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Condensation of Pyramidal [AsSeg]®~ Anions for the Construction of Polymeric Networks:
Solventothermal Synthesis of KAgAs;Se-0.25MeOH, K>AgAssSe;, and Rb,AgAssSe;
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Three novel quaternary selenoarsenates could be synthesized by the solventothermal reaction]&f pksQes

with AgBF, in the presence of the respective alkali metal cation. Orange crystalggfds,Se;-0.25MeOH ()

are formed after reaction in MeOH at 13Q for ~2 h. Its structure is built up ofy-bitetrahedral [AsSe;]*~

units, which are connected by Agons to form anionic one-dimensional chains. These chains are separated from
each other by the Kcations. Longer reaction time, i.e., 3 days, at the same temperature provides red crystals of
K2AgAs;Se; (11) and, correspondingly, the isostructural,RhAs;Se; (111 ), which possess two-dimensional (2D)
polyanions [AgAsSe]2~. They consist of double layers of strongly waved, infinite [A§Sehains, which are
interconnected by tetrahedral Agons. The structure can also be described asA&gSe 8~ cores, which are
connected by bridging Se atoms to build the sheet anion. Batimd Il possess Agse four-membered rings,

which lead to Ag:-Ag distances between 3 and 3.3 A. The thermal, optical, and spectroscopic properties of the
compounds are reported. They melt incongruently between 259 artC2&84d are wide band gap semiconductors
with values between 1.9 and 2.1 eV. Raman spectroscopic data show typical patterns for the respective
selenoarsenate anionic building units in the range—BID cnT!. Crystal data: KAgAs,Se0.25MeOH (),
monoclinic, P2:/c, a = 9.229(1) A,b = 11.508(2) A,c = 12.905(2) A8 = 104.272(2), Z = 4; K,AgAs:Se

(1), monoclinic,P2y/n, a = 12.5994(6) Ab = 7.4980(4) A,c = 14.2648(7) A8 = 96.625(2), Z = 4; Rby-
AgAs;Se; (I11), monoclinic,P2,/n, a = 12.717(2) Ab = 7.7329(8) A,c = 14.368(2) A3 = 95.745(2}, Z =

4.

Introduction polyselenides KPdSeo,° Ri,PdSee,° CsPdSe, ! [(H3C)N(CHy-
12 12
In recent years, solventothermal and molten salt synthesisCHZ)SN(CHS)][Pd(S%)Z]’ (H3N_CH2CT22NHZ)Z[Pd(SQ’)Z]’ )
: K2[(HsNCH,CH,NHz)][Pd(Se)z-2Sa],** (NEt)s[Pd(Sa).
techniques proved to be a powerful method for access 0 a hugey sp g1 15 and (PLP)PA(Sa).. 24 Both groups of com-
number of new binary, ternary, and quaternary chalcogenido pounds clearly illustrate the role of the countercation size and

compounds:?2 The dimensionality of the anionic parts of the . 2 .
. i S . .. shape in stabilizing molecular vs extended structures of variable
structures varies hereby from isolated building blocks to infinite dimensionalitie€..12

frameworks. A structure-directing effect of the cations, such as . .

alkali metals or quaternary ammonium or phosphonium salts, In the particular case of solventothermal synthes!s_, of ternary
is well recognized for a number of exampfeShere exists a ~ OF quaternary group 15/16 compounds, the ability of the
clear correlation where smaller cations stabilize higher dimen- Pyramidal [MQ]°~ anions (M= As, Sb; Q= S, Se) to undergo
sional structures and favor higher coordination numbers in a & Variety of condensation and ring closure reactions has opened
framework of a given composition. Salutary examples with a accessto a large number of new compounds with novel anionic
number of comparable compounds are the Cu/Ag polychalco- building units. Occasionally this anion itself can be part of an
genides (PiP)[Ag(Se)],* (MesN)[Ag(Se)].5 a-KCuS;s2 anionic structure; e.g., [Asglé™ anions are present in {R)-
CsCu$,® [(EuN)Ag(Se)]s’ and (MaN)[Ag(Tes)]® or the Pd  [HIAsSe] (R = Me, Et)® or [SbQ]3~ anions are present in
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Na[CuShS]* and CuSbhSeg-xen k = 0.5, 1; en= ethylene-
diamine)!” Whereas [AsS#®~ was used as a reactant (in the
form of an alkali metal salt) for the first compound, the anion

Wachhold and Kanatzidis

nMQ4* —[MQ, ], + nQ* (6)

An interesting branched isomer [#%°%"] of the simple chain

in the latter two was generated from other reactants. The mostjs present in (MgN)[HgAs:Sg];22 every second As ribbon atom

powerful characteristic feature of the [M[3~ anion, however,

carries a side chain AgSunit instead of a terminal S atom.

is its ability to undergo various types of condensation reactions, \When the &~ anion in [MQ;]3" is exchanged by a £~ dumb-

such as oligomeric chain or ring formation, until a building block
is created capable to “fit" in the crystal lattice under the given

bell, an [MQ)3~ anion is created, which also can act as a
coordinating ligand, as for example in (PRLK(Ptz(AsSy)3]-

reaction conditions. This property to self-condense is particularly 1. 5H,0.27 Combination of both condensation and substitution

useful for the synthesis of quaternary compounds.
Stepwise condensation reactions of the [ASQ anion (Q
=S, Se) such as

[AsQ.® + [AsQ,)®” — [As,Ql* + Q@ 1)
[As,Qd* +[AsQ® —[As,Q]” +Q* (2
[As;Q1° + [AsQ® —[As,Ql* +Q°  (3)

led to several novel compounds such asNJRM0,0,Q.-
(AsQs)] (R = Me, Q= S; R= Et, E= Se);® (MesNH)[Ags-
As;Se], Ks[Ag2(AsSa)(As;Se)], ' (PhP)[INAs:S7],2% and Ko-
[Age(ASS)(ASsS7)], 2 (PhP)[Hg,ASsSo) 2t with various oligomeric
[AsxQ2x+1] @~ chain anions. Ring closure reactions such as

[As;S]° —[As,S° + S (4)

[As, S — [As,S]" + 57 (5)
led to anions that are present in (MB,Rb[Bi(As3Ss)2]%° and
(PhyP)[NiAs4Sg].28 Undoubtedly these reactions are facilitated
if not enabled by protonation in solution. The protons are
supplied by the alcohol or #. In contrast, solventothermal

steps led also to unusual anions such as,$&g]® in
(PhyP)[HgpAssSe 1], which is a formal product of reactions
1-3, followed by a substitution of one terminal Se atom on
each of the outer As atoms of the [&®]%~ anion; see eq 7.

