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ABSTRACT: The new germanium selenophosphates K,Ge,.,P,Se;, (1) and RbsGe,P,Se,, (2) are reported. The former is a one-
dimensional metastable compound synthesized using the polychalcogenide flux method that crystallizes in the monoclinic space
group P2,/c with lattice parameters a = 6.7388(7) A, b = 13.489(1) A, ¢ = 6.3904(6) A, and f = 91.025(8)°. At a glance, a mixed
Ge** /P tetrahedral site and disordered Se position are found among the corner sharing tetrahedra that make up the polymeric anion.
After careful examination, the structure was found to be incommensurately modulated and a single g-vector of g = 0.4442(6)a* +
0.3407(6)c* was determined after annealing sinsgle crystals below their decomposition point for 30d. The latter compound contains
the new discrete molecular anion [Ge,P,Se4]°~ and crystallizes in P1 with lattice parameters a = 7.2463(8) A, b =9.707(1)A, c =
11.987(1)A, o =79.516(9)°, B = 89.524(9)°, and y = 68.281(9)°. Both compounds are semiconductors with band gaps of 1 and 2

being 1.9 eV and 2.2 eV, respectively.

B INTRODUCTION

Synthesis of novel alkali metal chalcophosphates has been
successful in part because of the polychalcogenide flux method,
which allows metastable phases to be accessed at relatively low
temperatures (200—600 °C).' > The resulting structures often
contain new complex anions that vary in dimensionality and are
built of simpler species such as tetrahedral [PQ4]*~ and ethane-
like [P,Q4]*" moieties (Q = S, Se). Examples of these anions
include [P85e18]6_14 [Psselz]s_xs a- and ﬂ‘[Péselz]4_;5’6 l/oo'
[PSes 1,7 '/ wo[P2Ses” 1% [P2S10)* ", and [P,Sg]*."° Addition
of a second main group element to the reaction mixture can result
in even more comIplex structures by further linking the chalco-
phosphate anions."' ' Recently, we reported on the stability of
arsenic containing chalcophosphates, some of which feature novel
structures.'® In this paper, we explore the addition of germanium to a
selenophosphate flux. Chalcogermanates display a wide structural
diversity similar to the chalcoEJhosPhates with bujldinsg moieties such as
[GeQu]","* [GexQe]" )" ™ [GexQs]" > [GerQu] ™
[GesQiol**” '/ [GeSes” 1, and '/ [GeSe,” 12" Chalco-
phosphates and chalcogermanates both have technological relevance
in areas such as nonlinear optics”***~** and ferroelectrics,> > with
the chalcogermanates also being used in the synthesis of porous
chalcogels3 39 and zeolite-like anionic frameworks.”> Herein, we
discuss the synthesis of the first reported germanium chalcopho-
sphates. K,Ge,P,Se;, (1) is a metastable compound that forms only
with a very specific flux composition. Its one-dimensional polymeric
structure presents a unique example of an incommensurately modu-
lated motif and contains mixed Ge and P sites as well as Se*~ and
Se,>” units. RbsGe,P,Se 4 (2) is a discrete molecular salt compound
with a new molecular germanium selenophosphate anion.

B EXPERIMENTAL SECTION

Reagents. All reagents were used as obtained: potassium metal
(989%, Sigma Aldrich, St. Louis, MO); Ge powder (99.999%, Alfa Aesar,
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Ward Hill, MA); red phosphorus powder (99%, Sigma Aldrich, St. Louis,
MO); selenium pellets (99.99%, Sigma Aldrich, St. Louis, MO); N,N'-
dimethylformamide (ACS grade, Mallinckrodt Chemical, Phillipsburg,
NJ); diethyl ether (ACS grade, BDH Chemicals, Leicestershire, UK).
K,Se was prepared by reacting stoichiometric amounts of the elements
in liquid ammonia as described elsewhere.*""** P,Ses was synthesized by
the stoichiometric reaction of red P and Se at 460 °C for 48 h followed by
cooling to room temperature in 10 h.

