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Stabilization of Sn?" in K10Sn3(P2Seg)4 and Cs,SnP,Seg Derived from a Basic Flux
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K10Sna(P>Seg)s and Cs,SnP,Seg stabilize the lower oxidation
state of _Sn2+. K10Snz(P2Seg)4 crystallizes in the trigonal space
group A3 with a=b=24.1184(7) A and ¢ =7.6482(2) A at 100 K.
Cs,SnPoSeq crystallizes in P24/c with a =10.1160(4) A, b =
12.7867(5) A, ¢ = 11.0828(5) A, and /5 = 94.463(3)° at 100(2) K.
Electronic absorption spectra revealed band gaps of 1.82 eV for
K10Sns(PoSeg)4 and 2.06 eV for Cs,SnP,Seg. Solid-state magic-
angle-spinning *'P NMR, UV—vis, Raman, and IR spectroscopy
and thermal analysis studies of the compounds are reported.

Chalcophosphates are ternary (M/P/Q) and quaternary
(A/M/P/Q) compounds with [P,Q,]"” anions in their struc-
ture, where M is a metal, A is an alkali metal, and Q is sulfur
or selenium. This class of compounds is attractive for inves-
tigation because many of its members exhibit technologically
important properties such as large optical nonlinearities,'
reversible redox chemistry relevant to secondary batteries,”
and photoluminescence,’ ferroelectric,* and phase-change prop-
erties.’” The molten salt method is a powerful tool for the
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discovery of chalcophosphate compounds® because anionic
[P,Q,]"" units form in these fluxes and behave as versatile
ligands that bind to metal cations. The control of the starting
compositions allows for a very adaptable chemistry by means
of controlling the stabilization and concentration of the var-
ious [P,Q,]"” building blocks. The application of this flux
method to tin at intermediate reaction temperatures (300—
500 °C) gave unusual compounds such as AsSn(PSes); (A =
K, Rb), AsSmSes(PSes), (A = Rb, Cs),” Rb;Sn(PSes)-
(P»Seq). and the quinary RbsSn,AgsPeSes.” The common
oxidation state of tin in chalcophosphates is 44 because the
excess chalcogen in the flux favors the higher oxidation state.
Exceptions include Sn,P,Qg (Q = S, Se),'” TISnPS,,'" and
Rb4Sn2Ag4P6Selg,9 which feature Sn>*. In this regard, it is
interesting to understand the interplay between high- and
lower-valent tin and how the fluxes may play a role in
affecting it. Here we report the synthesis and characterization
of the first examples of quaternary selenophosphate com-
pounds featuring Sn>*, K,oSns(P>Seq)s, and Cs,SnP,Seg,
made by the polychalcophosphate flux method at 850 °C."?

K 10Sn3(P,Seg), crystallizes in the space group R3 in a
new structure type.'® It features a highly anionic, three-
dimensional i[Sn3(steG)4107] framework with K™ counter-
ions (Figure 1a).
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Figure 1. (a) Structure of K;oSn;(P>Ses); viewed down the ¢ axis
featuring a unique three-dimensional framework. Two crystallographi-
cally independent [P,Sec]*~ anions are labeled as “A” and “B”. Disor-
dered atoms, including K(1) atoms, are removed for clarity. Color code:
blue, K atoms; yellow, Sn atoms; black, P atoms; red, Se atoms. Each
atom is labeled. (b) Local structure of the Sn atom. Red dotted lines
represent the nonbonding interaction between Sn and Se atoms. (c and d)
Orientationally disordered [P,Seg]*™ anions residing on (0 0 0.5), one of
the special positions of the space group R3, shown with thermal ellipsoids
of 50% probability. A superimposed image of three [P>See]*” units in
different orientations that share the center of symmetry at the special
position is shown. The (0 0 1) mirror plane and the crystallographic 3-fold
rotation axis forcing the disorder are shown in part d.

The crystallographically unique Sn atoms are randomly
disordered with K(1) atoms, and their occupancy is refined
to 50%. The four-coordinate Sn*" center is capped by two
chelating [P>Seq]* ™ units from opposite directions (Figure 1b)
to form a three-dimensional framework structure. Two crys-
tallographically unique [P,Seq]*™ units are denoted as A
and B. The local geometry of the Sn>" center resembles a
distorted trigonal bipyramid with an empty apical position.
The 5s° lone pair of Sn*" appears to occupy the space, as
indicated by nonbonding interactions of Sn atoms toward Se
atoms of the [P>Seq]*™ (A) ligand. The distances of Sn—Se
atoms of the monodentate [P>Seq]*™ (A) are relatively long at
Sn Se(l/ )=3.121(7) A, with long nonbonding contacts of

