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[P3Se7]
3-: A Phosphorus-Rich Square-Ring Selenophosphate
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The new compound Cs10P8Se20 features the heterotetracyclic
[P3Se7]

3- anion, a phosphorus-rich four-membered-ring spe-
cies that possesses a P-P-P unit and formally P3þ and P4þ

centers. It crystallizes in the orthorhombic space group Pnnm
with a = 26.5456(7) Å, b = 8.0254(2) Å, c = 11.9031(4) Å, and
Z = 2 at 100(2) K. The cyclic anion is cocrystallized with a
[P2Se6]

4- anion. Electronic absorption, Raman, Fourier trans-
form infrared, and solid-state 31P NMR spectroscopy studies of
Cs10P8Se20 are reported.

Chalcophosphates are typically ternary (A/P/Q andM/P/Q)
and quaternary (A/M/P/Q) compounds with [PxSey]

n- anions
in their structure,whereM is ametal,A is analkalimetal, andQ
is sulfur or selenium. The broad diversity of this class of
compounds is attributed to various bindingmodes and reactivi-
ties of chalcophosphate anions in salt fluxes to coordinating
metals.1 Indeed, many selenophosphate ligands have been
structurally characterized, for example, [P2Se8]

2-,2 [P2Se9]
4-,3

[P2Se10]
4-,4 [PSe4]

3-
3 2Se6,

5 [P8Se18]
6-,6 ¥

1 [PSe6
-],7 ¥

1 [P2Se6
2-],8

R-[P6Se12]
4-,9 β-[P6Se12]

4-, and [P5Se12]
5-.10 The common

oxidation states of phosphorus in selenophosphates are P4þ

and P5þ. Because members of this family can exhibit tech-
nologically important ferroelectric,11 nonlinear optical,8,10,12

reversible redox chemistry relevant to secondary batteries,13

photoluminescence,14 and phase-change properties,15 it is im-
portant to understand the limits of structural diversity beyond
the simple [PSe4]

3- and [P2Se6]
4- anions and how to stabilize

the desirable species.
Our previous investigations of chalcophosphate compounds

provided new insights into the relationship between the struc-
ture and flux composition (i.e., A:P:Se ratio).9 We also found
that excess phosphorus in the flux helps to produce less oxi-
dized P2þ/3þ/4þ species such as A6P8Se18 (A = K, Rb, Cs),6

A4P6Se12 (A = Rb,9 Cs), and Cs5P5Se12.
10 In fact, except for

metal phosphides,16 compounds containing phosphorus in
low formal oxidation states are largely limited to organic or
organometallic species17 such as transient phosphinidenes
and their derivatives, catenated polyphosphines, and ele-
mental P.16

Here we describe the novel heterocyclic anion of [P3Se7]
3-

found in the new compoundCs10P8Se20.
18 The cyclic anion fea-

tures a ring structure and phosphorus in two different formal
oxidation states, 3þ and4þ.The ring seemshighly strainedwith
a rare P-P-P unit (—P(2)-P(1)-P(2) ∼ 90�). The [P3Se7]3-
molecule cocrystallizes with the ethane-like [P2Se6]

4- anion to
form Cs10P8Se20. [PxSey]

n- anions with a ring structure are
uncommon, and only a few have been structurally characteri-
zed, i.e., [P2Se8]

2-,2 R,β-[P6Se12]4-,9 and [P5Se12]
5-.10
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Thenew structure type ofCs10P8Se20 crystallizes in thePnnm
space group.19 The compound is best described as a double salt
[Cs3[P3Se7]]2 3 [Cs4[P2Se6]] and contains two discrete molecules
of [P3Se7]

3- (A) and one of [P2Se6]
4- (B) (Figure 1a). The

[P3Se7]
3- anion is structurally unique, and its most unusual

feature is the heterocyclic square composed of one Se atomand
three P atoms. A P-P-P unit with two types of the formal
charges of P3þ and P4þ are found on the ring (Figure 1b). The
trivalent formal charge is found onP(1). Amirror plane bisects
the noncentrosymmetric molecule to give the Cm point group,
with P(2) being related with P(2a) by the reflection symmetry
operation. The nearly square-planar [P3Se7]

3- is slightly folded
parallel to the mirror plane to form a kite shape (Figure 1b,c):
—P(2)-P(1)-P(2), 89.2(1)�; torsion angle of P(1)-P(2)-Se-
(5)-P(2), 7.468�. Note that the P(2)-Se(5) distance, 2.295(2)
Å, is very close to that of P(1)-P(2) at 2.294(3) Å. The
P(1)-P(2) distance is significantly longer than those normally
found in other chalcophosphate compounds (2.18-2.22 Å),
implying the existence of strain in the four-membered ring. The
stain implies a possible reactive tendency of this anion toward

relieving it.For example,we expect the additionof 2 equivof Se
to [P3Se7]

