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Abstract

The aim ofthis thesis is théescription of thesynthesis and characterizat of a new group
of tetracyanidoborates:etracyanidoborate with trivalent rare earth metal catioriBheir
optical properties in the ultraviolet and visible range are also discuSsetmm synthetic
routes for tetracyanidoborates ardapted and applied tthe preparation of the rare earth
tetracyanidoborate hydrateBhey are accessible withigh yields anchigh purity througha
reaction betweethe tetracyanidboronic acid andareearthhydroxides

It is shown that the rare earth tetracyanidoboratésrm isostructural groupslike the
[LRE(H20)5][B(CN)4]5-0.5 H,O, where LRE  is La, Ce, Pr, Nd, Sm, Eand Gd, the
[HRE(H,0)/][B(CN).]; and the [HRE(HO)g][B(CN)4]s-3 H,O, where HRE" is Tb, Dy, Ho,

Er, Tm, Yb, Lu and Y Furthermoe, the coordination numberi8 noticed to becommon

among the light rare earttations whereaghe minor coordination numberi8 prevalent fo

the heavy rare earth cations their tetracyanidoborate3his different construction of the
coordination spheres between light and heavy rare earth cations leads to different structures
depending on the energetic efficiency of the structural arrangef@enerally, tle rare earth
tetracyanidoborate hydratesre foundto crystallize inthe monoclinic crystal system
Moreover, other differentrystal structuresare observedlepending on the crystallization

temperature anthetype of coordinated ligands and-coystallized solvent molecules

The tetracyanidoboraténydrates with triply chargedrare earth cations are charactedz
comprehensivg by X-ray diffraction vibrational spectroscopy\MR-spectroscopy as well

as by thermal analysisFurthermore, the optical properties of some dehydrated rare earth
tetracyanidoborateare investigated by Uépectroscopy and luminescence measurements.
Theresults of theoptical measurements indicatkat the tetracyanidoborates with rare earth
metal cations exhibit rare earth catigresific luminescence properti@gich areapparently
improved by the tetragzanidoborate anianTherefore, the tetracyanidoborates with trivalent

rare earth metal cations could hgassble applications in phosphors.



Zusammenfassung

Das Thema dieser Arbeit ist dieynthese und Charakterisieruegne neua Klasse der
Tetracyanidoborate: Tetracyanidoborate mit dreiwertigenSeltenerdmetalKationen.
Aulerdem werdenhre optischa Eigenschaftenm ultravioletten und sichtbaren Bereich
diskutiert. Die bereits bekannte Synthesewegealer Tetracyanidoborate wden fir die
Darstellung dehydratisiertenSeltenerdmetall etracyanidoborate angepasst und verwendet.
Die Seltenerdmetall etracyanidoborate konnten durch eine Reaktion zwischen
Tetracyanidob@aureund Seltenerdmetaliydroxidenin guten Ausbeute und mit hoher

Reinheit gewnnenwerden

Die SelenerdmetallTetracyanidoboraydrate bilden isostrukturelle Gruppen wie
[LRE(H0)][B(CN)4s:0.5 HO (LRE* = La, Ce, Pr, Nd, Sm, Eu Gd),
[HRE(H20)7][B(CN)4]s und [HRE(HO)g][B(CN)4]s3 H,O (HRE™ = Tb, Dy, Ho, Er, Tm,

YD, Lu, Y). Des Weiteretkommtdie Koordinationszal® unter den leichten Seltenerdmetall
Kationen haufig vor wéhrend die Koordinationszahl ®ir die schwere Seltenerdmetall
Kationen ublich ist. Dieser unterschiedliche Aufbau der Koordinationsspharen zwischen
leichten und schweren Seltenerdmekationen fiihrt zu unterschiedlichen Strukturen. Im
Allgemeinen kristallisierendie SeltenerdmetalletracyanidobotaHydrate in monoklinen
Kristallsystanen. Aul3erdenwurden, abhéngig von de{ristallisationstemperatuand der
Anwesenheit anderer Liganden und-kristallisierter Losungsmittelmolekileauch andee

Kristallstrukturen gefunden

Die Tetracyanidoborate midreiwertigen hydratisierten Seltenerdmetdationen wurden
umfassend durch Einkristallstrukturanalysen, Pulverdiffraktometrie,
Schwingungsspektroskopie NMR-Spektroskopie sowie durch thermische Analyse
charakterisiert Aulerdem wuden optische Eigenschaften einige dehydratisierte
SelenerdmetallTetracyanidoboratedurch UV-Spektroskopie und Lumineszenzmessungen
untersucht.Die Ergebnisse der optischen Messungen zeigen, dass die Seltenerdmetall
Tetracyanidoborate typische Lumineszenzeigenscleait der SeltenerdmetélKationen
aufweisen. Diese Eigenschaften werden durch das TetracyanideBmion offenbar
verbessert. Bshalb konnten die Tetracyanidoboratemit dreiwertigen Seltenerdmetall

KationenAnwendung in Leuchtstoffefinden
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1 Introduction

In this thesisthe syntheses of newetracyanidoborateffCB) with triply charged rare earth
metal cationsare presented In addition the spectroscopic and structural stuay these
compounds is described and furthermaine thermal stability and luminescence properties of
some of these new saltseadiscussedThe luminescence properties also compared with

commonrare earttbasedohosphos.

1.1 History of the tetracyanidoborat anion

The history of tetracyanidoboratestarted already in the 1950s wh#re first attempts to
prepare the [B(CN) anion took place. Back the®. Wittig and P. Raffrted to synthesize
Li[B(CN) 4] by reaction of Li[BH] with HCN, butthe reaction led to Li[BE{CN)] instead"
Sincethen, several cyanidoboron cguunds were synthesized. Howeviire products were

in many cases polymeric and the consistency of the products was indefioitethelessthe
[B(CN)4]" ion was successfully discoverdwpm the solution of BGlin nitrobenzene irthe
presence of KCNn 1960.With the aid of''B nuclear magnetic resonantkee formation of
[B(CN)4] through slowligand exchange in the solution could be obsefedrthermorejn
1967 E. Bessler published a successfuleparation of stable monomeric cyanidoboron
compoundshrough reactions of various BChidvates with monocyanides. Howeyerstead

of tetracyanidoboratethese compounds were only merand dicyanidoboratesTen years
later, in 1977, it was believedhatthe first crystallineatracyanidoborate compounds had been
finally synthesized by reaction of BGkith AQCN and CuCN, and the new compounds were
characterized by IR spectroscobidowever, these resulwiffer from otherspublished in
2000 It therdore seems plausibléhat the compounds synthesized in 1977 were isocyanido
complexes, M[B(NCj] (M = Ag, Cu).