-+Se(1) = 3.633(6) A and Sn -Se(1”) = 3.794(9) A.
Those of the tridentate D[PZSe(, (B) ligand are shorter at
Sn—Se(2) = 2.927(1) A, Sn—Se(3) = 2.901(1) A, and
Sn—Se(4) = 2. 908(5) A. These are similar to those in SnSe'*
and SnzPZSeﬁ

The [P>Seq]* (A) anion adopts three different orientations
(Figure 1c,d), and therefore P(1) is one-third occupied.
Because the atomic sites in the unit cell are defined by
symmetry elements, a structural motif therein tends to
resemble the symmetry of its crystallographic position. The
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Figure 2. Local coordination environments of K(1) and K(2) atoms. (a
and b) K(1)Seg dodecahedra that form a one-dimensional tubular struc-
ture. (c) L[K(2)(P»Seg)* "] chain.

[P,Seq]*” (A) anion resides on the fixed-symmetry elements
that they do not possess, i.e., on the special position of the
trigonal space group R3: (0 0 0.5) [Wyckoff position 3b, site
symmetry 3]. The [P,Seg]*™ anion has the D5, point group
when ideal, and the P—P bond of the anion is tilted with
respect to the crystallographic ¢ axis. Accordingly, the
[P25e6]4_ anions are forced to be positionally disordered by
the 3 symmetry operation. As a result, P and Se atoms
of [P,See]*™ (A) appear to form their own antiprisms
(Figure 1d). A similar symmet g/ -related disorder is found in
Cs;0PsSex"> and [Mo,Clg]"."® This disordered model was
further confirmed with solid-state magic-angle-spinning
(MAS) *'P NMR spectroscopy, which is described later.
The eight-coordinate K(1) atom is surrounded by two of
each tridentate (A) and monodentate (B) [P,Seq]* ™ anions in
a distorted dodecahedral geometry. The K(1)Seg dodecahe-
dra form an infinite, one-dimensional tubular structure run-
ning down the ¢ axis, generated by the 3 symmetry operation
(Figure 2a). First, three K(1)Seg dodecahedra correlated
by the 3-fold rotation on the same a—b plane form a six-
membered ring via corner-sharing. Then, this trimer gener-
ates itself by the 3 operation just below its plane to assemble
the novel hexamer cluster of Kf,Se18(/43-Se18/3)(/42-Se12/2) Finally,
the clusters condense via selenium bridges to give a nano-
tubular chain (Figure 2b). The K(1)—Se distances are from
3.081t0 3.348(8) and 3. 858(8) A.The K(2) atom resides at the
exact mlddle of two [P2Seg]*™ (A) anrons the spec1a1 position
(*/5'/5"/5). Ttand two tridentate [P>Seq]*~ (A) anions from oppo-
site directions condense to glve an infinite one-dimensional
chain running down the ¢ axis (Figure 2¢). The K(2) atom,
centered at the ideal antiprismatic geometry, is coordinated
by six Se(1) atoms that are generated by the 3 symmetry
operation. The K(2)— Se(l) distance is 3.307(5) A. The nine-
coordinate K(3) atom is surrounded by two tridentate
[P>Seq]*” (A) and three monodentate [P,Seq]*” (B) anions,
showing an irregular polyhedral geometry. The K(3)—Se
distances range widely from 3.290(5) to 3. 87(2 A.
Cs,SnP,Seq adopts the space group P2, /c and features
parallel infinite one-dimensional chains of L[SnP,Ses> ] sep-
arated by Cs™ catrons (Frgure 3a). When viewed down the
(10 1) direction, the L[SnP,Ses> ] chains and Cs™ cations are
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Figure 3. Structure of Cs,SnP,Ses viewed down (a) the a axis and (b) the

crystallographic (1 01) dlrectlon (¢) Structure, labeling, and Sn—Se

distances (A) of L[SnP,Ses> ]. Color code: blue, Cs atoms; yellow, Sn

atoms; black, P atoms; red, Se atoms. Red dotted lines represent

nonbonding Sn- - - Se interactions. Orange circles centered at P—P bonds
show the center of symmetry. The thermal ellipsoids: 90% probability.
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hexagonally packed (Figure 3b). The crystallographically
unique Sn>" center is coordinated by two different, chelating
bidentate [P2$e6]]4_ units from opposite directions to form the
single chain of L[SnP,Ses” ] (Figure 3c). There is a crystal-
lographic center of symmetry dictating 2- fold rotation at the
center of the P—P bonds. Accordingly, the 5s* lone pair elec-
trons of Sn point up and down, alternating along the chain
direction. The Sn—Se distances are normal at 2.764(1),
2.855(1),2.937(1), and 3.041(1) A, with two long nonbonding
interactions at 3.384(2) and 3.487(1) A. The structure of
Cs,SnP,Seq is related to that of A, MP,Seq (A =K, Rb, Cs;
M = Mn, Fe)."®

