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ABSTRACT

The challenge of designing solid state compounds with predicted
compositions and structures could be partly met using concepts
that employ phase homologies. Homologous series of compounds
not only can place seemingly diverse phases into a single context;
they can also forecast with high probability specific new phases. A
homologous series is expressed in terms of a mathematical formula
that is capable of producing each member. Within a homologous
series, the type of fundamental building units and the principles
that define how they combine remain preserved, and only the size
of these blocks varies incrementally. In this Account, we present
this approach by discussing a number of new homologies and
generalize it for a wide variety of systems.

1. Introduction

Most research efforts in current solid-state chemistry are
concerned with the design and prediction of new struc-
tures and materials.!™* Progress has been considerable,
and we have many cases in which “materials design” has
been possible as, for example, simple isoelectronic el-
emental substitutions, the intercalation of species into
solids, the synthesis of coordination solids based on
aristotype solid-state structures, and the assembly of
templated materials (see elsewhere in this issue). Never-
theless, in most cases the ability to broadly design and
predict new phases is still limited.>® The predictability
challenge in solid-state chemistry has two main facets. The
first is how to synthesize a certain target phase and avoid
unwanted phases, and the second is to predict composi-
tions and structures that would be worth making.

It is often stated that molecular synthetic chemists
(especially organic) can design and construct almost any
target molecule in contrast to the solid-state chemist who
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is unable to do so for solids. This comparison is not
appropriate in most cases because small molecular or-
ganic units remain relatively intact throughout the reac-
tions, so the goal is mainly to link one molecule to the
next or to perform specific changes on functional groups.
Unlike a molecular synthetic target, which can be built
one step at a time and through several stable intermedi-
ates, the structures of solid-state materials are quasi-
infinite, and they have to be constructed in most cases in
a “single step” (one-pot synthesis). In other words, the
structure assembly has to succeed the first time! A more
fitting comparison is between the ability of molecular
synthetic chemists to predict how molecules will orient
and crystallize in the solid state vis-a-vis the ability of
solid-state chemists to construct extended structures. To
take the comparison even further, the organic chemist has
very little ability to design complex organics for which
there is no prior structural model and there is absence of
intermediates that can lead to it. A case in point is Cg,
Cr0, etc., which cannot be reasonably designed and
synthesized by step by step processes. They have to be
prepared via “heat and beat” synthesis. In this context,
the differences between the synthetic abilities of molecular
synthetic and solid state chemists nearly vanish.

The most appealing challenge in solid-state chemistry
has to do with predicting what structures would be stable
and increase the odds of producing specific compounds.
One elegant way is through the use of phase homologies,
which can forecast modular compounds with predictable
structure.

A homology is a series of structures built on the same
structural principle with certain module(s) expanding in
various dimension(s) by regular increments. This could
be through the addition of a layer or row of atoms on a
given module. If the module assembly principle is con-
stant and only the module size and volume evolve, then
we can view the series as a set of isoreticular compounds.”
A homologous series is expressed in terms of a math-
ematical formula that is capable of producing each
member. It is a useful tool for designing compounds
because it allows a modular classification of its members
that concentrates on large scale structural features. These
features are the modules and include large assemblages
of atoms or coordination polyhedra or molecules. The
modular classification of compounds requires a certain
level of abstraction regarding the atomic occupancy and
bonding details. The efficacy of a given homology lies in
its property to generate countless structure types.

A structure can be assembled from one, two, or more
kinds of modules. Generally, the modules in a homologous
series of compounds are simple familiar units adopting
archetypal structures or being excised from such struc-
tures (e.g., NaCl-type). The modules are often cluster
blocks, infinite rods, or layers. To form each member,
these modules recombine in various ways by the action
of coordination chemistry principles or structure building
operators, reflection twinning, glide reflection twinning,
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FIGURE 1. Fragments of the NaCl lattice that serve as modules for phase construction. The modules in this case have a cross section that
changes (according to variables / and m), and they are infinite in length. Module evolution with / and m in the [My+Sez+lm part of the
AnIM; 1 Sext lomlMasnSes+3n-n] megaseries is depicted. The / = 3 module has not be found in compounds but is predicted to be stable in
certain members of the series. Although / =1 is the smallest / value for which we have known members, in principle members with / =0

are also possible.

cyclic twinning, unit cell intergrowth, etc. These principles
have been described in detail by Mackovicky.?

