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ABSTRACT: An examination of manganese silicates and germanates revealed unusual structural motifs and extremely different
chemistries, with identical hydrothermal reactions forming K,Mn,Si;O, versus K;;Mn,;Ge;,0gs(OH)o(H,0). The germanate is
exceptional in both its c-axis length (exceeding 76 A) and unit cell volume (nearly 18000 A®), the largest known polygermanate

structure to our knowledge.

he oxyanions of silicon and germanium can differ

significantly in their coordination chemistry with metal
ions primarily because silicon largely forms tetrahedral or
corner-shared polytetrahedral building blocks, while germa-
nium more commonly adopts a wider range of geometries
beyond tetrahedral, including five- and six-coordinate poly-
hedra such as trigonal bypyramids, square pyramids, and
octahedra."”” Perhaps a more interesting question is whether
there can be significant differences between the two elements
when they do adopt the same tetrahedral geometry. Indeed,
both silicates and germanates are capable of forming a variety
of complex polyanions.’™®

There are numerous examples of structurally analogous
silicate and germanate compounds in the literature, including
the well-known quartz (SiO, and GeO,),”'’ olivine
(NaLnXO,; Ln = lanthanide; X = Sij, Ge),”’12 sodalite
[Nag(AlgXs0,4)A5; X = Si, Ge; A = halide],”” and apatite
[NaLny(X0,)s0,; Ln = lanthanide; X = Si, Ge]'*"® structure
types. Despite these well-known instances of similarities
between silicates and germanates, it should not be immediately
assumed that they will adopt identical structures or physical
properties. The modest size difference between four-
coordinate silicon and germanium can potentially favor the
formation of different structures for silicates and germanates
given otherwise identical chemical reactions.

We employ hydrothermal synthesis as a route to metal
oxyanions to explore interesting structure—property relation-
ships and to probe the phase space, which is less well explored
compared to more traditional flux synthesis.'°™"® In this way,
the silicates and germanates provide an excellent test bed
because SiO, and GeO, are both amphoteric oxides amenable
to hydrothermal chemistry. We previously observed new
chemistry with some complex and elegant structures resulting
from the condensation of silicate tetrahedra into a variety of
polysilicate chains and rings,'”*® including the Cs;RESizO;s
(RE = Dy—Lu, Y, In) structures featuring an elongated 57 A ¢
axis.”! In general, germanates tend to be far less studied than
silicates, although they also appear to have a very rich
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chemistry. Recent examinations of metal germanates in
hydrothermal fluids have likewise shown great promise.”**”*°

Herein we present a case where the synthetic and structural
chemistries of metal silicates and germanates differ dramati-
cally from one another even though the oxyanions both adopt
exclusively tetrahedral building blocks. In this study, identical
synthetic reactions of 2:3 molar ratios of MnO and XO, (X =
Si, Ge) produce K,Mn,Si;O, (1) and
K;;Mn,;Ge3,04(OH)o(H,0) (2), respectively.”® Both the
resulting silicate and germanate have nearly ideal 2:3 ratios of
Mn:Si/Ge (Figures S1 and S2), closely reflecting the starting
ratios of the reactants. In both cases, the products were
obtained in high yield [powder X-ray diffraction (PXRD);
Figures S3 and S4], as very pale-pink and yellow rhombic
crystals, respectively. The silicate and germanate have very
different structures (Tables S1—S3), and the germanate was
ultimately found to have a unit cell volume nearly 40 times that
of the silicate.””*® A striking feature of 2 is a ¢ axis that exceeds
76 A in length (Figure SS). Both compounds are constructed
from tetrahedral oxyanion building blocks, and both contain
Mn?* ions, so these two widely varying structures are not
driven by the ability of germanium to adopt higher
coordination numbers.

