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CONSPECTUS

luster-assembled materials combine the nanoscale size and composition-dependent

properties of clusters, which have highly tunable magnetic and electronic properties
useful for a great variety of potential technologies. To understand the emergent properties
as dusters are assembled into hierarchical materials, we have synthesized 23 duster-
assembled materials composed of As;>~-based motifs and different countercations and
measured their band gap energies. We found that the band gap energy varies from 1.09 to
2.21 eV. In addition, we have carried out first principles electronic structure studies to
identify the physical mechanisms that enable control of the band gap edges of the duster
assemblies.

The choice of counterion has a profound effect on the band gap energy in ionic cluster
assemblies. The top of the valence band is localized on the arsenic custer, while the
conduction band edge is located on the alkali metal counterions. Changing the counterion
changes the position of the conduction band edge, enabling control of the band gap energy.

We can also vary the architecture of the ionic solid by incorporating cryptates as counterions, which provide charge but are separated
from the dusters by bulky ligands. Higher dimensionality typically decreases the band gap energy through band broadening;
however band gap energies increased upon moving from zero-dimensional (OD) to two-dimensional (2D) assemblies. This is because
internal electric fields generated by the counterion preferentially stabilize the adjacent lone pair orbitals that mark the top of the
valence band. Thus, the choice of the counterion can control the position of the conduction band edge of ionic cluster assemblies. In
addition, the dimensionality of the solid via internal electric fields can control the valence band edge.

Through covalently linking arsenic dusters into composite building blocks, we have also been able to tune the band gap energy. We
used a theoretical description based on duster orbital theory to provide microscopic understanding of the electronic character of the
composite building blocks and the observed variations in the band gap energy. Also, we have shown how dimeric linkers can be used to
control the band gap energy. Lastly, we also investigated the effects of charge transfer complexes of M(CO); on the band gap energy.

Introduction

Materials in which nanoscale clusters serve as building
blocks enable the integration of multiple length scales into
a hierarchical material."? Since the properties of clusters
change with size, composition, and oxidation state, and the
emergent behaviors depend on their architecture, clus-
ter assemblies offer the attractive proposition of forming
materials with novel combinations of properties. These
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materials serve as links between the predictable size-invariant
properties of solids and the evolution in properties ob-
served at the subnanometer scale where every atom and
every electron count.>~'? Recent synthetic advances con-
firm that the materials retain many of the characteristics of
the original building blocks.'*~ "> Cluster-assembled solids
involve building motifs coupled by linkers and offer unusual
properties because they combine intracluster, intercluster,
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and linker-cluster interactions, unavailable in atomic solids.'6~2°

The fundamental question is, what controls the properties
once the clusters are incorporated into an extended nano-
scale material?

An important class of cluster-assembled solids are the
Zintl phases where the primitive motifs are the multiply
charged polyatomic anions, called Zintl anions, formed by
the heavier (and mildly electronegative) post-transition
elements."? Zintl anions can combine with cations of highly
electropositive elements, such as alkali metals, to form
crystalline solids and “melts’, which are usually referred to
as Zintl phases.? While Zintl phases have been known for
quite some time, recent studies have indicated that the Zintl
anions can be covalently linked to make new building
blocks and that the nature of the assemblies can be further
controlled by extending the countercations to include cryp-
tated ions.>?'%? Through variations of the anionic motifs and
alkali/cryptated ions, it has become possible to assemble the
resulting solids in various architectures including zero-dimen-
sional (0OD), one-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D) solids. We have synthesized multiple
architectures incorporating As;>~ dlusters through control of
the countercations, variation of the ionic and covalent linker,
and addition of charge-transfer complexes. Taking the band
gap energy of the resulting material as the property of choice,
we demonstrate that the energy bands in these cluster solids
exhibit far less dispersion than in atomic solids and that the
band gap energy can be controlled over a wide range.