The name “homologous series” was coined to charac-
terize chemical series that are expressed by general
formulas and built on common structural principles,!°
first in several complex metal oxide systems!!~!* and later
in any class including chalcogenides, intermetallics, etc.!>~17
Several homologous series are known for sulfides. These
include the gustavite-lillianite series'8 the kobellite series,*®
and the pavonite series?® and others. The system BaQ/
Fe,Qs (Q =S, Se)?! was also found to define the fascinating
2D homologous series (BaQ),(Fe»Qs),,. Another less in-
vestigated system that seems to form a homology is MnS/
Y283.22

To be of synthetic value, a series must have a structural
building principle. It is not enough to have a general
formula that combines two or more binary or ternary
compounds to produce a compositional series, if every
member has an unrelated crystal structure. For example,
the system (Cu,S),(Bi,Ss), is only a compositional series,
which can give target compositions for synthesis but lacks
structural predictability, as members for various n and m
values are unrelated structurally and thus cannot be
predicted. Furthermore, to be of synthetic utility, it must
be shown that at least some members of a homologous
series must be designed and targeted for synthesis after
their structure and composition is predicted from the
general formula.

In a recent article, we discussed the concept of using
phase homologies to achieve “design”?® in solid-state
chemistry based on a single series.?* We outlined the
concept of structural evolution and presented the new
megaseries A,,;[M)Sesrilom[MarrnSestsisn] (A = alkali or
alkaline earth element; M = M', M" main group metals)
as a prime example. It is possible to predict not only the
composition but also the structure of materials in the very
broad system A/M'/M'"/Se while also achieving control
in a solid-state reaction.

Here we expand upon this notion and present ad-
ditional conceptual links between the existence of ho-
mologies and their implications for synthetic design in
solid-state chemistry. Finally, we point to some general
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implications that arise regarding design and prediction
of compounds.

2. The Megaseries

A [My1/S€2-+112m[Mas+nS€2-+-31+]

One homologues series that demonstrates its predictive
power in a spectacular way is A, [Mi+SeatilomMapin-
Se,314n). Because it presents three variable integers, [, m,
and n, its breadth is wide and it impacts a large number
of compounds. In this series, each member is realized by
recombining two adjustable modules, [Ma/,S€s+3:4,] and
Mi+Ses+12,m. The modules form a 3D framework with
tunnels that accommodate the alkali ions (A,;). This series
was recognized after several of its members had been
discovered independently. After the homology was de-
fined, many more members were prepared intentionally.

Both modules in this series are infinite rods sliced out
of the NaCl lattice along different orientations and dimen-
sions. There are several ways the NaCl lattice can be
sectioned to produce the building fragments observed in
the compounds discussed here. If the cut is made per-
pendicular to a certain direction, for example, [100] or
[111], the fragment may be called NaCl'-type or NaCl'!!-
type, respectively. In the general formula A,,,[M;+/Se€z+/l2m-
[Mai4nS€24314nl, [Mi4+:S€s1il2m represents the NaCl'®-type
module and [My;,Ses+34n] represents the NaCl'''-type
module. The size and shape of these building blocks are
adjustable. While the thickness of the NaCl'®-type units
is given by m, the shape of the NaCl'!'-type units is
controlled by n. The integer [ sets the width (the number
of MSes octahedra) of both modules. Figures 1 and 2
illustrate the structures of the two types of modules and
how they evolve systematically with the variables /, m, and
n.