Synthesis. Red crystals of K,Ge,,P,Se;, were synthesized by the
reaction of K,Se, Ge, P,Ses, and Se in a 2:2:1:7 mmol ratio. In a typical
reaction, 0.063 g (0.40 mmol) of K,Se, 0.029 g (0.40 mmol) of Ge, 0.093 g
(0.20 mmol) of P,Ses and 0.111 g (1.40 mmol) of Se were added to a
9 mm fused silica tube inside a N-filled glovebox. The tube was flame-
sealed under a vacuum of <10~* mbar and placed in a temperature
controlled furnace. The highest quality crystals resulted by heating to
400 °C in 4 h, dwelling there for 3 h, cooling to 300 °C over 3 h, dwelling
there for 3 h, heating to 350 °C over 3 h, dwelling there for 3 h, cooling to
200 °C over 3 h, and then turning off the furnace. The products were
washed with degassed dimethylformamide (DMF) for 3 days and dried
with diethyl ether to reveal red rod crystals in ~10% yield (based on
potassium). Although the yields of these reactions are very low, pure
products resulted when the large excess of flux was dissolved by DMF.
Annealed crystals were required for determining the modulated struc-
ture of 1. Isolated single crystals were sealed under vacuum in a fused
silica tube, heated to 350 °C over 4 h, held there for 30 days, and cooled
to 200 °C over 30 h and to room temperature in 3 h.

Yellow crystals of RbsGe,P,Se;, were first obtained while trying to
synthesize the Rb analog of K,Ge4,P,Se;,. Once the composition was
determined from the structure solution, stoichiometric reaction of 0.150 g
(0.60 mmol) of Rb,Se, 0.029 g (0.40 mmol) of Ge, 0.091 g (0.20 mmol)
of P,Ses, and 0.095 g (1.20 mmol) of Se in a 9 mm fused silica tube
sealed under vacuum (10~ * mbar) at 500 °C for 3 days followed by
cooling to 200 °C over 60 h and then to room temperature over 3 h led
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Figure 1. (a) SEM micrograph of typical K,Ge,,P,Se;, crystal and (b) corresponding EDS spectrum. EDS consistently confirmed the presence of

phosphorus with an average overall composition of K, 4Ge; ¢P; 0Se7 .

Table 1. Crystallographic Refinement Details for Reported
Compounds

compound 1 2
Formula K,4Ge, 5P sSe;s RbsGe,P>Se 4
Formula Weight 1311.04 1825.38
Temperature, K 100 293
Crystal system Monoclinic Triclinic
Space group P2,/c P1
a, A 6.7388(7) 7.2463(8)
b A 13.4894(12) 9.7071(11)
oA 6.3904(6) 11.9866(14)
a,° 90.00 79.516(9)
B, ° 91.025(8) 89.524(9)
Y, ° 90.00 68.281(9)
N 580.81(10) 768.60(15)
V4 1 1
p, mg/m’ 3.748 3.944
4, mm~" 22228 28.066
F(000) 578 792
O ° 29.16 29.24
Reflections collected 5044 14609
Unique reflections 1855 4135
R 0.0455 0.0432
No. parameters 57 109

Refinement method full-matrix least-squares on F>
GooF 1.240 1.295
Final R indices [I > 20(1)], R;/wR,  0.0395/0.0747 0.0454/0.0755
R indices (all data), R;/wR, 0.0439/0.0760 0.0597/0.0785
R, = JIF| — |EI/Z|F,|. wR, = {E[w(|F0L2 — |E)*)/Zw
(|F0|4)]}1/2 and cale w = 1/[0*(F,?) + (0.0176P)* + 3.9986P] where
P= (F,’+2F2)/3.

to 2 as the major phase. RbsGe,P,Se ;4 could not be obtained as a pure
phase; however, washing the products with degassed DMF for 1 day
followed by rinsing with diethyl ether revealed yellow crystals of 2 in
~80% yield.

