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Abstract 

 

 

The aim of this thesis is the description of the synthesis and characterization of a new group 

of tetracyanidoborates: tetracyanidoborates with trivalent rare earth metal cations. Their 

optical properties in the ultraviolet and visible range are also discussed. Common synthetic 

routes for tetracyanidoborates are adapted and applied to the preparation of the rare earth 

tetracyanidoborate hydrates. They are accessible with high yields and high purity through a 

reaction between the tetracyanidoboronic acid and rare earth hydroxides.  

It is shown that the rare earth tetracyanidoborates form isostructural groups, like the 

[LRE(H2O)5][B(CN)4]3·0.5 H2O, where LRE
3+ 

is La, Ce, Pr, Nd, Sm, Eu and
 
Gd, the 

[HRE(H2O)7][B(CN)4]3 and the [HRE(H2O)8][B(CN)4]3·3 H2O, where HRE
3+

 is Tb, Dy, Ho, 

Er, Tm, Yb, Lu and Y. Furthermore, the coordination number 9 is noticed to be common 

among the light rare earth cations, whereas the minor coordination number 8 is prevalent for 

the heavy rare earth cations in their tetracyanidoborates. This 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 arrangement. Generally, the rare earth 

tetracyanidoborate hydrates are found to crystallize in the monoclinic crystal system. 

Moreover, other different crystal structures are observed depending on the crystallization 

temperature and the type of coordinated ligands and co-crystallized solvent molecules.   

The tetracyanidoborate hydrates with triply charged rare earth cations are characterized 

comprehensively by X-ray diffraction, vibrational spectroscopy, NMR-spectroscopy as well 

as by thermal analysis. Furthermore, the optical properties of some dehydrated rare earth 

tetracyanidoborates are investigated by UV-spectroscopy and luminescence measurements. 

The results of the optical measurements indicate that the tetracyanidoborates with rare earth 

metal cations exhibit rare earth cation specific luminescence properties which are apparently 

improved by the tetracyanidoborate anion. Therefore, the tetracyanidoborates with trivalent 

rare earth metal cations could have possible applications in phosphors.  

  



 

 

Zusammenfassung 

 

 

Das Thema dieser Arbeit ist die Synthese und Charakterisierung einer neuen Klasse der 

Tetracyanidoborate: Tetracyanidoborate mit dreiwertigen Seltenerdmetall-Kationen. 

Außerdem werden ihre optischen Eigenschaften im ultravioletten und sichtbaren Bereich 

diskutiert. Die bereits bekannten Synthesewege der Tetracyanidoborate wurden für die 

Darstellung der hydratisierten Seltenerdmetall-Tetracyanidoborate angepasst und verwendet. 

Die Seltenerdmetall-Tetracyanidoborate konnten durch eine Reaktion zwischen 

Tetracyanidoborsäure und Seltenerdmetall-Hydroxiden in guten Ausbeuten und mit hoher 

Reinheit gewonnen werden. 

Die Seltenerdmetall-Tetracyanidoborat-Hydrate bilden isostrukturelle Gruppen, wie 

[LRE(H2O)5][B(CN)4]3·0.5 H2O (LRE
3+

 = La, Ce, Pr, Nd, Sm, Eu,
 

Gd), 

[HRE(H2O)7][B(CN)4]3  und  [HRE(H2O)8][B(CN)4]3·3 H2O  (HRE
3+

 = Tb, Dy, Ho, Er, Tm, 

Yb, Lu, Y). Des Weiteren kommt die Koordinationszahl 9 unter den leichten Seltenerdmetall-

Kationen häufig vor, während die Koordinationszahl 8 für die schweren Seltenerdmetall-

Kationen üblich ist. Dieser unterschiedliche Aufbau der Koordinationssphären zwischen 

leichten und schweren Seltenerdmetall-Kationen führt zu unterschiedlichen Strukturen. Im 

Allgemeinen kristallisieren die Seltenerdmetall-Tetracyanidoborat-Hydrate in monoklinen 

Kristallsystemen. Außerdem wurden, abhängig von der Kristallisationstemperatur und der 

Anwesenheit anderer Liganden und co-kristallisierter Lösungsmittelmoleküle, auch andere 

Kristallstrukturen gefunden.  

Die Tetracyanidoborate mit dreiwertigen, hydratisierten Seltenerdmetall-Kationen wurden 

umfassend durch Einkristallstrukturanalysen, Pulverdiffraktometrie, 

Schwingungsspektroskopie, NMR-Spektroskopie sowie durch thermische Analysen 

charakterisiert. Außerdem wurden optische Eigenschaften einiger dehydratisierten 

Seltenerdmetall-Tetracyanidoborate durch UV-Spektroskopie und Lumineszenzmessungen 

untersucht. Die Ergebnisse der optischen Messungen zeigen, dass die Seltenerdmetall-

Tetracyanidoborate typische Lumineszenzeigenschaften der Seltenerdmetall-Kationen 

aufweisen. Diese Eigenschaften werden durch das Tetracyanidoborat-Anion offenbar 

verbessert. Deshalb könnten die Tetracyanidoborate mit dreiwertigen Seltenerdmetall-

Kationen Anwendung in Leuchtstoffen finden.  
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1 Introduction  

 

 

In this thesis the syntheses of new tetracyanidoborates (TCB) with triply charged rare earth 

metal cations are presented. In addition, the spectroscopic and structural study of these 

compounds is described and furthermore, the thermal stability and luminescence properties of 

some of these new salts are discussed. The luminescence properties are also compared with 

common rare earth based phosphors. 

 

1.1 History of the tetracyanidoborat anion 

 

The history of tetracyanidoborates started already in the 1950s when the first attempts to 

prepare the [B(CN)4]
-
 anion took place. Back then, G. Wittig and P. Raff tried to synthesize 

Li[B(CN)4] by reaction of Li[BH4] with HCN, but the reaction led to Li[BH3(CN)] instead.
1
 

Since then, several cyanidoboron compounds were synthesized. However, the products were 

in many cases polymeric and the consistency of the products was indefinite.
2
 Nonetheless, the 

[B(CN)4]
-
 ion was successfully discovered from the solution of BCl3 in nitrobenzene in the 

presence of KCN in 1960. With the aid of 
11

B nuclear magnetic resonance, the formation of 

[B(CN)4]
-
 through slow ligand exchange in the solution could be observed.

3
 Furthermore,

 
in 

1967 E. Bessler published a successful preparation of stable monomeric cyanidoboron 

compounds through reactions of various BCl derivates with monocyanides. However, instead 

of tetracyanidoborates these compounds were only mono- and dicyanidoborates.
2
 Ten years 

later, in 1977, it was believed that the first crystalline tetracyanidoborate compounds had been 

finally synthesized by reaction of BCl3 with AgCN and CuCN, and the new compounds were 

characterized by IR spectroscopy.
4
 However, these results differ from others published in 

2000
5
. It therefore seems plausible that the compounds synthesized in 1977 were isocyanido 

complexes, M[B(NC)4] (M = Ag, Cu).  