The purpose of this Account is to highlight how the
cluster-assembled materials can offer the ability to control
band gap energy and provide nanoscopic understanding of
such variations. We focus on the cluster-assembled materi-
als derived from anionic As,3~ combined with counterca-
tions including alkali metals and cryptated K" ions, and
building motifs that involve Zintl ions covalently linked
with Hg, Zn, Cd, Pd, etc. We first demonstrate how different
cluster assemblies can be synthesized by using covalent
linkers and assembling them with countercations in various
proportions. Through X-ray diffraction, we probe the struc-
tures of the new assembilies, and through reflectance spec-
troscopy, we show how such assemblies offer variations in
the band gap energy (Figure 1 and Table 1). First principles
electronic structure calculations then probe the nature of the
electronic states and, in particular, the nature of electronic
orbitals controlling the band edges. The variations in the band
gap energy are then shown to result from three distinct effects:
(1) the variations in conduction band edge through the choice
of countercations, (2) the variations in valence band edge

2386 = ACCOUNTS OF CHEMICAL RESEARCH = 2385-2395 = 2013 = Vol. 46, No. 11

2.4
=
& ; 20 3-D oo
s v
O — 1.64
o >
= 2
) g i
A 5
’>'\ :
g0
S 216
e
= b 1.2
[
B & 08
88
0.4
2.4
201 1-D

[AuyAs),1"
« M(CO)As
« Zn/Cd Linked
« [Pd(As),]"

Band Gap
Energy (eV)
RSz
 —
- -
' :

20 0-D

Band Gap
Energy (eV)
%

0.0
2.44

@i
e

2.0+
1.6
1:2

0.84

Band Gap
Energy (eV)

0.4+

T T
]l7|6920|31912522423186112_178102314]5
Cluster Assemblies

FIGURE 1. Experimental and theoretical band gap energies for 23 cluster-
assembled materials. The bar graph and symbols indicate the experimental
and theoretical band gap energies. The numbering corresponds to Table 1.
The symbol indicates the class of arsenic-based cluster used in the assembly.

through large ionic fields derived from countercations, and
(3) introduction of states in the gap resulting in new band edges
much like the impurity states. The first principles studies also
demonstrate how the electronic structure of the solids result
from the interaction of electronic orbitals of individual clusters
and how a basis set consisting of states in individual clusters
provides a reasonable framework to analyze the electronic
structure of the assembled material. Our studies offer funda-
mental insights needed to lay the groundwork for the synthesis
of new nanoscale materials with tailored properties.
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TABLE 1. Experimentally Measured and Theoretically Calculated Band Gap Energy for All Clusters

compounds cluster formula

band gap (eV) (exptl) band gap (eV) (theor)

1 [

2 [(K-crypt)Cs3][As;]

3 [(K-crypt); 5Cs1.5][As7]

4 [(Rb-crypt); 5Cs1 5][As7]

5 [K-cryptla|Aux(Asy),]

6 [(Rb-Crypt)Rb,]5[AU(AS7),]
7 [(K-crypt)2Csal[Aux(Asy),]
8 [(Rb-crypt)>Csa][Aux(As7)a]
9 [(K-crypt)2K>][Aua(As7)2]

10 [K-crypt]a[Zn(As;)2]

1 [K-crypt][Cd(As7)-]

12 [K-crypt]4[Hg2(As7)2]

13 [K-crypt]s[HgAS(AS;)-]

14 [K-crypt]a[zn(As;)2Cs]

15 [K"Cryptlz[cd(AS7)2Rb2]

16 [K-crypt]a[Pd>(As7)o]

17 [K-crypt]2[Pd2(As;)>Cs5]

18 [K-crypt|s[Cr(CO)sAs7]

19 [K-crypt]s[(en)Mo(CO)3As;Mo(CO)3]
20 [K-crypt]s[(en)W(CO)3As,W(CO)3]
21 [K-crypt]>[As;Cr(CO)5Cs]

22 [K-crypt]>[As;Mo(CO)3Cs]

23 [K-crypt]>[As;W(CO)5Cs]

