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Abstract 

Solvothermal and hydrothermal synthesis is widely applied in the generation of 

metastable crystalline phases, and is used in this work to prepare a range of novel 

antimony-sulphide and rare-earth oxy-anion compounds in the presence of linear, 

branched and macrocycle amines. The new crystalline phases were characterised using 

single-crystal X-ray diffraction, elemental analysis, diffuse reflectance spectroscopy 

and SQUID magnetometry. 

Transition-metals included in the reactions resulted in the formation of both 

binary antimony- sulphide and ternary transition-metal-antimony-sulphide structures. 

Binary phases include [Fe(en)31 Sb2S5.0.55H20, [Fe(en)312Sb4S85 [T(dien)2]Sb6S, o. xH20 

(T= Ni, Co), [Co(en)3]Sb8SI3 and [Ni(en)31SbI2SI9, where discrete [Sb2S5]4- units, SbS2_ 
6- 2- 2- 

chains5 Sb6Sjo and Sb8SI3 layers and a three-dimensional Sb12SI 9 framework are 

charge balanced by transition-metal-amine complexes. The ternary phases synthesised 

using tris(2-aminoethyl)amine (tren) and diethylenetriamine (dien) include 

[Cr(tren)]Sb4S7 chains with [Cr(tren)]2+ pendent complexes, and [T(dien)]2Sbl8S30- 

[T(dien)21 (T= Mn, Fe, Co), in which complex antimony- sulphide chains are bridged 

via dimeric [T2S21 units to form novel layers. The transition-metal ions all exhibit 

paramagnetic behaviour and the band gaps of the phases were found to increase from 

1.79(4) to 2.46(l) eV with increasing framework density. 

The first examples of hydrothermal antimony- sulphide reactions using a 

macrocycle, cyclam, as the structure directing agent resulted in the synthesis of novel 
layered and three-dimensional phases of [cyclamH2]Sb6S, o and [cyclamH2]Sb4S7. By 

including transition-metal salts in the reaction mixture, it was possible to incorporate 

transition-metal ions within the macrocyclic rings in [Ni(cyclam)]Sb4S7 and 

[Co(cyclain)], [cyclamH2],, Sb4S7, where the Co 2+ occupancy varies between 

0.08<x<0.74. This unexpected result reveals that metalated and nonmetalated cyclam 

rings are present within this crystal structure. 

The first examples of lanthanide- carbonate frameworks were prepared from 

aqueous ethylenediamine (en) solutions. During the synthesis of 

[Ln4(C03)6(H20)21. en. H-, O (Ln= Dy-Lu, Y), the oxalic acid starting reagent 
decomposes completely in the presence of sulphur to forrn carbonate ions which link 

the lanthanide ions into new three-dimensional structures. Free ethylenediamine and 

water molecules were located in the one-dimensional channels that run through the 

structure. Magnetic analysis of the lanthanide-carbonate series revealed paramagnetic 
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behaviour, with the exception of [Er4(C03)6(H20)21 en. H20i which exhibited a 

competing ferrimagnetic interaction, which results in ordering below 9.85 K and a 

saturated magnetic moment achieved at 10,000 G. 
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Chapter 1: Introduction 

1.1 Materials synthesis 
1.1.1 Background 

During the last decade there has been an increasing demand for materials which 

can be used in technological and industrial processes such as semiconductors, 

photoconductors, nonlinear optical materials, catalysts, and on-exchangers [1,2,3,4]. 

Therefore materials which exhibit interesting physical properties such as magnetic, 

electrical and optical are increasingly sought. Traditionally, high temperature solid-state 

synthesis (T> 873 K) was used. However, the need for inert atmospheres for non-oxide 

materials, and long reaction times to allow diffusion and nucleation of the reagents, has 

restricted the structural diversity of the materials that can be formed. The products are 
limited to the most thermodynamically stable phases. 

Other synthetic methods have been developed using much softer conditions 
(370-870 K), such as molten flux, electrochemical synthesis, and hydrothermal and 

solvothermal synthesis [5,6,7]. Metastable phases can crystallise using these techniques, 

in an extensive range of motifs. Of these, hydrothermal and solvothermal synthesis has 

proved the most fruitful. The main classes of materials synthesised using this method 

include zeolites, metal carbonates, phosphates, chalcogenides, and other halide/ oxide 

materials [8,9,10]. 

Solvothermal and hydrothermal synthesis shall be used to synthesise novel 

inorganic materials in this work, namely transition-metal antimony-sulphide compounds 

and lanthanide-oxy- anion frameworks. It is has been shown that under these soft 

conditions, it is possible to create many new compounds with novel structures. The 

synthesis of transition-metal antimony sulphides where transition-metal ions are directly 

bonded to the chalcogenide matrix are specifically sought. It is possible that unusual 

magnetic interactions between the transition-metal ion could occur in such systems. 

These materials are rarely observed, and of those reported, most have not been analysed 

in detail with regards to their magnetic properties [11,12,13,14]. Lanthanide-oxy- anion 

materials where small anions such as oxalate ions connect rare-earth anions into highly 

crystalline materials have recently been reported in the literature [ 15,16,17]. Even 

though they have been described in detail with regards their crystal structures, magnetic 

analysis of the lanthanide ions is limited. The large magnetic moments of the lanthanide 

ions and recent reports of unexpected ferromagnetic interaction between the ions makes 

the study of these compounds also of interest [ 18,19]. 
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1.1.2 Hydrothermal and solvothermal synthesis 
Hydrothennal synthesis using water, and solvothermal synthesis which is 

performed in the presence of a non-aqueous solventý involves heating the liquid between 

373-473 K in a sealed pressure vessel. The super heated liquid, which is under 

autogenous pressure, can improve the diff-usion and reactivity of solid reagents 
dramatically, allowing metastable phases to form. Hydrothermal synthesis has 

historically been used for the growth of large quartz crystals and mixed metal fluorides 

[ 20,21 ]. In the 1970s systematic synthesis of group 14/15 chalcogenides was 
investigated by Schdfer. As a result, a series of alkali and alkaline-earth antimony 

sulphides were synthesised hydrothermally [22,23,24]. 

In 1989, Bedard pioneered the use of solvothermal synthesis with liquid organic 

amines for the preparation of chalcogenides [25]. As well as acting as the solvent, the 

amines also fulfil a structure directing r6le. By using different amines a variety of 

transition-metal and main-group sulphides were synthesised [9]. As the conditions in 

the solvothermal reactions are much softer than high-temperature synthesis, secondary 

polychalcogen building blocks of chains and rings, formed from initial primary building 

units, remain intact. It is believed that these building blocks can then reorganise 

themselves around the organic template molecules to form open-framework and 

metastable phases that are not accessible at higher temperatures. The organic template is 

thought to influence the condensation of the building units through Coulombic, 

hydrogen bonding and van der Waals' interactions. The condensation mechanisms are 

sensitive to factors including the amine solvent, temperature, reaction time, and reagent 

ratio and choice. This potentially allows a wealth of different structures to be generated. 

1.2 Synthesis of main-group chalcogenides 

Solvothermal synthesis has been successfully applied in the synthesis of the main- 

group chalcogenides of tin, germanium, indium, arsenic, and antimony [9,26]. Unlike 

hydrothermally synthesised zeolites, which are formed solely fromSi04 4- and A104 5- 

tetrahedra [ 27 ], the construction of chalcogenide frameworks is not restricted to 

tetrahedral building units. The building units extend from simple metal- chalcogenide 

MEx units and small heterorings, to large adamantane-like clusters [ 28 ]. Under 

solvothermal conditions the building units can connect together in many ways to form 

polymeric anionic networks. The structures of these networks are sensitive to the nature 

of the amine molecules, and by changing the organic component it is possible to fon-n 

new phases. 



The chalcogenides of germanium(IV) and indium(Ill) frequently form metal- 

sulphide adarnantane-like clusters under solvothermal conditions. They exist as small 

units, shown in Figure 1.1, up to large supertetrahedral clusters [29]. The adarnantane 

units may be found isolated, as in the examples of the dipropyl ammonium containing 

[C6Hl6N]4H4In4SIO [30] and [Me4N]4Ge4SIO [31], or in low-dimensional compounds 

such as infinite chains of sulphur linked [Ge4S 10]4- adamantane units [32]. 

Figure I. I: An adamantane unit within [C6Hl6N]4H4ln4S, o [30]. (Key: indium, pink; 

sulphur, yellow). 

In the case of indium(III) sulphides several two- and three-dimensional structures 

have been reported. Sheets of adamantane clusters connected in different manners are 

observed in In, 1S2jH2 
7- [33] and InjoS18 6- [30], and are separated by protonated amine 

molecules (Figure 1.2). Three-dimensional cristobalite frameworks of interconnected 

adamantane units are created in the diethylamine and dimethylamine templated InjoS18 6- 

phases [30,34]. There are no similar germanium sulphides of solely adamantane units. 

However, the co -precipitation of [NMe4]4Ge4SIOwith metal ions such as Cu, Zn, Mn, Fe, 

Co can form transition-metal germanium sulphides where the transition-metal ions 
4- bridge the Ge4SI 0 units into three-dimensional structures [35,36,37,38]. 

IwNr INV lpvrrvr VF qprý 

Figure 1.2: Indium-sulphide layers with compositions In, 1 S, jH-) 7- [33] and lnjOSj8 6- [30]. 
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In comparison to indium and germanium chalcogenides, the chalcogenides of 

arsenic(111) and tin(IV) display quite different connectivity based on [AS3S61 2- semi- 

cubes and [Sn3SIO] 8- broken-cubes. As(111) seldom extends Its coordination number 
beyond 3, and is mostly found as discrete units such as the AS2S5 4- d1mer [39], and 

single and double chains of alternating [AS3S6,2- semi-cubes and AsS3 3- 
units in 

examples such as [Me4N]2AS4S7 [40] and [Et4N]2AS8SI3 [41] (Figure 1-3). 

Figure 1.3: AS4S7 2- 
single chain and AS8S13 2- double chain [40,41]. (Key: arsenic, pink; 

sulphur, yellow). 

The structures of pure tin sulphides are often lamellar. A common exception is 

the Sn, )S6 4- dimeric unit, which is observed as discrete units in compounds such as 
[Ni(en)312Sn2S6 and [Nl(dien)2]Sn-)S6 [42], or as a bidentate bridging ligand in 

[Co(tren)12Sn2S6 [43]. In [Nl(tren)12Sn2S6 the Sn2S6 4- units bridge pairs of [Ni(tren)] 2+ 

cations into infinite chains [43]. Figure 1.4 illustrates some of the different tin (IV) 

sulphide layer motifs that can be formed [45,46], with Sn(IV) coordination numbers 

between 4 and 6. The polyhedra connect to form elliptical rings of between 24-32 

members. The porous layers are able to undergo a degree of elastic defonnation to alter 

the size of the pores within the layers to accommodate different sizes/shapes of amine 

template. This flexibility is believed to be responsible for the relatively small number 

of different layer motifs reported for tin(IV)-sulphide materials [1]. In a few examples 

the adamantane units, which are commonly found in germanium(IV) and indium(III) 

sulphides, have also fon-ned with Sn(IV). For example the Sn(IV) selenide 

[Et4N14Sn4SejO contains discrete adamantane clusters separated by the template [44]. 

4 



a) 

c) 

b) 

Figure 1.4: Tin(IV) sulphicle layers within (a) [C4H, IN2]2[ClOH24N4]Sn5SI2 [ 45 ], 

containing monoprotonated piperazine and diprotonated 4-4'-ethylenedipiperazine 

molecules, (b) [Et4N]2Sn3S7 [46] and (c) [Pr4N] [Me3NH]Sn4S9 [47]. 

Main-group chalcogenides of lower oxidation states such as Sn(II) and Ge(Ill) 

have been reported, however they are predominantly synthesised via high-temperature 

and solvent-extraction techniques. Examples include BaSnS2 [48], where SnS2 2- chains 

run through the structure and BaSn2S3which contains anionic layers separated by Ba 2+ 

cations [49]. In comparison, the Ge(III) sulphides form discrete dinuclear [Ge2S6]6- units 

[50], where two GeS3 3- pyramids are linked through a homonuclear Ge-Ge bond. The 

structure of this dimeric unit differs fTom that of the Ge(IV) selenide dimeric unit, 

Ge2Se6 4- 
, where two GeSe4 4- tetrahedra are linked through two shared Se atoms such as 

in [Et4N]2[enH]2[Ge, 
-)Se6l 

[44]. 



1.3 Antimony- s ulphide compounds 
Of all the main-group chalcogen, des, antimony chalcogerildes possess the widest 

structural diversity and are known to form simple discrete units, chains, layers and 

three-dimensional frameworks [ 51 , 52 , 53 , 54 ]. This is a consequence of the 

stereochernical effect of the lone pair of electrons associated with Sb(Ill) and the ability 

of Sb(111) to adopt three-fold, pseudo four-fold and five-fold coordination. Sb(V) 

sulphides are occasionally observed, but unlike Sb(III) are only known to exist as 

discrete SbS4 3- units with rigid four-fold sulphur coordination [55,56]. 

Binary antimony(Ill) sulphide, Sb2S3, exists as the naturally occurring mineral 

stibmte (Pnma, a= 11.299(4), b= 3.8313(6), c= 11.227(4) A) and has been extensively 

characterised by powder X-ray difftaction [57,58,59,60]. Synthetic antimony- sulphide 

compounds have been widely synthesised by either high-temperature solid state-routes 

or under softer conditions such as hydrothen-nal and solvothermal synthesis, as well as 

reactions using super-heated ammonia [ 61 ]. The ternary transition-metal antimony 

sulphides synthesised under high temperature methods are summarised in Table I. I. 

These phases have dense close packed structures like that of CuSbS2 shown in Figure 

1.5. Metastable phases synthesised under softer conditions form numerous different 

open structures containing alkali ions, template molecules or transition-metal complexes. 

In rare examples, transition-metal or lanthanide antimony- sulphide phases can be 

synthesised where the additional metal ions are directly bonded to the antimony- 

sulphide matrix [11,12]. 

c 

b-a 

Figure 1.5: Dense layers of CuSbS-) stacked above one another in Chalcostibite [691. 

(KeY. - copper, red; antimony, pink; sulphur, yellow). 
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Table 1.1: Summary of the unit cell parameters 
transition-metal antimony- sulphide compounds. 

of synthesised condensed phase 

Transition Phase Space Mineral name Lattice parameters 

metal group 
Cr CrSbS3 [62] Pnma a= 8.6652(3), b= 3.6188(3), 

c= 12.8720(9) A 

Mn MnSb2S4 [63] C21m a= 12.747(3), b= 3.799(l), 

c= 15.106(3) A, )6--- 113.91(3)' 

MnSb2S4 [64] Pnma Clerite a= 11.459(5), b= 14.351(8), 

c= 3.823(2) A 

Fe FeSb2S4 [65] Pnma Berthierite a= 11.412(2), b= 3.763(l), 

c= 14.161(3) A 

FeSbS [66] P211c Gudmundite a= 6.02, b= 5.93, c= 6.02 

)Y--- 67.87' (esds not reported) 

Co CoSbS[67] Pbca Paracostibite a= 5.764(3), b= 5.952(3), 

c= 11.635(4) A 

CoSbS[67] Pn2lm Stibite a= 4.873(2), b= 5.852(3), 

c= 3.608(l) A 

Ni NiSbS [68] P213 Ullmannite a= 5.9341(7), b= 9.341(7), 

c= 5.9341(7) A 

CU CuSbS2 [69] Pnma Chalcostibite a= 6.018(l), b= 3.7958(6), 

c= 14.495(7) A 

CU3SbS3 [70] P211c Skinnerite a= 7.8142(3), b= 10.2424(4), 

c= 13.2726(5) A, )OL- 90.294(3)' 

CU12Sb4SI3 
I 43m Tetrahedrite a= 10.3293(6), b= 10.3293(6), 

[71] c= 10.3293(6) A 

CU3SbS4 [72] 1 42m 
Famatinite a= 5.3911(3), b= 5.3911(3), 

c= 10.7633(0) A 



1.3.1 The antimony-sulphur bond 

An important feature of antimony- sulphide compounds is that the Sb-S bond 

length is not a fixed value. Primary Sb-S bonds are usually between ca. 2.3-2.7 A with 

usually longer secondary contacts ranging up to 3.8 A, the sum of the van der Waals' 

radii of antimony and sulphur [ 73 ]. Each Sb-S bond of a central antimony atom 

contributes to the total valence of that particular antimony atom. Bond-valence 

parameters, which relate bond lengths with bond valences, have been derived by a 

number of different groups for many main-group, transition-metal and rare-earth metal 

sulphides, oxides and halides [74,75]. These empirical values allow an approximation of 

the total valence of the central atom, and in the case of antimony, confirm a +3 or +5 

oxidation state. In this work the parameters reported by Bresse and O'Keeffe [74] will 
be used as well as their methodology for the bond-valence calculation. 

Bresse and O'Keeffe determined the bond-valence parameters by analysing the 

same bonds in different compounds. The total valence of an atom i, Vi, should be equal 

to the sum of the valence contributions vij of the bonds between i and another atom 
(Equation 1.1). 

EiVu= Vi ( 1.1) 

The valence contribution from each bond is correlated to the bond length, dij, by the 

empirical expression, 

exp[(Rij - dij) / b] (1.2) 

where b is a constant equal to 0.37 A [75], and Rij is the bond-valence parameter. The 

bond-valence parameter of the antimony-sulphide bond was found to be 2.45 A. Figure 

1.6 shows the variation of the bond-valence contribution with respect to the antimony- 

sulphur bond length according to Equation 1.2. For bonds of 2.45 A, the valence 

contribution is defined as 1.0 valence units (v. u. ). Figure 1.6 also clearly shows the 

significant reduction in bond-valence contribution with increasing antimony- sulphur 

bond length. For this reason, bond distances up to 3.0 A will be considered in this work, 

as longer bonds contribute less than ca. 0.2 v. u. to the overall valence sum of antimony, 

and hence have very little significance. 

8 



3.5 

3 

2.5 

2 

1.5 

1 

0.5 

0 

2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 

d, j 

Figure 1.6: Bond-valence (vij) as a function of Sb-S bond distance (dij) showing the 

bond distance range of primary Sb-S bonds. 

1.3.2 Metastable antimony-sulphide phases 
Solvothennal, hydrothennal, and super critical ammonja syntheses have all been 

used in the creation of metastable antimony- sulphide phases. The majority of phases 
have been synthesised via solvotherinal routes in the presence of an amine template, 

which acts as a structure-directing agent, and will be discussed in detail. Antimony- 

sulphide phases synthesised through hydrothermal and super critical ammonia syntheses 

contain many of the common building units observed in solvothermally synthesised 

phases. These will be referred to where necessary. Table 1.2 summanses the 

hydrothermally synthesised antimony- sulphides and ranks them in increasing 

dimensionality of the structure. 

The amines used in solvothermal synthesis are typically linear and branched 

aliphatic and alicyclic amines [ 76,77,78 ]. Under the elevated temperatures of 

solvothermal synthesis, polyamines have been reported to undergo in-situ side reactions. 

For example, cyclization of tri ethyl enetetramine into piperazine has been reported [78], 

and cleavage of 1,2-diamino-2-methylpropane into methylamine has been observed in 

this work and is described in Chapter 6 [79]. These potential changes in the arnine under 

solvothermal conditions introduce further geometric diversity into the structure 
directing reagent. I- 
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Table 1.2: Hydrothermally synthesised antimony- sulphide phases. 

Dimensionality Compound 

OD Sr2S2S5- 15H20 [801 

ID SrSb4S7.6H20 [8 11 
CS2Sb8SI3 [82] 

2D Rb2Sb4S7 [83] 

Rb2Sb4S7. H20[84] 

Rb2Sb8SI3.3.3H20[85] 

K2Sb4S7. H20[86] 

RbSb3S5. H20[87] 
CS3Sb5S9[88] 

3D K2Sb4S7[891 

The introduction of transition-metal cations, and in rare examples lanthanide 

cations [90,91 ], into the reaction mixture usually leads to the formation of metal-amine 

complexes. These complexes fulfil a charge-balancing r6le for the anionic metal- 

sulphide matrix, as well as acting as structure-directing agents. Numerous examples of 

binary antimony- sulphide structures prepared solvothen-nally have been reported in the 

literature. In comparison there are only limited examples where ternary structures are 

formed where transition-metal ions are bonded directly to the antimony- sulphide 

network. 

The primary building units in solvothen-nally prepared antimony(Ill) sulphides 

are SbS3 3- trigonal pyramids. They are linked by sharing either vertices or edges to form 

secondary building units such as Sb2S4 2- 
units and Sb3S6 3- 

semi-cubes (Figure 1.7). The 

connection of primary and secondary units can create discrete anions [51], infinite 

chains [52], layers [53], and three-dimensional structures [54]. 

2- 3- 
1 cube. (Key: antimony, pink; sulphur, yellow). Figure 1.7: Sb-)S4 unit and Sb3S6 semi- 
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1.3.3 Binary antimony-sulphide phases 
Discrete units 

Although it is believed that simple thioantimonate ions play a fundamental r6le 

in the crystallisation of new structure types under solvothen-nal conditions , it is rare to 

observe such species isolated in the solid products of these reactions. The SbS4 3- 

antimony(V) tetrahedron is observed several times in solvothermally synthesised 

compounds of [Cr(en)31[SbS4] [55], [Ni(en)312[SbS4][NO31 [56] and [Ni(dien)213[SbS4]2 

[92]. The isolated antimony(III) SbS3 3- 
trigonal pyramid is not observed under similar 

conditions. The only examples are found in the high temperatures phases Of M3SbS3 

(M= Cu, Ag, TI) [93,94,95] and in conjunction with Sb2S4 2- 
units in Ca2Sb2S5 [96]. 

Isolated antimony(III) sulphide units are observed instead as small multi-atom 

species. The few examples which exist include the dimeric Sb2S5 4- anion, which is 

observed in the hydrothermally synthesised Sr2Sb2S5- 15H20 [80], and [Mn(en)312[Sb2S5] 

[97]. Simple Sb3S6 3- and Sb4S8 4- heterorings have also been reported in the crystal 

structures of [Nl(dien)213[Sb3S6]2 [ 98 ], [Mn(1,2-dap)312[Sb4S8] 
. 
2H20 and 

[Nl(dien)212Sb4S8 [99,1001 (Figure 1.8). The anionic and cationic units are held together 

through weak electrostatic interactions. These allow flexible packing to occur within the 

crystal structures, typified by the different packing found in the crystals of 

[Mn(en)312[Sb2S5] and the iron and manganese antimony- sel enide analogues [ 10 1,102]. 

Figure 1.8: The isolated Sb2S5 4- 
anion within [Mn(en)312[Sb2S5] [97] and 

Sr2Sb2S5.1 5H20 [80], and the Sb4S8 4- heteroring of [Mn(1,2-dap)312[Sb4S8] . 2H20 [991 

and [Ni(dien)212Sb4S8 [100]. (Key: antimony, pink; sulphur, yellow). 

1.3.3.2 Chain motifs 

Chain structures are more predominant, and are fon-ned from the corner- and 

edge-sharing of SbS3 3- pyramids. Surprisingly, Infinite chains of solely vertex-lInked or 
It) 

edge-linked SbS3 3- pyramids are unusual. The few examples where such chains are 

observed include [T(en)3]Sb2S4 (T=Co, Ni) [52] (Figure 1-9), where SbS2- chains of 

vertex-linked SbS3 3- tnctyonal pyramids are reported, and [MAH12Sb, )S4which contains 
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1-n infinite edge-sharing SbS3 3- trigonal pyramids forming chains of Sb2S, ) rings [103]. 

Chains consisting solely of Sb3S6 3- semi-cubes, a frequently observed secondary 

building unit, are also rare. (aepH2)Sb6S, o represents the only example where semi- 

cubes are linked through shared ten-ninal sulphur atoms into infinite chains (Figure 1.9) 

[104]. 

The Sb4S7 2- 
chain, comprised of alternating Sb3S6 3- 

semi-cubes and SbS3 3- 

trigonal pyramids, is the most prevalent chain structure in hydrothen-nally and 

solvothermally synthesised antimony- sulphides (Figure 1.9). It is found widely as single 

chains, and numerous times as double chains. Single chains are found in compounds 

such as [T(en)3]Sb4S7 (T=Co, Fe, Mn, Ni) [52,105,106], [NH412Sb4S7 [ 107], and 

[pipH2]Sb4S7 [78] among others (Figure 1.9). The orientation of the chain vanes 
depending on the template. For example, the Sb4S7 2- 

chain in [NH412Sb4S7 is linear 

whereas in [pipH2]Sb4S7, the Sb4S7 2- 
chain is sinusoidal. 

(a) , (I, '% 

(c) 

Figure 1.9: (a) SbS2- [52], (b) Sb6S 102- [ 104] and (c) Sb4S7 2- [52] chains (Key 

antimony, pink; sulphur, yellow). 

Pairs of Sb4S7 2- chains can be linked in several ways (Figure 1.10). This can be 

through either S-S bonds between Sb4S7 2- 
chains in [Me2NH--)12Sb8SI4 [108] or shared S 

In1 atoms in [enH, )]Sb8S13 [76]. In [I, 3-dapH-)1SbjoSl6, cis-[Sb-)S4] units b idge pairs of 
Sb4S7 2- 

chains in a more complex manner [ 109]. A similar arrangement is also observed 

in [dabH-)]Sb4S7 [I 10], where Sb-)S, ) heterorings connect the two chains. However, the 

Sb-) S2heterorings in [dabH--)]Sb4S7 result from the edge-sharing of opposite SbS4 5- units, 

which connect the Sb3S6 3- semi-cubes instead of SbS3 3- trigonal pyramids (Figure 1.11). 
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(a) 

(c) 

(b) 

Figure 1.10: Double chains of (a) [Me2NH212Sb8SI4 [1081, (b) [enH2]Sb8SI3 [76] and (c) 

[1,3-dapH2]SbIOS16 [109]. (Key: antimony, pink; sulphur, yellow). 

Figure 1.11: Double chains within [dabH2]Sb4S7 [I 10] - (Key. - antimony, pink; sulphur, 

yellow). 

Small heterorings are commonly observed in antimony(III) sulphides and two 

types of chain exist fori-ned from these units. In [(C3H7)4N]Sb3S5 [78], single chains of 

fused Sb5S5 heterorings run through the structure (Figure 1.12). The chains can also be 

imagined as being formed from two parallel SbS-)- chains that are cross linked at every 

second and third Sb(III) atom. In [C7N-)H1313SbqS15 [111 1, where 1,5- 

diazabicyclo[4.3.0. ]non-5-en was used as the template, two chains of vertex-linked 
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SbS3 3- trigonal pyramids are separated by a chain of vertex linked SbS4 5- tetrahedra, and 

connected through shared terminal sulphur atoms. As a result, Sb4S4 heterorings are 
found fused into chains two heterorings wide, which lie in planes separated by mono- 

protonated amine molecules (Figure 1.13). 

Figure 1.12: Chains of fused Sb5S5 rings in [(C3H7)4N]Sb3S5 [78]. (Key: antimony, pink; 

sulphur, yellow). 

Figure 1.13: Chains of fused Sb4S4 heterorings in [C7N2HI313SbgSI5 [111]. (Key: 

antimony, pink; sulphur, yellow). 

1.3.3.3 Layered structures 
Antimony sulphides adopt a wide range of layer motifs. The layers created in 

hydrothermally synthesised antimony sulphides, such as Rb2Sb4S7. H20 [84] and 
K2Sb4S7. H20[ 112], may be considered as condensed Sb4S7 2- chains. In comparison, the 

layers that result from solvothermal reactions are more complex and can be found as 

either single layers, or linked into double layers. In most examples the layers are 

separated by the protonated amine template molecules or transition-metal amine 

complexes. A common theme in solvotherinally synthesised layered antimony sulphides 

is the presence of large heterorings, with ring sizes of Sb32S32 possible [113]. 

One of the simplest antimony- sulphi de layers formed is found in 
[Ni(dien)2]Sb4S7. H-)O [114]. Cyclic Sb4S8 4- units are linked through shared terminal 

sulphur atoms into Sb4S7 2- layers (Figure 1.15). As a result, Sb8S8 heterorings are also 
fori-ned within the layers, which are separated by water molecules and [Ni(dien)21 2+ 

cations. 
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Sb8S8 rings are also observed in the complex structure of [MAH-)]2SbsSI3 [115] 

and the isotypic phaseCS2Sb8SI3 [1161. Chains created from SbS3 3- trigonal pyramids, 
Sb3S6 3- 

semi-cubes and Sb4 S84- units enclose Sb7S7 and Sb8S8 heterorings. The chains 
are stacked directly on top of each other, and bridged through shared sulphurs into 

Sb8S13 2- slabs (Figure 1.15). Consequently, channels are forined which run through the 

centre of the layers and contain monoprotonated methylamine molecules. 

a 

¼. D 

Figure 1.14: View along [001] of antimony- sulphide layers in [Nl(dien)2]Sb4S7. H20 

[114] which contain Sb4S4 and Sb8S8 heteronngs. The [Nl(dien)21 2+ 
ions have been 

omitted for clarity. (Key: antimony, pink; sulphur, yellow). 

a 

c 

Figure 1.15: View along [00 1] of a thick antimony- sulphide layer within [MAH12Sb8SI3 

which contain Sb8S8 channels running parallel to [001]. The monoprotonated 

methylamine molecules have not been plotted. (Key: antimony, pink; sulphur, yellow). 
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Layers with the Sb4S7 2- 
antimony: sulphur ratio have also been reported where 

slightly larger Sb, oS, o heterorings fuse together into sheets (Figure 1.16), which are 

further linked into double layers through shared sulphur atoms. The double layers are 

found separated by monoprotonated propylamine, isopropylamine, n-butylamine and n- 

pentylamine molecules [I 10]. A similar double layer motif is found in [EAH12Sb4S7 

[117 ], where the double layers are separated by the monoprotonated ethylamine 

molecules. 

The layers within [1,4-chxH]Sb3S5 and [1,2-chxH]Sb3S5. H20[ 118] also contain 

SbIOSIO heterorings, but are a result of the condensation of Sb4S8 4- 
cyclic units with 

Sb2S4 2- 
units (Figure 1.16). Rather than being elliptical in shape like the SbioSio 

heterorings in [PAH12Sb4S7, the rings are distorted in an "S-like" shape. In both [1,4- 

chxH]Sb3S5 and [1,2-chxH]Sb3S5. H20, the structure-directing counter ions are arranged 

parallel to the layer and because of the similar arrangements, the [Sb3S5]- 

thioantimonate(III) layer topologies are nearly identical. 

a 

c_-b 

a 
I 

b-C 

Figure 1.16: SbjoSjo heterorings in a single layer within [PAH12Sb4S7 [110], and the 

layers within [1,4-chxH]Sb3S5 [118]. (Key: antimony, pink; sulphur, yellow). 

Slightly larger Sb12SI2heteronngs are found in [C8N4S2610.5Sb7SII [ 119], which 

was synthesised in the presence of NN -bi s(3 - aminopropyl) ethyl enedi amine. Sb3 S6 3- 

semi-cubes and SbS3 3- 
trigonal pyramids are linked together to create Sb7SII 2- double 

chains containing the Sbl2SI2 heterorings. However, one of the antimony atoms is 

coordinated by only two sulphur atoms. The nearest antimony atom from an adjacent 

double chain is at a distance of 2.921(2) A, which is sufficiently close enough to be 
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considered as an Sb-Sb bond. Comparable Sb-Sb distances are reported in other 

antimony clusters such as Sb4S6 2- [ 120], Sb7 3- [121] and Sb4Te4 4- [122], which range 

between 2.73-2.91 A. The Sb-Sb bonds link the Sb7SH 2- double chains into layers and 

create rectangular Sb14S12heterorings (Figure 1.17). This Is the only example of an Sb- 

Sb bond in solvothermally synthesised antimony- sulphides, but suggests a greater 
degree of framework flexibility is possible in future antimony- sulphides. 

Figure 1.17: View along [100] showing the antimony- sulphide layer within 
[C8N4S2610.5Sb7SII [119], where Sb7SII 2- double chains are connected through Sb-Sb 

bonds. The amine has been excluded for clarity. (Key: antimony, pink; sulphur, yellow). 

Sb12SI2 heterorings are also found in [dienli2l Sb8 S 13 -I . 
5H20 and 

[C6N2H9]SbsSI3 [ 123 ], where d1protonated diethylenetriam1ne and 3-(amlnoethyl)- 

pyridine molecules respectively separate zigzag shaped Sb8S13 2- layers. The Sb12SI2 

heterorings are in a "Christmas tree" configuration and contain water molecules, with 
the diprotonated amines located above and below the large heterorings (Figure 1.18). A 

similar layer arrangement is also observed within Rb2Sb8SI3-3.3H20[85]. 

Layers of the same stoichiometry, but synthesised with 1,3-diaminopropane, 

result in a completely different Sb8S13 2- layer confori-nation where much larger star- 

shaped SbjqSjq, Sb13SI3, Sb8S8 and Sb14SI4 heterorings interlock to form anionic 

SbsS13 2- layers (Figure 1.19) [123]. The layers in [1,3-dapH--)]Sb8SI3 are not stacked 

directly above one another, however overlapping of the heterorings creates channels 

which run through the layers along [00 1]. 
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c 

a 

Figure 1.18: An Sb8S13 2- layer which is separated by diprotonated di ethyl enetri amine 

and 3 -(amino ethyl) -pyri dine molecules [123]. (Amine molecules have been excluded 
for clarity). (Key: antimony, pink; sulphur, yellow). 

a 

Cb 

Figure 1.19: View along [001] of the Sb8SI3 2- layer containing various heterorings in 

[1 33 -d ap H2]SbsSI3 [123]. The layers are separated by diprotonated 113-diaminopropane 

molecules, which have been excluded. (Key: antimony, pink; sulphur, yellow). 
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Conversely, reactions performed in the presence of the 1,2-diaminopropane 

isomer or iso-propylamine, rather than 1,3-diaminopropane described in the previous 

example, forms layers containing Sbl8S, s heterorings [123]. These layers have the same 

antimony- sulphide ratio as [1,3-dapH2]Sb8S]3, but are created from chains of fused 

Sb4S4 and Sb5S5 rings connected by two fused SbS4 5- units, which enclose large Sbl8S, 8 
heterorings. A very similar topology is observed in [pyH]2[Sb8SI31.0-15H, )O [ 124] 

(Figure 1.20). 

b 

C 

Figure 1.20: View along [1001 of an Sb8S13 2- layers of [pyH]2[Sb8SI31'0.15H20 [124] 

which are separated by monoprotonated pyroline molecules. (Key: antimony, pink; 

sulphur, yellow; nitrogen, blue; carbon, black). 

Sb4S4 and Sb5S5 heterorings also define the Sb6SIO 2- layers observed in 
[Fe(dien)2jSb6Sjo. 0.5H20 [53]. These heterorings, along with Sb2S2 heterorings, are 
fused together to form repeating units that are connected through shared terminal 

sulphur atoms. Elongated Sb16SI6 heterorings are formed as a result (Figure 1.21). The 

layers are widely separated by the iron-di ethyl enetri amine complexes. 

[N1(dien)21qSb, ), )S42.0.5H-)O [125] and [Nl(dien)213Sbl2S21 H20[ 113 ] contain the 

largest heterorings observed in solvothen-nally prepared antimony sulphides, Sb30S30 

and Sb32S32 respectively. [Nl(dien)2]gSb--), 
-)S42.0.5H--)O is not technically a layered 

compound as it consists of strips of Sb30S30 heterorings fused along [010] (Figure 1.22). 

However these strips lie along side one another in the (100) plane, resembling layers 

rather than chains. The strips are stacked along [100] and separated by the [NI(dien)2 ]2+ 

complexes. 
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The structure of [Nl(dien)213Sbl2S21 H20[l 13] is difficult to define as it requires 

an Sb-S bond distance of 2.913(l) A, in addition to much shorter Primary bonds, to 

describe the framework. This results in a pseudo-three-dimensional structure. Sb2S-,, 

Sb3S3 and Sb4S4 heterorings are present and condense along with SbS3 3- trigonal 

pyramids to create Sb8Sg and Sb32S32 heterorings, the largest antimony- sulphi de 

heteroring reported to date. The large heterorings are aligned to form one-dimensional 

channels, which surround the nickel-diethylenetriamine complexes. 

b 

C 

Figure 1.21: View along [001] of the Sb6SIO 2- layers within [Fe(dien)2]Sb6S, o. 0.5H20 

[53]. The layers are separated by Fe(dien)2 2+ 
complexes which have been omitted for 

clarity. (Key: antimony, pink; sulphur, yellow). 

c 

a-b 

Figure 1.22: The broad antimony- sulphide strips of Sb30S3o heterorings in 

[Ni(dien)2]gSb22S42.0.5H20[125]. (Key: antimony, pink; sulphur, yellow). 
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1.3.3.4 Three-dimensional structures 
[Co(en)3]Sbl2S, g represents the first example of a truly three-dimensional 

antimony- sulphide framework, which can be structurally compared to the zeolite ZSM- 

5 [541. The framework can be defined by primary Sb-S bonds of :! ý 2.581(4) A. It is 

constructed from a complex arrangement of Sb2S2 heterorings which connect to form 

ribbons and chains that connect further to generate the three-dimensional structure 
(Figure 1.23). A regular array of one-dimensional channels is generated, that run 
through the structure and contain the charge balancing [Co(en)31 2+ cations. 

c 

b- 

Figure 1.23: A space filling representation of the three-dimensional structure of 

[Co(en)3]Sbl2SI9 [54]. The [Co(en)31 2+ cations, which lie in the one-dimensional 

channels parallel to [0 10] have not been plotted. (Key: antimony, pink; sulphur, yellow). 

1.3.4 Ternary transition-metal antimony sulphides 

Ternary antimony- sulphide compounds where direct TM-S bonds exist between 

the transition-metal ions and the antimony- sulphide matrix are unusual. Those which 

have been synthesised have frequently been in the presence of the amine tns(2- 

amino ethyl) amine (tren). Tren is a four coordinate ligand that can leave up to two 

vacant coordination sites around the transition-metal ion, which can be filled by bonds 

to sulphur atoms. Other four-coordinate amines, such as tri ethyl enetetramine (trien), 

have also resulted in transition-metals being bound to antimony- sulphide units. This is 

not an exclusive rule though as amines that normally fully coordinate the transition- 
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metal ions, such as ethyl enedi amine, in rare cases do not allowing coordination by the 

antimony- sulphi de matrix [126]. 

1.3.4.1 Discrete units 
Discrete temary-thioantimonate units have been observed where SbS3 3- and 

SbS4 3- trigonal and tetrahedral units act as ligands to transition-metal centres, and where 
simple antimony- sulphi de dimeric units and short chains bridge two transition-metal 

ions. In [Cr(tnen)SbS3] [127] and [Cr(en)2(SbS3)] [126], a SbS3 3- trigonal pyramid acts 

as a bidentate ligand to a Cr 3+ ion along with a four-coordinate trien molecule or two 

ethylenediamine molecules. Whilst the coordination geometry around the Cr 3+ ions is 

similar in both cases, the bulkier trien leads to marked differences in how the complexes 

pack in the crystal. This may be related to the different hydrogen bonding networks 

within the two structures. 

SbS4 3- units act as either a monodentate ligand in [Mn(tren)(trenH)]SbS4 [128] 

or as a bidentate ligand in [PAH][Ni(tren)(SbS4)1 [129] (Figure 1.24), with the 

remaining coordination sites around the Mn 2+ and Ni2+ ions filled by the coordinated 
tren molecules. In the case of [Mn(tren)(trenH)]SbS4, one tren molecule acts as a 

tetradentate ligand, and the other as a monodentate ligand to complete the 6-fold 

octahedral coordination around the central Mn 2+ ion. In [Mn(1,2-chx)312[Mn(1,2- 

chx)2(SbS4)21 . 
61-120 [128], two SbS4 3- tetrahedra act as ligands to one of the two 

crystallogTaphically distinct manganese cations (Figure 1.25). They are located trans to 

one another with the four other coordination sites occupied by two bidentate 1,2- 

diaminocyclohexane molecules. Interestingly, [Mn(1,2-chx)31 2+ complexes are also 

present in the crystal structure, where the Mn2+ cations are fully coordinated by the 

amine molecules. 

a) 

r===* 

b) 

3- 
Figure 1.24: SbS4 units acting as a monodentate ligand in (a) [Mn(tren)(trenH)]SbS4 

[128] and a bidentate ligand in (b) [PAH][N1(tren)(SbS4)1 [129]. (Key antimony, pink; 

sulphur, yellow; green, nickel/ mancyanese, green; carbon, black; nitrogen, blue). 
1) 1) 



Figure 1.25: Anionic [Mn(1,2-chx)2(SbS4)21 4+ unit in [Mn(1,2-ChX)312[Mn(1,2- 

chx)2(SbS4)21 
. 6H20 [128]. (Key: antimony, pink; sulphur, yellow; manganese, green; 

carbon, black; nitrogen, blue). 

Small antimony- sulphide units have also been observed bridging metal centres 

to form discrete neutral units. For example, the dimeric Sb2S5 4- unit acts as either a 

monodentate ligand when bridging two [Co(tren)] 2+ complexes in [Co(tren)12Sb2S5 [130] 

or as a bidentate ligand with [Mn(tren)]2+ in [Mn(tren)12Sb2S5 [131] (Figure 1.26). The 

structure of [Co(tren)12Sb4S8 is similar, but contains longer Sb4S8 4- chains which forin 

one Co-S bond to each of the two coordinated [Co(tren)] 2+ complexes [130]. 

a) b) 

Figure 1.26: Sb2S5 4- 
ions bndging two transition-metal-tren complexes in (a) 

[Co(tren)12Sb, )S5 [130] and (b) [Mn(tren)12Sb-)S5 [ 13 1 ]. (Key: antimony, pink; sulphur, 

yellow; cobalt, red; manganese, green; carbon, black; nitrogen, blue). 

1.3.4.2 Chain structures 

Several different ternary chain structures have been synthesised to date, which 

include previously observed binary antimony- sulphide chains that also coordinate 

transition-metal complexes, as well as novel mixed transition-metal antimony- sulphide 

chains. Examples where binary chains coordinate transition-metal complexes include 

the neutral chains of [T(tren)]Sb4S7 (T=Mn, Fe, Co, Ni, Zn) [111, where pendant 

[T(tren)]2+ cations are coordinated by Sb4S7 2- chains of alternating SbS3 3- pyramids and 

Sb3S6 3- 
semi-cubes (Figure 1.27). In this chain, each transition-metal ion is 5-coordinate. 
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In the compound [Ni(tren)]Sb2S4 [13], where infinite SbS2- chains are present, every 

Sb2S4umt of the SbS2- chain acts as a bidentate ligand to a [Nl(tren)] 2- cation creating 

6-coordinate complexes (FIgure 1.27). 

Figure 1.27: Infinite Sb4S7 2- 
and SbS2- chains coordinating [T(tren)]2+ complexes in 

[T(tren)]Sb4S7 [11] and [Ni(tren)]Sb2S4 [13]. (Key. - antimony, pink; sulphur, yellow; 

transition metal, green; carbon, black; nitrogen, blue). 

Pendant [T(tren)] 2+ groups are also found in the chains of [Fe(tren)]FeSbS4 

[132], where both Fe(II) and Fe(III) ions are present. The chain backbone is forined 

from [Fe2S6]6- units linked by two SbS3 3- trigonal pyramids through shared S atoms. The 

terminal sulphur atoms of the SbS3 3- trigonal pyramids coordinate [Fe(tren)]2+ 

complexes creating neutral chains (Figure 1.28). The [Fe2S61 6- units are also found in 

[Fe(dien)2]Fe2Sb4SIO [132], where they are connected via the shared sulphur atoms of 

Sb4S8 cyclic units. No pendant groups are attached to these chains (Figure 1.29) and the 
2+ 

anionic charge of the chains is balanced by cationic [Fe(dien)21 complexes. 

Figure 1.28: Neutral chains of [Fe(tren)]FeSbS4 [132]. (Key. - antimony, pink; sulphur, 

yellow; iron5 orange; carbon, black; nitrogen, blue). 
z: ) 
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Figure 1.29: Anionic Fe2Sb4SIO 2- chains [132]. (Key. - antimony, pink; sulphur, yellow; 

iron, orange). 

A very different chain motif is observed in (en)Mn2Sb2S5where cubic and semi- 

cubic units connect instead of heterorings (Figure 1.30) [14]. Central Mn 2+ ions are 

coordinated by six SbS3 3- trigonal pyramids in approximate octahedral coordination to 

create a heterocubane-like structure. The infinite chains can be considered to be three 

cubes wide and are separated by unprotonated ethylenediamine molecules. 

Figure 1.30: Neutral Mn2S2S5 chains of (en)Mn2Sb2S5 [14]. (Key. - antimony, pink; 

sulphur, yellow; manganese, green). 

1.3.4.3 Transition-metal antimony-sulphide layers 

Various different layered transition-metal antimony sulphides have been 

reported in the literature. They can be described as either net-like, heterocubane, or a 

member of the silver/copper antimony- sulphide family. Like the chains, these layers 

transition-metal pendant exist as both neutral and anionic structures contal III 

complexes and transition-metal ions incorporated within the layered structures. 

Net-like layers 

Layered structures have been created where net-like antimony- sulphi de 

frameworks have direct bonds to transition-metal units in compounds such as 

[T(tren)] Sb2S4 (T= Co, Ni) [ 13,13 3] and [Co(en)31[CoSb4S8] [ 12]. The antimony- 

sulphide structures of [M(tren)]Sb-, S4 (T=Co, Ni) [1-33,13-33] are created fTom Sb-)S4 2- 
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dimeric units which are linked to one another through shared S atoms with SbS3 3- 

pyramids, forming SbjOSjo cavities (Figure 1.31). The terminal sulphur of each SbS3 3- 

trigonal pyramid is coordinated to a [T(tren)]2+ complex, creating neutral layers in 

which the cobalt or manganese complexes are positioned within the pores. In 

[Co(en)31[CoSb4S8], SbS2- chains are linked by tetrahedrally coordinated Co 2+ ions into 
CoSb4S8 2- layers (Figure 1.32) [12]. As a result, these layers are composed of small 6- 

membered CoSb2S3 rings and large 20-membered C02Sb8SjO heterorings. The 

[Co(en)3 ]2+ cations reside above and below the layers, and serve both to separate and 

charge balance the anionic layers. 

Figure 1.31: Neutral [Co(tren)]Sb2S4 layers viewed along [001] [13]. (Key. - antimony, 

pink; sulphur, yellow; cobalt, turquoise; carbon, black; nitrogen, blue). 

a 

c-b 

Fi 11 ]2- 1 1.32: View along [001] of the anionic [CoSb4S8 layers in [Co(en)31[CoSb4S8] 

[12]. The [Co(en)31 2+ cations have been omitted for clarity. (Key. - antimony, pink; 

sulphur, yellow; cobalt, turquoise; carbon, black; nitrogen, blue). 
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Heterocubane structure 
The heterocubane layer motif adopted by manganese containing antimony 

sulphides has been observed often and can be considered as an extension of the 

heterocubane chains reported in (en)Mn2Sb2S5 [14]. These layered manganese- 

n wi antimony- sulphide structures have been characte ised ith the formula (Am)Mn-)Sb2S5 

where Am= two monodentate amines, such as methyl- and ethylam1ne, or a b1dentate 

amine, such as 1,3-diaminopropane, N-methyl- 1,3 -diaminopropane, and 

di ethyl enetri amine [ 134,135,136 ]. The manganese-antimony-sulphide structure is 

essentially the same in each compound. Each antimony has three Sb-S bonds of ca. 2.45 

A in addition to one or two significantly longer bonds of ca. 3.4 A (Figure 1.33). This 

results in pseudo four and five coordinate antimony atoms. The manganese ions, 

coordinated by sulphur atoms and two nitrogen atoms of the amine, are five and six 

coordinate. The connection of the antimony- sulphi de units and manganese ions results 

in heterocubane units, which are connected through common edges to create neutral 
layers. Twelve heterocubane units connect forming 16-membered square apertures 

which repeat in a grid arrangement. The layers are stacked directly above one another so 

that channels are created. The separation of the layers is influenced by the steric size of 

the coordinated arnine molecules. This is shown by a pronounced elongation of 1.34 A 

along the a-axis when increasing the size of the arnine from methylamine to the larger 

N-methyl-1,3-diaminopropane. 

Cb 

Figure 1.33: View along [100] of a heterocubane layer of (MA)2Mn2Sb2S5 [134], where 

the methylamine molecules coordinated to the manganese Ions have been omitted for 

clarity. [Sb-S < 3.0 A= white bonds, 3.0-3.8 A narrow solid bonds]. 

(Key: antimony, pink; sulphur yellow; manganese, green). 

27 



Copper and silver containing antimony sulphides 

Of the transition metals, the coinage metals appear to be more readily 

incorporated into the primary antimony- sulphi de bonding matrix than the earlier 

transition-metal series elements. There are numerous examples of different layered 

structures containing either copper or silver metals. Copper examples include mixed- 

valent Cu(l)/Cu(II) antimony sulphides [137], together with antimony- sulphide layers 

pillared by CUS4 distorted tetrahedra [ 13 8 ]. Heavier silver metal ions have been 

incorporated into antimony- sulphide structures through reactions in either super critical 

ammonia or ethyl enedi amine. The former has resulted in the synthesis of the layered 

Rb2AgSbS4, and a range of three-dimensional structures including MA92SbS4 (M=K, 

Rb) and K2AgSbS4 [61]. 

Of the lamellar copper containing antimony chalcogenides, a common 

arrangement is the (Am)0.5CU2SbS3 Motif, where the amine Am = ethylenediamine, 1,3- 

diaminopropane, 1,4-diaminobutane, 1,6-diaminohexane, diethylenetriamine and 1,4- 

bis(2-aminoethyl)piperazine [137,139 , 140 ]. The layers are constructed from 5- 

memberedCU2SbS3 rings where Sb-S, Cu-S, Sb-Cu and Cu-Cu bonds are found (Figure 

1.34). The rings are fused into interconnected double layers that are separated by the 

neutral amine molecules. The spacing between the layers is determined by the length of 

the amine molecule and its orientation between the layers. For example, the 

ethylenediamine containing phase has a layer separation of 5 A, which increases to 8.84 

A in the presence of bi s (2 -amino ethyl)plperazine. 

Figure 1.34: The Cu-)SbS3 chain which connects to fon-n the double layers in t7ý - 
(Am)0.5C u-,, S bS3 [137]. (Key: antimony, pink; sulphur, yellow; copper, red). 
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In the layered compounds of [tnenH2]0.5CU3Sb2S5 and [dienH2]0.5CU3Sb-)S5 [140], 

6-membered copp er- antimony- sulphur rings form the mixed-metal sulphide layers. The 

double-layer structure of [tnenH2]0.5(CU3Sb2S5) IS formed from SbS3, CUS3 andCUS4 

units connected into CuSb2S3 andCU2SbS3heteronngs (Figure 1.35). Pairs of layers are 

then connected through the shared fourth sulphur atoms of theCUS4 tetrahedral units. 

a 

Figure 1.35: Views along [001] of a single layer in [tnenH2]0.5CU3Sb2S5 [ 140], and 

along [0 10] of two singles layers joined to fon-n a double layer, which are separated by 

diprotonated trien molecules. (key: antimony, pink; sulphur, yellow; copper, red). 

A double-layer structure is also found in [dienH2]0.5CU3Sb, )S5 [140]. The single 

layers, shown in Figure 1.36, have a slightly more complex structure. The copper and 

antimony atoms are coordinated by three or four sulphur atoms, with additional Sb-Cu 

and Cu-Cu bonds. Rows of 6-membered CuSb-)S3 and Cu-)SbS3 heterorings are fused 

together into bands interrupted by 10-membered rings. Pairs of wave-like layers 

interlock and are connected by an intricate bonding arrangement to create the double 

layers. 
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Figure 1.36: View along [10-1] of the single layer in [dienH2]0.5CU3Sb2S5 [ 140]. (key: 

antimony, pink; sulphur, yellow; copper, red). 

As well as being found within the antimony- sulphide networks described 

previously, copper has also been known the bridge antimony- sulphi de layers. In 

[pipH2]0.5CuSb6SIO [138], Sb6SIO 2- 
antimony- sulphide layers with a herringbone 

structure are pillared by pairs Of CUS4 units (Figure 1.37). To date, this is the only 

example of this unusual arrangement. 

a 

Figure 1.37: CUS4 pillars bridging Sb6SIO 2- layers in [p*pH, )10.5CuSb6SIO [138]. (key: 

antimony, pink; sulphur, yellow; CUS4polyhedra, red). 
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The silver antimony- sulphide layers are generally formed from five and six 

membered sil ver- antimony- sulphide rings. In the compound [enH]Ag2SbS3 [ 141 ], the 

double layers are constructed from fused Ag-S-Ag-S-Sb rings which are joined through 

an Ag-Sb bond. Condensation of these rings creates double layers (Figure 1.38), which 

are separated by monoprotonated ethylenediamine molecules. In [enH]Ag5Sb3S5 

[141,142], the vertex linking of SbS3 3- 
5 

AgS4 7- and AgS3 5- units creates honeycomb-like 

double layers of fused silver- antimony- sulphide six-membered rings (Figure 1.39). 

These layers, like those of [enH]Ag2SbS3, are separated by monoprotonated 

ethylenediamine molecules. Double [Ag5Sb3 S8]2- layers of a different topology are 

reported in [tnenH2]Ag5Sb3S8 [ 143 ], where the two honeycomb sheets almost 

superimpose one another within the doubles layers (Figure 1.39). Diprotonated 

triethylenetetramine molecules serve to separate the anionic double layers. Unlike the 

previous examples of silver- antimony- sulphides, [dabH-)]Ag3Sb3S7 [ 142] contains 

anionic layers that are formed from antimony- sulphide chains and silver-antimony- 

sulphide chains which include A93SbS3 semicubes. The chains are linked through 

shared sulphur atoms to forrn layers. These layers are widely separated by the 

diprotonated diaminobutane molecules. 

6, 
Z c 
" ýa 

Figure 1.38: View along [010] of the silver- antimony- sulphide double layers in 

[enH]Ag2SbS3 [ 141 ]. (key: antimony, pink; sulphur, yellow; silver, blue). 
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a) 

a 

Cb 

b) 

Figure 1.39: Honeycomb silver- antimony- sulphide layers in (a) [enH]Ag5Sb3S5 

[ 141,142] and (b) [trienH2]Ag5Sb3S8 [143]. (key. - antimony, pink; sulphur, yellow; 

silver, blue). 

1.3.5 Lanthanide containing antimony-sulphide materials 
Compared to the wide selection of transition-metal containing antimony 

sulphides which have been synthesised, the examples of lanthanide containing antimony 

sulphides are significantly fewer. Two different structural phases have been synthesised 

to date with the amine ethylenediamine (en). In [Ln(en)3]SbS4-0.5en (Ln = Sm, Eu, Dy, 

Yb) [90,91], a salt-like crystal is formed where eight coordinate [Ln(en)4]3+ complexes 

and SbS4 3- tetrahedra are packed together with neutral ethylenediamine molecules. In 

the other phase, [Ln(en)3(H20)xGt3-, SbS4)1 (Ln = La, x=0; Ln = Nd, Sm, x= 1), SbS4 3- 

units bridge I anthanide- ethyl enedi amine complexes into infinite strings [90,91 

Depending on the lanthanide metal, the connectivity subtly changes. For example, in the 

neodymium and samarium phases, the SbS4 3- tetrahedra connect nelghbouring 

[Ln(en)3 ]3+ complexes by acting as a monodentate ligand, with the ninth coordination 

site filled by a water molecule (Figure 1.40). However, in the lanthanum phase, the 

SbS4 3- tetrahedra act as both a monodentate and a bidentate ligand to adjacent La 3- ions. 
The nine-fold coordination of each La 3+ is completed without additional water 

molecules (Figure 1.41). 

32 



Figure 1.40: [(Ln(en)3(H20)(ýt2SbS4)1 (Ln= Nd, Sm) chains [90,91] of alternating SbS4 3- 

tetrahedra and [Ln(en)3(H2 0)]3+ complexes. (Key: antimony, pink; sulphur, yellow; 

neodymium and samarium, green; carbon, black; nitrogen, blue; oxygen, red). 

Figure 1.41: Neutral [La(en)(ýObS4)1 chains [90] of alternating SbS4 3- tetrahedra and 

[Ln(en)31 3+ complexes. (Key: antimony, p1nk; sulphur, yellow; lanthanum, green; 

carbon, black; nitrogen, blue; oxygen, red). 

Recently Jia et al. have synthesised several lanthanide-antimony-selenide 

compounds solvothermally. The samarium compound is isostructural with the sulphide 

phase [Sm(en)3]SbS4-0.5en [144]. However, the lanthanum and neodymium- antimony- 

selenide phases [Ln(en)41[SbSe4l (Ln = La, Nd] have different structures to those 

reported for the sulphides. The SbSe4 3- tetrahedra act as monodentate ligand to one 

[Ln(en)41 3+ complex producing neutral nine-coordinate discrete lantham de- antimony- 

sulphide complexes. 
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1.4 Metal-oxy anion frameworks 

1.4.1 Introduction 

In recent years a myriad of solids with open frameworks arising from the 

coordination of metal ions by small oxy-anions have been synthesised. 

These materials have many potential applications such as in catalysis, gas storage, 

separation and molecular recognition [145,146,147], and this has prompted considerable 

interest in these materials. The strong bonding results in robust, highly crystalline and 

defined frameworks. Compared to conventional microporous materials such as zeolites, 

which represent the predominant class of open-framework materials, the metal-oxy- 

anion frameworks have the potential for more flexible design. It is possible to tailor the 

architecture of the framework to a desired process. Some common motifs which are 

formed are shown in Figure 1.42 [148]. 

Figure 1.42: Examples of common nets; primitive cubic, square lattice, diamond and the 

honeycomb lattice 

Lanthanide frameworks are not as common as their transition-metal counterparts. 

However, the potential applications of lanthanide frameworks as magnetic and 

luminescent materials [149], has provided incentive to synthesise new phases. The 

reluctance to synthesise lanthanide-organic frameworks may be a result of the lack of 

control of the coordination about the lanthanide cations, which makes it difficult to 
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tailor the design of the framework. However, the higher connectivity about the 

lanthanide cation and a coordination number range of 7-10 allows for greater structural 

diversity than with transition-metal ions. 

Recently lanthanide frameworks have also been synthesised under hydrothermal 

and solvothermal conditions using simple carboxylic acids as starting reagents such as 

formic, oxalic, malonic, glycolic and citric acids [150,151,152,153,154]. The oxalate 

ion particularly is frequently employed in lanthanide-oxy- anion frameworks, in either 

binary lanthanide-oxalate phases, or ternary phases with another oxy-anion ligand [ 155]. 

Ternary lanthanide-oxy- anion phases can be formed either through the addition of a 

secondary small oxy-anion to the reaction, or as a result of the decomposition of the 

oxalate ion to the simpler carbonate and formate ions [ 15 6]. As there are a large number 

of different lanthanide-simple carboxylate frameworks, the discussion will be limited to 

the hydrothermal and solvothermal reactions using solely the oxalate ion, including the 

products which form as a result of the decomposition of the oxalate ion. 

1.4.2 Lanthanide-oxalateftameworks 

Before hydrothennal and solvothermal synthesis was widely applied, 

lanthanide-oxalate materials were synthesised using precipitation and sol-gel techniques 

[157,158]. The hydrated lanthanide oxalates synthesised using these techniques, with 

the exception of [Er(H20)312(C204)3-l2H20[l59] whose structure is three-dimensional, 

have layered structures. The layers present a honeycomb architecture of 12-membered 

[Ln(C204)16 rings which are also commonly observed in the hydrothermally and 

solvothermally synthesised phases. Examples include La2(C204)3.9.5H20 [ 160 ] and 
Pr2(C204)3-lIH20[ 161 ], where each lanthanum ion is coordinated by three oxalate ions 

in almost planar geometry, with the remaining coordination sites filled by water 

molecules (Figure 1.43). The three-dimensional structure of [Er(H20)312(C204)3-l2H20 

[159] also processes the honeycomb structure, where a complex network of helical 

channels run through the structure. 
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a 

Figure 1.43: Layers containing 12-member hexagonal rings lying the in the (0 10) plane 

in La2(C204)3.9.5H20 [160]. The free water molecules have been excluded for clarity. 
(Key: lanthanum, green; oxygen, red; carbon, black). 

When lanthanide oxalates are synthesised hydrothermally with alkali-metal ions, 

or in the presence of an organic template e. g. tetramethyl ammonium or guanidinium 

ions, both two- and three-dimensional anionic structures can be formed [16]. As the 

lanthanide ions have coordination numbers varying between 7 and 10, markedly 

different structures can forrn. However, 8 and 12- membered apertures and channels are 

common features and often appear within these open structures. In most cases the 

oxalate ion is a bidentate ligand, with the remaining coordination sites around the 

lanthanide ions being filled by coordinated water molecules. 

The layered lanthanide oxal ate- structures predominantly form open net-like 

motifs, containing square [Ln(C--)04)14 rings (Figure 1.44). Table 1.3 summanses the 

layered lanthanide oxalates synthesised with alkali metal ions or template molecules. 

Typically, each lanthanide ion is coordinated by four bidentate oxalate ligands in almost 

planar geometry, and one water molecule perpendicular to the layer plane. The layers 

are stacked directly above one another, such that channels are created which run 

through the structure. The alkali-metal ions, template and water molecules are located in 

the interlayer space. The exception is [K, NH4][La(H-)0)2(C')04)2]H20 [1651, where each 

lanthanide is coordinate by three bidentate and one monodentate oxalate ligand, and two 

water molecules. This slightly different coordination around the lanthanide ion results in 

the square [Ln(C-)04)14 rings as well as diamond shaped cavities (Figure 1.45). 
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The interlayer distance is dependent on a number of factors such the type of 

rare-earth ion, the species localised in the 1nterlayer spacing and the amount of free 

water molecules present. The bulkier the elements, the larger the interlayer space. 

Similarly, a greater free water content expands the layer separation. 

I Figure 1.44: View along [100] of neodymium-oxalate layers within 
[C(NH2)31[NH4][Nd(H20)(C204)212 [15]. (Key: neodymium, green; oxygen, red; carbon, 
black; nitrogen, blue). 

a 

Figure 1.45: View along [010] showing the lanthanum-oxalate layers within 
[A][La(H20)2(C204)2]H20 (A= K, NQ [165]. The [K, NH41ý ions and free water 

molecules which separate the layers have been excluded for clarity. (Key: lanthanum, 

green; oxygen, red; carbon, black) 
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Table 1.3: Unit cell details and interlayer distances of lanthanide-oxalate frameworks 

presenting 8-membered [Ln(C204)]4rings. (* esds not published). 

Compound Space Unit cell Interlayer distance 

group parameters (A) 
[C(NH2)31[NH4)[Nd(H20)(C204)212 Pbcm a= 6.4298(7), 6.4298(7) 

[15] b= 12.297(l), 

c= 25.008(3) A 

[C(NH2)31[La(H20)(C204)21 [15] P211c a= 6.6180(4), 6.6180(4) 

b= 12.6360(6), 

c= 13.1900(4) A, 

P= 93.007(4) 0 

[NH4][Gd(H20)(C204)21 [162] P21n a= 7.816(l), 6.1183(6) 

b= 6.1183(6), 

c= 9.4646(9) A, 

P= 90.50(l) ' 

Cs[Y(H20)(C204)21 [163] PC a= 8.623(2), 6.230* 

b= 8.6310(8), 

c= 14.896(3) A, 

P= 102.848(9) 

Na[Y(H20)(C204)21 
. 3H20[164] P21n a= 8.979(2), 7.262* 

b= 6.2299(8), 

c= 8.103(l) A, 

P= 90.05(2) ' 

[NH4][La(H20)2(C204)2]H20[165] C21M a-- 22.130(4), 7.305* 

b= 7.774(l), 

c= 6.655(2) A, 

P= 105.28(2) 0 

K[La(H20)2(C204)2]H20[165] C21M a= 22.033(l), 7.162* 

b= 7.6003(5), 

c= 6.6418(4) A, 

P= 103.8146(2) 0 

38 



Several of the three-dimensional structures of lanthanide-oxalate frameworks 

can be considered as bridged versions of the honeycomb layers described previously. 

The bridging is facilitated by the coordination of extra oxalate ions in addition to the 

three already coordinated. For example, in the similar structures of 
[C(NH2)312[Nd(H20)12(C204)4.3H20 [150] and [C6N2HI610.5 [Y(H20)(C204)21 

. 2H20 
(C6N2HI6 = 2,5-dimethylpiperazine) [17], the metal ions are coordinated by a fourth 

oxalate which bridges the layers into a three-dimensional framework (Figure 1.46). Two 

further oxalate ions are coordinated to each lanthanurn ion in [1,3- 
dapH2]2[La2(C204)51 

. 51420 [ 16], resulting in I O-fold coordination. In these three 

structures 8-membered [Ln(C204)14 rings are also generated which run perpendicular to 

the 12-membered channels. This is not the case for [C5N2H121 [Y(C204)21 [ 17], where 

1,3-diaminopropane under goes in-situ reaction with acetic acid to form 2-methyl-3-4-5- 

6-tetrahydropyrimid-l-ene, as the honeycomb layers are buckled in such a manner that 

when bridged via a fourth oxalate ligand, extra channels are not created. 

c 

a--b 

Figure 1.46: View along [ 100] showing a single neodymium-oxalate layer, which is 

bridged in the 33D structure of [C(NH2)312[Nd(H)0)12(C-)04)4. ")H--)O [150] forming 12- 

membered channels containing guanidiniurn ions and water molecules. (Key: 

neodymium, green; oxygen, red; carbon, black). 
1. 
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In the series [NH41[Ln(H20)(C204)21 (Ln= Eu-Yb) [162], two mutually 

perpendicular 8-membered channels are found, where layers containing 8-membered 

[Ln(C204)14 rings are bridged into a three-dimensional fTamework (Figure 1.47). This is 

achieved by the coordination of five oxalate ligands to each lanthan'de 'on, of which 
four have bidentate coordination and one has monodentate coordination. Three of the 

oxalate ligands lie in almost planar geometry to (100), with the remaining orientated 

perpendicular to the plane, and acting as a bridge between adjacent layers. The two 

perpendicular 8-membered channel systems formed contain the ammonium cations. 

C\, z 

Figure 1.47: View along [100] of the single layers containing trapezium shaped 8- 

membered [Ln(C204)14 rings containing ammonium ions in the 3D structure of 

[NH4][Ln(H20)(C204)21 with Eu-Yb [162]. (Key: lanthanide, green; oxygen, red; carbon, 

black; nitrogen, blue). 

In rare examples, the oxalate ion has been observed acting as a monodentate 

ligand. For example in [N(Me)41[Nd-)(H20)31 [C204)3.51 AH20 [150], one oxalate ligand 

is both a mono- and a bidentate ligand so that each of the 9-coordinate Nd 3+ 
ions is 

coordinated by 7 oxalate oxygens and 2 water molecules. This unusual arrangement 

creates rarely observed 10-membered rings within layers which lie in the (101) plane 

(Figure 1.48). The layers are bridged into a three-dimensional framework through 4-: ) 

oxalate ions which lie perpendicular to the layers, and creates additional smaller and 

larger channels running along the [- 10 1] direction. 
4-n 4-: ) 
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Figure 1.48: View along [101] showing an individual layer of 

[N(Me)41[Nd2(H20)31 [C204)3.51 AH20 [150], which is bridged into a three-dimensional 

structure via oxalate ions perpendicular to (101) plane. Tetramethylammonium. cations 

have been excluded for clarity. (Key: neodyinium, green; oxygen, red; carbon, black). 

The channels found in the previous examples are straight, whereas the channels 
found in several other three-dimensional structures can be described as having a helical 

arrangement. Examples of lanthanide-oxalate frameworks where helical channels run 

through the structures include [ 1,2-dapH21[Yb(C204)212.5H20 [16], [1,2- 

dapH21[Nd(H20)(C204)212.3H20 [ 16] and [Me4N][Yb(C204)21 [150]. 8- and 12- 

membered channels, which have been described earlier are found in these structures, 

however the connectivity is facilitated by helices running through the structure. Figure 

1.49 illustrates the three-dimensional structure of [l, 2-dapH21[Yb(C204)212.5H20 

viewed along [100] showing the hexagonal 12-membered channels. In this example two 

adjacent helices run along [-1-10], sharing an oxalate atom, and turning with opposing 

handedness. 
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Figure 1.49: View along [ 100] of [ 1,2-dapH21[Yb(C204)212.5H20 [ 16] and one of the 

helical chains present. (Key: neodymium, green; oxygen, red; carbon, black). 

1.4.3 Lanthanide oxalate-carbonate and oxalate-form ate frameworks 

Increasing the temperature and/or time for the hydrothermal synthesis of the 

lanthanide-oxalate frameworks results in the partial decomposition of the oxalate ion 
into carbonate and fon-nate ions. These smaller cations can then go on to coordinate the 

lanthanide ions in conjunction with the remaining oxalate ions to form mixed lanthanide 

oxalate-carbonate and oxalate-formate materials. The decomposition of the oxalate ion 

was followed by Trombe et al. [ 156] through the synthesis of lanthanum, oxalate- 

carbonate compounds between three days and three weeks at 473 K, and analysing the 

crystalline products using single-crystal X-ray diffTaction. After hydrothermally heating 

the starting lanthanide oxalate for three days, mixed alkali lanthanide-oxalate phases of 
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M[Ln(H20)2(C204)21 H20, described earlier, were obtained. Under the same conditions, 

but heating for seven days, partial decomposition of the oxalate ion to the carbonate ion 

occurs and the mixed ligand phases [Ln(H20)]2(C204)2(CO3). 2.5H20(Ln= Ce, Pr, Nd, 

Er) [166] were formed. The oxalate ion is in excess with regards to the carbonate ion, 
however heating for a total of three weeks results in further decomposition and the 

creation of the [Ln(C03)2(C204)(H20)21 (Ln=Eu-Er) phase [156], where the carbonate 

ion is now excess. No I anthanide- carbonate phases have been reported as a result of the 

complete decomposition of the oxalate ions under solvothermal and hydrothermal 

conditions. 

The three-dimensional structure of the oxalate-rich phases 

[Ln(H20)12(C204)2(CO3). 2.5H20(Ln=Ce, Pr, Nd, Er) [166] are formed from a complex 

arrangement of oxalate and carbonate ions. Each of the lanthanum ions is nine 

coordinate, and is connected into rings containing six lanthanide ions, where two 

oxalate ions lie in the (100) plane, and two oxalate and two carbonate ions are 

perpendicular to this plane (Figure 1.50). The perpendicular ions also served to link the 

layers into a neutral three-dimensional structure, where the rings align forming channels 

containing the free water molecules. 

La 

Figure 1.50: Unbndged Ln-ox al ate- carbonate layer in [Ln(H20)12(C204)2(CO3). 2.5H,, O 

(Ln=Ce, Pr, Nd, Er) [ 166]. (Key: lanthanide, green; oxygen, red; carbon, black). 
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The structure of carbonate-rich phase [Ln(C03)2(C204)(H, )0)21 (Ln=Eu-Er) is 

far simpler than the previous carbonate-poor phase [156,167]. Each lanthanide on is 

coordinated to one water molecule and eight oxygen atoms; two fTom an oxalate ion and 

six from the carbonate ions. Hexagonal 6-membered rings are created from two oxalate 

ligands lying parallel to the (001) plane, and four carbonate ligands perpendicular to the 

(001) plane. The perpendicular carbonate ions also serve to link neighbouring layers 

together (Figure 1.51). The water molecules are directed into the 6-membered rings. 

Two intersecting channels run through the structure parallel to [ 100] and [00 1 ]. 

a 

Figure 1.51: View along [001] of the mixed oxal ate- carbonate layers in 
[Ln(C03)2(C204)(H20)21 (Ln=Eu-Er) [156], which are connected into a three- 

dimensional structure through carbonate ions lying parallel to [001]. (Key: lanthanurn, 

green; oxygen, red; carbon, black). 