Meanwhile tetracyanidoborate related cyanigydroborateswith two and threecyanide
groupswere synthesizedn the 1980sThe eaction of NEBBH3;CN] with HCI in THF gave
(BH,CN),, which was also isated in solid form and identifiedby IR and *HNMR
spectroscopy. Furthermore the lithium dicyanidaihydroborate, UBH2(CN);], was

synthesizedfrom (BH,CN),. In addition a formation of silverisocyaniddydroborates,



Ag[BH,(NC)sn], was successful The silver saltswere also transformednto the
corresponding sodium salts, whiclvere isolated as triisocyanidohydroborate and
diisocyanidalihydroborateThe corresponding cyaniorates wereadditionallyreceived by

isomerizatior?,

Almost half a centwy after the first attempts to synthesizbe tetracyaidoborat anion,
Bernhard et al® finally succeedd in the preparationof this very desiredanion. They
producedhe anion(Fig. 1.)in form of the tetrabutylammonium sal{BusN][B(CN)4], by the
reaction of{BusN][BX4] (X = Br, Cl) in toluene with KCNThe silver tetracyanidoborateas
received #&ter metathesis with AgN§) and successivelthe metathesis reaction witBr
brought the potassium salt The new tetracyaidoborate anion wascomprehensivg
characteried structuraly and spectroscopatly and the first X-ray crystal structue of
tetracyanidoborage M[B(CN)], where M = [BuN]*, Ag®, K*, werepublished® An improved
synthetic procedure wagound in 2003, which allowed a productionof potassium
tetracyanidoboraten multigram amountsThe improved methodvas a molten flux reaction
of KBF4 with LiCl and KCN whereLiCl and KCN at a molar ratio of 1:form a eutectic
mixture, which melts under 300C.” After this improvement the chemistry of

tetracyanidoborates developed rapidly.

Figure 1. An isolatedtetracyanidoborate ion



1.2 Characterizedtetracyanidoborates

Besides thepotassium compoundetracyanidoborates withther alkali metal cations have
been synthesized and characterized extensiVehe potassium tetracyanidorateacs as a
precursorfor other alkali metatetracyanidoboratesvhich are availabléhroughconversion
via the tripropylammonium otthe triethylammonium saltThe tetracyanidoborates with the
smallest alkalimetals, lithium and sodium, forncubic structures whereas potassium,
rubidium and csium tetracyanidoboratéorm tetragonal crystafSA salt metathesis redeh

is a urther possible synthesis route thfferentmonovalent and divalenétracyanidoborates
from the alkali metal compound§®* Furthermore, wherthe discovery of the stable
tetracyanidoboronic acid agpublished in 200,7a new and usable method fpreparation of
tetracyanidoboratesbecame availabl® Many tetracyanidboraes with divalert metal
cations and also the first tetracyanidoborate with a triply charged metal cditame been

synthesizedhis Way‘?v 11,1315

Tetracyanidoboratesare very applicable toionic liquids for the reason thatthe

tetracyanidoboratanion is chemically robust and weakigordinating'® The [B(CN),]” anion

formsionic liquidswith different kind of organic cationsThesdiquids havehigh chemical
or electrochemial stability and low viscosity.There are known etracyanidoborate
compounds with sterically demanding phosphonium cations, |liIK{EhP][B(CN)4,

[NBusP][B(CN),4], [EtPhP][B(CN)s and [nBuPBP][B(CN)4. With exception ofthe first
compoundthese saltsamot be conisleredasionic liquids due totheir melting pointsabove
100°C} Other known tetracyasoborates with large organications are tetrapropy
lammonium tetracyadoborate [(CsH7)JN][B(CN)4]*, 1-butyl-3-methylimidazolium (BM)

tetracyaidoborate and -ethyt3-methylimidazolium (EM) tetracyanidborate'® They
usually have melting points beld@0CC.

Because of the excellent propertiestod [B(CN)4] anion, there ara lot of applications for
the tetracyanidoborates. The suitability of lithium, potassium and sodium ashsttery
electrolytes and also the@plicability of theEMI[B(CN)4] assolventfor the electrolytes have
been investigatetf. EMI[B(CN),] is also suitable for electrolytes used in @gmsitized solar
cells, because of its low viscosity and high thermal staBilitfurthermore this
tetracyanidborate is convenient in comparison with other-Mscosity melts of 1-Ethyl-3-
methylimidazoliumcompoundsdue toits stability under prolonged thermal stress and light



soaking® Moreover anothertetracyanidborate salt, [(CsH7):N][B(CN).], is used for the

modification of membrands pervaporation membrane separation proceSs&5*

1.3 Rare earth elements and their compounds

The rare earth elemen{REES) include the 15 lanthanglé¢Z = 57 through 71) and the
transition metal elements scandium wtttium (Z =21 and39). The narnme diarat ho
derives from theare earthminerals from whictthesemetalswere originally isolated in the
18th and 19th centurieActually, most ofthe REEs are rather abundant in nature. The Earth’s
crust even containsiore cerium, the most abundanREE, than copper or lead In spite of
the very similar physicdwemical properties of all REEs, they are traditionally divided into
two groupsthe ight REEsandthe heavy REEsThelight REEs are the lanthanide elements
with lower atomic numbers and are generally more abundarthe Earth crust’s than the
heavyREEswith higher atomic numbersEven though yttrium has trecondowest atomic
number of all REEsit is generallyclassifiedinto the heavyREEs because of thehemical
and physical similaritiedREEs can furthermordoe separatedhto three groupsorrespading

to their solubility the insoluble cerium group ofilight REE® (La, Ce, Pr, Nd, Sm)the
slightly soluble terbium group gimiddle REES® (Eu, Gd, Tb, Dy); andhe soluble ytterium
group orfiheavy REES& (Ho, Er, Tm, Yb, Lu, Y. However if the separation takes place in
agueousorganic biphasic extraction processegare earthions with different extraction

behaviors capresumablype separated into different groups®

The REEs have been found in sdifsriver water&, seavatef® and even in the deegea mud
in the Pacific Ocedfl They are neverfound as pure elents but in variousmineras like
phosphoriter¥ and silicate¥. Becauseare earthmetals react very siy with oxygen ofthe
ambient atmospherethe most stable rare eartbmpounds are the oxides. Usuallge rare
earthions in oxides have a trivalent state, but in ttese of Ce, Pr and Tljvalent or
tetravalent stateare also knowr® Furtherknown rare eartttompounds are among otker
their borides”, halide$®, carbonate®, sulfated’, hybrides® and alloy&’.



1.4 Properties and applications of rare earthcompounds

The coordination chemistry of rare earth metationscan be compared with that of the d
type transition metal iong-ormerly, this coordination chemistrywas of interestonly for
separation of rare earth metal caidrom each other. Latethe interest in other aspeas
coordination chemistry has dewpked and grown together with substantial increase in
investigative efbrts and theoreticalnterpretatios in the area of coordination compounds
The coordination numbesix is commonin some compounds of rare earth metal cation
Neverthelessthere are many eviderg¢hat the true coordination numh#rthese caionsis
larger than sixFor examplemany rare eartBalts contain more than six water molecules per
cation Furthermore there arecomplex rare earthspecies whichindicate coordination
numbes larger han six. Additionallyrare earth metal catisraremostcommonly associated

with 7i 12 nearest donor neighbdnsmany of their crystal structur&%

Most of the REs havetheground state electron configuration [¥€Bs* (x = atomic number

of REE - 56 (atomic number of X&). Only four of them (La,Ce, Gd andLu) havethe
ground stateonfiguration[Xe]4f'5d'6<’. Exceptfor lutetium all lanthanidesare classified
asf-block elementsThe other REE scandiumand yttrium, are membes of group 3 of the
periodic tablé'! For the lanthanide seriea very regular trenttasbeen observedhe ionic
radiusdecreases with the increasing atomic nunib&rThis phenomenon is known as the
lanthanide contraction and caused byhe addition of electrons to the poorly shielding 4f
orbitalswhich leads t@n increase in effective nuclear charge and, respectively, a decrease in