1.09 £ 0.05 1.19
204 +0.17 1.98
2.08 +£0.05 1.84
1.77 £ 0.05 1.80
1.69 £+ 0.02 1.68
1.87 £0.05 2.09
1.97 £ 0.01 2.06
1.98 £ 0.05 2.00
1.46 £ 0.02 1.43
1.99 £ 0.05 1.97
1.87 £ 0.04 1.92
1.67 £ 0.04 1.72
1.62 + 0.04 1.59
2.16 £ 0.02 1.96
221+0.04 1.96
1.35 £+ 0.003 1.39
1.15 £ 0.004 1.14
1.80 £+ 0.003 2.10
1.64 £+ 0.004 1.70
1.52 + 0.004 1.65
1.90 £ 0.02 1.97
1.76 £ 0.02 1.89
1.78 £ 0.02 1.86

Synthesis and Control of Dimensionality of
Cluster-Assembled Materials

Controlling the assembly of multiply charged cluster building
blocks into extended solids offers a strategy for constructing
ionic cluster-assembled materials with tunable properties. The
As; duster typically requires three additional electrons to
complete its electronic shell. Numerous duster solids were
crystallized in presence of the polycydic multidentate ligand,
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane
(known as cryptand-222; henceforth “crypt’), and structurally
characterized using X-ray crystallography. The selection of
crypt as a cation sequestering agent facilitates the syntheses
of Cs-linked cluster assemblies due to crypt's selective seques-
tering ability for Kand Rb over Cs. Figure 2 shows eight cluster-
assembled materials, with two examples each of 0D, 1D, 2D,
and 3D duster assemblies. The structural determination by the
single-crystal X-ray diffraction technique has been discussed in
detail in ref 23. Judicious choice of the counterion, stoichiom-
etry, and degree of cryptation offer several degrees of freedom,
which enable the formation of numerous cluster-assembled
materials with different properties.

Determination of Band Gap Energy

Variations in the composition and architecture of cluster
assemblies constructed from the same building blocks can
lead to different optical properties. We demonstrated this by
measuring the optical band gap energy of 23 cluster-
assembled materials based on As; using diffuse reflectance
spectroscopy and the Kubelka—Munk model.*~2° For a
crystalline solid with a non-zero band gap energy (Eyg), the

frequency dependence (v) of the absorption coefficient («)
can be approximated as

where By is a constant derived from the square of the
averaged dipolar momentum matrix element and n is
equal to 0.5 and 2 for direct and indirect band gap
transitions, respectively.>”~2° The absorption coefficient
() can be measured from the reflectance (R) and ex-
pressed as « = (1 — R)*/(2R). From the above equation, the
band gap energy of a material can be obtained by extra-
polating to the x-axis intercept with a linear fit to a plot of
(<hv)'"" vs hv. Figure 3A shows these Tauc plots for the
measured cluster assemblies 1—4, while the values of the
band gap energies for all the mentioned duster assemblies
are plotted in Figure 1 and listed in Table 1. Figure 1 also
diagrams the band gap energy of the cluster assemblies as a
function of the dimensionality. The results reveal a trend of
band gap energies increasing from 0D to higher dimen-
sionalities, although exceptions to this simple rule are
observed. The formula for indirect band gap energy was
used in all cases as we have found this to be most applicable
to these systems with rather flat bands.>

Band Gap Energy Tuning: Role of Countercation
We observed significant variations in the band gap energies
of cluster-assembled materials constructed from the same
As;>~ cluster building block with different countercations.??
Vol. 46, No. 11 = 2013
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FIGURE 2. Crystal structure of cluster assemblies with 3D architectures (1 and 14); 2D architectures (2 and 7); 1D architectures (9 and 23); and 0D

architectures (10 and 18).

For example, [Css][As;] (compound 1, Figure 2 (3D)) has Epg=
1.09 eV, while [Cs,(K-crypt)][As;] (compound 2, Figure 2 (2D))
has Epg = 2.04 eV. Cluster assemblies made from the same
motif should be isoelectronic, yet the band gap is almost
doubled when Cs is replaced with cryptated K.

