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Dissertation Director:

Professor John G. Brennan

! This dissertation covers the synthesis and characterization of three 

unique classes of lanthanide materials produced exclusively  by the 

addition of sodium azide (NaN3) into solution based lanthanide reactions. 

The products were achieved through transmetallation and redox reactions 

between rare earth chalcogenolate reagents (Lnx(EPh)y), NaN3 and 

elemental chalcogenides (E = O, S, Se, Te). The products displayed 

atypical structural and physical properties including; unique coordination 

geometries, high nuclearities, tunable detonation/deflagration, strong NIR 

emissions, and unexpected magnetic ordering behaviors. 

 ! The introduction of NaN3, Na2O, Cd, elemental Se and Te into  Ln

(EPh)2  and Ln(EPh)3  pyridine (py) solutions led to the production of (py)

2Na2(EPh)2  and 5 structurally distinct azide encapsulated rare earth 

clusters; (Py)10Sm6O2(N3)16Na2, (py)8Ln6O2(N3)12(SePh)2, (py)10Ln6O2(Se2)

2(N3)10 (Ln=Er, Ho), and (py)16Sm8Se(O2)Na2(Te2)6(N3)8. Each system was 
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encapsulated by varieties of azide bridging moieties, while exhibiting a 

[Ln]/[N3] dependent correlation with detonation and deflagration 

temperatures. 

! The inclusion of NaN3 in Ln(SePh)3 pyridine solutions with 

elemental Se, led to the discovery of the (py)16Ln17NaSe18(SePh)16; (Ln= 

Ce, Pr, and Nd). Emission studies of the Nd17 analogue, revealed a 35% 

quantum efficiency for the 4F3/2 - 4I11/2 transition (1070 nm emission), and a 

near solid state emission intensity for the 4F3/2 → 4I15/2 transition (1822 nm 

emission). 

! The novel Eu(EPh)4Na2•2DME; (E=S,Se), specimens were 

synthesized by the combination of Eu(EPh)2 with NaN3 in 

dimethoxyethane (DME). The europium coordination sphere was solvent 

free and resembles the coordinations of europium monochalcogenides 

(EuE). Comparative structural analysis and magnetic susceptibility studies 

of the Eu3+ product, ((py)6Eu2(μ4-S2)2(OC6F5)2) revealed paramagnetic 

ordering at low temperature for Eu(EPh)4Na2•2DME; (E=S,Se), while 

ferrimagnetic ordering was found for ((py)6Eu2(μ4-S2)2(OC6F5)2). All 

materials exhibited antiferromagnetic ordering above 50 K, while a Curie 

temperature of 18.0 K was determined for ((py)6Eu2(μ2-S2)2-(OC6F5)2). 
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Introduction

! Once described as “boring”1  and “predictable” the chemistry  of the 

lanthanide series has led to a wave of new discoveries that capitalized on their 

unique coordination motifs, reactive oxidation states and distinct electronic 

structures. In fact, the development of a whole host of next generation materials 

owe their utility to the lanthanides. For example, the replacement of radioactive 

thorium with cerium and lanthanum oxide in tungsten arc welding electrodes, has 

led to greater material performance (slower electrode consumption or “burnoff”) 

and lowered health risks for professionals due to thorium dust inhalation.2

 

Figure I.1. Lanthanide Based Materials and Applications. 

From phosphors3  and catalysts4 to molecular magnets5  and chemical sensors6 

the “eccentric” chemistry of  the lanthanides has found its way into applications 
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that are both extraordinary and diverse. This renewed interest has highlighted the 

need for more varied synthetic methods and a more comprehensive 

understanding of lanthanide chemistry in order to accommodate the complexity 

of new material demands.

! The unique atomic structure of the rare earth metals is at the heart of their 

uncommon chemistry.  The valence shell of the lanthanides (4f orbitals) is not the 

most radially extended orbitals from the nucleus In contrast to the other 

elements. This phenomenon results in the 4f orbitals being  “shielded” by the 

filled 5s2 and 5p6 orbitals. Figure I.2 is a plot of the radial portion of the Nd3+ 

Schrödinger equation for 4f, 5s & 5p orbitals. The plot shows a greater probability 

of finding the 4f orbitals closer to the nucleus than the 5s and 5p. Consequently, 

the unoccupied 5d and 6s orbitals become the outermost frontier (Figure I.3). 

These combined phenomena result in a valence shell with a spherical electron 

density and virtually no potential for orbital overlap  in bonding. Subsequently, this 

explains why lanthanide bonding is largely ionic in nature.
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Figure I.2. Plot of Radial Functions of Nd3+ for 4f, 5s &5p Orbitals.

Figure I.3: Plot of Radial Distribution Functions for  Nd3+ for 4f, 5d and 6s 

Orbitals.

! The 4f orbitalʼs inability to effectively  shield and the electronic 

configuration of the series explain the characteristic dominance of the 3+ 
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oxidation state and decreasing ionic radii across the series (lanthanide 

contraction). 4f orbital electrons have been described as notoriously  poor 

shielders.7  This notion is supported in Figures I.2-I.3, by the 5s, 5p, 5d and 6s  

penetration of the 4f probability  maxima. As a result, orbital electrons whose 

maxima overlap with 4f experience a greater effective nuclear charge manifesting 

as a reduction in ionic radii. Simultaneously, the electronic configuration of the 

lanthanides with their radially extended filled 6s orbitals and low ionization 

energies8 (1st Ionization: 5.46-6.25 ev; 2nd Ionization : 10.5 -13.9 ev) readily  lose 

their first two electrons. Further Ionizations originating from the 4f orbitals (3rd 

Ionization: 19.17-25.1 ev; 4th Ionization: 39.37-49.95 ev) donate only one 

electron. There are exceptions to the 3+ preference  as europium, samarium and 

ytterbium commonly take on a 2+ oxidation state while a 4+ oxidation state for 

cerium has been observed.9  The observation of these alternate oxidation states 

can be justified by the relative stability of the half-filled and full shell electron 

configurations in the elements (Table I.1).10
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 (Ln) Electron 
Configuration (EC)

Electron 
Configuration 
of Ln3+  (EC)3+

Ground 
State  

(2S+1Lj)

(La) (Xe)5d16s2 (Xe)4f0 1S0

(Ce) 4f15d16s2 4f1 2F5/2

(Pr) 4f36s2 4f2 3H4

(Nd) 4f46s2 4f3 4I9/2

(Pm) 4f56s2 4f4 5I4

(Sm) 4f66s2 4f5 6H5/2

(Eu) 4f76s2 4f6 7F0

(Gd) 4f75d16s2 4f7 8S7/2

(Tb) 4f96s2 4f8 7F6

(Dy) 4f106s2 4f9 6H15/2

(Ho) 4f116s2 4f10 5I8

(Er) 4f126s2 4f11 4I15/2

(Tm) 4f136s2 4f12 3H6

(Yb) 4f146s2 4f13 2F7/2

(Lu) 4f145d16s2 4f14 1S0

(Y) (Kr)4d15s2 (Kr) 1S0

Table I.1. Lanthanide Series Electron Configurations and Ground States.

! ! The tendency for lanthanide complexes to exhibit non-directional 

ionic bonding is also a byproduct of electronic shielding.The greater radial 

extension of filled 5s and 5p orbitals generates a repulsive and spherical electron 

density around every lanthanide atom. This effectively removes the influence of 

traditional covalent bonding considerations (orbital overlap  and orientation), and 

leads to complexes with an array of unique properties. Higher coordination 

numbers (3-14 with 6-9 typically),11  coordination spheres defined by the 
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electrostatic and steric nature of the incoming ligands, and a negligible crystal 

field effect on lanthanide energy levels are a few examples. 

!  The ability  to tune the absorption and emission properties of various 

mediums12  with lanthanide species is a byproduct of the interplay  between two  

lanthanide specific electronic/quantum properties. First, the limited crystal field 

effect of ligands on lanthanide 4f-orbital energy states (due to electronic 

shielding) results in 4f energy states that are largely unaffected by their 

coordination environment producing a set of narrow and discrete emission 

wavelengths. Second, the Laporte-forbidden f-f transitions within the subshell 

display very low absorption coefficients13, and gives rise to the long excited state 

lifetimes observed from lanthanide emissions. The available emission range 

within the series extends from the ultraviolet (Gd3+) and the visible (Tm3+, Tb3+, 

Eu2+, Sm3+) to well into the NIR region (Yb3+, Nd3+, Pr3+, Er3+).    When these 

characteristics are combined the lanthanidesʼ role as versatile emissive sources 

for a variety of hosts becomes clear.

!  Early lanthanide coordination chemistry utilized only two types of anions/

ligand classes. Since their discovery in 178714 by Johan Gadolin lanthanide ions 

displayed an affinity for halides and oxide containing ligands. Ores such as yttria, 

ceria monazite and bastnäsite all possessed structures with lanthanide oxide or 

lanthanide halide coordinations. Pearson15  in effort to provide a reliable method 

for predicting inorganic reaction products published his HSAB theory in 1963.  

Halide and oxide anions were classified as hard bases and the cations that 

preferentially  formed the most stable products with them were hard acids.   

6



Conversely in 1954, Wilkinson16  produced the first Ln(C6H5)3 product. This 

systemʻs use of C6H5 group  as a stabilizer without the presence of oxide or 

halides was a ground breaking find. This notion grew into a variety of sterically 

bulkier analogues including the Cp and Cp* ligands commonly seen in lanthanide 

organometallic chemistry today.  By imposing steric bulk, mitigating ligand-ligand 

repulsion, and increasing solubility in organic solvents, bulky  macrocycles and 

polydentate ligands joined the C6R5 class of ligands in providing an alternate 

precursor to previously inaccessible lanthanide products. Nevertheless, the ease 

of metathesis reactions with lanthanide halide starting materials and the 

simplicity  of their production made them a cornerstone of lanthanide coordination 

chemistry. The work of Evans,17  exemplifies Cp ligand utility by expanding the 

reductive chemistry  of the series using sterically bulky Cp and Cp* ligands to 

stabilize reactive lanthanide centers. These trends cemented hard bases and 

large ligand groups as the backbones of early rare earth coordination chemistry.

! Lanthanide chalcogenide ( S, Se, Te) chemistry  represented an interesting 

and challenging departure from the more established areas of rare earth 

chemistry. The pairing of lanthanide cations (hard acids), with the soft 

chalcogenide bases was a less than ideal for producing stable products 

according to HSAB theory. The use of chalcogenide bondsʼ with significant orbital 

overlap  dependence along side the ionic lanthanide cations provided a strong 

theoretical rationale for avoiding such work. However, the lack of understanding 

about Ln-E bonds, as well as the well known emissive properties of the rare 

earths, made for an enticing research pursuit. 
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0,CR and S,CNEt, Derivatives of Nd"' and Yb"' 

n 

b 
Figure 1. ORTEP drawing of the molecule. 

Table I. Positional Parameter@ 
atom X Y Z 

Yb 0 0.20917 (2) 0.250 
S 0.0541 (2) 0.3539 (1) 0.3565 (1) 
N 0.0376 (8) 0.4957 (6) 0.2433 (9) 

0.1806 (5) 0.1109 (4) 0.3012 (4) 
C(2) 0.2238 ( 5 )  0.1953 (4) 0.2979 (5) 

0.1918 (6) 0.2255 (4) 0.2007 (5) 
C(4) c(3) 0.1295 (5) 0.1593 (4) 0.1426 (4) 

0.1228 (5) 0.0883 (4) 0.2039 (4) 
'(') 0.2073 (6) 0.0528 (6) 0.3897 (6) 
c(6) C(7) 0.3044 (7) 0.2424 (7) 0.3808 (6) 

0.2298 (8) 0.3101 (6) 0.1665 (8) 
c(8) C(9) 0.0840 (8) 0.1608 (6) 0.0334 ( 5 )  

0.0880 (7) -0.0017 ( 5 )  0.1665 (7) 
0.4078 (8) 0.250 

C(12A) 0.108 (2) 0.544 (1) 0.330 (2) 
C(13A) 0.031 (3) 0.580 (2) 0.384 (3) 
C(12B) 0.005 (1) 0.541 (1) 0.151 (1) 
C(13B) -0.116 (2) 0.577 (2) 0.125 (2) 

a In this and in the following tables the numbers in parentheses 
are the estimated standard deviations in the least significant digits. 

dymium dithiocarbamate, (Me5Cs)zNd(SZCNEtz), was pre- 
pared similarly. 

Na02CR 
(Me& 5)2Y b(02CR) 

Na(OEt2)2(MesCs)zYbC12 NaS2CNE+2 c (Me5C&Yb(S2CNEtz) 

The physical properties are described in the Experimental 
Section. Because two donor atoms are present, R2CO2- and 
the softer Et2NCS2- allow isolation of ether-free complexes. 
Unfortunately the ytterbium(II1) species could not be reduced 
with sodium amalgam in refluxing toluene. Further, 
(MeSC5),YbN(SiMe3),l could not be reduced under similar 
conditions. 

The similarity in the magnetic behavior of (C5Me5),Yb- 
(02CCMe3) and (CSMe5),Yb(SzCNEt2) at  low temperature 
(see Experimental Section) suggests that the magnetic prop- 
erties of the ytterbium ions in these complexes are not effected 
by the change from carboxylate to dithiocarbamate ligand. 
The magnetic moments ( 5 4 5  K) 3.29 and 3.39 pB respectively 
are close in value to those observed for other ytterbium(I11) 
complexes over this temperature range.'*4a5 

The ytterbium dithiocarbamate complex crystallizes as 
well-formed, purple prisms that are monoclinic, space group 

(4) Baker, E. C.; Raymond, K. N. Inorg. Chcm. 1977, 16, 2710. 
(5) Tilley, T. D.; Zalkin, A.; Andersen, R. A.; Templeton, D. H. Inorg. 

Chem. 1981, 20. 551. 
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Table 11. Interatomic Distances (A) 

Yb-2 C(1) 2.63 (1) 
2.66 (1) Yb-2 C(2) 
2.64 (1) Yb-2 C(3) 

Yb-2 C(4) 2.60 (1) 
2.60 (1) Yb-2 C(5) 

Yb-2 s 2.70 (1) 
s-c(11) 1.71 (1) 
C(1l)-N 1.45 (2) 
N-C( 1 2A) 1.50 (2) 
N-C( 12B) 1.46 (2) 
C(12A)-C(13A) 1.49 (4) 
C(12B)C(13B) 1.53 (3) 

1.42 (1) 
1.42 (1) 
1.41 (1) 
1.42 (1) 
1.43 (1) 
1.52 (1) 
1.52 (1) 
1.52 (1) 
1.51 (1) 
1.52 (1) 

Table 111. Selected Angles (Deg)= 
S-Yb-S' 67.1 (3) C(S)-C(l)-C(2) 

C(2)-Yb-S 80.7 (2) C(2)4(3)-C(4) 

C(4)-Yb-s 11 8.9 (2) C(4)-C(S)-C(l) 

C( 1)-Yb-S' 134.8 (2) C(6)-C(l)-C(5) 
C( 2)-Yb-S' 107.3 (2) C(7)-C(2)-C(l) 

C(1)-Yb-S 105.2 (3) C(l)-C(2)-C(3) 

C(3)-Yb-S 88.0 (2) C(3)-C(4)-C(5) 

C(S)-Yb-s 132.2 (2) C(6)-C(l)-C(2) 

C(3)-Yb-S' 82.8 (2) C(7)-C(2)-C(3) 
C(4)-Yb-S' 90.8 (3) C(8)4(3)-C(2) 
C(5)-Yb-S' 122.2 (3) C(8)-C(3)-C(4) 

S-c( l l ) -N 117.6 (6) C(9)-C(4)-C(5) 
S'-C( 1 1)-N 117.2 (6) C(lO)-C(S)-C(l) 
C(ll)-N-C(12A) 122 (1) C(lO)-C(5)4(4) 
C(ll)-N-C(12B) 120 (1) 
N-C(12A)-C(13A) 108 (2) 
N-C(12B)-C(13B) 114 (2) 
Primed atoms are at positions -x, y ,  1/2 - z. 

S-c(l1)-S' 121.4 (8) C(9)-C(4)-C(3) 

107 (1) 
109 (1) 
108 (1) 
108 (1) 
108 (6) 
125 (1) 
127 (1) 
126 (1) 
124 (1) 
125 (1) 
127 (1) 
126 (1) 
125 (1) 
126 (1) 
124 (1) 

W 
Figure 2. ORTEP view of the molecule parallel to a line through the 
ring centers. 

C2/c, with cell dimensions a = 12.268 (4) d;, b = 15.536 (6) 
A, c = 14.269 ( 5 )  A, and @ = 105.23 (3)'. For Z = 4 and 
a molecular weight of 591.84, the calculated density is 1.50 
g/cm3. A few structures containing lanthanide to sulfur bonds 
have been determined,68 but the present structure is the first 
example of an Yb-S bond. 

Positional parameters, with labeling as shown in Figure 1, 
are given in Table I. A list of selected distances and angles 
are given in Tables I1 and 111. 

The molecule consists of the Yb atom bonded to two pen- 
tamethylcyclopentadienyl rings and to two sulfur atoms of the 
diethyldithiocarbamate ligand (Figure 1). The average of five 
Yb-C distances is 2.63 f 0.03 A, and the Yb-S distance is 
2.70 A. The pentamethylcyclopentadienyl rings are in a 
staggered configuration with respect to each other (see Figure 
2). The diethyldithiocarbamate ligand is disordered; atoms 
N, C(12A), C(13A), C(12B), and C(13B) are in general 

(6) Ciampolini, M.; Nardi, N.; Colamarino, P.; Orioli, P. J.  Chem. Soc., 
Dalton Trans. 1977, 379. 

(7) M&, Y.; Pinkerton, A. A.; Chapuis, G. J. Chem. Sa., Dalton Trans. 
1977. 725. 

(8) Pink&&, A. A.; Schwarzenbach, D. J .  Chem. SOC., Dalton Trans. 
1980, 1300. 

Figure I.4. Structural Image of  (Cp*)2Yb(S2CNEt2)

!  In any case, approaching lanthanide chalcogenide species with bulkier 

ligand stabilizers and halide precursors did had their drawbacks. First, the 

majority of species produced contained halide impurities, even under the most 

meticulous reaction conditions.  Second, the monomeric and dimeric structures18 

produced  did little to address the nature of the Ln-E bond because of ligand-

ligand repulsions dominating the structure determination. The Andersen groupʼs,

(Cp*)2Yb(S2CNEt2)19   species is a clear example. Additionally these products 

suffered from low yield, and low purity. The first lanthanide chalcogenide cluster 

ever produced, [{(Cp*  )Sm}6 Se11]20, (Figure I.4 ) could not be fully characterized, 

nor could any derivatives be produced due to the above  factors in the system.
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 Figure I.5. Structure of [{(Cp* )Sm}6 Se11]20

This occurred despite the presence of “stabiliizing” Cp* ligands. When the 

inability to completely  displace halide21 and Cp anions22 from lanthanide systems 

with chalcogenides was found, the necessity for a new pathway to explore 

lanthanide chalcogenide chemistry became apparent.

! The reaction of REER (R=C6H5) and rare earths in lewis base solvents 

(THF, DME, and Py) and catalytic amounts of mercury provided a halogen free 

pathway for introducing lanthanides into solution with versatile chalcogenolate 

anions.

Ln + 3/2 PhEEPh Solvent/Hg (L)xLn(EPh)3

Scheme I.1. General Scheme for Ln(EPh)3 Synthesis

9



 The role of mercury in this reaction proceeds through two possible reaction 

pathways. The first involves mercury  insertion into the dichalcogenide bond, and 

a subsequent transmetallation between the Hg(ER)2 species and the lanthanide 

resulting in the precipitation of mercury. The second proposes the formation of a 

lanthanide-mercury amalgam to activate the dichalcogenide bond. The reaction 

can be tailored to yield  a number of Lnx(ER)y species.23,24,25 

! Product differences in nuclearity, coordination number and bridging are 

related to the metal ionic radii, neutral donors (solvent) and chalcogenolates 

used. (py)3Yb(SPh)3, [(py)3Ho(SPh)3]2, and [(py)2Sm(SPh)3]4 exemplify the 

influence of the first variable  as shown by Lee24,26. The small Yb3+ ion stabilizes 

as a monomer with terminal thiolates while the progressively larger Ho3+ and 

Sm3+ ions stabilized dimer and tetramer products with bridging thiolate moieties. 

Beradiniʼs synthesis of [(THF)3Eu(μ-SePh)2]∞ 27and Khasnisʼs [(THF)2Eu(TePh)2]

∞28  provide similar support for the influence of chalcogenolates on coordination 

numbers. Each of the Eu2+ centers are 7-coordinate in [(THF)3Eu(μ-SePh)2]∞ and 

6-coordinate in [(THF)2Eu(TePh)2]∞.These variances in coordination are due 

solely  to differences in chalcogenolate coordination as all other varibales are 

identical. Finally, the monomeric vs polymeric structures observed in [(Py)5Eu

(TePh)2]. and [(THF)2Eu(TePh)2]∞ undergirds the role of neutral donors in bridging 

determination. Ultimately, this simple reaction platform spawned a variety of Lnx

(ER)y derivative species, through careful control of of metal radii, chalcogenolate 

anions and neutral donors.
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! One of the key physical advantages to Ln(ER)3 and Ln(ER)2 systems is 

the absence of IR quenching functional groups near the metal centers. In 

lanthanide systems with large quantities of C-H, and O-H bonds directly 

coordinated to the metal centers, quenching of the lanthanidesʼ characteristic IR 

emissions by the vibrational modes of these groups have been well 

documented29,30,31. 

2524 F. Artizzu et al. / Coordination Chemistry Reviews 255 (2011) 2514– 2529

Table 3.1
Summary of literature photophysical parameters of erbium quinolinolates.

Ref. Compound !obs (solvent) (!s) ˚tot (%) !rad (ms) ˚Ln (%)a "sens

[32] “ErQ3” 2.9 (DMSO-d6) 8 msb 0.03
[55] Na[Er3Q8Cl(OH)] 1.6 (DMSO) – – –
[91,92] Er3Q9 2.20 (DMSO)c 3.90 × 10−2 4.35d 0.05 0.77

2.2  (solid state)c

[Er(5,7ClQ)2(H5,7ClQ)2Cl] 2.15 (DMSO) 3.85 × 10−2 4.50d 0.05 0.80
[57]  [Er(5,7XQ)3(H2O)2] (X = Cl, Br) ∼0.1 (DMSO)
[49] [ErH2Tsox]3− 1.39 (D2O) 5.4 × 10−3

0.23 (H2O) 3.7 × 10−5 0.66 (aqua ion)e <0.01
[ErH2TsoxMe]3− 2.31 (D2O) 7.1 × 10−3

0.67 (H2O) 4.0 × 10−5 0.66 (aqua ion)e <0.01
[50]  Er-T2soxMe 2.55 (D2O) 3.5 × 10−3

0.24 (H2O) –
[44] Er(HQ-CONEt2)3 1.5 (solid state) 1.2 × 10−2 5 msg 0.03 0.40

Er(H5BrQ-CONEt2)3 2.3 (solid state)f 2.1 × 10−2f 5 msg 0.05 0.45
Er(H5,7BrQ-CONEt2)3 4.05 (solid state) 3.3 × 10−2 5 msg 0.08 0.41

[51] [Er(thQtcn)]  1.17 (solid state) 4.32 × 10−3 0.66 (aqua ion)e 0.024
[Er(thQtcn-SO3)] – (H2O)h <2 × 10−3h 5 msg 0.023 0.19

0.642(D2O) 5.7 × 10−3

[47] Er(hQa)3K3 0.479 (solid state) 5.1 × 10−3 5 msg 0.01 0.51
Er(hQt)3K3 0.375 (MeOH) 1.9 × 10−3

0.623 (solid state) 5.9 × 10−3 5 msg 0.01 0.49
0.471 (MeOH) 2.0 × 10−3

a Values calculated from Eq. (3.1).
b Average value from literature data.
c Although there are two inequivalent coordination sites in the trinuclear complex, nearly single-component decay is observed within the available dynamic range. This

nearly  single-exponential behavior can be explained considering that Er–Er energy migration within an Er3Q9 molecule occurs in the 10-ns time scale much faster than the
Er  non-radiative decay time; as a result, Er excitations are effectively delocalized over the three metal ions and experience only a coordination configuration average [56].

d Experimentally determined from spectroscopic data.
e Value taken from Ref. [93].
f Measurements performed on impure sample.
g Inferred value for erbium quinolinolates [92,94],  see Section 3.3.
h Er3+ luminescence too weak to accurately determine photophysical parameters.

seem suitable to be discussed as a case study to point out the several
aspects related to the photophysical processes.

Magennis et al. [32] performed the first study on time-
resolved photoluminescence of “ErQ3” reporting an observed
emission lifetime in DMSO-d6 solution of ! = 2 !s. Further studies
[44,47–49,55–57,91,92] have confirmed that the emission life-
times of erbium quinolinolates fall in the microsecond range in
organic/deuterated solvents, and are even shorter (<1 !s) in water
solution. A summary of literature photophysical parameters of
erbium quinolinolates is reported in Table 3.1.

3.2. Non-radiative deactivation mechanisms

Several non-radiative deactivation processes (quenching
effects) can severely limit the emission quantum yield of lan-
thanide complexes, leading to observed luminescent lifetimes
(!obs) which are shortened at times, at least three orders of mag-
nitude lower than the Ln3+ radiative lifetime (!rad). In the cases
under discussion, the efficiency of Er3+ luminescence suffers from
quenching phenomena mainly due to resonance energy transfer
(RET) [77] from the emitting lanthanide ion to the oscillating C–H
and O–H groups present in the surrounding (deactivation via vibra-
tional excitation).  From a classic viewpoint the resonance energy
transfer (RET) process, explained by T. Förster in the 1940s–1950s
[79], could be summarized in three basic steps: (i) excited donor
acts as oscillating dipole; (ii) acceptor molecules interact with
this oscillating field; (iii) excitation transfer occurs from donor to
acceptor without photon emission through a multipolar–dipolar
interaction mechanism through space. This mechanism is strongly
dependent on the distance (r) between the donor, namely the
emitting lanthanide ion, and the acceptor, that is the oscillating
O–H or C–H group, and this relationship is proportional to r−6.
Moreover, it depends on the relative orientations of donor and
acceptor transition dipole moments and on the spectroscopic

overlap between the emission spectrum of the donor and the
absorption spectrum of the acceptor (resonance condition). The
energy gap of the radiative (f–f) transition matches well the
energy of the vibrational overtones of O–H and C–H groups (with
vibrational quanta # = 2 and # = 3) which therefore act as efficient
quenchers [95]. Since the vibrational transition probability is
inversely proportional to the vibrational quantum number #
(Franck–Condon theory), quenching via vibrational excitation
drastically decreases for superior harmonics of deactivating
oscillators. Water molecules are undoubtedly the most powerful
deactivators for NIR-luminescence, especially in the case of erbium
emission at 1.5 !m,  since the first overtone of the H–O–H vibration
falls around 1.42 !m.  See Fig. 11 where the energy gaps of emitting
levels of NIR-emissive lanthanide ions are compared to the energy
of CH, NH and OH vibrational modes. This finds experimental evi-

Fig. 11. Energy gaps of emitting levels of NIR-emissive lanthanide ions compared
to  the energy of vibrational modes of C–H, O–H, C–D, O–D, C–N bonds and their
superior harmonics.

Figure I.6. Energy Gaps For NIR Emitting Ln(III) Species and Vibrational Modes 

For CH, OH, CD, OD and CN.32

 Figure. I.6 displays the rationale for this phenomenon by modeling the  the 

radiative energy transition for NIR emitting lanthanides side by side with the 

common vibrational quenching groups and deuterated analogues 32 . When 

vibrational quantum states exist at energies that are between the emissive states 

and the ground states of a Ln(III) species (V=3-1), non-radiative decay becomes 
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the likely pathway for energy dissipation. This poses a worthwhile problem since 

Nd3+ and Er3+ NIR emission are of great interest to telecommunication industry 

as dopants in fiber optics cables and optical waveguides while the Nd3+ and Yb3+ 

have garnered attention as candidates for in vivo luminescent imaging and laser 

technology.33  Overall, the Lnx(ER)y species provide a viable synthetic platform for 

the production of molecular lanthanide chalcogenide species with minimized 

quenching effects and improved quantum efficiencies .

! The reduced presence of vibrational quenching groups in tandem to 

simple augmentations to the Lnx(ER)y scheme gave rise to two new classes of 

emissive rare earth chalcogenide materials with unprecedented quantum 

efficiencies, expanded solubility  and profoundly  different architectures. While 

examining the influence fluoride anions on Ln-E materials Romanelli34 introduced 

a fluoride salt into a Lnx(ER)y method (Scheme I.3.) and isolated the largest 

homonuclear lanthanide chalcogenide fluoride to date, (Py)24Ln28F68(SePh)16. 