In homologous series with more than one variable, it
is convenient to classify the different members by dividing
them into subseries. For A,,,[Mi+:S€+1lom[MopnSe€s+3140], it
is useful to set one variable, for example, /, to 1, 2, etc.
and then create subseries that are easier to handle. The
organization of the modules into a three-dimensional
structure follows the same motif for every member. The
infinite rodlike NaCI'!!-type units are linked side by side
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FIGURE 2. Module evolution with / and n in the [MornSes+ainl
part of the Ap[M1+Sex+damlMarnSez+si+n] megaseries. The struc-
tures of NaCl""'-type modules for various / and n values are depicted.
For /=1 and n = 1, we obtain the infinite Cdl,-type layer found in
ABiSe;.

in a trans fashion to form step-shaped slabs. Strong M—Se
interactions between these layers and the NaCl'%-type
rods form an anionic framework, creating tunnels running
along the shortest crystallographic axis. Each formula
corresponds to a unique structure type that can contain
many ternary and quaternary members.?

When [ = 1, the superseries reduces to A,,[M4Seg],,-
[Ma4,Ses+m]. The isostructural phases Cs; 5-3,Bigs+.Sejs and
A, M’ _Big+,Sejs (A =Rb, Cs; M' = Sn, Pb)26 are members
of this series with m = 1 and n = 4. Figure 3 depicts a
projection of this structure type along the b axis. The
NaCl'!'!-type fragments, the [MSes] modules, are three
BiSes octahedra wide and two octahedra thick, and they
are linked by two adjacent identical modules sharing an
octahedron face to form a step-shaped layer. This kind of
linkage for the NaCl'!'-type modules is typical for n = 4.
An identical arrangement of these modules to a step-
shaped layer is also found for A;_,M's_Bij;1,Se2,%” Aj4x-

M's_»,Bi4,Sews, and K, 5BigsSe 4.2 In these members, where
(I = 2), the NaCl'''-type units are wider by one BiSes
octahedron than those in Cs;5_3.Bigs:.Se;s and A;_.-
M'1_Bigi.Seis (I =1).

In the case where [ = 2, the general formula becomes
A, [MgSeg]in[Myy,Segn]. The known structure types for
I =2 with m = 1 and 2 are organized in Figure 4, which
shows how higher members evolve from lower ones by
adding MSe equivalents to the initial NaClI''!-type layers;
see, for example, in Rby4,Sn; »,Biz+,Sei» (n = 0). Here the
[M,Seg] layer consists of one octahedron high and four
octahedra wide fragments. The NaCl'!!-type module here
is so thin it resembles a “cut out” of a CdL-type layer for
n =0, 2. Successive addition of MSe equivalents to these
structural modules generates thick NaCI'!'!-type units that
begin to resemble the Bi,Tes;-type (n = 4, 5, 6) and the
BisSes-type (n = 10) structures. This process can continue
indefinitely creating new and predictable structure types.
The challenge is how to stabilize each member in pure
phase, and this may occupy the synthetic chemist for
some time as the /, m, and n become large. This is not
necessarily a failure of the homology approach. Concep-
tually this challenge is equivalent to trying to stabilize
different and arbitrary molecular weights in a given
polymer system. It is not easy and can be anywhere from
achievable to time-consuming to impossible.

Four different structure types with m = 1 are known,
A1 M3 Bi11+:Se0, Al M4 Bi+:5€21,% A1 M5 Biy11.S€2,%
and AlfongfxBileSe%Sl A = K, Rb, CS; M = Sn, Pb)
adopted by every possible combination of A and M'. Only
A, Sng_,Bi;11,Seys is an exception, where no Pb analogues
have been prepared.?? These four types of phases exhibit
the same NaCl'®-type unit, [MgSeg], that is one octahedron
thick in the direction perpendicular to the step-shaped
NaCl''!-type layers and three octahedra wide in the
direction parallel to the layers.

