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detail.

This review discusses the main structural features of the inorganic of the iodoplumbate and iodobis-
muthate moieties according to the aggregation and connections of the primary Mlg octahedron building
unit. The cation effect, ligand effect and hetero metal-iodine bonding effect are summarized. The aggre-
gation density of the inorganic moiety (ADIM) is an important structural parameter that is related to
the solid-state properties. An empirical r value is thus defined as r= X(Nw,-1)/n, where Nw,-I means the
number of n-fold-coordinated I atoms per building unit and n=1-6; M/r value as M/r=M:r (M =the num-
ber of metal centers per building unit). The M/r value-anionic structure relationship and M/r value-band
gap correlation are described. Several interesting optical, thermal and ferroelectric properties that are
related to the dimensionality, composition, configuration, distortion, and bonding are discussed in

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Binary Pbl, and Bil; are interesting semiconductors. Hexag-
onal Pbl, has a layered structure, in which each Pb atom has
an octahedral Pblg#~ coordination sphere that is condensed to
layers by sharing edges with six neighboring octahedra [1]. Bilz
crystallizes in a Pbl,-like trigonal structure, in which one-third
of the metallic sites are empty so as to balance the lower Bi:l
ratio [2]. Both Pbl, and Bil; show interesting properties, such as
electroluminescence [3], photoluminescence [4,5], and nonlinear
optical effects [6], and are good candidates for room temper-
ature X-ray or y-ray detectors [7-9] and thin film transistors
[10]. Recently, the Pb-, Bi-related iodometalates have also been
intensively studied for their diversity of structures [11-14] and
interesting optical and electronic properties, such as lumines-
cence [15,16], nonlinear optical activity [17,18], semiconductivity
(even metallic conductivity)[19,20], and ferroelectricity [21]. Inter-
estingly, some of these properties originated from the binary
iodides; some new ones are generated by their novel derivative
structures.

Similar to that in the binary, the Mlg"~ (M =Pb, Bi) octahedra are
the most common building units in iodometalates. Both Pb and Bi
have large atomic numbers and radii, so the energy levels of the out-
ermost s and p orbitals are greatly different. Therefore, these two
atoms lose only p electrons and yield stable s2 Pb2* and Bi3* ions,
respectively. The nucleus of Pb%* and Bi3* weakly binds the outer
s electrons, so the Pb2* and Bi3* ions are soft or polarizable, which
essentially allows a great degree of distortion and aggregation of the
MI,"~ polyhedron. In addition, compared with M-0 or M-S bonds
in oxometalates and thiometalates, the covalency of M-I bonds is
relatively weak. Thus, the Pb-I and Bi-I covalent bonds exhibit low
directional-correlations. Therefore, the MI, octahedron has a great

tendency to form structures with distortion, vacancy and aggrega-
tion, through which various novel iodometalate structures can be
built.

The structural diversity of the inorganic moieties of
iodoplumbate and iodobismuthate is remarkable. Presently,
the structural modifications of the inorganic moiety have been
achieved by the adjustment of dimensionality, aggregation,
distortion, involvement of heterometallic bonding interactions
beyond the Bi-I or Pb-I bonds, and effect of ligand that are directly
coordinated to the inorganic part. The structural comparison of
these inorganic moieties has nicely demonstrated the growth from
discrete building units to polymeric 1D, 2D or 3D species. Some of
these new structures generate novel properties, so that the Pb/Bi
iodometalates can be ideal systems to study structure-property
relationships. A thorough understanding of the structural chem-
istry is the first step towards the rational syntheses of target
compounds with desired properties.

2. Structural description and comparison between
iodoplumbate and iodobismuthate

The major structural characteristic of iodoplumbate and
iodobismuthate is the diverse anionic structure motif, which ranges
from discrete mono- or polynuclear species to infinite variety with
higher dimensionality (1D, 2D, or 3D). The stepwise aggregations
of Mlg octahedra are impressively shown in the OD iodomet-
alates. Similarly, the one-dimensional iodometalate chains can
also be made from Mlg octahedral units through sharing I-I-I
faces, I-1 edges or I apexes. Furthermore, connections in two or
three different directions can lead to 2D polymer or 3D net-
works. Representative examples are discussed in the following
sections.

(2)

Fig. 1. Structure of Pbl,: (a) packing diagram and (b) layered structure of (00 1) view [1].

(b)
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Fig. 2. Structure of Bils: (a) packing diagram and (b) layered structure of (00 1) view [2].

2.1. Binary Pbl, and Bil3

Hexagonal Pbl, has a layered structure with a=b=4.557 A, and
c=6.979 A (Fig. 1). Each Pb atom has an octahedral Pblg coordina-
tion sphere that is condensed to layers by sharing edges with six
neighboring octahedra. Bulk Pbl; is yellow powder, melts at 405 °C,
and has an optical energy gap of about 2.3 eV [1]. Bil; crystallizes
in a trigonal structure with a=b=7.525A, and c=20.703 A that is
Pbl,-like in which one-third of the metallic site are now empty
(Fig. 2). Bulk Bil3 is black powder, melts at 408 °C, sublimes at lower
temperature and has an energy gap of 1.73 eV [2]. The comparison
between Figs. 1b and 2b clearly shows that the Bils layer is looser
than Pbl; layer, which is driven by the different positive charge of
Bi3* and Pb2*.

2.2. Zero dimensional M/I clusters

2.2.1. Mononuclear clusters: [Bilg]?~, [Pbls]*~

The simplest iodometalates are the mononuclear clusters
[Bilg]*~ and [Pblg]*~. The geometry about M atoms is a nearly ideal
octahedron as shown in Fig. 3. The representative compounds are
[PhCHchzNHg} ]4[B1[5][]]2H20 [22] and [CH6N14[Pb[5]2H20 [23]
In the former compound, the less negative charged [Bilg ]~ unit has
to crystallize with one free I~ anion to balance the positive cations
while the latter Pb-cluster needs not. One unusual mononuclear
complex is [PryN],[Pbls] [24] in which the tetrahedrally coordi-
nated geometry about Pb atom is rare (Fig. 4).

2.2.2. Binuclear clusters [BixIg]?~, [Bizlg]P~, [Bizl19]*~, [Pbols >~

The known compounds reveal three different motifs for dimer-
ization of the octahedron building unit. (1) dimer of a unique
five-fold-coordinate Bi as in [(PhCH;)4P]»[Bizlg], [25] (Fig. 5) (2)
dimer via sharing a Bilg octahedron face, as shown in Fig. 6, and
(3) dimer via sharing a Bilg octahedron edge (Fig. 7). Example
(1) suggests that the Bilg3~ octahedron unit is cable of having an
axial vacant of I-. In case of (2) and (3), the geometry of Bilg3~

Fig. 3. Structure of mononuclear [Bilg]*~ [22,23].

Pb

Fig. 4. Structure of mononuclear [Pbl4]?~ [24].

Fig. 5. Structure of binuclear [BiyIg]>~[25].

building unit is close to the ideal octahedron, the Bi-p.;-I (one-fold-
coordinate I atom) bond (3.0A) is 0.2 A shorter than the Bi-j,-I
(two-fold-coordinate I atom) bond. The known compounds are
CS3Bi2]9 [26,27], [MC4N]3[Bi2[g] [28], [EtzNHz]g[Biz]g] [29], and
[bpyH]4[Biz110] [30].