Ln(SePh)3 + 2NH4F Py (Py)24Ln28F68(SePh)16 +NH4SePh

Scheme I.2. General Scheme for (py)24Ln28F68(SePh)16 Synthesis.

The structure boasts a complicated core-shell architecture with a four member 12 

coordinate Ln3+ core encapsulated by  12 fluoride anions. The core is then 

sheathed by 24 Ln3+ connected by 56 additional fluoride anions with 

coordinations between 2 and 4 and capped by sixteen selenolates and terminal 

pyridines. The 41% QE for the Nd analogue was the second largest ever 

obtained for a molecular rare earth species.
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Figure I.7.  ORTEP Structure of (py)24Ln28F68(SePh)16 (Ln=Ce,Nd, Pr).

 As an added bonus, (py)24Ln28F68(SePh)16 exhibits a strong solubility in toluene. 

Similar high nuclearity  species have not shown any affinity for toluene, and can 

be attributed to the polarizing effect of F-. this latter attribute  opened the door for 

full integration into fluorinated polymers and glass matrixes for the production of 

hybrid wave amplifiers.35 

! Around the same time Kornienko36  used the presence of excess Hg  and 

elemental selenium (Scheme I.4) to yield the [(py)11Ln7Se2HgSePh] (Figure I.8.). 

Ln(SePh)3 + Hg+Se Py (Py)11Ln7Se21HgSePh•7Py

Scheme I.3. General Scheme for (py)11Ln7Se2HgSePh•7Py Synthesis.
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of the SeHgSePh group was necessarily disordered and best modeled by
placing (then refining with distance restraints) the centrally located (1/2, y,
1/4) Se atom of the SeHgSePh group, Se(11), at Δx = 0.006/Δz = 0.004
from the nearby symmetry site. Then, the position and displacement
parameters of the SeHgSePh moiety at 50% occupancy were modeled in
SHELXL as “PART 1”. For “PART 2” of this site, a combination of a
selenide ligand, Se(21) near Se(11; 1 ! x, y, 1/2 ! z), and pyridine of
crystallization all at 50% occupancy was used. Subsequently, SHELXL
distance and displacement parameter restraints were used for atoms Se(11)
and Se(12) in the final cycles of refinement. All hydrogen atom coordinates
were calculated with idealized geometries (SHELXL97). Scattering factors
(fo, f0, f00) are as described in SHELXL97. Crystallographic data and final R
indices for 2 are given in Table 1. An ORTEP diagram16 for the common
structure of 1, 2, and 3 is shown in Figure 1 with a selected bond distance
summary for 2 given in the figure caption. Complete crystallographic details
are given in the Supporting Information.

Thermolysis. Crystalline 2 was placed in a quartz tube that was then
sealed under vacuum. The end of the tube with the sample was placed in
the oven. The temperature of the oven was raised quickly (20 !C/min)
until it was stabilized at 650 !C and then was kept at this temperature for
5 h. The other end of the thermolysis tube was kept in liquid nitrogen
during the experiment. Black powders formed, and powder diffraction
patterns obtained by scanning from 20! to 80! identified the presence of
both Pr2Se3

17 and Pr3Se4
18 phases. The cold part of the tube was washed

with acetonitrile and then analyzed by GC/MS spectrometry to identify
Ph2Se as the only volatile product of the reaction.

Spectroscopy. Solution absorption measurements were carried out in
THF solution using an integrating sphere of a double-beam spectro-
photometer (Perkin-Elmer Lambda 9, Wellesley, MA). The emission
spectra of a powdered sample were recorded by exciting the sample with
a 0.7 W 800 nm photodiode from B&W Tek (Newark, NJ). The
900!1500 nm emission from the sample was focused onto a 0.55 m
monochromator (Jobin Yvon, Triax 550, Edison, NJ) and detected by a
thermoelectrically cooled InGaAs detector. The signal was intensified
with a lock-in amplifier (SR 850 DSP, Stanford Research System,
Sunnyvale, CA) and processed with a computer controlled by the
Synerjy commercial software. To measure the decay time, the laser
beam was modulated by a chopper and the signal was collected on a
digital oscilloscope (TDS 220, 200 MHz, Tektronix, Beaverton, OR).
The emission spectra from 1700 to 1900 nm excited at∼800 nm with a
0.7 W laser (BW976, B&W Tek, Newark, NJ) were collected using a
FSP920 Edinburgh Instruments spectrometer (Edinburgh Instruments,
Livingston, U.K.) that was equipped with a Hamamatsu G5852-23
thermoelectrically cooled shortwave infrared sensitive InGaAs photo-
diode. The emission data analysis method follows those discussed in our
earlier work.4,5

’RESULTS

Polyselenide compounds of the early lanthanides (Ln = Ce,
Pr, Nd) can be prepared in nearly quantitative yield by reaction of
in-situ-prepared Ln(SePh)3 (Scheme 1) with elemental Se in
pyridine. Reduction of Se leads to the oxidative elimination of
(SePh)2, which then reacts with the Hg present as a catalyst to
increase the rate of Ln(SePh)3 formation. The resultant mercury
chalcogenolate then reacts with the lanthanide polyselenide to
cap only one of the two 2-fold symmetry-related sides of the
cluster, whose structure was determined by low-temperature
single-crystal X-ray diffraction to be py11Ln7Se3(Se2)6(Se3)2Hg-
(SePh) (Scheme 1). This compound was found to be a rather
oblong cluster containing a “V”-shaped edge-sharing pair of
Ln4Se(Se2)4 squares (vide infra), depicted by the blue Ln and
red Se in Figure 1(top). The cluster is capped not only on the
convex side by (Se)Hg(SePh) (the violet group in the rear in
Figure 1(top)) but also on the concave side by a 9-coordinate Ln
in the form of (Se3)pyLn(Se3) (yellow group in the front in
Figure 1(top)). The ORTEP diagram in Figure 1(bottom)

Figure 1. (Top) POV-ray diagram illustrating the dual-capped edge-
sharing squares of lanthanide (blue) and diselenide (red), with
(Se)Hg(SePh) rear-capping group (violet) and (Se3)pyLn(Se3) front-
capping group (yellow). (Bottom) ORTEP diagram of non-C atoms in
(py)11Pr7Se21(HgSePh), with ellipsoids at the 50% probability level.
The view is nearly along the crystallographic 2-fold axis and the
Pr(1)!N(1) bond. Selected bond length averages and ranges [Å] for
2: Pr(9-coord)!Se 3.08(9) [2.97!3.29]; Pr(8-coord)!Se 3.00(6)
[2.94!3.11]; Hg(2-coord)!Se 2.46(1) [2.45!2.48]; Hg 3 3 3 Se(dative)
3.14(9) [3.07!3.21]; Pr(9-coord)!N 2.75(4) [2.72!2.80]; Pr(8-co-
ord)!N 2.67(3) [2.63!2.69]; Se!Se (Se2) 2.38(1) [2.37!2.39];
Se!Se (Se3) 2.38(1) [2.38!2.39].

Scheme 1

Figure I.8. Pov-Ray Molecular Structure of (py)11Ln7Se2HgSePh•7Py.

 The [(py)11Ln7Se2HgSePh] (Ln= Ce,Pr,Nd) is structurally  less cumbersome then 

the (py)24Ln28F68(SePh)16  product and consists of a pair of edge sharing Ln4Se

(Se2)4 units and is capped by  an (Se)Hg(SePh) and a 9-coordinate (Se3)pyLn

(Se3) units on the convex and concave sides of the structure. Unexpectedly,  this 

systemʼs Nd analogue displays the highest quantum efficiency of any molecular 

lanthanide chalcogenide known (43%). However, a side by side comparison of 

the ratios of CH bonds/Nd ions for (py)24Ln28F68(SePh)16 and [(py)

11Nd7Se2HgSePh] reveals a lower value for the latter product. What is truly 

impressive is all of the physical property gains achieved in both products were 

accomplished by simple changes to the original reaction platform. This realization 

provides overwhelming support for Lnx(ER)y as a practical route to emissive 

lanthanide materials with  remarkable properties
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! A similar case can be made for the Lnx(ER)y synthetic pathwayʼs use in the 

production of synthetically  challenging magnetic LnE products. Europium 

monochalcogenide systemsʼ magnetic ordering and semiconducting properties 

have been an active research topic for some time. In 1963 Mcguire37  found that 

the magnetic ordering of EuSe, and EuTe deviated (meta-magnetic and 

antiferromagnetic respectively) from the ferromagnetic ordering observed in 

EuO38  and EuS by Van Vleck in 1961. These findings were in contrast to the 

accepted rationale of poor metal-ligand orbital overlap, weak magnetic 

couplings,39  producing isolated unpaired 4f electrons with paramagnetic 

interactions. In recent studies, the diverging magnetic ordering of EuE products 

has been reinvestigated in nano and solid state materials as potential spin 

filters40  in spintronic devices. Stoll41  and Jin42  have published several papers 

examining the the size and doping dependence of magnetic ordering in EuS, 

NaEuS and GdEuS nanoparticles, while Dorhout43  Albrecht-Schmitt44  and 

Meerschaut45  examined  the magnetic anisotropy and dopant dependence in 

ternary solid state EuE materials. Interestingly, the presence of mixed valent Eu2+ 

and Eu3+ was routinely confirmed via Mossbauer spectroscopy. Unfortunately, 

clear structure/property  and valence/property relationships were inaccessible due 

to the lack of single crystalline products. The inability  to determine precise atomic 

position and bond lengths through single crystal XRD. The difficulty in producing 

EuE systems lies in the poor solubility of sulfide products in organic solvents as 

well as the temperature induced phase changes imposed by the high 

temperature synthesis methods previously employed. 

15



! This hurdle has been partially  overcome using the Lnx(ER)y +  E platform 

(scheme I.2). 

(L)xLn(EPh)3 L8Ln8E6(EPh)12xLLn + 3/2 PhEEPh Solvent/Hg 3/4 E

Scheme I.4. General Scheme for Ln8E6(EPh)12 Synthesis.

The solution based crystallization, room temperature conditions, and solubility of 

Lnx(ER)y precursors in organic solvents has led to the isolation of the single 

crystalline Gd7EuS6 Ln8Se6 (Ln=Nd,Sm) and (py)9Ln4(Te)(TeTe)2(TeTeTe(Ph)

TeTe)(Te0TePh) (Ln=Sm,Tb,Ho) clusters by Melman46  and Freedman.47 

Additionally, Norton48  has recently  showcased a pair of monomeric and mixed 

valence Eu2+ and Eu3+ trimers stabilized by (OC6F5)-. These products serve as 

testaments to the potential of this method in yielding synthetically  difficult 

magnetic lanthanide chalcogenide systems.

Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

Figure I.9. ORTEP Molecular Structure of (THF)8Gd8(μ2- S)6(μ2- SPh)12.
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Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

Figure I.10. ORTEP Molecular Structure of (THF)8Sm8(Se)6(SePh)12.

Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

Figure I.11. ORTEP Molecular Structure of (py)9Tb4(Te)(TeTe)2(TeTeTe(Ph)TeTe) 

Cluster Core. 
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a)

Method B. Eu metal (0.15 g, 1.0 mmol), C6F5OH (0.55 g, 3.0
mmol), and Hg (0.010 g, 0.05 mmol) were added to DME (20 mL),
and the reaction mixture was stirred for 5 days to give a yellow
solution with brown precipitate. The solution was filtered, concen-
trated to about 8 mL, and layered with hexane (15 mL) to give 2
(0.36 g, 42%).
Synthesis of (dme)(OC6F5)2Eu(µ2-OC6F5)3Eu(dme)2 (3). Method

A. Eu metal (0.14 g, 0.92 mmol), (SPh)2 (0.205 g, 0.94 mmol),
and Hg (0.03 g, 0.15 mmol) were added to DME (20 mL), and the
mixture was stirred at room temperature for 2 days to give a yellow
solution and green precipitate. C6F5OH (0.33 g, 1.79 mmol) was
added to this mixture, and it was stirred for an additional 6 days.
The mixture was filtered to separate a yellow-orange solution
from the red-orange precipitate. The filtrate was concentrated
to ∼8 mL and layered with 15 mL of hexanes to give yellow-
orange crystals (0.34 g, 63%) that darken at 132 °C and melt at
142-146 °C. Anal. Calcd for C42H30Eu2F25O11: C, 33.9; H, 2.03.
Found: C, 33.6; H, 2.25. The UV-vis (DME) spectrum contained
peaks at 575 (ε ) 5 × 10-2 L mol-1 cm-1) and 529 nm (ε ) 1 ×
10-1 L mol-1 cm-1). In pyridine, no well-defined absorption
maxima attributable to a MLCT excitation could be defined. IR:
2923 (s), 2853 (s), 2670 (w), 2457 (w), 1651 (m), 1504 (s), 1455
(s), 1382 (s), 1311 (m), 1246 (m), 1177 (m), 1164 (m), 1113 (m),
1068 (m), 1016 (m), 860 (m), 834 (w), 721 (m), 634 (m),
618 (m) cm-1.
Method B. Eu metal (0.076 g, 0.50 mmol), C6F5OH (0.230 g,

1.25 mmol), and Hg (0.015 g, 0.075 mmol) were added to DME
(20 mL), and the reaction mixture was stirred for 3 days to give a
yellow solution with brown precipitate. The solution was filtered.
The filtrate was concentrated to ∼8 mL and layered with hexanes
(15 mL) to give 3 (0.096 g, 26%).
Thermolysis and X-ray Powder Diffraction Measurements.

Samples of 1-3 were placed in quartz tubes that were then sealed
under vacuum. The end of the tubes with the samples were placed
side by side in an oven; the temperature was raised (20 °C min-1)
to 650 °C and held for 5 h. The other end of the thermolysis tubes
were kept in liquid nitrogen during the experiment. Black powders
formed and X-ray powder diffraction patterns were obtained by
scanning from 20 to 80°.
X-ray Structure Determination. Data for 1-3 were collected

on a Bruker Smart APEX CCD diffractometer with graphite-
monochromatized Mo KR radiation (λ ) 0.71073 Å) at 100 K.
Crystals were immersed in Paratone oil and examined at low
temperatures. The data were corrected for Lorenz effects, polariza-
tion, and absorption, the latter by a multiscan (SADABS)14 method.

The structures were solved by direct methods (SHELXS86).15 All
non-hydrogen atoms were refined (SHELXL97)16 on the basis of
Fobs2. All hydrogen atom coordinates were calculated with idealized
geometries (SHELXL97). Scattering factors (fo, f!, f!!) are as
described in SHELXL97. Crystallographic data and final R indices
for 1-3 are given in Table 1. ORTEP diagrams17,18 for 1-3 are
shown in Figures 1-3, respectively. Complete crystallographic
details are given in the Supporting Information.

Results

Divalent and trivalent Eu complexes with OC6F5 ligands
are most easily prepared by direct oxidation of the metal

(14) SADABS, Bruker Nonius Area Detector Scaling and Absorption
Correction, version 2.05; Bruker-AXS Inc.: Madison, WI, 2003.

(15) Sheldrick, G. M. SHELXS86, Program for the Solution of Crystal
Structures; University of Göttingen: Göttingen, Germany, 1986.

(16) Sheldrick, G. M. SHELXL97, Program for Crystal Structure Refine-
ment; University of Göttingen: Göttingen, Germany, 1997.

(17) Johnson, C. K. ORTEP II; Report ORNL-5138; Oak Ridge National
Laboratory: Oak Ridge, TN, 1976.

(18) Sheldrick, G. M. SHELXTL (XP), version 6.14; Bruker-AXS, Inc.:
Madison, WI, 2000.

Table 1. Summary of Crystallographic Details for 1-3

1 2 3
empirical formula C52H40Eu3F30O14 C26H20EuF15O7 C42H27Eu2F25O11
fw 1914.72 881.38 1486.56
space group C2/c P21/n Cc
a (Å) 20.6837(12) 10.4086(5) 11.9347(6)
b (Å) 13.6138(8) 12.8244(6) 20.997(1)
c (Å) 22.0265(13) 23.480(1) 20.660(1)
" (deg) 92.989(1) 96.058(1) 104.768(1)
V (Å3) 6193.9(6) 3116.6(3) 5006.4(4)
Z 4 4 4
Dcalcd (g cm-3) 2.053 1.878 1.972
temp (K) 100(2) 100(2) 100(2)
λ (Å) 0.71073 0.71073 0.71073
abs coeff (mm-1) 3.153 2.145 2.632
R(F)a [I > 2σ(I)] 0.0320 0.0212 0.0424
Rw(F2)b [I > 2σ(I)] 0.0797 0.0237 0.0760

a R(F) ) "||Fo| - |Fc||/"|Fo|. b Rw(F2) ) {"[w(Fo2 - Fc2)2]/
"[w(Fo2)2]}1/2.

Figure 1. ORTEP diagram of trimetallic (DME)4Eu3(OC6F5)6: green, F;
red, O; blue, Eu; gray, C. The H atoms were removed for clarity.

Figure 2. ORTEP diagram of molecular (DME)2Eu(OC6F5)3: green, F;
red, O; blue, Eu; gray, C. The H atoms were removed for clarity. Significant
distances (Å) and angles (deg): Eu(1)-O(1) ) 2.205(1), Eu(1)-O(2) )
2.245(1), Eu(1)-O(3) ) 2.232(1), Eu(1)-O(5) ) 2.456(1), Eu(1)-O(6)
) 2.482(1), Eu(1)-O(7) ) 2.488(1), Eu(1)-O(4) ) 2.492(1), C(1)-O(1)-
Eu(1) ) 164.22(12), C(7)-O(2)-Eu(1) ) 132.23(10), C(13)-O(3)-Eu-
(1) ) 149.21(11).
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mmol), and Hg (0.010 g, 0.05 mmol) were added to DME (20 mL),
and the reaction mixture was stirred for 5 days to give a yellow
solution with brown precipitate. The solution was filtered, concen-
trated to about 8 mL, and layered with hexane (15 mL) to give 2
(0.36 g, 42%).
Synthesis of (dme)(OC6F5)2Eu(µ2-OC6F5)3Eu(dme)2 (3). Method

A. Eu metal (0.14 g, 0.92 mmol), (SPh)2 (0.205 g, 0.94 mmol),
and Hg (0.03 g, 0.15 mmol) were added to DME (20 mL), and the
mixture was stirred at room temperature for 2 days to give a yellow
solution and green precipitate. C6F5OH (0.33 g, 1.79 mmol) was
added to this mixture, and it was stirred for an additional 6 days.
The mixture was filtered to separate a yellow-orange solution
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1.25 mmol), and Hg (0.015 g, 0.075 mmol) were added to DME
(20 mL), and the reaction mixture was stirred for 3 days to give a
yellow solution with brown precipitate. The solution was filtered.
The filtrate was concentrated to ∼8 mL and layered with hexanes
(15 mL) to give 3 (0.096 g, 26%).
Thermolysis and X-ray Powder Diffraction Measurements.

Samples of 1-3 were placed in quartz tubes that were then sealed
under vacuum. The end of the tubes with the samples were placed
side by side in an oven; the temperature was raised (20 °C min-1)
to 650 °C and held for 5 h. The other end of the thermolysis tubes
were kept in liquid nitrogen during the experiment. Black powders
formed and X-ray powder diffraction patterns were obtained by
scanning from 20 to 80°.
X-ray Structure Determination. Data for 1-3 were collected

on a Bruker Smart APEX CCD diffractometer with graphite-
monochromatized Mo KR radiation (λ ) 0.71073 Å) at 100 K.
Crystals were immersed in Paratone oil and examined at low
temperatures. The data were corrected for Lorenz effects, polariza-
tion, and absorption, the latter by a multiscan (SADABS)14 method.

The structures were solved by direct methods (SHELXS86).15 All
non-hydrogen atoms were refined (SHELXL97)16 on the basis of
Fobs2. All hydrogen atom coordinates were calculated with idealized
geometries (SHELXL97). Scattering factors (fo, f!, f!!) are as
described in SHELXL97. Crystallographic data and final R indices
for 1-3 are given in Table 1. ORTEP diagrams17,18 for 1-3 are
shown in Figures 1-3, respectively. Complete crystallographic
details are given in the Supporting Information.

Results

Divalent and trivalent Eu complexes with OC6F5 ligands
are most easily prepared by direct oxidation of the metal

(14) SADABS, Bruker Nonius Area Detector Scaling and Absorption
Correction, version 2.05; Bruker-AXS Inc.: Madison, WI, 2003.

(15) Sheldrick, G. M. SHELXS86, Program for the Solution of Crystal
Structures; University of Göttingen: Göttingen, Germany, 1986.

(16) Sheldrick, G. M. SHELXL97, Program for Crystal Structure Refine-
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Laboratory: Oak Ridge, TN, 1976.

(18) Sheldrick, G. M. SHELXTL (XP), version 6.14; Bruker-AXS, Inc.:
Madison, WI, 2000.

Table 1. Summary of Crystallographic Details for 1-3

1 2 3
empirical formula C52H40Eu3F30O14 C26H20EuF15O7 C42H27Eu2F25O11
fw 1914.72 881.38 1486.56
space group C2/c P21/n Cc
a (Å) 20.6837(12) 10.4086(5) 11.9347(6)
b (Å) 13.6138(8) 12.8244(6) 20.997(1)
c (Å) 22.0265(13) 23.480(1) 20.660(1)
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a R(F) ) "||Fo| - |Fc||/"|Fo|. b Rw(F2) ) {"[w(Fo2 - Fc2)2]/
"[w(Fo2)2]}1/2.

Figure 1. ORTEP diagram of trimetallic (DME)4Eu3(OC6F5)6: green, F;
red, O; blue, Eu; gray, C. The H atoms were removed for clarity.

Figure 2. ORTEP diagram of molecular (DME)2Eu(OC6F5)3: green, F;
red, O; blue, Eu; gray, C. The H atoms were removed for clarity. Significant
distances (Å) and angles (deg): Eu(1)-O(1) ) 2.205(1), Eu(1)-O(2) )
2.245(1), Eu(1)-O(3) ) 2.232(1), Eu(1)-O(5) ) 2.456(1), Eu(1)-O(6)
) 2.482(1), Eu(1)-O(7) ) 2.488(1), Eu(1)-O(4) ) 2.492(1), C(1)-O(1)-
Eu(1) ) 164.22(12), C(7)-O(2)-Eu(1) ) 132.23(10), C(13)-O(3)-Eu-
(1) ) 149.21(11).
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Figure I.12. ORTEP Molecular Structures of a)(DME)2Eu(OC6F5)3 and b) (DME)

4Eu3(OC6F5)6.

!  With this greater insight two new questions arose. For starters, could 

pseudohalide anions be used as functional bridges for stabilizing lanthanide 

chalcogenide clusters? Pseudohalides have been used with transition metals and 

organic species to form and stabilize a variety of reactive products through 

surface modification. Very  little study has been done with lanthanide based 
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systems and even less with lanthanide chalcogenides. Since surface modification 

of complexes is often key  to tailoring dopants for host lattices and the core 

applications of lanthanides rely on such capabilities, the integration of the 

“borderline” basic pseudohalides ( as described in HSAB theory) are an attractive 

research target for rare earth clusters. Second, in a quest to find the upper limits 

of lanthanide cluster size and emission practicality, could carefully  controlled ionic 

impurities drive lanthanide chalcogenolate/chalcogenide reactions towards new 

equilibria? Similar methods have been applied to solid state reactions with great 

success, why not try the same in solution based lanthanide chalcogenide and 

chalcogenolate environments?

!  The coupling of Ln-E chemistry to alkali metal pseudo-halides such as 

sodium azide offers an interesting if not potentially explosive route to addressing 

these questions. Azides provide a potential pathway to unique bridging and 

structure architectures. Metal azide species have also been used as precursors 

for the thermolytic formation of nitride and oxynitride materials. Such materials 

have been explored for their potential in the alternative energy and phosphors 

industries. Next, sodium ions possess a similar coordination chemistry, and a 

greater reduction potential when compared to their lanthanide counterparts. Their 

spectroscopically invisible nature in emission studies, and diamagnetic ordering 

tendency could make them viable anion stabilizers for emissive and magnetic 

rare earth materials. Finally, the inclusion of sodium to solution based lanthanide 

chemistry could stabilize previously  unseen species with unprecedented physical 

properties .
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! The exploration of the interplay  between sodium azide and the more 

established Ln-E chemistry, to direct syntheses and stabilize potentially novel 

rare earth materials and architectures with interesting physical properties was the 

focus of the work disclosed herein.

  

Figure I.13. Lanthanide Chalcogenolate + Sodium Azide Chemistry Summary.

! Chapter 1 highlights the synthesis of azide encapsulated  hexanuclear and 

octanuclear oxo and oxo-chalcogenido cluster systems. The synthesis, 

characterization, X-ray crystallographic analysis, structural analysis and 

thermolysis studies on these compounds will all be detailed.

! Chapter 2 discusses the formation of a novel sodium capped 

heptadecanuclear lanthanide selenido system.  The synthesis, characterization, 
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structural analysis and emission studies [The Nd cluster analogue displayed near 

solid state intensities in the (NIR) region,] will be discussed.

! Finally, Chapter 3  describes the novel sodium azide mediated synthesis 

octahedral Eu chalcogenolate (S & Se) complexes. In conjunction with the use of 

an unpublished Eu3+ (py)6Eu2(μ4-S2)2(OC6F5), these species were used as 

models to probe the roles of valence and structure in the expression of europium 

monochalcogenide magnetic properties. The synthesis, characterization, 

magnetic susceptibility measurements, and structural analysis will be presented 

in detail. 
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Chapter 1. Azide Encapsulated Lanthanide Clusters

1.1 Introduction

! Inorganic azide chemistry stands as an intimidating and potentially 

hazardous gateway to novel functional materials. The azide anion (N3-)  consists 

of a linear three nitrogen atom structure described by a resonance form  (Figure 

1.1). N3- readily releases nitrogen gas upon heating,1forms the explosive 

hydrazoic acid upon acidification,3,8 and detonates due to simple “jarring” of its 

heavy metal products, (e.g. lead azide).3,8

N N NN N N

Figure 1.1 : Azide Anion  Resonance Forms

 Simultaneously, inorganic azide systems have garnered significant research 

interest as reactive precursors to mutifunctional metal nitrides ,2 surface modifiers 

for nanomaterials,3 and photochemical deactivators in incendiary systems.4 

! The rationale for the production of metal azide systems is rooted  in three 

unique attributes of the azide anion. First, the azide ligand introduces a diverse 

array of bonding modes and, provides a versatile set of linkers and end caps for 

constructing unique polymer and cluster architectures (Figure 1.2) . the mono 

and polydentate ligand behavior observed is due to the fluctuating bond polarity   

explained by the resonance stabilized structure. 
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Azide as Bridging Ligand and Magnetic Coupler in Transition Metal Clusters MICROREVIEW
pounds constitutes a large and promising field of open in-
vestigation in the search for magnetic clusters and SMMs.
The area, however, is developing quite rapidly, and thus
constitutes an excellent topic for a microreview, where the
achievements made up to now are summarised while pos-
sible trends for future developments may be suggested. All
the azide-bridged clusters containing four or more metal
centres reported to date are gathered together in this ac-
count and organized, where possible, by structural types.
The structures of the co-ligands of all the compounds re-
viewed are shown in Scheme 1. Structural descriptions are
presented along with summaries and short discussions of
their magnetic properties, where possible. A few compounds
that are yet to be published have also been included in this
compendium with the permission of the authors of their
discovery.

Structural Overview
A survey of the literature reveals that the metals most

frequently observed as part of azide-bridged clusters are Ni
and Cu, followed at a distance by Mn, Co and Fe. All nu-
clearities from four to ten have been observed, and there is
then a large gap until the next observed metal count of
nineteen. This number is then followed by twenty five and
the highest nuclearity of thirty two. Of these topologies, the
tetranuclear arrangement clearly dominates, making up
about 70% of examples. Thus, most examples in the latter
category can be analysed according to certain structural
patterns, namely cyclic types (metallacrowns), linear arrays,
cubanes and defective cubanes. Among all the complexes
structurally characterised, about 10% behave as SMMs. Of
the compounds reviewed, Cu derivatives are the most nu-
merous, although most of their azide bridges are of the ax-
ial–equatorial type and consequently the intramolecular
magnetic exchange is severely diminished. These com-
pounds have, nevertheless, been included in this review for
completeness. The clusters discussed in this review are listed
in Table 1.

Cyclic M4 Clusters

The seven documented tetranuclear compounds with a
cyclic topology (Figures 1 and 2) are [Ni4(atp)2(pydz)2(N3)2]-

Figure 2. Several representative cores for cyclic M4 azido clusters. Left: the µ1,3-azido-bridged dimer-of-dimers core of [Ni4(pzha1)2-
(N3)4](BPh4)2 (2), which is very similar to 3, 4 and 5. Centre: µ1,1-azido-bridged dimer-of-dimers core of [Mn2(Hmacy1)(N3)2]2(ClO4)2
(6). Right: true cyclic core of [Ni4(N3)4(opn)2(Hopn)2](ClO4)2 (8) showing one of the H-bonds that helps to stabilize the structure (dashed
bonds).