()

Compared with the structural variety of,§), anions contain-
ing an AS™ or SB* center, the structures of W compounds
is so far limited to the tetrahedral [M{¥~ anion (a structural
isomer of the one mentioned above). For example, several
phases of the general compositiop #AgMS, (X =1, 2; A=
K, Rb, Cs; M= As, Sb) could be synthesized by Kolis and
co-workers?®28 In Ks[Aga(AsSe)(As;Se)]*® and Cs[Ags-
(SbS),(ShS)],28 these anions are also part of the polyanion
structure.

Here we report the synthesis, structural characterization, and
properties of three new silver selenoarsenates with strongly
related anionic structures, namelyAgAs,Se;-0.25MeOH (),
K2AgAssSe; (I1), and RbAgASs;Se; (11l ). The last two com-
pounds are isostructural and reveal sheet anions with [AsSe
undulated chains connected by tetrahedral coordinatet! Ag
atoms. The resulting [AgASes]?~ sheets contain huge holes,
which are able to accommodate the alkali metal cations and
therefore show close van der Waals contacts to each other. K

[As,Se]® + 2Se” —[As,Se,]° +2S€~

reactions carried out in the aprotic solvent ethylenediamine (en) ogas,Se;:0.25MeOH s a “trapped” intermediate on the way
predominantly produce compounds with simple units such as 4 the formation of KAgAS:SE.

[MS3]®~ or [MS4]%~ (M = As, Sb). Condensed [MDy]"~ units
are rarely observet?226.28The [A$Ss]°~ six-membered ring
with chair conformation or its higher homologue FS&]3~ is
well-known as a discrete molecular anion in a number of
compoundg2 The condensation of the two central As atoms in
[AssS)® leads to a four-membered 4% ring in the [AsiSg]*~
anion. The formation of (MéN).Rb[Bi(As3Ss);] shows that it
can be very useful to provide two differently sized cations in

Experimental Section

ReagentsChemicals were used as obtained without further purifica-
tion: R,COs, AgBF4, methanol (99.9%), J. T. Baker; diethyl ether
(>99.0%), CCI. All experiments and manipulations were performed
under an atmosphere of dry nitrogen using a vacuum atmosphere Dri-
Lab glovebox.

Syntheses. LiSe and K:Se. Li,Se and KSe were prepared by

the reaction solution, since in some cases special adaptationgeaction of stoichiometric amounts of potassium or lithium metal and

seem to be necessary to stabilize certain structure types.

Infinite condensation of [M?3~ units leads to the [M@]»
chain in [Co(eng][CoShSg],%* well-known from a number of
other ternary and quaternary compounds such as AAZSe
K, Rb, Cs¥5 and Cs[Ag2(ShS),(SbS)].28
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black selenium in liqguid ammonf#.

LizAsSe. Li,Se and AsSe; were ground thoroughly and mixed in
a 1:3 ratio to load into a quartz tube (o0.d. 13 mm). The tube was sealed
under high vacuum~10~ mbar) and then heated to 30Q in 10 h
and subsequently to 45C in 96 h and isothermed at this temperature
for 100 h. After the mixture was cooled to room temperature (100 h),
dark-brown LAsSe was isolated and ground to a powder. The X-ray
diffraction powder pattern indicates that this phase is not isostructural
with the corresponding Naand K" phases (see below).

K3AsSe. K;Se and AsSe were ground thoroughly, mixed in a 1:3
ratio, and loaded into a quartz tube. The tube was sealed under high
vacuum (10~ mbar) and then heated to 30 in 10 h and
subsequently to 458C in 72 h and isothermed at this temperature for
100 h. After cooling (10 h), the brown-orangeA§Se was isolated
and ground to a powder. The X-ray diffraction powder pattern shows

(27) Chou, J.-H.; Kanatzidis, M. Gnorg. Chem.1994 33, 5372.

(28) (a) Schimek, G. L.; Kolis, J. WActa Crystallogr., Sect. @997, 53,
991. (b) Schimek, G. L.; Pennington, W. T.; Wood, P. T.; Kolis, J.
W. J. Solid State Chen1.996 123 277.

(29) Fehie, F. In Handbuch der piparativen Anorganischen Chemie
Brauer, G., Ed.; Ferdinand Enke Verlag: Stuttgart, Germany, 1975;
Vol. 1, p 372f.



Condensation of Pyramidal [Asg& Anions

that it is isostructural with the recently publishedA&Se (A = Na,
K) phases? which possess, among othétsthe NaAsS; structure
type3?