Meanwhile, tetracyanidoborate related cyanidohydroborates with two and three cyanide 

groups were synthesized in the 1980s. The reaction of Na[BH3CN] with HCl in THF gave 

(BH2CN)n, which was also isolated in solid form and identified by IR and 
1
HNMR 

spectroscopy. Furthermore, the lithium dicyanidodihydroborate, Li[BH2(CN)2], was 

synthesized from (BH2CN)n. In addition, a formation of silver isocyanidohydroborates, 
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Ag[BHn(NC)4-n], was successful. The silver salts were also transformed into the 

corresponding sodium salts, which were isolated as triisocyanidohydroborate and 

diisocyanidodihydroborate. The corresponding cyanidoborates were additionally received by 

isomerization.
6
 

Almost half a century after the first attempts to synthesize the tetracyanidoborat anion, 

Bernhardt et al.
5
 finally succeeded in the preparation of this very desired anion. They 

produced the anion (Fig. 1.) in form of the tetrabutylammonium salt, [Bu4N][B(CN)4], by the 

reaction of [Bu4N][BX4] (X = Br, Cl) in toluene with KCN. The silver tetracyanidoborate was 

received after metathesis with AgNO3, and successively the metathesis reaction with KBr 

brought the potassium salt. The new tetracyanidoborate anion was comprehensively 

characterized structurally and spectroscopically and the first X-ray crystal structures of 

tetracyanidoborates, M[B(CN)4], where M = [Bu4N]
+
, Ag

+
, K

+
, were published.

5
 An improved 

synthetic procedure was found in 2003, which allowed a production of potassium 

tetracyanidoborate in multigram amounts. The improved method was a molten flux reaction 

of KBF4 with LiCl and KCN, where LiCl and KCN at a molar ratio of 1:1 form a eutectic 

mixture, which melts under 300°C.
7
 After this improvement, the chemistry of 

tetracyanidoborates developed rapidly.
8 

 

Figure 1. An isolated tetracyanidoborate ion 
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1.2 Characterized tetracyanidoborates 

 

Besides the potassium compound, tetracyanidoborates with other alkali metal cations have 

been synthesized and characterized extensively.
9
 The potassium tetracyanidoborate acts as a 

precursor for other alkali metal tetracyanidoborates, which are available through conversion 

via the tripropylammonium or the triethylammonium salt. The tetracyanidoborates with the 

smallest alkali metals, lithium and sodium, form cubic structures, whereas potassium, 

rubidium and cesium tetracyanidoborate form tetragonal crystals.
9
 A salt metathesis reaction 

is a further possible synthesis route for different monovalent and divalent tetracyanidoborates 

from the alkali metal compounds.
7,10,11 

Furthermore, when the discovery of the stable 

tetracyanidoboronic acid was published in 2007, a new and usable method for preparation of 

tetracyanidoborates became available.
12

 Many tetracyanidoborates with divalent metal 

cations, and also the first tetracyanidoborate with a triply charged metal cation, have been 

synthesized this way.
8, 11, 13ï15

  

Tetracyanidoborates are very applicable to ionic liquids for the reason that the 

tetracyanidoborate anion is chemically robust and weakly coordinating.
16 

The [B(CN)4]
-
 anion 

forms ionic liquids with different kinds of organic cations. These liquids have high chemical 

or electrochemical stability and low viscosity. There are known tetracyanidoborate 

compounds with sterically demanding phosphonium cations, like [Ph4P][B(CN)4], 

[nBu4P][B(CN)4], [EtPh3P][B(CN)4] and [nBuPh3P][B(CN)4]. With exception of the first 

compound, these salts cannot be considered as ionic liquids, due to their melting points above 

100°C.
17

 Other known tetracyanidoborates with large organic cations are tetrapropy-

lammonium tetracyanidoborate, [(C3H7)4N][B(CN)4]
18

, 1-butyl-3-methylimidazolium (BMI) 

tetracyanidoborate and 1-ethyl-3-methylimidazolium (EMI) tetracyanidoborate.
19 

They 

usually have melting points below 100°C. 

Because of the excellent properties of the [B(CN)4]
-
 anion, there are a lot of applications for 

the tetracyanidoborates. The suitability of lithium, potassium and sodium salts as battery 

electrolytes and also the applicability of the EMI[B(CN)4] as solvent for the electrolytes have 

been investigated.
20

 EMI[B(CN)4] is also suitable for electrolytes used in dye-sensitized solar 

cells, because of its low viscosity and high thermal stability.
21

 Furthermore, this 

tetracyanidoborate is convenient in comparison with other low-viscosity melts of 1-Ethyl-3-

methylimidazolium compounds, due to its stability under prolonged thermal stress and light 
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soaking.
22

 Moreover, another tetracyanidoborate salt, [(C3H7)4N][B(CN)4], is used for the 

modification of membranes in pervaporation membrane separation processes.
18, 23, 24

 

 

1.3 Rare earth elements and their compounds 

 

The rare earth elements (REEs) include the 15 lanthanides (Z = 57 through 71) and the 

transition metal elements scandium und yttrium (Z = 21 and 39). The name ñrare earthò 

derives from the rare earth minerals from which these metals were originally isolated in the 

18th and 19th centuries. Actually, most of the REEs are rather abundant in nature. The Earth´s 

crust even contains more cerium, the most abundant REE, than copper or lead.
25

 In spite of 

the very similar physicochemical properties of all REEs, they are traditionally divided into 

two groups: the light REEs and the heavy REEs. The light REEs are the lanthanide elements 

with lower atomic numbers and are generally more abundant in the Earth crust´s than the 

heavy REEs with higher atomic numbers. Even though yttrium has the second lowest atomic 

number of all REEs, it is generally classified into the heavy REEs because of the chemical 

and physical similarities. REEs can furthermore be separated into three groups corresponding 

to their solubility: the insoluble cerium group or ñlight REEsò (La, Ce, Pr, Nd, Sm); the 

slightly soluble terbium group or ñmiddle REEsò (Eu, Gd, Tb, Dy); and the soluble ytterbium 

group or ñheavy REEsò (Ho, Er, Tm, Yb, Lu, Y). However, if the separation takes place in 

aqueous-organic biphasic extraction processes, rare earth ions with different extraction 

behaviors can presumably be separated into different groups.
25, 26

  

The REEs have been found in soils
27

, river waters
28

, seawater
29

 and even in the deep-sea mud 

in the Pacific Ocean
30

. They are never found as pure elements, but in various minerals like 

phosphoriters
31

 and silicates
32

. Because rare earth metals react very easily with oxygen of the 

ambient atmosphere, the most stable rare earth compounds are the oxides. Usually, the rare 

earth ions in oxides have a trivalent state, but in the case of Ce, Pr and Tb, divalent or 

tetravalent states are also known.
33

 Further known rare earth compounds are among others 

their borides
34

, halides
35

, carbonates
36

, sulfates
37

, hybrides
38

 and alloys
39

. 
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1.4 Properties and applications of rare earth compounds 

 

The coordination chemistry of rare earth metal cations can be compared with that of the d-

type transition metal ions. Formerly, this coordination chemistry was of interest only for 

separation of rare earth metal cations from each other. Later, the interest in other aspects of 

coordination chemistry has developed and grown together with a substantial increase in 

investigative efforts and theoretical interpretations in the area of coordination compounds. 

The coordination number six is common in some compounds of rare earth metal cations. 