Eur. J. Inorg. Chem. 2006, 4721–4736 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4723

(BPh4)2 (1),[16] [Ni4(pzha1)2(N3)4](BPh4)2 (2),[17,18]

[Ni4(pzha2)2(N3)4](X)2 (3; X = ClO4
–, BF4

–),[18] [Cu4-
(pap)2(N3)8(MeOH)2] (4),[19,20] [Cu4(papMe)2(N3)4(H2O)2-
(NO3)2](NO3)2 (5),[19] [Mn2(Hmacy1)(N3)2]2(ClO4)2 (6),[21]

[Cu4(macy2)(N3)4] (7)[22] and [Ni4(N3)4(opn)2(Hopn)2]-
(ClO4)2 (8).[23] Of these, complexes 1–6 can be described as
dimers of dinuclear units linked to each other by azide li-
gands where the co-ligand is playing the role of a dinucleat-
ing scaffold. The N3

– bridges linking the dimers are all of
the end-to-end (EE) type (see Scheme 2), with the exception
of 6, where the end-on (EO) mode is observed. Presumably,
EE coordination only occurs when the steric encumbrance
prevents the EO mode from occurring, and this can be ar-
gued for complexes 1–6. Complexes 7 and 8 are closer to
true cycles rather than dimers-of-dimers.

Figure 1. The core of [Ni4(atp)2(pydz)2(N3)2](BPh4)2 (1) and the
grey scale and size code of atoms used throughout the whole paper.

Scheme 2. Coordination modes observed for the azide ligand.
Figure 1.2. Azide Bonding Moieties for Transition Metals5

 Maunter6  as well as Christou7  have provided unique examples of manganese 

azido polymers and clusters utilizing a variety of azide bridging modes. Second, 

the azide linkage between metal centers, (EE, and EO), displays the ability  to 

preferentially  mediate antiferromagnetic,8EE and ferromagnetic9  EO interactions 

as super-exchange pathways. The presence of  available π orbitals on the azide 

creates the possibility  of orbital overlap with metal D or F type orbitals containing 

unpaired electrons. When coupled with the inherent interest in the magnetic 

properties of Fe, Ni, Mn & Cu, clusters, a plethora of new large nuclearity 

magnetic azide complexes10,11  and a resurgence of single molecular magnets 

(SMM) research  has resulted.  Finally, the instability of the azide anion has been 

employed in the reduction and thermolytic synthesis of terminal and bridging 

nitrides.12  The heats of formation of inorganic azide species13  NaN3 (80 cal/g) 

and PbN3 (397 cal/g) when compared to N2 (0 cal/g) clearly indicate a 

thermodynamic drive towards azide elimination in favor of N2. Since azide 

reduction produces gaseous N2  and MoN3-  species, nitride materials became a 
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sought after byproduct. An example is the use of uranium azide, [U(N3)n] products 

as precursors for the formation of uranium nitride. Evans,14  reported a novel 

octanuclear uranium complex comprising alternating nitride and azide bridges, 

while King15  and Kiplinger,16  both demonstrated the ability to reduce sterically 

crowded uranium azides to terminal nitrides and amines respectively. These 

three properties combine to make inorganic azide chemistry a widely varied and 

potentially viable route towards products with unique physical properties.

5f valence orbital actinide metals are involved.
However, in contrast to the common multi-
ply bonded uranyl ion, (O0U0O)2þ, few
uranium nitrides are known. To develop a
better understanding of actinide nitrides for
their safe storage, usage, and subsequent
waste reprocessing, theoretical studies have
been carried out on the stability and prop-
erties of various binary and ternary com-
positions as simple as UN, NUN, NUO, etc.
(3–5). Unfortunately, experimental data
have been limited because the few isolable
actinide nitrides are difficult to synthesize
and solubilize.

Uranium nitrides are generally obtained
by reduction of a nitrogen-containing sub-
strate, such as N2 or NH3, with uranium
reducing agents at high temperatures and
pressures (1, 6–8). Purity is a problem be-
cause the forcing reaction conditions can fa-
cilitate incorporation of contaminants. Until
recently, low-temperature and solution-phase
approaches to uranium nitrides from molec-
ular precursors of high purity have not been
considered, because appropriate starting
materials were not clearly available. Perhaps
the closest reported compound is a multi-
component system, EK(DME)4^EAK(DME)(Et8-
calixE4^tetrapyrrole)UZ2(m-NK)2^ (DME 0
dimethoxyethane), obtained from reaction of
potassium naphthalenide with a tetrapyrrole
compound under N2 (9).

While studying actinide reduction chemis-
try, we developed a variety of hydrocarbon-
soluble, molecular organometallic uranium
complexes that can effect reductions under mild
conditions (10–13). We report here that one
class of reductants, E(C5Me4R)2U^E(m-Ph)2BPh2^
ER 0 Me, 1 (13, 14), H, 2 (15)^, reacts in
solution at room temperature with sodium
azide to form molecular, hydrocarbon-soluble
uranium nitrides.

Specifically, 8 uranium and 16 nitrogen
atoms combine to generate 24-atom rings with
dimensions on the nanometer scale. Solubility
is conferred by the supporting ligands, which,
in this case, are methyl-substituted cyclopen-
tadienyl groups, (C5Me4R)

1j (R 0 H, Me).
These results provide alternative opportuni-
ties to develop actinide nitride chemistry and
expand the possibilities for f-block element
supramolecular syntheses (16–19).

The loosely bound EBPh4^
1j ligands in

the f-block element metallocene borate salts,
E(C5Me5)2M^E(m-Ph)2BPh2^ (M 0 lanthanide,
uranium), are easily substituted with a variety
of anionic groups (12, 14, 20–22). Treatment
with carbon-based anions has led to highly
reactive sterically oversaturated (C5Me5)3M
complexes (12, 14, 20) and sterically un-

saturated E(C5Me5)2MR^n alkyl complexes
(21, 22) (Eq. 1). In contrast, the reaction of
E(C5Me5)2U^E(m-Ph)2BPh2^, 1 (14), with so-
dium azide, NaN3, does not lead to the
isolation of the expected substitution product,
BE(C5Me5)2U(N3)^,[ but instead to a mole-
cule with a (UNUNNN)4 ring, E(C5Me5)2U(m-N)
U(m-N3)(C5Me5)2^4 (Eq. 2), that was isolated
in 54% yield (23). Two isomers of this complex
were characterized by x-ray crystallography;
one isomer, 3, has the (UNUNNN)4 ring in a
pseudo-chair form (Fig. 1) and the other
isomer, 4, has a pseudo-boat ring geometry
(Fig. 2) using the descriptors common for
cyclohexane rings. The factors that lead to
crystallization of one isomer rather than
another appear to be subtle because both iso-
mers could be obtained under similar con-
ditions and were differentiated only by x-ray
crystallography.

To determine if the formation of uranium
nitride complexes of this type was specific
only to (C5Me5)

1j-ligated metallocenes, we
investigated the less sterically demanding
(C5Me4H)1j analog of 1, E(C5Me4H)2U^
E(m-Ph)2BPh2^, 2 (15). Complex 2 also reacts
with NaN3 to make the 24-membered ura-
nium nitrogen ring structure. E(C5Me4H)2
U(m-N)U(m-N3)(C5Me4H)2^4, 5, was isolated

as a chair isomer in 63% yield. Complexes 3,
4, and 5 are all air and moisture sensitive.

The dimensions of the U8N16 rings of 3 and
5 are similar. The lengths between atoms that
span the ring, N(5)&&&N(5¶) and N(3)&&&N(9) in
3 (Fig. 1), are È0.9 and È1.2 nm, respec-
tively. When the cyclopentadienyl sheath is
included, compounds 3 and 5 just fit inside
a sphere of diameter 2.2 nm. The more
compact isomer 4 has analogous ring dimen-
sions of È0.9 " 1.0 nm and can be con-
tained within a 2.0-nm-diameter sphere.
Previously reported uranium clusters of
similar size, E(C5H2

tBu3)4(bipy)2^EU6O13^
(bipy 0 bipyridene) (18), EUO2L^4

8j EL 0
(2R,3R,4S,5S)-tetrahydrofurantetracarboxylic
acid^ (19), and the uranyl selenate nanotubes,
E(UO2)10(SeO4)17(H2O)^

14j (17), all relied
on the linear uranyl moiety, (O0U0O)2þ, as
a building block.

In 3, 4, and 5, the eight E(C5Me4R)2U^
2þ

units are charge balanced by four (N3)
1j

azide ligands and four formally N3j nitride
ligands. The structural parameters for the
metallocene components are typical for U4þ

complexes (Table 1). The metrical data on the
bridging nitrides are of greatest interest given
the elusiveness of this ligand type in molecular
actinide chemistry. The U-N(nitride) distances

M B (1)M R
-M'BPh4

+M'R

M' = Li, Na, K;  R =  C5Me5, alkyl

+8 NaN3
U B

-8 NaBPh4, -4 N2
UN N N N U

4

8 (2)

Fig. 1. A thermal ellipsoid plot
of [(C5Me5)2U(m-N)U(m-N3)
(C5Me5)2]4, 3, drawn at 50%
probability.
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16 SEPTEMBER 2005 VOL 309 SCIENCE www.sciencemag.org1836 Figure 1.3. Evans et al. Alternating Uranium Azide Nitride Species.48

!  The diverse applications of metal nitrides provided the need for low cost 

azide precursors to produce them. Uranium nitride is continually sought after as a 

more efficient fuel source in next generation nuclear reactors. The higher 

fissionable material density of uranium nitride when compared to the currently 

used uranium oxide (U02) is a key reason for the intense interest in the former. 

However, direct methods of production have been hampered by impurities in the 

materials17  and high production costs. Similarly, transition metal nitrides and 

28



oxynitrides have become the source of great interest as semiconductors, tool 

coatings18 and phosphors.19

 !  Despite the utility  of the previously mentioned materials, and the potential  

of lanthanide azide and oxyazide complexes to produce lanthanide nitride 

materials and unique azide stabilized structures little to no attention has been 

paid to the area. This oversight was the motivation for this work.

1.2 Oxy-Azide Clusters: Synthesis, Structure, and Discussion

 ! Initially, Sm(SePh)2 was reacted with undried sodium azide (NaN3) in   

pyridine in an effort to investigate the azides ability to stabilize lanthanide 

complexes. Single crystals of (py)10Sm6O2(N3)16Na2(py)87(py) (Figure 1.3) were 

isolated. The initial product could only  be episodically reproduced using these 

conditions (scheme 1.1a). The system was reliably reproduced by using an 

alternate oxo source. Sm(SePh2, dried sodium azide (NaN3) and sodium oxide 

(Na2O) were combined to give the  targeted material, (Figure 1.5) in low yield 

(8.3%). 

b) Sm(SePh)2 + Na2O + 2Na(N3)dry [(Py)8Sm6O2(N3)16Na2(Py)8•4(Py)]• + Na2(SePh)2
30ml Py

a) Sm(SePh)2 + 3Na(N3)undried (Py)10Sm6O2(N3)16Na2(Py)8•7(Py) + Na2(SePh)2
30ml Py + 0.2Hg

+ 0.2Hg

Scheme 1.1.General Schemes for the Synthesis of a)(Py)10Sm6O2(N3)16Na2(py)8 

7(py) and b) (py)8Sm6O2(N3)16Na2(py)8 4(py).

! The two methods produce clusters with isostructural cores consisting of 2 

central μ4 oxo ligands surrounded by six Sm3+ ions in a distorted tetrahedral 
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geometry (Figure 1.4). The Sm6O2 units are encapsulated by azides in three 

different modes, μ2 EO, μ3 EO, and μ2 EE. The products diverge in the 

geometries about the Na capping groups. Scheme 1.1a produces a terminal 

cluster with a pair of Na(py)4 each with one μ3-azide  bridging to two Sm3+ and a 

μ2 N3- bridging to a single samarium metal center (Figure 1.4). Bm35:Sm6O2(N3)16Na2Py11

 

Figure 1.4. ORTEP Molecular Structure of (py)10Sm6O2(N3)16Na2(py)8•7(py), (1a).
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Figure 1.5 Pov-Ray Molecular Structure of (py)8Sm6O2(N3)16Na2(py)8•4(py), (1b).

Figure 1.6. Polymer Structure of (py)8Sm6O2(N3)16Na2(py)8•4(py).
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Empirical 
formula

C125 H125 N73 Na2 O2 Sm6
molecular

C100 H100 N68 Na2 O2 Sm6 
polymer

Formula weight 3630.06 3234.56

Temperature 
(K)

100(2) 100(2) 

Wavelength (Å) 0.71073 0.71073

Crystal system Monoclinic Monoclinic

Space group C2/c P2(1)/c

a (Å) 25.523(3) 15.8237(8) 

b (Å) 18.9410(18) 17.1525(9) 

c (Å) 33.039(3) 23.3421(12) 

α (deg) 90° 90°

β (deg) 112.106(2) 97.599(1)

γ (deg) 90 90

Z 4 2

Volume (Å3) 14798(2) 6279.8(6)

Density 
(calculated) (g/

cm-3)

1.629 1.711

Final R indices R1 = 0.0529, wR2 = 0.1160 R1 = 0.0272, wR2 = 0.0625

Table 1.1. Crystal Data and Structure Refinement for (py)10Sm6O2(N3)16Na2(py)8 

·7(Py) (Molecular) and b) (py)8Sm6O2(N3)16Na2(py)8·4(py) (Polymer) .

.

32



Bond Bond Distances (Å) 
Molecule

Bond Distances (Å) 
Polymer

Sm(1)-O(1) 2.305(3) 2.3093(16)

Sm(1)-O(1)#1 2.316(3) 2.3226(17)

Sm(1)-N(19)#1 2.478(4) 2.467(2)

Sm(1)-N(13)#1 2.490(4) 2.503(2)

Sm(1)-N(7) 2.510(4) 2.505(2)

Sm(1)-N(1) 2.580(4) 2.561(2)

Sm(1)-N(4) 2.603(4) 2.635(2)

Sm(2)-O(1)#1 2.288(3) 2.418(2)

Sm(2)-N(13) 2.478(4) 2.556(2)

Sm(2)-N(7) 2.553(5) 2.687(2)

Sm(2)-N(27) 2.649(5) 2.2792(17)

Sm(2)-N(4) 2.672(4) 2.423(2)

Sm(2)-N(26) 2.684(4) 2.471(2)

Sm(3)-O(1) 2.301(3) 2.491(2)

Sm(3)-N(22) 2.371(5) 2.557(2)

Sm(3)-N(19) 2.483(4) 2.842(2)

Sm(3)-N(16)#1 2.496(4) 2.3093(16)

Sm(3)-N(1) 2.530(4) 2.483(3)

Na(1)-N(12) 2.501(6) 2.488(3)

Na(1)-N(9) 2.601(6) 2.584(3)

Sm(3)-N(4) 2.847(4) 2.842(2)

Table 1.2. List of Significant Bond Distances for (py)10Sm6O2(N3)16Na2((py)8·7

(py) and  (py)8Sm6O2(N3)16Na2((py)8·4(py).
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1bʼs core is capped by a pair of Na(py)3 units with two μ2 azides bridging to a 

single samarium, and a μ2-azide bridging to a samarium of another cluster. This 

results in the formation of a two dimensional polymeric structure (Fig 1.6).

Bond Types Single Molecule (Å) Polymer (Å)

Sm-O 2.28-2.32 2.28-2.32

Sm-N3 (μ3) 2.50-2.87 2.64-2.84

Sm-N3 (μ2) 2.47-2.49 2.47-2.55

Na-N3 (μ3) 2.60 2.48

Na-N3 (μ2) 2.50 2.53

Na-N3 polymer bridging ------ 2.49

Sm-N3 polymer bridging ------ 2.42

Sm-N3 (terminal) 2.37 ------

Table 1.3. Bond Length Comparison for (py)10Sm6O2(N3)16Na2 (py)8·7(py) and  

(py)8Sm6O2(N3)16Na2 (py)8·4(py) .

The bond lengths for both phases are nearly identical with the exception of the 

Na-N3 (μ3) bond which differ by approximately 0.1Å. The remaining differences 

pertain to the bonds associated with bridging in the polymeric species. A 

comparison of torsion angles (Table 1.7) also displays nearly identical 

coordination characteristics.
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Bond Angle Single Molecule (º) Polymer (º)

Sm-O-Sm 105-115 104-115

Sm-N3 (μ3)-Sm 88-144 87-145

Sm-N3 (μ2)-Sm 103 102

Sm-N3 (μ3)Na-Sm 93 95

N3 (μ3)-Na-N3 (μ2) 80 78

Na-N3 (μ2)-Sm polymer ------ 162

Table 1.4. Torsional Angle Comparison of (py)10Sm6O2(N3)16Na2 (py)8·7(py) and  

(py)8Sm6O2(N3)16Na2 (py)8·4(py).

1.3 Oxy-Chalcogen Azide Clusters: Synthesis, Structure, and Discussion

! In an effort, to further explore lanthanide azide chemistry  varying amounts 

of elemental chalcogenide and chalcogenolate sources were introduced into the 

previous reaction conditions. This resulted in the discovery of several unique 

azide clusters with chalcogen and chalcogenolate motifs incorporated into their 

structures. The first method (Scheme 1.2) substituted divalent samarium with the 

radially smaller trivalent erbium and holmium.

 2Ln(SePh)3 + Na2O + 2Na(N3) (Py)8Ln6O2(N3)12(SePh)2 + Na2(SePh)2
Py + .08Hg

Ln= Ho, Er

Scheme 1.2.General Synthesis of (py)8Ln6O2(N3)12(SePh)2, (2).

The resulting products shown in Figure 1.7 are a hexanuclear cluster with an 

Ln6O2 core, consisting of two μ4-oxos, with two 7 coordinate metal centers and 4 
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8-coordinate metal centers. The core is encapsulated by  2 μ2 EE azide ligands, 

and 10 μ2 EO azides. Two μ2 -SePh ligands with their phenyl rings oriented 

inward towards the cluster, cap  the ends. Their orientation when combined with 

the 8 pyridines of solvation contributes to a seemingly stable packing mode.

Figure 1.7. POV-Ray Molecular Structure of (py)8Ln6O2(N3)12(SePh)2, (Carbon 

and Hydrogen Removed).

!   The isostructural holmium analogue (py)8Ho6O2(N3)12(SePh)2 displayed 

bond distance ranges of 2.46-2.47 Å for the 2 Ho-N(EE-azido), 2.39-2.48 Å, for 

the 10 Ho-N(EO-azido); 2.51-2.64 Å and 2.24-2.28 Å for the 4 Ho-O bonds. 
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These were larger than the related bond lengths in the selenolate capped erbium 

system (difference of ~.03 Å) and were consistent with the larger ionic radii of 

holmium versus erbium.

! Investigation of the interaction between Cd(SePh)2, selenium and erbium,  

was initially undertaken to establish if N3- anion would have a dramatic impact on 

heterometallic chemistry. The experiment resulted in the formation and isolation 

of a diselenido capped analogue of the previous system as, (py)10Er6O2(Se2)(N3)

10 (3) using the scheme shown (Scheme 1.3).

 2Cd + 4(SePh)2 + Er +2Se+Na2O+ 2Na(N3) (Py)10Er6O2(Se2)2(N3)10
Py + .02Hg

Scheme 1.3. Synthesis of (py)10Er6O2(Se2)(N3)10

Figure 1.8. POV-Ray Crystal Structure of (py)10Er6O2(Se2)2(N3)10, (Product 3).
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Empirical formula C102 H100 Er6 N54 O2 Se2 C65 H65 Er6 N39.07 O2 
Se5.31

Formula weight 3275.84 2848.38

Temperature (K) 100(2) 100(2) 

Wavelength (Å) 0.71073 0.71073

Crystal system Triclinic Triclinic

Space group P-1 P-1

a (Å) 14.3072(12) 13.2354(8) 

b (Å) 15.5856(13) 13.5062(8) 

c (Å) 16.380(2) 15.3672(9) 

α (deg) 115.349(2) 113.675(1)

β (deg) 103.765(2) 93.405(1)

γ (deg) 104.963(2) 115.494(1)

Z 1 1

Volume (Å3) 2923.9(5) 2179.4(2) 

Density (calculated) 
(g/cm-3)

1.860 2.170

Final R indices R1 = 0.0296, wR2 = 0.0628 R1 = 0.0269, wR2 = 
0.0598

Table 1.5.  Crystal data and Structure Refinement for (py)8Er6O2(N3)12(SePh)2, 

(2) and (py)10Er6O2(Se2)2(N3)10 (3).
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Bond Bond Distance

Er(1)-O(1) 2.248(2)

Er(1)-N(13)#1 2.440(3)

Er(1)-N(4) 2.443(3)

Er(1)-N(12)#1 2.446(3)

Er(1)-N(1) 2.449(3)

Er(1)-Se(1) 2.9589(4)

Er(2)-O(1) 2.241(2)

Er(2)-N(16)#1 2.412(3)

Er(2)-N(1) 2.445(3)

Er(2)-N(7) 2.458(3)

Er(2)-N(10) 2.463(3)

Er(2)-Se(1) 2.9471(4)

Er(3)-O(1)#1 2.235(2)

Er(3)-O(1) 2.254(2)

Er(3)-N(4) 2.382(3)

Er(3)-N(7) 2.383(3)

Er(3)-N(16) 2.386(3)

Er(3)-N(13) 2.392(3)

O(1)-Er(3)#1 2.235(2)

N(12)-Er(1)#1 2.446(3)

N(13)-Er(1)#1 2.440(3)

N(16)-Er(2)#1 2.412(3)

Table 1.6 List of Significant Bond Distances for (py)8Er6O2(N3)12(SePh)2,  (2).

!
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Bonds Bond Distances (Å) 

Er(1)-O(1) 2.263(2)

Er(1)-N(20) 2.415(3)

Er(1)-N(11) 2.433(4)

Er(1)-N(14) 2.472(4)

Er(1)-Se(1) 2.8937(4)

Er(1)-Se(2) 2.9260(4)

Er(2)-O(1)#1 2.240(2)

Er(2)-O(1) 2.245(2)

Er(2)-N(20) 2.357(3)

Er(2)-N(8) 2.370(3)

Er(2)-N(17) 2.377(3)

Er(2)-N(11)#1 2.396(4)

Er(3)-O(1) 2.240(2)

Er(3)-N(8) 2.420(3)

Er(3)-N(16)#1 2.422(4)

Er(3)-N(17)#1 2.454(3)

Er(3)-Se(2) 2.8767(4)

Er(3)-Se(1) 2.9239(4)

O(1)-Er(2)#1 2.240(2)

N(11)-Er(2)#1 2.396(4)

N(16)-Er(3)#1 2.422(4)

N(17)-Er(3)#1 2.454(3)

Table 1.7. List of Significant Bond Distances for (py)10Er6O2(Se2)2(N3)10.
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A comparison of the bond lengths in 2 & 3 (Table 1.11) shows that the cores are 

isomorphous. In (py)10Er6O2(Se2)2(N3)10 there is evidence of site disorder at the 

diselenide ligand position for a pair of EO azides, and a single EO azide at a third 

site. This occurs in 3% (sites 1&2)  and 20% (site 3) and accounts for the range 

of Er-Se bond lengths observed (2.85 -3.14 Å).

Bond types (py)8Er6O2(N3)12(SePh)2 
 Bond Lengths (Å) 

(py)10Er6O2 (Se2)2(N3)10
Bond Lengths (Å) 

Er-SePh 2.95-2.96 ------

Er-N3 (EE) 2.44-2.46 2.42-2.47

Er-N3 (EO) 2.39-2.44 2.38-2.45

Er-O (7 coordinate) 2.24-2.25 2.23-2.26

Er-O (8 coordinate) 2.24-2.25 2.24

Er-Se2 ------ 2.89-2.93

Table 1.8. Comparison of Select Bond Lengths for (py)8Er6O2(N3)12(SePh)2  and     

(py)10Er6O2(Se2)2(N3)10.

The Ln6O2 cores of 2 and 3  also appear to be very similar to the core of 1a. Their 

Ln-N3 and Ln-O bonds are within the same ranges, (2.42-2.48 Å), and (2.23-2.30 

Å) respectively. However, there are a few differences. The absence of sodium in 

the erbium structures, and their subsequent replacement by SePh and Se2 

serves as an example of the possibility to direct Ln/azide cluster formation 

without the inclusion of sodium. These analogous structures owe their formation,  

to the removal of sodium ions via NaSePh isolation. This serves the dual role of 

eliminating starting anions from the targeted rare earth centers, and provides a 

41



facile way for introducing the azide ligand while eliminating its counterparts.  

Another divergence between the two structure families is the presence of the two 

Ln-Ln μ2 EE azide ligands, in the erbium structures. The absence of this motif in 

the samarium system (μ2 EE motifs are between Na and Ln cations), opens up 

the potential to control azide bonding patterns in lanthanide clusters without the 

use of bulky ligands via careful ion radii selection, azide to metal ratio control, 

and chalcogenide vs chalcogenolate selection.

! Finally, in an attempt see if the weakly  binding tellurium ion (Te2-) would 

competitively bind in the presence of azide anions, a novel lanthanide tellurido 

azide cluster was produced by the introduction of tellurium (Scheme 1.4).

 3Sm(SePh)2 + 4Te +Na2O + 2Na(N3) (Py)16Sm8Se(O)2Na2(Te2)6(N3)8
Py + .02Hg

Scheme 1.4. Synthesis of (py)16Sm8Se(O2)Na2(Te2)6(N3)8.

Figure 1.9. ORTEP of (py)16Sm8Se(O2)Na2(Te2)6(N3)8 Core, Drawn at 50%. (4) 
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Empirical formula C120.27 H120 N46.94 Na2 O2 Se1.27 Sm8 Te12

Formula weight 5135.29

Temperature (K) 100(2)

Wavelength (Å) 0.71073

Crystal system Triclinic

Space group P-1

a (Å) 15.7784(8)

b (Å) 16.5562(9)

c (Å) 17.3804(9)

α (deg) 94.035(1)

β (deg) 113.759(1)

γ (deg) 108.125(1)

Z 1

Volume (Å3) 3848.0(3)

Density (calculated) (g/cm-3) 2.216

Final R indices R1 = 0.0291, wR2 = 0.0713

Table 1.9. Crystal Data and Structure Refinement for                                        

(py)16Sm8Se(O2)Na2(Te2)6(N3)8, (4). 
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Bond Bond Distance 
(Å) 

Bond Bond Distance 
(Å) 

Sm(1)-O(1) 2.351(2) Sm(4)-N(1) 2.468(3)

Sm(1)-N(4) 2.526(3) Sm(4)-N(4) 2.472(3)

Sm(1)-Se(1) 3.0318(2) Sm(4)-Se(2) 3.085(6)

Sm(1)-Te(1) 3.1101(3) Na(1)-N(12) 2.435(6)

Sm(1)-Te(2) 3.1716(3) Na(1)-N(6) 2.503(5)

Sm(1)-Te(3)#1 3.2066(3) Te(1)-Sm(3)#1 3.2161(3)

Sm(1)-Te(6) 3.2597(3) Te(3)-Sm(1)#1 3.2066(3)

Sm(2)-O(1) 2.376(2) Te(5)-Sm(2)#1 3.2783(3)

Sm(2)-N(7) 2.469(3) Se(1)-Sm(1)#1 3.0319(2)

Sm(2)-Se(1) 3.0393(2) Se(1)-Sm(2)#1 3.0393(2)

Sm(2)-Te(3) 3.1183(3) Se(1)-Sm(3)#1 3.0470(2

Sm(2)-Te(4) 3.2426(3) Sm(3)-Te(5) 3.1300(3)

Sm(2)-Te(2) 3.2535(3) Sm(3)-Te(6) 3.2118(3)

Sm(2)-Te(5)#1 3.2783(3) Sm(3)-Te(1)#1 3.2160(3)

Sm(3)-O(1) 2.364(2) Sm(3)-Te(4) 3.2317(3)

Sm(3)-N(1) 2.514(3) Sm(4)-O(1) 2.242(2)

Sm(3)-Se(1) 3.0469(2) Sm(4)-N(10) 2.401(4)

Sm(4)-N(7) 2.428(3) ------ ------

Table 1.10. List of Significant Bond Distances for (py)16Sm8Se(O2)Na2(Te2)6(N3)8 , 

(4).

This octanuclear system (4), consists of a central μ6 Se2- linked to six 8-

coordinate samarium centers. Each Sm3+ is coordinated to three μ4 Te2-2 units, 
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and a μ2 EO azide. The Ln6Se(Te2)6 core is capped at both ends by 2 μ4 oxos. 