Within the subseries AMigi.Seis+n (I = 2, m = 1)
structural evolution takes place by varying only the size
and shape of the NaCl'''-type module [M4;,Ses+,] accord-
ing to the specific values of the integer n. In A;_M's_Bij144-
Sez (n = 4) the NaCl''!-type module is four octahedra
wide and two octahedra thick, see Figure 4. Condensation
of these units via one octahedron edge results in a step-
shaped layer of the formula [MsSe;,] (n = 4). In contrast,
the NaCl'!'-type blocks for n = 5 are two octahedra thick

TRV
" k a

. 5 NaClt11
<Y ”“. NaCl100

‘.‘ NaCl100
° . NaCltts /
A A4

a o
FIGURE 3. The structure of (A) Aj—yM'1_,Big1xSess and (B) A—,M's—,Bii1+xSex. The difference between the two phases is values of /.
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The subseries A, [M(Seg],,[M,,,Seq, | for I=2

M,Seg-layer (n = 0)

+ 2 MSe

(e.g. KSnBi,,Se,;)

MgSe;-layer (n = 2)
B-KZBISSQ 131 KI‘ \MIE‘-!\BiT‘zseH'
Sr,Bi.Se, -type (~ 20 compounds)

+ 2 MSe

MgSe -layer (n = 4)

K,.Bi; Se A M. Bi_ Se,

T+x 3L

+1 MSe

? Bpoa o
(e.g. K;Sn;Bi,Sey, 3{%

M98e13‘byer (n = 5)

+1 MSe

A M M, Seyo ALM B
+ 4 MSe

Sey,

?
{e.g- K;8n, Bi, Se,)

@ A=K, Rb Cs 5r,Ba
® M = 3n, Pb, Eu
oM =Bi, Sb
® Se

M = di- and trivalent metals (M" and M")

AI-\MIQ-zBiI I‘zseiﬁ

FIGURE 4. A member-generating scheme illustrating successive additions of MSe units to a MsSeg layer in the homologous subseries

AnIMsSeglmMs+,Ses+] for /= 2.. Small white spheres denote Se, large light-gray spheres A, and middle-gray spheres M. Question marks
indicate predicted but as of yet undiscovered compositions.
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but five octahedra wide. Their connection point is defined
by a central octahedral M atom. However, the same
buildings units, which are also offset, are joined via an
octahedron edge in A,_M's_,Bi1+,Ses, (n = 6), Figure 4.
The same kind of linkage is also found in A;—,Sng_,Bi;;.Sezs
(n = 10), but the modules are now three octahedra thick.
By addition of 4 equiv of MSe to A;_M's_,Bi;1+.Sex (n =
6), the thickness of the slabs defined by the NaCI'!! units
increases to the point that it now resembles a layer of the
BisSe, structure type instead of a layer of the Bi,Tes-type
found for n = 4—6. Similar to A;_.M',_,Big+.Se;s, the alkali
atoms are situated in tricapped trigonal prismatic sites in
the circular tunnels running along the b axis of all the
structures with / = 2 and m = 1. The charge-balanced
formulas, for example, A;—:M's_.Bi;1+.Sez,, indicate vacan-
cies on the alkali sites that are compensated by positional
disorder of di- and trivalent metals within the anionic
framework.

When m = 2, the height of the NaCl'-type modules
doubles resulting in a [M;,Se;q] block that is three octa-
hedra wide in the direction parallel to the NaCl!!!-type
layers and two octahedra thick perpendicular to this
direction giving the subseries AMs,,Sej,+,. By comparison
with the structures where m =1, which feature tunnels
with only one tricapped trigonal crystallographic site, the
thicker modules (m = 2) create double tunnels with two
tricapped trigonal prismatic sites per unit cell. These sites
are usually fully occupied by alkali ions when m = 2, in
contrast to the structures with m = 1 where a statistical
disorder is always found on the tricapped prismatic sites.
Alkali atoms also are found on the metals sites in the edges
of the NaCl'®-type module disordered with the di- and
trivalent metals of the anionic framework. To express the
variable composition of these phases, the formulas are
written as, for example, A;+M'y—,Biz1,Seis.