Nevertheless, there are many evidences that the true coordination number of these cations is 

larger than six. For example, many rare earth salts contain more than six water molecules per 

cation. Furthermore, there are complex rare earth species which indicate coordination 

numbers larger than six. Additionally, rare earth metal cations are most commonly associated 

with 7ï12 nearest donor neighbors in many of their crystal structures.
40

 

Most of the REEs have the ground state electron configuration [Xe]4f
x
6s

2
 (x = atomic number 

of REE - 56 (atomic number of Xe+2)). Only four of them (La, Ce, Gd and Lu) have the 

ground state configuration [Xe]4f
x-1

5d
1
6s

2
. Except for lutetium, all lanthanides are classified 

as f-block elements. The other REEs, scandium and yttrium, are members of group 3 of the 

periodic table.
41

 For the lanthanide series, a very regular trend has been observed: the ionic 

radius decreases with the increasing atomic number.
42,43

 This phenomenon is known as the 

lanthanide contraction and is caused by the addition of electrons to the poorly shielding 4f 

orbitals which leads to an increase in effective nuclear charge and, respectively, a decrease in 

ionic radius.
44 

The magnetic, optical and other properties of different REE compounds depend on the 4f 

electrons of the RE ions. In comparison with other REE applications, the use in permanent 

magnets is a quite recent implementation. The first RE-cobalt magnets were developed by 

Strnat around 1970. The development of permanent magnets based on REE-Iron-Boron 

compounds took place in Japan in 1984 with several precursors and parallel developments in 

Europe and in the USA. Whereas traditional magnets, like alnico and hexagonal ferrites, are 

still widely used in the mass production of magnets, most of the high performance permanent 

magnets are nowadays made from RE-intermetallics.
45

 Other known types of RE-magnets are 

i.e. hybrid magnets
46

, molecular magnets
47

 and single molecule magnets (SMM)
48

.  
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Rare earth permanent magnets are desired, because of their high magnetocrystalline 

anisotropy, i.e. the constancy of magnetization direction against the crystal axes.
45

 Compared 

with isotropic magnets, the anisotropic magnets have high coercivity and can be used in 

devices, in which a specific magnetic field orientation is needed. Moreover, hybrid bonded 

magnets have been developed in order to improve the magnetic properties. REE containing 

magnets with higher density and decreasing content of organic binder were obtained in the 

same way.
46 

Furthermore, rare earth coordination complexes can act as single-molecule-

magnets as a consequence of their large magnetic anisotropy.
48

 

Nowadays many luminescent materials, also called phosphors, are based on rare earth metal 

cations. These phosphors often improve the devices, in which they are applied. Optical 

emissions of rare earth ions are usually due to the transitions within the 4f
n 

configuration. 

Because the f-electrons are well shielded from the chemical environment by the 5s
2
5p

6
 filled 

sub-shells, they almost retain their atomic character. The f-f-emission spectrum is therefore 

composed of sharp lines. Furthermore, f-f-transitions are partially forbidden and many of 

them are also spin forbidden. For that reason, these transitions are commonly very slow with 

durations from microseconds to milliseconds.
49, 50

  

All trivalent rare earth ions, except for Sc
III

, Y
III

, La
III

 and Lu
III

 are luminescent. Gd
III

 has 

ultraviolet luminescence (312ï315 nm), Pr
III

, Sm
III

, Eu
III

, Tb
III

, Dy
III

 and Tm
III

 typically 

exhibit visible luminescence and Nd
III

, Ho
III

, Er
III

 and Yb
III

 emit in the near-infrared range. 

Some of them show fluorescence, others phosphorescence. Laporte-forbidden f-f-transitions, 

which cause rare earth luminescence, have weak oscillator strengths. They are not able to 

absorb electromagnetic radiation well. The excited states can be easily quenched by high 

energy vibrations such as O-H, N-H or C-H oscillators located both in the inner and outer 

coordination spheres. Therefore, a lanthanide (Ln(III))  ion needs an adequate environment 

including ligands with suitable chromophoric groups to harvest light and afterwards populate 

the metal-ion excited states through energy transfer, while simultaneously providing a rigid 

and protective coordination shell to minimize non-radiative de-activation.
50

 The 

chromophoric group absorbs the optical energy, which is transferred to a triplet state of the 

ligand by the intersystem crossing and is after that intramolecularly shifted to the Ln(III) 

ion.
51 

A ligand adequate for rare earth metal cations in high luminous phosphors should have high 

molar absorptivity and efficient intersystem crossing from singlet to triplet state. The 

intramolecular energy transfer from the triplet state of the ligand to the resonance level of the 
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Ln(III) ion is one of the most important processes influencing luminescence quantum yields 

of the Ln(III) chelates. The quantum yield is maximized, when the transfer takes place from 

the lowest triplet state of the ligand directly to the lowest excited level of Ln(III).
 

Nevertheless, the luminescence of rare earth ions can be easily degraded by quenching 

mechanisms. Inorganic rare earth phosphors with quantum yields close to the unity were 

described as well as REE based luminescent materials with quantum yields even larger than 

unity.
49, 50, 51
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2 Goals 

 

 

Since 2000, five main methods have been developed for the synthesis of the 

tetracyanidoborate anion:
52 

1. The reaction of [Bu4N][BX4] (X = Br, Cl) with KCN at 120ï180°C.
52

 

2. The reaction of Et2O·BF3 with Me3SiCN at room temperature under formation of an 

intermediate, Me3SiNCB(CN)3, and subsequent hydrolysis to [B(CN)4]
-
.
53

 

3. The reaction of M[BF4] (M = Li,K) with Me3SiCN under formation of [BF2(CN)2]
-
 or 

[BF(CN)3]
-
 depending on the reaction conditions and subsequent thermal conversion 

to [B(CN)4]
-
.
53, 54

 

4. The reaction of BF3·OEt2 with KCN in CH3CN to [BF3CN]
-
 or [BF2(CN)2]

-
 depending 

on the reaction conditions followed by a thermal conversion to [B(CN)4]
-
.
7
  

5. A molten flux reaction of KCN with KBF4 in LiCl at 300°C.
7
 

The first method is relatively slow (with a duration of one to three weeks) and it is not always 

reproducible. In addition, it produces tetrabutylammonium tetracyanidoborate, from which the 

further tetracyanidoborates can only be converted via the silver salt. The tetracyanidoborates 

prepared according to the methods 2ï4 contain variable amounts of impurities. Furthermore, 

the yields of these methods are not very satisfying. Contrary to the other methods, method 5 

enables the preparation of tetracyanidoborates in large amounts with high purity and proper 

yields within a day. Therefore, the molten flux reaction of KCN with KBF4 in LiCl has 

superior characteristics and is the most promising method for synthesis of 

tetracyanidoborates.
52

 

The product of the method 5, the potassium tetracyanidoborate, works as a precursor for other 

alkali metal tetracyanidoborates.
9
 By treating K[B(CN)4] with tri-n-propylamine and 

concentrated hydrochloric acid, tri-n-propylammonium tetracyanidoborate can be formed. 

This ionic liquid reacts with LiOH, NaOH or CsOH and the corresponding alkali metal 

tetracyanidoborates are received. The synthesis of the fourth alkalimetal tetracyanidoborat, 

[Rb(CN)4], is very similar to the previous synthesis. Hereby, the sodium salt is the precursor 

instead of the potassium salt and triethylamine is used in place of tri-n-propylamine to form a 
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triethylammonium tetracyanidoborate. This in turn reacts with hydrous RbOH and the 

reaction leads to the formation of rubidium tetracyanidoborate.
9
 

A salt metathesis reaction is another possibility to prepare different tetracyanidoborates from 

the potassium tetracyanidoborate. For example, a reaction of K[B(CN)4] with CuCl in water 

leads to the precipitation of Cu[B(CN)4] and KCl solution.
7
 The reaction also occurs between 

K[B(CN)4] and Hg(NO3)2, whereby a poorly water-soluble Hg[B(CN)4]2 is formed.
10

 Along 

with the mercury compound, further tetracyanidoborates with divalent cations can similarly 

be prepared through salt metathesis.
11

 In these reactions it 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 third alternative synthesis of tetracyanidoborates is a reaction of a metal oxide, hydroxide 

or carbonate with the strong tetracyanidoboronic acid, H[B(CN)4]. The acid is received by 

treatment of an aqueous solution of alkali metal tetracyanidoborate with an acidic cation 

exchange resin.
12

 Among others, the tetracyanidoborate compounds with divalent copper, 

zinc, cobalt, magnesium and calcium have been synthesized this way.
11,13,14,15

 Furthermore, 

the first tetracyanidoborate with a triply charged metal cation, the iron(III) tetracyanidoborate, 

was prepared by the reaction between metal hydroxide and H[B(CN)4].
8
 

The tetracyanidoborate anion has been found to be very stable chemically and thermally.
5,7 

It 

can be heated in boiling water or in boiling concentrated hydrochloric acid for hours without 

decomposition. Similarly, in anhydrous HF at 50°C the anion stays mostly undecomposed for 

about one hour.
5
 The tetracyanidoborates with alkali metal cations are thermally stable up to 

500°C, where the anion starts to decompose. The lower decomposition temperatures of the 

tetracyanidoborates are caused by the decomposition of the countercations, for example 

organic cations in some ionic liquids.
9
 Compounds with chemically robust anions, like 

[B(CN)4]
-
, are generally of scientific and economic interest because of their possible 

applications in ionic liquids, in electrolytes and as stabilizers of unusual cations.  

