Inorg. Chem. 2007, 46, 2017—2027

Inorganic:Chemistry

* Article

Synthesis of a Family of Solids through the Building-Block Approach:
A Case Study with Ag T Substitution in the Ternary Na —Ge-Se System

Amitava Choudhury, Sabine Strobel, Benjamin R. Martin, Angela L. Karst, and Peter K. Dorhout*

Department of Chemistry, Colorado State hirisity, Fort Collins, Colorado 80523

Received June 13, 2006

A new family of Ag-substituted pseudoquaternary alkali-seleno-germanates has been synthesized by two solid-
state routes: the conventional flux method and metathesis. This family includes a series of semiconductors with
varying amounts of Ag* substituted for Na* in NagGesSeyo to form Ag,Nag—xGesSeso, [x = 0.31 (1), 0.67 (1I), 0.77
(1), 0.87 (Iv), 1.05 (V), 1.09 (VI)] and another phase with a different composition AgNag-»Ge.Se; (x = 1.76),
VII, related to NasGe;Se;. In 1-VI, Ge,Se;®~ constitutes a 6-membered chairlike unit with a Ge—Ge bond, while
in VII, a corner-shared dimer of GeSe, tetrahedra (Ge,Se;®") acts as the building unit. The single-crystal structure
analysis indicates that there is a phase transition from P1 to C2/c, in changing from pure NagGe,Seso to AgNag-—yGes
Seyp (I-VI), while there is no phase transition between pure NasGe,Se; and AgNag-yGe,Se; (x = 1.76). The
structures of I-VI may be described in terms of layers of cubic close-packed Se?~ anions. In between the Se
layers, octahedral holes fully occupied by Na* and mixed Ag*/Na* cations alternate with layers formed of octahedral
holes fully occupied by Na* and Ge,®* cations. Two adjacent Ge,®* cations form a chairlike Ge,Se1®~ anion in
which Ge—Ge bonds are oriented almost parallel to the Se layers. In contrast, VIl does not have close-packed
anions. Corner-shared GeSe, tetrahedra (Ge,Se;®~ dimer) and AgSe, tetrahedra form layers that are cross-linked
by Na/AgSe, tetrahedra to form a 3-dimensional (3-D) structure. An optical property investigation indicates a red
shift in the band gap of Ag.Na—xGesSeso (x = 0.67)(Il) as compared to that of pure NagGe,Seyo. Raman data also
indicate a red shift of the Ge—Se stretching mode in the Ag*-substituted phase Il (x = 0.67) compared to that of
NagGesSeg.
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(GeQ? ) or lamellar (GeQs?")'? solids. Very often, these
finite anionic building units are excellent tools for designing
complex solids. It has already been demonstrated by Yaghi,
for example, that one can construct open-framework materi-
als using the admantane unit (Sg*") in solution!®In sol-

ids, it has been observed that a particular building unit, which
is stabilized by alkali metal ions in ternary compoufids,
also exists in quaternary compounds along with a secon
metal ion: for example, isolated tetrahedra in ALNG€®

= alkali metal, Ln= lanthanides}# ethane-like dimers in
NasM(Ge:Ss)> (M = Sn, Pb, Eu) and Nan(Ge:Se),,*® and
edge-shared dimers inKu,GeS;, K.PbGeSs, and AEu-
(GeSe)2 (A =K, Rb, Cs)!® However, there have been few
successful efforts to design solids by purposefully incorpo-
rating a “building-block” in the solid-state synthetic technique
forming new structures. The ability to utilize the distinct
types of “building-blocks” of ternary compounds in different
guaternary compounds by partial substitution of alkali metals
through a metathesis reaction with other metal salts using
solid-state synthesis techniques is especially important

d
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Figure 1. Schematic representations of the five- and six-membered ring
GeSe® units found in the two polymorphs of NaesSeo: (a) NaGes-
Seg5M and (b) NaGesSeo-6M.

0.31, 0.67, 0.77, 0.87, 1.05, 1.09), where the chairlike
building unit remains intact but the structure undergoes a
phase transition from the phase of purg@GlaSe, We also
report the structure of a second Ag-substituted compound,
Ag:Nas—xGeSe;, where corner-shared dimers of GeSe
tetrahedra (G&Se®) found in ternary NgGeSe remain
intact and there is no accompanying phase transition.

Experimental Section

Synthesis. The compounds were prepared by the reaction of
elemental Ge, Se, and Ag with the binary,Se or by solid-state
metathesis reactions using preformed salts such gS&ae . Ge

because it represents an approach to the rational design ofgg 99996, Cerac), Se (99.999%, Johnson-Mathey), and Ag (99.99%,

solids with the potential of fine-tuning their properties. The
simplest approach in this regard would be the controlled
introduction of+1 ionic metals, such as the coinage metals
(Cu, Ag, Au), in place of alkali metals in ternary alkali

—325 mesh, Cerac) were used as received, an8&lwas prepared
from the stoichiometric combination of the elements in liquid
ammonia as described previouslyReactants were loaded into
fused silica ampules inside anffllled glove box. The ampules

chalcogermanates. The substitution of less-electropositive andvere flame-sealed under vacuum and placed in a temperature-

somewhat larger cations like silver for a sodium cation might

controlled furnace. The furnace was ramped to 72%t a rate of

lead to considerable changes in the crystal structure and3® C/h, and the temperature was held constant at2for 150

electronic properties because of the greater covalent natur
of the Ag—Se bonds compared to a predominantly electro-
static interaction in the ASe bonds (A= alkali metal). To
test this hypothesis, we attempted to substituté Aations
in a structure of NgGe,Seyq, while maintaining the integrity
of the six-membered chairlike unit (g&e#~) and also tune
its band gap. In this article, we describe the synthesis,

éw. The furnace was then slowly cooled to ambient temperature at

a rate of 5°C/h. After the reaction products cooled, the ampules
were opened in an inert atmosphere glove box, and the solid product
was soaked in driN,N-dimethylformamide (DMF) and sonicated
for 1 min to dissolve and wash away any remaining flux and loosen
the product crystals. The semiquantitative EDAX analysis on
individual crystals of each reaction product confirms the presence
of Ag, Ge, Se, and Na. The color of the crystals varied from orange

structural characterization, and optical properties of a seriesto red as the concentration of the Agn increased. The compounds

of compounds of the composition Agas_GeySao (X =
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were modestly stable in air; however, they decomposed gradually
under longer exposure to air and light.

In the AgNas-yGesSe, (I—VI) series of compounds, Agr
Nay 14GeSeo (IV) was first isolated accidentally while attempting
to synthesize the pseudoquinary rare-earth chalcogenidg, Ag
Nai1-ySmGeSg Subsequently, we have found another composition,
Ado3iNay sdGeSap (1), without using Sm in the reaction mixture.
AgosNay156eSea (IV) was synthesized by combining 15.4 mg
of Sm (0.1 mmol), 43.2 mg of Ag (0.4 mmol), 30 mg of Ge (0.4
mmol), 47.4 mg of Se (0.6 mmol), and 61.2 mg of,Ne (0.3
mmol). The final ratio of the starting reactants was Sm/4 Ag/ 6
Na/4 Ge/12 Se. The product contained red plates and irregularly
shaped orange crystals. The red plates were identified as the known
compound NgSm(GeSe;), by matching of the unit cells collected
on a single-crystal diffractometé The orange crystals that did
not contain any Sm (based on EDAX analysis) turned out to be
the new compoundV . AgosiNaredGeSeq, |, on the other hand
was synthesized in the absence of Sm, while the Ag and Na ratio
was varied; 36.8 mg of Ag (0.34 mmol), 33.1 mg of Ge (0.45
mmol), 35.9 mg of Se (0.45 mmol), and 92.8 mg of,8a (0.45

(17) (a) Schewe-Miller, I. Metallreiche hauptgruppenmetall-Chalkogen-
verbindungen: Synthese, Strukturen and Eigenschaften. Ph.D. Thesis,
Max-Planck-Institut fur Festkorperforschung, Stuttgart, Germany,
1990. (b) Liao, J.-H.; Kanatzidis, M. Gnorg. Chem1992 31, 431.