First principles electronic structure investigations were
undertaken to probe the electronic band structure and the
nature of the electronic states marking the set of highest
occupied and lowest unoccupied molecular orbitals (HOMO
and LUMO, respectively). The calculations on the bulk solids
have been performed on the basis of X-ray crystallographic
structures. In selected cases, we allowed the structures to
relax, but the relaxations were minimal. Consequently, we
have used geometries based on expetimental X-ray data.

To probe the origins of the variation in the band gap
energies, we examined the nature of the frontier orbitals in

2388 = ACCOUNTS OF CHEMICAL RESEARCH = 2385-2395 = 2013 = Vol. 46, No. 11

isolated AzAs; clusters. The HOMO and LUMO charge den-
sities are plotted in Figure 3b. The HOMO is composed of
contributions from the As atoms, and the LUMO is localized
onthe alkali metal cations. Further, the LUMO of the material
is derived from the absolute position of the HOMO of the
neutral alkali metal atom. This close correlation is seen in
Figure 3d, which shows the energies of the HOMOs of the
alkali metal atoms and the calculated band gap energy of
the pure Zintl materials. These were obtained by calculating
the band structures of optimized A3;As; and AsAs;; assem-
blies for various alkali atoms in the observed orthorhombic
and monocdlinic structures of CszAs; and Cs3Asq¢. The ex-
perimental and theoretical band gap energy for [K-crypt|s-
|Asq4] are also included. The HOMO of the free neutral atom
is lowest for lithium and increases as the size of the atom
increases, except for the cryptated potassium, in which the
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lone pair on the polyether greatly destabilizes the HOMO.
Mixing of the states is evident in solids containing multiple
countercations, because replacing a single Cs atom with
cryptated K ions results in an increase of Epg from 1.1 to
2.1 eV. The nature of the countercation is the dominant
factor that controls the band gap energy in these assemblies.

Band Gap Energy Tuning: Role of Internal
Electric Field

The HOMO—LUMO gap of the isolated [As;]>~ clusteris 1.80eV;
however, the band gap energy of the 2D sheets of [As;]>~
linked by Cs and Rb and separated by K-crypt are consistently
larger, ranging from 1.97 to 2.08 eV. Changing the assembly
from a OD to a 2D architecture is generally expected to decrease
the band gap energy through increased band broadening due
to larger coordination; however, we generally observe an
increase in band gap energy, as seen in Figure 1.3° The symbols
in Figure 1 mark the character of the cluster building block, and
the gold-linked, Zn- and Cd-linked, and M(CO)s-bound dlusters
all show an increase in the band gap energy as the dimension-
ality of the assembly increases. To understand this phenomen-
on, we focused our search on the [Au,(As;),]*~ composite
cluster in which we synthesized multiple counterion-directed
architectures of [K-cryptls[Au,(As5),] (compound 5), [(Rb-crypt-
)RD,]5[Au,(As7),]  (compound  6),  [(K-crypt)Cs,lL[Aux(Asy)o]

(compound 7), and [(Rb-crypt)Cs]o[Aus(As,),] (compound 8).3°
Structural analyses reveal that all these compounds 5—8 have
the same basic building block [As,Au,As,]*~, but changing the
cation results in OD (5) and 2D (6—8) architectures (Figure 4). The
experimental band gap energy of compound 5 is found to be
1.69 eV and is in good agreement with the theoretically
calculated value of 1.68 eV (Table 1). In this solid, the valence
and conduction band edges are derived from As and Au states,
respectively, because the K-crypt states are pushed up and
buried deep into the conduction band (Figure S2, Supporting
Information). The OD compound 5 reveals the intrinsic band
gap energy of an isolated [Aus(As,)5]*~ motif and can be used
as a guide to understand variations in band gap energies in
assemblies with higher connectivity. The structures of 6—8 are
2D layers formed by interactions of Rb (6) and Cs (7 and 8)
cations with [Au,(As,),]*~, while cryptated alkali cations sepa-
rate these layers (Figure 4b and Figures S3 and S4, Supporting
Information). The band gap energies of compounds 6—8 are
found to be 1.87, 1.97, and 1.98 eV, respectively, and are in
good agreement with the theoretically calculated values
(Table 1). The band gap energies for all of the 2D assemblies
(6—8) are larger than the band gap energy of the 0D assembly
(5), whose band gap energy is expected to be the upper limit.
How does varying the architecture of the assembly in-
crease the band gap energy to a larger value than that of an
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FIGURE 4. (a) Crystal structure of [Au,(As;),]*", 5. (b) Two-dimensional
distorted honeycomb-like layers of [Au,(As;),]*~ linked by Cs* in 7 as
viewed along the a axis.

