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Abstract

In this work, two related quaternary rare earth selenide phases were synthesised using the molten flux method. Na8Eu2(Si2Se6)2 crystallizes
in C2/m with cell parametersa = 7.0898(10)̊A, b = 12.228(2)Å, c = 7.9499(11)̊A, β = 107.427(2)◦ andV = 657.6(2)Å3 (Z = 1). This structure
comprises layers of [Eu2(Si2Se6)2]8− that are in the (1 1 0) planes; each contains ethane-like (Si2Se6)6− units oriented alongc, or perpendicular
to the planes. This phase is reminiscent of the family of M2P2S6 well-known layered phases and we prepared the series where the main
group metal was Si or Ge and the chalcogen was Se or Te. Na9Sm(Ge2Se6)2 is a related structure, also crystallizing inC2/m with cell
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arametersa = 7.9158(15)̊A, b = 12.244(2)Å, c = 7.1048(13)̊A, β = 106.99(1)◦ andV = 658.6(2)Å3 (Z = 1). This structure comprises layers
Sm2(Ge2Se6)2]9− similar to the selenosilicate yet contains ethane-like (Ge2Se6)6− units oriented alonga, i.e. parallel to the layers. We ha
nvestigated the family of solids changing the chalcogen atoms (S, Se and Te) and evaluating how the structure changes with ch
ith the tetrelide atom (Ge, Si). In addition to single crystal diffraction studies, Raman, diffuse reflectance UV–vis and photolum
easurements (for Eu phases) have been used to characterize these compounds.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The synthesis and study of complex structures containing
our or more elements in unique coordination environments
emains at the frontier of inorganic chemistry. The sheer num-
er of possible structures makes the study of such materials
daunting task. Hypothesis-driven synthesis is necessary in
rder to organize searches and to generate reasonable con-
lusions about resulting structures. However, some degree of
nowledge about possible organizations of structural compo-
ents is necessary before such searches are possible.

Quaternary structures resulting from the combination of
lkali metals, transition or rare earth metals, main group ele-
ents and heavy chalcogens (sulfur, selenium or tellurium)

epresent a versatile category of materials that have received
great deal of recent attention. These structures can be

∗ Corresponding author.
E-mail address: Peter.Dorhout@colostate.edu (P.K. Dorhout).

treated as main group chalcogenide units that are li
together through the metal cations. The structural versa
of main group chalcogenide units known from ternary st
tures is encouraging, with geometries ranging from te
hedral, as in (GeSe4)4−, to the ethane-like (Ge2Se6)6−, to
the adamantane-like (Ge4Se10)4− [1–3]. Unit stoichiome
tries and predictions based on charge balance can be
to determine reactant stoichiometries that may generat
ble structures. Examples of quaternary structures con
ing main group chalcogenide units include KLaGeSe4 [4],
Na8Pb2(Si2Se6)2 [5] and a family of potassium lanthanu
selenophosphates[6].

Many methods have been used to prepare chalcog
structures, but reactive flux synthesis has proven to be
of the most successful methods[7]. Using this method, low
melting alkali chalcogenide Zintl ions are used as both
vents and reactants under moderate reaction conditions
flux can be composed of any alkali metal with S, Se or
and the melting point and oxidative power of the flux can
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adjusted by adjusting the stoichiometry of the salt. Reactions
that take place in a reactive flux benefit from increased diffu-
sion, allowing reactions to take place at a lower temperature.
Enhanced single crystal growth can be achieved by allowing
the solution to cool slowly, and the resulting crystals can be
isolated by dissolving the remaining flux.