The oxos form a tetrahedral unit, coordinating to three samarium core atom, and 

an additional 7-coordinate Sm3+ center. The 7-coordinate samarium cations, are 

bound to 2 pyridine ligands, 2 μ2 EO azides, a μ2 EE azide   and a μ3 EE azide. 

The latter two azides are connected to a Na(Py)3 capping unit.

Bond types (Py)16Sm8Se(O2)Na2(Te2)6(N3)8. 
 Bond Lengths (Å) 

Sm-Te 3.11-3.27

Sm-Se 3.03-3.05

Sm-N3 (EO) 2.39-2.44

Sm-O (7 coordinate) 2.24

Sm-O (8 coordinate) 2.35-2.38

Sm-N3 (EE) 2.40

Sm- μ3 N3 (EO) 2.47-2.53

Na-μ3 N3 2.50

Na-μ2 N3 2.44

Table 1.11. Summary of Bond Distances by Bond Type for (py)16Sm8Se(O2)Na2

(Te2)6(N3)8, (4).

1.4 Thermolysis Studies

" Thermolysis studies were done to investigate the solid state phase 

products of the previously described systems and the potential for rare earth 

azide clusters as precursors for lanthanide nitrides.  Samples of 1-4 were sealed 

in quartz tubes, placed under vacuum and heated to 600ºc for five hours at a rate 

of 20ºC/min in a tube furnace. The end of each tube was placed in liquid nitrogen 
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during the experiments.  Products 1a, 2 and 4 were the only  samples to produce 

any microcrystalline products. Samples of 1b and 3 detonated consistently, and 

obliterated their respective reaction vessels leaving only amorphous powders 

that did not diffract. 1a and 1b decompositions produced small fires melting 

portions of the reaction tubes (deflagration). This distinction in detonation 

process is explainable by  the comparatively larger quantity of flammable Py 

ligands in the clusters. The heat released from azide decomposition likely ignited 

the solvent molecules resulting in the observed deflagration. In each case, 

detonation occurred at the previously determined melting point temperatures for 

each system. 4 did not detonate up and through 600ºc. Black powders were 

recovered from 1a 2 & 4. These were analyzed by powder X-Ray diffraction, 

while the cold part of the tube was washed with dry acetonitrile, and analyzed by 

GCMS spectrometry. In place of the hypothesized oxynitride and seleno-nitride 

products, Sm2O3 and Er2O3  phases were identified for 1a and 2 while products 

from 4 were amorphous. Ph2Se was identified by GCMS in 2. A comparison of 

detonation temperatures and Ln metal to azide ratios (table 1.15) revealed 

clusters with greater azide concentrations were more prone to detonation. 

However, when metal ions were in equal quantity the clusters failed to detonate 

at all.
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Compound Detonation 
Temperature 

(ºC)

Ln/N3 Ion 
Ratio

Explosion 
Type

(py)10Sm6O2(N3)16Na2(Py)8•7(Py) 295 3:8 Deflagration

(py)8Ho6O2(N3)12(SePh)2 310 1:2 Detonation

(py)8Er6O2(N3)12(SePh)2 336 1:2 Detonation

(py)10Er6O2(Se2)2(N3)10 312 3:5 Detonation

(py)16Sm8SeO4Na2(TeTe)6(N3)8 NA 1:1 NA

Table 1.12. Summary of Detonation Temperatures, Lanthanide to Azide Ratios 

and Explosion types.

1.5 Conclusion

! In conclusion, a new class of lanthanide oxyazide and oxychalcogenido 

azide cluster have been synthesized and fully characterized. Metathesis  of  Ln

(EPh)x with  NaN3, and Na2O produced hexanuclear systems encapsulated by 

azides. Additions of Cd(SePh)2 elemental selenium and tellurium into the 

previously described reaction gave both hexanuclear and octanuclear systems. 

These species incorporated the chalcogenide in both the inner and outer 

coordination spheres, while failing to incorporate cadmium into the final structure. 

Finally, thermolysis studies lead to the isolation of Sm2O3 and Er2O3 phases. 

Decomposition methods varied between deflagration and detonation, while all 

azide clusters with Ln:N3 ratios < 1.0 detonated/deflagrated, but those with Ln:N3 

ratios ≥1.0 were stable up to and through the typical sodium azide decomposition 

temperature.
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CHAPTER 2. Sodium Capped Lanthanide Selenido Clusters

2.1 Introduction

!  Lanthanide materials offer a number of distinct advantages as emission 

sources. Long lifetimes, consistent emission spectra, and low phonon energies in  

chalcogenide systems are but a few of them. The applications for rare earths 

range from upconversion nanocrystals1  to fiber optic wave guide amplifiers 

(FOWA).2  In the case of FOWAs, lanthanides are employed as dopants in a 

variety of host matrices.3,4,5,6  Excitation of the lanthanide doped material is 

achieved through a pumping system (Figure 2.1),7  pushing the Ln3+ into an 

excited emissive state that can amplify  a desired signal within a specific 

wavelength region. The region of amplification is determined by a combination of 

the emission spectrum for selected lanthanides, and the allowed transmission 

window of the host material.8 The most commonly used lanthanides erbium 9 and 

neodymium,10  amplify in the 1.5 & 1.8 μm regions of the spectrum respectively. 

The former serves as a standard in the telecommunication industry.

Figure 2.1. Erbium-Doped Fiber Amplifier Schematic.
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!  In an effort to lower production costs and broaden the available 

transmission window, polymer based fibers have been studied as an alternative 

host to glasses.11  This shift brought several complications. To begin with, 

previously used solid state lanthanide sources (lanthanide halides and nitrides) 

displayed a tendency to aggregate12 and phase separate in the nonpolar polymer 

matrixes. Attempts at developing alternative molecular based lanthanide sources 

varied the ligand functional groups to improve dispersion.13  Unfortunately, these 

materials displayed emissions intensities too low for application.14  This was 

attributed to two factors. First, stabilizing ligands used to impart greater solubility 

in the host materials possessed large quantities of vibrational quenching groups 

(C-H ,O-H, N-H) near the emissive centers. Second, the bulkier ligand groups 

occupied significant volumes in the polymer matrixes while possessing very few 

emissive centers. This resulted in systems suffering from deleterious emissive 

effects due to higher ligand concentrations15  and low concentrations of 

lanthanide (changes in the refractive index of the polymers). 

! Lanthanide chalcogenide clusters offer a sound solution to these 

problems. The well documented low phonon energies of Ln-E bonds,16  the high 

lanthanide concentrations,17  and the versatile cluster surface modification 

abilities, resulted in systems with quantum efficiencies that approached solid 

state intensities15 while displaying the desired matrix compatibility. In addition, the 

capacity to selectively  express lanthanide emissions wavelengths by varying the 

phonon energy environment18  offered a powerful tool for designing industry 

specific materials. In an effort to explore the possibility of preparing higher 
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nuclearity lanthanide chalcogenide clusters and to understand the relationships 

between nuclearity, surface anions, and emissions quantum efficiencies, sodium 

azide was introduced into a chalcogenide rich lanthanide environment to improve 

reagent solubility and increase product nucleation time.

2.2. (py)16Ln17NaSe18(SePh)16: Synthesis, Structure, and Discussion.

" The title family of clusters was produced by two related schemes. Initially 

Ln(SePh)3 in the presence of excess lanthanide was reacted with selenium and 

sodium azide to produce  (py)16Ln17NaSe18(SePh)16 [Ce=(1), Pr=(2), Nd= (3)]. In 

order to evaluate the role of NaN3 in driving this chemistry, the same reaction 

with Na(SePh) substituted for sodium azide was performed and resulted in the 

formation of the identical products. The two schemes shown in Scheme 2.1 did 

display distinct crystallographic and chemical features. 

a) 6.7Ln + 3.0(SePh)2 + .1Hg
40ml Py

3NaN3 + 5.7Se
(Py)16Ln17NaSe18(SePh)16

 b) 6.7Ln + 3.0(SePh)2 + .1Hg 40ml Py
3NaSePh + 5.7Se

(Py)16Ln17NaSe18(SePh)16

Ln= Ce, Pr, Nd

Scheme 2.1. Synthesis of (py)16Ln17NaSe18(SePh)16 .

! Products from 1a  displayed diffraction patterns extending near the 0.7 Å, 

limit of the radiation source, (Mo kα). This resulted in crystals with a high degree 

of order, very low R factors and disordering (Fig. 2.2). Conversely, the 

polyycrystalline products from 1b, displayed poorer crystallinity  and were 

identified by unit cell comparison with 1a products only. However, a comparison 
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of the percent yields for the 1a products (17, 42 & 35), with the 1b products (81, 

93, 76), clearly showed a higher product yield for 1b. Additionally, no azide 

species was ever recovered from the 1a scheme, however the presence of      

(Py)2Na2(SePh)2 was confirmed in 1b by the isolation and XRD of colorless rod 

like crystals.

! The core of the (py)16Nd17NaSe18(SePh)16 system (Figure 2.3. 3), is a 

spherically  shaped cluster built upon a central neodymium ion that rests on a 

crystallographic two-fold axis and is surrounded by 8 μ5-selenido ligands. The 

selenido ligands are then encapsulated by 16 neodymium, ions eight of which  

are 8 coordinate while the other eight are 7 coordinate. In both cases the 

encapsulating neodymium ion coordination spheres are saturated by μ5 selenido, 

μ3-selenido, μ3 -selenolates, μ4-selenolate, and pyridine ligands. A sodium ion 

occupies a surface site where it is bound on one side to an exposed selenido and 

two SePh ligands (bridging two neodymium ions) while two pyridine ligands are 

coordinated on the opposing side. The cluster consists of two crystallographically 

equivalent sodium ion occupation sites, that are partially occupied (50%). These 

sites sit on a two-fold axis, and depending upon the sodium ionʼs occupation, the 

two SePh ligands and pyridine ligands display varying amounts of disorder. If the 

sodium site is unoccupied the phenyl groups of two SePh ligands are directed 

inward toward the sodium ion void or outward when the ion is present. The 

pyridine ligands display similar disorder, acting as lattice solvents within the void 

when sodium is not present.
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the role of Na binding to nearby Se, selenolate, or py groups
for the title compound, the cluster has two available sites on
the surface for Na binding to Se which can also accommodate
at least two more distant Na · · ·py contacts to complete the Na
coordination. For the instances where Na is absent, the site does
not necessarily contain voids, and py molecules of solvation
can apparently shift position slightly to adequately fill the site.
Such shifts of py groups into and away from the generalized
Na site occur with, but are not necessarily correlated to, the
disorder of nearby selenolate ligands. Thus, the requirements
of size and binding at the Na site are lax enough to accommodate
either bound Na or free py molecules. It then appears reasonable
that this “soft” binding requirement may disappear upon the
use of other alkali that have quite different radii and electronic
properties, and as a result, the partial occupancy requirement
will also disappear and a different structure would ensue.

The presence of Na in cluster chemistry does not necessarily
lead to significant changes in product identity. One of the first
LnSe cluster reports in the literature described Cp*6Sm6Se11,23

an octahedral arrangement of Cp*Sm connected by a mixture
of Se and (SeSe) dianions. This was followed by the description
of (Cp′6Sm6Se13)Na(THF)6,24 which contained the same octa-
hedral arrangement of CpSm connected by a slightly different
chalcogenido core, with a sodium ion that was totally uninvolved
in bonding to the cluster. The difference between these
organometallic systems and the present chalcogenolate com-
pounds can be attributed to the overwhelming steric demands
of substituted Cp ligands that tend to dictate structural features.
This use of electronically inactive metal ions to dramatically
alter the identity of a cluster product is an attractive new variable

that can be manipulated to rationally deliver monodisperse
clusters with a range of sizes.

Clusters 1-3 were characterized as isostructural by use of
low temperature single crystal X-ray diffraction data. Individual
structures were determined for 1 and 3. Figure 1 shows an
ORTEP diagram of the common cluster core for 1-3 (using
data from 3). The spherically shaped molecule of 3 is built upon
a central Nd ion that resides on a crystallographic two-fold axis.
This Nd is surrounded by 8 µ5 selenido ligands that are further
enveloped by a shell of 16 additional Nd ions, of which eight
are seven-coordinate and eight are eight-coordinate. The coor-
dination spheres of these outer Nd ions are then saturated an
array of µ3 and µ5 Se2-, µ3 and µ4 SePh, and pyridine ligands.
The Na ion is also found on the surface of the cluster, bound
on one side to an exposed selenido atom and two selenolate
ligands (that bridge to Nd ions), and bound on its other side to
pyridine ligands. Since there is one Na ion per cluster and two
Na-containing sites per cluster and each site is on a crystal-
lographic two-fold axis, the site occupancy of each unique Na
atom is 25%. As expected, the two selenolates that bind to the
Na are also two-fold disordered, each with one site having the
phenyl group directed away from the Na site (i.e., when the Na
is present) and one site having the phenyl group directed toward
the Na site (i.e., when the Na is absent). The center of mass for
either selenolate position is located at approximately the same
place on the surface of the cluster, conserving size and shape
requirements of the adjacent Nd ions. The pyridine molecules
bonded to the Na ion appear to have considerable disorder,
consistent with the fact that half the time they are occupying
large cavities as lattice solvent molecules, that is, when the Na
is absent.

There are remarkably few lanthanide clusters in the literature
that contain internal, anion encapsulated Ln,9,11 with most

(23) Evans, W. J.; Rabe, G. W.; Ansari, M. A.; Ziller, J. W. Angew. Chem.,
Int. Ed. Engl. 1994, 33, 2110.

(24) Jin, G.; Cheng, Y.; Lin, Y. Organometallics 1999, 18, 5735.

Figure 1. POV-Ray image of the ORTEP diagram of (py)16Ln17NaSe18(SePh)16, using spheres of arbitrary size. Both “capping” unique Na sites are shown
(magenta), but only one is occupied for a given molecule.
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Figure 2.2. POV-Ray Crystal Structure of (py)16Ln17NaSe18(SePh)16.

Figure 2.3. POV-Ray Crystal Structure of (py)16Nd17NaSe18(SePh)16 Core Side 

View.
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Empirical Formula C231H215N27NaCe17Se34 C231H215N27NaNd17Se34

Formula Weight 8458.97 8529.01

Temperature (K) 100 100

Wavelength (Å) 0.71073 0.710703

Crystal System monoclinic monoclinic

Space Group C2/c C2/c

a (Å) 22.5455(11) 22.4939(13)

b (Å) 42.056(2) 41.963(2)

c (Å) 31.0886(16) 30.9247(17)

β (deg) 108.099(1) 108.129(1)

volume (Å3) 28019(2) 27741(3)

Density (calculated)      
(g/cm-3)

2.005 2.042

Z 4 4

Final R indices 
[I>2sigma(I)]

R1=.0509 
WR2= .1426

R1=.0516 
WR2= .1425

Table 2.1. Crystal Data and Structure Refinement for (py)16Ce17NaSe18(SePh)16 

and (py)16Nd17NaSe18(SePh)16

# One of the unique features of the Ln17 system is the presence of both 

internal and surface lanthanide ions as well as the unique bond lengths and 

coordinations that permit a comparison with solid state Nd2Se3 species.19  The 

key bond lengths and angles for 3 are summarized in tables 2.2 and 2.3 and 

reveal a narrow neodymium-selenium bond length range ( 3.131Å - 3.138 Å, avg. 

3.135 Å), as well as a severely  distorted coordination geometry  for the internal 

neodymium ion.
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Bond Bond 
Distance (Å) 

Bond Bond Distance 
(Å) 

Nd(1)-Se(8)ʼ 2.871 Nd(5)-Se(15)ʼ 3.147

Nd(1)-Se(2) 2.983 Nd(5)-Se(10) 2.987

Nd(1)-Se(14)ʼ 3.03 Nd(5)-Se(1) 2.907

Nd(1)-Se(5) 2.888 Nd(5)-Se(25)ʼ 2.981

Nd(1)-Se(12) 3.079 Nd(5)-Se(5) 2.877

Nd(1)-Se(4)ʼ 3.114 Nd(5)-N(5) 2.636

Nd(1)-N(1) 2.549 Nd(5)-Se(27) 2.946

Na(1A)-N(9A) 3.363 Nd(5)-Se(17) 3.005

Na(1A)-Se(28)ʼ 3.694 Na(1A)-Se(26)ʼ 3.339

Na(1B)-N(9B) 3.385 Na(1B)-Se(25)ʼ 3.298

Na(1B)-Se(27)/Se(27)ʼ 3.184 Na(1A)-N(9A)ʼ 3.363

Na(1A)-Se(9) 3.049 Na(1A)-Se(26) 3.339

Na(1A)-Se(28) 3.694 Na(1B)-N(9B)ʼ 3.385

Na(1B)-Se(10) 3.141 Na(1B)-Se(25) 3.298

Nd(9)-Se(2) 3.13 Nd(9)-Se(1)ʼ 3.138

Nd(9)-Se(4)ʼ 3.132 Nd(9)-Se(3) 3.133

Nd(9)-Se(2)ʼ 3.13 Nd(9)-Se(1) 3.138

Nd(9)-Se(4) 3.132 Nd(9)-Se(3)ʼ 3.133

Table 2.2. Bond Distances for (py)16Nd17NaSe18(SePh)16
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Coordination Angle Angle (º) Coordination Angle Angle (º)

Se(2)-Nd(9)-Se(2)#1 123.94(4) Se(4)#1-Nd(9)-Se(3) 140.82(2)

Se(2)-Nd(9)-Se(4) 140.06(2) Se(3)#1-Nd(9)-Se(3) 123.99(4)

Se(2)#1-Nd(9)-Se(4) 71.39(2) Se(2)-Nd(9)-Se(1) 70.69(2)

Se(2)-Nd(9)-Se(4)#1 71.39(2) Se(2)#1-Nd(9)-Se(1) 141.00(2)

Se(2)#1-Nd(9)-Se(4)#1 140.06(2) Se(4)-Nd(9)-Se(1) 76.82(2)

Se(4)-Nd(9)-Se(4)#1 123.10(4) Se(4)#1-Nd(9)-Se(1) 77.02(2)

Se(2)-Nd(9)-Se(3)#1 77.52(2) Se(3)#1-Nd(9)-Se(1) 140.45(2)

Se(2)#1-Nd(9)-Se(3)#1 76.98(2) Se(3)-Nd(9)-Se(1) 71.04(2)

Se(4)-Nd(9)-Se(3)#1 140.82(2) Se(2)-Nd(9)-Se(1)#1 141.00(2)

Se(4)#1-Nd(9)-Se(3)#1 70.86(2) Se(2)#1-Nd(9)-Se(1)#1 70.69(2)

Se(2)-Nd(9)-Se(3) 76.98(2) Se(4)-Nd(9)-Se(1)#1 77.02(2)

Se(2)#1-Nd(9)-Se(3) 77.52(2) Se(4)#1-Nd(9)-Se(1)#1 76.82(2)

Se(4)-Nd(9)-Se(3) 70.86(2) Se(3)#1-Nd(9)-Se(1)#1 71.04(2)

Se(3)-Nd(9)-Se(1)#1 140.45(2)

Table 2.3. Coordination Angles for the Internal Nd3+ in (py)16Nd17NaSe18(SePh)16

# The narrow bond lengths designated in red in Table 2.2 and non 

directional geometry for the internal Nd3+ (Figure 2.5), are a departure from the 

solid state counterpart (Nd2Se3). Nd17 and Nd2Se3 display internal neodymium 

ions with 8 selenido coordinations. However, the internal neodymium of the solid 

state product exhibits a wider Nd-Se bond length range (2.967- 3.173 Å), as well 

as a trigonal dodecahedron coordination sphere.
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Figure 2.4. Nd2Se3 Structure.

Figure 2.5. 8-Coordinate Internal NdSe8 Unit of (py)16Nd17NaSe18(SePh)16.
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! Nevertheless, Nd17ʼs similar coordination with Nd2Se3 and dissimilar 

coordination with other Nd-Se clusters produced through Ln(EPh)3 + E reactions 

((THF)8Nd8Se6(SePh)12 ,7-coordinate) led to the assertion that the presence of 

sodium in the Ln17 structure must play a role in stabilizing this structure.

! Comparative experiments using alkali metals, alkali metal azides, alkali 

selenolates (Na, K, Li, NaN3, KN3, KSeph, and LiSePh) and lanthanides of 

varying ionic radii (Sm2+, Sm3+, Gd3+, Er3+, Yb3+, Eu2+, Dy3+, and Ho3+), were 

performed to evaluate the role of sodium in stabilizing Ln17Se structures. Only the 

well-studied Ln8Se620   and the respective alkali selenolates and selenides were 

isolated. 

! Observations from the comparative experiments, coupled with the 

reproducible differences in product crystallinity, yield and isolated phases 

between NaN3 and  NaSePh, provided support for the assertion that both sodium 

and azide ions play key roles in directing the formation of the Ln17 species. The 

most likely  rationale for this phenomenon is that the marginally soluble nature of 

the azide salt in organic solvents, provides a slow delivery system for the sodium 

ion, while introducing a readily displaced and weakly coordinated anion into the 

chalcogenide system. This interaction favors the formation of the readily  isolated 

(py)2Na(SePh)2, while providing additional anions that can readily  form soluble 

lanthanide azido selenolate in solution (Figure 2.6).
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Figure 2.6. ORTEP Structure of [(THF)4 Sm3(SePh)4(N3)]3 Species.

 ! The production of lanthanide azido selenolate intermediates is also 

influential in the formation of the Ln17 system. The structure depicted in Figure 

2.6 is a samarium selenolate trimer with a single EE bridging azide. The product 

was isolated by adding a dilute iodide solution (10 mL of .05M I2 in THF) to a  

concentrated Sm(SePh)3 + NaN3 reaction in order to coordinate with sodium ions.   

The Ln-SePh bridging moiety is a common occurrence and has been 

documented numerous times.21,22  However, the presence of the bridging azide,  

does support the contention that stable azide incorporating intermediates are 

present  and coordinating to large Ln species in solution. The larger quantity  of 

lanthanides in close proximity due to the azide bridging between trimers allows 

larger Ln-Se fragments to form in solution when compared with previous work 

and explains Ln17 larger nuclearity. Next, the concentration of azide ions in 

solution, prevented the otherwise insoluble Ln-E species from precipitating by 

shifting the equilibrium towards the more soluble azide selenolates. This allowed 

larger numbers of fragments to coalesce and form the Ln17 . Finally, the matching 

of the sodium cations in limited number, with the structurally  generated voids, 
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and the elimination of excess SePh and Se via Na2Se and (py)Na2(SePh)2 

formation provided the ideal environment for producing a system of greater 

nuclearity and high crystallinity.

2.3. Absorption and Emissions Studies of (py)16Ln17NaSe18(SePh)16.

! Due to the potential utility  of (py)16Nd17NaSe18(SePh)16 as a dopant in 

polymer amplifiers and a continuing interest in defining Ln-E cluster structure/

emission properties, a series of absorption and NIR emission studies were 

conducted. Absorption spectra for all three clusters in THF (Figures 2.7-2.9) 

displayed typical absorption transitions for solid state cerium praseodymium and 

neodymium 3+ ions.23  (py)16Ce17NaSe18(SePh)16 display offers a clear single  

broad absorption edge maxima at 442 nm and a transition at ~600 nm. This 

translates into a 2.81 eV band gap and is larger then the 1.85 eV value found for 

Ce2Se3.24  Nevertheless, The value for (py)16Ce17NaSe18(SePh)16 is consistent 

with the band gap  of a semiconducting material through an F to D band 

transition. The absorption peaks as well as the respective energy transitions for 2 

and 3 are shown in Tables 2.4 & 2.5. The relatively few absorptions and low 

intensities of peaks  in 1 and 2 can be rationalized by the lack of available energy 

transitions, (few energy states), within the visible-NIR absorption window for 

cerium and praseodymium ions in the 3+ oxidation states. Given the absorption 

data only 3 was a viable system for photoluminescence studies.
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                  Figure 2.7. (py)16Ce17NaSe18(SePh)16 Absorption Spectrum. 
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 Figure 2.8. (py)16Pr17NaSe18(SePh)16 Absorption Spectrum. 

Absorption Peak (nm) Energy Transition

455 3H4 → 3P2

496 3H4 → 3P6

600 3H4 → 1D2

Table 2.4. Absorption Peaks & f-f Transitions for (py)16Pr17NaSe18(SePh)16.
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Figure S1:  Absorption spectrum of (py)16Nd17NaSe18(SePh)16 in THF solution. Figure 2.9. (py)16Nd17NaSe18(SePh)16 Absorption Spectrum. 

Absorption Peak (nm) Energy Transition

485 4I9/2 → 2P1/2

537 4I9/2 → 4G9/2

598 4I9/2 → 4G5/2

691 4I9/2 → 4F9/2

758 4I9/2 → 4S3/2

816 4I9/2 → 4F5/2

904 4I9/2 → 4F3/2

Table 2.5. Absorption Peaks & f-f Transitions for (py)16Nd17NaSe18(SePh)16.
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! The strongest f-f absorption transition in 3 (598 nm) is found in all 

neodymium complexes and has been designated as a hypersensitive transition, 

( 4I9/2 → 4G5/2). Transition sensitivity, ( variances in broadness and intensity of the 

peak as well as shifts in energy) arise from changes in solvent and coordination 

environment. The documented divergence of the 4I9/2 → 4G5/2 transition with 

coordinated pyridine and non coordinated solid state examples,25  along with the 

possibility of increasing non radiative energy transfer through an increased 

Stokes shift, supported the notion that the 4I9/2 → 4G5/2 was an unsuitable choice 

for photon pumping. As a result, the 904 nm transition (4I9/2 → 4F3/2), was targeted 

as the photon stimulated excited state for emission studies of 3. 

! Dr. G. Ajith Kumar formerly of the Riman group  in the department of 

material science and engineering at Rutgers university  extracted the Judd-Ofelt 

parameters, (Ω) 26 27  from the absorption spectrum in order to calculate (τ(rad)). 

The results were the determination of three Ωt values through a least square 

fitting between the measured oscillator strength and the theoretical oscillator 

strength performed by Dr. Kumar.31,32,28  The quality  of the fit was determined by 

the deviation between the experimental and theoretical oscillator values referred 

to as the RMS (equation 2.1) where Δf is the difference between the oscillator 

strengths, while N and m represent the number of transitions and fitting 

parameters.The theoretical and experimentally determined oscillator values for 

(py)16Nd17NaSe18(SePh)16 mixed absorption bands (table 2.6), resulted in Judd-

Ofelt parameters with values of Ω2=  0.928 x 10 -20 cm2, Ω4= 2.548 x 10 -20 cm2, 

Ω6= 0.479 x 10-20 cm2;  and an RMS = 0.529 x 10-6. 
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Equation 2.1. RMS Equation.

Bands λ(nm) Energy(cm-1) fcal(10-6) fexp(10-6)

4G9/2+2K15/2+2G9/2 485 20619 0.792 0.714

4G7/2 537 18622 1.539 1.359

4G5/2 598 16722 4.978 4.999

4F9/2 691 14472 0.101 0.194

4F7/2 + 4S3/2 758 13193 0.879 1.230

2H9/2 + 4F5/2 816 12255 1.667 1.109

4F3/2 904 11062 1.061 1.862

Table 2.6. Theoretical and Experimentally Determined Oscillator Values for         

(py)16Nd17NaSe18(SePh)16 Mixed Absorption Bands.

 ! Comparative emission measurements were collected on 3, and LaF3:Nd 

(0.5%) nanoparticles (10-50nm diameter) . The LaF3:Nd nanoparticles have been 

well documented as having a 95% quantum efficiency and served as a viable 

standard29 for evaluating the emission intensities and quantum efficiency of 3. 
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Figure 2.10. Emission Spectrum of (py)16Nd17NaSe18(SePh)16 Compared to 

LaF3:Nd (0.5%) Nanoparticles
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Figure 2.11. Low Energy Emission Spectrum of (py)16Nd17NaSe18(SePh)16 

Compared to LaF3:Nd (0.5%) Nanoparticles

Emission Peak (nm) Energy Transition

907 4F3/2 → 4I9/2

1070 4F3/2 → 4I11/2

1357 4F3/2 → 4I13/2

1822 4F3/2 → 4I15/2

Table 2.7. Emission Peaks and f-f Transitions for (py)16Nd17NaSe18(SePh)16.
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! Along with a cascade of well resolved emission bands, the comparative 

solid state emission spectra (figure 2.10), revealed a unique emission feature 

with interesting implications. The majority  of the  intensities for the molecular 

species were considerably less intense then the solid state product as expected. 