Because of the superior properties of the [B(CN)4]
-
 anion, the tetracyanidoborates have further 

applications as precursors for other borates. For example, through fluorination of 

tetracyanidoborate in anhydrous HF solution with an excess of ClF3, the chemically rather 

inert tetrakis(trifluoridomethyl)borate anion, [B(CF3)4]
-
, is accessible.

55
 In contrast, related 

reactions of nitriles with chlorine fluorides most often lead to simple addition reactions to the 

R-CſN triple bond, resulting in R-CF2-NCl2 or R-CF2-NFCl compounds.
56

 Moreover, the 
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corresponding carboxylate anion, [B(CO2H)4]
-
, was for the first time prepared from 

[nBu4N][B(CN)4] by ethylation and subsequent hydrolysis.
57

 The three anions [B(CN)4]
-
, 

[B(CO2H)4]
-
, and [B(CF3)4]

-
 with electron-poor ligands coordinated to the boron atom are 

homoleptic among one another, and they are furthermore promising precursors for other 

homoleptic boron complexes with four ligands bounded to boron through carbon.  

During the preparation of Cu[B(CN)4] it was accidentally found that the tetracyanidoborate 

anion is unstable in the presence of fluoride in aqueous solution, forming 

tricyanidofluoridoborate species.
58

 Therefore, the [B(CN)4]
-
 anion can also be regarded as a 

precursor for the [BF(CN)3]
-
 anion,  where the lithium salt is an outstandingly well 

performing conducting salt for lithium ion batteries.
59

 Another modification for the 

tetracyanidoborate anion was found in 2011, when the tricyanidoborate anion [B(CN)3]
2-

 was 

obtained by reductive B-C bond fission in [B(CN)4]
-
 by alkaline metals in liquid ammonia at -

40°C. This unusual dianion contains nucleophilic boron in the formal oxidation state +1 and 

has an unexpected high stability, because of the extreme acidity of the underlying, uncharged 

Lewis acid, B(CN)3. Furthermore, the salts of the reactive tricyanido dianion are nucleophilic 

reagents with promising chemisty.
60 

The main goal of this work is the description of the preparation of new tetracyanidoborate 

hydrates with triply charged rare earth metal cations by applying common synthetic routes for 

tetracyanidoborates mentioned above. After a successful preparation in high yields and purity, 

the next step is to characterize the new salts comprehensively by X-ray diffraction, vibrational 

spectroscopy, NMR-spectroscopy as well as by thermal analysis. Due to the optical properties 

of rare earth cations, their tetracyanidoborates can also be luminescent. Therefore, they have 

possible applications in phosphors. Thus, another goal is to investigate the optical properties 

of some dehydrated rare earth tetracyanidoborates by UV-spectroscopy and luminescence 

measurements. Furthermore, the suitability of the tetracyanidoborate ion as luminescence 

intensity improving counterion for rare earth cations is to estimate. 
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3 Results and discussion 

 

 

Tetracyanidoborates rise common interest due to their superior chemical and physical 

properties. Furthermore, these compounds with trivalent rare earth metal cations are even 

more interesting, because of the exceptional character of the cations. The oxidation number 

+3 is very common among 4f elements. They form compounds and complexes with high 

coordination numbers, like 8 or 9. In the rare earth series, the decrease in ionic radii of the 

cations from 1.216 Å (La
3+

) to 0.997 Å (Lu
3+

) causes a break between Gd and Tb compounds 

accompanied by a reduction of the coordination number from nine to eight. With decreasing 

ionic radii, the coordination space gets smaller which leads to smaller coordination 

numbers.
61,62

 This trend is also perceivable in the tetracyanidoborates with rare earth metal 

cations. They are therefore divided into two groups. The fact that these compounds are among 

[Fe(H2O)6]
8
 one of the firsts tetracyanidoborates with triply charge metal cations, makes them 

even more desirable.  

 

In this section, the tetracyanidoborates with trivalent rare earth metal cations, 

[RE(H2O)x][B(CN)4]3·y H2O, (RE = La
3+

, Ce
3+

, Pr
3+

, Nd
3+

, Sm
3+

, Eu
3+

, Gd
3+

, Tb
3+

, Dy
3+

, 

Ho
3+

, Er
3+

, Tm
3+

, Yb
3+

, Lu
3+

 and Y
3+

; x = 5, 7, 8; y = 0, 0.5, 2, 3),
 
are described. They were 

synthesized and characterized for the first time by means of X-ray crystallography, vibrational 

spectroscopy and nuclear magnetic resonance spectroscopy. Additionally, the thermal stability 

and solubilities were determined with the ulterior motive to prepare anhydrous compounds. 

The results of these salts are compared with previously characterized tetracyanidoborates and 

rare earth compounds. 

 

3.1 Syntheses 

 

The starting material K[B(CN)4] was synthesized as described by E. Bernhadt et al.
7
 utilizing 

the  molten flux reaction of KCN with KBF4 in LiCl. 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 earth tetracyanidoborates through different 

methods. The first and the best method was the reaction with the strong acid H[B(CN)4] 
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MeOH 

Dowex Marathon A 

[B(CN)4]
- form 

which reacts with metal hydroxides forming the corresponding salt of the metal and water as 

byproduct. This reaction was carried out with each rare earth compound, whose oxides form 

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, Ce(OH)3, 

Pr(OH)3, Ho(OH)3 and Yb(OH)3 were precipitated from aqueous solutions of their 

corresponding metal chlorides with concentrated NH3 and used directly after precipitation. 

The reaction with H[B(CN)4] is shown in equation 3.1.1. 

RE(OH)3 + 3 H[B(CN)4](aq) [RE(H2O)n][B(CN)4]3 + 3 H2O                         (3.1.1.)  

(RE = La
3+

 ï Lu
3+

, Y
3+

, except Pm
3+

; n = 5, 7 or 8 depending on the reaction conditions)  

The metathesis reaction between K[B(CN)4] and hydrous rare earth chloride was performed 

with lanthanum, cerium, neodymium and holmium compounds (equation 3.1.2.) 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 was observed 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 an anion-exchange 

process. Hereby, a solution of CeCl3 was slowly rinsed through a column filled with [B(CN)4]
-
 

anions (equation 3.1.3.). An X-ray diffraction measurement and ICP-OES (inductively 

coupled plasma optical emission spectrometry) analysis showed that the product contained 

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 attempted to be received 

similarly through the anion-exchange process without better results.  

 

RECl3·xH2O + 3 K[B(CN)4] [RE(H2O)x(CH3OH)y][B(CN)4]3 + 3 KCl ®        (3.1.2) 

 (RE = Ce
3+

, La
3+

, Nd
3+

, Ho
3
) 

 

 

CeCl3(aq)      Ce[B(CN)4]3(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 tetracyanidoborates, the reaction with tetracyanidoboronic 
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acid has been chosen as the most suitable reaction to form new rare earth salts, 

[RE(H2O)x][B(CN)4]3·yH2O (x = 5, 7, 8; y = 0, 0.5, 2, 3). The new tetracyanidoborates have 

been obtained from aqueous solution after evaporating the solvent in high purity. 

