 
1.78(2 ) ) 
1.89(2 ) ) 
1.82(2 ) ) 

1.764(17 ) ) 
1.371(17 ) ) 
1.254(19 ) ) 
1.37 88 (14 ) 
1.357(17 ) ) 
1.478(17 ) ) 
1.291(18 ) ) 
1.286(17 ) ) 
1.467(19 ) ) 
1.323(15 ) ) 

1.45(2 ) ) 
1.357(19 ) ) 
1.278(18 ) ) 

1.32(2 ) ) 
88.9(3 ) ) 
91.2(3 ) ) 

180.0 0 0 
91.5(3 ) ) 
91.1(3 ) ) 
88.8(3 ) ) 
91.5(3 ) ) 

N3A A 
N3C C 
N4A A 
N4B B 
N4C C 
C2A A 
C2B B 
C2C C 
CI A A 
C1B B 
C1C C 
C2A A 
C2A A 
C2B B 
C2B B 
C2C C 
C2C C 
C3A A 
C3A A 
C3B B 
C3B B 
C3C C 
C3C C 

C1B B 
N2C C 
C1C C 
N2C C 
N1A A 
NI C C 
N2A A 

-N4 A A 
-N4 C C 
-CI A A 
-C1 B B 
-C1 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-H1 A A 
-H1 B B 
-H1 C C 
-H21 A A 
-H22 A A 
-H21 B B 
-H22 B B 
-H21 C C 
-H22 C C 
-H31 A A 
-H32 A A 
-H31 B B 
-H32 B B 
-H31 C C 
-H32 C C 

-NI B B 
-NI C C 
-NI C C 
-NI C C 
-N2 A A 
-N2 C C 
-N3 A A 

1.38 11 (13 ) 
1.400(18 ) ) 
1.330(14 ) ) 
1.270(16 ) ) 
1.261(17 ) ) 

1.4 44 (2 ) 
1.510(18 ) ) 

1.51(2 ) ) 
1.10(3 ) ) 
1.11(3 ) ) 
1.10(3 ) ) 
1.10(4 ) ) 
1.11(3 ) ) 
1-11(4 ) ) 
1.10(4 ) ) 
1.10(4 ) ) 
1.12(2 ) ) 
1.0 88 (3 ) 
1.09(4 ) ) 
1.1 22 (4 ) 
1.09(4 ) ) 
1.10(4 ) ) 
1.10(4 ) ) 

-C2 B B 
-C2 C C 
-C2 C C 
-C1 C C 
-N3 A A 
-N3 C C 
-N4 A A 

119 9 
131 1 
120 0 
108 8 
102 2 
107 7 
111 1 

2(11 ) ) 
6(12 ) ) 
1(13 ) ) 
3(12 ) ) 
3(12 ) ) 
9(13 ) ) 
2(11 ) ) 
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N4A A 
N4A A 
N4A A 
N4A A 
N4B B 
N4A A 
N4B B 
N4B B 
01 1 
01 1 
01 1 
02 2 
02 2 
03 3 
N3B B 
N3B B 
N2A A 
N2A A 
CI A A 
N3B B 
N3B B 
NI B B 
N4B B 
NI C C 
N4C C 
N1A A 
N1A A 
C3A A 
C3A A 
H21A A 
NI B B 
NI B B 
C3B B 
C3B B 
H21B B 
NI C C 
NI C C 
C3C C 

-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-C I I 
-C I I 
-C I I 
-C I I 
-C I I 
-C I I 
-N3 B B 
-N3 B B 
-N1 A A 
-N1 A A 
-N1 A A 
-NI B B 
-NI B B 
-C1 B B 
-C1 B B 
-C1 C C 
-C1 C C 
-C2 A A 
-C2 A A 
-C2 A A 
-C2 A A 
-C2 A A 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 C C 
-C2 C C 
-C2 C C 

-N4 C C 
-N4 A A 
-N4 B B 
-N4 C C 
-N4 C C 
-N4 B B 
-N4 B B 
-N4 C C 
-0 2 2 
-0 3 3 
-0 4 4 
-0 3 3 
-0 4 4 
-0 4 4 
-NI B B 
-N4 B B 
-CI A A 
-C2 A A 
-C2 A A 
-C1 B B 
-C2 B B 
-H1 B B 
-H1 B B 
-H1 C C 
-H1 C C 
-H21 A A 
-H22 A A 
-H21 A A 
-H22 A A 
-H22 A A 
-H21 B B 
-H22 B B 
-H21 B B 
-H22 B B 
-H22 B B 
-H21 C C 
-H22 C C 
-H21 C C 

91. 11 (3 ) 
180.0 0 0 

88.5(3 ) ) 
88.9(3 ) ) 
88.8(3 ) ) 
88.5(3 ) ) 

180.0 0 0 
91. 22 (3 ) 

111.1(11 ) ) 
109.3(11 ) ) 
109.3(10 ) ) 
108.7(10 ) ) 
106.2(11 ) ) 
112.2(11 ) ) 
102. 11 (12 ) 
110.1(11 ) ) 
115. 11 (11 ) 
125. 22 (12 ) 
119.6(11 ) ) 
114.1(12 ) ) 
126.6(12 ) ) 

128(2 ) ) 
128.0(19 ) ) 
124.4124.4  (18 ) 
126.8(17 ) ) 

108(2 ) ) 
1133 (2 ) 
109(2 ) ) 
115(3 ) ) 
111(3 ) ) 
109(2 ) ) 
112(2 ) ) 
111(2 ) ) 
113(2 ) ) 
108(3 ) ) 
104(3 ) ) 
112(3 ) ) 
105(2 ) ) 

N2C C 
Fe e 
Fe e 
N3A A 
Fe e 
Fe e 
N3B B 
Fe e 
Fe e 
N3C C 
N1A A 
NI B B 
NI C C 
N1A A 
NI B B 
NI C C 
Cl l l 
C12 2 
C13 3 
N1A A 
N4A A 
C3C C 
H21C C 
Cl l l 
Cl l l 
C2A A 
C2A A 
H31A A 
C12 2 
C12 2 
C2B B 
C2B B 
H31B B 
C13 3 
C13 3 
C2C C 
C2C C 
H31C C 

-N3 C C 
-N4 A A 
-N4 A A 
-N4 A A 
-N4 B B 
-N4 B B 
-N4 B B 
-N4 C C 
-N4 C C 
-N4 C C 
-CI A A 
-C1 B B 
-C1 C C 
-C2 A A 
-C2 B B 
-C2 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-CI A A 
-CI A A 
-C2 C C 
-C2 C C 
-C3 A A 
-C3 A A 
-C3 A A 
-C3 A A 
-C3 A A 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 C C 
-C3 C C 
-C3 C C 
-C3 C C 
-C3 C C 

-N4 C C 
-N3 A A 
-CI A A 
-CI A A 
-N3 B B 
-C1 B B 
-C1 B B 
-N3 C C 
-C1 C C 
-C1 C C 
-N4 A A 
-N4 B B 
-N4 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-C2 A A 
-C2 B B 
-C2 C C 
-H1 A A 
-Hl A A 
-H22 C C 
-H22 C C 
-H31 A A 
-H32 A A 
-H31 A A 
-H32 A A 
-H32 A A 
-H31 B B 
-H32 B B 
-H31 B B 
-H32 B B 
-H32 B B 
-H31 C C 
-H32 C C 
-H31 C C 
-H32 C C 
-H32 C C 

105.1(1 3 3 
110.5( 7 7 
141.9( 8 8 
107. 00 ( 9 
113.6( 7 7 
136.2( 8 8 

109.2(1 0 0 
117.7( 8 8 
131. 77 ( 8 

109.7(1 0 0 
104.1(1 0 0 
104.2(1 1 1 
108.7(1 2 2 
100.9(1 1 1 
103.9(1 2 2 
116.9(1 2 2 
107.1(1 2 2 
109.2(1 2 2 
112.5(1 1 1 
126.8(1 7 7 
128.9(1 7 7 

108( 3 3 
110(4 110(4 
1144 ( 3 
116( 2 2 
107( 3 3 
1077 ( 2 
106( 3 3 
110( 2 2 
113( 2 2 
1077 ( 3 
107( 2 2 
111( 3 3 
102( 2 2 
1144 ( 2 
103( 2 2 
112( 3 3 
112( 3 3 
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TABL EE 4.3.10. Final Coordinates and Equivalent Isotropic 
Hydrogenn atoms of rFe(teec)6](C104)2 at 90K (Spring8 data). 

Displacementt Parameters of the non-

Atom m 
Fe e 
C l l l 
C12 2 
C13 3 
N1A A 
NIB B 
NIC C 
N2A A 
N2B B 
N2C C 
N3A A 
N3B B 
N3C C 
N4A A 
N4B B 
N4C C 
CIA A 
C1B B 
C1C C 
C2A A 
C2B B 
C2C C 
C3A A 
C3B B 
C3C C 
CI I 
01 1 
02 2 
03 3 
04 4 

X X 

Q Q 

- 0 . 3 9 2 9 ( 1 6) ) 
0 . 4 0 6 3 ( 1 1) ) 
0 . 4 2 9 3 ( 1 1) ) 

- 0 . 1 9 2 2 ( 1 0) ) 
0 . 2 1 0 3 ( 1 0) ) 

0 . 1 9 5 1 ( 7) ) 
- 0 . 2 5 777 (11) 

0 . 2 3 1 3 ( 1 1) ) 
0 . 2 1 8 6 ( 8) ) 

- 0 . 2 0 1 2 ( 1 0) ) 
0 . 1 6 5 9 ( 1 0) ) 

0 . 1 5 8 6 ( 8) ) 
- 0 . 1 0 6 6 ( 7) ) 

0 . 1 0 3 3 ( 8) ) 
0 . 0 9 7 6 ( 6) ) 

- 0 . 0 9 8 7 ( 9) ) 
0 .13877 (10) 

0 .12344 (7) 
- 0 . 2 1 9 9 ( 1 0) ) 

0 . 2 5 688 (11) 
0 . 2 3 1 6 ( 9) ) 

- 0 . 3 3 8 0 ( 1 1) ) 
0 . 3 7 4 5 ( 1 4) ) 
0 . 3 5 0 2 ( 1 2) ) 
- 0 . 0 1 2 7 ( 6) ) 

- 0 . 0 7 2 9 ( 1 6) ) 
0 . 1 2 4 9 ( 9) ) 

- 0 . 0 4 7 3 ( 1 5) ) 
- 0 . 0 6 1 7 ( 1 6) ) 

y y 
0 0 

- 0 . 2 3 0 7 ( 6) ) 
- 0 . 0 8 3 0 ( 4) ) 
- 0 . 1 0 9 1 ( 5) ) 
- 0 . 1 3 844 (6) 

0 . 0 3 6 2 ( 6) ) 
- 0 . 1 6 1 9 ( 5) ) 
- 0 . 0 7 4 6 ( 7) ) 

0 . 1 0 1 9 ( 7) ) 
- 0 . 1 6 922 (6) 
- 0 . 0 2 9 1 ( 7) ) 

0 .08722 (6) 
- 0 . 1 1 7 1 ( 5) ) 
- 0 . 0 6 6 6 ( 5) ) 

0 . 0 2 2 1 ( 5) ) 
- 0 . 0 8 2 5 ( 4) ) 
- 0 . 1 3 5 5 ( 6) ) 
- 0 . 0 0 9 5 ( 6) ) 
- 0 . 1 0 833 (5) 
- 0 . 2 0 7 5 ( 8) ) 

0 . 0 1 5 6 ( 7) ) 
- 0 . 1 9 7 6 ( 6) ) 
- 0 . 2 0 1 8 ( 8) ) 

0 . 0 0 8 4 ( 8) ) 
- 0 . 1 8 7 7 ( 8) ) 

0 . 3 3 0 5 ( 3) ) 
0 . 2 6 0 1 ( 7) ) 
0 . 3 1 9 2 ( 8) ) 
0 .41577 (6) 
0 . 3 1 7 7 ( 9) ) 

z z 
0 0 

0 . 0 7 4 6 ( 1 2) ) 
0 . 3 4 1 7 ( 9) ) 

- 0 . 2 6 2 5 ( 9) ) 
0 . 2 0 9 1 ( 1 0) ) 
0 . 2 9 8 2 ( 1 0) ) 

- 0 . 1 3 9 4 ( 1 0) ) 
0 . 2 1 2 5 ( 1 2) ) 
0 . 2 3 3 9 ( 1 3) ) 

- 0 . 0 1 3 4 ( 1 2) ) 
0 . 1 5 4 3 ( 1 1) ) 
0 . 1 4 2 6 ( 1 2) ) 
0 . 0 4 9 6 ( 1 2) ) 

0 . 1 1 3 7 ( 8) ) 
0 . 1 5 2 6 ( 9) ) 

- 0 . 0 4 2 3 ( 8) ) 
0 . 1 4 6 6 ( 9) ) 

0 . 2 5 1 1 ( 1 0) ) 
- 0 . 1 4 9 4 ( 1 1) ) 

0 . 2 7 2 1 ( 1 1) ) 
0 .41977 (13) 

- 0 . 2 5 0 5 ( 1 2) ) 
0 . 2 5 1 7 ( 1 5) ) 
0 . 4 0 4 9 ( 1 4) ) 

- 0 . 2 8 577 (14) 
0 . 0 0 6 5 ( 6) ) 

- 0 . 0 9 3 4 ( 1 4) ) 
0 . 0 1 5 8 ( 1 7) ) 

- 0 . 0 5 3 6 ( 1 5) ) 
0 . 1 6 0 0 ( 1 1) ) 

U(eq)(A2) ) 
0.. 039(3) 
0 . 2 2 8 ( 9) ) 
0 . 0 4 8 ( 4) ) 
0 . 0 8 6 ( 5) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 1 9 ( 2) ) 
0 . 0 2 0 ( 8) ) 
0 . 0 2 0 ( 8) ) 
0 . 0 2 0 ( 8) ) 
0 . 0 1 1 ( 2) ) 
0 . 1 5 9 ( 8) ) 
0 . 1 5 9 ( 8) ) 
0 . 1 5 9 ( 8) ) 
0 . 1 5 9 ( 8) ) 

TABL EE 4.3.11. Selected bond distances and angles of rFe(teec)6l(C104)2 at 90K (Spring8 data). 
Fe e 
Fe e 
Fe e 
CI I 
CI I 
CI I 
CI I 
C l l l 
C12 2 
C13 3 
N1A A 
N1A A 
N1A A 
NIB B 
NIB B 
NIB B 
NIC C 
NIC C 
NIC C 
N2A A 
N2B B 
N2C C 
N3A A 

N4A_aa -
N4BB a -
N4C C 
N4AA a -
N4A_aa -
N4BB a -
N4A A 

Fe e 
Fe e 
Fe e 
Fe e 
Fe e 
Fe e 
Fe e 

-N4C C 
-N4A A 
-N4B B 
- 01 1 
- 02 2 
- 03 3 
-04 4 
-C3A A 
-C3B B 
-C3C C 
-N2A A 
-CIA A 
-C2A A 
-N2B B 
-C1B B 
-C2B B 
-N2C C 
-C1C C 
-C2C C 
-N3A A 
-N3B B 
-N3C C 
-N4A A 

N4C C 
N4C C 
N4C_ _ 
N4B~ ~ 
N4C" " 
N4C C 
N4B B 

a a 
a a 
a a 
a a 

1 .909 (7) ) 
2 . 0 9 1 ( 8) ) 
2 . 0 3 0 ( 9) ) 

1 .7733 (15) 
1 .613 (13) ) 
1 .689 (13) ) 
1 .723 (14) ) 

2 . 0 2 ( 2) ) 
1 .795 (16) ) 
1 .690 (17) ) 
1 .367 (17) ) 
1 .272 (15) ) 
1 .433 (17) ) 
1 .372 (17) ) 
1 .261 (16) ) 
1 .426 (17) ) 
1 .351 (16) ) 
1 .270 (12) ) 
1 .393 (16) ) 
1 .209 (17) ) 
1 .245 (18) ) 
1 .336 (15) ) 
1 .356 (14) ) 

8 7. . 
9 1. . 

1(3) ) 
0(3) ) 

180 .00 0 
90. . 
92. . 
8 9. . 
90. . 

7(3) ) 
9(3) ) 
0(3) ) 
7(3) ) 

N3B B 
N3C C 
N4A A 
N4B B 
N4C C 
C2A A 
C2B B 
C2C C 
CIA A 
C1B B 
C1C C 
C2A A 
C2A A 
C2B B 
C2B B 
C2C C 
C2C C 
C3A A 
C3A A 
C3B B 
C3B B 
C3C C 
C3C C 

N2C C 
C1C C 
N1A A 
NIB B 
NIC C 
N2A A 
N2B B 

-N4B B 
-N4C C 
-CIA A 
-C1B B 
-C1C C 
-C3A A 
-C3B B 
-C3C C 
-H1A A 
-Hl B B 
-H1C C 
-H21A A 
-H22A A 
-H21B B 
-H22B B 
-H21C C 
-H22C C 
-H31A A 
-H32A A 
-H31B B 
-H32B B 
-H31C C 
-H32C C 

-NI C C 
-NI C C 
-N2A A 
-N2B B 
-N2C C 
-N3A A 
-N3B B 

1.3722 (14) 
1 .341 (13) ) 
1.2777 (14) 
1 .242 (14) ) 
1 .249 (14) ) 
1 .391 (17) ) 

1 . 38 (2) ) 
1 .439 (18) ) 

1 . 07 (2) ) 
1 . 08 (2) ) 
1 . 08 (2) ) 
1 . 09 (3) ) 
1 . 10 (2) ) 
1 . 09 (3) ) 
1 . 09 (3) ) 
1 . 08 (3) ) 
1 . 11 (2) ) 
1.077 (3) 
1 .07 (3) ) 
1 .12 (3) ) 
1 .07 (3) ) 
1.077 (4) 
1 .08 (3) ) 

-C2C C 
-C2C C 
-N3A A 
-N3B B 
-N3C C 
-N4A A 
-N4B B 

1 3 5 . 2 ( 9) ) 
1 1 8 . 4 ( 1 0) ) 
1 0 3 . 8 ( 1 2) ) 

9 5 . 0 ( 1 1) ) 
1 0 8 . 2 ( 1 0) ) 
1 0 5 . 8 ( 1 1) ) 
1 1 6 . 1 ( 1 1) ) 
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N4A A 
N4A A 
N4A A 
N4A A 
N4B B 
N4AA a 
N4B B 
N4B B 
01 1 
01 1 
01 1 
02 2 
02 2 
03 3 
N2A A 
N2A A 
CI A A 
N2B B 
N2B B 
C1B B 
N2C C 
NI B B 
N4B B 
NI C C 
N4C C 
N1A A 
N1A A 
C3A A 
C3A A 
H21A A 
NI B B 
NI B B 
C3B B 
C3B B 
H21B B 
NI C C 
NI C C 
C3C C 

-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-C I I 
-C I I 
-C I I 
-C I I 
-C I I 
-C I I 
-N1 A A 
-N1 A A 
-N1 A A 
-NI B B 
-NI B B 
-NI B B 
-NI C C 
-C1 B B 
-C1 B B 
-C1 C C 
-C1 C C 
-C2 A A 
-C2 A A 
-C2 A A 
-C2 A A 
-C2 A A 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 C C 
-C2 C C 
-C2 C C 

-N4 C C 
-N4A_ a a 
-N4 BB a 
-N4 CC a 
-N4 C C 
-N4 B B 
-N4 BB a 
-N4 CC a 
-0 2 2 
-0 3 3 
-0 4 4 
-0 3 3 
-0 4 4 
-0 4 4 
-CI A A 
-C2 A A 
-C2 A A 
-C1 B B 
-C2 B B 
-C2 B B 
-C1 C C 
-H1 B B 
-H1 B B 
-H1 C C 
-H1 C C 
-H21 A A 
-H22 A A 
-H21 A A 
-H22 A A 
-H22 A A 
-H21 B B 
-H22 B B 
-H21 B B 
-H22 B B 
-H22 B B 
-H21 C C 
-H22 C C 
-H21 C C 

92.9(3 ) ) 
180.0 0 0 

89.3(3 ) ) 
87.1(3 ) ) 
89.0(3 ) ) 
89.3(3 ) ) 

180.0 0 0 
91.0(3 ) ) 

109.5(9 ) ) 
108. 88 (8 ) 
109.0(8 ) ) 
111.6(9 ) ) 
105.1(9 ) ) 
112.8(8 ) ) 

117. 22 (11 ) 
125.0(11 ) ) 
117. 88 (11 ) 
118.5(11 ) ) 
126.1(11 ) ) 
115.3(10 ) ) 
106.3(10 ) ) 
127.0(18 ) ) 
128.6(18 ) ) 
122.0(14 ) ) 
126.7(12 ) ) 
109.5(18 ) ) 

112(2 ) ) 
112(2 ) ) 
117(2 ) ) 
110(3 ) ) 
110(2 ) ) 

107.5(19 ) ) 
111(2 ) ) 
112(2 ) ) 
109(3 ) ) 

99.1(19 ) ) 
113(2 ) ) 
103(2 ) ) 

N2C C 
Fe e 
Fe e 
N3A A 
Fe e 
Fe e 
N3B B 
Fe e 
Fe e 
N3C C 
Nl A A 
NI B B 
NI C C 
Nl A A 
NI B B 
NI C C 
Cl l l 
C12 2 
C13 3 
Nl A A 
N4A A 
C3C C 
H21C C 
Cl l l 
Cl l l 
C2A A 
C2A A 
H31A A 
C12 2 
C12 2 
C2B B 
C2B B 
H31B B 
C13 3 
C13 3 
C2C C 
C2C C 
H31C C 

-N3 C C 
-N4 A A 
-N4 A A 
-N4 A A 
-N4 B B 
-N4 B B 
-N4 B B 
-N4 C C 
-N4 C C 
-N4 C C 
-CI A A 
-C1 B B 
-C1 C C 
-C2 A A 
-C2 B B 
-C2 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-CI A A 
-CI A A 
-C2 C C 
-C2 C C 
-C3 A A 
-C3 A A 
-C3 A A 
-C3 A A 
-C3 A A 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 C C 
-C3 C C 
-C3 C C 
-C3 C C 
-C3 C C 

-N4 C C 
-N3 A A 
-CI A A 
-CI A A 
-N3 B B 
-C1 B B 
-C1 B B 
-N3 C C 
-C1 C C 
-C1 C C 
-N4 A A 
-N4 B B 
-N4 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-C2 A A 
-C2 B B 
-C2 C C 
-Hl A A 
-H1 A A 
-H22 C C 
-H22 C C 
-H31 A A 
-H32 A A 
-H31 A A 
-H32 A A 
-H32 A A 
-H31 B B 
-H32 B B 
-H31 B B 
-H32 B B 
-H32 B B 
-H31 C C 
-H32 C C 
-H31 C C 
-H32 C C 
-H32 C C 

103.9(10 ) ) 
112.5(7 ) ) 
131.0(7 ) ) 
116.4(9 ) ) 
114.5(8 ) ) 
139.1(8 ) ) 

105.8(10 ) ) 
119.9(7 ) ) 
129.6(7 ) ) 
110.2(8 ) ) 

96.7(9 ) ) 
104.3(10 ) ) 
111.3(10 ) ) 

95.2(11 ) ) 
107.1(12 ) ) 
117.0(10 ) ) 
115.3(11 ) ) 
109.3(11 ) ) 
125.8(11 ) ) 
131.5(15 ) ) 
131. 77 (14 ) 

109(3 ) ) 
115(3 ) ) 
113(2 ) ) 

113.4113.4  (19 ) 
105(2 ) ) 
106(2 ) ) 
103(3 ) ) 

110.0(19 ) ) 
115(2 ) ) 
107(3 ) ) 
105(2 ) ) 
111(3 ) ) 

977 (2 ) 
110(2 ) ) 

96(2 ) ) 
112(2 ) ) 
1122 (3 ) 
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4.44 [Fe(teei)6](BF4)2 

4.4.11 Introduction 

Inn Fig. 4.4.1, the molar magnetic susceptibility (jT) of [Fe(teei)6](BF4)2 versus temperature 

(T== 137-300 K) is shown (Stassen, 2002). The spin transition is gradual and complete with a 

transitionn temperature 7% = 205 K. The gradual transition does not suggest the existence of two 

orr more different Fe sites, as in the cases of the teec complexes. 

o o 
E E 

coo Z 

£ £ 

„ • • • • • • • • • • • • • • • 

100 0 150 0 200 200 
T(K) ) 

250 0 300 300 

FIGUREE 4.4.1. Molar magnetic susceptibility xT versus temperature (T) of [Fe(teei)6](BF4)2. 

Thee spin crossover observed with 57Fe Mössbauer spectroscopy is in agreement with the 

onee observed above; only one high-spin (HS) site is suggested. The spin transition is gradual 

(betweenn 170 and -250 K) and complete. The transition temperature (-200 K) is somewhat 

lowerr than observed by magnetic susceptibility. 

Thee goal was to determine at least the structure of [Fe(teei)6](BF4)2 in the HS and low-spin 

(LS)) states (300 K and 90 K respectively) and to establish the structural differences (if any) with 

respectt to the other halo-ethyltetrazole complexes studied in this thesis. The structure at the 

transitionn temperature (205 K) has been also determined. The structures have been determined 

onn the basis of X-ray powder diffraction data, collected at BM1B (ESRF) and BL02B2 (SPring8) 

att a series of temperatures from 300 down to 90 K. 

4.4.22 Materials and methods 

4.4.2.11 Sample preparation and data collection 

[Fe(teei)6](BF4)22 (white crystallites) has been synthesized as described by Stassen (2002). 

Thee first data set (called from now on ESRF-data) was collected at RT at the BM1B beamline 

(ESRF),, with k= 0.75003 A in a similar manner as described in section 4.2.2.1. The sample was 
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preparedd into a capillary of 0.5 mm diameter and rotated during the measurement. Data were 

takenn by continuous scanning the interval 3.03 < 20 < 43.26° and finally binned at 0.005° 20. 

Thee second (temperature-dependent) data-set series (called from now on SPring8-data) was 
collectedd at the BL02B2 beamline of SPring8 as described in section 4.2.2.1, using a 0.4 mm 
capillary.. Short exposures (5 min) of several samples were used to examine the quality of the 
powder.. Almost all samples were rather granular since the compound appeared to be very hard 
andd thus very difficult to grind. 

Scann measurements of 5 min duration have been carried out in the same way as for 
[Fe(teec)6](BF4)22 (see section 4.2.2.1) with the temperature-stabilization time in this case being 5 
minn for all steps. After inspection of the diffraction patterns, the temperatures chosen for long-
termm measurements of 60 min duration were 300, 205, 180, 150 and 90 K and in all cases the 
temperature-stabilizationn time of 5 min was used, which led to a 5 h 20 min total data collection 
time.. The average temperature drop AT(¥Jmin) for each experiment is listed in Table 4.4.1. 
Afterr the long-term experiments the colour of the sample turned out to be brown. 

TABLEE 4.4.1. Average temperature drop AT (K/min) for [Fe(teei)6](BF4)2 experiments at SPring8. 
ScanScan measurements (5 min) Long measurements (60 min) _ ^ _ 

JtepJtep AT _™E „ AT _ 
3ÖÖ42500 " 5" ~ ~ 30)4205 " " 1.46 " ~ ~ — ~ 
restt 1 2054180 0.38 

18041555 0.46 
1504900 0.92 

4.4.2.22 Structure Solution and Refinement 

UnitUnit cells determination, indexing and patterns fitting 

Alll  powder-diffraction patterns were indexed using the program ITO. The ESRF-data were 
decomposedd with the full-pattern decomposition (FPD) of the program MRIA in a similar 
mannerr as described in section 4.2.2.2. The unit cells of the SPring8 patterns were refined 
applyingg the Pawley refinement as incorporated in Materials Studio (MS) package in similar way 
ass described in 4.2.2.2. 

Inn the diffraction patterns collected at SPring8, several broad intensity peaks can be 
observedd that are not present in the diffraction pattern collected at the ESRF. These peaks are 
attributedd to impurities present in the batch used for the experiments at SPring8 (two different 
batchess were prepared for data collection). In the cases of 300, 180 and 150 K, 29 ranges 
correspondingg to these peaks have been excluded in order to improve the refinement while in the 
casess of 205 and 90 K this was not considered to be necessary. Moreover, 26 regions 
correspondingg to ice peaks were excluded in cases of 180, 150 and 90 K, except for ice peaks 
veryy close to reflection peaks. All excluded regions are listed in Table 4.4.3 in the results section. 
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StructureStructure Solution 

Thee structure at RT (ESRF data) was solved using Grid Search (GS) and Genetic 
Algorithmm (GA) techniques while the structures at 300, 205 and 90 K were obtained from 
SPring8-dataa with Parallel Tempering (PT) techniques as incorporated in MS. In all cases the 
structuree of [Fe(teec)6](BF4)2 at RT (Dova et al, 2001) was taken as initial search model, with CI 
beingg replaced by I. For the same reasons as for the two teec complexes, only half of the 
moleculee was required as a search model [consisting of the (teei)3-moiety and the BF4"] and the 
degreess of freedom were defined in the same way as discussed in 4.2.2.2. 

GridGrid Search 

Thee method and the settings were as described in section 4.2.2.2. The GS procedure was 
splitt into the following searches: (a) a rotational search to position the (teei)3 moiety, (b) a 
torsion-anglee search to optimize the orientation of the tetrazole rings and the iodoethyls and (c) a 
translational/rotationall  search to locate the BF4~. The search order followed was (a)-(b)-(c)-(a). 

Thee rotational search of the (teei)3 moiety was carried out using 90 low-angle Xobs-values 
andd an initial rotation step of 10° in the whole angular range (cp = 0-180°, y = 0-180°, K = 0-
360°).. In order to locate more precisely a minimum, the steps were gradually reduced to 1° (and 
additionall  searches were carried out) until the position was established. 

Torsion-anglee searches exploiting 90 Xobs-values were applied to determine more 
accuratelyy the position of the rings and the iodoethyl side chains. Initially, the torsion angles 
weree arranged in three groups (tl-t3), (t4-t6) and (t7-t9), which were handled independently, and 
searchess in steps of 10° in the whole torsion-angular range were applied. Two structural models, 
similarr to those in case of [Fe(teec)6](BF4)2 (referred to as Model-1 and Model-2 in section 
4.2.3.2/Grid4.2.3.2/Grid Search), were found, having close R(X) values. In order to distinguish between the 
twoo models, additional torsion-angle searches using 100, 120, 160 Xobs-values were applied. 
Afterr inspection of the results, it was observed that the above-mentioned structural models were 
betterr distinguished [in terms of R(X)-values] in the search with 120 Xobs-values and, therefore, 
itt was decided to continue the GS using 120 Xobs-values. 