However, the 1.8 μm (1822 nm)  emission observed in 3, was unique for several 

reasons. First, the 4F3/2 → 4I15/2  transition has been observed intermittently  in Nd 

solid state products30,31  and select Ln-E clusters.32  33 Nevertheless, it has been 

distinctly absent from the majority of higher nuclearity  Ln-E cluster systems.34, 

35,36  Second, a side by side qualitative examination of the normalized low energy 

emissions for the two species (figure 2.11), displays a considerably greater 

intensity for 3. This supports the notion that molecularly produced cluster species 

can provide high intensity emissions consistent with solid state products.

! ! In order to have an accurate and comparable measure of a 

productʼs emissive performance, the quantum efficiency which reflects the extent 

to which non-radiative processes dominate the relaxation from a selected excited 

state had to be derived (Equation 2.2).

QE(Φ) =
τ fl

τ rad
Equation 2.2. Experimental Quantum Efficiency Determination.

 ! The QE determination of 3 for the 4F3/2 → 4I11/2 (1070 nm emission), (also 

performed by Dr. Kumar) began with the extraction of the fluorescence decay 

time, (τfl) from the measured decay curve, (figure 2.12). The decay curve was 
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then fitted with a Monte Carlo Model37  to yield a decay time of 330 μs for the 

1070 nm emission. The fitting took into account all the cooperative energy 

transfer and cross relaxation processes between neodymium atoms located in 

the various crystallographic sites. The experimental decay time along with the 

calculated radiative decay time31,32 resulted in a calculated quantum efficiency of 

35% for 3. 

Figure 2.12. Monte-Carlo Model Fitted Fluorescence Decay Curve of                

(py)16Nd17NaSe18(SePh)16  1074 nm Emission.

! As with many properties in science the interrelationship  between structure 

and QE can offer profound insights into both. The smaller the ΔE between the 
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emissive and highest sub-level of the ground or receiving multiplet, the easier it is 

for the gap to be “closed” by non-radiative relaxation processes (e.g, through 

high phonon energy bonds vibration, C-H, N-H, or O-H). Since the fluorescence 

lifetimes of lanthanide materials are mainly  dependent upon the latticesʼ 

vibrations and the Ln-Ln internuclear distance, 3 provided the opportunity  to 

investigate the effect of both on the quantum efficiency.  

 

Compound/Material QE CH/Nd3+ Nd-Nd Distance (Å)

(THF)8Nd8O2Se2(SePh)16 16% 17 3.82

(py)18Nd12O6(SeSe)4(SePh)4... 12% 12 3.77

(py)16Nd17Se17Na(SePh)18 35% 10 3.75

Table 2.8. Nd-Se Cluster Properties.

! When the efficiencies for (py)18Nd12O6(SeSe)4(SePh)4 (Nd12), (12%) and 

(THF)8Nd8O2Se2(SePh)14 (Nd8), (16%) are compared  to the 35% value found for 

3 a clear illustration of the correlation between the increasingly larger nuclearity 

molecules and brighter photo-physical properties can be seen (Figure 2.13). This 

assertion is understandable given that the number of emissive sources and QE 

increases with each system. In neodymium compounds, the 4F3/2 - 4I11/2 transition 

(1070 nm emission) is quenched by the third order vibrational overtone of C-H 

bonds. The number of C-H bonds found in the ligands (THF, Py, SePh) that are 

directly bound to the cluster surfaces of Nd12, Nd8 and 3 (140,136 and 167 

respectively ), result in averages of 12, 17 and 10 for the number of C-H per 

neodymium ion in all three systems. Therefore, it is a reasonable conclusion that 
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one of the factors responsible for the higher quantum efficiencies in 3 is the 

decrease in non-radiative loses due to fewer quenching groups directly 

coordinated to the emissive centers. 

!  An additional consideration in understanding the QE cluster dynamic is 

the lattice composition. As a rule of thumb, anions that have low phonon 

characteristics lead to brighter emissive materials. Typically  oxide ligands 

generate high-phonon energy lattices, while the heavier chalcogenides provide 

low-phonon environments. In Nd8, there are 50 Nd-Se and six Nd-O bonds; in 

Nd12 there are 56 Nd-Se bonds and 24 Nd-O bonds, and 107 Nd-Se bonds in 3. 

Based upon these observation it is appropriate to say that the absence of high 

phonon anions, and the saturation of low phonon anions within the lattice of 3 is 

a significant contributor to its greater QE when compared with Nd8, & Nd12.

! Finally, Nd-Nd separation dependence on QE provides the most 

ambiguous evidence for its relevance. The shortest Nd-Nd separations for Nd8, 

and 3, are 3.82 Å, and 3.75 Å respectively. Given that 3 has the shortest Nd-Nd 

distance, the highest QE, and no observed concentration quenching effects, it is  

reasonable to suggest that separation between Nd atoms within a selenide lattice 

should be less than  3.8 Å to maximize their QEs.

2.4. Conclusions.

" Spectroscopically silent metal azide salts can be used to preferentially 

generate the larger molecular lanthanide cluster, (py)16Ln17NaSe18(SePh)16 by 

forming a lanthanide azido selenolate intermediate, shifting species solubility and 
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influencing product precipitation. The neodymium analogue is a particularly  bright 

NIR emission source, that emits with high intensity in the 1.8 μm range of the 

NIR spectrum and a 35% quantum efficiency for the 4F3/2 - 4I11/2 transition (1070 

nm emission) . The combined influence of a high concentration of neodymium 

encapsulated by a low-phonon environment, relatively few C-H bonds close to 

neodymium and significant Nd-Nd separation, make the systems quantum 

efficiency significantly  higher than neodymium systems with higher quantities of 

oxide and C-H containing ligands. 
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CHAPTER 3. Heterometallic Octahedral Europium Chalcogenolates

3.1 Introduction

" Since europium 2+ and 3+ ions possess localized valence orbital 

configurations (4f7 and 4f6 respectively) with unpaired electrons it should come as 

no surprise that europium chalcogenide systems exhibit magnetic properties.  

Magnetic europium monochalcogenide materials (EuE), have been an active 

area of research since the 1960ʼs.1The well documented variances in the 

magnetic ordering of these species2,3  (O and S = ferromagnetic; Se= 

metamagnetic ; Te=antiferromagnetic) led to their classification as magnetic 

ordering semiconductors4.  Their potential to control conduction through direction 

of quantum spin states and electronic carriers (p- and n- type)5  is an alluring 

target. As a result, current EuE materials research focuses on applications.  From 

composite and phosphor lasers6  to spintronics development (electronic devices 

using spin related phenomena)7  the potential for europium chalcogenide 

materials is vast. 

! Despite their potential, europium chalcogenide systems face fundamental 

and application challenges. First, In binary europium chalcogenides (EuO Tc= 

66.8K, EuS Tc=16.6K, EuSe Tn= 4.6K, and EuTe Tn= 9.6K )8  Tc and Tn 

temperatures are well below the desired threshold for magneto-electronic 

applications. Spintronics seeks to take advantage of electrical resistance 

suppression induced by the application of a large magnetic fields.9 These effects 

have been heightened through the use of multi-junction arrays consisting of 

alternating magnetic and nonmagnetic layers (Fe-Cr, figure 3.1).10 
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Two definitions of MR (DR/R) have been used in the
literature. In the first, the MR, which cannot exceed 100%, is
defined according to Equation (1), where R›fl and R›› are the

DR=R ¼ ðR"##R""Þ=R"# ð1Þ

resistance for antiparallel and parallel alignments of the
magnetizations in two adjacent magnetic layers (Figure 3).

For the comparison of small values, the optimistic definition
of MR is advantageous; according to Equation (2), the MR is

DR=R ¼ ðR"##R""Þ=R"" ð2Þ

infinite for fully polarized electrodes. In this Review, the
realistic definition is used when the MR is lower than 95%.
When the MR is higher than 95%, the optimistic definition is
used to allow better comparison.

Anisotropic magnetoresistance (AMR), the first MR
effect reported, was discovered in 1857 by W. Thomson
(Lord Kelvin).[4] This anisotropic effect is small (ca. 3%) and
depends on the Fermi surface of the material. From the time
of its discovery until 1988, AMRwas the most technologically
important component of the MR of ferromagnets. The AMR
effect has been applied in the fabrication of magnetic sensors
and readout heads for magnetic hard disks.

2.2.1 Giant Magnetoresistance

A breakthrough occurred in 1988 when Gr!nberg et al. ,[5]

and Fert et al.[6] independently discovered giant magneto-
resistance (GMR), which is ten times larger than AMR. This
discovery led to an explosion of research in the field of GMR
comparable to that experienced in the field of high-temper-
ature superconductivity. The GMR effect is observed in
multilayer systems consisting of alternating magnetic and
nonmagnetic layers. It is used in magnetic sensors and in
nearly all hard-disk read heads.

Figure 4 shows an example of such an Fe–Cr multilayer
system.[6] With the application of a magnetic field, the

resistance of the sample can be suppressed by orders of
magnitude. Depending on the thickness of the chromium
layers, the interlayer exchange coupling between the iron
layers changes from ferromagnetic (parallel) to antiferro-
magnetic (antiparallel). Measurements of the electrical
resistance show that when the exchange coupling is anti-
ferromagnetic, the resistance is high. When a magnetic field is
applied, the resistivity drops significantly, as the relative
alignment of the magnetization in neighboring iron layers
goes from antiparallel to parallel. When an electrical field is
applied, the spin-oriented electrons of the iron layers accel-
erate until they encounter a scattering center. Provided that
the interlayer thickness is smaller than the coherence length
of the electron, the electron arrives at the interface of the
neighboring ferromagnetic layer with its initial spin orienta-
tion. In the case of ferromagnetically coupled iron layers, the
arriving electron has a high probability of entering the
adjacent layer because its spin orientation matches that of
the layer. If the exchange coupling is antiferromagnetic, the
electron is scattered at the interface, because its opposite spin
orientation prevents it from penetrating the layer; a high
resistance results. The GMR of an Fe–Cr multilayer with 9-"-
thick chromium layers can reach 79% at 4 K and small fields,
and is still 20% at room temperature.[6]

Read heads and magnetic sensors consist of artificial
multilayers of alternating thin films of ferromagnetic and
nonmagnetic metals. These devices were introduced by IBM
in 1997, and the market for them is now estimated to be
approximately one billion dollars per year.[7] Figure 5 shows a
typical configuration for the measurement of GMR. The
current can be either perpendicular (current perpendicular to
the plane (CPP)) or parallel (current in the plane (CIP)) to

Benjamin Balke earned a degree in chemis-
try and mathematics at the University of
Mainz in 2004. He is currently carrying out
doctoral research on the synthesis and pho-
toemission of Heusler compounds as new
materials for spintronics under the super-
vision of Prof. Claudia Felser at the Institute
of Inorganic and Analytical Chemistry at the
University of Mainz.

Figure 3. Field (arbitrary units) dependence of the realistic and opti-
mistic MR of a multilayer device consisting of ferromagnetic layers
separated by a nonmagnetic layer.

Figure 4. An Fe–Cr multilayer system with ferromagnetic (left) or anti-
ferromagnetic (right) exchange coupling between the iron layers.

Spintronics
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671Angew. Chem. Int. Ed. 2007, 46, 668 – 699 ! 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

Figure 3.1. Fe-Cr Multilayer System.

However, even greater magneto resistance effects have been observed  with 

changes in magnetic field direction (Current in Plane, CIP vs Current 

Perpendicular to the Plane, CPP) and field strength and necessitating 

modifications in device configurations (figure 3.2).11

the interfaces. The GMR effect was originally discovered in a
CIP configuration; however an even larger effect is found for
the CPP configuration.

A spin valve consists of two ferromagnetic layers sand-
wiching a thin nonmagnetic layer. One of the magnetic layers
consists of a hard magnetic material, and its magnetization is
insensitive to moderate magnetic fields (pinned); the second
magnetic layer consists of a soft magnetic material, and its
magnetization can be easily altered by the application of small
magnetic fields (free).

2.2.2. Colossal Magnetoresistance

In 1993, von Helmolt et al.[8] and, somewhat later, Jin
et al.[9] discovered an even larger MR effect in mixed-valence
manganese perovskites: colossal magnetoresistance (CMR).

In general, the resistance of a bulk ferromagnetic material
is reduced at low temperatures (deviating from the resistance
curve of a nonmagnetic metal). Near the Curie temperature
(temperature of ferromagnetic ordering), the resistance
increases, owing to the scattering of the conduction electrons
by spin disorder. Scattering by spin fluctuations is usually a
small effect and, in transition metals, resistance changes of
only a few percent occur near the Curie temperature. The
magnitude of the CMR observed for the perovskite mangan-
ites cannot be explained by the scattering of conduction
electrons; rather, it is the result of a temperature-dependent
metal–insulator transition.

The most famous system is based on LaMnO3 and is
described in detail in reference [10]. Most manganites that
exhibit CMR belong to the perovskite family. When lantha-
num is partially substituted by an alkaline-earth cation, the
compound becomes metallic and a large negative MR is
observed. Unsubstituted LaMnO3, which contains Mn3+, is
antiferromagnetic and does not exhibit CMR. CaMnO3

contains only Mn4+ and is also an antiferromagnetic insulator.
Upon substitution of lanthanum by calcium to a concentra-
tion of x= 0.2–0.4, La1!xCaxMnO3 becomes mixed-valent and
ferromagnetic, and exhibits a sharp drop in resistance as a
result of a unique type of metal (low temperatures)–insulator
(high temperatures) transition (Figure 6). This family of
manganites exhibits an exceptionally rich variety of physical

properties in which electronic correlations, and spin and
orbital ordering play an essential roles.

A number of systems other than the perovskite mangan-
ites also exhibit CMR, including the perovskite-derived
Ruddlesden–Popper phases RE1+xSr2!xMn2O7 (RE= triva-
lent rare earth),[12] perovskite cobalt oxides,[13] pyrochlore
thallium or indium manganites,[14] spinels such as
Fe0.5Cu0.5Cr2S4,[15] 14-1-11 phases such as
Eu13.97Gd0.03MnSb11,[16] Mn1!xFexS,[17] and the layered rare-
earth iodide GdI2.[18] CMR has long been known in EuO,[19] in
Gd3!xS4,

[20] and in a few other rare-earth compounds. Of the
elements, gadolinium metal exhibits the largest negative
MR,[21] which, however, is much smaller than that of the
perovskite manganese oxides and is not associated with a
metal–insulator transition. The families of compounds exhib-
iting CMR will be discussed in detail below.

Although the MR effect is large in the perovskite
manganese oxides, neither the sensitivity (MR in low fields)
nor the temperature dependence (small MR at room temper-
ature) is sufficient for applications. Nevertheless, CMR
systems are still the subject of considerable attention, because
La0.7AE0.3MnO3 (AE=Ca, Sr, Ba),[9] GdI2,[17,18] and
Eu13.97Gd0.03MnSb11

[22, 23] are half-metallic ferromagnets. It is,
therefore, assumed that a compound that exhibits CMR also
exhibits a high spin polarization of the conduction electrons.
The spin polarization of a material is defined as the difference
between the numbers of majority (spin-up, ›) and minority
(spin-down, fl) electrons at the Fermi energy. The maximum
spin polarization is 100% (see Section 2.2.3).

2.2.3. Tunnel Magnetoresistance

The use of half-metallic electrodes in spin valves or in
magnetic tunnel junctions (MTJs) results in a pronounced
increase in MR. As illustrated in Figure 7, a tunnel junction is
a device in which a pinned magnetic layer and a free magnetic
layer are separated by a very thin insulating layer, commonly
Al2O3. The effect is based on the tunneling of electrons
through the insulating barrier and is called tunnel magneto-
resistance (TMR; described in detail in reference [24]). Early

Figure 5. A typical multilayer configuration for the measurement of
GMR. The red arrows indicate the direction of the current in the CIP
and CPP configurations. The white arrows indicate the exchange
coupling between the magnetic layers (blue).

Figure 6. Temperature and field dependence of the resistivity of a thin
film of La0.9Sr0.1MnO3 (inset: temperature–field phase diagram; the
dashed line is the metal–insulator boundary).[11]

et al.Reviews
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Figure 3.2. Fe-Cr Multilayer Configuration for CIP and CPP Magneto Resistant 

Platforms.

 Maintaining the magnetic spins across metal/insulator and metal/magnet 

junctions requires unique materials with tunneling and magnetic spin filtering 
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capabilities. The internal magnetic fields generated by Eu2+ in europium 

monochalcogenides induce a splitting (Zeeman Effect)12  of the generated spin 

sub  bands.13  The combination of ferromagnetic ordering and strong Zeeman 

effects make EuO and EuS  viable candidates as field dependent spin filters in 

multi junction devices.14  Unfortunately  low Curie temperatures preclude their full 

implementation. 

! Based upon a fundamental understanding of magnetic ordering principles 

numerous attempts sought to improve EuE critical temperatures. The Tc and Tn 15 

define the climate under which the magnetic moment (magnetic susceptibility, χ 

is the more commonly used metric) for magnetically  ordered (ferromagnetic and 

antiferromagnetic respectively) materials become paramagnetic. The relation 

between temperature and χ are expressed by the Curie-Weiss law (equation 

3.1). C represents the Curie constant while T and Tc represent the active 

temperature and the Curie temperature respectively. C is further defined in 

equation 3.2.

χ =
C

T − Tc
Equation 3.1. Curie-Weiss Law.
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C =
µoµb

2

3kb
Ng2J(J +1)

µeff =
3kbC

(N /V )µ2
B

= 2.828 C

Equation 3.2. Curie Constant and Effective Magnetic Equations.

  In the above, N is the number of magnetic atoms per unit of volume, g is the 

Landé g-factor, μo is the permeability constant, μb is the bohr mangeton, J is the 

angular momentum and kb is the Boltzmannʼs constant.  Since, the magnitude of 

the Curie constant is proportional the number of magnetic atoms/molecules per 

unit of volume13 varying the number of magnetic species was expected to effect 

the Curie and Neel temperatures as well. Gadolinium was successfully doped in 

EuO thin films and EuS nanoparticles by  Ott16and Kar17  respectively. The EuO 

materials  displayed an increased Tc values from 67K to 170K in 4%Gd:EuO, 

while a decrease in Tc from 16.6K to 7.82K for 2%Gd:EuS was reported. 

Unfortunately, improved Tc and Tn values for nano and solid state materials have  

been few and far between. Oxide dopants 18 as well as systems with calcium19  

lead20  and strontium21  species have all been investigated. These materials 

offered profound insight into the relationships surrounding magnetic susceptibility 

and particle size22  as well as the influence of phase and lattice parameters. 

Nevertheless, they did little to raise critical temperatures to within desired ranges, 

while maintaining the magneto-resistant properties desired. 
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 ! The second issue confronting EuE is the lack of single crystalline divalent  

and trivalent models. Despite the advantages made through solid state23  and 

nanofabrication 24 a clear understanding of the structural and valence influences 

on magnetic properties has eluded EuE researchers. To date nano and solid 

state EuE syntheses rely on colloidal, and thermolytic processes.25  These 

products regularly display polycrystalline morphologies and colloid structures, 

unsuitable for determining more precise crystallographic information. This is 

particularly confounding since Mossbauer studies26  of both material types reveal 

the presence of Eu2+ and Eu3+ ions in europium monochalcogenides27. Eu2+ and 

Eu3+  exhibit significant differences in ionic radii (Eu2+: 1.31-1.49 Å and Eu3+: 

1.08-1.26 Å ) according to shannon28  and can lead to strained lattices29  and 

interrupted/altered magnetic coupling interactions.  Simultaneously, the 4f7 and 

4f6 electronic configurations necessitate distinct total angular momenta (J-states). 

Equations 3.1 and 3.2 shows the interrelationship between J-states, the curie 

constant and magnetic susceptibilities. Therefore, the potential information 

gleened from individual valence vs magnetic studies could be invaluable in 

determining the coupling mechanism underlying the variances in EuE magnetic 

ordering. As a result, crystalline EuE coordinated models of a single valence 

provide a platform for the investigation of structural and valence influences on 

EuE magnetic ordering.

! The introduction of sodium azide into a solution based EuE environments 

offers several opportunities. First, studies of the effect of sodium on the magnetic  

properties of EuE products is noticeably absent from the literature and could 
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provide additional insight into the optimization of Tc and Tn through doping. 

Second, the monovalent ions of the alkali metals regularly stabilize solid state 

and solution based rare earth single crystalline phases. The range of materials   

produced (clusters to ternary solids) makes the possibility  of isolating species 

with unique Na-E-Eu architectures a viable one. Third, EuE productsʼ notorious 

insolubility, in most solvents, could be overcome by the presence of additional 

cations as well soluble E anion sources such as chalcogenolates. This 

combination has already been shown to provide greater solubility to 

intermediates and promote single crystal formation through a slower nucleation 

process in the previous two chapters. Finally, the azide anion while an emissive 

quencher has been shown to serve as a non competitive leaving group in 

lanthanide chemistry when directed. 

3.2 Eu(EPh)4(Na)2•2DME: Synthesis, Structure, and Discussion

" While investigating the potential of sodium azide in the formation of 

solution based europium chalcogenide clusters the title complexes were 

synthesized. The combination of 2 equivalents of  Eu(EPh)2 , and 4 equivalents 

of sodium azide in DME (Scheme 3.1) resulted in the isolation of the (DME)2Eu

(EPh)4(Na)2 complexes.

2Eu + 2(EPh)2+Hg 45ml DME
4NaN3

(DME)2Eu(EPh)4(Na)2

E= S,Se

Scheme 3.1. Synthesis of (DME)2Eu(EPh)4(Na)2.
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! The isostructural (DME)2Eu(SPh)4(Na)2 and (DME)2Eu(SePh)4(Na)2 

complexes were produced in good yield (73% and 61% respectively), with r-

factors  of 7% and 4% for each.  A tellurium analogue of the above system was 

attempted but could not be isolated. 

Figure 3.1 ORTEP Structure of (DME)2Eu(SePh)4(Na)2 Motif.

Figure 3.2. ORTEP of (DME)2Eu(SPh)4(Na)2 Unit Cell Structure.
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Empirical Formula C32H40Na2EuO4S4 C32H40Na2EuO4Se4

Formula Weight 814.82 1002.42

Temperature (K) 100 100

Wavelength (Å) 0.71073 0.710703

Crystal System monoclinic monoclinic

Space Group P2 P2

a (Å) 13.4272(14) 13.5182(6)

b (Å) 5.2238(5) 5.3571(2)

c (Å) 14.2150(15) 14.3881(6)

β (deg) 117.35(3) 117.277(1)

volume (Å3) 885.60(16) 926.10(7)

Density (calculated)      
(Mg/m3)

1.528 1.797

Z 1 1

Final R indices 
[I>2sigma(I)]

R1=.0746 
WR2= .1733

R1=.0395
WR2= .0959

Table 3.1. Crystal Data and Structure Refinement for (DME)2Eu(SPh)4(Na)2 and 

(DME)2Eu(SePh)4(Na)2
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                  Figure 3.3. ORTEP of (DME)2Eu(SePh)4(Na)2 Trimer Sideview.

!  (DME)2Eu(EPh)4(Na)2 (E= S, Se) consists of a single core europium ion 

on a crystallographic 2-fold axis, coordinated to 2 pairs of μ3-chalcogenolates. 

The four chalcogenolates form a distorted planar confirmation around the central 

europium, while the phenyl rings are oriented trans to the plane (figure 3.2). The 

pairs are coordinated to two 5 coordinate (DME) Na(EPh) end caps, with two μ3 -

EPh groups bound to europium atoms on adjacent complexes. As a result, each 

europium exists in a distorted octahedral chalcogenide environment (figure 

3.3-3.4). A comparison of bond distances for the two systems (table 3.2) displays 

bond ranges of 2.97-3.10 for (DME)2Eu(SPh)4(Na)2 and 3.08-3.17 for (DME)2Eu

(SePh)4(Na)2. These bond distributions were consistent with previously published 

EuEPh systems.30 
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       Figure 3.4. ORTEP of (DME)2Eu(SPh)4(Na)2  Extended Lattice Packing.
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Bonds:
 Eu(SPh)4(Na)

2•2DME

Bond Distance 
(Å) 

Bonds:
 Eu(SePh)4(Na)

2•2DME

Bond Distance 
(Å) 

Eu(1)-S(2) 2.974(3) Eu(1)-Se(1)1 3.0809(4)

Eu(1)-S(2)1 2.974(3) Eu(1)-Se(1) 3.0809(4)

Eu(1)-S(1)1 3.064(10) Eu(1)-Se(2)1 3.1597(14)

Eu(1)-S(1) 3.064(10) Eu(1)-Se(2) 3.1597(14)

Eu(1)-S(1)2 3.100(9) Eu(1)-Se(2)2 3.1747(15)

Eu(1)-S(1)3 3.100(10) Eu(1)-Se(2)3 3.1747(15)

Eu(1)4-S(1) 3.100(9) Eu(1)4-Se(2) 3.1747(15)

Na(1)-O(1) 2.397(12) Na(1)-O(2A) 2.368(6)

Na(1)-O(2) 2.460(10) Na(1)-O(1A) 2.437(6)

Na(1)-S(2)4 2.748(17) Na(1)-Se(1) 2.876(8)

Na(1)-S(2) 2.800(18) Na(1)-Se(2)1 3.0374(16)

Na(1)-S(1) 2.927(5) Na(1)2-Se(1) 2.838(7)

Na(1)3-S(2) 2.748(18) Na(1)1-Se(2) 3.0375(16)

Table 3.2. Select Bond Distances for (DME)2Eu(SPh)4(Na)2 and                     

(DME)2Eu(SePh)4(Na)2.
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Bonds: Eu(SPh)4(Na)
2•2DME

Angle 
(deg)

Bonds: Eu(SePh)4(Na)
2•2DME

Angle 
(deg)

S(2)-Eu(1)-S(2)1 179.8(4) Se(1)1-Eu(1)-Se(1) 179.94(8)

S(2)-Eu(1)-S(1)1 96.5(2) Se(1)1-Eu(1)-Se(2)1 96.30(4)

S(2)1-Eu(1)-S(1)1 83.7(2) Se(1)-Eu(1)-Se(2)1 83.76(4)

S(2)-Eu(1)-S(1) 83.7(2) Se(1)1-Eu(1)-Se(2) 83.76(4)

S(2)1-Eu(1)-S(1) 96.48(19) Se(1)-Eu(1)-Se(2) 96.30(4)

S(1)1-Eu(1)-S(1) 64.6(2) Se(2)1-Eu(1)-Se(2) 64.67(4)

S(2)-Eu(1)-S(1)2 96.26(19) Se(1)1-Eu(1)-Se(2)2 83.73(4)

S(2)1-Eu(1)-S(1)2 83.6(2) Se(1)-Eu(1)-Se(2)2 96.21(4)

S(1)1-Eu(1)-S(1)2 115.87(9) Se(2)1-Eu(1)-Se(2)2 179.83(3)

S(1)-Eu(1)-S(1)2 179.6(2) Se(2)-Eu(1)-Se(2)2 115.497(10)

S(2)-Eu(1)-S(1)3 83.6(2) Se(1)1-Eu(1)-Se(2)3 96.21(4)

S(2)1-Eu(1)-S(1)3 96.26(19) Se(1)-Eu(1)-Se(2)3 83.73(4)

S(1)1-Eu(1)-S(1)3 179.6(2) Se(2)1-Eu(1)-Se(2)3 115.497(10)

S(1)-Eu(1)-S(1)3 115.87(9) Se(2)-Eu(1)-Se(2)3 179.83(3)

S(1)2-Eu(1)-S(1)3 63.7(2) Se(2)2-Eu(1)-Se(2)3 64.33(3)

Table 3.3. Coordination Angles for the Central Eu2+ in (DME)2Eu(SPh)4(Na)2 and  

(DME)2Eu(SePh)4(Na)2

! While nearly analogous to previous work in bridging motifs and extended 

structures, the presence of the rarely seen solvent free octahedral europium 

coordination environment in (DME)2Eu(EPh)4(Na)2 products supports the idea of 

an additional structural influence in the reaction. The ability to modify  the bridging 

modes and nuclearity  of lanthanide chalcogenolate complexes through ionic radii 

and chalcogenolate selection has been throughly explored and characterized.31 
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Beradiniʼs [(THF)3Eu(μ-SePh)2]∞ and [{(py)2Eu(μ-SePh)2}4]∞ (figure 3.4)  Brewerʼs 

[(py)3Eu(μ2-SPh)2(μ3-SPh)M(SPh)]2·2py (figure 3.6) and Khasnisʼ [(THF)3Eu

(TeC6H5)2NaTePh]∞ and [(THF)2EuII(TeC6H5)2]∞(figure 3.7 and figure 3.8)32 

complexes highlight the structural preferences of molecular europium 

speciesʼ ( specific chalcogenolate bridging modes (μ2 and μ3) and discrete 

coordination numbers (6,7,8) with non directional geometries). A particularly 

interesting observation is the absence of neutral donor free octahedral 

coordination in any of the above structures including [(THF)3Eu(TeC6H5)2NaTePh]

∞ where sodium was present. The presence of μ3 chalcogenolate bridges, and a 

1-D polymeric configuration in the (DME)2Eu(EPh)4(Na)2 structure highlights 

similarities between the systems. Conversely, the solvent-free octahedral 

coordination sphere suggests the presence of additional influences on structure 

determination since the presence of Na and chalcogenolate alone did not yield a 

similar motifs.8502 J.  Am. Chem. SOC., Vol. 115, No. 18, 1993 Communications to the Editor 

is formed. Upon heating, the compound does not melt but 
gradually turns red and decomposes at 400 O C .  The UV-visible 
spectrum of 2 dissolved in pyridine contains a diagnostic broad 
absorption at 392 nm. The complete absence of a UV-visible 
absorption for 1 suggests that the absorption in 2 involves transfer 
of an electron from the divalent metal ion to a pyridine ligand. 