Single Crystal X-ray Diffraction. Single crystal X-ray diffraction
data were collected by performing @ scans on a STOE IPDS II
diffractometer using Mo Ko radiation (4 = 0.71073 A) operating at
50 kV and 40 mA. Collection, integration, and numerical absorption
corrections were performed using the X-AREA, X-RED, and X-SHAPE
programs.* Structures were solved using direct methods and refined by
full-matrix least-squares on F* using the SHELXTL program package.**
For the determination of the modulated structure, diffraction data for

Table 2. Atomic Coordinates, Occupancies, and Equivalent
Isotropic Displacement Parameters (A%) for the Subcell of
K4Ge4-xsze12

Label & y z Occupancy Uy
Se(1)  0.06970(8) 0.30337(4) 0.30496(7) 1 0.02579(11)
Se(2) 0.24244(6) 0.03214(3) 0.22789(6) 1 0.01652(9)

Se(3A) 0.55995(14) 0.26286(8) 0.14270(18) 0.4341(13) 0.0177(2)
Se(3B) 0.56607(11) 0.24888(6) 0.03283(15) 0.5659(13) 0.01843(19)

Ge(1) 024808(8) 0.18698(4) 0.11823(8) 0.634(3)  0.01268(14)
P(1)  024808(8) 0.18698(4) 0.11823(8) 0.366(3)  0.01268(14)
K(1)  026015(14) 0.53807(8) 0.22533(14) 1 0.01924(19)

* U,q is defined as one-third of the trace of the orthogonalized Uj; tensor.

the annealed crystals were collected with an increased X-ray exposure
time in order to enhance the intensity of the satellite reflections.

The distortion (positional or temperature parameter) of a given
atomic parameter x4 in the subcell can be expressed by a periodic
modulation function p(x,) in a form of a Fourier expansion:

pk + x) = 3 Ansinfrga(k + x)]

n=1

+ Y Accos2ag, (k + x4)]

n=1

where A, is the sinusoidal coeflicient of the given Fourier term, A, is
the cosine coefficient, n is the number of modulation waves used for the
refinement, and k is the lattice translation. g, = > 10y;q; where ay; is the
integer number for the linear combination of the incommensurate
modulation vectors g;. A useful coordinate t that characterizes and
describes the real three-dimensional structure constructed as a perpen-
dicular intersection with the fourth dimensional axis is defined as t =, — q-r
where r is a vector in the real three-dimensional reciprocal space.
Satellite reflections of first order were observed at 100 K and used for
the refinement. One modulation wave for occupantional, positional, and
temperature parameters was used. Fourier terms were refined on the
basis of the symmetry allowed conditions. Structure refinement of the
supercell was performed with Jana2006.*

Powder X-ray Diffraction (PXRD). A National Institute of
Standards and Technology (NIST) Si calibrated CPS 120 INEL powder
X-ray diffractometer (Cu Ko graphite monochromatized radiation)
equipped with a position sensitive detector, operating at 40 kV and 20
mA, was used to determine the phase-purity of all products. A flat sample
geometry was used for collection. Simulated patterns were created using
the Visualizer program in Findit and the CIF of each structure solution.

Scanning Electron Microscopy (SEM). A Hitachi S-3500 scan-
ning electron microscope (SEM) equipped with a PGT energy dispersive
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Figure 2. Structure of K,Ge, ,P,Se;, with thermal ellipsoids set to 80%. (a) View of anionic linear chain perpendicular to its direction of propogation.
(b) Packing of chains as viewed down the c-axis. (c) Pseudolayers formed in the a,c-plane by the stacking of chains directly on top of one another. Color

code: K, dark blue; Ge/P, light blue; Se(3A), red; Se(3B), black.

Figure 3. Synthetic precession photographs of K,Ge4 P, Se , viewing the (1 01) plane for (a) no annealing, (b) 15 days of annealing, and (c) 30 days of
annealing samples. The direction of diffuse intensity is shown with arrows on each figure. Diffuse reflections at ~(*/, 0 '/3) became sharper upon
annealing and were then indexed and used to determine the superstructure of 1. The modulation g-vector is also indicated with a red arrow.

X-ray analyzer was used for energy dispersive X-ray spectroscopy (EDS)
analysis of crystalline products. An accelerating voltage of 25 kV, probe
current of 60 mA, and a 60 s acquisition time were used for data collection.