Ag" Substitution in the Ternary Na-Ge—Se System

Table 1. Ratio and the Absolute Quantities of the Starting Reactants and the Composition of the Final Product

reactants Ag/Na final composition
1l 2Ag (107.8% 4Ge (145.2) 4Se (157.9) 3bie (305.8) 2:6 Ag.sNay 35GeSeo
v 6Ag (145.7) 4Ge (65.4) 8Se (142.2) 26® (45.9) 6:2 Ag.oNas 95Ge;Se0
VI 4Ag (108) 4Ge (72.7) 6Se (118.6) 206 (102.1) 4:4 Ag oNas 0:GeSean
Vil Ag (53.9) 4Ge (145.2) 3Se (118.4) 3.58@ (356.8) 1.7 Ad 7Nay 266Se
aThe numbers in the parentheses indicate absolute quantities of the reactants in milligrams.
Table 2. Crystal Data and Structure Refinement for the Compouneégll
| 1l 1 \Y)
chemical formula AgsiNay sfGesSen Ado.sNay.3GeSeo Ado.7Na7 28G&4Se0 Ado.sNar.15Ge4Se0
fw 1290.40 1320.96 1329.24 1337.73
space group C2/c(No. 15) C2/c(No. 15) C2/c(No. 15) C2/c(No. 15)
temp (K) 298 298 298 298
wavelength (A) 0.71073 0.71073 0.71073 0.71073
a(A) 8.101(2) 8.104(2) 8.104(2) 8.1030(9)
b (A) 20.147(6) 20.163(3) 20.156(5) 20.155(3)
c(A) 14.063(4) 13.998(2) 13.985(4) 13.9665(9)
o (deg) 90.0 90.0 90.0 90.0
B (deg) 106.182(5) 105.861(3) 105.757(4) 105.699(2)
y (deg) 90.0 90.0 90.0 90.0
vol (A3) 2204.2(1) 2200.3(6) 2198.5(5) 2195.9(5)
z 4 4 4 4
pcaica (Mg m—3) 3.888 3.988 4.016 4.046
u (mm™1) 22.321 22.664 22.766 22.877
R [F2> 20(F?)]2 0.0507 0.0332 0.0551 0.0455
WR (F?) (all data? 0.1532 0.0860 0.1424 0.0917
\Y VI Vi
chemical formula AgoNas osGerSeo Ag1.0dN36.9:1G&1Se0 Ag17Nay 24G6Se;
fw 1352.58 1355.97 985.02
space group C2/c(No. 15) C2/c(No. 15) C2/c(No. 15)
temp (K) 298 298 298
wavelength (A) 0.71073 0.71073 0.71073
a(A) 8.098(4) 8.1013(7) 9.7234(18)
b (A) 20.131(9) 20.1342(8) 10.547(2)
c(A) 13.922(6) 13.9213(3) 15.236(3)
a (deg) 90.0 90.0 90
p (deg) 105.547(9) 105.541(2) 102.985(3)
y (deg) 90.0 90.0 90
vol (A3) 2186.4(7) 2187.7(3) 1522.5(5)
z 4 4 4
pcaica (Mg m—3) 4.109 4.117 4.297
w (mmY) 23.125 23.145 22.959
R [F2> 20(F?)]2 0.0476 0.0440 0.0429
WR (F?) (all data¥ 0.0945 0.0935 0.1131

aR1= Y ||Fol — IF/I/Y|Fol. PWR2 = { F[W(Fo? — FA/ Y [W(FD}2 w = 1/[0*(Fo)? + (aP)? + bP] whereP = [F? + 2F?)/3: a= 0.0631 anch =
0.000 forl, a= 0.0421 andb = 0.000 forll, a = 0.0811 ancb = 4.67 forlll , a = 0.0314 andch = 10.40 forlV, a = 0.0273 ancb = 29.15 forV, a =
0.0328 andb = 3.45 forVI, anda = 0.0504 ancb = 26.6807 forVII .

mmol) were mixed with a starting composition of 3 Ag/8 Na/4 by heating stoichiometric amounts of the elements at lower and

Ge/12 Se to give orange crystalslofFinally, we rationalized the higher temperatures, respectively. In the metathesis rout&éta

synthesis to systematically vary the concentration of Ag by varying Se¢5M was reacted with AgCl in different ratios so that the equiv-

the Ag/Na ratio while keeping the ratio of Ge/Se fixed at 4:10 (Table alent amount of Ag ion would substitute the Nain NagGe;Se -

1). A cursory glance at Table 1 indicates interesting findings: the 5M and at the same time the 5-membered3eg unit was expected

concentration of the Agin the final structure does not obey a linear to rearrange to the 6-membered chair form at higher temperature

or proportional relationship with the starting Ag/Na ratio. When and longer time forming the structure of Mps-nGesSe with

the amount of Ag is smaller than Ag/N& 1:7 in the starting the desired composition. Several reactions of®&Se -5M and

composition, AgNas GesSey did not form; instead, we found AgCl indicated that when the ratio of AgCl/Nae,Seq-5M was

another pseudoquaternary species, Af§a, .5eSe (VI ), related 1:1 or below, there was no Agsubstitution; moreover N&ey-

to NasGeSe.” Se¢-5M did transform to NgGe,Se -6M. However, when the ratio
Metathesis Route.To gain better control of the Agconcentra- was 2:1, we observed Agsubstitution in transformed Nae,Se -

tion in the final product, we sought to employ a metathesis route. 6M leading tolll ; 75.8 mg of Ng@Ge,Seq,-5M (0.06 mmol) and

There are two polymorphs of NaeSeo one of them has a  17.2 mg of AgCl (0.12 mmol) were loaded in a graphitized

5-membered ring G8eg®~ unit!! (referred to as N#e,Se -5M), quartz ampule and sealed as described previously. The furnace was

while the other contains the 6-membered chair form of the ramped to 825C at a rate of 35C/h, and the temperature was

GeSad unit® (referred to as N#Ge,Se -6M) as shown in Figure held constant at 828C for 96 h. The furnace was then slowly

1. The oxidation state of Ge is formaHly3 in the two polymorphs. cooled to ambient temperature at a rate 6C3h, and the orange

Both NaGeSe-5M and NaGe;Se -6M can be prepared similarly  crystals were recovered similarly as described previously. The

Inorganic Chemistry, Vol. 46, No. 6, 2007 2019



composition of the orange crystals Bf was derived from the
single-crystal data. The PXRD indicated the formation of glre
with no side product.

Choudhury et al.