Both of these air and moisture sensitive compound reflect the 
tendency of chalcogenolate ligands to bridge metal centers and 
the tendency of the rare earth elements to optimize electrostatic 
interactions. We are currently examining the effects of dimen- 
sionality and structure on the magnetic and solid-state optical 
properties of these compounds. 

N2 N4 N6 N8 

Sel  Se8 

Sel  Se8 

N1 N3 N5 N7 

FQpe 2. Extended coordination sphera in [{(pyridine)2Eu~-SeCd-I~)2)& 
(carbon atoms removed for clarity). The distorted octahedral Eu(I1) 
ions are bound to trans pyridine ligands and two pairs of bridging 
phenylselenolato ligands which bind to the adjacent metal ions in a one- 
dimensional array. Thermal ellipsoids (ORTEP) are drawn at the 50% 
probability level. Average distances (A): E u S e ,  3.10(3); Eu-N, 2.69- 
(2). Average angles (deg): Se-EuSe (cis Sebound to the same adjacent 
Eu), 77(7); Se-Eu-Se (cis Se bound to different neighboring Eu), 103- 

coupled MClz(py)l transition-metal polymers,* and the octahedral 
europium ion represents a one-dimensional fragment of the solid- 
state EuSe lattice, which adopts the NaCl structure. Compound 
2 is extremely sensitive with respect to pyridine dissociation. After 
minutes at  room temperature, the crystals become opaque, and 
elemental analysis indicates that a 1 : 1 pyridine:europium complex 

( 5 ) ;  E u - S e C ,  113(1); E u S ~ E U ,  102(7); N-Eu-N, 175(3). 

(8) Richards, P. R.; Quinn, R. K.; Morosin, B. J .  Chem. Phys. 1973,59, 
4474-4478. 

Acknowledgment. This work was supported by the National 
Science Foundation under Grant No. CHE-9204160. We thank 
Professor Helen Berman for the use of the low-temperature X-ray 
diffraction equipment. 

Supplementary Material Available: Tables of crystallographic 
details, additional bond geometries, and complete ORTEP 
diagrams for 1 and 2 (34 pages); listings of observed and calculated 
structure fators for 1 and 2 (46 pages). Ordering information 
is given on any current masthead page. 

Figure 3.5. Extended Coordination Sphere of [{(py)2Eu(μ-SePh)2}4]∞.
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length of a Cd-S bond. Zinc-sulfur bond lengths compare 
similarly. The average p2 Zn-S bond lengths in 3 (2.36(2) A) 
are statistically indistinguishable from the p2 Zn-S bond lengths 
in the Za(SPh)lo dianion (2.36(2) A)13 and a neutral Zn(SPh)2 
derivativeI4 (2.35(2) A). 

UV-Visible Characterization. The W-visible spectro- 
scopic properties of the divalent lanthanide chalcogenolates in 
pyridine solution are dominated by intense metal-to-ligand 
charge transfer (MLCT) excitations that were assigned by 
comparison of visible properties of THF and pyridine derivatives 
and by comparison of isostructural (py)~Yb(TePh)2 and 
(py)~Eu(TePh)2.~~-g These transitions appear to be a sensitive 
indicator of the electron density at the lanthanide center. In 
heterometallic benzeneselenolate chemistry, coordination of Eu- 
(SePh)2 to Hg(SePh)2 resulted in a higher Eu to py CT energy 
relative to the monometallic Eu(SePh)z, and the CT energy was 
further increased by substitution of Zn for the Hg ion. This 
trend was interpreted in terms of the group 12 metals polarizing 
selenolate electron density away from the Eu ion.5 

In contrast, in the present work there is no linear change in 
optical excitation energy as a function of group I1 metal in 
complexes 1-3. Substitution of Cd for Hg does increase the 
energy required to transfer an electron from Eu to py, as might 
be expected since the Cd-S bonds will be stronger than Hg-S 
bonds. However, a continuation of this effect is not observed 
upon incorporation of Zn, and instead, complex 3 exhibits the 
lowest Eu-py CT energy of the three thiolates. 

A determination of the heterometallic solution structure would 
be required for an unambiguous assessment of these anomalous 
MLCT energies. Our inability to isolate a heterometallic Eu/ 
Zn complex from pyridine suggests that a nontetrametallic 
structure may exist for 3 in pyridine, and this complicates a 
direct comparison of spectroscopic data. In related heterome- 
tallic benzeneselenolate work, the dependence of solution 
structure on solvent has been well documented with studies on 
the hexametallic chalcogenolate complex [Yb(THF)6][Hgs- 
(SePh)12].~~ This complex cation-anion pair is indefinitely 
stable in THF solution, but when the compound is dissolved in 
acetonitrile, crystalline Hg(SePh)2 precipitates over a period of 
days. More striking is the reaction of this YbHgs(SePh)12 salt 
with pyridine to give a Yb(III) heterometallic selenolate complex 
and elemental Hg. The dependence of solution structure upon 
the identity of the solvent precludes an assessment of the UV- 
visible data for 1-3. 

Thermolysis. The thermolysis chemistry of compounds 1-3 
was investigated, and the final solid state thermolysis products 
were identified by X-ray powder diffraction. The Hg complex 
1 decomposes by first eliminating Hg and PhSSPh, which can 
be identified visually. The remaining “Eu(SPh);’ decomposes 
at elevated temperatures to eliminate PhzS, and X-ray powder 
diffraction was used to identify the remaining black solid as 
EuS. The formation of carbide impurities in the final product 
can be kept below 1 %  by slowly raising the oven temperature 
over a period of days. Rapid heating gives a black solid that 
has an identical XFWD profile, but with a significant amount 
(’8%) of carbide contamination that can be detected by 
combustion analysis. The separation of the component metals 
in the decomposition of 1 is not surprising-Hg(SR)2 compounds 
have been shown either to reductively eliminate RSSR or to 
form HgS and R2S, with the final product depending on the 
identity of R.I5 In the thermolysis of 1, facile reductive 

-- 0 
Figure 1. Molecular structures of [(PY)~EU@~-SP~)~@~-SP~)M- 
(SPh)]2*2 py (compound 1, M = Hg; compound 2, M = Cd). The 
tetrametallic clusters contain 7-coordinate Eu ions and 4-coordinate 
group I1 metal ions, connected by ,u2  and p3 benzenethiolate ligands. 
The lattice pyridine has been omitted for clarity. Thermal ellipsoids 
(ORTEP) are drawn at the 50% probability level (M = Cd). 
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-v 
Figure 2. Molecular structure of [(THF)~EU@~-SP~)~@~-SP~)Z~- 
(SPh)]yTHF. Tetrametallic cluster 3 has the same heavy-atom con- 
nectivity as 1 and 2 but is not isostructural. The lattice THF has been 
omitted for clarity. Thermal ellipsoids (ORTEP) are drawn at the 50% 
probability level. 

and Cd benzenethiolates, as well as the adamantanoid dianion 
Zm(SPh)lo2-, are most suitable reference points because they 
have phenyl substituents and are 4-coordinate group 12 metals; 
the structurally similar Zn and Cd tetrametallic thiolate halides” 
are less suitable because, in addition to the two M-S and two 
M-N bonds, the metals also interact to some extent with the 
halide ligands. If we compare the doubly bridging Cd-S bond 
lengths in 2 (2.546(3) A) with the p2 Cd-S bond lengths in 
neutral [Cd(SPh)2], (2.54(1) & , I 2  we can determine that the 
presence of a Eu(I1) ion does not significantly influence the 

(11) (a) Fawcett, T. G.; Ou, C.-C.; Potenza, J. A,; Schugar, H. J. J. Am. 
Chem. SOC. 1978,100,2058-62. (b) Canty, A. J.; Raston, C. L.; White, 
A. H. Aust. J. Chem. 1978.31, 677. (c) Hu, W. J.; Barton, D.; Lippard, 
S. J. J .  Am. Chem. SOC. 1973, 95, 1170-3. 

(12) Craig, D.; Dance, I. G.; Garbutt, R. Angew. Chem., Inf. Ed. Engl. 1986, 
25, 165. 

(13) Hencher. J .  L.: Khan. M. A.: Said. F. F.: Tuck. D. G. Polvhedron ~, 

1985, 4, 1263. 
(14) Dance, I. J. Am. Chem. SOC. 1980, 102, 3445. 

Figure 3.6. Molecular Structure of [(py)3Eu(μ2-SPh)2(μ3-SPh)M(SPh)]2·2py (M= 

Cd, Hg).
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Table 3. Selected Bond Lengths (A) and Angles (deg) for Za 

Khasnis et al. 

E u a ( 2 )  
Eu-Te(2)’ 
Eu-Te( I ) ”  
Te(l)-C(I) 
Te( 2)-C (7) 

O( l)-Eu-Te(2)’ 
O( 1)-Eu-Te( 1) 
0(2)-Eu-Te( 1)” 
Te(2)’-Eu-Te( 1 )” 
O( 2)-Eu-Te(2) 
Te( 2)’-Eu-Te(2) 
Te( 1)”-Eu-Te(2) 
C( 1)-Te( I)-Eu” 
C( 7)-Te(2)-Eu’ 
Ed-Te(2)-Eu 

0(2)-Eu-O( 1) 

2.491(3) 

3.349(2) 
2.122(5) 
2.122(4) 

3.335(2) 

98.2(1) 
86.64(9) 

164.36(9) 
88.73(9) 

167.29( 1) 
154.78(9) 
85.66( 3) 

105.18(3) 
95.6(1) 
99.1(1) 
94.34(3) 

Eu-O( 1) 
Eu-Te( 1) 
Eu-Te( 2) 
Te( 1)-Eu“ 
Te( 2)-Eu‘ 

0(2)-Eu-Te(2)’ 
0(2)-Eu-Te( 1) 
Te(2)’-Eu-Te( 1) 
O( 1)-Eu-Te( I ) ”  
Te( 1 )-Eu-Te( 1)’’ 
O( 1)-Eu-Te(2) 
Te( 1)-Eu-Te(2) 
C( 1)-Te( 1)-Eu 
Eu-Te( 1)-Eu” 
C(7)-Te(2)-Eu 

2.512(3) 
3.346(1) 
3.359(1) 
3.349(2) 
3.3 35(2) 

83.73(8) 
9 3.68 (8) 

104.84(3) 
84.31(8) 
85.79(3) 

103.98(8) 
67.10(2) 

119.6( 1) 
94.21(3) 

118.5(1) 

Symmetry transformations used to generate equivalent atoms: (/) 

Table 4. Selected Bond Lengths (A) and Angles (deg) for 9 
Y b( 1)-0(2) 2.394(6) Yb(l)-O(l) 2.397(6) 
Yb( 1)-Te( 1) 3.1358( 14) Yb( 1)-Te(2) 3.1701(13) 
Yb( 1)-Te(3) 3.1964( 14) Yb( l)-Te(4) 3.2106( 14) 
Yb( 1)-Yb(2) 4.109( 2) Yb(2)-0(4) 2.384(7) 
Yb(2)-0(3) 2.400(6) Yb(2)-Te(1)’ 3.155(1) 
Yb(2)-Te(4) 3.2001 (14) Yb(2)-Te(2) 3.218(2) 
Y b(2)-Te(3) 3.2240(13) Te(1)-C(l) 2.120(9) 
Te( l)-Yb(2)” 3.1553(14) Te(2)-C(7) 2.133(10) 
Te(3)-C(13) 2.141 (10) Te(4)-C( 19) 2.130(9) 
0(2)-Yb(l)-O(l) 96.7(2) O(2)-Yb(1)-Te(1) 88.5(2) 
O(1)-Yb(1)-Te(1) 83.5(2) 0(2)-Yb(l)-Te(2) 90.3(2) 
O( 1 )-Y b( 1 )-Te( 2) 87.8(2) Te( 1)-Yb( 1)-Te(2) 171.04(2) 
0(2)-Yb(l)-Te(3) 89.3(2) O(1)-Yb(1)-Te(3) 169.5(2) 
Te(1)-Yb(1)-Te(3) 105.29(3) Te(Z)-Yb(l)-Te(3) 83.58(3) 
O(2)-Yb( 1)-Te(4) 171.1 (2) O( 1)-Yb( 1)-Te(4) 87.9(2) 
Te( 1 )-Y b( 1)-Te(4) 99.59(4) Te(2)-Y b( 1)-Te(4) 82.2 l(3) 
Te(3)-Yb(l)-Te(4) 85.03(4) 0(4)-Yb(2)-0(3) 85.0(2) 
0(4)-Yb(Z)-Te(l)’ 86.8(2) 0(3)-Yb(2)-Te(l)’ 89.37(14) 
0(4)-Yb(2)-Te(4) 92.5(2) 0(3)-Yb(Z)-Te(4) 95.32(14) 
Te( I )‘-Y b(2)-Te(4) 175.18(2) 0(4)-Yb(2)-Te(2) 102.0(2) 
O(3)-Y b(2)-Te(2) 172.4(2) Te( I )’-Y b(2)-Te(2) 93.83(4) 
Te(4)-Yb(2)-Te(2) 81.64(4) 0(4)-Yb(Z)-Te(3) 174.5(2) 
0(3)-Yb(2)-Te(3) 90.5(2) Te(l)’-Yb(Z)-Te(3) 96.33(3) 
Te(4)-Yb(2)-Te(3) 84.75(3) Te(2)-Yb(2)-Te(3) 82.39(3) 
C(1)-Te(1)-Yb(1) 107.5(2) C(1)-Te(1)-Yb(2)” 102.5(2) 
Yb( 1)-Te( 1)-Yb(2)” 149.34(3) C(7)-Te(2)-Yb( 1) 1 12.1(2) 
C(7)-Te(2)-Yb(2) 108.7(2) Yb(l)-Te(Z)-Yb(Z) 80.06(4) 
C( 13)-Te(3)-Yb( 1) 100.9(2) C( 13)-Te(3)-Yb(2) 1 12.1 (3) 
Yb(l)-Te(3)-Yb(2) 79.58(3) C(19)-Te(4)-Yb(2) 108.5(3) 
C(19)-Te(4)-Yb(l) 112.3(3) Yb(Z)-Te(4)-Yb(l) 79.72(3) 

-x+ 1 ,-y+ 1 ,-z+ 1 ; (”) -x,-y+ 1 ,-z+ 1, 

Symmetry transformations used to generate equivalent atoms: (’) 
x,--Y+1/2,z+1/2; (”) x,-y+1/2,z-L/2. 

bridges between one Eu and two N a  ions, while the third type 
of phenyltellurolate bridges one N a  and one Eu (Eu-Te(1) = 
3.324(2) A). The compound can be viewed as alternating pairs 
of paramagnetic ions separated by diamagnetic spacers. Seven- 
coordinate Eu(II), with three neutral donors and four bridging 
phenylchalcogenolate ligands, was also observed in the mono- 
metallic polymer [ ( T H F ) ~ E u ( S ~ C ~ H ~ ) ~ ] , ,  but the phenylsele- 
nolate ligands spanned only two metal centers. In 1, the 
tellurolates must bridge additional metal centers to satisfy the 
additional coordination requirements of the N a  ions, which 
generally coordinate a t  least four monodentate ligands. One 
previously reported alkali/rare earth chalcogenolate compound, 
LiYb(SePh)4(pyridine)4,Scalso contained a pair of chalcogenolate 
ligands bridging alkali and rare earth metal centers, but in that 
case the stronger pyridine donor was competitive with bridging 
phenylselenolate, and a molecular structure with both bridging 
and terminal phenylselenolates was observed. In tellurolate 
chemistry, pyridine displaces the less basic Te  ligands, and 
molecular pyridine complexes result. 

X-ray structural characterization of 2 revealed a new type of 
rare earth chalcogenolate coordination polymer, with octahedral 

Figure 1. ORTEP diagram of the light yellow 1 D bimetallic coordination 
polymer [(THF)3Eu1I(p-TeC6H5)2Na-p-TePh],. The seven coordinate 
Eu(I1) ions are bound to three THF ligands, a pair of p3-phenyltellurolate 
ligands which bridge the two europium ions and a Na ion, a p3-tellurolate 
which bridges a single Eu ion and two adjacent Na atoms, and a pz- 
tellurolate that bridges a Eu ion and one Na. Average distances (A): 
Eu-Te, 3.38(2); Eu-O, 2.57(1); Na-Te, 3.14(2). Significant angles 
(deg): Te2-Eu-TeZa, 61.45(5); Te2-Eu-Tel, 89.58(5); Te2-Eu-Te3, 
91.31(5); Eu-Te-Eua, 118.6(1); Eu-Te-C, 115.1 (range 103.6(C1)- 
124.5(C7); Na-Te-C, 109.4 (range 101.6(C13)-117.6(C7); Te-Na- 
Te, 109.65 (range 91.0-124.7). 

Figure 2. ORTEP diagram of the light yellow ID coordination polymer 
[(THF)~EU~~(~-T~C~H~)~],. The octahedral Eu(I1) ion is bridged to two 
adjacent metal ions through pairs of phenyltellurolato ligands and cis- 
THFligands. Averagedistances (A): Eu-Te, 3.35(1), Eu-O, 2.50(1) A. 
Significant angles (deg): 01-Eu-02, 98.2(1); Tel-Eu-Te2, 67.1(2); 
0-Eu-Te(cis), 90.2 (av); Eu-Te-C, 107.9 (range 95.6-1 19.6); Eu-Te- 
Eu (av), 94.3(1). 

metal centers bridged to adjacent metal ions through pairs of 
phenyltellurolates, and cis THF (Figure 2). While this structure 
represents a 1D array of paramagnets, a magnetic susceptibility 
study on the related selenolate polymer 5d [(pyridine)zEu- 
(SeC6H5)2], showed no magnetic ordering as low as 2 K,13 and 
so we anticipate no measurable magnetic interactions between 
the Eu(I1) ions in 1 or 2, where the Eu-Eu distances are  greater 
(in (pyridine)2Eu(SeCaH5)2, the Eu-Eu distances range from 
4.64 to 5.05 A, in 1, Eu-Eu = 5.82 A, and in 2, Eu-Eu = 4.90 
A). The coordination of two neutral donors in 2, and three T H F  
ligands in 1, can be rationalized in terms of steric interactions 
within the secondary coordination spheres of 1 and 2. The N a  
ions present in 1 force the phenyltellurolate ligands to span more 
than two metal ions, and this produces a larger effective ionic 
radius for the tellurolate ligands. This larger ligand ionic radius, 
in turn, increases the distance of the phenyl groups from the 
europium center, alleviates steric strain within the molecule, and 
permits coordination of an additional neutral donor to the Eu ion 
in 1. 

Structural characterization of 3 showed yet another type of 
chalcogenolateconnectivity between rare earths. Figure 3 shows 

(13) N. Edelstein, private communication. 

Figure 3.7. Molecular Structure of [(THF)3Eu(TePh)2NaTePh]∞.
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Table 3. Selected Bond Lengths (A) and Angles (deg) for Za 

Khasnis et al. 

E u a ( 2 )  
Eu-Te(2)’ 
Eu-Te( I ) ”  
Te(l)-C(I) 
Te( 2)-C (7) 

O( l)-Eu-Te(2)’ 
O( 1)-Eu-Te( 1) 
0(2)-Eu-Te( 1)” 
Te(2)’-Eu-Te( 1 )” 
O( 2)-Eu-Te(2) 
Te( 2)’-Eu-Te(2) 
Te( 1)”-Eu-Te(2) 
C( 1)-Te( I)-Eu” 
C( 7)-Te(2)-Eu’ 
Ed-Te(2)-Eu 

0(2)-Eu-O( 1) 

2.491(3) 

3.349(2) 
2.122(5) 
2.122(4) 

3.335(2) 

98.2(1) 
86.64(9) 

164.36(9) 
88.73(9) 

167.29( 1) 
154.78(9) 
85.66( 3) 

105.18(3) 
95.6(1) 
99.1(1) 
94.34(3) 

Eu-O( 1) 
Eu-Te( 1) 
Eu-Te( 2) 
Te( 1)-Eu“ 
Te( 2)-Eu‘ 

0(2)-Eu-Te(2)’ 
0(2)-Eu-Te( 1) 
Te(2)’-Eu-Te( 1) 
O( 1)-Eu-Te( I ) ”  
Te( 1 )-Eu-Te( 1)’’ 
O( 1)-Eu-Te(2) 
Te( 1)-Eu-Te(2) 
C( 1)-Te( 1)-Eu 
Eu-Te( 1)-Eu” 
C(7)-Te(2)-Eu 

2.512(3) 
3.346(1) 
3.359(1) 
3.349(2) 
3.3 35(2) 

83.73(8) 
9 3.68 (8) 

104.84(3) 
84.31(8) 
85.79(3) 

103.98(8) 
67.10(2) 

119.6( 1) 
94.21(3) 

118.5(1) 

Symmetry transformations used to generate equivalent atoms: (/) 

Table 4. Selected Bond Lengths (A) and Angles (deg) for 9 
Y b( 1)-0(2) 2.394(6) Yb(l)-O(l) 2.397(6) 
Yb( 1)-Te( 1) 3.1358( 14) Yb( 1)-Te(2) 3.1701(13) 
Yb( 1)-Te(3) 3.1964( 14) Yb( l)-Te(4) 3.2106( 14) 
Yb( 1)-Yb(2) 4.109( 2) Yb(2)-0(4) 2.384(7) 
Yb(2)-0(3) 2.400(6) Yb(2)-Te(1)’ 3.155(1) 
Yb(2)-Te(4) 3.2001 (14) Yb(2)-Te(2) 3.218(2) 
Y b(2)-Te(3) 3.2240(13) Te(1)-C(l) 2.120(9) 
Te( l)-Yb(2)” 3.1553(14) Te(2)-C(7) 2.133(10) 
Te(3)-C(13) 2.141 (10) Te(4)-C( 19) 2.130(9) 
0(2)-Yb(l)-O(l) 96.7(2) O(2)-Yb(1)-Te(1) 88.5(2) 
O(1)-Yb(1)-Te(1) 83.5(2) 0(2)-Yb(l)-Te(2) 90.3(2) 
O( 1 )-Y b( 1 )-Te( 2) 87.8(2) Te( 1)-Yb( 1)-Te(2) 171.04(2) 
0(2)-Yb(l)-Te(3) 89.3(2) O(1)-Yb(1)-Te(3) 169.5(2) 
Te(1)-Yb(1)-Te(3) 105.29(3) Te(Z)-Yb(l)-Te(3) 83.58(3) 
O(2)-Yb( 1)-Te(4) 171.1 (2) O( 1)-Yb( 1)-Te(4) 87.9(2) 
Te( 1 )-Y b( 1)-Te(4) 99.59(4) Te(2)-Y b( 1)-Te(4) 82.2 l(3) 
Te(3)-Yb(l)-Te(4) 85.03(4) 0(4)-Yb(2)-0(3) 85.0(2) 
0(4)-Yb(Z)-Te(l)’ 86.8(2) 0(3)-Yb(2)-Te(l)’ 89.37(14) 
0(4)-Yb(2)-Te(4) 92.5(2) 0(3)-Yb(Z)-Te(4) 95.32(14) 
Te( I )‘-Y b(2)-Te(4) 175.18(2) 0(4)-Yb(2)-Te(2) 102.0(2) 
O(3)-Y b(2)-Te(2) 172.4(2) Te( I )’-Y b(2)-Te(2) 93.83(4) 
Te(4)-Yb(2)-Te(2) 81.64(4) 0(4)-Yb(Z)-Te(3) 174.5(2) 
0(3)-Yb(2)-Te(3) 90.5(2) Te(l)’-Yb(Z)-Te(3) 96.33(3) 
Te(4)-Yb(2)-Te(3) 84.75(3) Te(2)-Yb(2)-Te(3) 82.39(3) 
C(1)-Te(1)-Yb(1) 107.5(2) C(1)-Te(1)-Yb(2)” 102.5(2) 
Yb( 1)-Te( 1)-Yb(2)” 149.34(3) C(7)-Te(2)-Yb( 1) 1 12.1(2) 
C(7)-Te(2)-Yb(2) 108.7(2) Yb(l)-Te(Z)-Yb(Z) 80.06(4) 
C( 13)-Te(3)-Yb( 1) 100.9(2) C( 13)-Te(3)-Yb(2) 1 12.1 (3) 
Yb(l)-Te(3)-Yb(2) 79.58(3) C(19)-Te(4)-Yb(2) 108.5(3) 
C(19)-Te(4)-Yb(l) 112.3(3) Yb(Z)-Te(4)-Yb(l) 79.72(3) 

-x+ 1 ,-y+ 1 ,-z+ 1 ; (”) -x,-y+ 1 ,-z+ 1, 

Symmetry transformations used to generate equivalent atoms: (’) 
x,--Y+1/2,z+1/2; (”) x,-y+1/2,z-L/2. 

bridges between one Eu and two N a  ions, while the third type 
of phenyltellurolate bridges one N a  and one Eu (Eu-Te(1) = 
3.324(2) A). The compound can be viewed as alternating pairs 
of paramagnetic ions separated by diamagnetic spacers. Seven- 
coordinate Eu(II), with three neutral donors and four bridging 
phenylchalcogenolate ligands, was also observed in the mono- 
metallic polymer [ ( T H F ) ~ E u ( S ~ C ~ H ~ ) ~ ] , ,  but the phenylsele- 
nolate ligands spanned only two metal centers. In 1, the 
tellurolates must bridge additional metal centers to satisfy the 
additional coordination requirements of the N a  ions, which 
generally coordinate a t  least four monodentate ligands. One 
previously reported alkali/rare earth chalcogenolate compound, 
LiYb(SePh)4(pyridine)4,Scalso contained a pair of chalcogenolate 
ligands bridging alkali and rare earth metal centers, but in that 
case the stronger pyridine donor was competitive with bridging 
phenylselenolate, and a molecular structure with both bridging 
and terminal phenylselenolates was observed. In tellurolate 
chemistry, pyridine displaces the less basic Te  ligands, and 
molecular pyridine complexes result. 

X-ray structural characterization of 2 revealed a new type of 
rare earth chalcogenolate coordination polymer, with octahedral 

Figure 1. ORTEP diagram of the light yellow 1 D bimetallic coordination 
polymer [(THF)3Eu1I(p-TeC6H5)2Na-p-TePh],. The seven coordinate 
Eu(I1) ions are bound to three THF ligands, a pair of p3-phenyltellurolate 
ligands which bridge the two europium ions and a Na ion, a p3-tellurolate 
which bridges a single Eu ion and two adjacent Na atoms, and a pz- 
tellurolate that bridges a Eu ion and one Na. Average distances (A): 
Eu-Te, 3.38(2); Eu-O, 2.57(1); Na-Te, 3.14(2). Significant angles 
(deg): Te2-Eu-TeZa, 61.45(5); Te2-Eu-Tel, 89.58(5); Te2-Eu-Te3, 
91.31(5); Eu-Te-Eua, 118.6(1); Eu-Te-C, 115.1 (range 103.6(C1)- 
124.5(C7); Na-Te-C, 109.4 (range 101.6(C13)-117.6(C7); Te-Na- 
Te, 109.65 (range 91.0-124.7). 

Figure 2. ORTEP diagram of the light yellow ID coordination polymer 
[(THF)~EU~~(~-T~C~H~)~],. The octahedral Eu(I1) ion is bridged to two 
adjacent metal ions through pairs of phenyltellurolato ligands and cis- 
THFligands. Averagedistances (A): Eu-Te, 3.35(1), Eu-O, 2.50(1) A. 
Significant angles (deg): 01-Eu-02, 98.2(1); Tel-Eu-Te2, 67.1(2); 
0-Eu-Te(cis), 90.2 (av); Eu-Te-C, 107.9 (range 95.6-1 19.6); Eu-Te- 
Eu (av), 94.3(1). 

metal centers bridged to adjacent metal ions through pairs of 
phenyltellurolates, and cis THF (Figure 2). While this structure 
represents a 1D array of paramagnets, a magnetic susceptibility 
study on the related selenolate polymer 5d [(pyridine)zEu- 
(SeC6H5)2], showed no magnetic ordering as low as 2 K,13 and 
so we anticipate no measurable magnetic interactions between 
the Eu(I1) ions in 1 or 2, where the Eu-Eu distances are  greater 
(in (pyridine)2Eu(SeCaH5)2, the Eu-Eu distances range from 
4.64 to 5.05 A, in 1, Eu-Eu = 5.82 A, and in 2, Eu-Eu = 4.90 
A). The coordination of two neutral donors in 2, and three T H F  
ligands in 1, can be rationalized in terms of steric interactions 
within the secondary coordination spheres of 1 and 2. The N a  
ions present in 1 force the phenyltellurolate ligands to span more 
than two metal ions, and this produces a larger effective ionic 
radius for the tellurolate ligands. This larger ligand ionic radius, 
in turn, increases the distance of the phenyl groups from the 
europium center, alleviates steric strain within the molecule, and 
permits coordination of an additional neutral donor to the Eu ion 
in 1. 