ionic radius*

The magneticoptical and other properties of different REompounds depend dhe 4f
electrons of the RE ion$n comparison withother REEapplications the use inpermanent
magnets isa quite recent implementatiohe first REcobalt magnets were developed by
Strnat around 1970The development opermanent magnets based onBREn-Boron
compounds took placan Japann 1984with several precursors drparalleldevelopmentsn
Europe and in the USANVhereadraditional magnetdike alnico and hexagonal fées are

still widely used inthe mass production of magnets, most of the high performance permanent
magnets are nowadays made frBiintermetallics®™ Othe known types of REnagnetsare

i.e. hybiid magnet®, molecular magnetsand single molecule magné&MMm)“*,



Rare earthpermanent magnets are desiretbecause of their high magnetgstalline
anisotropyi.e. the constancy of magnetization directamminst the crystal axésCompared

with isotropic magnetsthe anisotropic magnets have high coercivity and can be used in
devices in which a specific magnetic field orientation is needddreover, hybrid bonded
magnets have been developadorder toimprove the magnetic propertieREE containing
magnets with higher density amgcreasing content of organic bindeere obtainedin the
same way® Furthermore rare earthcoordination complexes can act as singielecule

magnetsas a consequence of ithiarge magnetic anisotrop§/

Nowadays manyuminescent materigl also called phosphqrarebased on rare earth metal
catiors. These phosphors oftemprove thedevices in which they are applied. Optical
emissiors of rare earthions areusually due to the transitions within th&" configuration.
Because the-électrons are well shielddtbm the chemical environmeby the 585p° filled
subshells they almost retain their atomic characteheTH-emission spectrum igerefore
composed of sharp linegurthermore f-f-transitions are partially forbidden and many of
them are also spin forbidden. For that reasloese trasitions are commonly very slow with

durationsfrom microseconds to millisecond&>®

All trivalent rare arthions exceptfor S¢", Y", La" and LU" are luminescentGd" has
ultraviolet luminescence(312 315 nm), Pt, snd', EU", TO", Dy" and Tnl' typically
exhibit visible luminescencand Nd"', Ho", Er" and YB" emit in the neainfrared range.
Some of them showluorescencgothers phsphorescencd.aporteforbidden ff-transitions
which causerare earthuminescencehave weak oscillator strengthshey are not able to
absorbelectromagnetic radiation wellThe excited states can be easily quenchedhibly
energy vibrations such as-id N-H or GH oscillators located both in the inner and outer
coordination spheres. Therefpige lanthanide(Ln(lll)) ion needs @ adequate environment
including ligands with sudtble chromophoric groups to harvest light and afterwards populate
the metadion excited stateshtough energy transfer, while simultaneously providing a rigid
and protective coordination shell to minimize madiative deactivation®® The
chramophoric graip absorbs the opticanergy, whichis transferredo a triplet state of the
ligand by the intersystem crossiagd is after thatintramolecularlyshifted to the Ln(lll)

ion>t

A ligand adequatdor rare earth metal catisnn high luminous phosphohould have high
molar absorptivity and efficient intersystem crossing from singlet to triplet. stdte

intramolecular eergy transfer from the triplstate of the ligand to the resonance level of the



Ln(lll) ion is oneof the most important processegluencingluminescence quantusields

of the Ln(lll) chelatesThe quantum yield is maximizedhen the transfer takes place from
the lowest tiplet state of the ligand directlyo the lowest excitedevel of Ln(lll).
Neverthelessthe luminescence ofare earthions can be easilglegradedby quenching
mechanismsInorganicrare earthphosphors with quantum yields close tte unity were
described as well @&2EE based luminescent materials wghantum yieldevenlarger than

unity.49’50‘ 51



2 Goals

Since 2000 five main methods have been developed fine synthesis of the
tetracyanidoborate aniofi
1. The reaction ofBusN][BX4] (X = Br, Cl) with KCN at 12i 180°C.>

2. The reaction of RO-BF; with Me;SICN at room temperature under formationaaf
intermediate, MgSINCB(CN);, andsubsequent hydrolysis to [B(CN)*

3. The reaction of M[BE (M = Li,K) with Me3SiCN under formation of [BRCN),]” or
[BF(CN)3]” depending on the reaction conditioasd subsequent thermal conversion
to [B(CN),]".>*>*

4. The reactiorof BF3-OEtL with KCN in CH;CN to [BRCN] or [BF2(CN),]” depending

on the reaction conditions followed by a thermal conversion to [B{CN)
5. A molten flux reaction of KCN with KBFin LiCl at 300C.”

The first method is relatively slowv{th a duration obne to three weeks) and it is not always
reproducible. In additignt produces tetrabutylammonium tetracyanidoborfaten which the
further tetracyanidoboratesmnonly be convertediia the silver saltThe tetracyanidoborates
preparedaccording to the methods £ contain variable amounbf impurities. Erthermore
the yieldsof these methodare not very satisfying. Contrary to the other methatsthod 5
enables the preparation of tetracyanidoboratdarge amountsvith high purityand proper
yields within a day Therefore, the molten flux reaction of KCN with KBk LiCl has
superior characteristics and is the most promisingethod for synthesis of
tetracyanidoborate¥.

The product of the method the potassium tetracyanidoborat@rks as a precurséor other
alkali metal tetracyanidoboratgésBy treating K[B(CN)] with tri-n-propylamine and
concentrated hydrochloric agidri-n-propylammonium tetracyadoborate carbe formed.
This ionic liquid reacts with LiOH, NaOH or CsOH and the corresponding alkali metal
tetracyanidoborates are rees. The synthesis of the fourtilkalimetal tetracyanidoborat,
[Rb(CN)], is very simila to the previous synthesis. Hereltlye sodium salt is the precursor

instead otthe potassium sakindtriethylamine is useth place of trin-propylamine to form a



triethylammonium tetracyanidoborat&his in turn reacts with hydrous RbOH and the

reaction leads to thfermation of rubidium tetrayanicbborate®

A salt metathesis reaction ia@her possibility to prepare different tetracyanidobesdtom

the potassium tetracyanidoborak®r examplea reaction of K[B(CNy] with CuCl in water

leads to theprecipitation of Cu[B(CNj)] and KClsolution! The reactioralso occurdetween
K[B(CN)4] and HdNOs),, wherebya poorly watessoluble Hg[B(CN})]. is formed® Along

with the mercury compoundurther tetracyaidoborates with divalent catiorean similarly

be prepared hrough salt metathest$ In these reactioni is generally important to find a
solvent in which the starting materials are soluble and from which the product precipitates or

is otherwise separable.