isolated cluster motif? Our hypothesis is that the counterions
connected to the clusters generate an internal electric field
that alters the band gap energy through modulating orbitals
at the band edge in a manner analogous to crystal field
theory. To test this idea, we calculated the electronic
structure for an isolated [Aux(As-),]*~ cluster (Figure 5a) with
four point charges, z, placed at the same positions as Cs in
the solid. The point charges were varied from 0.0 to +1.0e,
and the HOMO—-LUMO gap and electronic spectrum were
monitored. The HOMO—LUMO gaps increased by 0.34 eV
when the point charge was varied from 0 to +0.5e for the
gold-linked clusters and then decreased with higher fields.
The density of states (DOS) as a function of electric field is
shown in Figure S5, Supporting Information. We found
that the increase in the HOMO—LUMO gap is caused by
stabilization of the HOMO with increasing field, while the
LUMO states show little change until z = 40.6e. Further
increased electric fields reduce the gap because the
As—Au mixed states are strongly stabilized to become
the LUMO at high field. Similar electric-field-dependent
behavior is observed for As;>~ clusters; however, the gap
increases monotonically up to 2.98 eV with increasing
electric field (Figure 5b). We confirmed this by examining
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FIGURE 5. (a) The positions of point charges in the cluster model and (b)
variation of the band gap energies. (c) The calculated electrostatic
potential of (As;)-Au>*~ and Cs,(As,)>Aus (5 and 7).

the local electrostatic environment of our cluster models
in Figure 5c with the associated HOMO plotted as an
isosurface. Figure 5c shows the electrostatic potential of
[(Aus)(As7)-]*~ and Cs4[(Aus)(Ass)s] because the electric
field corresponds to the gradient of the electrostatic po-
tential; a red to blue sequence indicates a stronger electric
field. In [(Au,)(As;)-]* ", the electrostatic potential falls off
gradually from the isolated cluster because no adjacent
counterions are present to generate internal electric
fields. In contrast, for the case of Cs4[(Au,)(As5)>], there
is a large electric field generated by the Cs counterions,
precisely along the path of the HOMO orbital. The band
gap energy variation also depends on the precise loca-
tion of the electric field generated by the counterion
and by the charge density of the states near the Fermi
energy, so it may not always result in an increase of the
band gap energy. These results show that the band gap
energies of the 2D ionic solids (6—8) increase due to the
generation of internal electric fields by the adjacent
counterions.
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(©)

(d)

FIGURE 6. Cluster unit of (a) [K-cryptla[Zn(As;)-] - 2en (10), (b) [K-cryptls[Cd(As5),] - en (11), () [K-cryptla[Hg2(As7)2] (12), and (d) [K-crypt]s[HgAsAs1 4] (13).

For clarity, [K-crypt] and solvent molecules are not shown.