K3AgAs;Se-0.25MeOH. This compound was synthesized by the
reaction of 0.020 g (0.1 mmol) of AgBFand 0.129 g (0.3 mmol) of
K3AsSe in 1 mL of MeOH. The starting materials were mixed
thoroughly, loaded into a Pyrex tube (o0.d. 13 mnd,0 cn? volume),
and sealed under vacuum. The tube was kept at’C3for 2 h. After

Inorganic Chemistry, Vol. 38, No. 17, 1998865

Differential Thermal Analysis (DTA) and Thermal Gravimetric
Analysis (TGA). DTA experiments were performed on a computer-
controlled Shimadzu DTA-50 thermal analyzer. Typically;2® mg
of ground material was sealed in a carbon-coated quartz ampule under
vacuum. A sealed quartz ampule of equal mass filled witiDAlvas
used as a reference. The sample was heated to the desired temperature
at 5°C/min and isothermed for 1 min, followed by cooling-ab °C/
min to 50°C. The sample stability was monitored by running a second

the product was washed with MeOH, water, and diethyl ether, orange, hating/cooling cycle. The residues were examined by X-ray powder
cubic-shaped crystals were obtained as the main product, together withdiffraction. The TGA analysis of was performed on a computer-
some very small, dark-red, polyhedral crystals (altogether 35% yield controlled Shimadzu TGA-50 thermal analyzer. 4 mg of the sample
based on Ag). Semiquantitative analysis by the SEM/EDS technique Was charged into a quartz bucket and heated to"8Dat a rate of 10

on the orange crystals gave, }AgiAs: /S 4, with the red crystals

showing a very similar stoichiometry. The purity of the compound was

°C/min under a steady flow of dry M\yas.
Raman SpectroscopyRaman spectra of suitable crystals with a

confirmed by comparison of the powder X-ray diffraction pattern of clean surface were recorded on a Holoprobe Raman spectrograph
the homogenized and ground material with the one calculated from €duipped with a 633 nm heliurmeon laser and a CCD camera detector.

single-crystal X-ray dat& The X-ray diffraction pattern proves the
presence of a second phase: the diffraction regiorfof 2.5° shows
a strong reflection atl = 8.64 A and a weaker one at= 9.2 A,
which both belong to KAgAs;Se-0.25MeOH; a weak reflection at

The instrument was coupled to an Olympus BX60 microscope. The
spot size of the laser beam was 10 mm when & bBjective lens was
used.

Semiquantitative Microprobe Analysis. The analyses were per-

=10.6 A, however, could not be assigned to this or any other known formed using a JEOL JSM-35C scanning electron microscope (SEM)
binary, ternary, or quaternary compound and is therefore most probably €duipped with a Tracor Northern energy dispersive spectroscopy (EDS)
caused by a second new phase. The ratio of these two compounds wadetector. Data were acquired on several crystals using a 20 kv
approximately 90:10, according to the highest peak intensities. We also @CCelerating voltage and 335 s accumulation time.

tried to identify this minor phase by single-crystal X-ray data collection, ~ X-fay Crystallography. Single crystals of the three compounds

but due to the very small crystal size and poor crystallinity, we were (Crystal sizes:l 0.30> 0.30x 0.25,11 0.22x 0.11 0.01, Il 0.08
not successful. x 0.06 x 0.05) were sealed in glass capillaries (0.d. 0.3 mm, wall

K,AgAs;Se. This compound was synthesized by the reaction of thickness/100 mm) and mounted on a goniometer head. C_:rystallographlc
0.020 g (0.1 mmol) of AgBEand 0.129 g (0.3 mmol) of ¥sSe, in data sets for all three (_:ompoun(_j were collected ona Sleme_ns_ Platform
1 mL of MeOH. The starting materials were sealed under vacuum in $hCeD dda:?;av(\:/teor??gﬁ;;gg g:/aeeh;?l;w2nz2?;0$itéi?dr£1asleggn'u to
a Pyrex tube and kept at 13C for 72 h. Small, leaf-shaped, dark-red P P pace, up

crystals were obtained, together with black crystals ohgeAssSe? 54—58 in 26. The individual frames were measured withanotation
ystas !, 10gE y % of 0.3 and acquisition times of 3845 s. SMART® software was used
as a minor phase (typical yield 480% on Ag). The compound was

. ; . o - for the data acquisition, and SAINSwas used for data extraction and
washed with MeOH, water, and diethyl ether. Semiquantitative micro- reduction. The absorption correction was performed using SADEBS.
probe analysis on single crystals gave the stoichiometry,Ag)d¢s

AS, 5S& 76 The powder X-ray diffraction pattern of the homogenized Structure solutions and refinements were performed with the
and ground material showed that, besideAgsAs:Se, some elemental SHELXTL package of crystallographic prografigill three structures

Se is present n imourit were solved in monoclinic space groups, iR2;/c for KsAgSeSe:
€ IS present as an impurity. 0.25MeOH andP2,/n for K,AgAs;Ses and RbhAgAs;Se. All non-
Rb,AgAs;Se. A 0.024 g (0.2 mmol) sample of RbCI, 0.020 g (0.1

: hydrogen atoms, except the C and O atomslofwere refined
mmol) of AgBF,, and 0.100 g (0.3 mmol) of bAsSe were mixed anisotropically. Since the rest electron density gave evidence of a not
thoroughly and loaded into a Pyrex tube, together with 1.0 mL of

) fully occupied C,O position, their occupation factor was also refitied.
MeOH. After sealing, the tube was heated at T@0for 70 h. Dark- ~ complete data collection parameters and details of the structure solution
red, polyhedral crystals of the product were grown (yield 75%), which ang refinement forl Il are given in Table 1. Fractional atomic

were washed with water and diethyl ether. Semiquantitative microprobe coordinates and equivalent isotropic displacement paramétgjsate

analysis on single crystals confirmed the presence of a quaternary phasgjiven in Table 2, and bond parameters are given in Table 3.
with an elemental composition of RgoeAS2 765645 The powder

X-ray diffraction pattern of the homogenized and ground material Resylts and Discussion
confirmed the purity of the obtained phase.