In this paper, two different layered quaternary struc-
tures prepared using the reactive flux method are reported.
These structures both contain ethane-like main group
selenide M2Se66− (M = Si, Ge) units interconnected with
lanthanide cations. Na8Eu2(Si2Se6)2 is nearly isostructural
with Na8Pb2(Si2Se6)2 [5]. Na9Sm(Ge2Se6)2 is a new struc-
ture, but it is closely related to Na8Eu2(Si2Se6)2. To the
authors’ knowledge, Na9Sm(Ge2Se6)2 is the first pub-
lished example of a quaternary structure containing Ge2Se6
units, but it has come to our attention that Kanatzidis et
al. have synthesised two germanium selenide structures
closely related to Na8Pb2(Si2Se6)2, Na8Pb2(Ge2Se6)2 and
K8Pb2(Ge2Se6)2 [8]. Raman, photoluminescence and dif-
fuse reflectance UV–vis spectroscopic characterization are
also discussed.

2. Experimental

2.1. Synthesis
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selenides. EDS analysis of the red crystals confirmed the pres-
ence and stoichiometry of all four elements.

2.2. Physical measurements

2.2.1. Single crystal X-ray diffraction
Intensity data sets for compoundsI andII were collected

using a Bruker Smart CCD diffractometer equipped with
a graphite monochrometer and a Mo K� radiation source.
These data were integrated using SAINT[9], a SADABS
correction was applied[10], and the structures were solved
by direct methods using SHELXTL[11]. Crystallographic
data for compoundsI andII are reported inTable 1.

2.2.2. Raman spectroscopy
The solid-state Raman spectra of compoundsI and II

were taken with a Nicolet Magna-IR spectrometer with FT-
Raman module attachment using Nd:YAG excitation laser
(1064 nm).

2.2.3. UV–vis spectroscopy
Diffuse reflectance measurements onI were taken with

Varian Cary 500 Scan UV–vis–near-IR spectrophotometer
equipped with a Praying Mantis accessory. A polyteflon stan-
dard was used as a reference. The Kubelka–Munk function
was applied to obtain band gap information[12–14].
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The following reagents were used as received
tored in a nitrogen atmosphere glovebox: Sm, Eu
99.95%, Ames Laboratory), Ge (99.999%, Cerac)
99.999%, Johnson–Matthey) and Se or Te (99.99
ohnson–Matthey). Na2Te3 or Na2Se2 were previously mad
n liquid ammonia from stoichiometric combination of t
lements. Reactants were loaded into fused silica amp

nside an inert atmosphere glovebox, each ampoule
ame sealed under vacuum, and placed in a temper
ontrolled furnace. After the reactions were complete,
mpoules were opened, and the products were washe
,N-dimethylformamide (DMF) to remove unreacted flu
Na8Eu2(Si2Se6)2 I, was synthesised by combini

5.8 mg (0.301 mmol) of Eu, 123.4 mg (0.605 mm
f Na2Se2, 65.4 mg (0.828 mmol) of Se and 21.7
0.773 mmol) of Si. CompoundI was ramped to 750◦C, at
5◦C/h, where it remained for 150 h. The sample was co

o room temperature at 3◦C/h, yielding orange-brown plat
ike crystals of Na8Eu2(Si2Se6)2. Semiquantitative energ
ispersive analysis (EDS) using a scanning electron m
cope on a number of orange-brown plates confirmed
resence and stoichiometry of all four elements.

Na9Sm(Ge2Se6)2 II, was synthesised by combini
8.3 mg Sm (mmol), 83.3 mg Ge (mmol), 60.0 mg Se (mm
nd 159.8 mg Na2Se2 (mmol). CompoundII was ramped t
25◦C at 35◦C/h, where it remained for 150 h. The sam
as cooled to room temperature at a rate of 4◦C/h, yielding

uby-red plates of Na9Sm(Ge2Se6)2 intergrown with yellow
lates of Na8Ge4Se10 and other ternary sodium germani
.2.4. Photoluminescence spectroscopy
The solid-state photoluminescence excitation and e

ion spectra of compoundI were taken on a SPEX Fluorlog
pectrofluorometer using bulk crystals at room tempera