However, only one Pb/l binuclear cluster is found as
[PPh4]2[Pbylg] [24], in which the dimer of the four-fold coordinate

Fig. 6. Structure of binuclear [BiyIg]3~ [26-29].

Bi

¢

Fig. 7. Structure of binuclear [BiI;0]*~ [30].
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Fig. 8. Structure of binuclear [PbyIs]>~ [24].

Fig. 9. Structure of trinuclear trans [Bisl;2 >~ [31].

Pbl, polyhedron is unique (Fig. 8). Note that in such a compound,
the Pblg*~ octahedron building unit is cable of having two equato-
rial sites vacant of I~ to give rise to Pbl42~ species, which can also
be crystallized in the compound shown in Fig. 4 [24]. However,
the hypothetic Bil;~ has never been found in a real compound, the
reason may be the size of any monovalent cation is too small to
crystallize with the large Bil;~ species.

2.2.3. Trinuclear clusters [Bizl;»]°~, [Pb3lig]*~

Three Bilg octahedra can be arranged in either a trans-motif
as [n-BugN]3[Bislj2] (Fig. 9) [31] or a cis-motif as [N(CH3)(n-
C4Hg)3]3[Bi3lq2] (Fig. 10) [32]. The central octahedron therefore
shares two opposite or cis I-I-I faces. The trans-[Bizl{]>~ cluster
possesses C3, symmetry with three Bi atoms on a threefold axis.
Such an assembly could also be seen as a combination of a binuclear
[BizIo]3~ and an additional Bilg3~ octahedron.

On the other hand, the trinuclear [BusN(CH;)4NBus]>[Pbslig]
[13] complex possesses a closed loop motif of two normally 6-fold
coordinate Pblg octahedra and one unusual Pbls square-pyramid
(Fig. 11).If a trinuclear Pb-cluster used the same motif as for the Bi-
analogue shown in Fig. 9, the resultant species would be Pb3l;,%-,
which carries too much negative charge, and thus would be unsta-
ble.

The variation of the coordination number (CN) of Ml (x=6, 5,
4) also indicates the considerable tolerance of Mlg octahedron to
endure the distortion. Such tolerance arises from the flexibility of
the central Bi or Pb ions and the less direction-correlation nature of
the covalent M-I bonds. The size and charge of the Ml polyhedron
are also important factors to determine its stability.

Fig. 10. Structure of trinuclear cis [Bisl;2 >~ [32].

Fig. 11. Structure of trinuclear closed [Pbsl;o]*~ [13].

Fig. 12. The structure of tetranuclear [Bizl;]*~ [13,33].

2.2.4. Tetranuclear cluster [Biglig]*~

The tetranuclear [Bigl;g]*~ cluster (Fig. 12), is a dimer of a
binuclear [Biyl;o]*~(Fig. 7) via two common py- and two p3-I
atoms. Compared with the binuclear species, no obvious changes
in Bi-1 bond distances or I-Bi-I angles are found. Two examples are
compounds [BiPC]4[Bi4[15] and [C3H9COSC2H4N(CH3)3]4[Bi4[15]
[33,34].

2.2.5. Pentanuclear clusters [Bisl;g]?>~, [Bislig]*~, [Pbsl;5]6~

Five Bilg3~ octahedra could be arranged linearly as found in
[Ph4p]3[B15118] [35] and [Ph4Sb]3[B15118] [36] shownin Flg 13.Such
pentanuclear clusters can be viewed as a combination of a binuclear
[Biylg]?~ (Fig. 6) and a trinuclear [Bis1; ]~ (Fig. 9) via a shared I-1-1
face. This illustrates that the p;-I atoms in some small clusters is
still coordination active. Interestingly, a different aggregation pat-
tern of five Bilg octahedra is found in [Li(THF)4]4[Bisl19] [37], which
is a combination of a tetranuclear [Bisl;¢]*~ (Fig. 12) and a [Bilg]3~
octahedron through one p3-I and two ;-1 atoms (Fig. 14).

QI

Fig. 14. Structure of pentanuclear [Bisl;g]*~ [38].
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Pb

Fig. 15. Structure of pentanuclear [Pbsl;g]®~ [24].

Fig. 16. Structure of type-I hexanuclear [Bigl,; |4~ [37-39].

In a third fashion, five Pblg octahedra are arranged in a close
loop, a higher symmetric motif as shown in Fig. 15, in which the
occurrence of an unusual ps-I is crucial for the structure, and
the five Pb atoms are almost coplanar. The example is found in
[BuN(CH,CH, )3NBul3[Pbslig]-4DMF [24]. A similar closed motif
occurs in the trinuclear cluster discussed above.

2.2.6. Hexanuclear clusters [Bigloy [*~

No hexanuclear Pb/I cluster has been found so far. On the
contrary, six Bilg3~ octahedron can be arranged in three differ-
ent hexanuclear patterns. The planar type-I (Fig. 16) exists in
[PhgPl4[Bigly2 ], [Na(THF)sla[Bisl2] [37], [Et4P]a[Bigla2] [38], and
[PhEt(Me),;N]4[Bigly2] [39]. Type-II, [PhCH, NEt3 [4[Bigla | [35], has
no planarity (Fig. 17). An unusual p4-I atom in type-III (Fig. 18)
occurred in [Ru(C1gHgN3)3]2[Bigl2] [40]. If the same hexanuclear
Pb-cluster existed, the negative charges of such a hypothetical
Pbgly; would be —10, which is too high to find any suitable com-
pensation cation.

2.2.7. Heptanuclear cluster [Pb715,]8~
[BusN(CH;)4NBus|4[Pb715,]1[13](Fig. 19)is the only known hep-
tanuclear cluster, and there is none for Bi/l. At first sight, such a
cluster would be impossible, but it is quite reasonable because it
can be viewed as two trinuclear [Pbslo]~ (Fig. 11) connected by a

Fig. 17. Structure of type-II hexanuclear [Bigly; |4~ [35].

Fig. 19. Structure of heptanuclear [Pb;1, 13~ [13].

Pblg*~ octahedron via shared opposite I-I-I faces. Such an example
also illustrates the stability of the unusual [Pbsl;g]*".

2.2.8. Octanuclear clusters [Biglg]*~, [Bigl30]¢~

Two ways to construct the structure of octanuclear [Biglpg]*~
(Fig. 20) are (1) a [6+2] addition complex of a hexanu-
clear [Bigly;]*~ (Fig. 16) and two Bilg octahedra as occurred
in [Phy4Pl4[Biglog] [41] and (2) the conceptual [4+4] dimer-
ization of the tetranuclear cluster as found in compound
[Bi3I(C4H803H2)2(C4H803H)5]2[Bi8]30] (Flg 21) [42] These two
examples suggest that, beyond the mononuclear Bilg octahedron,
some other small multinuclear clusters can also serve as building
units to construct larger polynuclear clusters.

Fig. 20. Structure of octanuclear [Bigl,g]*~ [41].

Fig. 21. Structure of octanuclear [Biglso]%~ [42].
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Fig. 23. Structure of [Pbyglys]3~ [11].

2.2.9. Decanuclear and octadecanuclear clusters [Pb1glog]®~,
[Pbiglaa®~

[Pb10[2887] (Flg 22) [13], and [Pb]gl4487] (Flg 23) [11] are two
crystalline examples constructed by more than ten metal centers
in which the geometry of the Pblg octahedron is well conserved.