Physicochemical Methods. Solid State UV/Vis Spectroscopy. Synthesis.The reaction of AgBF with K3AsSe in MeOH
Single-crystal UV/vis spectra were recorded at room temperature on aat 130°C provides two new quaternary silver selenoarsenates
computer-controlled Hitachi FT U6000 spectrometer associated with with new anionic structures. Their formation is strongly de-
an Olympus BH2-UMA microscope in the wavelength range 380/900 pendent on the reaction time. If the reaction is stopped after ca.
nm. UV-vis—near-IR diffuse reflectance spectra of bulk powder 2 h K;AgAs,;Se-0.25MeOH () is formed; a longer reaction
samples were obtained on a Shimadzu UV-3101PC double-beam,time of 3—4 days, on the other hand, leads teMgAssSe; (1)
double-monochromator spectrophotometer in the wavelength range ;¢ the main product, together with the known phasads-
200-2500 nm. BaS® powder was used as a reference (100% Ass-Se19 I Li sAsSe, is used instead of $#sSe, we have the

reflectance) and base material, on which the ground powder sample ossibility to provide other desired cations as counterions, since
was coated. Reflectance data were converted to absorbance data al ytop !

described elsewhefé The band gap energy value was determined by

extrapolation from the linear portion of the absorption edge i0/8)(
versus energy plot.
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WI, 1998.
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initial content of solvent molecules immediately after isolation could
have been higher. At full occupancy of the C,O position, the formula
of | would be KAgAs;Se;-0.5MeOH.
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Table 1. Crystal Data and Structure Refinement Details fogAlAs,Ser0.25MeOH (), K:AgAssSe; (I1), and RhAgAs:Se; (11l )

empirical formula KAgAS,S&Co 2400 24H1
formula weight 777.33
temperature (K) 298

crystal system monoclinic
space group P2,/c (No. 14)
a(A) 9.2286(9)

b (A) 11.508(2)
c(A) 12.905(2)

p (deg) 104.272(2)
V (A3) 1328.2(2)

VA 4

pealc (g cnTd) 3.887

u(Mo Ko) (mm?) 21.053

final Rindices | > 20(1)]?

Rindices (all dat&)

Table 2. Atomic Coordinates and Equivalent Isotropic

R; = 0.0545, v, = 0.0982

R.= 0.0917, WR, = 0.1075
*Ry = J|IFol — IFell/XIFol; WRe = [3W{ [Fol — [Fel} X WIFol]"% w = 1/o%{|Fol}.

Displacement Parameters J&or KzAgAs,;Se:0.25MeOH (),
K2AgAssSe; (I1'), and RbAgAs:Se; (111)

X y z Ueq
Compound

K1 0.8467(4) 0.6360(3) 0.2776(3)  0.044(1)
K2 0.5364(4) 0.1962(3) 0.0778(3)  0.039(1)
K3 0.8455(4) 0.2582(3) —0.1084(3)  0.043(1)
Ag 0.6699(1) 0.5055(1) 0.0355(1)  0.033(1)
Asl 0.4892(2) 0.4223(1) 0.2444(1)  0.024(1)
As2 0.0880(2) 0.4438(1) 0.1173(1)  0.023(1)
Sel 0.6519(2) 0.4658(1) 0.4084(1) 0.028(1)
Se2 0.4816(2) 0.6011(1) 0.1489(1)  0.026(1)
Se3 0.8723(2) 0.3556(1) 0.1538(1)  0.027(1)
Se4 0.8113(2) 0.6928(1) —0.0179(1) 0.026(1)
Seb5 0.2520(2) 0.4283(1) 0.2973(1)  0.034(1)
C1/01 0.998(8) 0.526(6) 0.462(5) 0.12(3)

Compound]
K1 0.3462(2) —0.1125(4) 0.7610(2) 0.018(1)
K2 0.1670(2) 0.3685(4) 0.3868(2)  0.020(1)
Ag 0.1032(1) —0.0063(2) 0.5734(1) 0.022(1)
Asl —0.1264(1) 0.0897(2) 0.6582(1)  0.012(1)
As2 0.0350(1) —0.0562(2) 0.8696(1)  0.013(1)
As3 0.1180(1) 0.3325(2) 0.0071(1) 0.013(1)
Sel —0.2947(1) 0.2430(2) 0.6638(1)  0.014(1)
Se2 0.0351(1) —0.2718(2) 0.4431(1) 0.015(1)
Se3 —0.0705(1) 0.2097(2) 0.8137(1)  0.014(1)
Se4 0.0774(1) —0.1874(2) 0.7296(1) 0.016(1)
Se5 0.2014(1) 0.0989(2) 0.9199(1)  0.015(1)
Se6 0.2952(1) 0.0860(2) 0.5396(1) 0.016(1)

Compoundll
Rb1 0.3486(1) —0.1044(1) 0.7675(1)  0.032(1)
Rb2 0.1651(1) 0.3706(1) 0.3893(1) 0.030(1)
Ag 0.1057(1) —0.0050(1) 0.5749(1)  0.038(1)
Asl —0.1286(1) 0.0894(1) 0.6556(1)  0.021(1)
As2 0.0284(1) —0.0415(1) 0.8685(1)  0.022(1)
As3 0.1161(1) 0.3380(1) 0.0077(1)  0.022(1)
Sel —0.2960(1) 0.2375(1) 0.6606(1)  0.025(1)
Se2 0.0369(1) —0.2600(1) 0.4474(1)  0.024(1)
Se3 —0.0768(1) 0.2107(1) 0.8088(1)  0.024(1)
Se4 0.0746(1) —0.1732(1) 0.7322(1)  0.027(1)
Seb5 0.1926(1) 0.1088(1) 0.9186(1)  0.025(1)
Seb6 0.2976(1) 0.0814(1) 0.5412(1) 0.028(1)

the small Li* does not tend to incorporate in the structure. With

Rb,CO; as the source of the slightly more voluminous*Rb
cation, and otherwise the same reaction conditions a$l for
we were able to synthesize the isostructuralAAs;Se; (111 ).

