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promising discovery in the field of

clusters and nanoscience is the de-

velopment of nanoscale materials
with clusters as building blocks. As the
properties of clusters change with size and
composition, cluster assemblies offer the at-
tractive proposition of forming materials
with novel properties.'* Many cluster sol-
ids involve building motifs coupled by link-
ers and offer unusual properties because
they are marked by intra- and intercluster
and linker—cluster interactions and length
scales, unavailable in atomic solids.? Also,
the electronic properties of a cluster solid
will depend on both the electronic states of
individual clusters as well as the longer
range interactions found after incorporat-
ing the clusters into a material. The elec-
tronic structures of cluster solids may be
very different from free clusters, for ex-
ample, the gap between the highest occu-
pied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO)
in a free LisAs; cluster is 2.86 eV, while the
band gap of the corresponding solid is only
0.52 eV.? Consequently, to understand the
origins of properties in these cluster solids,
the interactions that control the relation-
ship between the electronic states of the
cluster and linkers and the nearby clusters
must be characterized. This relationship has
led to novel properties, such as the super-
conducting transition temperature of alkali-
doped fullerides," magnetism in assemblies
of nonmagnetic elements,? and tunable
band gap energies in assemblies made from
As;*~ motifs.” In fact, Zintl phases'® consist-
ing of polyvalent anions ionically linked via
strong ionic interactions with cations some-
times exhibit semiconducting or metallic
behaviors. Here, we demonstrate a new
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ABSTRACT Assembling ionic solids where clusters are arranged in different architectures is a promising

strategy for developing band gap-engineered nanomaterials. We synthesized a series of cluster-assembled ionic

solids composed of [As;— Au,—As;]*~ in zero-, one-, and two-dimensional architectures. Higher connectivity is

expected to decrease the band gap energy through band broadening. However, optical measurements indicate

that the band gap energy increases from 1.69 to 1.98 eV when moving from zero- to two-dimensional assemblies.

This increase is a result of the local electric fields generated by the adjacent counterions, which preferentially

stabilize the occupied cluster electronic states.

KEYWORDS: cluster-assembled materials -

manifestation of this interplay in ionic clus-
ter assemblies; the cluster’s electronic struc-
ture can be altered by the ionic linkers,
which can lead to unexpected behaviors.

In this work, we study ionic cluster assem-
blies built out of covalently linked multicenter
building blocks of [As;—Au,—As;]*~ com-
posed of two As; units linked by Au atoms.
The covalent linking not only changes the
oxidation state of the composite cluster'’ 23
to —4 but also allows assemblies of various
dimensionalities through choice of alkali
counterions that directly link the multiply
charged clusters and sequestering agents
that capture ions and reduce the dimension-
ality. This enables a comprehensive study of
the effect of varying the architecture on the
properties of the assembly, thereby providing
insights that may be applied to other ionic
nanoscale assemblies. Since clusters have de-
localized orbitals with differing orientations,
different regions of the electronic spectrum
are affected differently by the presence of the
electric field generated by the cations. We
find that two-dimensional arrangements
have higher band gap energies than zero-
and one-dimensional assemblies because of
the large localized electric field generated by
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the counterions that preferentially stabilize the states at
the top of the valence band.

RESULTS AND DISCUSSION

In this study, we synthesized multiple counterion-
directed architectures of [As;Au,As;]*~ as (1)
AU, (As7)2(K-Crypt)s, (2) Aua(As7),Kx(K-Crypt),, (3)
Auy(As7),Rb,(Rb-Crypt),, (4) Au,(As;),Cs,(K-Crypt),, and
(5) Auy(As7),Csy(Rb-Crypt),. “Crypt” is the sequestering
agent 4,7,13,16,21,24-hexaoxa-1,10-
diazabicyclo[8.8.8]hexacosane. The structures of
the resulting solids were characterized through
X-ray diffraction, and pertinent experimental de-
tails of 1—5 are presented in Table S1, Supporting
Information. Figure 1 shows the X-ray crystallo-
graphic structures of 1, 2, and 4 and the interac-
tion of [As;Au,As;1*~ with naked alkali metal cat-
ions. Compounds 1—5 all have the same basic
building [As;Au,As;]*~, but changing the cation re-
sults in zero- (1), one- (2), and two-dimensional
(3—5) architectures (Figure 1 and Figures S1—3,
Supporting Information). The structure of the
[Auy(As;),]*~ consists of two As;, A (left) and B
(right), bonded to either side of the Au dimer (Fig-
ure 1b). A comparison of the structures of 1—5
also reveals the flexible combinatorial nature of
As; and Au, fragments, which can adopt different
orientations depending on the specific counterca-
tion size (K* as compared to Rb* and Cs™). For ex-
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Figure 1. (a) [Auy(As;),]*~ and (K-Crypt)* in 1 viewed along the b axis. (b) [Au,(As;),]*, two arsenic clusters A and B linked