In contrast to 0D Pb/I clusters, Bi/l species tend to aggregate
more into discrete polynuclear clusters. The essential reason is that
for a certain number of metal centers, the Bi-cluster carries a higher
positive charge which allows more terminal I atoms to “protect” the
discrete cluster and prevent the extension of the building unit.

2.3. One-dimensional M/I polymeric chains

1D polymeric chains, common in iodometalates, are built from
basic Mlg octahedron or relatively larger units, such as Pbsl;g or
Bigl14, via different connection motifs.

2.3.1. Linear chains constructed by mononuclear cluster

[Bilg >~ or [Pblg[*~

2.3.1.1. Via shared faces. The most common chain motif for
iodoplumbates is found in [17,20] by the infinite connection of Pblg
octahedron via shared I-I-I faces (Fig. 24). The octahedron (O) of
Pblg can be deformed to a large degree to trigonal prism (TP) in
complex 1,1’-dimethyl-4,4'bipyridinium (Fig. 25) [43].

|
Pb

Fig. 24. Structure of [Pbl;~], [17,20].

Q@I
“\.Pb

) TP 0 TP o )

Fig. 25. Structure of [Pbgli3% ], [43].

Q @ e ® e P®

V4 / \ / /

é o é ®

Fig. 26. Structure of [Bil;~ |, [30,44-46].

/ !

¢ ©

Fig. 27. Structure of anionic chain in [NH,C(I)=NH;]3,[Pbls ], [47].

2.3.1.2. Via shared edges. Compounds [biPyH][Bil4], [30]
[CoHgN][Bil4], [44] [(CoH4N3S)(C2H3N3S)[Bily] [45] and
NH3(CH;),NH3(Bil4);-4H,0 [46] are examples in which Bilg
octahedra that share edges constitute a linear chain (Fig. 26).

2.3.1.3. Via shared apexes. The Pblg octahedron may share cis or
trans apexes to give [NH,C(I)=NH>]3,[Pbls], [47], as shown in
Fig. 27 or [CgH5CH,CH,S=C(NH, ), |3n[Pbls ] [48], Fig. 28. This pat-
tern is also adopted by Bilg octahedra in [H3N(CH,)gNH3][Bils ],
(Fig. 29) [49]. In both structures, the metal atoms are coplanar.

2.3.2. Linear chains constructed by binuclear [Pb,Is]?~, trinuclear
cluster [Pb3l;9]*~ or tetranuclear [Bigl14]*~

Except for the MIg"~ octahedron, some polynuclear clusters
can also serve as conceptual building units, such as binu-
clear [Pbylg]°~ unit in [M(en)3]n[Pb2lg]ln (M=Mn, Fe, Zn, Ni;
en=ethylenediamine) (Fig. 30) [50]; trinuclear [Pbslig]*~ units

Fig. 29. Structure of anionic chain in [H3N(CH; )sNH3 |n[Bils ], [49].
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Fig. 31. Structure of anionic chain in [Me3N(CH; ),NMej3 |2, [Pbslio]n [51].

in [Me3N(CH;);,NMes],,[Pbslig], (Fig. 31) [51] and tetranuclear
[Bi4[14]2_ units in [H-BU4N]2n[Bi4]14]n [29], or [CH2=C(C6H4-4-
NO;,)CH;NMes Jon[Biglis]n (Fig. 32) [34]. In another case, the
tetranuclear building units are linked by binuclear [BiyIg]?>~ in
[EtsPhN]4n[Bigla2 ]n (Fig. 33) [41].

2.3.3. Wider chains

Most of the chains described above are of a single string of
MIg octahedra but there are some wider chains formed by several
strings of Mlg octahedra as follows.

In [C;9H7CH;NH3 ], [Pbls ], [48], the anionic chains are two con-
densed linear Pblg chains that share octahedron edges (Fig. 34). In
another case, the anionic chain in [PPhg]s,[Pbsli2]n [13] is made
up of two Pblg strings together with some individual Pblg octahe-
dra (Fig. 35).Additionally, three strings of Mlg octahedra form the

SRR

Fig. 32. Structure of [Bisli42~], [29,34].

Fig. 33. Structure of anionic chain in [Et3PhN]4,[Bislaz]n [41].

Fig. 34. Structure of [Pbl;~], [48].

anionic chain in [PPhy],,[Pbgli4(DMF); ], [52] as shown in Fig. 36,
in which half of the peripheral Pb-octahedra have a coordination
sphere of five I atoms and one DMF solvent molecule. Interestingly,
the middle string of Pblg octahedra is reminiscent of those in Pbl,
binary. Furthermore, an anionic chain of six strings of Mlg octahe-
dra exists in [My4(2,2’-bipy)12Pb11128S]n (M=Ni, Co) [53], as shown
in Fig. 37. Again, the inner Pb atoms that are surrounded by six
neighboring Pb atoms have the same motif as that in binary Pbls.
If the number of strings of Mlg octahedra would reach infinity,
the anionic structure would be a 2D layer. However, experimental
data illustrating such a stepwise development are still lacking.

Fig. 36. Structure of [Pbgl;4(DMF),2~], [52].
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Fig. 37. Structure of [Pby113S8~ ], [53].

2.4. Two-dimensional polymeric M/I layer

The majority of the M/I layers are of perovskite-type con-
struction. A different number of layers (m) in the 3D perovskite
network could be separated by different organic cations to give
the 2D layered compounds. The simplest example of this fam-
ily is (CH3CgH4CH,;NH3),Pbl, [48,54-57], in which each layer
of Pblg octahedra is separated by organoammonium cations
(CH3C6H4CH2NH3 )+ (Fig. 38).

A double Pblg layer crystallizes with a small cation (CH3NH3)*
to fit inside the inorganic layer (Fig. 39).

Studies have shown that the number (n) of single per-
ovskite type Pblg-layers can be 1, 2, 3, 4, 5, and oo, in the
(RNH3)2(CH3NH3);,_1 MpXs3p+1 family, (M =Pb, Sn and Cu, X=Cl, Br,
I,and R=C4Hg CgH5C;Hy) [58-60]. The compound (HAEQT)Biy 314
[61] also adopts a perovskite type structure in which the Bi/l layer is
a single perovskite layer. Also a new staircase-like 2D [Pb4l1g1%" |,
sheet of perovskite type is crystallized with the co-template organic
anions (C,04)?~ and organic cations (Hyen)2* [62].

Besides the perovskite-type connections, there are some other
patterns found in layered iodometalates. One newly synthesized
[Pbyli92~]n anionic layer (Fig. 40) [63] is the most condensed
anionic layered iodoplumbate, in which the connection of Pblg4~
octahedron is comparable to that in a binary Pbl, sheet but
of lower symmetry. The other known layered iodometalates
are constructed with polynuclear building units instead of the
mononuclear Mlg octahedron, for example, binuclear [Pb,I;]3~ in
[Me3NC,H4sNMes o[Pb,l7 ]I [64] (Fig. 41), trinuclear [Pbsl;g* ], in
[CsHgCH,SC(NH> ), |4[Pbslig] (Fig. 42), or hexanuclear [Pbgl1g]%~ in
[M63NC3H6NM63 ]3[Pb6118] (Flg 43) [51 ]

Fig. 39. Structure of [(CH3CsH4CH2NH3)2(CH3NH3)],[Pb,l7]n, and [Pb,l;3~] layer
with double connected perovskite type Pblg layers accommodating small (CH3 NH3 )*
cations [58-60].