Solid State UV—Vis Spectroscopy. The band gap of each
material was determined by collecting optical diffuse reflectance data
on a Shimadzu UV-3101 PC double-beam, double-monochromator
spectrophotometer in the range of 200—2500 nm. BaSO4 was used as a
100% reflectance standard and as a bed onto which the ground
crystalline sample was packed. The band gap was then estimated by
converting the reflectance data to absorbance using the Kubelka—
Munk equation: a/S = (1 — R)*/(2R), where R is the reflectance

10243

and a and S are the absorption and scattering coefficients, respec-
tively.*o~*

Differential Thermal Analysis (DTA). Ground crystalline sam-
ples (~40 mg) of each product were sealed under vacuum (~10"*
mbar) in a fused silica ampule for differential thermal analysis experi-
ments. A similar amount of Al,O3 was used as a reference in a second
evacuated ampule. Experiments were performed in a Shimadzu DTA-50
thermal analyzer with a heating and cooling rate of 5 °C/min for each
run and a nitrogen flow rate of 40 mL/min.

Raman Spectroscopy. Raman spectra were collected on a Delta-
Nu Advantage 785 NIR Spectrometer equipped with a CCD detector.

dx.doi.org/10.1021/ic201249w |Inorg. Chem. 2011, 50, 10241-10248
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Table 3. Crystal Data and Modulated Structure Refinement
Details for 1

Empirical formula K4 Ge2.731 P1.269 Sel2
Formula weight 1341.5

Temperature 100 K

Wavelength 0.71073 A

Crystal system monoclinic

Space group P2,(a0y)0

Unit cell dimensions a=6.7285(6) A, a = 90°

b =13.5089(11) A, 8 = 90.875(7)°

c=6.3781(6) A, y = 90°

0.4442(6)a* + 0.3407(6)c*

579.67(9) A®

VA 1

Density (calculated) 3.8416 g/cm3

Absorption coefficient 23.152 mm ™"

F(000) 590

0.15 x 0.10 X 0.05 mm’

1.74 to 29.27°

—9<h=9 -18<k=<18 -9==7,
—l=m=1

22085 (8009 main +14076 satellites)

9259 (3107 main +6152 satellites)
[Rine = 0.0702]

Completeness to 8 =29.27°  98%

Refinement method

g-vector(1)

Volume

Crystal size
0 range for data collection

Index ranges

Reflections collected

Independent reflections

Full-matrix least-squares on F*

Data/constrains/restraints/ 9259/23/0/240
parameters
Goodness-of-fit on F* 1.90

Final R indices [I > 30(I)]

R indices [all data]

Final R main indices
[1>30(1)]

R main indices (all data)

Final R 1st order satellites
[1>30(D)]

R 1st order satellites
(all data)

Tomin and Ty, coefficients

Rops = 0.0821, wRqp, = 0.1640
Ry = 0.1736, wRy; = 0.2020
Rops = 0.060S, wRps = 0.1451

Ry = 0.0814, wRy = 0.1594
Reps = 0.1762, wR . = 02914

Ry = 0.3586, wRy; = 0.4183

0.0816 and 0.5464

Largest diff. peak and hole 7.00 and —6.00 e-A™>
R=3IF,| — |FJl /Z|F,|, wR = {Z[w(|F,|* — |F|*)*]/Z[w(|Fo[ )]}
and w = 1/(0*(I) + 0.00161").

The 785 nm radiation had a maximum power of 60 mW and beam
diameter of 35 um. A collection time of S s was used.

B RESULTS AND DISUCUSSION

Red crystals of K,Ge,P,Se;, (1) were obtained from the
reaction of K,Se, Ge, P,Ses, and Se in a 2:2:1:7 molar ratio. The
phase can also be synthesized using elemental phosphorus rather
than P,Ses. The single crystal structure was initially solved in
P2,/c as K,Ge,Ses, an analog of the previously reported
Cs,Si,Teg, containing a disordered Se position.49 However,
upon further investigation, it was determined that this model
was incorrect. Phosphorus was consistently present in every
crystal we examined by energy dispersive X-ray spectroscopy (EDS)
with an average composition of K, 4Ge; 4P ¢Se7 s (Figure 1).