Rb;.,Sn;_»,Bi;,Sey, is the first member of the subseries
AsMig+nSesst, for =2, m = 2, and n = 0. The structure is
shown in Figure 4. Successively adding 2 equiv of MSe
leads to the compounds K;+:M's_Biz4.Seys, Ki4xM's_2,-
Bi;4,Seys, and Ky M'4—»,Bi7+.Se;s, which vary in the size
and shape of the NaCl'!'-type module while the NaCl'%-
type module (i.e., the [M;,Se;q] block) remains unchanged.
Rb;+,Sn;—,.Bi;+,Se;, features “isolated” NaCl''!-type mod-
ules, which represent four octahedra wide ribbons “cut
out” of a CdlI,-type layer arranged in a step-shaped
fashion. Linkage of these fundamental building units
creates a three-dimensional framework via strong M—Se
interactions that complicates a strict assignment of the
atoms to the two different modules. This particular
NaCl''!-type module has no correspondence in the sub-
series AMjg,Seis+n, for m = 1. For n = 0, this general
formula predicts AM;,Se;, and a charge-balanced com-
position would be SrBi;oSess.

A Mo oM Seis (I =2, m =2, n=2) defines the
so-called Sr;BisSe;s structure type,® a very stable archi-
tecture that is adopted by many ternary and quaternary
systems including K2B13813,34 SrnggBiGSew,?’S Basz2B16513,35
Ba4BiGSe13,35 BagM'BiGSelg% M'= Sn, Pb), EUZszBiesel3,37

and the solid solutions K,Big_,Sb.Se;; for 0 < x < 8.3 The
main characteristic is that the [BigSe;3]®” part of the
structure remains intact while the Sr?* positions can be
substituted with a variety of similarly sized ions, Ba?*, K*,
Bi3*, Pb%*, etc., so long as they maintain electroneutrality.

Since these compounds have integers of /=2 and n =
2, they all exhibit the same NaCl'!!-type module, which
is six octahedra wide and linked via a common edge to
form a step-shaped layer, Figure 2. These relatively thin
layers interact strongly with the NaCl'®-type units result-
ing in a rigid three-dimensional framework in which the
distribution and assignment of various metal atoms in the
different building units, especially in the interconnection
points can get ambiguous. Due to the nearly square cross
section of the NaCl'%-type rods (m = 2), the tunnels
forming along the short b axis acquire an elongated cross
section creating two tricapped trigonal prismatic sites that
accommodate the alkali, alkali earth, Sr, or Eu atoms in
the different phases of the SryBigSe;; structure.

Adding 2 equiv of MSe to the NaCl!!'!-type fragments
of the Sr4BigSe;s structure gives the [MgSe;»] module. This
building unit is also present in the same step-shaped
layers of A;_\M's_,Bij1+.Sez (A = K, Rb, Cs; M' = Sn, Pb).
Combining these with the NaCl'®-type blocks found in
the Sr4BigSe;3 and Rby4,Sn;—»,Biz1Seq»-type motifs defines
a different structure type, which is adopted by a-K; 5Big 5-
Se4,% v-K,BigSe 3,3 a defect variant of a-K; sBigsSeys, and
A+ M'3-,,Bi;,Seis (A =K, Cs; M' = Sn, Pb). So far we
could not obtain the Rb analogue of A;+M';_5,Biz;,Sejs.
For these phases, [ = 2, m = 2, and n = 4. Although the
compounds Rb,5_,M's,Bigs—Q14 (M' = Pb, Sn, Eu; Q =S,
Se) fit the general formula of the homologous series for
=2, m=2, and n = 4, they are not isostructural to o.-K, 5-
BigsSeys. Instead they adopt the dissimilar structure
type of 3-K»sBigsSe4.4° In this case, we can see that the
homology predicts only the correct composition but fails
to accurately forecast the crystal structure.

Climbing the evolutionary ladder higher, we obtain the
A My, M";_,Sey5 structure type*! by adding 2 equiv of
MSe to the o-K;5BigsSeis-type, 4 equiv of MSe to the Sr;-
BisSeis-type, or 6 equiv of MSe to the Rb;,Sn;_»,Biz4.Sej»-
type, respectively. This structural evolution causes the
growth of the NaCl'!!-type modules, which form the step-
shaped layers. At the same time, the NaCl'%-type block
remains invariant for all structure types. Now the variables
are [=2, m= 2, and n = 6. The A+ .M's_»,M"7_,Se s-type
is realized for A;M'4—,,Biz+,Seis (A =K, Rb; M' = Sn, Pb),
A1+be472be7+xSe15, and Ba2+be47xBi6Se15. Figure 5 il-
lustrates the structure of Ba,,Pb,_,BisSe;s projected down
the b axis. To better see the compositional relationship
of this compound to its other analogues, the formula can
be written ideally as Ba[BaPbs][PbBig]Se;s. The tricapped
trigonal prismatic sites are exclusively occupied by Ba or
alkali metal atoms, while the two bicapped trigonal
prismatic sites reveal disorder of alkali/alkaline earth
metal and the di-/trivalent metal atom often causing split
positions at those sites. Since n = 6, these compounds
reveal the same NaCl'!!-type layers as in A;—M's—Bij11.Sex
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c