Oxalic acid is known to decompose to formic acid in aqueous conditions over 

the temperature range 453-503 K [168]. In the synthesis of Ln(C204)(HCO'_ý) (Ln= La, 

Ce, Sm) [166], the fonnate ions generated in-situ coordinate the lanthanide ions in 

conjunction with the oxalate ions (Figure 1.52). Each lanthanide on is 9-coordinate, 

where six oxygens are from oxalate ligands and three oxygens are from fonnate ions. zn 
Sheets are created from bidentate bridging oxalate ions (Figure 1.51), which are then 

connected into a three-dimensional structure by formate ions that are orientated 

perpendicular to the sheet plane. Unlike the oxal ate- carbonate phases, this structure 

does not contain a network of channels. 
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Figure 1.52: View along [001] of the mixed oxalate-formate three-dimensional 

framework of Ln(C204)(HC02) [166]. (Key: lanthanum, green; oxygen, red; carbon, 
black). 

Vaidhyanathan et al. deliberately added equal molar amounts of oxalic and 
fon-nic acid in the synthesis of [ l, 2-dapH21[Nd(C204)2(HCOO)]. H20 [ 169], though in 

the resulting framework each neodymium is coordinated by the oxalate and fon-nate 

ions in a 2: 1 ratio. The crystal structure is very similar to that of 

[C6N2HI610.5[Y(H20)(C204)21 . 
2H20 [17], where honeycomb layers are bridged by a 

fourth oxalate ion into a three-dimensional structure. However, unlike the previous 

oxalate-formate example, the forinate ions only coordinate one lanthan'de ion and 

complete the nine-fold coordination of the neodymium ions (Figure 1.53). 
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Figure 1.53: View along [100] of the three-dimensional framework of [1,2- 

dapH21[Nd(C204)2(HCOO)]. H20 [ 169]. (Key: neodymium, green; oxygen, red; carbon, 

black). 

1.5 Aims of the present work 
The aim of this work is to use solvothermal and hydrothermal synthesis to 

prepare and characterise further examples of metastable antimony- sulphide and 

lanthanide-oxy- anion frameworks. As described in this chapter, numerous transition- 

metal containing antimony- sulphides have been observed. However the majority of 

these phases contain discrete transition-metal-amine complexes which are not directly 

bonded to the antimony- sulphide structure. In order to encourage direct T-S bonding 

between the transition-metal ions and the chalcogenide framework, amines will be 

identified which can not fully coordinate the transition-metal ions, such as branched and 

macrocyclic amines. Additionally, reactions using linear polyamines and alicyclic 

amines will be performed to screen the reaction variables for unexpected transition- 

metal coordination to the antimony- sulphide framework. It is possible that the 

transitions-metal ions within these ternary phases could exhibit unusual magnetic 

interactions due to their close proximity within the crystal structure and undergo 

superexchange via sulphur anion bridges. 

In comparison to the transition-metal antimony- sulphi de materials, the synthesis 

of I anthani de- antimony- sulphi des is relatively unexplored, with only salt-like and chain 
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structures so far being reported in the presence of ethylenediamine. This suggests that 

further novel examples of these materials can be formed using different linear and 

branched polyamines. It is therefore the intention to screen solvothermal reactions 

containing different lanthanide ions, antimony, sulphur and various amine solvents to 

prepare new examples of lanthanide- antimony- sulphide compounds. 

Lanthanide ions have been widely observed within lanthanide-oxy- anion layers 

and frameworks, and as shown earlier, many different architectures are possible. 

However very little magnetic analysis has been performed on these compounds, even 

though they are connected into structures with short Ln ... Ln distances, Which could 

result in magnetic interactions between the metal ions and possibly unexpected 

magnetic phenomena. The final aim of this project is therefore to synthesise and 

characterise further examples of these phases using oxalate ions, and to measure their 

magnetic response. 
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Chapter 2: Preparation and Characterisation 

2.1 Introduction 

Solvothermal and hydrothen-nal synthesis is a widely applied synthetic method 

and is used to prepare a range of materials such as chalcogenides, zeolites and 

phosphates. Reactions are conventionally performed in steel autoclaves with internal 

volumes of between ca. 20 mL and 20 litres. For laboratory-scale synthesis, Teflon- 

lined steel autoclaves with an inner volume of 23 mL (Parr) are ideal for preparing 

sufficient quantities of products for physical analysis (Figure 2.1). Typical reactions 

involve mixing solid reagents in a Teflon liner, with an organic solvent for solvothen-nal 

reactions or water for hydrothen-nal synthesis. The liner and lid are then placed inside a 

stainless steel autoclave which is closed firmly. The autoclave is placed inside a cold 

oven, which is heated up to 473 K. Reactions under hotter conditions are not possible as 

the Teflon will warp above 473 K. When the reaction is complete and the autoclave has 

cooled to room temperature, the solid product is removed from the Teflon liner, washed, 
filtered and analysed. 

Figure 2.1: 23 mL Teflon liner and solvothennal stainless steel autoclave. 

There are many variables within solvothermal synthesis, such as reaction time 

and temperature, reagent ratio, metal-salt type and solvent, so small autoclaves are 

impractical for effectively screening so many combinations. In order to increase the 

number of reactions performed, a parallel synthesis method was developed. Previous 

parallel and combinatonal approaches have focused on boring channels into a Teflon 

block, which are filled with the reagents and then sealed within a stainless steel 

autoclave or block. It is possible to perform up to 1000 reactions simultaneously using 

this high throughput approach [ 170], and it has been applied to the hydrothermal 

synthesis of zeolites [170], phosphates [171] and arsenates [172]. There are limitations 

with such a screening method, such as the potential for bottle-necks in preparing the Z. 
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reaction block, characterisation of the products, the scalability and reproducibility of the 

products. 

During this work, an alternative method was developed where reagents are 

sealed inside small bags and then placed inside a Teflon lined steel autoclave. The bags 

contain one third of the proportions of the reagents compared to conventional antimony- 

sulphide synthesis and importantly, typically five times the scale used for high through- 

put combinatorial screening. The reaction scale of the bags allows meaningful analysis 

of the products, especially by powder and single-crystal X-ray diffraction where ca. 0.3 

g of solid product is required or to provide a large selection of crystals to chose from. 

Bags previously described in the literature and used in the solvothermal 

synthesis of phosphates were made of Teflon [173,174], however it was found during 

the initial development stage that Teflon was very difficult to seal together to form a 
bag. The polymer FEP (fluorinated- ethyl ene-propyl ene) was identified as a more 

appropriate material. It has a melting point of 540 K, determined by Dr I McEwan 

(Heriot Watt University) using a TA Instruments DSC 2010 Differential Scanning 

Calorimeter. This is significantly higher than the maximum reaction temperature of 473 

K and the polymer does not react with the reagents under solvothermal conditions. In 

addition, FEP readily melts and welds to itself, unlike Teflon sheeting, allowing bags to 

be easily fabricated. No cross contamination between the reagents in different bags was 

detected. The method allowed up to 40 reactions to be performed in parallel, and 

enabled an efficient screening method to be employed. 

22 General synthetic methods 

Initial syntheses were performed using FEP bags made from 4 cm sections of 

tubing (Adtech, 19mm ID x 20mm OD), which were secured at one end with a large 

clip and sealed using modified Antex heated pliers, fitted with a thermostat set at 543 K 

(Figure 2.2). Solid reagents with a total mass of ca. 0.3 g and a maximum of I mL of 

solvent were added to each bag, before the tops of the bags were secured and sealed as 

before. Small leaks were located by squeezing the bags firmly and then sealed. The bags 

were placed in Teflon-lined steel autoclaves; two per 23 mL autoclave and up to 20 per 

125 mL autoclave. In order to balance the vapour pressure of the solvent within the bags 

during the reaction, 3 or 15 mL of water xvas also added to each autoclave before 

closing. 
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Figure 2.2: Modified Antex heated pliers and FEP bag 

The autoclaves were placed in an oven and heated at 414-463 K for up to 7 days 

typically, and then allowed to cool to room temperature over 6 hours. The product from 

each reaction was filtered and generally washed with water and acetone, before being 

allowed to dry at room temperature. When the product was hydroscopic, 

ethylenediamine solvent was used instead to wash the solid, before placing the product 
in a vacuum desiccator for storage. Crystalline products were primarily analysed using 

single-crystal X-ray diffraction, and powdered products by powder X-ray difftaction. 

When a new phase was identified, the reaction was scaled up three-fold in a 23 mL 
Teflon-lined autoclave in order to obtain sufficient product for physical analysis. 

2.3 Characterisation methods 

2.3.1 Single Crystal X-ray diffraction 

Crystalline products were analysed by single-crystal X-ray diffraction using a 

Bruker Nonius X8 Apex diffractometer (Mo-K,,. radiation, ý, =0.71073 A). In order to 

reduce the then-nal disorder of the organic component of the crystals, all data were 

collected at 100 K. 

A single crystal, of typical dimensions 0.3 x 0.1 x 0.1 mm, was selected and 

mounted on a glass fibre supported on a goniometer head and centred within the X-ray 

beam. The unit cell for each crystal was detennined by collecting 12 frames, at 10 

seconds exposure, for 60 Q sweeps at (D angles of 0,120 and 2400 and constant 20 and )C 

angles. The resulting 36 diffiaction patterns were processed using Apex-2 software [ 175] 

and the unit cell was determined from the reflections collected, and refined. At this 

stage the quality of the diffraction frames was analysed. If less than 75% of the spots 

were fitted by the assigned unit cell, and the RMS angle was greater than 0.5, then 
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another crystal was selected. The symmetry system of the crystal could also be assigned, 

however for collection purposes, it was kept as tncllnlc. 

For each crystal, a data collection strategy was deten-nined in the triclinic space 

group, with a resolution of 0.6 A and 10 seconds collection per frame, using Apex-2 

software [175]. Collections were typically 12-16 hours in length and collected at least 

99% of the data. Afterwards, the measured intensity, I(hkl), was corrected to the 

observed structure amplitude, I F, I, through the reduction process using the Apex-2 

software. The reduction process also includes corrections associated with the data 

collection process, such as the fact that the reflected radiation is partially polansed. 

Further correction was applied to all the data using the program SADABS [176], which 

corrects data for the imperfect alignment of the crystal and the crystal size, the X-ray 

beam inhomogenity, the X-ray absorption and the crystal decay. A list of reflections 

was produced with h, k, 1, IF, I, and the standard uncertainty cy(F,, ). Afterwards the 

space group was determined for each crystal using the Apex software, which compared 

the intensities that were equivalent by symmetry, and considered which systematic 

absences, if any, were in the data. 

The areas of electron density associated with the atoms is the reverse Fourier 

transform of the diffraction pattern (Equation 2.1). The electron density, p(xyz) , is 

obtained by summing all the diffracted beams, with their correct amplitudes, I F(hkl) I, 

and phases, exp[i(D(hkl)] and exp[-2in(hx+ky+lz)]. 

=1Y IF(hkl)1. exp[i(D(hkl)1 exp[- 2iz(hx + ky + lz)] 
(2.1) 

,p 
(xyz) 

v 
d-d 

h, k, 1 

From the measured I F(hkl) I values, the contribution of each reflection hk1 to each xyz 

position was determined, however the phases of the reflections are not known. Direct 

methods (SIR-92 [ 177 ]) were used to solve the structure, which selects the most 

important reflections (those which contribute the most to the Fourier transform). 

Probable relationships between the phases were calculated, and then applied to different 

possible phases to see how well the probability relationships were satisfied. All the 

metal and S atoms were typically located during the direct-methods solution. 

Subsequent difference Fourier calculations, to locate the possible C, N and 0 

atoms, were carried out using the CRYSTALS program suite [178] in which a Fourier 

difference map xvas created. The map is generated by performing a reverse Fourier 

transformation on the difference between the obser\, ed and calculated structure 
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factors, I F, I-IF, I. The peaks and holes found in the map can be potential or misplaced 

atoms, and therefore were assigned with chemical knowledge to complete the model. 

The completeness of the model is expressed by residual factor or R-factor which 

compares the differences between the observed and calculated structure 

factors I F,, I and I F, I. R is defined as 

R- 
YjjFýj-jFjj 

EIF, l 

(2.2) 

The equation involves the summation of all the differences between the corresponding 

observed and calculated amplitudes, and non-nalising by dividing by the sum of all the 

observed amplitudes, to give a value which can be compared for different structures. 

Typically R is around 0.02-0.07 for a complete model. 
The refined parameters describe the positions and vibrations of the atoms in the 

Fourier transform equation. For each atom there are three positional coordinates, x, y, z, 

and six anisotropic thermal parameters (three axis and three cross-terms parameters), 

assuming a general position. Thus there are commonly nine refined parameters for each 

independent atom. Where necessary, restraints to bond lengths, angles, vibrations and 

thermal parameters were added to the template and oxalate molecules to improve the 

refinement of the model. Hydrogen atoms were placed geometrically on the C and N 

atoms after each cycle of refinement. A Chebychev polynomial weighting scheme was 

also added to provide empirical weights to the least-squares refinement [179]. In the 

final cycles of refinement, positional and anisotropic thermal parameters for all non- 

hydrogen atoms were refined until the goodness of fit was around 1.00, and R was as 

small as possible, with no features outside the range ±1A -3 where possible. In the case 

of heavy elements such as antimony and lanthanide elements, it was common that peaks 

of greater electron density were found very close to these atoms which do not 

correspond to an atom. 

2.3.2 Powder X-ray diffraction 

The bulk reaction products were characterised by powder X-ray diffraction using 

a Philips PA2000 powder diffractometer, with nickel filtered Cu-K(x radiation (ý, = 

1.5418 A). The samples were finely ground and mounted in open aluminium sample 

holders. Routine identification and charactensation was perfon-ned over the angular 

range of 5 !ý 200 -< 
40, counting for Is at 0.050 increments in 20. When better data were 
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I impurities, the required, such as on ground handpicked crystals or for the analysis of 

angular range was increased to 5 :! ý 200 < 80, the counting time increased to 5s per step, 

and the step size reduced to 0.020. The powder X-ray diffraction pattern was then 

compared to the powder diffraction pattem of the new crystalline phase which was 

simulated using the program Powder cell (version 2.4). Unassigned peaks due to 

crystalline impurities were compared to the powder X-ray diffraction patterns of known 

transition-metal-sulphide and antimony-sulphide phases, or lanthanide compounds. 

These patterns are available from the Inorganic Crystal Structure Database and the 

Cambridge Structural Database. 

2.3.3 Elemental and thermogravimetric analysis 
The total organic component of each new crystalline phase was determined by 

thennogravimetric analysis using a Du Pont 951 thennal analyser. Finely ground 
handpicked crystals (5-10 mg) were loaded into a quartz crucible suspended from the 

balance arm by a platinum wire. Measurements were performed under N2with a flow 

rate of 60 cm 3 /min. The temperature range and heating profile were vaned according to 

the sample being studied. Typical conditions involved heating at 10 K/min to 623 K for 

antimony-sulphide materials, in order to minimise the formation of the volatile Sb203 

degradation product, and 1273 K for the lanthanide carbonates and oxalates to ensure 

complete decomposition. 

Carbon, hydrogen and nitrogen contents were determined by combustion 

techniques. Measurements were performed by Christina Graham of the departmental 

microanalysis service using a Control Equipment Corp. 440 Elemental analyser on 

approximately 1-2 mg of handpicked crystals. 

2.3.4 Scanning electron microscopy 

Analytical electron microscopy was performed by Dr Jim Buckman (Henot 

Watt Univeristy) using a Philips XL30 scanning microscope equipped w* A ith an "EDA 

Phoenix" detection system on hand picked single crystals. The crystals were analysed 

under low vacuum (2-6 torr), at a working distance of 10 mm and an operating voltage 

of 20 kV. A smooth surface on each crystal was probed for 50 seconds. The mass 

percentage of the hcavý7 elements ideiitified was determined using equipment software. 

The molar percentage of each element was then determined for each crystal. 
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2.3.5 Magnetic susceptibility measurements 
2.3.5.1 Theory 

When a substance is exposed to an external magnetic field, the magnetisation of 

that substance, M, is defined as the magnetIc dipole moment per unIt volume. 
Magnetisation is often proportional to the applied field B and can be expressed by: 

ýto-'X B (2.3) 

Where p,, is the vacuum permeability and X is the magnetic susceptibility, which is the 

magnetisation induced by unit applied magnetic field. The molar susceptibility is often 

of more practical use and is defined by: 

Xmol ::::::: 
XMr 

lolp 

(2.4) 

Where p and M, are the density and the relative molecular mass of the substance 

respectively. 

Materials containing unpaired electrons are classified as paramagnetic materials, 

as opposed to diamagnetic materials which contain no unpaired electrons. In the 

classical interpretation, each atom, molecule or ion can be modelled as a permanent 

magnetic dipole moment. An external magnetic field attempts to orientate these dipoles 

against the thermal chaos which tends to randomise the orientation of their molecular 

moments. 
In paramagnetic magnetically dilute substances, where the magnetic ions are 

well spaced and when there are no accessible excited states, y, is inversely proportional 

to temperature, T. The relationship is known as the Curie law, where C is the Curic 

constant (Equation 2.5). 

X=- 
(2.5) 

However, few paramagnetic solids obey the Curie law exclusively. In order to allow for 

a dc(), i-cc of interaction bem-een the ma(gnetic moments aiid a breakdoxN', n of the 

Langevin assumption, where the magnetic moment can take any orientation, the Curie- 

Weiss law is more commonly used. The Weiss constant, 0, is an empirical value 

characteristic to each individual substance. 

54 



c 
Xmol :::::::: T-0 

(2.6) 

0 is a measure of the interactions between the moments, and is typically positive for 

materials which display ferromagnetic correlation, and negative for those that instead 

display anti ferromagnetic correlation. It is however not necessarily an indicator that 

long-range order is present. 
Electrons within an open-shell atomic configuration possess a total spin and 

orbital momentum, denoted as S and L. Spin-orbit coupling occurs between S and L for 

each term giving a resultant J, the total angular momentum. The components of L and S 

in the direction of J are respectively Lcos(LJ) and Scos(LJ). Spin and orbital angular 

momenta give rise to magnetic moments differently; JUL =: JOVL(L + 1) and 

ps =- 2PV-S(S+ 1) where P is the Bohr magneton. Using the cosine rule, the effective 

magnetic moment can be determined from the components of S and L with J, and 

expressed in tenns of the quantum number J (Equation 2.7). The units of effective 

magnetic moments are Bohr magnetons. 

p= gv-j-(j+ 1) (2.7) 

is known as the "Lande splitting factor" and is the ratio of magnetic moment to 

angular momentum. For transition-metal ions, g= 2, whereas g can take values between 

1-2 for rare-earth ions. 

3 
S(S+1)-L(L+1) 

2 2J(J + 1) 
(2.8) 

The application of a magnetic field splits each component of J into 2J+l 

Zeeman levels, corresponding to the special quantisation of J in the direction of the 

magnetic field. The splitting is in the order of a few wave numbers in fields of ca. 

101000 G, such that the Boltzman energy kT exceeds the magnetic energy g)6H by at 

least an order of magnitude. 

Each of the energy levels, J, J-1, ... -J, has an associated moment ýt of -g, 8j, 

g, g(j-l),... g, &, and energy of g, 6JH, g, 8(J-I)H,... -g, 6JH, with an energy separation of 
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gfiH. In order to determine the population of each level, the Boltzman distribution law 

is applied. The ratio of the number of molecules in the different levels is then: 

exp -UI... exp(O),... kT 

(2.9) 

Since, g, 8H<<kT this reduces to: 

1- 
kT 

) 
'... (I - 0),... 1+U) 

(2.10) 

For each mole of material, the total number of molecules is Avogadro's number, NA, 

and since there are 2J+1 levels, the actual number of molecules in each level are: 

NA NA NA (2.11) 

(2J + 1) 

[1 

U (2J+I)'**'(2J+I)['+ U 

Therefore En ýt for each level is: 

NA 9 
2p2j2 H 8j o 9 

2, g2j2 H 81 
(2.12) 

- 
(2J + 1) g, + 

[- 

kT 

] 
I ... l... (2J + 1) 91 - 

[U] 

On summation of these values to the ith term, the equation reduces to: 

En p-= 
NA9 2fl2 H 

J(J + 1) 
(2.13) 

3kT 

As susceptibility is also defined as 

Y-np (2.14) 
H 

the combination of Equation 2.13 with 2.14 forms Equation 2.15, where ýt is measured 

in Bohr magnetons. 

N. 4g2 // 
, 

3kT 

(2.15) 
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This is the Langevin equation, which was produced by integration over all space 

nI The value of [t defined in Equation 2.15 assuming that [i could take any oI is 

the same as that of Equation 2.7. The more rigorous treatment of Van Vleck, using 

quantum mechanics rather than a Boltzmann distribution, yields essentially the same 

equation apart from the term N,,. N,, takes account of the small underlying 

diamagnetism and also the component of the magnetic moment perpendicular to J, 

which makes a temperature independent paramagnetic contribution to the susceptibility. 
Wit reference to Equation 2.5, the Curie constant is therefore defined as: 

NA_ 2 
JU 

2 

3k 

(2.16) 

In practice, the theory outlined above is only applicable to rare-earth ions at room 

temperature, with the exception of europium and samanum, as the multiplet widths are 

wide compared to U. For transition-metal Ions, it is frequently assumed that the spin- 

orbit coupling is << U, and that the thermal energy is sufficient to populate all levels of 

the lowest lying multiplet to an effectively equal extent. The most reasonable agreement 

with the experimentally observed moments is obtained from the "spin-only" fonnula 

(Equation 2.17), where the orbital contribution is zero. Hence J=S, and g--2. 

lus. o. 
-9 

vs 

-(S+ 1) (2.17) 

When the moment differs from it is possible that a finite value of L, i. e. an 

(. ( orbital contribution" is contributing to the magnetic moment, or that the sample is not 

sufficiently dilute enough so that magnetic interactions between the open-shell ions are 

present. 

In materials which display ferromagnetic ordering, the saturated magnetic 

moment per ion can be deten-nined. The magnetisation becomes saturated when the 

Boltzman energy is much less than the magnetic energy, and the ground-state level of 

the ion is solely occupied. Measurements of the magnetisation as a function of field at 

low temperatures allow the calculation of the saturated magnetic moment. The average 

magiietic moment of one rrioleCLI]e, <ýt, >, SUinnied over all the Zceman lcvels is 

9P i 1] -11117 NA 

(2.18) 

57 



The component of the average magnetic moment in the field direction is expressed as: 

m exp[-mx] 
(2.19) 

m=-j (P, ) = g, 8 
i 
E exp[-mx] 

m=-j 

Where x is the ratio of magnetic energy gffl, which aligns the magnetic moments, to 

the thermal energy U that causes the system to orient randomly. 

g, 8H, / kT (2.20) 

Through mathematical manipulation, the average magnetic moment in the field is of the 

general form 

(u, ) = gßJBj (x) (2.21) 

where the Brillouin function, Bj(x), is defined as 

B_, (x) =1 
[(J + -L)coth(J + lý - -L coth x/2 

(2.22) 
i 

Hence, at high fields and low temperatures x>>l and Bj(x)--->I, and the average 

magnetic moment tends towards the saturated magnetic moment 

(Psa) = 9N (2.23) 

Therefore the saturated magnetic moment (in Bohr magnetons) approaches gJ as the 

field increases at low temperature. In the spin-only case, where g--2 and J=S, the spin- 

only magnetic moment approaches a maximum of 2S. 

2.3.5.2 Measurement of magnetic properties 

The magnetic properties of substances can be analysed vcry accurately using a 
Superconducting QUantum Interference Device (SQUID) magnetometer. A SQUID 

magnetometer consists of a SQUID unit, which contains a superconducting loop 

separated by two Josephson junctions (in the case of a dc SQUID), a flux transformer 
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including pick-up coils, a superconducting magnet and magnetic shielding, all of which 

are immersed in a He-bath (Figure 2.3). While there are several possible configurations 

for the Josephson junction, the essential feature is a thin insulating layer, or narrow 

constriction, between the two superconductors. The Josephson equation relates the 

applied current passing through the junction to the relative phase and the critical current 

of the junction. For a meaningful phase difference to occur, a bias current must also 

flow through the junction. To enhance the capabilities of the SQUID, the SQUID is not 
directly exposed to the magnetic field of interest, but inductively linked to the sample 

through a multiple-tum pickup coil. The SQUID, is instead shielded from the ambient 
field by a superconducting moblurn canister. 

The magnetic field which is applied to the sample is produced by the 

superconducting magnet. When the sample is moved slowly through the pick-up coils, 

its magnetic moment induces a magnetic flux change in the pick-up coils, which is 

transferred via the flux-transformer to the SQUID unit. A change in the applied flux in 

the SQUID leads to a phase difference across the junctions, giving rise to a voltage 

across the loop that can be detected. 

Sample mount 
transverse slowly 

Magnet cryostat 

H 

Super conducting magnet 
(0- 10,000 G) 

Superconducting wire 
detection coils 

SQUID shielding 

SQUID: Superconducting, rincy 
-, with Josephson junctions 

Figure 2.3 Schematic diagram of a SQUID magnetometer. 
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2.3-5.3 Experimental 

SQUID magnetometry measurements were performed using a Quantum Design 

MPMS system located at the University of Edinburgh. Samples of handpicked crystals 

(5-10 mg) were accurately weighed and loaded into pre-weighed gelatine capsules. The 

capsules were individually placed and secured in the middle of a plastic drinking straw 

and attached to the end of the sample stick, before being lowered into the cryostat. 

Measurements made as a function of temperature were perfon-ned in a field of 1000 G 

after cooling the sample to 2 or 5K under zero-field or a field of 1000 G. Data were 

generally collected in IK steps at low temperature, increasing gradually to 10 K steps 

in the range of 150 - 300 K. Measurements made as a function of field were perfon-ned 

at either 2 or 5 K, after cooling the sample under zero-field. Data were collected in 500 

G steps from 0G to 10,000 G (I T). 

The SQUID output is expressed as raw magrietisation, Mraw. The raw 

magnetisation was corrected for the diamagnetic contribution of the gelatine capsule, 
Mcap as follows. 

Mcap : -- -3.188 x 10-10 x mass of capsule (mg) x field (G) (2.24) 

Hence 
Mcorr Mraw 

- 
Mcap (2.25) 

The corrected magnetisation allows the determination of the molar susceptibility, Xmol. 

Xmol :: - 

Mcorr 

nH 

(2.26) 

where H is the external magnetic field and n is the number of moles in the sample. 

was corrected for the diamagnetic contribution from the ions within the formula unit. 

For a material that exhibits Curie-Weiss behaviour, Equation 2.6 can be expressed as 

I 

-T-0 
X"lol cc 

(2.27) 

A plot of against T results in a stralght line above the magnetic ordenng 

temperature, with a (: -, Tadient of IIC and an intercept of -01C. The effective magnetic 

moment, ýt, ff, can also be calculated using Equation 2.16 simplified to 
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P,, ff --: -- 
FýM-c (2.28) 

where m is the number of magnetic ions per formula unit. 
The saturated magnetic moment was determined by plotting the moment per 

metal centre ([t, ) of a compound as a ftinction of field. p, is calculated using Equation 

2.29, where M,,,,, is the corrected magnetisation in Bohr magnetons, n is the number of 

moles of sample, m is the magnetic centres per fon-nula unit, and NA is Avogadro's 

number. 

PC 
m 

Corr 

nmN. 

(2.29) 

The value to which the moment per metal centre tends is the saturated magnetic 

moment, pL,,, t. This is the value of the magnetic moment in an infinite field. 

2.3.6 UV-reflectance and Band-gap 

2.3.6.1 Theory 

Antimony(III) sulphides, like many sulphide materials, are classed as 

semiconductors. The fundamental property of semiconductors is the band gap, the 

separation between the filled valence band constructed from sulphur s/p-orbitals in the 

case of antimony sulphides, and the empty conduction band constructed from empty 

cation orbitals. Optical excitation across the band gap is possible, producing an abrupt 

increase in absorption at the wavelength corresponding to the energy gap. For materials 

possessing band gaps in the range 0-3 eV, the optical absorption edge can easily be 

measured using conventional diffuse reflectance spectrometers. 

Diffuse reflectance spectroscopy uses a focused beam of light directed at a 

sample, which is reflected, scattered and transmitted. The back reflected, diffusely 

scattered light, of which some is absorbed by the sample, 1 fu is collected. The dif se 

reflectance data are converted to absorptivities by the Kubelka-Munk function, 

Equation 2.30 [180]. 

Ry, =ks2.30) 

where R., is the reflectance of the sample layer from an infinitely thick layer of powder 
(about 2 rnm for typical sulphides), k is the molar absorption coefficient and s is the 
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scattening factor which is largely independent of wavelength for particle sizes larger 

than the wavelength. 
In practice, the absolute diffuse reflectance of a sample is seldom measured. The 

measurements are usually made relative to a standard, such as BaS04, MgO orMgC03, 
for which its is assumed k--O in the region of interest. Under these conditions, the ratio 

r,, is deten-nined as: 

sample 

s tan dard 

and the Kubelka-Munk function is then defined as: 

F(r. ) = (I - r. )' / 2r.,, -k/s 

(2.31) 

(2.32) 

The optical band gap is deten-nined by reading the value on the y-axis where the 

absorption edge and the base line cross. 

2.3.6.2 Experimental 

Diffuse reflectance data were measured over the range 9,090-50,000 cm- I using 

a Perkin Elmer, Lambda 35 UV/vis spectrometer. BaS04was used as a reference. 
Measurements were made on ca. I Omg of finely-ground hand-picked crystals diluted 

with BaS04. Band gaps were determined by applying the Kubelka-Munk function. 
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Chapter 3: Antimony-sulphide materials containing 
tr ansition- metal cations 

3.1 Introduction 

Solvothermal synthesis of chalcogenides is traditionally performed using linear 

and branched long-chain aliphatic amines, PolYamines and alicyclIc amInes, such as 

ethylenediarrime [76], tns(2-armnoethyl)amine [106] and piperazlie [78]. The 

introduction of transition-metal cations into the reaction mixture usually leads to the 

formation of transition-metal-amine complexes which fulfil a charge-balancing r6le for 

the anionic metal-sulphide matrix. From Chapter 1, it is clear that many different 

antimony-sulphide materials have resulted from these reactions, and include discrete,, 

chain, layered and three-dimensional structures [51-54]. 

In rare examples the transition-metal ions are also bound to the antimony- 

sulphide framework through transition-metal-sulphur bonds. The relative scarceness of 

such compounds, compared to those containing free transition-metal complexes, reflects 

the difficulty in achieving direct linkage between the transition-metal ions and the 

chalcogenide structure. Transition-metal-sulphur bonding is usually facilitated by 

employing arnines that can not fully coordinate the transition-metal ions. For example, 

tris(2-aminoethyl)am'ne (tren) is particularly useful in this respect as it provides only 
four donor N atoms leaving up to two vacant coordination sites available. Examples of 

transition-metal-tren complexes bonded to antimony-sulphide units include discrete 

neutral units of [Co(tren)12Sb4S8 and [Co(tren)12Sb2S5, where [Co(tren)]2+ cations are 
bridged by a Co-S bond to each end of Sb4S8 4- or Sb2S5 4- units [130]. Chain structures 

where [Fe(tren)]2+ cations are bonded to FeSbS4 2- strings have been reported in 

[Fe(tren)]FeSbS4 [132], whereas two-dimensional net-like sheets in [Co(tren)]Sb2S4 

contain [Co(tren)]2+ bound to the layers through Co-S bonds [13]. Occasionally the use 

of amines which non-nally fully coordinate the transition-metal ions results in the 

synthesis of transition-metal ions which have both bonds to the arrune and the 

antimony-sulphide structure, for example methylamine, ethylamine and 

diethylenetnamine (Am)NM2Sb2S5phases [134,135,1361. 

The aim of this project is to incorporate transition-metal ions into antimony- 

sulphide con-ipounds where the transition-metal ions are bound to the chalcoý4enide 

structure through TM-S bonds. It is possible that the close proximity of the transition- 

metal ions to one another could result in unusual magnetic interactions. Antimony- 

sulphide phases are generally only formed under specific reaction conditions, such as 
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reagent ratio, amine and reaction temperature. Subtle changes can result in new phases 

being formed or no reaction occurring. Using parallel solvothermal synthesis, described 

in Chapter 2, many reactions were performed to explore the reaction variables and 

synthesise new transition-metal antimony-sulphide phases. 
The reactions were generally performed between 413 and 463 K over 4-7 days. 

The reagents were either elemental antimony metal or Sb2S3, and the elemental metals, 

salts and sulphides of the first-row transition metals between chrorrilurn and copper, 

which were mixed with an amine solvent. In this chapter, new transition-metal 

containing antimony- sulphide phases synthesised from reactions with linear and 
branched polyan-lines are presented. The amines employed are summansed in Table 3.1. 

Reactions using macrocyclic amines are described in Chapter 4. The new phases 

synthesised include those where the transition-metal complexes and antimony-sulphide 

structure are separate, and where the transition-metal ions are bound to the chalcogenide 

structure through TM-S bonds. The new structures are presented in order of increasing 

dimensionality of the antimony-sulphide structure, from discrete binary units to a three- 

dimensional framework, and then the ternary structures containing transition-metal ions 

bound to the framework. 

Table 3.1 Amines used in parallel synthesis 

1-(3-aminopropyl)2-pipercoline 

CqN2H20 
a 

N CH3 
ýýýNH2 

1,2-diaminopropane NH 2 

C3N2H, 
o Hc 

NH 

1,2-diamino-cyclohexane NH 2 

C6N2HI4 NH 

1,3-diaminopropane H2N N H2 

C3N2H, o 

1,31,54nmethylliexahydro 1,3,5- H3C,, 
NN , CH3 

tnazine 

C(, N3HI5 CH3 
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Table 3.1 continued. 
1,4 Bis (3-aminopropyl piperazine) l*"-ý 

NH2 

CjoN4H24 
r 
N 

N 
ýýNH2 

1,4-diaminobutane -"^ýýý NH2 
H2N 

C4N2HI2 

1,9-diaminononane "ýýýýýýý H2N NH2 
CqN2H22 

2-Methyl- 1,2-propanediamine NH2 
C4N2HI2 H 3C4-ýý NH 2 

CH3 

4,4'-Trimethylenedipyridine 
C13N2HI4 

NN 

Aminoethylpiperazine H 
N 

C6N3HI5 
() 

NH2 

Bis(hexamethylene)triamine H 
"'ýýý C12N3H29 H2N ý NH2 

Diethylamine H3C 
HCH 

3 
C 4'INM II 

Diethylenetnanune H2N Nl-"ýN ,,, ýNH2 
C4N3HI3 H 

Ethylamine H2N, 
_". 

CH3 

C2H7N 

Ethylenediamine H2N N-""ýNH 
2 

C-, N-)H8 

isophorone-diamine 
CION2H22 

N H2 

N H2 
H3C 

H3C C H3 
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Table 3.1 continued. 
Methyl-morpholine CH3 
C5NHIIO 

0 

Morpholine H 
N 

C4NH90 ( 

0 

N, N'-Bis(2-aminoethyl)- 1,3- HH 

propanediamine H2N NH2 

C7N4H20 

N, N-dimethylpropanediamine H3C" 

NNC 
H3 

C5N2HI4 HH 

Piperazine H 
N 

C4N2Hjo 
() 

H 

propylanune H 3 CNII"'ýNH2 
C3NH9 

pyrrolidine H 
N 

C4NH9 
0 

Tetraethylenepentamine HH 
N ý'ý 

C8N5H23 H2N NH2 
H 

Tnethylenetetramine H 
N , -,, ýNH2 

C6N4HI8 N H2N 
H 

Tnoctylanune C H2 (CH 2)6CH3 I 

C24NH51 
H C(CH CH /N\ CH 3A2 2(C 

H2)6C H3 

Tns(2-aminoethyl)anune NH 2 

C6N4HI8 

N 

F-I NH2 
H2N 
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3.2 Antimony-sulphide compounds 
3.2.1 [Fe(en)3j2[Sb2S5j. 0.55H20 (1) and [Fe(en)312Sb4S8 (2): Discrete units and 

infinite chains 
In solvothermally synthesised antimony sulphIdes, the primary building units are 

SbS3 3- 
trigonal pyramids which connect to form secondary building units such as 

Sb3S6 3- 
serMcubes. These secondary building units are often observed being linked by 

SbS3 3- 
trigonal pyramids into chains, such as the Sb4S7 2- 

chain [52], or a multitude of 
different layer structures. Compounds composed of solely SbS3 3- 

trigonal pyramids are 

rarely observed, especially those where discrete antimony-sulphide units are found. 

The phases [Fe(en)312[Sb2S5]. 0.55H20 and [Fe(en)312Sb4S8, synthesised as part 

of this work, are unusual examples where SbS3 3- trigonal pyramids are linked through 

shared sulphur atoms to create dimeric Sb2S5 4- units or infinite SbS2- chains respectively. 

[Fe(en)312Sb4S8 is isostructural with the previously reported [Co(en)312Sb4S8 and 

[Ni(en)312Sb4S8 [52], which are the only other examples of SbS2- chains observed in 

isolation. The two structures of [Fe(en)312[Sb2S51.0.55H20 and [Fe(en)312Sb4S8 were 

Tate the polymerisation of the Sb2S5 4- 
units into SbS2- chains published together to illust 

in the different structures [ 18 1 ]. 

3.2.1.1 Synthesis 

[Fe(en)312[Sb2S5]. 0.55H20 and [Fe(en)312Sb4S8were prepared in a Teflon-lined 

autoclave with an inner volume of 23 mL For [Fe(en)312[Sb2S51-0.55H20, Sb2S39 

FeC12.4H20,, S and 5 mL ethylenediarnine (en), in an approximate Sb: Fe: S: en molar 

composition of 4: 1.5: 11: 75, were thoroughly Mixed, heated at 413 K for 4 days and 

cooled to room temperature. The solid product was filtered, washed with 

ethylenediamine and dried in air at room temperature. The product consisted of yellow 

plates, identified by single-crystal X-ray diffraction as [Fe(en)3]Sb4S7 [52], darker 

yellow "golf ball" like crystals of [Fe(en)312[Sb2S51.0.55H20 as a minor phase, together 

with an unidentified black polycrystalline powder. CHN analysis for 

[Fe(en)312[Sb2S51.0.55H20f6und C. 16.29; H, 5.61; N, 18.45% (calc. C. 16-28; H, 5.58; 

N, 18.99%). 

For [Fe(en)312Sb4S8, a reaction mixture of the same composition was heated for 

4 days at 438 K. The coolmg and washing procedures were the sai-ne as the above. The 

product consisted of orange crystals of [Fe(en)312Sb4S8, along with a small amount of 

unidentified polycrystalline black powder. CHN analysis for [Fe(en)312Sb4S8 found C, 

11.74, H, 4.06; N, 13.64% (ca1c. C, 11.89, H, 3.98, N, 13.82%). 
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Crystallographic information and refinement details for 

[Fe(en)312[Sb2S51.0.55H20 and [Fe(en)312Sb4Sg are given in Table 3.2. The non- 

hydrogen coordinates are given in Appendices A. I and A. 2, and the Sb-S bond lengths 

and angles are presented in Tables 3.3 and 3.4. Single crystal X-ray diffraction data for 

[Fe(en)312[Sb2S51.0.55H20were collected at room temperature using a Nonius Kappa 

CCD Diffractometer with graphite monochromated Mo Ka radiation (k = 0.71073 A) by 

Dr Ann Chippindale (University of Reading). Data were processed using the DENZO 

and scale pack programs [ 182]. Equivalent intensity data for [Fe(en)312Sb4S8 were 

collected at 100 K using a Bruker Nonius X8 Apex diffractometer also using Mo Ka 

radiation (k = 0.71073 A), and data were processed using the APEX-2 software [ 175]. 

Both the structures were solved by direct methods using the program Sir-92 

[ 177], which located all the Fe, Sb and S atoms. The C and N atoms of the amine were 
located in the difference Fourier map for both structures, together with the oxygen atom 

of a water molecule in [Fe(en)312[Sb2S51.0.55H20. Hydrogen atoms were placed 

geometrically on the C and N atoms after each cycle of refinement in each case. In the 

final cycles of refinement, positional and anisotropic therinal parameters for all the non- 
hydrogen atoms were refined, along with the occupancy factor of the oxygen atom, for 

which a value of 0.55(3) was obtained. The crystal of [Fe(en)312[Sb2S51.0.55H20is an 

inversion twin with a refined Flack parameter of 0.53(6). 

3.2.1.2 Structure description 

The crystal structure of [Fe(en)312[Sb2S5]. 0.55H20consists of isolated [Sb2S5]4- 

anions constructed from two SbS3 3- trigonal pyramids sharing a common vertex, 

together with two crystallographically distinct [Fe(en)3]2+ cations (Figure 3.1). In the 

anionic part of the structure the bridging Sb-S distances are 2.503(2) and 2.481(2) A, 

whilst the terminal Sb-S distances are significantly shorter, lying in the range of 2.371(2) 

and 2.378(3) A. The S-Sb-S angles lie in range 101.05(8)-103.52(8)'. The distances and 

angles are in agreement with those of the Sb2S5 4- unit in Sr2Sb2S5- 15H20[183] and the 

subsequently synthesised [Mn(en)31[Sb2S5] by Jia et al [ 184]. Bond-valence sums [74] 

for [Fe(en)312[Sb2S51.0.55H20, which are summarised in Table 3.3, are consistent with a 

formal oxidation state of +3 for each antimony atom resulting in the [Sb2S5 ]4- anion. 

The Fe-N distances in the two [Fe(en)3 12+ cations range between 2.162(8) to 2.249(8) A, 

with N-Fe-N angles lying between 78.6(3) and 96.1(4)'. These values compare well 

with previously reported [Fe(en)3]2+ complexes [52,185]. All the Fe(l) complexes have 

the A(666) confort-nation whilst those containing Fe(2) have the A(kkk) conformation. 
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Table 3.2: Crystallographic data for [Fe(en)312[Sb2S51.0.55H20(1) and [Fe(en)312Sb4S8 

(2). 

1 2 

Formula [Fe(en)312[Sb2S5]. 0.55H20 [Fe(en)312Sb4S8 

A 886.09 1215.82 

Crystal system orthorhombic monoclinic 
Crystal habit yellow block orange plate 
Space group Pca2l P211c 

T (K) 293 100 

a /A 15.8835(3) 21.017(4) 

b /A 17.9586(3) 14.557(3) 

c /A 11.4942(4) 12.445(3) 

'8/0 
90 100.42(3) 

v/AI 3278.67 3744.7 

z 4 4 

P /cm-1 2.843 4.072 

Pcalc (9 CM-') 1.793 2.156 

Measured data 10427 155055 

Unique data 7451 12049 

Observed data 

(]>-3 c(l)) 

4939 4348 

Rint 0.024 0.048 

Residual electron 

density (min, max)(eA -3) 

-0.84,1.27 -0.83,0.84 

R(T) 0.0407 0.0237 

,,, R(T) 0.0446 0.0235 
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C4 

N4 

C 

Figure 3.1: Local coordination scheme 

crystallographically distinct [Fe(en)3 ]2+ 

C7 

C8 

of the [Sb2S5]4- unit and the two 

cations of [Fe(en)312[Sb2S5] . 0.55H20, 

possessing A(666) and A(kkk) conforinations respectively. The thernial ellipsoids are 

shown at 50% probability. 

Table 3.3: Selected bond lengths, angles and bond valences (vij) for the [Sb2S51 4- 
anion 

in [Fe(en)312Sb2S5.0.55H20(l)- 

Bond length (A) Vii (V. U. ) Bond angle 
Sb(l) -S(l) 2.371(2) 1.24 S(l)- Sb(l) -S(2) 103.52(8) 

_ Sb(l) -S (2) 2.373(2) 1.23 S(l)- Sb(l) -S(3) 101.05(8) 
_ Sb(l) -S (3) 2.503(2) 0.87 S(2)- Sb(l) -S(3) 101-23(8) 
_ 3.34 S(3)- Sb(2)-S(4) 101.67(8) 
Sb(2) -S( 3) 2.481(2) 0.92 S(3)- Sb(2) -S(5) 102.92(8) 
Sb(2) -S( 4) 2.378(2) 1.21 S(4)- Sb(2) -S(5) 102-78(9) 
Sb(2)-S( 5) 2.371(2) 1.24 Sb(l)-S(3) -Sb(2) 96.62(6) 

3.37 

The isolated [Sb2S5] 4- ions are arranged into sheets which lie in the bc-plane, 

with the Sb(l)-Sb(2) axis inclined at ca. 50' to this plane (Figure 3.2). Within these 

sheets, the molecular anions lie in rows parallel to the [00 1] direction, with an alteration 

of the direction of the molecular axis between successive rows in the [010] direction. 

The non-planar sheets contain depressions in which the [Fe(en)31 2- cations are located. 

These mixed anion-cation sheets are stacked along the [ 1001 direction, such that 

neighbouring sheets are displaced by c12 with respect to each other (Figure 3.3). The 
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short N ... S distances between the ethylenediamine ligand (ca. 3.41-3.70A) suggests 

hydrogen bonding between the [Fe(en)3 ]2-ý- complexes and the [Sb, )S5] 
4- anions. In 1- 

addition, the N(l) ... 0(l) distance of 3.161(3) A suggests hydrogen bonds are also 
formed between the amine ligand and the water molecule. 

I 

c 
I 

b -a- 

0 

Figure 3.2: View along [100] of one layer of [Sb2S 5]4- anions and [Fe(en)31 2+ cationic 

complexes in [Fe(en)312[Sb2S5] . 0.55H20 (hydrogens have been omitted for clarity). 

(Key: antimony, pink; sulphur, yellow; iron, green; carbon, black; nitrogen, blue; 

oxygen, red). 

a 

b-c 

Figure 3.3: View along [010] of the stacking layers of [Sb, )S5 
]4- anions and [Fe(en)3 ]2+ 

2S51 . 0.55H, )O cationic complexes in [Fe(en)312[Sb (hydrogens have been omitted for 

clarity). (key: antimony, pink; sulphur, yellow; iron, green; carbon, black; nitrogen, 

blue; oxygen, red). 

I 

0 

4 

4 
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In the few other examples where discrete [Sb2S51 4- 
ions are observed, different 

packing of the anionic and cationic components is reported. In the phase 
Sr2Sb2S5.151420 [186], which is the earliest example of [Sb2S5]4- anions synthesised 
hydrothermally, the [Sb2S5]4- anions are arranged in almost planar ionic layers in the 

(001) plane and interleaved by layers of hydrated strontium ions. The only other 

example of [Sb2S51 4- 
ions synthesised solvothermally, excluding those where the 

dimeric unit bridges two transition-metal complexes [130,131], is [Mn(en)312[Sb2S5] 

[184] which was synthesised shortly after [Fe(en)31Sb2S5.0.55H20 by Jia et al. The 

crystal packing in [Mn(en)312[Sb2S5] differs from that of [Fe(en)3][Sb2S5]. 0.55H20, 

where they have the respective space groups P212121 and Pca2l. In [Mn(en)3]2[Sb2S5], 

the structure consists of columns of [Sb2S51 4- units and pairs of [Mn(en)31 2+ cations 

stacked along [001] (Figure 3.4), rather than the layered structure observed in 

[Fe(en)31[Sb2S5] 
. 
0.55H20. Examples of antimony selenide [Sb2Se5]4- dimeric units have 

been observed in the phases [T(en)312[Sb2Se5l (T= Mn, Fe) [ 187,188 ]. These 

compounds have been reported to crystallise in the space groups P211n and Pbca 

respectively. The manganese antimony sulphide is formed from columns of [Sb2Se5] 4- 

ions and [Mn(en)31 2+ complexes whereas the iron containing phase has a layered 

structure. The layers of [Sb2Se5]4- anions and iron complexes arrange themselves in 

undulating layers, similar to those found in [Fe(en)31Sb2S5-0.55H20, however the 

packing is slightly different in each phase. 

a 

C 

Figure 3.4: View along [001] of the columns of [Sb-)S5] 4- ions and [Mn(en)3]2- 

complexes in [Mn(en)312[Sb-') S 51 [184] (hydrogens have been omitted for clarity). (key: 

antimony, pink; sulphur, yellow; manganese, green; carbon, black; nitrogen, blue). 
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The crystal structure of [Fe(en)312Sb4S8 is isostructural with those of 
[T(en)312Sb4S8 (T= Co, Ni) [52] and contains infinite SbS2- chain of vertex linked SbS3 3- 

trigonal pyramids, directed along [00 1] (Figure 3.5). The chains may be considered as a 

polymeric versions of the [Sb2S51 4- dimeric unit found in [Fe(en)312[Sb2S5] 
. 
0.55H20- 

There are two crystallographically distinct chains within the crystal structure of 

[Fe(en)312Sb4S8, with bridging Sb-S distances ranging from 2.458(2) to 2.484(2) A, and 

slightly shorter terminal Sb-S distances in the range of 2.317(2)-2.364(2) A. S-Sb-S 

angles range from 94.72(6)' to 100.38(6) 0, which are typical for pyramidal SbS3 3- units. 
The bond lengths and angles are consistent with those found within [T(en)312Sb4S8 (T= 

Co, Ni) [52], and the bond-valence sums [74] show that each Sb has an ox, datlon state 

of +3 (Table 3.4). Very weak secondary Sb ... S interactions are observed between the 

chains (Sb(3) ... S(8')= 3.625(2) A), which are within the sum of the van der Waals' radii 

of antimony and sulphur (ca. 3.8 A [73]), but contribute only 0.04 valence units. 

si 

S4 

C5 

N 

CIO 

1 

Cil 

Figure 3.5: Local coordination of the anions and cations in [Fe(en)312Sb4SS showing the 

atom labelling scheme and therinal ellipsoids at 50% probability. The second SbS2- 

chain containing Sb(3), Sb(4) and S(5)-S(8) has essentially the same atomic 

arrangement. For each of the crystallographically distinct iron complexes, only one of 

the two conformations is shown. 
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Table 3.4: Selected Bond lengths, angles and bond valences (vij) for the SbS2- chains in 

[Fe(en)312Sb4S8- Symmetry codes: (1) x, -y+3/2, z-1/2. 

Bond length (A) V,, (V. U. ) Bond ang le 
Sb(l)- S(l) 2.4885( 15) 0.90 S( l) -Sb(l)-S (2) 94.72( 6) 

_Sb(l)- 
S(2 2.4584(17) 0.98 S(l) -Sb(l)-S(3) 100 

_ 
Sb(l)- S(3) 2.3464( 16) 1.32 S( 2) -Sb(l)-S (3) 100.60(6) 

3.20 S (l) -Sb(2)-S (2)(') 98.83( 5) 
Sb(2)- S(l) 2.4779( 17) 0.92 S 1 -Sb(2)-S (4) 99.03( 6) 

_ 
Sb(2)-S(2) 2.4596( 14) 0.97 S (2) ()-Sb(2)- S(4) 101.38 (6) 
Sb(2)- S(4) 2.3170( 17) 1.43 S (5) -Sb(3)-S (6) 98.45( 6) 

3.32 S (5) -Sb(3)-S (7) 99.84( 5) 
Sb(3)- S(5) 2.4699( 15) 0.95 S (6) -Sb(3)-S (7) 97.93( 6) 
Sb(3)- S(6) 2.4529( 16) _ 0.99 S (5) -Sb(4)-S (6)ý1) 100-15 (5) 
Sb(3)-S(7) 2.3643(15) 1.26 S (5) -Sb 4)-S (8) 97.47( 6) 

3.20 S (6) -. cb(4)- S(8) 99.37( 5) 
Sb(4)- S5 2.4843( 16) 1.36 
Sb(4)-S(6)' 2.4560( 14) 0.91 
Sb(4)- S(8) 2.3360( 16) 0.98 

3.26 

Alternating rows of SbS2- chains and [Fe(en)31 2+ cations are arranged into layers 

in the ac-plane (Figure 3.6). Rows of [Fe(en)3]2+ cations are directed along the c-axis, 

with neighbouring cations being related by a c-glide plane, thereby generating an 

alternating arrangement of complexes with A(XkX) and A(666) conformations. The 

layers of SbS2-chains and [Fe(en)3]2+ cations are stacked along [0 10] with neighbouring 

layers displaced by ca. 4A with respect to one another. Sulphur-nitrogen distances 

between the arnine ligands and the SbS2- chains are in the range of 3.32-3.50 

suggesting hydrogen bonding between the anionic chains and the cations. 

With the exception of [T(en)312Sb4S8 (T= Co, Ni) [52], which [Fe(en)312Sb4S8 IS 

isostructural with, there are no other examples of isolated binary antimony-sulphide 

chains formed from solely vertex linked trigonal pyranuds. There are also no sirrUlar 

structures fortned from SbSe3 3- trigonal pyramids. The only two other examples of SbS2- 

chains are where the chains are coordinated by transition-metal ions, in the case of the 

ternary phase [Ni(tren)] Sb2S4 [ 13 or where the chains are bridged by tetrahedralCOS4 6- 

units to form open net-like layers in [Co(en)31[CoSb4S8] [12]. 
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Figure 3.6: View along [0 10] of the arrangement of SbS2- chains and [Fe(en)3 ]2+ cations 

in [Fe(en)312Sb4S8. (Hydrogens have been omitted for clarity). (Key: antimony, pink; 

sulphur, yellow; iron, green; carbon, black; nitrogen, blue). 

3.2.1.3 Magnetic properties 

Magnetic susceptibility data for [Fe(en)312[Sb2S5] . 0.55H20 and [Fe(en)312Sb4S8 

are shown in Figure 3.7. The data clearly shows paramagnetism for both compounds, 

however the plots of reciprocal susceptibility as a function of temperature shows 

curvature in each case. This is particularly pronounced in [Fe(en)312[Sb2S5] . 0.55H20 

where the plot of reciprocal susceptibility as a function of temperature deviates 

considerably below 200 K. In both cases the plots are sufficiently linear above 200 K to 

enable fitting of the Cuire-Weiss expression, yielding Curie constants of 7.1(1) and 

6.1 (1) cm 3K mol-I respectively for [Fe(en)312[Sb2S5] . 0.55H20 and [Fe(en)312Sb4S8. The 

Curie constants correspond to effective magnetic moments of 5.34(4) and 4.94(5) ýtBper 

Fe ion respectively. These values are consistent with presence of hs-Fe 2+ in each of the 

compounds, and are slightly higher than the spin-only moment for hs-Fe 2+ (ýts,, = 4.90 

The enhancement of the spin-only moment, especially fo r 

[Fe(en)312[Sb2S5] . 0.55H-)O, is associated with the orbital contribution ansing for the 5 T2g 

ground state of the ion, which is commonly observed in Fe 2- octahedral complexes 

[189]. 

The Weiss constants for [Fe(en)312[Sb-, S5] . 0.55H-)O and [Fe(en)312Sb4S8 are 

-115.6(4) K and -20.5(4) K, which would normally suggest strong antIferromagnetIc 
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correlations. However, in these cases, the large negative Weiss constants are a result of 

the curvature of the plot of reciprocal susceptibility as a function of temperature and do 

not reflect strong magnetic interactions in the two magnetically dilute systems. The 

orbital degeneracy of the 5T2g ground state may be responsible for the marked curvature 

of the plot of reciprocal susceptibility as a function of temperature for both the 

compounds. 
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Figure 3.7: Field cooled magnetic susceptibility data and inverse susceptibility data 

Onset) for (a) [Fe(en)312[Sb, )S5] . 0.55H20 and (b) [Fe(en)312Sb4S8. The solid line shows 

the fit to the Cune-Weiss expression above 200 K. 
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3.2.1.4 Diffuse reflectance measurements 
fu The optical properties of [Fe(en)312Sb4S8 were analysed using dIf se reflectance 

spectroscopy and showed a sharp rise in absorption corresponding to a band gap of 

2-46(l) eV. This is consistent with the material being a semiconductor (Figure 3-8). A 

weak peak was also observed at 14,000 cm-1 (1.74 eV), which corresponds to the 

5 T2g_ý5 Eg transition that results from the splitting of the 5D ground state of the free Fe 2+ 

ion under octahedral symmetry. The broad nature of the peak is a consequence of the 

Jahn-Teller effect in the excited state where at 2g 
3 eg 3 configuration is present. As there 

are no other quintet states this is the only spin allowed d-d transition which occurs. 

5 

4 

U) 

-0 

-0 1- 

-0 

1 

0 

Figure 3.8: Diffuse reflectance spectrum of [Fe(en)312Sb4S8diluted with BaS04. 

3.2 2 [T(dien)2]Sb6SoxH20 (T= Ni, Co) (3,4) and [CO(en)31sb8SI3 (5): Antimony 

sulphide layers form edfrom a cominon repeating unit 

Layered antimony sulphides are frequently observed as a result of solvothennal 

reactions. Numerous different layer structures have been reported and described in 

Chapter 1. They are typically formed from small Sb,, S, heterorings, which condense to 

form sheets containing much larger Sb, S,, heterorings. [Ni(dien)21Sb6Sjo-0.43H20 and 

[Co(dien)21Sb6Sjo. 0.46H20 are isostructural with the previously reported phase 

[Fe(dien)2]Sb6Sjo. 0.5H-)O [531, whereas [Co(en)3]Sb8SI3 contains layers with a unique 

architecture. The crystal structures and physical properties of 

[Nj(dien)21Sb6Sjo. 0.43HA [Co(dien)21Sb6Sjo. 0.46H20 and [Co(en)3]Sb8S]3, identified 

during this work, were published together [ 190]. 
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The crystal structures of [Ni(dien)21Sb6Sj0.0.43H20ý [Co(dien)21Sb6Sjo. 0.46H-)O 

and [Co(en)3]Sb8SI3 share a common large Sb12S22 8- building unit (Figure 3.9), which is 

connected in different manners in the two different layer motifs. The Sb12S22 8- 
unit is 

formed from two Sb4S8 4- heterorings, constructed from four vertex-linked SbS3 3- 
trigonal 

pyramids, and a Sb4SIO 6- 
chain, created from two SbS3 3- 

trigonal pyramids vertex-linked 
to two edge-sharing SbS4 5- 

units. The condensation of the Sb4S 84- heterorings and the 

Sb4 S 10 
6- 

chain through four shared terminal sulphur atoms generates the Sb12S22 8- 

repeating unit. 

Figure 3.9: The Sb12S22 8- secondary building unit in [Ni(dien)21Sb6Sj0.0.43H20, 

[Co(dien)21Sb6Sjo. 0.46H20 and [Co(en)3]Sb8SI3- (Key: antimony, pink; sulphur, yellow). 

3.2.2.1 Synthesis 

[Ni(dien)21Sb6Sj0.0.43H20, [Co(dien)21Sb6Sj0.0.46H20 and [Co(en)3]Sb8SI3 

were all identified from reactions perforined via parallel synthesis and repeated in 23 

mL Teflon lined autoclaves with a three-fold scale-up. [Ni(dien)21Sb6Sjo. 0.43H20 and 

[Co(dien)21Sb6Sj0.0.46H20were synthesised by heating a mixture of Sb2S3 and either 

NiSO4.7H20 or COS2 with 3 mL 50% aqueous diethylenetriamine (dien) solution 

containing S (0.03 mmol), with an approximate Sb: T: S: dlen molar composition of 

4: 2: 6: 14 at 438 K for 3.5 days. The products consisted of large red plates of 

[Ni(dien)21Sb6Sj0.0.43H20 and [Co(dien)21Sb6Sjo. 0.46H_-)O, together with a small 

amount of either polycrystalline NiS and N1S2or unreacted Sb-)S3 andCOS2 respectively. 

CHN analysis of handpicked samples of [Ni(dien)21Sb6Sjo. 0.43H20 and 

[Co(dien)21Sb6Sj0.0.46H20found: C, 7.14; H, 1.98; N, 6.16% (calc. C, 7.26; H, 2.05; N, 

6.35%) and C, 7.30; H, 1.99; N, 6.38% (calc. C, 7.25; H, 2.05; N, 6.34%). 

Thermo gravimeth c analysis showed a single weight loss of 15-54% at 548-592 K for 

[Ni(dien)2]Sb6S, 0.0.4-')H-)O and a two-step weight loss of 16.13% at 555-584 K for 

[Co(dien)21Sb6Sj0.0.46H-)O (Figure 3.10). These weight losses are consistent with 

complete loss of the organic component and water; ca1c. 16.18 and 16.19% respectively. 
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Figure 3.10: Thennogravimetric analysis plots of (a) [Ni(dien)21Sb6Sjo. 0.43H20 and (b) 

[Co(dien)21Sb6SIo. 0.46H20under N2- 

[Co(en)3]Sb8Sl3was synthesised by heating a mixture of Sb2S3, CoS and 3 mL 

ethylenediamine 'containing S (0.03 mmol), with an approximate molar Sb: Co: S: en 

composition of 4: 1.5: 6: 45, at 463 K for 5 days. The product consisted of large red 

blocks of [Co(en)3]Sb8SI3 and a small amount Of COS2 and unreacted Sb2S3- CHN 

analysis of a handpicked sample of [Co(en)3]Sb8SI3 found: C, 4.88; H, 1.56; N, 5.19% 

(ca1c. C, 4.42; H, 1.48; N, 5.16%), and a single weight loss of 10.83% between 556-584 

K was observed in thermogravimetric analysis (Figure 3.11). The weight loss is 

consistent with the complete loss of the organic component (calc. 11.06%). 
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Figure 3.11: Thennogravimetric analysis plot of [Co(en)3]Sb8SI3 (NA 

Single-crystal X-ray diffraction data for [Ni(dien)21Sb6SIo. 0.43H20, 

[Co(dien)21Sb6SIo. 0.46H20 and [Co(en)3]Sb8Sl3were collected at 100 K using a Bruker 

Nonius X8 Apex diffractometer (Mo-K,, radiation, X=0.71073 A). All the data were 

processed using the Apex-2 software [177] and the structures were solved by direct 

methods (SIR-92 [175]), which located all the metal and S atoms. Subsequent 

difference Fourier calculations, to locate the C and N atoms, and least-squares 

refinements were carried out using the CRYSTALS program suite [191]. Hydrogen 

atoms were placed geometrically on the C and N atoms of the amine molecules after 

each cycle of refinement. In the final cycles of refinement, positional and anisotropic 
then-nal parameters for all non-hydrogen atoms were refined. Refinement of the site 

occupancy factor of 0(l) in [Ni(dien)2]Sb6S, 0.0.43H20 and [Co(dien)21Sb6Sjo. 0.46H20 

indicated water contents of 0.431(3) and 0.459(2) respectively. The amine ligand was 

also modelled as disordered over two positions with site occupancies fixed at 0.5 in 

[Ni(dien)21Sb6Sjo. 0.43H20 and [Co(dien)21Sb6Sjo. 0.46H20- Crystallographic 

information and refinement details fo r [Ni(dien)21Sb6SIo. 0.43H20,, 

[Co(dien)2]Sb6S, 0.0.46H20 and [Co(en)3]Sb8SI3 are given in Table 3.3. The antimony- 

sulphide bond lengths and angles are shown in Tables 3.6 and 3.7. All the non-hydrogen 

coordinates are given in Appendices A. 3-5 respectively. 
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Table 3.5: Crystallographic data for [Ni(dien)21Sb6S, 0.0.43H20(3), [Co(dien)2]Sb6SIO- 

0.46H20(4) and [Co(en)3]SbgSI3 (5). 

3 4 5 

Fonnula [Ni(dien)2]Sb6SIO. 

0.43H20 

[Co(dien)2]Sb6SIO. 

0.46H20 

[Co(en)3]Sb8SI3 

Mr 1323.94 1324.65 1630.23 

Crystal system monoclinic monoclinic triclinic 

Crystal habit dark red block red plate red plate 

space group C21c C21c P-1 

a /A 33.512(2) 33.521(4) 9.0407(3) 

b /A 8.4645(5) 8.4609(11) 12.3764(4) 

c /A 24.6574(15) 24.628(3) 16.5496(9) 

a /' - - 100.372(2) 

'g /0 118.246(3) 118.316(4) 94.579(2) 

Y/ 0 110.340(2) 

v/A 
3 6161.6(7) 6149.1(14) 1687.44(12) 

z 8 8 2 

P /mm- 1 6.472 6.413 7.596 

Pcalc (g CM-3) 2.852 2.860 3.208 

Measured data 70709 111084 69442 

Unique data 9140 9318 10136 

Observed data 

(I>-3 c(l)) 

7297 7259 8203 

Rint 0.033 0.047 0.020 

Residual electron 

density (min, 

max)(eA -3) 

-0.97,1.81 -1.48,2.42 -0.73,0.51 

R(F) 0.0193 0.0267 0.0144 

, R(F) 0.0239 0.0303 0.0153 
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Table 3.6: Antimony sulphide bond lengths, valence sums (vij) and angles in 

[Ni(dien)21Sb6Sjo. 0.43H20 and [Co(dien)21Sb6Sjo. 0.46H20- Symmetry codes: (1) 1/2 -x, 
1/2 +y, 3/2 -z; (n) -x, -Y, 

[Ni(dien)2] Sb6S, o. 0.43H20 [Co(dien)2] Sb6S, 0.0.46H20 
Bond length (A) Vii (V. U. ) Bond length (A) Vil 

Sb(l )-S (l) 2.4624( 7) 0.97 2.4522( 8) 0.99 
Sb(l )-S (4) 2.4370( 7) 1.04 2.4312( 8) 1.05 
Sb(l )-S (6) 2.5140( 7) 0.84 2.5082( 0.85 

2.84 2.90 
Sb(2 )-S (7) 2.5063( 7) 0.86 2.4952( 8) 0.89 
Sb(2 )-S (l) 2.4457( 7) 1.01 2.4416( 8) 1.02 
Sb(2 )-S (2) 2.4648( 7) 0.96 2.4576( 8) 0.98 

2.83 2.89 
Sb(3 )-S (2) 2.4735( 7) 0.94 2.4665( 8) 0.96 
Sb(3 )-S (3) 2.4710( 7) 0.94 2.4676( 8) 0.95 
Sb(3 )-S (5) 2.4075( 7) 1.12 2.3997( 8) 1.15 

3.01 3.06 
Sb(4 )-S (3) 2.5193( 7) 0.83 2.5120( 8) 0.85 
Sb(4 )-S (4) 2.4628( 7) 0.97 2.4574( 8) 0.98 
Sb(4 )-S (I 0 ) 2.4524( 7) 0.99 1 2.4458( 8) 1.01 

2.79 2.84 
Sb(5 )-S (6) 2.4338( 7) 1.04 2.4306( 8) 1.05 
Sb(5 )-S (7)ý ') 2.5239( 7) 0.82 2.5193( 8) 0.83 
Sb(5 )-S (8) 2.4112( 8) 1.11 2.4022( 9) 1.14 

2.97 3.02 
Sb(6 )-S (I 0 )(") 2.4941( 7) 0.89 2.4866( 8) 0.91 
Sb(6 )-S (9) 2.4211( 7) 1.08 2.4154( 8) 1.10 
Sb(6 )-S (8) 2.6948( 7) 0.52 2.6930( 9) 0.52 
Sb(6 )-S (9)ý ") 2.7835( 7) 0.41 2.7576( 8) 0.44 

2.89 2.96 
Bond angle Bond angle 

Sol-Sb (l)- S (4) 98.17(2 ) 98.25(2 ) 
S(l)- Sb (l)- S (6) 81.01(2 ) 81.11(3 ) 
S(4)- Sb (l)- S (6) 85.14(2 ) 85.58(3 ) 
S(7)- Sb (2)- S (l) 88.09(2 ) 88.34(3 ) 
S(7)- Sb (2)- S (2) 86.89(2 ) 87.10(3 ) 
S(l)- Sb (2)- S (2) 100.23( 2) 

_99.90(3 
) 

S(2)- Sb C3)- S (3) 95.53(2 ) 95.52(3 ) 
S(2)- Sb (3)- S (5) 96.92(2 ) 96.77(3 ) 
S(3)- Sb (3)- S (5) 98.24(2 ) 

_98.23(3 
) 

S(3)- Sb (4)-S (4) 93.51(2 ) 94.17(3 ) 
S(3)- Sb (4)-S (I 0) 85.11(2 ) 84.94(3 ) 
S(4)- Sb 4- S 10 92.28(3 ) 92.22(3 ) 
S(6)- Sb (5)- S( 7) 92.64(2 ) 92.64(3 ) 
S(6)- Sb (5)- S( 8) 101.21( 3) 101.27(3) 
S(7 )- Sb( 5)- S( S) 90.53(2 ) 90.75(3 ) 
S(10) (1l)- Sb, 6 

, -S(9) 94.92(3 95.10(3 )) 
V, S(I 0) -1 IT - Sb( 6 )-S(8) 88.97(2) 88.49(3 ) 

S(10 Sb( 6 )-S(9)(") 89.78(2 ) 89.83(3 ) 
S(g) Sb(6)- S(9ý_ 89.54(2) 89.25(3 ) 
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Table 3.7: Antimony sulphide bond lengths, valence sums (vij) and bond angles in 

[Co(en)3]SbgSI3- Symmetry codes: (i) -2 - x, I-y, 2-z; (ii) -x, 2-y, I-z; (Iii) -x, I 

-y, 1 -z. 

Bondlength(A) v,.. (v. u. ) U Bond angle (0) 
Sb(l)-S(3) 2.9612(5) 0.25 S(3)-Sb(l)-S(2) 95.152(17) 
Sb(l)-S(2) 2.4504(5) 1.00 S(3)-Sb(l)-S(l) 85.198(17) 

_Sb(l)-S(l) 
2.4237(5) 1.07 S(2)-Sb(l)-S(l) 101.075(19) 

Sb(l)-S(I)ý" 2.5623(5) - 0.74 S(2)-Sb(l)-S(l)ý') 90.485(18) 
3.06 S(l)-Sb(l)-S(l)() 89.164(17) 

_Sb(2)-S(5) 
2.4673(5) 0.95 S(5)-Sb(2)-S(4) 86.543(18) 

_Sb(2)-S(4) 
2.4911(5) 0.89 S(5)-Sb(2)-S(2) 94.360(19) 

_Sb(2)-S(2) 
2.4713(5) 0.94 S(4)-Sb(2)-S(2) 87.974(18) 

2.79 S(7)-Sb(3)-S(6) 95.794(18) 

_Sb(3)-S(7) 
2.3907(6) 1.17 S(7)-Sb(3)-S(4) 100.550(19) 

_Sb(3)-S(6) 
2.4811(5) 0.92 S(6)-Sb(3)-S(4) 91.148(17) 

_Sb(3)-S(4) 
2.5124(5) 0.84 S(9)-Sb(4)-S(8) 93.529(18) 

2.94 S(9)-Sb(4)-S(6) 92.968(17) 

_Sb(4)-S(9) 
2.5014(5) 0.87 S(8)-Sb(4)-S(6) 91.431(18) 

_Sb(4)-S(8) 
2.5062(5) 0.86 S(8)-Sb(5)-S(5) 96.143(18) 

Sb(4)-S(6) 2.4636(5) 0.96 S(8)-Sb(5)-S(3) 99.051(19) 
2.69 S(5)-Sb(5)-S(3) 95.134(18) 

Sb(5)-S(8) 2.4796(6) 0.92 
_S(12)-Sb(6)-S(IO) 

93.405(17) 
_ Sb(5)-S(5) 2.438(5) 1.03 S(12)-Sb(6)-S(9) 92.558(18) 
_ Sb(5)-S( 2.4126(6) 1.11 S(10)-Sb(6)-S(9) 90.038(18) 
_ 3.06 S(I I)-Sb(7)-S(IO) 99.623(18) 
Sb(6)-S(12) 2.4571(5) 0.98 S(I I)-Sb(7)-S(I 1)(") 88.863(17) 

_ Sb(6)-S(I 0) 2.5213(5) 0.82 S(10)-Sb(7)-S(I 1)ý") 94.042(18) 
_ Sb(6)-S( 2.4780(5) 0.93 S(13)-Sb(8)-S(12) 93.700(18) 
_ 2.73 S(I 3)-Sb(8)-S(7)( ... ) 88.322(17) 
Sb(7)-S(I 2.4465( 1.01 S(I 2)-Sb(8)-S(7)( ... ) 89.607(16) 

_ Sb(7)-S(I 0 2.4979(5) 0.88 S(I 3)-Sb(8)-S(I 3)(111) 87.263(17) 
_ 

_S(I 2.4919(5) 0.89 S(I 2)-Sb(8)-S(I 3)(111) 93.254(17) 
2.78 

Sb(8)-S(I 3) 2.4434(5) 1.02 
Sb(8)-S(12) 2.5061(5) 0.86 
Sb(8)-S(7)(111) 2.8699(5) 0.32 
Sb(8)-S(I 3)( ... 2.6411(5) 0.60 

2.80 
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3.2.2.2 Structure description 

The structures of [Ni(dien)21Sb6Sj0T43H20 and [Co(dien)2]Sb6S, 0.0.46H20 

contain six crystallographically distinct antimony atoms in the asymmetnc units (Figure 

3.12). Each antimony atom is coordinated by three sulphur atoms, with exception of 

Sb(6), where Sb-S distances and S-Sb-S angles Ile in the ranges of 2.4075(7)-2 . 5239(7) 

A and 81.01(2)-101.21(3)0 for [Ni(dien)2]Sb6S, 0.0.43H20- Sb(6) is coordinated by four 

sulphur atoms, with two short Sb-S bond distances of 2.4211(7) and 2.4941(7) A, and 

two longer bond distances of 2.6948(7) and 2.7835(7) A for [N1(dien)21Sb6Sjo. 0.43H20- 

Distances and angles for [Co(dien)2]Sb6S, 0.0.46H20 are similar (Table 3.6). The SbS3 3- 

and SbS4 5- bond distances are consistent with those found within the Sb6SIO 2- layers of 
[Fe(dien)2]Sb6S, o. 0.5H20[53]. 