2.5. Three-dimensional polymeric Pb/I network

Only one example of 3D Pb/l inorganic frame-
work is found in compound [EDAMP],,[Pb7Ilig]s-4nH,0
(EDAMP = Et,NHCgH4CH, C¢H4NHE, ) (Fig. 44) [65].

The Pblg octahedra generate the wall of the 3D inorganic open-
framework structure with a CdSO4-type topology. Within such a
network, the tunnel accommodates the EDAMP ions and lattice
water molecules. The packing density of this compound is very
loose; the guest molecule occupies about 45.0% of the crystal vol-
ume.

2.6. A brief structure summary

All the iodometalate anions described above show that there are
two structural types of I atoms, terminal (-1, t=1) and bridging

(a)

(b)

Fig. 38. (a) Structure of [CH3C¢H4CH2NH3 ]2, [Pblys ], [48,54-57], and (b) a single perovskite type Pblg-layer.
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Fig. 41. Structure of [Pb,I;3~], anionic layer [64].

iodine (wp-I, n=2-6). The p;-I (one-fold-coordinate iodine atom)
functions as a peripheral atom, which serves to isolate the M/I clus-
ter (i.e., to terminate the polymerization of the building units). The
n-I (n-fold-coordinate iodine atom) is responsible for the aggre-
gation and polymerization of Mlg octahedra.

The major structural difference between iodobismuthate and
iodoplumbate originates from the charge difference. For example,
in case of the neutral binary compound, Bi3* cation which carries a
higher positive charge, requires a lower Bi:I ratio of 1:3 (Bi3*:31")
than Pb2* does (Pb2*:21~ = 1:2). Although the building units in these

Fig. 42. Structure of [Pbsl;p*" ], anionic layer [51].

Fig. 44. Structure of 3D [Pb;I;3%" |, anionic 3D open framework [65].

two compounds are similar Mlg octahedra, the Bil3 binary with a
higher I content requires a relatively larger number of lower coor-
dinated I~ anions and then crystallizes in a looser structure, that is
a Pbl,-like structure with one-third of the metallic site vacancy. On
the other hand, in the case of anionic iodometalates, the Pblg*~ unit
that carries more negative charge with respect to the Bilg3~ octahe-
dron, is likely to form relatively more condensed structures in order
to reduce the total number of iodine ions and to keep the anionic
charge density as low as possible. In addition, such a charge-driven
characteristic leads to the fact that the iodobismuthate anion tends
to form simple clusters with low nuclearity or polymers with low
dimensionality, while the iodoplumbate tends to form polynuclear
clusters or polymers with higher dimensionalities. As described
above, the number of 0D iodobismuthate clusters is greater than
that of iodoplumbate, but 2D or 3D structures are only found in
iodoplumbate system.

3. An experimental structure-property indicator M/r value

The structure of the inorganic anionic moiety determines most
of the properties of iodoplumbates and iodobismuthates. We have
so far summarized the majority structural types of their inorganic
moieties. The structural changes are somewhat associated with the
aggregation of the primary unit of Mlg octahedron. The aggregation
density of the inorganic moiety (ADIM) is an important structural
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parameter that is related to the physical properties. From the point
view of electronic structure, the fluctuation of the bands reflects
the interaction intensity of the orbitals. The more condensed the
building unit aggregates, the stronger and larger the orbital inter-
actions are, and thus the more fluctuant the bands are, which will
directly influence the band gap and the electronic density.

Meanwhile, several structural parameters may be related to
ADIM, such as (a) density of the single crystal (p), (b) nuclearity of
the inorganic moiety, i.e. the number of metal centers of a discrete
cluster, or (c) dimension of the inorganic part. But none of them can
conveniently and quantifiably express ADIM. For example, p is an
overall density including the contribution of the organic cations,
and therefore is not merely determined by ADIM. The nuclearity
can somehow qualitatively indicate the aggregation of a discrete
cluster, i.e., the higher the nuclearity the higher the densities of
the clusters. But there are many exceptions. Thus both [Bigl,g]*~
(Fig.20)and [Bigl3o]®~ (Fig. 21) have eight Bi centers, but the density
ofthe latter is lower. The dimensionality is also weak in this respect.
For example, the dimension of [Pbl3~], (Fig. 24) is 1D, higher than
that of OD polynuclear [Pbiglss]3~ (Fig. 23), but clearly, the ADIM
of the octadecanuclear cluster is much higher. Besides, 1D anionic
chains can be either linear chain, or fatter chains, or chains con-
structed by complicated building units and their ADIM are very
different.

Therefore, if a structure parameter could indicate ADIM, it would
be helpful to directly relate the structural characteristic with the
physical property. We found that the type of w,-I is a key to
understand the structure of iodoplumbate and iodobismuthate. For
instance, -1 terminates extension of the building block, so that the
more -] atoms a cluster wears, the less possibility for such cluster
to polymerize. The p,-I atoms correspond to the bridging of two
neighboring octahedra, and ps3-I, aggregation of three octahedra,
and so on. Therefore we have defined an r value as r=X(Nu,-1)/n,
Npp-I means the number of -1 (n-fold-coordinate I) atoms per
building unit and n=1-6; and the M/r value as M/r=M:r (M=the
number of metal centers per building unit), which empirically
indicates ADIM. Some representative iodometalates, their struc-
tural features, and the corresponding r and M/r values are listed in
Table 1.

Naturally, binary Pbl, is the most condensed Pb/I compound
and any introduction of cations into Pb/I system will put negative
charges on the inorganic moiety and thus decrease ADIM, therefore,
the M/r upper limit in the Pb/I iodoplumbate is 1.5. Similarly, the
M/r maximum is 0.67 of binary Bils for the Bi/I system. The struc-
tural description above show that Bils is less condensed than Pbl,
since it is a derivative of a Pbl,-type structure with 1/3 vacancy;
coherently, the M/r ratio of Bil; (0.67) is less than that of Pbl,
(1.5), such a reduction in M/r is consistent with the decrease of
ADIM. The M/r ratio of 0D cluster also monotonously decreases
with the decrease of the nuclearity of a cluster. As listed in Table 1,
each series of 0D iodoplumbate or iodobismuthate clusters, clearly
shows that the higher the number of metal centers, the higher the
density of a discrete cluster, the larger the M/r ratio. For example,
the M/r ratios increase from 0.4 of [Pb,Ig]%~ to 0.82 of [Pbyglas]3~.
The increase of the M/r ratio also agrees with the increase of
dimensionality. For example, three complexes constructed from
the same building unit have a nice conceptional dimensional devel-
opment from OD [Pbsl;o]*~ cluster (Fig. 11) to 1D [PbsI;g*~ ], chain
(Fig. 31), and to 2D [Pbzlig* |, layer (Fig. 42). Their densities
increase as the dimension increases and their M/r ratio, increases
monotonously from 0.42 to 0.45 to 0.50. Note that only compar-
isons within polymers that are made by the same building unit
have a direct relevance to the development of the dimensional-
ity since several other factors also affect the density of 1D or 2D
polymers, such as the type of building unit, the extension motif,
and so on.