3- to result in the new inorganic ring species of
[P3Se9]

3- according to Scheme 1.
Compounds with homocyclic P4 units have been structu-

rally characterized, e.g., (NH4)4[P4S8] 3 2H2O
20 and Cs2P4 3

2NH3,
21 and similarly long P-P distances were also observed

in [P4S8]
4- at 2.280(1) and 2.287(1) Å, which consists of four

tetracoordinatedP atomswith two terminal S atomson eachP
atom.20 The Se analogue to this molecule is not yet reported.
Even longer P-P bond distances were found in neutral cage-
like phosphorus sulfides such as P4S7 at 2.326(7) Å

22 and R-
P4S4 at 2.360(3) Å.23 Because of the four-membered ring
structure of the [P3Se7]

3- anion, unusually short, nonbonding
intramolecular interactions are observed for P(2) 3 3 3P(2a) at
3.222(3) Å, P(1) 3 3 3 Se(4) at 3.647(2) Å, P(1) 3 3 3 Se(5) at
3.254(3) Å, and Se(3) 3 3 3 Se(5) at 3.645(1) Å. These distances
are shorter than the sum of the ionic radii of atoms.24

The seemingly complex, discrete anion B is a superimposed
image of four positionally disordered, ethane-like [P2Se6]

4-

anions (Figure 1d). The site occupancy of P(3) and P(4) atoms
is 25%, respectively. The [P2Se6]

4- anions disorder because
they reside on the fixed-symmetry elements that they do not
possess, i.e., on the special positions of the Pnnm space group:
(0, 0.5, z), Wyckoff position 4f, site symmetry 2; (0.5, 0, 0.5),
Wyckoff position 2c, site symmetry 2/m. The [P2Se6]

4- mole-
cule adopts the D3h point group when ideal, and the P-P
bonds of the anions are tilted with respect to the crystal-
lographic c axis. Because the atomic sites in the unit cell are
defined by symmetry elements, the [P2Se6]

4- anions that do
not satisfy such site symmetries, 2 and 2/m, are forced to be
positionally disordered. Because all Se atom positions are
arranged octahedrally, they are superimposed for all orienta-
tions of theXanion. Thus, the Se atoms appear ordered, and it
is only the P-P bonds that change direction. A similar
symmetry-related disorder is found in [Mo2Cl8]

n-.25

The synthesis of Cs10P8Se20 provides further insight into the
close relationship between the structure and flux condition (or
A:P:Se ratio) and how the low-valent P species in the alkali
selenophosphate class can be stabilized. The remarkably rich
structural chemistry of the Cs/P/Se system is summarized in
Table 1.More basic fluxes (i.e., those with a highA:P ratio) or
higher reaction temperatures tend to give shorter structural
fragments26 and phosphorus in the 5þ oxidation state. As the
basicity decreases, more complex species emerge such as the
one-dimensional polyselenide chains ¥

1 [PSe6
-] and ¥

1 [P2Se6
2-].

Figure 1. (a) Structure of Cs10P8Se20 viewed down the b axis. The
[P3Se7]

3- anion is labeled as “A” and the [P2Se6]
4- anion as “B”. Color

code: blue, Cs atoms; black, P atoms; red, Se atoms. (b and c) Structure of
the [P3Se7]

3- square anion. P andSeatomsare labeled.Bonddistances (Å)
and angles (deg) are represented. Symmetrically equivalent atoms are
denoted as “a”. (d) Example of an apparently complex, disordered
[P2Se6]

4- anion sitting on (0, 0.5, z), one of the special positions of the
Pnnm space group. It is a superimposed image of four [P2Se6]

4- units in
different orientations that share the same center of symmetry at the special
position. Color code: blue, P(3) atoms; yellow, P(4) atoms; red, Se atoms.
Each Se atom is labeled.

Scheme 1
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In thiswork,we examined the intermediate “acidic”/basic con-
ditions with an excess of phosphorus. If we count “Cs3P3Se7”
in Cs10P8Se20 as an independent species, all species in those
A:P:Se ranges, i.e., [P8Se18]

6-, [P6Se12]
4-, [P5Se12]

5-, and
[P3Se7]

3-, possess the less oxidized P2þ/3þ/4þ with mixed
formal charge centers on P and adopt a ring-type molecular
structure (Figure 2).
We could only obtain Cs10P8Se20 by a flux reaction. Our

attempts to synthesize the single salt “Cs3[P3Se7]” by a direct
combination reaction gave only Cs5P5Se12,