Sb3 S3 

siolii, 

C3 

C70 
14 ci 

C4 C50 C80 

N3 Nil NI N40 N12 
N3( ... N40(") 

N60 

NI N60(") 

C4(iii) 
cl (iii) 

C2( ... 
N2( ... C50('v) N50('v) C80(") 

C3(iii) C60('v C70(") 

Figure anionic and cationic components of 3.12: Local coordination of the 

10.0.43H)O, showing the atom labelling scheme and then-nal ellipsoids [Ni(dien)2]Sb6S 1 

at 50% probability. A very similar scheme is observed in [Co(dien)21Sb6Sjo. 0.46H-)O. 

ýVmmetry codes: (1) 1/2 -x, 1/2 +y, 3/2 -z; (11) -x, -y, 1-z; (111) -1/2-x, -1/2-y, -z; (iv) 

Y, 
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Bond-valence sums [74] are in agreement with an oxidation state of +3 for each 

antimony (Table 3.6), which results in Sb6SIO 2- anionic layers. In common with other 

antimony- sulphi de structures, longer intra layer interactions are found in the range of 

3.04-3.75 A, which are less than the sum of the van der Waals' radii of antimony and 

sulphur [73]. However, these longer distances between antimony and sulphur contribute 

less than 0.2 v. u. to the coordination around each antimony. 

In [Ni(dien)2]Sb6S, 0.0.43H20 and [Co(dien)2]Sb6SIo. 0.46H-, )O, the Sbl2S22 8- 

secondary units are linked through four shared S(7) sulphur atoms to create Sb6SIO 2- 

layers, containing elongated Sb16SI6 heterorings (Figure 3.13). The Sb6SIO 2- layers, 

which stack directly on top of each other, lie parallel to the (I 10) plane and are 

separated by two crystallographically distinct [T(dien)21 2+ cations and water molecules 
(Figure 3.14). The T-N distances between the nickel and cobalt ions and the then ligand 

are between 2.035(6)-2.275(6) A (T= Ni) and 2.1207(7)-2.295(7) A (T= Co) and are 

consistent with T-N distances in previously reported nickel- and cobalt-dien complexes 

[192,193]. [T(l)(dien)2]2+ has a the mer-isomer conformation, whereas [T(2)(dien)21 2+ 

is s-facial. Distances of 3.29-3.74 A between the nitrogen atoms of the amine ligands 

and the sulphur atoms of the layers suggests hydrogen bonds are present, which serve 

to link the transition-metal complexes and the anionic antimony- sulphide layers. 

I a 
2- 

Figure 3.13: The Sb6S 10 layer of [Ni(dien)2]Sb6SIo. 0.43H-)O and 

[Co(dien)21Sb6SIO. O. 46H20viewed along [001] with Sb16SI6 heterorings shaded. (Key: 

antimony, pink; sulphur, yellow). 
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Figure 3.14: The Sb6SIO 2- layers of [Ni(dien)2]Sb6S, 0.0.43H20 and 

[Co(dien)21Sb6SIo. 0.46H20 viewed along [010] and separated by [T(dien)21 2+ 

complexes. (Key: antimony, pink; sulphur, yellow; cobalt/ nickel, turquoise; carbon, 
black; nitrogen, blue). Water molecules are omitted. 

In [Co(en)3]Sb8SI3 there are eight crystal lo graphically distinct antimony atoms, 

six sulphur atoms and one cobalt atom (Figure 3.15). With the exception of Sb(l) and 

Sb(8), each antimony is coordinated by three sulphur atoms with Sb-S distances and S- 

Sb-S angles lying in the ranges 2.3907(6)-2.5213(5) A and 86.543(18)-100.55(19)0. 

Sb(l) and Sb(8) are coordinated by four sulphur atoms, with two shorter bonds 

(2.4237(5)-2.5061(5) A) and two longer bonds (2.5623(5)-2-9612(5) A). 

Bond-valence sums show each antimony atom has an oxidation state of +3 
, 2- 

(Table 3.7), resulting in Sb8S13 anionic layers. Longer secondary Sb 
... 

S distances are 

also found in the range of 3.07-3.78A, which are less than the van der Waals' radii of 

antimony and sulphur (ca. 3.80 A) [73] but contribute less than 0.2 v. u. to the overall 

bond valence of each antimony. 
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, ý. h7 

i) 

Figure 3.15: Local coordination of the anionic and cationic components of 
[Co(en)3]Sb8SI3, showing the atom labelling scheme and thermal ellipsoids at 50% 

probability. Symmetry codes: (1) -2 - x, I-y, 2-z; (ii) -x, 2-y, I-z; (iii) -x, I-y, 

I-Z. 

In the novel structure of [Co(en)3]SbsSI3, the Sb12S22 8- 
units are connected into 

Sb14S24 6- 
chains by edge-sharing with Sb2S6 6- dimeric units, formed from two edge- 

sharing Sb(l)S4 5- 
units. The chains are cross-linked by Sb2S4 2- heterorings, formed from 

two edge-sharing SbS3 3- pyramids, into Sb8S13 2- layers containing large Sb22S22pores. 

Two symmetry related [Co(en)31 2+ cations lie within each pore (Figure 3.16). They have 

respectively A(kkk) and A(666) geometry, and are related to one another by a glide 

plane, with the reflection along [ 10 1 ]. The layers are stacked directly above one another 

along [ 100] resulting in 7x 17 A (S(8) 
... 

S(4), Sb(7) 
... 

Sb(7')) one-dimensional channels 

running through the structure along [100]. Short N 
... 

S distances of ca. 3.44-3.70A 

between the amine ligand and the anionic antimony- sulphide layers suggests hydrogen 

bonding is present. 
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Figure 3.16: The Sb8S13 2- layers within [Co(en)3]Sb8SI3, with two [Co(en)3 ]2+ cations 

contained in each Sb22S22pore. (Key: antimony, pink; sulphur, yellow; cobalt, turquoise; 

carbon, black; nitrogen, blue). 

[Co(en)3]Sb8SI3 represents the only transition-metal containing antimony- 

sulphide compound with such an antimony- sulphur ratio. The crystal structure is unique, 

even though it is composed of the same large repeating unit that forms the layers in 
[T(dien)2]Sb6S, o. xH20 (T= Fe, Co, Ni) [53]. Sb8SI3 2- layers have been observed 

previously, and three different structural motifs exist. For example, in [dienH2]Sb8SI3 

and the isomorphous phase containing 3 -(arnino ethyl) -pyridine [123], the layers contain 

Sb12SI2 heterorings that are "Christmas tree" shaped, whereas star shaped heterorings 

ranging in size from Sb8S8 to SbjqSjq are found in the layers of [1,3-dapH2]Sb8SI3 [123]. 

The Sb8S13 2- layers in [l, 2-dapH, ]SbSS13, and the isostructural phases containing iso- 

propylamine and pyrrolidine (Figure 3.17), partially resemble those found in 

[Co(en)3]Sb8S13. The layers are both formed through the bridging of antimony- sulphide 

chains of fused Sb4S4 and Sb5S5 heterorings by Sb2S4 2- dimenc units. However, in [1,2- 

dapH2]Sb8SI3 and [Co(en)3]Sb8SI3 the heterorings are connected in different manners, 

resulting in Sbl8S, 8 heterorings in [1,2-dapH2]Sb8SI3 and Sb-)_)S22 heterorings in 

[Co(en)3]Sb8SI3. 
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C 

Figure 3.17: View along [100] of theSb8S13 2- layers of [pyH]2[Sb8SI31*0,15H20 [124]. 

The amine molecules have not been plotted. (Key: antimony, pink; sulphur, yellow). 

3.2.2.3 Magnetic properties 
The nickel and cobalt ions all exhibit paramagnetic behaviour typical for 

magnetically dilute systems (Figure 3.18). The Curie-Weiss expression was fitted to the 

plots of reciprocal susceptibility as a function of temperature fo r 
[Ni(dien)21Sb6Sj0.0.43H20, [Co(dien)21Sb6SIO, 0.46H20 and [Co(en)3]SbsSI3, and their 

respective constants derived. The Curie and Weiss constants are summarised in Table 

3.8 along with the effective magnetic moment per metal ion and the theoretical spin- 

only value for high-spin divalent octahedral complexes. The effective magnetic 

moments of the Co 2+ ions are higher than the spin-only value for hs-Co 2+ due to an 

orbital contribution arising from the 4 Tig ground state of octahedral Co 2+ 
, and has been 

reported for other Co 2+ compounds [ 189]. The Weiss constants are larger than expected 

for such magnetically dilute systems and are unlikely to reflect strong anti- 

ferromagnetic correlations between the transition-metal ions. The Weiss constant is not 
'ally considered as an empirical a precise indicator of such interactions and can be essenti 11 

parameter. 

Table 3.8: Summary of the Curie constants, magnetic moments, and Weiss Constants 

for [Ni(dien)21Sb6Sj0? 43H20, [Co(dien)2]Sb6SIO, 0.46H20 and [Co(en)3]Sb8SI3- 

Compound C (CM3 K mol-1) ýIeff (PB) hs - ýt, (PB 0 (K) 

[Ni(dien)21Sb6Sjo. 0.43H20 1.04(4) (50-300 K) 2.89(1) 2.83 -24.4(4) 

[Co(dien)2]Sb6S, 0.0.46H20 3.11(7) (5-300 K) 4.99(3) 3.87 19.5(5) 

[Co(en)3]Sb8SI3 3.09(l) (15-300 K) 4.97(9) 3.87 -30.6(3) 
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Figure 3.18: Field cooled magnetic susceptibility data and inverse susceptibility data 

(inset) for (a) [Ni(dien)21Sb6S, 0.0.43H20, (b) [Co(dien)21Sb6Sjo. 0.46H20 and (c) 

[Co(en)3]SbsSI3. The solid lines show the fits to the Curie-Weiss expression above 50,5 

and 15 K respectively. 
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3.2.2.4 Diffuse reflectance measurements 
The diffuse reflectance spectra of [Ni(dien)21Sb6Sjo. 0.43H20q 

[Co(dien)21Sb6SIo-0.46H20 and [Co(en)3]Sb8Sl3were recorded (Figure 3.19). They all 

show strong absorptions, which correspond to optical band gaps of 1.97(4), 2.04(3) and 

2.05(2) eV. Due to d-d transitions within the transition-metal ions a weak peak was 

observed at 11,500 cm-1 (1.42 eV) for [Ni(dien)21Sb6SIO. O. 43H20, which is consistent 

with the 3 A2g__ý3 T2g transition. This results from the splitting of the free Ni 2+ ion under 

octahedral symmetry. The two additional spin-allowed transitions (3 A2g--> 3TI 
g(F) and 

3 A2g_>3 Tig(P)), which are normally observed, are obscured by the band-edge (Figure 

3.20). Divalent cobalt ions typically display one strong transition in the visible 

spectrum, 4 Tig(F)__>4 Tig(P), and a much weaker 4 Tlg(F)_>4 A2g transition. A third spin 

allowed transition between 4 Tig(F)_>4 T2g iSgenerally found in the near infra-red region 

(Figure 3.20). However, none of these transitions are observed in 

[Co(dien)21Sb6Sjo. 0.46H20 and [Co(en)3]Sb8Sl3as they are obscured by the band-edge. 

1.2--1 

1.0 

CO) 0.8 

-0 E. 

'5 0.6 
(D 
0 
c 
cu 

0.4 
0 
(n 
-0 

0.2 

0.0 

1.2- (b) 

1.0- 

0.8- 

0.6- 

0.4- 

0.2- 

0.0 - 

1.2 -n 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

Figure 3.19: Diffuse reflectance spectra of (a) [Ni(dien)21Sb6SIo. 0.43H20, (b) 

[Co(dien)21Sb6SIO. O. 46H20 and (c) [Co(en)3]Sb8SI3 (diluted with BaS04)- 
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Figure 3.20: Orgel diagram for the octahedral 0 and A d-d transitions of C02+ and 
Ni2+. 

3.2 3 [Ni(en)3]Sbl2Sg (6): A three-dimensionalframework structure 
The synthesis of three-dimensional antimony-sulphide frameworks is unusual 

under solvothermal conditions. With the exception of this project, the first and only 

other example reported in the literature is [Co(en)3]Sbl2SI9 [54], which possesses an 
intricate framework structure constructed solely of primary Sb-S bonds. 

[Ni(en)3]Sbl2SI91S isostructural with [Co(en)3]Sbl2Sg and is one of a number of three- 

dimensional antimony sulphides synthesised and published as part of this project [190]. 

The other three-dimensional phases, which contain macrocycle template molecules, are 

described in Chapter 4. 

3.2.3.1 Synthesis 

[Ni(en)3]Sbl2Sl9was prepared using a Teflon-lined stainless steel autoclave (23 

mL). A mixture of Sb2S3, NiS and 3 mL ethylenediamine containing S (0.03 nimol), 

with a molar Sb: Ni: S: en composition of 3: 1.5: 4.5: 45, was heated at 443 K for 5 days. 

The product consisted of red needles of [Nl(en)3]Sbl2Sig as the minor phase and 

[Ni(en)3]Sb4S7 [52] as the major phase, identified by single-crystal X-ray diffraction. 

CHN analysis of a handpicked sample of [Ni(en)3]Sbl2SI9 found: C, 3.24; H, 1.40; N, 

3.67% (calc. C, 3.12; H, 1.05, N. 3.64%). 

Single-crystal X-ray diffraction data were collected at 100 K using a Bruker 

Nonius X8 Apex diffractometer (Mo-K, radiation, ý, =0.71073 A). After sufficient 

reflections were collected, the data were processed and the structure solved using the 
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Apex-2 software and direct methods. All the Sb, Ni and S atoms were located initially, 

with the remaining C and N atoms located through difference Fourier calculations. 
Hydrogen atoms were placed geometrically on the C and N atoms after each cycle of 

refinement. In the final cycles of refinement, positional and anisotropic thermal 

parameters for all the non-hydrogen atoms were refined. Crystallographic information 

and refinement details for [Ni(en)3]Sbl2S, g are given in Table 3.9. The large residual 

electron density peak is located 0.923(2) A from the Sb(9) atom. All the non-hydrogen 

atom coordinates are presented in Appendix A. 6, and all the significant bond lengths 

and angles are shown in Table 3.10. 

Table 3.9 Crystallographic data for [Ni(en)3]Sbl2SI9- 

6 

Formula [Ni(en)3]Sbl2SI9 

A 2309.45 

Crystal system monoclinic 
Crystal habit red needle 

space group P21/c 

a /A 17.3468(16) 

b /A 8.8323(8) 

c /A 28.594(3) 

)610 91.538(4) 

v /A' 4379.3(7) 

z 4 

P /mm-I 8.615 

Pcalc (g CM-3) 3.502 

Measured data 144847 

Unique data 21134 

Observed data 

(I>-3 c(I)) 

12032 

Rint 0.040 

Residual electron 

density (min, max)(eA -3 
-2.63,4.97 

R(F) 0.0368 

, R(F) 0.0348 
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Table 3.10: Bond lengths, valence sums (vij) and angles for [NI(en)3]Sbl2SI9 

Symmetry codes: (i) -x, y-1/2,3/2-z; (ii) -x, 1-y, I-z; (iii) I-X, I-Y, I-Z; (IV) I-X, 

1/2+y, 3/2-z; (v) 1+x, 1+y, z; (vi) 1-x, 2-y, 1- 

Bond lengt Vi i (V. U. ) Bond lengt Vii (V. U. ) 
Sb(l )-S (3) 2.5593( 13) 0.74 Sb(7)-S(19) 2.4428( 13) 1.02 
Sb(l )-S (2) 2.4967( 12) 0.88 Sb(7)-S(18) 2.4849( 12) 0.91 
Sb(l )-S (l) 2.4934( 13) 0.89 Sb(7)-S(9) 2.4576( 13) 0.98 

_ 2.51 2.91 
Sb(2 )-S (13 ) 2.4853( 13) 0.91 Sb(8)-S(I 1) 2.4987( 12) 0.88 
Sb(2 )-S (4) 2.512(13) . 0.85 Sb(8)-S(10) 2.5375( 12) 0.79 
Sb(2 )-S (l) 2.5546( 13) 0.75 Sb(8)-S(2) 2.4784( 12) 0.93 

2.51 2.60 
Sb(3 )-S (4) 2.4581( 13) 0.98 Sb(9)-S(12) 2.5131( 13) 0.84 
Sb(3 )-S (5 )(iii) 2.4448( 13) 1.01 Sb(9)-S(I 1) 2.4981( 12) 0.88 
Sb(3 )-S (2 )(") 2.4970( 13) 0.88 Sb(9)-S(IO) 2.5363( 13) 0.79 

2.87 - 2.51 
Sb(4 )-S (6) 2.5582( 12) 0.75 )-S(13 )(v) 2.4902( 13) 0.90 
Sb(4)-S (5) 2.4163( 13) 1.10 Sb(10)-S(14 ) 2.4522( 12) 0.99 
Sb(4 )-S (3) 2.4511( 13) 1.00 Sb(I 0)-S(I 5 ) 2.511(1 2) 0.85 

2.84 2.74 
Sb(5 )-S (8) 2.4603( 12) 0.97 Sb(I I)-S(I 7 ) 2.4481( 12) 1.01 
Sb(5 )-S (7) 2.5064( 12) 0.86 S b(Il)-S(14 ) 2.7195( 13) 0.48 
Sb(5 )-S (6) 2.4597( 12) 0.97 Sb(I I)-S(I 6 , )(v') 2.4753( 12) 0.93 

2.81 Sb(I l)-S 2.7375( 13) 0.46 
Sb(6 )-S (9) 2.4831( 13) 0.91 2.88 
Sb(6 )-S (7) 2.4732( 12) 0.94 Sb(12)-S(19 ) 2.6195( 13) 0.63 
Sb(6 )-S (8)('v) 2.5173( 13) 0.83 Sb(12)-S(18 ) 2.4758( 12) 0.93 

2.69 Sb(I 2)-S(I 7 ) 2.7916( 12) 0.40 
Sb(I )-S(16 ) 2.4583 13) 0.98 

2.94 
Bond ang le (0) Bond angle C) 

S(3)- Sb (l)- S(2) 91.91(4) S(I 8)-Sb(7)- S(9) 97.34(4) 
S(3)- Sb (l)- S(l) 88.08(4) S(I I)-Sb(8)- S(I 0) 84.65(4) 
S(2)- Sb (l)- S(l) 92.86(4) S(I I)-Sb(8)- S(2) 102.97(4) 
S(13 )-Sb(2 )-S(4) 94.29(4) S(10)-Sb(8)- S(2) 86.88(4) 
S(I 3 )-Sb(2 )-S(l) 97.56(4) S(12)-Sb(9)- S(I 1) 102.92(4) 
S(4)- Sb(2)- S(l) 91.00(4) S(12)-Sb(9)- S(IO) 96.20(4) 
S(4)- Sb (3)- S(I 5) (Iii) 87.43(4) SI l)-Sb(9)- S(IO) 84.69(4) 
S(4)- Sb( 3)- S(12) (") 99.93(4) S (I 3)(v)-Sb(I 0)-S(I 4) 

_ 
98.86(4) 

SO 5 )("') -Sb(3)-S (I 95.57(4) SOv))-Sb(10)-S(15) 90.09(4) 
S(6)- Sb( 4)- S(5) 95.02(4) S(14)-Sb(10) -S(15) 93.23(4) 
S(6)- Sb( 4)- S(3) 86.95(4) S(I 7)-Sb(I I) -S(l 4) 86.99(4) 
S(5)- Sb( 4)- S(3) 96.37(4) S(17)-Sb(Il) - (16)(v') 95.57(4) 
S(8)- Sb( 5)- S(7) 

. 
94.74(4) S(I 4)-Sb(I I) -S(I 6)(vl) 80.28(4) 

S(8)- Sb( 5)- S(6) 95.62(4) S(I 7)-Sb(I I) -S(I 7 85.51(4) 
S(7)- Sb( )- S(6) 97.08(4) S(I 6)(v)-Sb(I I)-S( 86.24(4) 
S(9)- Sb( 6)- S(S) 79.54(4) 

_ 
S(19)-Sb(12) -S(18) 85. 

S(9)- Sb( 6)- S(7) 89.98(4) S(I 8)-Sb(l 2) -S(I 7) 80.74(4) 
S(8)- Sb( 6)- S(7) 79.61(4) S(19)-Sb(12) -S(16) 89.53(4). 
S(l 9) -Sb(7) -S(I 8) 88.81(4) S(I 8)-Sb(I 2) -S(I 6) 101.62(4) 
S(i 9)-Sbl7) -SI2) -- 

90.41(4) S(17)-Sb(12) -S(16) 85.39(4) 
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3.2.3.2 Structure description 

The crystal structure of [Ni(en)3]Sbl2SI9 contains 12 crystallography distinct 

antimony atoms, nineteen sulphur atoms as well as one [Nl(en)31 2+ complex (Figure 

3.2 1). Each antimony, with the exception of Sb(I 1) and Sb(I 2), is coordinated by three 

sulphur atoms with Sb-S bond distances and S-Sb-S angles lying in the ranges of 
2.4163(13)-2.5593(13) A and 84.65(l)-102.97(4) 0. Sb(II) and Sb(12) are coordinated 
by four sulphur atoms, with the typical arrangements of two short (2.4481(12)- 

2.4758(12) A) and two longer (2.6195(13)-2.7916(12) A) Sb-S bonds. The bond 

distances and angles are consistent with those observed in [Co(en)3]Sbl2SI9 [54]. 

Ll I- A Sb5 

Sil 

S 

3(V) 

kJOA / S16(") 

C 

C3 

Figure 3.2 1: Local coordination of the anionic and cationic components of 

[Ni(en)3]Sbl2SI9, showing the atom labelling scheme and thermal ellipsoids at 50% 

probability. Symmetry codes: (1) -x, y- 1 /2,3/2-z; (11) -x, -y, 1 -z; (111) 1 -X, 1 -y' I -Z; 

(iv) I -x, 1/2+y, 3/2-z; (v) I+x, I+y, z; (vi) I-x, 2-y, I-z. 
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Bond-valence sums [74] shown in Table 3.10 are consistent with an oxidation 

state of +3 for all of the antimony atoms, which results in an anionic Sb12SI9 2- 

framework. All the antimony atoms have longer secondary Sb 
... 

S interactions (2.89- 

3.79 A), which are less than the van der Waals' radii of antimony and sulphur (3.80 A 

[731). When these interactions are taken into account, the overall coordination of each 

antimony atom, with the exception of Sb(3) and Sb(8), is six with a distorted octahedral 

arrangement. Sb(3) and Sb(8) are five coordinate. However, as Sb-S distances above 3.0 

A contribute only ca. 0.2 v. u. to the valence sum, the structure will be described by 

considering only those distances between 2.44-2.79 A, although Sb-S bond distances 

2.5593(13) A are sufficient to define this three-dimensional structure. 

The three-dimensional structure of [Nl(en)3]Sbl2SI9 1S created from Sb6SI2 6- 

secondary building units formed from three edge-sharing Sb2S2 rings and two comer 

sharing Sb2S2 rings (Figure 3.22). The Sb6SI2 6- 
secondary building units are connected 

by Sb3S7 5- 
units, generated from three vertex linked SbS3 3- 

trigonal pyramids of one 

Sb(5) and two Sb(6) atoms, via shared S(9) atoms. The resulting ribbons lie in the (100) 

plane (Figure 3.23). Cross-linking of the ribbons is achieved via complex chains which 

run parallel to [0 10]. The chains are formed from Sb6SI2 6- rings, comprised of six vertex 

linked SbS3 3- trigonal pyramids, and short chains forined from one edge-sharing SbS3 3- 

and three comer-sharing trigonal pyramids (Figure 3.24). The S(14) atoms of the ring, 

and the S(6) atoms of the short chain are shared with the ribbons, and serve to link the 

three-dimensional structure. 

S 14' 
S16 

S19 bll' 
S18' 

12 

Sb7 

S9 
17' 

S9, 
SbT 

S17 
Sbl2' 

S18 
11 Sbll 19' 

S 16' 

14 

Figure 3.22: Sb6SI2 6- 
secondary building unit in [Ni(en)3]Sbl2SI9. (Key: antimony, pink; 

sulphur, yellow). 
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Figure 3.23: View along [100] showing antimony- sulphicle ribbons in [Ni(en)3]Sbl2SI9. 

The Sb6SI2 6- 
secondary building units are highlighted. (Key: antimony, pink; sulphur, 

yellow). 

b 

Figure 3.24: View of complex chains lying parallel to [0 10], which cross link antimony- 

sulphide ribbons in [Ni(en)3]Sbl2S, 9. The Sb6SI2 6- heterocyclic rings are highlighted. 

(Key: antimony, pink; sulphur, yellow). 

The resulting three-dimensional structure contains a regular array of one- 

dimensional channels, ca. 5A in diameter, which run along the [0 101 direction (Figure 

3.25). The [Ni(en)31 2+ cations lie within the channels and charge balance the anionic 

anti mony- sulphl de framework. The Ni-N distances are in the range 2.142(5)-2.199(5) 
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which are consistent to previously reported distances in [Ni(en)3]Sb2S4 [52]. As a 

result of the centrosymmetric nature of the structure both A(66ý, ) and AQ, /ý6) 
conformations are found. Distances between the nitrogen atoms of the arnine ligand and 
sulphur atoms of the framework lie in the range 3.37-3.57 A, which suggests hydrogen 
bonding between the cations and the anionic framework. 

Figure 3.25: The three-dimensional framework of [Ni(en)31SbI2SI9viewed along [010], 

with [Ni(en)31 2+ cations located within the one dimensional channels of the Sb12SI9 2- 

framework. (Key: antimony, pink; sulphur, yellow; nickel, turquoise; carbon, black; 

nitrogen, blue). 

The synthesis of a three-dimensional structure, which can be defined via primary 

bonds, is rare in solvotherinally synthesised antimony sulphides where most of the 

compounds contain either chains or layers. Additionally, the structure of 

[Nl(en)31 Sb12Sjq, and of the isostructural phase [Co(en)3]Sbl2SI9 [54], involves the 

intricate bonding of nineteen crystallographically distinct antimony atoms into complex 

ribbons and chains that are cross linked thorough shared sulphur atoms. However, for 

such a complex structure, only Sb-)S4 2- and Sb6SI2 6- rings connected by short chains are 

present to create the framework. 
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3.3 Transition-metal-antimony-sulphide compounds 

3.3.1 [Cr(tren)]Sb4S7(7) 

The majority of transition-metal containing antimony sulphides, where the 

transition-metal ions are bound to the antimony-sulphide structure through transition 

metal-sulphur bonds, have been prepared in the presence of the branched amine tris(2- 

aminoethyl)amine (tren). Using parallel synthesis techniques, It was possible to 

synthesise a new chromium-antimony-sulphide in addition to many of the previously 

reported tren containing transition-metal antimony sulphides. The structure of 

[Cr(tren)]Sb4S7 is isostructural with [T(tren)]Sb4S7 (T=Mn-Zn) [11] and contains the 

widely observed Sb4S7 2- chain. 

3.3.1.1 Synthesis 

[Cr(tren)]Sb4S7was identified during parallel solvothermal synthetic reactions 

with tren. The reaction to prepare [Cr(tren)]Sb4S7was then repeated in a Teflon-lined 

stainless steel autoclave with an inner volume of 23 mL. A mixture of Sb2S3, Cr and 3 

mL 50% aqueous tris(2-aminoethyl)amine (tren) containing S (0.03 mmol), with 

approximate molar Sb: Cr: S: tren composition of 4: 2: 6: 10, was thoroughly mixed and 

heated at 438 K for 21 days. The product consisted of large orange plates of 

[Cr(tren)]Sb4S7 as the ma . or product, identified by single-crystal X-ray diffraction, 

together with a small amount of black polycrystalline powder identified by powder X- 

ray diffraction as consisting of Cr2S3, Cr5S6 and unreacted Sb2S3- CHN analysis of a 

handpicked sample of [Cr(tren)]Sb4S7 found: C, 8.18; H, 2.00; N, 6.29% (ca1c. C, 7.92; 

Hý 1.99; N., 6.16%). A single-step weight loss of 16.13% was observed over the 

temperature range of 585-601 K during thermogravinietric analysis under N2 (Figure 

3.26), which is consistent with the complete loss of the organic component (ca1c. 

16.07%). Powder X-ray diffraction data showed an amorphous residue was formed. 

Crystallographic information and refinement details for [Cr(tren)]Sb4S7 are 

ble 3.11. The non-hydrogen atom coordi I given in Tanu mates are located in Appendix A. 7, 

and the selected Sb-S bond lengths are summansed in Table 3.12. Single-crystal X-ray 

diffraction data were measured at 100 K using a Bruker Nonius X8 Apex diffractometer 

with Mo-K, radiation 0.71073 A) and the data were processed using the Apex-2 

software [175]. The structure was solved by direct methods using the program SIR-92 

[ 177], which located all Cr, Sb and S atoms. Subsequent Fourier calculations and least- 

square refinements on F were carried out using the CRYSTALS program suite [179] 

and the C and N atoms of the amine were located in a difference Fourier map. Hydrogen 
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atoms were placed geometrically on the C and N atoms after each cycle of refinement. 

In the final cycles, positional and anisotropic thennal parameters for all non-hydrogen 

atoms were refined. 
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Figure 3.26: Thennogravimetric analysis plot of [Cr(tren)]Sb4S7 (N2). 

3.3.1.2 Structure description 

In the asymmetric unit of [Cr(tren)]Sb4S7 there are four Sb atoms, seven S atoms 

and one [Cr(tren)]2+ cation, all of which occupy general positions (Figure 3.27). Each 

antimony, with the exception of Sb(2), is coordinated by three sulphur atoms at 

distances in the range of 2.3825(10)-2.4879(9) A. Each antimony exhibits 

approximately trigonal pyramidal geometry where the S-Sb-S angles lie between 

80.49(3)-99.80(3)'. Sb(2) is coordinated by four sulphur atoms, with two shorter bonds 

(2.4598(9) and 2.4694(10) A) and two longer bonds (2.6382(9) and 2.7839(9) A), and 

S-Sb-S angles lie in the range 82.20(3)-102.49(3)0. The antimony- sulphur distances and 

angles are in agreement with Sb4S7 2- chains observed in other solvothermally 

synthesised antimony sulphides [52]. The bond-valence sums [74] are consi I *stent with a 

formal oxidation state of +3 for each antimony atom (Table 3.12), which results in 

anionic Sb4S7 2- 
chains. 
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Table 3.11: Crystallographic data for [Cr(tren)]Sb4S7 (7) 

7 

Formula [Cr(tren)]Sb4S7 

Mr 909.69 

Crystal system monoclinic 

Crystal habit orange plate 

Space group P211n 

T/K 100 

a /A 7.9756(7) 

b /A 10.5191(9) 

c /A 25.880(2) 

P/0 90.864(5) 

v/AI 2171.0(3) 

z 4 

P /cm-1 6.070 

Pcalc /gCM-3 2.783 

measured data 65109 

Unique data 10140 

observed data (]>-3 co) 6148 

Rint 0.04 

residual electron density 

(min, max) /eA -3 
-0.88,2.46 

no. parameters refined 199 

R(F) 0.0247 

,,, R(F) 0.0273 
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S5 

Figure 3.27: Local coordination of [Cr(tren)]Sb4S7, showing the atom labelling scheme 

and thernial ellipsoids at 50% probability. Symmetry codes: (1) x-1, y, z. 

Table 3.12: Selected bond lengths, angles and bond valences (vij) for the Sb4S7 2- 
anion 

in [Cr(tren)]Sb4S7- Symmetry codes: (i) x-1, y, z. 

Bond length (A) vii (v. u. ) Bond angle 
Sb(l)-S(3) 2.4622(9) 0.97 S(3)-Sb(l)-S(2) 97.18(3) 
Sb(l)-S(2) 2.4270(9) 1.06 S(3)-Sb(l)-S(l) 96.59(3) 
Sb(l)-S(l) 2.4126(9) 1.11 S(2)-Sb(l)-S(l) 99.06(3) 

3.14 S(5)-Sb(2-S(4) 102.49(3) 
Sb(2)-S(7) 2.7839(9) 0.41 S(5)-S (2)-S(2)() 85.29(3) 
Sb(2)-S(5) 2.4694(10) 0.95 S(4)-Sb(2)-S(2)(15 85-00(3) 
Sb(2)-S(4) 2.4598(9) 0.97 S(7)-Sb(2)-S(5) 82.20(3) 
Sb(2)-S(2)(') 2.6382(9) 0.60 S(7)-Sb(3)-S(6) 80.49(3) 

2.93 S(7)-Sb(3)-S(4) 81.28(3) 
Sb(3)-S(6) 2.4386(9) 1.03 S(6)-Sb(3)-S(4) 97-99(3) 
Sb(3)-S(4) 2.4879(9) 0.90 S(7)-Sb(4)-S(6) 96.46(3) 
Sb(3)-S(3) 2.4798(9) 0.92 S(7)-Sb(4)-S(5) 90.66(3) 

2.85 S(6)-Sb(4)-S(5) 99.80(3) 
Sb(4)-S(7) 2.3825(10) 1.20 
Sb(4)-S(6) 2.4746(9) 0.94 
Sb(4)-S(5) 2.4 8317 (9) 0.91 

3.05 
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The infinite Sb4S7 2- chains are formed from alternating Sb3S6 3- semi-cubes and 

SbS3 3- trigonal pyramids. This comi-non chain structure has been observed numerous 

times in solvothermally synthesIsed ant, mony-sulph, de materials, such as in 

[T(en)3]Sb4S7 (T= Fe, Co, Ni) [52,77] and [pipH2]Sb4S7 [78]. The tenninal sulphur 

atoms of the linking SbS3 3- trigonal pyramids also act as a monodentate ligand to 

[Cr(tren)]2+ units to fon-n infinite [Cr(tren)]Sb4S7 chains directed along [100] (Figure 

3.28). The Cr2+ ions are coordinated by the four N atoms of the tren ligand and the S(l) 

atom of the thloantimonate(III) chain in a distorted trigonal bipyramidal geometry. The 

Cr-S bond is 2.3 895(l 0) A, and the Cr-N bonds range from 2.13 5(3)-2.3 06(3) A. 

Figure 3.28: View along [001] of the [Cr(tren)]Sb4S7 chain. (Key: antimony, pink; 

sulphur, yellow; chromium, green; carbon, black; nitrogen, blue). 

In common with the majority of antimony- sulphi de materials, secondary Sb ... S 

interactions are also present, where the antimony- sulphur distances are less than the van 

der Waals' radii of antimony and sulphur (3.8 A) [73]. The secondary Sb ... S distances 

are in the range of ca. 3.11-3.69 A, and include both intra- and inter-chain interactions. 

Inter-chain distances of 3.382(3) and 3.695(l) A between Sb(4) and the sulphur atoms 

S(2) and S(4), serve to link individual chains into buckled layers, which lie in the (001) 

plane (Figure 3.29). Neighbouring layers are related to one another by a glide plane, 

with the reflection along [101]. Hydrogen bonding between the amine ligand and the 

sulphur atoms of adjacent layers further connects the structure with the shortest distance 

being 3.353(3) A between S(l) and N(3). 
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I 
Figure 3.29: View along [100] of [Cr(tren)]Sb4S7 chains joined by longer Sb ... S 

interactions into layers. Inter chain bonds are shaded. (Key: antimony, pink; sulphur, 

yellow; chromium, green; carbon, black; nitrogen, blue). 

3.3.1.3 Magnetic properties 

Magnetic susceptibility data for [Cr(tren)]Sb4S7 were recorded and show 

paramagnetic behaviour for the chromium ions, indicating that they are sufficiently 

spaced so that no magnetic interactions are present between them (Figure 3.30). A 

Curie-Weiss expression was fitted to the data, over the temperature range 50-300 K, 

yielding a Curie constant of 3.05(7) cm 3K mol-1 and a Weiss constant of O= -5.46(5) K. 

This corresponds to an effective magnetic moment per chromium ion of 4.94(6) ýLB- 

This is consistent with the spin-only value of 4.89 ýIB calculated for a trigonal 

bipyramidal hs-Cr 2+ ion. Previous reported magnetic moments for tri I bipyramidal 

hs-Cr 2+ ions are in the range 4.49-4.85 ýIB and include the complexes 

[Cr(P(CH2CH2NPh-))3)XI[BPh] (X=Cl, 1, Br) [194] and [Cr(N(CH2CH2N(Me)2)3)Br]Br 

[195]. The small Weiss constant suggests weak anti - ferromagnet, c correlations between 

2+ - the Cr ions. 
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Figure 3.30: Zero-field cooled magnetic susceptibility data and inverse susceptibility 
data (inset) for [Cr(tren)]Sb4S7. The solid line shows the fit to the Curie-Weiss 

expression between 50-300 K. 

3.3.1.4 Diffuse reflectance measurement 
The diffuse reflectance spectrum of [Cr(tren)]Sb4S7 shows an optical band gap 

of 2.14(3) eV (Figure 3.3 1). This is in agreement with the band gaps observed for 

[T(tren)]Sb4S7(T= Mn, Fe, Co, Zn) which lie in the range of 2.04 to 3.11 eV [I I]. Two 

weak transitions at 10,000 and 13,700 cm-1 (1.24 and 1.69 eV) are also observed. These 

anse from the transitions from the 'A, ' ground state to the two 5E excited states as a 

result of the splitting of the 5D free ion ground state under D3h symmetry. The 

frequencies of the transitions compare favourably with those theoretically and 

experimentally detennined by Deeth et al. for [Cr(Me6tren)Br]Br which were predicted 

and observed at 10,, 800 and 14,000 cm-1 [196 ]. 
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Figure 3.3 1: Diffuse reflectance spectrum of [Cr(tren)] Sb4S7, diluted in BaS04- 
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3.3.2 IT(dien)]2SbigS3o[T(dien), zj (T= Mn, Fe-, CO) (8-10) 

The use of the linear polyarnine diethylenetriamine (dien), has resulted in unique 

and complex transition-metal antimony-sulphide structures where dimeric transition- 

metal units are located within layers. Unlike the amine tren, used to synthesise 
[Cr(tren)]Sb4S7, djen is capable of fully coordinating transition-metal Ions. It is 

therefore unusual to observe only partial coordination of the transition-metal ions by the 

amine, with the remaining octahedral coordination sites filled by T-S bonds. The few 

examples where this phenomenon has been observed previously include the ethylamine 

and diethylenetriamine phases of the (Am)Mn2Sb2S5 series of compounds 
(134,135,136). 

The [Mn(dien)12Sbl8S30[Mn(dien)21 phase was synthesised initially, however 

identical reactions using different transition-metal salts resulted in the synthesis of 

[Ni(dien)2]Sb6S, 0.0.43H20 and [Co(dien)21Sb6Sjo. 0.46HA which were described 

earlier (Section 3.22). Using parallel synthesis the reactions were repeated at different 

temperatures, identifying the iron and cobalt containing phases of 

[T(dien)12Sbl8S30[T(dien)21. The reactions were successfully scaled three-fold and the 

new phases synthesised using a standard 23 mL Teflon lined stainless steel autoclave. 

3.3.2.1 Synthesis 

[Mn(dien)12Sbl8S30[Mn(dien)2]was prepared by heating a mixture of Sb2S3and 

MnS with 3 mL 50% aqueous diethylenetriamine (dien) containing S (0.03 mmol), with 

an approximate molar Sb: Mn: S: dien composition of 4: 2: 6: 14, at 438 K for 3.5 days. 

The product consisted of large red needles of [Mn(dien)12SbI8S30[Mn(dien)2b together 

with a small amount of unreacted Sb2S3- CHN analysis of a handpicked sample of 

[Mn(dien)12Sbl8S30[Mn(dien)21 found C, 5.39; H, 1.40; N, 4.53% (ca1c. C, 5.15; H, 1.40; 

N) 4.51%), and thern-logravinietric analysis showed a single weight loss of 10.58% 

between 578-599 K (Figure 3.32), which corresponds to a complete loss of the organic 

component (calc. 11.06%). Powder X-ray diffraction of the residue found it to be 

amorphous, indicating no loss of H2Sto form Sb2S3- 

[Fe(dien)12Sbl8S30[Fe(dien)21 and [Co(dien)12Sbl8S30[Co(dien)21 were 

synthesised using FeS and CoS respectively, with the same Sb: T: S: dien molar 

composition as [Mn(dien)]2Sbl8S30[Mn(dien)21 . The mixtures were heated at 463 K for 

5 days. The products consisted of red needles of [Fe(dien)12Sbl8S30[Fe(dien)2] and 

0 [Co(dien)]2Sb, 8S30[Co(dien)21, together with a small amount of unreacted Sb2S3 fr both 

and FeS and Fe3S. 4 for [Fe(dien)12SbI8S30[Fe(dien)21- CHN analysis of handpicked 
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samples of [Fe(dien)12Sbl8S30[Fe(dien)2] and [Co(dien)12Sbl8S30[Co(dien)21 found C, 

5.15; H, 1.38; N, 4.28% (ca1c. C, 5.13; H, 1.40; N, 4.49) and C, 5.06; H, 1.34; N, 4.29% 

(ca1c. C, 5.15; H, 1.40; N, 4.50) respectively. Single-weight losses of 11.49% at 578- 

612 K for [Fe(dien)12Sbl8S30[Fe(dien)2] and 10.61% between 580-611 K for 

[Co(dien)12Sbl8S30[Co(dien)2] are consistent with complete loss of the organic 

components (ca1c. 11.02 and 11.05%) (Figure 3.33). 
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Figure 3.32: Thermogravimetric analysis plot of [Mn(dien)12Sbl8S30[Mn(dien)21. 

Crystallographic data and refinement details for [T(dien)12Sbl8S30[T(dien)21 (T= 

Mn, Fe, Co) are shown in Table 3.13. All the non-hydrogen atom coordinates are 

tabulated in Appendices A. 8-10, and all the Sb-S (< 3.0 A) and T-S bond distances, and 

S-Sb-S bond angles are summarised in Tables 3.14 and 3.15. All single-crystal data 

were collected at 100 K using a Bruker Nonius X8 Apex diffractometer with Mo-K,, 

radiation (k = 0.71073 A) and then were processed using the Apex-2 software [175]. 

The structures were solved by direct methods using the program SIR-92 [177], which 

located all transition-metal ions, Sb and S atoms. The C and N atoms of the amine, 

which were not initially located, were identified in a difference Fourier map and 

assigned. Hydrogen atoms were placed geometrically on the C and N atoms after each 

cycle of refinement in each case, before positional and anisotropic thermal parameters 

for all non-hydrogen atoms were refined. 
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Figure 3.33: Thennogravimetric analysis plots of (a) [Fe(dien)12Sbl8S30[Fe(dien)2] and 

(b) [Co(dien)12Sbl8S30[Co(dien)21 (NA 
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Table 3.13: Crystallographic data fo r [Mn(dien)12Sbl8S30[Mn(dien)21 (8), 

[Fe(dien)12Sbl8S30[Fe(dien)21 (9) and [Co(djen)12Sbl8S30[Co(d, en)21 (10)- 

8 9 10 

Formula [Mn(dien)12Sbl8S30 

[Mn(dien)21 

[Fe(dien)12Sbl8S30 

[Fe(dien)21 

[Co(dien)12Sbl8S30 

[Co(dien)21 

A 3730.93 3733.69 3742.95 

Crystal system triclinic triclinic triclinic 

Crystal habit red needle red needle red needle 
Space group P-1 P- I P- I 

a /A 7.4142(4) 7.3992(12) 7.3913(5) 

b /A 14.3449(7) 14.357(3) 14.3549(10) 

c /A 18.7996(9) 18.742(3) 18.7340(13) 

a /' 74.455(3) 74.377(11) 74.460(4) 

P/0 83.385(3) 83.469(9) 83.532(3) 

7/0 86.053(3) 86.008(9) 86.224(3) 

v /A' 1911.98(17) 1903.3(6) 1901.5(2) 

Pcalc /gCM-3 3.240 3.257 3.268 

z I I I 

P /mm-' 7.564 7.673 7.762 

Measured data 60327 98248 98882 

Unique data 13548 18349 17163 

Observed data 8333 (I>-3cM) 9165 (I>-2c(I)) 9048 (1>-2oQ)) 

Rint 0.037 0.063 0.049 

residual electron 

density (min, 

max) /eA -3 

-1.33,2.12 -1.20,1.95 -1.611.29 

R(T) 0.0275 0.0410 0.0361 

,,, R(F) 0.0282 0.0390 0.0333 
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3.3.2.2 Structure description 

[T(dien)12SbI8S30[T(dien)21 (T= Mn, Fe, Co) are an isostructural series of 

layered antimony- sulph, des with a novel layer motif The transition-metal cations are 

bonded directly to the antimony- sulphide layers, as well as forrnlng isolated complexes 

with dien, which balance the charge of the anionic layers. The crystal structures contain 

nine crystal lo graphically distinct antimony atoms, fifteen sulphur atoms and two 

transition-metal ions (Figure 3.34). With the exception of Sb(2) and Sb(5), each of the 

antimony atoms is coordinated by three sulphur atoms with distances,, for 

[Mn(dien)12SbI8S30[Mn(dien)21, in the range of 2.3993(13)-2.5987(13) A. The SbS3 3- 

units have characteristic trigonal pyramidal geometry with S-Sb-S angles lying in the 

range 88.53(4)-104.35(5)0. The coordination numbers of Sb(2) and Sb(5) are four, with 

two short (2.4125(13)-2.5712(13) A) and two longer (2.6999(13)-2.8539(13)A) Sb-S 

bonds for [Mn(dien)12Sbl8S30[Mn(dien)21 . Bond distances and angles for the iron and 

cobalt containing phases are similar (Table 3.14 and Table 3.15). 
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C 4ý 
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Figure 3.34: The [T(dien)SbgS 1 8]7- repeating unit and discrete [T(dien)2]2+ complex of 

[T(dien)j2SbI8S30[T(dien)21 (T=Mn, Fe, Co). Symmetry codes: (1) -x+2, -y+l, -z; (ii) 

-x+2, -y, -z+l, (iii) -x+2, -y, -z. 
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Bond-valence sums [74] are consistent with an oxidation state of +3 for all the 

antimony atoms (Table 3-14). In common with the majority of solvothen-nally 

synthesised antimony sulphides, all the antimony atoms have additional sulphur 

neighbours at longer distances (2.97-3.77 A for [Mn(dien)12SbjgS30[Mn(dien)2D. When 

these additional antimony- sulphur interactions are taken into account, each antimony 

atom exhibits distorted octahedral coordination, with the exception of Sb(l) and Sb(4), 

which are five coordinate, and Sb(6) which is seven coordinate. However, as Sb-S 

distances above 3A make only a small contribution to the valence sum (ca. 0.2 v. u. ), 

the following discussion of the structures will consider only Sb-S distances in the range 

of 2.39-2.86 A. 

There are two crystallo graphi call y unique transition-metal ions in the crystal 

structures of [T(dien)12Sbl8S30[T(dien)21 (T= Mn, Fe, Co). T(I) is coordinated by one 

then ligand and T(2) is coordinated by two then ligands in mer-geometry, with Mn-N 

distances ranging between 2.209(6)-2.330(5) A. These distances are in agreement with 

other reported Mn-dien distances [197]. The corresponding Fe-N and Co-N distances 

are also consistent with previously reported T-dien distances [198,199]. T(I) is also 

coordinated by three sulphur atoms at distances between 2.5808(15)-2.6783(16) A (T= 

Mn). The Fe-S and Co-S distances are shown in Table 3.14 and are similar to previously 

report T-S distances [14]. 

The crystal structures of [T(dien)12Sbl8S30[T(dien)21 (T= Mn, Fe, Co) are fonned 

from [T(dien)SbgS, 8] 
7- repeating units (Figure 3.34). The units are created from two 

ith a distorted Sb5Sjo edge-sharing Sb3S6 3- 
semi-cubesý which also share an edge wi 1 

5- 

heteroring on one side, and a shared sulphur of a SbS3 3- 
trigonal pyramid on the other. 

The SbS3 3- 
pyramid also acts as a bidentate ligand to a [T(dien)] 2+ 

cation. The linkage of 

two [T(dien)SbgSI71 5- repeating units through two shared S(14) and S(14') atoms forms 

a larger [T(dien)12Sbl8S3410- unit, and also creates an Sb4 S84- heteroring (Figure 3.25). 

Figure 3.35: The [T(dien)12Sbl8S34 10- repeating unit of [T(dien)12Sbl8S30[T(dien)21 

(T==Mn, Fe, Co) formed from two [T(dien)SbgSI7]5- units. (Key: antimony, pink; sulphur, 

yellow; manganese/ iron/ cobalt, turquoise). 
17) 
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Table 3.14: Bond lengths and valence sums (vii) for [Mn(dien)12Sbl8S30[Mn(dien)21 (8)9 

[Fe(dien)12Sbl8S30[Fe(dien)21 (9) and [Co(dien)12Sbl8S30[Co(dien)21 (10). Symmetry 

codes: (1) -x+2, -y+ 1, -Z; (ii) -x+2, -y, -Z+ 1, (ill) -X+ 1, -Y+ I- 

Mn Fe Co 
Bond length 

(A) 
vij (v. u. ) Bond length 

(A) 
vij (v. u. ) Bond length 

(A) 
vij (v. u. ) 

Sb(l)-S(2) , 2.4122(13) 1.11 2.4277(18) 1.06 2.4261(17) 1.07 
Sb(l)-S(l) 2.4593(13) 0.98 2.4581(18) 0.98 2.4589(17) 0.98 
Sb(l)-S(5) 2.4771(13) 0.93 2.4777(19) 0.93 2.4792(17) 0.92 

3.01 2.97 2.97 
Sb(2)-S(8) 2.6999(13) 0.51 2.7171(18) 0.49 2.7182(16) 0.48 
Sb(2)-S(3) 2.4125(13) 1.11 2.4150(18) 1.10 2.4186(17) 1.09 
Sb(2)-S(4) 2.5712(13) 0.72 2.5714(18) 0.72 2.5658(17) 0.73 
Sb(2)-S(7)(') 2.8466(12) 0.34 2.8298(18) 0.36 2.8253(16) 0.36 

2.68 2.66 2.67 
Sb(3)-S(9) 2.5300(13) 0.81 2.5385(19) 0.79 2.5408(17) 0.78 
Sb(3)-S(4) 2.4487(13) 1.00 2.4461(18) 1.01 2.4486(17) 1.00 
Sb(3)-S(5) 2.5118(13) 0.85 2.5193(18) 0.83 2.5156(17) 0.84 

2.66 2.63 2.62 
Sb(4)-S( 2.5987(13) 0.67 2.5985(19) 0.67 2.5934(17) 0.68 
Sb(4)-S(6) 2.3993(13) 1.15 2.4025(18) 1.14 2.4035(16) 1.13 
Sb(4)-S(I 5 2.5562(13) 0.75 2.5556(18) 0.75 2.5566(16) 0.75 

2.57 2.56 2.56 
Sb(5)-S(6) 2.7037(13) 0.50 2.7336(18) 0.46 2.7348(17) 0.46 
Sb(5)-S(7) 2.4281(13) 1.06 2.4287(19) 1.06 2.4349(17) 1.04 
Sb(5)-S(8) 2.8539(13) 0.34 2.8232(18) 0.36 2.8188(17) 0.37 
Sb(5)-S(I 1) 2.5485(13) 0.77 2.5525(18) 0.76 2.5467(17) 0.77 

2.67 2.65 2.64 
Sb(6)-S(8) 2.4513(13) 1.00 2.4554(18) 0.99 2.4559(17) 0.98 
Sb(6)-S(9) 2.5086(13) 0.85 2.5090(19) 0.85 2.5031(18) 0.87 
Sb(6)-S(IO) 2.5267(13) 0.81 2.5297(18) 0.81 2.5319(16) 0.80 

2.87 2.85 2.86 
Sb(7)-S(I 0) 2.4744(13) 0.94 2.4763(18) 0.93 2.4711(17) 

- 
0.94 

Sb(7)-S(I 1) 2.4641(13) 0.96 2.4630(18) 0.97 2.4717(17) 0.94 
Sb(7)-S(12) 2.4756(13) 0.93 2.4772(18) 0.93 2.4739(17) 0.94 

2.99 2.97 2.97 
Sb(8)-S(14)(") 2.4276(13) 1.06 2.4334(19) 1.05 2.4310(17) 1.05 
Sb(8)-S( 2.5022(13) 0.87 2.5101(18) 0.85 2.5064(17) 0.86 
Sb(8)-S(I 3) 2.4964(13) 0.88 2.4977(19) 0.88 2.4985(17) 0.88 

2.97 2.94 2.95 
Sb(9)- 2.4549(13) 0.99 2.4623(19) 0.97 2.4595(17) 0.97 
Sb(9)-S(I 4) 2.5371(13) 0.79 2.5310(19) 0.80 2.5353(17) 0.79 
Sb(9)-S(I 5) 2.4817(13) 0.92 2.4848(18) 0.91 2.4851(16) 0.91 

2.85 2.83 2.83 
S(l)-Mn(2) 2.6528(15) 2.623(2) 2.618(2) 

- S(2)-Mn(2)ý ... 2.6783(16) 2.616(2) 2.6158(19) 
S (2ýýn ý2) 2.5808(15) 2.516(2) 2.5189(18) 
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Table 3.15: Bond angles (0) fo r [Mn(dien)] 2Sb I 8S30 [Mn(dien)21 

[Fe(dien)12SbI8S30[Fe(dien)2] and [Co(dien)12SbI8S30[Co(djen)21- Symmetry codes: (1) 

-x+2, -y+ 1, -z; (ii) -x+2, -y, -z+ 1, (111) -x+ 1, -y+ 1- 

Mn Fe Co 
S(2)-Sb(l)-S(l) 88.53(4) 87.45(6) 87.33(6) 
S(2)-Sb(l)-S(5) 91.98(4) 91.71(6) 91.79(6) 
S(l)-Sb(l)-S(5) 104.35(5) 104.71(6) 104.62(6) 
S(8)-Sb(2)-S(3) 87.15(4) 86. )5(6) 86.44(5) 
S(8)-Sb(2)-S(4) 94.07(4) 93.71(6) 93.80(5) 
S(3)-Sb(2)-S(4) 91.66(4) 91.75(6) 91.77(5) 
S(3)(')-Sb(2)-S(7) 85.61(4) 86.07(6) 86.17(5) 
S(4)-Sb(2)-S(7) 92.80(4) 93.42(6) 93.28(5) 
S(9)-Sb(3)-S(4) 94.38(5) 94.00(7) 93.85(6) 
S(9)-Sb(3)-S(5) 94.04(4) 93.78(6) 93.88(6) 
S(4)-Sb(3)-S(5) 91.07(4) 91.37(6) 91.43(6) 
S(l)-Sb(4)-S(6) 88.51(4) 89.12(6) 89.01(5) 
S(l)(')-Sb(4)-S(I 5) 94.78(4) 95.42(6) 95.28(5) 
S(6)-Sb(4)-S(I 5) 96.45(4) 96.45(6) 96.37(6) 
S(6)-Sb(5)-S(7) 88.28(4) 87.82(6) 87.73(5) 
S(7)-Sb(5)-S(8) 86.20(4) 86.82(6) 86.79(5) 
S(6)-Sb(5)-S(I 1) 98.33(4) 98.82(6) 98.75(5) 
S(7)-Sb(5)-S(I 1) 91.42(4) 91.60(6) 91.86(5) 
S(8)-Sb(5)-S(I 1) 87.86(4) 87.52(6) 87.74(5) 
S(8)-Sb(6)-S(9) 93.69(5) 93.71(6) 93.65(6) 
S(8)-Sb(6)-S(I 0) 93.13(4) 93.40(6) 93.24(5) 
S(9)-Sb(6)-S(IO) 92.98(4) 92.72(6) 92.88(6) 
S(I 0)-Sb(7)-S(I 1) 98.65(5) 98.60(6) 98.45(6) 
S(I 0)-Sb(7)-S(I 2) 89.58(4) 89.40(6) 89.54(6) 
S(I I)-Sb(7)-S(12) 93.09(4) 93.21(6) 93.20(6) 
S(14)-Sb(8)-S(12) 90.56(4) 90.36(6) 90.42(6) 
S(I 4)(ii)-Sb(8)-S(I 3) 94.31(4) 94.51(6) 94.32(6) 
S(12)-Sb(8)-S(13)_ 91.82(4) 91.65(6) 9.1.74(6) 
S(13)-Sb(9)-S(14) 92.21(4) 92.50(6) 92.31(6) 
S(I 3)-Sb(9)-S(I 5) 99.48(4) 99.54(6) 99.56(6) 
S(14)-Sb(9)-S(15) 1 93.20(4) 92.77(6) 1 92.70(6) 

The larger [T(dien)12Sbl8S34 10- repeatIng unIts overlap by half a un't's length and 

link together through shared S(7) atoms to form broad infinite chains lying in the (100) 

plane. The chains are connected into anionic [T(dien)12Sbl8S30 2+ layers through [T2S21 

dimeric units. The dimenc units contain two symmetry related T ions, where two S(2) 

atoms coordinate both [T(dien )] 2+ complexes (Figure 3.36). The formation of a third T- 

S bond completes the distorted octahedral coordination around the T(2) cations (Figure 

3.37). Large Sbi-IT--, Sl6heteronngs are forined as a result within the layers. 
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Figure 3.36: The [T(dien)12Sbl8S30 2+ (T= Mn, Fe, Co) layers viewed along [100] and 

separated by [T(dien)21 2+ cations. Key: antimony, pink; sulphur, yellow; manganese/ 

iron/ cobalt, turquoise; carbon, black; nitrogen, blue. 

Figure 3.37: The [T2S2] dimeric unit in [T(dien)12Sbl8S30[T(dien)21 (T= Mn, Fe, Co) 

showing the coordination around the two T(2) transition-metal ions. (Key: antimony, 

pink; sulphur, yellow; manganese/ iron/ cobalt, turquoise; carbon, black; nitrogen, blue). 

The resulting layers are stacked along the [ 100] direction creating one- 

dimensional channels that run through the structure. The layers are separated by discrete 

[T(dien)2]2+ cations which lie above and below the Sb16T2S16heterorings In the channels 

(Figure 3.38). The S ... N distance between the free [T(dien)2]2+ and the anionic layers 

are short enough to allow hydrogen bonding. For example, S ... N distances are in the 

range of 3.2928(7)-3.4146(6) A for [Mn(dien)12Sbl8S30[Mn(dien)21. 
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Figure 3.38: The [T(dien)]Sbl8S30 2+ (T= Mn, Fe, Co) layers viewed along [1-10] and 

separated by [T(dien)2]2+ cations. Key: antimony, pink; sulphur, yellow; manganese/ 

iron/ cobalt, blue; carbon, black; nitrogen, blue. 

The structures of [(T(dien)12SbISS30[T(dien)21 (T= Mn, Fe, Co), where antimony 

sulphide chains are linked together into layers through dimeric [T2S21 units, are novel. 
Transition-metal ions have previously been observed as part of antimony- sulphide 
layers as pendant groups in [Co(tren)]Sb2S4 [13], and as part of a heterocubane-like 

layers in (Am)Mn2Sb2S5 [134,135,136]. Silver or copper containing antimony- sulphide 

sheets have also been reported where the mixed metal layers are separated by amine 

molecules in [enH]Ag2SbS3, [enH]Ag5Sb3S8 [141], and [pipH2]0.5CuSb6SIO [139]. The 

only example in antimony- sulphide compounds where chains are bridged via transition 

metal ions is [Co(en)31[CoSb4S8] [12], where simple SbS2_ chains are linked byCOS4 6- 

tetrahedral units. This structure also contains discrete [Co(en)31 2+ complexes, which 

serve to separate and charge balance the anionic layers in a similar manner to the 

[T(dien)2]2+ complexes in [(T(dien)12Sbl8S30[T(dien)21. 
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3.3-2.3 Magnetic properties 
Magnetic susceptIbIlity data for [Mn(dien)12Sbl8S30[Mn(dien)21 and 

[Co(dien)12Sbl8S30[Co(dien)2] display paramagnetic behaviour and no ordering 

temperature is observed above 2K (Figure 3.39). Due to curvature in the data of 

reciprocal susceptibility as a function of temperature for both the compounds, a 

modified Curie-Weiss expression was used to fit the data (Equation 3.1). A temperature 

independent factor, X,,, was included in the Curie Weiss expression, whicb was applied 

to the molar susceptibility data as a function of temperature between 70-300 K and 50- 

300 K respectively. The modified equation was iterated over the data to obtain best fits 

for the Curie constants, Weiss constants and X0 for [Mn(dien)12Sbl8S30[Mn(dien)2] and 
[Co(dien)12Sbj8S30[Co(dien)21. 

c 

T-0 
(3.1) 

For [Mn(dien)12Sbl8S30[Mn(dien)2] and [Co(dien)12Sbl8S30[Co(dien)21, Cune constants 

of 13.09(l) and 9.691(7) CM3 K mol-1, and Weiss constants of -7.89(l) and -1.85(l) K 

were detem-lined. The corresponding effective magnetic moments per manganese and 

cobalt cations are 5.91(6) ýLB (pts. = 5.92 [W and 4.8 1 (6) ýIB (ýiso= 3.87 ýW. The 

enhancement of the spin-only moment of C02+ arises from the orbital contribution of 
4 TIg ground state of the octahedral C02+ ions, and is commonly observed in high-spin 

octahedral C02+ compounds [189]. Values of Xo are 0.0125 and 0.00293 cm 
3 
mol-I 

respectively. The moderately large values of X,,, suggest a degree of electron 

delocalisation between the Mn 2+ and Co, 2+ ions in the dimeric units. Plots of magnetic 

moment as a function of temperature show a ca. 50 and 60% reduction in [teff between 

300 and 2K (Figure 3.39), suggesting anti-ferromagnetic interactions exist between the 

transition-metal ions. However these are not strong enough to produce long range 

ordering. 

Meaningful magnetic susceptibility data could not be obtained for 

[Fe(dien)12Sbl8S30[Fe(dien)21, due to the trace femmagnetic impurity Fe3S4 (T, = 606 K) 

[200] coating the crystals. Cleaning the crystals using acetone and an ultra-sound bath 

did not remove all the trace amount of powder. Repeating the synthesis with Fe metal 

and salts such as FeC12.6H20 did not succeed either in preventing the synthesis of FeS4 

along with crystals of [Fe(dien)12Sbl8S30[Fe(dien)21- 
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Figure 3.39: Field-cooled magnetic susceptibility data, inverse susceptibility data (inset), 

and p, fj- as a function temperature for (a) [Mn(dien)12Sbj8S30[Mn(dien)2] and (b) 

o[Co(dien)21 . The solid line shows the fit to the modified Cu i iss [Co(dien)12Sbj, sS, I ne-We' 

expression. 
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Figure 3.39 continued. 

(b) [Co(dien)12Sbl8S30[Co(dien)21 
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3.3.2.4 Diffuse reflectance measurements 

Diffuse reflectance spectra for [T(dien)12Sbl8S30[T(dien)21 (T= Mn, Fe, Co) are 

shown in Figure 3.40. Optical band gaps of 2.04(7), 2.06(3) and 1.79(4) eV were 

determined respectively for T= Mn, Fe, Co, and are consistent with the band gaps of 

other semiconducting materials. For [Fe(dien)j2Sbj8S30[Fe(dien)21, a peak was observed 

at 9,750cm-1 (1.20 eV), due to the only spin-allowed 5 T) g__ý5 E,, transit' fr 1 ion resulting om 
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the splitting of the 5D ground state of the free Fe 2+ ion under the octahedral geometry. 
For Co 2+ ions in an octahedral environinent, there are three spin-allowed d-d transitions. 
However,, they occur in the range 16,500-25,000 cm-1 (2.05-3.11 eV) and are therefore 

obscured by the band edge of [Co(dien)12Sbl8S30[Co(dien)21- 
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Figure 3.40: Diffuse reflectance spectra of [T(dien)12Sbl8S30[T(dien)21 (T=MnAFe/Co) 

diluted with BaS04- 

3.4 Discussion 

3.4.1 Crystal structures and secondary building units 
The synthesis of the new antimony sulphides using ethylenediamine, 

diethylenetriamine and tris(2 -amino ethyl)amine adds to the antimony-sulphide materials 

already synthesised with these particular amines [12,62,52,114,128-133,140-142]. This 

is a consequence of two factors. Firstly, these particular amines form very stable 

transition-metal-amine complexes which remain intact under solvothermal conditions 

and then can template the formation of the antimony-sulphide framework. Secondly, the 

amines themselves are less susceptible to fragment under solvothermal conditions 

compared to more complex and branched amines. For example, it was found that 1 
ý2- 

di amino -2 -methylprop ane decomposes to MeNH3+ ions and fonns [MeNt13]2Sb8S]2(S ,) 
[Chapter 61, and tetraethylenepentamine and bis(hexamethylene)tnamine decompose 
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ethylenediamine and NH4+ respectively, and form either [enH2]Sb8SI3 [761 or 

[Nl14]2Sb4S7 [1071 under solvothennal conditions. 

The most common motif synthesised during this work was the Sb4S7 2- 
chain, 

which was observed with transition-metal ethylenediamine complexes [52] or linked 

into paired chains in [enl12]Sb8SI3 [76]. The Sb4S7 2- 
chain was also frequently formed in 

the presence of the amine tren, where the [T(tren)]2+ complexes were coordinated to the 

antimony- sulphide chains in [T(tren)]Sb4S7 (T= Mn-Zn) [11]. It was during these 

reactions that the [Cr(tren)]Sb4S7 phase was created where the 
Sb4S7 2- 

chain coordinates [Cr(tren)]2+ complexes. 
The other antimony-sulphide phases presented in this chapter demonstrate that 

solvothermal synthesis can also generate unusual and original structural motifs as well. 
Novel structural motifs include [Co(en)3]Sb8SI3 and [T(dien)12Sbl8S30[T(dien)21 (T=Mn, 

Fe, Co). The latter were formed from the same reagent ratios as [T(dien)2]Sb6S]o. xH20 
(T= Co, Ni). However a slight change in temperature resulted in the formation of the 

complex antimony-sulphide layers where dimeric [T2S21 units are directly bonded to the 

chalcogenide matrix as opposed to binary antimony-sulphide layers. Such a dramatic 

change in crystal structure typifies the sensitivity of the crystallisation process to the 

reaction conditions. 

It is possible that the crystallisation of the antimony-sulphide structures follows 

from the creation of simple secondary building units that connect under solvotherinal 

conditions to form larger moieties. Such a theory has been applied to other framework 

materials, such a metal phosphates and metal-organic frameworks [201,202]. It is 
difficult to obtain infom-lation related to the condensation mechanisms of these 

materials as they are prepared under hydrothermal and solvothermal conditions. 

Numerous techniques have been employed to try and identify the reaction precursors 

and pathways during the crystallisation process. Examples include synchrotron X-ray 

diffraction (EDXRD), NMR, UV-vis spectroscopy, electrospray mass spectrometry and 

extended X-ray absorption fine structure (EXAFS) experiments [9,201,202,203]. 

It has been observed that the metal sulphides AS2S3 and Sb2S3 dissolve in 

alkaline aqueous solutions to form MS3 3- 
units. UV-vis spectrometry further 

demonstrated that the monomeric AsS, 3- 
ions readily condense to form comer-bridged 

dipyrami 4- 1n1 ]3- As-, S5 un ts and cyclic t ipyramidal [As- IS6 units [9]. Electrospray mass 

spectrometry on K+/Sb/Se systems in DMF also show the presence of SbSe3 3- 
trigonal 

pyramids as well as a series of [Sb-, Seý] 4- 
, 

[Sb3Se7]5-, [Sb6SeI2 ]6- and [Sb4Sel5]6- 

oligomers 
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The crystallisation of [Co(tren)]Sb2S4was followed in situ using EDXRD and 

EXAFS [203] by Bensch et al. Only the crystalline products can be observed using 

EDXRD and not very small precursors or amorphous materials, however the 

combination of these two teclmiques allows useftil analysis of the crystallisation 

mechanism. They show that the starting reagents dissolve quickly, and according to 

EXAFS, two different species are present in the solution. A decrease in the dissolved 

antimony indicated a solid phase is precipitated, however EDXRD showed that this was 

either small particles or amorphous. It is believed that this solid is condensed SbS, units 

which edge and vertex share with one another to form larger aggregates. The growth of 

the product from these aggregates was followed by X-ray diffraction. 

It is possible that simple antimony-sulphide building blocks can also be 

identified in the products of solvothermal reactions. There are several examples of small 

antimony-sulphide units such as the discrete [Sb2S5]4- unit in [Fe(en)312[Sb2S51.0.55H20,, 

synthesised during this work, and the Sb3S6 3- 
and Sb4S8 4- heterorings in 

[Ni(dien)213[Sb3S6]2 [98], [Mn(1,2-dap)312[Sb4S8]. 2H20and [Ni(dien)212Sb4S8 [99J001- 

Small units have also been reported bridging transition-metal complexes such as in 
[Co(tTen)12Sb2S5 [130], [Mn(tren)12Sb2S5 [131] and [Co(tren)12Sb4S8 [130]. It is possible 

that these small building units have crystallised before connecting to form larger units,, 

as in the case of the Sb3S6 3- heteroring which is frequently observed in chain and layer 

structures [76,52,109,110,115]. The synthesis of [Fe(en)3]2[Sb2S5] . 0.55H20 and 

[Fe(en)3]Sb4Sg appears to support this conclusion as a small 25 K reaction temperature 

increase appears to cause the polymensation of the [Sb2S5]4- anions into infinite SbS2_ 

c ains. 

The crystal structures of [Ni(dien)21Sb6Sjo. 0.43H20, [Co(dien)2]Sb6S, o. 0.46H20 

and [Co(en)3]Sb8SI3, described in Section 3.2.2, contain the same large building unit, ) 

which suggests that the formation of this unit in the initial stage of the crystall'sation 

processes is common to the phases. The subsequent linkage of this unit differs between 

the structures of [T(dien)2]Sb6S, o. xH20(T= Co, Ni) and [Co(en)3]SbgSI3,, which could 

be due to the different metal complexes' structure directing effects. 