Band Gap Energy Tuning: Role of Covalent
Bonding

Covalently linking clusters offers a third strategy for altering
band gap energies. To test this strategy for band gap energy
control, we have synthesized a series of cluster-assembled
materials in which the building blocks are As,>~ clusters
linked by group 12 metals, Zn, Cd, and Hg.3' We have
synthesized 0D assemblies of [Zn(As;),]*~ (compound 10),
[Cd(As;),]*~ (compound 11), [Hgx(As;)-]*~ (compound 12),
and [HgAsAs 4>~ (compound 13) (Figure 6). The Zn and Cd
atoms covalently link the two As; clusters as confirmed by
the change in the oxidation states of the As; clusters decrease
from —3 to —2 demonstrating that the dusters have been
oxidatively coupled. The band gap energy of [K-crypt]4[Zn(As,)] -
2en (compound 10) was measured to be 1.99 4+ 0.05 eV and that
of [K-arypt]4[Cd(As;),] - en (compound 11) to be 1.87 & 0.04 eV
(Figure 1 and Table 1).

An examination of the molecular orbital diagrams of
[Cd(As;),]*~ and [Zn(As;),]*~ in Figure 7A,B reveals that the
bonding can be rationalized within a cluster orbital picture.
In Figure 7, bonding orbitals are indicated by red lines, and
antibonding orbitals are indicated by blue lines. In the case of Zn
and Cd, the electronic spectrum of As,>~ is maintained after
being coupled, except for a few molecular orbitals. One set of
deep orbitals of Zn is split into occupied bonding and antiboding
orbitals, and a second set of bonding and antibonding orbitals
are formed to be the HOMO-2 and LUMO+11. The bind-
ing energy is calculated to be 226 eV, consistent with
a covalent bond. The positioning of the HOMO—-2 bonding
orbitals is unusual because the orbital has b symmetry requir-
ing that clusters are coupled by a high-energy Zn 4p orbital.

A

Energy (ev)

Energy (eVl
o
&

24

g &

]

;
|
)

As] HgAs,  Hg(As)"

FIGURE 7. Molecular orbital diagram for (A) [Zn(As;)-]*, (B)
[Cd(As;),]*~, and (C) [Hga(As7)a]* "
The high-energy antibonding orbital has two nodes while
having significant contributions from the 4s orbital. A fragment
analysis of these orbitals confirms that 67% of the bonding
orbital comes from the indicated orbital and 52% of the
antibonding orbital comes from this occupied fragment orbital.
To understand the unexpected formation of the Hg—Hg
bond, we examined the molecular orbital diagram of
[ng(As7)2]4’ (compound 12). The Hg dimer has a net bond
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order of zero because the 6s valence electrons form bonding
and antibonding orbitals.3*>* Hg,*" is a stable species due
to its bond order of one, because the antibonding orbital is
unoccupied after oxidation. In compound 12, the 6s orbital
of the Hg atom overlaps with the same HOMO-1 orbital of
the As,>~ cluster near the Fermi energy as for the case of Cd
and Zn atoms to form the molecular orbital shown in
Figure 7c. The [HgAs7]3* orbitals form bonding and anti-
bonding orbitals when combined, and the antibonding
orbital is unfilled, resulting in a net bond order of one with
a calculated binding energy of 1.32 eV.>* Compound 12 is
found to have a smaller band gap energy than that of 10 or
11. This is caused by the splitting of the LUMO level of the
[Hg(As,)]*~ intermediate, shown in Figure 7c into a pair of
weakly bonding and antibonding orbitals. The LUMO in
Figure 7c is stabilized in a weak bonding orbital, reducing
the HOMO—LUMO gap energy of the solid. The [Hg,(As;),]*
is stabilized through oxidative coupling between the clus-
ter—mercury complex, which pushes up the ¢ antibonding
orbital to reduce the oxidation state by two. The measured
band gap energy of this compound is 1.67 + 0.04 eV
(Figure 1 and Table 1), ca. 0.32 eV lower than that for
compound 10. To probe the nature of the states marking
the occupied and unoccupied bands in the solid, we calcu-
lated the electronic structure of the cluster models and periodic
structure, and the resulting DOS are shown in Figure 8. Note
that unlike compounds 10 and 11, where the unoccupied band
is formed by the electronic states of the crypt, the unoccupied
band here is marked by states having significant contributions
from the Hg and As; cluster orbitals.
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Fragment analyses show that the bonding and antibonding
orbitals of the composite dusters are built primarily from the
molecular orbitals of the initial As,>~ cluster. The oxidative
coupling between dusters via Cd, Zn, and Hg are consistent with
a “dluster orbital” picture where molecular orbitals of the clusters
behave like atomic orbitals in molecular orbital theory.3*