Structural characterization of 3 showed yet another type of 
chalcogenolateconnectivity between rare earths. Figure 3 shows 

(13) N. Edelstein, private communication. 

Figure 3.8. Molecular Structure of [(THF)2EuII(TeC6H5)2]∞

!  The presence of sodium and azide ions in a chalcogenolate deficient 

environment  and careful solvent selection provided an ideal environment for the 

octahedral europium chalcogenolate coordination observed. First, the reaction 

equilibrium favored a mixed Eu/Na product because the anion/cation molar ratio 

was stoichiometrically  deficient of enough EPh ligands to favor the production of 

Eu(EPh)2 and Na2(EPh)2 in solution (4 mmol of Eu and 4 mmol of Na vs 8 mmol 

of EPh). As a result mixed Eu/Na EPh molecules were the more viable outcome 

since azides can be readily replaced on sodium by chalcogenolate ligands. Next, 

the inability of azide anions to stabilize the Eu3+ or Eu2+ oxidation states also 

precluded the formation of alternate products. This was supported by the inability 

to form any europium (II) azide complexes during the course of this entire body of 

research and the absence of any EuII/III(N3)x in the literature without the presence 

of hard donor anion coordinations. An example of the latter , is found in the [Na2

{Mn3+3(μ3-O2−)}2Ln3+(hmmp)6(O2CPh)4(N3)2]OH·0.5 CH3CN·1.5H2O33  species. As 
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one of the few europium (III) complexes made containing azide coordinations, 

the europium sphere is stabilized by two types of hard donor species ( O2CPh-1 

OH-), while the lone azide occupies a single μ2 bridging site between Mn atoms. 

The use of sodium azide was also critical since direct addition of sodium metal in 

place of sodium azide resulted in the isolation of Na2E and NaEPh species due 

to reduction of the C-E chalcogenolate bonds and the greater electronegativity of 

sodium ions vs europium ions. Finally, DMEʼs bidentate coordination ability, low 

polarity, and absence of bulky cyclic rings ( as opposed to THF and pyridine) 

provided an excellent surface stabilizer for the sodium end caps of the system 

while not imposing any  steric strain. Overall, the unique coordination environment 

of (DME)2Eu(EPh)4(Na)2 is the result of a directed synergy between sodium 

azide, DME and the well established lanthanide chalcogenolate architecture. 

Figure 3.9. ORTEP of Eu(SPh)4(Na)2•2DME Trimer.
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! A comparison of (DME)2Eu(EPh)4(Na)2ʼs extended structure with solid 

state EuE and MEuE (M= Na,K),provided confirmation that the solution based 

complex coordination and bond lengths were consistent with similar solid state 

products. The Eu-S bond ranges for (DME)2Eu(SPh)4(Na)2(2.97-3.10 Å) and 

Na1.515EuGeS434  (2.955-3.082 Å) showed significant overlap. A similar 

congruency was observed for the Eu-Se bond distances found in (DME)2Eu

(SePh)4(Na)2 (3.08-3.17 Å) EuSe2 35 (3.175 Å) and to a lesser degree in the 

multivalent K2EuGeSe536 (3.12-3.48 Å). This trend was expected given that  even 

with variances in chalcogenide species coordinated to the metal centers (EPh-1, 

EE- and E2-) no significant differences in bond length could be found. Second, the  

presence of varied coordination numbers between the chalcogenide rich solid 

state products and the solution based products (CN=7 for Na1.515EuGeS4 and 

K2EuGeSe5; CN=9 for EuSe2 and CN=6 for (DME)2Eu(EPh)4(Na)2) is an 

explainable feature of EuE products. According to Shannon the ionic radii 

associated with Eu2+ with chalcogenide coordinations of 6,7,8,& 9 differ by ~0.04 

Å each. Variations in CN are reasonable provided their are no significantly longer 

or shorter bond lengths (indicates a significant ionic radii difference), which would 

have been a potential indicator of mixed valence as in K2EuGeSe5. In summary, 

the observed consistency of (DME)2Eu(EPh)4(Na)2 with similar solid state 

species supports the validity of using the complex as model for examining the 

structural/property relationships for EuE systems.
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ture of these two compounds have been reported, but
not any other types of characterization.

EuSe2 is a very simple three-dimensional, Zintl-type
compound. Looking down the b-axis, in the top right-
hand corner of Figure 3, one can see the layers of Se
stitched together by eight coordinate Eu atoms. Looking
down the c-axis in Figure 4, one can see rows of
diselenide dumbbells. These rows are packed together
in a staggered fashion and run parallel to the c-axis,
separated by rows of Eu atoms. Each Eu atom is
bonded to eight Se atoms, with a distance of 3.1751(7)
Å, and is in a square antiprismatic coordination. Every
Eu atom is 3.9240(6) Å from two other Eu atoms in the
ac-plane, and 4.519(7) Å from four other Eu atoms in
the ab-plane. The bonding environment of a single Se
atom can be described as a distorted square pyramid.
The diselenide dumbbell sits inside of a rectangular,
parallelepiped pocket, shown in Figure 5. Each Se atom
is bonded to four Eu atoms and one other Se atom to
make a diselenide unit with a Se-Se bond distance of
2.397(6) Å. This distance is comparable to the Se-Se
bond distance in KCeSe4, which is 2.385(3) Å.

The structure of EuSe2 is closely related to that of
KCeSe4, which is also tetragonal and has dimensions
similar to that of EuSe2; that is, a ) 6.376(2) Å and c )
8.327(1) Å.10 As one can see from Figure 3, KCeSe4 is
a layered structure, where the anionic layers of [CeSe4]-

are separated by potassium ions. The [CeSe4]- layers
can be better expressed as [Ce3+(Se2

2-)2]-. Because K
and Ce have the same coordination environment, KCeSe4

can be viewed as a derivative of the CuAl2 structure type
where the two cations alternate in the Cu positions
along the c-axis. The space group for KCeSe4 is P4/nbm,
which is a subgroup of the space group I4/mcm.

EuSe2 is not very much related to other binary
lanthanide chalcogenides. Although every lanthanide,
with the exception of terbium, has a chemical formula
of LnSe2, only EuSe2 can be expressed as Ln2+ Se2

2-.
Among the other LnSe2 compounds, there are only two
structure types, they are, the CeSe2 type31 (which is
basically the same as CeS2

32) and the Cu2Sb type. The
CeSe2 type is found for cerium, praseodymium, and
neodymium. In the structure there are two layers of
[LnSe]+ for every layer of Se2

2-. All the lanthanides
(except Eu and terbium) have LnSe2 compounds of the
Cu2Sb type. This structure is closely related to CeSe2,
but there are no recognizable Se-Se bonds. The
distance between the Se atoms in the square chalcogen
net, of the ideal structure, is about 2.8 Å, however, it is

(31) Marcon, J. P.; Pascard, R. Rev. Int. Hautes Temp. et des
Refract., Paris 1968, 5, 51.

(32) (a) Marsh, R. E.; Herbstein, F. H. Acta Crystallogr. 1983, 39B,
280-287. (b) Yanagisawa, Y.; Kanamaru, F.; Kume, S. Acta Crystal-
logr. 1979, 35B, 137-139.

Figure 3. Comparison of the structures of KCeSe4 and EuSe2

seen from two different directions, highlighting the relation-
ship of the two compounds. The potassium, cerium/europium,
and selenium atoms are shaded, black and white, respectively.

Figure 4. A projection of EuSe2 viewed down the c-axis with
thermal vibrational (90%) elipsoids. Rows of mutually per-
pendicular Se2

2- units are packed together in a staggered
fashion and run parallel to the c-axis, separated by rows of
Eu atoms. The Se2

2- units are stitched together by eight-
coordinate Eu atoms in a square antiprismatic fashion. The
Se atoms are shaded.

Figure 5. The immediate bonding environment of a diselenide
dumbbell in EuSe2 situated in a square-prismatic pocket.

3932 Chem. Mater., Vol. 10, No. 12, 1998 Aitken et al.

Figure 3.10. EuSe2 Viewed rom the C-Axis with 90% Ellipsoids.34

Figure 3.11. Na1.515EuGeS4 Europium Coordination Geometry. 35

A single crystal of KEuGeS4, IV, was selected, 2400 (1572
independent) reflections were collected, and an absorption correction
was applied (Rint ) 0.0355). The structure was solved in P21 by direct
methods to electron density residuals of 2.656 and -2.591 eÅ-3, and
all atoms were refined anisotropically with SHELXTL using full-matrix
least-squares refinement on F2 for 64 variables.40 Table 4 lists fractional
atomic coordinates and isotropic displacement parameters for KEuGeS4.
A related compound, KEuPS4,2 crystallized in the P21/c space group
so we assumed a centrosymmetric solution. Systematic absence analysis
suggested either P21/m or P21 as possible space groups, however, the
structure could not be solved in the centrosymmetric space group.
Selected bond lengths for KEuGeS4 are reported in Table 5.
KEuGeS4 is isostructural to KLaGeS4.27 While the structure is not

new, it is of interest to us because of the Eu(III) cation and the
comparisons we will make to compounds I and II containing Eu(II).
KEuGeS4 is a two-dimensional structure with !

2 [Eu(GeS4)]- layers
separated by potassium cations. Within each layer, seven-coordinate
distorted monocapped trigonal prisms of Eu(III)S7 are linked together
by distorted (GeS4)4- tetrahedra. Figure 3 shows that each europium
atom is coordinated by three (GeS4)4- units in an edge-sharing manner
and bonded to a fourth (GeS4)4- tetrahedron in a corner-sharing manner.
The average Eu-S bond length is 2.875(6) Å. Each (GeS4)4-
tetrahedron bonds to three Eu(III) atoms in an edge-sharing manner
and to a fourth Eu(III) in a corner-sharing manner.
The structure of KEuGeS4 is very similar to KEuPS42 with some

significant differences. Figure 4 shows packing diagrams for KEuGeS4
and KEuPS4. The noncentrosymmetric nature of KEuGeS4 can clearly
be seen compared to the centrosymmetric KEuPS4 structure. The
europium trigonal prisms in KEuGeS4 are capped on only one side,
while the europium trigonal prisms in KEuPS4 are capped on both sides.
The average Eu-S bond length in KEuGeS4 and KEuPS4 can be used
to show the effect of Eu(III) vs Eu(II) in these two structures. KEuPS4
has an average Eu(II)-S bond length of 3.127(5) Å while KEuGeS4
has an average Eu(III)-S bond length of 2.875(6) Å. This shorter
average bond length is expected in a compound with Eu(III) instead
of Eu(II).
By comparing compounds I and II to III and IV we can see the

effect of using sulfur as an oxidizing agent in the flux reaction instead
of selenium. All four reactions were done under nearly equivalent flux
reaction stoichiometries. In K2EuSiSe5 and K2EuGeSe5 europium exists

as Eu(II) and Se-Se bonding is observed. The analogous sulfur
reactions yield structures with Eu(III) and no S-S bonding in KEuSiS4
and KEuGeS4. This can be rationalized by citing the better oxidizing
ability of sulfur versus selenium. Other Eu(III) and Eu(II) structures
such as EuPO4 and KEuPO447 can also be found in oxide chemistry,
however, these compounds are synthesized under very different reaction
conditions and cannot be compared to the chalcogenide flux reactions
described here. It is interesting to note that when using phosphorus as

(47) Wu, G.; Tang, Z.; Yu, Y.; Lin, P.; Jansen, M.; Koenigstein, K. Z.
Anorg. Allg. Chem. 1992, 610, 135-138.

Table 4. Fractional Atomic Coordinates and Equivalent Isotropic
Displacement Parameters (Å2 × 103)a for KEuSiS4 and KEuGeS4

x y z U(eq)
KEuSiS4

Eu(1) 0.2701(1) 0.0000 0.9493(1) 6(1)
Si(1) 0.7165(6) 0.0332(5) 0.8200(4) 6(1)
S(1) 0.4795(5) -0.7308(5) 0.7733(5) 8(1)
S(2) 0.4811(5) -0.7302(5) 0.2095(4) 6(1)
S(3) -0.0884(5) -0.9661(5) 0.6645(4) 8(1)
S(4) 0.0858(5) -0.4207(5) 0.9343(4) 7(1)
K(1) 0.2251(5) 0.0202(7) 0.4340(3) 16(1)

KEuGeS4
Eu(1) 0.2698(1) 0.0000 0.9475(1) 6(1)
Ge(1) 0.7208(1) 0.0344(1) 0.8208(1) 5(1)
S(1) 0.4741(4) -0.7268(4) 0.7753(3) 7(1)
S(2) 0.4843(3) -0.7362(4) 0.2084(3) 6(1)
S(3) -0.0792(3) -0.9635(4) 0.6589(3) 10(1)
S(4) 0.0729(3) -0.4075(4) 0.9270(3) 7(1)
K(1) 0.2329(3) 0.0179(5) 0.4361(2) 15(1)
a U(eq) is defined as one-third of the trace of the orthogonalized Uij

tensor.

Table 5. Selected Bond Distances (Å) for KEuGeS4
Eu(1)-S(3) 2.817(2) Ge(1)-S(1) 2.206(2)
Eu(1)-S(2") 2.853(2) Ge(1)-S(2) 2.208(3)
Eu(1)-S(1") 2.882(2) Ge(1)-S(3) 2.178(2)
Eu(1)-S(4) 2.979(3) Ge(1)-S(4) 2.209(2)
Eu(1)-S(4") 2.828(2)
Eu(1)-S(2) 2.854(2)
Eu(1)-S(1) 2.910(3)

Figure 3. ORTEP plot of the coordination environment around
europium in KEuGeS4. Thermal ellipsoids plotted at the 50% probability
level.

Figure 4. Packing diagram of (A) KEuGeS4 and (B) KEuPS4. Large
filled circles are europium atoms, small filled circles are germanium
or phosphorus atoms, and open circles are sulfur atoms. Potassium
atoms have been removed.

2412 Inorganic Chemistry, Vol. 40, No. 10, 2001 Evenson and Dorhout

Figure 3.12. Europium Coordination Environment in K2EuGeSe5. 36
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3.3  Magnetic Susceptibility Studies 

! In an effort to investigate the magnetic properties of Eu-E containing 

systems,  low temperature magnetization studies were carried out. Crystal 

samples of (DME)2Eu(EPh)4(Na)2 (E=S,Se) and the unpublished Eu3+ product 

(py)6Eu2(μ3-S2)2(OC6F5)2, (Figure 3.13) were studied from 0 to 200K within a 

1000 Oe field under zero field cooling conditions (ZFC). The magnetic moment vs 

temperature plots revealed paramagnetic magnetization curves with little to no 

distinct features for the (DME)2Eu(SePh)4(Na)2 (figure 3.14). (DME)2Eu(SPh)4

(Na)2 (figure 3.15) displayed a series of small interactions from 0-20K, and 

60-68K, while a clear magnetic transition for (py)6Eu2(μ3-S2)2(OC6F5)2 (figure 

3.16) was observed from 0-20K.

   

Figure 3.13. (py)6Eu2(μ4-S2)2(OC6F5)2 ORTEP Structure.
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Figure 3.14. (DME)2Eu(SePh)4(Na)2 Magnetic Moment vs Temperature Plot.

Figure 3.15. (DME)2Eu(SPh)4(Na)2 Magnetic Moment vs Temperature Plot.
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Figure 3.16. (py)6Eu2(μ4-S2)2(OC6F5)2 Magnetic Moment vs Temperature Plot.

! χm vs T plots were used to give a more refined picture of the low magnetic 

ordering in all three samples. χm values (Equation 3.4) were calculated from the 

raw magnetic moment data. In the χm determination, M= magnetization moment, 

H is the applied magnetic field, m is the mass of the sample and mmole is the 

molar mass of the complex. 

χm = M
H

m
mmole

Equation 3.4. Chi (χm) Determination

A ferrimagnetic ordering plot was found for (py)6Eu2(μ4-S2)2(OC6F5)2. (figure 

3.17). The previously  described aberrations in the (DME)2Eu(SPh)4(Na)2 (figure 

3.18) magnetic moment data were absent revealing a paramagnetic curve, 
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similar to the one observed for (DME)2Eu(SePh)4(Na)2 (figure 3.19). The first 

order derivation of χm with respect to T (d χm/dT) was plotted vs T for (py)6Eu2(μ4-

S2)2(OC6F5)2  to ascertain the  Tc= 18.03 K (Figure 3.20). 

Figure 3.17. (py)6Eu2(μ4-S2)2(OC6F5)2 χm vs T plot.

Figure 3.18. (DME)2Eu(SPh)4(Na)2 χm vs T plot.
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Figure 3.19. (DME)2Eu(SePh)4(Na)2 χm vs T plot.

              Figure 3.20. (py)6Eu2(μ4-S2)2(OC6F5)2 (d χm/dT) vs T Plot.
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# Curie-Weiss (Inverse Chi (1/χm) vs Temperature (T)) plots revealed 

unexpected antiferromagnetic magnetic interactions at higher temperatures. The 

1/χm values were plotted as a function of T from 50K to either 100K or 200K  

(Figures 3.21-3.23). The data was fit to a linear regression to determine the curie 

(C) and weiss constants (θ) for all three samples (table 3.4). The experimental 

weiss constants presented large negative numbers consistent with anti-

ferromagnetic interactions for (DME)2Eu(SPh)4(Na)2 and (py)6Eu2(μ4-S2)2(OC6F5)

2. These results deviated from expected behavior since Curie-Weiss law predicts 

paramagnetic ordering above the critical Curie or Neel temperatures in bulk EuS. 

The comparatively small value for (DME)2Eu(SePh)4(Na)2 was in agreement with 

the localized paramagnetic ordering predicted by the M and χmT plots described 

above. All of the data fittings displayed sound agreement through their high R2 

values. The small C  values (0.21, and 1.60) were more consistent with 

noninteracting Eu centers. The observed larger C  value for (py)6Eu2(μ4-S2)2

(OC6F5)2 is explained by the difference in Eu per complex as the curie constant 

reflects the effective magnetic moment per formula unit.
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Figure 3.21. (DME)2Eu(SePh)4(Na)2 Curie-Weiss Plot With Linear Regression 

Fitting.

Figure 3.22. (DME)2Eu(SPh)4(Na)2 Curie-Weiss Plot With Linear Regression 

Fitting.
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Figure 3.23. (py)6Eu2(μ4-S2)2(OC6F5)2 Curie-Weiss Plot With Linear Regression 

Fitting.

Complex Curie 
Constant 

(C)

R2 Weiss Constant (θ)

(DME)2Eu(SePh)4(Na)2 4.72 1.000 -1.56

(DME)2Eu(SPh)4(Na)2 0.33 0.999 -251.17

(py)6Eu2(μ4-S2)2(OC6F5)2 1.91 0.999 -307.15

 Table 3.4. Summary of Curie-Weiss Plot Data.

! The temperature related magnetic interactions of (py)6Eu2(μ4-S2)2(OC6F5)2, 

and (DME)2Eu(EPh)4(Na)2 undergird the position that EuE products magnetic 

profiles consist of two coupling mechanisms. Typically, low temperature magnetic 

ordering is associated with M coupling to conduction band electrons.37  However, 

the determined curie constant (1.60) for (py)6Eu2(μ4-S2)2(OC6F5)2 was well below 

expected values for an Eu3+ effective magnetic moment with a  spin ground state 
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of S= 6/2, and a coupling to the disulfido conduction band electrons. This 

incongruency effectively eliminated the likelihood of a magnetic moment to 

conduction band coupling and may be the result of a tunneling mechanism. 

Similar mechanisms in EuS38  and EuO39  have been studied by Moodera and 

Mersevey in epitaxially grown thin films.  

! The presence of a second interaction mechanism is substantiated by the 

high weiss constants observed for all three compounds above 50K. Given the 

long Eu-Eu distances for, (py)6Eu2(μ4-S2)2(OC6F5)2, (DME)2Eu(SPh)4(Na)2 and 

(DME)2Eu(SePh)4(Na)2 (3.718Å, 5.224 Å and 5.357 Å respectively) and the 

established poor 4f-4f overlap due to shielding effects between Eu-Eu neighbors, 

the superexchange mechanism for such ordering (via bridging thiolates and 

selenolates) becomes likely. Melman40  and Woodruff41  have detailed similar 

magnetic interactions for Eu2+ and [Li(thf)4][Ln4{N- (SiMe3)2}4(μ-SEt)8(μ4-SEt)], 

(Ln= Gd, Tb, Dy) clusters with related bridging motifs. 

!  The ferrimagnetic ordering of Eu3+ at low temperature in (Py)6Eu2(μ4-S2)2

(OC6F5)2 also provides a sound support for the partial dependence of magnetic 

ordering on a ratio of Eu2+/Eu3+ ions. This makes sense given the significant 

differences in ionic radii between Eu2+ (1.31-1.49 Å) and Eu3+ (1.08-1.26 Å) 

coordinated centers.28 Extensions of lattice parameters and distortions of bond 

angles would be a natural outcome of mixed valence Eu.  Anderson 42 related a 

similar viewpoint to the expression of magnetic ordering when he reported 

variances in ionic radii induced distortions in the Eu-E-Eu angles and the 

expression of ferro (90°) vs antiferromagnetic (76° and 140°) behaviors. This 
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relationship  gains some justification by the near 110°, and 80° Eu-S-Eu angles 

found in (DME)2Eu(SPh)4(Na)2 and (py)6Eu2(μ4-S2)2(OC6F5)2 respectively. The 

Eu3+ ferrimagnetic results reported are also in slight contrast to the ferromagnetic 

ordering previously observed in Eu2+S (ref 36) and mixed valence EuS materials 

(Table 3.5).

Compound Curie 
Constant

(C)

Weiss 
Parameter 

(K)

effective 
magnetic 
moment 

(μb)

Curie 
Temperature 

(K)

(DME)2Eu(SePh)4(Na)2 4.72 -1.56 6.12 ------

EuSe2 7.4 14 7.7 8

(DME)2Eu(SPh)4(Na)2 0.33 -251.17 1.62 ------

(py)6Eu2(μ4-S2)2(OC6F5)2 1.91 -307.15 3.90 18.03

Na:EuS nanoparticles ------ (-248) - 
25.09

7.39-4.3 12.6

Bulk EuS 7.14 18 7.59 16.6

Table 3.5. Comparison of Eu-S and Eu-Se Materials Magnetic Data.

The observed weiss parameters for (DME)2Eu(SPh)4(Na)2 and (py)6Eu2(μ4-S2)2

(OC6F5)2  are within the range of values observed for EuS nanoparticles with 

various doping levels of sodium. Additionally the calculated 6.12 effective 

magnetic moment for (DME)2Eu(SePh)4(Na)2 when compared to EuSe2   is close 

to the 7.7 value, supporting the accuracy of the calculations. While the elevated  

curie temperature found for (py)6Eu2(μ4-S2)2(OC6F5)2 deviates from the 16.6 

value observed for bulk EuS its proximity to the bulk value does support valence  
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determined property shifts. Therefore, the influence of Eu3+ valence on magnetic 

ordering in EuE appears to be a delicate interplay between structurally related 

distortions of magnetic coupling mechanisms, and a competitive bulk expression 

of Eu2+ and  Eu3+ magnetic orderings.

3.4 Conclusion

!  Two novel octahedral europium chalcogenolate complexes (DME)2Eu

(SPh)4(Na)2  and (DME)2Eu(SePh)4(Na)2 have been isolated through a sodium 

azide directed pathway. Each posses a solid state like EuE coordination sphere 

free of solvent coordination and possessing a divalent core. Comparative 

magnetic susceptibility  studies with the trivalent (py)6Eu2(μ4-S2)2(OC6F5)2 

revealed paramagnetic ordering at low temperatures, but a weak 

antiferromagnetic ordering above the bulk EuE Neel and Curie temperatures. 

Simultaneously, support for the influence of Eu3+ in expression of the 

documented magnetic ordering in bulk and nano EuE products was presented.
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Chapter 4: Experimental Section.

4.1 General Procedures

" All syntheses were carried out under high purity nitrogen (WELCO 

Praxair) using conventional drybox or Schlenk techniques. Solvents (Aldrich) 

were purified with a dual column Solv-Tek Solvent Purification System. 

Lanthanide, Na, K, Li and Hg  were all purchased from Strem. Cd was purchased 

from J.T. Baker. Elemental Se, Te, S, NaN3, PhMgBr, NH4Cl, Na2So4, DETA 

(Diethylenetriamine) and [NO]PF6 , were purchased from Aldrich. NaN3 was dried 

under vacuum for 24hrs at room temperature before use. PhSSPh ,and  

PhSeSePh, was purchased from Acros while PhSeSePh was recrystallized from 

hexanes.PhTeTePh, was synthesized from a modified Grignard reaction and 

recrystallized in warm hexanes. Light sensitive conditions consisted of Night time 

reaction workups and wrapping each reaction in aluminum foil during all reaction 

stirrings,  crystallizations and reagent additions. IR spectra were taken on a 

Thermo Nicolet Avatar 360 FTIR spectrometer and were recorded from 4000 to 

600 cm-1 as a Nujol mull or solid powder on CsI plates. Electronic spectra were 

recorded on a Varian DMS 100S spectrometer with the samples in a 0.10 cm 

quartz cell attached to a Teflon stopcock. Single crystal XRD data was collected 

on a Bruker Smart APEX CCD diffractometer with graphite monochromatized Mo 

Kα radiation (λ = 0.71073 Å). All crystals were immersed in Paratone oil and 

examined at low temperature, except for crystals of Nd17 which was loaded in 1.0 

mm glass capillaries at room temperature. The data was corrected for Lorenz 

effects , polarization, and absorption. The latter by a multi-scan (SADABS)3 
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method. The structures was solved by direct methods (SHELXS86). All non-

hydrogen atoms were refined (SHELXL97)5 based upon Fobs2. All hydrogen atom 

coordinates were calculated with idealized geometries (SHELXL97). Scattering 

factors (fo, f', f") are as described in SHELXL97.  Elemental analyses were 

performed by Quantitative Technologies, Inc. (Whitehouse Station, NJ). The dc 

magnetic susceptibility measurements were carried out on crystalline samples 

with a Quantum Design MPMS-XL superconducting quantum interference device 

(SQUID) magnetometer. Crystal samples were placed in a gelatin capsule 

fastened in a plastic straw for immersion into the SQUID. Typical field-cooling 

(FC) magnetization in the temperature range of 5-300 K was performed under 

external magnetic fields of 1 kOe.  Absorption measurements were carried out 

with crystalline powder dissolved in THF using a double beam spectrophotometer 

(Perkin-Elmer Lambda 9, Wellesley, MA) in a 1 cm cuvette using THF as the 

reference solvent. The emission spectra of the crystalline samples were recorded 

by exciting the samples with the 800 nm band of a titanium-sapphire laser 

(Coherent, Inc., Santa Clara, CA) in the 90°-excitation geometry. The emission 

from the sample was focused onto a 0.55 m monochromator (Jobin Yvon, Triax 

550, Edison, NJ) and detected by a thermoelectrically cooled InGaAs detector. 

The signal was intensified with a lock-in amplifier (SR 850 DSP, Stanford 

Research System, Sunnyvale, CA) and processed with a computer controlled by 

the Spectramax commercial software (GRAMS 32, Galactic Corp., Salem, NH). 

To measure the decay time, the laser beam was modulated by a chopper and the 

signal was collected on a digital oscilloscope (model 54520A, 500 MHz, Hewlett-
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Packard, Palo Alto, CA). The spectroscopic measurements and calculations were 

performed by Dr. Ajith Kumar, Dr. Mei-Che Tan, Jesse Kohl and Dr. R. Riman 

from the Materials Science and Engineering Department at Rutgers University. 

Dc magnetic susceptibility measurements were performed by Dr. Yoon Seok Oh 

and Dr. Sang-Wook Cheong in collaboration with the Rutgers Center for 

Emergent Materials in the Department of Physics at Rutgers University and Dr. 