Thee search for BF4" was carried out with 120 low-angle Xobs-values by applying in the 
beginningg only translations (with steps of 0.379, 0.180, 0.319A along the a, b and c axes 
respectively)) within the asymmetric unit. After having located an approximate position, rotations 
weree applied as well with steps of 10° in the whole angular range. Finally, the search was 
restrictedd to a smaller area with translation steps of 0.063,0.090 and 0.053A (along the a, b and c 
axess respectively) and a rotational step of 1°. 

GeneticGenetic Algorithm 

GAA techniques were applied as described in Chapter 2. The two fragments [(teei)3-moiety 
andd BF4'] were searched for simultaneously using 120 Xobs-values. 200 parents were used in 95 
cycless of 200 generations each. Crossover and mutation rates were the default ones. 
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ParallelParallel Tempering 

Thee settings used and degrees of freedom defined were the same as described in the 
correspondingg section of 4.2.2.2. The (teei)3-moiety and the BF4" were searched for 
simultaneouslyy in the first run. The search was done using the interval 3-25° 20 unless stated 
otherwisee (see Table 4.4.4). 

RietveldRietveld Refinement 

ESRFdata ESRFdata 

AA Rietveld Refinement as described in Chapter 3, was carried out using the program 
MRIA.. The parameters were refined as described in the corresponding part of section 4.2.2.2. 

SPring8SPring8 data 

Rietveldd Refinement (RR) of the structures at 300, 205 and 90 K was carried out with the 
programm MS package as described in the corresponding section of 4.2.2.2. Texture correction 
wass applied using the March-Dollase method. The initial values of the parameters were found by 
PTT and then refined in RR. The Fe(teei)6-moiety and BF4" were refined initially as rigid bodies 
butt attempts to refine the individual atomic coordinates, with the atoms not defined as a rigid 
body,, resulted here as well in a distortion of the model. 

Inn view of the available time, it was decided to continue the RR of the structure at 90 K 
withh the program GSAS using the interface EXPGUI. The refinement was carried out as 
describedd in 4.2.2.2. 

4.4.33 Results and discussion 

4.4.3.11 Unit cells determination 

Thee unit cell resulting after indexing the ESRF pattern was monoclinic with 
aa = 12.6387(3), b = 18.0356(4), c = 10.6454(3) A, p = 90.3036(13)°. On the basis of the expected 
similarityy with the teec complexes, as suggested by the similarity of the diffraction patterns, 
P2i/cc was assumed to be the most likely space group and Z = 2 in view of the available cell 
volume.. The unit cells resulting after indexing the powder diffraction patterns collected at 
SPring88 were also monoclinic and the space group (P2i/c) was maintained through the complete 
temperaturee range. In view of this and the similarity of the diffraction patterns (Fig. 4.4.2) it is 
concludedd that no significant crystallographic phase transition has occurred. The volume of the 
unitt cells is shown in Fig. 4.4.33 together with the Imaging Plate picture of the scan measurement. 
Inn the same figure, the magnetic susceptibility is also plotted. It can be observed that a gradual 
latticee contraction takes place. 
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FIGUREE 4.4.2. Diffraction patterns (3-35° 29) of the scan measurements of [Fe(teei)6](BF4)2 
fromm top to bottom. Only slight changes of the peak positions and intensities can be observed. 

300-»90K K 
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Thee unit cells of the scan measurements have not been determined but a visual inspection 
off  the scan diffraction patterns and the corresponding patterns of the long-term measurements 
didd not reveal any significant differences, except for the latter having sharper peaks. Thus, it can 
bee concluded that at the time-scales used, no different types of unit cells occurred, in contrast to 
thee cases of [Fe(tcec)6](BF4)2 and [Fe(teec)6](CI04)2. 

Inn Fig. 4.4.4(a) for each temperature the changes in the unit-cell axes and volume relative 
too the values at 90 K are plotted for the long-term measurements (AL=LT-L9O, AV=V T-V9O). The 
developmentt of angle p versus temperature is depicted in Fig. 4.4.4(b). In Fig. 4.4.4(c) the 
changee (in %) of the unit-cell axes and volume of the scan measurements relative to their values 
att 300 K is shown: [(LT-L3OO)/L3OO]100%, with LT a length or volume at temperature T. 

Itt can be observed in Fig. 4.4.4(a) and (c) that all axes decrease smoothly with the a-axis 
changingg the most (2.4 %), the b-axis 1.8 % and the c-axis the least (1.5 %). The same order of 
decreasee in axes length has been observed at the long-term measurements of the teec complexes. 
Thee overall relative change in volume between the highest and lowest temperature was 5.6%, 
whichh corresponds to 67.1 A3 per complex molecule. The changes in the unit-cell parameters and 
volumee in the case of [Fe(teei)6](BF4)2 are not linear but still seem to follow the curve of a 
graduall  spin crossover. However, there are not enough experimental points available to draw 
strictt conclusions. 

Al ll  unit cells are listed in Table 4.4.2. A summary of the FPD and Pawley refinements is 
listedd in Table 4.4.3. 
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FIGUREE 4.4.4. (a) Changes in the unit-cell axes and volume of [Fe(teei)6](BF4)2 as function of 
temperaturee relative to the values at 90K for long-term measurements, (b) The angle p as function of 
temperaturee T. (c) Change of the unit-cell axes and volume relative to their values at 300K (in %). 
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TABLEE 4.4.2. Unit cells of all long-term measurements of [Fe(teei)6](BF4)2 (refined with Materials 
Studio). . 
T(K) T(K) 
90 0 
150 0 
180 0 
205 5 
300 0 
RTT (ESRF) 

aa (A) 
12.3197(3) ) 
12.3854(2) ) 
12.4347(2) ) 
12.5010(3) ) 
12.6219(2) ) 
12.6387(3) ) 

b(A) b(A) 
17.6844(4) ) 
17.7361(3) ) 
17.7694(3) ) 
17.8212(4) ) 
18.0076(3) ) 
18.0356(4) ) 

c(A) c(A) 
10.4715(2) ) 
10.49745(19) ) 
10.51175(16) ) 
10.5402(3) ) 
10.62711(17) ) 
10.6454(3) ) 

P(°) P(°) 
90.5914(15) ) 
90.4908(15) ) 
90.4305(13) ) 
90.3636(16) ) 
90.3203(11) ) 
90.3036(13) ) 

V(A>) V(A>) 
2281.27(9) ) 
2305.88(8) ) 
2322.58(7) ) 
2348.13(11) ) 
2415.40(7) ) 
2426.55(10) ) 

TABLEE 4.43. Full pattern decomposition (MRIA) and Pawley refinement (Materials Studio) results for 
long-termm measurements of [Fe(teei)6](BF4)2. 

T(K) T(K) 
Rp(%) Rp(%) 
Rwp(%) Rwp(%) 
2020 range O 
ResolutionResolution (A) 
ExcludedExcluded regions Ö Ö 

ESRFESRF (MRIA) 
7.24 4 
11.20 0 
3.03-25.03 3 
1.73 3 

300300 (MS) 
1.89 9 
3.02 2 
3-30 0 
1.93 3 
12.80-12.95, , 
18.10-18.19, , 
18.27-18.37 7 

205205 (MS) 
2.19 9 
3.81 1 
3-30 0 
1.93 3 

180180 (MS) 
1.91 1 
3.18 8 
3-30 0 
1.93 3 
12.83-12.90, , 
15.58-15.64, , 
16.62-16.70, , 
18.35-18.46 6 

150 (MS) 150 (MS) 
2.12 2 
3.62 2 
3-30 0 
1.93 3 
12.83-12.92, , 
15.59-15.66, , 
16.62-16.71, , 
18.35-18.50 0 

90 (MS) 90 (MS) 
1.97 7 
3.27 7 
3-30 0 
1.93 3 
14.72-14.81, , 
15.60-15.72, , 
16.60-16.75, , 
25.67-25.73, , 
27.96-28.07 7 

4.4.3.22 Structure Solution 

GridGrid Search 

Thee initial GS carried out with the 90 lowest-angle Xobs-values (corresponding to 75 
individuall  and 31 overlapping reflections, 26raax = 14.84°, dmin= 2.90 A) led to R(X) = 0.611. As 
explainedd in 4.4.2.2i'Grid Search, all subsequent searches (torsion-angle variations, BF4* search 
andd additional (teei)3-moiety search) were carried out using the 120 lowest-angle Xobs-values, 
correspondingg to 96 individual and 50 overlapping reflections (28max= 16.63°, dmi„=2.59A). 
Afterr the completion of the torsion-angle variation the R(X) had dropped to 0.363. The search 
forr BF4\ with Fe(teei)6

2+ being kept fixed, yielded R(X) = 0.281 and the final search for (teei)3 

(withh BF4" fixed) led to R(X) = 0.260. Using the final model of the grid search, the structure was 
subsequentlyy refined using the Rietveld module in the program MRIA. 

GeneticGenetic Algorithm 

Inn Fig. 4.4.5, the evolution of R(X) vs cycle number is shown. After the 40th cycle, the 
parameterr space was limited to 1/3 of the initial size around the lowest minimum at that moment 
(foundd at the 18th cycle). Finally, the overall lowest minimum was found at the 44th cycle with 
R(X)) = 0.249. 
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FIGUREE 4.4.5. Evolution of R(X) vs cycle number during the genetic algorithm application for 
[Fe(teei)6](BF4)2. . 

ParallelParallel Tempering 

Beforee carrying out the PT runs at 205 and 90 K, the Fe-N bonds of the initial model were 

shortenedd to 2.2 A. The results of the first PT runs are summarized in Table 4.4.4. Al l final 

solutionss were subsequently refined using the MS package. 

TABL EE 4.4.4. Summary of Parallel Tempering runs of rFe(teei)6](BF4)2 at 300, 205 and 90 K. 
T(K)T(K) 300 201 22. 
20(°)20(°) ' 3-25 ' 3-25 3-25 
ResolutionResolution (A) 2.31 2.31 2.31 
DOFDOF 18 18 18 
CyclesCycles in the first run 2 1 1 
RwpRwp (%) 5/78 8,52 7,58 

T=300T=300 K: Two cycles were carried out, both leading to the same solution having a very 

satisfactoryy Rwp value. In Fig. 4.4.6(a) the evolution of Rwp versus the Frame is shown. 

T=205T=205 K: The solution of the first run was similar to the one at 300 K except for the 

orientationn of one ligand. For this reason, a second run (9 cycles, 12 DOF) was carried out, 

takingg as initial model the solution delivered by the first run, keeping BF4" fixed and allowing 

onlyy the DOF defining the (teei)3-moiety to vary. A significant drop of Rwp occurred within 

20,0000 steps while the final Rn.p value was reached within 100,000 steps. This run (^M.p=8.34%) 

resultedd in a more acceptable orientation of the ligand and it was refined subsequently with MS. 

Inn Fig. 4.4.6(b) Rwp is plotted versus the Frame number. 

T=90T=90 K: The structural model used for the search was the same used in the first run at 

205K.. In Fig. 4.4.6(c) Rwp is plotted versus the Frame number. 
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FIGUREE 4.4.6. /?„.,, versus the Frame number for structure solution of [Fe(teei)6](BF4)2 at 300 (a), 205 (b) 
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Afterr the first run (18 DOF) in all cases the initial model used for the search turned out to 
bee already well located with Rwp values 8.16, 9.77 and 8.52% at 90, 205 and 300 K respectively. 

Afterr comparison of the structural models of [Fe(teei)6](BF4)2 delivered by GS, GA and PT 
(att 300 K), it was observed that they were in principle the same except for the position of the C 
atomm bonded to the I atom in all three ligands (Fig. 4.4.7). Therefore, a local GS was performed 
(900 Xobs-values) around the position of the structural model delivered by PT. This local GS 
comprisedd a variation of all torsion angles within a range of ° in steps of initially 4 and 
finallyy 1°, a search of the BF4" with final translation steps of 0.013, 0.018 and 0.011 A within 
rangess of , 2 and 2 A along the a-, b- and c-axes respectively, and a rotation in 
stepss of 1° within ° around (p, \|/ and K. The final model [R(X) = 0.249] was processed with RR 
inn MRIA. In Fig. 4.4.7 the above-mentioned structural models are superimposed and it can be 
observedd that the structure solution found after the local GS is very similar to the solution found 
byy PT. It is estimated though that the differences between all those models can be diminished 
afterr the RR. 

FIGUREE 4.4.7. The structural models of [Fe(teei)6](BF4)2 obtained after grid search (••••), genetic algorithm 
(-- -), parallel tempering techniques (—) and local grid search (—). 

4.4.3.33 Rietveld Refinement 

Thee results of the RR of all models are summarized in Table 4.4.5. Results obtained with 
eachh of the programs will be discussed below. 
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TABLEE 4.4.5. Summary of Rietveld Refinement of the [Fe(teei)6](BF4)2 structures. 
T(K)T(K) ESRF (MRIA) 300 (MS) 205 (MS) 90 (MS) 90 (GSAS) 
Rp(%)Rp(%) 5.22 3.79 4.38 4.04 2.52 
Rwp(%)Rwp(%) 6.00 5.45 6.80 6.06 3.67 
2020 range ("J 3.03-38.03 3-50 3-61 3-56 3-51 
ResolutionResolution (A) US 1.18 0.99 1.07 U 6 

MRIA-ESRFMRIA-ESRF data: In order to avoid distortion of the fragments, a distance-restrained 
refinementt was carried out as described in Chapter 3, using restraints for all intramolecular 
distancess (< 6A) with a = 1% of the ideal distance. The ideal distance C-I was set to 2.16 A and 
alll other distance restraints involving the iodine atom had been removed. The weight cw (Chapter 
3,, eq. 3.13), that weighs the residual distance-restraints function SR versus the Rietveld residual 
functionn Sy, was gradually reduced from 317.4 to 2.96. Attempts to lower cw any further resulted 
inn a distortion of the model. The atomic displacements of the I, C and N atoms were refined 
isotropicallyy and they were constrained to be equal within each of the following three groups: I 
atoms,, C and N atoms of all three tetrazole rings, C atoms of every ethyl group separately. 
Atomicc displacements of Fe, B, F were fixed to ideal values. Final plots of the observed, 
calculatedd and difference patterns after RR are shown in Fig. 4.4.8. Atomic coordinates, selected 
distancess and angles are listed in tables 4.4.8 and 4.4.9. 
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MaterialsMaterials Studio (SPring8-data, T=300, 205 and 90 K): The same observations as 
discussedd in 4.2.3.3 hold here as well. 

GSAS-90GSAS-90 K: The hexagonal ice phase used in previous cases, has been introduced here as 
welll as a second phase into the RR. After fitting the ice phase, using the same profile function as 
forr the main phase, all its parameters were kept constant and only the parameters of 
[Fe(teei)6](BF4)22 were refined. Two regions have been excluded (12.85-12.95 and 18.38-18.54° 
26)) for reasons discussed in section 4.4.2.2. 

Bond-distance,, bond-angle and planar 
restraintss were applied (as described in Ch. TABLE 4.4.6. Terms in least-squares minimization 
3).. The final values of the global weighting function of Rietveld Refinement (GSAS) of 

66 ^ 6 [Fe(teei)6](BF4)2 at 90K. 
BondBond Distances (46) 
BondBond angles (78) 
PlanarPlanar Group (15) 
TotalTotal data (5010) 
(powder(powder + restraints) 

816.54 4 
390.60 0 
880.39 9 
49609 9 

factorss were fd=2, fa=16, fp=2 and every 
groupp of restraints contributed to the final x2 

ass shown in Table 4.4.6. Atomic 
displacementt parameters of the Fe and I 
atomss were refined isotropically, the atomic 
displacementt parameters of the I atoms being constrained to be equal. Atomic displacement 
parameterss of the other non-hydrogen atoms could not been refined and were kept constant at 
0.0255 A2. Spherical-harmonics coefficients up to 12 order were refined and the final texture 
indexx was J= 1.483, implying a moderate preferred orientation. The final plot of the observed, 
calculatedd and difference patterns is shown in Fig. 4.4.9. 
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Ass in previous cases, a restrained RR has been necessary in order to keep a non-distorted 
structurall model. Application of the geometrical restraints was in line with the discussion in 
sectionn 4.2.3.3. The larger differences in the RR plot of the structure at 90 K are concentrated 
mainlyy at the ice peaks and at the peaks attributed to impurities (either excluded or not). Bond 
distancess and angles values should be considered here as well as indicative and not absolute. 

4.4.3.44 Crystal Structure description 

Likee in [Fe(teec)6](BF4)2 and [Fe(teec)6](C104)2, the Fe(II) in the crystal structure of 
[Fe(teei)6](BF4)22 is at a special position and is octahedrally coordinated by the neighbouring 
nitrogenss at distances 2.200(15)-2.219(15)A at RT and 1.873(17)-2.046(18) A at 90 K, which 
aree typical Fe-N distances at HS and LS states respectively. 

Thee average bond distance of the Fe-moiety (excluding the Fe-N bonds) at RT is 1.31 A 
andd 1.28 A at 90 K, corresponding to a shrinkage of 2.1% due to temperature. When only Fe-N 
bondd distances are taken into account (average Fe-N bond contraction of 0.25 A), the decrease is 
11.2%.. From the above it can be concluded that the shortening of the Fe-N bond distances due to 
thee HS->LS transition is much more prominent than the contraction due to the temperature 
decreasee alone, just like in the cases of the other Fe(II) complexes discussed so far. [Distances 
andd angles given in the text containing e.s.d's have been calculated with the program PLATON; 
thosee not containing e.s.d.'s have been calculated with DIAMOND or PLUVA; list of final 
coordinatess and selected bonds and angles of [Fe(teei)6](BF4)2 at RT and 90 K are given in 
Tabless 4.4.8-4.4.11]. 

Alll N-Fe-N angles at RT show almost an ideal octahedral symmetry with a maximum 
deviationn of 0.7(6)° and 1.3(8)° from 90° at RT and 90 K respectively. At RT, the four in-plane N 
atomss form an almost perfect square (deviations smaller than 1° from 90°). At 90K, the square is 
distortedd with a maximum deviation of 5.1° from 90°. In all three Fe(II) complexes studied so far, 
thee octahedral coordination of Fe appears to be more distorted at 90 than at 300 K. 

Figuree 4.4.10(left) shows a superposition of the refined structures at 300 and 90 K. The 
molecularr structure with the numbering of the non-hydrogen atoms in the asymmetric unit is 
shownn in Fig. 4.4.10(right). From the superposition of the structures it is concluded that, in spite 
off the shortening of the Fe-N bond distances, the tetrazole rings remain almost parallel to their 
initiall orientation. Also the iodine atoms remain almost in their initial position. The C-I bonds 
aree less parallel to the be plane than in case of the teec complexes at RT. 
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FIGUREE 4.4.10. (left) The refined structures at 300 (dark grey) and 90K (light grey) superimposed, (right) 
Molecularr crystal structure of [Fe(teei)6](BF4)2 at 300K showing the numbering scheme. 

Likee in the teec complexes, [Fe(teei)6](BF4)2 is packed in layers along the unit cell axes. In 

Fig.. 4.4.11 the layers along the b- and c-axes are shown and in Fig. 4.4.12 as they are viewed 

alongg the a-axis. The differences between the structures at the two temperatures is much less 

prominentt than the corresponding differences in the teec complexes. The distance between the 

structurall layers is ~2 A at RT and slightly shorter at 90 K, and atoms involved in the closest 

contactss between the layers are I and H atoms. There are six H-H short distances shorter than 

3.55 A ranging from 2.61 to 3.26 A and six I-H < 3.5 A short distances ranging from 3.03 to 

3.333 A at 300 K. I-I < 4.4 A (three in total) interlayer close contacts range from 4.10-4.21 A. At 

900 K, there is only one H-H < 3.5 A close contact (3.08 A) while the corresponding contacts 

presentt at RT, range now from 3.50 - 4.45 A. There are five I-H < 3.5 A close contacts ranging 

fromm 2.90 - 3.49 A while I-I < 4.4 A interlayer close contacts (four in total) range from 3.98 -

4.099 A. Two interlayer I...H-C hydrogen bonds almost along the a-axis are suggested by 

PLATON,, one at RT and another at 90 K (Table 4.4.7). The Il...H3c2-C3c hydrogen bond 

seemss to become weaker at 90 K, while the I3...H3bl-C3b becomes stronger. Possible 

intermolecularr N...H-C hydrogen bonds are also listed in Table 4.4.7. From the N.. .H distances 

itt can be concluded that at RT more hydrogen-bond stabilization exists compared to the complex 

att 90 K, just as in case of the teec complexes. 

TABLEE 4.4.7. Possible intermolecular hydrogen bonds (A. °) of [Fe(teei)6](BF4)i structure at RT and 
900 K. 

N2a...H2b2—C2b b 
N2b...H2al—— C2a 
N2c...H2cl—C2c c 
N3a.... H2b2—C2b 

Il. . .H3c22 —C3c 
I3...H3bll —C3b 

RT RT 
N...H H 
2.30(3) ) 
2.46(2) ) 
2.55(3) ) 
2.84 2.84 
I...H H 
3.03(4) ) 
3.13 3 

N...C C 
3.32(3) ) 
3.22(3) ) 
3.32(3) ) 
3.66 6 
I...C C 
3.96(3) ) 
4.03 3 

N-H-C C 
151(3) ) 
125(2) ) 
128(2) ) 
130 0 
I-H-C C 
142(3) ) 
147 7 

90K 90K 
N...H H 
2.73 3 
2.67 7 
3.36 6 
3.26 6 
I...H H 
3.36 6 
2.89(7) ) 

N...C C 
3.65 5 
3.08 8 
3.64 4 
4.07 7 
I...C C 
4.29 9 
3.48(3) ) 

N-H-C C 
150 0 
103 3 
98 8 
137 7 
I-H-C C 
141 1 
116 6 
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FIGURE.. 4.4.11. The structure of [Fe(teei)6](BF4): 

andd c-axis, perpendicular to a-axis 
att RT (left) and 90 K (right) forms layers along b-



FIGURE.. 4.4.12. View of the structure of [Fe(teei)6](BF4)2 at RT (left) and 90K (right) along a-axis; within 
thesee layers the Fe and B atoms exhibit a pseudo trigonal symmetry. 

4.4.3.55 Spin Crossover 

Thee spin crossover of [Fe(teei)6](BF4)2 is gradual and complete. The structural changes are 
alsoo expected to be gradual and moderate. From the superposition of the structures at RT and 
900 K it is concluded that, apart from the Fe-N contraction, the orientations of the tetrazole rings 
havee hardly changed, being almost parallel at both temperatures. The smooth structural changes 
cann also be inferred from the diffraction patterns of the scan measurements. There is no obvious 
appearancee of new intensity peaks or fading of existing ones as in the case of [Fe(teec)6](C104)2 

and,, to a smaller extent, in the [Fe(teec)6](BF4)2 complex. From a comparison of the scan and the 
long-termm measurements of [Fe(teei)6](BF4)2, the only clear difference was an overall lower 
sharpnesss of the intensity peaks in the scan measurements, which may have been caused by the 
extensivee grinding of that particular sample. From the above, it seems that at least at the time 
scalee of the performed experiments, formation of distinct domains with similar spins, large 
enoughh to give a distinguishable diffraction pattern as in case of [Fe(teec)6](C104)2, does not 
occurr with [Fe(teei)6](BF4)2 and its spin-crossover behaviour seems to be more consistent with 
thee regular solution theory, according to which both the electronic and structural changes evolve 
graduallyy and smoothly. 

AA spin crossover and structural behaviour that is similar to that of [Fe(teei)6](BF4)2 has 
beenn observed in Fe(PM-AzA)2(NCS)2 [AzA = 4-(phenylazo)aniline, PM = N-2'-
pyridylmethylene]] (Guionneau et al, 1999). The latter compound also exhibits a gradual one-
stepp spin crossover, no structural phase transition occurs, the space group (P2]/c) is the same and 
thee lowering of the temperature induces thermal contraction of the lattice. The Fe(II) is at a 
generall position and is surrounded by six octahedrally coordinated N atoms and the Fe-N bond 
contractionn ranges from Fe-N(CS) = 0.11 to Fe-N(phenyl) = 0.28A (average 0.19 A). There are a 
feww weak intermolecular (S-C) interactions. The Fe(II) environment is slightly unsymmetrical 
thoughh while that in [Fe(teei)6](BF4)2 appears quite symmetrical. Thus, it seems that the 
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similarityy of the structural behaviour of the compounds concerns mostly the moderate changes 
occurringg during their gradual single-step spin crossover and not directly the initial environment 
ofFe(II)) in the HS state. 

TABLEE 4.4.8. Final Coordinates and Equivalent Isotropic Displacement Parameters of the non-Hydrogen 
atomss of [Fe(teei)6l(BF4)2 at RT (ESRF data). 

Atomm x y z U(eq)(A2) 
Fe e 
11 1 
12 2 
13 3 
N1A A 
NI B B 
NI C C 
N2A A 
N2B B 
N2C C 
N3A A 
N3B B 
N3C C 
N4A A 
N4B B 
N4C C 
CI A A 
C1B B 
C1C C 
C2A A 
C2B B 
C2C C 
C3A A 
C3B B 
C3C C 
Fl l 
F2 2 
F3 3 
F4 4 
B B 

1 1 
0.5888(5 ) ) 
0.5880(5 ) ) 
0.5808(4 ) ) 

0.812(2 ) ) 
0.804(2 ) ) 
0.808(2 ) ) 
0.792(2 ) ) 
0.78 88 (2 ) 
0.792(2 ) ) 

0.849 77 (19 ) 
0.8509(18 ) ) 
0.848 33 (18 ) 
0.9036(14 ) ) 
0.8969(16 ) ) 
0.8986(16 ) ) 
0.8801(18 ) ) 
0.8692(19 ) ) 
0.8737(19 ) ) 

0.765(2 ) ) 
0.756(2 ) ) 
0.765(2 ) ) 
0.647(2 ) ) 

0.6370(18 ) ) 
0.644(2 ) ) 

0.1100(18 ) ) 
-0.022(3 ) ) 
-0.017(3 ) ) 
-0.038(2 ) ) 

0.0046(19 ) ) 

0 0 
0.1985(3 ) ) 

-0.0715(3 ) ) 
-0.1155(3 ) ) 
0.1528(10 ) ) 
0.0307(11 ) ) 
-0.1827(9 ) ) 

0.0935(9 ) ) 
0.0967(9 ) ) 

-0.1900(9 ) ) 
0.0426(7 ) ) 
0.0955(8 ) ) 

-0.1402(7 ) ) 
0.068 77 (7 ) 
0.0310(9 ) ) 

-0.0975(7 ) ) 
0.1376(8 ) ) 

-0.0110(10 ) ) 
-0.1258(8 ) ) 
0.2259(13 ) ) 
0.0049(16 ) ) 

-0.2362(12 ) ) 
0.221 77 (18 ) 
0.0088(16 ) ) 

-0.225 44 (11 ) 
0.1703(17 ) ) 
0.1682(16 ) ) 
0.0907(13 ) ) 
0.2053(15 ) ) 
0.1569(13 ) ) 

0 0 
0.0652(5 ) ) 

-0.3214(4 ) ) 
0.2359(5 ) ) 

0.2158(17 ) ) 
-0.326 11 (14 ) 

0.1220(19 ) ) 
0.2790(18 ) ) 

-0.2759(15 ) ) 
0.0006(16 ) ) 
0.2308(12 ) ) 

-0.1785(12 ) ) 
-0.0502(13 ) ) 

0.1261(13 ) ) 
-0.1609(11 ) ) 

0.0382(13 ) ) 
0.1200(15 ) ) 

-0.2541(12 ) ) 
0.1448(16 ) ) 

0.249(2 ) ) 
-0.4512(18 ) ) 

0.217(3 ) ) 
0.250(2 ) ) 

-0.443(2 ) ) 
0.224(3 ) ) 
0.492(3 ) ) 
0.368(2 ) ) 
0.542(3 ) ) 
0.570(2 ) ) 
0.489(2 ) ) 

0.025 3 3 
0.0871(13 ) ) 

0.087 1 1 
0.087 1 1 
0.054 8 8 
0.054 8 8 
0.054 8 8 
0.054 8 8 
0.054 8 8 
0.054 8 8 
0.054 8 8 
0.054 8 8 
0.054 8 8 

0.055(6 ) ) 
0.054 8 8 
0.054 8 8 
0.054 8 8 
0.054 8 8 
0.054 8 8 

0.08(2 ) ) 
0.06(2 ) ) 
0.12(2 ) ) 

0.076 0 0 
0.058 0 0 
0.117 9 9 
0.101 3 3 
0.101 3 3 
0.101 3 3 
0.101 3 3 
0.050 7 7 

TABLEE 4.4.9. Selected bond distancess and angles of rFe(teei)6l(BF4)2 at RT (ESRF data). 
Fe e 
Fe e 
Fe e 
11 1 
12 2 
13 3 
Fl l 
F2 2 
F3 3 
F4 4 
N1A A 
N1A A 
N1A A 
NI B B 
NI B B 
NI B B 
NI C C 
NI C C 
NI C C 
N2A A 
N2B B 
N2C C 
N3A A 

N4AA -Fe 

-N4 A A 
-N4 B B 
-N4 C C 
-C3 A A 
-C3 B B 
-C3 C C 
- B B 
- B B 
- B B 
- B B 
-N2 A A 
-C2 A A 
-CI A A 
-N2 B B 
-C1 B B 
-C2 B B 
-C2 C C 
-C1 C C 
-N2 C C 
-N3 A A 
-N3 B B 
-N3 C C 
-N4 A A 

-N4 B B 

2.200(15 ) ) 
2.219(15 ) ) 
2.215(16 ) ) 

2.1 44 (2 ) 
2.0 44 (3 ) 
2.1 44 (2 ) 
1.35(3 ) ) 
1.35(3 ) ) 
1.35(3 ) ) 
1.34(3 ) ) 
1.29(3 ) ) 
1.49(3 ) ) 
1.37(3 ) ) 
1.32(3 ) ) 
1.35(3 ) ) 
1.53(3 ) ) 
1.50(3 ) ) 
1.34(3 ) ) 
1-31(3 ) ) 
1.2 88 (3 ) 
1.30(3 ) ) 
1.27(3 ) ) 
1.39(2 ) ) 

90.3(6 ) ) 

N3B B 
N3C C 
N4A A 
N4B B 
N4C C 
C2A A 
C2B B 
C2C C 
CI A A 
C1B B 
C1C C 
C2A A 
C2A A 
C2B B 
C2B B 
C2C C 
C2C C 
C3A A 
C3A A 
C3B B 
C3B B 
C3C C 
C3C C 

N2B B 

-N4 B B 
-N4 C C 
-CI A A 
-C1 B B 
-C1 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-H1 A A 
-H1 B B 
-H1 C C 
-H22 A A 
-H21 A A 
-H22 B B 
-H21 B B 
-H21 C C 
-H22 C C 
-H31 A A 
-H32 A A 
-H32 B B 
-H31 B B 
-H31 C C 
-H32 C C 