3.4.2 Magnetic properties 

All the transition-metal ions show paramagnetic behaviour, and the Curie-Weiss 

expression was fitted to the susceptibility data. The magnetic moments derived for each 

of the transition-metal ions, with the exception of [Ni(en)3]Sbl2SIg, are consistent with 

the expected values for each ion in a high-spin state. The Weiss constants for the 
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[Fe(en)31[Sb2S5] 
. 0.55H20, [Fe(en)3]Sb4S8, [T(dien)2]Sb6So. xH20 (T=Ni, Co) and 

[Co(en)3]Sb8SI3 are much larger than expected for such magnetically dilute matenals, 

and it is unlikely that they are true indicators of magnetic exchange between the well 

spaced complexes. For [(T(dien)12Sbl8S30[T(dien)21 (T= Mn, Co), the Weiss constants 

are more modest, and suggest weak-antiferromagnetic correlations. Such interactions 

are confirmed by the large decrease nri magnetic moment below ca. 100 K, however no 

ordering is observed above 2 K. 

3.4.3 Band gap properties 

The measured band gaps, with the exception of [Fe(en)312[Sb2S5] . 0.55H20 and 

[Ni(en)3]Sbl2Sl9which were synthesised as minor phases, are summansed in Table 3.16. 

The band gaps range from 1.79(4)-2.46(l) eV, and are consistent with semiconducting 

behaviour. The band gaps can be attributed to the lone pair of electrons on the Sb(111) 

causing the Sb 5s states to be near the Fermi level. From the eight band gaps measured, 

it is possible to see a trend in the band gap with respect to the framework density of the 

antimony-sulphide crystal. For example, [Co(dien)12Sbl8S30[Co(dien)21 is the densest of 

these compounds and possesses the smallest band gap of 1.79(4) eV, whereas 

[Fe(en)3]Sb4S8 has the most open structures, and a much larger band gap of 2.46(l) eV. 

It is therefore clear that the density of the antimony-sulphide framework can have a 

relatively large effect upon the magnitude of the band gap. It is possible to predict that if 

[Fe(en)3]Sb2S5-0.55H20was measured, it would have the largest band gap, of possibly 

2.5 eV, and that [Ni(en)3]Sbl2SI9, with a density of 3.502 g CM-3 would have a band gap 

below 1.79 eV. 

Table 3.16: Summary of band gap magnitudes and densities of new antimony-sulphide 

phases. 

Compound Band-gap (eV) Densit 
[Fe(en)3] Sb4S8 2.46(l) 2.156 
[Ni(dien)2] Sb6S, o. 0.43H20 1.97(4) 2.852 
[Co(dien)2 ]Sb6S, 0.0.46H20 2.04(3) 2.860 
[Co(en)3]SbgSI3 2.05(2) 3.208 

[Cr(tren) ]Sb4S7 2.14(3) 2.783 
[Mn(dien)] 2Sb 1 8S30 [Mn(dien)21 2.04(7) 3.240 
[(Fe(dien)] -, Sbi gS io[Fe(dien)21 
I(CO( lien)21 

2.06(3) 
1.79(4) 

3.257 
3.268 
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Chapter 4: Reactions with the macrocyclic amine cyclam 

4.1 Introduction 

The solvothermal synthesis of antimony sulphides is typically performed in the 

presence of linear and branched aliphatic and alicyclIc amInes [76,77,78]. When 

transition-metal ions are added to the reaction mixture, they are generally coordinated 
by the amine molecules, which complete the octahedral coordination around the metal 

centre, preventing additional T-S bonds to the antimony-sulphide matrix. Amines which 

are unable to complete the octahedral coordination, particularly tns(2-aminoethyl)amine,, 

have frequently been employed to create compounds where transition-metal ions are 
bonded to antimony- sulphide structure [11,128-133]. 

Macrocyclic amines also offer incomplete coordination around transition-metal 

ions. However to date, they have not been employed as templating agents in the 

solvothermal synthesis of antimony- sulphides. Macrocyclic amines have though been 

used successfully in the hydrothermal synthesis of gallophosphates, 

metalloaluminophosphates and aluminophosphate frameworks [204,205,206]. It has 

also been possible to synthesise these phases where transition-metal ions are located 

within the amine rings. For examples, the transition-metal ions Mn 2-1, C02+ and Zn2+. 

have been inserted into 1,4,7-trimethyl-1,4,7-triazacyclononane macrocycle rings in a 

metalloaluminophosphate series [205]. 

14-membered macrocycle rings, such as 1,4,8,1 1-tetraazacyclotetradecane 

(cyclam), favour coordinating smaller metal ions with a maximum radius of ca. 2.1 A 

[207]. This is evident from the number of cyclam and branched cyclam transition-metal 

complexes that are found in the literature [ 208 ]. The complexes formed are also 

particularly stable, reflected by the high stability constants of transition-metal-cyclam 

complexes summarised in Table 4.1. Cyclam can also coordinate transition-metal ions 

in both cis and trans configuration, such as in the cases of [T(cyclam)C12]CI (T= Mn 

[2091, Fe [210]). This flexibility in the cyclam coordination geometry adds greater 

diversity in the templating of solvothermal reactions. 

Table 4.1 Stability constants of transition-metal-cyclam complexes [211,212]. 
Log K 

CIIGD 27.2 
. NOD 2'ý 'ý 

Co(ll) 12.7 
Zn(ID 15.5 
FeGID 9.08 
Cr(IID 8.97 

12 33 



In this chapter, the results of hydrothermal reactions using the macrocyclic 

tetramine cyclam as a template are described. Two new ant, mony-sulph, de phases were 

synthesised, where the layered and three-dimensional frameworks Of [CYClarnH2]Sb6S, o 

and [cyclamH2]Sb4S7 respectively have novel structures, and contain diprotonated and 

uncoordinated macrocycle molecules. Metalated versions of the three-dimensional 

framework phase were also prepared, and the crystal structures of the nickel and cobalt 

containing compounds characterised. The cobalt containing crystals contain both 

metalated and non-metalated forms of the macrocycle within the framework. All these 

compounds have been published as a result of this work, and represent the first 

examples of where a macrocycle amine has been used to template antimony- sulphide 

phases [213,214]. 

4.2 Synthesis 

4.2.1 [CyclamH2]Sb6SIo (11) and [cyclamH2]Sb4S7(12) 

[CYCIaMH2]Sb6S, o and [cyclaniH2]Sb4S7 were prepared under hydrothennal 

conditions using a 23 mL Teflon-lined stainless steel autoclave. Both phases were 
formed from the reaction of cyclam, Sb2S3 and S, mixed with 3 mL of deionised water, 

with a Sb: S: cyclam molar composition ratio of 4: 11: 1.5. The mixture was heated at 438 

K for 4 days and cooled to room temperature at 20 K h-1. The solid product was filtered, 

washed with deionised water and acetone, and dried in air at room temperature. The 

product contained yellow blocks Of [CYCIaMH2]Sb4S7 as the major phase, a smaller 

amount of red blocks identified as [enH2]Sb8SI3 [76], a few orange blocks of 

[cyclamH21Sb6S10, together with a small amount of black powder that was identified by 

powder X-ray diffraction as unreacted Sb2S3. CHN analysis for [cyclamH2]Sb4S7 found 

C, 13.03; H, 2.58; N, 6.10% (Ca1c. C, 13.14; H, 2.87; N, 6.13%) and thermogravimetric 

analysis found a single weight loss of 22.00% (onset at 558 K) (Figure 4.1), which is 

consistent with the value of 22.14% calculated for the complete loss of the amine. 

Powder X-ray diffraction analysis of the residue found that it was amorphous. 

Insufficient crystals of [cyclamH21Sb6S10were synthesised for elemental analysis. 

4.2.2 [Ni(cyclam)jSb4s7(13) and [Co(cyclam)l, [cyclamH2]1-, Sb4S7(14) 

[Ni(cyclam)]Sb4S7 and [Co(cyclam)], [cyclamH, 11-,, Sb4S7 %vcrc pr epared under 

analogous conditions and reagent concentrations to [cyclamH2]Sb6Si o and 

[cyclamH2]Sb4S7. Transition-metal salts of NiSO4.7H-)O (1.8mmol), andCO(02CCH3)2 

(1.65 mmol) xvere premixed with the cyclam and deionised water, before the addition of 
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the Sb2S3 and S. The mixtures were heated for 4 days at 438 K and cooled at 20 K h-15 

and the solid produced filtered and washed as above. 
The product from the reaction with NiSO4.7H20consisted of dark yellow blocks 

of [Ni(cyclam)]Sb4S7, together with a small amount of black powder, identified by 

powder X-ray diffraction as unreacted Sb2S3- CHN analysis of [Ni(cyclam)]Sb4S7found 

C, 12.12; H, 2.32; N, 5.62% (calc- C, 12.38; H, 2.49; N, 5.77%). Thermogravimetric 

analysis found a single weight loss of 18.67% (onset at 606 K) (Figure 4.2), and powder 
X-ray diffraction analysis of the residue found that it was amorphous. The total organic 

component of [Ni(cyclam)]Sb4S7 is 20.64%, however the discrepancy in the weight loss 

was accounted for by the residual organic material (2.98%) which was identified by 

CHN analysis, which then gives a total organic component of 20.65%. 

The product from the reaction where CO(02CCH3)2 was added consisted of 

yellow blocks of [Co(cyclam)],, [cyclanffl2ll-xSb4S7ý together with red blocks of 
[enH2]Sb8SI3 [76] and a small amount of black powder. This was found to be a mixture 

of unreacted Sb2S3 andCOS2 by powder X-ray diffraction. Combustion analysis of 
[Co(cyclam)]x[cyclamH2]1 

-,, 
Sb4S7 was not performed due to the variation in the Co 

content between the crystals which was found by analytical electron microscopy. 
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Figure 4.1: Thermogravirnetric analysis plot of [cyclamH2]Sb4S7 (NA 
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Figure 4.2: Therniogravinietric analysis plot of [Ni(cyclam)]Sb4S7 (N2). 

Handpicked crystals of [cyclamH2]Sb4S7. [Ni(cyclam)]Sb4S7 and 
[Co(cyclam)],, [cyclamH2]1-,, Sb4S7 were further analysed using analytical electron 

microscopy, where 14,26 and 36 crystallites were examined using a Philips XL30 

scanning electron microscope equipped with a "Phoenix" detection system. The 

respective Sb: S ratios of 0.59(3), 0.61(2), and 0.59(3) obtained are in good agreement 

with the value of 0.57 for the crystallographic formulas. For [Ni(cyclam)]Sb4S7, all the 

crystallites contained nickel with an average Ni: S ratio of 0.14(l), corresponding to a 

nickel site occupancy of 0.98(7). This is consistent, within experimental error, with each 

cyclam ring containing one nickel cation. For [Co(cyclam)]x[cyclamH2]1 
_xSb4S7, a wide 

variation in the Co: S ratio was observed (ca. 0.0 1 -0.1), signifying partial occupancy of 

the cyclarn ring, with occupancies between 0.08-0.74. The Sb: S and T: S ratios, and 

transition-metal occupancies found for the crystals analysed using analytical electron 

microscopy are summarised in Appendix B. 

Crystallographic information and refinement details of [cyclamH2]Sb6SIO, 

[cyclamH2]Sb4S7, [Ni(cyclam)]Sb4S7 and [Co(cyclam)], [cyclamH2]1 
_, 

Sb4S7 are given in 

Table 4.2. All the non-hydrogen atom coordinates are given in Appendices A. I l- 14, 

and relevant Sb-S, bond distances and angles are presented in Tables 4.3-4.5. All the X- 

ray data were collected using a Bruker Nonius X8 Apex diffractometer at 100 K, after 

rapid cooling from room temperature, and processed using APEX-2 software [ 175]. The 

structures were solved using the direct methods program SIR-92 [177], and the non- 

hydrogen atoms were located. The CRYSTALS suite of programs [178] was used for 

subsequent refinements against F. 
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During the refinement of [cyclam. H21Sb6SIO, inspection of the anisotropic 
displacement parameters (adps) indicated that the macrocycle ring atoms were 
disordered. The carbon atoms were modelled as split over two positions, with both site 

occupancies fixed at 0.5. One set of Ujjs was refined for each pair of related C atoms. 
Bond length and bond angle similarity restraints were applied between the two 
disordered threads and Hirshfield restraints applied to the Ujjs along the bonds. H atoms 

were placed geometrically on the C atoms [C-H = 1.00 A and Ui, (, (H) = 1.2Ueq(C)] and 

allowed to nde on the carrier atoms. The three hydrogen atoms attached to N(I) and 
N(2), which are required for charge balancing the antimony-sulfide framework, were 

not included in the refinement as the protonated nitrogen atom could not be identified in 
the difference Fourier map. The largest residual peak and trough in the final Fourier 

map are located at 0.506 A from C(31), and 0.883 A from Sb(2). 

In [cyclamH2]Sb4S7, all the hydrogen atoms could be located in the difference 

Fourier map. N(l) was identified as being protonated, and the hydrogen atoms were 

subsequently placed geometrically during the refinement. In the cases of 
[Ni(cyclam)]Sb4S7 and [Co(cyclam)],, [CYCIaMH2]1 Sb4STý the hydrogens were placed 

geometrically from the onset. The transition-metal site-occupancy factors were treated 

as refinable parameters yielding final refined values of 0.953(6) and 0.339(5) 

respectively for the nickel and cobalt phases. These crystallographic site occupancies 

are consistent with those observed through analytical electron microscopy. In all the 

final cycles of refinement, the anisotropic thermal parameters were refined for all the 

non-hydrogen atoms. 

4.3 Crystal structure description 

4.3.1 [CyclamH2]Sb6S, 0(11) 
The asymmetric unit of [cyclamH2]Sb6SIO contains three antimony and five 

sulphur atoms, all of which occupy general positions. Sb(l) and Sb(3) show trigonal- 

pyramidal coordination with Sb-S bond distances ranging from 2.4072(16) to 2.4855(15) 

A, and S-Sb-S angles ranging from 84.00(5) to 100.85(6)'. Sb(2) is coordinated by four 

sulphur atoms, with two shorter bonds (2.4059(15) and 2.4723 (15) A) and two longer 

bonds (2.631906) and 2.8920(15) A). The distances are less than the sum of the van der 

Waals' radii of aiitimony and sulphur of 3.8 A [73] (Table 4.3). The bond-valence sums 

[74] for atoms Sb(l), Sb(2) and Sb(3) are 2.83,2.98 and 2.98 v. u. respectively. These 

values are consistent with a formal oxidation state of +3 for each antimony atom, and 
2- 

results in Sb6S 10 anionic layers. 
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Table 4.2: Crystallographic information for [cyclaniH21Sb6SIO, [cyclanffl2]Sb4S7, 

[Ni(cyclam)]Sb4S7and [Co(cyclam)],, [cyclamH2]1-,, Sb4S7- 

11 12 13 14 

Formula [cyclamH21 
Sb6SIO 

[cyclamH21 
Sb4S7 

[Ni(cyclam)] 
Sb4S7 

[Co(cyclam)], 

[cyclamH2]1-, Sb4S7 

(x; z-1/3) 

Mr 1253.45 913.88 970.55 933.51 

Crystal system monoclinic monoclinic monoclinic monoclinic 
Crystal habit orange 

block 

dark yellow 
block 

dark yellow 
block 

dark yellow block 

Space group P211c C21c C21c C21c 

a /A 9.4872(9) 13.7125(5) 13.7781(5) 13.6001(7) 

b /A 15.4477(14) 11.8863(4) 11.8694(5) 11.9193(6) 

c /A 10.7567(9) 15.4368(6) 15.3855(7) 15.4311(8) 

'8/0 
105.878(4) 102.712(2) 102.772(2) 102.557(3) 

v/AI 1516.3(2) 2454.39(16) 2453.86(18) 2441.6(2) 

z 2 4 4 4 

P /mm-1 5.968 4.957 5.702 5.205 

Pcalc (9 CM-') 2.732 2.473 2.627 2.540 

Measured data 49836 32291 25506 40082 

Unique data 4612 3729 3733 3704 

Observed data 

(]>-3 o(l)) 

4008 2658 1879 2033 

Rint 0.083 0.031 0.052 0.047 

Residual electron 

density (min, 

max) (eA -3) 

-2.81,3.16 -0-64,1.20 -1.19,0.95 -0.89,0.79 

R(F) 0.0492 0.0193 0.0289 0.0232 

, R(F) 0.0377 0.0199 0.0324 0.0257 
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Figure 4.3: Local coordination of a Sb4S4heteronng connected to a SbS4 5- unit through a 

shared S(3) atom, and one of the two disordered and diprotonated cyclam molecules, 

showing the atom labelling scheme and then-nal ellipsoids at 50% probability. 
(Hydrogen atoms have been omitted for clarity). (Symmetry codes: (1) -x + 2, y+ 1/2, -z 
+ 3/2; (11) -x + 2, -y + 2, -z + 1; (111) -x + 2, -y + 1, -z + 1; (iv) -x + 1, -y + 2, -z; (v) x, -y 

3/2, z- 1/2). 

Table 4.3: Bond lengths, valence sums (vij) and bond angles of [cyclamH-)]Sb6SIO- 

(Symmetry codes: (i) -x + 2, y+ 1/2, -z + 3/2; (11) -x + 2, -y + 2, -z + 1; (iii) -x + 2, -y + 

1, -Z + 1). 

Bond length (A) vI, - (v. u. ) Bond angle 

Sb(l)-S(l)(1) 2.4855(15) 0.91 S(l)(')-Sb(l)-S(5)(") 84.00(5) 
Sb(l)-S(5)(") 2.469(9) 0.95 S(l)(i)-Sb(l)-S(4) 93.80(5) 
Sb(l)-S(4) 2.4621(14) 0.97 S(5)(")-Sb(l)-S(4) 92.05(5) 

2.83 S(2)(iii)-Sb(2)-S(l) 88.66(5) 
Sb(2)-S(2)(111) 2.8920(15) 0.30 S(2)(iii)-Sb(2)-S(2) 87.44(5) 
Sb(2)-S(l) 2.4723(15) 0.94 S(l)-Sb(2)-S)(2) 96.27(5) 
Sb(2)-S(2) 2.4059(15) 1.13 S(l)-Sb(2)-S(3) 87.09(5) 
Sb(2)-S(3) 2.6319(16) 0.61 S(2)-Sb(2)-S(3) 91.97(5) 

2.98 S(3)-Sb(3)-S(4) 88.13(5) 
Sb(3)-S(3) 2.4072(16) 1.12 S(3)-Sb(3)-S(5) 100.8(2) 
Sb(3)-S(4) 2.4826(15) 0.92 S(4)-Sb(3)-S(5) 97.4(3) 
Sb(3)-S(5)_ 2.4730(15) 0.94 

2.98 
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The layers are fon-ned from the vertex-linking of four SbS3 3- trigonal pyramidal 

units into a Sb4S4heteronng, in which Sb(l) and Sb(3) alternate around the ring. Each 

of the four terminal sulphur atoms of the Sb4S4heteroring is shared with a SbS4 5- unit 
(Figure 4.4). These serve to link the rings into Sb6SIO 2- layers. Edge-sharing of two 

adjacent SbS4 5- units generates Sb2S2heterorings, and encloses Sb7S7heterorings within 

the layers (Figure 4.4). The anionic antimony- sulphide layers lie parallel to the bc- 

crystallographic plane and are stacked directly above one another along [100] (Figure 

4.5). The layers are separated by cyclarn molecules, which lie parallel to the antimony- 

sulphide layer plane. The macrocycle is diprotonated in order to balance the charge of 

the anionic layers. The distance across the cyclam ring is 3.785(6) A for N(l) 
... 

N(P) 

and 4.161(6) A for N(2) 
... N(2'). The shortest distance between the macrocyclic cation 

and the antimony- sulphide framework is 3.351(4) A (N(2') 
... 

S(2)), which is short 

enough to allow hydrogen bonding between the macrocycle and the antimony- sulphide 

layer. 

b 

Figure 4.4: The Sb6SIO 2- layers viewed along [100]. Key: antimony, pink; sulphur, 

yellow. 
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a 

b 

Figure 4.5: The Sb6SIO 2- layers separated by diprotonated cyclam molecules in 
[cyclamH2]Sb6S, o. Hydrogen atoms have been omitted. Key: antimony, pink; sulphur, 

yellow; carbon, black; nitrogen, blue. 

4.3.2 [CycIamH2jSb4S7(12) 

Figure 4.6 shows the local coordination scheme of the antimony- sulphide 
framework and the macrocycle amine in [cyclamH2]Sb6S, o. There are two 

crystallo graphically distinct antimony atoms and four sulphur atoms in the asymmetric 

unit. Sb(l) exhibits trigonal pyramidal coordination with sulphur, with Sb-S bond 

lengths in the range of 2.4100(7)-2.5390(6) A, and S-Sb-S angles between 82.69(5) and 

95.90(6)0. There is also an additional, longer Sb-S interaction at a distance of 3.0697(7) 

A, which is common to other solvothen-nally prepared antimony- sulphides [54]. Sb(2) is 

coordinated by four sulphur atoms, with two short (2.3839(7) and 2.4556(7) A) and two 

longer (2.7119(8) and 2.7520(7) A) Sb-S bonds. Four coordinate Sb(Ill) atoms, where 

two of the Sb-S bonds are shoiter and two are longer, have previously been observed in 

a number of solvothermally prepared antimony sulphides [53]. Bond-valence sums [74] 

for Sb(l) and Sb(2) are 2.95 and 3.07 v. u. respectively, and are consistent with the 

presence of Sb(III) in the fTamework. This results in an anionic three-dimensional 

antimony- sulphide framework with an overall -2 charge. 
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S3 

(ii 

Figure 4.6: Local coordination of a Sb4SIO 8- 
cluster, and the diprotonated cyclam 

molecule, showing the atom labelling scheme and then-nal ellipsoids at 50% probability. 
(Hydrogen atoms have been omitted for clarity). Symmetry codes: (1) 2-x, -y, I-z; (ii) 

5/2 -xý 1/2-y, 1 -z, (iii) 3/2-x, 1/2-y, 1 -z; (iv) x- 1 /5, y-0.5, -z. 

Table 4.4: Bond lengths, valence sums (vii. ) and bond angles present in 
[cyclamH21Sb4S7- Symmetry codes: (1) 2-x, -y, I -z; (ii) 5/2 -x, 1/2-y, I -z. 

Bond length (A) Vii (V. U. ) - 
Bond angle (') 

Sb(l)-S(2)('ý 
- - - - 

2.4883 (7) 0.89 S(2)(')-Sb(l)-S(l)(') 8 3.61 (2) 
ý" Sb Fý) 

- S( I) 3.0697(7) 0.16 S(2)(')-Sb(l)-S(l) 96.70(2) 
Sb(l)-S(l) 2.4100(7) 1.13 S(l)(')-Sb(l)-S(l) 

- - 
84.25(2) 

Sb(l)-S(4) 2.5390(6) 0.77 S(2)('ý: S b(l)-S(4) 89.74(2) 
2.95 S(l)(')-Sb(l)-S(4) 172.307 (15) 

Sb(2)-S(3)(") 2.7119(8) 0.46 S(l)-Sb(l)-S(4) 92.72 (2) 
Sb(2)-S(l) 2.7520(7) 0.41 S(3)(")-Sb(2)-S(l) _ 175.80(2) 
Sb(2)-S(2) 2.4556(7) 0.98 S(3)(')-Sb(2)-S(2) 88.19(2)- 
Sb(2)-S(3) 2.3839(7) 1.21 S(l)-Sb(2)-S(2) 91.32(2) 

- 3.06 S(3)(")-Sb(2)-S(3) 86.94(2) 
S(l)-Sb(2)-S(3) 89.09(2) 
S(2)-Sb(2)-S(3) 102.30(3) 

Alternating vertex-linked Sb(OS3 3- 
and Sb(2)S4 5- 

units generate Sb4SI08- clusters, 

containing Sb4S4nngs. The clusters are linked into infinite Sb4S8 4- 
chains through the 

two shared exocyclic sulphur atoms attached to Sb(2) (Figure 4.7). The S(4) atoms 

along the chains act as a link between two mutually perpendicular Sb4S8 4- 
chains to 

generate a three-dimensional structure with an overall stoichiometry of Sb4S7 (Figure 
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4.8). The three-dimensional framework is defined by Sb4S 84- chains that run along [I 101 

and [1-10] alternately. The network generated encloses three sets of mutually 

perpendicular elliptical channels, with approximate dimensions, measured from S(l) to 

S(P) and S(2) to S(2'), of 2.4 x 9.2 A, when the van der Waals' radius of S is included. 

Figure 4.7: A single Sb4S8 4- 
chain fon-ned from the linkage of Sb4SIO 8- 

clusters through a 

common edge. Key: antimony, pink; sulphur, yellow. 

Figure 4.8: Linkage of Sb4S8 4- 
chains directed along [110] and [1-10] through S(4) 

forming a three-dimensional Sb4S7 2- framework, containing mutually perpendicular 

channels in which diprotonated cyclam molecules reside. Key: antimony, pink; sulphur, 

yellow; carbon, black; nitrogen, blue. 
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The cyclam molecules, which are doubly protonated in order to balance the 

charge of the anionic antimony- sulphide framework, are located within the channels. 
They are orientated with their molecular plane lying parallel to the direction of the 

channel. Hydrogen bonding is possible between the macrocycle and the antimony- 

sulphide framework with N ... S distances between the organic cations and the sulphur 

atoms of the framework lying in the range of 3.324(3)-3.884(3) 

4.3.3 [Ni(cyclam)jSb4S7(13) and [Co(cyclam)], [cyclamH2]1-xSb4S7(14) 

Reactions in the presence of cobalt and nickel salts generate an antimony- 

sulphide framework, which is very similar to that of [cyclamH2]Sb4S7 and possesses 

comparable Sb-S bond lengths and angles (Table 4.5). The macrocycle rings are located 

within the channels of the intersecting Sb4S8 4- 
chains, in a similar way as those found in 

[cyclamH2]Sb4S7, with their molecular planes approximately parallel to [I- 10] in one 

channel system and [I 10] in the second channel system. At the centre of each 

macrocycle is the site where a transition-metal ion could be located (Figure 4.9). 

Table 4.5: Bond lengths, valence sums and bond angles present in [cyclamH2]Sb4S7. 

Symmetry codes: (i) 2-x, -y, I -z; (ii) 5/2 -x, 1/2-y, I -z. 
[Ni(cyclam)]Sb4S7 [Co(cyclam)],, [cyclamH2] I -x 

Sb4S7 

Sb(l)-S(l)() 3.1091(17) 0.14 3.1018(12) 0.17 
Sb(l)-S(l) 2.4127(16) 1.12 2.4116(12) 1.11 
Sb(l)-S(4) 2.5155(15) 0.83 2.5269(11) 0.81 
Sb(l)-S(2) 2.5002(17) 0.86 2.4920(12) 0.89 

_ 2.95 2.98 
Sb(2)-S(l)(') 2.7324(16) 0.44 2.7780(13) 0.41 
Sb(2)-S(3)(") 2.7350(17) 0.43 2.6914(13) 0.52 
Sb(2)-S(2) 2.4487(18) 1.00 2.4514(12) 1.00 
Sb(2)-S(3) 2.380 1.23 2.3888(13) 1.18 

3.10 3.11 
S(l)'-Sb(l)-S(l) 84.01(5) 84.87(4) 

_ S(l)(l)-Sb(l)-S(4) 171.68(3) 173.51(3) 
_ S(l)-Sb(l)-S(4) 92.76(5) 93.06(4) 
S(l)(l)-Sb(l)-S(2) 82.69(5) 83.75(4) 
S(l)-Sb(l)-S(2) 95.90 96.41(4) 
S(4)-Sb(l)-S(2) 
S(l)(i)-Sb(2)-S(3)(") 

90.04(5) 
176.11(5) 

90.38(4) 
175.28(4) 

"7-, Tl T -C, S(l) -Sb(2)-S(2) 92.04(5) 91.77(4) 
cS'(7J3)-, T'lT-cSb(2)-S(2)- 
S(l)(I -Sb(2)-S(-')) 

88.33(6) 
89.4ýýýý 

88.35(4) 
88.43(4) 

S(3)(")-Sb(2)-S(3) 86-68(6ý)-- 86.93(4) 
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Figure 4.9: Space filling representation of the Sb4S7 2- framework of [Ni(cyclam)]Sb4S7 

illustrating one set of channels running parallel to [1-10] and showing the 

[Ni(cyclam)]2+ complexes. Key: antimony, pink; sulphur, yellow; carbon, black 

nitrogen, blue. 

Each macrocycle in [Ni(cyclam)]Sb4S7 contains one Ni 2+ ion, which therefore 

balances the negative charge of the framework, without the necessity for the 

macrocycle to be protonated. Both analytical electron microscopy and crystallographic 

analysis support this. Scanning electron microscopy analysis of 26 crystals found an 

average occupancy of 0.98(7), and crystallographic refinement of the occupancy of the 

Ni 2+ ion within the macrocycle ring produced a value of 0.953(6). The nickel cations are 

coordinated by the four nitrogen atoms of the cyclam ring with Ni-N distances of 

1.947(6) and 1.952(6) A. These distances are consistent to those reported from other 

mononuclear cyclam complexes, such as [NI(cyclam)(CI04)21 (1.93(2)-2.00(2) A) [2151. 

The nearest neighbouring, sulphur atoms are the S(l) atoms of the framework, which are 

directed above and below the plane of the [Nl(cyclam)]2- complex at rather longer 

distances of 33 . 
05 8(2) A. This suggests a weak Ni ... S interaction (0.06 v. u. ) and that the 
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transition-metal complex can be considered essentially as a square-planar complex. The 

N ... S interactions of [NI(cyclam)]Sb4S7,3.424(6) to 3.848(6) A, are comparable with 

those found in [cyclamH2]Sb4S7, implying a similar network of hydrogen bonding is 

present between the nickel-macro cycle complexes and the antimony- sulphide structure. 
Single-crystal X-ray diffraction study of [Co(cyclam)]x[cyclamH-)], 

-, 
Sb4S7 

found a refined site-occupancy factor of 0.339(5), which s1gn1fies that the occupation of 

the site at the centre of the cyclam molecule is incomplete. Crystal structure analysis of 

a further 5 crystals selected from the same reaction found a range of 0.123(4)-0.385(3) 

in the Co occupancy, consistent with the presence of both metalated and non-metalated 

cyclam species. The remaining anionic charge is balanced by the non-metalated cyclam 

molecules being diprotonated. Analytical electron microscopy on a much larger sample 

of 36 crystals found Co occupancies varying between 0.08-0.74, with an average cobalt 

occupancy of 0.4(2) (Figure 4.10). The Co-N bond lengths between the cobalt cations 

and the nitrogen atoms of the cyclam ligands are 2.010(5) and 2.0234(4) A, and are 

comparable to those found in both [Co(cyclam)]2+ [216] and [Co(cyclam)] 3+ complexes 
[217], which are ca. 1.97-2.08 A in length. Long axial Co-S bonds of 2.9812(2) A are 

also present, and each contribute only 0.085 v. u. to the overall coordination about the 

cobalt ion, so that the cobalt ion also has effectively square-planar geometry. 
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Figure 4.10: Frequencies of the different occupancies of the cyclam ring within 

[Co(cyclam)], [cyclamH-)] -, 
Sb4S7determined by analytical electron microscopy. 

136 



4.4 Magnetic analysis and the oxidation state of the Co cation 

4.4.1 [Ni(cycIam)jSb4S7 (13) 

The magnetic susceptibility of [Ni(cyclam)]Sb4S7 was measured at room 

temperature, and found to be -4x 10-5 cm 3 mol-1. The value of the magnetic susceptibility 

is consistent with the material being diamagnetic, which is expected for a Ni 2+ cation in 

effectively square-planar geometry. 

4.4.2 [Co(cyclam)k[cyclamH2]1-, Sb4S7(14) 

Both C02+ and C03+ are known to form complexes with cyclam. The oxidation 
of C02+ to C03+ would be unusual considering the reducing atmosphere of H2Swithin 

the autoclave, but not impossible. However, if Co 3+ 
were present, the ring would only 

require 2/3 occupation of the cyclam ring without protonation of the remaining 1/3 of 

empty cyclam rings. The anionic charge of the Sb4S7 2- framework would therefore be 

balanced and could explain the presence of both metalated and non-metalated cyclam 

rings within [Co(cyclam)],, [cyclamH2]1 -xSb4S7- It is difficult to assign the oxidation state 

of the cobalt ion, as normal indicators of metal oxidation state such as changes in the 

Co-N bond length, are not significantly different between [Co(cyclam)]2+ and 

[Co(cyclam)]3+ . 
Additionally there is a spread of Co occupancies in 

[Co(cyclam)]jcyclam. H21j 
-xSb4S7, ) which even though they are mostly below 0.66, are 

not close to the value 0.66. 

The magnetic susceptibility of crystals of [ Co(cyc lani)] x[cyclamH21j -xSb4S7was 
measured between 5-300 K (Figure 4.11) in order to identify the oxidation state of the 

Co within the cyclam ring. It was not however possible to distinguish between Co 2+ (S 

= V2) 
and Co 3+ (S = 0) cations due to the presence of a fine coating of ferromagnetic 

COS2 on the crystals. The trace amount Of COS2dominated the magnetic response, and 

displayed magnetic ordering at 113 K(COS2Tc= 110 K [218]). COS2was synthesised 

along with [Co(cyclam)], [cyclamH2]1-xSb4S7, and was identified in the powder X-ray 

diffraction of the bulk sample, however it could not be removed after repeated cleaning 

using acetone and an ultrasonic bath. 

An alternative approach was used to identify the oxidation state of the Co in 

[Co(cyclam)], [cyclan-iH2]1 -, 
Sb4S7. The synthesis was repeated using a prepared Co 3+ 

cyclam complex, rather than a mixture of Co 2+ salt and cyclam. [Co(cyclam)C121 C1 [219] 

was prepared from the aerial oxidation0f COC12.6H20 and cyclam. The [Co(cyclam)]3+ 

solution was analysed using a Hekios Spectronic Unicam spectrometer prior to heating 

the reagents. The solution was also analysed after the solvothen-nal synthesis, and 
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compared to the spectrum obtained for [Co(cyclam)]3+ and [Co(cyclam)]C12, prepared 

according to the literature [220]. The three spectra are shown In Figure 4.12. 
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Figure. 4.11: Field-cooled magnetic susceptibility data and inverse susceptibility data 

(inset) for [Co(cyclam)], [cyclamH21j -, 
Sb4S7- 

The [Co(cyclam)] 3+ complex is characterised by bands at 650 and 450 nm, 

which are clearly observed in the UV-vis spectrum before the reaction of 
[Co(cyclam)C121CI,, Sb2S3 and S. After the reaction, the intense band at 650 nm 
disappears completely, demonstrating that no [Co(cyclam)]3+ remained in the solution. 
Although no discernable peak in the post reaction mother liquor is found, differential 

analysis of the spectrum identifies a feature at 538 nm, which compares with the broad 

absorption at 533 rim. in the spectrum of the [Co(cyclam)] 2+ complex in aqueous 

solution. 

It therefore appears that over the 24 hour reaction, the Co 3+ ion of the 

[Co(cyclam)] 3+ 
complex is reduced to Co 2+ 

and is present as [Co(cyclam)] 2+ 
instead. 

The evidence for the reduction of Co 3+ to C02+ suggests that it is very unlikely that a 

reaction using cyclam and Co(O-)CCH3)2 involves the oxidation of the Co 2+ ions and the 

I-ormation of [Co(cyclam)]3+ complexes. The cobalt ions in [Co(cyclam)], [cyclamH2]1- 

xSb4S7 can therefore be identified as being, Co 2+ 
. 
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Figure 4.12: tN-vis spectra of [Co(cyclam)]3+ (a) before and (b) after solvothermal 

reaction with Sb2S3 and S for 24 hours, and (c) the UV-vis spectrum of an aqueous 

solution of Co(cyclam)C12- 

4.5 Diffuse reflectance and band gap determination 

The diffuse reflectance spectrum of [cyclamH2]Sb4S7was recorded and showed a 

strong absorption at 20,500 cm- 1, which equates to an optical band gap of 2.32(6) eV 

(Figure 4.13). Materials with band gaps of less than 3 eV are classed as semiconductors, 

which the band gap of [cyclamH2]Sb4S7 is consistent with. 
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Figure 4.13: Diffuse reflectance spectrum of [cyclamH2]Sb4S7diluted with BaS04- 
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4.6 Discussion 

4.6.1 Structural properties of antimony-sulphide compounds 
The structures of the ant1mony-sulphide layers and framework within 

[cyclamH2]Sb6S, o and [cyclamH2]Sb4S7 are novel. Both structures contain diprotonated 

cyclam molecules in order to balance the anionic charge of the layers and framework 

respectively. This is not unprecedented as diprotonated cyclarn molecules have been 

observed previously in several compounds including [cyclamH--)] [C10412 [ 221 ] and 

[cyclamH2][C, oH6041 . 
2H20 [222]. The layers within [cyclamH2]Sb6SIO contain Sb2S2, 

Sb4S4 and Sb7S7 heterorings, which are unlike previously reported antimony- sulphide 

layers of the same antimony: sulphur ratio. For example, [Fe(dien)21Sb6Sjo. 0.5H')O is 

formed from Sb2S2, Sb4S4 and Sb5S5heteronngs which surround a Sb16SI6nng (Figure 

4.14) [53], whilst in [1,4-chxH]Sb3S5 and [1,2-chxH]Sb3S5, Sb2S2, Sb4S4 and SboSo 

heterorings are found within the anionic layers (Figure 4.15) [118]. 

Figure 4.14: Sb6SIO 2- layers within [Fe(dien)21Sb6SIo. 0.5H20[53]. (Key: pink, antimony; 

yellow, sulphur). 

The structure of the antimony- sulphide framework within [cyclamH2]Sb4S7, and 

the nickel and cobalt containing analogues, is a rare example of a three-dimensional 

antimony- sulphi de framework. The framework, like that of [Co(en)3]Sbl2SI9 [541, can 

be defined by primary Sb-S bonds of <2.8 A. However, unlike [Co(en)3]Sbl2SI9, 

[cyclamH-)]Sb4S7 contains mutually perpendicular intersecting channels. The structure 

also bears no relation to previously synthesised antimony- sulphide chains and layers 

with the same antimony: sulphur ratio [114,110], even though Sb2S,, and Sb4S4 

heterorings are commonly observed. Both [cyclamH-)]Sb6So and [cyclamH, )]Sb4S7 
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contain Sb2S2 and Sb4S4 heterorings within their respective frameworks, however no 

other resemblance between the two structures is found. 

Figure 4.15: The Sb3S5 2- layer within [1,4-chxH]Sb3S5 [118]. (Key: pink, antimony; 

yellow, sulphur). 

4.6.2 Transition-metal incorporation into the cyclam ring 
The addition of transition-metal salts to the reaction mixture resulted in the 

synthesis of [Nl(cyclam)]Sb4S7 and [Co(cyclam)]x[cyclamH2]1-xSb4S7 where the 

antimony- sulphide frameworks are very similar to that of [cyclamH2]Sb4S7- In both 

these crystal phases, all the crystals analysed using analytical electron microscopy 

contained transition-metal ions. Reactions were also perfon-ned with the transition- 

metals of iron and copper, using FeC12.6H20(l. 65 mmol) andCUC12.2H20(l. 65 mmol), 

S (5 mmol), Sb2S3 (2 mmol) and 3 mL of water at 438 K for 4 days. Powder X-ray 

diffraction confirmed that the [Fe(cyclam)]x[cyclamH2]1-x[Sb4S7 and 

[Cu(cyclam)]x[cyclamH2]1-xSb4Sphaseswere synthesised, however single-crystal X-ray 

diffraction of several crystals of each phase failed to identify crystals containing either 

transition metal. Analytical electron microscopy was performed on a much larger 

sample of crystals. Among the 25% of crystals containing iron, the maximum Fe/S ratio 

corresponds to an iron site occupancy of 0.2, whereas in the 33% copper containing 

crystals, a wide range of occupancies between 0.2 to 1.0 were observed. 

The measured cyclam-transition-metal stability constants are very high (8.97- 

27.2 (Table 4.1) [211,212]) suggesting that all these transition metals should form stable 

complexes, and hence have full occupancies of the cyclam rings within the antimony- 
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sulphide framework. This is only observed with Ni 2+ 
. For the reactions including cobalt, 

iron and copper, the T: cyclam. ratio was increased to 1.8: 1.5 and the syntheses repeated 

in an attempt to improve the incorporation of the transition-metal ions into the cyclam 

rings. However increasing the transition metal content of the reactions resulted in the 

[T(cyclam), j [cyclamH2]1 
-, 

Sb4S7phases not forming. 

An explanation for incomplete occupancy of the cyclam rings can be found in 

the analysis of the other products of the solvothermal reactions. Solvothermal reactions 

entail a complex series of equilibria, and in addition to the metastable antimony- 

sulphide products synthesised, it is common to precipitate transition-metal sulphides 

and condensed phase transition-metal-antimony-sulphides. With the exception of the 

synthesis of [Ni(cyclam)]Sb4S7,, the reactions with cobalt, copper and iron also fonned 

COS2, CuSbS2, and FeS. Figure 4.16 shows clearly the CuSbS2 impurity for the reaction 

withCUC12. 

250 
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Figure 4.16: Powder X-ray diffraction of bulk products from the solvothermal reaction 

Of CUC12,, cyclam, Sb2S3, S and water. Key: *, [enH2]Sb8SI3; +, Sb2S3; m, CuSbS2; ', 

[Cu(Cyclam), ][CyclamH2] -, 
Sb4S7- 

The precIPItatIon of these secondary trans' tI on-metal contaInIng phases removes 

the C02 +, Fe 2+ 
and CU2+ ions from the reaction. If less than 1.5 rnmol of metal ions 

remain in the reaction liquor, it would then not be possible to form complexes with all 

the macrocycle rings. As a consequence, the Sb4S7 2- antimony-sulphide framework 

would contain both metalated and non-metalated cyclam rings. 2) It would also suggest that 
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the CuSbS2, and FeS secondary phases form more readily thanCOS2, as crystals were 
fornied which did not contain either iron or copper ions. 

The large variation in transition-metal content for the cobalt, iron and copper 

containing crystals suggests a gradual precipitation of the transition-metal side products 

over the reaction time. Crystals of [T(cyclam)],, 
, 
[cyclaniH2]1-, Sb4S7 (T=Co, Fe, Cu), 

which were fortned initially would contain more of the transition-metal ions. However 

crystals which were formed in the later stages of the reaction, after a large proportion of 

the transition-metal ions had been either incorporated into [T(cyclam),, ][cyclamH2]1- 

,, Sb4S7 or had been precipitated as a secondary phase, would include diprotonated 

cyclam rings rather than [T(cyclam)]2+ complexes. Post-synthesis reactions where 

crystals of [cyclamH21Sb4S7 were soaked in transition-metal salt solutions, at room 

temperature, 373 K, and under solvothermal condition, did not indicate any transition- 

metal uptake. This confirms that the transition-metal-cyclam complexes forni initially, 

and then template the reaction. 

Reactions using the macrocyclic amines 1,8-dimethyl- 1,4,8,11 - 
tetraazacyclodecane and 1,4,8,12-tetraazacyclopentadecane as templates were also 

preformed, and repeated with transition-metal salts also included in the reaction mixture. 

However, these amines were found to be much less stable under solvothermal 

conditions than the cyclam macrocycle, and decomposed to ethylenediamine, which 

then templated the reactions and formed [enH2]SbgSI3 [76]. Lowering the reaction 

temperature and shortening the reaction time did not prevent the decomposition of the 

amine. 
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Chapter 5: Synthesis and magnetic studies of lanthanide 

carbonates and lanthanide carbon ate-oxalates 

5.1 Introduction 

The synthesis of solvothennally prepared antimony sulph, des containing 
lanthanide ions is relatively unexplored compared to those synthesised with transition- 

metal ions. As well as offering greater and more flexible coordination numbers than 

transition-metal ions, lanthanide ions also possess larger magnetic moments which have 

not been widely investigated in extended ftamework structures. Recently two different 

lanthanide-antimony-sulphide phases were synthesised by Jia et al. in the presence of 

ethylenediamine; [Ln(en)3]SbS4.0.5en (Ln = Sm, Eu, Dy, Yb) [90,91] which has a salt- 

like structure and [Ln(en)3(H20)x(ýt3_xSbS4)1 (Ln = La, x=0; Ln = Nd, Sm, x= 1) 

[90,91] which adopts a chain structure of alternating SbS4 3- tetrahedra and [Ln(en)3]3+ 

complexes. In the only example of a selenide-phase, [Ln(en)4(SbSe4)] (Ln = La, Nd), 

[Ln(en)4]3+ complex ions are coordinated by SbSe4 3- tetrahedra to form discrete units 
[223]. 

Using parallel synthesis, further reactions were carried out using the amines 

ethylenediamine, diethylenetriamine and triethylenetetramine in order to sythesise new 
lanthanide-antimony-sulphide phases. As well as preparing previously reported 

lanthanide-antimony-sulphide phases, the reactions succeeded in synthesising 

[Ce(en)3]SbS4-0.5en (Section 6.2) which is isostructural with the [Ln(en)3]SbS4.0.5en 

(Ln Sm, Eu, Dy, Yb) series synthesised by Jia et aL [90,91 ]. However it was not 

possible to create new phases containing amine ligands other than ethylenediamine, 

even though diethylenetriamine- and triethylenetetramine-lanthanide complexes have 

similar stability constants to the ethylenediamine-lanthanide complexes (Figure 5.1) 

[224,225]. Nitrogen-donor ligands have been reported to have a high affinity for 

lanthanide ions [226], but unless working under completely anhydrous conditions, 

lanthanide ions readily form hydroxo complexes instead of complexes with strong basic 

donors such as amines. 

Oxygen-based ligands such as the oxalate ion have a greater affinity for 

lanthanide ions than amine molecules, even in aqueous conditions (Figure 5.1). The 

standard antimony- su lphide reactions were repeated with oxalic acid added to the 

reagents of Sb-)Si, S, Ln203 and ethylenediamine (en). Rather than synthesising an 

anti mony-su lphi de compound containing lanthanide-oxalate complexes, two separate 

144 



highly crystalline phases were formed. One phase was the antimony- sulphide 
[enH2]Sb8SI3 [76], whereas the others were identified using single crystal X-ray 

diffraction as new lanthanide-carbonate phases [Ln4(C03)6(H20)21 en. H20(Ln= Dy, Ho, 

Er, Yb). The reactions were repeated in the absence of Sb2S3, and with the oxides of 
lanthanum, cerium, praseodymium, neodymium, samanum, gadolinium, terbium, 

thulium, lutetium and yttrium. The reactions were successful with the lanthanide oxides 

of dysprosium to lutetium and yttrium inclusive. 

Further reactions were carried out by varying the reaction conditions and 
reagents, and were successful in synthesising new lanthanide-oxalate phases which are 
described in Chapter 6. The mixed lanthanide-ox al ate- carbonate phases, 
[Ln2(CO3)2(C204)(H20)21 (Ln= Dy, Ho, Er, Gd), were also synthesised. The crystal 

structures for the Er and Gd phases have been fully characterised previously [ 156,167], 

whereas only the unit cell parameters of the Dy and Ho phases have been published to 
date. The crystal structures of the Dy and Ho phases will be therefore described in detail 

in this chapter, as well as those of the new phases [Ln4(C03)6(H20)21. en. H20(Ln= Dy- 

Lu, Y). As only limited examples of the magnetic properties of rare-earth frameworks 

exist, magnetic susceptibility data were collected for [Ln4(C03)6(H20)21 en. H20(Ln= 

Dy-Yb) and [Ln2(CO3)2(C204)(H20)21 (Ln= Dy, Ho, Er, Gd). This allows a detailed 

examination of the magnetic properties of the I anthanide- carbonate series with 

comparisons to a similar mixed carbonate-oxalate lanthanide system. 
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Figure 5.1: Stability constants of lanthanide(Ill) complexes of ethylenediamine (en), 

di ethyl enetri amine (dien) and tri ethyl enetetrami ne (then) at 298 K in dmso, and 

lanthanide(Ill)-oxalate complexes at 298 K in H-, O [224,225]. 
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5.2 Synthesis 

5.2.1 [Ln4(CO3)6(H20)2]. en. H20 (Ln= Dy-Lu, Y) (15-21) 

Unlike the reactions to synthesise antimony- sulphides, sufficient quantities of 
[Ln4(C03)6(H20)21 en. H20product were formed using parallel synthesis so that no 

scale-up was required. [Ln4(C03)6(H20)21 en. H20(Ln= Dy-Lu, Y) were prepared under 

solvothermal conditions in FEP bags with an internal volume of ca. 2ml, which were 

placed inside a 125 mL Teflon-lined stainles3 steel autoclave, along with 15 mL of 

water. Each phase was prepared by adding Ln203, oxalic acid, sulphur and I mL of 75% 

aqueous ethylenediamine solution to each bag before sealing. The reagents were in the 

molar Ln: oxalic acid: S: en composition ratio of 0.66: 2: 3: 3.7. The mixtures were heated 

at 438 K for 7 days and cooled to room temperature at 20 K h-1. The solid products were 

filtered, washed with deionised water and acetone, and dried in air at room temperature. 

The products consisted of crystals of the title phases, which were identified by single- 

crystal X-ray diffraction. Results of CHN analysis for [Ln4(C03)6(H20)21. en. H20 (Ln= 

Dy-Lu, Y) are summarised in Table 5.1, and are in good agreement with the total 

organic components of each phase. 

The mass losses observed during thennogravimetric analysis under nitrogen for 

each phase are found in Table 5.2. The thennogravimetric analysis of 
[Er4(C03)6(H20)21. en. H20, which is typical of the series, is shown in Figure 5.2 and 

displays a two-step weight loss. The first step is consistent with the loss of the free 

water molecules within the phases (ca. 370-406 K), and the second is in agreement with 

the complete decomposition of the lanthanide (or yttrium) carbonate compounds to their 

respective oxide (ca. 640-770 K)). This was confirmed by powder X-ray diffraction of 

the residue. 

The thennogravimetric analysis was repeated on crystals of 
[Er4(C03)6(H20)2]. en. H20, and the temperature was held at 423 K for 2 hours. A weight 

loss of 0.62% was observed. The crystals were analysed using single-crystal X-ray 

diffraction, which found the crystal structure intact and with similar unit cell parameters 

to the unheated [Er4(C03)6(H20)21. cn. H20crystals (Table 5.3). On heating the unit cell 

volume decreases slightly ftom 1970.09 (18) to 1951.40(19) A3. The amine molecule 

was disordered within the channels of the heated [Er4(C03)6(H20)21. en. H20crystal and 

no free water molecules could be detected in the Fourier map, which is consistent with 

the loss of water at 370-406 K. The largest residual peak was located 0.618(4) A from 

the Er(2). 
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Table 5.1: CHN anqlv,; i,, for FT, nA(CO,, )A(H,? O)-)I. en. H? O (Ln= Dy-Lu, Y). 
Ln Actual Theoretical (%) 
Dy C, 8.43; H, 1.17; N, 2.60 C, 8.55; H, 1.26; N, 2.49 
Ho C5 8.57; H, 1.44; N, 2.88 C, 8.471, H, 1.24; N, 2.47 
Er C, 8.3 1; H, 1.2 2; N, 2.3 3 Cý 8.40; H, 1.23; N, 2.45 
Tm C, 8.34; H, 1.07; N, 2.47 C, 8.36; H, 1.23; N, 2.44 
Yb C, 8.19; H, 1.05; N, 2.44 C, 8.24; H, 1.2 1; N5 2.40 
Lu C5 8.30; H, 1.46; N, 2.19 C, 8.18; H, 1.2 0; N, 2.3 9 
y C, 11.35; H, 1.59; N, 3.32 C, 11.58; H, 1.70; N, 3.38 

Table 5.2: Thermo gravimetric analysis of [Ln4(C03)6(H20)21 en. H20(Ln= Dy-Lu, Y). 

Ln 
I" weight 
loss(%) 

2 nd 
weight 

loss(%) 
Total Theoretical weight loss to 

forrn Ln203(%) 

Dy 1.3 32.0 33.3 33.6 
Ho 1.8 31.6 33.4 33.3 
Er 1.2 30.5 31.7 33.1 
Tm 1.2 32.0 33.2 32.9 
Yb 1.2 30.4 31.6 32.4 
Lu 1.1 30.7 31.8 32.2 
y 1.2 44.2 45.4 45.6 
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Figure 5.2: Thei-n-iogoTavii-neti-ic analysis of [Er4(CO1)6(H2 0) 21 en. H20- 
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Table 5.3: Unit cell data for [Er4(C03)6(H20)21. en. H20solved in the space group P211c 

before and after heating at 423 K. 

Before TGA After TGA 
a /A 
- 

9.3160(5) 9.2685(5) 
ý /A 12.0875(6) 12.0000(7) 
c /A 17.5048(9) 17.5691(10) 
P/O 91.895(2) 92.997(3) 
v/ A' 1970.09 (18) 1951.40(19) 

5.2.2 [Ln2(CO3)2(C204)(H20)21(Ln=DyHo, ErGd) 

Using the same synthetic technique, [Ln2(CO3)2(C204)(H20)21 (Ln= Dy, Ho, Er, 

Gd) were prepared under solvothen-nal conditions by adding Ln203 (0.33 mmol), oxalic 

acid (2 mmol) and I mL of water to each bag before sealing. The mixtures were heated 

at 438 K for 7 days and cooled to room temperature at 20 K h-1. The solid products were 
filtered, washed with deionised water and acetone, and dried in air at room temperature. 
The products consisted of crystals of the title phases, which were identified by single- 

crystal X-ray diffraction. 

In the literature, the erbium and gadolinium phases have been fully characterised 

with detailed analytical and structural descriptions reported [156,167]. The unit cell 

parameters of the erbium and gadolinium crystals synthesised in this work are 

consistent with the reported values (Table 5.4). The unit cell parameters of the 
dysprosium and holmium phases were reported along with the gadolinium phase [156], 

however no synthesis details, structural or elemental characterisation were provided. 
Therefore full characterisation of these two phases will be described in this chapter. 

Table 5.4: Experimental and reported unit cell parameters of [Gd2(CO3)2(C204)(H20)21 

and [Er2(CO3)2(C204)(H20)21 collected at 100 K. 

[Gd2(CO3)2(C204)(H20)21 [Er2(CO3)2(C204)(H20)21 

Experimental Published [1561 Experimental Published [167] 
Space group C2mm cm 

a /A 7.90(3) 7.8941(9) 7.68(4) 7.773(2) 
b /A 15.10(2) 15.127(2) 14.78(3) 14.920(3) 

c /A 4.80(9) 4.7931(4) 4.68(6) 4.7309(8) 
/0 90 90 90 

/0 90 90 90 90.12 

y /0 90 90 90 
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The results of CHN analysis for [DY2(CO3)2(C204)(H20)21 found C. 8.77; H, 

0.68; N, 0.00% (ca1c. C. 8.44; H, 0.71; N, 0.00%) and for [H02(CO3)2(C204)(H20)21 C- 

8.37; H, 0.70; N, 0.00% (ca1c. C. 8.24; H, 0.58; N, 0.00%). A two-step weight loss is 

observed in the thermogravimetric analysis of [DY2(CO3)2(C204)(H20)21, with a total 

weight loss of 34.1% (603-800 K), whereas a three-step weight loss of total 33.80% 

(512-822 K) is observed for [H02(CO3)2(C204)(H20)21 The weight losses are consistent 

with the loss of water ind the complete decomposition of the lanthanide-oxalate- 

carbonate compounds to their respective lanthanide oxides, 34.4% and 34.1% 

respectively. This was confin-ned by powder X-ray diffraction of the residue. For 
[DY2(CO3)2(C204)(H20)21,, the TGA analysis was repeated, and held at 673 K for 2 

hours. The residue was collected and analysed by powderX-ray diffraction to examine 

the intermediate crystal phase, however it was not crystalline and identification was not 

possible. 
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Figure 5.3: Thennogravimetnc analysis weight loss plot for [Dy2(C03)2(C204)(H20)21 
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Figure 5.4: Thennogravinietric analysis weight loss plot for [H02(CO3)2(C204)(H20)21 

(N2). 

5.3 Characterisation 

Single-crystal X-ray diffraction data for [Ln4(C03)6(H20)21 en. H20(Ln= Dy-Lu, 

Y) and [Ln2(CO3)2(C204)(H20)21 (Ln= Dy, Ho) were collected at 100 K using a Bruker 

Nonius X8 Apex diffractometer (Mo-K(x radiation, X=0.71073 A). Data were processed 

using the Apex-2 software [ 175]. The structures were solved by direct methods (SIR-92 

[ 177]), which located all the lanthanide atoms and most of the carbon and oxygen atoms. 

Subsequent difference Fourier calculations, to locate the remaining C, N and 0 atoms, 

and least-squares refinements were carried out using the CRYSTALS suite of programs 

[178]. Bond-lengths restraints were applied to C-0 (1.28(l) A), C-N (1.53(l) A) and C- 

C (1.50(l) A). In the crystals containing disordered ethylenediarnine and water 

molecules, the occupancies were fixed at 0.5, and the atoms refined over the two 

disordered positions. Hydrogen atoms were placed geometrically on the C and N atoms 

of the amine molecules after each cycle of refinement [C/N-H = 0.85 A and Ui,, )(H) = 

1.2Ueq(C)I- In the final cycles of refinement, positional and anisotropic thermal 

parameters for all non-hydrogen atoms were refined. Crystallographic details are given 

in Tables 5.5 and 5.6. All the rare-earth, carbon, oxygen and nitrogen atom coordinates 

given in appendices A. 15-2 1, and all Ln-0 bond distances are also summansed in are 

Tables 5.7 and 5.8. 
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Table 5.5: Crystallographic information for [Ln(C03)6(H20)21 en. H20. Ln = DY-Lu (15- 

20), and [Y(C03)6(H20)21. en. H20(21). 

15 16 17 18 

Ln Dy Ho Er Tin 

Mr 1120.17 1126.86 1139.21 1145.90 

Crystal system monoclinic monoclinic monoclinic monoclinic 

Crystal habit colourless 

plate 

pink plate pink plate colourless 

plate 

Space group P211c P211c P211c P211c 

a /A 9.3690(5) 9.3564(5) 9.3160(5) 9.2995(6) 

b /A 12.1693(7) 12.1512(7) 12.0875(6) 12.0475(8) 

c /A 17.6180(10) 17.5784(10) 17.5048(9) 17.4483 

'8/0 
92.000(3) 92.007(3) 91.895(2) 91.825(4) 

v/AI 2007.48(19) 1997.29(19) 1970.09 (18) 1953.8(2) 

z 4 4 4 4 

P /mm-I 14.829 15.785 16.978 18.102 

Pcalc (g CM-3) 3.706 3.747 3.841 3.895 

Measured data 96215 52716 67719 78772 

Unique data 6837 4757 5758 3844 

Observed data 

(1>-2c(l)) 

6822 4745 5745 3834 

Rint 0.048 0.044 0.053 0.053 

Residual electron 

density (min, 

max) (eA -3) 

-3.38,3.15 -4.11 ý 3.43 -3.48113.40 -2.6654.03 

R(F) 0.0330 0.0304 0.0366 0.0367 

0.0363 0.0347 0.0396 0.0415 
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Table 5.5 continued. 

19 20 21 

Ln Yb Lu Y 

A 1162.33 1170.05 826.83 

Crystal system monoclinic monoclinic monoclinic 
Crystal habit colourless 

plate 

colourless 

plate 

colourless 

plate 
Space group P211c P211c P211c 

a /A 9.2698(6) 9.2571(10) 9.3210(5) 

b /A 12.0119(7) 11.9954(12) 12.1141(7) 

c /A 17.3700(10) 17.330(2) 17.5553(10) 

P/0 91.879(3) 91.867(7) 91.839(3) 

v /A' 1933.1(2) 1923.3(4) 1981.24(19) 

z 4 4 4 

P /mm-1 19.289 20.469 11.716 

Pcalc (g CM-3) 3.994 4.041 2.795 

Measured data 89881 52000 105506 

Unique data 8153 4134 8955 

Observed data 

(I->2 c(l)) 

5325 4123 8934 

Rint 0.051 0.065 0.044 

Residual electron 

density (min, 

max) (eA -3) 

-4.30ý 3.81 -3.1213.46 -2.621,2.55 

R(T) 0.0274 0.0648 0.0303 

,, R(F) 0.0299 0.0606 0.0339 
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Table 5-6: Crystallographic information for [Ln2(CO3)2(C204)(H20)21 (Ln= Dy, Ho) (22 

and 23) 

22 23 

Ln Dy Ho 

A 565.04 569.90 

Crystal system orthorhombic orthorhombIc 

Crystal habit colourless 
block 

pink block 

Space group C2mm C2mm 

a /A 7.7819(4) 7.7547(5) 

b /A 14.9906(9) 14.9385(13) 

c /A 4.7460(2) 4.7336(3) 

V/A 
3 553.65(5) 548.36(7) 

z 2 2 

il /mm-1 13.451 14.383 

Pcalc (g CM-3) 3.389 3.451 

Measured data 5754 11067 

Unique data 1293 1297 

Observed data 

(]>-2 o(l)) 

1247 1294 

Rint 0.046 0.033 

Residual electron 

density (min, 

max) (eA -3) 

-2.98ý 3.93 -2.4252.57 

R(T) 0.0400 0.0327 

,, R(P) 0.0468 0.0417 

5.4 Crystal structure description 

5.4.1 [Ln4(CO3)6(H20)21. en. H20 (Ln= Dy-Lu, Y) (15-2 1) 

[Ln4(C03)6(H20)2]. en. H, O (Ln= Dy-Lu, Y) is an isostructural senes of 

lanthanide and yttnum carbonates, which possess a complex three-dimensional 

honeycomb-like framework. The asymmetric units contain four crystallographic al Iy 

distinct lanthanide or yttrium atoms, six carbonate anions, three water molecules (two of 
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which are coordinated to the metal ions), and a free ethylenedlam, ne molecule. The 

local coordination scheme of the metal-carbonate framework is shown in Figure 5.5. 

Each metal ion is coordinated to five carbonate ions, three with monodentate 

coordination and two with bidentate coordination, and a water molecule giving each ion 

an overall coordination number of 8. The Ln-O bond distances are summarised in Table 

5.7. 
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Figure 5.5: Local coordination scheme of [Ln4(C03)6(H-)0)21 en. HO (Ln= Dy, Ho, Er, 

Tm, Yb, Lu, Y) (15-21). Symmetry codes: (1) 2-x, 1/2 + y, 1/2 - z; (ii) 2-x III -Y, -Z; 0 '') 

3-x, -y, -z; (Iv) 3-x, 1/2 + y, 1/2 - z; (v) I+X, y, z; (vO 2-x, y- 1/2,1/2 - z; (vii) 
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Table 5.7: Ln-O bond lengths for for [Ln(C03)6(H20)21. en. H20. Ln = Dy-Lu, Y. 

Symmetry codes: (i) 2-x, 1/2 + y, 1/2 - z; (n) 2-x, -y, -z; (111) 3-x, -y, -z; (iv) 3-x, 

1/2 + y, 1/2 - z; (v) 1+x, y, z; (vi) 2-x, y- 1/2,1/2 - z; (vii) x-1, y, z; (viii) 3-x, y 

- 1/25 1/2 - 

Lanthanide Dy (15) Ho (16) Er (17) Tm (18) 
Ln(l)-0(9)(') 2.337(4) 2.320(2) 2.309(7) 2.291(8) 
Ln(l)-O(l 8)ý") 2.311(4) 2.2956(15) 2.282(5) 2.271(9) 

_Ln(l)-O(I) 
2.386(5) 2.385(2) 2.364(8) 2.352(11) 

Ln(l)-0(3) 2.564(5) 2.580(2) 2.545(8) 2.556(10) 

_Ln(l)-0(5) 
2.312(5) 2.321(2) 2.288(8) 2.296(9) 

Ln(l)-O(l 6) 2.407(5) 2.4001(10) 2.380(4) 2.435(13) 

_Ln(l)-O(l 
8) 2.398(5) 2.39996(17) 2.3799(12) 2.344(13) 

_Ln(l)-O(l 
9) 2.278(5) 2.267(2) 2.257(4) 2.250(2) 

Average Ln(l) 2.374(5) 2.372(2) 2.35](7) 2.359(9) 

_Ln(2)-0(14)("') 
2.417(5) 2.405(2) 2.395(8) 2.361(11) 

Ln(2)-0(13)("') 2.375(5) 2.372(2) 2.358(8) 2.358(11) 
Ln(2)- 0(8)(") 2.305(4) 2.2935(19) 2.285(6) 2.283(7) 
Ln(2)-0(19)(') 2.282(5) 2.264(2) 2.254(4) 2.250(2) 
Ln(2)-0(2) 2.397(5) 2.403(2) 2.377(8) 2.347(11) 
Ln(2)-0(3) 2.527(5) 2.524(2) 2.522(8) 2.494(10) 
Ln(2)- 0(11) 2.338(5) 2.344(2) 2.333(7) 2.301(7) 
Ln(2)-0(13) 2.320(4) 2.3094(19) 2.286(6) 2.263(8) 
Average Ln (2) 2.370(5) 2.364(2) 2.35](7) 2.332(8) 
Ln(3)-0(4)(") 2.348(4) 2.332(2) 2.316(7) 2.302(6) 
Ln(3)-O(I)ý" 2.327(4) 2.3081(19) 2.302(6) 2.312(9) 
Ln(3)-0(17)ý") 2.288(4) 2.2900(3) 2.263(6) 2.235(10) 
Ln(3)-0(207ýýý 2.281(5) 2.268(2) 2.252(4) 2.250(2) 
Ln(3)-0(5) 2.416(5) 2.401(2) 2.398(9) 2.377(11) 
Ln(3)-0(6) 2.356(5) 2.352(2) 2.311(8) 2.277(10) 
Ln(3)- 0(7) 2.473(5) 2.481(2) 2.447(8) 2.434(10) 
Ln(3)- 0(9) 2.464 2.454(2) 2.436(7) 2.432(10) 
Ave Ln(3) 2.369(5) 2.36](2) 2.34](7) 2.327(8) 
Ln(4)-0(2)(v"') 2.424(4) 2.414(2) 2.409(7) 2.393(10) 
Ln(4)-O(l 0) 2.352(4) 2.340(2) 2.325(7) 2.300(2) 
Ln(4)-0(7) 2.590(5) 2.596(2) 2.591(8) 2.590(10) 
Ln(4)-0(8) 2.376( 2.371(2) 2.351(8) 2.346(10) 
Ln(4)-O(l 1) 2.441 2.431(2) 2.411(8) 2.440(6) 
Ln(4)- 0(12) 2.368(5) 2.359(2) 2.338(8) 2.363(6) 
Ln(4)-0(15) 2.2 9 

-')(5) 
2.278(2) 2.264(7) 2.254(7) 

Ln(4)-0(20) 2.249(5) 2.240(2) 2.245(4) 2.250(2) 
--ý-verage Ln(4) 2.387(5) 11 * 

380(2) 
- 

2.367(7) 2.367(7) 
--; i-verage Ln 2.375(5) 2.3 69 (2) 2.352(7) 2.344(8) 
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Table 5.7 continued. 

Lanthanide Yb (19) Lu (20) Y (21) 
Ln(l)-0(9)(') 2.284(6) 2.279(12) 2.3090(17) 
Ln(l)-O(l 8)(") 2.253(4) 2.181(11) 2.3004(18) 
Ln(l)-O(I) 2.347(7) 2.322(14) 2.377(2) 
Ln(l)-0(3) 2.548(6) 2.534(13) 2.563(2) 
Ln(l)-0(5) 2.268(5) 2.313(6) 2.313(2) 
Ln(l)-O(l 6) 2.395(4) 2.373(15) 2.392(2) 

_Ln(l)-O(l 
8) 2.378(4) 2.359(14) 2.373(2) 

_Ln(l)-O(l 
9) 2.2300(11) 2.230(3) 2.262(2) 

Average Ln(l) 2.338(6) 2.324(l]) 2.36](5) 

-Ln(2)-0(1-4)('I') 
2.400(4) 2.354(14) 2.388(2) 

Ln(2)-0(13)('11) 2.371(4) 2.335(14) 2.372(2) 

_Ln(2)-0(8)(") 
2.272(5) 2.242(13) 2.2863(17) 

_Ln(2)-0(19)(v) 
2.2300 2.230(3) 2.250(2) 

Ln(2)-0(2) 2.357(6) 2.332(14) 2.385(2) 

_Ln(2)- 
0(3) 2.507(6) 2.503(12) 2.517(2) 

_Ln(2)-O(l 
1) 2.298(6) 2.256(11) 2.3325(19) 

Ln(2)-0(13) 2.246(4) 2.295(10) 2.2973(17) 
Average Ln (2) 2.335(6) 2.318(l]) 2.354(8) 
Ln(3)-0(4)(v') 2.293(4) 2.283(9) 2.3176(18) 
Ln(3)-O(I)(v') 2.290(5) 2.280(11) 2.3014(16) 
Ln(3)-0(17)(") 2.241(7) 2.230(3) 2.2715(18) 
Ln(3)-0(20)(v") 2.234(3) 2.196(8) 2.262(2) 
Ln(3)-0(5) 2.392(6) 2.320(3) 2.395(2) 
Ln(3)- 0(6) 2.285(6) 2.320(7) 2.346(2) 
Ln(3)-0(7) 2.437(6) 2.404(13) 2.469(2) 
Ln(3)-0(9) 2.414(7) 2.399(14) 2.448(2) 
Average Ln(3) 2.323(6) 2.304(9) 2.35](8) 
Ln(4)- 0(2)(v"') 2.367(6) 2.383(14) 2.4077(18) 
Ln(4)- 0(10) 2.285(5) 2.281(9) 2.3289(18) 
Ln(4)-0(7) 2.591(6) 2.607(13) 2.583(2) 
Ln(4)-0(8) 2.334(7) 2.319(15) 2.363(2) 
Ln(4)-O(l 1) 2.408(7) 2.455(13) 2.429(2) 
Ln(4)-0(12) 2.328(7) 2.307(13) 2.345(2) 
Ln(4)-0(15) 2.247(3) 2.238(8) 2.2752(19) 
Ln(4)-0(20) 2.209(7) 2.230(3) 2.230(2) 
A verage Ln(4) 2.346(6) 2.353(l]) 2.376(8) 
A verage Ln 2.336(6) 2.325(l]) 2.359(8) 

Syllimetry codes: (1) 2-x, 1/2 + y3,1/2 - z; (ii) 2-x, -y, -z; (Iii) 3-x, -y, -z; (lv) 3-x, 

1/2 + y, 1/2 - z; (v) 1+x, y, z; (vi) 2-x, y- 1/2,1/2 - z, (vii) x-1, y, z, (viii) 3-x, 

- 1/2,1/2 - 
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The structures can be visualised as lanthanide ions connected by planar 

carbonate ions into layers, which are then bridged by perpendicular carbonate ions into 

three-dimensional structures. Two alternating layers of the same motif are observed, and 

are formed from Ln(I) and Ln(3), and Ln(2) and Ln(4) respectively (Figure 5.6). The 

layers are fori-ned from [Ln6(CO3)6]6+ clusters where six lanthanide ions are connected 
by six carbonate ions, of which four are co-planar with the layer and two are 

perpendicular. The [Ln6(CO3)61 6+ 
clusters are connected into layers through the sharing 

of the four comer Ln 3+ 
ions of the [Ln6(CO3)6]6+ cluster. The layers lie in the (100) 

plane and contain hexagonal 12-membered [Ln(C03)16 rings in a honeycomb-like 

arrangement. 

b 

a 

Figure 5.6: AI anthanide- carbonate layer within [Ln4(C03)6(H20)21 en. H20(Ln= Dy-Lu, 

Y) composed of Ln(2) and Ln(4) in the (100) plane. Unit cell outlined. Key: Lanthanide, 

green; carbonate ions, pink polygon; oxygen, red. 