Although it is a much simpler structure than the germanate,
the silicate 1 is not without interesting structural features. It
crystallizes in the noncentrosymmetric, 2polar space group Pn
and bears relation to Rb,Ca,Si;O,.°  The structure is
composed of two types of chains fused into a manganese
silicate framework (Figure 1). The potassium atoms are found
in the framework voids. Three unique silicon atoms form a
metasilicate chain, (SiO;),, via corner sharing, propagating
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(a) (b) (c) (e)

Figure 1. (a) Extended unit cell of 1. Color scheme: silicon, orange polyhedra; manganese, blue polyhedra; oxygen, red spheres; potassium, silver
spheres. (b) Connectivity of (SiO;), and (MnOj5), chains into the manganese silicate framework. (c) Manganese silicate framework viewed along
the direction of chain propagation. (d) Corner-sharing connectivity of silicate tetrahedra into (SiO;), chains. (e) Edge-sharing connectivity of
square-pyramidal and trigonal-bipyramidal MnOj units into (MnO;), chains. Potassium atoms are omitted from parts b—e for clarity.

VY ADANRE

» v
8 WD X7 a

e VAN AT
¢ ¢ ‘ AN
4o N A NN
@ e B %;M\:m. .
ol el AT R
VI G v > VI

map

(b)

b
T

wwmm‘g'
mmww§ é
‘” wwmm§

g X
YA NN YT

[ Y 4 § é Y

!

s

Figure 2. (a) Unit cell of 2. (b) Manganese oxide sublattice of 2. (c) Germanium oxide sublattice of 2. (d) Connectivity and intersection of
manganese oxide octahedra, forming the manganese oxide slab sublattice. (e) One layer of manganese oxide sublattice viewed along the ¢ axis. (f)
Connectivity and intersection of germanium oxide tetrahedra, forming the germanium oxide slab sublattice. (g) Two interpenetrating germanium
oxide slabs corresponding to the manganese oxide slab in part e. Color scheme: germanium, yellow polyhedra and spheres; manganese, blue
polyhedra and spheres; oxygen, red spheres; potassium, silver spheres.

along the ac face diagonal and imparting a polar sense to the
structure. The bridging Si—O—Si angles are, on average, similar
to those in pyroxenes, although they occur over a wider range
[124.87(15)°—149.80(15)°] in 1 and with three unique
kinking angles between bridging oxygen atoms, ranging from
112.75(16)° to 159.56(16)°.”° This gives the silicate chains of
1 a wavelike appearance, with the nonbridging oxygen atoms
on the silicate groups forming Si—O—Mn connections. The
two unique manganese atoms are both five-coordinate with
oxygen and form a one-dimensional substructure that also

16805

propagates along the ac face diagonal, flanking the silicate
chains. The divalent five-coordinate manganese sites do not
share the same geometry; Mn(1) is closer to an ideal square
pyramid, while Mn(2) favors a distorted trigonal bipyramid, as
shown by their respective 75 values of 0.01 and 0.57.”" The
manganese oxide chains, (MnOj),, propagate by edge sharing,
alternating between the square-pyramidal and trigonal-
bipyramidal/prismatic sites, resulting in a shallow corrugation
of the chains (Figure 1). To our knowledge, this arrangement
of mixed MnOjs coordination in a discrete Mn* chain has not
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Table 1. Structural Parameters of Silicates and Germanates Having a Unit Cell Axis Greater than 65 A as Reported in the

Inorganic Crystal Structure Database

compound

K, anzlGe32086(OH)9(HZO)

(K12.64Na3023C699) (SizgAli60144) (SO4) 14.66(H20) 158
(Na79.84C329.2K14.78) (AI%Silonsgs) (804)31C12(H20)6
(Mn19,50M84.44) (V235A81.12812.76) O273(OH) 51 5
Nag,Cay6Ky; (SO4) 26(SiopAlsgO360) Cly (H,0)

Pb2_04(Mn2_70Zn0_30) (Fel.76A10.04Mn0.20) (Mnl3.33Mgo.23C30.05)A32.16(315.35A50.21) O3