through a gold dimer in 1. (c) One-dimensional arrangement of 2 as viewed along the b axis. (d) Two different naked K* cat-
ions with [Au,(As;),]*~ in 2. (e) Two-dimensional distorted honeycomb-like layers of [Au,(As;),]1*~ linked by Cs* in 4 as viewed
along the a axis. (f) Cs* cations with [Au,(As;),]*~ in 4. As is red, Cs is purple, K is blue, and Au is gold; the crypt is not shown.

ample, the arrangements of the As; units with respect
to Au dimers are found to be identical in 1 and 3—5 but
different in 2 (Figure 1 and Figures S1—3, Supporting
Information). In particular, arrangements of the two As;
units are similar with respect to the Au dimer in 2, while
they are oppositely oriented in 1 and 3—5. The Au—As
bond distances of 1—5 are found to be in the range of
2.43—2.46 A, which is in the typical range for Au—As
bonds.?* Also an axial Au—Au bond is observed, rang-

4.0

= [2] Au,(As,),K,(K-Crypt),
3.5 4 = [1] Au,(As,),(K-Crypt),
| = [3] Au,(As7),Rb,(Rb-Crypt),
: [5] Au,(As7),Cs,(Rb-Crypt),
3.04 — [4] Au,(As7),Cs,(K-Crypt),
2.54

2.0 -
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Energy (eV)

Figure 2. Tauc plots showing the band gap energies determined
from the optical absorption spectra (see text) of (1) Au,(As;),(K-
Crypt)s, (2) Auy(As;)-K,(K-Crypt),, (3) Au,(As;):Rby(Rb-Crypt),, (4)
Au,(As;),Cs,(K-Crypt),, and (5) Au,(As;),Cs,(Rb-Crypt),.
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Figure 3. (a) Calculated DOS and projected DOS on each atom for cluster models of 1, 2, and 4, broadened by 0.075 eV Lorentz-
ians. (b) Calculated band structure of 4, where the two-dimensional plane corresponds to Y—T".

ing from 3.08—3.11 A, and is thus in the range of “auro-
philic” contact.?” The detailed comparison of bond dis-
tances of As—As, As—Au, and Au—Au of 15 are
summarized in Tables S2—S6, Supporting Information.

To demonstrate the effect of architecture on proper-
ties, we measured the optical band gap energies of
1-5 using diffuse reflectance spectroscopy and analy-
sis from the Kubelka—Munk model.26?7 This two-flux
model, which considers only diffuse light, has been
widely used to treat the absorption coefficients from
surfaces. For a crystalline solid with band gap energy
(Eng), the frequency dependence (v) of the absorption
coefficient (k) can be approximated as:

Bylhv — Ey)"

v M

k(v) =
where Br 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 tran-
sitions, respectively.??” Using eq 1, the band gap en-
ergy of a material can be obtained with a linear fit to a
plot of (khv)"" vs hv and extrapolating to zero. Figure 2
shows these Tauc plots for the measured cluster assem-
blies. The band gap energies were determined using

TABLE 1. Experimentally Measured and Theoretically
Calculated Band Gap Energies of [Au,(As;),]*"-Based
Cluster Assemblies

compound expt. band gap (eV) theor. band gap (eV)
1 Auy(Asy)(K-Crypt), 1.69 £ 0.02 1.68
2 Auy(Asy),Ky(K-Crypt), 1.46 £ 0.02 1.43
3 Au,(As;),Rb,(Rb-Crypt), 1.87 £0.05 2.09
4 Au,(As;),Csy(K-Crypt), 1.97 £ 0.01 2.06
5 Au,(As7),Cso(Rb-Crypt), 1.98 + 0.05 2.00
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the formula for indirect transitions and are listed in
Table 1. Note that the band gap energy of the zero-
dimensional assembly (1) is 1.69 eV; however, in one-
dimensional assemblies (2), the energy gap decreased
to 1.46 eV but increased to 1.87, 1.97, and 1.98 eV for
two-dimensional assemblies (3—5, respectively).