Table 3. Atomic Coordinates % 10% and Equivalent Isotropic

Displacement Parameters3{A 10°) for | and Site Occupancy Factors

(SOF) of Constitutionally Disordered Na and Ag Atoms in Compounds

Single-Crystal X-ray Diffraction . Intensity data sets for the
compounds I=VIl') were collected on a Bruker Smart CCD

diffractometer. These data were integrated with SAMTthe
program SADABS was used for absorption correcfidihe
structures were solved by direct methods using SHELX®S-&1d
difference Fourier syntheses. Full-matrix least-squares refinement
against|F?| was carried out using the SHELXTL-PL@Ssuit of
programs. For the compountsVI, the Se and Ge positions, which
constitute half of the chairlike GBeg units, were easily located.

In the next cycle of refinement, the remaining six peaks with the
electron densities between 48 and 2&sée, were assigned as Na
atoms. The refinement brought down the R1 value to 10%, but the
thermal parameters for two Na atoms (Nal and Na2), which initially
had higher electron-density peaks (47.8 and 40/gie), were
unacceptably low. Moreover, the N&e bond distances for Na 1

and Na2 were shorter (2.9 A) compared to other N&Se

distances (2.983.2 A). This led us to believe that Nal and Na2
could be Ag atoms or jointly occupied by Ag and Na. The
refinement with Ag alone increased the R1 value to 14%, and the
thermal parameters for all other atoms except Agl and Ag2
decreased to an unacceptable low. Finally those two sites were
refined by putting both Na and Ag jointly, keeping their coordinates
same while freely refining their occupancies. For compowuiid

Ge, Se, and one Ag atom were easily located, where Ge and Seg

atoms make half of the corner-shared tetrahedral dimeB&.e
Out of the three remaining peaks, two could be definitely refined
as Na atoms, while the one with an electron density of 38ie

and bond distances to the Se atoms in the range ef2& created

a situation similar to that seenin-VI; therefore, it was also refined
with the mixed occupancy of Na and Ag, keeping the coordinates
the same while freely varying the occupancies. The last cycles of
refinement for1—=VIl included anisotropic thermal parameter
refinement for all the atoms. Details of the final refinements and
the cell parameters for-VII are given in Table 2. The final atomic
coordinates fot and the refined occupancies for the constitutionally
disordered Na and Ag sites for-VI are given in Table 3. The
atomic coordinates for the new compoumdl are given in
Table 4.

Raman Spectroscopy.The bulk solid-state Raman spectra of
compoundsll and NaGeSeqr6M were collected on a Nicolet
Magna-IR 760 spectrometer with a FT-Raman Module attachment
by use of a Nd:YAG excitation laser (1064 nm).

UV —vis SpectroscopyDiffuse reflectance measurements were
taken on a Varian Cary 500 Scan YVis-NIR spectrophotometer
equipped with a Praying Mantis accessory. A poly-Teflon standard
was used as a reference. The Kubelkéunk function was applied
to obtain band gap informatici.

Results and Discussion

Structure Description of AgxNag-GesSeo. The series
of compounds, denoted by fdas—GeSeq (x = 0.31, 0.67,

(18) SAINT, Data processing software for the SMART syst@mker
Analytical X-ray Instruments, Inc.: Madison, WI, 1995.

(19) Sheldrick, G. M.SADABS University of Gdtingen: Gdtingen,
Germany, 1997.

(20) Sheldrick, G. MSHELXS-97Programs for X-ray Crystal Structure
Solution University of Gdtingen: Gdtingen, Germany, 1997.

(21) Sheldrick, G. MSHELXL-97 Programs for X-ray Crystal Structure
RefinementUniversity of Gdtingen: Gidtingen, Germany, 1997.

(22) (a) Wendlandt, W. W.; Hecht, H. GReflectance Spectroscqpy
Interscience Publishers: New York, 1966. (b) Kotum Reflectance
SpectroscopySpringer-Verlag: New York, 1969.
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I=VI

atoms Wyckoff X y z U
Ge(1) § 1374(2) 5483(1) 7318(1) 13(1)
Ge(2) § 1359(2) 3486(1) 7295(1) 15(1)
Se(1) 8 1350(2) 6364(1) 6259(1) 21(1)
Se(2) 8 3690(2) 5498(1) 8727(1) 20(1)
Se(3) 8 1319(1) 4496(1) 6309(1) 16(1)
Se(4) 8 3710(2) 3447(1) 8686(1) 19(1)
Se(5) 8 1251(1) 2614(1) 6199(1) 18(1)
Na(1) g 2467(5) 4443(2) 9793(3) 38(2)
Ag(1) 8f 2467(5) 4443(2) 9793(3) 38(2)
Na(2) g 2292(6) 6495(2) 9796(3) 43(2)
Ag(2) 8f 2292(6) 6495(2) 9796(3) 43(2)
Na(3) & 2500 7500 5000 31(2)
Na(4) Z] 5000 4477(3) 7500 23(2)
Na(5) ] 5000 6582(3) 7500 23(2)
Na(6) 2] 5000 2399(3) 7500 35(2)
atoms | Il 1 \Y \Y \

Na(1) 0.909(5) 0.802(3) 0.784(5) 0.754(3) 0.710(4) 0.699(3)
Ag(l) 0.091(5) 0.198(3) 0.216(5) 0.246(3) 0.290(4) 0.301(3)
Na(2) 0.935(5) 0.862(2) 0.834(4) 0.811(3) 0.765(4) 0.758(3)
Ag(2) 0.065(5) 0.138(2) 0.166(4) 0.189(3) 0.235(4) 0.242(3)

aUeqis defined as one-third of the trace of the orthogonalidgdensor.

able 4. Atomic Coordinates x10% and Equivalent Isotropic
isplacement Parameters{A 10°) for VII

atoms  Wyckoff X y z Ueqp SOF
Ge(1) § 1600(1) 4233(1) 3568(1) 28(1)
Se(1) 8 3638(2) 3836(1) 3050(1) 56(1)
Se(2) 8 667(1) 2333(1) 3962(1) 31(1)
Se(3) 8 2013(1) 5736(1) 4724(1) 38(1)
Se(4) £ 0 5467(2) 2500  45(1)
Ag(1) 4e 0  895(1) 2500  56(1)
Na(2) g —2210(2) 2575(2) 3563(1) 53(1) 0.62
Ag(2) 8f —2210(2) 2575(2) 3563(1) 53(1) 0.38
Na(3) ) 5000 5000 5000 48(2)
Na(4) g 3811(5) 1395(5) 4140(4) 54(1)

aUeqlis defined as one-third of the trace of the orthogonalidgdensor.

0.77,0.87, 1.05, 1.09);-VI, are topologically identical to
their pure Na analogue, the p@e;Sey6M structure but
belong to a higher symmetry system. The isostructural
compoundsl—VI, differ only in their Ag content and
crystallize in a centrosymmetric monoclinic space gréajc
(Table 2), while NgGe,Ser-6M crystallizes in a triclinic
system.