.3. Structure determination

.3.1. Na8Eu2(Si2Se6)2 I
A plate-like crystal of Na8Eu2(Si2Se6)2 with dimensions

.03 mm× 0.06 mm× 0.09 mm was mounted on a glass fi
ith epoxy. Cell constants were initially calculated fr
20 frames of reflections. The final cell constants w
etermined from a set of 2109 strong reflections. A S
BS absorption correction was applied (Rint = 0.0362) and
ll atoms were refined anisotropically onF2 for 38 vari-
bles[11]. Systematic absences and Friedel pair com

sons pointed clearly to the space groupC2/m. Table 2
ists fractional coordinates and equivalent isotropic displ

ent parameters for Na8Eu2(Si2Se6)2, andFig. 1a displays
nisotropic displacement ellipsoids for the major compo
f the structure.

CompoundI was modeled as a disordered structure
isting of occupational disorder at a shared sodium/euro
ite, as illustrated inFig. 2. The initial structure determin
ion was based upon a single europium site, and a s
rystallographically unique sodium site. However, the ato
isplacement parameter,U(eq) of Eu(1) was high (0.054̊A2),
ompared to the other atoms. When this position was ass
s 100% sodium, the atomic displacement paramete
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Table 1
Crystallographic data for Na8Eu2(M2Q6)2 (M = Ge, Si; Q = Se, Te) and Na9RE(M2Se6)2 (RE = Sm, La; M = Ge, Si)a

Compound Na8Eu2(Si2Se6)2 I Na8Eu2(Ge2Se6)2 Na8Eu2(Si2Te6)2 Na9Sm(Si2Se6)2 Na9Sm(Ge2Se6)2 II Na9La(Ge2Se6)2

Formula weight 1547.72 1725.72 2131.40 1417.14 1595.14 1583.70
a (Å) 7.0898(10) 7.1388(16) 7.6466(10) 7.0052(11) 7.9158(15) 7.9726(8)
b (Å) 12.2280(16) 12.334(3) 13.2195(17) 12.0852(18) 12.244(2) 12.3349(13)
c (Å) 7.9499(11) 8.0195(18) 8.4371(11) 7.9130(12) 7.1048(13) 7.1121(7)
β (◦) 107.427(2) 107.267(4) 107.662(2) 107.200(3) 106.993(3) 107.112(2)
V (Å3) 657.57(16) 674.3(3) 812.66(18) 639.95(17) 658.6(2) 668.45(12)
ρcalcd (g/cm3) 3.908 4.250 4.355 3.677 4.022 3.934
µ (mm−1) 21.638 25.295 14.630 19.690 23.428 22.482
Rb (%) 2.10 2.28 2.03 4.18 2.09 1.84
Rw

b (%) 4.93 5.54 4.24 9.03 4.78 4.23

a For all structuresZ = 1, space group =C2/m, T = 298(2) K andλ(Mo K�) = 0.71073Å.

b R =
∑

|Fo| − |Fc|/
∑

|Fo|, Rw =
[∑

[w(F2
o − F2

c )
2
]/

∑
[w(F2

o )
2
]
]1/2

.

Fig. 1. Ellipsoid plots displaying anisotropic displacement ellipsoids at 50% probability of the major component of (a) Na8Eu2(Si2Se6)2 and (b)
Na9Sm(Ge2Se6)2.

almost zero. Similar to the treatment of the structure solu-
tion for Na8Pb2(Si2Se6) [5], the Eu(1) was partially occupied
with Na(1), such that the sum of occupancies was set equal
to full occupancy. After least-squares refinement, the rela-
tive occupancies refined to 49.8% Eu(1) and 50.2% Na(1),
and the isotropic displacement parameter of the Eu(1)/Na(1)
site dropped to 0.016̊A. This site was constrained to 50%
Eu(1)/50% Na(1), which gave a charged-balanced formula.
All of the atoms were refined anisotropically (R1 = 2.10%,