 

3.2 Single crystal structure analysis 

 

Suitable crystals for single-crystal X-ray determination are available from aqueous solutions 

of the cerium (1)
16

, lanthanum (2), gadolinium (3), terbium (4), dysprosium (5), yttrium (6), 

erbium (7 and 8) and lutetium (9) compounds (Fig. 3.2.1 ï 3.2.11). The crystal of the cerium 

structure (1) was grown from aqueous solution and crystallographic characterized by Dr. 

Küppers. The crystal of the lanthanum structure (2) was obtained from aqueous solution, 

which also contained acetone, acetonitrile and chloroform. Both the crystals of gadolinium 

compound (3) and erbium compound (8) were grown from aqueous acetone-chloroform 

mixture, the crystal of structure 4 from water and the crystals for 5 and 6 from aqueous 

mixture of acetonitrile and chloroform.  The crystal for the erbium structure (7) was obtained 

by MSc. Falk from water solution and the structure 9 was grown from aqueous acetone-

acetonitrile-ethanol-chloroform mixture. Different solvents were used to optimize the 

crystallization time and environment and for the improvement of the crystal quality. The 

crystals for the structures 2-6, 8 and 9 were grown at lower temperature than the crystal for 

the structure 7. The crystallization occurred by slow evaporation under atmospheric pressure. 

Crystallographic data of the cerium (1) and the lanthanum (2) compound is given in Table 

3.2.1. 
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Table 3.2.1. Crystallographic data of the tetracyanidoborates [Ce(H2O)5][B(CN)4]3·0.5 H2O (1) and 

       [La(H2O)8][B(CN)4]3 · 2 H2O (2). 

 

 

Crystals of [Ce(H2O)5][B(CN)4]3·0.5 H2O consist of cerium (III) cations, coordinated 

tetracyanidoborate anions, five coordinated water molecules and half a co-crystallized water 

molecule per cation. The compound crystallizes in the monoclinic space group P21/n with 

eight formula units in the primitive cell (Fig. 3.2.1). Each cation is nine-coordinated by five O 

atoms of water molecules and four N atoms of four different tetracyanidoborate anions in a 

monocapped square antiprismatic geometry (Fig. 3.2.2). With the Ce-O distances (avg. 2.483 

Å) being shorter than Ce-N distances (avg. 2.683), there is a distortion away from the ideal 

geometry. Bond lengths for [Ce(H2O)5][B(CN)4]3·0.5 H2O are given in Table 3.2.2 and bond 

angles in Table 3.2.3. 

Compound 1 2 

Formula C12H11B3CeN12O5.5 C12H20B3LaN12O10 

Fw (g mol
-1
) 583.84 663.74 

T (K) 173 173 

Cryst. Syst. Monoclinic Monoclinic 

Space group P21/n (no. 14) P21/c (no. 14) 

Z 8 4 

a (Å) 15.394(1) 12.5764(2) 

b (Å) 10.8138(7) 13.3718(2) 

c (Å) 33.341(2) 18.1478(2) 

a (°) 90 90 

ɓ (°) 103.255(3) 106.151(3) 

g (°) 90 90 

V (Å
3
) 5402.24(7) 2931.45(6) 

rcalc. (g cm
-3
) 1.436 1.504 

m (mm
-1
) 1.73 1.52 

l (Å) 0.71073 0.71073 

No. of parameters 606 424 

GOF on F
2 

0.550 1.012 

R indices [I > 2s(I)]  R1 = 0.0378 R1 = 0.0310 

 wR2 = 0.0556 wR2 = 0.0616 

Weighting A/B 0 0.0186/2.2551 
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Figure 3.2.1. View of a part of the chain structure of [Ce(H2O)5{6
3
N[B(CN)4]} 3]·0.5 H2O (1). 

 

 

 

Figure 3.2.2. Side (left) and top (right) view to show the monocapped square antiprismatic 

coordination environment of Cerium (III) in 1. 
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Table 3.2.2. Selected atom distances (Å) within [Ce(H2O)5][B(CN)4]3·0.5 H2O (1) and 

        [La(H2O)8][B(CN)4]3 · 2 H2O (2). 

 

 

Table 3.2.3. Selected bond angles (°) in [Ce(H2O)5][B(CN)4]3·0.5 H2O (1) and 

        [La(H2O)8][B(CN)4]3 · 2 H2O (2). 

a
Symmetry operations used to generate equivalent atoms: #1: 1+x, -1+y,z; #2: x, 0.5 ïy, z + 0.5. 

b
 Acute angles. 

c 
Obtuse angles. 

 

 

Two of the cyanido groups of every third [B(CN)4]
-
 unit coordinate to two neighbouring Ce

3+
 

ions resulting a chain structure in which the tetracyanidoborate anions are bridging the cerium 

cations. Other [B(CN)4]
-
 anions are singly coordinated with the cation so that each cation is 

coordinated by two single coordinated and two twofold coordinated tetracyanidoborate 

anions. Within the [B(CN)4]
-
 anion two of the CN groups are bonded to the cerium cation, 

while the other two are non-coordinating. Consequently, the anion is distorted from an ideal 

tetrahedron with C-B-C bond angles ranging from 106.516° to 111.646°. This is also 

Compound 1 2 

Cation:   

RE-O 2.4454(1) ï 2.5298(1) 2.5023(2) ï  2.5798(2) 

Average 2.483 2.537 

RE-Ncoord.  2.6691(2) ï 2.7332(2) 2.7424(2)  

RE-N2.coord. 2.6288(1) ï 2.7017(2) - 

RE-Nnoncoord. 6.6149(4) ï 7.1411(4) 4.1743(4) ï  8.7483(1) 

Average 4.745 6.435 

   

Anion:   

B-C 1.5759(1) ï 1.6104(1) 1.5789(1) ï 1.5968(1) 

Average 1.591 1.588 

C-Ncoord.       1.1461(1) ï 1.1477(1) 1.1361(3) 

C-Ncoord.2       1.1365(1), 1.1402(1) - 

C-Nnoncoord.       1.1265(1) ï 1.1548(1) 1.1287(1)  ï 1.1381(1)  

Average 1.142 1.135 

Compound 1 2 

Cation:   

O-RE-O
 

71.440(3) ï 88.644(3)
 b
 66.615(4) ï 83.041(3)

 b
 

O-RE-O
 

   132.566(3) ï 147.748(4)
c
 90.532(4) ï 140.173(4)

c
 

O-RE-N
 

          65.065(3) ï 88.253(3)
a #1, b 

66.754(4) ï 71.737(4)
b 

 
          97.314(3) ï 137.561(5)

a #1, c 
110.811(4) ï 143.607(5)

a #2, c 

N-RE-N           65.808(3) ï 67.001(2)
b 

 
 

          126.103(4) ï 140.816(3)
c 

 

Anion:   

C-B-C           106.516(5) ï 111.646(4) 107.066(6) ï 112.439(6) 

N-C-B           175.481(6) ï 179.466(7) 174.930(9) ï 179.501(9) 
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observable in the vibrational spectra where two different C-N absorption frequencies are 

found. The average C-N and B-C bond distances are comparable to those found in other 

tetracyanidoborates with singly, divalent or triple charged cations.
8, 9, 11, 13-15, 17

 

The structure of the lanthanum compound (2) (Fig. 3.2.3) contains more water and therefore, 

the tetracyanidoborate anions do not coordinate with the rare earth metal cation as efficiently 

as in the cerium structure (Fig. 3.2.1). Crystals of [La(H2O)8][B(CN)4]3 · 2 H2O consist of 

lanthanum (III) cations, one third coordinated and two-thirds isolated tetracyanidoborate 

anions, and also eight coordinated and two co-crystallized water molecules per cation. Each 

cation is nine-coordinated by eight O atoms of water molecules and one N atom of 

tetracyanidoborate anion in a tricapped trigonal prismatic geometry (Fig. 3.2.4). It is slightly 

distorted from ideal tricapped trigonal prism, as it is typical for the UCl3 type structure.
64 

 

 

Figure 3.2.3. View of the coordination environment of the La
3+

 ion in [La(H2O)8][B(CN)4]3·2 H2O 

                       (2). 