First principles electronic structure studies were car-
ried out to examine the nature of the electronic states.
The geometry and unit cell determined from the X-ray
crystal structure were used, and the band gap energies
and electronic bands in the periodic solid were calcu-
lated with the Vienna ab initio simulation package
(VASP)?® using a gradient corrected functional.?® The
theoretical band gap energies are summarized in Table
1 and are compared with their experimental values.
The calculated band gap energies are in good agree-
ment with the corresponding experimentally measured
band gap energies, a consequence of the weak interac-
tions between clusters, which results in localized clus-
ter states that are well-described within density func-
tional theory.*® Further, Figure 3a shows the
comparison of the calculated density of states (DOS)
and projected DOS on each atom for the [Au,(As;),]* ",
Ks[Au,(As5),]~, and Css[Au,(As,),] cluster models®' corre-
sponding to 1, 2, and 4, while Figure 3b shows the rep-
resentative band structure of 4. Next, we analyze the ef-
fect of architecture on the electronic properties of 1—5,
starting from zero- (1), one- (2), and finally two- (3—4)
dimensional cluster assemblies.

The [Auy(As;),]*" units are arranged in a zero-
dimensional fashion in 1, where none of these clusters
interact with another. The experimental band gap en-
ergy of this material is found to be 1.69 eV and is in
good agreement with the theoretically calculated value
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of 1.68 eV. In this solid, the top of the valence band
and bottom of the conduction band consist of As and
Au states, respectively, as the K-Crypt states are pushed
up and buried deep into the conduction band (Figure
3a). The zero-dimensional solid 1 has the intrinsic band
gap energy of an isolated [Au,(As;),]*” motif and can
be used to guide understanding of the band gap ener-
gies in assemblies with higher connectivity. In 2,
[Au,(As;),]*~ forms a linear one-dimensional chain by
interacting with two naked K* ions. The experimental
band gap energy is found to be 1.46 eV and is in good
agreement with the calculated value of 1.43 eV. The
band gap energy of 2 is less than 1, which can be ex-
plained by the nature of the counterion in 2. The
HOMO of the neutral alkali atom determines the bot-
tom of the conduction band of the cluster solid,?
and the energy of the HOMO of the neutral K atom
is significantly lower than that of the K-Crypt. This re-
sults in a smaller band gap energy in 2, which is
seen in Figure 3a in which the DOS projected from
the K atom inserts into the gap of 2.

The structures of 3—5 are two-dimensional layers
formed by interactions of naked Rb* (3) and Cs* (4
and 5) with [Au,(As;),]*", while cryptated alkali cations
separate these layers. The band gap energies of 3—5
are found to be 1.87, 1.97, and 1.98 eV, respectively, and
are in good agreement with the theoretically calcu-
lated values of 2.09, 2.06, and 2.00 eV for 3—5, respec-
tively. Comparable values of band gap energies are ex-
pected for 3—5 due to similar architecture. The striking
result is that the band gap energies for all of the two-
dimensional assemblies (3—5) are larger than the band
gap energy of the zero-dimensional assembly (1),
whose band gap energy is expected to be the upper
limit. How then does varying the architecture of the as-
sembly increase the band gap energy to a larger value
than that of an isolated cluster motif?

We first consider the effect of architectural change
on different interactions that the clusters may experi-
ence. In conventional solids, moving from a lower to a
higher dimensional structure results in broadening of
the valence and conduction bands, resulting in a
smaller gap. Here, the band widths of the cesium-
linked (4) ionic cluster solids is 0.14 eV (as seen in Fig-
ure 3), so broadening does not significantly affect the
band gap energy. The small band widths are due to
weak direct overlap of electronic states in neighboring
clusters as they are separated by cations. Changing the
dimensionality of the ionic clusters assemblies, how-
ever, will change the long-range structure of the lat-
tice and vary the depth of the electrostatic potential.
The Madelung constant of the solid may also affect the
total stability of the assembly, but it would not affect
the band gap energy. Long-range electronic interac-
tions act like a Faraday cage, where changing the depth
of the potential shifts all electronic states equally and
thus leaves the band gap energy unaffected. A signifi-
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Figure 4. (a) Positions of point charges in the cluster model,
(b) variation of the band gap energies, and (c) projected DOS
as a function of the point charges. The shifts are relative to
the 5s core state of Au.

cant local gradient in the electrostatic potential near
the cluster, which modulates the electronic structure
of the individual motifs, could be responsible for the un-
expected band gap energy increase for the two-
dimensional cluster solids.