Table 2
Fractional atomic coordinates, equivalent isotropic displacement parameters
(Å2 × 103), and fractional occupancies of Na8Eu2(Si2Se6)2

x y z U (eq)a Fractional
occupation

Eu 0.5000 0.83409(5) 0.5000 17.8(2) 0.5
Na(1) 0.5000 0.83409(5) 0.5000 17.8(2) 0.5
Na(2) 0.5000 0.0000 0.0000 30.7(10)
Na(3) 0.0000 0.1737(2) 0.0000 24.9(7)
Si 0.0495(2) 0.0000 0.6535(2) 13.9(4)
Se(1) 0.77593(9) 0.0000 0.74547(8) 18.2(2)
Se(2) 0.23460(6) 0.15339(4) 0.74652(5) 17.6(2)

a U (eq) is defined as one-third of the trace of the orthogonalizedUij tensor.

Rw = 4.93%). This solution is equivalent to the model shown
in Fig. 2.

2.3.2. Na9Sm(Ge2Se6)2 II
A block-like crystal of Na9Sm(Ge2Se6)2 with dimensions

0.1 mm× 0.1 mm× 0.1 mm was mounted on a glass fiber
with epoxy. Cell constants were initially calculated from
120 frames of reflections, and the final cell constants were
determined from a set of 2771 strong reflections obtained
from data collection. An absorption correction was applied

Fig. 2. Graphical representations of Na8Eu2(Si2Se6)2 as viewed along the
a crystallographic axis. The shared Eu/Na position is shaded black/white, Si
is filled, Se is open and Na is crosshatched.



B.R. Martin et al. / Journal of Alloys and Compounds 408–412 (2006) 490–495 493

Table 3
Fractional atomic coordinates, equivalent isotropic displacement parameters
(Å2 × 103), and fractional occupancies for Na9Sm(Ge2Se6)2

x y z U (eq)a Fractional
occupation

Na(1) 0.5000 0.6768(1) 0.5000 17(1) 0.75
Sm(1) 0.5000 0.6768(1) 0.5000 17(1) 0.25
Na(2) 0.5000 0.5000 1.0000 44(1)
Na(3) 0 0.3457(3) 1.0000 38(1)
Ge(1) 0.1596(1) 0.5000 0.5579(1) 14(1)
Se(1) 0.2596(1) 0.5000 0.2775(1) 21(1)
Se(2) 0.2500(1) 0.3419(1) 0.7502(1) 21(1)

a U (eq) is defined as one-third of the trace of the orthogonalizedUij tensor.

(Rint = 0.0556) and all atoms were refined anisotropically
on F2 for 36 variables[11]. The systematic absences and
Friedel pair comparisons again pointed clearly to the space
groupC2/m. Table 3lists fractional coordinates and equiva-
lent isotropic displacement parameters for Na9Sm(Ge2Se6)2,
andFig. 1b displays the coordination environment around the
Sm(1) position with anisotropic displacement ellipsoids for
all of the atoms.

CompoundII was modeled as a structure occupational
disorder at the Sm/Na site, similar to the disorder observed
in the Eu/Na sites inI. The structure was initially refined
with only Sm occupying the Sm(1)/Na(1) site. This solution
was poor (R1/Rw = 0.1858/0.4576); all of the atoms except
Sm were non-positive definite upon anisotropic refinement,
and the charge balance was unreasonable. When the occu-
pancy of this site was allowed to refine freely, the occu-
pancy refined to 0.391(2), equivalent to 24.2 electrons (final
R1/Rw = 0.0209/0.0478). Na(1) was shared at this position,
and the occupancy for the shared site refined to 0.735(13)
Na/0.264(3) Sm. The occupancy was then set to exactly
0.25 Sm and 0.75 Na in order to charge-balance the struc-
ture, yielding the reported formula. All of the atoms refined
anisotropically without additional apparent disorder.