1.3 11 (2 ) 
1.37(2 ) ) 
1.28(2 ) ) 
1.30(2 ) ) 
1.29(2 ) ) 
1.49(4 ) ) 
1.51(3 ) ) 
1.5 44 (4 ) 
1.0 88 (2 ) 
1.07(3 ) ) 
1.09(2 ) ) 
1.08(4 ) ) 
1.10(4 ) ) 
1.11(4 ) ) 
1.02(4 ) ) 
1.06(4 ) ) 
1.04(3 ) ) 
1.00(6 ) ) 
1.13(5 ) ) 
1.05(5 ) ) 
1.02(6 ) ) 
1.03(5 ) ) 
1.10(5 ) ) 

-N3 BB -N4 B 113.3(14 ) 
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N4A A 
N4A A 
N4A A 
N4A A 
N4B B 
N4AA a 
N4B B 
N4B B 
N4AA a 
N4BB a 
N4C C 
N4A_a a 
N4AA a 
N4BB a 
N2A A 
N2A A 
CI A A 
N2B B 
N2B B 
C1B B 
N2C C 
N2C C 
C1C C 
N1A A 
NI B B 
NI C C 
N2A A 
C3A A 
C3A A 
H21A A 
NI B B 
NI B B 
C3B B 
C3B B 
H21B B 
NI C C 
NI C C 
C3C C 
C3C C 
H21C C 
11 1 
11 1 
C2A A 
C2A A 

-Fe -Fe 
-F e e 
-Fe -Fe 
-Fe -Fe 
-Fe -Fe 
-Fe -Fe 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-N1 A A 
-Nl A A 
-N1 A A 
-NI B B 
-NI B B 
-NI B B 
-NI C C 
-NI C C 
-NI C C 
-N2 A A 
-N2 B B 
-N2 C C 
-N3 A A 
-C2 A A 
-C2 A A 
-C2 A A 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 C C 
-C2 C C 
-C2 C C 
-C2 C C 
-C2 C C 
-C3 A A 
-C3 A A 
-C3 A A 
-C3 A A 

-N4 C C 
-N4A_ a a 
-N4 BB a 
-N4 CC a 
-N4 C C 
-N4 B B 
-N4 BB a 
-N4 CC a 
-N4 C C 
-N4 C C 
-N4C_a a 
-N4 BB a 
-N4 CC a 
-N4 CC a 
-CI A A 
-C2 A A 
-C2 A A 
-C1 B B 
-C2 B B 
-C2 B B 
-C1 C C 
-C2 C C 
-C2 C C 
-N3 A A 
-N3 B B 
-N3 C C 
-N4 A A 
-H21 A A 
-H22 A A 
-H22 A A 
-H21 B B 
-H22 B B 
-H21 B B 
-H22 B B 
-H22 B B 
-H21 C C 
-H22 C C 
-H21 C C 
-H22 C C 
-H22 C C 
-H31 A A 
-H32 A A 
-H31 A A 
-H32 A A 

90.7(6 ) ) 
180.0 0 0 

89.7(6 ) ) 
89.3(6 ) ) 
90.2(6 ) ) 
89.7(6 ) ) 

180.0 0 0 
89.8(6 ) ) 
89.3(6 ) ) 
89.8(6 ) ) 

180.0 0 0 
90.3(6 ) ) 
90. 77 (6 ) 
90.2(6 ) ) 

110.5(18 ) ) 
122(2 ) ) 

127.5(17 ) ) 
111.5(16 ) ) 

1244 (2 ) 
124.2(19 ) ) 
110.3(18 ) ) 

123(2 ) ) 
1277 (2 ) 

105.8(19 ) ) 
102.3(17 ) ) 
105.4105.4  (18 ) 
111. 11 (14 ) 

1122 (3 ) 
110(3 ) ) 
106(3 ) ) 
113(3 ) ) 
105(3 ) ) 
113(3 ) ) 
102(3 ) ) 
114(3 ) ) 
111(2 ) ) 
111(3 ) ) 
108(3 ) ) 
1044 (3 ) 
114(3 ) ) 
1044 (4 ) 
105(3 ) ) 
117(3 ) ) 
106(3 ) ) 

N2C C 
Fe e 
Fe e 
N3A A 
Fe e 
Fe e 
N3B B 
Fe e 
Fe e 
N3C C 
Nl A A 
NI B B 
NI C C 
Nl A A 
NI B B 
NI C C 
11 1 
12 2 
13 3 
Nl A A 
N4A A 
NI B B 
N4B B 
NI C C 
N4C C 
Nl A A 
Nl A A 
H31A A 
12 2 
12 2 
C2B B 
C2B B 
H31B B 
13 3 
13 3 
C2C C 
C2C C 
H31C C 
Fl l 
Fl l 
Fl l 
F2 2 
F2 2 
F3 3 

-N3 C C 
-N4 A A 
-N4 A A 
-N4 A A 
-N4 B B 
-N4 B B 
-N4 B B 
-N4 C C 
-N4 C C 
-N4 C C 
-CI A A 
-C1 B B 
-C1 C C 
-C2 A A 
-C2 B B 
-C2 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-CI A A 
-CI A A 
-C1 B B 
-C1 B B 
-C1 C C 
-C1 C C 
-C2 A A 
-C2 A A 
-C3 A A 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 C C 
-C3 C C 
-C3 C C 
-C3 C C 
-C3 C C 
- B B 
- B B 
- B B 
- B B 
- B B 
- B B 

-N4 C C 
-N3 A A 
-CI A A 
-CI A A 
-N3 B B 
-C1 B B 
-C1 B B 
-N3 C C 
-C1 C C 
-C1 C C 
-N4 A A 
-N4 B B 
-N4 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-C2 A A 
-C2 B B 
-C2 C C 
-H1 A A 
-H1 A A 
-H1 B B 
-H1 B B 
-H1 C C 
-H1 C C 
-H21 A A 
-H22 A A 
-H32 A A 
-H31 B B 
-H32 B B 
-H31 B B 
-H32 B B 
-H32 B B 
-H31 C C 
-H32 C C 
-H31 C C 
-H32 C C 
-H32 C C 
-F 2 2 
-F 3 3 
-F 4 4 
-F 3 3 
-F 4 4 
-F 4 4 

111.4(14 ) ) 
125.0(10 ) ) 
130. 22 (12 ) 
104.8(15 ) ) 
126.2(11 ) ) 
126.8(14 ) ) 
106.9(15 ) ) 
125.9(11 ) ) 
128.5(13 ) ) 
105.6(15 ) ) 
107.7(15 ) ) 
105.7(17 ) ) 
107.4(17 ) ) 

111(2 ) ) 
109.0(18 ) ) 

108(2 } } 
110.0(15 ) ) 
108.0(17 ) ) 
119.3(14 ) ) 
126.6(19 ) ) 

126(2 ) ) 
126.2(19 ) ) 

128(2 ) ) 
126(2 ) ) 
126(2 ) ) 
110(2 ) ) 
108(3 ) ) 
115(4 ) ) 

99(3 ) ) 
100(3 ) ) 
118(3 ) ) 
112(3 ) ) 
117(4 ) ) 

89(3 ) ) 
111(3 ) ) 
115(3 ) ) 
108(3 ) ) 
1144 (4 ) 
1044 (3 ) 
110(3 ) ) 
105(2 ) ) 
1199 (3 ) 
115(2 ) ) 
1033 (2 ) 

130 0 



TABLEE 4.4.10. Final Coordinates and Equivalent Isotropic Displacement Parameters of the non-
Hydrogenn atoms of rFe(teei)6l(BF4)2 at 90 K (Spring8 data). 

Atomm x y z U(eq)(A2) 

Fe e 
11 1 
12 2 
13 3 
N1A A 
NI B B 
NI C C 
N2A A 
N2B B 
N2C C 
N3A A 
N3B B 
N3C C 
N4A A 
N4B B 
N4C C 
CI A A 
C1B B 
C1C C 
C2A A 
C2B B 
C2C C 
C3A A 
C3B B 
C3C C 
F2 2 
F3 3 
F4 F4 
F5 5 
Bl l 

0 0 
-0.4190(4 ) ) 
-0.4107(4 ) ) 
-0.4209(3 ) ) 

-0.1842(14 ) ) 
-0.1889(16 ) ) 
-0.1811(14 ) ) 
-0.2198(17 ) ) 
-0.2128(19 ) ) 
-0.1975(15 ) ) 
-0.165 88 (18 ) 
-0.1492(18 ) ) 
-0.1433(16 ) ) 
-0.0973(14 ) ) 
-0.094 11 (14 ) 
-0.0897(14 ) ) 
-0.1105(15 ) ) 
-0.1171(17 ) ) 
-0.114 22 (14 ) 

-0.222(2 ) ) 
-0.2369(17 ) ) 
-0.2233(17 ) ) 

-0.328(2 ) ) 
-0.356(2 ) ) 

-0.3389(19 ) ) 
0.045(2 ) ) 

-0.0946(18 ) ) 
0.070 44 (18 ) 

0.020(2 ) ) 
0.0071(18 ) ) 

0 0 
0.1953(2 ) ) 

-0.0756(2 ) ) 
-0.1132(2 ) ) 
0.1519(13 ) ) 
0.0375(14 ) ) 

-0.1647(11 ) ) 
0.0936(14 ) ) 
0.099 77 (16 ) 

-0.1701(11 ) ) 
0.0417(14 ) ) 
0.0894(15 ) ) 

-0.1211(11 ) ) 
0.0633(12 ) ) 
0.0279(10 ) ) 

-0.0834(10 ) ) 
0.1320(13 ) ) 

-0.0071(13 ) ) 
-0.1103(10 ) ) 

0.2271(17 ) ) 
0.0177(15 ) ) 

-0.204 77 (14 ) 
0.222(2 ) ) 

0.0334(15 ) ) 
-0.2026(15 ) ) 

0.2189(12 ) ) 
0.1830(14 ) ) 
0.1593(13 ) ) 
0.1028(12 ) ) 
0.1617(13 ) ) 

0 0 
0.G763(5 ) ) 

-0.3263(4 ) ) 
0.2382(4 ) ) 

0.1987(18 ) ) 
-0.307(2 ) ) 

0.123(2 ) ) 
0.253(2 ) ) 

-0.245(3 ) ) 
0.006(2 ) ) 
0.200(2 ) ) 

-0.141(2 ) ) 
-0.047(2 } } 

0.1157(16 ) ) 
-0.1459(17 ) ) 

0.0309(15 ) ) 
0.1104(17 ) ) 

-0.247(2 ) ) 
0.1357(17 ) ) 

0.225(2 ) ) 
-0.423(2 ) ) 

0.231(3 ) ) 
0.24 88 (3 ) 

-0.389(3 ) ) 
0.18 88 (3 ) 
0.577(2 ) ) 
0.49 44 (2 ) 
0.400(2 ) ) 
0.57 22 (2 ) 
0.502(2 ) ) 

0.020(5 ) ) 
0.0365(6 ) ) 
0.0365(6 ) ) 
0.0365(6 ) ) 

0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 
0.025 0 0 

TABLEE 4.4.11. Selected bond distances and angles of [Fe(teei)6](BF4)2 at 90 K (Spring8 data). 
11 1 
12 2 
13 3 
Fe e 
Fe e 
Fe e 
F2 2 
F3 3 
F4 4 
F5 5 
N1A A 
N1A A 
N1A A 
NI B B 
NI B B 
NI B B 
NI C C 
NI C C 
NI C C 
N2A A 
N2B B 
N2C C 
N3A A 

N4A A 
N4A A 
N4A A 
N4A A 
N4A A 
N4B B 
N4A A 

-C3 A A 
-C3 B B 
-C3 C C 
-N4 A A 
-N4 B B 
-N4 C C 
-B l l 
-B l l 
-B l l 
-B l l 
-N2 A A 
-C2 A A 
-CI A A 
-N2 B B 
-C1 B B 
-C2 B B 
-C2 C C 
-C1 C C 
-N2 C C 
-N3 A A 
-N3 B B 
-N3 C C 
-N4 A A 

-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 

-N4 B B 
-N4 C C 
-N4 A A 
-N4 B B 
-N4 C C 
-N4 C C 
-N4 B B 

2.16(3 ) ) 
2.15(3 ) ) 
1.95(3 ) ) 

2.046(18 ) ) 
1.970(18 ) ) 
1.873(17 ) ) 

1.36(3 ) ) 
1.31(3 ) ) 
1.3 33 (3 ) 
1.28(3 ) ) 
1.26(3 ) ) 
1.44(4 ) ) 
1.35(3 ) ) 
1.31(4 ) ) 
1.34(3 ) ) 
1.39(3 ) ) 
1.4 44 (4 ) 
1.27(3 ) ) 
1.24(3 ) ) 
1.26(3 ) ) 
1.35(4 ) ) 
1.23(3 ) ) 
1.29(3 ) ) 

88 8 
88 8 

8(7 ) ) 
7(8 ) ) 

180.0 0 0 
91 1 
91 1 
89 9 
91 1 

2(7 ) ) 
3(8 ) ) 
3(7 ) ) 
2(7 ) ) 

N3B B 
N3C C 
N4A A 
N4B B 
N4C C 
C2A A 
C2B B 
C2C C 
CI A A 
C1B B 
C1C C 
C2A A 
C2A A 
C2B B 
C2B B 
C2C C 
C2C C 
C3A A 
C3A A 
C3B B 
C3B B 
C3C C 
C3C C 

N2B B 
N2C C 
Fe e 
Fe e 
N3A A 
Fe e 
Fe e 

-N4 B B 
-N4 C C 
-CI A A 
-C1 B B 
-C1 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-H1 A A 
-H1 B B 
-H1 C C 
-H22 A A 
-H21 A A 
-H22 B B 
-H2B2 2 
-H21 C C 
-H22 C C 
-H31 A A 
-H32 A A 
-H32 B B 
-H31 B B 
-H31 C C 
-H32 C C 

-N3 B B 
-N3 C C 
-N4 A A 
-N4 A A 
-N4 A A 
-N4 B B 
-N4 B B 

-N4 B B 
-N4 C C 
-N3 A A 
-CI A A 
-CI A A 
-N3 B B 
-C1 B B 

1.28(3 ) ) 
1.2 44 (3 ) 
1.23(3 ) ) 
1.26(3 ) ) 
1.2 44 (2 ) 
1.33(4 ) ) 
1.5 44 (3 ) 
1.49(3 ) ) 
1.11(5 ) ) 
1.07(4 ) ) 
1.07(5 ) ) 
1.13(8 ) ) 
1.05(7 ) ) 
1.03(7 ) ) 
1.01(6 ) ) 
1.03(7 ) ) 
1.03(6 ) ) 
1.14(8 ) ) 
1.0 22 (8 ) 
1.07(7 ) ) 
1.05(8 ) ) 
1.07(6 ) ) 
1.11(8 ) ) 

113(2 ) ) 
1122 (2 ) 

129.6(18 ) ) 
126.4(15 ) ) 
103.7(19 ) ) 
119.2(15 ) ) 
131.0(16 ) ) 
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N4B B 
N4B B 
N4A A 
N4B B 
N4C C 
N4A A 
N4A A 
N4B B 
N2A A 
N2A A 
CI A A 
N2B B 
N2B B 
C1B B 
N2C C 
N2C C 
CI C C 
N1A A 
N1B B 
NI C C 
N2A A 
C3A A 
C3A A 
H21A A 
N1B B 
N1B B 
C3B B 
C3B B 
H2B2 2 
NI C C 
NI C C 
C3C C 
C3C C 
H21C C 
I I I 
I I I 
C2A A 
C2A A 

-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-N1 A A 
-N1 A A 
-N1 A A 
-N1 B B 
-N1 B B 
-N1 B B 
-NI C C 
-NI C C 
-NI C C 
-N2 A A 
-N2 B B 
-N2 C C 
-N3 A A 
-C2 A A 
-C2 A A 
-C2 A A 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 B B 
-C2 C C 
-C2 C C 
-C2 C C 
-C2 C C 
-C2 C C 
-C3 A A 
-C3 A A 
-C3 A A 
-C3 A A 

-N4 B B 
-N4 C C 
-N4 C C 
-N4 C C 
-N4 C C 
-N4 B B 
-N4 C C 
-N4 C C 
-CI A A 
-C2 A A 
-C2 A A 
-C1 B B 
-C2 B B 
-C2 B B 
-CI C C 
-C2 C C 
-C2 C C 
-N3 A A 
-N3 B B 
-N3 C C 
-N4 A A 
-H21 A A 
-H22 A A 
-H22 A A 
-H2B2 2 
-H22 B B 
-H2B2 2 
-H22 B B 
-H22 B B 
-H21 C C 
-H22 C C 
-H21 C C 
-H22 C C 
-H22 C C 
-H31 A A 
-H32 A A 
-H31 A A 
-H32 A A 

180.0 0 0 
90. 77 (7 ) 
91.3(8 ) ) 
90. 77 (7 ) 

180.0 0 0 
88.8(7 ) ) 
88.7(8 ) ) 
89.3(7 ) ) 

1100 (2 ) 
124{2 ) ) 
126(2 ) ) 
114(2 ) ) 
123(2 ) ) 
122(2 ) ) 

105.0(19 ) ) 
133(2 ) ) 
122(2 ) ) 
1022 (2 ) 

99(2 ) ) 
107.9(19 ) ) 

116(2 ) ) 
106(5 ) ) 
111(4 ) ) 
112(6 ) ) 
115(5 ) ) 
112(4 ) ) 
107(5 ) ) 
108(5 ) ) 
115(6 ) ) 
117(4 ) ) 
108(5 ) ) 
106(5 ) ) 
107(4 ) ) 
119(6 ) ) 
105(4 ) ) 
116(5 ) ) 
109(5 } } 
106(5 ) ) 

N3B B 
Fe e 
Fe e 
N3C C 
Nl A A 
N1B B 
NI C C 
Nl A A 
N1B B 
NI C C 
I I I 
12 2 
13 3 
Nl A A 
N4A A 
N1B B 
N4B B 
NI C C 
N4C C 
Nl A A 
Nl A A 
H31A A 
12 2 
12 2 
C2B B 
C2B B 
H31B B 
13 3 
13 3 
C2C C 
C2C C 
H31C C 
F2 2 
F2 2 
F2 2 
F3 3 
F3 3 
F4 4 

-N4 B B 
-N4 C C 
-N4 C C 
-N4 C C 
-CI A A 
-C1 B B 
-CI C C 
-C2 A A 
-C2 B B 
-C2 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-CI A A 
-CI A A 
-C1 B B 
-C1 B B 
-CI C C 
-CI C C 
-C2 A A 
-C2 A A 
-C3 A A 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 B B 
-C3 C C 
-C3 C C 
-C3 C C 
-C3 C C 
-C3 C C 
-B I I 
-B I I 
-B I I 
-B I I 
-B I I 
-B I I 

-C1 B B 
-N3 C C 
-CI C C 
-CI C C 
-N4 A A 
-N4 B B 
-N4 C C 
-C3 A A 
-C3 B B 
-C3 C C 
-C2 A A 
-C2 B B 
-C2 C C 
-H1 A A 
-H1 A A 
-H1 B B 
-H1 B B 
-H1 C C 
-H1 C C 
-H21 A A 
-H22 A A 
-H32 A A 
-H31 B B 
-H32 B B 
-H31 B B 
-H32 B B 
-H32 B B 
-H31 C C 
-H32 C C 
-H31 C C 
-H32 C C 
-H32 C C 
-F 3 3 
-F 4 4 
-F 5 5 
-F 4 4 
-F 5 5 
-F 5 5 

109.7(19 ) ) 
128.4(15 ) ) 
127.3(14 ) ) 
104. 11 (18 ) 
108.5(19 ) ) 

1044 (2 ) 
111. 22 (18 ) 

107(3 ) ) 
98.7(19 ) ) 

96(2 ) ) 
111(2 ) ) 

102.2(16 ) ) 
115.8(19 ) ) 

1311 (3 ) 
121(3 ) ) 
1300 (3 ) 
126(3 ) ) 
126(3 ) ) 
123(3 ) ) 
112(4 ) ) 
108(5 ) ) 
110(6 ) ) 
113(4 ) ) 
108(4 ) ) 
111(5 ) ) 
105(5 ) ) 
116(6 ) ) 
119(5 ) ) 
109(4 ) ) 
106(5 ) ) 

99(4 ) ) 
106(7 ) ) 

98(2 ) ) 
1077 (2 ) 
104(2 ) ) 
122(2 ) ) 
112(2 ) ) 
111(2 ) ) 

132 2 



4.55 [Fe(teeb)6](BF4)2 

4.5.11 Introduction 

Inn Fig. 4.5.1, the molar magnetic susceptibility (#7) of [Fe(teeb)6](BF4)2 versus 
temperaturee (T = 5-247 K) is shown (Stassen, 2002). The gradual transition is almost complete 
(overr 90%) with no indication that two or more different Fe sites are involved. The transition 
temperaturee Tia = 166 K. 
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FIGUREE 4.5.1. Molar magnetic susceptibility xT versus temperature (T) of [Fe(teeb)6](BF4)2. 

Thee spin crossover observed with 57Fe Mössbauer spectroscopy is in agreement with the 
onee shown above; only one high-spin site is suggested. The only difference is the absence of a 
high-spinn (HS) residual that has been attributed to impurities present in the sample used for the 
magneticc susceptibility measurements. 

Thee goal was to determine the crystal structures of [Fe(teeb)6](BF4)2 in the HS state 
(3000 K) and the LS state (90 K) on the basis of powder diffraction data collected at BM1B 
(ESRF)) at room temperature (RT) and BL02B2 (SPring8) at a series of temperatures from 300 K 
downn to 90 K. 

4.5.22 Materials and methods 

4.5.2.11 Sample preparation and data collection 

[Fe(teeb)6](BF4)22 (white crystallites) has been synthesized as described by Stassen (2002). 
Thee first data set (called from now on ESRF-data) has been collected at RT at the BM1B 
beamline,, with X= 0.75003 A in a similar manner as described in section 4.2.2.1. The sample 

^—* * 
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wass prepared into a capillary of 0.5 mm diameter and rotated during the measurement. Data were 

takenn by continuous scanning the interval 3.03 < 20 < 43.26° and finally binned at 0.005° 29. 

Thee second (temperature-dependent) data-set series (called from now on SPring8-data) was 
collectedd at the BL02B2 beamline of SPring8 as described in section 4.2.2.1, using a 0.5 mm 
capillary.. Short exposures (5 min) of several samples were used to examine the quality of the 
powder.. Almost all samples were rather granular, although less than in [Fe(teec)6](ClC>4)2, and 
thee compound appeared to be difficult to grind. 

Shortt scan measurements (5 min) have been carried out in the same way as for 
[Fe(teei)6](BF4)22 (section 4.4.2.1). The temperatures chosen for long-term measurements (55 
min)) were 300, 200, 166, 140 and 90 K and in all cases a temperature-stabilization period of 5 
minn was used, which led to a 4 h 55 min total data collection time. The average temperature drop 
AT(¥Jmin)AT(¥Jmin) for each experiment is listed in Table 4.5.1. The colour of the sample had turned to 
orangee after the long-term measurements. 

TABLEE 4.5.1. Average temperature drop A7"(K/min) in [Fe(teeb)6](BF4)2 experiments 
ScanScan measurements (5 min) Long measurements (55 min) 
stestePP ~^T(K/min) steP 
30042500 5 ~~ " 300-»200 
restt 1 200-»166 

166-»» 140 
140->90 0 

4.5.2.22 Structure Solution and Refinement 

UnitUnit cells determination and Indexing 

Alll powder-diffraction patterns were indexed using the program ITO (Visser, 1969). The 
ESRF-dataa were decomposed with the full-pattern decomposition (FPD) of the program MRIA 
inn a similar manner as described in section 4.2.2.2. The unit cells of the SPring8 patterns were 
refinedd applying the Pawley refinement as incorporated in Materials Studio (MS) package. 
Inspectionn of the diffraction patterns revealed that the sample was not perfectly crystalline. An 
amorphouss component contributed significantly to the diffraction pattern, resulting in a decrease 
off peak intensities and broadening of the peak profiles mainly in the range 12° < 20 < 18°. Four 
regionss in this 26-range, which did not include any reflection position, have been excluded in 
orderr to improve the refinement (Fig. 4.5.2). 

ATAT (K/min) 
1767 7 
0.57 7 
0.43 3 
0.83 3 
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17.5 5 

FIGUREE 4.5.2. Excerpt of the diffraction pattern of [Fe(teeb)6](BF4)2 at 300 K. The contribution of the 
amorphouss component is prominent in the range 12°<20< 18°. The four regions indicated by arrows 
havee been excluded. Experimental pattern (—), calculated pattern (—), reflection positions (| ). 

StructureStructure Solution 

Thee structure at RT (ESRF data) was solved using Grid Search (GS) and Genetic 
Algorithmm (GA) techniques while the structures from SPring8-data were obtained with Parallel 
Temperingg (PT) techniques as incorporated in MS. The initial search model in all cases was 
takenn from the structure of [Fe(teec)6](BF4) at RT (Dova et al, 2001), with CI being replaced by 
Br.. Again, only half of the molecule was required as a search model [consisting of the 
(teeb)3-moietyy and the BF4"] and the degrees of freedom were defined in the same way as 
discussedd in A.2.2.21 Structure Solution. 

GridGrid Search 

Usingg the method and the settings discussed in 4.2.2.2, the GS procedure was split into the 
followingg consecutive searches: (a) a rotational search to position the (teeb)3 moiety, (b) a 
torsion-anglee search to optimize the orientation of the tetrazole rings and the bromoethyls and (c) 
aa translational/rotational search to locate the BF4". 

Thee rotational search of the (teeb)3 moiety was carried out using 100 low-angle X0bS-values 
andd an initial rotation step of 10° in the whole angular range (cp = 0-180°, \\i = 0-180°, K = 0-
360°).. In order to locate the minimum/minima more precisely, the steps were gradually reduced 
too 1° and additional searches were carried out until the position was established. 

Torsionn angles as defined in Fig. 4.2.4 were varied in order to determine more accurately 
thee position of the tetrazole rings and the bromoethyl side chains, exploiting 100 X0bs-values. A 
stepp of 10° within the whole range was applied in the beginning and it was decreased down to 2° 
att the end. 

Thee search for BF4" was carried out with 100 low-angle X0bs-values by applying in the 
beginningg only translations (with steps of 0.379, 0.18, 0.319 A along the a, b and c axes 

135 5 



respectively)) in the asymmetric unit. After having located an approximate position, rotations 

weree applied as well using steps of 10° in the whole angular range. Finally, the search was 

restrictedd to a smaller area with translation steps of 0.061, 0.109 and 0.053 A along the a, b and c 

axess respectively and a rotational step of 1°. After having located BF4~, an additional search of 

thee (teeb)3-moiety was carried out with the rotational and torsion angles being varied in a small 

rangee with a smaller step (1°). During this last search the BF4" was kept fixed. 

GeneticGenetic Algorithm 

GAA techniques were applied as described in Chapter 2. Two clusters [(teeb)3-moiety and 
BF4"]] were searched for simultaneously and in total 18 DOF were defined in a similar way as for 
[Fe(teec)6](BF4)22 (Fig. 4.2.4). The first 100 Xobs-values have been used, with 200 parents in 69 
cycless of 200 generations each. Crossover and mutation rates were the default ones. 

ParallelParallel Tempering 

Becausee of difficulties encountered in solving the structure at RT from the ESRF data, it 
wass decided to attempt to solve the structure at 3 00K from SPring8 data with PT techniques as 
describedd in Chapter 2. It has also been attempted to solve the structure at 90 K using the same 
method.. The settings used and degrees of freedom defined were the same as those described in 
thee corresponding section of 4.2.2.2. 

RietveldRietveld Refinement 

Rietveldd Refinement (RR) of the structures at 300 and 90 K was first carried out with the 
programm package MS as described in the corresponding section of 4.2.2.2. The Fe(teeb)6-moiety 
andd BF4' were refined initially as rigid bodies. However, attempts to refine individual atomic 
coordinates,, with the atoms not defined as a rigid body, were not successful and resulted in a 
distortionn of the model. In view of these results it was decided to continue the RR with the 
programm GSAS using the interface EXPGUI. The refinement was carried out as described in the 
sectionn mentioned above. 

4.5.33 Results and discussion 

4.5.3.11 Unit cells determination 

Thee unit cell resulting after indexing the ESRF pattern was monoclinic and on the basis of 
thee expected isomorphism with the teec and teei complexes, as suggested by the similarity of the 
diffractionn patterns, P2i/c was assumed to be the most likely space group and Z=2 in view of the 
availablee cell volume. The unit cells resulting after indexing the powder diffraction patterns 
collectedd at SPring8 were also monoclinic and the space group (P2i/c) could be retained through 
thee complete temperature range (Fig. 4.5.3). Thus, it is concluded that no large crystallographic 
phasee transition has occurred. The volume of the unit cells is shown in Fig. 4.5.4 together with 
thee Imaging Plate picture of the scan measurement and the magnetic susceptibility. 
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FIGUREE 4.5.3. Diffraction patterns (3-35° 29) of the scan measurements of [Fe(teeb)6](BF4)2: 300->90K 
fromm top to bottom. Slight changes of the peak positions and intensities can be observed. 
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AA visual inspection of the diffraction patterns of the scan measurements and a comparison 
withh the long-term diffraction patterns at the same temperatures did not reveal any significant 
differences.. Therefore, it is concluded that no different types of unit cells are involved during the 
scann measurements, like in the case of [Fe(teei)6](BF4)2, and only the unit cells of the long-term 
measurementss will be discussed. 

Inn Fig. 4.5.5(a) for each temperature the changes in the unit-cell axes and volume relative 
too their values at 90K are plotted for the long-term measurements (AL=LT-L90, AV=VT-V90). The 
variationn of angle p is depicted in Fig. 4.5.5(b). In Fig. 4.5.5(c) the change (in %) of the unit-cell 
axess and volume of the scan measurements relative to their values at 300 K is shown: [(LT-
L3oo)/L3oo]-100%,, with LT a length or volume at temperature T. 