Table 1
Representative iodoplumbates, iodobismuthates and their r and M/r values.
M Compound  Structure  r=X(Nw,-I)/n M/rratio Eg
Pb Pbl, Fig. 1 2/3=0.67 1.5
[Pbiglag]®~  Fig.23 6+24/2+8/3+6/5=21.87 0.82
[Pbiolg]®~  Fig. 22 12+6/2+6/3+4/4=18 0.56
0D [PbsIn]®~  Fig.19 8+8/2+6/3=14 0.5
[Pbslis]®~  Fig. 15 5+10/2+1/5=10.2 0.49
[Pbslio]4~  Fig. 11 5+3/2+2/3=7.17 0.42
[Pbylg)?~ Fig. 8 4+2[2=5 04
1D  [Pbsli»2"], Fig. 34 6/3+6/2=5 1
[Pbglig6-],  Fig. 25 18/2=9 0.66
[Pbls~]» Fig. 24 32 0.66
[Pbslio* ],  Fig. 31 4+4/2+2/3=6.67 0.45
[Pbls3-], Fig. 28 4+1[2=45 0.22
2D [Pbslo* ], Fig.42 2+8/2=6 0.5
[Pbyl;3-],  Fig. 14 2+5/2=45 0.44
[Pbl42- ], Fig. 38 2+2[2=3 033
Bi Bils Fig. 2 3/2=1.5 0.67 1.73
[Bishg >~ Fig. 13 6+12/2=12 0.42
[Biglxs]*~ Fig. 20 14+8/2+6/3=20 0.4
[Biglx ]4- Fig. 16 12+6/2+4/3=16.33 0.37
[Biglzo]®~ Fig. 21 16+10/2+4/3=22.33 0.36
[Bislyo ]+ Fig. 14 11+5/2+3/3=145 0.344
0D  [Biglig]* Fig. 12 10+4/2+2/3=12.667 0.32 2.16
[Bisly2 > Fig. 9 6+6/2=9 033
Fig. 10 7+4/2+1/3=9.33 0.32
[Bizlg]>~ Fig. 5 6+2/2=7 0.29 2.19
[Bialo |3~ Fig. 6 6+3/2=75 0.27
[Bizlio]*~ Fig. 7 8+2/2=9 0.22
[Bilg ]~ Fig. 3 6 0.17
1D [Bigli42-],  Fig. 32 6+6/2+2/3=9.67 0.41 2.02
[Biglz*]n  Fig.33 10+10/2+2/3=15.67 0.38
[Bils~In Fig. 26 2+2[2=3 0.33
[Bils~ 1 Fig. 29 4+1/2=45 0.22

More significantly, the M/r ratio decreases with the increase of
the energy gap, as listed in Table 1. The M/r ratios for Bilz (2D),
[Bigli42~] (1D), [Biglig]>~ (OD), and [Biylg]>~ (OD) decrease from
0.67 to 0.41, 0.32 and 0.27 as the energy gaps increase from 1.73
t0 2.02,2.16 and 2.19 eV [66]. Such a tendency has also been found
in the heterometallic Bi/M/I (M = Cu, Ag) complexes, which will be
discussed in Section 5. Such a trend agrees with the general accep-
tance that the higher density usually measures a smaller energy
gap. Hence, the structural factor M/r might be the best empirical
parameter to predict the energy gaps of iodometalates with the
same metal identity that is the energy gap decreases with increase
of M/r. We consider such an empirical relationship might be suit-
able for other systems, such as Sn/I, M/X (M =Pb, Bi, Sn, X=F, Cl, Br,
I or M =transition metal, X=S, Se, Te), etc. However, the available
experimental data are insufficient to date, and such a rule of thumb
needs to be tested.

4. Structural modification
4.1. Cation effect

The cation effect is to balance the negative charge density on
the inorganic moiety so as to modify the anionic structure. Mean-
while, the simultaneous steric effect of the cation governed by
its size is also important to influence modification of the anionic
structure. Such effects are widely reported in iodoplumbates and
iodobismuthates.

The introduction of a low charge density complex cation
[Ni(opd),(acn);]** (opd=o-phenylenediamine, acn=acetonitrile)
can generates a novel infinite 2D [Pb4l192~ ], anionic layer (Fig. 45b)
[63] thatis comparable to the hexagonal Pbl, sheet (Fig. 45a) butin
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[ 1 1 1

Fig.45. Cation effect leads to the symmetry breaking. (a) Single hcp layer in Pbl, and
(b) single [Pbgl192" ], anionic layer, the rhombus confines the 2 x 2 subunit. Adapted
from [63], with permission from the American Chemical Society.

a lower symmetry. The anionic layer is constructed by a 2 x 2 sub-
unit [Pbali9]?~, and binary Pbl; is formed by a similar 2 x 2 subunit
with slightly different formula: [Pb,lg]®. Two more I~ anions per
subunit are involved in [Pbyl;92 |, [63], because of the occurrence
of the less coordinated -I and p,-I, while the I~ anions in Pbl,
are all ps-1. The pe- and p,-1 atoms are responsible for the loose
packing of Pblg octahedra and the extra charges are gathered on
the anionic layer to balance the charge requirement of the cations.

As the cation size decreases, the dimension of the compound
increases. Fig. 46 shows a nice stepwise modification of the anionic
structure from a OD cluster to a linear polymer to a ladder-like chain
with a more-or-less gradual decrease of the cation size [67].

As the cation size decreases, the nuclearity of the 0D cluster
decreases. For example, the cation size decreases from [n-BugN]* to
[Pr4N]J*, the cluster decreases from an octadecanuclear [Pbyglys]8~
to a mononuclear [Pbl4]?~. From short [NH,C(I)=NH,]* cation to
long [CgHs(CH5 ),S=C(NH> ), ]* cations, the anionic moiety changes
from a linear [Pbls3~ ], chain (Fig. 27) to a wavy chain, or a zigzag
chain (Fig. 28).

As the charge of the cations increase, the dimension
decreases. For monovalent cations, [CgHsCH,SC(NH,),]* or
[(C4S)2SC,H4NH31*, the anionic moiety adopts a [Pbsl;g%~ ], 2D lay-
ered structure (Fig. 42). For bivalent cations, [Me3N(CH,),NMes ]?*,
the anionic structure is a zigzag chain motif as shown in Fig. 31.

A thoughtful choice of the size, charge, and flexibility of a cation
might reward a successful synthesis of a desired compound. Of

n-BuyN+*

building unit

cation

Fig. 47. Structure of [Pbl,(4-MPD); |, [68].

course, the crystallization of a new compound is complicated,
during which many other factors, such as solvent, tempera-
ture, competition reactions, and so on, may bring unpredictable
results.

4.2. Ligand effect

One direct structural change in a Mlg building unit is to
replace some of the I atoms with organic ligands, such as S-, O-
, and N-ligands, which can also participate in the construction of
the inorganic—organic hybrid skeleton. For example, a partially
replaced building unit of PblyZg_, is found in [Pbl,(4-MPD); ],
(Fig. 47) [68], [PbIy(TMT)], [69], [Pbl;(PYD);], [68], and [Pbly(2-
MPD), ], [70]. An inorganic-organic hybrid layered structure is
constructed with the help of the organic ligand, BIPY [71] (Fig. 48).