3. Results and discussion
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Table 4
Selected bond distances (Å) and angles (◦) for Na8Eu2(Si2Se6)2

Eu(1) Se(1)× 2 3.0727(15) Si(1) Se(1) 2.280(4)
Eu(1) Se(2)× 2 3.0811(14) Si(1) Se(2)× 2 2.291(3)
Eu(1) Se(2′) × 2 3.0909(11) Si(1) Si(1′) 2.335(9)

Si(2) Se(2) 2.55(12)
Si(2) Se(1) 2.56(12)
Si(2) Se(2′) 2.67(11)
Si(2) Si(2) 2.0(3)

Se(1) Eu(1) Se(2)′ × 2 87.38(3) Se(2)Si(1) Si(1) 107.50(15)
Se(2) Eu(1) Se(2)′ × 2 89.05(3) Se(1)Si(1) Si(1) 108.33(2)
Se(2)′ Eu(1) Se(2)× 2 96.91(3) Se(2)Si(1) Se(2) 110.79(17)
Se(1) Eu(1) Se(1)′ 97.19(4) Se(1) Si(1) Se(2) 111.27(12)
Se(1)′ Eu(1) Se(2)′ × 2 87.07(3)
Se(2)′ Eu(1) Se(2) 88.99(4)
Se(2)′ Eu(1) Se(2)′ × 2 86.96(3)

Se(1) Si(2) Se(2) 109(4)
Se(2) Si(2) Se(2) 109(4)
Se(2) Si(2) Se(1) 112(5)
Si(2) Si(2) Se(2) 111(4)

to this structure: Na8Eu2(Ge2Se6)2 and Na8Eu2(Si2Te6)2.
These structures also display the Na/Eu site mixing and the
Si Si or Ge Ge bond being perpendicular to the selenium
layers, as seen inFig. 2.

Na9Sm(Ge2Se6)2 II, is not isostructural toI, but it is
closely related toI. The primary difference between the two
structures is the orientation of the MM bonds (M = Si, Ge),
and the coordination environments around these atoms.Fig. 3
displays a view of the two structures along equivalent axes,
and the rotation of the GeGe bonds from a perpendicular
orientation inI (relative to the selenium layers) inFig. 3a
to a nearly horizontal orientation inII in Fig. 3b is obvious.
This rotation is likely a steric effect caused by long bonds
between Ge and Se, combined with the smaller size of Sm3+

relative to Eu2+. Previous structures[5] isostructural toI were
formed from either Si2Se6 or Ge2S6 units, each with shorter
M X (M = Pb, Sn; X = S, Se) bond distances. The pseudo-
octahedral environments of LnSe6 in bothI andII are similar,
when the SmSe bond lengths and angles inTable 5are com-
pared to the Eu–Se environments inTable 4. This implies that
the distortive effects of the SiSi bonds oriented along the
c crystallographic axis inI are similar in magnitude to the
effects of Ge Ge bonds directed alonga in II. The Sm Se,

Table 5
S ◦

S )
S
S )

S
S
S
S
S
S
S

Na8Eu2(Si2Se6)2 I, is isostructural to the previous
eported Na8Pb2(Si2Se6)2, Na8Pb2(Ge2S6)2 and Na8Sn2
Ge2S6)2 [5]. Although this structure-type is not new,
ur knowledge,I is the first structure containing both t

Si2Se6]6− unit and a rare earth element. Na8Eu2(Si2Se6)2 is
table in air and in DMF for several weeks. CompoundI is
two-dimensional structure with∞[Eu2(Si2Se6)2]8− layers

eparated by sodium cations. The staggered conformat
he ethane-like [Si2Se6]6− unit and pseudo-trigonal packi
f the atoms in the layer is shown inFig. 3a. The Eu(1)/Na(1
a(2), Na(3) and Na(4) positions are all coordinated by s
ium atoms in a slightly distorted octahedral arrangem
elected bond distances and angles around the Eu a
ites are reported inTable 4. The average Eu(1)Se distanc
n the structure (Fig. 2) is 3.08Å. Finally, referring toTable 1,
e have found two other structures that are isostruc
i