La eBa « Bi/Pb o Se

FIGURE 5. The structure of Bay+xPbs—,BigSes (/ = 2, m = 2,
n=6).

(I =2, m=1, n=6). The alkali/alkaline earth metal is
found in the tricapped trigonal prismatic sites and also
disordered with the divalent metal at the periphery of the
NaCl'-type module on the bicapped trigonal prismatic
sites. In addition to the many quaternary members of the
homologous series with [ = 2, m = 2, and n = 2 or 4, the
ternary analogues A3;BisSe;s (i.e., ABizSes*?) are also pre-
dicted by the series A,;[M1+S€s+lom[MairnS€2+314nl.

It is clear that the general formula of the megaseries
AnIMi4SertlamMarnSesisiiy] (Or any series) has predictive
character. Varying the integers /, m, and n independently
causes structural evolution in three independent dimen-
sions. Therefore we are able to predict both the structure
and composition of a vast number of new compounds that
fit the general formula. According to the series, we can
generate, for example, the charge-balanced formula A,-
Sn,»Bi4Ses, for the following values of the integer: [ = 2,
m = 2, and n = 10. We expect this compound to reveal
the same kind of NaCl'!'-type modules as found in ASny-
Bi;;Sess, but being higher in the evolutionary ladder, the
NaCl'-type modules are twice as thick, see Figure 6.
Already we successfully targeted several compounds for
synthesis after their composition and structure had been
predicted by the general formula, namely, A;-M's_,-
Biii:S€, Ai+xM'3-2:Bizi Sens, KiwxM'2-2:Bizi.Seis, and
A;_.SngBii1+,Sexs (A =K, Rb, Cs; M' = Sn, Pb). In general,
modifying the three independent integers [, m, and n
provides three different ways to change predictably the
structure of known compounds. Figure 4 depicts some of
these ways whereby adding or subtracting MSe equiva-
lents causes growth or shrinkage of the NaCl'''-type
modules to create modules for different step-shaped
layers.

Based on the modular construction of all members of
the superseries, the design of novel hypothetical struc-
tures, prediction of their composition, and even simula-
tion of their characteristic diffraction pattern become
possible. For example, new members with [ =1, 3, ... or
m = 3, 4 could be envisioned and rationally targeted for
synthesis.

F Acc. Chem. Res.

FIGURE 6. Comparison between ASngBi1Sez (/
n = 10) and the predicted A;Sni;BisSes; (/ =2, m

3. The Series [(PhSe)s],[(Bi;Ses)sln

Another interesting homology was found in the PbSe/Bi,-
Se; system. The homology can be depicted as [(PbSe)s],-
[(BizSes)s],, and generates a series of compounds com-
posed of two types of infinite slabs. One type is a slice
out of the PbSe (NaCl'?) lattice in which the cut is made
perpendicular to the (100) axis, and therefore it has an
ideal tetragonal symmetry. In principle, it can have a
variable thickness that is controlled by the value of n. The
other type of slab is generated by a cut made perpen-
dicular to the (111) axis and creates a hexagonal Bi,Se;
layer. The value of m indicates how many of these Bi,Se;
layers exist in the repeating unit of the structure. Adjacent
Bi,Se; layers interact via van der Waals gaps in the same
way observed in the structure of Bi,Se; (an end member
with n =0 and m = «). The two types of slabs stack along
one direction to generate the crystal structure, Figure 7.