Itt is observed in 4.5.5(c) that overall the a- and c-axes undergo the largest decrease (2.7% 
andd 2.2% respectively) while the b-axis does not change significantly (0.9%). In agreement with 
thee results found for all previously discussed complexes, the unit cells of [Fe(teeb)6](BF4)2 
contractt anisotropically with the a-axis contracting the most. However, now also the c-axis 
contractss quite significantly while in all previous cases it contracted the least. The a-axis shows a 
smoothh decrease through the spin crossover while the behaviour of b- and c-axes is more 
irregularr [Fig. 4.5.5(c)]. The overall relative decrease in volume between the highest and lowest 
temperaturee (V3oo-V9o)/V3oo'100% was 5.7%, which corresponds to 66.6 A3 per complex 
molecule.. All unit cells (including the unit cell determined from ESRF-data) are listed in Table 
4.5.2.. A summary of the FPD and Pawley refinement results is listed in Table 4.5.3. 
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FIGUREE 4.5.5. (a) Changes in the unit-cell axes and volume of [Fe(teeb)6](BF4)2 relative to the values at 
900 K, as function of temperature for long-term measurements, (b) The angle p versus temperature T. (c) 
Changee of the unit-cell axes and volume relative to their values at 300 K (in %). 

140 0 



TABLEE 4.5.2. Unit cells of the [Fe(teeb)6](BF4)2 long-term (SPring8) measurements (refined with 
Materialss Studio) and ESRF data (refined with MRIA). 

T(K) T(K) 

90 0 
140 0 
166 6 
200 0 
300 0 
ESRF F 

aa (A) 
11.9363(3) ) 
11.9956(2) ) 
12.0549(3) ) 
12.1462(3) ) 
12.2624(2) ) 
12.2928(15) ) 

b(A) b(A) 
17.8935(6) ) 
17.7871(4) ) 
17.9690(7) ) 
17.9183(3) ) 
18.0629(5) ) 
18.166(3) ) 

c(A) c(A) 
10.2564(3) ) 
10.3442(3) ) 
10.3091(2) ) 
10.4211(3) ) 
10.4914(2) ) 
10.5059(19) ) 

fin fin 
90.289(2) ) 
90.195(2) ) 
90.198(2) ) 
90.212(2) ) 
90.247(2) ) 
90.08(4) ) 

V(A') V(A') 
2190.56(12) ) 
2207.10(10) ) 
2233.09(12) ) 
2268.03(11) ) 
2323.77(12) ) 
2346(2) ) 

TABLEE 4.5.3. Full pattern decomposition (MRIA) of ESRF data and Pawley refinement (Materials 
Studio)) results for long-term measurements (SPring8) of [Fe(teeb)6](BF4)2. 

T(K)T(K) ESRF (MRIA) 300 (MS) 200 (MS) 166 (MS) 140 (MS) 90 (MS) 
Rp(%) Rp(%) 
Rwp(%) Rwp(%) 
2020 range 0 
ResolutionResolution (A) 
ExcludedExcluded regions (°) 

4.95 5 
6.17 7 
3.03-24.025 5 
1.80 0 

2.46 6 
4.07 7 
3-30 0 
1.93 3 
13.15-13.25 5 
13.57-13.75 5 
16.83-16.93 3 
17.03-17.23 3 

2.25 5 
3.63 3 
3-31.5 5 
1.84 4 
13.00-13.40 0 
13.70-13.87 7 
17.00-17.10 0 
17.20-17.28 8 

2.75 5 
4.27 7 
3-31.5 5 
1.84 4 
13.10-13.45 5 
13.75-13.90 0 
17.07-17.18 8 
17.30-17.45 5 

2.20 0 
3.61 1 
3-31 1 
1.87 7 
13.10-13.55 5 
13.83-13.96 6 
17.14-17.28 8 
17.40-17.55 5 

2.58 8 
3.98 8 
3-31 1 
1.87 7 
13.10-13.45 5 
13.83-13.95 5 
17.16-17.32 2 
17.43-17.58 8 

4.5.3.22 Structure Solution 

GridGrid Search 

Inn the initial grid search the 100 lowest-angle X^-values were used, corresponding to 34 
resolvedd and 181 clustered reflections (20max = 19.18°, dmjn = 2.25A). Although a number of 
minimaa was found with approximately the same R(X), the lowest R(X) values were still 
relativelyy high (0.62). Moreover, the final structural model was not considered to be correct 
becausee of the close contacts between atoms. Therefore the GA method was applied. 

GeneticGenetic Algorithm 

Thee same number of Xobs-values as for GS were used in case of GA. In Fig. 4.5.6 the 
evolutionn of R(X) vs cycle number is shown. After finishing the 30th cycle, the parameter space 
hadd been limited to 1/3 of its initial size, around the lowest minimum at that moment (found at 
thee 24th cycle). Finally, the overall lowest minimum was found at the 47th cycle with 
R(X)) = 0.443. A local GS was carried out around this minimum, in which both the (teeb)3 and 
BF4"" were searched for separately, but this attempt did not lead to any significant changes in the 
structurall model already found. After solving the structure at 300 K with PT (see below), a 
comparisonn of the latter model with the one found with GA showed that in both structural 
modelss two of the three independent ligands were quite similar, while the tetrazole rings of the 
thirdd ligand were almost perpendicular (the Br atoms of the third ligand were located almost in 
thee same position). Although the R(X) value obtained with GA was significantly lower than with 
GS,, it was considered still to high to lead to a straightforward refinement. Moreover, the 
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structuree solution found with PT at 90K was very similar to that found with PT at 300 K. For this 
reason,, a RR using the solution of GA as starting model was not attempted. 

0.8 8 

0.7 7 

&& 0.6 
a: : 

0.5 5 

0.4 4 

. • . •• • • • • • • . . • • • • • • • • • . . 

100 20 30 40 
Cycle e 

500 60 70 

FIGUREE 4.5.6. Evolution of R(X) vs cycle number during the genetic algorithm application for 
[Fe(teeb)6](BF4)2 2 

ParallelParallel Tempering 

Thee results of the first PT runs are summarized in Table 4.5.4. All final models were 
subsequentlyy refined using the MS package. 

TABLEE 4.5.4. Summary of the first Parallel Tempering run of [Fe(teeb)6](BF4)2 at 300 and 90 K. 
T(K) T(K) 300 300 90 90 
26(°) 26(°) 
ResolutionResolution (A) 
DOF DOF 
CyclesCycles in the first run 
RRmm <%) 

3-25 5 
2.31 1 
18 8 
2 2 
15.90 0 

3-31 1 
1.87 7 
18 8 
1 1 
16.97 7 

T=300T=300 K: An analysis of the solution of the first run showed a close contact and therefore 
aa second run (20 cycles) was carried out in which the solution of the first run was used as initial 
modell and the BF4" was kept fixed (12 DOF). The solution of the second run was similar to that 
off the first one but without having close contacts, so it was processed further in the RR with MS. 
Thiss model was quite similar to the one found by GA except for the position of one ligand, as 
pointedd out above. 

T=90T=90 K: The structural model found at 90 K was very similar to that of 300 K. However, 
thee relatively high Rwp raised the suspicion that the structure solution might not be correct, so a 
secondd run (8 cycles) was carried out using as initial model the solution of the first run, keeping 
BF4"" fixed (12 DOF) and limiting the 29 range to 3-25°. Both runs gave almost the same solution 
andd that of the second run was processed further in the RR with MS. In Fig. 4.5.7, the evolution 
off Rwp versus the Frame is plotted at 300 and 90 K. 
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FIGUREE 4.5.7. Rwp versus the Frame number for the structure solution of [Fe(teeb)6](BF4)2 at 300 (a) and 
900 K (b). 

Inn the runs with 18 DOF, the final RKp was almost reached after 600,000 steps while the 
mostt significant drops in Rwp occurred in the first 100,000 steps. In the majority of the cycles 
withh 12 DOF, the most significant changes in Rup occurred within 15,000 steps and afterwards, 
untill 100,000 steps, usually only small changes were observed. 

Thee presence of a quite large amorphous fraction in all diffraction patterns of 
Fe(teeb)6](BF4)22 is considered to be the main reason for the difficulties encountered to obtain a 
structurall model with all the direct-space methods used. 

4.5.3.33 Rietveld Refinement 

Thee observations concerning the RR performed with MS as discussed in 4.2.3.3 hold here 
ass well. Therefore, the structures at 300 and 90 K were refined with GSAS. Because of the 
difficultiess to obtain a convincing structural model and in view of the expected isomorphism of 
[Fe(teeb)6](BF4)22 to the structures of teec and teei (suggested by the similarity of the diffraction 
patterns),, two structural models were processed with RR (GSAS) at 300 K: model Ml, as 
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obtainedd from the RR with MS and model M2, taken from Dova et al (2001) with the CI being 

replacedd by Br. The structure at 90 K located by PT techniques was refined eventually with 

GSAS,, after being initially refined with MS. This structure is similar to M l . Results of RR with 

MSS and GSAS are listed in Table 4.5.5. Details of the RR at both temperatures are listed below. 

TABLEE 4.5.5. Summary of some Rietveld Refinement results (Materials Studio and GSAS) of the 
[Fe(teeb)6](BF4)22 structures at 300 and 90K. 
T(K) T(K) 

R,R, (%) 
Kp(%) Kp(%) 
2929 range (°) 
ResolutionResolution (A) 

300300 (MS) 
5.76 5.76 
8.77 8.77 
3-52 3-52 
1.14 1.14 

300300 (GSAS-M1) 
4.56 6 
6.49 9 
2.5-52 2 
1.14 4 

300300 (GSAS-M2) 
6.38 8 
8.83 3 
2.5-52 2 
1.14 4 

9090 (MS) 
5.17 7 
7.09 9 
3-65 5 
0.93 3 

9090 (GSAS) 
5.05 5 
6.97 7 
2.5-65 5 
0.93 3 

GSAS-300GSAS-300 K: In both refinements of M l and M2 the same procedure was followed. Bond-

distance,, bond-angle and planar restraints were applied (as described in Ch. 3). The final values 

off the global weighting factors were fd= 25, fa= 15, fp= 25 (fp= 35 for M2) and every group of 

restraintss contributed to the final x2 a s shown in Table 4.5.6. Only atomic displacements 

parameterss of Fe were refined. Spherical harmonics coefficients up to 6th order were refined and 

thee final texture index was J = 6.132 for M l and J = 9.954 for M2. Comparing the structural 

modell before and after RR with GSAS, small changes can be observed in case of M l while the 

structuree of M2 seemed to have changed more (Fig. 4.5.8). The criteria-of-fit (Table 4.5.5), 

reflectedd also in the difference patterns [Figs. 4.5.9(a) and (b)], suggested Ml to be the best 

structurall model. Therefore, M l , which has been located by Parallel Tempering techniques, is 

thee only model to be refined at 90 K. 

FIGUREE 4.5.8. The structural models Ml (left) and M2 (right) of [Fe(teeb)6](BF4)2 before (light grey) 
andd after (dark grey) RR with GSAS. 

GSAS-90GSAS-90 K: The same procedure was followed as for the RR at 300 K. The final values of 

thee global weighting factors were fd=20, fa=70, fp=35 and every group of restraints contributed to 

thee final % as shown in Table 4.5.6. Only atomic displacement parameters of Fe were refined. 

Sphericall harmonics coefficients up to 6th order were refined and the final texture index was 

J == 10.403. 
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Thee final plots of the observed, calculated and difference patterns [Fig. 4.5.9(c)] show a 
relativelyy poor agreement between the calculated and experimental patterns in the range 12° < 29 
<< 18° where the contribution of the amorphous component is significant and the intensities of the 
phasee under investigation are low with broad profile shapes. This is considered to be the main 
reasonn for the high values of the texture index, implying that not purely the texture is modelled 
butt also other effects. For this reason, in none of the cases the refinement can be considered to be 
successfull and a more crystalline sample would be required for a more satisfactory structure 
determination. . 

TABLEE 4.5.6. Terms in least-squares minimization function of RR of [Fe(teeb)6](BF4)2 crystal 
structures. . 
T(K) T(K) 
BondBond Distances (46) 
BondBond angles (78) 
PlanarPlanar Group (IS) 
TotalTotal data 
(powder(powder + restraints) 

300300 (Ml) 
5355.66 (52 restr) 
7627.7 7 
2136.6 6 
195520 0 
(49800 obs) 

300300 (Ml) 
7894.4 4 
13313 3 
6303.4 4 
362240 0 
(49800 obs) 

9090 (Ml) 
7366.4 4 
17039 9 
5855.1 1 
268180 0 
(62922 obs) 
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4.5.3.44 Crystal Structure description 

Inn view of the quality of the crystal structure determination, only a limited structure 
descriptionn will be given. As in all previous complexes, the Fe in the centrosymmetric 
[Fe(teeb)6](BF4)22 complex is at a special position and octahedrally coordinated by the 
neighbouringg nitrogens. The Fe-N bond distances and angles at both temperatures are listed in 
Tablee 4.5.7. The average Fe-N bond-shrinkage is 8%, which is comparable to the shrinkage 
observedd in [Fe(teec)6](C104)2 and somewhat smaller than observed at [Fe(teei)6](BF4)2. The Fe-
NN distances at 300 K are typical of the HS state while the Fe-N4a and Fe-N4c at 90 K are 
slightlyy higher than the typical distances of the LS state. 

TABLEE 4.5.7. Fe-N bond distances and angles of [Fe(teeb)6](BF4)2 at 300 and 90K (Spring8 data). 
300K300K 90 K 
Fel l 
Fel l 
Fel l 
N4a a 
N4a a 
N4b b 

-N4 a a 
-N4 b b 
-N4 c c 
-Fe l l 
-Fe l l 
-Fe l l 

2 2 
2 2 
2 2 

-N4 b b 
-N4 c c 
-N4 c c 

222(6 ) ) 
226(5 ) ) 
220(7 ) ) 

87 7 
88 8 
91 1 

6(3 ) ) 
2(2 ) ) 
2(3 ) ) 

Fel l 
Fel l 
Fel l 
N4a a 
N4a a 
N4b b 

-N4 a a 
-N4 b b 
-N4 c c 
-Fe l l 
-Fe l l 
-Fe l l 

2 2 
1 1 
2 2 

-N4 b b 
-N4 c c 
-N4 c c 

098(4 ) ) 
970(9 ) ) 
079(9 ) ) 

93 3 
96 6 
85 5 

7(4 ) ) 
5(3 ) ) 
8(3 ) ) 

Inn Fig. 4.5.10(left) the refined structures at 300 and 90 K are superimposed. The molecular 
structuree with the numbering of the non-hydrogen atoms of the asymmetric unit is shown in Fig. 
4.5.10(right). . 

FIGUREE 4.5.10. (left) The refined structures at 300 (dark grey) and 90 K (light grey) superimposed, 
(right)) Molecular crystal structure of [Fe(teeb)6](BF4)2 at 300 K showing the numbering scheme. 

Likee in all the other teeX complexes discussed earlier, [Fe(teeb)f,](BF4)2 is arranged in 
layerss along the b- and c-axes, almost perpendicular to the a-axis (Fig. 4.5.11(a) and (b)). The 
vieww along the a-axis is shown in Fig. 4.5.12. The interlayer distance is approximately 2 A 
(takingg into account only the Br atom positions). The C-Br bonds are arranged almost parallel to 
thee be-plane. The BF4" moieties are arranged in layers with the x coordinate of B close to 0. The 
distancess at 300 K between neighbouring B atoms are 5.72 and 6.78 A and 5.46 and 7.08 A at 
900 K. The Fe-B distances range from 5.67 to 6.25 A at 300 K and from 5.38 to 6.38 A at 90 K. In 
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general,, the arrangement of both the ligands and the BF4 anions is less symmetric than in all 
previouss cases. 

:: * f t 

FIGUREE 4.5.11. The layered structure of [Fe(teeb)6](BF4)2 at 300 (left) and 90 K (right) viewed along 
thee c- (top) and b-axes (bottom). 
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FIGUREE 4.5.12. View of the structure of [Fe(teeb)5](BF4)2 at 300 (left) and 90 K (right) along the a-axis; 
withinn these layers the Fe and B atoms exhibit a pseudo trigonal symmetry. 

4.5.3.55 Spin Crossover 

Thee spin crossover of [Fe(teeb)6](BF4)2 is also complete and even more gradual than that 
off [Fe(teei)6](BF4)2. In agreement with the results found for all previously discussed complexes, 
thee unit cell of [Fe(teeb)g](BF4)2 contracts anisotropically with the a-axis contracting the most. 
However,, in this complex also the c-axis contracts quite significantly while in all previous cases 
itt contracted the least. The a-axis shows a smooth decrease through the spin crossover while the 
behaviourr of the b- and c-axes is more irregular. 

Ass in the case of [Fe(teei)6](BF4)2, small structural changes are expected in view of the 
diffractionn patterns of the scan measurements in which no remarkable appearance of new 
intensityy peaks or fading of existing ones can be observed. Again, no significant differences can 
bee observed between the scan and long-term diffraction patterns. It seems that, similar to the case 
off [Fe(teei)6](BF4)2 and at least at the time scale of the performed experiments, formation of 
distinctt domains with similar spins, large enough to give a distinguishable diffraction pattern as 
e.g.. in the case of [Fe(teec)6](C104)2, does not occur with [Fe(teeb)6](BF4)2 and its spin crossover 
behaviourr seems to be more consistent again with the regular solution theory, according to which 
bothh the electronic and structural changes evolve gradually and smoothly. 
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4.66 [Fe(teef)6](BF4)2 

4.6.11 introduction 

Inn Fig. 4.6.1 the molar magnetic susceptibility (xT) of [Fe(teef)6](BF4)2 versus temperature 
(TT = 10-300 K) is shown. According to Stassen (2002), the curve indicates an incomplete high-
spinn (HS) to low-spin (LS) two-step spin crossover and suggests the presence of three different 
typess of Fe(II) of about equal population. The proposition was that one type undergoes a spin 
transitionn between 123 and 190 K with TA = 137 K, a second type undergoes a more gradual 
spinn transition between 65 and 123 K with T'A = 108 K while a third one remains in the HS state. 

Thee spin-transition behaviour of the complex observed with magnetic susceptibility 
measurementss does not agree with the data obtained by 57Fe Mössbauer spectroscopy. In the 
recordedd spectra of the latter, a substantial reduction of the absorption area with increase of 
temperaturee was observed, indicating a significant weakening of the bond strength at higher 
temperaturess (Stassen et al, 2002). In order to fit the experimental data at ambient temperature 
inn a satisfactory way, the presence of two HS Fe(II) sites with equal population was assumed, 
whilee in the LS state only one Fe(II) site was assumed to exist. Due to the lack of resolution, 
however,, a certain ambiguity concerning the exact absorption area remained, the error being 
estimatedd around 10%. On cooling below ambient temperature, the onset of the HS *-* LS 
transitionn was detected at 160 K and the crossover at about 140 K, the latter being in good 
agreementt with the magnetic susceptibility results. Also the 57Fe Mössbauer experiments pointed 
att an incomplete spin crossover with 44% of the Fe(II) still remaining in the HS state at 4.2 K. 

4 4 

3.5 5 

__ 3 

'-Ö'-Ö 2.5 
E E 
** 9 

COO £. 

E E 
£ 1 . 5 5 
x x 

1 1 

0.5 5 

0 0 

•Coolingg —Heating 

50 0 100 0 150 0 

T(K) ) 

200 0 250 0 300 0 

FIGUREE 4.6.1. Molar magnetic susceptibility xT of [Fe(teei)6](BF4)2 versus temperature (T). 

Thee spin-crossover behaviour of [Fe(teef)6](BF4)2 shows similarities to that of 
[Fe(etz)6](BF4)22 (etz = ethyltetrazole) (Hinek et al, 1996a), in which two thirds of the 
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complexess showed a rather steep spin transition with TVi = 105 K while one third remained in 
thee HS state. Two non-equivalent Fe(II) sites were observed in [Fe(etz)6](BF4)2, site A being a 
generall position and site B being an inversion centre with a population ratio nA:ne = 2:1 (PI, 
Z=3).. The Fe(II) ions on site A were assumed to undergo a thermal spin transition and those on 
sitee B to remain in the HS state at low temperatures. There was no evidence for a 
crystallographicc phase transition. According to the authors, small differences in the second 
coordinationn sphere of the two species stabilize the HS state on site B sufficiently to suppress the 
spinn transition. 

However,, in the present case the spin-crossover curve is evolving in two steps. Two 
explanationss for the spin-crossover behaviour of [Fe(teef)e](BF4)2 have been suggested. The first 
iss that the three magnetically different types of Fe(II) correspond to different crystallographic 
latticee sites. This may occur either as a result of a crystallographic phase transition when cooling 
too lower temperatures or may exist already in the HS state as in case of [Fe(etz)6](BF4)2. The 
secondd explanation is that the three different types of Fe(II) correspond to only one 
crystallographicc site. Under this assumption the bend of the spin-crossover curve at 123 K could 
bee due to a thermodynamic stabilization of the ratio HS:LS = 2:1. The appearance of the HS 
residuall at low temperature could be caused by a thermal effect, for example the thermal energy 
beloww 65 K could be lower than the energy barrier between the HS and the LS state, making the 
spinn transition improbable. In this latter case the residual of about a third of the Fe(II) ions in the 
HSS state would be more a coincidence than a physical property of the compound (Stassen, 2002). 

Inn order to investigate the above possibilities, the crystal-structure determination of 
[Fe(teef)6](BF4)22 was undertaken again, from X-ray powder diffraction data, as no single crystal 
wass available. The structure at RT has been solved. Attempts to solve the structures at 137, 90, 
80,, 70 and 30 K have been carried out but their refinement was either not fully executed or not 
satisfactory. . 

4.6.22 Materials and methods 

4.6.2.11 Sample preparation and data collection 

[Fe(teef)6](BF4)22 (white crystallites) has been synthesized as described in Stassen (2002). 

Thee first data set (from now on called ESRF-data) was collected at RT at the BM1B beamline 

(ESRF),, with X = 0.75003 A in a similar manner as described in section 4.2.2.1. The sample was 

preparedd into a capillary of 0.7 mm diameter and rotated during the measurement. Data were 

collectedd by continuous scanning the interval 3.03 < 29 < 43.26° and the final pattern was binned 

att 0.005° 20. 

Thee second, temperature-dependent data-set series (called from now on SPring8-data) was 
collectedd at the BL02B2 beamline of SPring8 as described in section 4.2.2.1, using a 0.5 mm 
capillary.. Short exposures (5 min) of several samples have been carried out in order to examine 
thee quality of the powder. 

Scann measurements of 5 min duration were performed in the same way as for 
[Fe(teei)6](BF4)22 (see section 4.4.2.1). After inspection of the diffraction patterns, several 
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temperaturess were selected and long-term measurements of 55 min duration were carried out. 
Thee selected temperatures were 300, 250, 200, 150, 144, 137, 130, 120 and 90 K, and using a 
temperature-stabilizationn time of 5 min this amounted to a total data-collection time of 
88 h 55 min. 

Becausee of its interesting magnetic behaviour at temperatures below 90 K, 
[Fe(teef)6](BF4)22 was measured at even lower temperatures (down to 30 K) and for this purpose a 
He-displexx cryostat had been installed with a temperature accuracy of 2 K. The capillary 
couldd oscillate around its axis to a maximum of 8.25°. Starting with a freshly prepared capillary, 
long-termm measurements (55 min) were carried out at 100, 80, 75, 70, 65, 60, 45 and 30 K. The 
averagee temperature drop AT (K/min) for each experiment is listed in Table 4.6.1. 

Thee colour of the compound had turned to pale yellow after the long-term measurements 
afterr both types of long-term measurements. 

TABLEE 4.6.1. Average temperature drop AT (K/min) in [Fe(teef)6](BF4)2 experiments. 
ScanScan measurements (5 min) Long measurements (55min) 
stepstep ~£f step ~£j 
300-^250 0 
rest t 

5 5 
1 1 

300^250,250-»200,200-M50 0 
150-»» 144 
144-M37,, 137-»130 
130-»120 0 
120-»90 0 

0.83 3 
0.1 1 
0.12 2 
0.17 7 
0.5 5 

LongLong measurements (55 min) (displex cryostat) 
100-»800 0.33 
80^75,, 75->70, 70-»65, 65-60 0.083 
60^45,45->300 0.25 

4.6.2.22 Structure Solution and Refinement 

UnitUnit cells determination and Indexing 

Thee powder-diffraction patterns were indexed using the programs ITO, Dicvol91 (Boultif 
&& Louer, 1991) and a local program (Peschar, unpublished). The ESRF-data were decomposed 
withh the full-pattern decomposition (FPD) of the program MRIA in a similar manner as 
describedd in section 4.2.2.2. The unit cells of the SPring8 long-term experiment patterns were 
refinedd applying Pawley refinement as incorporated in the program package Materials Studio 
(MS)) in a way that is similar to the one described in 4.2.2.2. All unit cells were triclinic. Like in 
severall other cases already discussed in this work, initially the diffraction patterns were fitted 
usingg the Pearson VII profile while later the Tomandl function was found to fit the patterns in a 
moree satisfactory way. In the structure solution attempts, which were carried out before the 
Tomandll function was applied, the Pearson VII profile has been used. For this reason, in the 
structuree solution at 90 K, the first two runs were carried out with Pearson VII profile while for 
thee 3 rd and 4th runs the Tomandl function has been used. 
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StructureStructure Solution 

Inn view of the unit-cell volume and the density observed in all previous teeX complexes, 
twoo molecules fit in the triclinic unit cell (Z = 2, dcaic

= 1.574g/cm3). According to a statistical 
analysiss of the space-group frequencies in the Cambridge Crystallographic Database 
(Reibenspies,, 2001), P 1 occurs in 19.32 % of the organic/organometallic crystal structures but 
PII in only 0.97 % of the cases. For this reason, P 1 was used for the structure solution. In P 1 
withh Z = 2, two possibilities for the molecular arrangement exist: the most likely has Fe(II) on a 
generall position, so a single non-centrosymmetric molecule in the asymmetric unit. Another 
optionn is that Fe(II) ions lie on two inversion centres e.g. la:(0,0,0) and lh:(l/2, lA, V2), thus 
implyingg two centrosymmetric but crystal lographically inequivalent molecules. Although 
theoreticallyy the second option is possible, a CSD analysis revealed no such example and 
thereforee only the first case was considered. Moreover, the structure solution results also gave no 
indicationn that the Fe(II) ions are positioned on inversion centres. The case of PI has been tried 
inn the structure solution part at RT, but it did not give encouraging results (higher R(X) factors 
thann in P1 at corresponding stages). 

Ass noted above, and in contrast to all previously discussed cases of teeX complexes, the 
moleculee of [Fe(teef>6](BF4)2 is not centrosymmetric, thus the structural model used for the 
searchh comprised the whole molecule. The search model was constructed from the structure of 
[Fe(teec)6](BF4)22 at RT (Dova et al, 2001), of which the centre of symmetry was removed. This 
doubledd the amount of atoms and the degrees of freedom defining the structural model. The DOF 
(366 in total) consisted of eighteen torsion angles and eighteen rotational and translational 
parameterss (three rotational and three translational for the Fe(teec)6

2+ moiety and the two BF4"). 
CII was replaced by F at a distance of 1.4 A using the program PLUVA. This modified structural 
modell was used as the initial search model for the structure determination at RT (ESRF-data) 
usingg Genetic Algorithm (GA) techniques. Structure models at lower temperatures (SPring8-
data)) were obtained with Parallel Tempering (PT) techniques using the solution of one of the GA 
runsruns (see below) as initial search model. A structure solution of [Fe(teef)6](BF4)2 using Grid 
Searchh (GS) was not considered feasible. Because of the large amount of DOF, the 
computationall time required increases enormously making the structure solution with this 
methodd impractical. 

Inn a non-exhaustive search of the parameter space with a stochastic algorithm as applied in 
thee structure determination techniques used (e.g. genetic algorithm or simulated annealing), the 
confidencee about the correctness of the structure solution increases with the number of different 
structuree solution attempts yielding the same solution. As the case of [Fe(teef)6](BF4)2 appeared 
too be more complicated than all previously reported teeX complexes (probably because of the 
largee number of DOF), several GA and PT runs have been carried out. Since not all DOF could 
bee varied simultaneously (due to the limitations of the programs used) a choice had to be made 
concerningg the order of the parameters to be varied. It was not the purpose of this work to study 
inn detail the influence of the order of the parameters in the structure-solution procedures. Such 
studyy should be systematic and would require more time which, unfortunately, was not available. 
Inn the structure solution attempts carried out for [Fe(teef)6](BF4)2, the position and orientation of 
thee Fe-Nö core together with the six innermost torsional parameters (around the six Fe-N bonds, 
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Fig.. 4.2.4) of the structural model were considered to be more important and to have a larger 
impactt on the R(X) (Rwp) than the six outermost torsion angles (around the six C-C bonds of the 
ethyls).. (The torsional parameters around the N-C bonds are defined as the middle ones). 

GeneticGenetic Algorithm 

Becausee the maximum number of DOF that the program could handle simultaneously was 
30,, at first two out of three clusters [Fe(teef)62+ and one BF41 were searched for simultaneously. 
Thee DOF consisted of eighteen torsion angles and twelve rotational and translational parameters 
(threee rotational and three translational for each of the two moieties). After that, the remaining 
BF4'' was searched for. In total, 100 or 150 Xobs-values have been used in GA runs with 200 
parentss being used in cycles of 200 (or 250) generations each. Crossover and mutation rates were 
thee default ones. 

ParallelParallel Tempering 

Ass the maximum number of DOF that the program could handle simultaneously was 24, 
thee PT runs were split in several steps as will be explained in section 4.6.3.2. The settings used 
weree the same as described in the corresponding section of 4.2.2.2. In the searches the interval 3-
25°° 29 has been used unless stated otherwise (see Table 4.6.4). 

RietveldRietveld Refinement 

ESRFdata ESRFdata 

AA Rietveld Refinement (RR) as described in Ch. 3 was carried out using the program 
GSAS.. The parameters were refined as described in the corresponding part of section 4.2.2.2. It 
hass not been attempted to refine the structure in PI. 

SPringSSPringS data 

Rietveldd Refinement of the structures at 137, 90, 80, 70 and 30 K was carried out with the 
MSS program package as described in the corresponding section of 4.2.2.2. As discussed in the 
previouss sections, the RR with MS was considered to be not satisfactory because of its 
limitationss in the definition of restraints. In view of the available time, it was decided to continue 
thee RR of the structure at 137 and 30 K with the program GSAS using the interface EXPGUI. 
Thee refinement was carried out as described in 4.2.2.2. At all other temperatures the MS rigid-
bodyy refinement was applied. 

4.6.33 Results and discussion 

4.6.3.11 Unit cells determination 

Thee unit cell resulting after indexing the ESRF pattern was triclinic with a = 12.3603(6), 
b== 15.4519(7) and c= 10.4176(6) A, ct= 93.045(4), p = 92.838(4) and y = 80.219(4)°. The 
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possiblee space groups are PI and P Ï . The unit cells resulting after indexing the powder 

diffractionn patterns collected at SPring8 were also triclinic. The diffraction patterns of the scan 

measurementss are quite similar and their behaviour as a function of temperature is discussed 

beloww (Fig. 4.6.2) The volume of the unit cells is shown in Fig. 4.6.3 together with the Imaging 

Platee picture of the scan and magnetic susceptibility measurements. It can be observed that a 

graduall lattice contraction takes place. 