The structure of NéGe,Se-6M features a discrete anionic
chairlike GaSe®~ unit interacting ionically with N&
cations, while the Ag-substituted phasksV!) reported here
represent three-dimensional (3-D) structures because of more
covalent-like Ag-Se bonds, containing channels filled with
Na* cations. The 3-D structure &f-VI contains an anionic
network of [AgNa,—xGeSeag* formed by predominantly
covalent Ag/Na-Se layers cross-linked by G#&a o units via
bridging Se-atoms. Only Nacations occupy the channels
formed by such cross-linking of Ag/NéSe layers (Figure
2). The structure ofl—VI can be more conveniently
described in terms of packing of anions {Se Selenium
anions form an approximately cubic close-packed array in
which octahedral sites are occupied by'eg™, Na*, and
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distinct Se atoms and one common Se atom (Se3). The Ge
Ge connectivity creates an ethane-like dimer, which is then
connected by a bridging Se3 atom to form the chairlikg-Ge
Sep unit (Figure 3). The GeSe and Ge Ge bond lengths
are in the range of 2.313(2R.457(3) and 2.420(2)2.427-
(3) A, respectively, and SeGe—Se and Ge Ge—Se bond
angles are in the range of 104.83(@)13.86(7) and
104.77(5)-113.06(8j, respectively. These geometrical pa-
rameters are largely unaffected by the amount of Ag
substitution in —VI (See Supporting information, Table S1).
Figure 2. Perspective view of the 3-D structure of Agxs-xGesSepalong Al th(? NQ/Ag and unique Na_atom sites adopt octahedral
the b axis. coordination surrounded by six Se atoms. The Na/&g
bond lengths are in the range of 2.887%28)329(4) A for
Nal/Agl d(Nal/Agl—Se), = 3.059(6) A] and 2.919(4)
3.348(5) A for Na2/Ag2 §i(Na2/Ag2—Se), = 3.063(3) A],
while the Na-Se bond lengths are in the range of 3.0039-
! , . (3)—3.1879(3) A for Na3 d(Na3—Se), = 3.0789(6) A,
o [ i 2.9862(4)-3.059(4) A for Na4 fi(Na4—Se), = 3.0234(2)
N A], 3.018(7)-3.146(5) A for Na5 fi(Na5—Se), = 3.0943-
SelF (3) A], and 3.051(5)-3.1082(6) A for Na6 fi(Na6—Se), =
3.059(6) A] for compoundl. It should be noted that although
the average bond lengths of all the Na/A§e and Na Se
bonds appear similar, there exists a greater difference
| between the shortest and the longest bonds in the cases of
Se5E Nal/Agl, Na2/Ag2, and Na3 (layer a cations), indicating
Figure 3. View of a part of the structure df containing the asymmetric ~ more irregular octahedra compared to N&BR6 (cations in
unit, showing the chairlike G8eyo unit (open full line). The thermal  |ayers b and c). More importantly, this irregularity increases
ellipsoids are given at 40% probabilty. at the Nal/Agl and Na2/Ag2 sites as more silver is substi-
tuted, comparing compoundighroughVI. For example, in
VI, the shortest and the longest Na/Age distances at the
Nal/Agl site are 2.875(4) and 3.3911(5) A, respectively,
hile at the Na2/Ag2 site, they are 2.7946(9) and 3.5567(5)
, respectively. Similar variations @is- andtrans-Se—Na/
Ag—Se bond angles are also evident as a function of silver
substitution. However, the N&Se bonds and SeNa—Se
bond angles for sites Na3, Na4, and Na6 do not show
significant variation across the solid solution, while-$Séa—
Se bond angles at Na5 site does show little variation across
the solid solution. The Na/AgSe bond lengths are slightly
longer than pure AgSe bond lengths, where Ag is in
octahedral coordinatioff.Relevant bond lengths and angles
for compoundd —VI are given in Table 5.

Gef* cations. If the G&" cation is considered as one complex
cation, then the centers of the Seunits are actually located

in the octahedral hole. The three successive cubic close-
packed Se layers can be denoted as layers A, B, and C ancg'
their stacking as ABCABC,; also the layers that form by
filling the octahedral holes between the A and B, B and C,
and C and A layers can be denoted as c, a, and b layers
respectively. The manner of occupancy of octahedral sites
in between the Se layers, that is, ¢, a, b layers, is quite
different. For example, octahedral layers containing” Na
(Na4—Na6) and G¢" cations (e.g., in layers ¢ and b)
alternate with the layers that contain pureN&la3) and
mixed Ag"/Na" cations (Agl/Nal, Ag2/Na2) (e.g., in layer
a). In the layers that contain both Nand Ge®" cations in Structural Phase Transition. The structure of NeGer-
the octahedral holes, 3/5 of the octahedral sites are OCCUpie%a_o-ﬁM, reported by Eisenmann et #lcrystallizes in the
by Na* cations and 2/5 of the octahedral sites are occupied space groufl with the cell parameters @f = 7.074(5) A,
by Ge®" cations, where GeGe bonds are almost parallel b = 8.098(5) A,c = 10.657(6) Ao = 73.44(15), 8 =

to the Se layers. 70.84(159, y = 81.73(15). Substitution of silver in Na
As the structures of—VI are identical and only differin  Ge;Sey6M leads to a structural phase transition fréth
their Ag content, we will discuss the structurelah detail. to C2/c in AgNas_xGeSe, We do not have a complete

The asymmetric unit of contains atoms in 13 distinct sites  solid solution between N&eSeyr6M and AgGeSeg

of which two Ge and five Se atoms constitute half of the because the existence of the later compound is not known
Ge,Sey chairlike unit (Figure 3). Na and Ag jointly occupy and a maximum of 13.625% Agcould only be substituted
two constitutionally disordered sites (Nal/Agl and Na2/Ag2) for Na*. We also could not establish the exact composition
and their occupancies vary in structudesVl (See Table  at which the PXo C2/c phase transition occurs because our
3), while Na atoms reside on special positions related by efforts to substitute a minimum amount of Afailed because

an inversion center (Na3) and a 2-fold symmetry axis Na4 of phase separation leading to a different Ag-substituted

Na6). Each Ge atom forms one G€e bond 10 itS (53 (4 preifr, R ; Kniep, RJ. Alloys Compd1992 186, 111. (b) Huang,
symmetry-generated Ge atom and three-Ge bonds to two F. Q.; Ibers, Jinorg. Chem.2001, 40, 865.
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Table 5. Selected Bond Distances (A) and Angles (deg) for the Compolinif$2