[l
SEN)
3
I
-

This mode of assembly is simple and similar to that
found in the well-known class of misfit compounds that
are another example of phase homology, [(MQ)l1+x
(TQy),.*** The MQ part is a an approximate tetragonal
layer often called the Q sublattice (not to be confused with
the chalcogen atoms) and the TQ, sublattice is a hexagonal
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1:1

FIGURE 7. The structure of three members of the [(PbSe)s],[(Bi,Ses)sl,, homology: left, PbsBigSes (m = 1, n = 1); middle, PbsBi;xSeys

(m =1, n = 2); right, PbsBiigSez (m =1, n =3).
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FIGURE 8. Comparison of the structures of CsBisTes (top) and
Cs4BiyTesy—xSey (bottom).

layer called the H-part. They are called misfit because the
periodicities of the MQ and TQ. parts do not match
exactly. This results in incommensurate superstructures
built from an alternate stacking of two different layered
entities (sublattices Q and H), giving them a composite
character (i.e., intergrowth compounds). The first two
members in this series are PbsBigSe 1, (m =1, n = 1) and
PbsBi,Sey; (m = 1, n = 2), and it is possible that these
too are misfit compounds. The mineral canizzarite is a
member of this series. The compound PbsBigSes, (m =
1, n = 3) was anticipated as the next member of the series
with (m = 1, n = 3) and successfully targeted for synthesis.
In all three of these compounds, m = 1. Because this set
is now a homology, it is easy to anticipate specific new
phases with m = 2 or 3 in which the tetragonal (NaCl'%)
part is thicker. Future work should reveal additional
predicted members.

4. Homologous Series in the Telluride Systems

In sharp contrast to the selenide compounds discussed
above, isostructural Te analogues could not be prepared.
Rather, the A/Bi/Te and A/Pb/Bi/Te systems give rise to
different structure types. Several interesting compounds
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FIGURE 9. Module evolution in the Csa[Bis,+4Te3,+6] Series.

such as CsBi,Tes,*® RbBis¢sTes,*® and APb,BisTe; (A = Cs,
Rb)*" can be grouped into a homologies with predictive
power.

Cs4[Biz;+4Tes,+6]. The compound CsBisTes is unique in
that it has anionic [Bi Tes] rods, which are parallel to each
other and are linked with Bi—Bi bonds at 3.238(1) A. This
forms slabs that alternate with layers of Cs* ions to form
the structure, Figure 8. CsBisTeg is a reduced compound
that derives from Bi,Te; by adding electrons that localize
on the Bi atoms. The [BisTeg] rod is the basic module of
the compound, and in principle, it can be imagined to
vary in width or in height. Indeed, we discovered a second
compound, Cs,BiyTes-,Se,, that is related to CsBisTeg,
and it too represents reduced Bi,Te;—,Se,. In fact the two
systems could be homologues since their structure is
based on the same assembly principle where parallel rods
of [Bi,Te,] are linked side by side with Bi—Bi bonds, except
that the rods are now wider, that is, [BisTe;sl,, Figure 8.
Together the two compounds forecast the existence of a
possible homology of the type Css[Bizy+sTes,46] with
possible predicted phases Cs4Biz Tess (17 = 10), Cs4BizgTes
(n = 12), and Cs,Bi;»Te;s (n = 4). The module evolution
in such a series is depicted in Figure 9, for n = 6, 8, and
10.

CsPb,,BisTes. .. Investigations in the system A/Pb/Bi/
Te led to CsPbBisTegs, CsPb,BisTe;, CsPbsBisTes, and CsPb,-
BisTey.*® The compounds adopt layered structures built
up of anionic slabs with progressively increasing thickness.
These slabs can be viewed as fragments excised from
{PbTe}-type (i.e., NaCl) structure with the thickness of 4,
5, 6, and 7 { PbTe} monolayers. This family offers a brand-
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FIGURE 10. Structure sequence as a function of m in the homologous series CsPh,BisTes+ (a) CsPbBisTes, m = 1; (b) CsPb;Bi3Te;,
m = 2; (c) CsPhsBisTes, m = 3; (d) CsPb4BisTes, m = 4. RbBisgsTeg has the structure of panel a.

new homologous series, CsPb,,BisTes , (m = 1—4). The
members with m = 1 and 2 were discovered first and
suggested the possible existence of a homology in this
system. The last two members however were predicted
and successfully targeted for synthesis. The structures
consist of infinite [Pb,,BisTes.nm] ~ slabs separated with Cs*
cations, see Figure 10.