If the conditions are slightly changed, e.g. variations in the

stoichiometry of the reactantl| is still accessible, but other
phases, such as RbAsSealso arise.
Our investigations of the reaction system AgB&ASSe

identified several different products under systematic variation

K.AgAssSes Rb,AgAs:Se;
884.59 977.33
173 298
monoclinic monoclinic

P2:/n (No. 14) P2,/n (No. 14)

12.5994(6) 12.717(2)
7.4980(4) 7.7329(8)
14.2648(7) 14.368(2)
96.625(2) 95.745(2)
1338.6(2) 1405.9(3)

4 4

4.389 4617

25.752 30.808

R = 0.0435, iR, = 0.1040
R;=0.0621, wR, = 0.1075

R; = 0.0393, wr, = 0.0510
R; = 0.1003, Wr, = 0.0599

Figure 1. The [AgASSe]® chain in KAgAs;Se-0.25MeOH (). The
chain containsW-bitetrahedral [AsSe]* units and tetrahedrally
coordinated Ag atoms.

of the solventothermal conditioA®.We could observe the
formation of KsgAgAs;Se;-0.25MeOH and KAgAs;Se; after
reaction of AgBR/K3AsSe in a 1:3 ratio at 130C after about

2 h and 3 days, respectively. The same methanol thermal
reaction for 1 week at 11TC leads to the quaternary compound
KsAg.As:Se,2° which occasionally could also be observed as
a side product of the formation of gAs;Se;. The polyanion

in KsAg2AssSe provides two different group 15/16 anions,
[As,Se)* and [AsSg]®~. The former anion contains a direct
As—As bond and demands a reduction reaction, but the latter
one is an oxidation product providing an %sanion. These
results demonstrate in an impressive manner that, besides
condensation reactions, complicated redox reactions can also
occur in certain solventothermal systems. Interestingly, the same
ratio of reactants in kO for 24 h at 110°C produces black
crystals of8-AgsAsSe,2° which is also a kinetically stabilized
product. At higher temperatures, tfieform becomes thermo-
dynamically unstable and transforms to thellotrope.

Structure of K3AgAs;Se-0.25MeOH (I). The anionic
structure of KAgAs;Se+0.25MeOH consists of parallel
[AgAs,Se]® chains (Figure 1), running down tteedirection
of the monoclinic unit cell (Figure 2). These chains consist of
y-bitetrahedral [AsSe]* units and tetrahedral coordinated Ag
atoms. The As-Se bond lengths of the terminal Se (ASe:
2.328(2)-2.391(2) A) atoms are, as expected, shorter than the
ones of the bridging Se atom (ASea,: 2.446(2), 2.449(2) A).
The As—Sg—As angle is 97.09(6) and the Se-As—Se, angles
are smaller (97.64(6)101.82(7}) than the Se-As—Se angles
(102.32(7), 106.51(8). All values agree well with the ones
found in other [AgSg]?" building blocks!®>1° The same dimeric
[As;Se]* anion was also found in (MBIH)[AgsAs;Se],1°
while similar [M,Qs]*~ anions are present in St,Ss: 15H,0,%°
(MesN)4[ShyTes],* (CHNH2)[MN2ShySs], (HN2(CHz)sNH2)[Mn;-
ShS],42 and several sulfosalts, e.g. -WINAs;Ss*3

(40) Cordier, G.; Sciar, H.; Schwidetzky, CRev. Chim. Miner.1985
22, 722.

(41) Warren, C. J.; Dhingra, S. S.; Ho, D. M.; Haushalter, R. C.; Bocarsly,
A. B. Inorg. Chem.1994 33, 2709.
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Figure 2. Unit cell of KsAgAs,Se;-0.25MeOH viewed down the [100]
direction.

TICuPbAs$S:,** and TIAgPbAsSs.#5 A structural isomer of
[As;Se]*~ of the one discussed here, containing an-As
bond, was found in KAg,AssSey;l® one As atom of the As

As dumb-bell is bonded to two Se atoms, while the other one
is bonded to three Se atoms, leading to a unique mixed formal
oxidation state A%"—As*" compound.

Three of the four Seatoms of each [AsSe]*™ group are
taking part in the coordination of the Ag atoms, which reveal
distorted AgSe tetrahedral units with AsSe bond lengths
between 2.696(2) and 2.761(2) A and -S&g—Se angles
ranging from 102.97(5) to 112.98(5Because of the particular
coordination mode of the [ASe]*~ units, the Ag ions exist
in pairs of two, separating these units from each other. The Ag
--Ag distance is 3.045(2) A (Figure 3, dotted line). This distance
is considerably longer than the single-bond metallic radius (2.68
A),%6 as well as the Ag-Ag distance of 2.89 A in elemental
Ag.*” Thus, no bonding ¥—d'? interactions can be expected.
Furthermore, the short AgAg distances inl are rather forced
by the construction of bitetrahedral A$g; units, leading to a
central four-membered A§e ring, responsible for the closer
contacts. This building block is comparable to the characteristic
[M2Qg]* units of the group 14 elements (M Si, Ge, Sn; Q
= S, Se, Te), known from a large number of ternary and
guaternary compound8 Therefore, the structure ofd&gAs;-
Se0.25MeOH can also be described as,8¢ bitetrahedral
units that are connected to [#8g]* units by common Se
atoms to form infinite chains of [AgASe]3~. The three
crystallographically different K cations and one MeOH

molecule lie between these chains. The MeOH molecule serves

as a spacer between two neighboring [Ag®&]3~ chains in
the c direction. The C/O positions are disordered, and both
positions are only half-occupied. All K cations are coordinated
by Se and As atoms of the [AS&]* units. Only K1 is
coordinated by the MeOH molecule (2.76(6) A), together with
seven Se atoms (3.373(33.804(3) A) and one As atom (3.788-
(3) A), revealing a 9-fold coordination sphere. K2 and K3 are

(42) Bensch, W.; Schur, MEur. J. Solid State Inorg. Cheni996 33,

1149.

(43) Gostojic, M.; Edenharter, A.; Nowacki, W.; Engel, 2 Kristallogr.
1982 158 43.

(44) Takeuchi, Y.; Ohmasa, M.; Nowacki, VK. Kristallogr. 1968 127,
349.