FIGUREE 4.6.2. Diffraction patterns (3-35° 26) of the scan measurements of [Fe(teef)6](BF4)2: 300-»90K 
fromm top to bottom. Several changes of the peak positions and intensities can be observed. 
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Althoughh the unit cells of the scan measurements of [Fe(teef)6](BF4)2 have not been 
determinedd due to a lack of time, a visual inspection of their diffraction patterns and the 
correspondingg patterns of the long-term measurements revealed some significant differences as 
willl be discussed below. Within the temperature range 300 - 140 K, the evolution of the patterns 
appearss to be quite gradual and only a simple lattice contraction seems to occur (Figs. 4.6.4 and 
4.6.5).. In almost all regions of the patterns it can be observed that some lines initially present at 
3000 K start to fade while new lines appear below certain temperatures. The most characteristic 
changess occur at around 12.5° 29 (d ~ 5.59 A) where two strong lines seem to shift to higher 29 
valuess until 130 K and thereafter to vanish while one line in between them appears and becomes 
stronger.. Also in the range -15.5-16.8° 29 (d - 3.4-3.7 A), the lines appear to follow a smooth 
contractionn till 130 K and thereafter several of them vanish while new ones appear and increase 
inn intensity. Several lines appear to move to larger 29 values at a rate that is larger after around 
1400 K. Among these lines are, for example, the (0 2 0) and (0 3 0) (29-7.56 and 11.35° 
respectivelyy at 300 K). It is remarkable that the most significant changes in the scan experiments 
becomee apparent at 130 K while the first TV: is 137 K according to the magnetic susceptibility 
experiments.. In contrast, close to the second TVs (108 K) no significant changes are observed in 
thee scan measurement of 110K (neither in the neighbouring ones). Unfortunately, scan 
measurementss at temperatures lower than 90 K (after the second step is completed) are not 
available. . 

Anotherr observation concerns the difference between the scan and long-term 
measurementss recorded at the same temperature. After inspection of all measurements, it can be 
concludedd that the diffraction patterns of the scan and long-term measurements at the same 
temperaturee do not exhibit large differences in the temperature interval 300-137 K. Comparing 
scann and long-term diffraction patterns at 90, 120 and 130 K, remarkable differences are 
observedd between them at every temperature, especially in the range 6.5-25° 29. In Fig. 4.6.6 
scan-- and long-term diffraction patterns in the intervals 11.7 < 29 < 13.3° and 14.5 < 29 < 17.2° 
aree shown for the temperatures 200-90 K. The diffraction patterns of 300 and 250 K have been 
omittedd for clarity. These differences can be attributed to the relaxation of the structure during 
thee long-term measurements. 
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FIGUREE 4.6.4. Part of the Imaging Plate picture of the scan measurements of [Fe(teef)6](BF4)2- The most 
significantt changes occur below 140 K. 
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1166 118 120 122 124 126 12 8 13 0 13 2 134 136 140 144 14 8 15 2 15 6 16 0 16 4 16 8 17 2 17 6 

266 C) 20 C) 

FIGUREE 4.6.5. Excerpts of the scan-measurement diffraction patterns of [Fe(teef)6](BF4)2 showing their 
evolutionn as function of temperature. Top -> bottom: 300->90 K. 

11.77 119 12.1 12 3 12.5 12.7 12.9 13 1 13.3 1 4 5 14 8 15-1 15-4 15.7 16.0 16.3 16.6 16.9 17 2 

2929 (°) 2°(°> 

FIGUREE 4.6.6. Two characteristic excerpts of the diffraction patterns of the scan (broken lines) and the 
long-termm (continuous lines) experiments of [Fe(teef)6](BF4)2 showing their evolution as function of 
temperature. . 

Inn Fig. 4.6.7(a) for each temperature the differences between the unit-cell axes and volume 

off [Fe(teef>6](BF4)2 and their respective values at 30 K are plotted for the long-term 

measurementss (AL=LT-L3o, AV=VT-V 3O). The changes of the angles a, (3 and y are depicted in 

Fig.. 4.6.7(b). In Fig. 4.6.7(c) the change (in %) of the unit-cell axes and volume of the scan 

measurementss relative to their values at 300K is shown: [(LT-L3oo)/L3oo]-100%, with LT a length 

orr volume at temperature T. 
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Itt can be observed in Fig. 4.6.7(a) and (c) that all axes decrease smoothly in the ranges 
300-1200 K and 60-30 K while in the range 120-60 they change in an irregular way. The final unit 
celll contractions are 1.7, 3.2, 1.2 % for the a-, b- and c-axis respectively. As the temperature 
lowers,, the angle y increases almost gradually. The a and p behave in a similar manner: they 
increasee until 150 K but subsequently decrease until 120 K. Between 120 and 80 K they behave 
irregularly.. From 80 to 30 K initially all three angles increase but they stabilize at the lowest 
threee temperatures. The overall relative change in volume between the highest and lowest 
temperaturee was 5.6 %, which corresponds to 54.2 A3 per complex molecule. 

Alll unit cells are listed in Table 4.6.2. Results of the FPD and Pawley refinement are listed 
inn Table 4.6.3. 
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FIGUREE 4.6.7. (a) Changes in the unit-cell axes and volume of [Fe(teef)6](BF4)2 as function of 
temperaturee relative to the values at 30 K for long-term measurements, (b) The angles a, p and y as 
functionn of temperature T. (c) Change of the unit-cell axes and volume relative to their values at 
300K(in%). . 

164 4 



TABLEE 4.6.2. Unit cells of all long-term measurements of [Fe(teef)6](BF4)2 (refined with Materials Studio)* 
T ( K ) aa b c a B v V 
30 0 
45 5 
60 0 
65 5 
70 0 
75 5 
80 0 
90 0 
100 0 
120 0 
130 0 
137 7 
144 4 
150 0 
200 0 
250 0 
300 0 
ESRF F 

12.1306(5) ) 
12.1423(4) ) 
12.1593(4) ) 
12.1664(4) ) 
12.1998(7) ) 
12.1883(4) ) 
12.2192 2 
12.1121(6) ) 
12.2203(3) ) 
12.1389 9 
12.1547(2) ) 
12.1594(2) ) 
12.16398(18) ) 
12.16628(16) ) 
12.22275(14) ) 
12.27294(15) ) 
12.33604(13) ) 
12.. 3603(6) 

14.9206(6) ) 
14.9253(5) ) 
14.9389(5) ) 
14.9384(5) ) 
14.9665(8) ) 
14.9309(5) ) 
14.9518 8 
15.0262(9) ) 
14.9505(5) ) 
15.1515 5 
15.1881(3) ) 
15.2145(3) ) 
15.2317(2) ) 
15.2407(2) ) 
15.32152(17) ) 
15.36209(16) ) 
15.41358(16) ) 
15.4519(7) ) 

10.2677(4) ) 
10.2691(4) ) 
10.2779(3) ) 
10.2775(3) ) 
10.2974(5) ) 
10.2718(3) ) 
10.2850 0 
10.2946(5) ) 
10.2800(3) ) 
10.3011 1 
10.3093(2) ) 
10.3109(2) ) 
10.31512(11) ) 
10.31551(14) ) 
10.34004(11) ) 
10.36238(13) ) 
10.39096(17) ) 
10.4176(6) ) 

92.648(4) ) 
92.643(3) ) 
92.647(3) ) 
92.612(3) ) 
92.575(4) ) 
92.529(3) ) 
92.484 4 
93.250(3) ) 
92.446(4) ) 
93.424 4 
93.496(2) ) 
93.521(2) ) 
93.5707(14) ) 
93.6147(13) ) 
93.5895(11) ) 
93.3674(11) ) 
93.0568(11) ) 
93.045(4) ) 

92.297(4) ) 
92.290(3) ) 
92.298(3) ) 
92.232(3) ) 
92.160(3) ) 
92.112(3) ) 
92.031 1 
92.966(3) ) 
92.027(3) ) 
93.156 6 
93.229(2) ) 
93.2831(18) ) 
93.3352(12) ) 
93.3614(12) ) 
93.3589(10) ) 
93.1522(11) ) 
92.8561(11) ) 
92.838(4) ) 

81.312(3) ) 
81.277(3) ) 
81.211(3) ) 
81.203(3) ) 
81.182(4) ) 
81.156(3) ) 
81.157 7 
81.142(3) ) 
81.027(3) ) 
80.759 9 
80.6466(19) ) 
80.5940(19) ) 
80.5196(17) ) 
80.4690(14) ) 
80.2926(13) ) 
80.2432(11) ) 
80.1957(10) ) 
80.219(4) ) 

1834.09(18) ) 
1836.54(16) ) 
1842.02(15) ) 
1843.04(15) ) 
1855.2(2) ) 
1844.41(15) ) 
1854.2 2 
1846.5(2) ) 
1852.69(15) ) 
1864.7 7 
1872.29(9) ) 
1876.15(9) ) 
1879.18(7) ) 
1880.32(6) ) 
1902.65(6) ) 
1920.10(5) ) 
1942.47(5) ) 
1956.3(3) ) 

Thee e.s.d.'s of the unit cell at 80 and 120 K are not available. 

TABLEE 4.6.3. Full pattern decomposition (ESRF data, MRIA) and Pawley refinement (SPring8 long-
termm measurements, Materials Studio) results of [Fefteef^KBF^. 

ESRF F 
(MRIA) ) 

SPringS S 

T(K) T(K) R.T. R.T. 300300 250 200 150 150 144 144 137 137 130 130 
Rp(%) Rp(%) 
Rwp(%) Rwp(%) 
2626 0 
ResolutionResolution (A) 
Excluded Excluded 
regionsregions Q 

T(K) T(K) 
Rp<%) Rp<%) 
Rwp(%) Rwp(%) 
290 290 
ResolutionResolution (A) 

5.01 1 
6.48 8 
3.03-18.025 5 

120 120 
2.30 0 
4.64 4 
3-35 5 
1.66 6 

1.60 0 
2.64 4 
3-35 5 
1.66 6 

ExcludedExcluded regions 14.71-14.81, 
0 0 25.68-25.73 3 

1.57 7 
2.67 7 
3-35 5 
1.66 6 

100 100 
2.05 5 
3.99 9 
3-35 5 
1.66 6 

1.48 8 
2.57 7 
3-35 5 
1.66 6 
14.65-14.80 0 

1.66 6 
3.01 1 
3-35 5 
1.66 6 
14.68-14.85, , 
25.62-25.69 9 

SPring88 (MS) 
90 90 
2.27 7 
4.20 0 
3-30 0 
1.93 3 
14.71-14.81, , 
25.66-25.73 3 

80 80 
2.15 5 
3.84 4 
3-30 0 
1.93 3 

75 75 
1.95 5 
3.89 9 
3-35 5 
1.66 6 

1.76 6 
3.26 6 
3-35 5 
1.66 6 
14.68-14.85 5 
25.62-25.69 9 

70 70 
2.10 0 
4.21 1 
3-35 5 
1.66 6 

2.10 0 
3.86 6 
3-30 0 
1.93 3 

,, 14.6Ï 

65 65 
1.98 8 
4.01 1 
3-35 5 
1.66 6 

-•4.85 5 

60 60 
2.00 0 
4.03 3 
3-30 0 
1.93 3 

2.09 9 
4.19 9 
3-35 5 
1.66 6 
14.68-14.84, , 
25.66-25.70 0 

4545 30 
2.066 2.55 
4.177 4.51 
3-355 3-35 
1.666 1.66 

4.6.3.22 Structure Solution 

GeneticGenetic Algorithm 

Threee main attempts were carried out to solve the structure of [Fe(teef)6](BF4)2 at RT from 
thee ESRF data. In the first, a search in the complete parameter space was carried out in which the 
Fe(teef)ó2+-moietyy and one BF4" were searched for, using the first 100 X0bs values (61 resolved 
andd 89 overlapping reflections, 2Qmsx=  14.39°, dmin = 2.99A). In Fig. 4.6.8(a) the evolution of 
R(X)) versus cycle number (82 cycles in total) is shown. The parameter space has been reduced 
byy 0.37 in the 22th and 49th cycles (see Ch. 2). The best overall minimum [R(X) = 0.33] was 
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foundd in the 57 cycle although a solution with slightly higher R(X) was already found in the 
20thh cycle. Afterwards, the solution of this run was kept fixed and the second BF4" was searched 
for,, leading to a minimum with an equally low R(X) = 0.33. 

Inn the second attempt (100 Xobs values), the first part of the search was carried out using a 
partiall structural model that included the tetrazole rings and the C atom of the fluoroethyl. This 
incompletee Fe-moiety (defined by 6 torsion parameters) was searched for simultaneously with 
onee BF4", initially within the whole parameter space but after the 40th cycle the size of the 
parameterr space was reduced to 1/3 of its initial size (see Ch. 2), and this led to a R(X) = 0.53. In 
Fig.. 4.6.8(b) the evolution of R(X) versus cycle number (92 cycles in total) is shown. The second 
partt of the search included the complete Fe(teef)62+-moiety and one BF4". It was carried out 
aroundd the position found in the first part giving a R(X) = 0.33. Then, the latter structural 
solutionn was kept fixed and the second BF4" was searched for leading to a R(X) = 0.35. 
Afterwards,, two local grid searches were performed, the first around the position of the 
Fe(teef)62+-moietyy found in the previous run while both BF4" were kept fixed, and the second 
aroundd the positions of BF4" while the Fe(teef)62+-moiety was kept fixed. This led to a final 
R(X)) = 0.31. 

Thiss second attempt was followed by a third one, in which a pGA run was carried out with 
thee final solution of the second attempt as the initial structural model, in a limited parameter 
spacee and with 150 Xobs (75 resolved and 125 overlapping reflections, 15.81° 20max and 
dminn = 2.72 A) using 200 parents in cycles of 250 generations. The following parameter changes 
weree employed: (a) Fe(teef)62+-moiety: translation within the asymmetric unit; <p, \|/, K within 

°° from their initial value; full search for all 18 torsions; (b) BF4": x, y, z within % of every 
axiss centred around their initial values; cp, y, K within ° from their initial values. In Fig. 
4.6.8(c)) the evolution of R(X) versus cycle number (107 cycles in total) is shown. The final R(X) 
wass 0.35. The R(X) of this solution is 0.31 when limited to the first 100 Xobs. 
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FIGUREE 4.6.8. Evolution of R(X) versus cycle number of the three Genetic Algorithm attempts in 
[Fe(teef)6](BF4)22 at RT (ESRF data). In (c) the typical almost horizontal cluster of points of the pGA are 
visible. . 
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Thee position and orientation of the Fe-N6 core turned out to be the same in the final 

solutionss of all attempts. In the structure solutions of the first two attempts the positions of the 

ligandss a, d and b (Fig. 4.6.9) are very close, the e-ligand differs at the C-F position, while the 

tetrazolee rings of the c-ligand are antiparallel and those of the f-ligand perpendicular. In the 

solutionn of the third attempt, the positions of a, c, d, e and f ligands are quite similar to those of 

thee first attempt (except for one C - F position) while the b-ligand is antiparallel to that of the 

firstfirst solution. On the whole, the solutions of the first and third attempts are more similar and 

becausee the third attempt was carried out with more X0bS-values, offering a slightly better 

resolution,, the structure solution of the latter was finally chosen and processed in RR with the 

programm GSAS. 

FIGUREE 4.6.9. Superposition of the [Fe(teef)6](BF4)2 structure solutions obtained by the three Genetic 
Algorithmm attempts. (...) first, (—) second, (—) third. 

ParallelParallel Tempering 

Att all temperatures, the solution of the first GA attempt to solve [Fe(teef)6](BF4)2 at RT 

wass taken as the initial structural model in Run 1. Except for Run 2 at T=70 K and Run 3 at 

1377 K, in all next runs as initial model the structure solution of the previous run was taken. The 

resultss of the PT runs are summarized in Table 4.6.4. The minimum d-spacings used were for 

29maxx = 25° -> dmin= 2.31 A, for 29max = 30° -» dmin= 1.93 A and for 29max = 45° -> dmi„= 1.31 A. 
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TABLEE 4.6.4. Summary of Parallel Tempering runs of [Fe(teef)6](BF4)2 (SPring8 data). 
T(K) T(K) 
290) 290) 
DOF DOF 
cycles cycles 
RwpRwp (%) 

290 290 
DOF DOF 
cycles cycles 
RwpRwp (%) 
2d(") 2d(") 
DOF DOF 
cycles cycles 
RwpRwp (%) 

2dO 2dO 
DOF DOF 
cycles cycles 
RwpRwp (%) 

137 137 
3-25 5 
18 8 
1 1 
24.93 3 
3-25 5 
12 2 
4 4 
29.31 1 
3-25 5 
18 8 
1 1 
25.17 7 
3-25 5 
24 4 
1 1 
24.19 9 

90 90 
3-25 5 
18 8 
2 2 
17.61 1 
3-25 5 
18 8 
2 2 
18.89 9 
3-25 5 
12 2 
6 6 
16.54 4 
3-25 5 
18 8 
1 1 
13.70 0 

80 80 
3-25 5 
18 8 
1 1 
23.97 7 
3-25 5 
12 2 
4 4 
27.52 2 
3-25 5 
18 8 
1 1 
21.88 8 
3-25 5 
24 4 
1 1 
16.26 6 

70 70 
3-30 0 
24 4 
1 1 
17.86 6 
3-45 5 
24 4 
1 1 
8.95 5 

30 30 
3-25 5 
18 8 
1 1 
19.65 5 
3-25 5 
12 2 
6 6 
22.79 9 

T=137T=137 K: In the first run 18 DOF [three translational, three rotational, six innermost and 
sixx middle torsion angles of the Fe(teef)6

2+-moiety] were varied. The solution of this run was 
keptt fixed in the second run in which only the two BF4" anions were allowed to vary. In the third 
run,, having as initial model the solution of the first run, only the translational and rotational 
parameterss of all three fragments were allowed to vary. Finally, in the fourth run, only the 
Fe(teef)62+-moietyy was searched for, allowing for a variation of all its DOF (24). The position of 
thee Fe(teef)6

2+-moiety in the solutions of runs 1,2 and 4 almost coincide. In the solution of run 2, 
though,, one of the BF4" is positioned very close to one of the ligands. The models of runs 1, 2 
andd 4, however, are rather different from the one found in Run 3. The latter did not exhibit any 
closee contact and it was processed in RR with MS (and afterwards with GSAS). 

T=90T=90 K: In the first run the twelve innermost and middle torsions of the Fe(teef)62+-moiety 
weree varied as well as its rotational and translational parameters. In the second run translational 
andd rotational parameters of all three fragments were varied. In the third run, the six innermost 
torsionss and one BF4" were varied and in the last one, both BF4" were kept fixed, and only the 18 
torsionss of the Fe(teef>6 +-moiety were varied. A comparison of the structure solutions found in 
thee four runs showed that the position and orientation of the Fe-N6 core was the same in all 
cases.. The orientations of the ligands, however, were not the same in all cases. The solutions of 
thee second and third runs had several close contacts but the solution of the fourth run only one 
andd therefore it was chosen to be refined in the RR of MS. 

T=80T=80 K: In the first run the translational and rotational parameters and the twelve 
innermostt and middle torsions of the Fe(teef)62+-moiety were varied. In the second run the 
Fe(teef)62+-moietyy was kept fixed and only the two BF4" were searched for. In the third run, the 
sixx outermost torsions and the parameters of both the BF4*'s were varied and in the last run, the 
twoo BF4_'s were kept fixed, and all parameters characterizing the Fe(teef)62+-moiety were varied. 
Althoughh all solutions exhibited several close contacts, the last run gave quite an improved 
modell in terms of Rwp and it was processed further in the RR of MS. 

T=70T=70 K: In the first run the rotational and translational parameters of all three fragments 
andd the six innermost torsion parameters of the Fe(teef)62+-moiety were varied. The solution of 
thiss run was processed in the RR of MS and texture correction has been applied using the March-
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Dollasee method as incorporated in MS. The initial values of the parameters were found by PT 
andd then refined in RR. The result of this RR (Rwp=  9.44) has been used as initial model for the 
secondd run, in which the BF4" were kept fixed and all parameters characterizing the Fe(teef)6

2+-
moietyy were varied. The considerably lower Rwp value of the second run can be attributed mainly 
too the larger 26 interval used. The solution of the second run was used as starting point in the RR 
off MS. 

T=30T=30 K: In the first run the translational, the rotational parameters and the twelve 
innermostt and middle torsions of the Fe(teef)62+-moiety were varied. In the second run the 
Fe(teef)62+-moietyy was kept fixed and the two BF4" were searched for. The resulting solution was 
refinedd with RR in MS but continuously exhibited some close contacts. Eventually, the structure 
solutionn at 80 K was used as starting model in the RR of GSAS because after the RR with MS it 
hadd the lowest Rwp. 

Indeed,, as considered in 4.6.2.2, finding a structure solution initially comes down to 
positionn and orient the Fe-N6 core correctly. However, the determination of the torsion angles, 
especiallyy the outermost ones, presented large difficulties as the orientation of the outer C-F 
bondss with respect to the tetrazole rings did not seem to have a significant influence on the R(X) 
(R(Rwpwp),), suggesting the presence of many almost equivalent local minima. Also the fact that not all 
DOFF could be varied simultaneously is considered to have contributed to the large difficulties 
encounteredd in solving this structure. 

4.6.3.33 Rietveld Refinement 

Thee results of the RR's are summarized in Table 4.6.5 and some details will be discussed 

below. . 

TABLEE 4.6.5. Summary of Rietveld Refinement of the [Fe(teef)6l(BF4)2 structures. 
ESRF F SPring8 8 

T(K) T(K) 

Rp(%) Rp(%) 
Rwp(%) Rwp(%) 
2929 range C) 
ResolutionResolution (A) 
ExcludedExcluded regions (°) 

RT. RT. 
(GSAS) (GSAS) 
5.97 7 
7.85 5 
3.04-36 6 
1.21 1 

137 137 
(MS) (MS) 
7.25 5 
11.17 7 
3-60 0 
1. . 
14.68-14.85, , 
24.25-24.40. . 
25.63-25.78, , 
30.15-30.35 5 

137 137 
(GSAS) (GSAS) 
4.6 6 
6.41 1 
2.5-51 1 
1.16 6 

90 90 
(MS) (MS) 
6.21 1 
8.88 8 
3-55 5 
1.08 8 
14.71--14.81. . 
25.66-25.73 3 

80 80 
(MS) (MS) 
4.98 8 
7.04 4 
3-47 7 
1.25 5 

70 70 
(MS) (MS) 
5.38 8 
7.64 4 
3-47 7 
1.25 5 

30 30 
(MS) (MS) 
6.82 2 
9.84 4 
3-47 7 
1.25 5 

30 30 
(GSAS) (GSAS) 
3.86 6 
5.59 9 
3-47 7 
1.25 5 

MaterialsMaterials Studio: (SPring8-data, T= 137,90,80,70 and 30K): The same observations 

discussedd in 4.2.3.3 hold here as well. 

GSAS:GSAS: [RT (ESRF data), 137 and 30 K (SPring8 data)]: Bond-distance, bond-angle and 
planarr restraints were applied in all cases (as described in Ch. 3). The final values of the global 
weightingg factors and the contribution of every group of restraints to the final x2 are shown in 
Tablee 4.6.6. All atomic displacement parameters at RT were fixed to 0.05 A2. Attempts to refine 
thee atomic displacement parameters led to unreasonable values for some of them. At 137 and 
300 K, adp's of five types of non-hydrogen atoms were refined isotropically and constrained to be 
equall in each of the following five atom groups: the F atoms of the fluoroethyls, the F atoms in 
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eachh of the BF4" separately, the N and C atoms in the tetrazole rings and the C atoms of the ethyl. 
Thee adp's of the B atoms as well as those of the F atoms of the fluoroethyl were fixed to ideal 
valuess in the RR at 30 K as refinement attempts led to unrealistic values. Spherical-harmonics 
coefficientss up to 6th order were refined and the final texture indexes were J = 2.002 (at RT), 
2.0722 (137 K) and 2.014 (30 K). 

Thee final plot of the observed, calculated and difference patterns (Fig. 4.6.10) shows that 
thee difference plot can be considered acceptable for the structure at RT while those of the 
structuress at 137 and 30 K are not very satisfactory. 

TABLEE 4.6.6. Weighting factors of restraints and terms in least-squares minimization function of 
Rietveldd Refinement (GSAS) of rFe(teef)6](BF4)2 at RT (ESRF data), 137 and 30 K (SPring8 data). 

RTT (ESRF data) 137 K (Spring8 data) 30 K (Spring8 data) 
fd d 
fa a 

fp p 
BondBond Distances (104) 
BondBond angles (165) 
PlanarPlanar Group (30) 
TotalTotal data 
(powder(powder + restraints) 

4 4 
3 3 
3 3 
680.37 7 
1289.6 6 
491.69 9 
18110(6893 3 
observations) ) 

10 0 
8 8 
20 0 
10175 5 
9211.3 3 
4976.6 6 
183180(5135 5 
observations) ) 

8 8 
10 0 
10 0 
2850.4 4 
1892.1 1 
843.77 7 
797866 (4698 
observations) ) 
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4.6.3.44 Crystal Structure description 

Thee molecular structure of [Fe(teef)6](BF4)2 with the numbering of the non-hydrogen 
atomss in the asymmetric unit is shown in Fig. 4.6.11 (left). In Fig. 4.6.11 (right) the refined 
structuress at RT, 137 and 30 K are superimposed. The superposition makes clear that, although 
thee Fe-N6 core has almost the same orientation and position in all three cases, the orientations of 
thee ligands show large differences. It is not likely that such large differences may occur because 
off a change of temperature. On the basis of the difference plots (Fig. 4.6.10), the structure at RT 
seemss to be the most reliable, while the RR's at the other two temperatures can not considered to 
bee satisfactory. For this reason, some of the structural characteristics of [Fe(teef)6](BF4)2 will be 
discussedd in more detail only for the structure at RT. Final coordinates and selected bond 
distancess and angles of the structure at RT are given in Tables 4.6.8 and 4.6.9. Of the structures 
att the other two temperatures only the relevant changes in the Fe-N6 core will be given as 
indicative. . 

FIGUREE 4.6.11. (left) Molecular crystal structure of [Fe(teef)6](BF4)2 at 300K showing the numbering 
scheme,, (right). The refined structures at RT (—), at 137K (—) and at 30 K (...) superimposed. 

Thee crystal packing of [Fe(teef)6](BF4)2 is quite different from that of all the other teeX 
complexess studied in this thesis. The Fe(II) is not located on a special position but it is still 
octahedrallyy coordinated at distances ranging from 2.185(7)-2.208(7) A at RT, 2.025(17)-
2.252(18)) A at 137 K and 2.020(12) - 2.060(13) at 30 K. The average Fe-N distance at RT is 
2.199 A, which is typical for Fe-N distances in the HS state, at 137 K it is 2.12 A, while at 30 K it 
iss 2.04 A. The average Fe-N bond contraction from RT to 137 K is 0.07 A (3.3%) while from RT 
too 30 K it is 0.15 A (6.9%). All N-Fe-N angles show octahedral symmetry with a maximum 
deviationn from 90° of 2.6(3)° at RT, 1.9(6)° at 137 K and 1.9(5) ° at 30 K. (Distances and angles 
givenn in the text containing e.s.d's have been calculated with the program PLATON; those not 
containingg e.s.d.'s have been calculated with DIAMOND or PLUVA). 
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Thee structure forms layers parallel to the (1 1 0) (see Fig. 4.6.12). It is difficult, however, 
too define an average interlayer distance for [Fe(teei)6](BF4)2 because the edges of the layers are 
nott very well defined, unlike all other teeX complexes discussed in this thesis. It can be 
observed,, though, that the interlayer distances of [Fe(teef)6](BF4)2 are in general shorter than in 
alll the other teeX complexes. This is manifested by the following interlayer contacts involving 
thee F and H atoms. There are two F-F < 4 A contacts ranging from 3.58 to 3.92 A, eight H-
HH < 3 A ranging from 2.40 to 2.97 A and six F-H < 3 A ranging from 2.089 to 2.79 A. Distances 
involvingg the F atoms of the BF4" are not stated here explicitly because of the possible disorder, 
butt on average they are also of the same order as the other F-F contacts and slightly larger than 
thee rest of F-H contacts. According to PLATON, three of the above F-H close contacts are short 
enoughh to be considered as hydrogen bonds and together with two more intermolecular F-H 
distancess they are listed in Table 4.6.7. Other possible intermolecular N...H-C hydrogen bonds 
aree also listed in the same table. A comparison of the hydrogen bond networks in the complexes 
studiedd until now shows that in case of [Fe(teef)6](BF4)2, this network is much stronger 
especiallyy because of the strength of the F...H-C hydrogen bonds. 

TABLEE 4.6.7. Possible intermolecular hydrogen bonds (A, °) of [Fe(teef)6](BF4)2 structure at RT. 
N...H___ N...C N-H-C 

N11 f... H3c 1'— C3c' 2.83(5) ""T8Ï7 ~ " " 152'.7 
N2f. . .H3cP—C3c'' 2.60(6) 3.38(3) 129(4) 
N2f...H3c2"—C3c"" 2.68(4) 3.787 176.5 

F...HH F...C F-H-C 
F2.. .H2ai—— C2a 2.33(3) ~Tw(2) Ï24.9(Ï3) 
F3...H2bl—C2bb 2.44(2) 3.42(2) 150.1(15) 
F4...H2fl—— C2f 2.21(2) 3.028(18) 131.6(16) 
F5...H3a22 — C3a 2.49(3) 3.23(2) 123.2(14) 
F6...H3cl—C3cc 2.09(3) 3.09(2) 155.8(17) 
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FIGUREE 4.6.12. View of the structure of [Fe(teef)6](BF4)2 at RT along the c-axis; the structure forms 
layerss parallel to the (1 1 0). 

FIGUREE 4.6.13. View of the structure of [Fe(teef)6](BF4)2 at RT along the a- (left) and the b-axis (right). 
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4.6.3.55 Spin Crossover 

Thee spin-crossover behaviour of [Fe(teef)6](BF4)2 is rather complicated as discussed in 
4.6.1.. At RT, the structure most likely can be described by a single Fe(II) crystallographic site 
and,, according to the long-term X-ray diffraction experiments, there is no indication of a 
significantt structural phase transition at low temperature. Therefore, the incomplete spin 
crossoverr observed in [Fe(teef)6](BF4)2 can not be attributed to the existence of two 
crystallographicallyy different types of Fe(II) ions, one of which does not undergo spin crossover, 
ass in the case of [Fe(etz)6](BF4) (Hinek et ah, 1996) or to a structural phase transition, with one 
typee of Fe(II) remaining in the HS state. 