 

 
Figure 3.2.4. Side (left) and top (right) view to show the tricapped trigonal prismatic coordination 

          environment of Lanthanum (III) in 2. 
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In the lanthanum structure (2) only one CN group of 12 possible CN groups within three 

tetracyanidoborate anions coordinates the La
3+

 ion. Due to the coordination of one CN group 

per La
3+ 

ion, the distortion of the tetracyanidoborat anion from an ideal tetrahedron is 

certainly even larger than of the non-coordinates anions and almost as large as in compound 1 

(Table 3.2.3). Hence, the non-coordinated anions are slightly distorted, which indicates 

considerable interaction between the TCB anions and water molecules (hydrogen bonds 

presented in the chapter 8.1 in appendix). The average C-N and B-C bond distances (Table 

3.2.2) in compound 2 are similar to those in compound 1 and to other tetracyanidoborates.
8, 9, 

11, 13ï15, 17
   

The isostructural compounds 3ï6 contain isolated octa-aqua-rare-earth metal (III) cations, 

[RE(H2O)8]
3+

, discrete [B(CN)4]
-
 anions and co-crystallized water molecules with monoclinic 

symmetry of space group C2/c (Fig. 3.2.5 and 3.2.6). Crystallographic data of the compounds 

3ï6 are given in Table 3.2.4 and 3.2.5 and bond lengths and bond angles within these 

compounds in Tables 3.2.6 ï 3.2.9. 

  



19 

 

Table 3.2.4. Crystallographic data of the [Gd(H2O)8][B(CN)4]3 · 3 H2O (3) and 

                     [Tb(H2O)8][B(CN)4]3  · 3 H2O (4). 

 

 

  

 

 

 

  

Figure 3.2.5. View of [RE(H2O)8]
3+

 and [B(CN)4]
-
 ions with co-crystallized water molecules  

           in [Gd(H2O)8][B(CN)4]3·3H2O (3) (left) and [Tb(H2O)8][B(CN)4]3·3H2O (4) (right). 

Compound 3 4 

Formula C12H22B3GdN12O11 C12H22B3TbN12O11 

Fw (g mol
-1
) 700.10 701.776 

T (K) 173 173 

Cryst. Syst. Monoclinic Monoclinic 

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

Z 8 8 

a (Å) 15.9945(1) 15.9786(8) 

b (Å) 20.6481(1) 20.5317(8) 

c (Å) 21.2210(1) 21.1413(8) 

a (°) 90 90 

ɓ (°) 112.175(4) 112.226(3) 

g (°) 90 90 

V (Å
3
) 6489.99(7) 6420.45(5) 

rcalc. (g cm
-3
) 1.418 1.436 

m (mm
-1
) 2.1 2.26 

l (Å) 0.71073 0.71073 

No. of parameters 420 420 

GOF on F
2 

1.131 0.981 

R indices [I > 2s(I)]  R1 = 0.0290 R1 = 0.0337 

 wR2 = 0.0726 wR2 = 0.0762 

Weighting A/B 0.0233/8.2019 0.0263/0 
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Figure 3.2.6. View of [RE(H2O)8]
3+

 ion and [B(CN)4]
-
 ions with co-crystallized water molecules in 

           [Dy(H2O)8][B(CN)4]3·3H2O (5) (left) and [Y(H2O)8][B(CN)4]3·3H2O (6) (right).  

  

 

 

  

 

Figure 3.2.7. Side (left) and top (right) view to show the octa-coordinated RE(III)  cations in trigonal 

          dodecahedral geometry in compounds 3-6 and 8. 
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Table 3.2.5. Crystallographic data of [Dy(H2O)8][B(CN)4]3· 3H2O   (5) and   

                     [Y(H 2O)8][B(CN)4]3·3H2O (6). 

Compound 5 6 

Formula C12H22B3DyN12O11 C12H22B3YN12O11 

Fw (g mol
-1
) 705.342 631.756 

T (K) 173 173 

Cryst. Syst. Monoclinic Monoclinic 

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

Z 8 8 

a (Å) 16.0293(3) 16.0468(7) 

b (Å) 20.5472(4) 20.5478(9) 

c (Å) 21.1881(4) 21.1799(9) 

a (°) 90 90 

ɓ (°) 112.234(1) 112.259(2) 

g (°) 90 90 

V (Å
3
) 6459.58(2) 6463.16(5) 

rcalc. (g cm
-3
) 1.425 1.273 

m (mm
-1
) 2.37 1.86 

l (Å) 0.71073 0.71073 

No. of parameters 420 419 

GOF on F
2 

1.072 1.015 

R indices [I>2s(I)]  R1 = 0.0254 R1 = 0.0379 

 wR2 = 0.0616 wR2 = 0.0873 

Weighting A/B 0.0225/3.5427 0.0353/1.0334 

 

 

 

In the structures of compounds 3ï6 eight water molecules are coordinated to the RE
3+

, 

whereas all tetracyanidoborate anions exist isolated in the structure, and three co-crystallized 

water molecules per each RE
3+

. The non-coordinated, isolated tetracyanidoborate anions 

usually have ideal tetrahedral C-B-C bond angles about 109.5°. However, the environment 

around the B atom of the anion is distorted from the ideal tetrahedron in all compounds 3-6 

(Tables 3.2.8 and 3.2.9) although direct coordination between the cyanido nitrogen atoms and 

the rare earth(III) ions is not observed. The distortion in compounds 3-6 is due to the 

interaction between the cyanido groups and the water molecules. Hydrogen bonds in 

compounds 3ï6 are given in chapter 8.1 in appendix. 
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Table 3.2.6. Selected atom distances (Å) within and [Gd(H2O)8][B(CN)4]3 · 3 H2O (3) and  

                     [Tb(H2O)8][B(CN)4]3 · 3 H2O (4).   

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Table 3.2.7. Selected atom distances (Å) within [Dy(H2O)8][B(CN)4]3· 3H2O  (5) and  

                     [Y(H 2O)8][B(CN)4]3·3H2O (6). 

Compound 5 6 

Cation:   

RE-O 2.3240(0) ï 2.4004(0) 2.3093(1) ï 2.3910(1) 

Average 2.359 2.354 

RE-N 4.5352(1) ï 13.2585(2) 4.5293(1) ï 13.2688(4) 

Average 8.368 8.374 

Anion:   

B-C 1.5849(0) ï 1.5910(0) 1.5812(2) ï 1.5935(2) 

Average 1.588 1.588 

C-N 1.1361(0) ï 1.1431(0) 1.1337(2) ï 1.1428(2) 

Average 1.139 1.137 

 

 

Table 3.2.8. Selected bond angles (°) in [Gd(H2O)8][B(CN)4]3 · 3 H2O (3) and 

        [Tb(H2O)8][B(CN)4]3 · 3 H2O (4).   

 

 

 

a
Symmetry operation used to generate equivalent atoms:-x,y,0.5-z. 

b
 Acute angles. 

c 
Obtuse angles. 