[ 1 I \Y Vv v
Se(1)-Ag(1)/Na(1y? 2.958(4) 2.9426(14) 2.949(2) 2.9279(17) 2.921(2) 2.9225(15)
Se(2)-Na(1)/Ag(1) 2.927(4) 2.9048(14) 2.898(2) 2.8946(17) 2.880(2) 2.8750(14)
Se(2)-Na(1)/Ag(1}* 3.229(4) 3.2909(17) 3.317(3) 3.322(2) 3.344(2) 3.3458(17)
Se(3)-Ag(1)/Na(1}? 3.028(4) 2.9978(16) 2.984(3) 2.986(2) 2.974(2) 2.9750(16)
Se(3)-Na(1)/Ag(1}? 3.329(4) 3.3800(15) 3.374(3) 3.3944(18) 3.394(2) 3.3911(15)
Se(4)-Na(1)/Ag(1) 2.887(4) 2.8336(15) 2.821(3) 2.8103(17) 2.792(2) 2.7908(14)
Se(1)-Ag(2)/Na(2f* 2.921(5) 2.8534(19) 2.839(4) 2.820(2) 2.796(3) 2.7946(19)
Se(2)-Na(2)/Ag(2) 2.919(4) 2.8954(15) 2.882(3) 2.8771(18) 2.859(2) 2.8605(15)
Se(3)-Na(2)/Ag(2)2 3.173(4) 3.1668(16) 3.176(3) 3.1636(19) 3.159(2) 3.1623(15)
Se(4)y-Na(2)/Ag(2)* 3.348(5) 3.457(2) 3.477(4) 3.513(2) 3.550(2) 3.5567(15)
Se(5)-Ag(2)/Na(2? 2.959(4) 2.9461(16) 2.948(3) 2.9394(19) 2.929(2) 2.9258(16)
Se(5)-Na(2)/Ag(2f® 3.058(4) 3.0568(15) 3.046(3) 3.0571(19) 3.052(2) 3.0490(15)
Se(4y-Na(1)-Se(2) 90.58(11) 92.14(4) 92.70(8) 92.76(5) 93.40(6) 93.53(4)
Se(4)-Na(1)-Se(1) 102.34(12) 102.93(4) 102.41(7) 103.17(5) 102.95(6) 102.76(4)
Se(2)-Na(1)-Se(1) 165.60(16) 162.36(6) 161.78(11) 160.94(7) 159.94(7) 159.92(6)
Se(4)-Na(1)-Se(3}: 101.77(13) 103.95(5) 104.75(9) 104.87(6) 105.64(6) 105.71(5)
Se(2)-Na(1)-Se(3}* 98.73(12) 99.78(4) 100.26(8) 100.13(5) 100.58(6) 100.69(4)
Se(1¥7—Na(1)-Se(3J! 84.99(10) 85.59(4) 85.83(7) 85.99(5) 86.28(5) 86.26(4)
Se(4)-Na(1)-Se(2)* 87.40(11) 87.00(4) 86.39(7) 86.68(5) 86.15(5) 86.07(4)
Se(2)-Na(1)-Se(2)* 84.29(10) 82.81(4) 82.60(7) 82.17(5) 81.67(5) 81.65(4)
Se(1¥7—Na(1)-Se(25* 89.90(11) 88.80(4) 88.19(7) 88.30(5) 87.83(6) 87.76(4)
Se(3f1-Na(1)-Se(2§* 170.27(15) 168.57(5) 168.26(9) 168.03(6) 167.75(6) 167.73(5)
Se(4y-Na(1)-Se(3} 173.23(15) 171.68(6) 170.60(10) 170.91(7) 170.09(7) 169.96(6)
Se(2)-Na(1)-Se(3f” 93.25(11) 91.23(4) 91.02(7) 90.33(5) 89.67(6) 89.72(4)
Se(1¥7—Na(1)-Se(3}7 73.28(9) 72.64(4) 72.55(6) 72.39(4) 72.33(5) 72.32(3)
Se(3f1—-Na(1)-Se(3}’ 83.18(10) 82.95(3) 83.05(6) 82.97(4) 83.01(5) 82.96(4)
Se(2§4—Na(1)-Se(3}7 87.42(11) 85.88(4) 85.53(7) 85.28(5) 84.97(5) 85.01(4)
Se(2)-Na(2)-Se (1)~ 99.11(13) 101.41(5) 102.00(10) 102.60(7) 103.55(7) 103.67(5)
Se(2)-Na(2)-Se (5} 169.82(19) 166.55(7) 165.56(13) 164.82(9) 163.39(9) 163.11(7)
Se(1f1—-Na(2)-Se(5§7 87.60(12) 88.83(4) 89.10(8) 89.43(6) 89.90(6) 90.02(5)
Se(2)-Na(2)-Se(5)8 91.00(12) 91.93(4) 92.14(8) 92.41(5) 92.71(6) 92.76(5)
Se(1¥1—Na(2)-Se(558 107.36(15) 109.98(6) 110.44(10) 111.33(7) 112.20(7) 112.37(6)
Se(5f7—Na(2)-Se(5§8 94.31(11) 92.74(4) 92.57(7) 91.75(5) 91.09(6) 91.05(4)
Se(2)-Na(2)-Se(3§7 96.73(11) 95.86(4) 95.44(7) 95.44(5) 94.92(6) 94.71(4)
Se(1¥1-Na(2)-Se(3}” 83.05(11) 84.03(4) 84.20(8) 84.55(5) 84.97(6) 84.96(4)
Se(5f7—Na(2)-Se(3}’ 76.37(10) 76.36(4) 76.33(7) 76.29(5) 76.37(6) 76.43(4)
Se(5f8—Na(2)-Se(3}7 165.95(17) 162.32(7) 161.74(12) 160.29(8) 158.98(8) 158.88(7)
Se(2)-Na(2)-Se(4)* 84.68(12) 82.97(4) 82.50(8) 82.14(5) 81.35(4) 81.15(3)
Se(1¥1—-Na(2)-Se(4¥* 170.96(16) 169.87(6) 169.55(10) 169.27(7) 168.91(2) 168.85(6)
Se(5f7—Na(2)-Se(4§4 87.61(12) 85.57(5) 85.07(8) 84.50(6) 83.75(2) 83.687(4)
Se(58—Na(2)-Se(4¥4 80.66(11) 78.77(4) 78.54(7) 77.78(5) 77.11(6) 77.054(3)
Se(3f7—Na(2)-Se(4§* 88.37(12) 86.45(5) 85.99(8) 85.41(5) 84.69(2) 84.62(3)

a Symmetry transformations used to generate equivalent atoms:x#l —z + 3/2; #2x, —y+ 1,z— 1/2; #4—x+ 1, -y + 1, —z+ 2; #5—x + 1/2,
y—1/2,—z+ 3/2; #7x, -y + 1,z + 1/2; #8—x + 1/12,y + 1/2, —z + 3/2.

structure, AgzdNas 24GeSe (VI ). This finding can alsobe  6M and AgNas_xGeSeay, it is not hard to determine the
indicative of the fact that silver-substitutéritlinic NasGes- equivalence of any one Ndon in the other. For example
Se6M may not exist. So, we will compare the structure Nal, Na4, Na3, and Na2 of NaeSey6M are equivalent
of NasGe:Se-6M with the structure of AdNas-.GesSepand to Nal, Na2, Na3, and Na4, respectively, ofNa_.Ge;Sep,
try to describe what may be the driving force of the transition while Na5 of NaGe;Se-6M splits into Na5 and Na6 in
by reviewing the microscopic structural distortions. The AgNas GeSeo. It is evident that Ag substitution takes
asymmetric unit of NegGe:Seo-6M contains 5 Na cations;  place only at the Nal and Na4 sites of{8&:Se-6M (which

two of them (Na2, Na3) sit on special positions related by a gre Na1/Agl and Na2/Ag2, respectively, inAge GeSeo)
center of inversion, while Nal, Na4, and Na5 occupy general 5nd the Na3 site remains unchanged.

positions (this numbering scheme is same as that reported
by Eisenmann et al?. The rest of the asymmetric unit is
same ad —VI. Complementary views of the structures of
both compounds are shown in Figure 4a and b. The
monoclinic structure, when viewed as triclinic, gives “tri-
clinic” cell parameters wherein tha, b, and c axes are

Another visible change is noticed in the orientation of
the Ge-Ge bonds of the GS8eyo unit; a building block
that is perpendicular to the Se layers ingSaySer-6M
becomes almost parallel upon Ag substitutidr-Y1),
Figures 2 and 4.