Kai Filsinger from the Greenblatt Group in the Department of Chemistry and 

Chemical Biology at Rutgers Unversity. XRD was performed by Dr. Thomas J. 

Emge from the Department of Chemistry and Chemical Biology at Rutgers 

University.

Synthesis of (py)10Sm6O2(N3)16Na2  scheme a. 

!  Sm (160 mg, 1.06 mmol), Hg (39 mg, 0.19 mmol), and diphenyl 

diselenide (478 mg, 1.53 mmol) were combined in pyridine (30 mL) and the 

mixture was stirred for 24 hrs to give a clear light orange solution.  undried 

sodium azide  (132 mg, 2.10 mmol) was then added, the mixture  was stirred for 

3 days in a dark environment to give a  yellow solution and a white precipitate. 

The solution was filtered, concentrated to 20 mL, and layered with hexanes (4 

mL) in the dark to give hexagonal colorless crystals (46 mg, 8.3%) that become 

white and amorphous when removed from mother liquor, turn brown at 119ºC, 

and detonate at 295ºC. IR: (bridging azide) 2115 (w),  (terminal) 2052 (m), cm-1 . 

Anal Calcd for C125H125N73Na2O2Sm6; C, 37.1(33.3); H, 3.12(2.5); N, 29.5(17.9). 

Found: C, 32.9; H, 2.31; N, 24.2.
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Synthesis of (py)10Sm6O2(N3)16Na2  scheme b. 

!  Sm (160 mg, 1.06 mmol), Hg (39 mg, 0.19 mmol), and diphenyl 

diselenide (478 mg, 1.53 mmol) were combined in pyridine (30 mL) and the 

mixture was stirred for 24 hrs to give a clear light orange solution.  Sodium azide  

(137 mg, 2.10 mmol) and sodium oxide (63 mg, 1.01 mmol) were then added, the 

mixture  was stirred for 3 days in a dark environment to give a  yellow solution 

and a white precipitate. The solution was filtered, concentrated to 20 mL, and 

layered with hexanes (4 mL) in the dark to give hexagonal colorless crystals (46 

mg, 8.3%) that become white and amorphous when removed from mother liquor, 

turn brown at 119ºC, and detonate at 295ºC. IR: (bridging azide) 2115 (w),  

(terminal) 2052 (m), cm-1 . Anal Calcd for C100H100N68Na2O2Sm6; C, 37.1 (33.1); 

H, 3.12 (2.77); N, 29.5 (23.5). Found: C, 32.9; H, 2.31; N, 24.2. (3 azides lost)

Synthesis of (py)10Ho6O2(N3)12(SePh)2 . 

! Diphenyl diselenide (650 mg, 2.08 mmol), Hg (17 mg, 0.084 mmol), and 

Ho (333 mg, 2.01 mmol) were combined in pyridine (25 mL), and  the mixture 

was stirred for 24 hours to give a dark brown clear solution with no visible metal. 

Sodium azide (65 mg, 1.05 mmol) and sodium oxide (68 mg, 1.10 mmol) were 

then added, and after stirring for 72 hrs the opaque reddish brown solution was 

filtered (20 mL), concentrated (18 mL) and layered with hexanes (3 mL) in the 

dark to give faint pinkish micro crystals. (251 mg, 33.8%) that become opaque 

when removed from solvent, and detonate at 310ºC. IR: (bridging azide) 2121 
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(w) , (terminal azide ) 2053 (m) cm-1. Anal Calcd for C102H100N54Se2O2Ho6; C, 

37.6 (36.4); H, 3.10 (2.93); N, 23.2 (20.3). Found: C, 36.7; H, 3.20; N, 20.6. (2 

pyridines  and 5 azides lost)

!   

Synthesis of (py)10Er6O2(N3)12(SePh)2. 

!  Diphenyl diselenide (630 mg, 2.01 mmol) and Hg ( 420 mg, 2.09 mmol) 

were combined in pyridine (40 mL) and the mixture was stirred for 24 hours to 

give a  yellow clear solution. Er (178 mg, 1.06 mmol) was added and after 14 hrs 

sodium azide (how much) and sodium oxide (73 mg, 1.17 mmol) were added.  

After 2 days the opaque greenish grey mixture was filtered to give a yellow 

solution that was concentrated (10 mL) and layered with hexanes (3 mL) in the 

dark to produce faint purple crystals (90 mg, 15%), that degrade at 85ºC, further 

degrade at 270ºC and detonate at 336 ºC. IR: (bridging azide) 2125 (m), 

(terminal azide) 2054 (m) cm-1. Anal Calcd for C102H100N54Se2O2Er6; C, 37.4

(34.1); H, 3.08 (2.9); N, 23.1(17.3). Found: C, 34.5; H, 3.60; N, 17.5. (6 pyridines 

lost) 

Synthesis of (py)10Er6O2(Se2)2(N3)10. 

!  Cd (110 mg, 2.09 mmol) and diphenyl diselenide (1300 mg, 4.16 mmol) 

were combined in pyridine (50 mL), while stirring for 24 hours to give a dark 

yellow clear solution. Er (167 mg, 1.00 mmol) & Hg (50 mg, 0.25mmol) were 

added to the solution and after stirring for 5 hours the dark yellow-green solution 

was filtered to remove a grey precipitate.   Elemental Se (160 mg, 2.02 mmol), 
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sodium azide (65 mg, 1.05 mmol), and sodium oxide (63 mg, 1.01 mmol) were 

then added, and after two days the dark red solution was filtered to remove the 

yellow precipitate that had formed.  Layering with hexanes in the dark gave pink-

orange plates (60 mg, 4.2%) that flash and detonate at 312ºC. IR: (bridging  

azide) 2107 (m), (terminal azide) 2082 (m) (terminal azide) 2057 (w) cm-1. Anal 

Calcd for C65H65N39Se5O2Er6; C, 27.4 (25.3); H, 2.30 (2.12); N, 19.2 (16.0). 

Found: C, 26.6; H, 2.00; N, 16.3. (2 pyridines and  4 azides lost)

Synthesis of (py)16Sm8SeO4Na2(TeTe)6(N3)8 .

"  Hg (45 mg, 0.22 mmol) Sm (453 mg, 3.01 mmol) diphenyl diselenide (936 

mg, 2.99 mmol) were combined in pyridine (30 mL)  and allowed to stir for 12h. A 

dark blackish solution was observed. Elemental Te (516 mg, 4.04 mmol) and 

sodium azide (133 mg, 2.04 mmol) were added to the solution, which was 

wrapped in foil and stirred for 72 hrs to give a dark reddish orange solution. The 

solution was filtered in the dark and layered with hexanes (5 mL) to give dark red 

crystals, (0.10 g, 5.2%) that melt at 297 ºC. IR: (bridging azide) 2167 (w) , 

(bridging azide) 2100 (m), (terminal azide) 2066 (w) cm-1. Anal Calcd for 

C120H81N39Na2O2SeSm6; C, 28.1(22.2); H, 2.36(9.2); N, 12.8 (2.12). Found: C, 

22.8; H, 3.22; N, 3.02. (5 pyridines and 1 azide lost)
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Synthesis of (py)16Ce17Se18(SePh)16Na Method A.

" Ce (937 mg, 6.68 mmol), PhSeSePh (960 mg, 3.07 mmol), and Hg (23 

mg, 0.11 mmol) (added to increase the rate of the reaction) were combined in 

pyridine (40 mL), and the mixture was stirred for 24 h to give a clear dark yellow 

solution with some visible metal (solution 1). NaN3 ( 195 mg, 3 mmol), and Se 

( 450 mg, 5.69 mmol) ,were added to the solution simultaneously and allowed to 

stir for 3 days wrapped in foil. The mixture was filtered, concentrated to 20 mL, 

and layered with hexanes (4 mL) to give reddish orange crystals (2.33 g, 17%) of 

1 that turn brown at 220 °C, and melt between 290 and 295 °C. Anal. Calcd for 

C176H160N16Se34NaCe17: C, 25.9(30.4); H, 1.96(2.37); N, 2.57(3.94); Na, 0.24 

(0.26).Found: C, 26.2; H, 1.46; N, 3.37; Na, 0.26. UV-vis: λmax ) 442 nm (ε ) 250 

M-1 cm-1). IR: 2853 (s), 2726 (w), 2359 (m), 2341(m), 2051(w), 1594 (w),1574 

(w), 1462 (s), 1377(s), 1260 (m), 1217 (w), 1146 (w), 1065 (w), 1020 (w), 800 

(m), 731 (m), 700 (m) cm-1.

"

Synthesis of (py)16Ce17Se18(SePh)16Na Method B.

! Ce (937 mg, 6.68 mmol), PhSeSePh (960 mg, 3.07 mmol), and Hg (23 

mg, 0.11 mmol) (added to increase the rate of the reaction) were combined in 

pyridine (40 mL), and the mixture was stirred for 24 h to give a clear dark yellow 

solution with some visible metal (solution 1). In a separate Schlenk flask, Na 

(68.9 mg, 2.99 mmol) and PhSeSePh (468 mg, 1.50 mmol) were combined in 

pyridine (30 mL) and allowed to stir for 24 h to give a clear yellow solution 

(solution 2). Selenium (490 mg, 6.20 mmol) was added to solution 1 and stirred 
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for 1 min, and then solution 2 was added to solution 1 and the mixture was stirred 

for 3 days. The mixture was filtered, concentrated to 20 mL, and layered with 

hexanes (4 mL) to give reddish orange crystals (2.33 g, 81%) of 1 that turn brown 

at 220 °C, and melt between 290 and 295 °C. 

Synthesis of (py)16Pr17Se18(SePh)16Na Method A.

" Pr ( 940 mg, 6.70 mmol), Diphenyl Diselenide ( 960 mg, 3.07 mmol), and 

Hg ( 45 mg, 0.22 mmol) were combined in pyridine (45 mL), and were allowed to 

stir for 24 hours to give a dark yellow clear solution with some visible metal. 

Selenium ( 470 mg, 5.95 mmol) was added to the solution and stirred for 1 

minute. Sodium azide ( 209 mg, 3.22 mmol) was then added producing a dark 

red opaque solution with grey precipitate which was allowed to stir for 3 days. 

The solution was filtered, concentrated to 30 mL and layered with hexanes (5 

mL) to give yellow green crystals, (1.01g, 40.2%) that turn brown at 200 ºC, and 

melt between 216-220 ºC. IR: 2922 (s), 2720 (w), 2666 (w), 2059 (w), 1908 (w), 

1594 (m), 1573 (m), 1462 (s), 1376 (s), 1298 (m), 1259 (m) , 1217 (m), 1147 (m), 

1069 (m), 1015 (m), 936 (w), 888 (w), 803 (m), 731 (s) , 689 (m).

Synthesis of (py)16Pr17Se18(SePh)16Na Method B.

!  Pr (940 mg, 6.70 mmol), PhSeSePh (960 mg, 3.07 mmol), and Hg (45 

mg, 0.22 mmol) were combined in pyridine (45 mL), and were allowed to stir for 

24 h to give a dark yellow clear solution with some visible metal (solution 1). In a 

separate Schlenk flask, Na (69 mg, 3.00 mmol) and PhSeSePh, (468 mg, 1.50 
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mmol) were combined in pyridine (30 mL) and allowed to stir for 24 h to give a 

clear yellow solution with no visible metal (solution 2). Selenium (470 mg, 5.95 

mmol) was added to the solution and the mixture was stirred for 1 min. Solution 2 

was then added to solution 1 and this mixture was stirred for 3 days. The solution 

was filtered, concentrated to 20 mL, and layered with hexanes (4 mL) to give 

yellow green crystals (2.02 g, 93%) that turn brown at 200 °C, and melt between 

216 and 220 °C. Anal. Calcd for C176H160N16Se34NaPr17: C, 25.9(30.4); H, 1.96

(2.36); N, 2.57(3.94); Na, 0.24(0.26). Found: C, 26.9; H, 2.31; N, 2.69; Na, 0.37. 

UV-vis: λmax ) 600 (ε ) 6.7 M-1 cm-1), 496, 455 nm. IR: 2922 (s), 2720 (w), 2666 

(w), 2059 (w), 1908 (w), 1594 (m), 1573 (m), 1462 (s), 1376 (s), 1298 (m), 1259 

(m), 1217 (m), 1147 (m), 1069 (m), 1015 (m), 936 (w), 888 (w), 803 (m), 731 (s), 

689 (m) cm-1. Unit cell data (Mo KR, 100K): a ) 22.60(2) Å, b ) 42.11(3) Å, c ) 

31.10(2) Å,) 108.58(5)°, V ) 28059(46) Å3.

Synthesis of (py)16Nd17Se18(SePh)16Na Method A.

! Nd ( 960 mg, 6.65 mmol), Diphenyl Diselenide ( 963 mg, 3.08 mmol), and 

Hg ( 30 mg, 0.15 mmol) were combined in Pyridine (40mL), and were allowed to 

stir for 24 hours to give a dark green clear solution with some visible metal. 

Selenium (450 mg, 5.69 mmol) was added to the solution and stirred for 5 

minutes. sodium azide ( 195 mg, 3 mmol) was then added producing a dark 

green opaque solution with grey precipitate which was allowed to stir for 3 days. 

The solution was filtered, and concentrated ( 20 mL) and layered with Hexanes 

(4 mL) to give light green crystals, (.906 g, 36%) that rapidly lose crystallinity 
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once removed from solution and becomes a green amorphous solid that turns 

brown between 216-219 ºC, and does not melt. IR: 2954 (s), 2925 (s), 2853 (s), 

1576 (w), 1459 (m), 1376 (m), 1260 (m), 1091(m), 1020 (m), 799 (m), 700 (m).

Synthesis of (py)16Nd17Se18(SePh)16Na Method B.

!  Nd (960 mg, 6.65 mmol), PhSeSePh (963 mg, 3.08 mmol), and Hg (30 

mg, 0.15 mmol) were combined in pyridine (40 mL), and the mixture was allowed 

to stir for 24 h to give a dark green clear solution with some visible metal 

(solution 1). In a separate Schlenk flask, Na (69 mg, 3.00 mmol) and PhSeSePh, 

(468 mg, 1.50 mmol) were combined in pyridine (30 mL) and allowed to stir for 

24 h to give a clear yellow solution with no visible metal (solution 2). Selenium 

(450 mg, 5.69 mmol) was added to solution 1 and the mixture was stirred for 5 

min. Solution 2 was then added to solution 1 and this was stirred for 3 days. The 

combined solution was filtered, concentrated to 20 mL, and layered with hexanes 

(4 mL) to give light green crystals (2.03 g, 76%) that turn brown between 216 and 

219 °C, and do not melt. Anal. Calcd for C176H160N16Se34NaNd17: C, 25.7(30.2); 

H, 1.95(2.35); N, 2.55(3.92); Na, 0.24(0.26). Found: C, 29.9; H, 1.97; N, 3.67; 

Na, 0.15. IR: 2954 (s), 2925 (s) cm-1.

Synthesis of Eu(SPh)4(Na)2•2DME.

Eu (302 mg, 2 mmol) PhSSPh (438 mg, 4.01 mmol), and Hg (23 mg, 0.11 mmol) 

were combined in DME (45 mL) and allowed to stir for  24 hrs to give a bright 

yellow solution with yellow precipitate. Dry NaN3 (267 mg, 4.05 mmol) was added 
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to the opaque yellow solution wrapped in foil and allowed to stir at room 

temperature for 3 days. The solution was allowed to stand for 3 hrs to foster 

phase separation. The solution was filtered, concentrated and layered with 

hexanes to produce brown orange crystals (0.13 g, 8.0%)  that become colorless 

at 120 °C turn dark brown at 295 °C and do not melt up to 350 °C. Anal Calcd. 

C32H40EuNa2O4S4: C, 47.6; H, 4.9; N, 0.0; . Found: C, 47.62; H, 4.63; N, 0.30;  

IR: 3752 (w), 3702 (w), 2962.76 (s), 2903 (w), 2851 (m), 2658.21 (m), 2499.14 

(m), 2359.81(m), 2341.37 (m), 2053.03(w), 2008.07(w), 1944.02 (w), 1412.42 

(m), 1260.70 (s), 1091.43 (s), 1019.68 (s), 861.63 (m), 797.69(s), 685.31(m), 

474.24 (m) cm-1.

Synthesis of Eu(SePh)4(Na)2•2DME.

! Eu (307 mg, 2.03 mmol) PhSeSePh (624 mg, 4 mmol), and Hg (27 mg, 

0.13 mmol) were combined in DME (45 mL) and allowed to stir for  24 hrs to give 

a bright yellow solution with yellow precipitate. Dry NaN3 (139 mg, 2.10 mmol)

was added to the opaque solution wrapped in foil and allowed to stir at room 

temperature for 3 days. The solution was allowed to stand for 3 hrs to foster 

phase separation. The solution was filtered, concentrated and layered with 

hexanes to produce yellow orange crystals (0.27 g, 13% ) that turn light brown at 

110 °C turn dark red at 250 °C and become dark red/black in color at 350 °C but 

do not melt. Anal Calcd. for C32H40EuNa2O4Se4: C, 38.3; H, 4.0; N, 0.0; . Found: 

C, 38.58; H, 3.74; N, 0.14; IR: 3741 (m), 3320.2 (w), 2962.47 (m), 2903 (m), 
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2809.06 (m), 2661.21 (m), 2498.37 (m), 2124.64 (w), 2049.94 (m),1944.52 (m), 

1599.04 (w), 1260.70 (s), 1018.82 (w), 798.87 (s), 684.15 (s) cm-1.

Synthesis of [Sm3(SePh)4(N3)THF4]3.

" Hg (36 mg, 0.18 mmol) Sm (148 mg, 0.99 mmol) Er (173 mg, 1.03 mmol) 

PhSeSePh (780 mg, 5 mmol) were combined in pyridine (25 mL) and allowed to 

stir for 24 hrs to produce an opaque green solution. NaN3 (66 mg, 1 mmol) was 

added, the solution was wrapped in foil and allowed to stir for 4 days. The 

reaction was cooled to -10 °C  and 10 ml of a 0.05M Iodine solution in pyridine 

was added via cannulla.  Solution became light brown to yellow in color after 

addition.  Solution was allowed to stir for another 6 days wrapped in foil. The dark 

reddish orange solution was filtered and concentrated and layered with hexanes 

and placed in the dark to crystallize reddish orange block crystals.

Synthesis of Na2(SePh)2THF.

! Hg (24 mg, 0.18 mmol) Sm (150 mg, 1 mmol)  PhSeSePh (156 mg, 1 

mmol) and NaN3 (195 mg, 3 mmol) were combined in THF (30 mL) and allowed 

to stir for 24 hrs to produce a dark green/blue solution. reaction was filtered, 

concentrated (15 mL) and layered with diethyl ether 2:1 to produce colorless rod 

crystals.
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Reaction of Sm + PhSeSePh + Li3N in Pyridine.

" Hg (20 mg, 0.18 mmol), Sm (150 mg, 1 mmol), and  PhSeSePh (468 mg, 

3 mmol) were combined in pyridine (20 mL) and allowed to stir for 24 hrs. Li3N 

(34 mg, 1 mmol) was added to a dark orange solution, that began to evolve gas 

immediately, and was allowed to stir for 24 hrs. wrapped in foil. Under light 

sensitive conditions, a dark purple solution that becomes brown with prolonged 

light exposure was filtered, concentrated (15 mL) and layered with hexanes in a 

2:1 ratio. Dark purple precipitate was recovered.

Reaction of Sm + PhSeSePh + Li3N in DME.

" Hg (20 mg, 0.18 mmol), Sm (150 mg, 1 mmol) and  PhSeSePh (468 mg, 3 

mmol) were combined in DME (40 mL) and allowed to stir for 24hrs. Li3N (50 mg, 

1.43 mmol) was added to a dark green solution,  and was allowed to stir for 24 

hrs. wrapped in foil. Under light sensitive conditions, the yellow solution and dark 

green precipitate was filtered, concentrated (25 mL) and layered with diethyl 

ether(10 ml). An orange precipitate was isolated.

Reaction of Er + PhSeSePh + Li3N + Se in Pyridine.

" Hg (20 mg, .18 mmol), Er (335 mg, 1 mmol), PhSeSePh (313mg, 1mmol) 

and  Li3N (34 mg, 1 mmol) were combined in pyridine (30 mL) and allowed to stir 

for 24 hrs. Se (312 mg, 3.95 mmol )  was added to the dark brown solution, and 

allowed to stir for 3 days wrapped in foil. The resulting purple solution was 
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filtered, concentrated (25 mL) and layered with hexanes (3 mL) under light 

sensitive conditions. Dark brown precipitate was isolated.

Reaction of Sm + PhSeSePh+ AlN in Pyridine.

" Hg (30 mg, 0.18 mmol), Sm (150 mg, 1 mmol)  and PhSeSePh (313 mg, 1 

mmol) were combined in pyridine (20 ml) and allowed to stir for 24 hrs. AlN (127 

mg, 3 mmol) was added to an orange solution, and the combined reaction was 

allowed to stir for 3 days wrapped in foil. The orange solution and white 

precipitate was placed in a 100 °C oil bath for 36 hrs.  the reaction was filtered, 

concentrated (10 mL) and allowed to crystallize at -10 °C. White precipitate was 

recovered.

Reaction of Sm + PhSeSePh+ Ca3N2 in Pyridine.

" Hg (30 mg, 0.18 mmol), Sm (150 mg, 1 mmol)  and PhSeSePh (468 mg, 

3.5 mmol) were combined in pyridine (20 mL) and allowed to stir for 24 hrs. 

Ca3N2 (148 mg, 1 mmol) was added to an orange solution,(with no gas evolution) 

wrapped in foil and allowed to stir for another 24 hrs.  Solution was placed in 80 

°C oil bath for 36 hrs and under light sensitive  conditions, the dark red solution 

was filtered (12 mL), layered with hexanes (8 mL) and place in a cabinet to 

crystallize. Dark red precipitate was recovered .
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Reaction of Sm + PhSeSePh+ Ca3N2 in THF.

" Hg (30 mg, 0.18 mmol), Sm (150 mg, 1 mmol)  and PhSeSePh (468 mg, 

3.5 mmol) were combined in THF (20 mL) and allowed to stir for 24 hrs. Ca3N2 

(148 mg, 1 mmol) was added to an orange solution, wrapped in foil and allowed 

to stir for 24 hrs. Solution was placed in 80 °C oil bath for 36 hrs under light 

sensitive conditions. The dark red solution with tan precipitate was filtered and 

concentrated (11 mL) (filtrate became cloudy rapidly after filtering). Reaction was 

layered with hexanes (8 mL) and place in a cabinet to crystallize. Dark red 

precipitate was recovered. Dark reddish crystals were isolated and determined to 

be samarium selenolate dimers.

Reaction of ErI3 + Sr3N2 +DETA in THF

" ErI3 (401 mg, 0.73 mmol), Sr3N2 (316 mg, 1.08 mmol), and PhSeSePh 

(468 mg, 3.5 mmol) were combined in THF(25 mL) and allowed to stir for 24hrs. 

DETA (0.5 mL ,4.62 mmol) was added drop wise to the stirring green opaque 

solution , placed in a 60 °C oil bath and allowed to stir for 24 hrs. The reddish 

brown clear solution with aquamarine precipitate was allowed to stand filtered 

and placed in -10 °C freezer to crystallize. Aquamarine precipitate was 

recovered.

Reaction of Er(SePh)3 + Sr3N2 +DETA in THF

" Hg (30 mg, 0.18 mmol), Er (503 mg, 3 mmol) and  PhSeSePh (1403 mg, 

3.5 mmol )  were combined in THF (25 mL) and allowed to stir for 24 hrs. Sr3N2 
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(316 mg, 1.08 mmol)  and allowed to stir for 6 days. DETA  (0.5 mL, 4.62 mmol) 

was added drop wise to the solution, which became purple. reaction was 

wrapped in foil and allowed to stir overnight. A dark reddish brown solution was 

observed. placed in a 60 °C oil bath and allowed to stir for 24 hrs. The reddish 

brown clear solution with was allowed to stand, filtered  and concentrated (15 

mL) . Small reddish crystal like structures that did not diffract were obtained after 

10 days.

Reaction of Sm + P5Ph5 + in Pyridine.

Sm (923 mg, 1 mmol)  and P5Ph5 (1,023 mg, 2 mmol) were combined in pyridine

(50 ml) and allowed to stir for 4 days while wrapped in foil. The opaque pea 

green colored  solution with grey precipitate was filtered and concentrated (20 

mL) layered with diethyl ether (10 mL) and allowed to crystallize. Green 

precipitate was isolated.

Reaction of Sm + PhSeSePh + [NO]PF6 in CH3CN.

Hg( 30 mg, 0.18 mmol), Sm (458 mg, 3.2 mmol) and PhSeSePh (938 mg, 2 

mmol) were combined in CH3CN (20 mL) (A) and in a seperate schlenk flask 

[NO]PF6 was combined with CH3CN (10 mL) (B). Both solutions were allowed to 

stir for 48hrs. A (greenish/yellow, with copious grey precipitate) was refiltered into 

a new flask and placed in a stirring dry ice/acetone bath. B was added dropwise 

to stirring A  over 45 minutes. Reaction was allowed to come to room 
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temperature, filtered, concentrated (15 mL) and layered with hexanes (10 mL). 

Grey precipitate, and diphenyl diselenide were isolated.

Reaction of Nd + PhSeSePh + Se + K(SePh)  in Pyridine.

Nd (960 mg, 6.65 mmol), PhSeSePh (936 mg, 3.00 mmol), and Hg (30 mg, 0.15 

mmol) were combined in pyridine (40 mL), and the mixture was allowed to stir for 

24 hr to give a dark green clear solution with some visible metal (solution 1). In a 

separate Schlenk flask, Ca (130 mg, 3.00 mmol) and PhSeSePh (468 mg, 1.50 

mmol) were combined in pyridine (30 mL) and allowed to stir for 24 h to give a 

clear yellow solution with no visible metal (solution 2). Selenium (450 mg, 5.69 

mmol) was added to solution 1 and the mixture was stirred for 5 min. Solution 2 

was then added to solution 1 and this was stirred for 3 days. The combined 

solution was filtered, concentrated to 20 mL, and layered with hexanes. (py)8 

Nd8Se6(SePh)12 was isolated and identified by unit cell. 

Reaction of Nd + PhSeSePh + Se + Ca(SePh)2  in Pyridine.

Nd (960 mg, 6.65 mmol), PhSeSePh (963 mg, 3.08 mmol), and Hg (40 mg, 0.20 

mmol) were combined in pyridine (40 mL), and the mixture was allowed to stir for 

24 h to give a dark green clear solution with some visible metal (solution 1). In a 

separate Schlenk flask, Ca (130 mg, 3.24 mmol) and PhSeSePh (468 mg, 1.50 

mmol) were combined in pyridine (30 mL) and allowed to stir for 24 hrs to give a 

clear yellow solution with no visible metal (solution 2). Selenium (460 mg, 5.82 

mmol) was added to solution 1 and the mixture was stirred for 5 min. Solution 2 
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was then added to solution 1 and this was stirred for 3 days. The combined 

solution was filtered, concentrated to 20 mL, and layered with hexanes. (py)8 

Nd8Se6(SePh)12 was isolated and identified by unit cell. 

Reaction of Nd + PhSeSePh + Se + Mg(SePh)2  in Pyridine.

Nd (960 mg, 6.65 mmol), PhSeSePh (963 mg, 3.08 mmol), and Hg (40 mg, 0.20 

mmol) were combined in pyridine (40 mL), and the mixture was allowed to stir for 

24 h to give a dark green clear solution with some visible metal (solution 1). In a 

separate Schlenk flask, Mg (75 mg, 3.08 mmol) and PhSeSePh, (940 mg, 11.89 

mmol) were combined in pyridine (30 mL) and allowed to stir for 24 h to give a 

clear yellow solution with no visible metal (solution 2). Selenium (460 mg, 5.82 

mmol) was added to solution 1 and the mixture was stirred for 5 min. Solution 2 

was then added to solution 1 and this was stirred for 3 days. The combined 

solution was filtered, concentrated to 20 mL, and layered with hexanes. (py)8 

Nd8Se6(SePh)12 was isolated and identified by unit cell.. 

Reaction of Gd + Eu + PhSSPh + NaN3 + S + Pyridine

Eu (165 mg, 1.08 mmol), Gd (473 mg, 3.00 mmol)  PhSeSePh (963 mg, 3.08 

mmol), and Hg (23 mg, 0.20 mmol) were combined in pyridine (40 mL), and the 

mixture was allowed to stir for 24 h to produce a reddish orange clear solution. 

NaN3 and S were added  wrapped in foil and allowed to stir for 3 days. The 

reaction was filtered concentrated (30 mL) and layered with hexanes (20 mL) and 
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allowed to crystallize at -10 °C to yield red plate crystals, Gd8-xEuxSe6 confirmed 

by unit cell and color.
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