Cross-linking of successive layers, which are stacked directly above one-another, 

is achieved via the carbonate Ions of C(l) and C(3), and 0(19) and 0(20) of the 

coordinated water molecules directed perpendicular to the (100) plane (Figure 5.7). One- 

dimensional channels are created which run parallel to the [100] direction through the 

three-dimensional structure (Figure 5.8). They are ca. _33.6 x 3.5 A (0(6) ... 0(4) x 

0(16) ... 
0(17)) in diameter when including the Van der Waals radii of oxygen (1.4 

and contain the free water and ethylenediamine molecules. 
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a 

Figure 5.7: View along [010] of [Lri4(CO3)6(H20)21 en. H-)O (Ln= Dy-Lu, Y) (15-21) 

showing the connection of the alternate layers. Unit cell outlined. Key: Lanthanide, 

green; carbonate ions, pink polygon; oxygen, red. 

b 

a 

Figure 5.8: A space filling representation of [Ln4(C03)6(H-)0)21 en. H-)O (Ln= Dy-Lu, Y) 

viewed along [100]. Superimposed ethylenediamine molecules lie within the one- 

dimensional channels. (Free water molecules have been excluded for clarity. ) Key: 

lanthanide, green; oxygen, red; carbon, black, nitrogen, blue. 
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5.4.2 [Ln2 (CO3) 2 (C2 04) (H20)21(Ln= Dy, Ho) (22,23) 

The crystal structures of [Ln-)(C03)2(C204)(H20)21 (Ln= Dy, Ho) are 
isostructural with the previously reported phases [Ln2(CO3)2(C204)(H-)0)21 (Ln= Gd, Er) 

156,1671. The asymmetric units contain one crystal lographicall y distinct lantharilde ion, 

oxalate ion, carbonate ion and water molecule. The local coordination around the 

lanthanide ion is shown in Figure 5.9. Each metal ion is coordinated by one bidentate 

oxalate ion, two monodentate and two bidentate carbonate ions, and one water molecule, 

resulting in nine-fold coordination. The Ln-O bond lengths are summarised in Table 5.8, 

and range between 2.342(5) to 2.469(5) A for [DY2(CO3)2(C204)(H-)0)2] and 2.290(5) to 

2.4447(14) A for [H02(CO3)2(C204)(H20)21. 

0 J(Vii) 

a 

Figure 5.9: local coordination around the crystallographically unique lanthanide ions in 
[Ln-)(C03)2(C204)(H,, 0)21 (Ln= Dy, Ho). Symmetry codes. - (1) x+1/2, -y+3/2, -z+l; (11) 

x+1/2, -y+3/2, z; (111) x, y, z+l; (iv) x, y, -z+l; (v) x+1/2, -y+3/2, z+l; (vi) x+1/2, 

-y+3/2, z; (vii) x, y, -z; (viii) x, -Y 1 1, -z17 I- 
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Table 5.8: Ln-O bond lengths (A) in [Ln2(CO3)2(C-104)(H-)0)21 (Ln= Dy, Ho). Symmetry 

codes: (1) x+ 1 /2, -y+3/2, -z+ 1; (ii) x+ 1 /12, -y+3/2, z; (111) x, y, z- GV) x. Y, -Z+ 
Fonnula 

_ _J 
DY2 (CO3)2(C204)(H20)21 (22) [Ho-)(C03)2(C204)(H20)21 

1 
(23) 

Ln( l )-O( I)(') 2.469( ! 2.439 ( 4) 
Ln( l )-O( I)(") 2.469( 5 2.439( 4) 
Ln( l )-0( 2)("') 2.446( 3) 2.4447 (14) 
Ln( l )-O( I)(") 2.370 (4) 1393 ( 3) 
Ln( l )-O( I) 

_ 
2.370 (4) 2.393 ( 3) 

Ln( l )-0( 2) 2.446 (3) 2.4447 (14) 
Ln( l )-0 (3) 2.370 (4) 2.486( 5) 
Ln( l )-0( 4) 2.370 (4) 2.290( 5) 
Ln( l )-0 (5) 2.342 (5) 2.3300 (2) 

The three-dimensional structures of [Ln_)(C03)2(C204)(H-)0)21 (Ln= Dy, Ho) are 
formed from lanthanide- carbonate layers where each lanthanide ion is surrounded by 

four carbonate ions (Figure 5.10). Two of the carbonate ions have monodentate 

coordination and two have bidentate coordination. The carbonate ions themselves 

coordinate four metal ions in total, and serve to link the lanthanide ions into layers in 

the (010) plane. Each lanthanide ion is also coordinated by one oxalate ion, which is 
directed perpendicular to the layer plane. Alternate rows of lanthanide ions parallel to 

[001] have oxalate ions directed above and below the layer plane respectively, which 

serve to link the lanthanide-carbonate layers into neutral three dimensional structures 

(Figure 5.11). The coordination of a water molecule results in nine-fold coordination. 

Parallel 8-membered one-dimensional channels are fori-ned which run along [100], and 

do not contain any free water or organic molecules. The channels are 3.3 x 4.0 A 

[(04.. 04)x(02 ... 02)] in size, when including the van der Waals radius of oxygen. 

a 

br-C 

Figure 5.10: Lanthanide- carbonate layers of [Ln-)(C03)2(C204)(H-)0)21 (Ln= Dy, Ho) i 
-In -- in 

the (0 10) plane. Ke. v: dysprosium/ holmiUM, green; carbonate ions, pink polygon. 
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b 
IT 

Figure 5.11: Bridged I anthanide- carbonate layers in [Ln2(CO3)2(C204)(H20)21 (Ln= 
Dy, Ho). Key: lanthanide, green; oxygen, red; carbon, black. 

5.5 Magnetism 

5.5.1 [Ln4 (CO3) 
6(H20)2]. en. H20 (Ln = Dy- Yb) (15-19) 

Magnetic susceptibility data for [Ln4(C03)6(H20)21 en. H20 (Ln= Dy-Yb) are 

shown in Figure 5.12, and indicate paramagnetic behaviour for each sample. The plots 

of reciprocal susceptibility as a function of temperature exhibit slight curvature at low 

temperatures for each phase. The Curie-Weiss expression was fitted to the linear 

sections above the curvature, and the Curie and Weiss constants detennined for 
[Ln4(C03)6(H20)21 en. H20 (Ln= Dy-Yb). The Curie constants, magnetic moment per 
lanthanide ion, and Weiss constants are surnmansed in Table 5.9. The effective 

magnetic moments derived for each rare-earth ion are in agreement with the theoretical 

magnetic moment, and their previously observed magnetic moments [227]. The Weiss 

constants are all negative and decrease along the lanthanide series from 
[DY4(C03)6(H20)21. en. H20, where 0 is -0.72(9) K, to [yb4(CO3)6(H20)2]. en. H20 

where 0 is - 16.98(4) K. 

Table 5.9: Summary of the Curie constants, magnetic moments, and Weiss constants for 
[Ln4(C03)6(H, )0)21 en. H-)O (Ln = Dy-Tm). 

Ln C (CM3 K mol-1) pt, ff per Ln(4) 
, 
9(J(j+1) (ýIB) 0 (K) 

- 
Dy 58.27(5) (20-300 K) 10.79(5) 

- 
10.65 -0.72(9) 

Ho 58.34(3) (70-300 K) 10.80(2) 10.60 -5.97(6) 
Er (ý 1) 45.53(7) (70--300 K) 9.45(-1) 9.58 -7.26(5) 
Tm 28.63(5) (50-300 K) 7.48(8) 7.56 -9.88(9) 
yb 10.83(5) (70-300 K) 4.65(2) 4.54 -16.98(4) 
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Figure 5.12: Zero field-cooled magnetic susceptibility data and inverse susceptibility 

data (inset) for [Ln4(C03)6(H20)21 en. H-)O (Ln =:: Dy-Tm) (15-19). The solid lines show 

the fit to the Curie-Weiss expression. 
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Figure 5.12 continued. 

d) [TM4(CO3)6(H20)21 
en. H20(18) 
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The changes in ýi, ff as a function of temperature are shown In Figure 5.13 and 

Figure 5.14. For [Ln4(C03)6(H20)21 en. H20 (Ln= Dy, Ho, Tin, Yb), ýteff remains 

constant on cooling from room temperature before decreasing steadily below 70 K. In 

the case of [Er4(CO3)6(H20)21. en. H20, pff decreases from 9.45(7) [tB at room 

temperature to 8.80 PB at 9.85 K. At 9.85 K, the magnetic moment suddenly begins to 

increase to 9.61 ýtB at 2K (Figure 5.14), indicating magnetic ordering is present below 

9.8 5 K. 

Long range order in [Er4(CO1)6(H20)"I. en. HO i 
1ý -- is supported by the measurement 

of the magnetisation as a function of field at 2K (Figure 5.15), as the magnetic moment 

per Er 3+ begins to become saturated at 10,000 G. By plotting the magnetic moment per 

Er 3+ versus I /H, the magnetic moment determined per repeating 
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[Er4(CO3)6(H20)21 
en. H20unit was found to be 18.6(7) ýLB, and 4.64(8) ýtBper Er 3ý 

ion. 

The magnetisation as a function of field was also measured for the Ho and Yb phases. 
However a nearly linear increase in magnetic moment per lanthanide on with 

increasing field is observed instead (Figure 5.16). A linear increase in magnetic moment 

with field signifies that there is no cooperative magnetism present in the Ho and Yb 

phases of [Ln(C03)6(H20)21 en. H20, and that the lanthanide ions display solely 

paramagnetic behaviour. 
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Figure 5.13: ýt, ff as a function of temperature for [Ln4(C03)6(H20)21 en. H20 (Ln=Dy, 

Ho,, Tm and Yb) in 1000 G between 2-3 00 K. 
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Figure 5.14 (a) ýt, ff as a function of temperature for [Er4(CO3)6(H-)0)21 en. H--)O in 1000 

G between 2-300 K. 
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Figure 5.15: Magnetic moment of per repeating unit of [Er4(CO3)6(H20)21. en. H20 as a 

function of field (2 K). 
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Figure 5.16: Magnetic moment per Yb(111) ion for [Yb4(CO3)6(H20)21. en. H20 as a 

function of field at 2 K. 

5.5.2 [LI12(CO3)2(C2O4)(H20)21(Ln= Dy (22), Ho (23), Er, Gd)) 

Magnetic susceptibility data for [Ln? (C03)2(C204)(H20)21 (Ln= Gd, Dy, Ho, Er) 

are shown in Figure 5.17. They are typical for paramagnetic materials and display no 

ordering temperatures. Plots of reciprocal molar susceptibility as a function of 

temperature exhibit slight curvature below 30-80 K and the Curie-Weiss expression was 

therefore fitted to the linear section above these temperatures. The Curie and Weiss 

g constants were determined for each phase, and the magnetic moment calculated for each 
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3+ 
lanthanide ion. The results are summansed in Table 5.10, and are consistent with Ln 

ions present in each compound. The Weiss constant for [Er2(CO3)2(C204)(H20)21 is 

slightly negative (-2.46(3) K), whereas the Gd, Dy and Ho phases display Positive 

Weiss constants between 0.30(6) to 23.69(2) K. 

Table 5.10: Summary of the Curie constants, magnetic moments, and Weiss constants 

for [Ln2(C204)(CO3)2(H20)21 (Ln = Dy, Ho Er, Yb). 

Ln C (CM3 K mol-1) g, ff per Ln(gB) g(J(J+ 1» WB) 0 (K) 

Gd 15.90(1) (30-300 K) 7.97(5) 7.94 0.30(6) 
Dy 27.24(3) (80-300 K) 10.43(8) 10.65 23.6(2) 
Ho 27.63(9) (50-300 K) 10.5l(5) 10.60 10.64(3) 
Er 22.5l(7) (50-300 K) 9.49(1) 9.58 -2.46(3) 

(a) [Gd2(C204)(CO3)2(H20)21 

3.0 -1 
20 

2.5 

2.0 

:31.5 
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(b) [DY2(C204)(CO3)2(H20)21 
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Figure 5.17: Zero field cooled magnetic susceptibility data and inverse susceptibility 

data (inset) for [Ln-)(C204)(CO3)2(H-ý0)21 (Ln = Gd, Dy, Ho Er). The solid lines show 

the fit to the Cune-Weiss expression. 
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Figure 5.17 continued. 
(c) H02(C204)(CO3)2(H20)21 
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Figure 5.18 shows the change in ýtff as a function of temperature per Ln 3+ 
ion for 

[Ln2(C204)(CO3)2(H20)21 (Ln= Gd, Dy, Ho, Er). [Er2(C204)(CO3)2(H20)2] displays a 

decrease in ýteff below 50 K, where the magnetic moment decreases from 9.25(l) VtB 

(300 K) to 7.46(2) ýIB (5 K). For [H02(C204)(CO3)2(H20)21, the magnetic moment 

increases slightly from 10.66(l) to 11.81(7) ýLB between 300 K to 20 K, before 

decreasing rapidly to 9.68(8) ýIBat 5 K. 

Both [Gd2(C204)(CO3)-7(H? 0)2] and [DY2(C-? 04)(COI)2(H-)0)2] display an 

increase in pft- on coolinc, ), from 300 to 5 K. The p, ff of [DY2(C2 04)(CO3)2(H20)21 

increases steadily form a value of 10.87 PB at room temperature to 15.30 PB at 5 K, 

whereas the ýLeffof [Gd, (C--)04)(CO3)2(H20)2] remains steady around a value of 8.00 ýIB 
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until 50 K where it increases to 8.78 ýIB at 5 K. A plot of the magnetic moment per Gd 

ion in [Gd2(C204)(CO3)2(H20)2] as a function of field at 5K shows slight curvature 

between 0- 10)000 G, however no saturation point is observed in this field range. (Figure 

5.19) 
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Figure 5.18: ýt, ff as a function of temperature for [Ln2(C204)(CO3)2(H20)21 (Ln = Gd, 

Dy, Ho Er) in 10,000 G between 5-3 00 K. 
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Figure 5.19: Magnetic moment of [Gd2(C204)(CO3)2(H20)2] as a function of field (5 K). 
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5.6 Discussion 

[Ln4(C03)6(H20)21 en. H20 (Ln= Dy-Lu, Y) represent a novel example of a 

three-dimensional I anthani de- carbonate frameworks, which has been fully characterised 

by single-crystal X-ray diffraction. Lanthamde carbonates are found naturally as 

minerals as well as being prepared using techniques such as slow evaporation, addition 

of [Co(NH3)6]2+ as a crystallising agent [228], U-tube gel diffusion [229] and high 

pressure synthesis [230]. Examples of lanthanide carbonate phases are summarised in 

Table 5.11. However many of the reported lanthanide carbonates have only been 

characterised by powder X-ray diffraction, infra-red spectroscopy and 

thermogravimetric analysis. 

The few lanthanide carbonates which have been analysed using single-crystal X- 

ray diffraction show a range of different structural motifs. These include discrete 

lanthanide-carbonate complexes in the salt-like structures of [Co(NH3)6[Na(p- 
H20)(H20)412[Ho(CO3)41.4H20 [243], [C(NH2)316[Ce(CO3)51 AH20 [ 231 ] and 

[C(NH2)315[Nd(CO3)4(H20)1.2H20 [232]. Chains of lanthanide ions connected by 

carbonate ligands are found in [Co(NH3)616[K2(H20)lo)[Nd2(CO3)812.2OH20 and 
[Co(NH3)61[SM(CO3)3(H20)1.4H20 (Figure 5.19) [ 233 , 234 ], whereas layered 

lanthanide-carbonate sheets are found in Ln2(CO3)3.8H20 (Ln= La, Ce) [229,235]. 

Using high-temperature synthesis, dense three-dimensional phases of KLn(C03)2 (Ln 

Nd, Dy, Gd, Ho, Yb) [230] and CsPr(C03)2 [236] have also been prepared. 

Figure 5.20: Neodymium- carbonate chains in [Co(NH3)616[ K, ) (H, ) 0) 10) - 
[Nd2(CO3)812.2OH20[233]. Key: neodymium, green; oxygen, red; carbon, black. 
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Table 5.11: Mineral and synthetic lanthanide carbonate phases. 

Mineral lanthanide lanthanite La2(CO3)3.8H20[235] 

carbonates calkinsite [(La, Ce)2(CO3)3.4H201 [237] 

tengente [y2(CO3)2). nH20; (n=2-3] [238,239] 

burbankite [Na2Ln,, (CO3)51 (Ln=Ca, Sr, Ba, Ce, La; x--vanable) 
[240] 

sahamalite [(Ce, La, Nd)2(Mg, Fe)(C03)41 [241] 

Synthetic lanthanide Ln2(CO3)3. xH20(x--O, 2,31 8) [240] 

carbonates Ln2(CO3)3.8H20(Ln= La, Ce) [229,235] 
M[Ln(C03)21 (M=Ll, Na, K, Cs, TI) 

[C(NH2)315[Nd(CO3)4(H20)1.2H20 [2421. 

M6[Ce(CO3)51. xH20 (M= Na, x-- 12, M= C(T**TH2)3, X-- 
4) [231] 
M5[Ln(CO3)41 (M= Na, TI) [240] 

[CO(NH3)616[K2(H20)lo)[Nd2(CO3)812.2OH20[240], 
[CO(NH3)61[SM(CO3)3(H20)1.4H20 [228], 

[Co(NH3)6[Na(ýt-H20)(H20)412[Ho(CO3)41.4H20 
[243] 

Solvothennal synthesis offers a new route for the preparation of highly 

crystalline lanthanide carbonates. Super-heated water and organic solvents have been 

widely used in the synthesis of other lanthanide-oxy-anions, but not for purely 
lanthanide-carbonates, even though several mixed lanthamde-oxalate-carbonates have 

been reported [156,167]. Additionally, the crystal structures of 
[Ln4(C03)6(H20)21. en. H20 (Ln= Dy-Lu, Y) are unlike the other lanthanide-carbonate 

phases mentioned. The lanthanide-carbonate structures resemble more the lanthanide- 

oxalate and lanthanide-oxalate-carbonate phases synthesised by Trombe et al., under 

solvothermal conditions, where hexagonal rings are a common feature in the layered 

and three-dimensional frameworks. 

5.6.1 Synthesis 

The carbonate ion Nvas not initially added to the synthetic mixture, but was 

formed in situ as a result of the decomposition of the oxalate ion. This has been 

previously observed in the synthesis of mixed oxalate-carbonate lanthanide compounds 

such as [Ce(H20)1-ý(C-'04)-'(CO3). 2.5H-)O [166], where the cerium oxalate starting 
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reagent partially decomposes to the carbonate ion at 473 K over 7 days under 
hydrothermal conditions. The decomposition is n IIII incomplete and the ce ium. phase 

crystallises as a mixed carbonate-oxalate structure, even when synthesised at a higher 

temperature compared to the pure carbonate phases of [Ln4(C03)6(H20)21. en. H20. The 

addition of elemental sulphur to the reaction mixture of [Ln4(C03)6(H20)21. en. H20 

appears to have facilitated the decomposition of the oxalate ion, and the subsequent 
fon, nation of the carbonate ion at 438 K. 

It is probable that the sulphur is acting as a reducing agent under the 

solvothermal conditions and reduces the C204 2- 
ions toC02 in situ. Carbon dioxide 

slowly dissolves in water leading to a solution of approximately I% carbonic acid and 
99 % hydrated C02 molecules [244]. Carbonic acid is very unstable and readily 
dissociates into carbonate ions and water. The resulting carbonate ions are then free to 

coordinate the lanthanide ions and generate the three-dimensional frameworks of 
[Ln4(C03)6(H20)21. en. H20. As no oxalate ligands are observed in the final product, it 

can be assumed that all or nearly all the oxalate ions decompose to the carbonate ion. 

The syntheses of [Ln4(C03)6(H20)21. en. H20(Ln= Dy-Lu, Y) was repeated in 

the absence of S, and the powdered products were analysed using powder X-ray 

diffraction. The diffraction patterns showed that the [Ln4(C03)6(H20)21. en. H20 (Ln= 

Dy-Lu, Y) phases were present after 7 days but poorly crystalline. This suggests that 

the phase [Ln4(C03)6(H20)21. en. H20was forming slowly from the limited amount of 
C03 2- ions present, caused by the slow thermal decomposition of the oxalate ions. 

5.6.2 Crystal structure 
[Ln4(C03)6(H20)21. en. H20 (Ln= Dy-Lu, Y) represents a new series of three- 

dimensional lanthanide and yttriurn carbonate frameworks containing one-dimensional 

channels. The crystal structures do not resemble any of the previously reported 

lanthanide-carbonate compounds, but have similarities with the three-dimensional 

lanthanide-oxalate and lanthanide-oxalate-carbonate phases which are intersected by 

channels. The three-dimensional structures of [Ln4(C03)6(H20)21. en. H20(Ln= Dy-Lu, 

Y) and [Ln-, (C204)(CO3)2(H20)21 (Ln=Dy, Ho) can be visualised as being formed from 

lanthanide-carbonate layers bridged via carbonate or oxalate ions respectively. The 

structures of the lanthanide-carbonate layers are quite different due to the different 

coordination modes of the carbonate ion in each example (Figure 5.2 1). 
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Figure 5.21: Coordination of the carbonate ions in [Ln4(C03)6(H20)21 en. H20(Ln= Dy- 

Lu, Y). Carbonates 2,4-6 are in mode I (ýO, and carbonates I and 3 are mode 2 

Key: lanthanide, green; oxygen, red; carbon, black. 

In [Ln4(C03)6(H20)21 en. H20 (Ln= Dy-Lu, Y), two different carbonate 

coordination modes are found. Carbonate ions in mode I, which coordinate three metal 

centres GO, connect the lanthanide ions into layers, whereas carbonate ions in mode 2 

coordinate four metal centres (ý14) and serve to link the layers into a three-dimensional 

structure. In [Ln2(C204)(CO3)2(H20)21 (Ln=Dy, Ho), the carbonate ions are only 

observed coordinating in mode 2, which results in a very different layer conformation to 
[Ln4(C03)6(H20)21 en. H20 (Ln= Dy-Lu, Y). The layers in these mixed lanthanide- 

oxalate- carbonate phases are more similar to those found in La2(CO3)3.8H20 [235], 

where carbonate ions in coordination mode 2 connect lanthanide ions into widely 

spaced layers (Figure 5.22). However, in La2(CO3)3.8H20the direction of the carbonate 

ions alternates along [001] unlike in [Ln2(C204)(CO3)2(H20)21 (Ln=Dy, Ho) where the 

carbonate ions all lie in the same direction. The remaining coordination sites around the 

lanthanum ions in La2(CO3)3.8H20 are filled by either water molecules or monodentate 

carbonate ions which do not bridge the lanthanide ions further. 

C 

Figure 5.22: Lanthanum- carbonate layers in La--)(C03)3-8H--)O [235]. Key: lanthanum, 

green; carbonate, pink polygon; oxygen, red. 
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The Ln ... Ln separation differs depending on the mode of the connection 
between the four crystallographic ally distinct lanthanide ions in 
[Ln4(C03)6(H20)21 

en. H20 (Ln= Dy-Lu, Y). The closest Ln ... Ln separation Is found 

where the lanthanide ions are linked through a shared oxygen atom of a carbonate ion. 
3+ 3+ The distances are between 3.8-5.1 A, and decrease by ca. 2% from Dy to Lu . Longer 

Ln ... Ln separations between ions, which are connected via an O-C-0 bridge of a 

carbonate ion, and are between 5.90-6.27 A, and also decrease along the lanthanide 

series. 

The decrease in Ln ... Ln separation is reflected in an overall reduction in the unit 

cell volumes of the [Ln4(C03)6(H20)21 en. H20(Ln= Dy-Lu, Y) phases as the rare-earth 

ionic radius decreases from Dy 3+ to Lu 3+ 

. As shown in Figure 5.23, the cell volume of 
3 [DY4(CO3)6(H20)21 en. H20is 2007.48(19) A, whereas the [LU4(C03)6(H20)21. en. H20 

phase has a unit cell volume of 1923.3(4) A3 The trivalent Ions of holmium and 

yttrium have similar atomic radii, 1.0 15 and 1.0 19 A, and this is reflected in the similar 

unit cell volumes of their respective [Ln4(C03)6(H20)21. en. H20phases (1997.29(19) 

and 1981.24(19) A3. A similar relationship has been observed in other series of 
lanthanide compounds such as the lanthanide-oxalate-glycolates [245], where the cell 

volume of [Ln2(C204)(H3C203)4] decreases 12% from Ce 3+ to Lu 3+ 
. 
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The [Ln4(C03)6(H20)21 en. H20phases do not form with lanthanide ions with 

radii greater than that of Dy 3+. Lanthanide oxalate-carbonate compounds are known to 
forrn along the lanthanide series, suggesting that It Is not the poorer affinity of the 

carbonate ion to the lanthanide ions La-Th [158,167]. Close analysis of the bond angles 

and bond lengths of the series [Ln4(C03)6(H20)21 en. H20 (Dy-Lu) shows very small 

differences between the three-dimensional structures, and so no significant variation 

that would discourage formation of the La-Tb phases. 

Each lanthanide ion in [Ln4(C03)6(H20)21. en. H20 is coordinated by eight 

oxygens of the carbonate ions, which should contribute 3/8 to the overall valence 

around the lanthanide ion. The distance which corresponds to 3/8 valence units, <d>, is 
defined by: 

<d >= Rj -b In(3 / 8) (5.1) 

Where Rij is the bond-valence parameter, defined by Brese and O'Keeffe [74], and b is a 

constant equal to 0.37. The distance <d> decreases from 2.412 A for Dy-O to 2.334 A 

for Lu-0 as expected. Although the average Ln-O bond length also decreases form Lu 

to Dy, the decrease is not at the same rate as <d>. The difference between <d> and the 

average Ln-O bond length for the 32 Ln-O bonds observed in each of the 

[Ln4(C03)6(H20)21 en. H20phases (Table 5.7) are shown in Figure 5.24. The figure 

illustrates that as the ionic radius of the lanthanide ion increases, the average Ln-O 

distance becomes increasingly shorter than <d>, up to Dy 3+ where the average Dy-O 

distance is 0.024 A shorter than <d>. 
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This difference represents only a 1.0% shortening of the average Dy-O distance 

compared to <d>. However, the relationship between bond length and bond valence is 

exponential (Equation 1.2). Hence, for [LU4(CO3)6(H20)21. en. H20, where each Lu-0 

bond is 0.009 A shorter than <d>, the average bond-valence sum of each Lu 3+ ion is 
3.07 v. u. For [Dy4(C03)6(H20)21 en. H20, where the average Dy-O distance is 0.024 A 

shorter than <d>, the average bond-valence sum of each Dy 3+ is 3.20 v. u. The 

increasing difference between the average Ln-O distance and <d> originates from the 

complex three-dimensional structure of [Ln4(C03)6(H20)21. en. H20. As shown in Figure 

5.23ý the unit cell expands from Lu 3+ 
to Dy+,, however the degree of expansion is not 

matched by the increase in <d>. Therefore the perfect 8-fold coordination around the 

lanthanide ion which generates a valence state of +3 becomes increasingly strained from 
LU3+ to Dy+. A critical point must be reached between D Y3+ and Tb 3+ 

, where the 

predicted bond-valence sum is 3.24 V. U. Above this point, the 
[Ln4(C03)6(H20)21. en. H20phases do not fon-n for Tb 3+ 

to La 3+ 
. 

5.6.3 Magnetism 

The carbonate ion is one of the most versatile bridging ligands, both structurally 

and magnetically. It is found commonly coordinating the transition metals of nickel and 

copper as well as lanthanide ions [246,247,248]. Carbonate ions are capable of bridging 

between 2 and 6 metallic centres in a variety of coordination modes [249]. As shown in 

a series of copper(Il)-carbonate compounds, the mode of coordination significantly 

effects the magnetic properties of the materials. For example, in some dinuclear 

compounds the copper ions can be strongly anti ferromagnetically coupled, exhibit 

moderate or weak antiferromagnetism or even ferromagnetic properties [248]. The 

strength of the magnetic interaction can be discussed in terms of the orbital overlap 

between the copper and carbonate ligands. In the case of strong anti ferromagnetic 

coupling, the direct bridging of two metallic centres in square-planar geometry, giving a 

Cu-0-Cu quasilinear pathway, maximises the overlap of the dX 2_ Y2 atomic orbitals with 

the a2 'MO of the carbonate bridge. 

Compared to transition metals, the magnetic properties of rare-earth ions are 

determined by electrons found in the forbitals. However, unlike the d-orbitals of the 

transition metals which dominate their magnetic properties, the 4f electrons are shielded 

by the occupied outer shells of the 5s and 5p electrons (Figure 5.25). Hence, the 4f 

electrons participate very little in chemical bonding, reducing the likelihood of 
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superexchange between lanthanide ions. The effect of superexchange is further 

diminished by the high coordination numbers of the rare-earth ions. 
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Figure 5.25: Orbital charge density as a function of radial distance from the lanthanide 

centre. 

The dominating cooperative interactions in rare-earth compounds are dipolar in 

nature and are long range. This is due to the considerably larger magnetic moments of 

the lanthanide ions, which are much larger compared to the transition-metal ions. The 

pair energy of a magnetic dipole interaction is given by 

3p 2 

4; Tp 0r 

(5.2) 

Where Vt is the magnetic moment and r is the separation between the atoms. The larger 

magnetic moments of the lanthanide ions allows the interactions to extend over longer 

separations compared to transition metals. For example in lanthanide ethylsulphates, 

both anti ferromagnetic and ferromagnetic interaction occur over separations of ca. 7A 

[250]. 

Another important difference between trans' ti on-metal and lanthamde Ions Is the 

effect of the crystal field. The crystal field is much weaker in the 4f elements than the 

3d elements as the 4f shell is shielded more effectively by the outer electron shell than 
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the 3d shell. The ground state term of a Ln 3+ ion splits into 2S+I L multiplets as a result 

spin-orbit coupling. Due to the large energy dIfferences between the multIplets, only the 

ground state multiplet is considered when discussing the effects of the crystal field, 

which results in further splitting into Stark levels. 

If the rare-earth ion has an odd number of electrons, the Stark energy levels will 
be at least two-fold degenerate. In this Kramer's case, an ordered state can always be 

achieved by sufficiently lowering the temperature so that the mi =± 1/2 level becomes 

populated. On the other hand, for an even number of electrons in a non-Kramer's ion, 

the crystal field ground state is often a singlet i. e. mj =0. In this case, the interelectronic 

coupling must exceed a critical value relative to the crystal field splitting in order to 

have magnetic ordering even at absolute zero. 
The magnetic data for [Ln4(C03)6(H20)21. en. H20 (Dy-Yb) all show 

paramagnetic behaviour which can be fitted using the Cune-Weiss expression yielding 

negative Weiss constants. This indicates anti ferromagnetic correlations are present 
between the lanthanide ions. As Figure 5.27 demonstrates, the magnitude of 

anti fierromagnetic correlations increases as the unit cell volume decreases from Yb to 

Dy. Such a trend is expected as the closer proximity of the lanthanide ions to one 

another would increase the intensity of the interaction. 

Figure 5.26: Decreasing -0 with increasing cell volurne of [Ln, 4(C03)6(H-)0)21 en. H20 

(Ln= Dy, Ho, Er, Tm, Yb) (Esds lie within the points). 
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In the carbonate-oxalate series of compounds [Ln2(C204)(CO3)2(H20)21, only 

the Er phase exhibits a negative Weiss constant (-2.46(2) K), suggesting 

anti ferrom agnetic correlations are present. The remaining phases of Gd, Dy and Ho all 

exhibit positive Weiss constants in the range 0.30(6)-23.6(2) K indicating ferromagnetic 

interactions instead. 
The plots of the magnetic moment as a function of temperature show decreases 

in ýtff in the phases [Lri4(CO3)6(H20)21 en. H20 (Dy, Ho, Tm-Yb) and 

between the [Er2(C204)(CO3)2(H20)21. In addition to anti ferromagneti 1 
lanthanide ions, the decrease in pff could also be attnbuted to the depopulation of the 

Stark sublevels as the lanthanide ions are cooled. For example in the non-Kramer's ions, 

Ho'+ VO) and TM3+ V), the electrons populate the mj--O level on cooling such that ýt, ff 

tends to 0 ýIB. The application of a magnetic field splits the degenerate mf-- ±1/2 ground 

states of the Kramers ions so that the mj= -1/2 state becomes the lowest in energy. 

Therefore for Gd 3+ (f), D Y3+ V), Er 3+ V 1) and Yb 3+ V) the ground level is m,, = -1/2, 
hence Pteffwould never reach 0 ýtBbut would be lower than the value observed at room 

temperature. 

The phase [Er4(C03)6(H20)21. en. H20 exhibits a decrease in ýIeff before a sharp 

upturn in ýIeff at 9.85 K. The decrease in ýteff could be due to anti ferromagnetic 

interactions between the Er 3+ ions and/ or the thermal depopulation of the Stark levels. 

Such behaviour has previously been reported by Costes et al. for the dimeric erbium, 

complex ErL3(H20)12 (HL = salicylic acid) (Figure 5.27) [18]. X,, T decrease steadily 

until 4 K, when X .. T begins to suddenly increase. The phases [Ln2(C204)(CO3)2(H20)21 

(Ln= Gd, Dy) only display increasing ýi, ff with cooling. 
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Figure 5.27: Temperature dependence of XmT for [ErL3(H20)12 (HL=sallcyllc acld) [ 18]. 
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The magnetic properties of [Gd2(C204)(CO3)2(H20)21 and 
[Er4(CO3)6(H20)21 

en. H20 were investigated further by measuring the magnetic 

moment per formula unit as function of field for each sample. In the case of 
[Gd2(C204)(CO3)2(H20)21 [19] slight curvature is observed in the data between 0- 

10MOO G, however the moment does not become saturated before 10,000 G. The 

compound [Gd2(mal)3(H20)6] also displays an increase in X,, T with coollr,, oZ:,, and a 

saturated magnetic moment of 7.0 ýtBwas observed for this phases within a field of 
509000 G and at 2K (Figure 5.28). This is equal to the theoretical saturated magnetic 

moment of a Gd 3+ 
ion [ 19]. The magnetic moment does not appear to become saturated 

until a field of 20,000 G is applied. Such a field is above the capability of the SQUID 

apparatus used, however it is possible that [Gd2(C204)(CO3)2(H20)21, under these 

conditions, would tend towards the saturated magnetic moment of Gd(111). 

7.5 

7.0 

- 6.5 co ZL 6.0 
5.5 
5.0 

:34.5 

E 
4.0 

3.5 
(D 

3.0 
2.5 

E 2.0 
0 
E 1.5 

.21.0 (D 
c 0.5 

0.0 

-0.5 

Theoretical gjJ=7BM 

0 10000 20000 30000 40000 50000 

Field (G) 

Figure 5.28: Plot of magnetic moment per Gd(111) ion as a function of field for 

[Gd2(mal)3(H20)61 (2K) [19] and [Gd2(C204)(CO3)2(H20)21 (5 K), with the theoretical 

maximum gjJ plotted for [Gd2(C204)(CO3)2(H20)2] at 50,000 G. 

For [Er4(CO3)6(H20)21 en. H20 a saturated magnetic moment was observed at 

10,000 G which equates to 18.6(7) ýIB per fon-nula unit. There are four 

crystal lo graphi cal ly distinct Er 3+ 
ions present in [Er4(CO3)6(H20)21 

en. H20 and 

therefore four independent moments. The theoretical saturated magnetic moment (gjJ) 

for four Er 3+ ions is 36.0 PBwhere all four moments are parallel. The experimentally 

determined saturated magnetic moment for [Er4(CO- is very close to 1)6(H-)0)21 en. H20 i 

half this value, indicating a ferrimag-netically ordered arrangement where three of the It) 
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moments are parallel and one is antiparallel. Conclusive evidence of ferrimagnetic 

ordering can only be obtained by performing neutron experiments below 9.85 K on 
[Er4(C03)6(H20)21 

en. H20, however the magnetic evidence strongly suggests 

ferrimagnetic ordering below 9.85 K. 

Unlike the magnetic properties of [Gd2(C204)(CO3)2(H20)21, which displays only 

an increase in ýt, ff with cooling, it would appear that two competing phenomena are 

occurring within [Er4(C03)6(H20)21 en. H20. Between 300 to 9.85 K, ýL, ff decreases due 

to anti ferromagnetic correlations and/or the depopulation of the Stark levels. Below 

9.85 K, a dominant ferrimagnetic interaction occurs, resulting in an increase in ýteff- 

Costes et al. claim in [ErL3(H20)12 (HL = salicylic acid) [18] that the increase in X,, T 

must be due an intramolecular ferromagnetic interaction as the dimeric ions are well 

spaced, however the nature of this interaction is not described. It is unlikely to be a 

result of exchange via the carboxylate ion, as the forbitals are contracted, or 

interactions with an excited state as the 41 
15/2 ground state is typically 8000 cm-1 below 

the first excited state. 

Dipole-dipole interactions are the predominant interaction between rare-earth ions. 

As shown in Equation 5.2, the pair energy of a dipole interaction is proportional to the 

square of the moment. Of the [Ln4(C03)6(H20)21. en. H20 (Ln= Dy-Yb) series, the 

dysprosium, holmium and erbium ions possess magnetic moments that are in the range 

10.65- 9.58 VLB, which suggests strong dipole-dipole interactions are present in these 

phases. However, no increase in[teff ISobserved in the dysprosium and holmium phases, 

even though they possess the two largest magnetic moments of the lanthanide series. 

The pair energy of a dipole interaction also decreases with the reciprocal of the cube of 

the distance between the moments. As the unit cell increases from the erbium phase to 

the dysprosium, the separation of the lanthanide ions increases reducing the energy of 

the dipole interaction. Hence from ytterbium to dysprosium, the dipole interaction is 

increasing due to increasing ýt, ff , 
but also decreasing due to increasing lanthanide ion 

separation. It is possible that these two factors only balance in 

[Er4(C03)6(H20)21. en. H20, and that the dipole interaction energy is sufficient to cause 

feMmagnetic ordering. In the other erbium phases analysed, [Er2(C204)(CO3)2(H20)21, 

no increase in ýt, ff was found. However as the Er 
... 

Er separation is ca. 5% longer than 

the Er ... 
Er distance in [Er4(C03)6(H20)21 en. H20, and therefore the dipole interaction 

between the Er 3+ ions is weaker. 
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Chapter 6: Synthesis of anti mo ny-sulp hide and 

lanthanide-carbonate compounds 

During the many parallel solvothermal reactions, performed to identify new 

transition-metal containing antimony-sulphide phases and lanthan, de-oxy-anion 

compounds, additional novel phases were also prepared. These new phases are not part 

of the main results but illustrate the effectiveness of the parallel synthetic method in 

screening many reaction variables and detecting new compounds. The synthesis, 

characterisation and structural descriptions of each of these new phases are detailed in 

this chapter. They include the published phase [MAH12Sb8SI2(S2) [79], where the 

branched amine template is cleaved during the reaction to form methylammonium ions 

(MA), which are then incorporated into the antimony-sulphide structure. The lanthanide 

containing antimony- sulphide [Ce(en)41[SbS4]. 0.5en was also synthesised during 

attempts to extend the Ln-Sb-S series and adds to the isostructural series 

[Ln(en)41[SbS4]. 0.5en (Ln= Sm, Eu, Dy, Yb) previously reported [90,91]. In order to 

understand the role of sulphur in the crystallisation of the lanthanide-carbonate series 

[Ln4(C03)6(H20)21. en. H20 (Ln=Dy-Lu, Y), several lanthanide-oxalate phases were 

prepared in the absence of sulphur. With the exception of [NH41[Y`b(C204)21. H20, 

which is a new structural motif, the other phases characterised are extensions to 

previously reported lanthanide-oxalate families. 

6.1 Methylammonium antimony sulphide, [MAH12Sb8Sl2(S2) (24) 

6.1.1 Introduction 

The Sb4S7 2- 
chain is a common structural motif in antimony-sulphIde 

compounds and is frequently observed as single isolated chains [78,52]. In rare 

examples, the chains can be linked to form double chains, either through shared S atoms 

in [enH2]Sb8SI3 [76], or Sb2S4 2- 
cyclic units in [dapH2]Sb, oSI6 [1091. In the case of 

[MAH12Sb8SI2(S2), which was synthesised during this work and published as a result 

[791, the Sb4S7 2- 
chains are linked through an unusual persulphide bond and separated 

by methylammonium cations. [MAH12Sb8SI2(S2) represents, after [Me2NH212Sb8SI2(S2) 

[1081, only the second example of this occurrence. [MAH12Sb8S I 
AS2 )was synthesised 

under solvothen-nal reaction using 1,2-diamino-2-methylpropane. During the reaction 

the amine decomposes and the methylammonium fragment templates the antimony- 

sulphide structure. 
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6.1.2 Synthesis and characterisation 
[M, W2Sb8SI2(S2) was synthesised by the reaction of 1,2-diamino-2- 

methylpropane (2 mmol), Sb2S3 (2 mmol) and S (5 mmol) in 3 mL of distilled H20. The 

mixture was heated in a Teflon-lined steel autoclave with an inner volume of 23 mL for 

4 days at 438 K and then cooled to room temperature over a period of 6 hours. The 

product was filtered and washed with water and acetone and dried under air. It consisted 

of red blocks of [MAH12Sb8SI2(S2) and a small amount of unreacted Sb2S3- CHN 

analysis found: C, 1.64; H, 0.60; N, 1.79% (ca1c. C, 1.62; H, 0.81; N 1.88%). 

Thermogravimetric analysis under flowing N2of 7.29 mg of ground handpicked crystals 

revealed a single weight loss of 8.21% (541-559 K) (Figure 6.1), which is consistent 

with the 8.61 % loss of the organic amine together with two moles of H2S in the 

decomposition Of [N4AA. H12Sb8S12(S2) tOSb2S3- Powder X-ray diffraction of the residue 

confirmed the presence of poorly crystalline Sb2S3- 
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Figure 6.1: Thennogravinictric analysis plot for [MA-H]2Sb8SI2(S2)(N2). 

Full crystallographic details of [MAH12Sb8S 12(S2) are given in Table 6.1, and all 

Sb, S, C and N atom coordinates are located in Appendix A. 24. The structure was 

solved using direct methods SIR-92 [177], and all non hydrogen atoms were located. 

Subsequent rcfinements were made using the CRYSTALS suite of programs [178]. The 

methylammonium cations were modelled as disordered over two independent sites, each 

with an occupancy of 0.5. The C-N distances were restrained to be 1.45(l) A each 

case. The six half-occupancy H atoms of each 0.5-occupancy methylammonium cation 
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were placed geometrically in a fully staggered orientation, as they could not be located 

in the difference Fourier maps and allowed to ride on their respective carrier atoms [C- 

H= N-H = 1.00 A and U,,,, (H) = 1.2Ueq(CNI. Large residuals in the difference Fourier 

map revealed the presence of a minor twin component. The twin law was identified 

using the ROTAX procedure, implemented as a routine in CRYSTALS program suite. 

The model was refined as a two-component twin, with twin element scale factors 0.84 

and 0.16. 

Table 6.1: Crystallographic information for [MAH12Sb8SI2(S2) (24). 

24 

Formula [MAH12Sb8SI2(S2) 

A 743.60 

Crystal system monoclinic 

Crystal habit red crystal 

Space group P211n 

a /A 7.0984(9) 

b /A 25.139(3) 

c /A 7.937(l) 

fl/0 97.034(6) 

V/A 
3 1405.6(3) 

z 4 

P /mm-I 8.61 

Pcalc (9 CM-') 3.513 

Measured data 47592 

Unique data 4143 

Observed data (]>-3 c(l)) 3187 

Rint 0.032 

Residual electron density 

(min, max) (eA -3) 

-1.25,1.24 

R(F) 0.024 

, R(F) 0.027 
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6.1.3 Structure description 

In the asymmetric unit of [MAH12Sb8S12(SA there are four Sb atoms and seven 

S atoms, all of which occupy general positions. All of the Sb atoms show their expected 

pyramidal coordination with Sb-S bond lengths ranging from 2.4063(13) to 2.5077(13) 

A (Table 6.2). The bond-valence sums for Sb(I to 4) are shown in Table 6.2, and are 

within satisfactory agreement with the expected value of 3.00 for Sb(III). Three SbS3 3- 

pyramidal units are comer linked to form semi-cubes, which are linked by SbS3 3- 

pyramids to form infinite Sb4S7 2- chains in which semi-cubes and pyramids alternate 

(Figure 6.2). S(7) and a symmetry related S(T) are joined through a persulphide bond to 

link pairs of chains. The persulphide bond length of 2.101(2) A is slightly longer than 

that of 2.085(7) A for the persulphide bond found in [Me2NH212Sb8S14, the only other 

example of such a bond in these materials [ 108]. 

Figure 6.2: The [Sb4S7] 2- 
repeating unit and one of the two disordered 

methylammonium cation in [MAH12Sb8SI2(S2). Displacement thermal ellipsoids are 

drawn at the 50% probability level. Symmetry codes: (1) x+l; y; z+l; (ii) -x; -y+l, -z + 1. 

18-membered (Sb8S, o) heterorings are generated within the double chains, 

containing one methylamine molecule disordered over two crystallographically 

independent sites (Figure 6.3). The amine is monoprotonated in order to balance the 

charge of the ftamework. The shortest distance between the methylamine cations and 

the surrounding framework atoms is the S(5) ... N(2) interatomic distance of 3.288(7) A, 

suggesting possible hydrogen-bonding between the template and the antimony- sulphide 

framework. The Sb8S12(S2) double chains are directed along [101], and are cross-linked 

into a zipper-like arrangement through longer secondary Sb ... S interactions in the range 

of. 33.22-3.37 A. The resulting layers lie approximately parallel to the (101) plane (Figure 
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6.4). They are further linked into a three- dimensional structure through the secondary 

Sb 
... S interactions. 

Table 6.2: Bond lengths, valence sums (vlj) and bond angles for [MAH12Sb8S 102)- 

Symmetry codes: (i) x+ 1; y; z+ 1; (11) -X; -Y+ 1, -Z +I- 

Bond length (A) vii (v. u. ) Bond angle (0) 
SbQ)-SQ) 2.4983(12) 0.88 S(l)-Sb(l)-S(2) 91.41(4) 
Sb(l)- S(2) 2.4731(11) 0.94 S(l)-Sb(l)-S(3) 85.14(4) 
Sb(l)-S(3) 2.4819(11) 0.92 S(2)-Sb(l)-S(3) 96.37(4) 

2.73 S(2)-Sb(2)-S(4) 96.17(4) 
Sb(2)-S(2) 2.4944(12) 0.89 S(2)-Sb(2)-S(5) 95.24(4) 
Sb(2)- S(4) 2.4074(11) 1.12 S(4)-Sb(2)-S(5) 95.83(4) 
Sb(2)-S(5) 2.4833(12) 0.91 S(3)-Sb(3)-S(5) 98.44(4) 

2.92 S(3)-Sb(3)-S(6)(') 83.26(4) 
Sb(3)-S(3) 2.4745(11) 0.94 S(5)-Sb(3)-S(6)(') 89.67(4) 
Sb(3)-S(5) 2.4771(11) 0.93 S(l)-Sb(4)-S(6) 92.65(4) 
Sb(3)-S(6)(') 2.5079(12) 0.86 S(l)-Sb(4)-S(7) 95.40(4) 

2.72 S(6)-Sb(4)-S(7) 95.36(4) 
Sb(4)-S(l) 2.4477(11) 1.01 
Sb(4)-S(6) 2.4467(12) 1.01 
Sb(4)-S(7) 2.4884(11) 0.90 

2.92 
S(7)-S(7)(") 2.101(2) 

C 

Figure 6.3: View of the (-101) plane showing both positions of the methylammonium 

cations within the Sb8SIO heterorings in [MAH12Sb8SI2(S2). Key: Antimony, pink; 

sulphur, yellow; carbon, black; nitrogen, blue. 
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The structure of [MAH12Sb8SI2(S2), which is described in the space group P211n, 

closely resembles that of [Me2NH212Sb8S]4, which crystallises in the space group Cmca. 

However, slightly different crystal packing is observed depending on the structure- 

directing amine used. In [Me2NH212Sb8SI2(S2) [1081 (Figure 6.5), the antimony- 

sulphide layers are essentially planar (Figure 6.5), whereas in [MAH12Sb8S12(S2), the 

layers undulate along the [0 10] direction (Figure 6.4). 

a 

Figure 6.5: A view along the [100] direction, showing planar antimony- sulphi de layers 

in [Me--)NH-') I 2Sb8S 12(S-)) [108]. Key: antimony, pink; sulphur, yellow; carbon, black; 

nitrogen, blue. 
Z: ) 
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Figure 6.4: A view along the [ 10 1] direction, showing the undulating antimony- sulphide 
layers in [MAH12Sb8SI2(S2). Key: antimony, pink; sulphur, yellow; carbon, black; 

nitrogen, blue. 



6.2 Cerium antimony sulphide, [Ce(en)41 [SbS41.0.5en (25) 

6.2.1 Introduction 

Compared to the number of transition-metal antimony-sulphide phases reported, 

the incorporation of lanthanide salts into solvotherinally synthesIsed of antimony 

sulphides is relatively unexplored. Only two different lanthanide-antimony-sulphide 

phase types have been reported to date, both of which were synthesised in the presence 

of the amine ethylenediamine (en) and contain Sb(V) [90,91]. The structures of 
[Ln(en)41[SbS4]. 0.5en (Ln = Eu, Dy, Yb, Sm) contain discrete SbS4 3- tetrahedral units 

and [Ln(en)3(H2 0)]3+ complexes which are separated by neutral ethylenediamine 

molecules, whereas SbS4 3- units bridge the [Ln(en)3(H2 0)]3+ complexes to form infinite 

chains within [Ln(en)3(H20),, (p3-xSbS4)] (Ln = La, x= 0; Ln = Nd, Sm, x=l) [90,91]. 

Attempts to synthesise further examples resulted in the formation of 
[Ce(en)41[SbS41.0.5en, which was prepared in the presence of ethylenediamine and is 

isostructural with [Ln(en)41[SbS4]. 0.5en (Ln = Eu, Dy, Yb, Sm) [90,91]. 

6.22 Synthesis and characterisation 

[Ce(en)41[SbS4]. 0.5en was prepared by the reaction of Sb (I mmol) and Ce02 (I 

mmol) in ethylenediamine (4 mL) which contained dissolved sulphur (3 mmol). The 

mixture was heated in a 23 mL Teflon-lined stainless-steel autoclave for 14 days at 438 

K before cooling to room temperature over a period of 6 hours. The product was 

washed in ethylenediamine and stored under vacuum. The product consisted of clear 

plates of [Ce(en)41[SbS4]. 0.5en as the major phase together with a small amount of 

white powder identified as unreacted Ce02by powder X-ray diffraction. CHN and TGA 

analysis could not be performed due to the hydroscopic nature of the product. 

Full crystallographic details of [Ce(en)41[SbS4]. 0.5en are given in Table 6.3 and 

all the non-hydrogen atom coordinates are tabulated in Appendix A. 25. The structure 

was solved using SM-92 [177], which located the antimony, sulphur and cerium atoms 

as well as most of the carbon and nitrogen atoms. The remaining carbon and nitrogen 

atoms were located in the difference Fourier map. During refinement, the C(l) atom 

was found to be disordered and therefore modelled as split over two positions (C(l) and 

Q10)), both with a site occupancy fixed at 0.5. H atoms were placed geometrically on 

the C and N atoms of the coordinated and free ethylenediamine molecules, where C-H 

N-H = 0.85 A and U,, O(H) = 1.2Ueq(C/N), and allowed to ride on the carrier atoms. 
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6.2.3 Structure description 

The asymmetric unit of [Ce(en)41[SbS4]. 0.5en consists of a discrete SbS4 3- 

tetrahedral unit, an isolated [Ce(en)4]3+ complex, and half a neutral ethylenedlamine 

molecule (Figure 6.6). The Sb-S bond distances range from 2.3188(8)-2.3486(8) A and 

the S-Sb-S angles lie between 106.15(3)-113.68(3)' (Table 6.4). These values are in 

agreement with those of SbS4 3- units reported previously in [Cr(en)3]SbS4 [551. The 

bond-valence sum [74] for the crystallographically unique Sb ion is 5.50 v. u., which is 

consistent with antimony in the +5 oxidation state. The cerium cation is eight coordinate 

with Ce-N distances ranging between 2.496(3)-2.542(3) A. 

Table 6.3: CrystallogTaphic information for [Ce(en)41[SbS4]. 0.5en (25). 

25 

Formula [Ce(en)41[SbS4]. 0.5en 

A 660.58 

Crystal system monoclinic 

Crystal habit clear plate 

Space group P211c 

a /A 11-0110(7) 

b /A 12.8649(8) 

c /A 15-9913(9) 

'8/0 
92.312(2) 

V/A 
3 2263.4(2) 

z 4 

P /mm-I 3.561 

Pcalc (g CM-3 1.938 

Measured data 46675 

Unique data 6781 

Observed data (]>-3 c(I)) 5914 

Rint 0.035 

Residual electron density 

(min, max) (eA -3) 

-1.68,1.22 

R(F) 0.0357 

, R(F) 0.0428 
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The structure of [Ce(en)41[SbS4] . 0.5en consists of discrete SbS4 3- tetrahedra and 
[Ce(en)4]3+ complexes, alternating along the [100] direction (Figure 6.7). Neighbouring 

columns of SbS4 3- and [Ce(en)41 3+ ions along the b- and c-axes axes are displaced by 

half a unit cell's length along the [100] direction with respect to one another. The SbS4 3- 

and [Ce(en)4]3+ units are separated by the neutral ethylenedlam, ne molecules. N-H ... S 
distances of between 3.312(3) and 3.610(3) A are short enough to allow hydrogen 
bonding between the sulphur atoms of the SbS4 3- tetrahedral units and the nitrogen 
atoms of the amine molecules. The shortest N-H ... S distance is between the N(5) atom 
of a coordinated ethylenediamine molecule and the S(l) atom of the SbS4 3- anion. 

N3 

2 

Figure 6.6: Local coordination of the SbS4 3- tetrahedral unit, the [Ce(en)4]3- complex 
(hydrogen atoms have been omitted for clarity) and the neutral ethylenediamine 

molecule. Displacement thermal ellipsoids are drawn at the 50% probability level. A. 

Symmetry codes: (1) - x, - y, I-z. 

Table 6.4: Antimony- sulphur bond lengths and valence sums (viij-) for 

[Ce(en)41[SbS4]. 0.5en. 

Bond length (A) Vii (V. U. ) 
Sb(l)-S(l) 2.3316(9) 1.38_ 

_ Sb(l)-S(')) 2.3) 188(8) 1.4 3 
Sb(l)-S(-')) 2.333 02 (8) 38 1.1 

_ Sb(l)-S(4) 2.3486(8) 1.32_ 
_ 5.50 
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a 

Figure 6.7: View of the crystal structure of [Ce(en)41[SbS4] . 0.5en along [100] with 

[Ce(en)4]3+ complexes and SbS4 3- tetrahedra separated by neutral ethylenediamine 

molecules. Hydrogens have been omitted. key: antimony, pink; sulfur, yellow; cerium, 

turquoise; carbon, black; nitrogen, blue. 

6.3 Ammonium-Lanthanide-oxalates, [NH4][Ln(C204)2(H20)] (Ln=Sm, Nd) (26- 

27) 

6.3.1 Introduction 

The oxalate ion readily coordinates rare-earth metals, and its ability to 

coordinate between two and six metal centres allows complex two and three- 

dimensional structures to be formed under solvothermal conditions. One of the most 

common structural motifs formed is a net-like configuration where square [Ln(C204)14 

rings are fused together to form layers. The layers have been observed where they are 

separated by alkali and template molecules, with different layer separations depending 

on the counter ion [163,164]. A series of ammonium containing lanthanide oxalates 

were synthesised by Trombe et al. which also display this layer motif and contain the 

rare-earth elements Eu-Yb [ 162]. [NH4][Nd(C204)2(H, 
-)O)] and [NH4][SM(C204)2(H 

_-) 
0) 

represent an extension to this series. 

6.3.2 S nthesis and characterisation y 

[NH4][Ln(C204)2(H-)O)] (Ln= Sm, Nd) were both synthesised using aqueous 

amine solutions However, under the hydrothen-nal conditions, the amine molecules 
decomposed to ammonium ions, which were then incorporated into the respective 

structures. 
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[NH4][SM(C204)2(H 
20)lwas synthesised by the reactionOf SM203 (0.33 mmol), 

oxalic acid (2 mmol) and I mL 25% diethylamine aqueous solution, which were sealed 

inside a2 mL FEP bag and then placed within a 23 mL solvothermal stainless steel 

autoclave, along with 3 mL water. The reagents were heated at 463 K for 7 days before 

cooling to room temperature. The solid product was washed with water and acetone and 

dried under air. The product consisted solely of large colourless crystals of 

[N_H41[SM(C204)2(H20)1 which were identified by single-crystal X-ray diffraction. 

CHN analysis found: C, 13.13; H, 1.69; N, 3.42% (ca1c. C, 13.26; H, 1.67; N 3.86%). 

Thermogravimetric analysis under N2 revealed a two-step weight loss of 51.5% (345- 

729 K) in total (Appendix C. 1), which is consistent with the expected 52.0% loss for the 

removal of the organic components and the decomposition to SM203with the loss of 

carbon dioxide. Powder X-ray diffraction of the residue confirmed poorly crystalline 

SM203- 

[TqH4][Nd(C204)2(H20)lwas synthesised using the same technique from Nd203 

(2 mmol), oxalic acid (2 mmol) and I mL 25% ethylamine aqueous solution. The 

reagents were heated at 438 K for 7 days and then cooled to room temperature. The 

solid product was washed in the same manner and consisted of purple crystals of 

[T'*TH41[Nd(C204)2(H20)1, which were identified by single-crystal X-ray diffraction. 

CHN analysis found: C, 13.96; H, 1.87 N, 3.83 % (ca1c. C, 13.48; H, 1.73; N 3.93 %). 

Thermo gravimetric analysis under N2 revealed a single weight loss of 52.69 % (711-761 

K) (Appendix C. 2), which is consistent with the expected 52.8% loss of the organic 

components and the decomposition to Nd203. Nd203 was confirmed by powder X-ray 

diffraction of the residue. The single-step weight loss could be a reflection that 

[NIH41[Nd(C204)2(H20)1 is less stable than [NH41[SM(C204)2(H20)1, or does not 

decompose via the same route, which has a two-step thermal decomposition. 

Full crystallographic details for [NH4][SM(C204)2(H201 and 

[N1141[Nd(C204)2(H20] are given in Table 6.5. The rare-earth, carbon, oxygen and 

nitrogen coordinates are found in Appendices A. 26 and A. 27. The structures were 

solved by direct methods (SIR-92 [177]), which located all the lanthanide, carbon and 

oxygen atoms. The ammonium ions were identified In the Fourier map. During the 

refinement, bond lengths restraints were applied to C-0 (1.23(l) A) and C-C (1.53(l) 

A). The hydrogen atoms of the ammonium and water molecule could not be located in ID 
the Fourier map. 
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Table 6.5: Crystallographic data for [NE4] [Ln(C204)2(H20)] (Ln=Sm, Nd) (26,27). 

26 27 

Formula [NH41 [SM(C204)2(H20)] [NH4][Nd(C204)2(H20)] 

Mr 362.49 354.32 

Crystal system monoclinic monoclinic 

Crystal habit colourless block purple block 

Space group P211n P21n 

a /A 7.7373(3) 7.9513(5) 

b /A 12.2197(6) 6.0711(4) 

c /A 9.6043(4) 9.0372(6) 

)610 90.511(2) 90.326(3) 

v /A' 908.03(7) 436.25 

z 4 2 

P /mm-I 6.503 5.988 

Pcalc (g CM-3) 2.651 2.679 

Measured data 19554 14956 

Unique data 3613 1355 

Observed data (I>-3 c(l)) 3603 1231 

Rint 0.015 0.023 

Residual electron density -0.56,0.89 -0.74,0.80 
R(F) 0.0146 0.0191 

,R 0.0172 0.0247 

6.3.3 Structure description 

In the asymmetric units of [NH4][Ln(C204)2(H20)] (Ln= Sm, Nd) there is one 

crystallographically distinct samanum or neodymium ion, two oxalate Ions and one 

ammonium ion. The lanthanide ions are coordinated by four bis-chelating oxalate ions 

and one water molecule each, resulting in nine-fold coordination (Figure 6.8 and 6.9). 

The space goups of [NH4][SM(C204)2(H20)] and [NH4][Nd(C204)2(H20)] are P211n 

and P21n respectively. The variation in space group reflects slightly different geometry 

around the lanthanide ions in each case (Figure 6.8 and Figure 6.9). For example in 
[NH41[Nd(C204)2(H20)], the neodymium ion, ammonium ion and water molecule are 

located on a two-fold axis and the two oxalate ions are centrosymmetric, whereas this 

symmetry is not present in [NH4][SM(C204)2(H20)] 
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0111ii 

07 

Figure 6.8: Local coordination about the central metal ion of [NH41[SM(C204)2(H20)1- 

(Symmetry codes: (1) 1/2 + x, 3/2- y, z- 1/2 ; (11) 1/2+ x, 3/2- y, 1/2 + z). 

2 

Figure 6.9: Local coordination about the central metal ion of [NH4][Nd(C204)2(H, )O)]. 

(ý-vmmetry codcs: (111) I-x, I-y, I-z; (lv) x- 1/2,1-y, 1/2 +z; (v) 1/2-x, y, 3/2-z; (vi) 

I -x, I 2-z; (vil) x- 1/2,1 - y, z- 1/2). 
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The Ln-O bond lengths are summarised in Table 6.6 and range between 

2.3847(14) and 2.4751(16) A for [NH4][SM(C204)2(H20)] and 2.322(3) and 2.4103(19) 

for [NH4][Nd(C204)2(H20)]. The bond lengths are consistent with those found in 
[(C5Me5)2SM]2(C204) [25 1] and [C(NH2)31[NH4][Nd(H20)(C204)212 [15]. The oxalate 

ions serve to link the lanthanIde ions into similar layers which Ile In the (0 10) plane, and 

results in the formation of square 8-membered [Ln(C204)14 rings (Figure 6.10). The 

coordinated water molecule of each lanthanide ion alternates its orientation above and 
below the plane along rows of lanthanide ions parallel to [001]. The layers are stacked 
directly above one another along [0 10] creating channels. 

The ammonium ions serve to separate and charge balance the anionic layers 

(Figure 6.11). The interlayer Ln ... Ln distances for [NH4][SM(C204)2(H20)] and 
[NH41 [Nd(C204)2(H20)] are 6.1190(3) and 6.0711(2) A respectively. These separations 

are comparable with previously reported distances for other members of 
[NH41 [Ln(C204)2(H20)] (Ln= Eu-Yb) [162]. For example, the interlayer distances are 
5.7574(2) A (Ln= La) and 6.1183(6) A (Ln= Gd). 

The series of rare-eaith oxalates [NI14][Ln(C204)2(H20)1 (Ln= Eu-Yb) all 

crystallise in the space group P21n, and are therefore isostructural with 

[NH4][Nd(C204)2(H20)] - 
[NH41 [SM(C204)2(H20)] differs in that it crystallises in the 

space group P211n. The oxalate and water ligands around the samarium ion are in a 

slightly differently geometry to those of neodymium, which could originate from the 

change in ionic radius along the lanthanide series. For example, the ionic radius of nine- 

coordinate Nd 3+ 
is 1.163 A whereas SM3+ has a radius of 1.132 A[ 252 ]. The 

coordination geometry reverts back to that of [NH4][Nd(C204)2(H20)] with the 

europium ion also adjacent to samarium, which has an ionic radius of 1.120 

Table 6.6: Ln-O bond lengths (A) in [NH41[Ln(C204)2(H20)1- (Ln= Sm, Nd). (Symmetry 

codes: (1) 1/2 + x, 3/2- y, z- 1/2 ; (ii) 1/2+ x, 3/2- y, 1/2 + z; (iii) I -x, 1-y, I -z; (lv) 

x- 1/2,1 -y, 1/2 +z; (v) 1/2-x, y, 3/2-z; (vi) 1 -x, 1 -y, 2-z; (vii) x- 1/2,1 - y, z- 1/2). 

Ln= Sm Bond length (A) Ln= Nd Bond length 
sm(l)-o(g)(1) 2.4714(15) Nd(l)-0(4)(111) 2.4103(19) 
sm (1)-0(10)(11) 2.4599(16) Nd(l)-0(4)ý") 2.4103(19) 
Sm (1)-0(4)(') 2.4522(15) Nd(l)-O(I)(') 2.3977(19) 
Sm (1)-0(7)(") 2.4494(16) Nd(l)-O(-? ) (% i) 

- 
2.3973(19) 

Sm (1)-0(2) 2.4564(16) Nd(l)-0(2)" "' 2.3973(19) 
Sm (1)-0(1) 2.3847(14) Nd(l)-0(3)(') 2.3718(19) 
Sm (1)-0(6) 2.4502(15) Nd(l)-O(I) 2.3977(19) 
Sm (1)-0(8) 2.4570(16) Nd(l)-0(3) 2.3718(19) 
Sm (0-00 1) 2.4751(16) Nd(l)-0(5) 2.322(3) 
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c\/a 

Figure 6.10: View along [0 10] of lanthanide-oxalate layers in [NH4][SM(C204)2(H20)] 

containing square (Ln(C204))4 rings. Key: samarium, green; oxygen, red; carbon, black. 

IC 

Figure 6.11: Layers of [NH4][SM(C204)2(H--)O)] stacked perpendicular to [010]. Key: 

samanum, green; oxygen, red; carbon, black; nitrogen, blue. 
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6.4 Ammon iu m-Ytterbium-oxalateg [NH4][Yb(C204)21. H20(28) 

6.4.1 Introduction 

The ability of oxalate ions to coordinate between two and six metal ions, and the 

large coordination numbers of lanthanide ions allows a wide range of open lanthanide- 

oxalate frameworks to be synthesised under solvothermal conditions. Three- 

dimensional structures can be forined as a result of the bridging of lanthanide-oxalate 

layers by additional oxalate ligands, such as in [C(NH2)312[Nd(H20)12(C204)4.3H20 

[150], [C6N2HI610-5[Y(H20)(C204)21 
. 2H20 (C6N2HI6 = 2,5-dimethylpiperazine) [17], 

and [l, 3-dapH212[La2(C204)51.5H20 [16]. In rare examples, the three-dimensional 

structure can be formed instead through the ftision of helical lanthanide-oxalate chains. 
For example in the frameworks of [l, 2-dapH21['n(C204)212.5H20 [16], [1,2- 

dapH21[Nd(H20)(C204)212.3H20 [ 16] and [N(Me)41[Yb(C204)21 [150]. The novel 

crystal structure of [NH41 [Y'b(C204)21. H20 is also forined from helical chains and 

contains large 8- and 12-membered channels which run through the structure. 

6.4.2 Synthesis and characterisation 
[T'**TH4][Yb(C204)21. H20 was synthesised using the amine diethylamine, which 

under hydrothermal conditions decomposes to form ammonium ions that are 
incorporated into the lanthanide-oxalate structure. [NH4][Yb(C204)21. H20was prepared 
from the reaction of Yb203 (0.33 mmol), oxalic acid (2 mmol) and I mL 25% 

diethylamine aqueous solution, which were sealed inside a 2ml FEP bag. The bag was 

placed inside a 23 mL solvothermal digestion bomb along with 3 mL of water and 
heated at 463 K for 7 days. After cooling, the solid product was washed with water and 

acetone and allowed to dried at room temperature. The product consisted solely of clear 

crystals of [NH4][Yb(C204)21. H20which were identified by single-crystal X-ray 

diffraction. CHN analysis found C, 12.40; H, 1.39; N, 3.51% (ca1c. C, 12.47; H, 1.57; N, 

3.64%) and thermogravimetric analysis under N2 showed a single weight loss of 

48.90% (464-516 K), which is consistent with the loss of the organic components and 

the decomposition to Yb203(48.8%) (Appendix C. 3). The Yb203 residue was confirmed 

by powder X-ray diffraction. 

Full crystallographic details for [NH41 [yb(C204)21. H20 are given in Table 6.7 

and all non-hydrogen atom coordinates are found in Appendix A. 28. The structure was 

solved using direct methods, which located all the non-hydrogen atoms. Subsequent Zý 

refinements were made using the CRYSTALS suite of programs [178] where bond- 

length restraints were applied to GO (1.23(l) A) and C-C (1.53(l) A). The hydrogen 
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atoms were located in the Fourier map, and allowed to ride the N and 0 atoms when 

refining, with N-H and O-H bond restraints of 0.85(l) A. 

6.4.3 Structure description 

The asymmetric unit of [NH4][Yb(C204)21 H20 contains one 

crystal lographi cal ly distinct ytterbium, two oxalate ions, one ammonium ion and one 
fTee water molecule. Each ytterbium ion is coordinated by four bischelating oxalate ions, 

resulting in eight-fold coordination around the metal centre (Figure 6.12). The Yb-O 

bond distances summarised in Table 6.8 range between 2.2710 (15) and 2.3770 (15) A, 

and are consistent with previously reported Yb-O distances in [1,2- 

dapH2][Yb(C204)212.5H20[ 16] and [N(Me)41 [n(C204)21 [150]. 

04(") 

Figure 6.12: Local coordination around the central ytterbium ion in 
[NH41 [n(C204)2]. H, )O. (Symmetry codes: (1) 3/4-x, 3/4-y, z; (11) -x+l, -y+l, -z; (iii) 

x-1/4, y-1/4, -z; (iv) 1/2 + x, 3/4 - y, 1/4 

The ytterbium ions are connected through shared bischelating oxalate ligands 

into helical chains, which run parallel to [100] (Figure 6.13). The remaining four 

coordination sites of the ytterbium ions are filled by two further bischelating oxalate 

ions, which serve to link adjacent helical chains into a three-dimensional structure 
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(Figure 6.13). 12-membered hexagonal channels, which run parallel to [1001 are fonned, 

and contain the ammonium ions. As a result of the helical nature of the chains 

additional 12- and 8-membered channels are also created which run along [1-10] and 

contain the free water molecules (Figure 6.15), as well as rectangular channels running 

along [0 1-I]. 

Table 6.7: Crystallographic information for [NH4][Yb(C204)21. H20 (28). 

28 

Formula [N-H41 [n(C204)21. H20 

A 385.09 

Crystal system orthorhombic 
Crystal habit clear block 

Space group Fddd 

a /A 8.9442(9) 

b /A 15.447(2) 

c /A 32.626(4) 

v/AI 4507.7(9) 

z 16 

P /mm. -I 8.362 

Pcalc (g CM-3) 2.234 

Measured data 15430 

Unique data 2491 

Observed data 

(I>- 2o Q)) 

2485 

Rint 0.017 

Residual electron density 

(min, max) (eA -3) 

-0.98,2.92 

R(F) 0.0253 

,, R(P) 0.0134 
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Table 6.8: Yb-O bond lengths in [NH41 [n(C204)21 H, )O. (Symmetry codes: (1) 3/4-x, 

3/4-y, z; (n) -x+ 1, -y+ 1, -z; (ill) x- 1 /4, y- 1 /4, 

Bond Distance 
Yb(l)-0(4)(1) 2.3770(15) 
Yb(l)-0(2)(") 2.3362(14) 
Yb(l)-0(2)(Il') 2.3362(14) 
Yb(l)-O(I)(1) 2.3145(14) 
Yb(l)-0(3)(1) 2.2710(15) 
Yb(l)-O(I) 2.3145(14) 
Yb(l)-0(3) 2.2710(15) 
Yb(l)-0(4) 2.3770(15) 

Figure 6.13: Helical ytterbium-oxalate chain in [NH4][Yb(C204)21 H20. Key: ytterbium, 

green; oxygen, red; carbon, black. 

C 

Figure 6.14: Hexagonal 12-membered channel of [NH41Fn(C204)21 H20viewed along 

[100] containing ammonium ions. Free water molecules lie in channels parallel to 

10]. Key ytterbium, green; oxyct, ýen, red; carbon, black; nitrogen, blue. 
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Figure 6.15: View along [I- 10] of [NH41 [yb(C204)21 H20showing both the 8- and 12- 

membered channels containing the free water molecules. Key: ytterbium, green; 

oxygen, red; carbon, black; nitrogen, blue. 