(OH)I&IOCISSO

Ba4.98‘( (Cas.ggsfo.96Feo.42Nao.20) (Ce7.49Th0.39U0.17)Y3.53) (Til 1.86Nb5.30) (5104)4
((8104)0.66(1)04)3.12) (BOS)QOZI.SS( (OH)41FZ) (HZO) 15

Ba,CasMn,Fe,(Pb,5Si3040) CI(H,0)4
Mg,Siz,Og0(OH)ss
Ca;GeOg

space
a (A) b (A) ¢ (A) V (A3) group ref
13.2676(8)  17.6436(11)  76.293(S) 17859.3  Fddd  this
work
12.8770(7)  12.8770(7) 95.244(6) 136772  R32 33
12.8742(6)  12.8742(6) 87.215(3) 125188 P3 34
8.259(2) 8.259(2) 204.3(3) 12068.5 R3¢ 35
12.913(1) 12.913(1) 79.605(5) 114954  P3 36
8.257(2) 8.257(2) 126.59(4) 7474.4 R3¢ 37
9.1202(2) 9.1202(2) 102.145(5)  7357.9 R3 38
9.865(2) 9.865(2) 79.45(1) 6696.0 R3 39
81.664(10)  9.255(5) 7.261(5) 5486.2 C2/m 40
7.228(2) 7.228(2) 67.42(2) 3050.4 R3m 41

yet been reported in the literature, although square-pyramidal
MnO;g units connected into edge-sharing (MnO;), are
reported for f-LiMnBO;.*

The crystal structure of 2 is significantly more complex than
that of the silicate analogue, with an exceptional 76 A
crystallographic ¢ axis (Figure 2). The structure consists of
interpenetrating slabs of edge-sharing MnOg octahedra and
corner-sharing GeO, tetrahedra. The respective sublattices are
fused by Mn—O—Ge corner sharing into a three-dimensional
framework. Manganese oxide slabs are formed in the ab plane,
and four slabs stack in an offset fashion to one another along
the length of the ¢ axis. Each large slab consists of individual
slab substructures that intersect to form diamond-shaped
openings (Figure 2). The Mn(6) atom serves as the hinge
between X-shaped intersections of “subslabs”. The GeO,
tetrahedra form a complementary motif where six tetrahedra
form rings via shared oxygen vertices. Rings are then fused into
chains of rings, and these chains of rings are then cross-linked
in an X-shaped fashion through O(1S5) vertices to also form
slabs with similar diamond-shaped openings. Two such
(Gey6043), germanate sublattices interpenetrate the manga-
nese oxide slabs and connect manganese oxide slabs along the ¢
axis into a continuous manganese germanate framework. When
viewed along the ab face diagonal, the channels in the
manganese germanate framework are revealed, accommodating
the potassium atoms of the structure.

The nearly colorless nature of the crystals (particularly for
such a dense manganese oxide network), the Mn—O bond
lengths [2.084(4)—2.342(4) A], and the bond valence sums
(BVSs) of the manganese sites are all consistent with six-
coordinate Mn*" (Tables S4 and S5). As such, hydrogen atoms
assigned to the OH and H,O groups are necessary for charge
balance. Underbonded oxygen atoms were identified by their
BVSs, and appropriate hydrogen atoms were assigned from the
difference electron density map. In two of these OH groups,
the hydrogen atom extends into the void at the center of the
germanate rings fused to the manganese oxide slab, while the
third is assigned as a mixed OH/H,O site at the hinge of the
slab. Their presence was verified by Fourier transform infrared
spectroscopy (Figure S6), which exhibited absorption features
at 3100, 3585, and 3650 cm™!, all corresponding to O—H
stretching modes, as well as an absorption feature at around
1600 cm ™" corresponding to H—O—H bending modes.