Also, several attempts to synthesize the compound without phos-
phorus as a reactant failed to give the desired product. The refinement
was modified to mix the only Ge site with P, and an improvement in
all statistics, including a refined Ge/P ratio similar to that observed by
EDS (63:37 in refinement, 62:38 in EDS), resulted (Tables 1 and 2).
The precise flux composition for this reaction was crucial in
producing the desired phase. Attempts to synthesize 1 by direct
combination with the structurally refined elemental ratios were
unsuccessful, as were reactions aimed to increase the relative amount
of phosphorus in the compound. In both cases, the known
compounds K,P,Ses™ and Ge,Sey”" were found as products. While
attempting to synthesize the Rb analog of 1, the new compound
RbeGe,P,Se 4 (2) was discovered. Several attempts to obtain 2 as a
pure phase were unsuccessful and always showed the presence of
an unknown impurity by powder X-ray diffraction and differential
thermal analysis.

Structure of K;Ge4.P,Seq,. The basic structural motif of 1
consists of an infinite linear chain of corner sharing MSe, (M =
Ge, P) tetrahedra that form a diselenide bond with one neighbor-
ing tetradedron to give a five-membered M,Se; ring (Figure 2). The
chains propagate along the c-axis and stack directly on top of one
another along the g-axis to form a pseudolayered structure in the
a,c-plane. K,Ge, P, Se;, can be described as a variant of certain
previously reported I/1I1/VI and I/IV/VI compounds with 1:1:3
compositions. ABS; (A = Rb, T1),>> ABSe; (A = Rb, Cs),*
CsGaQ; (Q =S, Se),* and CsAlTe;>® are all isostructural to
one another, crystallize in the same space group as 1, and contain
a similar one-dimensional anion. In the case of these I/III/VI
compounds, every Group III metal ion is tetrahedrally coordi-
nated to two bridging chalcogenide ions and two dichalcogenide
units, resulting in a linear chain of corner sharing tetrahedra
running parallel to the c-axis. TIBSe;>> contains the same anion
but crystallizes in the noncentrosymmetric space group Cc. For
the I/IV/VI compounds, Cs,Si, Tes” also crystallizes in the
monoclinic space group Cc but contains a slightly different anion
in which each Si ion is tetrahedrally coordinated to two bridging
Te ions, one ditelluride and one terminal Te ion. The packing of
the anions in K;Ge4P,Se;, is the same as the I/III/VI com-
pounds that crystallize in P2,/c; however, the anion is most
similar to that found in Cs,Si, Teg. Since 1 also has P>* on the
Ge*" site, it must necessarily contain even fewer diselenide
units than this I/IV/VI compound. Two other compounds
have been reported in this family, Cs,Sn,Q4 (Q =S, Se),>"%8
but they form layered structures in which one-dimensional
chains of edge sharing trigonal bipyramidal Sn ions are further
linked by dichalcogenide units, resulting in a two-dimensional
structure.

The structure of 1 is more complex than this because of the
positionally disordered Se(3) site and the incorporation of the
higher valent P>* on the Ge*" site. A more precise description of
the molecular formula can be written as K4Ge4,XPX(Se22_)2,(x 2)-
(Se*7)g,,, where x & 1.6 on the basis of the Ge/P ratios obtained
from EDS and the structure refinement. The number of disele-
nide bonds is dictated by the amount of phosphorus present (or
vice versa) in order to achieve charge balance. The closest
distance between the disordered atoms Se(3A) and Se(3B) is
only 0.729 A with the next shortest distance being 2.498(1) A.
The latter is in the upper range of what can be considered a
diselenide bond, with typical values falling between 2.2 and 2.5 A.
The distances between the same disordered atoms in a single
chain are 3.214(1) A and 3.195(1) A for Se(3A)—Se(3A) and
Se(3B)—Se(3B), respectively. These distances are much too
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Figure 4. (a) Distribution of Se(5)—Se(6) distances in the supercell model along the modulation direction  (see text for details). (b) Occupantional

waves for Ge(1), Ge(2), P(1), and P(2) along the modulation direction t.

long to be considered a Se—Se bond. All M—Se bond distances
are normal and in the range of 2.2037(7)—2.3725(9) A, with the
longest bond distances being between P/Ge and the disordered
Se sites (Table S1, Supporting Information).