In compound 13 [HgAs(As;),]*~, two As; clusters are
bound by a Hg—As dimer. The measured band gap energy
is the lowest for these covalently linked cluster assembilies.
The band gap of 1.62 + 0.04 eV (Figure 1 and Table 1) is due
to broadening of the cluster's electronic band of states from
the frontier orbitals.

We have linked the compounds 10 and 11 by Csand Rb to
3D structures, compounds 14 and 15 respectively, (Figures S6
and S7, Supporting Information) and measured the band gap
energy.! The increased band gap energy due to the internal
electric field generated by the counterion is similar to the Au-
linked case.

Band Gap Energy: Linker States Embedded in
the Gap

We have synthesized different types of covalently linked
clusters where linkers are dimeric. These are [K-crypt]s[Auy-
(As7)2] (5), [K-cryptlalHg2(As7)2] (12), and [K-cryptls[Pd(Asz)s]
(16) (Figures 4a, 6¢, and 9a, respectively). The band gap
energy of the Pd»-linked clusteris 1.15 eV, whereas it is 1.67
and 1.69 eV, respectively, for the Hg,- and Au,-linked dusters 3>
To probe the much lower band gap energy of the [Pd>As4]*~
motif, we examine the molecular orbital diagram of the As,>~
and Cs4[Pd»As; 4] clusters, analogous to compound 17 (Figure 9b).
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FIGURE 9. (a) The cluster unit of 16, [K-crypt]4[Pd2(As;)-] - 3en. (b) Mo-
lecular orbital diagram from [As;]>~ and Pd,(As;),Css.

The intrinsic band gap energy of As,>~ is 1.80 eV, so we have
aligned the lone pair orbitals from [Pd>As 4] 4= with the lone pair
orbitals of As;>~. The lone pair orbitals in As;®>~ and Cs[Pd,As, 4]
are both localized on the equatorial atoms and have similar
character (Figure 9b). The Pd, X, orbital is the HOMO of Cs,-
[Pd>As;4] and is 0.36 eV higher than the lone pair orbitals making
it a localized orbital embedded in the band gap of As;*". This
molecular orbital is primarily composed of the 4d,. orbitals of the
Pd dimer. The LUMO involves both As; and the Pd atoms. This
demonstrates that the Pd dimer creates a set of states that are
embedded in the band gap of the As,>~ duster, offering another
strategy for controlling the band gap energy.

Band Gap Energy Tuning: Role of Charger
Transfer Complex

Charge-transfer complexes are well-known as strong absor-
bers of visible light, so their incorporation into cluster-
assembled materials may affect the optical properties of
the materials. We have synthesized and examined the
effects of charge transfer on the band gap energy of cluster
assemblies from As,>~ bound to one or two M(CO); mole-
cules, in which M is one the group VIB elements, Cr, Mo, and W.
Our investigations included 0D assemblies of [As,Cr(CO)5]3~
(18), [(en)Mo(CO)sAs,(Mo(CO)5)-1>~ (19), and [(en)W(CO)sAs,-
(W(CO)3)-]3>~ (20) and 1D assemblies of [As,Cr(CO)s]>~ (21),
[As;Mo(CO)s]*>~ (22) and [As;W(CO)s]*>~ (23) linked by Cs
atoms (Figure 1 0).3® To understand the effects of charge-transfer
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As 7 unit

As 7 unit

® LW
: Cr

FIGURE 10. X-ray crystallographic structures of (A) [K-crypt]s[As,Cr-
(CO)s], 18; (B) [K-cryptls[(en)Mo(CO)sAs;Mo(CO)s], 19; (C) [K-cryptls[(en)-
W(CO);WAs(CO)s], 20; and (D) [K-cryptl>[As;Cr(CO)sCs] - en- THF, 21. For
clarity, K-crypt is not shown.

