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Soft—Hard Acid—Base Interactions: Probing Coordination Preferences of Sulfur
and Selenium in Mixed Chalcophosphates in the Family APbPS,_,Se, (A = K, Rb,
Cs; x=0-4)
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The synthesis and structures of the three new compounds, KPbPS;g4Ses 16 (1), RbPbPS; 56S€243 (2), and
CsPbPS; 46Seq 54 (3), are reported. The solid state structures of 1—3 consist of two-dimensional layers of [PbP-
(S/Se),] separated by alkali metal ions. The structure of 1 was solved in the orthorhombic space group Pna2;.
Compounds 2 and 3 possess the CsSmGeS, structure type, crystallizing in the orthorhombic space group P2;2424. All
compounds were refined as racemic twins. All chalcogen sites around the tetrahedrally coordinated P atoms show
mlxed S/Se occupancy; however, there is a preference for Se binding to Pb ions and S binding to alkali ions.
AP maglc angle spinning NMR study on 1 suggests that, in mixed seleno- /th|ophosphates all of the anions
[PS,Se4— X] (x=0,1,2, 3, 4) are present. The different amount of sulfur and selenium present in KPbPS; g4Ses 16
(1), RbPbPS; 56Se, 43 (2), and CsPbPS3 46Seq 54 (3) is reflected in the solid state absorption spectra from which
bandgaps of 2.2 eV were determined for 1 and 2, and a blue-shift to 2.5 eV was observed because of the higher sulfur-
contentin 3. Thermogravimetric analysis experiments indicated that, upon heating, compound 1 decomposes forming
PbSe and sulfur together with other unidentified products. A Raman spectrum of compound 1 showed more bands
than are usually observed in seleno- or thiophosphate salts and is another indicator of the mixed seleno-/thiophosphate

anions found in 1.

Introduction

A great variety of selenophosphate anions have been
synthesized, 1nc1ud1n% the dlscrete anions [PSes*”.!
[P»Seq]* . [P2869 and [PgSe;s]®” ° and the polymerlc
anions 1/.[P>Ses” 1.° 1/.[PSes ],” and 1/.[PsSe;> 1.5
order to enhance the properties of metal selenophosphdtes
for potentldl use in semiconducting devices,’ as phase-change

materials in read—write devices, and as nonlinear optical
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materials,® several new directions are pursued. A promising
route involves the incorporation of heavy and polarizable
p-block elements into selenophosphate coordination en-
vironments. In CssBiP,4Se,,, for example, the complex anion
[Bi(P>Seg)]” is held together by weak Se- - - Se interactions,
and the phase can be processed to transparent fibers. These
are transparent in the near- and mid-IR ranges and were
found to exhibit a nonlinear optical second harmonic gen-
eration response at 1 um that is dpprox1mdtely twice that of
the benchmark material AgGaSe,."” Less established is the
modification of the chalcophosphate anions, for example, by
mixing group 16 elements Q in [PQ,]*~ anions or other
chalcophosphate derivatives.''"'* Whereas the thiophosphate
anions [PO,Ss_,°~ (x = 1—3) can be readily obtained by
the treatment of P4S;y or PSCl; with aqueous NaOH
solutions,> ™ similar reactions of P,Ses resulted in the
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formation of salts containing the water-stable anion
[P»Seq]*.*° These findings prompted the investigation of
related mixed thio-/selenophosphate anions. We hypo-
thesized that, in a mixed S/Se environment, a molten mixture
containing soft Lewis acid metal ions such as Pb** and hard
acids such as alkali metal ions, we would observe a coordina-
tion preference of the chalcogens in the [PS4,Se,]*” ions
consistent with the hard and soft acids and bases concept.”!
Namely, the softer Se*” ions would exhibit predomi-
nantly Pb—Se bonding, whereas the less soft S*~ ions would
be primarily engaged in A—S bonding. Although a strong
entropically driven tendency for randomly mixed [PS;—-
Se,]’” ions is expected, mixtures of [PS4]*~ and [PSe,]’ ions
may also be present. We describe here a case study of the
system A/Pb/P/S/Se (A = K, Rb, Cs) addressing these issues
and determine the nature of the mixed chalcophosphate
anion by solid state NMR spectroscopy.