A closer look at the reciprocal space revealed weak diftuse
reflections at roughly ('/, k '/3) that were unindexed by the
subcell (Figure 3), indicating long-range ordering and structural
disorder. In an attempt to reduce the disorder and make the
intensity of the supercell reflections more localized, like Bragg
reflections, crystals of 1 were annealed at 350 °C for 5, 15, and 30
days. After annealing for 30 days followed by slow cooling (5 °C/h)
to 200 °C and to room temperature in 3 h, the extra diffuse
reflections had become more localized and were indexed and
used to determine the supercell. The structure is therefore
incommensurately modulated with a refined single diagonal
g-vector of g = 0.4442(6)a* + 0.3407(6)c* (Figure 3c). A stable
refinement was achieved with the monoclinic superspace group
P2,(00y)0 with an overall agreement factor of 8.2% for the
observed reflections (Table 3). The agreement factor for the
corresponding distorted subcell was 6.05%, which was greatly
improved from the initial value of 30.44% for the subcell without
Se disorder.>® Because of the diffuse nature of the supercell
reflections and the elongated thermal motion of the Se(3) atoms,
the agreement factor for the observed satellite reflections was
17.6%. The distribution of Se—Se distances of the terminal
Se atoms along the infinite chains has an average distance of
2.970(8) A, a minimum of 2.278(7) A, and a maximum of
3.665(8) A. The refined occupancies of Ge and P from the
supercell refinement are 1.37(4) and 0.63(4), respectively.
Furthermore, a long-range ordering was found for the Ge and
P atoms (Figure 4b). The occupantional modulation waves of
Ge(1) and P(1) (and Ge(2) and P(2)) were refined as com-
plementary since there is no indication of vacancies on the Ge/P
sites. Because of the diagonal orientation of the modulation
vector and the presence of occupantional distortion in the Ge/P
site, each infinite chain of K;Ge4 P,Se;, has a unique distribu-
tion of Ge and P atoms along its backbone. Several representative
chains are shown in Figure S.

Structure of RbsGe,P,Se 4. RbsGe,P,Sey, crystallizes in P1
and contains a discrete molecular anion made up of a central
Ge,Ses moiety capped by a single PSe, tetrahedron on each
side through a diselenide bond (Table 1, Figure 6). As such,

the formula can be expanded and more clearly represented as

10245
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Figure S. Ball and stick representation of several chains of 1 from the
modulated solution as viewed down the b-axis. Cutoff for Se—Se bond
setat 2.40 A. Metal sites set as either Ge or P on the basis of occupational
waves from Figure 4b using 0.5 as the deciding value.

RbsGe,P,(Se,> ),(Se* ) 1o. Contrary to what is observed in 1,
all main group sites in 2 are element specific and negative
occupancies resulted when the sites were mixed (Table S$4,
Supporting Information). RbsGe,P,Se 4 is an analog of the
previously reported compound AgSn,P,Se;, (A = Rb, Cs).60
Both Group IV selenophosphates have the same packing of their
molecular anions, and when comparing their volumes, the cell for
the Sn analog is 11% larger than that of 2. The discrete molecules
form a step-like arrangement in the b,c-plane with nonbonding
Se—Se interactions between Se(2) and Se(S) at 3.597(2) A.
They also stack on top of one another to form columns along the
a-axis with slightly longer Se—Se interactions of 3.686(2) A
between Se(3) and Se(4). This type of packing is reminiscent of
that seen in the molecular compounds KgPgSeps* and KgAs,-
(P,Seg)s,"® which both showed stepwise packing of columns
formed by the stacking of molecular anions. All bond lengths are
reasonable with ranges of 2.157(2)—2.287(2) A for P—Se and
2.2605(9)—2.4100(9) A for Ge—Se and a Se(4)—Se(5) distance
of 2.3360(9) A (Table S5, Supporting Information).
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Figure 6. Structure of RbsGe,P,Se 4 showing (a) columnar packing of molecular anions as viewed down the a-axis and (b) a single molecular anion of
[Ge,P,Se14]°". Thermal ellipsoids are set at 80% probability. Color code: Rb, dark blue; Ge, light blue; P, black; Se, red.
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Figure 7. (a) PXRD of 1. The simulated (red) and experimental (black)
patterns are displayed. After washing, the products obtained from the
flux reaction are pure. (b) Differential thermal analysis of 1. Two
sequential cycles exhibit slightly different endothermic peaks but no
crystallization, implying decomposition. (c) Diffuse reflectance UV—vis
spectrum of 1. A band gap of 1.9 eV matches well with the red color of
the crystals. (d) Raman spectrum of 1. The peak at 239 cm ™' can be
assigned to the totally symmetric stretch of the MSe, (M = Ge, P)
tetrahedron and most likely masks the peak for the diselenide stretch.
All other peaks can be attributed to various stretches and bends of the
molecule.