The thirdalternativesynthesis of tetracyanidoborates is a reactiomroétal oxide hydroxide
or carbonatewith the strong tetracyadoboronic acidH[B(CN)4]. The acidis received by
tredment of an aqueous solution afkali metal tetracyanidoborateith an acidic cation
exchange resiff. Among others, the tetracyanidob@atompounds with divalent copper,
zinc, cobalt, magnesium and calcium have been synthesized this"#¥&$> Furthermore
the first etracyanidoborate with a tripgharged metal catigithe iron(lll) tetracyanidoborate,

was prepared by the reaction between metal hydroxide and H[B(EN)

The tetracyanidoborate anion has been found teebe stablechemically and tarmally>’ It

canbeheated in biding water orin boiling concentrated hydrochloric acid for hours withou
decomposition. @ilarly, in anhydrous HF at 5C the aniorstays mostly undecomposetbr
about onehour® The tetracgnidoborates with alkali metahtionsare thermally stable up to
500°C, where the anion starts to decompose. Thelaecompositionemperature®f the
tetracyanidoboratesre caused by the decomposition of the countercatidms example
organic cationsin some imic liquids® Compounds with chemically robust anions, like
[B(CN)4], are generally of scientific and economic interbsicause of theipossible

applications in ionidiquids, in electrolytes and as stabilizefsunusual cations.

Because of the superiproperties othe[B(CN)4]” anion, the tetracyanidoborates h&ueher
applications asprecursos for other borates. For exanple, through fluorination of
tetracyanidoboraten anhydrous HF solution with an excess of £liRe chemically rather
inert tetrakis(trifluoridomethyl)borate anipfiB(CFs)4]" is accessiblé> In contrast,related
reactions of nitriles witlthlorine fluoridesmost ofteneadto simple addition reactions to the
R-CI N triple bond resultingin R-CF»-NCl, or R-CF-NFCI compounds® Moreover, the
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corresponding carboxylatanion [B(CO.H)4’, was for the first time prepared from
[NBwN][B(CN),] by ethylation and subsequent hydrolygisThe three anions [B(CNJ,
[B(CO,H)4]", and [B(CR)4]" with electronpoor ligands coordinated to the boron atane
homoleptic among onarother, and they are furthermorepromising precursors for other

homoleptic boron complexes with four ligands boechidh boron through caon.

During the preparation of Cu[B(Cl)it was accidentally found thadle tetracyanidoborate
anion is unstable in the presence of fluoride in aqueous sqlutforming
tricyanidofluoridoborate specié®.Therefore the [B(CN),]” anioncanalsobe regarded aa
precursor for the [BF(CN) anion, where thelithium salt is an outstandihg well
perfaoming conducting salt for lithium ion batterié. Another modifcation for the
tetracyanidoborate anion was found in 2011, when the tricyanidoborate anion §B{@/s}
obtained by reductive & bond fission in [B(CNJ by alkalinemetals in liquid ammonia at
40°C. This unusual dianion contains nucleophilic bonorhie formal oxidation state +dnd
hasanunexpected high stabilitpecause of the extreme acidity of the underlying, uncharged
Lewis acid, BCN)s. Furthermore, the salts of the reactiieyanido dianiorare nucleophilic

reagents with promising chemj<

The main goal of this work is the description of the prafian of new tetracyanidoborate
hydrateswith triply charged rare earth metal catidnsapplying common synthetic routes for
tetracyanidoborates mentioned abokfter a successfypreparation in high yields and purity
the next step is toharacterize the new salts comprehensibglX-ray diffraction vibrational
spectroscopyNMR-spectroscopy as well as byermal analysisDue to theoptical properties
of rareearth cations, their tetracyanidoborates can also be lumine$benefore, they have
possible applications in phosphoiidius,another goal is to investigate tbptical properties
of some dehydrated rare earth tetracyanidoborayet)V-spectroscopy antlminescence
measurementdg-urthermore, the suitability afhe tetracyanidoboratéon as luminescace

intensity improving count@n for rare earth cations is to estimate.
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3 Resultsand discussion

Tetracyanidoborates riseommon nterest due to theisuperior chemical and physat
properties.Furthermore, these compounds with trivalent rare earth metal cations are even
more interestingbecaise of the exceptional character of the catidie oxidation number

+3 is very common among 4f element$ey form compounds and complex with high
coordination numbers, like 8r 9. In the rare earth seriethe decrease iionic radii of the
catiors from 1.216 A (L&") to 0.997 A (L") causes a break betere Gd and Tb compounds
accompanied by a reduction of tbeordination number from nine to eightith decreasing

ionic radii the coordination space gets smallehich leads tosmaller coordination
number$:%? This trend is also perceivable in the tetracyanidoborates with rare earth metal
cations. They are #refore divided into two group$he fact that these compounds aneong
[Fe(H,0)e]® one of the first tetracyanidoborates with triply charge metal cations, makes them

even more desirable.

In this section the tetracyanidoborates withrivalent rare earth metal cations
[RE(H,0X][B(CN).4]s:y H-O, (RE = La**, C€*, PP*, Nd™*, snt*, EU**, Gd&**, Tb**, Dy**,
Ho*, EF*, Tm*, Yb*, Lu*" and ¥*"; x = 5,7,8; y =0, 0.5, 2, 3, are described. They were
synthesized and characterized for the first timenleans of Xray crystallography, vibrational
spectroscopynd nuclear magnetic resonance spectrosdgdgitionally, the thermal stability
and solubilitieswere determinedavith the ulterior motive to prepare anhydrous compounds.
The results of these salisecompared wittpreviously characterizetracyanidoborates and

rare earth compounds.

3.1 Syntheses

The starting materidk[B(CN).] was synthesized as described by E. Bernhadt antdizing
the molten flux reaction of KCN with KBFin LIiCl. Some improvements were made for the
purification procedures following the reaction according to ref. 63. Some further other

improvements were developed to advance the quantity and quality of the product.

In this study, it was attempted to obtain rare redetracyanidoborates through different

methods. The first and the best method was the reaction with the strong acid H|B(CN)
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which reacts with metal hydroxides forming the corresponding salt of the metal and water as
byproduct. This reactiowas carriecbut with each rare earth compoumnehose oxidesorm

in contact to water hydroxides and furthermore react with the strong acid. Only in the case of
cerium, praseodymium, holmium and ytterbium salts, the starting materials, Ge(OH)
Pr(OH), Ho(OH)x and YbQH); were precipitated fromaqueous solutios of their
correspondingmetal chloridesvith concentrated Niand used directly after precipitation.

The reaction with H[B(CN] is shown in equatioB.1.1.

RE(OH); + 3 H[B(CN)](ag) ——> [RE(H:0)][B(CN)4]s + 3 H:O (3.1.1)

(RE = L&"1 Lu*, Y*, except Prif; n = 5, 7 or 8 depending on the reaction condifions

The metathesis reaction between K[B(GINInd hydrous rare earth chloride was performed
with lanthanum, cerium, neodymium ahdimium compounds (equation132.) Because of

the poor solubility of rare earth chlorides, the reaction was conducted in methanol, where the
byproduct potassium chloride is also partly soluble. Furthermore, with the aid of powder X
ray diffraction it wasobserved that the products contained potassium tetracyanidoborate. This
indicates that the metathesis reaction was not complete. Similar results were obtained when
the cerium tetracyanidoborate was attempted to be received through arexatiange
proces. Hereby, a solution of Cefivas slowly rinsed through a column filled with [B(CGN)

anions (equation .3.3.). An Xray diffraction measurement and IS (inductively
coupled plasma optical emission spectrometry) analysis showed that the produictedonta
about 8 wt% potassium cations. This concentration is on the average ten times higher than in
the rare earth tetracyanidoborates obtained through the first method. Moreover, the
praseodymium, holmium and ytterbium tetracyanidoborates were attempbed rexeived

similarly through the anicexchange process without better results.