Experimental Section

P,Ses was prepared by heating the stoichiometric mixture
of P and Se in an evacuated sealed quartz tube at 460 °C
for 24 h.

Compounds 1—3. A mixture of 0.45 mmol of alkali metal
sulfide, 205 mg (0.45 mmol) of P,Ses, 28 mg (0.80 mmol) of S,
and 186 mg (0.90 mmol) of Pb was sealed in a quartz tube under
vacuum. The reaction was heated to 500 °C over the course of
24 h and kept at this temperature for 3 days. Cooling to 250 °C
(5 K/h) and to 50 °C (10 K/h) gave orange (1 and 2) and yellow
(3) crystalline solids that were covered in a gray flux medium.
The solid residue was washed with a mixture of 20 mL MeHO
and 0.5 mL of P(nBu); placed in an ultrasound bath. The
MeOH/P(nBu); mixture was decanted, and crystals were
washed with MeOH and Et,O and dried in a stream of dinitro-
gen (yield 80% for 1, 20% for 2 and 3). The presence of metals,
P, S, and Se was confirmed by semiquantitative energy disper-
sive X-ray analysis (EDS) on a Hitachi S-3400 scanning electron
microscope (SEM) equipped with a PGT energy dispersive
X-ray analyzer. Solid state absorption spectra were measured
on a U-6000 microscopic FT spectrophotometer using single
crystals suspended in parrafine oil. The TGA measurements
were performed on a Shimadzu TGA-50 thermogravimetric
analyzer in aluminum boats under a N, flow. The Raman
measurements are carried out at room temperature with the
use of a Raman microscope spectrometer (Renishaw, Ltd.)
equipped with a HeNe laser (632.8 nm). The Raman spectrum
is calibrated against a Si wafer standard (520 cm ™ "). *'P magic
angle spinning (MAS) NMR spectra were recorded on a Varian
Mercury 400 spectrometer and referenced to NH4H,POy4 (6 0.8).
The delay time between scans was 60s.

X-Ray Crystallographic Study. Data for 1—3 were collected
on a Stoe IPDS 2T diffractometer using graphite-monochro-
mated Mo Ka radiation (1 = 0.71073 A). The structures were
solved by direct methods and refined by full-matrix least-
squares on F~ (all data) using the SHELXTL program pack-
age.”? All S atoms and all Se atoms were assigned common
thermal parameters using the EADP instruction.>” Numerical
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Table 1. Details of the X-Ray Data Collection and Refinements for
KPbPS,; g4S€y.16 (1), RbPbPS; 565¢5 43 (2), and CsPbPS; 46S€q 54 (3)

compound 1 2 3
formula KPbPS]_g4S€2_16 RbePS]_S(,Sez_43 CSPbP53_4(,SCQ_54
fw 506.92 566.07 524.75
T/K 100(2) 100(2) 100(2)
cryst syst orthorhombic  orthorhombic orthorhombic
space group Pna2, P2,2,2, P2,2,2,
alA 17.0617(12) 6.6040(13) 6.3226(4)
b/A 6.6134(6) 6.8560(14) 6.8060(3)
c/A 6.7435(5) 17.594(4) 18.0909(10)
VA3 760.91(10) 796.6(3) 778.48(7)
VA 4 4 4
p/g-cm”! 4.425 4.720 4477
u/mm”! 33.664 38.878 29.838
F(000) 876 967 903
reflns collected 6214 6621 7227
unique data 2011 2141 2105
Rint 0.0406 0.0491 0.0358
params 59 59 59
R“[I > 20(I)] 0.0338 0.0403 0.0247
wR,? (all data) 0.0683 0.0737 0.0550
BASF param  0.493(10) 0.506(15) 0.494(7)

“Ry = SNE| = |FI[SIF " wRy = {Sw(Fo > = F2 [ ow(F, 2

absorption corrections were performed for 1—3. A summary of
crystal data and refinement parameters is given in Table 1.
Atomic coordinates are listed in Table 2.