10 which is not
surprising because it is compositionally very close to
Cs3P3Se7, i.e., with the Cs:P:Se ratio being 1:1:2.33 for the
former and 1:1:2.4 for the latter. A total of 1 mol of excess P
(Cs2Se2:P:Se = 1:3:2) to the flux condition of the title
compound produced a red glass.
According to differential thermal analysis performed at a

rate of 10 �Cmin-1,Cs10P8Se20melts incongruently at∼392 �C
and the melt crystallizes at ∼364 �C. The powder X-ray
diffraction pattern after recrystallization indicated Cs10P8Se20
and a small amount of orange glass. The solid-state optical
absorption spectrum revealed awell-defined absorption edge at
2.07 eV, consistent with its orange color (Figure S1 in the
Supporting Information). By comparison, the ring-type com-
pounds Cs5P5Se12 with P3þ/4þ and Cs4P6Se12 with P2þ/4þ

showed a band gap at 2.17 eV.
Solid-state 31P magic angle spinning (MAS) NMR spec-

troscopy of polycrystalline samples of Cs10P8Se20 gave three
sets of isotropic peaks at 52.5 ppm, (64.5 þ66.0) ppm, and
(94.6þ 95.9) ppm (Figure 3). These peaks were identified by a

comparison of spectra at different spinning frequencies, and
the remaining peaks can be assigned as spinning sidebands.
Considering both isotropic and spinning sideband peaks, the
overall integrated intensities for the 52.5 ppm, (64.5 þ 66.0)
ppm, and (94.6þ 95.9) ppmpeakswere∼2:1:1,which suggests
an assignment of the 52.5 ppm peak to P(2), the (64.5þ 66.0)
ppmpeak to P(1) or P(3)/P(4), and the (94.6þ 95.9) ppmpeak
to the remaining P. The result supports the crystal structure of
Cs10P8Se20, which indicates three magnetically independent P
atoms [P(3) and P(4) are locally and magnetically identical].
The positive isotropic shifts and overall separation of ∼150
ppm between extreme splitting sidebands of peaks are con-
sistent with P-P bonding in this compound.28

The molecular salt Cs10P8Se20 stabilizes the new inorganic
heterotetracyclic anion with its low-oxidation-state P3þ and
P4þ centers and highly strained intraring bonds. Its discovery
highlights the rich chemical diversity of the [PxSey]

n- system
and the importance of the relationship between the basicity
and final products.
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Table 1. Complex Structural Chemistry of the Cs/P/Se System: Relationship between the Observed Selenophosphate Species and the A:P:Se Ratio in the Fluxa

compound A:P:Se ratiob anion flux condition color note

Cs3PSe4
27 3:1:4 [PSe4]

3- basic yellow discrete molecule
Cs7P3Se13

c 2.33:1:4.33 [P2Se9]
4-

3 [PSe4]
3- red discrete molecule

Cs4P2Se10
4 2:1:5 [P2Se10]

4- red discrete molecule
Cs4P2Se9

3 2:1:4 [P2Se9]
4- red discrete molecule

Cs10P8Se20 1.25:1:2.5 2[P3Se7]
3-

3 [P2Se6]
4- intermediate orange ring included

Cs4P4Se14
c 1:1:3.5 [P2Se6]

2-
3 [P2Se8]

2- red two-ring molecules
Cs4P6Se12

10 1:1.5:3 β-[P6Se12]
4- orange ring, PCd

Cs5P5Se12
10 1:1:2.4 [P5Se12]

5- red ring, PC, SHGe

Cs6P8Se18
6 1:1.33:3 [P8Se18]

6- red oligomer
“Cs3P3Se7”

f 1:1:2.33 [P3Se7]
3- ring

Cs2P2Se8
2a 1:1:4 [P2Se8]

2- “acidic” orange ring
Cs2P2Se6 1:1:3 ¥

1 [P2Se6
2-] orange 1-D, PC, SHG

CsPSe6
7 1:1:6 ¥

1 [PSe6-] orange 1-D, PC

aAll compounds have been structurally refined by single-crystal diffraction. bThese are typical ratios. In fact, there are ranges in these ratios that
define a given flux condition and can lead to the compounds shown. cUnpublished results. dCrystal-glass phase-change (PC) behavior shown.
eNonlinear optical second-harmonic generation (SHG) response observed. f “Cs3P3Se7” in Cs10P8Se20 was represented for comparison with other cyclic
selenophosphate anions.

Figure 2. Examples of the selenophosphate anions isolated from inter-
mediate/less basic flux conditions: (a) R-[P6Se12]4-; (b) β-[P6Se12]4-; (c)
[P5Se12]

5-; (d) [P2Se8]
2-; (e) [P8Se18]

6-; (f) [P3Se7]
3-. The formal charge

on P centers is represented.

Figure 3. Solid-state 31P MAS NMR spectrum of polycrystalline
Cs10P8Se20 at a 9.4 T field and a 6.0 kHz spinning frequency with the
dominant isotropic peaks highlighted by asterisks. The [P3Se7]

3- anion is
represented.
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