 

 

Compound 3 4 

Cation:   

RE-O 2.3546(1) ï 2.4311(1) 2.3303(1) ï 2.4062(1) 

Average 2.386 2.363 

    

RE-Nnoncoord. 4.5714(2) ï 13.2852(5) 4.5476(1) ï 13.2261(4) 

Average 8.397 8.354 

   

Anion:   

B-C 1.5825(2) ï 1.5909(2) 1.5755(1) ï 1.5962(1) 

Average 1.587 1.585 

C-Nnoncoord. 1.1360(3) ï 1.1441(2) 1.1245(1) ï 1.1369(1)  

Average 1.139 1.131 

 3 4 

O-RE-O
 

71.487(2) ï 79.842(2)
a, b

 71.398(1) ï 79.968(1)
a, b 

 
91.431(2) ï 144.593(2)

a ,c
 92.273(1) ï 144.452(2)

a ,c 

 
 

 

Anion:   

C-B-C 108.077(3) ï 110.861(2) 108.027(2) ï 111.146(2) 

N-C-B 176.568(6) ï 179.737(4) 176.372(2) ï 179.560(3) 
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Table 3.2.9. Selected bond angles (°) in [Dy(H2O)8][B(CN)4]3· 3H2O  (5) and   

         [Y(H 2O)8][B(CN)4]3·3H2O (6). 

 5 6 

Cation:   

O-RE-O 71.236(1) ï 79.873(1)
a, b 

71.422(1) ï 79.648(1)
a, b 

 92.505(1) ï 144.589(1)
a, c 

92.567(1) ï 144.437(2)
a, c 

Anion:   

C-B-C 107.988(1) ï 111.041(1) 108.211(3) ï 110.957(2) 

N-C-B 176.570(1) ï 179.472(1) 176.480(4) ï 179.467(3) 
a
Symmetry operation used to generate equivalent atoms: -x,y,0.5-z. 

b
Acute angles. 

c
Obtuse angles. 

 

 

Crystals of [Er(H2O)7][B(CN)4]3 (7) contain erbium (III) cations, which are coordinated 

trigonal dodecahedrally by seven O atoms of water molecules and one N atom of a 

tetracyanidoborate anion (Fig. 3.2.8 and 3.2.9). Furthermore, the compound contains two 

discrete [B(CN)4]
-
 anions per Er

3+
 and has monoclinic symmetry of the space group P21/n. 

Crystallographic data of the erbium compounds are given in Table 3.2.10. Only difference 

between compounds 3ï6 and 8 is the occurrence of co-crystallized solvent molecules (Fig. 

3.2.5, 3.2.6 and 3.2.10). Whereas compounds 3ï6 contain three co-crystallized water 

molecules per unit, compound 8 contains only one co-crystallized acetone molecule. As well 

as in compounds 3ï6, the rare earth metal (III) cations in 8 are coordinated trigonal 

dodecahedral (Fig. 3.2.7). In compounds 3ï8, the coordination number of the metal cations is 

eight, which is very typical for the heavy rare earth metal cations.
40, 65

 Furthermore, 

monoclinic structures are common among other rare earth compounds.
62, 66

 Bond lengths for 7 

and 8 are given in Table 3.2.11 and bond angles in Table 3.2.12. 
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Figure 3.2.8. View of the coordination environment of the Er
3+ 

ion in [Er(H2O)7][B(CN)4]3 (7). 

 

 

Figure 3.2.9. Side (left) and top (right) view to show the octa-coordinated Er(III)  cations in trigonal 

          dodecahedral geometry in 7. 

 

Figure 3.2.10. View of [Er(H2O)8]
3+

 ion and [B(CN)4]
-
 ions with a co-crystallized acetone molecule  

            in [Er(H2O)8][B(CN)4]3·CH3COCH3 (8). 
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Table 3.2.10. Crystallographic data of the tetracyanidoborates [Er(H2O)7][B(CN)4]3 (7) 

          and [Er(H2O)8][B(CN)4]3·CH3COCH3 (8) 

 7 8 

Formula C12H14B3ErN12O7 C15H22B3ErN12O9 

Fw (g mol
-1
) 638.042 714.136 

T (K) 173 173 

Cryst. Syst. Monoclinic Monoclinic 

Space group P21/n (no. 14) C2/c (no. 15) 

Z 8 8 

a (Å) 13.7705(5) 16.2090(4) 

b (Å) 21.2528(7) 20.5676(4) 

c (Å) 19.1657(7) 21.2564(4) 

a (°) 90 90 

ɓ (°) 96.501(2) 112.379(1) 

g (°) 90 90 

V (Å
3
) 5573.0(3) 6552.75(2) 

rcalc. (g cm
-3
) 1.521 1.448 

m (mm
-1
) 3.09 2.62 

l (Å) 0.71073 0.71073 

No. of parameters 744 363 

GOF on F
2 

1.049 1.047 

R indices [I > 2s(I)]  R1 = 0.0231 R1 = 0.0614 

 wR2 = 0.0718 wR2 = 0.1478 

Weighting A/B 0.0209/1.6942 0.0705/0 

 

 

Table 3.2.11. Selected atom distances (Å) within [Er(H2O)7][B(CN)4]3 (7), and 

                       [Er(H2O)8][B(CN)4]3·CH3COCH3 (8) 

 7 8 

Cation:   

RE-O 2.2700(1) ï 2.3819(1) 2.3092(0) ï 2.3822(0) 

Average 2.325 2.338 

RE-Ncoord.      2.5062(1) ï 2.5283(1) - 

RE-Nnoncoord. 4.2542(1) ï 12.3838(3) 4.5192(1) ï 13.3711(2) 

Average 4.955 8.426 

Anion:   

B-C 1.5796(0) ï 1.6034(0) 1.5720(0) ï 1.6098(0) 

Average 1.591 1.593 

C-Ncoord. 1.1385(0) ï 1.1424(0) - 

C-Nnoncoord. 1.1367(0) ï 1.1473(0) 1.1053(0)  ï 1.1509(0) 

Average 1.141 1.1261 
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Table 3.2.12. Selected bond angles (°) in [Er(H2O)7][B(CN)4]3 (7), and 

          [Er(H2O)8][B(CN)4]3·CH3COCH3 (8) 

 7 8 

Cation:   

O-RE-O 69.169(1) ï 85.529(1)
a #1,b 

71.038(1) ï 79.249(1)
a #2, b 

   91.981(2) ï 148.114(2)
a #1,c 

  90.029(1) ï 145.011(1)
a #2, c 

O-RE-N 69.574(2) ï 78.043(1) - 

 125.718(2) ï 144.278(2) - 

Anion:   

C-B-C 106.544(2) ï 112.964(3) 108.296(2) ï 111.346(1) 

N-C-B 175.214(4) ï 179.659(4) 174.868(2) ï 179.377(1) 
a
Symmetry operations used to generate equivalent atoms: #1: x, y, z;  #2: -x, y, 0.5-z. 

b
 Acute angles. 

c 
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 compound 9 is given in 

table 3.2.13. 

Table 3.2.13. Crystallographic data of [Lu(CH3CH2OH)(H2O)7][B(CN)4]3 ·CH3CH2OH·0.5 H2O (9). 