Interestingly,, the scan experiments again showed results that differed considerably from 
thee long-term experiments. In the scan measurements, within the temperature range 300-140 K, 
thee evolution of the patterns appears to be quite gradual and only a simple lattice contraction 
seemss to occur. It is remarkable that the most significant changes in the scan experiment occur at 
1300 K while the first TV; is 137 K, according to the magnetic susceptibility. After inspection of 
thee long-term and the scan measurements at every temperature, it can be concluded that the 
diffractionn patterns of both scan and long-term measurements exhibit remarkable differences at 
thosee temperatures at which spin changes occur. These differences can be attributed to the 
relaxationn of the structure during the long-term measurements. 

Itt is obvious that the evolution of the lattice of [Fe(teef)6](BF4)2 as the temperature 
decreasess is not gradual, like in the cases of [Fe(teei)6](BF4)2 and [Fe(teeb)6](BF4)2. However, 
distinguishablee (supposedly HS and LS) lattices, as in case of [Fe(teec)6](C104)2, have not been 
observed,, at least not at the time scale at which the scan measurements were carried out. Finally, 
itt is noted that the changes in the scan measurements were more prominent than those observed 
forr [Fe(teec)6](BF4)2. 

Itt can be observed in Fig. 4.6.7(a) and (c) that all unit cell-axes of [Fe(teef)6](BF4)2 

decreasee smoothly in the ranges 300-120 K and 60-30K while in the range 120-60 they change in 
ann irregular way. The a- and c-axes decrease slow and the final decrease is 0.21 and 0.12 A 
respectively,, while the b-axis has decreased 0.49 A. Almost all the parameters behave irregularly 
betweenn 100 and 70 K, apart from the angle y. Although there is no obvious explanation for this 
behaviourr yet, it is noted that this occurs after the second spin crossover and at the beginning of 
thee stabilization of the HS fraction (see Fig. 4.6.3). 

Fromm the above no direct conclusion can be drawn concerning the peculiar spin crossover 
off [Fe(teef)6](BF4)2. Unfortunately, there are no reliable structures yet at lower temperatures to 
alloww the conclusions about the structural changes of the compound during the spin crossover. 
However,, the structural characteristics at RT as well as the conclusions of the study of the scan 
andd long-term experiments will be assessed and compared with those of the other teeX 
complexess studied in this thesis, in the next section. 
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TABLEE 4.6.8. Final Coordinates and Equivalent Isotropic Displacement Parameters of the non-Hydrogen 
atomss of rFe(teef)6l(BF4)2 at RT (ESRF data). 

Atomm x y z U(eq)(A2) 

Fe e 
Fl l 
F2 2 
F3 3 
F4 4 
F5 5 
F6 6 
N1A A 
NI B B 
NI C C 
N1D D 
N1E E 
N1F F 
N2A A 
N2B B 
N2C C 
N2D D 
N2E E 
N2F F 
N3A A 
N3B B 
N3C C 
N3D D 
N3E E 
N3F F 
N4A A 
N4B B 
N4C C 
N4D D 
N4E E 
N4F F 
CI A A 
C1B B 
C1C C 
C1D D 
C1E E 
C1F F 
C2A A 
C2B B 
C2C C 
C2D D 
C2E E 
C2F F 
C3A A 
C3B B 
C3C C 
C3D D 
C3E E 
C3F F 
Bl l 
F7 7 
F8 8 
F9 9 
F10 0 
B2 2 
Fl l l 
F12 2 
F13 3 
F14 4 

0.2398(3 ) ) 
00 3987(11 ) 

-0.3175(15 ) ) 
-0.0284(18 ) ) 

0.6688(13 ) ) 
0.3491(13 ) ) 
0.2631(18 ) ) 

0.4445(5 ) ) 
-0.0706(6 ) ) 

0.0815(7 ) ) 
0.561 88 (7 ) 
0.2281(7 ) ) 
0.2616(6 ) ) 
0.3501(9 ) ) 

-0.0762(8 ) ) 
0.0414(9 ) ) 
0.5185(9 ) ) 
0.2983(9 ) ) 
0.158 33 (8 ) 
0.2777(8 ) ) 
0.013 44 (7 ) 
0.0830(9 ) ) 
0.419 77 (8 ) 
0.3096(9 ) ) 
0.1420(8 ) ) 
0.3266(5 ) ) 
0.0776( 4 4 
0.1531(6 ) ) 
0.3996( 4 4 
0.2452( 7 7 
0.2340( 6 6 
0.4303( 5 5 
0.0246( 6 6 
0.1486( 7 7 
0.487 44 ( 7 
0.1973( 7 7 
0.3054( 6 6 
0.5437( 5 5 

-0.1568( 7 7 
0.052 77 ( 7 
0.6745( 8 8 
0.1903( 7 7 
0.3083( 7 7 
0.5138( 8 8 

-0.2433( 8 8 
-0.0182( 8 8 

0.7400( 8 8 
0.2668( 9 9 
0.2915( 8 8 
0.6096( 8 8 

0.5325(1 3 3 
0.626 44 (1 4 
0.5728(1 5 5 
0.7055(1 0 0 
-0.0713( 8 8 

-0.1219(1 4 4 
0.0248(1 1 1 

-0.1357(1 3 3 
-0.0522(1 6 6 

0.2492(3 ) ) 
0.3828(14 ) ) 
0.4018(13 ) ) 

0.1821(9 ) ) 
0.1755(14 ) ) 
0.5782(11 ) ) 

-0.0750(11 ) ) 
0.3303(7 ) ) 
0.317 22 (5 ) 
0.1256(6 ) ) 
0.1704(6 ) ) 
0.5058(6 ) ) 
0.0021(5 ) ) 
0.3512(8 ) ) 
0.3814(6 ) ) 
0.2066(8 ) ) 
0.1009(7 ) ) 
0.460 44 (8 ) 
0.0360(7 ) ) 
0.3312(8 ) ) 
0.3717(6 ) ) 
0.253 77 (7 ) 
0.1145(7 ) ) 
0.3805(7 ) ) 
0.1118(6 ) ) 
0.2958(5 ) ) 
0.3004(5 ) ) 
0.2017(5 ) ) 
0.1940(5 ) ) 
0.374 44 (4 ) 
0.1252(3 ) ) 
0.2962(7 ) ) 
0.2647(5 ) ) 
0.1224(6 ) ) 
0.2297(6 ) ) 
0.4535(6 ) ) 
0.0569(5 ) ) 
0.3448(6 ) ) 
0.3022(6 ) ) 
0.0515(6 ) ) 
0.1779(6 ) ) 
0.6017(7 ) ) 

-0.0832(6 ) ) 
0.3600(6 ) ) 
0.3872(7 ) ) 
0.0897(7 ) ) 
0.1688(7 ) ) 
0.6435(6 ) ) 

-0.1376(6 ) ) 
-0.1050(7 ) ) 

))  -0.0447(11 ) 
))  -0.0787(13 ) 
))  -0.1835(9 ) 
))  -0.1129(13 ) 
))  0.5460(7 ) 
))  0.5618(14 ) 
))  0.4898(11 ) 
))  0.5084(12 ) 
))  0.6227(9 ) 

0.2546(3 ) ) 
0.767 99 (19 ) 
0.4224(16 ) ) 

-0.237(2 ) ) 
0.3046(14 ) ) 

-0.01 77 (2 ) 
0.2268(15 ) ) 

0.561 88 (8 ) 
0.4276(7 ) ) 

-0.0585(9 ) ) 
0.1057(9 ) ) 
0.117 88 (9 ) 
0.4149(6 ) ) 

0.6142(10 ) ) 
0.3527(9 ) ) 

-0.080 44 (10 ) 
0.0805(11 ) ) 
0.0364(11 ) ) 

0.4442(7 ) ) 
0.5323(10 ) ) 

0.2907(8 ) ) 
0.0058(11 ) ) 
0.1199(12 ) ) 
0.0672(11 ) ) 

0.4010(8 ) ) 
0.4256(6 ) ) 
0.3320(6 ) ) 
0.0835(5 ) ) 
0.1725(7 ) ) 
0.1670(7 ) ) 
0.343 77 (5 ) 
0.4452(6 ) ) 
0.4147(7 ) ) 
0.0442(9 ) ) 
0.1662(9 ) ) 
0.1981(9 ) ) 
0.3521(6 ) ) 
0.6333(9 ) ) 
0.5154(8 ) ) 

-0.1410(9 ) ) 
0.0737(8 ) ) 
0.1128(9 ) ) 
0.4438(6 ) ) 

0.7665(10 ) ) 
0.5295(10 ) ) 

-0.2498(10 ) ) 
0.2011(10 ) ) 
0.0326(10 ) ) 
0.3238(10 ) ) 
0.272 11 (11 ) 
0.214 44 (17 ) 
0.3975(12 ) ) 

0.26 44 (2 ) 
0.2109(16 ) ) 
0.270 44 (10 ) 
0.3835(13 ) ) 
0.2893(19 ) ) 
0.1835(15 ) ) 
0.2271(19 ) ) 

0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
0.050 0 0 
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TABLEE 4.6.9. Selected bond distances and angles of rFe(teef)6](BF4); at RT (ESRF data). 
Fe e 
Fe e 
Fe e 
Fe e 
Fe e 
Fe e 
Fl l 
F2 2 
F3 3 
F4 4 
F5 5 
F6 6 
F7 7 
F8 8 
F9 9 
F10 0 
Fl l l 
F12 2 
F13 3 
F14 4 
N1A A 
N2A A 
Nl A A 
NI B B 
NI B B 
NI B B 
NI C C 
NI C C 
C2A A 
C2B B 
C2C C 
C2D D 
C2E E 
C2F F 
CI A A 
C1B B 
C1C C 
C1D D 
C1E E 
C1F F 
C2A A 
C2A A 
C2B B 
C2B B 
C2C C 
C2C C 

N4A A 
N4A A 
N4A A 
N4A A 
N4A A 
N4B B 
N4B B 
N4B B 
N4B B 
N4C C 
N4C C 
N4C C 
N4D D 
N4D D 
N4E E 
N2A A 
N2A A 
CI A A 
N2B B 
N2B B 
C1B B 

-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F e e 
-F R R 

-F e e 
-F e e 
-F e e 

-N4 A A 
-N4 B B 
-N4 C C 
-N4 D D 
-N4 E E 
-N4 F F 
-C3 A A 
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4.7.. A comparative analysis of the [Fe(teeX)<J(A)2 complexes 

4.7.11 Structure characteristics in relation to the spin-crossover behaviour 

Thee five Fe(II) complexes with halo-ethyltetrazole ligands studied in this thesis show a 
remarkablee variety of spin-crossover behaviours: a complete spin transition in [Fe(teei)6](BF4)2 
andd [Fe(teeb)6](BF4)2, a 50% incomplete in [Fe(teec)6](C104>2, a two-step complete in 
[Fe(teec)6](BF4)2,, and an incomplete and possibly two-step in [Fe(teef)6](BF4)2. All these spin 
crossoverss are gradual. In spite of the large variety in the spin-crossover behaviour of those 
complexes,, the structures of the first four complexes appear to be quite similar, at least in view 
off the space group (P2i/c, Z = 2) and the centrosymmetric molecules with Fe(II) at a special 
position.. Only the last complex (teef) crystallized in PÏ (Z = 2), the molecule is not 
centrosymmetricc and Fe(II) is at a general position. Therefore, an explanation of the spin-
crossoverr behaviour solely in terms of the crystallographic position of Fe(II) and the space group 
iss not possible. However, a closer look at the structural characteristics of the above complexes 
andd their diffraction data might be useful in order to establish the parameters that are connected 
withh the spin-crossover behaviour. 

SuperpositionSuperposition of all structures at RT/300 K and 90 K 

Inn Fig. 4.7.1, the direct superposition of all centrosymmetric complexes at RT/300 K (left) 
andd 90 K (right) is shown. The structures of [Fe(teec)6](BF4)2, [Fe(teec)6](C104)2 and 
[Fe(teei)6](BF4)22 are quite similar, especially the position and orientation of the Fe-Nö core, 
whilee that of [Fe(teeb)6](BF4)2 is quite different, although it should be taken into account that the 
latter'ss RR was not satisfactory. However, if the structure of [Fe(teeb)6](BF4)2 at 300 K is 
slightlyy rotated and then superimposed with the structure of [Fe(teec)6](BF4)2 at RT (the latter 
usedd as representative of the three first centrosymmetric complexes), the resulting superposition 
[Fig.. 4.7.2(left)] shows that the molecules are quite similar with the most prominent difference 
beingg the orientation of the ligand a. The superposition of the teef complex with a 
centrosymmetricc one (tetrafluoroborate teec) is shown in Fig. 4.7.2(right). It can be observed that 
thee orientation of three tetrazole rings is quite similar while two of them are oriented 
perpendicularr to each other. The orientation of the ethyls is rather different in all ligands. 
Obviously,, the conformation of the molecules cannot be related directly to the spin-crossover 
behaviour,, as the first three centrosymmetric molecules appear to be quite similar while their 
magneticc behaviour is remarkably different. 
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FIGUREE 4.7.1. Superposition of the centrosymmetric teeX structures at RT (300 K) (left) and 90 K (right). 
(—)) [Fe(teec)6](BF4)2; (—) [Fe(teec)6](C104)2; (...) [Fe(teei)6](BF4)2; ( ) [Fe(teeb)6](BF4)2. 

FIGUREE 4.7.2. (left) Superposition of [Fe(teec)6](BF4)2 (dark grey) and the slightly rotated 
[Fe(teeb)6J(BF4)22 (light grey) at RT and 300 K respectively, (right) Superposition of the [Fe(teec)6](BF4)2 

(darkk grey) and [Fe(teef)6](BF4)2 (light grey) both at RT. 

SuperpositionSuperposition of each centrosymmetric structure at RT/300 K and 90 K 

Fromm the superposition of each centrosymmetric complex at RT (or 300 K) and 90 K it is 

concludedd that, apart from the Fe-N contraction, the orientations of the tetrazole rings have 

hardlyy changed (especially in the teei complex), being almost parallel at both temperatures [see 

Figs.. 4.2.16(left), 4.3.12(left), 4.4.10(left), 4.5.10(left)]. However, the ethyls of the ligands have 

undergonee much larger changes, especially the ethyl of ligand c (in both the teec complexes, and 

mostlyy in the tetrafluoroborate complex). The teef complex at RT was not superimposed with 

anyy of the models at lower temperatures as their RR*s were not considered to be satisfactory. It 

seemss that in the case of the single-step complete spin crossover the intramolecular geometry has 

changedd the least. 
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Fe-NFe-N bond shrinkage 

Inn all [Fe(teeX)6](A)2 complexes studied in this work, Fe(II) is octahedrally coordinated by 
thee neighbouring nitrogens at distances that in general are typical of the spin state in which the 
complexx is. In both the teec complexes and in teei, the octahedral coordination of Fe(II) appears 
too be more distorted at 90 than at 3 00K, the one of teei at 90 K being the least distorted. The 
averagee bond shrinkage of the Fe(teeX)62+-moiety (excluding the Fe-N bonds) is in general very 
smalll when going from RT/300 K to 90 K. In contrast, the Fe-N bonds decrease much more, 
suggestingg that the shortening of the Fe-N bonds is related with the HS->LS transition. 
Comparingg the average decrease of the Fe-N bonds in all complexes, it is observed that the 
shrinkagee in [Fe(teec)6](C104)2 (0.17 A, 7.8%) is almost half of that in [Fe(teec)6](BF4)2 (0.31 A, 
13.9%),, in accordance with the incomplete HS-^LS spin transition as observed in the former by 
magneticc susceptibility measurements. The average Fe-N bond contraction in [Fe(teei)6](BF4)2 is 
0.255 A (11.2%) and is between the Fe-N bond distance changes of the teec complexes. In the 
casee of X = Br (teeb), the average Fe-N bond shrinkage is 7.8%, which is comparable to the 
shrinkagee observed in [Fe(teec)6](ClC>4)2. However, because of the insufficient RR of 
[Fe(teeb)6](BF4)2,, no further conclusions can be drawn. In the case of [Fe(teef)e](BF4)2 the 
averagee Fe-N bond contraction from RT to 137 K is 0.07 A (3.3%) while from RT to 30 K it is 
0.155 A (6.9%). From the above it can be concluded that the Fe-N shrinkage is connected to the 
completenesss of the spin crossover, the smaller Fe-N contraction indicating an incomplete spin 
transition.. Moreover, in the complex exhibiting the complete two-step transition 
(tetrafluoroboratee teec), the Fe-N contraction is larger than in the complex exhibiting the single-
stepp complete spin crossover (teei), indicating a larger structural mobility in the former. 

PackingPacking and interlayer structure 

Thee centrosymmetric complexes are packed in P2|/c and form layers that are parallel to the 
b-- and c-axis and (almost) perpendicular to the a-axis while in [Fe(teef)6](BF4)2 the structural 
layerss are parallel to the (1 1 0). The interlayer distances are shorter than 3 A in the HS and 2.5 A 
inn the LS in all cases. In the HS state, the largest distance is observed for [Fe(teec)6](BF4)2 
(-2.99 A), a significantly shorter distance in [Fe(teec)6](C104)2 (-2.3 A), while for 
[Fe(teeb)ö](BF4)22 and [Fe(teei)6](BF4)2 the interlayer distance is just slightly larger than 2 A 
(takingg into account only the Br atom positions in teeb). In the LS state, this order changes 
somewhat,, and while for the last two complexes {teei and teeb) only a slight decrease is 
observed,, the interlayer distance of [Fe(teec)6](BF4)2 decreases significantly to ~2 A and that of 
[Fe(teec)6](C104)22 to -1.8 A. As stated before, it is difficult to define an average interlayer 
distancee for [Fe(teef)6](BF4)2 because the edges of the layers are not very well defined. It can be 
observed,, though, that the interlayer distances in [Fe(teef)6](BF4)2 are in general shorter than in 
alll the other teeX complexes. From the above it can be concluded that when cooling a complex 
fromm RT/300 K to 90 K, the largest changes in the interlayer distances occur in the case of the 
two-stepp spin crossover ([Fe(teec)ö](BF4)2) and the smallest in case of [Fe(teei)6](BF4)2 that has a 
singlee step complete spin crossover. 

InterlayerInterlayer close contacts 

Ass the model of [Fe(teeb)6](BF4)2 could not be refined in a satisfactory way, because of the 
qualityy of the diffraction pattern, the following discussion will not include this complex, unless 
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specifiedd otherwise. The interlayer close contacts consist of X-H (X = F, CI, I), H-H and X-X 
contacts.. Comparing these contacts, it can be observed that both in number and strength the teef 
complexx has the most and closest X-H and H-H contacts, followed by the perchlorate teec, the 
tetrafluoroboratee teec and finally the teei complex. The X-X close contacts appear to be quite 
strongg for the teei while in both the teec complexes they are weaker and also intralayer. It seems 
thatt in the cases a complete spin crossover is observed (tetrafluoroborate teec and teei), the close 
contactss are few and weak, while in case of an incomplete spin crossover (perclorate teec, and 
teef)teef) more and stronger close contacts are present. A hypothesis could be that these interactions 
stabilizee a higher spin state at low temperatures. 

N...H-CN...H-C hydrogen bonds 

Twoo kinds of intermolecular hydrogen bonds are present: the N...H-C and the X...H-C 
involvingg the halogen of the haloethyls. At RT, a more extensive N...H-C intermolecular 
hydrogen-bondd network seems to exist than at 90 K while the X.. .H-C seems to become stronger 
ass the temperature lowers. This is in agreement with the findings of Mikami et al (1980) in their 
studyy of the [Fe(pic)3]Cl2.EtOH complex: two kinds of hydrogen bonds were formed by N-
H...C11 and O-H...CI, the former being stronger in the HS state and the latter in the LS state. A 
comparisonn of the N...H-C hydrogen-bond networks in the complexes studied in this thesis 
(apartt from teeb) shows that in the case of [Fe(teec)6](C104)2 this is much weaker than in 
[Fe(teec)6](BF4)22 at both temperatures. These hydrogen bonds in [Fe(teei)6](BF4)2 at RT are 
comparablee to those of [Fe(teec)6](BF4)2 at RT but at 90 K they are rather weaker. In the case of 
[Fe(teef)6](BF4)22 at RT, the N...H-C hydrogen-bond network is slightly stronger than that of 
[Fe(teec)6](C104)2.. The teec and teei have the strongest N...H-C hydrogen bond network in the 
HSS state. In the LS state this is very weak in all complexes. The perchlorate teec and teef have 
ratherr weak N...H-C hydrogen bonds in the HS state. Thus, a complete spin crossover seems to 
bee connected to a strong N...H-C hydrogen-bond network and the incomplete spin crossover 
withh a weak one. 

X...H-CX...H-C hydrogen bonds 

Thee X... H-C hydrogen bonds observed in all complexes are either intralayer or interlayer 
(thee latter being almost parallel to the a axis). [Fe(teec)6](BF4)2 is the only complex in which no 
interlayerr hydrogen bonds are present while [Fe(teef)6](BF4)2 has three rather strong ones at RT, 
thee [Fe(teec)6](C104)2 two at 90 K but none at 300K, and the [Fe(teei)6](BF4)2 one at RT. 
Intralayerr X...H-C hydrogen bonds at RT are only observed in teef while at 90 K there are two 
inn [Fe(teec)6](BF4)2 and one in each of the perchlorate and teei complexes. A comparison of the 
hydrogen-bondd network from RT to the lowest measured temperature is not possible for 
[Fe(teef)6](BF4)22 because of the limitations of the RR's at lower temperatures. Nevertheless, 
comparingg the X...H-C hydrogen-bond network of the four refined complexes at RT, it can be 
observedd that the one of [Fe(teef)6](BF4)2 seems to be the strongest of all four, especially 
becausee of the contribution of the F...H-C hydrogen bonds (F of the fluoroethyls). At 90 K the 
perchloratee teec complex seems to have the strongest X...H-C hydrogen-bond network and the 
teeiteei the weakest. Summarizing, the complexes with the incomplete spin crossover seem to have 
thee strongest X...H-C hydrogen-bond network (teef in the HS, perchlorate in the LS state). The 
complexess with the complete spin crossover have no interlayer hydrogen bonds. 
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LayerLayer arrangements of the halogen atoms and the counter ions 

Ass an example of the remarkable arrangement of the halogens at the edges of the structural 
layerss in all centrosymmetric complexes, the arrangement of the [Fe(teec)6](BF4)2 complex is 
shownn in Fig. 4.7.3. When going from 300 K/RT to 90 K, the halogen positions change 
significantlyy in the cases of both teec complexes while in the case of teei they remain almost at 
theirr initial position [Fig. 4.7.3(right)]. The C-X bonds are in general more parallel to the be 
planee in the HS states than in the LS states (apart from the teeb) (see Figs. 4.2.17, 4.3.13, 4.4.11 
andd 4.5.11). In contrast, the F atoms (of the fluoroethyl) in the teef complex do not form very 
welll defined edges of structural layers [Fig. 4.7.4]. Nevertheless, they are positioned clearly at 
thee sides of the planes where the Fe(II) and the BF4" lie. From the changes in halogen positions, 
itt seems that a peculiar spin crossover, i.e. in this study a two-step or an incomplete spin 
transitionn {teec complexes) is connected with larger structural changes versus temperature while 
inn case of a single-step complete spin crossover {teei) only moderate structural changes take 
place. . 
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FIGUREE 4.7.3. View along the c-axis of [Fe(teec)6](BF4)2 at RT (left) and at 90 K (right). Only Fe (large 
spheres),, CI atoms (small spheres) and the BF4" (bonded fragment) are displayed for clarity. 

187 7 



X X A A 

X X 
• • 

Y Y 
A A 

X X 

AA ' 

y \\ *  ï 

FIGUREE 4.7.4. View along the c-axis of [Fe(teef)6](BF4)2 at RT. Only Fe (large spheres), F atoms (small 
spheres)) and the BF4' (bonded fragment) are displayed for clarity. 

Thee layer arrangement of the BF4" (CIO4") moieties is almost the same as that of the 

Fe(II)'ss and in the centrosymmetric teeXcomplexes the x coordinate of B (CI) atom is close to 0 

andd the z coordinate close to 0 or 0.5 [Fig. 4.7.5(a)]. In all five complexes, within the structural 

layerss the B (CI) atoms are arranged in hexagons (in a beehive way) at a distance of ~ 6 A apart 

(att RT) and the Fe(II)'s are in the centres of these hexagons, thus exhibiting a pseudo-trigonal 

symmetryy [Fig.4.7.5(b)]. The average Fe-B (CI in the case of CIO4") distances are also ~ 6 A at 

RT.. Compared to the tetrafluoroborate complexes, the hexagons formed by the CIO4" are more 

symmetric.. The BF4" in the [Fe(teei)6](BF4)2 structure seem to be more symmetrically arranged 

aroundd the Fe(II) than in the rest of the complexes while the least symmetric arrangement of both 

thee ligands and the BF4" can be observed in [Fe(teef)ó](BF4)2. Intralayer Fe-Fe distances are 

-10.55 A for all complexes, those of the teei complex being on average slightly larger, while the 

interlayerr distance (their a-axis) again is the largest for the teei. In general, the average B-B (Cl-

Cl)) and Fe-B (Fe-Cl) distances become smaller when cooling to 90 K and they become less 

symmetricallyy arranged in the cases of both the teec complexes (peculiar spin crossover). Again, 

thosee structural changes in the teei complex (single-step complete spin crossover) are the 

smallest. . 
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FIGUREE 4.7.5. (a) View along the b-axis of [Fe(teec)6](BF4)i showing the similar layer arrangement of the 
BF4"" and Fe(Il). (b) View along the a-axis of [Fe(teei)6](BF4)2 showing the beehive arrangement of BF4". 
Thee same observations hold for all complexes, the ones shown here being representative. Only Fe (large 
spheres),, the halogen atoms [small spheres (left figure)] and the BF4" (bonded fragment) are displayed for 
clarity. . 

TetrazoleTetrazole ring arrangement 

Inn general, the tetrazole rings are planar and the atoms directly bonded to a tetrazole ring 

(Fee and C2) lie also in that plane. In the teec (both tetrafluoroborate and perchlorate) and teei 

complexes,, the angles between these planes and the a-axis are ~ 45° while dihedral angles 

betweenn the tetrazole planes are ~ 70°. Each tetrazole plane is almost perpendicular to the plane 

determinedd by Fe and the two N atoms connected to the other two tetrazole rings. When going 

fromm RT/300 K to 90K, the above angular values remain at their initial values in teei, while the 

largestt changes are observed in the perchlorate teec complex. Again the smoothest structural 

changess are connected to the single-step complete spin crossover. 

ContractionContraction anisotropy 

Inn all complexes, the c-axis contracted relatively the least, apart from [Fe(teeb)6](BF4)2 of 

whichh the b-axis (in %) contracted the least. From the long-term measurements of the 

centrosymmetricc complexes it can be observed that the a-axis contracted the most [Table 4.7.1, 

A(axis)/axis].. However, if the absolute axis-length differences [Table 4.7.1, A(axis)] are taken 

intoo account, in [Fe(teec)6](BF4)2 (both in the scan and long-term measurements) and 

[Fe(teei)6](BF4)22 the b-axis is the one that contracted the most. Comparing the long-term 

experimentss of those two complexes, the contractions in the tetrafluoroborate teec are larger than 

thosee of the teei complex. The contraction anisotropy is clearly large in [Fe(teec)6](C 104)2. In the 

otherr centrosymmetric tetrafluoroborate complexes the contraction anisotropy is less prominent 

andd involves mainly two directions. In the teef complex the main lattice contraction involved its 

b-axis. . 
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Thee changes in volume are of the same order in all centrosymmetric complexes, except for 
[Fe(teei)6](BF4)2,, which contracts much less (Table 4.7.1). The volume of [Fe(teef)6](BF4)2 

contractedd even less, likely because of the considerable smaller size of the F atoms and thus of 
thee molecule. 

TABLEE 4.7.1. Reduction (in %) of unit-cell axes and volume of the [Fe(teeX)6](A)2 complexes, relative 
too their values at RT/300 K (upper) and absolute reduction of unit-cell axes and volume between the 
lowestt and highest measured temperatures (lower). 

%/A7A3 3 

Aa/a a 
Ab/b b 
Ac/c c 
AV/V V 
Aa a 
Ab b 
Ac c 
AV V 

IFe(teec)5J(BF4)2 2 

scann long-term 
1.77 3.0 
3.22 2.2 
1.99 1.7 
6.88 6.8 
0.211 0.36 
0.588 0.40 
0.200 0.18 
156.66 156.0 

(Fe(teec)6](C104)2 2 

long-term long-term 
4.5 5 
1.1 1 
1.1 1 
6.5 5 
0.55 5 
0.20 0 
0.11 1 
150.7 7 

[Fe(teei)6J(BF4)2 2 

long-term long-term 
2.4 4 
1.8 8 
1.5 5 
5.6 6 
0.30 0 
0.32 2 
0.16 6 
134.1 1 

[Fe(teeb)6](BF4)2 2 

long-term m 
2.7 7 
0.9 9 
2.2 2 
5.7 7 
0.36 6 
0.27 7 
0.25 5 
155.5 5 

[MeeffeJ J 
long-term m 
1.7 7 
3.2 2 
1.2 2 
5.6 6 
0.21 1 
0.49 9 
0.12 2 
108.4 4 

Iff the contraction rate is taken into account, it can be observed that in case of the more 
peculiarpeculiar spin-crossover behaviour (both the teec's and the teef complexes), the contraction rate 
off the c-axis is in general approximately constant, that of the a-axis increases in both teec 's after 
thee first spin transition and once more for the perchlorate teec after the completion of its spin 
crossover,, and that of the b-axis in the teef increases after the spin crossover [see Figs 
4.2.7(c)(d)(e)(f),, 4.3.5(a)(c), 4.4.4(a)(c), 4.5.5(a)(c), and 4.6.7(a)(c)]. This suggests that the 
latticee contraction along a certain direction (almost perpendicular to the structural layers for the 
teec'steec's and along the b-axis for the teef) is facilitated after the first spin crossover. In the case of 
teefteef and after the first spin crossover, the behaviour of the lattice parameters is rather irregular 
andd no conclusion can be drawn about it at the moment. In the case of teei and after the spin 
crossover,, it seems that the contraction along the a-axis is slightly accelerated but this is not as 
prominentt as in the cases of the other complexes. 

Comparingg the two teec complexes, it can be observed that after the first spin crossover the 
b-axiss of [Fe(teec)6](BF4)2 continues to decrease (though slower than before) while the one of 
[Fe(teec)6](C104)22 increases slightly. An explanation could be that the CIO4", being larger than 
thee BF4", is likely to obstruct a further shrinking along the b-axis while at the same time the 
contractionn is transferred along the a-axis, so explaining in this way for the prominent 
contractionn anisotropy observed in this complex. 