REChxH;0 + 3 K[B(CN)] > [RE(H:0)x(CH:OH)J[B(CN)as + 3KCI®  (3.1.2)
(RE = Cé&", La**, Nd®*, HOY)

Dowex Marathon A

CeCk(aq) poyrom= CelB(CN)]s(aq) (3.1.3)

Due to the fact that the metathesis reaction and the ion exchange are improper methods for the

preparation of the pure rare earth tetracyanidoboratese#fationwith tetracyanidoboronic
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acid has been chosen dkse mot suitable reaction to for new rare earth salts,
[RE(H20)X][B(CN)4]3:yH2O (x =5, 7, 8; y =0, 0.5, 2, 3Jhe new tetracyanidobates have
been obtained froraqueous solution after evaporating the solvent in high purity.

3.2 Single crystal structureanalysis

Suitable crystals for singlerystal Xray determination are available from aqueous solutions
of the cerium 1)*®, lanthanum %), gadolinium 8), terbium @), dysprosium %), yttrium (),
erbium { and8) and lutetium 9) compoundgFig. 3.2.1i 3.2.11). The crystal of the cerium
structure {) was grown fromaqueoussolution and crystallographic characterized by Dr.
Klppers. The crystal of the lanthanum structute was obtained from aqueous solution,
which also contained acetoragetonitrile and chloroform. Both the crystals of gadolinium
compound 8) and erbium compound8) were grown from aqueous acetectdoroform
mixture, the crystal of structuré from water and the crystals f& and 6 from aqueous
mixture of acetonitrile ash chloroform. The crystal for the erbium structure Was obtained

by MSc. Falk from water solution and the struct@ravas grown from aqueous acetene
acetonitrileethanolchloroform mixture. Different solvents were used to optimite
crystallization ime and environmenand for the improvement of the crystal quality. The
crystals for the structures6, 8 and9 were grown at lower temperature than the crystal for

the structureé. The crystallization occurrelly slow evaporationnder atmospherigressure

Crystallographic dataf the cerium 1) and the lanthanun®) compound is given in Table
32.1
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Table 32.1. Crystallographic data of the tetracyanidobos@te(H,0)s][B(CN)4]3-0.5 HO (1) and

[La(H20)e][B(CN)4]5- 2H:0 (2).

Compound 1 2

Formula C12H11B3CeN;;0s 5 C12H20BsLaN;,019

Fw (g mol") 583.84 663.74

T (K) 173 173

Cryst. Syst. Monoclinic Monoclinic

Space group P2;/n (no. 14) P2,/c (no. 14)

Z 8 4

a(A) 15.394(1) 12.5764(2)

b (A) 10.8138(7) 13.3718(2)

c(A) 33.341(2) 18.1478(2)

a(®) 90 90

b (°) 103.255(3) 106.1513)

9(°) 90 90

V (A% 5402.24(7) 2931.45(6)

I eate. (g CNTY) 1.436 1.504

mmm?) 1.73 1.52

/(A 0.71073 0.71073

No. of parameters 606 424

GOF onF* 0.550 1.012

Rindices [I > &(1)] R, =0.0378 R, = 0.0310
wR, = 0.0556 wR, = 0.0616

WeightingA/B 0 0.0186/2.2551

Crystals of [Ce(H.O)s][B(CN)4]3:0.5 H,O consist of cerium (lll) cations, coordinated
tetracyanidoborate anionBve coordinatedvater moleculesnd half aco-crystallized water
moleculeper cation. The compound crystallizes in the monoclinic space d&up with
eight formula units in the primitive cdlFig. 32.1). Eachcation is ninecoordinated by five O
atoms of water molecules and four N atoms aif fdifferent tetracyanimborate anions in a
monocapped squarmtiprismatic geometry (Fig. 3.2). With the Ce-O dstances (avg. 2.483
A) being shortethan Ce-N distances (avg. 2.683here is a distortiomway from the ideal
geometry Bond lengths for Ce(H:O)s][B(CN)4]3:0.5H,0 are given in Table.3.2 and bond
angles in Tabl&.2.3.
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Figure 3.2.1. View of a part of the chain structure[6fe(H,0)s{ 6°N[B(CN).]} 5]-0.5 H,O (1).

Figure 3.2.2. Side (left) andop (right) view to show the monocapped square antigatsm
coordination environment of Cerium (Ill) th



16

Table 3.2.2. Selected atom distancé’) within [Ce(H:0)s][B(CN)4]5:0.5 HO (1) ard
[La(H20)e][B(CN)]3- 2 HO (2).

Compound 1 2

Cation:

RE-O 2.4454(1) 2.5298(1) 2.5023(2)i 2.5798(2)
Average 2.483 2.537
RE-Ncoord. 2.6691(2)i 2.7332(2) 2.7424(2)
RE-N2 coora. 2.6288(1)i 2.7017(2) -
RE-Nnoncoord. 6.6149(4)i 7.1411(4) 4.1743(4)i 8.7483(1)
Average 4.745 6.435

Anion:

B-C 1.5759(1)i 1.6104(1) 1.5789(1)i 1.5968(1)
Average 1.591 1.588
C-Ncoord. 1.1461(1)i 1.1477(1) 1.1361(3)
C-Ncoord.2 1.1365(1), 1.1402(2) -
C-Nroncoord. 1.1265(1)i 1.1548(1) 1.1287(1)71 1.1381(1)
Average 1.142 1.135

Table 32.3. Selected bond angles (°) in [Ce®)s][B(CN)4]z-0.5 HO (1) and
[La(H20)g][B(CN)4]s- 2 HO (2).

Compound 1 2
Cation:
O-RE-O 71.440(3)i 88.644(3Y 66.615(4)i 83.041(3Y
O-RE-O 132.566(3) 147.748(4) 90.532(4)i 140.173(4)
O-RE-N 65.065(3)i 88.253(3"° 66.754(4) 71.737(4
97.314(3)i 137.561(5)*" ¢ 110.811(4) 143.607(5)"¢
N-RE-N 65.808(3)i 67.001(2)
126.103(4) 140.816(3)
Anion:
C-B-C 106.516(5) 111.646(4) 107.066(6) 112.439(6)
N-C-B 175.481(6) 179.466(7) 174.930(9) 179.501(9)

3Symmetry operations used to geaterequivalent atoms: #1+x,-1+y,z; #2:x, 0.51y, z + 0.5° Acute angles.
“Obtuse angles.