6.5 Ammonium-lanthanide-oxalate, [NH41 [Ln(C204)21 (Ln= Ce, Pr, Tm) (29-31) 

6.5.1 Introduction 

Numerous crystalline lanthanide-oxalate compounds have been synthesised 

recently, including both layered and three dimensional structures. The flexibility of the 

layered structures results from the ability of the oxalate ions to coordinate between two 

and six lanthanide ions, and the large coordination numbers of the lanthanide ions. The 

majority of the layered and three-dimensional lanthanide oxalate reported are hydrated 

such as [CN3H6][La(H-)O)(C204)21 [15], [NH4][Gd(C204)2(H20)] 162], and 
[C(NH2)312[Nd(H-)0)12(C204)41 

. 3H20 [150], where water molecules are found 

coordinated to the lanthanide ions and free in the interlayer space or channels. In rare 

examples, anhydrous lanthanide oxalate structures form, even when synthesised in 

hydrothen-nal conditions. Examples include [N(Me)41[Yb(C204)21 [150] and 

[NH4][La(C-)04)21 [162], of which [NH4][Ln(C204)21 (Ln= Ce, Pr, Tm) are isostructural 

with the latter. 
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6.5.2 Synthesis and Characterisation 

In the synthesis of [NH41[Ln(C204)21 (Ln=Ce, Pr, Trn), the arnines ethylarnine 

and diethylamine were used. However under the hydrothennal conditions, the amines 

decomposed to form ammonium ions which were then incorporated into the lanthanide- 

oxalate product. [NI14][Ln(C204)21 (Ln= Ce, Pr, Tm) were synthesised under 
hydrothermal conditions where the reagents were heated inside ca. 2 mL FEP bags, 

which were placed inside a 125 mL Teflon lined steel autoclave along with 15 mL of 

water. For the cerium and praseodymiurn phases, Ce(CH3CO2)2 (0.66 mmol) and Pr203 

(0.33 mmol) together with oxalic acid (2 mmol) and I mL 25% ethylamine aqueous 

solution were sealed into bags and heated at 438 K for 7 days. After cooling room 

temperature the solid products were washed with water and acetone and then allowed to 

dry in air. [NH4][Tm(C204)2]was synthesised in a similar manner using TM203 (0-33 

mmol) and I mL 25 % diethylamine aqueous solution instead. The reagents were heated 

at 463 K for 7 days. 

CHN and thermogravimetric analysis under N2was perfonned on handpicked 

crystals of [NH4][Ln(C204)21 (Ln=Ce, Pr, Tm). The results are summarized in Table 6.9. 

The theoretical thermogravimetric weight loss assumes complete loss of the ammonium 

ions and decomposition to the respective Ln203 with the loss Of C02. 

Table 6.9: CHN analysis and then-nogravimetric weight loss for [NH41 [Ln(C204)21 
- 

Ln= CHN results Calculated CHN TGA Weight loss 

Ce C, 14.3 2; H, 1.19; N, 3.97 % C, 14.3 8; H, 1.2 1; N, 4.19 % 50.73 % (50.89 %) 

Pr C, 14.5 6; H, 1.11; N, 4.5 3% C, 14.34; H, 1.20; N, 4.18 % 50.82 % (50.77 %) 

Tm C, 13.52; H, 1.09; N, 3.72 % C, 13.23; H, 1.11; N, 3.86 % 47.04 % (46.85 %) 

The crystallographic information for [NH4][Ln(C204)21 (Ln=Ce, Pr, Tin) are 

shown in Table 6.10. The crystal structures were solved using SIR-92 [177] which 

located all the rare-earth, carbon, nitrogen and oxygen atoms. Subsequent refinements 

were made using the CRYSTALS suite of programs [178] where bond-length restraints 

were applied to the GO (1.23(l) A) and C-C (1.53(1) A) bonds of the oxalate ligand. 

The hydrogen atoms were located in the Fourier map, and allowed to ride the N atom 

with a N-H restraints of 0.85(l) A. All the non-hydrogen atom coordinates are given in 

Appendices A. 29-30, and the Ln-0 bond distances summansed in Table 6.11. 
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Table 6.10: Crystallographic details for [NI14][Ln(C204)21 (Ln= Ce, Pr, Tm) (29-31). 

29 30 31 

Formula [NH4][Ce(C204)21 [NH4][Pr(C204)21 [NH4][Tm(C204)21 

A 334.20 334.97 363.01 

Crystal system monoclinic monoclinic monoclinic 

Crystal habit colourless block green block colourless block 

Space group P211c P211c P211c 

a /A 5.6920(5) 5.7416(9) 5.7498(7) 

b /A 15.5341(14) 15.432(2) 15.3365(18) 

c /A 8.7153(8) 8.6164(14) 8.5666(10) 

'8/0 
90.908(4) 90.366(8) 90.269(6) 

v/AI 770.51(12) 763.4(2) 755.41(16) 

z 4 4 4 

P /mm-' 5.933 6.407 11.770 

Pcalc (g CM-3) 2.881 2.907 3.192 

Measured data 53166 35037 32285 

Unique data 3084 4417 3170 

Observed data 

(]>-2 c(l)) 

3075 4409 3161 

Rint 0.025 0.011 0.023 

Residual electron density 

(min, max) (eA -3) 
-2.91,2.11 -0.5% 0.87 -2.0952.46 

R(F) 0.0254 0.0099 0.0225 

, R(F) 0.0241 0.0115 0.0286 

6.5.3 Structure description 

[NH41 [Ln(C204)21 (Ln= Ce, Pr, Tm) is an isostructural senes of compounds. The 

asymmetric units contain one lanthanide ion, three oxalate ions where two are 

centrosý, mmetric, and one ammonium ion. The nine-coordinate lanthanide ions are 

surrounded by four bidentate oxalate ions and one monodenate oxalate Ion (Figure 

The Ln-O bond distances are shown in (Table 6.11) and decrease from 

[TýM41[Ce(C104)2I where Ln-O distance range from 2.476(2) to 2.6111(16) A to 

[NH4][Tm(C"04)2]where Ln-O distance are between 2.438(3) and 2.592(3) 
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8 
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Figure 6.16: Local coordination around the lanthanide ion in [NH4][Ln(C204)21 (Ln= 

Ce, Pr, Tm). (Symmetry codes: (1) 2-x, I-y, I-z; (ii) 1-x, I-y, -z; (111) x-1, y, z; 
(iv) x, 3/2 -y, 1/2 + z; (v) 1-x, 1-y, 1- 

Table 6.11: Ln-O bond lengths (A) in [NH4][Ln(C204)21 (Ln= Ce, Pr, Tm). Symmetry 

codes: (1) 2-x, I-Y, I-Z; (11) 1-X, I-y, -z; (111) x-1, y, z; (iv) x, 3/2 -y, 1/2 + z. 

Lanthanide Ce Pr Tm 
Ln(l)-0(8)(') 2.6111(16) 2.5850(8) 2.574(3) 
Ln(l)-0(6)(") 2.584(2) 2.6005(9) 2.592(3) 
Ln(l)-0(8)(I") 2.5701(13) 2.5483(8) 2.523(3) 
Ln(l)-0(4)(lv) 2.524(2) 2.5136(8) 2.500(3) 
Ln(l)-0(2)(I') 2.504(2) 2.4839(8) 2.467(3) 
Ln(l)-O(I) 2.476(2) 2.4492(8) 2.438(3) 
Ln(l)-0(3) 2.503(2) 2.4847(8) 2.479(3) 
Ln(l)-0(5) 2.5291(19) 2.4924(8) 2.477(3) 
Ln(l)-0(7) 2.566(2) 2.5343(9) 2.510(3) 

The lanthanide ions are connected into sheets which lie in the (100) plane, where 

trapezium shaped [Ln(C, )04)14 rings are observed. The nngs are fon-ned through the 

sharing of three bischelating oxalate ions and two further oxalate ions, which are 

perpendicular to the plane of the sheet and coordinate two lanthanide ions each within 

the sheet in a monodentate and bidentate fashion, and vice versa (Figure 6.17). The 
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lanthanide-oxalate layers are stacked directly above one another and are connected via 

the perpendicular oxalate ligands (Figure 6.18), which also serve to link the layers into a 

three-dimensional structure by fon-ning three further contacts each. As a result the two 

perpendicular oxalate ligands coordinate four metal centres rather than the two which 

the intralayer oxalate ions coordinate. Eight-membered channels that run along [100] 

and [00 1] form as a result, and contain the ammonium ions. 

Figure 6.17: Lanthanide-oxalate sheets of [NH4][Ln(C204)21 (Ln= Ce, Pr, Tm) viewed 

along [100]. Key: lanthanide ion, green; oxygen, red; carbon, black. Ammonium ions 

have been excluded for clanty. 

a 

cb 

Figure 6.18: View along [001] of the three-dimensional structure of [NH4][ t: ) 
Ln(C204)21 

(Ln= Ce, Pr, Tm). Key. - lanthanide ion, green; oxygen, red; carbon, black; nitrogen, 

blue. 
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6.6 Discussion 

During solvothermal reactions It Is normal to find side reactions occurring in 

addition to the principal antimony-sulphide crystallisation process. The products of 

these reactions are typically condensed phase transition-metal sulphides and transition- 

metal antimony sulphides. In the case of [MAH]Sb8SI2(S2), the cleavage of the 1,2- 

diamino-2-methylpropane occurs to form methylamine molecules which then template 

the antimony-sulphide chains. In situ reaction of the amine has been observed in several 

antimony-sulphide compounds, such as the cyclization of triethylenetetramine to 

piperazine [78], and tris(2-aminoethyl)amine to aminoethylpiperazine [ 104]. Such 

changes in the amine template adds greater diversity to the solvothermal. reactions. 

Addition of rare-earth to the reaction mixture has not resulted in the variety 
lanthanide-antimony-sulphides expected compared to the transition-metal antimony- 

sulphides prepared. [Ce(en)41[SbS4]. 0.5en represents the only new phase synthesised 
during this work and an extension to one of two pre-existing family of lanthanide- 

antimony-sulphides. Reactions with other amine molecules did not form any new 
lanthanide-antimony-sulphides phases, but did result in the synthesis of the new rare- 

earth-carbonate series [Ln4(C03)6(H20)21. en. H20(Ln= Dy-Lu, Y) when oxalic acid was 

added to the reaction mixture. 

Sulphur was found to be essential in the synthesis of these three-dimensional 

phases, even though it was not incorporated into the crystal structure. Reactions which 

were performed in the absence of sulphur resulted in the synthesis of the rare-earth 

oxalate layers and frameworks in this chapter. Decomposition of the amine template 

was frequently observed. However, no decomposition of the oxalate ion to carbonate 

and formate ions was observed in the reaction product. 
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Chapter 7: Discussion 

7.1 Crystal Structure 

7.1.1 A ntim ony-sulphide frameworks 

Solvothennal synthesis has been established as a valuable route for the synthesis 

of metastable antimony-sulphide structures. Through subtle changes in the reaction 

conditions or amine template, it has been possible to synthesise a wide variety of 

antimony-sulphide structures. Among those which were described in Chapter 3, 

[Co(en)3]Sb8SI3 and [T(dien)12Sbl8S30[T(dien)21 (T=Mn, Fe, Co) display novel 

structural motifs. The new phases were synthesised using ethylenediamine and 

diethylenetriamine respectively, which usually fonn antimony-sulphide crystals 

containing SbS2- and Sb4S7 2- chains [52] or Sb6S 102- layers [531 in the presence of 

transition-metal ions respectively. The synthesis of the first example of new net-like 

Sb8S13 2- layers and complex antimony-sulphide chains bridged via [T2S21 units was 

therefore unexpected. 

By using a macrocyclic amine instead of a linear polyamine, two further new 

antimony-sulphide phases were prepared. The structures of the layered and three- 

dimensional frameworks of [cyclamH2]Sb6S, o and [cyclamH2]Sb4S7, described in 

Chapter 4, are formed from the same commonly observed building units of Sb2S2 and 

Sb4S4 heterorings as many of other antimony- sulphide compounds. For the three- 

dimensional phase [cyclamH2]Sb4S7, it was also possible to include transition-metal 

ions within the macrocycle amine to form nickel and cobalt containing phases. It was 

found that while the nickel phases contained one Ni2+ cation per cyclarn ring, the C02+ 

occupancy varied between 0.08-0.74 for [Co(cyclam)]x[cyclamH2]1 
-xSb4S7- 

The sensitivity of the reaction product to the synthetic conditions can be 

illustrated by the products of several of the reactions described previously (Chapter 3). 

For example, in the synthesis of the iron containing antimony-sulphides 

[Fe(en)312[Sb2S51.0.55H20 and [Fe(en)312Sb4S8, a 25 K increase in temperature brings 

about the polymensation of [Sb2S5 ]4- units into infinite SbS2_ chains. A more dramatic 

change in the crystal structure occurs between the synthesis of 

[Co(dien)2jSb6Sjo. 0.46H-)O at 438 K, and [Co(dien)12Sbj8S30[Co(dien)2] at 463 K, 

where the same reagent ratio was used to prepare both phases. 

[Co(dien)2]Sb6S, o. 0.46H20contains antimony- sulph ide layers where Sb2S_' 
, 

Sb4S4 and 

SbsS5 are the predominant bUllding units, and which are separated by isolated 

[Co(dien)2 ]2+ complexes. A very different crystal structure is observed in 
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[Co(dien)12Sbl8S30[Co(dien)2]where Sb3S3, Sb4S4and Sb5S5heterorings are linked into 

complex chains, which are bridged into layers through dimeric [C02T21 units. The 

difference between the two cobalt-antimony-sulphide compounds suggests that over 25 

K, the crystallisation route alters significantly. 
Even under the same reaction conditions it was possible to synthesise two very 

different antimony- sulphide phases, as in the cases Of [CYClamH2]Sb6SIO and 

[cyclamH2]Sb4S7,, which were described in Chapter 4. [CyclamH2]Sb6SIO contains 

antimony- sulphide layers which share the same ratio as those found in 

[T(dien)2]Sb6S, o. xH20 (T= Fe, Co, Ni) [53, Chapter 3]. In [T(dien)2]Sb6So. xH209 

smaller antimony-sulphide heterorings enclose a much larger Sb16SI6 heteroring, 

whereas in [CYClaMH21Sb6SI0, the largest heteroring observed is Sb7S7 in size. Typically 

solvothermally synthesised layered antimony sulphides contain large heterorings within 

the layers, which range between Sb8S8 and Sb32S32 in size [ 113], and result in open 

structures. The amine molecules are usually located above and below the large 

heterorings, suggesting that they have a templating effect on the layer motif through 

differing Coulombic and hydrogen bonding interactions. However, it does not 

necessarily follow that larger amine molecules result in larger heteroring sizes. For 

example, the amines propylamine and 1,3-diaminopropane have very similar sizes but 

they result in SbIOSIO heterorings in [PAH12Sb4S7 [110] and SbjqSjq in [1,3-dap]Sb8S, 3 
[123] respectively. 

The antimony-sulphide structures of [cyclaniH2]Sb4S7 and the metalated 

analogues are unusual example of three-dimensional frameworks. The only other truly 

three-dimensional phases reported are those of [T(en)3]Sbl2SI9 (T==Ni, Co) [54], where 

the nickel phase was discussed in Chapter 3. Primary Sb-S bond distances of less than 

2.6 A define these framework. Whilst [T(en)3]Sbl2SI9 (T=Ni, Co) display a complex 

network of twelve crystallographically unique antimony atoms linked through primary 

bonds to sulphur atoms, [cyclamH2]Sb4S7 contains two crystallographically unique 

antimony atoms and displays a far simpler and less dense structure. Previous examples 

of antimony- sulphi de compounds with the Sb4S7 2- ratio are the chains of alternating 

Sb3S6 3- semicubes and SbS3 3- trigonal pyramids [52], and the layered structure of 

[PAH12Sb4S7 [I 101. In comparison, [cyclamH2]Sb4S7 is formed from infinite antimony- 

sulphide Sb4 S84- chains which are linked perpendicular to one another through shared 

sulphur atoms. The chains are formed from alternately linked Sb, )S2 and Sb4S4 

heteronngs which are both commonly observed in metastable sulphide compounds. 

However isolated Sb4S8 4- chains of the same motif have not been observed previously 
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in antimony-sulphide compounds. Chains of heterorings are limited to the examples 

found in the 1,, 5-djazab, cyclo[4.3.0. ]non-5-en containing [C7N2HI3]SbgSI5 [111] and 
[(C3H7)N]Sb3S5 [78] where Sb4S4and Sb5S5heterorings are seen respectively. 

The layered structures of [T(dien)12Sbl8S30[T(dien)21 (T= Mn, Fe, Co), which 

were described in Chapter 3, are rare examples of where transition-metal ions are bound 

to the antimony- sulphIde network. TransItIon-metal ions directly bonded to antimony 

sulphide layers have previously been observed as either pendant complexes in the cases 

of [T(tren)]Sb2S4 (T= Co, Ni) [ 13 3,12], as part of heterocubane layers in (Am)Mn2Sb2S5 

[134,135,136] or incorporated into the layers in the case of the coinage-metal antimony- 

sulphide layers [137,140]. However, unlike these compounds, 

[T(dien)12Sbl8S30[T(dien)21 can be described in terms of antimony- sulphide chains 

bridged into layers by dimeric transition-metal units. [Co(en)31[CoSb4S8] [ 12], which 

was synthesised by Stephan et al., represents the only other example where antimony- 

sulphide chains are bridged into layers via transition-metal ions. However, in 

[Co(en)31[CoSb4S8],, the SbS2_ chains consist of solely vertex-linked SbS3 3- trigonal 

pyramids, compared to the chains of Sb3S3,, Sb4S4 and Sb5S5 heterorings in 

[T(dien)12Sbl8S30[T(dien)21. Additionally, the chains in [Co(en)31[CoSb4S8] are 

connected through four-coordinate C02+ ions, and not dimeric transition-metal units 

where each transition-metal ion is coordinated by three nitrogen atoms of the amine 

molecule and three sulphur atoms of the antimony-sulphide chain. 

The synthesis of [T(dien)12Sbl8S30[T(dien)21 (T= Mn, Fe, Co) adds to the few 

examples where transition-metal ions are bound to the antimony-sulphide matrix. The 

lack of incorporation of transition metals into antiMony-sulphide structures may be as a 

result of the relative "soft" and "hard" characteristics of the metal ions and the nitrogen 

and sulphur ligands. With reference to the Irving-Williams series [253], hard metals 

preferentially bind to hard ligands, for example the metal ions of Mn 2+ 
, 

Cr 3+ 
, 

Fe 3+ and 

Co 3+ with amine ligands. Conversely, soft metals such as Cu+ and Ag+, are preferentially 

coordinated by softer ligands such as those containing sulphur. Numerous copper and 

silver containing antimony-sulphide compounds have been reported in the literature 

where the coinage metals are located within the layers [137-143]. Similar incorporation 

for harder metals has not been reported, and direct TM-S bonds are only typically 

achieved by using the amine tns(2-aminoethyl)amine which fills only four of the 

possible six coordination sites around the transition-metal ion. No solvothermally 

synthesised antimony- sulphide phases containing other soft metals such as Hg+, Pd 2+ 

and pt2 + have been reported in the literature, possibly due to the very strong affinity to 
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sulphur and therefore the tendency to form binary sulphide compounds instead of amine 

containing transition-metal antimony sulphIdes. 

7.1.2 Lanthanide-carbonateframeworks 

Lanthanide ions form strong contacts with oxygen-based anions, which are able 

to link the metal centres into metastable structures under solvothermal conditions. 

Examples of anions which have been employed in such a manner include oxalates, 

malonates, glycolates, sulphates, phosphates and perchlorates [ 15 0-154]. A wide variety 

of discrete, chain, layer and three-dimensional structures have been reported and 

reviewed by Wickleder 254 ]. The three-dimensional structure of 
[Ln(C03)6(H20)21. en. H20(Ln Dy-Lu, Y), discussed in Chapter 5, is the first example 

of a three-dimensional lanthanide-carbonate framework. The framework architectures of 

these new phases have similarities with the structures of the lanthanide-oxalate 

frameworks [Chapter 6,16,15], where hexagonal 12-membered rings and channels are 

commonly observed. 

It is unusual though to find a specific structure type that crystallises with all the 

lanthanide ions. Examples where nearly all thef-series elements condense into the same 

structure include the lanthanide-oxalate family [1,3-dapH2][Ln(H20)(C204)212.3H20 

(Ln=Ce-Tm: ý Pm) [16] and the oxalate-glycolate [Ln2(C204)(H3C203)41 (Ln= Ce-Lu, Y) 

series [245]. However, the majority of the other oxalate and mixed oxalate phases 

reported have only occurred for selected members of the lanthanide elements, such as 
[CN3H6]2[Nd(H20)12(C204)4*3H20 (Ln= La-Eu) [150], [Ln(H20)12(C204)2(CO3)- 

2.5H20 (Ln= Ce-Eu) [166], and [Ln(H20)12(C204)(CO3)2 (Ln= Eu-Ho) [156]. It is 

therefore not unusual for the [Ln4(C03)6(H20)21. en. H20(Ln = Dy-Lu, Y) series to form 

for selected lanthanide ions, and is a result of the decreasing atomic radii, and 

preference for 8-coordinate complexes along the series. The inability of the La-Tb 

phases of [Ln(C03)6(H20)21. en. H20 t0form may also be a result of the over-bonding of 

the lanthanide ion as ionic radius increases from Tb 3+ 
to La 3+ 

. 

The effect of the reducing lanthanide radius along the lanthanide series on the 

crystal structure is illustrated by the three-dimensional lanthanide-sulphate series 

[Ln(fNO)(H20)(SOJ)1n (Ln=La-Lu, Ln# Pm) (HINO= isonicotinic acid N-oxide) [255]. 

The compound is found to crystallise into three different structures depending on the 

lanthanide ion. For example, when Ln= La, Ce and Pr, the structures crystallise in the 

P-1 space group where each of the lanthanide ions is nine-co ordinate. The structures 

can be considered as La-S04-H-)O layers pillared by organic INO ligands. When Ln= 
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Nd-Th :?, -- Pin. the coordination around the lanthanide Ions is still nine, however this Is 

achieved through fewer multidentate ligands. The crystal structures crystallise in the 

monoclinic space group P211c and possess a two-fold interpenetrated "31) herringbone" 

network. The third structure type for Ln= Dy-Lu has seven-coordinate lanthanide ions 

paired in dimeric units, which are bridged into a three-dimensional structure through 

INO ligands. Interestingly, it is at this same point between Tb 3+ and Dy 3+ that the 

structure of [Ln(INO)(H20)(SO4)ln (Ln=La-Lu, Ln# Pm) modifies, as when the 

[Ln(C03)6(H20)21. en. H20(Ln = Dy-Lu, Y) begins. Further experiments may find that 

new lanthanide-carbonate phases form from La to Tb, which accommodate the different 

size and coordination of the lanthanide ions in new structures. 

7.2 Band-gap properties of antimony-sulphide compounds 
Kanatzidis observed that as the antimony-sulphide framework density increases, 

the optical band gap decreases and the crystal colour darkens from yellow to red [78]. 

However no detailed analysis has been reported in the literature on how the band gap 

changes with increasing antimony-sulphide framework density. Since then, the optical 

band gaps of many other antimony-sulphide phases have been reported in the literature 

in addition to those measured for the antimony- sulphide compounds discussed in 

Chapters 3 and 4. It is now possible to establish a more precise relationship between the 

band gap and the framework density. 

The valence band of Sb2S3 is formed from the mixture of the s and p states of the 

antimony and sulphur atoms [256]. The lowest lying bands, -12 and -6 eV below the 

Fermi level, are dominated by the S 3s orbitals and a mixture of the Sb 5s and the 

sulphur valence orbitals respectively. The region -4 to 0 eV below the Fermi level 

possesses strong 3p character from interactions between the S 3p and Sb 5p orbitals, and 

also some lone pair character from the Sb 5s 2 orbital. Just below the Fermi level, 

interactions between the S 3p and Sb 5s orbitals occur. In CsAgSb4S7, the main 

unoccupied states are dominated by a mixture of Sb and S states, where the lone pair of 

electrons on the Sb(III) cause the Sb 5s states to be near the Fermi level [257]. 

In order to have an accurate comparison between the compounds, it is more 

meaningful to plot the band gap as a function of Sb atoms per 1000 A3, rather than as a 

function of crystal density, which does not necessarily reflect the concentration of 

antimony atoms in the unit cell. Figure 7.1 clearly shows a decrease in band gap from 

[Cr(tren)]SbS3 [258], which has 2.86 Sb atoms per 1000 A3 and a band gap of 2.52(4) 

eV, to Sb2S3, which has the highest Sb concentration of 16.43 atoms per 1000 A3 and a 
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band gap of 1.54(5) eV. Generally the increasing dimensionality of the antimony- 

sulphide framework results in a likewise Increase in Sb concentration and reduction in 

band gap, however there are notable exceptions. For example, the double chains of 
[MeNl13]Sb8SI4 and [ enH2]Sb8S]3 [76] are very tightly packed creating denser 

structures than the majority of the layered materials. [MeNH3]Sb8S, 4 and 
[enH21Sb8S13theref6re display smaller band gaps than other chain structures (1.94(7) 

and 1.82(9) eV). Conversely, the three-dimensional structure of [cyclamH2]Sb4S7 IS 

very open with a lower antimony concentration than many of the chain structures 
(2.32(6) eV). It there exhibits a band gap wider than expected for a three-dimensional 

framework. 

The reduction in the band gap of the antimony-sulphide compounds is a result 

of the increasing overlap of the 5s 2 orbitals of the antimony atoms with the empty 

sulphur ligand orbitals. As the antimony concentration increases, the antimony atoms 

are surrounded by more sulphur atoms increasing the possible orbital overlap. A 

similar effect is also observed in the binary compounds of the main-group elements of 
Bi(III), Pb(II), Sn(II), Te(IV) and Ge(II) where inert electron pairs are also found. 

Increased orbital overlap can be achieved by reducing the A-X bond length (A= main- 

group element and X= ligand element) and reducing the electronegativity difference 

of A and X, in addition to increasing the concentration of the main-group element. 

Kyono et al. [259] have investigated the effect of the first two variables on the 

band gap of binary main-group compounds and compared their band gaps to the A-X 

bond length and electronegativity difference, as an actual value of inert electron pair 

overlap is not possible. The effect of AA bond lengths on the band gap is illustrated 

by the comparison of the electronic and structural differences of Sb2S3 and Bi2S3, 

where Sb and Bi have similar electronegativities of 2.05 and 2.02 on the Pauling scale. 

Sb2S3 and Bi2S3 possess band gaps of 1.64 and 1.28 eV respectively. In B12SI, the 

secondary bonds are shorter than those of Sb2S3, such that the Bi 6s 2 
inert lone- 

electron pair is able to overlap with the empty ligand orbitals more considerably than 

those of Sb2S3. The increased orbital overlap present in B12S3 is reflected in a smaller 

band gap compared to Sb2S3- 

Sb-103 has a considerably higher band gap of 4.31 eV, compared to both Sb-)S3 

II and B12S-i. The electronegativity difference is greater in the oxide than the sulphide, 

but the predominant cause of the wider band gap is that the Sb-O bond lengths are It, 
longer than the sum of the Van der Waals' radii of Sb and 0 [73]. The degree of 
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overlap of the Sb 5s 2 inert lone-electron pair and the adjacent oxygen atoms is 

significantly smaller than with the ad . acent sulphur atoms of Sb2S3, and therefore j 

results in a band gap 2.6 times larger. 

The increasing electronegativity of the ligand results in contraction of the 

orbital reducing the overlap. For example, main-group elements coordinated by oxide 
ligands will therefore have much poorer orbital overlap compared to the sulphide and 

selenide compounds, and thus consequently will display much wider band gaps. 

Figure 7.2 shows the increase in band gap as a function of the increasing 

electronegativity difference between elements of binary main-group compounds. This 

clearly shows the general trend that as the overlap of the inert lone-pair electrons 
decreases with increasing electronegativity difference, the band gap of the materials 

increases. 

The antimony-sulphur bonds in the antimony- sulphide compounds analysed in 
Figure 7.1 have a relatively small electronegativity difference, and many of the Sb-S 

contacts are below 3.8 A, the van der Waals' radii of antimony and sulphur [73], so 
that there should be good orbital overlap. As a consequence, the Sb 5s 2 orbitals will 
be sensitive to the number of contacts, which increases as the Sb concentration rises. 
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Figure 7.2: Band gap as a ftinction of electronegativity difference binary 

compounds of main-, c)-, roup elements invest Ic, ), ated by Kyono et al. [259]. 
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7.3 Magnetism 

7.3.1 Transition-metal antimony sulphides 
The aim of the research was to synthesise antimony- sulphide phases 

containing transition-metal ions bound directly to the chalcogenide structure. Using 

parallel synthesis, this was successfully achieved through the creation of 

[T(dien)12Sbl8S30[T(dien)21 (T= Mn, Co, Fe). It was thought that transtion metals 

could interact magnetically and result in antiferromagnetic behaviour. The phase 

[Mn(dien)12Sbl8S30[Mn(dien)2] especially was thought to undergo antiferromagnetic 

ordering as each manganese ion possesses a high-spin d5 configuration, and hence the 

largest number of unpaired electrons for a transition-metal ion. It was therefore 

unexpected that the magnetic suceptability data as a function of tempertaure did not 

display an ordering temperature. The lack of long range order will be discussed in 

detail. 

The dominant form of coupling in most transition-metal compounds is via 

superexchange, where a ligand acts as an indirect bridge between two transition-metal 

ions. It is dependent on the simultaneous covalent bonding of the metal ions' orbitals 

with those of the bridging ligand. The type of magnetic order depends on the sign of 

of these exchange interactions, and the range over which they operate. It is difficult 

though to predict the sign and magnitude of the interaction between two transition- 

metal ions due to the many different geometries around the transition-metal ion-ligand 

bridge. 

Sulphur is known to be a suitable bridging ligand, illustrated by (x-MnS [260] 

which exhibits antiferromagnetic ordering at TN: -- 150 K, and the Mn-S bond distances 

are similar in both cc-MnS and [Mn(dien)12Sbl8S30[Mn(dien)2]. The Weiss constants 

are both negative for the manganese and cobalt phases andgeff decreases on cooling, 

suggest ng antif ic correlations are present. However, no decrease in II erromagneti 

magnetic susceptability is observed with cooling, reflecting no long-range ordering. 

The lack of anti ferromagnetic ordering must therefore be due to the geometry 

surrounding the T-S-T bridge, which does not permit sufficient overlap of the 

transition-metal and sulphur orbitals. It is difficult to model the orbital interactions in 

non-octahedral systems, however the octahedral model is a good basis for an 

explanation to describe the magnetic properties of [T(dien)12Sbl8S30[T(dien)21 (T= 

Mn, Co). 
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In the octahedral model,, the optimal orbital overlap is achieved when the 

cation-anion-cation angle is either 1800 or 900. In the first mechanism, overlap occurs 
between the pcT orbital of the anion and the eg orbitals of the catlion (Fligure 7.3) or 
between the p7c and t2gorbitals of the anion and cation. However, (3-overlap has the 

greater influence due to the larger orbital overlap compared to R-overlap. 900 cation- 

anion-cation interactions can occur via the face or edge-sharing of two octahedral 

complexes. Superexchange pathways can occur via the anion s orbitals, two p 

electrons from the same p orbital (pc5 for one cation and pR for the other), or by two p 

electrons from different p orbitals (pG for each cation). 

MLM 

Figure 7.3: Simple view of 180'M-L-M superexchange through cy- bonding with the 

xIii p -orbitals of the ligand and the d 2_ 
y2 orbitals of the trans't*on-metal ion. 

In [T(dien)12Sb18S30[T(dien)21 (T= Mn, Co) the T-S-T angles are very close to 

90 0, and the transition-metal complexes possess slightly distorted octahedral 

geometry. Therefore good overlap of the p-orbitals with the orbitals of the bndging S 

anions would be expected. However, the sulphur anions are not within octahedral 

geometry, but bound by three metals. In [Mn(dien)12Sbl8S30[Mn(dien)21, the three M- 

S-M angles around the bridging sulphur atom display distorted tetrahedral geometry 

with angles of 92.59(5), 89.55(5) and 113.45(5)'. There appears to be a degree of s-p 

mixing, resulting in sp 3 hybridisation of the bridging sulphur orbitals (Figure 7.4). 

The orbital separation in sulphur anions would be closer to 109' rather than 900, 

resulting in poor p-orbital overlap between the transition-metal and sulphur ions, and 

therefore weak superexchange. Calculations are required to model the extent of s-p 

imxin, c, Y,, which would confirm whether the bndging sulphur anions possess sp 3 
1 

character and therefore do indeed offer poor overlap of the transition-metal p-orbitals. 
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Figure 7.4: Combination of the 3s and 3p, 3py and 3p, orbitals into the four sp 3 

orbitals. 

The magnetic properties of a series of manganese- antimony- sulphides, 
(Am)Mn2Sb2S5, analysed by Bensch et al., also do not display long range ordering. 

The only features reported are weak local maxima in the inverse susceptibility data at 

low temperatures [136]. Like [Mn(dien)12Sbl8S30[Mn(dien)21, each manganese ion is 
divalent and high spin. In (Am)Mn2Sb2S5 two of the sulphur atoms are bonded to four 

and five metal centres, with Mn-S-Mn angles ca. 84- 102'. It therefore appears that 

the the s and p orbitals belonging to these S atoms are not hybridised. It is therefore 

possible for partial overlap of the the t2gand eg orbitals of the Mn 2+ with the s, p (T, 

and pn orbitals of the sulphur bridge. Additonally a Mn-S-Mn angle of ca. 1720 

suggests that weak interactions through a slightly distorted 180' cation-anion-cation 

exchange are possible. These interactions are however, not strong enough to produce 
long range anti ferromagnetic ordering in (Am)Mn2Sb2S5 either. 

7.3.2 Lanthanide-carbonates 

The magnetic interactions between rare-earth ions are predominantly dipolar 

in nature, in contrast to transition-metal compounds where magnetic interactions 

typically result from superexchange via an intermediary ligand. The magnetic 

properties of the lanthanide-carbonates and oxalate-carbonates 

[Ln(C03)6(H20)21. en. H20 (Ln = Dy-Yb) and [Ln2(CO3)2(C204)(H20)21 (L. n= Gd, Dy, 

Ho, Er) synthesised during this work are described in Chapter 5. The magnetic 

moment, ýteff, as a function of temperature was found to increase on cooling for the 

phases [Er(C03)6(H20)21. en. H20 and [Ln2(CO3)2(C204)(H20)21 (Ln= Gd, Dy). In the 

other rare-earth examples of these phases ýIeff decreases as a function of temperature, 

due to either the thermal depopulation of the Stark levels or ant, ferromagnetic 

interactions between the metal ions. Measurements of the magnetic moment as a 

function of field suggest ferrimagnetic ordering is present between the erbium ions 

216 



below 9.85 K in [Er(C03)6(H20)21. en. H20, as a saturated magnetic moment is 

achieved which is consistent with one ant1parallel and three parallel erbium moments. 

Similar measurements for [Gd2(CO3)2(C204)(H20)2] did not identify a saturated 

magnetic moment, however this could be due to an insufficiently strong magnetic 

field. Dipole-dipole interactions are proportional to the magnetic moment and 

inversely proportional to the cube of the separation. It is possible that the different 

magnetic properties of [Er(C03)6(H20)21. en. H20, compared to the other rare-earth 

phases, may originate from the balance of these two factors, which results in a pairing 

energy sufficient to cause ordering. 

The magnetic properties of several rare-earth compounds which are within 
dimeric complexes and three-dimensional framework structures have been reported. 

They demonstrate a precedent that the magnetic properties of the rare earth ions alter 

along the series. For example, in the phases [Ln(INO)(H20)(SO4)ln (Ln= Nd, Eu, Gd, 

Yb) (HINO= isonicotinic acid N-oxide) [255], where the Ln 
... 

Ln separation is ca. 4.2 

(Nd-Gd) and 5.1 A (Yb), [Ln(INO)(H20)(SO4)1n (Ln=Nd, Eu, Yb) show a decrease in 

XmT as a function of temperature. In [Gd(INO)(H20)(SO4)1ný weak ferromagnetic 

behaviour is observed instead, where XmT remains almost constant on cooling from 

300 to 20 K before beginning to rapidly increase below 20 K. The ferromagnetic 

behaviour of [Gd(INO)(H20)(SO4)1n is confirmed by the saturation of the magnetic 

moment with increasing field. The magnetic moment tends towards 14.0 ýtB,, which is 

the theoretical maximum for two gadolinium. ions. 

Dipole-dipole interactions between large spins and the effect of the crystal 

field generally cause g values to be anisotropic, and hence result in anisotropic 

magnetic moments. The anisotropy varies depending on the rare-earth ion, and can 

result in different magnetic interactions along the series, in addition to solely dipole- 

dipole exchanges. One of the most detailed studies to model the anisotropy of f1f 

interactions was carried out by Ishikawa et al. [ 261 ] on the dinuclear 

PcLnPcLn'PC(OC4H9)8 Complexes of Tb-Yb ions with phthalocyanine (pc) ligands. 

The Ln ... Ln separations are not reported for these phases, however the Ln ... Ln 

separations for Ce 3+ ions in similar compounds are between 3.66-3.84 A [262]. in 

PcLnPcLn'PC(OC4H9)8, the Ln ... Ln separations are likely to be shorter due to the 

lanthanide contraction effect. The two lanthanide ions are placed along the molecular 

symmetry axis, and each resides on a ligand field of C4 symmetry. The high symmetry 
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allows the crystal-field splitting for each lanthanide ion to be calculated, and coupled 

with the electron structure of the individual fishells, the anisotropic behaviour of the 

magnetic susceptibility modelled. 
The homonuclear complexes havingj'-ýO systems, namely [Tb, Tb], [Dy, Dy], 

and [Ho, Ho], all show ferromagnetic interactions. In the [Th, Tb] compound, X .. T 

steadily increases on cooling below 50 K, whereas the [Dy, Dy] compound shows a 

steady decrease in y,,, T until 8 K, where it suddenly begins to increase. In the [Ho, Ho] 

case, the ferromagnetic interaction is identified by the steady increase in AX .. T 

between the homo- and dinuclear [Ho, Y] and [Y, Ho] phases below 50 K. The 

models of the anisotropic behaviour accurately predicts the magnetic exchanges 

occurring in the different rare-earth complexes. Those which display pronounced 

anisotropic magnetic susceptibility along z, i. e. the principal axis, exhibited 
ferromagnetic interactions, such as for Tb, Dy, and Ho. The other rare-earth dimers of 

Er and Tm display lateral extensions along the x and y axes, which contribute to 

anti ferromagnetic interactions between the ions instead. Both these complexes show a 

decreases in X,,, T. The Yb dimer model predicts neither antiferromagnetic or 

ferromagnetic behaviour as the magnetic susceptibility model is isotropic in all 
directions. This is borne out in the magnetic response of this phase. 

For [Er(C03)6(H20)21. en. H20, dipole-dipole interactions are present between 

the large magnetic moments of the trivalent erbium ions, which are sufficient to cause 

pairing of two of the four unique magnetic moments and bring about ferrimagnetic 

ordering below 9.85 K. Such interactions in the Dy 3+ 
9 

H03+ 
, Tm 3+ and Yb 3+ do not 

produce the same effect. This could be due to the pairing energy being sufficient for 

only the erbium phase, or the anisotropic behaviour of g altering the magnetic 

properties along the lanthanide series in a similar manner PcLnPcLnPc(OC4H9)g (Tb- 

Yb). 

The identity of the erbium ions in [Er(C03)6(H20)21. en. H20, which align 

parallel to one another can not be easily identified from the crystal structure. There are 

many Ln ... Ln contacts of ca. 3.8-5.1 A, through the shared 0 atoms of the carbonate 

ions, which are short enough to have significant dipole-dipole exchange. Neutron 

diffraction experiments of [Er(CO1)6(H-)0)21. en. H20would provide evidence for 

which erbium ions are interacting and, therefore, the environment surrounding the 

erbium ions could be analysed further to possibly model the exchange. 
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Appendix A: Tables of non-hydrogen coordinates of compounds 

described in Chapters 3-5. 

(1) [Fe(en)312Sb2S5-0.55H20 

x Y z Uiso*/Ueq Occupancy 
Sb(l) 0.07682(3) 0.19379(2) 0.86558(13) 0.0397 1 
Sb -0.0088 0.34075 1.06091 0.0425 1 
S(I) 0.02063(17) 0.15109(13) 0.68652(19) 0.0605 1 
S(2) 0.12408(13) 0.08302(12) 0.95731(19) 0.0515 1 
S(3) -0.05511(11) 0.2201(l) 0.97743(19) 0.0445 1 
S(4) -0.1109 0.42397(12) 0.9835(2) 0.0603 1 
S(5) -0.04943(17) 0.33068(14) 1.25874(19) 0.0623 1 
Fe(l) -0.1113 0.38687 0.60518 0.0408 1 
Fe(2) 0.09015(6) 0.10130(6) 0.33179(16) 0.0411 1 
N(l) -0.2128(5) 0.4652(4) 0.6565(6) 0.0594 1 
N(2) -0.1007 0.4692(4) 0.4608(6) 0.0518 1 
N(3) -0.1976(5) 0.3139(4) 0.5033(6) 0.0574 1 
N(4) -0.1452(4) 0.3052(4) 0.7352(6) 0.062 1 
N(5) 0.0037(4) 0.3258(4) 0.5546(7) 0.0544 1 
N( -0.0152(4) 0.4454(4) 0.7136(7) 0.0624 1 
N(7) -0.0045(4) 0.0532(5) 0.2137(8) 0.07 1 
N(8) -0.0250 0.1586(4) 0.3965(7) 0.0614 1 
N(9) 0.1211( 0.1930(5) 0.2119(7) 0.0693 1 
N(I 0) 0.1743(6) 0.1720(4) 0.4437(7) 0.0744 1 
N(I 1) 0.1908(6) 0.0312(5) 0.265 0.0762 1 
N(12) 0.0844(5) 0.0129(5) 0.461 0.0783 1 
C(l) -0.2027(7) 0.5345(5) 0.5884(9) 0.0943 1 

-0.1764(5) 0.5169(5) 0.4661(8) 0.0726 1 
C(3) -0.2111(5) 0.2444(4) 0.5700(7) 0.0664 1 
C(4) -0.2214(5) 0.2651(5) 0.6956(6) 0.0645 1 
C(5) 0.0796(5) 0.3657(7) 0.5955(9) 0.0823 1 
C(6) 0.0612(5) 0.3985(6) 0.7127(8) 0.0681 1 
C(7) -0.0861(5) 0.0901(5) 0.2358(6) 0.0614 1 
C(8) -0.0983 0.1140(5) 0.3597(6) 0.061 
C(q) 0.1986(4) 0.2302(5) 0.2534(7) 0.0633 
C(I 0) 0.1877(5) 0.2430(4) 0.3814(6) 0.0623 
C(I 1) 0.1782(6) -0.0436(5) 0.3184(9) 0.0898 
C(I 2) 0.1600(6) -0.0343(5) 0.445 0.0817 
0(l) 0.133(l) 0.4204(8) 0.3335(13) 0.0843 0.55(3) 
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(2) [Fe(en)312Sb4S8 

x y Z Uiso*/Ueq 

Sb 0.35770 0.721050) 0.83220(3) 0.0162 
Sb(2) 0.313051(19) 0.62573(3) 0.55654(3) 0.016 
Sb 0.856490(18) 0.79011 1.36702(3) 0.0151 
Sb(4) 0.810629(18) 0.867290) 1.08004(3) 0.0153 
S(I) 0.34491(7) 0.77704(11 0.64057(12) 0.0203 
S(2) 0.38062(7) 0.87374(11) 0.91450(12) 0.021 
S(3) 0.46255(7) 0.65974(11) 0.85534(12) 0.0201 
S(4) 0.21295(8) 0.66521(14) 0.45606 0.0285 
S(5) 0.82431(7) 0.72082 1.18410 0.0183 
S(6) 0.89512(7) 0.65052(11) 1.46865(12) 0.0196 
S(7) 0.95838(7) 0.85119(11) 1.34965(12) 0.0193 
S(8) 0.72054(7) 0.82408(12) 0.95109(12) 0.022 
Fe 0.08927 0.66632 0.16763(7) 0.0152 
Fe(2) 0.59389(4) 0.83377(6) 0.66090(7) 0.0147 
N(l) 0.0779(2) 0.7791(4) 0.0489(4) 0.0212 

- N(2) 0.1056(2) 0.7861(4) 0.2791(4) 0.0207 
N(3) 0.1932(2) 0.6441(4) 0.1779(4) 0.0219 
N(4) 0.0883(2) 0.5581(3) 0.0409(4) 0.0172 
N(5) 0. 0.5635(3) 0. 0.0173 
N(6) -0.0165(2) 0.6623(4) 0.1554(4) 0.0206 
N(7) 0.5684(2) 0.8459(3) 0.8228(4) 0.0166 
N(8) 0.5124(2) 0.9310(3) 0.6240(4) 0.0175 
N(9) 0.6621(2) 0.7200(4) 0.7033(4) 0.0171 
N(I0) 0.5284(2) 0.7155(4) 0.6142(4) 0.0207 

_ N(l 1) 0.6700(2) 0.9426(4) 0.7001(4) 0.0223 
N(I 2) 0.6191(2) 0.8577(4) 0.4992(4) 0.0202 
C(I) 0.0724(3) 0.8667(5) 0.1072(5) 0.0234 
C(2) 0.1196(3) 0.8657(4) 0.2132( ) 0.0215 
C(3) 0. 0.5558(4) 0.1254(5) 0.0222 
C(4) 0.1547(3) 0.5478(4) 0.0189(5) 0.0214 
C(5) 0.0165(3) 0.5734(4) 0.3220(5) 0.0189 
C(6) -0.0324(3) 0.5811(4) 0.2170(5) 0.0194 
C(7) 0.5299(3) 0.9309(4) 0.8226(5) 0.0171 
C(8) 0.4800(3) 0.9336(4) 0.7206(5) 0.0194 
C(9) 0.6244(3) 0.6342(4) 0.7050(5) 0.0212 
C(I 0) 0.5693(3) 0.6336(4) 0.6099(5) 0.021 
C(I 1) 0. 0.9600(4) 0.6019(5) 0.0213 
C(I 2) 0.6491(3) 0.9498(5) 0.4994(5) 0.0196 
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(3) [Ni(dien)2lSb6SIo. 0.43H20 

x z uiso*/U,, Occupancy 
0.15527 -0.24752(2) 0.663509( 0.012 1 

Sb(2) 0.234092(6) -0.60267(2) 0.676305(8) 0.0115 1 
Sb(3) 0.126301(6) -0.73844(2) 0.544742(8) 0.0119 1 
Sb(4) 0.0525 -0.38338(2) 0.513058(8) 0.0124 1 
Sb(5) 0.158049(6) 0.13975(2) 0.739366 0.0139 1 
Sb(6) 0.043535(6) 0.08620(2) 0.573259(8) 0.0143 1 
SO) 0.2257 -0.3166 0.66104(3) 0.0131 1 
S(2) 0.20589(2) -0.691 0.56911 0.0141 1 
S(3) 0.09389 -0.52952(8) 0.46564(3) 0.0148 1 
S(4) 0.1101 -0.1734 0.55574(3) 0.0127 1 
S(5) 0.12854(2) -0.59283(8) 0.63001(3) 0.0133 1 
S(6) 0.18895 0.02418(8) 0.67678(3) 0.0152 1 
S(7) 0.18956 -0.0785 0.81827 0.0141 1 
S(8) 0.08402(2) 0.01970(10) 0.69455(3) 0.02 1 
S(q) -0.0002 0.15603(9) 0.44804 0.0157 1 
S(10) 0.01292(3) -0.25012(9) 0.41308(3) 0.0197 1 
Ni(l) -0.25 -0.25 0 0.0109 1 
Ni(2) 0 0.27008(7) 0.25 0.0229 1 
N(l) -0.25016(9) -0.50 0.00800(11) 0.0166 1 
N(2) -0.20213(8) -0.2696(3) 0.09546(11) 0.0137 1 
N( -0.1892 -0.2586(3) -0.00643(11) 0.015 1 
N(40) 0.01319 0.0729(8) 0.3150(3) 0.0175 0.5 
N(41) 0.02271(19) 0.1379(9) 0.3279(3) 0.0202 0.5 
N(50) 0.0663(3) 0.2594(9) 0.2840(4) 0.0145 0.5 
N(5 1) 0.0728(3) 0.2672(10) 0.2764(3) 0.015 0.5_ 
N( 0.00241(17) 0.4774(7) 0.2055(3) 0.0249 0.5 
N(6 1) 0.0047 0.4183(7) 0.1763(3) 0.0222 0.5 
C(l) -0.21118(10) -0.5491(3) 0.06794(13) 0.0166 1 
C(2) -0.20811(9) -0.4293(4) 0.11532(13) 0.0159 1 
C(3) -0.1548 -0.2455(4) 0.10604(13) 0.0171 1 
C(4 -0.15396(9) -0.1794( 0.04931(13) 0.0167 1 
C(50) 0.06255(18) 0.041 0.3444(3) 0.0193 0.5 
C(5 1) 0.0718(2) 0.1035(9) 0.3552(3) 0.0216 0.5 
C(60) 0.0883(2) 0.1887(8) 0.3461(3) 0.0177 0.5 
C(6 1) 0.0955(3) 0.2395(9) 0.3434(3) 0.0164 0.5 
C(70) 0.0822( 0.4165(8) 0.2765( 0.0234 0.5 
C(7 1) 0.0840(2) 0.4137 0.2540(3) 0.0178 0.5 
C(80) 0.04923 0.4788(10) 0.2139(3) 0.0325 0.5 
C(8 1) 0.0 203(16) 0.4286 0.1864(3) 0.0224 0.5 
00) 0.5088(3) 0.2809(8) 0.2253(3) 0.0383 0.4312(3) 
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(4) [Co(dien)2lSb6SIo. 0.46H20 

x y z uiso*/Ueq Occupancy 
Sb 0.15540 -0.24314(2) 0.66318 0.0112 1 
Sb 0.234341(6) -0.59677(2) 0.676334(9) 0.0108 1 
Sb 0.12698 -0.73651 0.545636(9) 0.0112 1 
Sb 0.05284 -0.3828 0.51367 0.0118 1 
Sb(5) 0.157507(7) 0.14380(2) 0.738594(9) 0.013 1 
Sb 0.04354 0.08845(3) 0.572442(9) 0.0135 1 
S(I) 0.2258 -0.3111 0.66120(3) 0.0123 1 
S(2) 0.20585(2) -0.68294(10) 0.56897(3) 0.0134 1 
S( 0.09281(3) -0.53141(9) 0.46528 0.0144 1 
S(4) 0.1101 -0.17236(9) 0.55516 0.012 1 
S(5) 0.12892(2) -0.58966(9) 0.63021(3) 0.0126 1 
S(6) 0.18855 0.02874(9) 0.67621(3) 0.0141 1 
S(7) 0.31042 -0.57292(9) 0.68201(3) 0.0134 1 
S(8) 0.08388(3) 0.02304(11) 0.69396(4) 0.0194 1 
S(q) 0.00092 -0.1543 0.55211 0.0148 1 
S(10) 0.01258(3) -0.25162(10) 0.41351(4) 0.0187 1 
c -0.25 -0.25 0 0.0106 1 
c 0 -0.72701(8) 0.25 0.023 1 
N(l) -0.24868(9) 0.0091(4) -0.00957(13) 0.0165 1 
N(2) -0.29942(9) -0.2239(3) -0.09723(12) 0.0139 1 
N(3) -0.3123 -0.2391(3) 0.00534(12) 0.0144 1 
N(5) 0.0709 -0.7378(4) 0.27975(15) 0.0281 1 
N(40) 0.0061(2) -0.5139(9) 0.2076(3) 0.0242 0.5 
N(41) 0.0060(2) -0.5753(8) 0.1770(3) 0.0241 0.5 
N(60) 0.0139( ) -0.9262(9) 0.3163(3) 0.0162 0.5 
N(61) 0.0268(3) -0.8538(11) 0.3342(3) 0.0257 0.5 
C(l) -0.28789(11) 0.0548(4) -0.06859(15) 0.0162 1 
C(2) -0.29268(11) -0.0649(4) -0.11676(14) 0.0158 1 
C(3) -0.34633(10) -0.2451(4) -0.10709(15) 0.0163 1 
C(4) -0.3472 -0.3167(4) -0.05128(14) 0.0169 1 
C(50) 0. -0.5292(10) 0.2120(4) 0.0259 0.5 
C(5 1) 0.0532( -0.5703(10) 0.1854(4) 0.0215 0.5 
C(60) 0.0850(3) -0.5905(12) 0.2763(5) 0.0289 0.5 
C(6 1) 0.0852(3) -0.5844(11) 0.2536(4) 0.0234 0.5 
C(70) 0.0892(3) -0.8133(13) 0.3451(4) 0.0215 0.5 
C(71) 0.0989(3) -0.7543(12) 0.3443(4) 0.0226 0.5 
C(80) 0.0628(3) -0.9611(14) 0.3454(4) 0.0256 0.5 
C(8 1) 0.0752(3) -0.8899(13) 0.3588(4) 0.0249 0.5 
0(1) 0.5066(3) 0.2860(10) 0.2232(4) 0.0424 0.4596(2) 
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(5) [Co(en)3]Sb8Sl3 

x y Z Uiso*/Ueq 

Sb(1) -0.930220(16) 0.586014 0.926036(8) 0.0085 
Sb -0.704599(16) 0.522893(12) 0.754537(8) 0.0076 
Sb -0.526520(16) 0.381603(12) 0.57756 0.0086 
Sb(4) -0.221745(16) 0.567324(12) 0.767382(8) 0.0078 
Sb(5) -0.402375(17) 0.664311(12) 0.948678(8) 0.0092 
Sb -0.109504(16) 0.738609(12) 0.592646(8) 0.0077 
Sb -0.035216(16) 1.075754(12) 0.59286 0.0076 
Sb 0.055695(16) 0.590550(12) 0.422350(8) 0.0077 
S(I) -0.79914(6) 0.53806(5) 1.04040 0.0099 
S(2) -0.94890(6) 0.42422(5) 0.81099 0.0109 
S«3) -0.60434(6) 0.73979(5) 0.91046(3) 0.0111 
S(4) -0.75034(6) 0.32841(4) 0.66154(3) 0.0101 
S(5) -0.52806(6) 0.47361(4) 0.85099 0.0092 
S(6) -0.41378(6) 0.58708(4) 0.66221(3) 0.0084 
S(7) -0.34321(6) 0.31436(5) 0.64586(3) 0.011 
S(8) -0.20336(6) 0.75548(5) 0.86206(3) 0.0108 
S(9) 0.01259(6) 0.66807(4) 0.70143(3) 0.0088 
S(I0) -0.01437(6) 0.94216(4) 0.68611 0.01 
s( 0.19981(6) 1.08963(4) 0.52540(3) 0.0087 
S(l2) 0.12949(6) 0.78400(4) 0.52433(3) 0.0082 
S(13) 0.20027(6) 0.51224(4) 0.51263(3) 0.0085 
Co 0.45346 0.96299(3) 0.20434 0.0095 
N( 0.1991(2) 0.86855(17) 0.20446(12) 0.0139 
N(2) 0. 0.96084(17) 0.07880 0.0129 
N(3) 0.6949(2) 1.04263(16) 0.17722 0.0117 
N(4) 0.5021(2) 0.80291(17) 0.16843(12) 0.0133 
N(5) 0.5374(2) 0.97582(17) 0.33365(12) 0.0134 
N(6) 0.4344(2) 1.13021(17) 0.25872 0.0134 
C(I) 0.1162(3) 0.8301(2) 0.11773(15) 0.0137 
C(2) 0.1806(3) 0.9279(2) 0.07237(15) 0.0153 
C(3) 0.7355(3) 0.9454(2) 0.13072(14) _ 0.0131 
C(4) 0.6773(3) 0.83985(19) 0.17012(14) 0.0123 
C(5) 0.4800(3) 1.0597(2) 0.38363(14) 0.0146 
C(6) 0.5128(3) 1.1678(2) 0.34673(14) 0.015 
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(6) [Ni(en)3]Sbl2SI9 

x y z Uiso*/Ueq 

Sb(l) -0.001313(18) 0.27904(4) 0.745557(11) 0.0086 
Sb(2) -0.036933(18) 0.26777(4) 0.609491(11) 0.0097 
Sb(3) 0.085367(19) 0.27621(4) 0.495669(11) 0.01 

- Sb( 0.174737(18) 0.49412(4) 0.801066(10) 0.0089 
Sb(5) 0.382457(17) 0.64422(4) 0.830188(11) 0.0079 
Sb(6) 0.512126(18) 0.86542(4) 0.750083(11) 0.0087 
Sb(7) 0.623399(18) 0.63491(4) 0.657197(10) 0.0079 
Sb(8) -0.176081(18) 0.50457(4) 0.693008(11) 0.0091 
Sb(9) -0.231674(19) 0.49423(4) 0.567566(11) 0.0125 
Sb(I 0) 0.783541(18) 1.00148 0.571896(10) 0.0082 
Sb(I 1) 0.56805(2) 1.12955(4) 0.534879(11) 0.0096 
Sb(I 2) 0.585786(18) 0.65257(4) 0.532293(11) 0.0087 
S(I) 0.00250(8) 0.09872 0.67857(4) 0.0119 
S(2) -0.03321(7) 0.49882(14) 0.69364(4) 0.0098 
S(3) 0.14360(7) 0.31986 0.73657(4) 0.0113 
S(4) 0.09906(7) 0.27012(15) 0.58143(4) 0.0124 
S(5) 0.16686(7) 0.72373(14) 0.75524(4) 0.0103 
S(6) 0.31670(7) 0.44372 0.78468(4) 0.0096 
S(7) 0.37404(7) 0.84606(13) 0.76865(4) 0.0093 
S(8) 0.51394(7) 0.56525(14) 0.81109(4) 0.0095 
S(q) 0.49369(7) 0.67191(14) 0.68779(4) 0.0106 
S(10) -0.16850(8) 0.68237(14) 0.62358(4) 0.0112 
S(II) -0.21238(7) 0.30965(13) 0.63303(4) 0.0085 
S(12) -0.11517(8) 0.45152(14) 0.51888(4) 0.0117 
S(13) -0.08004(7) 0.06382(15) 0.55492(4) 0.01 18_ 
S(14) 0.71948(7) 1.19651(14) 0.52377(4) 0.0093 
S(15) 0.78099(7) 0.81073(14) 0.50676(4) 0.0099 
S(16) 0.44452(7) 0.67210(13) 0.52600(4) 0.0088 
S(17) 0.58639(7) 0.91998(13) 0.48026(4) 0.0084 
S(18) 0.61631(7) 0.83454(14) 0.59600(4) 0.0093 
S(19) 0.57223(8) 0.45410(14) 0.59965(4) 0.0116 
NI(l) 1.23538(4) 1.75407(8) 0.62138(2) 0.0121 
N(l) 1.3351(3) 1.8919(5) 0.60849(16) 0.015 
N(2) 1.2125(3) 1.9475(5) 0.66740(16) 0.0152 
N(3) 1.2946(3) 1.6122(6) 0.67134(18) 0.0223 
N(4) 1.2677(3) 1.5668(6) 0.57558(18) 0.0219 
N(5) 1.1648(2) 1.8586(5) 0.56768(16) 0.0136 
N(6) 1.1251(3) 1.6503(6) 0.63693(15) 0.0139 
C(l) 1.3163(3) 2.0498(5) 0.62108(16) 0.0143 
C(2) 1.2802(3) 2.0497(6) 0.66841(16) 0.0147 
C(3) 1.3033(4) 1.4579(6) 0.65303(18) 0.0239 
C(4) 1.3225(4) 1.4682(7) 0.60221(17) 0.024 
C(5) 1.0833(2) 1.8477(5) 0.58185(18) 0.0143 
C(6) 1.0673(3) 1.6909(5) 0.59981(17) 0.0143 
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(7) [Cr(tren)]Sb4S7 

x y z Uiso*/Ueq 

Sb(l) 0.77660(3) 0.23338(2) 0.402834(8) 0.0083 
Sb(2) 0.94845(3) 0.16261(2) 0.268495(9) 0.0102 
Sb(3) _ 1.38635(3) 0.29600(2) 0.315412(9) 0.0089 
Sb(4) 1.05502(3) 0.49766(2) 0.254197(9) 0.0101 
SM 0.7727901) 0.09902(8) 0.47836(3) 0.0111 
S(2) 0.73732(10) 0.07187(8) 0.33679(3) 0.0103 
S(3) 0.48226(11) 0.30275(10) 0.40696(3) 0.0137 
S(4) 1.15822(11) 0.14633(9) 0.33884(3) 0.0117 
S(5) 0.81553(11) 0.36999 0.28582(3) 0.0119 
S(6) 1.23811(11) 0.49413(9) 0.33224( 0.0129 
S(7) 1.17140(11) 0.31431(9) 0.21431(3) 0.0128 
Cr(l) 0.76073(6) -0.11334(5) 0.445729(19) 0.0059 
N(l) 0.7439(4) -0.3256(3) 0.42401(12) 0.0111 
N(2) 0.9812(4) -0.1365(3) 0.40083(13) 0.0146 
N(3) 0.8224(4) -0.2026(3) 0.51765(12) 0.0145 
N(4) 0.5045(4) -0.1264(3) 0.42128(13) 0.0141 
C(l) 0.8907(4) -0.3576(4) 0.39217(14) 0.0136 
C(2) 0.9518(5) -0.2413(4) 0.36310(15) 0.0162 
C(3) 0.7427(4) -0.3986 0.47261(14) 0.0122 
C(4) 0.8628(4) -0.3393(4) 0.51222(13) 0.0123 
C(5) 0.5860(5) -0.3405(4) 0.39409(14) 0.0145 
C(6) 0.4472(4) -0.2607(4) 0.41711(14) 0.013 
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(8) [Mn(dien)2]Sbl8S30[Mn(dien)21 

x y Z Uiso*/Ueq 

Sb 0.41016(5) 0.55080(3) -0.328449(18) 0.0089 
Sb(2) 1.03111(5) 0.42715(2) -0.080951(19) 0.0087 
Sb 0.53984(4) 0.44238(3) -0.129771(18) 0.0086 
Sb(4) 1.06174(4) 0.41455(2) 0.298364(18) 0.0079 
Sb(5) 1.13781(5) 0.29670(2) 0.136859(18) 0.009 
Sb 0.62367(5) 0.32526(2) 0.065505(1 0.008 
Sb 0.70541(5) 0.18907(2) 0.261317(18) 0.008 
Sb 0.75623(5) 0.03908 0.448061(18) 0.0088 
Sb 1.21848(5) 0.14144(2) 0.360335(18) 0.0089 
S(I) 0.72341(17) 0.55299 -0.38824(7) 0.0103 
S(2) 0.32380(18) 0.47460(10) -0.41863(7) 0.0114 
S(3) 0.77633(16) 0.51256(9) -0.03152(6) 0.0077 
S(4) 0.84224(17) 0.39118 -0.17627(7) 0.0091 
S(5) 0.39876(18) 0.39621(10) -0.23009(7) 0.0111 
S(6) 1.32035(17) 0.35081 0.23481(7) 0.0086 
S(7) 0.87367(17) 0.38813(9) 0.17497(7) 0.0083 
S(8) 0.92877(17) 0.26803(9) 0.02669(7) 0.0087 
S(9) 0.48129(18) 0.28192 -0.03551 0.0123 
S(I0) 0.55237(18) 0.16509 0.15770(7) 0.011 
S(II) 1.01729(18) 0.13889(9) 0.22208(7) 0.0105 
S(12) 0.62966(18) 0.02300 0.33434(7) 0.0109 
S(13) 1.06727(17) -0.01354(9) 0.40392(7) 0.0102 
S(I 1.33204(18) 0.12367(9) 0.48573(7) 0.0111 
S(15) 0.95995(17) 0.25222(9) 0.38394(7) 0.0088 
m 1 0 0 0.0143 
m 0.66545(11) 0.41203(6) -0.44882(4) 0.0107 
N(I) 0) 0.0021(5) -0.0840(4) 0.0324 
N(2) 0.9339(8) -0.0939(3) 0.0212 
N(3) 0.8116(9) -0.0579(4) -0.0652(3) 0.0258 
N(4) 0.9598(7) 0.3671(4) -0.4671(3) 0.014 
N(5) 0.7187(8) 0.3000(4) -0.3373(3) 0.0182 
N(6) 0.5483(10) 0.2790(4) -0.4584(4) 0.0311 
C(I) 1.2216(13) 0.0823(6) -0.1526(4) 0.0335 
C(2) 1.1104(11) 0.1657(5) -0.1340(4) 0.0274 
C(3) 0.8084(11) 0.1094(5) -0.1428(4) 0.0301 
C(4) 0.6968(10) 0.0243(5) -0.1010(4) 0.0264 
C(5) 1.0022(9) 0.2754(5) -0.4127(3) 0.021 

_ C(6) _ 0.9168(11) 0.2804(5) -0.3370(3) 0.028 
C(7) 0.6243(12) 0.2118(6) -0.3304(4) 0.0376 
C(8) 0.4769(13) 0.2281(6) -0.3781(5) 0.04441 
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(9) [Fe(dien)2]Sbl8S30[Mn(dien)21 

x y z Uiso*/Ueq 

Sb 0.40956(6) 0.55202 -0.33086(2) 0.0096 
Sb(2) 1.03167(6) 0.42811(3) -0.08201(3) 0.0095 
Sb 0.53919(6) 0.44351 -0.13059(2) 0.0092 
Sb 1.06330(6) 0.41474(3) 0.29960(2) 0.0085 
Sb(5) 1.13582(6) 0.29668(3) 0.13631(3) 0.0099 
Sb 0.62136(6) 0.32529 0.06548(2) 0.0086 
Sb 0.70343(6) 0.18782 0.26156(2) 0.0086 
Sb(8) /'-ý% 0.75573ko) 0.03839(3) 0.44821(2) 0.0092 
Sb 1.21849(6) 0.14111 0.35955(2) 0.0094 
SO) 0.7232(2) 0.55288(13) -0.39048(9) 0.0106 
S(2) 0.3280(2) 0.47352(13) -0.42169(9) 0.0113 
S(3) 0.7761(2) 0.51262(13) -0.03163(9) 0.0092 
S(4) 0.8411(2) 0.39119(13) -0.17688(9) 0.0102 
S( 0.3947(2) 0.39818(14) -0.23130(9) 0.0118 
S(6) 1.3221(2) 0.35141 0.23524(9) 0.0093 
S(7) 0.8728(2) 0.38832(13) 0.17557(9) 0.0094 
S(8) 0.9282(2) 0.26841(12) 0.02701(9) 0.0089 
S(9) 0.4800(3) 0.28212(14) -0.03627(10) 0.0125 
S(10) 0.5482 ) 0.16484(13) 0.15761(9) 0.0111 
S(II) 1.0153(2) 0.13820(13) 0.22126(9) 0.0101 
S( 0.6278(2) 0.02135(13) 0.33413(10) 0.0114 
S(13) I. -0.0143 0.40370(10) 0.0112 
S(14) 1.3334(2) 0.12441(13) 0.48472(10) 0.012 
S(15) 0.9597(2) 0.25194(13) 0.38389(9) 0.0099 
Fe(l) 1 0 0 0.0121 
Fe(2) 0.66370(14) 0.41316(8) -0.44966(6) 0.0109 
N(l) 1.229901) -0.0029 -0.0836(4) 0.0237 
N(2) 0.9347(11) 0.1301(5) -0.0923(4) 0.0208 
N(3) 0.8125(10) -0.0575(5) -0.0622(4) 0.0192 
N(4) 0.9508(10) 0.3709( -0.4679(4) 0.0188 
N(5) 0.7085(11) 0.3057(5) -0.3411(4) 0.0208 
N(6) 0.5529(13) 0.2847(6) -0.4641(4) 0.0336 
C(l) 1.2207(13) 0.0794(7) -0.1524(5) 0.0262 
C(2) 1.1127(13) 0.1632(7) -0.1334(5) 0.023 
C(3) 0.8085(12) 0.1065(7) -0.1406(5) 0.0219 
C(4) 0.6940(13) 0.0220(7) -0.0985(5) 0.0239 
C(5) 0.9981(14) 0.2795(7) -0.4133(5) 0.0236 
C(6) 0.9079(14) 0.2850(7) -0.3376(5) 0.0274 
C(7) 0.6112(15) 0.2162(6) -0.3319(6) 0.0366 
C(8) 0.4781(16) 0.2305(9) -0.3885(5) 0.0451 
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(10) [Co(dien)2]Sbl8S30[Mn(dien)21 

x y z Uiso*/Ueq 

S 0.40960(6) 0.55201 -0.33094(2) 0.009 
Sb(2) 1.03200(6) 0.42827(3) -0.08211(2) 0.0088 
Sb(3) 0.53950(6) 0.44360(3) -0.13063(2) 0.0089 
Sb(4) 1.06305(6) 0.41469(3) 0.29970(2) 0.008 
Sb(5) 1.13585(6) 0.29666(3) 0.13633(2) 0.0092 
s 0.62125(6) 0.32520 0.06552(2) 0.008 
s 0.70313(6) 0.18775 0.26157(2) 0.008 
Sb(8) 0.75575(6) 0.03831(3) 0.44822(2) 0.0085 
s 1.21868(6) 0.14110(3) 0.35954(2) 0.0088 
S(I) 0.7236(2) 0.55278(12) -0.39051(9) 0.0102 
S(2) 0.3280(2) 0.47332(12) -0.42178(9) 0.0102 
S(3) 0.7759(2) 0.51241(11) -0.03146(9) 0.0081 
S(4) 0.8416(2) 0.39120(12) -0.17688(9) 0.0099 
S(5) 0.3944(2) 0.39831(12) -0.23124(9) 0.0109 
S(6) 1.3224(2) 0.35179(12) 0.23539(9) 0.0092 
S(7) 0.8725(2) 0.38851(11) 0.17564(9) 0.0084 
S(8) 0.9282(2) 0.26858(12) 0.02700(9) 0.0089 
S(q) 0.4802(2) 0.28212(13) -0.03622(9) 0.0124 
S(10) 0.5485(2) 0.16451 0.15766(9) 0.0099 
S(II) 1.0161(2) 0.13829(12) 0.22105(9) 0.0099 
S(12) 0.6275(2) 0.02155(12) 0.33419(9) 0.0111 
S(13) 1.0673(2) -0.01437(12) 0.40377(9) 0.0104 
S(14) 1.3334(2) 0.1245002) 0.48506(9) 0.0112 
S(15) 0.9600(2) 0.25162(11) 0.38397(9) 0.0092 
c 1 0 0 0.0147 
Co(2) 0.66375(13) 0.41312(7) -0.44957(5) 0.0126 
N( 1.2314(12) -0.0031(6) -0.0826(5) 0.0282 
N(2) 0.935600) 0.1295( -0.0921(4) 0.0195 
N(3) 0.8145(10) -0.0580(5) -0.0619(4) 0.0209 
N(4) 0.9516(9) 0.3700(5) -0.4675(4) 0.0179 
N(5) 0.7094( 3) 0.3057(6) -0.3412(5) 0.0303 
N(6) 0.5532(13) 0.2848(6) -0.4643(5) 0.0303 
C(l) 1.220904) 0.0785(6) -0.1521(5) 0.0275 
C(2) 1.1116(13) 0.1618(7) -0.1326(5) 0.0262 
C(3) 0.8072(12) 0.1077(7) -0.1406(5) 0.0248 
C(4) 0.6943(12) 0.0232(5) -0.0983(5) 0.0203 
C(5) 0.9960(12) 0.2799(6) -0.4139(4) 0.021 
C(6) 0.9072(12) 0.2838(7) -0.3379(5) 0.0286 
C(7) 0.6165(13) 0.2171(7) -0.3326(5) 0.0303 
C(8) 0.472703) 0.2310(7) -0.3848(5) 0.0303 
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(11) [cyclamH2]Sb6SlO 

x y z uiso*/Uq Occupanc 

Sb 1.00384(4) 1.08793(2) 0.65826(4) 0.0091 1 
Sb(2) 0.97163(4) 0.62304(2) 0.50401(4) 0.0103 1 
Sb(3) 1.01909(4) 0.8336(2) 0.68011(4) 0.0102 1 
S( 1.16052 0.63947 0.71266(14) 0.0109 1 
S( 0.84366(15) 0.50475(9) 0.56996(15) 0.0115 1 
S(3) 0.81632 0.73823(10) 0.58957(19) 0.0187 
S(4) 0.85825 0.95669 0.58297(14) 0.0115 
S(5) 1.15565(16) 0.8234(10) 0.51501(15) 0.0134 
N(l) 0.4837(6) 1.1163(3) 0.0497(6) 0.0337 
N(2) 0.4565(6) 0.9642(4) 0.1723(5) 0.0291 
C(l) 0.515(2) 1.1615(8) 0.1700(12) 0.0498 0.5 
C(2) 0.4566(17) 1.1105(8) 0.2678(11) 0.0515 0.5 
C(3) 0.5160(2) 1.0191(8) 0.2928(10) 0.0533 0.5 
C(4) 0.5149(17) 0.8740(6) 0.1742(9) 0.0453 0.5 
C( 0.4599(17) 0.8345(7) 0.0411(10) 0.0496 0.5 
C(i 1) 0.542(2) 1.1501(10) 0.1799(11) 0.0498 0.5 
C(2 1) 0.4665(16) 1.1067(8) 0.2728(10) 0.0515 0.5 
C(3 1) 0.502(2) 1.0129(7) 0.2972(8) 0.0533 0.5 
C(41) 6) 0.8729(6) 0.1723(9) 0.0453 0.5 
C(51) 0.4557(17) 0.8354(7) 0.0384(9) 1 0.0496 0.5 