(45) Marumo, E.; Nowacki, WZ. Kristallogr. 1967, 125, 249.

(46) Pauling, L.The Nature of the Chemical Bon@rd ed.; Cornell
University Press: Ithaca, NY, 1960.

(47) (a) Jansen, MAngew. Chem., Int. Ed. Engl987, 26, 1098. (b)
Straumanis, M. EMonatsh. Chem1971, 102, 1377.

(48) See, for example: (a) Krebs, B.; PohlZSAnorg. Allg. Chem1972
393 241. (b) Li, J.; Marler, B.; Kessler, H.; Soulard, M.; Kallus, S.
Inorg. Chem.1997 36, 4697. (c) Eisenmann, B.; Hansa, 4.
Kristallogr. 1993 203 299. (d) Sheldrick, W. S.; Schaaf, B. Anorg.
Allg. Chem.1994 620, 1041. (e) Reference 1la.
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Table 3. Bond Lengths (A) and Angles (deg) for
K3AgAs;Se:0.25MeOH (), K,AgAssSes (I1), and RbAgAS:Ses
({ID)

Bond Lengths fot

Ag—Se4 2.696(2) AstSel 2.328(2)
Ag—Se3 2.718(2) AstSe2 2.391(2)
Ag—Se2 2.736(2) AstSe5 2.449(2)
Ag—Se2A 2.761(2) As2Se4 2.360(2)
Ag—AgA 3.045(2) As2-Se3 2.382(2)
As2—Se5 2.446(2)
Selected Bond Angles fdr
Se4-Ag—Se3 110.01(5) SelAsl-Se2 102.32(7)
Se4-Ag—Se2 108.15(5) SelAs1—-Seb5 99.28(6)
Se3-Ag—Se2 109.70(5) Se?As1-Se5 101.82(7)
Se4-Ag—Se2A 102.97(5) Sed4As2—Se3 106.51(6)
Se3-Ag—Se2A 112.98(5) Se4As2—Se5 103.49(7)
Se2-Ag—Se2A 112.73(5) Se3As2—Se5 97.64(6)
Bond Lengths fofl
Ag—Seb 2.614(2) AstSe3 2.422(2)
Ag—Se4 2.661(2) As2Se4 2.343(2)
Ag—Se2 2.711(2) As2Se5 2.432(2)
Ag—Se2 2.790(2) As2Se3 2.477(2)
Ag—AgA 3.147(2) As3-Seb 2.328(2)
Asl-Se2 2.378(2) As3Sel 2.441(2)
Asl-Sel 2.421(2) As3Se5 2.454(2)
Selected Bond Angles fdt
Se6-Ag—Se4 119.66(5) SedAs2—Seb5 100.28(7)
Se6-Ag—Se2 112.33(6) SedAs2—Se3 103.30(6)
Se4-Ag—Se2 109.00(6) SebAs2—Se3 97.05(6)
Se6-Ag—Se2A 106.61(6) Se6As3—Sel 105.93(6)
Se4-Ag—Se2A 97.82(5) SebAs3—Se5 101.25(8)
Se2-Ag—Se2A 110.22(4) Se1As3—Se5 97.16(6)
Se2-Asl-Sel 103.56(7) As1tSel-As3 99.41(7)
Se2-Asl-Se3 103.50(7) AstSe3-As2 94.86(6)
Sel-Asl-Se3 87.51(6) As2Se5-As3 94.92(7)
Ag—Se2-AgA 69.78(4)
Bond Lengths fotll
Ag—Se6 2.622(2) As2Se4 2.335(2)
Ag—Se4 2.671(2) As2Se5 2.434(2)
Ag—Se2 2.735(2) As2Se3 2.469(2)
Ag—Se2 2.772(2) As3Se6 2.323(2)
Ag—AgA 3.272(2) As3-Sel 2.435(2)
Asl-Se2 2.375(2) As3Se5 2.445(2)
Asl—Se3 2.424(2)
Asl-Sel 2.424(2)
Selected Bond Angles fdH
Se6-Ag—Se4 120.01(4) SedAs2—Se5 100.11(5)
Se6-Ag—Se2 113.94(4) SedAs2—-Se3 103.06(5)
Se4-Ag—Se2 108.15(4) SebAs2—Se3 98.30(5)
Se6-Ag—Se2A 107.30(4) Se6As3—Sel 106.20(5)
Se4-Ag—Se2A 98.56(4) SebAs3—Se5 101.82(5)
Se2-Ag—Se2A 107.10(4) SeiAs3—Se5 97.38(5)
Se2-Asl-Se3 104.20(5) AstSel-As3 100.64(5)
Se2-Asl1-Sel 104.10(5) AstSe3-As2 95.66(5)
Se3-Asl-Sel 87.12(4) AgSe2-AgA 72.90(4)

coordinated to seven/five Se and one/three As atoms, respec-
tively, in the range 3.174(3)3.852(4) A, leading to an 8-fold
coordination for both atoms. The shortest-# distance
between K1 and K3 is 4.170(4) A. There are no interchain Se
--Se or Se-As contacts below the van der Waals radius of 3.6
A% which therefore leads to the description of “isolated”
[AgAs,Se]®~ chains.

Structures of K,AgAszSes (1) and RboAgAssSe; (l11).
These two isostructural compounds possess the 2D anion
[AgAssSe]? (Figure 4). The [AsSg~ chains in this anion can
be recognized (Figure 5a), as a product of infinite condensation
of [AsSe]®~ pyramidal building units (eq 6). The AsSe,
distances are again significantly longér, (2.422(3)-2.476(2)

A; Il , 2.424(2)-2.469(2) A) than the AsSgq distancesl(,
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Figure 3. The bitetrahedral Afe; unit of the [AgA$Se]®~ chains
in | with a central planar Agpe ring (50% thermal vibrational
ellipsoids).