The crystallographically distinct metal sites, M, in the
[M,+3Tesn]~ slab are octahedrally coordinated with Te
atoms. Both Bi** and Pb?* ions occupy the M sites in the
four structures. This mixed occupancy behavior also
occurs in the isostructural Sn analogues. The [PbBizTes] ™
slab can be viewed as a fragment excised from PbTe-type
structure along the [110] direction with a thickness of four
{PbTe} monolayers, see Figure 1la. The structure of
CsPb,BisTe; has thicker [Pb,BisTe;]~ slabs, as displayed
in Figure 10b. The [Pb,BisTe;]” slab is also a fragment
excised from PbTe-type structure with five {PbTe} mono-
layers, that is, one monolayer thicker than the slab in
Figure 11a, Figure 11(b). Remarkably, this architecture can
sustain thicker anionic slabs to give CsPb3BisTes and
CsPb4BisTeqy structures, Figure 10, panels ¢ and d. The
anionic slabs in Figure 10c,d are also fragments of the
PbTe-type structure with six and seven { PbTe} monolay-
ers, Figure 11, panels ¢ and d. As a result, the crystal-
lographic axes perpendicular to the layers systematically
increase with the number of PbTe monolayers.

The structure of the ternary RbBi;gsTes is the same as
that of CsPbBisTes; and is composed of [Rbgs4BisesTes)
layers separated by Rb atoms, see Figure 10a. The Rb and
Bi atoms in this layer are statistically disordered (i.e.,
mixed occupancy). The [Rbg34BisesTes] layer has a similar
array of [MTeg] octahedra to that of Bi,Te; and can be
considered a two-dimensional fragment excised out of the
NaCl structure. The Rb atoms are sandwiched between
the [Rby34BisesTes] layers, and their sites are filled only at
the 66.7% level. Therefore, this compound contains va-
cancies and can be formulated as Rbge[Rbg.34BizesT€6].
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FIGURE 11. A view of the PbTe structure along the [110] direction.
The anionic slabs in the structures of CsPbBisTes, CsPhyBizTe;, CsPbs-
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5. Concluding Remarks

The potential of phase homologies for designing new
solid-state compounds goes far beyond the few examples
highlighted here. Many reported compounds, now con-
sidered unrelated, could be classified and placed in the
context of phase homologies. Once homologies have been
identified new member phases can be predicted. Not only
will this promote better understanding of their inter-
relationships, but it could enhance our predictive ability
and bring us closer to the goal of “rational design” for
many classes of compounds. Phase homologies could
prove to be an important design tool for bulk solid-state
materials. Because the structures of new members are fully
predictable, theoretical studies (e.g., property calculations,
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simulations) can be performed on them to assess whether
such phases are worth pursuing from the synthesis
perspective.

It is remarkable that in the A/M'/Bi/Q (A = K, Rb, Cs;
M' = Sn, Pb; Q = Se, Te) system alone exist several
homologous series. One is A, [Mi+:S€2+2m[MainS€2+311n]
and captures a substantial fraction of compounds possible
in various A/M"/Se and A/M'/M"/Se combinations. The
others are [(PbSe)s],[(BizSes)slm, CsalBizp+aTesntsl, and
APb,,BisTes,,. Each series presents compositional vari-
ables that control structural evolution in various spatial
dimensions. The construction of each member of the
homologous series is modular and achieved by one or
more adjustable building units. Because many compounds
in our work have been successfully targeted for prepara-
tion after their structure and composition was predicted
by the general formula, we propose that the special value
of these homologous series is that they have predictive
character. In essence, homologous series amount to
“compound generating machines”! Finally, homologies
could help understand the relationships between crystal
structure, electronic band structure, and composition
across successive members of the series.

We thank the Office of Naval Research for financial support of
this research.
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