equivalent to thé, ¢, anddouble aaxes of NgGe,;Se-6M. A relevant question is why silver substitution takes place
Nal, Na3, and Na4 fill all the octahedral sites of the layer a in the octahedral sites of the pure Neayers (a, & and b
in NagGesSar-6M, while Na2, Na5, and G&" cations fill layers) in NgGesSe-6M but not in the others (c, b, and a

the octahedral sites in the alternate layers (layer ¢ and b),layers). The answer probably lies in the distortions of the
which host the G£5e unit. Although the count of Naions octahedra, which can be quantified by continuous symmetry
and their numbering schemes are different inG&aSe measurement analysis according to Zabrodsky et al., Ok et
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Figure 4. (a) Views of the different close-packed layers ofgSaSeo-6M (top, layer a, & or b cations) down thé axis and the layers containing the
GeSe building blocks (bottom, layer b, c, of eations). The middle figure shows the view parallel to the layers. A, B, and C indicate the stacking of the
cubic close-packed Se layers, while the lower-case letters (c, a, b, etc.) indicate stacking of the cation layers. (b) Complementary views.ibkthetéd-s
phasesl|(—VI) oriented similarly to those in part a.

al., and Alvarez et a* The basic idea behind this analysis to the size of the distorted one, that is, the size of the distorted
of octahedral distortion is ttguantify the minimal distance  object has to be scaled so that the longest distance between
maovement that the points of an objectd®ato undergo in the central atom (Z) and any of the ligands (BID5) in the
order to be transformed into a shape of the desired “distorted” octahedra is 1. All distances may be averaged,
symmetry’24a In our case this means, we superimpose a and this average becomes the distance between Z and the
perfect octahedron over the existing distorted one and Perfect vertices POP5. To quantify the minimal distance
measure the distance between the six ligands of the distortedlistortions and get a value for the distortion of a given {ZD
octahedron and the six vertices of the perfect platonic UNit, one calculates the continuous symmetry meaSyig,
octahedron. To find the positions of the six ligands{Po ~ Which is the average square of the transitidnsto P

P5) in a “perfect” octahedra all the cis angles between ligand (K€€Ping in mind thab; andP, are three-dimensional vectors

atoms (P6-P5), central atom (Z), and ligand atoms have to and|D; — Pi| gives the length of a vector)

be 90, and the three trans angles must be°1@tgure 5). 5
Subsequently, the perfect polyhedron has to be normalized D, — Pi|2
=
(24) (a) Zabrodsky, H.; Peleg, S.; Avnir, D. Am. Chem. Sod.992 114, Stoey = 100 6 (1)

7843. (b) Ok, K. M.; Halasyamani, P. S.; Casanova, D.; Llunell, M.;
Alemany, P.; Alvarez, SChem. Mater2006 18, 3176. (c) Alvarez, P :
S.. Alemany. P.; Casanova, D.; Cirera, J.: Llunell, M.; Avnir@ord. The factor of 100 is introduced only to have a value that is

Chem. Re. 2005 249, 1693. more convenient??
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Figure 6. Plot of the degree of distortiorfoc, of various octahedral
sites in NaGesSer6M and AgNas-xGesSeo as a function of Ag
substitution. The degree of distortion is calculated on the basis of continuous-
symmetry measure analysis, eq 1. The open symbols correspond to the Na
sites in pure NgGesSe-6M, while the filled symbols correspond to the
Na and Na/Ag sites in Adas-GesSer.
Ag2 sites tend toward four-coordinate. The four compressed
Figure 5. Schematic representation showing how a perfect octahedron Ag/Na—Se bonds tend to take the shape of a flattened
(labeled P) is superimposed over a distorted octahedron (labeled D). tetrahedral geometry, often favored by Agurrounded by
four chalcogen aton®.In other words, Ag tends to force a
flattened tetrahedral geometry because the shortening of the
L h four bonds can be attributed to the more covalent-Sg
has the perfect octahedrf'il symmetry, that is, the higher thecharacter. There is a consistent decrease of tés length
value 0f Secy, the more distorted the polyhedron. and volume as a function of Ag substitution. Such contrac-
It was found that the values &oc for the cations inthe  tions are not surprising and increase as a function of the
pure Na layers (a,'cand b layers) in NaGesSeo-6M are  degree of covalence of the metdigand bond<8
high [Secy(Nal) = 3.5226,Soc(Na3) = 2.2953,Soc(Nad) The distortions at Nal/Agl and Na2/Ag2 sites resulting
= 5.483] relative to those in the alternate layers (c, b, and a from Ag substitution induce a distortion at the Na5 site,
layers) Bocy(Na2) = 0.7093, Socr(Nad) = 1.7694]. This  which increases slightly across the solid solution. Careful
clearly indicates that Ag prefers the more distorted Nal and examination of the distortion at Na5 site reveals thahs
Na4 sites for substitution; these sites are labeled Nal/AglSe1-Na5-Sel and Se5Na6-Se5 angles, 163.2(2) and
and Na2/Ag2, respectively, in Aljag-xGesSeo. For small  164.0(2Y, respectively, foil deviate more from 180than
amounts of Ag substitution as ih and formation of the their equivalent angles in Nae;Sep-6M (167.38(25). While
monoclinic phase, the distortions at Nal/Agl and Na2/Ag2 the cis-Se2-Na5-Se2 and Se4Na6—Se4 angles, 92.03-
drop immediately as indicated by the¥cy values Bocy- (7) and 92.39(3) respectively, fot converge more toward
(Nal/Agl)= 2.5151 andSec(Na2/Ag2)= 3.1063], while 90 than their equivalent angles in Mee;Se-6M (95.65-
the distortion at Na3 site drops as wef(y(Na3)= 1.0027)  (2)°). Such deviation of the trans angles from 18thd
compared to the Ag-free phase. As more and more Ag convergence of cis angles toward°@longate the size of
incorporation takes place, the distortions at Nal/Agl and the two adjacent octahedral holes and the-Ge bonds of
Na2/Ag2 sites increase linearly as a function of Ag incor- the GgSe® may lie parallel to the Se layer (compare Figure
poration, as shown in Figure 6, while distortion at the Na3 4, pottom left and right). Because of this change of the
site remains invariant across the solid solution. Ag incor- orientation of the GeGe bonds there is a dramatic change
poration in the a,'cand b layers induces a cooperative effect of the symmetry of the G8ej, unit. In NaGeSer6M,
in the alternate layers (b, c, and layers). For example,  GegSe®™ units were related by a center of inversion, while
distortions at Na6 decrease, while distortions at the Na4 andin Ag,Nas «GeSeo (I-VI), GeSad™ units are related by
Na5 sites increase when compared to their equivalent sitesa 2-fold rotation symmetry, and thus a higher symmetry is
in the unsubstituted N&e,Se,-6M. However, the distortions  induced. The existence of distortions at Nal/Agl and Na2/
at the Na4 and Na6 sites remain largely unaffected acrossag2 sites may be the result of a size mismatch or different
the solid solutions (Figure 6), while there is an increase in coordination preference of Na and Ag atoms, while the

the distortion at the Na5 site as a function of Ag incorpora- twisting of the Ge-Ge bonds, a secondary process, may be
tion, although it is less pronounced than that of Nal/Agl responsible for the phase transition.

and Na2/Ag2. The distortions at the Nal/Agl and Na2/Ag2  vegard's Law. The variation of structural parameters
sites do not belong to any classical type of distortions such often reveals important insights and the most basic of these
as trigonal or tetragonal distortion. The distortions involve
the compression at four Ag/N&Se bonds and elongation at  (25) (&) Wachhold, M., Kanatzidis, M. Gnorg. Chem.200q 39, 2337.
two Ag/Na—Se bonds, indicating that with more and more $2r;|$1|2ngF %ﬁr'gﬁ{ft: %z@kﬁglrlg. itﬁ‘ée gﬁ:n%%%lllggyzgfé.(c)

Ag substitution, the coordination of the Nal/Agl and Na2/ (26) Shannon, R. D.; Vincent, Hstruct. Bondingl974 19, 1.