Figure 5. (a) An undulated [AsS& chain as part of the anionic
structures of KAgAssSe; (Il) and RbAgAssSe (Il ). The chain
direction changes every fourth As atom. (b) Structurdidiil also
described as built up of large [A8s:Se4]®" clusters, which condense
by sharing Se atoms to form the [Ag#S®)?>~ sheet anion (50% thermal
vibrational ellipsoids).

Table 4. Torsion Angles of the [AsSE Chains of KAgAS;Se;
(I) and RbAgAs;Se; (Il )2

Sel-Asl-Se3-As® +144.9(1) +144.9(1)
Asl-Se3-As2—Se5 +126.5(1) +126.5(1)
Se3-As2—Se5-As3 +47.5(1) +49.4(1)
Figure 4. The [AgAsSe&]?™ layers ofll andlll viewed approximately ’ggéi&i 222 AiiiﬁA +j§g 2&3 +jégg((i))
from [101] direction. The manner in which the undulated [AgSe As3—SelA-AslA—Se3 +177'3(1) +177.8(1)
chains are coordinating to the Agitoms leads to huge holes able to SelA-As1A—Se3A AsIAD _144:9(1) _144:9(1)

capture the K and Rb cations forll andlIl , respectively.

a|dentity within the chain is reached after every six As atoms;
2.329(2)-2.376(2) A;lll , 2.323(2)-2.375(2) A). The same kind therefore, they can be classified as “seghser” single chaifise sign
of chains exist in the ternary AAsseompounds with A= of the angles is inverted after each series of atoms.
Na* or K, Rb, Cs?® and their As-Se bond length ranges agree
well with the values found il andlll . All Se—As—Se and
As—Se-As angles lie within the expected range (see Table 3).
However, the [AsSg~ chains inll andlll show a remarkable
undulation, as can be manifested by their torsion angles. The e
chain conformation repeats after a sequence of six As atoms. o
Therefore, it can be classified as a “sechser” single chain,
according to the nomenclature proposed by Lielfdn.contrast,
the different AAsSgcompounds with A= Na, K, Rb, Cs have
periodicities of 2 or 4. Table 4 shows the torsion angle sequences
for K,AgAssSe; and RBAgAs;Se; within the repeating unit.
The scatter of the values is an indicator for the degree of
undulation. Figure 5a shows this undulation of the chains,
changing also their main directory at every fourth As atom. ¢

The Ag" ions are coordinated by two [Asge chains to form Figure 6. Unit cell of I/l viewed from the [010] direction. The
sheets of the composition [AgASe]?~ (Figure 4). The result  thickness of one [AgAsSe]?~ layer anion is about 10 A.
is a double sheet of [Asge chains with tetrahedrally coordi-
nated Ag atoms in the inner part of the thick layers (Figure 6). atoms in these two compounds are also arranged in pairs of
Only the terminal Se atoms of the [As$e chains take part in two, since again Agpbe; bitetrahedral units with a central
the Ag" coordination, exhibiting AgSe bond distances of  rhombic, four-membered A§e ring are present. The Ag

2.615(2)-2.790(2) A forll and 2.622(1)2.772(1) A forlll . Ag distances are 3.147(2) A lh and 3.272(2) A irll , slightly
It is important to note that, similar to the caselofthe Ag" longer than those ih.

Another appropriate description of this structure type is to
(49) Eisenmann, B.; S¢far, H. Z. Anorg. Allg. Chem1979 456, 87. view it as assembled by the condensation of #AgSe]®~

(50) Liebau, FNaturwissenschafteh962 49, 41. cores (Figure 5b) through common Se atoms to form the
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[AgAs:Ses)? sheets. Whereas the terminal atoms Se4 and Se6 12 ]
are coordinating to one of the Ag atoms of an-A4g pair, the 1oL ]
middle Se2 atom, taking part in the formation of the,8¢ E //J/ﬂ ]
ring, is coordinating both. This coordination scheme leads to 8¢ ]
slightly distorted tetrahedral coordinated Ag atortis 97.83- 6 [

(5)—119.65(5%; Il , 98.56(4)-120.01(4Y). The advantage of 4 ; 25930 ]
this alternative description is a much easier understanding of . / 1
the formation of large cavities within the sheets (Figures 4 and 2 \Wﬂw E
6), since the condensation of the huge jAg;Sea4®~ clusters oF .
can most probably not lead to a dense sheet. Unlike most other of
two-dimensional structures in this class of compounds, the ’ \/

cations are now locatedithin the sheets rather than between -4t = —
them. It is interesting to note that there are no substantial 0 100 Tempefa?u?e[ .
differences in cavity diameters firandlll ; the closest contacts

between two clusters in thedirection are 3.932 and 4.151 A 157
for I and lll , respectively (see Figure 4). However, in the b
direction of the [AsSg~ chains, where the cavities have their r
longest expansions, the difference is negligible 13.838 A;

I, 13.907 A). An important factor for achieving such cavity
diameters within these sheets may be the high flexibility of the

[AsSe)]~ chains. The chain flexibility is evident in the structures of ]
of the various AAsSgcompounds, e.g. A= Na*,*° K*, Rb", ]
Cs".25 In these systems, the [Asge chains possess different ]
conformations to generate the “right” space for the respective - 5p ]

cations.