There are a number of inorganic silicates and germanates
featuring unusually large unit cell axes reported in the literature

(Table 1).>*~*" Of the silicates, those having axes greater than
65 A are primarily mineralogical samples and generally have
great compositional complexity.”** The germanates are
obviously far less ubiquitous than the silicates in the mineral
kingdom, so one would expect a smaller sampling of such
exceptional structures. Indeed, the only ICSD entry for a
germanate having any unit cell axis exceeding even S0 A in
length is the synthetic Ca;GeOys, with its structure refined as a
24-layer polytype having disordered germanium sites. In this
way, the 76 A ¢ axis and nearly 18000 A® volume of 2 establish
it as extraordinary among germanates. Even when compared
with the silicate-containinog mineralogical superstructures of
turtmannite,* wiklundite,*® and byzantievite,38 where unit cell
axes exceed 100 A, the total unit cell volume of 2 stands apart
(Table 1). The only other reports of germanates with such
large unit cell volumes are polyoxometalates that contain some
germanate components, although not as extended structural
building blocks.”~* Thus, compound 2 in the present study is
exceptional for polygermanates in terms of both its long axis
length and its massive unit cell volume. Of course, many of
these examples, including the title compound, are based on
centered unit cells. Even so, the 38.719(5) A ¢ axis of the
primitive reduced cell of 2 eclipses the 37.610(10) A axis of
Nd,Ge, 0., the next-longest primitive reduced cell axis
reported for a germanate that is not part of a polyoxometallate
species. Using the method of Krivovichev to quantify the level
of complexity in the unit cell, we calculate that the IG value per
unit cell is 1911 bits, which is in the “very complex”
classification.”** Comparatively, the silicate 1 only has a
complexity of 128 bits per unit cell. The complexity values for
the other compounds in Table 1 are given in Figure S7.
Despite the essentially identical synthesis conditions, the
silicate and germanate synthons form two extremely different
products in good yield, implying significantly different
chemical behaviors in the two otherwise similar semimetal
oxyanions. We postulate that these differences in the synthetic
and crystal chemistry are driven by the modest size difference
between the germanate and silicate tetrahedra. For the larger
germanate building blocks, a (GeOs;), chain analogous to the
(Si0;),, chain in 1 would likely position the oxygen atoms in
incompatible positions to be shared by the (MnOj;), chains
built of the MnOj units without significantly distorting or
destabilizing one of the constituent chains. The pyroxenes,
M*M*X*,04 (M = Ca, Mg, Mn, Fe, Co, Ni, Zn; X = Si, Ge),
provide a useful example of how size matching between chains

https://dx.doi.org/10.1021/acs.inorgchem.0c02303
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of divalent transition-metal octahedra and the (Si/GeO;),
chains can distort the chains to stabilize subtly different
structures.’®*’™* In this case, the structures of 1 and 2
represent a more dramatic extension of this concept, where
very different structural building blocks stabilize the 2:3
combination of Mn:Si versus Mn:Ge. The presence of excess
potassium hydroxide in both solutions allows K* to serve in a
charge-balancing capacity to whatever degree is necessary for
the different stable oxyanion frameworks. Subtle chemical
factors may also play a role in distinguishing the silicate and
germanate chemistries. For example, the more covalent nature
of germanates compared to silicates, and the more basic nature
of GeO, compared to SiO, may play a role in directing the in
situ formation of different intermediate species that ultimately
lead to different products.

For all of the complexity of 2, its structure refines
remarkably well, and all of the atom sites are well ordered.
The fact that it forms as high-quality single crystals in good
yield implies that the enormous unit cell is the stable packing
arrangement of choice. We recently found a similar circum-
stance where hydrothermal synthesis led to a well-ordered
superstructure of Cs;RESizO,5 (RE = Dy—Lu, Y, In) having a
c-axis length of 57 A.>' The 76 A ¢ axis and 17859 A® unit cell
volume of 2 stand in decidedly stark contrast to the silicate
product 1 with its volume of only 451 A%. The presence of such
curious new species emerging from these hydrothermal fluids
implies that this synthetic medium is an excellent one for the
formation of products of unusual complexity. It also confirms
that the “simple” tetrahedral oxyanions are still robust and
vibrant building blocks for new materials.
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