Results and Discussion

Synthesis. Phases containing the element combinations
A/Pb/P/S?*7?% and A/Pb/P/Se*’*® (A = K, Rb, Cs) are
prepared using reactive salt fluxes.” In order to obtain a
mixed seleno/thiophosphate, a mixture of lead, alkali
metal sulfide, elemental sulfur, and P,Ses as the only
potential selenium source was melted (ratio Pb/A,S/S/
P>Ses = 1:1:2:2; A = K, Rb, Cs). In the course of the re-
action, elemental selenium is formed, indicating that
some of the Se atoms bound to phosphorus are substi-
tuted by sulfur atoms. At room temperature, the solidi-
fied melts were crushed, and byproducts were removed by
washing with a solution of P(n-Bu); in methanol under an
ambient atmosphere (Scheme 1). Analogous reactions
with the lighter alkali metal salts Li,S and Na,S were
also performed. In the case of Li,S, by EDS, only an
amorphous aggolmerate consisting of Pb, P, S, and Se in
the ratio 1:1:1:2 was detected (the presence of lithium
cannot be detected by EDS). For the reaction with the
alkali metal sulfide Na,S (Scheme 1), PbSe and PbPSe;*°
were the only crystalline compounds that were ob-
tained. Modification of the reaction conditions may,
however, result in the formation of compounds related
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Table 2. Wyckoff symbols, site occupancy factors (S. O. F.), atomic coordinates and displacement parameters (in AZ) for KPbPS; g4Se5 16 (1), RbPbPS; 56S€5.43 (2),

CsPbPS; 465054 (3)

KPbPS; 34Se 16 (1)
atom Wyck. S.O.F. x/a /b z/c Uiso
K1 4a 1 0.28706(12) 0.4801(4) 0.0074(4) 0.0209(5)
Pl 4a 1 0.40088(13) 0.2785(4) 0.4956(3) 0.0071(4)
Pbl 4a 1 0.02212(2) 0.28393(5) 0.03110 0.0122(1)
S1 4a 0.154(9) 0.0267(12) 0.122(3) 0.439(3) 0.0064(8)
S2 4a 0.607(9) 0.1141(4) 0.5986(12) 0.2533(11) 0.0064(8)
S3 4a 0.464(7) 0.1756(4) 0.0287(11) 0.0000(15) 0.0064(8)
S4 4a 0.608(8) 0.3700(4) 0.1163(8) 0.2483(8) 0.0064(8)
Sel 4a 0.846(9) 0.02710(8) 0.1509(2) 0.47772(16) 0.0096(3)
Se2 4a 0.393(9) 0.1245(3) 0.6108(8) 0.2529(7) 0.0096(3)
Se3 4a 0.536(7) 0.16831(16) 0.0496(4) 0.0014(5) 0.0096(3)
Se4 4a 0.392(8) 0.3756(3) 0.0810(6) 0.2494(6) 0.0096(3)

RbePSl_%SeQA; (2)
atom Wyck. S.O.F. x/a y/b zfe Usiso
Pl 4a 1 0.2208(5) 0.0115(4) 0.34749(15) 0.0091(5)
Pbl 4a 1 0.28656(7) 0.47176(6) 0.22911(3) 0.0116(1)
Rbl 4a 1 0.0014(2) 0.00334(19) 0.03922(6) 0.0196(2)
S1 4a 0.446(8) 0.0622(16) 0.505(2) 0.0877(6) 0.0056(11)
S2 4a 0.186(9) 0.128(3) 0.072(3) 0.2249(12) 0.0056(11)
S3 4a 0.49(1) 0.3864(13) 0.2558(13) 0.3763(6) 0.0056(11)
S4 4a 0.49(2) 0.5920(17) 0.2542(16) 0.1369(6) 0.0056(11)
Sel 4a 0.554(8) 0.0439(6) 0.5050(8) 0.0830(2) 0.0107(4)
Se2 4a 0.814(9) 0.1508(2) 0.0324(2) 0.22553(11) 0.0107(4)
Se3 4a 0.51(1) 0.4164(6) 0.2576(6) 0.3734(3) 0.0107(4)
Se4 4a 0.51(2) 0.6109(8) 0.2525(7) 0.1307(3) 0.0107(4)