ligands, we have carried out analyses of the electronic
structure. The small variation in the band gap energies of
the [As;M(CO)s]*>~ cluster assemblies is due to the small
perturbation of the electronic structure of the cluster and
the close alignment of the metal carbonyl orbitals and lone
pair orbitals of the arsenic cluster. The band gap energy of
the isolated [As,]>~ cluster is 1.80 eV, and the variations of
the 1D [As;M(CO)s]>~ clusters and isolated [As,Cr(CO)s]>~
cluster are all within 0.10 eV of that band gap energy. The
bonding between the cluster and metal—carbonyl is due to
charge transfer, so the electronic structure of the cluster
involves no significant reordering of electronic levels.
Furthermore, the lone pair HOMO of the cluster is closely
aligned with the HOMO of the metal carbonyl complex so
the “valence band edge” of the cluster is unaffected, unlike
the Pd dimer case. The LUMO of the metal carbonyl is also
quite high in energy, so it does not affect the conduction
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FIGURE 11. The one electron levels at the y point for NazAs;, K5As7,
Cs3As;, the free As,>~ dluster (5), 7, and 3.

band of the cluster-assembled material. The metal carbonyls
cover only one of the three binding sites that alkali metals
typically use to link the clusters, so it does enable the
formation of 1D chains of clusters linked by alkali atoms.
The variations in the band gap energies by these group VIB
complexes are quite small, although they do offer a method
of controlling dimensionality.

Conclusions

We have presented a comprehensive overview of the
nanoscale materials formed from the assembly of bare
and linked As;>~ clusters with a variety of countercations.
All the assembled materials are semiconductors with energy
bands that have little dispersion, indicating minimal direct
interaction between cluster-based building blocks. Yet, the
band gap of the resulting solids can be varied over a large
range from 1.09 to 2.16 eV. Figure 11 demonstrates strate-
gies for changing the positions of both the valence band
energy and the conduction band energy. We have found
that the identity of the counterion controls the position of
the conduction band edge and that starting with the As;>~
building block, the band gap energy decreases as the counter-
jon is switched from Cs to K and Na due to the position
of the atomicHOMO. The valence band of the cluster assembly
may be controlled through the architecture of the solid, in
which internal electric fields generated by the alkali counterion
preferentially stabilize the orbitals at the top of the valence
band edge. The effect of covalent bonding on the band gap
energy has also been investigated using cluster orbital theory.
We have studied the effects of additional linkers including
palladium, which embed states in the band gap of the cluster
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causing a decrease in the band gap energy, as well as charge-
transfer complexes. These studies have revealed the rich
phenomena that emerge as nanoscale clusters are brought
together to form hierarchical materials and highlight the
promise of hanoscale matetials with tunable properties. This
work has revealed some of the citical nanoscale design
parameters for hard metallic clusters and joins many other
efforts to find these critical parameters. For example, in soft
nanodusters including dendimers, the architecture, surface
chemistry, size, and shape of dendrimer are found to control
the properties and encompass nanoperiodic property patterns
for the prediction of dendrimer polymer properties.3” DNA—
nanoparticle superlattices have also been found to have similar
critical rules that determine the architecture of the materials.>
The strategies presented here to control the band gap energy in
cluster-assembled materials are fundamental to the goal of
advancing the study of dlusters and nanoparticles from recipes
and techniques to concepts and design rules.

This material is based upon work supported by the U.S. Depart-
ment of the Army, Army Research Office (AFOSR), through MURI
Grant W9T11NF-06-1-0280. S.N.K. acknowledges support from
the AFOSR through MURI Grant No. FA9550-08-1-0400.

Supporting Information. Theoretical calculations, repre-
sentations of the structures of clusters 3, 6, 8, 14, and 15,
densities of states for clusters 5, 7, and 9, band structure of 7,
and density of states of an isolated [Aux(As)-]*~ cluster. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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