elected bond distances (Å) and bond angles () for Na9Sm(Ge2Se6)2

m Se(1)× 2 3.0077(10) GeSe(1) 2.3491(11
m Se(2)× 2 3.0176(9) Ge Se(2)× 2 2.3571(8)
m Se(2′) × 2 3.0307(7) Ge Ge 2.4172(16

e(1) Sm Se(1)′ 87.95(4) Se(1) Ge Se(2)′ × 2 111.78(3)
e(2) Sm Se(2)′ × 2 95.88(4) Se(2)′ Ge Se(2) 110.46(4)
e(1)′ Sm Se(2)′ × 2 88.12(2) Se(1)Ge Ge′ 106.80(5)
e(1)′ Sm Se(2)′ × 2 93.38(3) Se(2)′ Ge Ge′ × 2 107.91(5)
e(1) Sm Se(2)′ × 2 80.37(3)
e(2)′ Sm Se(2)′ 97.65(3)
e(2)′ Sm Se(2)′ × 2 88.15(2)
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Fig. 3. Polyhedral representations of (a) Na8Eu2(Si2Se6)2 and (b) Na9Sm(Ge2Se6)2 viewed perpendicular to the selenide layers. Shaded polyhedra represent
LnSe6 octahedra; the solid shaded spheres represent Si or Ge; the white spheres represent Se. The sodium atoms have been removed for clarity.

Ge Se and GeGe bond lengths inII are typical for these
atoms.

I andII can be described as relatives of the MPS3 structure
(M = transition metal), which consists of layers of P2S6 and
MS6 octahedra separated by van der Waals gaps[15]. MPS3
structures also crystallize in a monoclinic space group, and
like the structures presented in this article, the chalcogens are
nearly close-packed, and the structure retains pseudo-trigonal
symmetry, although the organization of the atoms within the
cell breaks this symmetry. The idealβ angle for a centered
monoclinic cell to perfectly transform to a hexagonal cell is
107.16◦. WhenI is compared to FePS3, an MPS3 structure
with an idealβ angle, one finds that the unit cell ofI is scaled
19% larger than FePS3, and theβ angle is slightly obtuse.
The pseudo-hexagonal organization of the anions inI may
be a clue to the origin of the disorder in this structure, since
the β angle inI is the closest to ideal of any of the related
published structures.

As a comparative study, we prepared related compounds
listed inTable 1to study the effects of the rare earth cation
choice (La, Eu, Sm), the main group metal choice (Si, Ge)
and the chalcogen choice (Se, Te). A summary of struc-
tural information can be found along with that forI and
II. It should be noted that these other structures will not be
described in detail here due to space considerations but will be
submitted to the crystallographic database. As noted earlier,
N o
I h
I es
a d by
t
i o
t d
t ions
a ble
t f the
o

4

a c-

tra are surprisingly similar to those collected from structures
containing only simple (MSe4)4− (M = Si, Ge) tetrahedra
[16]. Since Raman spectroscopy on quaternary structures
primarily provides information about the local environment
around the silicon or germanium, this indicates that the
M M bond within a (M2Se6)6− unit does not significantly
affect the vibrational behavior of that unit. Using other main
group chalcogenides as a guide, the primary peak can be
assigned to a pseudo-symmetric A1 stretching vibration of
the (M2Se6)6− unit [16]. Lower energy peaks are due to unas-
signed bending modes, and the higher energy peaks are due
to unassigned stretching modes. The peak at 237 cm−1 is
a result of elemental selenium impurities that could not be
removed from the sample.

Analysis of UV–vis diffuse reflectance data fromI showed
that this structure is a likely semiconductor with an optical
band-gap of 2.15 eV. This value can be compared to the pub-
lished band gaps of K2EuSiSe5 and KEuSiSe4 of 2.00 and
1.72 eV, respectively[17]. These values are all within the
expected range for a selenide semiconductor. Other selenides
from Table 1showed similar spectra.