CsPbPS; 465€0.54 (3)
atom Wyck. S.0.F. x/a y/b z/c Uiso
Csl 4a 1 0.06060(8) 0.49471(7) 0.45474(3) 0.0180(1)
Pl 4a 1 0.7827(3) 0.9841(3) 0.34670(9) 0.0063(3)
Pbl 4a 1 0.70699(4) 0.53079(4) 0.23397(1) 0.0087(1)
S1 4a 0.863(6) 0.5932(7) 0.7440(6) 0.3731(3) 0.0095(6)
S2 4a 0.866(6) 0.3876(9) 0.7402(8) 0.1327(3) 0.0095(6)
S3 4a 0.781(6) 0.8465(7) 0.9504(6) 0.2332(3) 0.0095(6)
S4 4a 0.936(6) 0.9436(7) 0.4938(9) 0.0946(3) 0.0095(6)
Sel 4a 0.137(6) 0.6166(14) 0.7386(14) 0.3777(6) 0.0059(13)
Se2 4a 0.134(6) 0.393(2) 0.7338(18) 0.1399(6) 0.0059(13)
Se3 4a 0.219(6) 0.8374(9) 0.9728(7) 0.2303(4) 0.0059(13)
Se4 4a 0.064(6) 0.926(4) 0.490(5) 0.0954(16) 0.0059(13)

Scheme 1. Synthesis of 1-3[A = K (1), Rb (2), Cs (3)]

A>S+2S+2P,Ses+Pb — 2

to N216Pb3(PS4)4.25 For the more basic A,S (A = K, Rb,
Cs), the mixed seleno-/thiophosphate salts KPbPS; g4-
Sez.16 (1), RbPbPS, 565¢€5 43 (2), and CsPbPS; 465¢0.54 (3)
were obtained (Scheme 1).

KPDbPS; g4Se» 14 (1) crystallizes as a racemic twin in the
orthorhombic space group Pna2;. Examination of the
resultant atomic coordinates with the program Addsym
in the Platon suite of programs did not reveal additional
symmetry.’! Refinement in the centrosymmetric space
group Pnma was attempted, but the Se/S mixed occu-
pancy could not be modeled and the refinement did not
converge. On the basis of EDS results (Supporting
Information), which showed a S/Se ratio of ca. 1:1, the

(31) Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7-13.

KPbPSl<g4sez,1(, (1)/RbePS],5(,SCl43 (2)/CSPbPS3.4ﬁs€0‘54 (3)

four chalcogen sites around P(1) were refined as split S/Se
positions. Each mixed site was refined in different parts
using free variables determining the ratio of S/Se. In the
solid state, the structure of 1 is structurally related to
RbPbPS, and consists of [PbP(S/Se)4] layers that are
separated by the potassium ions (Figures 1b and 2,
Table 3).> Each potassium ion is coordinated by a
distorted trigonal bicapped prism of eight chalcogen
atoms, and the P atoms are coordinated by a tetrahedron
of four chalcogen atoms (Figure 1a). Each Pb atom is
chelated by two chalcogen atoms of three chalcopho-
sphate anions and one S/Se atom of another chalcopho-
sphate anion, resulting in a trigonal monocapped
prismatic coordination environment around the lead
atoms (Figure la). The chalcogen atoms Se(1,2,4) and
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a)

Sel4I@®s14)

&
PN

Figure 1. (a) Representation of the asymmetric unit in the mixed
seleno-/thiophosphate 1 (ellipsoids for Pb, K, and P at 90% probability
level). (b) Section of a [PbP(S/Se),] layer. Selenium atoms were omitted for
clarity.

Table 3. Selected Geometric Parameters in 1 (A, deg)”