The length of the alkyl group can influence the dimension of
the Pb/I anionic structure, for example, from a 2D layer (Fig. 49a)
to a 1D chain (Fig. 49b). A simple structural relationship between
[PbI(S,CNMe; )], and [PbI(S;CNC4Hg)], isillustrated in Fig. 49c; the
stepped chain in [PbI(S;CNC4Hg)], (Fig. 49¢-(i)) forms a distorted
hypothetical chain by displacement of some Pb-I bonds (Fig. 49c-
(ii)), and the aggregation of such distorted chains gives the 2D layer
in [PbI(S;CNMe;)], [53].

Several aspects of the ligand, such as, coordination ability, flex-
ibility, stereo effect, stacking of aromatic rings, and hydrogen
bonding will also influence the M/I structure greatly. Therefore,
these may provide some useful access to modification or to design
a new iodometalate. Also, the organic ligand itself may be a source
of desired properties. Explorations are worth trying.

@@ @ci@x eNeC.H

Cu(CH;CN)4* : : Y
e e

Fig. 46. Different anionic structures have been generated with the guidance with different cations from Ref. [67], with permission from the American Chemical Society.
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Fig. 48. Structure of layered [Pbl,(4,4'-BIPY)], [71].
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Fig. 49. The structure of (a) 2D layered structure in [PbI(S;CNMe;)],, (b) the 1D step chain structure in [PbI(S,CNC4Hg)], and (c) structural relationship between step chain

in (b) and layer in (a) [53].

Fig. 50. Structure [BugN]4n[PbCuly], [72].

4.3. Heterometal ion effect

4.3.1. Heterometal-iodine bonding effect

The cation effect has an indirect influence on the structure of
the inorganic moiety, while the ligand effect can have either an
indirect or direct influence. Another direct influence in this sense is
the bonding interaction within the inorganic moiety. Several recent
reports on the introduction of the d'° transition metal-iodine inter-
actions into the Pb(Bi)/I systems have proven that TM-I bonding
is an effective means to change the geometry and connection of
the Mlg octahedron and bring some new properties. Besides, the
involvement of a second building unit, the TMIy tetrahedron, brings
new possibilities for both connection and coordination sites for the
ligands [66,67,72-74].

For example, the involvement of the trigonal coordinated Cu*
ions leads to a significant distortion of the Pblg octahedron in
[BugN]n[PbCuly], (Fig. 50) [72]. Because of the large difference
between the bond lengths of Cu-I and Pb-I, the Pb-I bonds are
bent towards the Cu* ions by 19° from linear.

The Cu* ions introduced provide a coordination site for the
ligand. Usually, Cu* tends to adopt a four-fold coordination polyhe-

dron, therefore, when CH3CN is present, the Cu* ion grabs CH3CN
to complete a tetrahedral coordination sphere as seen in com-
pound [Pbl4Cuy(CH3CN); |, (Fig. 51) [75]. When a stronger ligand
PPhjs is presented, a very different structure, a bicubane-like cluster

Fig. 51. Structure [Pbl;Cuy(CH3CN), |, [75].
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Fig. 52. Molecular structure of compound PbCuglg(PPhs)s. For clarity, the PPhs
molecules are omitted [72].

Fig. 53. Cubic chain [PbAg,(PPhs),14], along a axis [72].

[PbCuglg(PPhs)g], is produced (Fig. 52) [72]. Again, the difference
of radius between Pb2* and Cu* ions leads to the distortion of the
PbCusls cubane. Interestingly, when a larger Ag* ion is utilized
instead, the somewhat expected cubane-unit with less distortion
occurs in [PbAg,(PPhs );14], (Fig. 53) [72].

Fig. 54. Structure of 1D ribbon in [BusN],[PbAgls], along b axis [72].

As in [BuygN],[PbAgl4], (Fig. 54) [72], the Pblg octahedra are
connected in a wavy chain motif accommodating the Ag;lg dimer,
which has not been found in any monometallic Pb/I polymers.

The different structural modifications generated by Ag* and Cu*
ions are essentially related to the different sizes of Ag* and Cu*, and
the different bond energies of Ag-I and Cu-I bonds.

In addition, the charge of metal ion also brings about a structural
change. For example, in [(BugN);PbgligCu'*4Cu2*(S,CNMes)s |,
(Fig. 55) Cul* has tetrahedral four-fold CulzS coordination envi-
ronment with normal Cu-I bond of 2.61-2.70A, and a Cu-S bond
of 2.34A, which serves as boundary atoms to stop the further
extension of Pblg octahedra. Two such Cu'*-confined ribbons are
connected by planar four-fold coordinated Cu?* cations to give a
2D layer [53].

The Bi/I system seems to be more flexible to accommodate either
Cu* or Ag* ions. Compounds of [Et4N],,[BizMsl1g]n M=Cu* or Ag*
are isostructural, except that the Bilg octahedra are more distorted
in the Ag-derivative (Fig. 56) [66,67].

The Agl, tetrahedron introduced can act as a structural linkage
as in [Et4N]o,[BigAgalig]n (Fig. 57) [66]. The common tetranuclear
Biylyg cluster is modified by four Agl, tetrahedra, which serve as
linkages for the further extension into a 2D layer. Such a layer

Fig. 56. Structure of [Bi;M;I192~ ], M=Cu or Ag [66,67].
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(a)
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Fig. 57. (a) Structure of the anionic building unit [BisAg>1162~ ], and (b) topological scheme of the layer in which the Bislg cluster is treated as a node, and the Ag atom as a

linkage [66].

Hg/o

Bi

Fig. 58. Structure of trinuclear [Bi;Hgli0]?~ [76].

motif has not been observed in monometallic iodobismuthate or
iodoplumbate, which suggests that the Ag-1 bonding interactions
are effective to create unprecedented structures.

4.3.2. Heterometal ion charge effect

A newly made trinuclear [BipHglio]?~ [76] anionic cluster
(Fig. 58) structurally recalls a [Pbsl;g]*~ (Fig. 11) cluster in which
the Pb-octahedra also share I-I-I face, but the 3" Pb polyhedron
(Pbls square pyramid) is replaced by a Hgl, tetrahedron. Such a
trinuclear [BipHglyo ]2~ cluster is isoelectronic with the tetranuclear
building blocks in polymeric [BiyAgyl102~ ] [66], or [BiCusli02~ |n
[67] (Fig. 56) but differs in that one divalent HgZ* atom replaces
the two Cu* (or Ag*) atoms to regain the charge balance. An
approximate dimerization of trinuclear [Bi,Hglio]%~ generates a
hexanuclear anionic [BigHg,lq]*~ cluster (Fig. 59) that is compa-
rable to the known [Bigly; ]*~ (Fig. 16) but differs in that this Bi/Hg
cluster contains two I atoms less per formula. The reason is that
two Bilg octahedra have been replaced by two Hgl, tetrahedra. This
dimerization is also different from that of [Pb;I,,]®~ (Fig. 19) in
which the dimerization undergoes a different (2[Pbsl;o]*~ +[Pbl,])
mode (Fig. 60).

Fig. 59. Structure of hexanuclear [Bi4HgI50]*~ [76].
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Fig. 60. Spectroscopic changes of [EDAMP],,[Pb7118],-4nH,0 upon repeated irradi-
ation at 300 nm at 25 °C. From Ref. [65], with permission from Wiley-VCH.