ScanScan vs long-term experiments 

Thee different behaviour of some of the lattice parameters in the scan and long-term 
measurementss of [Fe(teec)6](BF4)2 is quite remarkable (Fig. 4.7.6). In the scan experiments the 
b-axiss seemed to decrease considerably, with a simultaneous increase of the angle p\ However, 
duringg the long-term experiments an increase of the b-axis and decrease of the p angle was 
observed,, especially after the first spin crossover. In contrast, the a-axis in the scan experiments 
(followingg a clear two-step behaviour) seemed to decrease moderately but during the long-term 
experimentss a further decrease of the axis was observed, especially after the first spin crossover. 
Fromm the above it is clear that the structural changes that occur at the time scale of the scan 
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experiments,, especially after the first spin crossover, differ from those in a long-term 

experiment.. Probably during a longer period a relaxation takes place. From the differences 

betweenn the scan and long-term patterns of [Fe(teec)6](C104)2 and [Fe(teef)6](BF4)2, as discussed 

inn 4.3.3.1 and 4.6.3.1, the same conclusion can be drawn. This phenomenon does not seem to 

occurr for [Fe(teei)6j(BF4)2 and [Fe(teeb)6](BF4)2, at least not at the time scales used for the scan 

andd long-term experiments. From this it can be concluded that important information might be 

lostt during a diffraction experiment if this lasts too long. 

900 140 190 240 290 
TT (K) 

FIGUREE 4.7.6. Changes of the unit-cell axes relative to their values at 300 K of the scan (...) and long-
termm (—) measurements of [Fe(teec)6](BF4)2. 

ColourColour changes 

Thee colour changes observed in several of the complexes (mainly in the perchlorate, teei 

andd teeb) after the long-term measurements are assumed not to have induced any significant 

structurall changes in the complexes, at least not more significant than those induced by the spin 

crossoverr and the temperature change. The complexes that underwent the most structural 

changess (both teec 's and teef) were the least discoloured (light pale to light orange) while the 

otherr two complexes (teei and teeb), of which the structure changed the least, were the most 

discolouredd (orange to brown). Furthermore, the diffraction patterns of the scan experiments of 

thee latter two complexes, which ended without any colour change, showed no significant 

differencee from those of the long-term experiments, after which the discolouration was observed. 

Therefore,, the above-mentioned colour changes are not considered to be connected to the 

spin-crossoverr behaviour. 
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4.7.22 Spin Crossover concluding remarks 

Fromm all the structural characteristics of the Fe(teeX)6](BF4)2 complexes discussed in 4.7.1, 
itt can be concluded that prominent structural changes seem to be related to a peculiar 
spin-crossoverr behaviour while smooth and small structural changes hint most probably at a 
graduall single-step complete spin transition. However, it should be kept in mind that this 
conclusionn and the discussion below applies only to the types of gradual spin transitions 
observedd in the complexes studied in thiss thesis, and not to abrupt (cooperative) spin transitions. 

Thee small structural changes in case of a single-step complete spin crossover show, for 
example,, from the smaller average Fe-N bond shrinkage and the smaller unit-cell volume 
reduction,, both compared to that of the [Fe(teec)6](BF4)2 which shows also a complete spin 
crossover,, a stable halogen position, the relatively small changes in the B-B and Fe-B distances, 
thee angles between the tetrazole planes and the interlayer distance. The above observations are in 
agreementt with findings in the literature about compounds exhibiting single-step gradual spin 
crossoverss (Guionneau et al, 1999; Real et al, 1992). In the cases of [Fe(teec)6](BF4)2 and 
[Fe(teei)6](BF4)2,, which both exhibit a complete spin crossover, the N...H-C hydrogen-bond 
networkk is the strongest at RT. In the LS state this is very weak in all complexes. 

Inn case of the two-step spin crossover of the [Fe(teec)6](BF4)2 complex, the largest 
structurall changes in terms of size and orientation seem to occur from RT to 90 K, manifested by 
e.g.. a large contraction in the Fe-N bonds and a considerable move of the ligand c affecting the 
interlayerr space, and by the less symmetrical arrangement of BF4" in relation to the Fe(II) 
positionn at 90K. 

Inn the complexes that exhibit an incomplete spin crossover (perchlorate and teef), the 
averagee Fe-N bond contraction is smaller compared to that of the complexes exhibiting a 
completee spin crossover, indicating that a number of Fe(II) complexes have remained in the HS 
state.. The perchlorate teec and teef complexes have more and stronger interlayer close contacts 
thann the other two complexes (tetrafluoroborate teec and teet). They also seem to have the 
strongestt X...H-C hydrogen-bond network {teef in the HS, perchlorate in the LS state). A 
possiblee explanation is that these interactions may be able to stabilize a percentage of the Fe(II) 
complexess in the HS state (at low temperatures). When going from 300 K to 90 K, the angles 
betweenn the tetrazole planes have changed the most in the case of the perchlorate complex (such 
dataa at lower temperature are not available for the teef). 

Thee fact that the two teec complexes exhibit different spin crossover behaviour, although 
theirr only chemical difference is the counter ion, should not be considered as surprising. Also in 
thee case of [Fe(2-pic)3]X2.EtOH (X = CI, Br), the spin-transition behaviour changed dramatically 
afterr replacing the CI by Br, even though the structure did not change significantly (Wiehl at al, 
1986).. This behaviour has been attributed by the authors to the difference in the hydrogen-bond 
networkk present in both cases. In a similar way, in the two teec complexes both the N...H-C and 
C1...H-CC hydrogen-bond networks, but also the X-H, H-H and X-X close contacts, are different 
andd this may be a reason for their different spin-crossover behaviour. 

Thee above-discussed structures, but also those found in the literature that are based on 
single-crystall data (at least to the authors knowledge), are based on data that have been collected 
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duringg a period that is relatively long compared to the time scale generally used for a magnetic 
susceptibilityy experiment. The differences observed between scan and long-term experiments in 
casee of a peculiar spin crossover point out that the magnetic susceptibility data should not be 
interpretedd on the basis of long-term crystal structure data alone. The scan-experiment data show 
thatt in the cases of a singe-step spin crossover (teei and teeb) the paths of the structural changes 
thatt are induced by a decrease of temperature and spin crossover are different from those of a 
peculiarpeculiar spin crossover (both the teec 's and the teef). The single-step gradual spin crossovers did 
nott reveal any significant difference between the scan and the long-term measurements, which is 
inn line with the findings that in such compounds only smooth structural changes occur. However, 
inn the other cases the differences between the scan and the long-term experiments were 
significant,, as manifested by the different unit cells of [Fe(teec)6](BF4)2, the separation of the HS 
andd LS states in [Fe(teec)6](C 104)2 and the changes in the diffraction pattern of teef. These 
differencess are also manifested by the changes induced in the LS state in the teec structures, at 
leastt as found from the data collected for this specific period of time. It cannot be concluded 
whetherr these structural changes would have been the same in the case a structure would be 
determinedd from data that were collected for a different period of time. 

Thee scan diffraction experiments allowed for another conclusion. In case of 
[Fe(teec)6](C104)22 the observation of two distinguishable lattices, suggested to belong to the HS 
andd LS states, supports clearly the spin crossover theory that domains with the same spin can be 
formedd during the spin crossover (see 4.1.1). However, Bolvin and Kahn (1995) and König et al. 
(1983)) concluded that molecules with the same spin tend to assemble themselves in clusters as a 
directt result of high cooperativity, while the spin crossover of [Fe(teec)6](C104)2 is not 
consideredd to be cooperative.. In contrast, it was concluded that the spin-crossover behaviours of 
[Fe(teei)6](BF4)22 and [Fe(teeb)6](BF4)2 seem to be more consistent with the regular solution 
theory,, according to which both the electronic and structural changes evolve gradually and 
smoothly.. In the cases of [Fe(teec)6](BF4)2 and [Fe(teef)6](BF4)2, however, such a conclusion 
cannott be safely drawn, as their scan experiments seemed not to be consistent with the regular 
solutionn theory but also no two distinguishable lattice were observed. The scan diffraction 
patternss indicated rather the evolution of the lattice in a less regular and smooth way compared 
too the cases of teei and teeb. It should be considered though, that with a different temperature-
dropp rate, the scan experiment might have led to slightly different results. From the above it can 
bee concluded that the mechanism of a gradual single-step spin crossover is in line with the 
regularr solution theory (teei and teeb), while a peculiar spin crossover supports rather a domain 
formationn with the same spin (perchlorate teec) or a more complicated behaviour 
(tetrafluoroboratee teec and teef). 

Thee work carried out in the framework of this thesis has pointed out that availability of X-
rayy powder diffraction data and knowledge of the crystal structure are fundamental (among other 
information)) to evaluate spin-transition phenomena. Moreover, temperature-dependent X-ray 
powderr diffraction data has proven to be a powerful tool and the means for important 
observationss concerning structural changes possibly correlated with the spin crossover 
mechanismm and evaluating the theories on spin-transition phenomena that have been proposed. 
Althoughh the spin crossover of [Fe(teei)6](BF4)2 and [Fe(teeb)6](BF4)2 involves just a single 
graduall step, the study of their structures has proven to be useful for the analysis of the teeX 
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complexess that exhibit a more complex spin-crossover behaviour. The complete structure 
determinationn of [Fe(teeb)6](BF4)2 remains to be realized but proved to be rather difficult with 
thee current diffraction data, mainly due of the poor crystallinity of the used sample. 

Obviously,, for more detailed conclusions, the complete refinement of the crystal structures 
off [Fe(teec)6](BF4)2, [Fe(teec)6](C104)2 and [Fe(teef)6](BF4)2 at the temperatures in between 90 
andd 300K (and in between 30 and 300 K in the latter case) should be carried out, both on the 
basiss of long-term and scan experiments. This will give insight in the structural changes that 
occurr in the Fe-Nö-core geometry, which is connected to the spin state of the complex, but also 
willl provide additional information about the lattice contraction paths. However, taking into 
accountt the time and effort required to carry out a RR with the various computer programs, the 
difficultiess encountered and the limitations imposed during such a procedure, it is already a 
majorr job to refine an initial structural model to a reliable structure. A great achievement for 
structuree determination from powder data would be the realisation of a reliable and robust 
refinementt procedure that can be carried out without too much human effort and intervention. 

Itt seems essential to determine crystal structures at various temperatures, especially after 
thee first spin crossover, from data collected at a temperature-change rate that is similar to the one 
usedd for the magnetic susceptibility measurements. Obviously, this would require an 
experimentall set-up that is capable of collecting data in short time with satisfactory counting 
statistics.. In either type of experiment also a separation of the HS and LS phases, if any, e.g. as 
inn [Fe(teec)6](C104)2, may be required, which is not easy to be achieved. 

Anotherr useful type of experiment would be to collect separate X-ray diffraction data of 
thee above complexes for a short period (e.g. every 5 min) at a certain temperature. This would 
alloww the observation of any significant changes in the diffraction pattern occurring at this 
temperaturee as function of time. Such experiments, which should be carried out for a series of 
temperaturess at which the larger changes are expected, could be easily performed at the SPring8 
orr a similar experimental station. 

References s 
Accelryss (2001). Materials Studio. Accelrys Inc., 6985 Scranton Road, San Diego, CA 92121 -3752, USA 

Ahtee,, M., Nurmela, M., Suortti, P. and Jarvinen, M. (1989). J. Appl. Crystallogr. 22,261-268 

Allen,, F. H. and Kennard, O. (1993). Chemical Design Automation News, 8, 31 -37 

Atkins,, P. W. (1990) Physical Chemistry. Oxford University Press, Oxford, UK 

Bérar,, J.-F. and Baldinozzi, J. (1993). J.Appl.Cryst,, 26, 128-129 

Boinnard,, D., Bousseksou, A., Dworkin, A., Savariault, J.-M., Varret, F. and Touchagues, J.-P. (1994). Inorg. 
Chem.,Chem., 33, 271-281 

Bolvin,, H. and Kahn, O. (1995). Chem. Phys. Lett., 192, 295-305 

Boultif,, A. and Louër, D. (1991). J. Appl. Cryst. 24, 987-993 

Chernyshev,, V.V. and Schenk H. (1998). Zflir Kristallog., 213, 1-3 

Cordier,, G. (1999). Nachr. Chem. Techn. Lab., 47, 1437-1438 

Decurtins,, S„ Gütlich, P., Hasselbach, K. M, Hauser, A., Spiering, H. (1985). Inorg. Chem., 24, 2174-2178 

Decurtins,, S., Gütlich, P., Spiering, H., Hauser, A„ Kohier, C. P. (1984). Chem. Phys. Lett., 105, 1-4 

Dova,, E., Stassen, A. F., Driessen, R. A. J., Sonneveld, E., Goubitz, K., Peschar, R., Haasnoot, J. G., Reedijk, J. and 
Schenk,, H. (2001). Acta Cryst. B57, 531-538. 

194 4 



Driessen,, R. A. J., Loopstra, B. O., Bruijn de, D. P., Kuipers, H. P. C. E. and Schenk, H. (1988). J. Comp.-aided 
Molec.Molec. Design, 2, 225-233 

Engel,, G. E., Wilke, S., Koning, O., Harris, K. D. M. and Leusen, F. J. J. (1999). J. Appl. Cryst. 32, 1169-1179 

Franke,, P. L. (1982a). Ph.D. Thesis. Leiden, The Netherlands 

Franke,, P. L., Haasnoot, J. G. and Zuur, A. P. (1982b). Inorg. Chim. Acta, 59, 5-9 

Garcia,, Y., Kahn, O., Rabardel, L., Chansou, B., Salmon, L. and Tuchagues, J. P. (1999). Inorg. Chem. 38, 
4663-4670 0 

Goodwin,, H. A. (1976). Coord Chem. Rev., 18,293-325 

Greenaway,, O'Connor, C. J., Schrock, A. and Sinn, E. (1979). Inorg. Chem., 18,2692-2695 

Greenaway,, A. M. and Sinn, E. (1978). J. Am. Chem. Soc., 100, 8080-8084 

Guionneau,, P., Letard, J.-F.. Yufit, D. S., Chasseau, D., Bravic, G., Goeta, A. E., Howard, J. A. K. and Kahn, O. 
(1999).. J. Mater. Chem., 9, 985-994 

Gütlich,, P., Garcia, Y. and Godwin, H. A. (2000). Chem. Soc. Rev., 6, 419-427 

Gütlich,, P. and Hauser, A. (1990). Coord. Chem. Rev. 97, 1-22 

Gütlich,, P., Hauser, A. and Spiering, H. (1994). Angew. Chem. Int. Ed. EngL, 33,2024-2054 

Gütlich,, P. and Poganiuch, P. (1991). Angew. Chem. Int. Ed. EngL, 30, 975-977 

Haasnoot,, J. G. (2000). Coord. Chem. Rev., 200, 131-185 

Haasnoot,, J. G., Vos, G. & Groeneveld, W. L. (1977). Z. Natuurforsch. B, 32, 1421-1430 

Hall,, S.R., du Boulay, DJ. and Olthof-Hazekamp, R. (2000). Eds. XIAU. 7 System. University of Western 
Australia:: Lamb, Perth, Australia 

Hauser,, A. (1986). Chem. Phys. Lett., 124, 543-548 

Hauser,, A. Coord. Chem. Rev. (1991a), 111,275-290 

Hauser,, A., Jeftic, J., Romstedt, H., Hinek, R. and Spiering, H. (1999). Coord. Chem. Rev., 190-192,471-491 

Hauser,, A., Vef, A., Adler, A. (1991b). J. Chem. Phys., 95, 8710-8717 

Hinek,, R., Spiering, H., Gütlich, P., Hauser, A. (1996b). Chem. Eur. 1, 1, 2, 1435-1439 

Hinek,, R., Spiering, H., Schollmeyer, D., Gütlich, P., Hauser, A. (1996a). Chem. Eur. J., J., 2, 1427-1434 

Jarvinen,, M. (1993). J. Appl. Crystallogr. 26, 525-531 

Jay,, C , Grolière, F., Kahn, O. & Kröber, J. (1993). 234,255-262 

Jeftic,, J., Hinek, R., Capelli, S. C. and Hauser, A. (1997). Inorg. Chem. 36, 3080-3087 

Kahn,, O. and Jay Martinez C. (1998). Science, 279,44-48 

Kahn,, O., Kröber, J., Jay, C. (1992). Adv. Mater., 4, 718-728 

Katz,Katz, B. A. and Strouse, C. E. (1979). J. Am. Chem. Soc, 101, 6214-6221 

Kohier,, C. P., Jakobi, R., Meissner, E., Wiehl, 1., Spiering, H. and Gütlich, P. (1990). J. Phys. Chem. Solids, 51, 

239-247 7 

König,, E. (1987a). Progr. Inorg. Chem., 35,527-623 

König,, E., Ritter, G., Dengler, J. and Nelson, S. M. (1987b). Inorg. Chem., 26, 3582-3588 

König,, E., Ritter, G., Kulshrestha, S. K. and Nelson, S. M. (1983). J. Am. Chem. Soc, 105, 1924-1929 

Koppen,, H., Muller, E. W., Kohier, C. P., Spiering, H. Meissner, E. and Gütlich, P. (1982). Chem. Phys. Lett., 91, 
348-352 2 

Kröber,, J., Codjovi, E., Kahn, O., Grolière, F. and Jay, C. (1993), 115, 9810-9811 

Larson,, A.C. and Von Dreele, R.B. (1994). "General Structure Analysis System (GSAS)", Los Alamos National 
Laboratoryy Report LAUR 86-748 

MATLABB (2003). http://www.mathworks.com/ ©1994-2003 by The MathWorks, Inc. 

195 5 

http://www.mathworks.com/


Matouzenko,, G. S, Létard, J.-F., Lecocq, S., Bousseksou, A., Capes, L., Salmon, L., Perrin, M., Kahn, O. and Collet, 
A.. (2001). Eur. J. J. Inorg. Chem., 2935-2945 

Megaw,, H. D. (1934). Nature, 134, 900-901 

Meissner,, E., Koppen, H., Spiering, H. and Gütlich, P. (1983). Chem. Phys. Lett., 95, 163-166 

Mikami,, M., Konno, M. and Saito, Y. (1979). Chem. Phys. Lett., 63, 566-569 

Mikami,, M., Konno, M. and Saito, Y. (1980). Acta Cryst., B36,275-287 

Nagai,, Y., Saito, H., Hyodo, T., Vertes, A., Suvegh, K. (1998). Phys. Rev. B. 57, 14119-14122 

Nowell,, H., Attfield, J. P. and Cole J. C. (2002). Acta Cryst. B58, 835-840 

Onishi,, S. and Sugano, S. (1981). J. Phys. C: SolidState SolidState Phys., 14, 39-55 

Pennington,, W. T. (1999). J. Appl Cryst. 32, 1028-1029 

Petrouleas,, V. and Tuchagues, J.-P. (1987). Chem. Phys. Lett., 137, 21-25 

Real,, J.-A., Gallois, B., Granier, T., Suez-Panama, F and Zarembowitch, J. (1992). Inorg. Chem. 31,4972-4979 

Reibenspies,, J. H. http://www.chem.tamu.edu/services/crystal/tables/allspg.html 

Renovitch,, G. A. and Baker, W.A. Jr. (1967). J. Am. Chem. Soc, 89, 6377-6378 

Romstedt,, H., Hauser, A., Spiering. H. (1998a). J. Phys. Chem. Solids, 59, 265-275 

Romstedt,, H., Spiering. H. and Gütlich, P. (1998b). J. Phys. Chem. Solids, 59, 1353-1362 

Simaan,, A. J„ Boillot, M. L., Riviere, E., Boussac, A., Girerd, J. J. (2000). Angew. Chem. Int. Ed. Eng., 39, 196-198 

Slichter,, C. P. and Drickamer, H. G. (1972). J. Chem. Phys., 56, 2142-2160 

Sorai,, M., Ensling, J. and Gütlich, P. (1976). Chem. Phys., 18, 199-209 

Sorai,, M. and Seki, S. (1974). J. Phys. Chem. Solids, 35, 555-570 

Sour,, A., Boillot, M. L., Riviere, E., Lesot, P. (1999). Eur. J. J. Inor. Chem. 12,2117-2119 

Spek,, A. L. (2001). PLATON. Utrecht University, Utrecht, The Netherlands. 

Spiering,, H., Kohlhaas, T., Romstedt, H., Hauser, A., Bruns-Yilmaz, C , Kusz, J. and Gütlich, P. (1999). Coord. 
Chem.Chem. Rev., 190-192, 629-647 

Spiering,, H., Meissner, E., Koppen, H., Muller, E. W. and Gütlich, P. (1982). Chem. Phys., 68, 65-71 

Stassenn A. F. (2002) PhD Thesis, Leiden, The Netherlands. 

Stassen,, F, A., Dova, E., Ensling, J., Schenk, H., Gütlich, P., Haasnoot, J. G. and Reedijk, J. (2002). Inorg. Chim. 
Acta,Acta, 335, 61-68 

Stassen,, A. F., Roubeau, O., Ferrero Gramage, I., Linares, J., Varret, F., Mutikainen, I., Turpeinen, U., Haasnoot, J. 
G.,, Reedijk, J. (2001). Polyhedron, 20, 1699-1707 

Stassen,, A. F., de Vos, M., van Koningsbruggen, P. J., Renz, F., Ensling, J., Kooijman, H., Spek, A. L., Haasnoot, J. 
G.,, Gütlich, P. and Reedijk, J. (2000). Eur. J. J. Inorg. Chem. 2231-2237 

Stephenson,, G. A. (2000). J. Pharm. Sci. 89, 958-966 

Stoufer,, R. C , Smith, D. W., Cleaver, E. A., Norris, T. E. (1966). Inorg. Chem. 5, 1167-1171 

Toby,, B. H. (2001). J. Appl. Cryst. 34, 210-213 

Torayaa H. (1986). J. Appl. Cryst. 19, 440-447 

Visserr J.W. (1969). J. Appl. Cryst. 2, 89-95. 

Wiehl,, L., Kiel, G., Kohier, C.P., Spiering, H., Gütlich, P. (1986). Inorg. Chem. 25, 1565-1571 

Wiehl,, L., Spiering, H., Gütlich, P., Knorr, K. (1990). J. Appl. Cryst., 23, 151-160 

Wiehl,, L. (1993). Acta Cryst. B 49, 289-303 

Zarembowitch,, J. (1992). New J. Chem., 16, 255-267 

Zarembowitch,, J., Kahn, O. (1984). Inorg. Chem., 23, 589-593 

Zlokazov,, V.B. and Chernyshev V.V. (1992). J. Appl. Cryst. 25, 447-451 

196 6 

http://www.chem.tamu.edu/services/crystal/tables/allspg.html


Chapterr 5 

Somee remarks on structure determination 

fromm powder-diffraction data 

5.1.. Introduction 

Inn the previous chapter it has been shown that structure determination of large 
organometallicc complexes [up to 89 atoms and 36 degrees-of-freedom, in the case of 
[Fe(teef)6](BF4)22 on the basis of powder diffraction data is feasible and that via this route the 
knowledgee on the spin-crossover behaviour could be improved. Several approaches have been 
usedd for the structure solution and the difficulties encountered in this process point out that the 
structuree solution from powder diffraction data is far from trivial and certainly cannot be carried 
outt in a routine way. The work carried out in this thesis was focused mainly on the elucidation of 
thee crystal structures and not specifically on the systematic comparison of structure 
determinationn techniques. Nevertheless, the experience gained at the subsequent stages of 
structuree determination from powder diffraction data suggests that there is still room for 
improvement.. Therefore, in this chapter a short assessment will be given of the methodologies 
andd assumptions used at the various stages of the structure determination from powder 
diffractionn data. 

5.2.. Experimental Aspects/ Data collection 

Severall experimental conditions should be fulfilled before a structure determination using 
powderr diffraction data can be undertaken. The synthesis and crystallization of the material 
underr study is the first important step, as a well-crystallized material is desirable and the 
presencee of an amorphous component most likely will hinder the structure determination, as 
shownn in the case of the [Fe(teeb)6](BF4)2 complex. 
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Samplee preparation, the next step, is of great importance as the data quality is often a 
decisivee factor in thee structure determination. Data used in this thesis have been collected with a 
laboratoryy Guinier camera and at two synchrotron radiation stations (ESRF and SPring8), each 
withh a different experimental set-up. In the former, a thin flat specimen was used while at the 
latterr two the sample was prepared in a capillary. 

Thee capillary size may have a decisive influence on the structure determination. In case a 
samplee contains heavy elements (with respect to the compounds studied in this thesis, elements 
likee e.g. Fe, I, Br), a relatively narrow capillary has to be used in order to avoid radiation 
absorption.. Needless to say that the wavelength should not be chosen close to or at the 
absorptionn edge of any of the elements of the compound. In the case of a two-dimensional 
detectorr (Imaging Plate, SPring8) data, the capillary used was even smaller in order to achieve a 
goodd resolution. The use of a narrow capillary intensifies directly two significant problems: poor 
particlee statistics and preferred orientation. One has to deal with the drawbacks of both effects 
duringg the structure solution and especially during the structure refinement (see below). 

AA way to eliminate the problem of a poor particle statistics is to grind the sample as much 
ass possible. This will not only decrease the average size of the crystallites, so enhancing the 
amountt of contributing crystalline particles, but also increase the probability of a better packing 
inn the capillary. Good grinding of the powder sample also helps to reduce crystallite 
conglomeratess which may be visible as spots on an Imaging Plate. These spots may introduce 
artifactss during the intensity integration as the selection of a different integration area may result 
inn a slightly different peak profile, like in the case of [Fe(teec)6](C104)2- However, a too intense 
grindingg may result in line broadening, as visible in the scan measurements of [Fe(teei)6](BF4)2, 
orr in a phase transition as in the cases of both the teec complexes. It is obvious that none of them 
iss desirable, especially a phase transition, unless this is the purpose of the study. Usually a 
compromisee needs to be made between granularity and particle statistics, as in many cases in this 
workk (perchlorate teec , teei, teeb). 

Thee use of a two-dimensional detector allows for a quick visual inspection of the quality of 
thee samples and to detect, for example, line broadening due to excessive grinding or a too coarse 
granularityy (measure of the particle statistics). A number of slightly different prepared capillaries 
mayy be tested using short exposures and finally a good quality sample may be selected for data 
collection.. Alternatively, in the cases in which an one-dimensional detector is used (as those 
usedd in BM1B, ESRF) a visual check is also possible but probably more time consuming. In any 
casee it is worthwhile to check the peak profiles before starting a final data collection. Irregular or 
anomalouss (saw-like) peak shapes are indicative of poor particle statistics. A sufficient particle 
statisticss gives a smoother peak profile and this condition, apparently, is better fulfilled in the 
casee of the SPring8 data when compared to those collected at the ESRF where no check for 
particlee statistics was carried out. 

Comparingg the relative intensities of the data sets collected with Guinier camera and at the 
ESRFF in the case of [Fe(teeb)6](BF4)2 it was concluded that the data were affected by preferred 
orientationn of the crystallites. Preferred orientation is a difficult problem to deal with, as its 
extentt depends on the natural shape of the crystallites and on the sample loading. In the case of a 
capillaryy though there are not many alternatives in loading the sample. 
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Bothh preferred orientation and poor particle statistics can be improved upon by spinning 
thee sample, although in practice they are not completely removed. While for texture correction 
severall techniques have been developed (e.g spherical harmonics correction), it is not easy to 
correctt for a poor particle statistics because the orientation distribution of the crystallites is not a 
continuouss function. As a result of a poor particle statistics, refilling an identical capillary with 
thee same material will result in different relative intensities, as shown in the case of 
[Fe(teec)6](BF4)22 in the diffraction patterns collected at the ESRF and SPring8 at 300K. 

5.3.. Data Analysis 

Afterr the data collection, and if the purpose of the experiment is to determine the structure, 
thee first step in the data analysis is to determine the unit cell of the material under study. There is 
abundantt bibliography dealing with unit-cell determination, and the reader is referred to Ch.2 for 
moree information and references. In the work carried out in this thesis, the main difficulty met in 
thee unit-cell determination, was in the cases where impurities were involved and/or extra peaks 
weree present because of ice formation or as remains of the HS state as in the case of 
[Fe(teec)6]] (004)2. After neglecting the ice peaks or the peaks probably belonging to the HS 
state,, the unit-cell determination was carried out relatively straightforward. In the case of 
[Fe(teec)6](C104)22 at 140 K, it was necessary to integrate anew a rectangular area of the Imaging 
Platee record, in order to obtain an improved powder pattern. Peaks belonging to a different phase 
orr impurities may be recognized because of a different peak profile. For example, the ice peaks 
weree very sharp and, in general, easily recognizable. Also several peaks which were excluded in 
thee case of teei in the measurements at SPring8, had clearly a more round profile (moreover they 
didd not exist in the measurement at the ESRF). 

5.4.. Structure solution 

Thee structure determination techniques used in this thesis are based on different algorithms 
andd use different types of (default) settings so it is difficult to make a direct comparison. 
Nevertheless,, in all cases basic assumptions have to be made regarding the search model, its 
DOF,, the amount of data and the cost function. 

DataData resolution. If the amount of Xobs-values, or the 20 interval, used for the structure 
solutionn is too small, also the data resolution is likely to be low and a model found might be 
ratherr far from the final solution so a successful RR becomes less likely. If the amount of Xobs-
values,, or the 29 interval, is large, the computational time might be prohibitive (especially in 
casee of GS). 

Fromm the GS runs it turned out that the orientation of the Fe-N core and the position of the 
BF4"" were actually well determined using data resolution slightly better than 3 A, while the 
properr orientation of the torsion angles required data resolution better than 2.5 A 
(tetrafluoroboratee teec, teei at RT). 

Inn the case of GA application, in which the same cost function was used as in the GS, data 
tilll 2.46 A gave significantly better results than those till 2.62 A (perchlorate teec at 300 K). 
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Alll PT runs were carried out using Rwp as the cost function and in most of the cases a data 
resolutionn of 2.31 A. This resolution seemed to be adequate since the use of data till dmjn= 1.66 A 
inn the case of the tetrafluoroborate teec at 200 K did not seem to have any significant effect: the 
structuree solution almost coincided with that at 180 K carried out with data till 2.31 A. Thus, it 
cann be concluded that, to find an initial model that is suitable for RR, it is not essential to use 
dataa up to atomic resolution as this might not lead to any improvement and certainly will require 
muchh longer computation times. 

Itt was shown in case of the tetrafluoroborate teec (RT using GS) that the use of too many 
Xobs-valuess (172 XobS-values->2.23 A) had as a result that the difference in R(X) of the two 
modelss Model-1 and Model-2 became smaller than in the case in which less X^s-values were 
usedd (see 4.2.3.2). This may indicate that there might be an optimum value of X0bs-values (or the 
correspondingg data resolution) to be used at every structure solution. However, this kind of test 
wass not performed in cases in which Rwp has been used as the cost function (PT), thus it is not 
clearr whether the above observation can be considered more general or it is only related to the 
characterr of the cost function. 