According to this equatiorfec) can take values between
0 and 100. A value 0§y = 0 represents a [Z§ unit that
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Figure 7. Plot of the variation of the& parameter in ANag-xGesSeo
[x=0.31(),0.67 (1), 0.77 (Il ), 0.87 (V), 1.05 ), 1.09 {I)] with the
concentration of Ag. The vertical line at each point is a measure of error
in the third decimal. The dashed line indicates linear fit of the points.

layers are cross-linked by Na/AgSetrahedra to form the
3-D anionic network. Na cations occupy channels formed
by such cross-linking.

The asymmetric unit o7l contains 9 unique sites, which
are occupied by one Ge, four Se, one Ag, and two Na atoms,
while both Na and Ag jointly occupy one of the sites (Na2/
Ag2) (Figure 9). Gel is surrounded by four Se atoms in a
tetrahedral environment. G&e bond lengths are in the range
of 2.3330(2)-2.337(5) A f(Gel-Se), = 2.343(6) A], and
the Se-Ge—Se bond angles are in the range of 96.96(6)
114.53(69, indicating a distorted tetrahedron. Gel is con-
nected to two Na (Na3, Na4), one Ag (Agl), and one Na/
Ag (Na2/Ag2) atoms through GeSe-Na, Ge-Se-Ag, and
Ge—-Se—Na/Ag linkages, respectively, as well as to another
symmetrically generated Ge atom through Se4, thereby
forming a corner-shared @e®~ dimer. Both Agl and Na2/

is the change in the lattice parameters. The consistency ofAg2 are surrounded by 4 Se atoms in tetrahedral coordina-

the solid solutions is often judged by the composition-

tion. Agl—Se bond lengths are in the range of 2.652(4)

dependent lattice parameter changes in terms of the empirical.769(6) A H(Agl—Se), = 2.710(5) A], and SeAgl—Se

Végard's law?’ This law states that in the absence of strong

bond angles are in the range of 76.73(@B1.24(5). Na2/

electronic effects, the variation of lattice parameters is linear Ag2—Se bond lengths are in the range of 2.7383)130-

with composition. As mentioned earlier, the length of the

) A [d(Na2/Ag2-Se), = 2.893(2) A], and Se(Na2/

axis and volume decrease with increasing Ag concentration Ag2)—Se bond angles are in the 81.05¢684.91(9) range.

(see Table 2). The plot of the parameter against Ag
concentration is given in Figure 7 indicating a linear

Both bond lengths and bond angles indicate that Aga8d
Na2/Ag2Se tetrahedra are fairly distorted. Na3 and Na4,

dependence. There are two factors that control the linearity on the other hand, are surrounded by six Se atoms in an
of thec parameters; the mismatch of size resulting from the octahedral environment. NéSe bond lengths are in the range

difference in the ionic radiir(a;“N=6 = 1.02, g+ N6 =
1.15¥8 between Na and Ag' cations, as well as the degree

of 2.944(3)-3.212(4) H(Na3-Se), = 3.076(2) A] and
3.048(5)-3.315(5) A f(Na4—Se), = 3.107(3) A] for Na3

of covalence. Here, a linear decrease rather than an increasand Na4, respectively. Thas- andtrans-Se—-Na—Se bond
is observed because of the increased covalence with increasangles are in the range of 77.30(34.54(3) and 180

ing Ag concentration, which outweighs the effect of larger
ionic radius of Ag.

Structure Description of AgxNag—GeSe; (x = 1.76).
Unlike compounds$—VI, the structure o¥Il is isostructural
to its pure Na analogue; N@eSe and Ge atoms are
formally assigned as Geions. Both structures crystallize
in the C2/c space group with nearly similar lattice parameters.
The cell parameters for Nae.Se are as follows:a = 9.451-
(4) A, b =10.914(4) A,c = 15.874(6) A, ang3 = 104.7-
(1)°.7 Careful examination reveals that Ag substitution in
NasGeSe increases tha axis length while thd andc axis
lengths are decreased; thangle is also slightly contracted

respectively, for Na3 and 75.83(2)23.44(5) and 149.24-
(4)—167.7(2), respectively, for Na4. Both bond lengths and
angles indicate that Na4Sis more distorted than Na3&e
Ag—Se bond lengths are similar to those reported in the
literature for Ag in tetrahedral coordination, while Na/Ag
Se bond lengths are slightly longi&rSelected geometrical
parameters for compoundll are given in Table 6.

No Structural Phase Transition. As low as 3.87%
substitution of Na by Ag™ in NasGe;Se -6M causes a phase
transition inl, while 29.33% substitution of Naby Ag* in
NasGeSe does not cause any phase transition. At this point
it is necessary to compare the microstructural distortions of

(see Table 2). The overall effect of these changes is a 3.87%vI|l with NasGe:Se. Unlike NasGe,Se-6M where all the

reduction of the volume of the unit cell MIl compared to
NasGeSe, as well as the relative dimensionality of the
structure, caused by the introduction of a more covalent Ag
cation. The structure of N&e,Se can be described in terms
of discrete GgSe®~ anions packed with Nacations through
electrostatic forces. The structure\df , on the other hand,

Na' cations are in octahedral coordination,sSa&Se has
Na' cations in three different coordination environments. One
of them has a very flattened tetrahedral coordination; one
has (1+ 1)-fold capped tetrahedral environment in{42)
coordination with two long NaSe bonds [3.427(3) and
3.540(2) A], while two other Na cations have octahedral

can be described as a covalently connected 3-D network ofenvironments (one almost regular and the other distorted).

[Ag17dNar 2GeSe]® possessing channels filled with Na
cations (Figure 8a). G8e dimers are linked by AgSe
tetrahedra through corner-sharing to form a layer with
apertures perpendicular to tlad plane (Figure 8b). Such

(27) (a) Vegard, LZ. Phys.1921, 5, 17. (b) Vegard, LZ. Kristallogr.
1928 67, 239.
(28) Shannon, R. DActa Crystallogr.1976 A32 751.

As we have seen in—VI, Ag" cations substitute more
distorted octahedral sites in pEeSer6M and tend to
become a flattened tetrahedral coordination with increased
Ag-substitution. In NgGeSe, there already exist two
flattened tetrahedral Nasites, so quite expectedly, Ag
cations fully substitute a very distorted (flattened) tetrahedral
site, and partially substitute another {4 2) coordination
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Figure 8. (a) Perspective view of the 3-D structure @i approximately along the [1 1 1] direction. (b) Part of the 3-D structur®/lbf showing the

layerlike architecture when viewed along thexis.

Figure 9. View of a part of the structure &fll containing the asymmetric

unit, showing the corner-shared dimer of Gg8srahedra (G£Sef™, in
open full line). The thermal ellipsoids are given at 40% probability.