P(1)—S(1)" 2.28(2) Pb(1)—S(2)" 3.084(7)
P(1)-S(2)' 2.121(8) Pb(1)-S(3) 3.123(6)
P(1)—S(3)* 2.108(9) Pb(1)-Se(3) 2.943(2)
P(1)-S(4) 2.051(6) Pb(1)—Se(1)"" 3.0175(14)
P(1)—Se(1)" 2.207(3) Pb(1)—Se(4)"" 3.036(4)
P(1)—Se(2)" 2.104(5) Pb(1)—Se(1) 3.1388(12)
P(1)—Se(3)" 2.147(4) Pb(1)~Se(2) 3.157(5)
P(1)—Se(4) 2.156(4) Pb(1)—Se(2)" 3.204(5)
K(1)-S@4) 3.229(6) S(4)—P(1)—Se(2)! 110.0(2)
K(1)-S@4)" 3.324(6) S(4)-P(1)-S(3)" 105.2(3)
K(1)-S(1)" 3.35(2) Se(2)'—P(1)=S(3)" 105.9(3)
K(1)—-S(3)" 3.397(10) S(4)—P(1)-S(2)" 110.0(3)
K(1)-S(2) 3.475(7) SG3)'-P(1)~S(2)" 110.7(3)
K(1)—S(Q2)" 3.485(7) S(4)—P(1)—Se(3)" 108.1(2)
K(1)—Se(d)"™ 3.343(5) Se(2)'—P(1)—Se(3)" 108.18(18)
K(1)-Se(2) 3.343(5) SQ)'—P(1)~Se(3)" 112.8(2)
K(1)—Se(1)™* 3.372(3) Se(2)'—P(1)—Se(4) 105.9(2)
K(1)—Se(3)" 3.448(4) S(3)"~P(1)—Se(4) 111.3(3)
K(1)~Se(4) 3.452(5) S(2)'—P(1)—Se(4) 105.5(2)
Pb(1)-S(1)" 2.879(19) Se(3)"—P(1)~Se(4) 114.21(17)
Pb(1)-S(1) 2.951(17) S@4)—P(1)—Se(1)" 108.5(2)
Pb(1)—S(2) 3.006(7) Se(2)\—P(1)—Se(1) 110.94(15)

Pb(1)—S(4)*" 3.052(6)

“Symmetry codes: (i) x4+ 1/2,y — 1/2,z+ 1/2; (il) —x + 1/2,y + 1/2, z
+1/2;Gi)x+1/2, —y+1/2,z;(iv) —x+ 1/2,y + 1/2,z— 1)2; (v) —x + 1/
2,y—1/2,z—1/2;(vi) =x, —y,z — 1/2; (vi)) x — 1/2, =y + 1/2, z; (viii) —x,
—y+1,z—1/2.

S(1,2,4) all coordinate Pb atoms in the bridging mode and
show refined S/Se ratios of S(1)/Se(1) = 15:85 and 60:40
for the remaining S/Se split positions. It is noteworthy
that the chalcogen positions S/Se(1) are embedded in the
2D slabs of [PbPS,] ", and that there is a marked pre-
ference for selenium over sulfur at this Pb-binding site
(Figure 2). P—S bond distances found in 1 are ca. 0.1 A
longer than P—S distances found in KPbPS,, whereas
P—Se bond distances are within what is commonly
observed in salts containing [PSe4]’~ anions.?***

Compounds 2 and 3 are isostructural to RbPbPS,, and
they were refined as racemic twins in the space group
P2,2,2,.?° In the rubidium salt 2, both sulfur and sele-
nium are present, and a preference for selenium (Se/
S = 80:20) is observed at the layer-embedded chalcogen
site which binds to Pb. Other positions that were refined
with free variables indicate a 50% occupancy of sulfur
and selenium (Figure 2).

In the cesium salt CsPbPSs 46Seq 54 (3), only a small
fraction of selenium was incorporated. The increased
ionic radius of Cs™, together with a more effective pack-

(32) Evenson, C. R., IV; Dorhout, P. K. Inorg. Chem. 2001, 40, 2875~
2883.
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®Fb

Se:S=85:15
(0)8:Se=60:40, 53:47
@K

or

Figure 2. The structure of KPbPS, g4Se, 16 (1) viewed down [001]. The
[PbP(S/Se)s] layer-embedded chalcogen positions are predominantly
occupied with selenium.

—KPOPS, S, e (1)
--------- ROPOPS, (S, 43 (2) | Neuony .
CsPbPS, , Se,,, (3)

Absorbance (arb. unit)

1.6 ' 1.8 I 2.0 ' 2I.2 ' 2!4 ' 26 2.8 ' 3.0
Energy (eV)

Figure 3. Solid-state UV—vis optical absorption spectra of single crys-
tals of 1—3. The band gaps for 1 and 2 are ca. 2.2 eV. The band gap of 3is
ca.2.5¢eV.

ing of the [PbP(S/Se),]  layers when smaller S donor
atoms are coordinating Cs™ ions, may play a role in the
formation of 3.