Photoluminescence measurements of Na8Eu2(Si2Se6)2
(Fig. 4) show that this material is an efficient phosphor with
an emission atλmax= 590 nm. The measured excitation and
emission spectra are consistent with those from Eu2+ in sim-
ilar environments. For example, Peters and Baglio found
t s dis-
p
w e
4 on-
s sion
e ound

T
R

N

1
1
2
2
2
4

a8Eu2(Ge2Se6)2 and Na8Eu2(Si2Te6)2 are isostructural t
. The compound Na9Sm(Si2Se6)2 is not isostructural wit
I because the SiSi bond lies perpendicular to the plan
s in I, yet the charge on the layers must be balance

he stoichiometry Na/Sm = 9/1. However, Na9La(Ge2Se6)2
s isostructural toII, with the Ge Ge bond lying parallel t
he planes of the layers (as inFig. 3b). We have evaluate
he relative sizes of the rare earth ions, the chalcogen
nd the Si Si and Ge Ge units, yet we have not been a

o decipher the trend that seems to drive the selection o
rientation of the pnictogen dimer in the layers.

. Spectroscopic analysis

A table of Raman scattering peaks from Na8Eu2(Si2Se6)2
nd Na9Sm(Ge2Se6)2 is listed inTable 6. The Raman spe
hat europium-doped alkaline earth thiogallate phosphor
layed a broad emission peak centered atλmax= 500–570 nm
hen excited at 350–370 nm[18]. Transitions between th
f6 5d and 4f7 energy levels were determined to be resp
ible for this luminescence, and the excitation and emis
nergies were sensitive to the chemical environment ar

able 6
aman peaks (cm−1) found for N8Eu2(Si2Se6)2 and Na9Sm(Ge2Se6)2

8Eu2(Si2Se6)2 Na9Sm(Ge2Se6)2

29 125
53 159
08 187, A1
32, A1 234
37a 314
07 385
a Indicates peak due to elemental selenium impurities.
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Fig. 4. (a) Excitation and (b) emission photoluminescence spectra of
Na8Eu2(Si2Se6)2.

Eu2+. In a related study, Eu2+ doped in a CsS matrix exhibits
a broad emission centered atλmax= 640 nm when excited at
460 nm[19]. Since the oxidation state of europium in chalco-
genide structures can be ambiguous resulting in improper
assumptions based on charge balance, photoluminescence
measurements are necessary for probing the electronic struc-
ture of europium-containing crystals. No evidence of Eu3+

was found in the compound through this study.

5. Conclusions

The general formula A9IM2
II (M2

IV X6)2 (AI = Na, K;
MII = Eu, Pb, Sn; MIV = Si, Ge; X = S, Se, Te) now represents
a family of structurally related compounds containing inter-
esting M2

IV X6
−6 building blocks where Na8Eu2(Si2Se6)2

I, is a member of this family. Na9Sm(Ge2Se6)2 II, and
Na9La(Ge2Se6)2 are at this time isolated examples of
a related family of structures A9MIII (M2

IV X6)2 where
(AI = Na, K; MIII = Sm, La; MIV = Si, Ge; X = Se) that pos-
sess the GeGe unit parallel to the selenium layers. It is
possible that a search through the rare earth series may revea
other compounds isostructural toII, but our current structural
analysis shows the Na9(La/Sm)(Ge2Se6)2 is unique. We are
currently exploring other quaternary alkali-rare earth-main

group-chalcogenide systems in order to find new structures,
and to better understand the chemical forces that stabilize
complex main group chalcogenide units within these struc-
tures. Our goal is to develop a rational synthesis strategy for
developing new quaternary structures. Understanding at this
level would allow unprecedented control over the properties
of new materials.
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