Table 6. Selected Bond Distances (A) and Angles (deg) for the

Compounavil 2
Ge(1)-Se(1) 2.3300(16) Se(:)Ge(1)-Se(2) 110.01(6)
Ge(1)-Se(2) 2.3331(15) Se(@)Ge(1)-Se(3) 111.22(7)
Ge(1)-Se(3) 2.3364(15) Se(2Ge(1)-Se(3)  113.53(6)
Ge(1)-Se(4) 2.3711(15) Se(2)Ge(1)-Se(4) 110.07(6)
Se(1y-Ag(1) 2.7692(16) Se(2Ge(1)-Se(4) 114.53(6)
Se(2)-Ag(1) 2.6523(14) Se(3)Ge(1)-Se(4) 96.90(6)
Ag(1)-Se(1¥? 2.7692(16) Se(JAg(1)-Se(2y2  110.23(7)
Ag(1)-Se(1)® 2.7692(16) Se(DAg(1)-Se(1y®  103.75(4)
Se(1)-Ag(2)/Na(2)? 2.864(3)  Se(2P—Ag(1)-Se(1f® 131.24(5)
Se(3-Ag(2)/Na(2y* 2.840(2) Se(2YAg(1l)—-Se(1y®  131.24(5)
Se(2)-Na(2) 2.738(3)  Se(#3—Ag(1)-Se(1y® 103.75(4)
Se(3)-Na(2)® 3.130(2)  Se(FF—Ag(l)-Se(1f® 76.73(6)
Se(2-Na(2-Se(3y®  101.52(8)
Se(2)-Na(2)-Se(1}2  120.54(8)
Se(313-Na(2-Se(1f2 134.91(9)
Se(2-Na(2)-Se(3f°  89.99(7)
Se(3y3-Na(2)-Se(3§6  81.05(6)
Se(1f2—-Na(2)-Se(3f® 112.22(8)

a Symmetry transformations used to generate equivalent atoms:+#1

172,y + 112,z #2 =X, y, —z+ 1/2; #3x — 1/2,y — 1/2,7, #6 —X, =y +

1,-z+ 1;#8—x+ 1/2,y — 1/2,—z + 1/2.

bonds. Thus, tha axis is slightly lengthened, while the
andc axes are shortened, albeit no structural phase transition
occurred. Clearly, more compositions with higher levels of
Ag™ substitution have to be synthesized to see any possible
composition-dependent phase transition, but none have been
seen in our hands. Such studies will reveal whethet Ag
begins to fill the octahedral sites when all the tetrahedral
sites are fully substituted or if another phase transition is
found.

Site Preferences.It is important to consider the site
preference of Ag during the substitutions. Although we have
found that Ag preferentially substitutes for the more
distorted Na sites, when all the Naions are in octahedral
coordination and tend to adopt a flattened tetrahedral
coordination as the amount of Ag increases. However, it is
still not clear if, given a choice, Ag would prefer a distorted
tetrahedral site or a distorted octahedral Na-site when the
degree of distortions are equivalent. Moreover, it is not clear
if Ag™ always prefers tetrahedral coordination over octahe-
dral during substitution regardless of the degree of distortion.
It has been reported that Agcan actually tolerate a large
degree of distortion in the tetrahedral coordinaioiRe-
cently, Wang and Lee also found that Agations tend to
substitute distorted tetrahedrafirsites over octahedral sites
in AgPhslni7S34.2° Clearly, more experiments as well as
theoretical studies are needed to understand the site prefer-
ence during substitution.

Spectroscopy.The effect on optical properties resulting
from Ag* substitution in NgGe;Se¢-6M was examined by
analyzing and comparing the diffuse reflectance spectra of
I with NagGe,Ser-6M. The plot of the KubelkaMunk
function against the energy given in Figure 10 shows steep
absorption edges expected for semiconducting compounds.
The optical band gaps as derived from the extrapolation of
the linear region of the absorption edges are 2.3 and 2.65
eV for Il and NaGe;Ser-6M, respectively, consistent with

site (can be best described as a distorted tetrahedral sitehe observed color (orange fdr and yellow for NaGes-

ignoring two long bonds). The two longer N&e bonds of
(4 + 2) coordination in unsubstituted Mae;Se; becomes

Ser6M). The band gap values clearly indicate that there is
a red shift because of Agsubstitution. Alkali cation

further elongated [3.598(2) and 4.135(2) A] from the electrons make no contributions around the Fermi level
equivalent site (Na2/Ag2) inVIl making it a four-
coordinated tetrahedron with four shortened Na2/Ag2-Se (29) Wang, K.-C. Lee, C.-9norg. Chem 200§ 45, 1415.
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Ag" Substitution in the Ternary Na-Ge—Se System

180 condensation of two ethane-like €5 units results in a
160 chairlike 6-membered G8g®~ unit found in NaGe,Se
140 _ 6M.2 So drawing upon a similar argument, we tentatively
E assign the peak at 177 cfto a pseudosymmetric Al-type
stretching vibration of G&e ™ unit. The Raman spectrum
of the Ag-substituted sampld § is not well-resolved because
of a broad luminescent background and the light sensitivity
of the samples; however, one peak at 173 tman be
observed consistently, which can be readily identified as the
pseudosymmetric Al-type G&e stretching vibration. Some
differences can be observed between the pure and Ag-
substituted sample. The band at 177énm the spectrum
Figure 10. Diffuse reflectance spectra of NaesSee-6M and Ag- ofx=01is Shlfte_d down tQ 173 cnt for the sample Wltf.)(
Nag-nGesSao (x = 0.67),11 . = 0.67 (l) and is also slightly broadened asymmetrically
(see inset of Figure 11). The red shift can be attributed to
the net effect on GeSe force constant resulting from Ag
substitution, which weakens the 68e bonds through Ag
Se covalent overlap. The weakening of the-&e bonds is
reflected by their average G&e bond lengths: 2.350(3)
and 2.362(2) A forx = 0 andx = 0.67 (I), respectively.
The slight asymmetric broadening can be attributed to the
disorder of Na and Ag position in the solid solution. Such
phenomenon has been previously observed in the BaSO
PbSQ solid solutions®
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Conclusions

A new family of silver-substituted solids has been prepared
Figure 11. The Raman spectra of Nae:Sac6M and AgNag yGe:Sas by_splid-state rgactions. The successful incorporation (_)f
(x=0.67),II. building-blocks in these compounds suggests that it is

possible to design solids by replacingNaith other metal

because they lie far above the Fermi energy and arejons from ternary NaGe—Q phases containing a building-
essentially ionic interactions with the 6&e network. But  pjock of one’s choice. The proper reaction conditions using
when Ag' ions substitute for Ng there is hybridization of  the alkali-chalcogenide flux or solid-state metathesis are
Se with Ag and Ge orbitals, which may contribute to the required to maintain the structural integrity of the building-
top of valence band, thus a red-shift is observed. The plock. The analyses of the crystal structures reveal that Ag

narrowing of the band gap could be caused by the-Ag ions prefer distorted Nasites, which is important for
(d'%+-d') interaction, which could create states below the predicting the site of Ag substitution and for tailoring the
conduction band. However, long Ag\g contacts ¢4 A) properties. The preliminary optical property investigation

in these compounds €V1) preclude the possibility of any  indicates that the band gap can be fine-tuned by the amount
direct overlap of orbitals, thus minimizing its contribution of silver substitution.

(if any) toward decreasing the band gap. Theoretical band- .

structure calculations are required to explain clearly how the Acknowledgment. The authors wish to acknowledge
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