(12) [cyclaM]112]Sb4S7 

x y Z Uiso*/Ueq 

Sb(1) 1.034278(14) 0.025535(15) 0.63423 0.0101 
Sb(2) 1.113121(14) 0.239962(15) 0.456701(13) 0.0121 
S(I) 0.95480(5) 0.14474(6) 0.51284(4) 0.0115 
S(2) 1.11767(5) 0.08282(6) 0.35440(5) 0.013 
S(3) 1.22185(5) 0.17604(6) 0.58997(5) 0.016 
S(4) 1 0.16281(8) 0.75 0.0114 
N( 0.7804(2) 0.2566(2) 0.63695(17) 0.0163 
N(2) 0.80998(19) 0.4048(2) 0.48953(18) 0.0171 
C(I) 0.8040(2) 0.3794(3) 0.6455(2) 0.0186 
C(2) 0.8666(2) 0.4161(3) 0.5817(2) 0.0196 
C(3) 0.8701(2) 0.4383(3) 0.4255(2) 0.0224 
C(4) 0. 0.4021(3) 0.3308(2) 0.0238 
C(5) 0.8025(2) 0.2773(3) 0.3202(2) 0.0193 
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(13) [Ni(cyclam)]Sb4S7 

x y Z Uiso*/Ueq 

Sb(1) 1.03461(3) -0.02782(4) 0.13583(3) 0.0124 
Sb(2) 0.88704(3) 0.23825(4) 0.04360(3) 0.0153 
S(i) 0.95588(12) -0.14634(13) 0.01300(10) 0.0135 
s( 0.88132(13) 0.08022(14) 0.14467 0.0172 
S(3) 0.77855(13) 0.17630(17) -0.09044(12) 0.0225 
S(4) 1 -0.16482(19) 0.25 0.014 
Ni 0.75 -0.25 0 0.0167 
N(I) 0.7760(5) -0.2604(6) 0.1294(4) 0.0235 
N(2) 0.8086(4) -0.3999(5) 0.0015(5) 0.023 
C(I) 0.8053(7) -0.3787(8) 0.1546(5) 0.0347 
C(2) 0.8663(6) -0.4203(7) 0.0921(7) 0.0344 
C(3) 0. -0.4323(7) -0.0652(8) 0.044 
C(4) 0.8246(7) -0.3992(8) -0.1612(7) 0.0418 
C(5) 0.8027(7) -0.2781(9) -0.1739(6) 0.0354 

(14) [Co(cylam)]., [cyclaniH2]1-, Sb4S7 (Xýý113) 

x y z uiso*/U,, ý Occupancy 
Sb 1.03333(2) -0.02759(3) 0.13419(2) 0.0134 1 
Sb(2) 0.88707(2) 0.23985(3) 0.04505(2) 0.0151 1 
S(I) 0.95170(9) -0.14532(10) 0.01261(8) 0.0162 1 
S(2) 0.88078(9) 0.08221(10) 0.14573(8) 0.0158 1 
S(3) 0.77924(10) 0.17741(11) -0.08978(8) 0.0203 1 
S(4) 1 -0.1637 0.25 0.0144 1 
CO(l) 0.75 -0.25 0 0.0143 0.339(5) 
N(l) 0.7778(3) -0.2580(4) 0.1348(3) 0.0192 1 
N(2) 0.8103(3) -0.4030(4) -0.0061(4) 0.0261 1 
C(l) 0.8038(4) -0.3790(5) 0.1482(4) 0.0278 1 
C(2) 0.8663(4) -0.4172(5) 0.0847(5) 0.0315 1 
C( 0.8712(5) -0.4364(5) -0.0710(5) 0.0331 1 
C(4) 0.8249(5) -0.4011(5) -0.1657(5) 0.0344 1 
C(5) 0.8045(4) -0.2776(5) -0.1781(4) 0.0253 1 
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(15) IDY4(CO3)6(H20)21. en. H20 

x y z Uiso*/Ueq 

Dy(l) 0.98642(3) 0.07449(3) 0.096833 (17) 0.0042 
Dy(2) 1.52803(3) 0.0750 0.096415 (17) 0.0044 
Dy(3) 0.96211 (3) -0.22463 (3) 0.229526 (17) 0.0047 
Dy(4) 1.50234(3) -0.225 0.227574 (17) 0.0044 
C(i 1.2634(4) 0.1567 0.1407(3) 0.0083 
C(2 0.9818(8) -0.0073(3) 0.2767 0.0103 
C(3) 1.2351 (4) -0.2814(5) 0.2902(3) 0.0089 
C(4) 1.4614(8) -0.0076(3) 0.2740(2) 0.0099 
C(5) 1.4496(8) -0.1932(4) 0.0391(2) 0.0095 
C(6) 1.0156(7) 0.1918(4) -0.0381 0.008 
0(1) 1.1497(4) 0.1757 0.1768(3) 0.0084 
0(2) 1.3802(4) 0.2076(4) 0.1566(3) 0.0082 
0(3) 1.2586(5) 0.0850(4) 0.0875(3) 0.0084 
0(4) 0.9852(6) 0.0921(3) 0.3004(3) 0.0106 
0(5) 0.9919(6) -0.0305(4) 0.2062 (2) 0.0102 
0(6) 0.9684(6) -0.0869(4) 

_ 0.3235(3) 0.0103 
0(7) 1.2261(5) -0.222 0.2301(2) 0.0091 
0(8) 1.3539(4) -0.3284(4) 0.3080(3) 0.0088 
0(9) 1.1263(5) -0.2913(4) 0.3317(3) 0.0088 
0(10) 1.4393(6) 0.0903(3) 0.2974(3) 0.0102 
0(11) 1.4762(6) -0.029 0.2035(2) 0.0099 
0(12) 1.4635(6) -0.0888(4) 0.3202(3) 0.01 
0(13) 1.4955(6) -0.0941(3) 0.0376(3) 0.0092 
0(14) 1.4239(6) -0.2398(4) -0.0251(2) 0.0098 
0(15) 1.4344(6) -0.2439(4) 0.1019(2) 0.0096 
0(16) 1.0344(6) 0.2391(4) 0.0264(2) 0.008 
0(17) 1.0464(6) 0.2399 -0.1000 0.0081 
0(18) 0.9716(6) 0.0922(3) -0.0388 0.0079 
0(19) 0.7563(6) 0.0161(5) 0.0807(3) 0.0132 
0(20) 1.7289(5) -0.1830 0.2013(3) 0.0103 
0(21) 0.7783(16) 0.3990(8) -0.0822(6) 0.0602 
N(2) 0.7859(14) 0.4101(8) 0.0645(10) 0.0607 
N(l) 0.7237(14) 0.6023(10) -0.0604(8) 0.0607 
C(q) 0.6958(15) 0.5971(11) 0.0245(8) 0.0607 
C(8) 0.7951 (15) 0.5343 0.0772(9) 0.0607 
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(16) [H04(CO3)6(H20)21. en. H20 

x y z uiso*/U,,, Occupancy 
Ho(l) 0.985268(14) 0.074267(11) 0.096523 0.0036 1 
Ho(2) 1.529142(14) 0.075182(11) 0.096291(7) 0.0034 1 
Ho(3) 0.961583(14) -0.225316(11) 0.229740(7) 0.0036 1 
Ho(4) 1.503798(14) -0.225998(11) 0.227712(7) 0.0037 1 
C(l) 1.26239(19) 0.1554(2) 0.14117(14) 0.0069 1 
C(2) 0.9813(4) -0.00713(14) 0.27660(10) 0.0092 1 
C(3) 1.2349(2) -0.2817(2) 0.29074(13) 0.0075 1 
C(4) 1.4621(4) -0.00793(15) 0.27415(10) 0.0084 1 
C(5) 1.4484(4) -0.19292(17) 0.03976(10) 0.01 1 
C(6) 1.0142(3) 0.19205(12) -0.03831(5) 0.0036 1 
C(8) 0.7972(7) 0.5405(4) 0.0770(4) 0.0132 0.5 
C(9) 0.6867(7) 0.6023(6) 0.0302(3) 0.0132 0.5 
C(I 0) 0.7036(7) 0.4664(4) -0.0861(4) 0.0132 0.5 
C(I 1) 0.8192(7) 0.4050(6) -0.0428 0.0132 0.5 
0(l) 1.1486(2) 0.1749(2) 0.17719(12) 0.0069 1 
0(2) 1.3790(2) 0.20694(19) 0.15684(13) 0.0069 1 
0(3) 1.2595(2) 0.08419(18) 0.08745(11) 0.0069 1 
0(4) 0.9839(3) 0.09274(15) 0.29978(13) 0.0092 1 
0(5) 0.9913(3) -0.0322(2) 0.20626(10) 0.0091 1 
0(6) 0.9663(3) -0.08681(17) 0.32328(12) 0.0091 1 
0(7) 1.2267(3) -0.22112(19) 0.23116(12) 0.0075 1 
0(8) 1.3546(2) -0.3279(2) 0.30823(13) 0.0075 1 
0(9) 1.1252(2) -0.2924(2) 0.33160(13) 0.0075 1 
0(10) 1.4408(3) 0.09016(15) 0.29777(13) 0.0085 1 
o(II) 1.4770(3) -0.029 0.20366(10) 0.0084 1 
o(I 1.4627(3) -0.08975( 0.32002(12) 0.0085 1 
0(13) 1.4926(3) -0.09328(16) 0.03798(14) 0.01 1 
0(14) 1.4197(3) -0.2383(2) -0.02469(11) 0.0101 1 
0(15) 1.4343(3) -0.2437(2) 0.10284(11) 0.01 1 
0(16) 1.0294(2) 0.23961(7) 0.02644(6) 0.0036 1 
0(17) 1.0433(2) 0.24214(8) -0.099922(9) 0.0036_ 1 
0(18) 0.9718(2) 0.09189(12) -0.039524(12) 0.0036 1 
0(19) 0.7559(3) 0.0161(2) 0.08103(14) 0.0083 1 
0(20) 1.7296(3) -0.1844(2) 0.20052(15) 0.009 1 
N(l) 0.7324(7) 0.6161(5) -0.0520(3) 0.0132 0.5 
N(2) 0.7801(7) 0.4155(4) 0.0720(3) 0.0132 0.5 
N(3) 0.7914(7) 0.3940(5) 0.0421(3) 0.0132 0.5 
N(4) 0.7190(7) 0.5916(4) -0.0810(3) 0.0132 0.5 
0(21) 0.7756(6) 0.3985(4) -0.0862(3) 0.0098 0.5 
0(22) 0.7279(8) 0.6075(6) 0.0759(4) 0.0201 0.5 
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(17) [Er4(CO3)6(H20)21. en. H20 

x y z Uiso*/Ueq 

Er(l) 0.98574(5) 0.07469(5) 0.09616(3) 0.0044 
Er(2) 1.52812(5) 0.07543(5) 0.09622(3) 0.0044 
Er(3) 0.96361(5) -0.22578(4) 0.22973(3) 0.0046 
Er(4) 1.50404(5) -0.22627(4) 0.22797(3) 0.0045 
C(l) 1.2616(6) 0.1538(7) 0.1409(5) 0.0086 
C(2) 0.9781(13) -0.0077(5) 0.2750(4) 0.0104 
C(3) 1.2350(6) -0.2810(8) 0.2912(4) 0.0086 
C(4) 1.4648(12) -0.0088(5) 0.2744(4) 0.0092 
C(5) 1.4500(12) -0.1920(6) 0.0395(3) 0.0095 
C(6) 1.0128(10) 0.1917(5) -0.0387(3) 0.0046 
C(8) 0.7988(14) 0.5400(8) 0.0775(9) 0.0284 
C(9) 0.6878(14) 0.6039(11) 0.031 

, 
9(6) 0.0285 

N(l) 0.7284(14) 0.6109(11) -0.0520(6) 0.0285 
N(2) 0.7791(14) 0.4144(8) 0.0736(8) 0.0284 
0(l) 1.1476(7) 0.1739(7) 0.1774(4) 0.0086 
0(2) 1.3785(7) 0.2060(6) 0.1566(5) 0.0085 
0(3) 1.2576(8) 0.0825(6) 0.0868(4) 0.0087 
0(4) 0.9768(9) 0.0929(5) 0.2979(5) 0.0105 
0(5) 0.9879(9) -0.0319(7) 0.2042(4) 0.0104 
0(6) 0.9663(9) -0.0885(6) 0.3216(4) 0.0103 
0(7) 1.2262(8) -0.2217(6) 0.2306(4) 0.0088 
0(8) 1.3554(7) -0.3271(6) 0.3086(5) 0.0086 
0(9) 1.1248(7) -0.2914(6) 0.3324(4) 0.0086 
0(l 1.4451(9) 0.0897(5) 0.2987(5) 0.0094 
0(11) 1.4793(8) -0.0308(7) 0.2036(4) 0.0092 
0(12) 1.4645(9) -0.0911(6) 0.3205(4) 0.0092 
0(13) 1.4963(9) -0.0923(5) 0.0378(4) 0.0095 
01(4) 1.4246(9) -0.2397(6) -0.0248(4) 0.0096 
0(15) 1.4370(9) -0.2430(6) 0.1030(4) 0.0096 
0(16) 1.0305(8) 0.2393(3) 0.0262(3) 0.0046 
0(17) 1.0404(8) 0.2420(6) -0.1009(4) 0.0047 
0(18) 0.9697(8) 0.0912(5) -0.03933(5) 0.0045 
0(19) 0.7556(4) 0.0183(5) 0.0809(4) 0.0078 
0(20 1.7319(4) -0.1871(6) 0.2000(4) 0.0074 
0(21) 0.7749(13) 0.3982(9) -0.0841(6) 0.0306 
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(18) [Tnl4(C03)6(H20)21. en. H20 

x y z Uiso 

Tm(l) 0.98574(7) 0.07479(8) 0.09592(4) 0.0059 
Tm(2) 1.52727(7) 0.07536(8) 0.09628(4) 0.0059 
Tm 0.96410(7) -0.22755 0.22921(4) 0.0065 
Tm 1.50393 -0.22737(8) 0.22804(4) 0.0065 
C(l) 1.2623(9) 0.1521(10) 0.1401(7) 0.0104 

0.9782(15) -0.0073(2) 0.2745(4) 0.0065 
1.2340(3) -0.2802(10) 0.2904(5) 0.0065 

C(4) 1.4653(6) -0.00995(15) 0.2747(3) 0.0065 
1.4536(15) -0.1919(6) 0.0399(2) 0.0059 

C(6) 1.0152(17) 0.1928(8) -0.0395(5) 0.0107 
C(8) 0.7991(2) 0.5380(13) 0.0792(13) 0.0323 
C(9) 0.6911(2) 0.6024(16) 0.0310(9) 0.0323 
N(l) 0.7272(2) 0.6098(16) -0.0538(9) 0.0323 
N(2) 0.7786(19) 0.4122(13) 0.0735(12) 0.0323 

1.1486(10) 0.1716(10) 0.1773(6) 0.0104 
02 1.3793(9) 0.2035(9) 0.1574(6) 0.0104 
0(3) 1.2593(11) 0.0804(8) 0.0859(5) 0.0104 

0.9732(11) 0.0926(3) 0.2992(5) 0.0065 
0.9841(11) -0.0345(8) 0.2037(4) 0.0065 
0.9641(11) -0.0906(7) 0.3192(5) 0.0065 

0(7) 1.2257(11) -0.2204(8) 0.2298(5) 0.0065 
0(8) 1.3541(6) -0.3259(8) 0.3096(6) 0.0065 
0(9) 1.1247(9) -0.2928(9) 0.3323(5) 0.0065 
0(10) 1.4480(9) 0.08956(9) 0.2984(3) 0.0065 
0(11) 1.4811(10) -0.0288(5) 0.2033(3) 0.0065 
0(12) 1.4665(11) -0.0907(2) 0.3224(4) 0.0065 
0(13) 1.4983(11) -0.0915(6) 0.0382(6) 0.0059 
0(14) 1.4298(11) -0.2382(9) -0.0253(5) 0.0059 
0(15) 1.4379(11) -0.2436(8) 0.1031(3) 0.0059 
0(16) 1.0334(12) 0.2438(10) 0.0245(6) 0.0107 
0(17) 1.0428(12) 0.2441(9) -0.1016(5) 0.0107 
0(i 0.9762(l 0.0910(7) -0.0380(7) 0.0107 
0(19) 0.75530(6) 0.0210(4) 0.0786(5) 0.0059 
0(20) 1.73252(6) -0.1893(6) 0.1986(4) 0.00 5 
0(21 0.7698(17) 0.3980(12) -0.0849(9) 0.0298) 
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(19) [Yb4(CO3)6(H20)21. en. H20 

x y z Uiso*/Ueq 

Yb(l) 0.985 0.07449(4) 0.09597(2) 0.0036 
Yb(2) 1.52897(4) 0.07500(4) 0.09623(2) 0.0036 
Yb( 0.96294(4) -0.22821 0.22898(2) 0.004 
Yb( 1.50493(4) -0.22831(4) 0.22770(2) 0.0047 
C(l) 1.2626(5) 0.1520(6) 0.1412(4) 0.0082 
C2 0.9778(9) -0.00912(12) 0.2745(3) 0.004 
C(3) 1.2341(6) -0.2813(7) 0.2903(4) 0.0091 
C(4) 1.4690(10) -0.0100(4) 0.2739(3) 0.0081 
C(5) 1.4545(4) -0.1927(2) 0.03900(10) 0.0036 
C(6) 1.0157(4) 0.1924(2) -0.03822(10) 0.0036 
C(8) 0.7964(13) 0.5384(7) 0.0784(8) 0.0299 
C(9) 0.6886(13) 0.6028(10) 0.0301(5) 0.0299 
N(l) 0.7280(13) 0.6112(10) -0.0546(6) 0.0299 
N(2) 0.7774(13) 0.4119(7) 0.0755(7) 0.0298 
0(l) 1.1479(6) 0.1706(6) 0.1782(4) 0.0082 
0(2) 1.3800(6) 0.2040(5) 0.1580(4) 0.0082 
0(3) 1.2587(7) 0.0802(5) 0.0867(3) 0.0082 
0(4) 0.9747(6) 0.09165(18) 0.2983(3) 0.004 
0(5) 0.9862(6) -0.0335(5) 0.2031(2) 0.004 
0(6) 0.9639(6) -0.0915(4) 0.3204(3) 0.004 
0(7) 1.2257(7) -0.2214(5) 0.2293(3) 0.0091 
0(8) 1.3548(6) -0.3277(6) 0.3083(4) 0.0091 
0(9) 1.1234(6) -0.2926(6) 0.3318(4) 0.0091 
0(10) 1.4493(7) 0.0890(4) 0.2988(4) 0.0082 
0(11) 1.4832(7) -0.0318(6) 0.2024(3) 0.0081 
0(12) 1.4650(7) -0.0927(5) 0.3203(3) 0.0081 
0(13) 1.4990(6) -0.0918(3) 0.0394(2) 0.0036 
0(14) 1.4263(6) -0.2420(4) -0.02505(14) 0.0036 
0(15) 1.4386(6) -0.2443(4) 0.10263(14) 0.0036 
0(16) 1.0332(6) 0.2421(4) 0.02662(14) 0.0036 
0(17) 1.0420(6) 0.2438(3) -0.10078(15) 0.0036 
0(18) 0.9722(6) 0.0913(3) -0.0405(2) 0.0036 
0(19) 0.75585(5) 0.0208(2) 0.0794(3) 0.0038 
0(20) 1.7307(7) -0.1904(6) 0.2002(4) 0.0125 
0(21) 0.7753(12) 0.3980(8) -0.0848(6) 0.03599 
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(20) ILU4(CO3)6(H20)21. en. H20 

x y z Uiso*/Ueq 

Lu( 0.98560(8) 0.07460(9) 0.09593(5) 0.0104 
Lu(2) 1.52794(8) 0.07554(8) 0.09599(5) 0.0104 
Lu(3) 0.96434(8) -0.22794(8) 0.22952(5) 0.0108 
Lu(4) 1.50520(8) -0.22821(8) 0.22807(5) 0.0108 
C(l) 1.2607(11) 0.1518(13) 0.1407(9) 0.0151 
C(2) 0.9835(18) -0.0085(3) 0.2746(6) 0.0109 
C(3) 1.2363(11) -0.2831(14) 0.2908(8) 0.0169 
C(4) 1.4721(18) -0.0107(3) 0.2744(6) 0.0108 
C(5) 1.4496(18) -0.1951(8) 0.0385(3) 0.0105 
C(6) 1.015908) 0.1877(8) -0.0406(3) 0.0104 
C(8) 0.7962(2) 0.5374(14) 0.076906) 0.0366 
C(9) 0.6901(2) 0.5977(19) 0.0248(12) 0.0366 
N(l) 0.7263(2) 0.6053(18) -0.0606(13) 0.0366 
N(2) 0.7761(2) 0.4110(15) 0.0708(16) 0.0366 
0(l) 1.1453(12) 0.1723(12) 0.1769(8) 0.0151 
0(2) 1.3792(11) 0.2032(11) 0.1566(10) 0.0151 
0(3) 1.2578(13) 0.0813(10) 0.0853(8) 0.0151 
0(4) 0.9788(13) 0.0919(4) 0.2994(8) 0.0109 
0(5) 0.9852(13) -0.0389(2) 0.2038(5) 0.0109 
0(6) 0.9666(13) -0.0885(5) 0.3223(4) 0.0109 
0(7) 1.2240(14) -0.2212(11) 0.2308(7) 0.0169 
0(8) 1.3585(11) -0.3268(12) 0.3099(9) 0.0169 
0(9) 1.1241(11) -0.2937(12) 0.3314(8) 0.0169 
0(10) 1.4477(13) 0.0889(5) 0.2970(8) 0.0108 
0(11) 1.4884(13) -0.0273(11) 0.2023(5) 0.0108 
0(12) 1 1.4691(13) -0.0938(9) 0.3207(7) 0.0108 
0(13) 1.4980(13) -0.0952(8) 0.0378(8) 0.0105 
0(14) 1.4364(13) -0.2424(11) -0.0276(6) 0.0105 
0(15) 1.4383(13) -0.2449(10) 0.1033(4) 0.0105 
0(16) 1.0423(13) 0.2363(11) 0.0240(6) 0.0104 
0(17) 1.0457(13) 0.2388(10) -0.1030(4) 0.0104 
0(18) 0.9771(13) 0.0853(7) -0.0400(8) 0.0104 
0(19) 0.75548(7) 0.0232(5) 0.0779(7) 0.0104 
0(20) 1.73325(6) -0.1914(8) 0.1991(5) 0.01 
0(21 0.7754(2) 0.3972(15) -0.0838(15) 0.0447 
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(21) IY4(CO3)6(H20)21. en. H20 

x y z uiso*/UQ Occupancy 
Y(I) 0.98562(3) 0.07435(2) 0.0964 0.0037 1 
Y(2) 1.52901(3) 0.07524(2) 0.096189(14) 0.0036 1 
Y(3) 0.96165(3) -0.22570(2) 0.2295 0.004 1 
Y(4) 1.50335(3) -0.22622(2) 0.2275 0.004 1 
C(l) 1.26286(17) 0.15559(19) 0.14097(12) 0.0067 1 
C(2) 0.9818(3) -0.00 0.2762 0.0096 1 
C(3) 1.23505(17) -0.2815(2) 0.29057 0.0071 1 
C(4) 1.4617(3) -0.00822(13) 0.27397(9) 0.0083 1 
C(5) 1.4480(3) -0.19263(15) 0.0396 0.0082 1 
C(6) 1.0126(3) 0.19215(14) -0.0383 0.0083 1 
C(8) 0.7966(8) 0.5406(5) 0.0767(5) 0.0245 0.5 
C(q) 0.6863(7) 0.6024(7) 0.0295(2) 0.0245 0.5 
C(I 0) 0.7053(8) 0.4645(4) -0.0851(5) 0.0245 0.5 
C(I 1) 0.8226(8) 0.4048(7) -0.0415(3) 0.0245 0.5 
N(l) 0.7303(4) 0.6130(3) -0.0533(2) 0.0245 0.5 
N(2) 0.7797(8) 0.4150(5) 0.0740(4) 0.0245 0.5 
N(3) 0.7919(8) 0.3960(6) 0.0434(3) 0.0245 0.5 
N(4) 0.7183(8) 0.5904(5) -0.0833 0.0245 0.5 
0(1) 1.14829(18) 0.17530(17) 0.17688(11) 0.007 1 
0(2) 1.38028(17) 0.20650(16) 0.15710(12) 0.0065 1 
0(3) 1.2592(2) 0.08376(15) 0.08745 0.0071 1 
0(4) 0.9837(3) 0.09284(14) 0.29969(13) 0.0109 1 
0(5) 0.9910(2) -0.03248(18) 0.20571(9) 0.009 1 
0(6) 0.9672(2) -0.08726(15) 0.32299(11) 0.0093 1 
0(7) 1.2265(2) -0.22233(17) 0.23019(10) 0.0077 1 
0(8) 1.35474(17) -0.32792(17) 0.30861(12) 0.0074 1 
0(9) 1.12461(18) -0.29290(17) 0.3313 0.007 1 
0(10) 1.4432(2) 0.09010(13) 0.29851(12) 0.0095 1 
0(1 1.4774(2) -0.02970(17) 0.20329(9) 0.0079 1 
0(12) 1.4638(2) -0.09045(l 0.31982 0.0082 1 
0(13) 1.4939(2) -0.09304( 0.03821 0.0076 1 
0(14) 1.4208(2) -0.23805(18) -0.02507(10) 0.0092 1 
0(15) 1.4340(2) -0.24377(17) 0.1027 0.0087 1 
0(16) 1.0283(2) 0.23988(17) 0.02641(10) 0.0084 1 
0(17) 1.0418(3) 0.24134(17) -0.10053(10) 0.0095 1 
0(18) 0.9699(2) 0.09169(13) -0.03819(12) 0.0079 1 
0(19) 0.7555(2) 0.01711(18) 0.08095(12) 0.0087 1 
0(20) 1.7294(2) -0.18524(19) 0.20058(13) 0.0094 1 
0(21) 0.7775(4) 0.3995(3) -0.0865(2) 0.0068_ 0.5 
0(22) 0.7287(6) 0.6085(5) 0.0766(3) 0.0194 0.5 
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(22) IDY2(C204)(CO3)2(H20)21 

x y z Uiso * 

Dy(l) 0.6098(3) 0.20690(2) 0.2562(5) 0.0038 

-. 
g(! ) 0.7096(13) 0 0.276(3) 0.0076 
C(2) 0.5130(13) 0 0.279(3) 0.0075 
C(3) 0.4157(9) 0.2242(6) -0.2441(13) 0.009 
0(l) 0.7822(12) 0.0745(4) 0.2892(17) 0.0077 
0(2) 0.4418(12) 0.0748(4) 0.2873(17) 0.0076 
0(3) 0.5562(8) 0.1797(5) -0.2403(15) 0.0089 
0(4) 0.3472(10) 0.2398(6) -0.0045(14) 0.009 
0(5) 0.3461(10) 0.2393(6) -0.4832(15) 0.0091 
0(6) 0.6089(10) 0.3630(5) 0.1626(19) 0.0164 

(23) [H02(C204)(CO3)2(H20)21 

x y z Uiso 

Ho(l) 0.60987(16) 0.206749(5) 0.2586(3) 0.0026 
C(l) 0.7121(10) 0 0.266(2) 0.0107 
C(2) 0.5127(9) 0 0.266(2) 0.0089 
C(3) 0.4153(4) 0.2241(2) -0.2414(6) 0.0087 
0(l) 0.7827(5) 0.0752(2) 0.2871(8) 0.0109 
0(2) 0.4405(4) 0.0749(2) 0.2871(8) 0.0091 
0(3) 0.5562(3) 0.17894 -0.2410(5) 0.0076 
0(4) 0.3460(4) 0.2387(2) -0.0025(6) 0.009 
0(5) 0.3458(4) 0.2389(2) -0.4804(6) 0.009 
0(6) 0.6094(3) 0.36111(16) 0.1564(6) 0.0131 

(24) [MA12Sb8Sl2(S2) 

x y z Uiso */ Occupancy 
Sb(l) 0.50977(4) 0.675249(12) 0.62802(4) 0.0093 1 
Sb(2) 0.43274(4) 0.744296(12) 1.03262(4) 0.0103 1 
Sb(3) 0.8970 0.674285(11) 1.02881(4) 0.0093 1 
Sb(4) 0.0367 0.613396(11) 0.46256(4) 0.0093 1 

... S(I) 0.37450(16) 0.59059(5) 0.50018(15) 0.013 1 
S(2) 0.27312(16) 0.67716(5) 0.83217(14) 0.0127 1 
S(3) 0.7416 0.61691(4) 0.79927(14) 0.0108 1 
S(4) 0.67106(16) 0.76983(4) 0.85695(14) 0.0111 1 
S(5) 0.63383 0.67883(5) 1.20645(14) 0.0123 1 
S(6) -0.0017 0.58698(4) 0.16361(14) 0.0126 1 
S(7) -0.07195(17) 0.52709(4) 0.57009(15) 0.0124 1 
N(l) 0.4330(14) 0.5592(4) 1.0473(14) 0.019 0.5 
N(2) 0.4839(16) 0.5575(4) 1.1114(14) 0.021 0.5 
C(l) 0.3239(14) 0.5246(4) 0.9228(14) 0.0225 0.5 
C (2) 0.5551(16) 0.5071(4) 1.1862(13) 0.0204 0.5 
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(25) [Ce(en)41 [SbS41.0.5en 

x y Z uiso Occupancy 
Sb(1) 0.993279(17) 0.228869 0.189346(13) 0.0118 1 
S(I) 0.81987(8) 0.24883(7) 0.10226(5) 0.0172 1 
S(2) 0.93842(7) 0.15909(7) 0.31608(5) 0.0172 1 
S(3) 1.09172(8) 0.38875(6) 0.20215(5) 0.0184 1 
S(4) 1.13130(7) 0.11554(6) 0.12807(5) 0.0154 1 
Ce(1) 0.987073(12) 0.766637 0.174374(9) 0.0047 1 
N(I) 0.9365(4) 0.6917(3) 0.0300(2) 0.0272 1 
N(2) 0.8652(3) 0.5999(2) 0.17852(18) 0.0172 1 
N(3) 0.7842(3) 0.8400(2) 0.20869(18) 0.0173 1 
N(4) 0.9301(3) 0.9197(2) 0.08377(18) 0.0168 1 
N(5) 1.1686(3) 0.8234(2) 0.09602(17) 0.0149 1 
N(6) 1.1588(3) 0.6412(2) 0.19382(19) 0.018 1 
N(7) 1.0807(3) 0.9022(2) 0.27130(18) 0.0178 1 
N(8) 0.9722(3) 0.7146(2) 0.32582(18) 0.0168 1 
N(9) 0.07472(7) 0.5082(2) 0.39443(11) 0.0191 1 
C(I) 0.8229(5) 0.6303(6) 0.0314(5) 0.0272 0.5 
C(2) 0.8286(4) 5541(3) 0. 0.0961(3) 0.0283 1 
C(3) 0.7581(3) ' 0.9439(3) 0.1730(2) 0.017 1 
C(4) 0.7992(3) 0.9461(3) 0.0834(2) 0.0173 1 
C(5) 1.2779(3) 7555(3) 0. 0.1071(2) 0.0167 1 
C(6) 1.2381(3) . 0.6446(3) 0.1211(2) 0.017 1 
C(7) 1.0386(3) 0.8929(3) 0.3578(2) 0.0189 1 
C(8) 1.0465(3) 0.7796(3) 0.3849(2) 0.0192 1 
C(9) 0.0277(3) 0.4592(3) 0.4716(2) 0.017 1 
C(I 0) 0.9184(9) 0.5777(3) 0.0325(5) 0.0272 0.5 

(26) [NH41 [SM(C204)2(H20)] 

x y z Uiso *lUeq 

SM(l) 0.230880(12) 0.697037(9) 0.241804(10) 0.0055 
C(l) -0.0657(2) 0.6935(2) 0.47903(19) 0.0077 
C(2) -0.0589(2) 0.8007(2) 0.03409(19) 0.009 
C(3) 0.0276(2) 0.8052(2) 0.50283(18) 0.0071 
C(4) 0.0194(2) 0.7044(2) -0.0493(2) 0.0087 
0(l) 0.2384(2) 0.50196(12) 0.2458(2) 0.0144 
0(2) 0.14490 0.83026(13) 0.41975(16) 0.0089 
0(4) -0.0216(2) 0.86271(14) 0.60337(17) 0.011 
0(6) -0.02025(19) 0.63778(14) 0.37590(17) 0.0103 
0(7) -0.01527(18) 0.70083(18) -0.17678(15) 0.0105 
0(8) 0.1129(2) 0.63680(15) 0.01613(17) 0.0115 
0(9) -0.18036(19) 0.66841(13) 0.56413(16) 0.0085 

- 0(10) -0.1561(2) 0.86466(15) -0.03122(17) 0.0119 
0(11) -0.02028(17) 0.80630(18) 0.16159(14) 0.0104 

- N(I 2) 0.2667(3) 0.51285(17) 0.7758(2) 0.0142 
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(27) [NH4][Nd(C204)2(H20)] 

x y z Uiso *lUe(7 

0.25 0.61021 0.75 0.0039 
0(1) 0.3673(2) 0.7294(3 0.9815(2) 0.0179. 
0(2) 0.5106(2) 0.6062(3) 1.1790(2) 0.0172 
0(3) 0.4859(2) 0.7339(3) 0.6138(2) 0.0171 
0(4) 0.6733(2) 0.6518(3) 0.4383(2) 0.0157 
0(5) 0.25 0.9927(5) 0.75 0.0193 
C(l) 0.4652(3) 0.5964(4) 1.0463(3) 0.0144 
C(2) 0.5458(3) 0.6110(4) 0.5145(3) 0.0138 
N(l) 0.25000000) -0.0106(6) 0.25000000) 0.0216 

(28) [NH4][Yb(C204)2]-H20 

x y z Uiso *lUeq 

0.375 0.375 0.062617 (3) 0.008 
C(l) 0.5635(2) 0.46785 (13) -0.00437 (5) 0.012 
C(2) 0.125 0.41774 (14) 0.125 0.0111 
C(3) 0.125 0.31847 0.125 0.01 
0(l) 0.56282 0.39798 (11) 0.01505 0.0168 
0(2) 0.65828 0.49143 (10) -0.03029 (4) 0.0149 
0(3) 0.21258 0.45490 (10) 0.10045 0.016 
0(4) 0.21664 (17) 0.28228 (10) 0.10130(4) 0.0139 

0.375 0.375 0.18401 (18) 0.0639 
N(l) 0.3670(6) 0.125 0.125 0.0462 

(29) INH4][Ce(C204)2]-H20 

x Y z Uiso *lUea 

Ce(l) 0.57398(3) 0.597898(10) 0.318932(16) 0.0065 
0(1) 0.7568(4) 0.73285(13) 0.2281(2) 0.0066 
0(2) 0.7441(4) 0.84275(15) 0.0636(2) 0.0104 
0(3) 0.3576(4) 0.66957(14) 0.1018(2) 0.0066 
0(4) 0.3523(4) 

. 
0.77757(14) -0.0665(2) 0.0103 

0(5) 0.3932(3) 0.47037(12) ý0.1807(2) 0.0067 
0(6) 0.2518(4) 0.44160 15) -0.0561(3) 0.0125 
0(7) 1.0165(4) 0.56772(13) 0.3411(2) 0.0066 
0(8) 1.2910(2) 0.53360(12) 0.51520(14) 0.0066 
C(l) . 0.77404(17) 0.1183(3) 0.007 
C(2) 0.4399(4) 

_ 
0.73785(18) 0.0449(3) 0.0069 

C(3) 0.3975(3) 0.47539(16) 0.0351(3) 0.0075 
1 1.0907(2) 

. 
0.52865(13) 0.4608(2) 0.00661 

N(l) 0.9306(6) 0.36882(17) 0.1730(4) 0.01251 
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(30) [NH4][Pr(C204)21. H20 

x y z Uiso *lUea 

ýý 0.580918(8) 0.597368(3) 0.320112(5) 0.0051 
M 9.76165 (14D 0.73168 (5) 0.22911( 9) 0.0105 
0(2) 0.75155 04) 0.84220 (5) 0.06263( 8) 0.0093 
0(3) 0.36223 (13) 0.66956 (5) 0.10656( 9) 0.0092 

. 0(4) 0.35775 (13) 0.77851 (5) -0.06436 (9) 0.0102 
0(5) 0.40837 (16) 0.46960 (5) 0.18488( 10) 0.0112 
0(6) 0.25120 (14) 0.44106 (5) -0.04910 (9) 0.0115 
0(7) 1-01385 03) 0.56638 _ (5) 0.33632( 8) 0.0089 
0(8) 1.29075 02) 0.53243( _ 5) 0.51007( 9) 0.0081 
C(l) 

. 
0.67196 (16) 0.77337( 6) 0.11959( 10) 0.0074 

C(2) 0.44339 (16) 0.73736( 6) 0.04821( 10) 0.0074 
CQ) 0.40079 07) 0.47417( 6) 0.03919( 11) 0.0082 
C(4) 1.08535 (15) 0.52880( 6) 0.45451( 10) 0.0068 
N(l) 0.92498 (18) 0.36732( 6) 0.17103( 12) 0.0114 

(31) INH4][TM(C204)2l-H20 

x y z Uiso * lUeq 

Tm(l 0.58306(3) 

1 

0.597176(10) 0.321024(18) 0.0043 
0(l) 0.7635(5) 0.73162(16) 0.2302(3) 0.0042 
0(2) 0.7546(5) 0.84204(17) 0.0620(3) 0.004 
0(3) 0.3626(5) 0.66980(18) 0.1084(3) 0.0041 
0(4) . 0.3593(5) 0.77928(17) -0.0625(3) 0.004 
0(5) 0.4115(5) 

. 
0.46960(16) 0.1855(3) 0.0042 

0(6) 0.2516(5) 0.44062(17) -0.0483(3) 0.0041 
0(7) 1.0111(5) 0.56578(18) 0.3344(3) 0.0042 
0(8) 1.2909(5) 

. 
0.53189(18) 0.5062(3) 0.0041 

C(l) 0.6727(5) 0.7730(2) 0.1199(4) 0.0041 
C(2) . 0.4459(5) 

. 
0.7380(2) 0.0499(4) 0.0041 

C(3) 0.4030(4) 0.4742(2) 0.0397(3) 0.0041 
C(4) 1.0843(5) 0.52842(19) 0.4535(3) 0.0041 
NO) 

1 
0.9228(6) 0.36730(. 19) 0.1704(4) 0.0045 
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Appendix B: SEM data for [cyclamH2]Sb4S79 [Ni(cyclam)]Sb4S7and 

[Co(cyclam)jx[cyclamH2h-xSb4S7 

SEM results for [cyclamH2]Sb4S7and [Ni(cyclam)]Sb4S7 

[cyclamH2]Sb4S7 [Ni(cyclam)]Sb4S7 

Run No. Sb: S ratio Sb: S ratio Ni: S ratio Ni OccupancY 
1 0.60 0.63 0.12 0.84 
2 0.61 0.63 0.13 0.86 
3 0.57 0.60 0.12 0.83 
4 0.66 0.63 0.13 0.90 
5 0.56 0.62 0.15 1.04 
6 0.54 0.59 0.15 1.01 
7 0.59 0.63 0.15 1.00 
8 0.59 0.62 0.12 0.83 
9 0.59 0.65 0.14 0.96 
10 0.61 0.60 0.13 0.93 
11 0.62 0.60 0.14 0.94 
12 0.61 0.61 0.14 0.96 
13 0.58 0.59 0.13 0.90 
14 0.56 0.59 0.12 0.82 
15 0.64 0.13 0.87 
16 0.62 0.13 0.91 
17 0.54 0.14 0.99 
18 0.61 0.14 0.93 
19 0.61 0.14 0.98 
20 0.61 0.15 1.01 
21 0.64 0.15 1.03 
22 0.62 0.14 0.93 
23 0.62 0.13 0.87 
24 0.58 0.14 0.99 
25 0.61 0.12 0.86 
26 0.58 0.14 1.00 
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SEM results for jCo(cyclam)jjcyclaMH21jSb4S7 (Xýý113) 

Run No. Sb: S ratio Co: S ratio Co Occupancy 
1 0.63 0.095 0.66 
2 0.58 0.046 0.34 
3 0.60 0.077 0.55 
4 0.64 0.027 0.19 
5 0.58 0.028 0.21 
6 0.59 0.016 0.12 
7 0.59 0.030 0.22 
8 0.61 0.055 0.40 
9 0.57 0.086 0.63 
10 0.60 0.044 0.32 
11 0.58 0.031 0.23 
12 0.62 0.081 0.57 
13 0.65 0.105 0.72 
14 0.59 0.027 0.20 
15 0.57 0.057 0.42 
16 0.59 0.037 0.27 
17 0.61 0.054 0.39 
18 0.59 0.050 0.36 
19 0.56 0.068 0.50 
20 0.56 0.049 0.37 
21 0.61 0.026 0.19 
22 0.61 0.012 0.09 
23 0.65 0.030 0.21 
24 0.57 0.059 0.43 
25 0.59 0.020 0.15 
26 0.59 0.018 0.13 
27 0.55 0.041 0.31 
28 0.60 0.102 0.72 
29 0.58 0.033 0.24 
30 0.51 0.098 0.73 
31 0.59 0.083 0.60 
32 0.59 0.061 0.44 
33 0.67 0.056 0.39 
34 0.60 0.060 0.44 

35 0.59 0.070 0.50 

36 0.61 0.041 0.30 
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Appendix C: Thermogravimetric plots of lanthanide-oxalate 

compounds discussed in Chapter 6. 
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Abstract 

Two new iron thioantimonates, [Fe(en)312Sb2S5 - 0.55H20 (1) and [Fe(en)312Sb4S8 (2), were synthesised under solvothermal con- 
ditions from the reactions of Sb2S3, FeC12 and S in the presence of ethylenediamine at 413 and 438 K, respectively. The products 
were characterised by single-crystal X-ray diffraction, elemental analysis and SQUID magnetometry. Compound I is unusual in 
containing isolated Sb2 S5 4- anions formed from two corner-shanng SbS 3'- trigonal pyramids. These units are arranged in nppled 

1 ]2+ layers, 4A apart, parallel to the bc-plane. Octahcdrally coordinated [Fe(en)3 cations lie in depressions within these anionic layers. 
In compound (2), repeated corner linking of SbS3 3- trigonal pyramids generates SbS 2- chains, which may be considered as a poly- 
merised form of the Sb2 S5 4- anions in 1. The SbS2_ chains are separated by [Fe(en)3 ]2+ cations. In both compounds, there is an 
extensive network of hydrogen bonds between the nitrogen atoms of the ethylenediamine ligands and the sulfur atoms of the anions 
and, in the case of 1, the uncoordinated water molecule. 
@ 2005 Elsevier Ltd. All rights reserved. 

Keywords: Thioantimonate; Solvothermal synthesis; Crystal structure; X-ray diffraction 

1. Introduction 

Template-directed synthesis is increasingly used in the 
preparation of novel chalcogenides under solvothermal 
conditions [1,21. Such new materials have the potential 
to exhibit interesting electrical, optical and magnetic 
properties [3]. Of particular interest are the antimony 
(111) sulfides which exhibit an especially wide structural 
diversity [4]. This is a consequence of the stereochernical 
effect of the inert lone pair of electrons associated with 
Sb(III), together with the ability of Sb(III) to adopt 
tliree-fold and pseudo-four- and five-fold coordination. 
In templated antimony (111) sulfides, the primary build- 

ing units are generally SbS3 3- trigonal pyramids. These 

. Corresponding author. Tel.: +44 131 451 8034; fax: +44 131 451 
3180. 

E-mail ad(h-ess. - a. v. powcllCýý, hw. ac. uk (A. V. Powell). 

may be connected via comer sharing sulfur atoms to 
form a variety of chainlike structural motifs. For exam- 
ple, the Sb4S7 2- chain, which is comprised of alternating 
Sb3 S6 3- semicubes and SbS3 3- trigonal pyramids, is par- 
ticularly prevalent and may occur in isolation with indi- 
vidual chains separated by template molecules [5-7], or 
may be bridged to form SbgS14 2- [8], Sb8S13 2- [9], or 
SbIOS, 6'- double chains [10]. Individual chains may also 
interlock via secondary Sb ... S or Sb-Sb [I I] bonds to 
form two- or three-dimensional structures. 

Less commonly observed is vertex linking of the 
SbS3 3- trigonal pyramids to generate infinite SbS 2- 
chains, as are found in the structures Of CS3Ag2Sb3S8 
[12] and FeSbS2 (Berthierite) [13]. Template-directed 

synthesis has recently given rise to the compounds 
[M(en)312Sb4S8 (M = Ni, Co) [7], containing the same 
SbS, - chains, and [Co(en)3]CoSb4S8 [14], in which the 
sulfur atoms of the SbS, - chains act as ligands bonding 

0277-5387/$ - see front matter @ 2005 Elsevier Ltd. All rights reserved. 
dol: 10.10 1 6ýj. poly. -1005.06.017 
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directly to cobalt cations to form porous layers. A differ- 
ent type of SbS2_ chain is found in (CH3NH3)2Sb2S4 
[15], where Sb2 S4 2- units, each consisting of a pair of 
edge-sharing SbS3 trigonal pyramids, are linked by sec- 
ondary Sb ... S interactions to generate an infinite chain. 

Although it is believed that simple thioantimonate 
ions play a fundamental role in the crystallisation of 
new structure types under solvothermal conditions, it is 
rare to observe such species totally isolated in the solid 
products of these reactions. The few known examples in- 
clude the SbS31- anion, found isolated in M3SbS3 

(M = Cu, Ag, TI) [ 16-18], and the Sb(V)-containing 
SbS4 3- tetrahedron in Cr(en)3SbS4 [19]. The more 
complex Sb4S, 4- heteroring is found isolated in 
[Ni(C4Hl3N3)212Sb4S8 [20] and [Ni(C3HION2)312Sb4- 

S8 
- 21-120 [21 ], whilst discrete Sb3 S6 3- 

units have been 
identified in [Ni(C4Hl3N3)213(Sb3S6)2 [22]. Although a 
number of compounds have been formulated with the 
Sb2S5 stoichiometry, they do not contain discrete 
Sb2S5 4- ions. For example, in Ca2Sb2S5 [23], isolated 
SbS3 3- 

and Sb2 S4 2- 
units coexist, whilst in compounds 

Mn2(L)Sb2S5 (L=methylamine [24], ethylenediamine 
[25] and 1,3-diaminopropane [26]), the antimony-sulfide 
unit is incorporated with manganese into heterocubane- 
like moieties, linkage of which generates infinite rod-like 
structural units. In addition, in the compounds 
[M(C6H8N4)12Sb2S5 (M = Co, Mn) [27], Sb2S5 4- behaves 
as a ligand by coordinating to two [M(tren) ]2+ complexes 
via sulfur. 

The present work is concerned with the Sb2S5 4- an- 
ion, of which there is only one known example of a dis- 

crete ion; namely, Sr2Sb2S5' 15H20 [28]. Although 
Ba2AS2Q5 (Q = S, Se) [29] has analogous stoichiometry, 
this structure contains isolated AsQ3 3- and As(Q)2Q2 

units rather than AS2Q5 4- anions. Here, we describe 
the synthesis and charactensation of a new templated 
antimony sulfide, [Fe(en)312Sb2S5 - 0.55H20 (1), which 
represents the first example of a material in which iso- 
lated Sb2 S5 4- anions crystallise with complex transi- 
tion-metal cations. Furthermore, we demonstrate that 
a relatively modest rise of 25 K in the preparation tem- 
perature causes these Sb2S5 4- units to polymerise to gen- 
crate infinite SbS2- chains in the compound 
[Fe(en)312Sb4S8 (2), providing support for the view that 

relatively simple molecular units play a key role in crys- 
tallisation from the complex heterogeneous mixtures 
that constitute a solvothermal reaction. 

2. Experimental 

2.1. Syn thesis and characterisation 

The compounds [Fc(en)312Sb, Sr, - 0.55H20 (1) and 
[Fe(cn)312Sb4S8 (2) were prepared under solvothermal 
conditions in a Teflon-lined stainless steel autoclave with 

an inner volume of 23 ml. For 1, Sb2S3 (0.6 79g, 2 

mmol), FeCl-2 - 4H-, O (0.296 g, 1.5 mmol), S (0.160 
_g, 

5 
mmol) and 5 ml ethylenediamine (en, Aldrich, 99'Yo), 
with approximate molar composition Sb: Fe: S: en of 
4: 1.5: 11: 75, were thoroughly mixed, heated at 413 K 
for 4 days and cooled to room temperature at a cooling 
rate of 20 K h- 1. The solid product was filtered, washed 
in ethylenediamine and dried in air at room tempera- 
ture. The product consisted of yellow plates, identified 
by single-crystal X-ray diffraction as Fe(en)3Sb4S7 [7], 
darker yellow "golf ball" like crystals of I as a minor 
phase, together with an unidentified black polycrystal- 
line powder. CHN analysis of a handpicked sample of 
1: Anal. Calc. for [Fe(en)312Sb2S5 - 0.55H20: C, 16.28; 
H, 5.58; N, 18.99. Found: C, 16.29; H, 5.61, N, 
18.45%. For 2, the composition of the reagents was iden- 
tical to that used for 1, but the mixture was heated for 4 
days at 438 K. The cooling regime and product washing 
were as above. The product consisted of orange crystals 
of 2 along with an unidentified black polycrystalline 
powder. CHN analysis of a handpicked sample of 2: 
Anal. Calc. for [Fe(en)312Sb4S8: C, 11.8 9; H, 3.9 8; N, 
13.82. Found: C, 11.74; H, 4.06; N, 13.64%. 

Magnetic susceptibility measurements were per- 
formed using a Quantum Design MPMS2 SQUID sus- 
ceptometer. About 2 mg of hand-picked crystals of 
each of the title compounds were loaded into a gelatine 
capsule at room temperature and data were collected 
over the temperature range (5 < T/K < 300) after cool- 
ing in the measuring field of 1000 G. Data were cor- 
rected for the diamagnetism of the gelatine capsule 
and for intrinsic core diamagnetism. 

2.2. Crystal structure determination 

Single-crystal X-ray diffraction data for I were col- 
lected at room temperature using a Nonius Kappa 
CCD diffractometer with graphite monochromated Mo 
Ka radiation (ý = 0.71073 A). Data were processed 
using the DENzo and SCALEPACK programs [30]. Corre- 

sponding intensity data for 2 were collected at 100 K 

using a Bruker Nonius X8 Apex diffractometer also 
using Mo Ka radiation (ý = 0.71073 A) and data were 
processed using the APEX-2 software [31 ]. The structures 
were solved by direct methods using the program SIR-92 
[32], which located all Fe, Sb and S atoms. Subsequent 
Fourier calculations and least-square refinements on F 
were carried out using the CRYSTALS program suite [33]. 
The C and N atoms of the amine were located in differ- 

ence Fourier maps for I and 2, together with the oxygen 
atom of a water molecule for 1. Hydrogen atoms were 
placed geometrically on the C and N atoms after each 
cycle of refinement in each case. In the final cycles, 
positional and anisotropic thermal parameters for all 
non-hydrogen atoms were refined, together with the 
occupancy factor of the oxygen atom, for which a value 



R. JE Lees et al. / Polyhedron 24 (2005) 1941-1948 

Table I 
Crystallographic data for [Fe(en)312Sb2S5 - 0.55H20 (1) and 
(Fe(en)jhSb4S8 (2) 

Complex 2 

Formula [FeC6N6H24h [FeC6N6H2412 

Sb2S5(H20)0.55 Sb4S8 

M, 886.086 1215.82 
Crystal system orthorhombic monoclinic 
Crystal habit yellow block orange plate 
Crystal dimensions (mm) 0.1 X 0.1 X 0.1 0.05 x 0.16 x 0.16 
Space group P(-a2j P211c 
T (K) 293(3) 100(3) 
a (A) 15.8835(3) 21.017(4) 
b 17,9586(3) 14.557(3) 
C 11.4942(4) 12.445(3) 
# (0) 90 100.42(3) 
V (A 3278.67 3744,7 
z 4 4 
it (cm- 1) 2.843 4.072 
Pcalc (9 cm- 3 1.793 2.156 
Measured data 10427 155055 
Unique data 7451 12049 
Observed data (I >, 3u(I)) 4939 4348 
Ri,,, 0.024 0.048 
Residual electron density -0.84,1.27 -0.83,0.84 

(minimum, maximum) (e A-3) 

Number of parameters refined 310 343 
R(F) 0.0407 0.0237 
ii; R(F) 0.0446 0.0235 

of 0.55(3) was obtained. The crystal of I is an inversion 
twin with refined Flack parameter 0.53(6). Crystallo- 
graphic and refinement details are given in Table 1. 
Crystallographic data for structures reported in this pa- 
per have been deposited with the Cambridge Crystallo- 
graphic Data Centre. 

3. Results and discussion 

The local coordination and atom labelling scheme of 
the Sb2 S5 4-- anion and distinct [Fe(en)3 ]2+ cations found 

in [Fc(en)312Sb2S5 - 0.55H20 (1) are depicted in Fig. 1. 
Selected bond lengths, angles and valence sums are pre- 
sented in Table 2. Magnetic susceptibility data for I 

clearly indicate paramagnetism (Fig. 2(a)). However, a 
plot of reciprocal susceptibility as a function of temper- 
ature exhibits pronounced curvature below 200 K. 
Above this temperature, the plot is sufficiently linear 

to enable fitting of a Curie-Weiss expression, yielding 
a Curie constant of 7.1(1) cm 3K mol -1 and Weiss con- 
stant of 0=- 115.6(4) K. This corresponds to an effec- 
tive magnetic moment per iron atom of 5.34 1113, which 
is son-iewhat higher than the spin-only value of 4.89 PB 
calculated for octahedral hs-Fe 2+ 

. 
This enhancement 

of the spin-only moment is typical for hs-Fe 2+ and is 
associated with the orbital contribution arising from 

the 5Tg ground state of tile ion. The orbital degeneracy 

of this CII'OUIld state, leading to a tempera ture-dependent 
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Fig. 1. Local coordination of the anionic and cationic components of 
[Fe(en)312Sb2S5 - 0.551-120 (1), showing the atom labelling scheme and 
thermal ellipsoids at 50% probability The two crystal] ographically 
distinct iron complexes possess different conformations. 

effective magnetic moment, may also be responsible for 
the marked curvature of the plot of reciprocal suscepti- 
bility as a function of temperature and for an unrealistic 
Weiss constant, which in a magnetically dilute system 
such as this is essentially an empirical parameter and 
not an indicator of exchange interactions. 

The crystal structure of 1 consists of isolated Sb2 S54- 

anions, constructed from two SbS3'- trigonal pyramids 
sharing a common vertex, together with two crystallo- 
graphically distinct iron cations complexed by ethylene- 
diamine ligands. In the anionic part of the structure, the 
bridging Sb-S distances are 2.503(2) and 2.481(2) A, 

whilst the tenninal Sb-S bonds are significantly shorter, 
ranging between 2.371(2) and 2.378(3) A. The S-Sb-S 

angles lie in the range 101.05(8)-103.52(8)'. These dis- 
tances and angles are in good agreement with those of 
the Sb2 S 4- unit in Sr2Sb2S5 ' 15H20 [28]. Bond valence 
sums [34] for 1 are consistent with a formal oxidation 
state of +3 for each antimony atom (Table 2). The 
Fe-N distances in the two [Fe(en)3 ]2+ cations range 
from 2.162(8) to 2.249(8) A with (cis) N-Fe-N angles ly- 

ing between 78.6(3)' and 96.1(4)', comparing well with 
values previously reported for Fe(Il)-ethylenediamine 

complexes [35]. All Fe(l) complexes have the A(666) 

conformation, whilst those containing Fe(2) are A(kkk). 
The isolated Sb-, S5 4- ion, ý, are arranged in sheets 

which lie in the bc-plane, with the Sb(l)-Sb(2) axis in- 
clined at ca. 50' to this plane (Fig. 3). Within these 
sheets, the molecular anions lie in rows parallel to the 
[0011 direction, with an alternation of the direction of 
the molecular axis between successive rows in the 
[0 101 direction. The sheets are non-planar and contain 
depressions in which the [Fe(en)3 12+ cations are located. 
These mixed anion-cation sheets are stacked along the 
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Table 2 
Selected bond lengths (A), angles (0) and bond valences (v. u. ) for the 
Sb2S5 4- anion in [Fe(en)112Sb-, Ss - 0.55H-)O (1) 

0.8 

a v 

Sb(l)-S(l) 2.371(2) 
0.6 

1.24 
Sb(l)-S(2) 2.373(2) 1.23 
Sb(l)-S(3) 2.503(2) 0.87 

3.34 
0 4 Sb(2)-S(3) 2.481(2) . 0.92 

Sb(2)-S(4) 2.378(2) 1.21 
Sb(2)-S(5) 2.371(2) 1.24 

3.37 
0.2 

S(l)-Sb(l)-S(2) 103.52(8) 
S(l)-Sb(l)-S(3) 101.05(8) 
S(2)-Sb(l)-S(3) 101.23(8) 
S(3)-Sb(2)-S(4) 101.67(8) 0.0 
S(3)-Sb(2)-S(5) 102.92(8) 
S(4)-Sb(2)-S(5) 102.78(9) a 
Sb(i)-S(3)-Sb(2) 96.62(6) 

' Bond valences and their sums calculated using parameters from 
[34]. 

[10 0] direction, such that neighbouring sheets are dis- 
placed by c12 with respect to each other (Fig. 4). A net- 
work of hydrogen bonds links molecules within the 
layers and in neighbouring layers. The nitrogen atoms 
of the ethylenediamine ligands of both Fe(l) and Fe(2) 
are all within hydrogen-bonding distance to the sulfur 
atoms of the Sb2 S5 4- anions (N ... S=3.41-3.79 A). In 
addition, N(l) also forms a hydrogen bond to 0(l) of 
the water molecule (N(l) ... 0(l) = 3.16 A). 

The structure differs from that of Sr2Sb2S5 * 15H20i 
the only other reported example of a material containing 
isolated Sb2 S5 4- anions [28]. In Sr2Sb2S5 * 15H20, a unit 
cell translation of molecular anions along [100] gener- 
ates rows of ions, with neighbouring rows along [0 10] 
being displaced by (10 0). This packing produces almost 2 
planar anionic layers parallel to the ab-plane that are 
interleaved with layers of hydrated strontium cations 
(Fig. 5). This contrasts with the rippled layers of 
[Fc(eii)312Sb2S5 - 0.55H20, in which layers contain both 
cations and anions. The plane containing the Sb-S-Sb 
linkage of the Sb2 S5 4- unit is approximately parallel to 
the crystallographic ab-plane, whereas in [Fe(en)312Sb2- 
S5 - 0.55H20i the analogous molecular plane is directed 

at ca. 60' to the plane in which the anions and cations 
2Se5 (M = Fe [35] , ire located. Compounds [M(en)312Sb 

and Mn [36]), containing the selenium analogue of 
Sb, S5'- described here, have been reported to crystallise 
in tile space groups Pbca and P211n, respectively, indi- 
cating different packing arrangements to that of the 
thioantimonate. The molecular anion in the iron- 
containing anti mony-se lenide was also found to be dis- 

ordered over two symmetry-related positions [36]. 
The local coordination and atom labelling scheme of 

2 is depicted in Fig. 6. Significant bond lengths and an- 
gles ire presented in Table 3. Reciprocal magnetic sus- 

0.8 

0.6 

0.4 

0.2 

0.0 

b 

T(K) 

Fig. 2. Field-cooled magnetic susceptibility data and inverse suscep- 
tibility data (inset) for (a) [Fe(en)3hSb2S5 - 0.551-120 and (b) 
[Fe(en)312Sb4S8. The solid line shows the fit to the Curie-Weiss 
expression above 200 K. 

ceptibility data for 2 also exhibit curvature (Fig. 2(b)), 
although this is less pronounced than for 1. Fitting a 
Cune-Weiss expression to the high- tempera tu re data 
(>200 K), produces a Curie constant of 6.1(1) cm 3K 

mol-1 and a Weiss constant of 0= -20.5(4) K. The for- 
mer corresponds to an effective magnetic moment of 
4.94(5) PB per Fe atom, consistent with the presence of 
octahedral hs-Fe 2+ 

. 
Bond-valence sums [34] indicate a 

formal oxidation state of +3 for each antimony atom 
(Table 3). 

The crystal structure of [Fe(en)312Sb4S8 (2) is very 
similar to those of [M(en)312Sb4S8 (M = Co, Ni) [7], 
consistent with the suggestion, based on comparison 
of unit cell parameters, that all three materials are iso- 
structural. Compound 2 contains SbS, - chains directed 
along [0 01] (Fig. 7). The SbS 2- chains may be consid- 
ered as a polymeric version of the Sb2S, 4- dimeric units 

0 50 100 150 200 250 300 

0 50 100 150 200 250 300 
T(K) 
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a b 

C 

1945 

Fig. 3. View along [100] of one layer of Sb2 S5 4- anions and Fe(en)3 2+ cat, omc complexes in 1. Key: antimony, large solid circles; sulfur, large open 
circles; iron, large shaded circles; carbon, small solid circlesl nitrogen, small open circles; oxygen, large hashed circles. 

a 

Fig. 4. View along [0 10] of the stacking of the layers of SbS5 4- anions and Fe(en)3 2+ cafionIc complexes 'In [Fe(en)3hSb-)S5 * 0.55HO (1). Key as for 
Fig. 3. 

found in 1, in which vertex linking of SbS3 3- trigonal 

pyramids is extended into infinitc chains. There are 
two crystallographically distinct SbS., - chains, in which 
the bridging Sb-S bond distances range from 2.458(2) 

to 2.484(2) A. The terminal Sb-S distances are slightly 
shorter and lie in the range 2.317(2)-2.364(2) A. 
S-Sb-S angles ranue from 99.95(5)' to 100.15(5)', 

t-- 

which are typical for pyramidal SbS3 units. Unusually 
for this class of material, there is only one longer Sb ... S 
interaction (Sb(3) ... S(8') = 3.62 A) within the sum of 
the van der Waals' radii of antimony and sulfur (ca. 
3.8 A), which corresponds to a very weak intrachain 
Sb ... S secondary interaction in one of the anionic 
chains. The SbS, - chains are essentially isolated, as 
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a Table 3 
C, Selected bond lengths (A), angles (') and bond valences (v. u. ) for the 

Sb, SX4 - anion in [Fe(en)312Sb4S8 (2) 

Sb(l)-S(l) 2,4885(15) 0.90 
Sb(l)-S(2) 2.4584(17) 0.98 
Sb(l)-S(3) 2.3464(16) 1.32 

cl- cl- 3.20 
Sb(2)-S(l) 2.4779(17) 0.92 
Sb(2)-S(2) 2.4596(14) 0.97 
Sb(2)-S(4) 2.3170(17) 1.43 

'). 32 
Sb(3)-S(5) 2.4699(15) 0.95 
Sb(3)-S(6) 2.4529(16) 0.99 
Sb(3)-S(7) 2.3643(15) 1.26 

b 3.20 
T) CY TD 0 TD CY Sb(4)-S(5) 2.4843(16) 0.91 

Sb(4)-S(6)ý 2.4560(14) 0.98 
CI-Yý Sb(4)-S(8) 2.3360(16) 1.36 

3.25 

S(l)-Sb(I)-S(2) 94.72(6) T) (7 TD (7 
S(l)-Sb(l)-S(3) 100.28(5) 
S(2)-Sb(l)-S(3) 100.60(6) 

TD (7 T) (Y S(I)-Sb(2)-S(2)ý 98.83(5) 
S(l)-Sb(2)-S(4) 99.03(6) 

b S(2)'-Sb(2)-S(4) 101.38(6) 7) Cr 15 CY 
S(5)-Sb(3)-S(6) 98.45(6) 
S(5)-Sb(3)-S(7) 99.84(5) 
S(6)-Sb(3)-S(7) 97.93(6) 

Iýig. 5. Comparison of the arrangements of the Sb2S 4- anions in a S(5)-Sb(4)-S(6)' 100.15(5) 

single layer of (a) [Fe(en)312Sb2S5 - 0.55H20 and (b) SrSb2S5,0.15H20 S(5)-Sb(4)-S(8) 97.47(6) 
[28]. For clarity, the Fe(en)3 2[ cations are omitted from the former. S(6)'-Sb(4)-S(8) 99.37(5) 
Key as for Fig. 3. Sb(i)-S(l)-Sb(2) 95.0](6) 

Sb(l)-S(2)-Sb(2)" 101.96(6) 
Sb(3)-S(5)-Sb(4) 96.69(6) 

each is surrounded by discrete Fe(en )3 2+ 
complexes in 

Sb(3)-S(6)-Sb(4)" 99.95(5) 

both the [100] and [0 10] directions. There are two crys- 
' Bond valences and their sums calculated using parameters from 

[34]. 
tall ographically distinct iron cations, in which.. the Fe- x, 3/2 - y, z- 1/2. 
N distances range from 2.184(4) to 2.241(5) A, while x, 3/2 - y, z+ 1/2. 

C3 C4 

C5 CI CIO 

CR C7 

Cil 

Fig. 6. Local coordination of the anions and cations in [Fe(en)3LSbjS8 (2) showing the atom labelling scheme and thermal ellipsoids at 50'Y,, 

Iý ic arrangement as the one shown. For probability (2). The second SbS, - chain containing Sb(3), Sb(4) and S(5)-S(8) has essentially the same atom' 

each of the crystallographically distinct iron complexes, only one of the two conformations is shown. 

ILI Y ý- IL C6 N6 N2 C2 
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$n$ 

o o$ 

Fig. 7. View along [0 10] of the arrangement of SbS2- chains and Fe(en )3 24 cations in [Fe(en)312Sb4Sg (2). Key as for Fig. 3. 

(cis) N-Fe-N angles lie between 78.9(2)' and 97.8(2)'. 
These are similar to the bond lengths and angles of 
the [Fe(en)3 ]2+ cations in [Fe(en)312Sb2S5 - 0.55H20 (Ta- 
ble 2). Chains of Fe(l) or Fe(2) cations are directed 
along the c-axis, with neighbounng cations being re- 
lated by the c-glide plane, thereby generating an alter- 
nating arrangement of complexes with A(Xkk) and 
A(666) conformations, similar to that observed in 
[Co(en)3]Sb2S4 [7]. Sulfur-nitrogen distances in the 
range of 3.32-3.50 A, suggest an extensive network of 
hydrogen bonds between anions and cations. 

In conclusion, we have succeeded in synthesising, in 
the presence of ethylenediarnine, the new compound 
[Fe(en)312Sb2S5 - 0.55H20 (1), which provides the first 

example of a thioantimonate(III) templated by a cat- 
ionic transition-metal complex to contain discrete 
Sb2 S5 4- anions. This result is in marked contrast with 
previous reactions carried out in ethylenediamme, which 
tisually generate Sb4 S7 2- chains. The isolation of the 
Sb, S5 4- anion provides support for the growing belief 
that synthesis of thioaritimonates under solvothermal 
conditions proceeds via relatively simple molecular 
building blocks. Further support for this view is pro- 
vided by our observation that a relatively modest in- 
crease in reaction temperature produces, from the 
saine reaction mixture, a product, [Fe(en)312Sb4S8 (2), 

iii which the thloantimonate network may be considered 
to arise from the polyrnerisation of SbS5 4- units to 
forin infinite SbS, - chains. 

4. Supplementary material 

194' , 

CCDC-245806 (1) and CCDC-245807 (2) contain the 
supplementary crystallographic data for this paper. These 
data can be obtained free of charge from The Director, 
CCDC, 12 Union Road, Cambridge, CB2 I EZ, UK 
(fax: +44 1223 336 033; e-mail: deposit@ccdc. cam. ac. uk 
or at www. ccdc. cam. ac. uk/conts/retrieving. html). 
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In the asymmetric unit of (1), there are four Sb atoms and 
seven S atoms, all of which occupy general positions (Fig. 1). 
All of the Sb atoms show their expected pyramidal coordi- 
nation (Table 1). The bond-valence sums (BVS) for atoms 
Sbl-Sb4, calculated using the procedure of Brese & O'Keeffe 
(1991), are 2.73,2.92,2.72 and 2.91, respectively. These are in 
satisfactory agreement with the expected value of 3.00 for 
Sb'n. Three [SbS3 ]3- pyramidal units are corner-linked to form 
[Sb3S6 ]3- semi-cubes, which are linked by [SbS3 j3- trigonal 
pyramids to form infinite [Sb4S7 ]2- chains, in which semi-cubes 
and pyramids alternate (Fig. 2). Atoms S7 and S7(-x, I-y, 

Sb2 

S2 

Sbl 
SW 

Bis(methylammonium) octaantimony(III) dodecasulfide per- 

sulfide, (CH3NH3)2[Sb8Sl2(S2)], contains pairs of [Sb4S7 ]2- 

chains joined through an unusual persulfide bond to create 

infinite double [Sb8S14 ]2- chains. The double chains are 
interlocked by longer Sb ... S interactions to form sheets 

approximately parallel to the (101) crystallographic plane. 
Methylammonium cations, formed by decomposition of 
2-methylpropane-1,2-diamine during the synthesis, are 
located in large (Sb8S, o) hetero-ring apertures created within 
the double chains. 

SM 
S6 

H 14"S3 
slw IS7 

Comment 
Organic template -directed solvothermal synthesis of open- 
framework antimony(III) sulfides yields a wide variety of 
structural motifs. Hence, novel materials can be synthesized 
with potentially interesting electrical, optical and magnetic 
properties. The variety of structures is a result of the stereo- 
chemical effect of the lone pair of electrons on Sb"', together 
with the possibility of Sb"' having coordination numbers 
ranging from 3 to 6. The primary building units are typically 
[SbS3 ]3- trigonal pyramids, which are connected via corner- or 
edge-sharing to form isolated, chain, layered or three-dimen- 

sional structures (Sheldrick & Wachhold, 1998). The [Sb4S7 ]2- 

chain is a common structural motif and is frequently present as 
single isolated chains (Parise & Ko, 1992). In rare examples, 
the chains can be linked to form infinite double chains, such as 
in [C-, NHl()]Sb8S13 (Tan et aL, 1994) and [C3N-, HI2]SbIOS16 
(Wang, 1995). As part of our ongoing studies of antimony- 
sulfide materials, we report here the structure of the title 

compound, [CH3NH3j2SbsS12(S1), (1), synthesized under 
solvothermal conditions, using 2-methylpropane - 1,2-dia mine. 
During the reaction, the amine decomposes and the methyl- 
ammonium fragment formed directs the crystallization of the 

antimony-sulfide structure. The structure contains the unusual 
feature of a persulfide linkage between antimony-sulfide 
chains, and represents, after [(CH3)2NH212SbsS12(S1) (Tan 

et al., 1996), only the second reported example of its 

occut'relice. 