Two of the cyanidaroups of every thirdB(CN).]” unit coordinate to two neighbouring €e
ionsresuling a chainstructure in which théetracyanidoborate aniomasebridging the erium
cations. Other [B(CN] anions are singlgoordinated with the cation so thedich cation is
coordinated by two single coordinated and two twofold coordinated tetracyanidoborate
anions Within the [B(CN)] anion two of the CN groups are bonded to the cerium cation,
while the other two are neroordinating. Consequently, the anion is distorted faomideal
tetahedronwith C-B-C bond agles ranging from 106.516to 111.648. This is also
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observablein the vibrational spectra where two differentNCabsorption frequencies are
found. The average-8 and BC bond distanceare comparableto those found in ther

tetracyanidoborates with singly, divalent or triplearged cationg 2113117

The structureof the lanthanumcompound2) (Fig. 32.3) contairs more water and therefore,
the tetracyanidoborate anions do raoiordinate with the rare earth metal cation as efficiently
as in the cerium structur@ig. 32.1). Crystals of[La(H2O)s][B(CN)4]3 - 2 H,O consistof
lanthanum(lll) cations, one third coordinatedand twathirds isolated tetracyanidoborate
anions and alsoeight coordinate@nd twoco-crystallized water molecuseper cation Each
cdion is ninecoordinated by eightD aoms of waer molecules and one N atom of
tetracyanidoborate anidn a tricapped tgonal prismatt geometry(Fig. 32.4). It is slightly

distortedfrom idealtricapped trigonal prisiras it is typical for the UGlype structuré?
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Figure 3.2.3. View of the coordination environmeat the L&" ion in [La(H,0)g][B(CN).]3-2 H,O
).

Figure 3.2.4. Side (left) and top (right) view to show ttrecappedrigonal prismaticcoordination
environment of Lanthanuill) in 2.
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In the lanthanum structur@)(only one CN group of 12 possible CN groups within three
tetracyanidoborate anions coordinates th& Ian. Due to the coordination of one CN group
per La%* ion, the distortion of the tetracyanidoborat anion from an ideal tetrahedson
certainly even largehtin of the noftoordinates anions and almost as large as in compbund
(Table 32.3). Hence, the nowoordinated anions are slightly distorted, which indicates
considerable interaction betwedime TCB anions and water moleculdbydrogen bonds
presentedn the chapter 8 in appendix) The average @ and BC bond distanceéTable

3.2.2) in compoun are similar to those in compouridand to other tetracyanidoborafe$.
11,1315, 17

The isostructural compound® 6 contain isolated octaquarareearth metal (lll) cations,
[RE(H.0)g]**, discrete [B(CNj” anions and carystallized water molecules with monoclinic
symmetry 6 space groufC2/c (Fig. 3.2.5 and 2.6). Crystallographic data of &compounds
3i6 are given in Table 3.2.4 and2® and bond lengths and bond angleghwi these

compounds in Tables 3.2(63.2.9.
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[Tb(H20)][B(CN)4]s - 3H20 (4).

Compound 3 4

Formula C12H2B3GAN; ;044 C1oH2oBsThN 101

Fw (g mol") 700.10 701.776

T (K) 173 173

Cryst. Syst. Monoclinic Monaoclinic

Space group C2/c (no. 15) C2/c (no. 15)

z 8 8

a(A) 15.9945(1) 15.9786(3

b (A) 20.6481(1) 20.5317(8

c(A) 21.2210(1) 21.1413(8

a(®) 90 90

b (°) 112.175(4) 112.226(3

9(°) 90 90

V (A 6489.99(7) 6420.45(5

I cate. (g cT) 1.418 1.436

m(mm*) 2.1 2.26

!/ (A) 0.71073 0.71073

No. of parameters 420 420

GOF onF* 1.131 0.981

Rindices [I > &(1)] R, = 0.0290 R, = 0.0337
wWR, = 0.0726 WR; = 0.0762

WeightingA/B 0.0233/8.2019 0.0263/0
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Figure 3.2.5. View of [RE(H,0)g]*" and [B(CN)] ionswith co-crystallized water molecules

in [Gd(H,0)e][B(CN) 4]3-3H20 (3) (left) and[Th(H-O)g][B(CN)]s-3H,0 (4) (right).
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SR A

Figure 3.2.6. View of [RE(H,0)g]*" ion and [B(CN)] ionswith co-crystallized water moleculés
[Dy(H20)el[B(CN)a]5-3H,0 (5) (left) ard [Y(H20)g][B(CN)a]s-3H,0O (6) (right).

Figure 3.2.7. Side (left) ad top (right) view to show the oetaordinated REII) cations intrigonal
dodecahedral geometity compounds3-6 and8.
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Table 32.5. Crystallographic data ¢Dy(H,O)g][B(CN)4]3- 3H,O (5) and
[Y(H20)el[B(CN)4]3-3Hz0 (6).

Compound 5 6
Formula C12H2:B3DYN;1,04 C1oH2oB3Y N0y
Fw (g mol") 705.342 631.756
T (K) 173 173
Cryst. Syst. Monoclinic Monoclinic
Space group C2/c (no. 15) C2/c (no. 15)
VA 8 8
a(A) 16.0293(3) 16.0468(7)
b (A) 20.5472(4) 20.5478(9)
c(A) 21.1881(4) 21.1799(9)
a(® 90 90
b (°) 112.234(1) 112.259(2)
9(°) 90 90
V (A% 6459.58(2) 6463.16(5)
I caie. (g CNY) 1.425 1.273
mmmY) 2.37 1.86
/ (A) 0.71073 0.71073
No. of parameters 420 419
GOF onF* 1.072 1.015
Rindices [I>2s(1)] R, = 0.0254 R, =0.0379
wR, = 0.0616 wR, = 0.0873
WeightingA/B 0.0225/3.5427 0.0353/1.0334

In the structure of compounds3i 6 eight water matcules are coordinated to the RE
whereas all tetracyanidoborate ani@xsst isolated in the structyrandthree cecrystalized
water molecules per each BEThe noncoordinated, isolatedetracyanidoboratenions
usually have idealetrahedralC-B-C bond angles about 109.5°. Howewe environment
around the B atomfdhe anion is distorted from thdeal tetrahedron in all compoun@s6
(Tables 3.2.8 and 3.9) although direct coordination between the cyanido nitrogen atoms and
the rare earth(lll) ions is0t observed The distortion in compound3-6 is due to the
interaction between the cyanido gps and the water moleculeblydrogen bonds in

compounds3i 6 are given in chapter.8in appendix.
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Table 3.2.6. Selected atom distancé’) within and [Gd(HO)s][B(CN)4]5s- 3 H,O (3) and

[Tb(H20)e][B(C

N)4]s- 3 HO (4).

Compound 3 4

Cation:

RE-O 2.3546(1)i 2.4311(1) 2.3303(1)i 2.4062(1)
Average 2.386 2.363

RE-N noncoord.

4.5714(2) 13.2852(5)

4.5476(1) 13.2261(4)

Average 8.397 8.354

Anion:

B-C 1.5825(2)i 1.5909(2) 1.5755(1)i 1.5962(1)
Average 1.587 1.585
C-Nroncoord. 1.1360(3)i 1.1441(2) 1.1245(1) 1.1369(1)
Average 1.139 1.131

Table 32.7. Seleted atom distances (A) with{iDy(H,0)g][B(CN).]s- 3H,O (5) and
[Y(H20)g][B(CN)]5-3H:0 (6).