K0Sn3(P»Se)4 and Cs,SnP,Seq were synthesized by the
same reaction profile: reacting a mixture of 5:3:8:19 A,Se/Sn/
P/Se (A =K, Cs) at 850 °C for 3 days, followed by cooling
at a rate of 2 °C/h to 300 °C. Note that the complex three-
dimensional structure of K;¢Sn3(P»Se¢)4 is broken into the
simpler one-dimensional structure of Cs,SnP,Seg as the flux
basicity increases (i.e., with a bigger alkali metal) A more
basic flux or higher reactlon temperature tends to give shorter
structural fragments.' 1 The K* salt formed with Sn,P-Ses
(~20%), whereas the Cs™ salt was phase pure after washing
with N,N-dimethylformamide (DMF). Pure title compounds
could be obtained by the direct combination reaction at
800 °C for 2 h, followed by quenching in air (Supporting
Information, Figure S1). Flux reactions with Li>Se and
Na,Se gave mainly Sn,P,Seq because of the weak basicity of
the smaller alkali metals. K;oSn3(P>Seq)4 is stable in DMF,
alcohol, formamide, acetonitrile, and air but decomposed in
deionized H>O to give a hazy red solution. The compound is
soluble in N-methylformamide, forming a clear yellow solu-
tion. Cs>SnP,Seq is insoluble in these organic solvents and
deionized H,O and is stable in air.

According to differential thermal analysis performed at a
rate of 10 °C/min, K;(Sn;(P,Seq)s and Cs,SnP,Seq melt
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congruently at 538 and 573 °C, and the melts crystallize at
547 and 595 °C, respectively (Supporting Information,
Figure S2). The powder X-ray diffraction patterns before and
after melting/recrystallization were identical for both com-
pounds.

The *'P NMR spectrum of K,;oSn;(P,Seq)s (Supporting
Information, Figure S3) collected at a 14 kHz MAS fre-
quency revealed a single isotropic chemical shift at 36.3 ppm,
indicating a unique P-containing structural motif in the
compound The result supports the disordered model of the
[P,Seq]*™ (A) anion, and [P>Se¢]*” (A and B) anions are locally
and magnetically equivalent. A similar result was reported
for Cs;oPgSe,o, including the positionally disordered [PZSeﬁ]‘F
anion. The chemical shift value is close to those of Pb,P>Ses>°
(29.1 ppm) and Sn,P>Ses*' (29.7 ppm), which have a sim-
ilar [P,Seg]*™ unit. The solid-state optical absorption spectra
of K¢Sn3(P»Seg)4 and Cs,SnP,Se (Supporting Information,
Figure S4) reveal well-defined absorption edges and band
gaps of 1.82 and 2.06 eV, respectively, which are in good
agreement with their red/orange color.

Raman spectra of K;¢Sn3(P,Se¢)4 and Cs,SnP,Seg are ac-
tive, with shifts at 144, 162, 175, 220, 424, 444, and 472 cm ™!
for the former and 181, 215, 252, 442, and 473 cm™ ! for the
latter (Supporting Information, Figure S5). By comparison
to Sn,P,Se, the shifts below 200 cm ™! account for the exter-
nal modes and internal Se—P—Se bending modes and those
from 400 to 500 cm ™! are related to P—Se valence vibra-
tions.”? The peaks at 215 and 220 cm™' can be unambigu-
ously assigned to the locally A, symmetric stretching mode
of the P,Seg unit.'® The far-IR spectra showed peaks at 194,
225,253,301, 438, 445, 484, and 496 cm ™' for K,SnsPsSe,4
and 179, 201, 230, 299, 405, 450, 484, and 521 cm ™! for
Cs,SnP,Seq, similar to those of compounds that possess
[P>Seq]*” anions® (Supporting Information, Figure S6).

The results of this study demonstrate that the lower oxi-
dation state of Sn®* can be stabilized by the polychalcopho-
sphate flux method at high temperature. Presumably, the
oxidation chemistry of Sn®* by Se—Se bonds in the flux,
favored at lower temperatures, is inhibited at higher tem-
peratures. The strong dependence of the structure and com-
position on the alkali metal highlights the rich chalcogenide
chemistry of tin and the important role of the flux basicity.
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