The alkali metal cations Al (A= K, Rb) are 7-fold '100 100 200 300 4(‘)0‘ T e00
coordinated by Se atoms (K1, 3.328¢3.483(3) A; Rb1, 3.473- Temperature [* C]
(2)—3.555(2) A), whereas the A2 atoms have a 9-fold coordina-
tion environment with eight Se atoms and one As atom taking
part (K2, 3.315(3)3.786(4); Rb2, 3.432(2)3.746(2) A). In
both cases, the coordination polyhedra are very irregular. Both
K1 and Rb1l are coordinated only by atoms within the same
sheet, whereas K2 and Rb2 have two coordinating Se atoms of
a neighboring sheet. There are several long-8s and Se-
Se contacts as a result of the interactions between neighboring>
sheets starting at 3.36 A (contact SeAs2 inll; 3.40 A in
III'), which is significantly shorter than the SAS van der
Waals distance of 3.6 A8

Properties. The thermal behavior df—1ll was investigated
by differential thermal analysis (DTA) in the range-5000 A e
°C. KoAgAssSes and RbAgAssSe; have very similar melting 0 100 200 300 400 500
points: 271.5 and 283.9C (Figure 7b,c), respectively; that of Temperature [°C]
K3AgAs,Se-0.25MeOH is slightly lower at 259.1C (Figure Figure 7. DTA diagram of (a) KAgAs;Se+0.25MeOH (), (b) Ko
7a). The thermal gravimetric analysis of the last compound AgAs:Se (11 ), and (c) RbAgAs:Se (lll ) (heating/cooling rate 8C/
showed that it starts to lose its MeOH slightly above room min).
temperature 40 °C). None of the compounds have any
transitions upon cooling, consistent with an incongruent melting
point. A second heating/cooling cycle for all three compounds
showed no transitions up to 40@, and the X-ray powder
patterns of the residues were amorphous. This is in agreement
with the proposal that these compounds are kinetically stabilized
products which decompose at higher temperatures and are
therefore, probably, not accessible via classical high-temperature
direct combination reactions. For example, the reactions;of K
Se/Ag/AsSe/Se or KSe/Ag/As/Se in the stoichiometric ratio
for K,AgAs;Se at 500 °C produces only amorphous black
powders, as verified by powder X-ray diffraction.

1.5 2 2.5 3

A representative optical transmission spectrum collected from Energy [eV]
a single crystal of KAgAs3;Se; is shown in Figure 8. The band
gap was determined, after conversion to absorption data, from
extrapolation of the data along the absorption edge and foundof optical gaps and the electron-precise nature of the compounds
to be 2.07 eV. A similar band gap could be determined from confirm that we are dealing with typical wide band gap
reflection data of the pulverized samples. The value fog-Rb  semiconductors.
AgAssSes is slightly lower (1.95 eV), whereas j8gAs,Se;- The Raman spectra of well-grown single crystals of all three
0.25MeOH has a comparable value of 2.10 eV. The presencecompounds were recorded between 75 and 2500cis-

N
exothermic

-
(=]
T
- Ay
|

5 2715°C

uVv
exothermic

exothermic

2.07 eV

absorption (arb. units)

Figure 8. Single-crystal UV/vis spectrum of 7dgAssSes (I1).
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ones used for the synthesis of JAlgAs;Se;, we occasionally
obtained single crystals of this compound while aiming to
synthesize other quaternary Rb/Ag/As/Se phases.

Figure 9b-d shows the Raman spectra df, Ill, and
RbAsSe. It shows a strong peak at 240 chand three weaker
ones at 263, 291, and 114 ci K,AgAs;Se; and RAgAS;-

Se; have their strongest frequencies at 247 &rithe other three
peaks which could be observed are also found to be comparable;
the peak at 280 cni is now stronger foill andlll , whereas
the one at 263 cmt is only a shoulder of the strong peak at
247 cnt? (stronger for the K compound; see Figure 9b,c). The
slight shift in the peaks, as well as the variations in intensities,
is probably due to the covalent interactions of the [A$Se
chains with the Ag atoms inll andlll , whereas they exist as
“free” chains in RbAsSg Additional peaks appear at 219 and
232 cnt! for Il and 219 and 230 cm for IIl , together with
some weak and broad intensity peaks between 80 and 170 cm
The former peaks can most probably be assigned te 2«

from collective lattice modes or other vibrations associated with
the alkali metal cations.

Intensity

H ] vibration modes. The absorptions at lower frequencies may result
|

Concluding Remarks

The three new quaternary compoundg\gAs,Se;0.25MeOH
(1), KAgAssSe; (II), and RbAgAs;Se; (IIl) adopt new
structure types and are accessible only solventothermally. The
outcome of the reaction df andll in a reaction of KAsSe
] with AgBF, is strongly dependent on the reaction time (and
ﬂ ] temperature). A higher degree of condensation of the [48Se
units can be observed in the products for longer reaction times.
The [A$Se&]* unitin| is a one-step condensation of two such
] units (eq 1), but prolonged reaction times lead to infinite
s \ ] condensation into [ASSE chains inll andlll . A similar trend
r | 1 of oligomeric condensation for short reaction times can also be
a 2 e ] observed in the Rb system, but due to the different nature of
' fh / 1 the products, these results will be reported elsewbele

\ presence of these building units can be identified by Raman
spectroscopy. The high negative charge of the polyanion
[AgAs,Se]®~ in | is responsible for their complete separation
from each other by the Kcations in the crystal structure. On
the other hand, the [AgASes]?~ sheets inll andlll provide
240 d | large cavities for the Kor Rb" cations. The possibility to adopt
I ] both K™ and Rb cations in the same structure type mirrors the
| 1 high flexibility of the network, which is mainly due to the
relatively floppy [AsSeg]~ chains within the polyanion. As a
consequence, short SeéAs contacts below the van der Waals
radius can be observed between neighboring sheets.

——
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Figure 9. Raman spectra of single crystals of (a)AgAs:-
Se+0.25MeOH (), (b) K;AgAssSes (I1), () RbAgAssSes (11l ), and
(d) RbAsSe?s

AgASs;Se;+0.25MeOH shows a number of peaks between 100
and 300 cm?, with two strong peaks at 177 and 209 ¢hand

two weaker ones at 271 and 293 ¢h(Figure 9a). In this region,
As—Se vibrations from the [A$Se]*~ anion can be expected.
To verify the existence of the [Asge chains inll andlll ,

we also recorded the Raman spectrum of RbAs$ke latter
compound was first reported by Sheldrick e%and reveals
[AsSe]~ chains. With reaction conditions different from the
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