Compound 5 6

Cation:

RE-O 2.3240(0)i 2.4004(0) 2.3093(1)i 2.3910(1)
Average 2.359 2.354

RE-N 4.5352(1)i 13.2585(2) | 4.5293(1)i 13.2688(4)
Average 8.368 8.374

Anion:

B-C 1.5849(0)i 1.5910(0) 1.5812(2)i 1.5935(2)
Average 1.588 1.588

C-N 1.1361(0)i 1.1431(0) 1.1337(2)i 1.1428(2)
Average 1.139 1.137

Table 3.2.8. Selected bond angles (°)[@d(H.O)g][B(CN)4]5 - 3 H,O (3) and
[Tb(H20)e][B(CN)4]3- 3 H,O (4).

3 4
O-RE-O 71.487(2)i 79.842(2?'b 71.398(1)i 79.968(13'b
91.431(2)i 144.593(5°¢ 92.273(1)i 144.452(AF
Anion:
C-B-C 108.077(3) 110.861(2) 108.027(2) 111.146(2)
N-C-B 176.568(6) 179.737(4) 176.372(2) 179.560(3)

*Symmetry operationsed to genate equivalent atoms:,y,0.5z. ° Acute angles® Obtuse angles.
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Table 3.2.9. Selected bond angles (°)[iDy(H,O)g][B(CN) 45 3H,O (5) and
[Y(H20)e][B(CN)]5-3H0 (6).
5 6

Cation:
O-RE-O | 71.236(L)i 79.873(1%" 71.422(1)i 79.648(13"
92.505(1)i 144.589(13¢ | 92.567(1)i 144.437(2)°¢

Anion:
C-B-C 107.988(1) 111.041(1) 108.211(3) 110.957(2)
N-C-B 176.570(1) 179.472(1) 176.480(4) 179.467(3)
3Symmetry operationsed to gnerate @uivalent atoms:x,y,0.5z. "Acute angles‘Obtuse angles.

Crystals of [Er(HO);|][B(CN)4]s (7) contain erbium (Ill) cations, whiclare coordinated
trigonal dodecahedilg by seven O atoms of water molecules and one N atom of a
tetracyanidoborate aniofFig. 3.2.8 and 2.9). Furthermore, the compound contains two

discrete [B(CN)]” anions per Ef and has monoclinic symmetry of the space giie2ysn.

Crystallographic data of the erbium compounds gaven in Table 2.10. Only difference
between compound3i 6 and 8 is the occurrence of ecrystallized solvent moleculg$ig.
3.2.5, 3.2.6 and 2.10). Whereas compound8i6 contain three carystallized water
molecules per unit, compour@contains only one corystallized acetone molecul&s well

as in compoursl 3i6, the rare earth metal (lll) cations ® are coordinated trigonal
dodecahedrglFig. 32.7). In compounds$i 8, the coordination number of the metal cations is
eight, which is very typical for the heavy rare earth metal caffbris. Furthermore,
monoclinic structures are common among other rare earth compSufidond lengths foi
and8 are given in Table 3.11and bond arigs in Table 2.12
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Figure 3.2.8. View of the @ordination environment of tHer**ion in [Er(H,O);][B(CN).]; (7).

Figure 3.2.9. Side (left) aad top (right) view to show the oetaordinated Eill) cations in trigonal
dodecahedral geometiy 7.
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Figure 3.2.10. View of [Er(H,0)g]*" ion and [B(CN)] ionswith aco-crystallized acetonmolecule
in [Er(H0)g][B(CN)]3-CH;COCH;(8).



and [Er(HO)][B(CN)a]s: CH;COCH; (8)

Table 32.10. Crystallographic data of thtetracyanidoborates [ErgB);][B(CN) 4]z (7)

7 8

Formula C1oH14B3ErN;04 C1sH2,B3ErN;50q
Fw (g mol") 638.042 714.136
T (K) 173 173
Cryst. Syst. Monoclinic Monoclinic
Space group P2:/n (no. 14) C2/c (no. 15)
z 8 8
a(A) 13.7705(5) 16.2090(4)
b (A) 21.2528(7) 20.5676(4)
c(A) 19.1657(7) 21.2564(4)
a(® 90 90
b (°) 96.501(2) 112.379(1)
9(°) 90 90
V (A3 5573.0(3) 6552.75(2)
I eaie. (g CM1) 1.521 1.448
m(mm*) 3.09 2.62
/ (A) 0.71073 0.71073
No. of parameters 744 363
GOF onF* 1.049 1.047
Rindices [I > &(1)] R, =0.0231 R, =0.0614

wR, =0.0718 wWR, =0.1478
WeightingA/B 0.0209/1.6942 0.07030

[Er(H20)g][B(CN) 4]5- CH;COCH; (8)

Table 3.2.11 Selected atom distances (A) withr(H,0);][B(CN)]s (7), and

7 8
Cation:
RE-O 2.2700(1)i 2.3819(1) 2.3092(0)i 2.3822(0
Average 2.325 2.338
RE-Ncoord. 2.5062(1)i 2.5283(1) -
RE-Nnoncoord. 4.2542(1)i 12.3838(3) 4.5192(1) 13.3711(2)
Average 4.955 8.426
Anion:
B-C 1.5796(0)i 1.6034(0) 1.5720(0)i 1.60980)
Average 1.591 1.5
C-Ncoord. 1.1385(0)i 1.1424(0) -
C-Nnoncoord. 1.1367(0)i 1.1473(0) 1.1053(0) 7 1.15090)
Average 1.141 1.1261

25
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Table 32.12.Selected bond angles (°)[iBr(H,O);][B(CN)4]s (7), and
[Er(H20)g][B(CN)4]3- CH;COCH; (8)

7 8
Cation:
O-RE-O 69.169(1)i 85.529(13"" 71.038(1)i 79.2491)**"P
91.981(2)i 148.114(™* 90.029(1)i 145.0111)*"*¢
O-RE-N 69.574(2)i 78.043(1) -
125.718(2) 144.278(2) -
Anion:
C-B-C 106.544(2) 112.964(3) 108.296(2) 111.346(})
N-C-B 175.214(4) 179.659(4) 174.8682) i 179.377()

3Symmetryoperations used to generate equivalent atoms: #1zx,#2:-x, y, 0.5z. ® Acute anglest Obtuse
angles.

Along with the monoclinic crystal structures, the lutetium compound was found to crystallize
in orthorhombic morphology from a solution which contains, besides water, aceton,
acetonitrile and ethanol as well. Crystallographic data of the lutetium compadargiven in

table 3.213

Table 3.2.13. Crystallographic data ¢t.u(CH3CH,OH)(H.O);][B(CN),]3-CH;CH,OH-0.5H,0 (9).

Formula CisH27B3LUN150g 5

Fw (g mol") 746.895

T (K) 173

Cryst. Syst. Orthorhombic

Space group P2,2:2, (no. 19

Z 8

a(A) 13.2635(3)

b (A) 19.9227(4)

c(A) 25.0425(6)

a(®) 90

b (°) 90

9(°) 90

V (A% 6617.35

rcalc.(g Cms) 1.499

m(mmi*) 3.04

/ (A) 0.71073

No. of parameters 748

GOF onF? 1.162

Rindices [I > Z(1)] R, =0.0420
wR; = 0.0908

WeightingA/B 0.0124/21.3788
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x 33
*

®N

Figure 3.2.11 View of the coordination environment of the**ion in
[Lu(CH3CH,OH)(H,0)/][B(CN)4]3-CH;CH,OH, 0.5 HO (9).