Spectroscopy. The lower amount of selenium that is
incorporated in 3 is also reflected in the solid state
absorption spectra of 1—3, from which the bandgaps of
1—3 were determined (Figure 3).

Measured bandgaps on single crystals of 1 and 2 are ca.
2.2 eV. The highest occupied molecular orbital—lowest
unoccupied molecular orbital separation in 3 is in com-
parison increased remarkably to ca. 2.5 eV. In agreement
with EDS analysis, this result confirms that the lighter
group 16 element sulfur is preferably incorporated into
chalcophosphate anions of 3.

Having established the basic composition of 1-3, a
question to answer is that of the true nature of the anions
giving rise to the mixed seleno-/thiophosphates 1—3.
Because of the near 1:1 ratio of selenium and sulfur,
1 was chosen as a model compound for further character-
izations. In order to investigate whether the approximate
1:1 ratio of S/Se in 1 is the result of cocrystallizing anions
[PSes]*” and [PS4]°~, a *'P MAS NMR investigation was
carried out showing that, in 1, all possible permutations
of [PS,Ses_ >~ (x = 0—4) anions are present (Figure 4).
The *'P MAS NMR experiments were performed at
different spinning rates to clearly identify spinning side-
bands, and for reference a *'P MAS NMR spectrum
of KPbPS,>* was recorded, showing one resonance at
0 93 (Supporting Information).
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Figure 4. 3P MAS NMR of KPbPS; g4Ses 16 (1). All five possible
chalcophosphate ions [PS,Ses—,] (x = 0—4) are present in 1.
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Figure 5. Raman spectrum of 1.

The *'P MAS NMR of KPbPSe, has been reported
showing the resonance at 0 —71 that is also observed
in 1.%® The remaining three major peaks can be tentatively
assigned to [PSSes]’”, [PS,Se-]’ ., and [PS;Se]*”. The
shift to a lower field with increasing sulfur content is in
good agreement with the higher electronegativity of
sulfur in comparison to selenium. In the Raman spectrum
of a single crystal of 1, the various resonances between
230 and 370 cm™ ' point toward different P-chalcogen
symmetric stretching modes in the mixed anion system
(Figure 5).

In the Raman spectra of selenophosphate anions, these
are commonly observed at 230 cm” !, while the P—S
stretching modes are observed at ca. 350 cm™'.3?7%
Bands below 200 cm ™' can be assigned to the bending
vibrations and those >450 cm ™' to asymmetric P-chalco-
gen stretching modes in the chalcophosphate units [PS-
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70-85.
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Figure 6. Thermogravimetric analysis of 1 showing a weight loss of ca.
10%, which corresponds to the weight of sulfur in 1 (heating rate: 5 K/
min, N, flow).

Ses_.J’” (x = 0—4) present in 1.**> The thermogravimetric
analysis of 1 showed a weight loss of ca. 10% between
250 and 550 °C (Figure 6). This weight loss is probably
caused by the evaporation of sulfur, which represents ca.
10% of KPbPS]_84S62.16 (1)

Besides amorphous byproducts, black cubic crystals
of PbSe were formed during thermogravimetric analysis
(see the Supporting Information for energy dispersive
X-ray analysis). The formation of the very stable PbSe
is possibly a reason why there are only few examples
of phases with the composition A/Pb/P/Se (A = alkali
metal).

Concluding Remarks

For the future preparation of new chalcophosphate
phases, it can be concluded that, in the case of mixed
seleno-/thiophosphates, one is very likely to obtain a mixture
of all possible anions. Although the softer donor atom
selenium does preferably go into the soft coordination sites,
all chalcogen sites are likely to show mixed S/Se occupancy.
Present work focuses on the exploratory synthesis of mixed
seleno-/thiophosphates with the aim of discovering chemi-
cally different outcomes of reactions when mixed chalcopho-
sphates are prepared as opposed to the well-established
routes to nonmixed seleno- and thiophosphates.
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