Fromm the above it can be concluded that in order to obtain a sufficiently positioned model, 
aa resolution of ~ 2.5 A was required. However, in the case of teeb, although data till 2.25 A were 
usedd both for GS and GA runs and till 2.31 and 1.87 A at 300 and 90 K respectively for PT runs, 
thee model could not be located correctly but this can be attributed to the relatively poor quality of 
thee sample used. Although this conclusion does not necessarily hold in general, it is suggested to 
checkk the resolution of the data before performing any attempt to solve a structure in order to 
assuree an adequate data resolution but also to avoid unnecessary large computational times. 

DOFDOF number, sequence of variation. The definition and amount of degrees-of-freedom 
(DOF)) is a key point in the direct-space methods. The larger the amount of DOF, the larger the 
parameterr space to be explored and the more the possible combinations of all parameters. In the 
casee of GS it is obvious that many DOF imply extra computational time. The usual compromise 
iss to split the search into sub-searches and/or to use larger steps, both having the disadvantage 
thatt a correct solution may be overstepped and that the possibility to find the solution decreases. 

Whenn not all DOF defining the structural model under search can be varied 
simultaneously,, it is possible that incorrect values are found. For example, a missing solvent or 
counterr ion may lead to incorrect values for the other DOF as they may try to compensate for the 
excesss of scattering power in their vicinity. In the GS technique used in this thesis it was 
unavoidablee to have missing DOF as the program allowed only the use of one structural 
fragmentt per search. Thus, the counter ion has been neglected in the beginning of the searches. 
Thee importance of the absence of a part of the structural model depends on its scattering power 
itselff but also seemingly on its scattering power in relationship to that of the structural fragment 
inn its close vicinity. Thus, it seemed that in the cases of the GS in tetrafluoroborate teec and teei, 
thee relatively heavy halogens at the edges of the molecule could be well located even though the 
BF4"" was missing, while in case of teef, with F not being heavy relative to its environment, it is 
estimatedd that, the absence of the counter ion as well as the rigidity of the ligands (in some 
searches)) had a larger impact. 
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SearchSearch model. The quality of the initial search model is important in the case of GS 
especiallyy if sub-searches are applied. If the differences between the initial and the final 
structurall model are not large, GS has a high probability to end successfully. If those differences 
aree larger, the success rate drops and becomes a matter of time invested and luck. 

Forr the sophisticated non-exhaustive algorithms such as PT and GA, the initial model 
theoreticallyy seems to affect only the first run of the search (in cases the program uses the model 
ass inserted for the first run), while in the beginning of every next run, all parameters are 
randomised,, thus the model is actually not related to the initial any more. This holds for 
differencess concerning the positional and translational parameters of the fragment comprising the 
searchh model and the possible torsion angles that describe its flexibility. However, if interatomic 
distancess and angles are not allowed to vary (as in all cases in this thesis), their initial choice 
mayy also be important. In the case of teei at 90 K, in which by accident the Fe-N had not been 
adjustedd to a typical LS value and the C - I distances at both RT and 90 K were left at the C-Cl 
values,, the incorrect bond distances did not seem to have affected the structure solution, as the 
successivee RR has been carried out successfully. Obviously, this will not always happen and one 
iss advised to use typical interatomic distances and angles. For example, in case of the 
perchloratee teec at 90 K, an incorrect Fe-N bond length (to its value at 3 00K) was likely to be 
onee of the reasons that the structure solution exhibited several undesirable close contacts. 

Thee symmetry of the molecule, three identical and interchangeable ligands aggravated the 
searchh problem by creating a rather shallow R(X) or Rwp hypersurface with many equivalent local 
minima,, which in general is a difficult problem to deal with. As pointed out above the presence 
off relatively heavy halogens at the edges of the molecule in the cases of teec and teei has reduced 
thiss problem, in contrast to the case of teef in which the relatively light F atoms could not be 
locatedd easily. These facts underline the particular character of each new structure solution and 
thee difficulty to establish generally applicable rules and to draw firm conclusions. 

AlgorithmAlgorithm comparison. Theoretically, an exhaustive procedure like the GS is preferable in 
thee sense that if the parameter space is properly defined and the step size is reasonable, the 
structuree solution is certainly found. In practice, however, this would require very long 
computationall times especially in the cases of a large amount of DOF. If one decides to use the 
GSS method, one has to consider splitting the search into sub-searches in order to reduce the 
computationall time. In such a case, the user needs to continuously steer the search into the 
parameterr space. Another way to avoid long computational times is to use larger increments of 
thee parameters but with the obvious danger to overstep a minimum, especially in the cases of 
shalloww minima in the R(X)/Rwp hypersurface. 

Moree sophisticated algorithms that explore the parameter space in a selective manner, 
seemm preferable, although, a non-exhaustive stochastic algorithm cannot warrant the structure 
solution.. Both the GA and PT have been successfully used in this thesis but it cannot be stated 
thatt one algorithm performed more efficiently than the other. For example, in case of the 
perchloratee teec at 300 K, the solution finally accepted was found by GA (dmj„= 2.46 A) while 
thee one found by PT (dmjn= 2.31 A) was considered not satisfactory. In contrast, in case of teei at 
RT,, PT seemed to have found a slightly better model than the solution of GA. Use of different 
settingss might have led to different results. It seems that in articles found in the literature, 
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concerningg applications of the algorithms in other research fields though, many of the results are 
alsoo case-dependent and in some cases one algorithm performs better that the other. In practice, 
thee criteria to choose an algorithm come down to selecting the one that is available or the one 
incorporatedd in the most user-friendly program. 

CostCost function. In the methods used in this thesis, both integrated intensities and profile 
fittingg was used in order to solve the structures, being used in the cost functions R(X) and Rwp 

respectively.. There were no clear indications that the type of cost function used may have had a 
decisivee influence on the results, although it cannot be excluded either. 

Thee values of R(X) and Rwp should not be compared as they are defined differently. Also, 
ann R-based comparison of data sets collected from different compounds is only possible in case 
off the same conditions. For example, the data sets of different compounds collected at SPring8 
cann be compared as the same set-up was used and, likewise, the data sets of the same compound 
att different temperatures can be compared directly. The chemical similarity of the compounds 
measuredd at the SPring8 allows for a comparison on the basis of Rwp but still this must be 
cautiouslyy done. However, data sets collected with a different experimental set-up, e.g. at the 
ESRFF and SPring8, should not be compared on the basis of Rwp's even if they concern the same 
compound.. For example, a common characteristic of the data collected at the SPring8 was the 
significantt background contribution, which artificially lowered the Rwp when compared to the 
ESRFF data in which the background contribution was relatively smaller. Concluding, the success 
off a structure solution should not be based on the Rwp values alone. 

5.5.. Structure refinement 

Thee Rietveld method has been used to refine all the crystal structures discussed in this 
thesis.. Although the method is the same, its implementation in thee various programs may lead in 
generall to different results. It is expected, though, that the RR of a structure carried out with, for 
example,, two different programs will lead to structural parameters, which can be considered the 
samee within certain limits. In this thesis, two programs have been used which led to complete 
finall RR, MRIA and GSAS. However, in none of the cases a structure has been refined with both 
programs,, thus they cannot be compared directly. 

Thee RR's carried out with MS were not considered satisfactory in any of the cases because, 
ass explained, the program allowed only the use rigid bodies or the completely unrestrained 
refinementt of atomic coordinates. The former option has been used in this work, as the latter 
failedd completely, and afterwards in several cases those refined models were processed in the RR 
off GSAS. The structures before and after RR with MS were in general not very different, though 
inn some cases there was some considerable move of the rigid bodies, while structural models 
beforee and after RR with MRIA or GSAS differed more. 

Thee low intensity in the case of X-rays as well as the heavy peak overlap at high angles are 
veryy important obstacles in the structure refinement. An unrestrained refinement of the atomic 
coordinatess was considered not realistic in all cases in this thesis and experience showed that 
withh any of the programs used, it always led to a largely distorted structural model. Therefore, 
geometricall restraints have been used as explained in Chapter 3 and with the considerations 
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discussedd in Chapter 4.2.3.3. The correction for preferred orientation proved to be another useful 
tooll in the structure refinement. Both the application of geometrical restraints and texture 
correctionn are quite often the most decisive points in the structure refinement but they should not 
bee seen as panacea. It seems imperative to work towards the definition of general rules and 
criteriaa that both the application of geometrical restraints and the texture correction methods 
shouldd obey. This can only be obtained by systematic work and realistic expectations about what 
cann be achieved with X-ray powder diffraction data. 

Itt is in general recommended to proceed slowly with refining the parameters and releasing 
thee geometrical restraints, if any, in order to avoid refinement divergence. It is not rare that one 
needss to restart from the beginning a RR procedure because of divergence. This fact makes the 
RRR a rather time-consuming procedure, especially in the cases of relatively large structures, 
whichh is a considerable drawback. This is the main reason for which not all the structures found 
duringg this work have been refined completely. 
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Summary y 

Spinn crossover is the phenomenon that external influences (temperature, light or pressure) 
cann change the spin state [high-spin (HS) <->  low-spin (LS)] of an atom, thereby changing the 
totall magnetic moment of the compound. Spin-crossover compounds can be used for storage of 
informationn or display devices, which are important aspects of molecular electronics. 

Inn this thesis, structural studies at various temperatures of five spin-transition complexes of 
thee form [Fe(teeX)6]A2 (teeX = halo-ethyltetrazole, X = CI, I, Br, F, and A = BF4" or C104") are 
reported.. These complexes show a remarkable variety of gradual spin-crossover behaviours: a 
completee spin transition in [Fe(teei)6](BF4)2 and [Fe(teeb)6](BF4)2, a 50% incomplete in 
[Fe(teec)6](C104)2,, a two-step complete in [Fe(teec)6](BF4)2, and an incomplete and possibly 
two-stepp in [Fe(teef)6](BF4)2. All structures have been determined using X-ray 
powder-diffractionn data with various direct-space methods, as no single-crystal could be 
preparedd while their structure was thought to be important in order to interpret their observed 
spin-crossoverr behaviour. 

Chapterr 1 presents a brief introduction to X-rays, the basic elements of crystallography 
andd diffraction theory, the basic concept of the derivation of the three-dimensional structure from 
diffractionn data and a short introduction to powder diffraction. 

Inn Chapter 2 a review is given of the techniques being used nowadays for the structure 
determinationn from powder diffraction data, focusing to a number of direct-space methods, 
namelyy Grid Search (GS), Genetic Algorithm (GA) and Parallel Tempering (PT) that have been 
usedd for structure determination in this thesis. 

Chapterr 3 discusses several elements of the Rietveld refinement method, which has been 
appliedd at the structure refinement stage of all compounds. 

Chapterr 4 contains the experimental work having been carried out and the obtained 
results.. Diffraction data have been collected with Guinier camera and at synchrotron radiation 
facilities,, namely the ESRF (Grenoble, France) and the SPring8 (Hyogo, Japan). Two types of 
temperature-dependentt diffraction data have been collected at the latter, the first during the so-
calledd scan experiments (5 min data collection time) at temperatures 300K and from 250 to 90K 
inn steps of 10K, and the second during the long-term experiments (50-60 min data collection 
time)) at several selected temperatures. 

Inn die first section 4.1, an introduction to the spin-crossover phenomenon is given with a 
mainn emphasis on the Fe(II) compounds exhibiting this property, as well as some possible 
applicationss of these compounds. 

Inn section 4.2, the crystal structures of [Fe(teec)öJ(BF4)2 at room temperature (RT) and at 
900 K are presented, solved using both Guinier and synchrotron radiation data (long-term) and 
applyingg the GS and PT techniques. A remarkable result was the different unit-cell parameters 
determinedd from the scan and long-term experiments at the same temperature. The unit-cell 
contractionn along the axes during both the scan and the long-term measurements was anisotropic 
alongg different directions in each case. Anisotropic changes in lattice parameters that depend on 
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thee cooling rate do not seem to have been reported previously. No significant structural phase 
transitionn has taken place from 300 K->90 K. 

SectionSection 4.3 discusses the results for [Fe(teec)6](ClC>4)2 that exhibits a 50% incomplete spin 
crossover.. Crystal structures at 300 and 90 K were solved with GA and PT techniques. In the 
scan-experimentt diffraction patterns as function of temperature it was observed that two 
distinguishablee lattices occur, suggested to belong to the HS and LS states, whose quantities vary 
withh the temperature, a behaviour suggesting a structural phase transition. This observation 
supportss the theory that domains with the same spin can be formed during the spin crossover. 
Thee lattice-parameter contractions of [Fe(teec)6](C104)2 relative to the values at 300 K show a 
remarkablee anisotropy along the a-axis. 

SectionSection 4.4 presents the crystal structure of [Fe(teei)6](BF4)2, a compound that exhibits a 
completee single-step spin crossover. The structure has been solved at RT and 90 K with GS, GA 
andd PT techniques. Visual inspection of the scan diffraction patterns and the corresponding 
patternss of the long-term measurements did not reveal any significant differences, in contrast to 
thee cases of [Fe(teec)6](BF4)2 and [Fe(teec)6](C104)2. It was concluded that the spin-crossover 
behaviourr of [Fe(teei)6](BF4)2 seems to be more consistent with the regular solution theory, 
accordingg to which both the electronic and structural changes evolve gradually and smoothly. 

SectionSection 4.5 discusses the crystal structure determination of [Fe(teeb)6](BF4)2 that also 
exhibitss a complete single-step spin transition. Because of the lower crystallinity of the sample, 
onlyy the main structural characteristics could be determined and not the complete structure. 
Smalll structural changes are expected in view of the diffraction patterns of the scan 
measurementss in which no remarkable appearance of new intensity peaks or fading of existing 
oness can be observed. It seems that also the spin crossover behaviour of [Fe(teeb)6](BF4)2 is 
moree consistent with the regular solution theory. 

SectionSection 4.6 focuses on the crystal structure of [Fe(teef)6](BF4)2 at RT as determined by GA 
techniques.. [Fe(teef)6](BF4)2 exhibits an interesting incomplete and two-stepped spin crossover. 
Afterr inspection of the long-term and the scan measurements at every temperature, it could be 
concludedd that the diffraction patterns of both scan and long-term measurements exhibit 
remarkablee differences at those temperatures at which spin changes occur. However, 
distinguishablee (supposedly HS and LS) lattices, as in case of [Fe(teec)6](C104)2, have not been 
observed,, at least not at the time scale at which the scan measurements were carried out. 

Onn the basis of the crystal structures of all complexes, the observed temperature-dependent 
X-rayy data, their spin-crossover behaviour versus temperature is discussed and several 
conclusionss are drawn in section 4.7. In spite of the large variety in the spin-crossover behaviour 
off those complexes, the structures of the first four complexes appear to be quite similar, at least 
inn view of the space group (P2]/c, Z = 2) and the centrosymmetric molecules with Fe(II) at a 
speciall position. Only the last complex (teef) crystallized in PÏ (Z = 2), the molecule is not 
centrosymmetricc and Fe(II) is at a general position. These results point out that space group and 
Fe(II)) positions are not sufficient to explain the spin-crossover behaviour. 

Fromm all the structural characteristics of the Fe(teeX)6](A)2 complexes discussed in this 
thesis,, it could be concluded that prominent structural changes seem to be related to a peculiar 
(i.e.. two-step or incomplete) spin-crossover behaviour while smooth and small structural changes 
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hintt most probably at a gradual single-step complete spin transition. Also, it could be observed 
thatt in the cases of the more peculiar spin-crossover behaviour the lattice contraction along a 
certainn direction (almost perpendicular to the structural layers for the teec 's and along the b-axis 
forr the teef) was facilitated after the first spin crossover. 

Thee differences observed between scan and long-term experiments in case of a peculiar 
spinn crossover point out that the magnetic susceptibility data should not be interpreted on the 
basiss of long-term crystal structure data alone. The scan experiments have shown that in the 
casess of a single-step spin crossover (teei and teeb) the paths of the structural changes that are 
inducedd by a decrease of temperature and spin crossover are different from those of a peculiar 
spinn crossover (both the teec's and the teef). 

Finally,, in Chapter 5, the experience gained with the various structure determinations and 
refinementt methodologies applied in this thesis is discussed and suggestions for future 
improvementss are given. It is pointed out that sample preparation is very important factor in 
orderr to obtain good data quality. The data resolution, the quality of the initial search model and 
thee definition of its degrees-of-freedom (DOF) are key points in the direct-space methods. 
Theoretically,, an exhaustive search procedure like the GS may be preferable but because of the 
veryy long computational times often required it is not always realistic to apply this method. The 
sophisticatedd methods (GA and PT) have been successfully used in this thesis but it cannot be 
statedd that one algorithm performed more efficiently than the other. It is also stressed out that 
systematicc work should be carried out towards the definition of general rules and criteria that 
bothh the application of geometrical restraints and the texture correction methods during the 
structuree refinement should obey. Finally, the structure quality, both in the structure solution and 
inn the refinement stage, should not be assessed only on the basis of the values of the used 
criteria-of-fitt but also on the chemical correctness of the structure. 

Thee work carried out in the framework of this thesis has pointed out that availability of 
X-rayy diffraction data and knowledge of the (crystal) structure are fundamental (among other 
information)) to evaluate the theories on spin-transition phenomena that have been proposed. 
Moreover,, temperature-dependent X-ray powder diffraction data has proven to be a powerful 
tooll and the means for important observations concerning structural changes possibly correlated 
withh the spin crossover mechanism. Finally, it is pointed out that the structure determination 
fromm powder diffraction data cannot be carried out on a routine basis yet. 
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Samenvatting g 

Spinovergangg is het verschijnsel dat externe invloeden (temperatuur, licht of druk) de spin 
toestandd [high-spin (HS) <-» low-spin (LS)] van een atoom kan veranderen, waardoor het totaal 
magnetischh moment van de verbinding verandert. Spinovergangverbindingen kunnen voor 
opslagg van informatie of in beeldapparatuur gebruikt worden, beiden belangrijk in de 
moleculairee elektronica. 

Inn dit proefschrift worden structurele studies bij verschillende temperaturen van vijf 
spinovergangcomplexenn van de vorm [Fe(teeX)e]A2 (teeX = halo-ethyltetrazole, X = Cl, I, Br, F, 
enn A = BF4* of CIO4") beschreven. Deze complexen vertonen een opmerkelijke variatie van 
geleidelijkk spinovergang gedrag: een volledige spinovergang in [Fe(teei)6](BF4)2 en 
[Fe(teeb)6](BF4)2,, een 50% onvolledige in [Fe(teec)6](004)2, een twee-staps volledige in 
[Fe(teec)6](BF4)22 en een onvolledige en misschien twee-stapsovergang in [Fe(teef)6](BF4)2. 
Aangezienn één-kristallen niet konden worden verkregen, terwijl hun structuur belangrijk werd 
geachtt om hun spinovergang gedrag te interpreteren, zijn alle structuren zijn bepaald op grond 
vann Röntgen poeder-diffractie gegevens met verschillende directe-ruimte methoden. 

Hoofdstukk 1 omvat een korte introductie tot Röntgen straling, de basiselementen van 
kristallografiee en diffractie theorie, de bepaling van de driedimensionale structuur uit diffractie 
gegevenss en poeder diffractie. 

Inn Hoofdstak 2 wordt een overzicht gegeven van de tegenwoordig in gebruik zijnde 
techniekenn voor de structuur bepaling uit poeder-diffractie gegevens en concentreert zich met 
namee op de directe-ruimte methoden, Grid Search (GS), Genetisch Algoritme (GA) en Parallel 
Temperingg (PT), die gebruikt zijn voor de structuur bepalingen in dit proefschrift. 

Hoofdstukk 3 bespreekt enkele elementen van de Rietveld verfijningsmethode, welke voor 
dee structuur verfijning van alle complexen is toegepast. 

Hoofdstukk 4 beschrijft het uitgevoerde experimentele werk en de verkregen resultaten. 
Diffractiee gegevens zijn verkregen met een Guinier camera en met poeder diffractometers bij 
tweee synchrotron straling faciliteiten, ESRF (Grenoble, Frankrijk) en SPring8 (Hyogo, Japan). 
Dee temperatuur-afhankelijke diffractie gegevens zijn bij Spring8 gemeten, zowel 
.sc<ï«-experimentenn (5 min meettijd) bij temperaturen van 300 K en van 250 tot 90 K in stappen 
vann 10K, als langduriger experimenten (50-60 min meettijd) bij enkele geselecteerde 
temperaturen. . 

Inn sectie 4.1 wordt een introductie tot het spinovergang fenomeen gegeven, met de nadruk 
opp de Fe(II) complexen die deze eigenschap vertonen, en mogelijke toepassingen van de 
complexenn worden genoemd. 

Inn sectie 4.2 worden de kristalstructuren van [Fe(teec)6](BF4)2 bij kamertemperatuur (KT) 
enn bij 90 K beschreven, bepaald met gebruik van zowel Guinier als synchrotron straling 
gegevenss (langdurig) en toepassing van de GS en PT technieken. Een opmerkelijk resultaat was 
hett verschil tussen de eenheidscel parameters van de scan en langdurige experimenten bij 
dezelfdee temperatuur. De eenheidscel verkleining langs de assen was anisotroop bij zowel de 

209 9 



scanscan als de langdurige experimenten maar bij beiden in verschillende richtingen. Anisotrope 
veranderingenn in rooster parameters, die afhankelijk zijn van de snelheid van afkoeling, zijn niet 
eerderr beschreven. Een duidelijke structurele fase overgang in het interval 300 K -> 90 K is niet 
waargenomen. . 

SectieSectie 4.3 bespreekt de resultaten voor [Fe(teec)6](C104)2 dat een 50% onvolledige 
spinovergangg vertoont. Kristalstructuren bij 300 en 90 K werden met behulp van GA en PT 
techniekenn opgelost. In de scan experimenten werd geconstateerd dat twee verschillende roosters 
tegenlijkk aanwezig zijn, vermoedelijk behorend bij de HS en LS toestanden, waarvan de 
hoeveelhedenn temperatuur afhankelijk zijn. Dit gedrag suggereert een structurele fase overgang. 
Dezee waarneming steunt de theorie dat gedurende de spinovergang domeinen met de zelfde spin 
gevormdd kunnen worden. De roosterparameter samentrekking van [Fe(teec)6](C104)2, vergeleken 
mett de waarden bij 300 K, vertoont een opmerkelijke anisotropic langs de a-as. 

SectieSectie 4.4 beschrijft de kristalstructuur van [Fe(teei)6](BF4)2, een complex dat een 
volledigee eenstaps spinovergang vertoont. De structuur is bij KT en 90 K met GS, GA en PT 
techniekenn opgelost. Visuele inspectie van de diffractie patronen van de scan experimenten en de 
overeenkomstigee patronen van de langdurige metingen laten geen duidelijke verschillen zien, in 
tegenstellingg tot die van [Fe(teec)6](BF4)2 en [Fe(teec)6](C104)2. Dit leidt tot de conclusie dat de 
spinovergangg van [Fe(teei)6](BF4)2 meer overeenstemt met de regelmatige oplossing theorie, 
volgenss welke zowel de elektronische als de structurele veranderingen zich geleidelijk en 
continuu ontwikkelen. 

SectieSectie 4.5 bespreekt de kristalstructuurbepaling van [Fe(teeb)6](BF4)2 dat ook een volledige 
eenstapss spinovergang vertoont. Wegens de slechte kristalliniteit van het monster kon de 
structuurr alleen in grote lijn worden vastgesteld maar niet in detail. Gezien de diffractie patronen 
vann de scan experimenten, waarin geen nieuwe pieken verschenen en bestaande pieken niet 
vervaagden,, is de verwachting dat er maar kleine structurele veranderingen zullen zijn. Ook het 
spinovergangg gedrag van [Fe(teeb)6](BF4)2 komt meer overeen met de regelmatige oplossing 
theorie. . 

SectieSectie 4.6 concentreert zich op de kristal structuur van [Fe(teef)6](BF4)2 bij KT, bepaald 
mett de GA techniek. [Fe(teef)6](BF4)2 vertoont een onvolledige twee-staps spinovergang. Bij 
inspectiee van de langdurige en de scan metingen bij iedere temperatuur, bleek dat de diffractie 
patronenn van zowel scan als langdurige metingen merkwaardige verschillen vertonen bij die 
temperaturenn waarbij de spinovergang plaats vindt. De gelijktijdige aanwezigheid van 
verschillendee roosters, zoals bij [Fe(teec)6](C104)2, kon niet worden vastgesteld, tenminste niet 
opp de tijdschaal waarmee de scan experimenten zijn uitgevoerd. 

Opp grond van de kristalstructuren van alle complexen, en de waargenomen 
temperatuur-afhankelijkee Röntgendiffractie gegevens, wordt hun spinovergang gedrag als functie 
vann de temperatuur besproken in sectie 4.7 (en worden enkele conclusies getrokken). Ondanks 
dee grote variatie in het spinovergang gedrag van de complexen, lijken de structuren van de eerste 
vierr complexen op elkaar, gezien de ruimtegroep (P2]/c, Z = 2) en de centrosymmetrische 
moleculenn met Fe(ll) op een speciale positie. Alleen het laatste complex (teef) kristalliseert in P1 
(ZZ = 2), het molecuul is niet centrosymmetrisch en Fe{II) ligt op een algemene positie. Deze 
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resultatenn wijzen erop dat ruimtegroep en Fe(II) posities niet voldoende zijn om het 
spinovergangg gedrag te verklaren. 

Opp grond van alle structurele kenmerken van de [Fe(teeX)6](A>2 complexen die in dit 
proefschriftt besproken zijn, wordt geconcludeerd dat flinke structurele veranderingen gerelateerd 
zijnn aan een bijzonder (d.w.z. twee-staps of onvolledig) spinovergang gedrag, terwijl geleidelijke 
enn kleine structurele veranderingen vóórkomen bij een geleidelijke eenstaps en volledige 
spinovergang.. Ook kon worden vastgesteld dat, met betrekking tot het bijzondere spinovergang 
gedrag,, de rooster samentrekking langs een bepaalde richting (bijna loodrecht op de structurele 
lagenn in geval van de teec 's en langs de b-as bij teef) na de eerste spinovergang vergemakkelijkt 
werd. . 

Dee (experimenteel) waargenomen verschillen tussen de scan en de langdurige 
experimentenn in het geval van een bijzondere spinovergang wijzen erop dat de magnetische 
susceptibiliteitss gegevens niet uitsluitend op grond van lange-duur kristalstructuur gegevens 
geïnterpreteerdd moeten worden. De scan experimenten hebben aangetoond dat met betrekking 
tott een eenstaps spinovergang {teei en teeb) de wegen waar langs de structurele veranderingen 
verlopen,, veroorzaakt door een temperatuur verlaging en spinovergang, verschillen van die bij 
eenn bijzondere spinovergang (beide teec 's en de teef). 

Tenn slotte worden in Hoofdstuk 5 aan de hand van de ervaringen met de verschillende 
structuurr bepalings- en verfijningsmethoden, die in dit proefschrift zijn toegepast, een aantal 
suggestiess tot verbetering gedaan. Er wordt op gewezen dat preparaat voorbereiding van zeer 
groott belang is om goede meetgegevens te verkrijgen. De gegevensresolutie (d.w.z. de 
gedetailleerdheidd van de meetgegevens), de kwaliteit van het start model en de definitie van de 
vrijheidss graden (degrees-of-freedom, DOF) zijn hoofdpunten in de directe-ruimte methoden. 
Theoretischh gezien zou een volledige zoek procedure zoals de GS de voorkeur hebben, maar 
vanwegee de heel lange rekentijd is het niet altijd realistisch deze methode toe te passen. De 
sophisticatedsophisticated methoden (GA en PT) zijn met succes in dit proefschrift gebruikt, maar er kan niet 
wordenn geconcludeerd welk algoritme efficiënter is. Uit dit proefschrift blijkt verder dat 
systematischh onderzoek zou moeten worden uitgevoerd naar het opstellen van algemene regels 
enn criteria voor de toepassing van geometrische restraints en voorkeursorientatie correctie tijdens 
dee structuur verfijning. Ten slotte zou de kwaliteit van de structuur, zowel in de oplossings fase 
alss in de verfijnings procedure, niet alleen op grond van de waarde van de gebruikte criteria-of-
fitt beoordeeld moeten worden maar ook op de chemische juistheid van de structuur. 

Hett in het kader van dit proefschrift uitgevoerde werk heeft aangetoond dat de 
beschikbaarheidd van Röntgendiffractiegegevens, met daaruit voortkomende kennis van de 
kristalstructuur,, van fundamentel belang is (naast andere informatie) om een uitspraak te kunnen 
doenn over de juistheid van de theorieën over spinovergang gedrag. Bovendien hebben 
temperatuur-afhankelijkee Rontgen poeder-diffractie gegevens bewezen een krachtig hulpmiddel 
tee zijn bij kristal structuur opheldering, en het middel voor belangrijke waarnemingen 
betreffendee structurele veranderingen die met het spinovergang mechanisme verband kunnen 
houden.. Ten slotte kan er op gewezen worden dat structuur bepaling uit poeder diffractie 
gegevenss nog niet routinematig kan worden uitgevoerd. 
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©étaoo va eüxaptaTrtaco xnv oncoyéveia uou 7iou öéxexai jxe u7touovTJ óxi £co uaicpid xovq KOU 
jtdvxaa u£ wioarripi^ow CTTK; öuaKotec; a7iocpdaei<;. To rcapóv fhpXio sivai TO &XJÓ.%IGTO 7ÜOD jiTtopco 
vaa xotx; 7ipo0(pépco cog avxioxd9nia|ia xr|<; a7touaiac; uou óXa auxd xa xpóvia. Enxapiaxcö TOV 
rcaxéparcaxépa uou Ticópyo, xq nnxépa uou Zcor), xo Zf|or| icai Tn Aévia, xnv aÖepcpri uou Xpuaa Kat xn; 
avi\|/iégg nou NecpéX,r| Kat Zcof), r\ cpuaiKfj ajiouaia xcov OTIOICOV ava7tA,r)pcbv6xai u£ xn awejcn xotx; 
raxpouoiaraxpouoia axq oKé\|/r| uou. 

TéA,o<;,, 9a r\Qeka va UTiopouaa va ppco Xóyia va euxapiaxf|aco xov Kcbaxa yia Tnv ajiépiaxn 
crü|X7capdaxaof|| xou oe noXkèq Kai noXv 8IKJKOA£<; axiyuéc;, xo Koupdyio, xnv Kaxavór|af| xou 
aXldd Kat TK; ejnaxriuoviKsc; au^nxfiaeig, flio 7toW> Ó\IGX; xov euxapiaxtb yia xnv ayd7rn xov. 
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