NI HII 

cl 

H15 1ý 
tH 

13 
cl 

H10 
S7" 

H12 
Figure I 
The [Sb4 S7 ]2- repeating unit and one of the two positions of the 
disordered methylammonium cation in (1). Displacement ellipsoids are 
drawn at the 50% probability level. Symmetry codes are as given in 
Table 1. 

h 

Figure 2 
Aviewof (1) along the [TOI] direction (the a axis is eclipsed), shm'ving the 
methylammonium cations within the (Sb8SIO) hetero-rings. Both orienta- 
tions of the disordered methylammonium cation are shown. Key: 
antimony, large solid circlesý sulfur, large open circles; carbon, small 
solid circles; nitrogen, small open circles. 

S4 Sb3-"' 
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a 

C 

Figure 3 
Aviewalongthe [1011 direction, showingthe undulating antimonysulfide 
layers. Methylammoniurn cations have been omitted for clarity. The key is 
as for Fig. 2. 

I- z) serve to link pairs of [Sb4S7 ]2- chains into double chains 
through a persulfide bond. The S-S bond length of 
2.101 (2) A is slightly longer than that of 2.085 (7) A for the 
persulfide bond found in (Me2NH2)2Sb8Sl4, the only other 
example of such a bond in these materials (Tan et al., 1996). 

18-membered (Sb8S, O) hetero-rings are generated within 
the double chains, containing one methylamine molecule 
disordered over two crystallographically independent sites. 
The double negative charge of the antimony-sulfide frame- 

work requires the amine group to be monoprotonated. The 

shortest distance between the methylammonium ions and the 
surrounding framework atoms is the S5 ... N2 interatomic 
distance of 3.288 (7) A, suggesting possible hydrogen bonding 
between the template and the antimony-sulfide framework. 
The [Sb8S12(S2) ]2 - double chains are directed along [101]. 
Longer secondary Sb ... S interactions in the range 3.22-3.37 A 

serve to crosslink double chains in a zipper-like arrangement, 
forming layers approximately parallel to the (101) plane 
(Fig. 3) and linking individual layers into a three-dimensional 
structure. 

The structure of (1) described in the space group 1`211n is 

closely related to that of [(CH3)2NH212Sb8SI2(S2) reported by 
Tan et al. (1996), which crystallizes in the space group Cmca. 
However, there is a slight variation in the crystal packing, 
depending on the structure-directing amine used. In [(CH3)2- 
NH, 12Sb. 8SI2(S2), the antimony-sulfide layers are essentially 
planar, whereas in (1), the layers undulate along the [010] 
direction. 

Experimental 
Compound (1) was synthesized by the reaction of 2-me thyl propane- 
1,2-diarnine (2 mmol), Sb'IS3 (2 mmol) and sulfur (5 mmol) in distilled 
water (3 nil). The mixture was heated in a Teflon-lined steel autoclave 
with an inner volume of 23 nil for 4d at 438 K, and then cooled to 
room temperature over a period of 6 h. The product, consisting of red 
blocks of (1) and a small amount of unreacted SM3, was filtered off, 
washed with water and acetone, and dried in air. CHN analysis of a 
handpicked sample of (1) found: C 1.64, H 0.60, N 1.79%; calculated: 
C 1.62, H 0.81, N 1.88%. Thermogravimetric analysis under flowing 
N, of handpicked ground crystals (7.29 mg) revealed a single weight 
loss of 8.20% over the range 541-559 K, which is consistent with the 
loss of the organic amine together with two moles of H-, S (8.61%). 
Powder X-ray diffraction of the decomposition product indicates that 
thermal decomposition produce-, poorly crystalline SbS,. 

Crystal data 
(CH6N)2[Sb8SI2(S2)] 

M, = 743.60 
Mo noclinic, P2, ltz 
a= 7.0984 (9) 
b= 25.139 (3) 
c= T937 (1) A 
ý= 97.034 (6)' 
V= 1405.6 (3) 

k3 

Z= 4 

D, - 3.513 Mg M-3 
Mo Ket radiation 
Cell parameters from 4140 

reflections 
0=1.6-30.1' 
g=8.61 mm-1 
T= 100 K 
Plate, red 
0.24 x 0.06 x 0.01 mm 

Data collection 
Bruker-Nonius APEX-2 CCD arca- 4143 indcpcndcnt rcflcctions 

detector diffractomcter 
w120 scans 
Absorption correction: multi-scan 

(SADABS; Sheldrick, 1996) 
T, in = 0.547, T, 

ý = 0.918 
47592 measured reflections 

3187 reflections with I> 3a(I) 
Ri,,, 0.032 
0ý 30.2' 
/I -10 9 
k -35 35 
1 -11 11 

Refinement 

Refinement on F w= 1/[0.562TO(x) + 
R[F > 2a(F)l = 0.024 0.144TI(x) + 0.274T3(x)], 

wR(F) = 0.027 where x FIFý,, ý; S=1.08 W= w[I (AF/6crF)212 
3187 reflections (A/or).,, = 0.002 
137 parameters Apýý, = 1.24 e A-3 

H-atom parameters constrained APýin = -1.25 C A-3 

Weighting scheme: Chebychcv 
polynomial (Watkin, 1994), 

Table 1 
Selected geometric parameters 

Sbl -SI 2.4983 (12) Sb3 -S6' 2.5079 (12) 
Sbl -S2 2.4731 (11) Sb4-SI 2.4477 (11) 
Sbl- S3 2.4819 (11) Sb4 -S6 2.4467 (12) 
Sb2- S2 2.4944 (12) Sb4 -S7 2.4884 (11) 
Sb2- S4 2.4074 (11) S7- ST' 2.101 (2) 
Sb2- S5 2.4833 (12) Nl - Cl 1.464(8) 
Sb3- S3 2.4745 (11) N2- C2 1.463 (8) 
Sh3- S5 2.4771 (11) 

SI -Sbl- S2 91.41 (4) Sl - Sb4- S6 92.65 (4) 
Sl -Sbl - S3 85.14 (4) Sl - Sb4- S7 95.40 (4) 
S2 -Sbl- S3 96.37 (4) S6- Sb4- S7 95.36 (4) 
S2 -Sb2- S4 96,17 (4) Sbl -SI- Sb4 99.91 (4) 
S2 -Sb2- S5 95.24 (4) Sbl -S2- Sb2 97.99(4) 
S4- Sb2- S5 95.83 (4) Sbl -S3- Sb3 105.35 (4) 
S3- Sb3- S5 98.4-4 (4) Sb2 -S5- Sb3 97.85 (4) 
S3- Sb3- S6' 83.26 (4) Sb3" '-S6 

-Sb4 99.69 (4) 
S5- Sb3- S6' 89.67 (4) Sb4 -S7- S7" 101.09 (7) 

Symmetry codes: (i) x +I. y, z+1; (ii) -x, -y + 1, -z +I ý (iii) x -I. y. z -I 

The methylammoniurn cations were modelled as disordered over 
two independent sites, each with an occupancy of 0.5. The C-N 
distances were restrained to be 1.45 (1) A in each case. The six 0.5- 
occupancy H atoms of each 0.5-occupancy methylammonium cation 
were placed geometrically in a fully staggered orientation, as they 
could not be located from difference Fourier maps. H atoms were 
positioned geometrically and allowed to ride on their respective 
carrier atoms [C-H = N-H = 1.00 A and Ui,,, (H) = 1.2U, q(C, N)]. 
Large residuals in the difference Fourier map revealed the presence 
of a minor twin component. The twin law was identified using the 
ROTAX procedure (Cooper et al., 2002), implemented as a routine in 
CRYSTALS (Watkin etal., 1996). The model was refined as a two- 
component twin, (100,010,001) and (0.124 0 6.874, OTO, T. 127 0 
0.124), with twin element scale factors 0.84 and 0.16. 

Data collection: APEX2 (Bruker, 2005); cell refinement: APEX2; 
data reduction: APEX2, program(s) used to solve structure: 
SIR92 (Altomare et al., 1994), program(s) used to refine structure: 

Acta Cryst. (2005). C61, m516-m518 Lees et a/. - (CH6N)2lSbFS12(S-1)l m517 
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CRYSTALS (Watkin et al., 1996); molecular graphics: ATOMS 
(Dowty, 2000); software used to prepare material for publication: 
CRYSTALS (Watkin et al., 1996). 

The authors thank the UK EPSRC for grants in support of a 
single-crystal CCD diffractometer and a studentship for 
RJEL. AMC thanks The Leverhulme Trust for a Research 
Fellowship. 

Supplementary data for this paper are available from the IUCr electronic 
archives (Reference: BG1018). Services for accessing these data are 
described at the back of the journal. 
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A new family of antimony sulfides, incorporating the macrocyclic tetramine 1,4,8,11 -tetraazacyclotetradecane (cyclam), 
has been prepared by a hydrothermal method. [CjON4H261[Sb4S71 (1)i [Ni(CjoN4H24)][Sb4S7j (2), and 
[Co(C, oN4H24)lx[CloN4H2611-ASb4S7I (0.08 :: ý x: s 0.74) (3) have been characterized by single-crystal X-ray diffraction, 
elemental analysis, thermogravimetry, and analytical electron microscopy. All three materials possess the same 
novel three-dimensional Sb4S7 2- framework, constructed from layers of parallel arrays of Sb4 S84- chains stacked 
at 900 to one another. In 1, doubly protonated macrocyclic cations reside in the channel structure of the antimony- 
sulfide framework. In 2 and 3, the cyclam acts as a ligand, chelating the divalent transition-metal cation. Analytical 
and X-ray diffraction data indicate that the level of metal incorporation in 2 is effectively complete, whereas in 3, 
both metalated and nonmetalated forms of the macrocycle coexist within the structure. 

Introduction 

Template-directed synthesis of chalcogemdes is of increas- 
ing interest in the search for new materials with novel 
architectures. ' The report by Bedard and co-workers' that 
solvothen-nal methods adapted from those used in oxide and, 
particularly, zeolite chemistry could be used to effect the 
synthesis of tin and germanium sulfides led to a tremendous 
growth in template-directed synthesis of main-group chal- 
cogenides. Much attention has subsequently focused on the 

sulfides of germanium, indium, and antimony, which exhibit 
a range of interesting structural features, including low- 
dimensionality, 3,4,5,6,7,8 adamantoid building units, 1,10 supertet- 
rahedra, l 1,12 and zeolitic-like structures. ' 3 

* To whom corTespondence should be addressed. Fa-x: +44 (0)131 451 
3180. E-mail: a. v. powell@hw. ac. uk. 
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Synthesis of these materials is generally performed in the 
presence of organic amýines as structure-directing agents. The 
principal types of organic species used are linear and 
branched long-chain aliphatic amines and polyamines and 
alicyclic amines. Long-chain polyamines, in particular, are 
frequently unstable at elevated temperatures. 14 For example, 
under solvothermal conditions they can undergo side- 
reactions such as cyclizationl, " and cleavage, " thereby 
introducing further geometric diversity into the structure- 
directing agent. The products of such reactions consist of 
complex anionic metal-sulfide frameworks with protonated 
amines fulfilling the charge-balancing role. 

The introduction of transition-metal cations into the 
reaction rriixture usually leads to chelation and the in situ 
formation of a transition-metal-amino complex. Such com- 
plexes can themselves serve as structure-directing agents for 
the growth of anionic main-group sulfide frameworks. For 
example, tris(ethylenediamine) complexes of iron, cobalt, and 
nickel serve as charge-balancing counterions for anionic 

(12) Li, H.; Kim, J.; O'Keeffe, M.; YagN, 0. M. Angevv. Chein., Int. Ed. 
2003,42,1819. 

(13) Vaqueiro, P.; Chippindale, A. M.; Powell, A. V. 1norg Chein. 2004, 
43,7963. 

(14) Hutchinson, W. M.; Collett, A. R.; Lazzell, C. L. J. Ain. Chein. Soc. 
1945,67,1966. 

(15) Powell, A. V.; Paniagua. R.; Vaqueiro, P.; Chippindale, A. M. Chem. 
XIater. 2002,14,1220. 

(16) Lees, R. J. E.; Powell. A. V. -, Cl-ýppindale, A. M. Acta Oystallogr. 
2005. C61, m516. 
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SbS2- and Sb4S7 2- 
infinite chains in [M(en)31[Sb2S4] and 

[M(en)31[Sb4S7], 5 respectively, while Co(en)3 2+ 
ions reside 

in one-dimensional channels and balance the charge of the 
anionic Sb12S19 2- framework in [Co(en)31[Sbl2S 191.13 Bis- 
(diethylenetriamine) complexes of iron and nickel fulfill a 
similar role for the layered anions in [Fe(C4Hl3N3)2]Sb6S]O* 

0.5H20i 17 [Ni(C4H13N3)2JSb22S42-0.5H20,18 
and [Ni(C4Hl3N3)21- 

Sb4S7*1420.19 In [Ni(C4Hl3N3)212[Sb4S8]20 and [Ni(C4Hl3N3)213- 

[Sb3S6]2,21 the Sb, SYz- anions and charge-balancing Ni- 
(C4H 13N3)2 2+ cations are isolated and held together by 

relatively weak secondary interactions, giving the materials 
saltlike characteristics. Clearly in all such cases, the presence 
of the transition-metal cation is an essential prerequisite for 
the templating agent to exist, and formation of the corre- 
sponding nonmetalated phase is impossible. 

In this work, a macrocyclic tetramine has, for the first time, 
been used as a structure-directing agent. Remarkably, we 
have succeeded in preparing new three-dimensional antimony 
sulfides containing 1,4,8,1 1-tetraazacyclotetradecane (cy- 
clam) both as the protonated uncoordinated macrocycle in 
[C, oN4H26][Sb4S7] (1) and as a chelating complex with 
transition-metal cations in [Ni(CioN4H24A[Sb4S71 (2). More- 
over, the third phase reported, [Co(CjoN4H24)]ACioN4H2611-x- 
[Sb4S71 (3), contains both metalated and nonmetalated forms. 
This work suggests that macrocycles, which do not show 
any selectivity toward the complexation of transition -metal 
ions in aqueous solution, may, when used as structure- 
directing agents in framework- sulfide synthesis, provide a 
means of combining the selectivity inherent in porous 
structures with the narrow and tunable band gap of chalco- 
genides, leading to multifunctional materials. ' 

Experimental Section 
Single crystals of [CoN4H26)[Sb4S7] (1), [Ni(C, oN4H24)][Sb4S7] 

(2), and [Co(CION4H24)1, [CoN4H2611-, [Sb4S7I (3) were prepared 
under hydrothen-nal conditions. For 1, cyclam (0.300 g, 1.5 mmol), 
Sb2S3 (0.679 g, 2 mmol), and S (0.160 g, 5 mmol) were stirred 

with 3 mL of deionized water in a 23 mL Teflon-lined stainless 
steel autoclave to give a mixture with an approximate molar 
composition ratio for Sb: S: cyclam of 4: 11: 1.5. The mixture was 
heated at 438 K for 4 days and cooled to room temperature at 20 

K h-1. The solid product was filtered, washed in deionized water 

and acetone, and dried in air at room temperature. The product 
contained yellow blocks of 1 as the major phase, a number of red 
blocks, and a few orange blocks, together with a small amount of 
black powder, that was identified by powder X-ray diffraction as 

unreacted Sb2S3. Single-crystal X-ray diffraction identified the 

orange blocks as the new phase [CION4H26][Sb6S 10]22 and the red 
blocks as the previously reported [C2HIoN2][Sb8SI31 _6 

Combustion 

analysis of a hand-picked sample of 1 found C= 13-03, H=2.58, 

and N=6.10%, in excellent agreement with values of C= 13-14, 

H=2.87, and N=6.13%, calculated for the formula [C, oN4H261- 
[Sb4S7]- 

(17) Stdhler, R.; Nather, C.; Bensch, W. Eur. J. Inoq. Cheyn. 2001,1835. 

(18) Stahler, R.; Bensch, W. Z Anoq. Allýq. Chem. 2002,628,1657. 
(19) StAler, R.; Ndther, C.; Bensch, W. J. Solid State Chem. 2003,174. 

264. 
"0) Bensch, W. -, Nather, C.; StdWer, R. Chcm Commun. 2001,477. 

(21) Kiebach, R. ý Studt, F.; Ndther, C.; Bensch, W. Eur. J. Inorg. Chem. 
2004,2553. 

(22) Lattice pararneters for [CjoN4H26IfSboSjoj at, 100 K: P2,1c, a=9.4872- 
(9) A, b= 15447ý1) kc= 10.7567(9) A, and #= 105.8780Y. 

Crystals of 2 and 3 were prepared under analogous conditions 
and reagent concentrations. Transit I on-metal salts (for 2, NiSO4- 
7H20(0.505 g, 1.8 mmol), and for 3, Co(O, CCH3)2 (0.409 g, 1.65 

mmol)) were mixed with the cyclam and dcionized water, prior to 
the addition Of Sb2S3 and S. After the mixture had reacted for 4 
days at 438 K and cooled at 20 K h-1, the solid product was isolated 
as above. The product of the reaction containing NiS04-7H, O 

consisted of dark-yellow blocks of 2 as the major phase, together 
with a small amount of black powder, identified by powder X-ray 
diffraction as unreacted Sb2S3- Combustion analysis for the crystals 
of (2) gave C= 12.12, H=2.32, and N 5.62% (calcd for formula 
[Ni(C1oN4H24)1[Sb4S7]: C= 12.38, H 2.49, and N=5.77%). 
The product from the reaction to whichCO(02CH3)2 was added 
consisted of yellow blocks of 3 as the majority phase, together with 
red blocks Of [C2H10N21[Sb8S13 16 and a small amount of black 
powder. The last was identified as a mixtureOf COS2and unreacted 
Sb2S3by powder X-ray diffraction of the bulk product. Combustion 

analysis of 3 was not performed because of the variation in Co 

content between crystals that was established by analytical electron 
microscopy (vide infra). 

The hand-picked single crystals of 1,2, and 3 were further 
characterized by analytical electron microscopy and, for 1 and 2, 
thermogravimetric analysis. Analytical electron microscopy was 
carried out using a Philips XL30 scanning microscope equipped 
with an EDAX "Phoenix" detection system. The Sb: S ratios of 
0.59(3), 0.61(2), and 0.59(3) obtained for 1,2, and 3, respectively, 
are in good agreement with the value of 0.57 for the crystallographic 
formulas determined below. For 2, all crystallites examined 
contained Ni with an average Ni: S ratio of 0.14(l), corresponding 
to a nickel site occupancy of 0.98(7). This is consistent, within 
experimental error, with each cyclarn macrocyclic ring containing 
a nickel cation. However, for 3, a considerably larger variation in 
the Co: S ratio was observed (ca. 0.01-0.1), indicative of partial 
occupancy by cobalt of the site at the center of the macrocyclic 
ring, over the range of 0.08-0.74. Although a number of additional 
syntheses were carried out with varying reactant stoichiometries, 
similar variations in cobalt content were observed in the products 
of all reactions, which produced single crystals of 3. Thermogravi- 
metric analysis was carried out using a Dupont Instruments 951 
Thermal Analyzer. Approximately 4-5 mg of finely ground crystals 
of 1 and 2 were heated under a flow of dry nitrogen over the 
temperature range of 298-673 K at a heating rate of 15 K min'. 
A single weight loss of 22.00% was observed for I (onset 558 K), 
which compares very well with the value of 22.14% calculated for 
the complete loss of the organic component. For 2, a single weight 
loss of 18.67% occurs at T= 606 K. The discrepancy between 
this and the value of 20.64% expected for loss of the organic 
component is accounted for by the observation that the product of 
thermogravimetric analysis contained residual organic material 
(2.98%), giving a total organic content of 20.65%. The powder 
X-ray diffraction patterns of the thermal decomposition products 
indicate that they are amorphous. 

Crystal Structure Determination. X-ray intensity data 
for [C1oN4-H261[Sb4S71 (1), [Ni(C1oN4-H24)J[Sb4S71 (2), and 
[Co(C, oN4H24)lx[C, oN4H2611-, [Sb4S7I (X ýý 1/3) (3) were collected 
at 100 K, after rapid cooling from room temperature, using a 
Bruker-AXS X8 Apex CCD diffractometer with graphite-mono- 
chromated Mo K(x radiation (). = 0.71073, k). Data were processed 
using the manufacturer's standard routines. 23 Full crystallographic 
details are given in Table 1. 

(23) APEX-2, version 1.27; Bruker AXS Inc.: Madison, WI, 2005. 
(24) Altomare, A.; Cascarano, G.; Giacovazzo, G.; Guagliardi, A.; Burla, 

M. C.; Polidofi, G.; Camalli, M. J. Appl. Crystallogr. 1994,27,435. 
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Iýt' ý" 

Sc 

C (4) 

( 4), 

Figure 1. Local coordination of (a) nontemplate atoms and (b) the carbon-nitrogen ring of the template in [C, oN4H'-6][Sb4S7] (1), showing the atom 
labeling scheme and ellipsoids at 50% probability. 

Table 1. Crystallographic Data for [C, oN4H-? 61[Sb4S7] (1), [Ni(C, oN4H24)][Sb4S7] (2), and [Co(C, oN4H24)], [C, oN4H2611-., [Sb4S7I (3) 

1 2 3 

formula [C, oH'->6N4][Sb4S7] [Ni(C joN4H24)l [Sb4S7] [Co(C, oN4H'4)1, [C, oN4H'61 I- 
[Sb4S7] (X -Z: ý 1/3) 

M, 913.88 970.55 933.51 
crystal system monoclinic monoclinic monoclinic 
crystal habit yellow block dark yellow block dark yellow block 
crystal dimensions (mm) 0.12 x 0.12 x 0.05 0.16 x 0.16 x 0.08 0.20 x 0.16 x 0.04 
space group C? -/c C21c C21c 
T (K) 100 100 100 
a 13.7125(5) 13.7781 (5) 13.6001(7) 
b 11.8863(4) 11.8694(5) 11.9193(6) 
c 15.4368(6) 15.3855 (7) 15.4311(8) 
[3 (deg) 102.712(2) 102.772(2) 102.557(3) 

V (, k21) 2454.39 (16) 2453.86 (18) 2441.6(2) 
z4 4 4 
P (mm-1) 4.957 5.702 5.205 
ficalc (Mg M_ 3) 2.473 2.627 2.540 
measured data 32291 25506 40082 
unique data 3729 3733 3704 
obsd data 2658 1879 2033 
(I 2i 3a(l)) 
Rini 0.031 0.052 0.047 
residual electron -0.64,1.20 -1.19,0.95 -0.89,0.79 
density (rriin, max) (e k-3) 

params refined 114 120 121 
R(F) 0,0193 0.0289 0.0232 
Rý(F) 0.0199 0.0324 0.0257 

The structures were solved using the direct methods pro-ram 
Table 2. Selected Bond Lengths (A), Angles (deg), and Bond Valences 

b t, (v. u. ) for [C, oN4H'-6][Sb4S7] J) 
SIR92 

'24 and all non-hydrogen atoms were located. The CRYS- 

TALS suite of programS25 was used for subsequent refinements 
against F. All the hydrogen atoms in 1 could be located in difference Sb(l)-S(2)i 2.4883 (7) 0.893 S(2)i-Sb(l)-S(l)i 83.61 (2) 
Fourier maps but were placed geometrically during refinement. tý 

Sb(l)-S(I)i 3.0697(7) 0.162 S(2)i-Sb(l)-S(l) 96.70(2) 

Geometric placement was used from the start for the hydrogen Sb(l)-S(l) 2.4100(7) 1.125 S(I)i-Sb(l)-S(l) 
i 

84.25(2) 
Sb(l)-S(4) 2.5390(6) 0.770 -Sb(l)-S(4) S(2) 89.74(2) 

atoms in 2 and 3. 1 2.950 S(l)i-Sb(l)-S(4) 172.31(2) 
In the final cycles of refinement, anisotropic thermal parameters 

were refined for all non-hydrogen atoms. In 2 and 3, site-occupancy t' 
Sb(2)-S(3)" 2.7119(8) 0.463 S(l)-Sb(l)-S(4) 

ii 
92.72(2) 

factors of the transition metal were treated as refinable parameters 
Sb(2)-S(l) 2.7520(7) 0.411 S(3) -Sb(2)-S(l) 

ii 
175.80(2) 

Sb(2)-S(2) 2.4556(7) 0.984 S(3) -Sb(2)-S(2) 88.19(2) 
yielding final refined values of 0.953(6) and 0.339(5), respectively, Sb(2)-S(3) 2.3839(7) 1.215 S(l)-Sb(2)-S(2) 91.32(2) 

which are in good agreement with the conclusions reached from 3.073 S(3)ii-Sb(2)-S(3) 86.94(2) 

the analytical electron microscopy. 
S(l)-Sb(2)-S(3) 89-09(2) 
S(2)-Sb(2)-S(3) 102.30(3) 

Results and Discussion Bond valences and their sums calculated using parameters from ref 
30. Symrnetry codes: (i) 2-x, -v, I-z; (ii) 5/2 - x, 1 /2 - y, I-Z; 

Figure I shows the local coordination of the framework (iii) 3/2 - x, 1/2 - v, I-z; 0v) 2 - x, y, 3/2 - z. 

atoms of 1, and selected bond lengths and angles are 
presented In Table 2. One of the two crystal I ographical Iy 

(25) Watkin. D. J.; PrOUt, C. K.; Carruthers, J. R. -, Betteridge. P. W.; Cooper, distinct antimony atoms in the asymmetric unit, Sb(l), 
R. 1. CRYSTALS, issue llý Chemical Crystallography Laboratory, 
University of Oxford: Oxford, U. K., 2001. exhibits tr1gonal pyrarnýidal coordination by sulfur with 

c(2y CO, 1, 
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Figure 2. Single Sb4 S84- chain formed from the lirikage of Sb4SI08- units 
through a common edge of the Sb(2)S., polyhedra: antimony, large black 
circles; sulfur, large open circles. 

Sb(l)-S bond lengths in the range of 2.4100(7)-2.5390(6) 
A. In addition, in common with the majonty of other 
solvothermally prepared antimony sulfides, there is a further 
Sb-S interaction at the longer distance of 3.0697(7) A, which 
is significantly less than the sum of the van der Waals'radii 

of Sb and S. 26 The coordination number of Sb(2) is however 
four, with two short (2.3839(7) and 2.4556(7) A) and two 
longer (2.7119(8)-2.7520(7) A) Sb-S bonds. Four-coordi- 

nate Sb(III) atoms, with a similar combination of two short 
and two somewhat longer Sb-S separations, have been 

previously observed in a number of solvothen-nally synthe- 
sized antimony sulfides . 

27,28,29 Bond-valence sums for Sb(l) 

and Sb(2), calculated using the procedure of Brese and 
O'Keeffe'30 are 2.95 and 3.07 v. u. respectively, consistent 
with the presence of Sb(III) in the framework. 

Alternating vertex-linked Sb(I)S3 3- and Sb(2)S4 5- units 
generate Sb4SIO 8- clusters, containing Sb4S4 rings. Adjacent 

clusters are linked by sharing the two exocyclic sulfur atoms 
attached to Sb(2) to form Sb4S8 4- chains (Figure 2). The 
S(4) atoms along the chain serve to link two sets of mutually 
perpendicular Sb4S8 4- chains into a three-dimensional struc- 
ture of stoichiometry Sb4S7'- (Figure 3). Along the crystal- 
lographic c axis, Sb4S 84- chains directed along [I 10] and 
[I- 10] alternate and form a three-dimensional framework, 

which defines a network of three mutually perpendicular 
elliptical channels with approximate dimensions, measured 
from S(I) to S(I)' and S(2) to S(2)', of 2.4 x 9.2 A, when 
the van der Waals' radius of S is taken into account. 

Macrocyclic cations, doubly protonated to balance the 
charge of the antimony- sul fide framework, are located within 
these channels and are oriented with their molecular plane 
parallel to the channel direction. The location of hydrogen 

atoms in the difference Founer maps revealed that the double 

protonation occurs at the two N(I) atoms of the macrocycle. 
N ... S distances between the organic cation and sulfur atoms 
of the framework lie in the range 3.324(3)-3.884(3) A. This 

is consistent with the presence of hydrogen bonding between 
the organic and inorganic components. 

Reactions in the presence of transition-metal salts generate 
essentially the same anti mony-sul fide frameworks in 2 and 

(26) Bondi, A. J. Phys. Chem. 1964.68,441. 
(27) Enuelke, L. ý NUther, C. -, Bensch, W. Eur. J. lnoq. Chern. 2002,2936. 
(28) Volk, K.; Bickert, P.; Kolmer, R. ý Schdfer, H. Z. Natutforsch, Ted. B 

1979, 
-34.380. (29) Wang, X-ý Liebau, F. J. Solid State Chem. 1994,111.385. 

(30) Brese, N. E.; O'Keeffe. M. Acta Crystallogr. 1991, B47,192. 

Figure 3. Linkage of Sb4S 84- chains directed along [1101 and [1-101 
through S(4) in I to form a three-dimensional Sb4S7 2- network that defines 
a system of mutually perpendicular channels in which diprotonated 
macrocyclic cyclarn cations reside: antimony, magenta; sulfur, yellow; 
carbon, black; nitrogen, blue. 

Table 3. Selected Bond Lengths (A), Angles (deg), and Bond Valences 
(v. u. ) for [Ni(CjoN4H1-4)1[Sb4S71 (2) and 
[Co(C, oN4H24)11/3[C, oN4H26]2n[Sb4S7I (3)1 

(2) (3) 

Sb(l)-S(l)' 3.1091(17) 0.144 3.1018(12) 0.172 
Sb(l)-S(l) 2.4127(16) 1.116 2.4116(12) 1.109 
Sb(l)-S(4) 2.5155(15) 0.825 2.5269(11) 0.812 
Sb(l)-S(2) 2.5002(17) 0.863 2.4920(12) 0.893 

Y- 2.947 1 2.814 

Sb(2)-S(l)' 2.7324(16) 0.436 2.7780(13) 0,412 
Sb(2)-S(3)" 2.7350(17) 0.432 2.6914(13) 0.521 
Sb(2)-S(2) 2.4487(18) 1.004 2.4514(12) 0.996 
Sb(2)-S(3) 2.3802(18) 1.228 2.3888(13) 1.182 

1 3.100 1 3.112 

S(l)'-Sb(l)- S(l) 84.01 (5) 84.87(4) 
S(l)'- Sb(l)- S(4) 171.68(3) 173.51(3) 
S(l)- Sb(l)- S(4) 92.76(5) 93.06(4) 
S(l)'- Sb(l)-S(2) 82.69(5) 83.75(4) 
S(l)- Sb(l)- S(2) 95.90(6) 96.4](4) 
S(4)- Sb(l)- S(2) 90.04(5) 90.38(4) 
S(l)'- Sb(2)- S(3)" 176.11 (5) 175.28(4) 
S(l)'-Sb(2)- S(2) 92.04(5) 91.77(4) 
S(3)" -Sb(2) -S(2) 88.33(6) 88.35(4) 
S(l)'-Sb(2)- S(3) 89.46(5) 88.43(4) 
S(3)" -Sb(2) -S(3) 86.68(6) 86.93(4) 

" Bond valences and their sums calculated using parameters from ref 
30.1 Symmetry codes: (i) 2-x, -y, -z; (ii) 3/2 - x, 1/2 - y, -1-; (iii) 
3/2 - x, - 1/2 - y, -z; (iv) 2-x, y, 1/2 - z. 

3 as descnbed above for 1. Significant bond lengths and 
angles are presented in Table 3. 

In an analogous fashion to that of 1, the macrocyclic 
cations in 2 and 3 are located in the channels created by the 
intersecting Sb4S 84- chains and are also oriented with their 
molecular planes approximately parallel to [1-10] (Figure 
4). Both analytical electron microscopy and crystallographic 
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Figure 4. Space-filling representation of the Sb4S 72- framework of [Ni- 
(C, oN4H24)][Sb4S7] (2) illustrating one set of channels (parallel to [1-10]) 
and showing the location of the N i2'-chelate complex: antimony, magenta; 
sulfur, yellow; carbon, black; nitrogen, blue; nickel, green. 

analysis are consistent with each macrocycle in 2 containing 
aN i2l ion, which therefore balances the charge of the 
framework, without the need for the macrocycle to be 
protonated. The nickel cations are coordinated by the four 
nitrogen atoms of the macrocycle with Ni-N distances of 
1.947(6) and 1.952(6) A, slightly shorter than those in 
discrete mononuclear complexes such as [Ni(cyclam)(0- 
COR)A (2.062(2)-2-074(2) A). " The nearest sulfur neigh- 
bors are the two S(l) atoms of the framework above and 
below the plane of the complex at the rather long distance 
of 3.058(2) A. This suggests that the Ni ... S interaction is 
extremely weak (0.06 v. u. ) and that the transition-metal 
complex is therefore essentially square planar. This conclu- 
sion is supported by room-temperature magnetic susceptibil- 
ity measurements, which show the material to be diamagnetic 
Qdia - -4 x 10-5 CM3 mol-1). The N ... S distances 
(3.424(6)-3.848(6) A) are comparable with those in 1, 
implying similar hydrogen bonding interactions between the 
macrocyclic species and the antimony-sulfide framework. 

The X-ray diffraction study of 3 produced a refined site- 
occupancy factor for the cobalt ]on that signifies that the 
occupation of the site at the center of the macrocyclic ligand 
is incomplete. The average cobalt content, taken over 
crystallites in which the presence of cobalt was detected by 
analytical electron microscopy, is 0.4(2). Crystal structure 
analysis on five crystals selected from the same reaction 
product yielded cobalt site-occupancy factors in the range 
0.213(4)-0.385(3), consistent with the presence of both 
inctalated and nonmetalated fonns of the macrocyclic species 
in the same crystal. The crystal for which details are reported 

(31) Zakaria, C. M.; Ferguson, G., Lough. A. J.; Glidewell, C. Acla 
Oystallop-, 2002, B58,78. 

here had a cobalt occupancy of 0.339(5). Again the transition- 
metal cation is four coordinate (Co-N = 2.010(5) and 
2.0234(4) A) with the nearest sulfur neighbors at 3.349(4) 
A. The partial occupancy of this site (0.339(5)) leads to 
ambiguity in determining the oxidation state of the cobalt. 
At this level of cobalt incorporation, neither Co" nor C03+ 
would be sufficient to balance the negative charge of the 
antimony - sulfide framework, and some degree of protona- 
tion of the uncomplexed amine present is necessary. 

Attempts to distinguish between the two possible oxidation 
states using magnetic susceptibility measurements on hand- 
picked single crystals were rendered ineffective by the 
discovery of a magnet] c-orderi ng transition at 113 K, which 
was assigned to COS2 (T, = 110 K). 11 This trace ferromag- 
netic impurity, which is present as a fine coating on the 
crystals and therefore cannot be removed, dominates the 
magnetic response making it impossible to distinguish by 
magnetic measurements between square-planar C02+(S = 
1/2) and C03+ (S = 0). In situ oxidation in the hydrothermal 
reaction would be required to generate a Co(cyclam)3+ 
complex from theCO(02CCH3)2 reactant. Indeed, exarnýina- 
tion of the literature indicates that in situ aerial oxidation is 
required for the preparation of mononuclear cyclam com- 
plexes of Co(III) from Co(II) reactants . 

33 Given the reducing 
environment resulting from the production of H2S as the 
reaction proceeds, oxidation therefore appears to be unlikely 
and hence we believe that the cobalt is present as C02+' the 
remaining positive charge being provided by protonation of 
the noncoordinated ligand. 

To test this hypothesis further, [Co(cyclam)C]2]Cl, pre- 
pared by a literature route 33 involving aenal oxidation of an 
acidified methanolic solution0f COC12-6H20, was used as a 
replacement (1.5 mmol) forCO(02CCH3)2 and cyclam in a 
solvothermal reaction analogous to that used for the prepara- 
tion of 3. The solid product of this reaction contained crystals 
of [Co(CoN4H24)lx[CoN4H2611-., [Sb4S7I (x = 0.014(3) and 
0.011(3) from two single-crystal structure determinations), 
while analytical electron nucroscopy revealed a significantly 
lower cobalt content than that deter-mined for 3: the average 
Co: S ratio being only 0.02(2). UV-vis spectra (Figure 5) 
of the liquid phase of the reaction mixture, recorded on a 
Heýios Spectronic Unicam spectrometer, were measured 
prior to and immediately following the reaction and com- 
pared with a spectrum obtained from an aqueous solution 
of Co(cyclam)02, also prepared using established proce- 
dures . 

34 The Co(cyclam)31 complex in the initial reaction 
mixture is characterized by bands at 650 and 450 nm. After 
the reaction, these bands disappear completely. Although no 
peak is discernible in the post-reaction mother liquor, 
differential analysis of the spectrum identifies a feature at 
538 nm, which compares favorably with the broad absorption 
at 533 nm in the spectrum of the Co(cyclam)" complex in 
aqueous solution. We believe that the spectroscopic evidence 

(32) Goodenough, 1. B. Mapietism und the Chemicul Bon& Wiley: New 
York, 1963. 

(33) Bosmich, B.; Poon, C. K.; Tobe, M. L. Inorg. Chem. 1965,4,1102. 
(34) Pr-akash, R.; Kandoi, S.; Srivastava, R. Trans. Met. Chem- 2002,27, 

598. 
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Figure 5. UV-vis spectra of Co(cyclam)3+ (a) before and (b) after 
solvothermal reaction with Sb2S3 and S for 24 h and (c) the UV-vis 
spectrum of an aqueous solution of Co(cyclarn)C12. 

demonstrates that the Co(Ill)-cyclam complex is not stable 
under the conditions of the reaction and therefore oxidation 
of Co" to Co" does not occur. Final evidence for the 
presence of Co(II) is provided by analytical electron mi- 
croscopy data which reveal the presence of crystallites with 
Co: S ratios as high as 0.105. This corresponds to a site 
occupancy of 0.74, which for Co(III) would result in an 
excess of positive charge. Hence, 3 is formulated as Co(Il)- 
containing [Co(C, oN4H24)lx[CoN4H2611-x[Sb4S7I (0.08 <x 
:: ý 0.74) with the charge balance being achieved through 
double protonation of the noncomplexed macrocycle. 

Measured stability constants for transi ti on- metal cyclam 
complexes, M(cyclaM)21 are very high (log K= 11.3 to 
27.2 )'35 suggesting that differences in the stability of the 
transition-metal cyclam complexes do not play a significant 
role in determining the degree of metal incorporation in the 
phases reported here. This is further supported by our 
observations that introduction of FeC12 into the Sb2S3/S/ 
cyclam reaction mixture produces single crystals of the same 
frarnework structure, with a lower metal content than for 
the cobalt-containing phase (among the 25% of examined 
crystals that contain iron, the maximum Fe: S ratio corre- 
sponds to an iron site occupancy of ca. 0.20), while the 
analogous reaction withCUC12-2H20 leads to copper oc- 
cupancies that vary over the wide range from 0.2 to 1.0, 
despite the stability constant for Cu(cyclaM)2 ' being among 
the highest reported. Therefore, we believe that the lower 

LI 
level of cobalt incorporation in 3 compared to that of nickel 
in 2 is related to the ease of formation of the pyrite phase, 
CoS,, which effectively removes cobalt from the reaction 

(35) Mariell, A. E.; Hancock. R. D.; Motekaitis, R. J. Coord. Chem. Rev 
1994,133,39. 

nuxtures. No evidence for the formation of nickel-sulfide 
phases was observed in the powder X-ray patterns of the 
products containing 2. However, the heterogeneous mixture 
that constitutes a solvothermal reaction inevitably entails a 
complex series of equilibria, as shown by the fact that using 
a salt of the tran sition- metal macrocycle complex as the 
source of transition metal and cyclam in the solvothermal 
reaction does not generally lead to products in which the 
degree of metal occupancy is complete. We are currently 
seeking to optimize reactions involving transition-metal ions 
other than cobalt and nickel in an effort to generate phases 
with higher levels of metal incorporation, a narrower spread 
of values, or both and will report on these in due course. 

A striking feature of the three products reported here is 
the formation of a genuine three-dimensional structure, 
through the linkage of one-dimensional chains. Antimony 
sulfides typically exhibit a wide range of Sb-S distances 
(2.38-3.7 A). Primary antimony-sulfur bonding distances 
are quite well defined: Sb-S distances in SbS3 3- building 

5- units are typically <2.5 A, while those in SbS4 units 
containing two long and two short bonds, may extend to 2.8 
A. Longer secondary interactions in the range of 3.0-3.7 A 
have also been invoked to link together higher structural 
units, although it should be noted that the contribution to 
the valence sum falls dramatically from 1.1 for an Sb-S 
bond of 2.4 A to 0.4 at 2.8 A and 0.1 at 3.2 A. Thus 
consideration of only Sb-S distances < 2.8 A leads to the 
identification of a wide range of chainlike structural motifs 
among solvothermallY prepared antimony sulfides, especially 
those consisting of vertex-linked SbS3 3- pyramidal unitS. 36 
Structures of higher dimensionality generally only result from 
the interlocking of SbS,, z- units by considering weaker (>2.8 

7, A) secondary Sb-S interactions. 11,11 The three-dimensional 
framework defined by antimony-sulfur bonds of <2.8 A, 

as found in the materials reported here, is therefore highly 
unusual and represents only the second example, after [Co- 
(en)31[Sbl2S 19]'13 of what we believe to be a truly three- 
dimensional system. 

In surru-nary, we have prepared the first members of a new 
series of macrocycle-templated antimony sulfides that adopt 
three-dimensional framework structures. This family repre- 
sents a unique situation in anti mony-sulfide cherrustry, in 
which a structure-directing agent can generate both metalated 
and nonmetalated forms of the cationic species within 
identical anionic anti mony-sul fide frameworks. The persis- 
tence of the framework into the metalated form suggests that 
this class of material may have applications as selective 
absorbents. In particular, the fact that access to the macro- 
cycle in the noncomplexed form is restricted by the channel 
structure of the framework, may overcome the practical 
difficulties in using macrocyclic polyarrunes as selective 
metal-chelating agents because of the high stabilities of their 
complexes with most metal cations. 
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Poly[ 1,4,8,11 -tetraazacyclotetradecane(2+) [hepta-tt-sulfido- 
trisulfidohcxaantimony (111)] ], j(CjOH26N4)[Sb6SIOI)m consists 
of novel [Sb6S 10]2- layers containing Sb2S2, Sb4S4 and Sb7S7 
hetero-rings, which are separated by macrocyclic amine 
molecules. The macrocyclic arnine molecules are disordered 

over two crystallographically distinct positions and are 
diprotonated in order to balance the charge of the anionic 
layers. 

Comment 
Template-directed synthesis of -antimony(III) sulfides under 
solvothermal conditions has produced a wide variety of novel 
structures. The structural diversity arises from the stereo- 
chemical effect of the lone pair of electrons associated with 
Sb'", together with the potential for antimony to exhibit 
coordination numbers that range from 3 to 6. T'he primary 
building units in solvothermally synthesized antimony sulfides 
are [SbS3 ]3- trigonal pyramids. These may be connected 
dirough corner- or edge-sharing to create larger secondary 
building units, including a variety of Sb,, S, hetero-rings and 
[Sb3S6 ]3- semicubes. Condensation of these building units can 
form chain, layered and three-dimensional antimony-sulfide 
structures, such as [Fe(CH8N2)312[Sb4S8] (Lees et al., 2005), 
[Fe(C4HI3N3)21[Sb6SIO1-0.5H, O (Stahler et al., 2001) and 
[Co(C, H,, N, )312[Sbl2SI91 (Vaqueiro, Chippindale et al., 2004), 

respectively. The synthesis of these materials is generally 
performed using organic amines as structure-directing agents. 
The amines used to date have been principally linear and 
branched long-chain aliphatic amines and polyamines and 
alicyclic amines, such as ethylenediamine (Tan et al., 1994), 

tris(2-aminoethyl)ai-nine (Vaqueiro, Darlow et al., 2004) and 
piperazine (Parise & Ko, 1992). ne organic species is gener- 
ally protonated in order to balance the negative charge of the 

anionic antimony-sulfide framework. Recently, we demon- 

strated that the niacrocyclic amine cyclam can act as a struc- 
ture-directing agent for solvothermally synthesized antimony 

sulfides (Powell et al., 2006). We prepared (Cj()H26N4)[Sb4S7j, 

which represents a rare example of a truly three-dimensional 

antimony-sulfide framework and contains diprotonated 

cyclam molecules in the framework pores. We report here the 
structure of (CjOH26N4)[Sb6SIO1, a layered antimony sulfide 
containing diprotonated cyclam, which was obtained as a 
minor product during the synthesis of (CIOH-16N4)[Sb4S7]- 

The asymmetric unit of the title compound contains three 
Sb and five S atoms, all of which occupy general positions. 
Atoms SbI and Sb3 show trigonal-pyramidal coordination, 
with Sb-S bond distances ranging from 2.4072 (16) to 
2.4855 (15) A and S-Sb-S angles ranging from 84.00 (5) to 
100.8 (2)' (Table 1). Atom Sb2 is coordinated by four S atoms, 
with two shorter bonds and two longer bonds. The distances 
range from 2.4059 (15) to 2.8920 (15) A, which is less than the 
sum of the van der Waals radii of antimony and sulfur (3.8 A; 

Bondi, 1964), and the S-Sb-S angles lie in the range 
87.44 (5)-96.27 (5)'. The bond lengths and angles are consis- 
tent with those found in other solvothermally synthesized 
antimony-sulfide materials containing [SbS3 ]3 - and [SbS4 ]5- 

units (Stahler et al., 2001; Spetzler et al., 2004). The bond- 
valence sums (Brese & O'Keeffe, 1991) for atoms SbI, Sb2 
and Sb3 are 2.83,2.98 and 2.98, respectively. These values are 
consistent with the presence of Sb"' in the framework. Vertex- 
linking of four [SbS3 ]3- trigonal-pyramidal units generates an 
Sb4S4 hetero-ring, in which atoms Sb1 and Sb3 alternate 
around the ring. Each of the four terminal S atoms of the Sb4S4 
hetero-ring is shared with an [SbS4 ]5- unit (Fig. 1). These 

sil 
14 

PS511 

S3" 

Figure 1 
Local coordination of Sb and S atoms showing the Sb, S, j hetero-ring and 
an [SbS4 15- unit connected through a shared S3 atom (bottom), and one 
of the two disordered and diprotonated cyclam molecules (top), showing 
the atom-labelling scheme and displacement ellipsoids at the 50% 
probability level. H atoms have been omitted for clarity. [Symmetry 
codes: (i) -x + 2, y+1, -Z + 2; (ii) -x + 2, -y + 2, -z + 1ý (iii) -x + 2, 2 
-y + 1, -z +L (iv) -x + 1, -y + 2, -z; (v) x, -y + 1, z- fl 22 

Acta Cryst. (2007). (163, m27-m29 DOI: 10.1107/SO10827010605044X _ü 
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serve to link the rings into [Sb6S 1() 1 layers. Edge-sharing of 
two adjacent [SbS415 units generates Sb2S-, hetero-rings 

within the layers (Fig. 2). 'ne anionic antimony-sulfide layers 
lie parallel to the bc crystallographic plane and are stacked 
directly above one another along [100], separated by charge- 
balancing diprotonated macrocyclic cations (Fig. 3). 
Diprotonated cyclarn molecules have been observed 
previously, examples being (CIOH26N4)[Sb4S71 (Powell et al., 
2006) and (CioH26N4)[Cl0412 (Nave & Truter, 1974). The 
distance across the cyclam ring is 3.785 (6) A for NI ... NI" 

and 4.161 (6) A for N2 ... NT' (Fig. 1). The shortest distance 
between the macrocyclic cation and the antimony-sulfide 
framework is 3.351 (4) A (N2'. - S2), which is short enough to 

allow hydrogen bonding between the macrocycle and the 

antimony-sulfide framework. 

The structure of the [Sb6S1 0]2- layers of the title compound 
represents a new antimony-sulfide structural motif in which 
Sb2S2, Sb4S4 and Sb7S7 hetero-rings form the anionic layers. 
The structure of the layers is significantly different from those 
of previously reported examples of antimony-sulfide layers 
with the same antimony-sulfur ratio. For example, the layers 
within [Fe(C4HI3N3)2J[Sb6S1O1-O. 5H20 (Stahler et al., 2001) are 
composed of Sb2S2, Sb4S4 and Sb5S5 hetero-rings which 
surround Sb16S16 rings, whilst in (trans- 1,4-C6HI 5N2) 

[Sb3S. 
51 

and (trans- l, 2_C6H1 5N2) 
[Sb3S5] (Engelke et al., 2002), Sb2S2ý 

Figure 2 
The [SbSSI()j2- layers viewed along [100), with the unit cell outlined. Key: 
Sb atoms are large solid circles and S atoms are large open circles. 

(I 

Figure 3 
The [Sb, Sl,, ]2- layers separated by cliprotonated cyclarn molecules, with 
the unit cell outlined. H atoms have been omitted. Key: Sb atoms are 
lar e solid circles, S atoms are large open circles, C atoms are small solid 
191 circle-, and N atorns are small open circles. 

Sb4S4 and Sb, OSI() hetero-rings are arranged to form the 
anionic layers. 

Experimental 
(CjOH26N4)[Sb6S1O1 was synthesized by the reaction of cyclam 
(1.5 mmol), Sb2S3 (2 mmol) and sulfur (5 mmol) in deionized water 
(3 ml). The mixture was heated in a 23 ml Teflon-lined stainless steel 
autoclave at 438 K for 4d before cooling to room temperature at a 
rate of 20 K h-'. The solid product was filtered off, washed with 
deionized water and acetone, and dried at room temperature. The 

product consisted of orange blocks of the title compound as a minor 
phase, as well as a larger proportion of yellow blocks of (C, oH26- 
N4)[Sb4S7] (Powell et al., 2006) and red blocks of (GH8N2)[Sb8SI3] 
(Tan et al., 1994), identified by single-crystal X-ray diffraction and 
present in approximately equal amounts, together with a small 
amount of unreacted Sb2S3, as identified by powder X-ray diffraction. 

Crystal data 
(CjoH26N4)[Sb6Sjoj Z=2 
M, = 1253.46 D, = 2.732 Mg M-3 
Monoclinic, P2,1c Mo Ket radiation 
a=9.4872 (9) A it = 5.97 mm-1 
b= 15.4477 (14) A T= 100 K 
c= 10.7567 (9) A Block, orange 
0= 105.878 (4)' 0.16 x 0.12 x 0.06 mm 
V= 1516.3 (2) A3 

Data collection 
Bruker-Nonius APEX-2 CCD area- 49836 measured reflections 

detector diffractometcr 4612 independent rcflcctions 
w120 scans 4008 reflections with I>3.0o, (I) 
Absorption correction: multi-scan R,, 0.083 

(SADABS; Sheldrick, 1996) 0ý 30.6" 
Tý, n = 0.44, Tý- = 0.70 

Refinement 
Refinement on F Modified Chebychev polynomial 
R[F 2> 2or(F 2)1 = 0.049 (Watkin, 1994) with coefficients 
wR(F 2) = Oý038 1.00, - 1.11,0.479 and -0.402 
S=1.08 (A/or)ýaý = 0.007 
4008 reflections Apý = 3.16 e A-3 

150 parameters APm, 
n = -2.81 C 

A-3 

H-atom parameters constrained 

Table 1 
Selected geometric parameters 

SbI -SV 2.4855 (15) Sb2-S2 2.4059 (15) 
Sbl - SY' 2.469 (9) Sb2-S3 2.6319 (16) 
Sbl- S4 2.4621 (14) Sb3-S3 2.4072 (16) 
Sb2- S2"' 2.8920(15) Sb3-S4 2.4826 (15) 
Sb2- SI 2.4723 (15) Sb3-S5 2.4730 (15) 

Sl'- Sb I- S5" 84.00 (5) Sl -Sb2-S3 87.09 (5) 
Sl'- Sbl - S4 93.80 (5) S2 -Sb2-S3 91.97 (5) 
S5" -Sbl -S4 92.05 (5) S3 -Sb3-S4 88.13 (5) 
S2'ý' -W -Sl 88.66 (5) S3 -Sb3-S5 100.8 (2) 
S2"' -Sb2 -S2 87.4-4 (5) S4 -Sb3-S5 97.4 (3) 
Sl- Sb2- S2 96.27 (5) 

Symmetry codes: (i) -x + 2. y+1. -z + !ý (ii) -x + 2, -y + 2, -z + 1ý (iii) -x + 2, 22 

-IV + 1, -Z + I. 

During refinement, inspection of the anisotropic displacement 

parameters indicated that the macrocyclic ring atoms were disor- 
dered. The C atoms were modelled as split over two positions, with 
both site occupancies fixed at 0.5. One set of U, values was refined for 
each pair of related C atoms. Bond length and angle similarity 

M28 Lees et al. - (CjOH2oN4)[Sb,, SjoJ Acta Cryst. (2007). C63, m27-m29 
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restraints were applied between the two disordered threads and 
Hirshfield restraints applied to the Ujj values along the bonds. C- 
bound H atoms were positioned geometrically [C-H = 0.97 (1) A 

and Ui,. (H) = 1.2Uq(C)] and allowed to ride on the carrier atoms. 
The three H atoms attached to N1 and N2, which are required for 
charge balancing the antimony-sulfide framework, were not included 
in the refinement. The largest residual peak in the final Fourier map 
was located 0.506 A from C31 and the largest electron density trough 
was located 0.883 A from Sb2. The position of the beam stop 
precluded proper measurement of the omitted reflections. 

Data collection: APEX2 (Bruker, 2005); cell refinement: APEX2; 
data reduction: APEX2; program(s) used to solve structure: SIR92 
(Altomare et al., 1994); program(s) used to refine structure: CRYS- 
TA LS (Betteridge et al., 2003); molecular graphics: ATOMS (Dowty, 
2000); software used to prepare material for publication: CRYS- 
TALS. 

We thank the UK EPSRC for grants in support of a single- 
crystal CCD diffractometer and a studentship for RJEL. AMC 
thanks The Leverhulme Trust for a Research Fellowship. 

Supplementary data for this paper are available from the IUCr electronic 
archives (Reference: GA3032). Services for accessing these data are 
described at the back of the journal. 
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Abstract 

Four new antimony sulphides, [T(dien)2]Sb6S I O-xH20 [T = Ni (1), Co (2) xzý0.45], [Co(en)3]Sb8S]3 (3) and [Ni(en)3]Sb I 2S19 (4), have 
S8- been synthesised under solvothermal conditions. In compounds (1) - (3), Sb12 22 secondary building units are connected to form layered 

S2- ]2 + S2- structures. In (1) and (2), Sb6 10 layers containing Sb16S16 heterorings are separated by [T(dien]2 cations, whilst in (3), Sb8 3 layers 

contain [Co(en)3 ]2 + cations within large Sb22S22 pores. Compound (4) adopts a three-dimensional structure in which [Ni(en)3 ]2 + cations 
lie within ca. 5A wide channels. 
(0 2007 Elsevier Ltd. All rights reserved. 

Kepvords: A. Chalcogenides-I B. Crystal growth; C. X-ray diffraction 

1. Introduction 

Structure-directed synthesis is widely used to prepare 
chalcogenides with novel architectures [1]. Antimony (111) 
sulphides are particularly interesting as they show a wide 
structural diversity. This is a consequence of both the 
stereochemical effect of the lone pair of electrons asso- 
ciated with Sb(111) and the ability of Sb(III) to adopt three- 
fold, pseudo four-fold and five-fold coordination. Synth- 
esis of these materials is generally performed in the 
presence of a structure-directing agent such as an organic 
amine. These are typically linear and branched aliphatic 
arnines, polyamines, and alicyclic amines [2-4]. The 
primary building units in solvothermally prepared anti- 
inony sulphides are Sb S3- trigonal pyramids. These are 3 
linked by sharing either vertices or edges to form secondary 

S3- S2- building units such as Sb3 6 semi-cubes and SbI 4 

heterorings. The connection of primary and secondary 
4 

units can create discrete anions, such as Sb-, S5- d1meric 
units [5] and Sb S6- heteForings [6], infinite SbS- and 482 

Torresponcling author. Fax: + 44 131451 3180. 
E-mail address. - a. v. powell(a liw. ac. tik (AN. Powell). 

S S2- S2- b4 7 chains [5,7], Sb8 13 layers [2], and three-dimen- 
sional structures such as [CION4H26]Sb4S7 [8] and [Co(en)31 
Sb12S19 [91- 

The introduction of transition-metal cations into the 
reaction mixture usually leads to the formation of 
transition-metal-amine complexes, which fulfil a charge- 
balancing r6le for the anionic metal-sulphide matrix. Such 
complexes can also act as structure-directing agents. For 

]2 + S2- example, [Fe(en)3 cations separate SbS2_ and Sb4 7 
chains in [Fe(en)312Sb4S8 [5] and [Fe(en)3]Sb4S7 [7], whilst 
[Ni(dien)2 ]2 + cations separate the antimony-sulphide layers 
within [Ni(dien)2]Sb22S42 ' 0.51-120 P 01- 

In this work, we present the structures of four antimony 
(111) sulphides containing transition-metal-amine complexes. 
[T(dien)2]Sb6SIO *xH20[T = Ni (1), Co (2) x;:::. - 0.45] adopts a 
layered structure, which is isostructural with [Fe(dien)21 
Sb6S10 * 0.5H-, O [111. [Co(en)3]Sb8SI3 (3) also crystallises with 
a layered structure, containing the same large secondary 
building unit as (1) and (2), but linked in a new arrangement. 
[Ni(en)3]Sbl2SI9 (4) is isostructural with [Co(en)3]Sbl2S]9 [91, 

and provides the second example of an antimony sulphide 
adopting this unusual three-dimensional framework. 
Optical and magnetic properties are also reported for 

compounds OH3). 

0022-3697/S -see front matter 0( 2007 Elsevier Ltd. All rights reserved. 
doi: 10.101 6, ii. jpcs. 2006.12.010 
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2. Experimental section 

R. JE Lees et al. / Journal of Physics and Chemistry of Solidý, 68 (2007) 1215-1219 

All reactions were carried out under solvothermal 
conditions in a Teflon-lined stainless-steel autoclave with 
an inner volume of 23 ml. The solid products were filtered, 
washed in distilled water and acetone and dried in air at 
room temperature. Thermogravimetric analysis was per- 
formed using a DuPont Instruments 951 then-nal analyser. 
Approximately 3.5 mg of finely ground hand-picked crystals 
of (1) -- (3), were heated at a rate of 10 K min- 1 under a flow 
ofdry nitrogen over the temperature range 298-673 K. 

[Ni(dien)21Sb6S1O*0.43H20 (1) and [Co(dien)2]Sb6SIO* 
0,46H20 (2) were synthesised by heating a mixture of Sb2S3 

and either NIS04-71-120 or COS2 with 3 ml 50% aqueous 
diethylenetriamme (dien) containing S (0.03 mmol), with an 
approximate molar composition of Sb: T: S: dien of 4: 2: 6: 14 

at 438 K for 3.5 days. The products consisted of large red 
plates of (1) and (2), together with a small amount of either 
polycrystalline NiS and NiS2 or unreacted Sb2S3 and COS2, 

respectively. CHN analysis of a handpicked sample of (1) 

and (2) found: C, 7.14; H, 1.98; N, 6.16; cale. C, 7.26; H, 
2.05; N, 6.35% (1) and C, 7.30; H, 1.99; N, 6.38; calc.: C, 
7.25; H, 2.05; N, 6.34% (2). A single weight loss of 15.54% 

at 548-592 K for (1) and two-step weight loss of 16.13 % at 
555-584 K for (2) are consistent with complete loss of the 
organic component and water. 

[Co(en)3]Sb8SI3 (3) was synthesised by heating a mixture 
of Sb2S3, CoS and 3ml ethylenediamine (en) containing S 
(0,03 mmol), with approximate molar composition Sb: Co: 
S: en of 4: 1.5: 6: 45, at 463 K for 5 days. The product 
consisted of large red blocks of (3), and a small amount of 
COS2 and unreacted Sb2S3- CHN analysis of a handpicked 

sample of (3) found: C, 4.88; H, 1.56; N, 5.19; calc.: C, 4.42; 
H, 1.48; N, 5.16%, while a single weight loss of 10.83% 

Table I 
Crystallographic data for compounds (1) - (4) 

between 556 and 584 K indicates a complete loss of the 
organic component. 

[Ni(en)3]Sbl2SI9 (4) was synthesised by heating a mixture 
of Sb--'S3 and NIS and 3 ml en containing S (0.03 mmol), 
with approximate molar composition Sb: Ni: S: en of 
3: 1.5: 4.5: 45, at 443 K for 5 days. The product consisted 
of red needles of (4) as a minor phase and [Ni(en)3]Sb4S7 [7] 
as the major phase. CHN analysis of a handpicked sample 
of (4) found: C, 3.24; H, 1.40; N, 3.67; calc.: C, 3.12, H, 
1.05; N, 3.64%. 

Single-crystal X-ray diffraction data for (IH4) were 
collected at lOOK using a BFuker Nonius X8 Apex 
diffractometer (Mo-K, radiation, ;, =0.71073 A). Data 
were processed using the Apex-2 software [12]. The 
structures were solved by direct methods (SIR-92 [13]), 
which located all the metal and S atoms. Subsequent 
difference Fourier calculations, to locate the C and N 
atoms, and least-squares refinements were carried out using 
the program CRYSTALS [14]. Hydrogen atoms were 
placed geometrically on the C and N atoms after each cycle 
of refinement. In the final cycles of refinement, positional 
and anisotropic thermal parameters for all non-hydrogen 
atoms were refined. Crystallographic details are given in 
Table 1. Crystal data for the structures reported in this 
paper have been deposited with the Cambridge Crystal- 
lographic Data Centre. Refinement of the site occupancy 
factor of 0(l) indicated water contents of 0.431(3) (1) and 
0.459(2) (2). The amine ligand in (1) and (2) was modelled 
as disordered over two positions with site occupancies fixed 
at 0.5. 

Magnetic susceptibility measurements were performed 
using a Quantum Design MPMS2 SQUID susceptometer. 
Ca. 10mg of hand-picked crystals of compounds (1) - (3) 
were loaded into gelatine capsules at room temperature 

[Ni(dien)2]Sb6SIO 0.43H20 [Co(dien)2]Sb6S 10' 0.46H20 [Ni(en)3]SbgS]3 [Ni(en)3]Sbl2SI9 

1323.94 1324.65 1630.23 2309.45 
Crystal habit Dark red block Red plate Red plate Red needle 
Space group C2/c C2/c P-1 P21/c 
a (A) 33.512(2) 33.521(4) 9.0407(3) 17.3468(16) 
b 8.4645(5) 8.4609(11) 12.3764(4) 8.8323(g) 
C 24.6574(15) 24.628(3) 16.5496(9) 28.594(3) 
0(o 100.372(2) 
#0 118.246(3) 118.316(4) 94.579(2) 91.538(4) 
Yo 110.340(2) 
1/' ( 6161.6(7) 6149ý 1(] 4) 1687.44(12) 4379.3(7) 
z 8 8 2 4 
p (nim-1) 6.472 6.413 7.596 8.615 
Measured data 70709 111084 69442 144847 
Umque data 9140 9318 10136 21134 
Observed data (I-> 3 (T(I)) 7297 7259 8203 12032 
R,,,, 0.033 0.047 0.020 0.040 
Residual electron density (min, max)(A -3) -0.97,1.81 -1.48,2.42 -0.73,0-51 -2.63,4.97 
R(F) 0.0193 0.0267 0.0144 0.0368 

, R(P) Oý0239 0.0101 0.0153 0.0348 
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and data were collected over the temperature range (5, < 
TIK, < 300) in the measuring field of 1000 G after cooling in 
zero field. Data were corrected for the diamagnetism of the 
gelatine capsule and for intrinsic core diamagnetism. 

Diffuse reflectance data were measured over the range 
9090-50,000 cm- 1 using a Perkin-Elmer, Lambda 35 UV/ 
visible spectrometer. BaS04 was used as a reference. 
Measurements were made on ca. 10mg of finely ground 
hand-picked crystals of (1) - (3) diluted with BaS04. Band 
gaps were determined by applying the Kubelka-Munk 
function [ 15]. 

3. Results and discussion 

Compounds (1), (2) and (3) adopt layered structures and 
contain the same Sb S8 - building unit (Fig. 1). The 12 22 
Sb12S822_ unit is formed from the condensation of two 
Sb S4- heterorings, constructed from four vertex-linked 48 
SbS3- trigonal pyramids, and a Sb4 S6- chain, created from 3 10 

S3- two Sb 3 trigonal pyramids vertex linked to two edge- 

12 17 

sharing SbS5- units, which shares four terminal sulphur 4 
S4 atoms with the Sb4 8- heterorings. 

In (1) and (2), the Sb]2S822- secondary units are linked 
I- through four shared S(7) sulphur atoms to create Sb6S_10 

layers, containing elongated Sb16S16 heterorings (Fig. 2). 
S2- The Sb6 10 layers which stack directly on top of each 

other, lie parallel to the (I 10) plane and are separated by 
[T(dien)2 ]2 + cations and water molecules (Fig. 3). 

In the novel structure of (3), the Sb Y) units are 12S822 
S6- S6- connected into Sb14 24 chains by edge sharing with Sb_ 6 

I)S5- dimeric units, formed from two edge-sharing Sb( 4 

units. The chains are cross-linked by Sb-, S2 - heterorings, 4 

formed from two edge-sharing SbS3- pyramids, into a 3 

S S2- b8 13 layer containing large Sb22S22 pores. Two 
[Co(en)3 ]2 + cations lie within each pore (Fig. 4). The 
layers are stacked directly above one another along [10 0], 

resulting in 7x 17 A (S(8) 
... 

S(4), Sb(7) 
... 

Sb(7)) one- 
dimensional channels running through the structure along 
[10 0]. The structure of the Sb8 S2- layers in (3) differs from 13 
other layered antimony sulphides with the same antimo- 
ny: sulphur ratio, such as (enH2)Sb8S]3 [2], [(C4HION2)21 

Sb8S130' 15H20 [16] and [(CH3NH3)0.5(NH4)1.5]Sb8SI3' 

2- 8H20 [17], as the layers contain unusually large 
regularly shaped pores. 

Compound (4) has a three-dimensional framework and 
is isostructural with [Co(en)3]Sbl2SI9 [9]. The three-dimen- 
sional network, which has been described in detail 
elsewhere [9], can be created by considering only primary 

o Sb-S bonds with lengths up to -2.6 A, even though much 
longer bonds exist within the structure up to the sum of the 
van der Waals' radii of Sb and S (3.80A [18]). The 

S6- heterorings cross-linked structure is comprised of Sb6 12 
by antimony-sulphide chains and heterorings. The resulting 
three-dimensional structure contains a regular array of 
one-dimensional channels, ca. 5A wide, which run along 

I ig. 2. The Sb, S2- layer of (1) and (2) viewed along [00 1] with Sb16SI6 heterorings shaded (key: as for Fig. 1). SbSj units: Sb-S distances and S-Sb-S 
10 S5- angles for (1) lie in the ran-es (2.4075(7)-2.5239(7) A) and (81-0](2)-101.21(3)'). Sb $ unit: two short Sb-S distances at 2.4211(7) and 2.4941(7) A and 

two longer ones at 2.6948(7) and 2.7835(7)A. Distances and angles for (2) are similar. 

Ca 

Fig. 1. The Sb12S822- secondary building unit in (1) - (3) (key: antimony, 
large solid circles; sulphur, large open circles). 
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S2- Fig. 3. The Sb6 jo layers of (1) and (2) viewed along [0 10] and separated 
by [T(dien)2 12 ý cations (key: as for Fig. I and T= Ni/Co, large grey 
circles; carbon, small solid circlesl nitrogen, small open circles). Water 

molecules are omitted. 

b 

C 

S2- ]2 + Fig. 4. The Sb8 13 layers within (3), with two [Co(en)3 cations 
contained in each Sb22S22 pore (key as for Fig. 3). SbS3- units: Sb-S 3 

distances and S-Sb-S angles lie in the ranges 2.3907(6)-2.5213(5)A 
arid 86.543(18)-100.55(19)'. SbS5- unit: Sb-S distances lie between 4 

2.4237(5)-2.9612(5) A. 

the [0 10] direction (Fig. 5). The [Ni(en)3 ]2 + cations lie 
within the channels and charge balance the anionic 
aritirriony-sulphide framework. 

In all four structures, the bond-valence sums [19] are 
consistent with a formal oxidation state of +3 for each 
aritirriony atom, when considering bonds less than ca. 
2.9A. This results in doubly negatively charged frame- 
works, the charge of which is balanced by the transition- 
nietal complex. Within all the structures, there are short 
N--S distance between the arnme ligand and the antimony- 
Sulphide framework (ca. 3.25-3.57 A) suggesting hydrogen 
bonding between the transition-metal cations and the 
frarnework. 

Magnetic susceptibility data for (1) - (3) indicate para 
inag net ism. A Curie-Weiss expression was fitted to the 
data, over the temperature ranges of 50-300 K (1), 5-300 K 
(2) and 15-300 K (3). Curie constants of 1.04(4) (1), 3.11(7) 
(2), and 3.09( 1) C1113 K mol-' (3) were determined. In all 

a 
S2- j2 4 Fig. 5. Three-dimensional Sb12 19 framework with [Ni(en)3 cations 

S3- lying within the one-dimensionai channels (key: as for Fig. 3). Sb 3 units: 
Sb-S distances and S-Sb-S angles lie in the ranges 2.4163(13)- 
2.5593(13)A and 84.65(1)-102.97(4)'. SbS4 unit: Sb-S distances lie 5- 

between 2.4481(12)-2.7916(12) A. 

cases, small negative Weiss constants were observed. 
The effective magnetic moment per nickel atom in (1) is 
2.89(1)PB (y, hs-Ni 2+ = 2.83 YB) and per cobalt atom 
4.99(3)YB (2) and 4.97(9)/IB (3). The effective magnetic 
moments of the C02 + atoms are higher than the spin-only 
value for hs-Co 2+ (3.87 P13) due to an orbital contribution 

4 2+ 
arising from the TIg ground state of octahedral Co 

The diffuse reflectance spectra of (1) - (3) show an optical 
band gap and confirm the semiconducting nature of the 
materials. The band gap can be attributed to the lone pair 
of electrons on the Sb(III) causing the Sb 5s states to be 
near the Fermi level. Band gaps of 1.97(4) (1), 2.04(3) (2) 
and 2.05(2) eV (3) are comparable with those observed for 
antimony (111) compounds such as [T(C6N4H, 8)]Sb4S7 
(T = Mn, Fe, Co) [20], with similar framework densities, 
and are larger than the denser Sb2S3 (1.7eV) [21]. This 
observation is consistent with the suggestion [4] that the 
variation of crystal colour of antimony (111) sulphides from 
red to orange to yellow is correlated with a decrease in 
density of the antimony-sulphide framework, and an 
increase in the band gap. 

4. Conclusion 

In conclusion, we have succeeded in synthesising four 
new antimony (III)-sulphide compounds. [Co(en)3]SbsSI3 
contains a novel layer structure, arising from the different 
connection of the same large building unit that forms the 
antimony-sulphide layers within [T(dien)2]Sb6SIO-xHO 
[T = Ni, Co]. Compounds OH3) all contain transition- 
metal complexes in high-spin octahedral coordination, and 
have band gaps within the semi-conducting region. 
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and CCDC-629226 (4) contain supplementary crystal- 
lographic data for this paper. These data can be obtained 
free of charge from the Director, CCDC, 12 Union Road, 
Cambridge, CB2 I EZ, UK (fax: + 44 1223 336 033; e-mail: 
deposit@ccdc. cam. ac. uk or at www. ccdc. cam. ac. uk/conts/ 
retrieving. html). Local coordination schemes for each 
compound are available as Supplementary Material, along 
with selected antimony -sulphide bond distances, angles and 
valence sums (Fig. SI and Tables SI-S4). 
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