5. Various properties

The structural diversity of iodometalates is of great fundamental
interest, while a search for interesting properties of the unprece-
dented compounds is another driving force for the research in this
field.

5.1. Photochromism

An inorganic organic hybrid compound [EDAMP],,[Pb7l1g]n-
4nH,0 (EDAMP =Et;NHCgH4CH,CgH4NHEt;) (Fig. 44) [65], has
shown interesting wavelength-dependent photochromism. Before
and after visible irradiation (A=550nm), the color of this com-
pound changes from yellow to olive green. After further UV
irradiation (A =300 nm), the color changes to dark green. The single
crystal X-ray analyses reveal that there is no significant struc-
tural change in the inorganic moiety during the irradiation; only
the organic species has subtle changes. The Pblg octahedron has
built up a 3D inorganic open framework in which the sub build-
ing unit, an incomplete cubane chain, is thought to behave as an
ordered and periodic quantum wire array that may contribute to
the wavelength-dependent photochromic response.

5.2. The optical property related to the addition of M ion

The incorporation of Cu* ions with Pb coordination sphere leads
to an unusual incomplete octahedron (with two vacant equato-
rial sites) in Pbl4Cuy(PPh3)4 [73], Fig. 61a. The axial I-Pb-I angle
is about 168°, around a 12° deviation from the ideal octahedral
symmetry, and 14° larger than that in the monometallic clus-
ter [BusN-(CH;),-NBu3][Pbly], in which the axial I-Pb-I angle is
153.56°. DFT calculations have indicated that the increase of the
electronegativity of iodine via the bonding interaction with copper
ions causes such an axial angular difference.
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Fig. 61. (a) Structure of PbCu;I4(PPhs)4 [73] and (b) partial molecular orbital correlation diagram of PbCu;14(PPhs )4. The arrow refers to the possible type of transition from

the HOMO.

The optical band gap of Pbl4Cuy(PPh3)s is 2.69eV, consis-
tent with its yellow color. The solid-state emission spectrum of
Pbl4Cu;,(PPhs)4 at 10K is shown in Fig. 62. Excitation of the poly-
crystalline sample at A =358 nm produces an intense red-infrared
emission with peak maximum at 732 nm (7 =24 ps). Based on the
frontier molecular orbitals (MOs) calculation at the B3LYP level of
DFT (Fig. 61b), the 732 nm emission band can be assigned as an
iodine 5p-lead 6s to PPhs-lead 6p charge transfer, i.e., halide and
metal-to-ligand and metal charge transfer (XM-LM-CT).

The cluster PbCuglg(PPhs)g shown in Fig. 52 exhibits inter-
esting optical properties. The photoluminescence peak at 690 nm
with excitation wavelength (Aex) <363 nm has a lifetime 7 =25 us.
The luminescence peak at 542 nm with Aex >400nm has =10 s
(Fig. 63). The interesting near-infrared luminescence emission at
780nm with Aex>400nm, has a lifetime 7=17 ws. The 780 nm
emission has been assigned to be an I(5p)-Pb(6s) to PPh3-Pb(6p)
charge transition. The higher energy 690 nm emission originates
from the cubane core. The hetero metal ions in such cubes and
the relatively higher delocalized Pb-Cu and Cu-Cu interactions

732
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Fig. 62. The solid-state emission and excitation spectra of polycrystalline
Pbl4Cu,(PPhs )4 at 10K (From Ref. [73], with permission from Elsevier.)

over the bicube cluster should have significant influence on such
emissions. The 542 nm emission might be an exciton emission orig-
inating from the octahedral coordinated Pb2* ion.

The cubic chain compound [PbAg,14(PPh3); ], shown in Fig. 53
hasayellow emission at 566 nm with 7 =12 s [72], whichis around
3790cm™! red shifted compared with that of the isolated cubic
cluster Ag414(PPh3)4[77]. This emission might be assigned to a tran-
sition in the heterometallic cubane unit [Ag,Pb,142*]. The structure
characteristics of these two compounds (1D cubic chain vs. discrete
cubic cluster) suggest that the delocalization over the Ag,Pb;l4
cube may be larger than that over the Agyl, cube, thus, the cube-
related emission occurs at lower energy in the heterometallic Pb/Ag
compound.

5.3. The band gap-dimension relationship

Recent study has shown a nice band gap-dimension of
anionic moiety correlation. As shown in Fig. 64, the optical band

690
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Fig. 63. Solid-state emission spectra of PbCuglg(PPhs)s at 10 K with representative
peaks marked Adapted from Ref. [72], with permission from the American Chemical
Society.
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Fig. 64. Room-temperature optical absorption spectra for solid samples of (a) Bils,
(b) [BugN]2n[Biali4]n, (c) [PhCH2NEt3 ]4[Bigli], and (d) [PhCH, NEt; J5[Bizlg ). Adapted
from Ref. [66].

gaps of dimeric [PhCH;NEts]3[Bizlg] (Fig. 6) [18], tetrameric
[PhCH,NEt3|4[Biglyg] (Fig. 12) [33], tetranuclear-unit 1D chain
(n-BugN),,[Bigli4]ln (Fig. 32) [41], and the binary iodides Bils,
follow the trend of: dimeric [Biylg]*~ (2.19eV)>tetrameric
[Biglig]*~ (2.16eV)>tetrameric  unit-chain  [BizAgy1102" |n
(2.05eV)>monometallic  tetrameric unit-chain  [Bigl142~ ]n
(2.02eV). Such a gap reduction apparently follows an increase in
the structural dimension of the anion. Furthermore, such an Eg
reduction agrees with the increase of the corresponding M/r ratio
from 0.27 for binuclear [Biyl19]*~ cluster to 0.67 for Bils binary as
listed in Table 1.

The Eg and M/r value correlation also holds for heterometal-
lic compounds. For example, 1D [BiyAgyl;92~ ] chain and 2D
[BisAgyli62" |n layer, have r=4+2/2+4/3=6.33, M/r=0.63, and
r=2+12/2+2/3=8.67, M/r=0.69, respectively. Their optical energy
gapsare 2.05 and 1.93 eV [66], which decrease with increase in their
M/r values.

Similar trends have also been found in Bi/I/Cu heterometal-
lic compounds [67]. Red colored tetranuclear compound [n-
BU4N]2[BizCUz(CH3CN)2]10] has Eg(obs) =2.06eV, Eg(cal) =2.02eV,
r=4+4/2+2/3=6.67, and M/r=0.60. The dark red colored lin-
ear chain [Et4N]p,[BizCuzligln has Egiops) =1.89 €V, Egca1y=1.86 €V,
r=4+4/2+2/3=6.67, and M/r=0.63. The black colored thicker
linear chain [CU(CH3 CN)4]2n[Bi2CU2110]n has Eg(obs) =1.80eV,
Egca=1.90eV, r=4+4/2+2/3=6.67, and M[r=0.71. The clear
decrease of Eg in these compounds is consistent with the color dark-
ening from red to black, and such a trend fits nicely to the increase
in M/r values. Note that the calculated E values of the two linear
compounds deviate noticeably from the observed values because of
the inaccuracy of the DFT calculation method on the estimation of
Eg. In these cases M/r values seem to fit experiments better. There-
fore the M/r value would be a simple structural indicator as a very
useful complementary parameter to evaluate the property.