The orthorhombic compourfficontans isolated heptaquarare-earth metal (Ill) cationwith

a coordnated ethanol moleculdB(CN)4" anions and carystallized ethanol and water
molecules with orthorhombic symmetry of the space gre2:2;. With one coordinated
ethanol molecule andevencoordinated water moleculg¥ig. 32.11), the coordination
number of the lutetium iors eight just like in the coordination number of other rare earth
cations in compound3-8. Whereasother eight-coordinatedrare earthcations in3i 8 have a
trigonal dodecahedral coordination environmehe octacoordinatediutetium cationis in
squareantiprismatic geometry itompoundd (Fig. 32.12). Atom distances and bond angles

within the lutetium compound aggven in Table 3.2.14 and3.2.15.

Figure 3.2.12 Side (left) ad top (right) view to show the octaordinated L(ill) cations in square
antiprismatic geometrin 9.
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Table 32.14. Selected atom distances (A) wittein

Cation:

Lu-Op0 2.2314(6)i 2.3818(5)
Average 2.307
Lu-Ogton 2.3385(6),2.3449(9
Average 2.342

Lu-N 4.5235(1)i 9.6868(2)
Average 7.296
Anion:

B-C 1.5657(1)1 1.6268(1)
Average 1.5

C-N 1.1173(1)1 1.1740(1)
Average 1.138

Table 3.2.15. Selected bond angles (°) i@

Cation:

O-Lu-O 70.881(1)i 86.330(13}"
99.549(1)i 147.034(13°¢

Anion:

C-B-C 107.243(2) 111.807()

N-C-B 174.646(2) 179.556(2

3Symmetry operationsedto generate equivalent atomsy, z.° Acute angles® Obtuse angles.

Like in evey rare earthtetracyanidoborateanalyzed so far, in theompound9 the
environmentround theB atomis also distortedTherefore, the tetracyanidoborate anion is no
longer an ideal tetrahedro@-B-Crange 107.247111.81°). The distortion is agadue to the
remarkabldanteraction between the cyanidooups and the water molecul@ggydrogen bonds

in compound® are presented ichapter8.1.in appendix)

The rare earth tetracyanidoborates crystallize in monoclinic crystal system. However, the
heaviest rare earth compound also crystallizeb withorhombic morphologysimilarly, the
heavierrare earthbishydroxychlorideshave been found torystallize in the orthorhombic

crystal system, as this becomes energetically moredhiaf’

The REO dstance seems to get shorter along with the decreasing ionic radii in the rare earth
series™ %8 %9 |t can be expected from crystallographic evidence that tH& IR interaction
distance is around 2.3.4 A The distance gets shorter along with decreasing ionicineithie

rare earth tetracyanidoborat@able. 32.16). Due tothe lanthanide contractiomitheseries
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of rare earth cations, the ionic r&diof thelight rare earth cations aggeater tharthe radii of

the heavyrare earth cationsThe RE*-O distances in the rare earth tetracyanidoborates are
similar to the average REO distances observed in aqueous rare earth chloride solfitions.
The coordination number of rare earth cations depals#son the ionic radius of the cation.
With larger ionic radii, larger coordination numbers are possible. Thus, the coordination
number in light rare earth compounds is larffaostly nine), than in # heavyrare earth
tetracyanidoborates, where it isst eight.

With shorter RE"-O distances the interaction between the rare earth cation and wate
molecules is stronger in the heavagre earth tetracyanidoborates thartha light rare earth
tetracyanidoborates. Therefore, it can be expected that the water molaeuleasier to
remove from lightrare earthcompounds than from the heawges. This is also observable in
the thermahknalysis: the dehydratiasf the light rareearth compound EuTC8ccursat lower
tempeatures tha the dehydration of the heaxare earth compound ErTCB.

Table 3.2.16. RE*"-O distances thin compounddi 9 together with effective ionic radfiof RE*".

Compound RE** RE**-O distance in A Effectiveionic radius in A
2 "La 2.537 1.216
1 "Ce 2.483 1.196
3 WGd 2.386 1.053
4 'Th 2.363 1.040
5 Vilpy 2.359 1.027
6 Vity 2.354 1.019
7 VITEY 2.5 1.004
9 ILu 2.307 0.977
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3.3 Powder diffraction

Powder diffraction measurements wererfpemed for eachrare earth tetracyanidolaig
RETCB, and the results were conrpd with thedata of singlecrystal structures o€eTCB
(1), LaTCB @), DyTCB (6) and ErTCB 7). The measuremestevealedthatlight rare earth
compounds LRETCRB's, where LRE= Lai Gd, except Pn{not investigated)occurin the
crystal structure of CeTCB, RE(H.O)s][B(CN)4]3:0.5 HO, when investigateth bulk form
at room temperaturérigures 3.3.1 and 3.2). However,it must be noticed that although it
was unsuccessful tomeasure corresponding powder diffractografms structure2, these
findings do not principallyexcludethe LaTCB structureas anotherpossiblestructurefor all
LRETCB compoundsNonethelessas the powder difaction measurements shotlie bulk
structure for all LRETCB compounds is the CeTCB structure. Therefore, all other
characterizatiormeasurementfor LRETCB's, excep the measurementsf the dehydrated
compoundswere conducted withLRE(H20)s][B(CN)4]3-0.5 HO compounds.

The measuremesiteveaed furtherthat the heavyare earth tetracyaniorates, HRETCHB,
where HRE = ThLu and Y, occur in the crystal structure of ErTCB, [HREWN}][B(CN)4]s,

when analyzed in bulk form at room temperatf(fig. 33.3 and 3.3!). In addtion, the crystal
structure oDyTCB, [HRE(HO)g][B(CN)4]3-3 H,O, was also found to occun all HRETCB
compounds, whethe sampls for the power diffraction measurement wefiee powdered
crystak, crystallized at lower temperaturéBig. 33.5 and 3.%). Like it is the case for
magnesium tetracyanidobor&tethe crystal structures of HRETCBs seem to depend on the
crystallization temperature. The structures, containing more water, occur at lower
temperatures. It was also found that the [HRE(E[B(CN)4]3-3 H,O structure changes to
[HRE(H.O)/][B(CN)4]3 when the compound was dried at room temperature. Thus, the
common bulk structure for all HRETCB compounds at room temperature is the ErTCB
structure (7). All other characterization measurement®r HRETCBs, excep the
measurements of dehydrated compounds were therefore conducted with
[HRE(H.O)/][B(CN)4]3 compounds.

The results of the powder diffraction measurements reveal that among rare earth
tetracyanidoborathydratesthere isa division nto two isostructural groups dependemnt the
size of the RE cationThis phenoranonis very typical for many other rare earth compaind

Thus, itcan bealso expected for the rare earth tetracyardates.
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CeTCB structure 1
LaTCB bulk form
PrTCB bulk form
NdTCB bulk form
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Figure 3.3.1. Powder diffractograms of LaTCPrTCBand NdTCB in comparison with thmwder
diffractogram calculated fromsinglecrystal structure data of CeTGHb).

Figure 33.2. Powder diffractograms @mrCB, EUTCB and GdTCBn comparison with the
powderdiffractogram calculated from singl@ystal structure data of CeTCHB)(

















































































































































