 

  

Formula C16H27B3LuN12O9.5 

Fw (g mol
-1
) 746.895 

T (K) 173 

Cryst. Syst. Orthorhombic 

Space group P212121  (no. 19) 

Z 8 

a (Å) 13.2635(3) 

b (Å) 19.9227(4) 

c (Å) 25.0425(6) 

a (°) 90 

ɓ (°) 90 

g (°) 90 

V (Å
3
) 6617.35 

rcalc. (g cm
-3
) 1.499 

m (mm
-1
) 3.04 

l (Å) 0.71073 

No. of parameters 748 

GOF on F
2 

1.162 

R indices [I > 2s(I)]  R1 = 0.0420 

 wR2 = 0.0908 

Weighting A/B 0.0124/21.3788 
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The orthorhombic compound 9 contains isolated hepta-aqua-rare-earth metal (III) cations with 

a coordinated ethanol molecule, [B(CN)4]
-
 anions and co-crystallized ethanol and water 

molecules with orthorhombic symmetry of the space group P212121. With one coordinated 

ethanol molecule and seven coordinated water molecules (Fig. 3.2.11), the coordination 

number of the lutetium ion is eight, just like in the coordination number of other rare earth 

cations in compounds 3-8. Whereas other eight-coordinated rare earth cations in 3ï8 have a 

trigonal dodecahedral coordination environment, the octa-coordinated lutetium cation is in 

square antiprismatic geometry in compound 9 (Fig. 3.2.12). Atom distances and bond angles 

within the lutetium compound are given in Tables 3.2.14 and 3.2.15. 

 

 

  

 

 

 

 

 

 

Figure 3.2.12. Side (left) and top (right) view to show the octa-coordinated Lu(III)  cations in square  

            antiprismatic geometry in 9. 

Figure 3.2.11. View of the coordination environment of the Lu
3+ 

ion in  

            [Lu(CH3CH2OH)(H2O)7][B(CN)4]3·CH3CH2OH, 0.5 H2O (9). 
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Table 3.2.14. Selected atom distances (Å) within 9. 

 

 

 

 

 

 

 

 

 

Table 3.2.15. Selected bond angles (°) in 9. 

 

 

 

 
a
Symmetry operation used to generate equivalent atoms: x, y, z. 

b
 Acute angles. 

c 
Obtuse angles. 

 

 

Like in every rare earth tetracyanidoborate analyzed so far, in the compound 9 the 

environment around the B atom is also distorted. Therefore, the tetracyanidoborate anion is no 

longer an ideal tetrahedron (C-B-Crange: 107.24°ï111.81°). The distortion is again due to the 

remarkable interaction between the cyanido groups and the water molecules (hydrogen bonds 

in compound 9 are presented in chapter 8.1. in appendix). 

The rare earth tetracyanidoborates crystallize in monoclinic crystal system. However, the 

heaviest rare earth compound also crystallizes with orthorhombic morphology. Similarly, the 

heavier rare earth bishydroxychlorides have been found to crystallize in the orthorhombic 

crystal system, as this becomes energetically more favorable.
67 

The RE-O distance seems to get shorter along with the decreasing ionic radii in the rare earth 

series.
65, 68, 69

 It can be expected from crystallographic evidence that the RE
3+

-H2O interaction 

distance is around 2.3ï2.4 Å. The distance gets shorter along with decreasing ionic radii in the 

rare earth tetracyanidoborates (Table. 3.2.16). Due to the lanthanide contraction in the series 

Cation:  

Lu-OH2O 2.2314(6) ï 2.3818(5) 

Average 2.307 

Lu-OEtOH 2.3385(6), 2.3449(6) 

Average 2.342 

Lu-N 4.5235(1) ï  9.6868(2) 

Average 7.296 

Anion:  

B-C 1.5557(1) ï  1.6268(1) 

Average 1.592 

C-N 1.1173(1) ï  1.1740(1) 

Average 1.138 

Cation:  

O-Lu-O
 

70.881(1) ï 86.330(1)
a, b

 
 

99.549(1) ï 147.034(1)
a, c

 

Anion:  

C-B-C 107.243(2) ï 111.807(1) 

N-C-B 174.646(2) ï 179.556(2) 
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of rare earth cations, the ionic radii
61

 of the light rare earth cations are greater than the radii of 

the heavy rare earth cations. The RE
3+

-O distances in the rare earth tetracyanidoborates are 

similar to the average RE
3+

-O distances observed in aqueous rare earth chloride solutions.
69

 

The coordination number of rare earth cations depends also on 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 larger (mostly nine), than in the heavy rare earth 

tetracyanidoborates, where it is just eight.  

With shorter RE
3+

-O distances the interaction between the rare earth cation and water 

molecules is stronger in the heavy rare earth tetracyanidoborates than in the light rare earth 

tetracyanidoborates. Therefore, it can be expected that the water molecules are easier to 

remove from light rare earth compounds than from the heavy ones. This is also observable in 

the thermal analysis: the dehydration of the light rare earth compound EuTCB occurs at lower 

temperatures than the dehydration of the heavy rare earth compound ErTCB. 

 

Table 3.2.16. RE
3+

-O distances within compounds 1ï9 together with effective ionic radii
61

 of RE
3+

. 

Compound RE
3+ 

RE
3+

-O distance in Å Effective ionic radius in Å 

2 
IX

La 2.537 1.216 

1 
IX

Ce 2.483 1.196 

3 
VIII

Gd 2.386 1.053 

4 
VIII

Tb 2.363 1.040 

5 
VIII

Dy 2.359 1.027 

6 
VIII

Y 2.354 1.019 

7 
VIII

Er 2.325 1.004 

9 
VIII

Lu 2.307 0.977 
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3.3 Powder diffraction 

 

Powder diffraction measurements were performed for each rare earth tetracyanidoborate, 

RETCB, and the results were compared with the data of single-crystal structures of CeTCB 

(1), LaTCB (2), DyTCB (5) and ErTCB (7). The measurements revealed that light rare earth 

compounds, LRETCB́ s, where LRE = LaïGd, except Pm (not investigated), occur in the 

crystal structure of CeTCB, [LRE(H2O)5][B(CN)4]3·0.5 H2O, when investigated in bulk form 

at room temperature (Figures 3.3.1 and 3.3.2). However, it must be noticed that although it 

was unsuccessful to measure corresponding powder diffractograms for structure 2, these 

findings do not principally exclude the LaTCB structure as another possible structure for all 

LRETCB compounds. Nonetheless, as the powder diffraction measurements show, the bulk 

structure for all LRETCB compounds is the CeTCB structure. Therefore, all other 

characterization measurements for LRETCB́ s, except the measurements of the dehydrated 

compounds, were conducted with [LRE(H2O)5][B(CN)4]3·0.5 H2O compounds.  

The measurements revealed further that the heavy rare earth tetracyanidoborates, HRETCB́s, 

where HRE = TbïLu and Y, occur in the crystal structure of ErTCB, [HRE(H2O)7][B(CN)4]3, 

when analyzed in bulk form at room temperature (Fig. 3.3.3 and 3.3.4). In addition, the crystal 

structure of DyTCB, [HRE(H2O)8][B(CN)4]3·3 H2O, was also found to occur in all HRETCB 

compounds, when the samples for the powder diffraction measurement were fine powdered 

crystals, crystallized at lower temperatures (Fig. 3.3.5 and 3.3.6). Like it is the case for 

magnesium tetracyanidoborate
15

, the 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(H2O)8][B(CN)4]3·3 H2O structure changes to 

[HRE(H2O)7][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 measurements for HRETCB́s, except the 

measurements of dehydrated compounds, were therefore conducted with 

[HRE(H2O)7][B(CN)4]3 compounds. 

The results of the powder diffraction measurements reveal that among rare earth 

tetracyanidoborate hydrates, there is a division into two isostructural groups dependent on the 

size of the RE cation. This phenomenon is very typical for many other rare earth compounds. 

Thus, it can be also expected for the rare earth tetracyanidoborates. 



31 

 

 

Figure 3.3.1. Powder diffractograms of LaTCB, PrTCB and NdTCB in comparison with the powder 

          diffractogram calculated from single-crystal structure data of CeTCB (1). 

 

Figure 3.3.2. Powder diffractograms of SmTCB, EuTCB and GdTCB in comparison with the 

            powder diffractogram calculated from single-crystal structure data of CeTCB (1). 






















































































