Spectroscopy and Thermal Properties. A band gap of 1.9 eV
was estimated from the solid state UV —vis absorption spectrum
of K4Ge,,P,Sey,, which is in agreement with the red color of the
crystals (Figure 7). Differential thermal analysis supports the fact
that 1 is a metastable phase. A DTA experiment performed on
washed products shows a weak endothermic peak at ~390 °C
during the first cycle of heating and no exotherm on cooling. A
second cycle reveals a slightly shifted endotherm at ~377 °C and
again no crystallization. Analysis of the sample by powder X-ray
diffraction after two cycles of DTA indicates the partial decom-
position of 1 into an unknown phase by the appearance of several
new, unmatched peaks. The Raman spectrum of 1 shows
numerous peaks between 200 and 500 cm ™', The most intense
peaks at 235 cm ™' and 247 cm ™" arise from the antisymmetric
and symmetric stretching modes of the diselenide unit,
respectively.”” The peak at 205 cm ™" is attributed to the totally
symmetric stretch of the MSe, group while the weak peaks below

i DTA Products
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Figure 8. (a) PXRD of 2. All main peaks match well between the
simulated (blue), experimental (red), and post-DTA (black) patterns.
Although the major phase 2 melts congruently, indicated by the
agreement of the patterns before and after DTA, the impurity peaks
(marked by asterisks) are present in both patterns. (b) DTA of 2
showing reproducible melting and crystallization at 419 and 370 °C,
respectively. Melting of the minor phase can also be seen at ~400 °C.
(c) A band gap of 2.2 eV was estimated from the UV—vis absorption
spectrum.

200 cm ™" and above 300 cm ™~ are due to various bending and
stretching modes of the tetrahedral unit, respectively.*>®!

The presence of a minor phase can be seen in the PXRD
(indicated by arrows) and DTA (weak endotherm ~400 °C) of
RbeGe,P,Se , (Figure 8). Despite the impurity, 2 melts con-
gruently at 419 °C and recrystallizes at 370 °C. All peaks
corresponding to the majority phase match well with the
simulated pattern before and after DTA as well. The Raman
spectrum of 2 has been omitted because of significant inter-
ference from the impurity. SEM/EDS analysis of several crystals
confirmed the presence of all elements with a composition of
Rbg oGe, oP20Se 58 (Figure S1, Supporting Information).

Bl CONCLUDING REMARKS

Two new compounds K, ,Ge, P.Se;; and RbsGe,P,Se;,
have been synthesized and, to the best of our knowledge,
represent the first reported germanium chalcophosphates. Synthesis
of 1 as a pure phase was only achieved using the polychalcogenide
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flux method and reiterates the importance of this technique in the
discovery of new compounds. These compounds with varying
dimensionality containing germanium and phosphorus presage a
potentially rich family of compounds and can help guide future
synthetic efforts. The one-dimensional anion of 1 is complex in that
it contains a mixed main group site between Ge and P that orders in
the long-range as well as positionally distorted Se atoms that are
involved in diselenide bonds. The long-range ordering of the Se
atoms and the occupantional distortion of the Ge/P atoms give rise
to an incommensurately modulated supercell with a single diagonal
g-vector of q = 0.4442(6)a* + 0.3407(6)c*.

B ASSOCIATED CONTENT

© supporting Information. SEM micrograph and EDS re-
sults of 2, crystallographic tables, and crystallographic informa-
tion files (CIFs). This material is available free of charge via the
Internet at http://pubs.acs.org.
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