5.4. Contribution of Cu* or Ag* to the band structure

[sostructural compounds [Et4N]2,][BixAgalig]n and
[Et4N]2pn[BizCuzligln (Fig. 56) have the same M/r value (0.63).
However, their band gaps are different (2.05 and 1.89eV) [66,67].
The DFT calculations revealed that such a band gap difference
originates from the different contributions of Cu* and Ag* ions to
the electronic structure. As a comparison, the band structure of
the monometallic isostructural [n-BuygN];,[Bigli4]n is shown in
Fig. 65a. The highest occupied crystal orbital (HOCO) is made from
Bi-I bonding states, I nonbonding states; and the lowest unoccu-
pied crystal orbital (LUCO) is constituted with Bi-I antibonding
states. In the [BipCu,l;92~ ], anion, Fig. 65b, the I nonbonding and

0.08

0.04 R - "
[Bi 1,1, [Cu,Bi,l >, [Ag,BiyI,,*],

E-E;/Ha

0.04F

-0.08

(a) (b) (c)

Fig. 65. Total and partial DOS plots of: (a) [BugN]2n[Biali4]n, (b) [EtaN]2n[BizCuzlio|n,
and (c) [Et4N]2n[BizAgali0]n with the Fermi levels set at zero. Solid lines represent
total DOS and other lines represent the partial DOS, as follows: (dashed) Bi; (dot) I;
(dash-dot) Cu [in (b)]; and (dash-dot) Ag [in (c)]. Adapted from Refs. [66,67].

Bi-I antibonding states in HOCO show no significant energetic
changes, but the Cu-I antibonding states have now been inserted
between HOCO and LUCO. Accordingly, the tops of the valence
bands of the Cu analogs now derive nearly entirely from I and
Cu orbitals, and consequently, the energy gaps have decreased
(1.89eV for Cu analog vs. 2.02eV for monometallic [Bigli4%~ ]n).
Dissimilarly, the lower energy lying Ag* in Ag analog (Fig. 65¢)
does not influence the components of the HOCO. Thus the energy
gap is 2.05eV, only 0.03 eV larger than that for [n-BugN],,[Bigli4]n,
an increase that might derive from the overall distortion of Bi-I
skeleton by the involvement of Ag* ions.

5.5. Distinct thermal stabilities

Studies have shown that the thermal stabilities of Bi/Cu het-
erometallic iodobismuthates are determined by the Bi: I: Cu ratio
and the involvement of solvent molecule [67]. Three similar com-
pounds shown in Fig. 46 have distinct thermal stabilities. The
isolated cluster [BuyN],[BiyCuy(CH3CN),11¢] loses CH3CN ligands
around 85 °C, and ends up with a “(BugN),(CuyBi;119)” composition,
which is still a thermally stable phase. Such “(BugN),(CuyBiszl1g)”
has changed to an unknown phase which melts congruently at
145°C, and decomposes above 230 °C (Fig. 66). Contrarily, the lin-
ear and solvent free [Et4N],,[Bi>Cuylig]n is stable up to 230°C, and
no phase transition or decomposition is found. Linear compound
[Cu(CH3CN)4]2n[BizCuslig]n loses coordinated CH3CN molecules
about 80°C and decomposes to trigonal Bils plus cubic Cul. Such a
low decomposition temperature is caused by the resultant CH3CN-
free composition of “Bi;Cuyl;g is unstable with respect to the
simple binary iodides [67].

5.6. Interesting ferroelectric property

Ferroelectric materials possess a permanent dipole moment,
whichisreversible in the presence of an applied voltage. This kind of
material is required to adopt a space group belonging to one of the
ten polar point groups (Cq, Cs, C3, Cyy, C3, C3y, C4, Cgy, Cg, Cgy). Usu-
ally, the ferroelectric materials are assorted as oxides, non-oxide
inorganic crystals, organic crystals, liquid crystals, and polymers
[78].

Recent studies have found that the iodobismuthate has a rela-
tively greater chance to find a polar structure and therefore would
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Fig. 66. TG/DSC curves of compounds (a) [BusN];[BizCuy(CH3CN),110], (b) [Et4N]2n[BizCuzlipls, and (c) [Cu(CH3CN)4]2n[BiaCuzlyg]s. From Ref. [67], with permission from the

American Chemical Society.

be a novel system for the exploration of the possible ferroelectric
materials. For example, BilgCuz(PPhs)g [79] has a Bi atom with an
extremely distorted octahedral geometry with a maximum axial-
to-equatorial angular deviation of 29° to ideal 90°. Such distortion
may be related to the capping of Cul,P, tetrahedron. Isostructural
BilgAgs(PPh3)s-3H,0 [79] has less distortion around Bi center, i.e.

17° deviation of axial-to-axial angle to ideal 180°. Such distortion
is driven by the unmatched bond length of Ag/Cu-I to Bi-L

These two compounds crystallize in orthorhombic (Pna2;) and
trigonal (R3c) systems, respectively, which belong to the polar point
groups (Cy, and C3,) required for the ferroelectric materials. Their
ferroelectric hysteresis loops measured on pellets of the crystalline
sample at room temperature, indicate the remanent polarization
(Pr, nC/cm?) and coercive field (Ec, kV/cm) of ca.0.008, 0.017; and

5, 8 respectively.

Other polarized iodobismuthates

have

found
recently, such as [Cus(p-bix)3]s[Bizlg]n P1 space group [79],
and the polycrystalline sample shows Pr=0.0085pC/cm?2,
Ps=0.017 uC/cm?and Ec=~6.6kV/cm. The permanent polar-
ization of Bi/M/I system may originate with the flexibility of the

large and soft central Bi atoms and the high degree of the distortion

tolerance of the Bilg octahedron. More work is worthwhile.

6. Summary

The structural types of iodoplumbates and iodobismuthates
have been summarized according to their dimensionality. For 0D
discrete monometallic clusters, the nuclearity can be 1-8, 10 and
18. The different connections of the Mlg (M =Pb, Bi) octahedron
generate 1D polymers with different configurations via sharing
faces, edges, or apexes. The extension of the building unit in more
directions generates 3D open framework or 2D polymers or hybrid
2D layers with the aids of organic linkages. To some degree, the

structures of iodometalates are controllable by the cation effect,
ligand effect and heterometallic-iodine bonding effect.

An empirical M/r value has been proposed for the first time.
Such an M/r value is useful to evaluate ADIM and the properties
of iodometalates. In addition, the M/r values of different examples
invariably increase with a decrease of the energy gaps, which is in
good agreement with their apparent color changes, and the elec-
tronic structure analyses. The M/r values may be a key to access
the design and rational syntheses of novel iodometalates, and
such empirical rules are expected to be suitable in other systems,
such as Sn/I, M/X (X=F, Cl, Br) or TM/Ch (TM =transition metal,
Ch=chalcogen).

Several property-structure relationships, such as luminescence
related to the structural configuration, distortion and heterometal-
lic bonding interactions; thermal stability variations with the
dimensionality and composition; energy gap-to-ADIM correlation;
and ferroelectricity arising from the flexibility and distortion are
discussed. The different contributions of heterometallic cations to
the band structures are also presented.

One of the charms of chemistry is the ability for rational syn-
thesis to access the target compound with a desired property,
which is based on a thorough understanding of the structure and
property-structure relationship. lodometalate is such a system
deserving of continuous exploration.
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