We hypothesize that the counterions that are adja-
cent to the clusters generate an electric field that can
significantly alter the local gradient of the electrostatic
potential near the cluster motif. To demonstrate this,
we calculated the electronic structure for an isolated
[Auy(As;),]* cluster (Figure 4a) with four point charges,
z, placed at the same positions as Cs in the solid. The
strength of the positive charges was varied from 0.0 to
+1.0e, and we monitored the variation of the
HOMO—LUMO gap as well as the location of the HOMO
and LUMO. The gaps were found to increase smoothly
by 0.34 eV when varying the point charge from 0 to
+0.5e and then to decrease with higher fields. The DOS
was also examined as a function of electric field; the re-
sults are shown in Figure 4c. We found that the in-
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crease in the HOMO—LUMO gap is caused by the stabi-
lization of the HOMO with the increasing field, while
the LUMO states show little change until z = +0.6 e.
Further increased electric fields reduce the gap as the
As—Au mixed states are strongly stabilized to become
the LUMO at high field. Similar electric field-dependent
behavior is also observed for the case of As;>~ clusters,
however the gap increases monotonically from z = 0.0
to +1.0 e (Figure 4b). These results show that the band
gap energies of the two-dimensional ionic solids (3—5)
increase due to the generation of internal electric fields
by the adjacent counterions.

We also examined the local electrostatic environ-
ment of other architectures to show that the internal
electric fields are responsible for the increases of the
band gap energy in materials 3—5. Figure 5 shows the
electrostatic potential of [(Auy)(As;),]*” and
Cs4[(Au,)(As;),] as the models for 1 and 4, respectively,
on a plane cut parallel to the Au—As bonds with the as-
sociated HOMO plotted as an isosurface. An electric
field corresponds to the gradient of the electrostatic po-
tential, so a red to blue sequence indicates a stronger
electric field. In [(Au,)(As;),]*", the electrostatic poten-
tial falls off gradually from the isolated cluster because
no adjacent counterions are present to generate inter-
nal electric fields. In sharp contrast, for the case of
Cs4l(Au,)(As;),], there is a large electric field generated
by the Cs counterions, precisely along the path of the
HOMO orbital. Since, the HOMOs generally protrude
from the clusters,' it is expected that an electric field
will generally increase the band gap energy. 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

MATERIALS AND METHODS

Synthesis of Cluster Assemblies (Compounds 1—5). All manipula-
tions were performed in an argon-filled glovebox. The pre-
cursors, As;A3 (A = K, Rb, and Cs), were directly synthesized
in ethylenediamine, mixed with the appropriate amount of
AuP(CgHs)sCl, and crystallized in presence of crypt to prepare
cluster assemblies (1—5). The suspensions were filtered and
layered with toluene or tetrahydrofuran, and after 4—10 days
crystals were recovered. Further details about the synthesis
of the individual compounds are given in the Supporting In-
formation.

Crystal Structure and Band Gap Determination. For each compound,
a crystal was selected and glued to a loop. The X-ray diffraction
data were collected using an APEX diffractometer with a CCD
area detector at 120 K, and the data were reduced using a pro-
cedure outlined in a previous publication.? The band gap was de-
termined through diffuse reflectance spectra and analyzed the
Kubelka—Munk model for indirect transitions.?>?” Further details
are available in ref 3.

Theoretical Methods. The theoretical studies included two
separate investigations using first principles density func-
tional framework. First, studies on the cluster solids were car-
ried out using the Vienna ab initio stimulation package
(VASP)?® that uses supercells to simulate the actual material.

www.acsnano.org

Auy(As;),?

Figure 5. Calculated electrostatic potential of (As;),Au,*~ and

Cs4(As;),Au; (1 and 4). Potentials are shifted by 0.37 because of

different total charges.

band gap energy. Nevertheless, the variation of the
electrostatic potentials shows that the band gap en-
ergy depends on the local electronic structure and the
precise location of the counterions that generate the in-
ternal electric field, much like in cluster crystal-field
theory.3>33

CONCLUSIONS

Our results reveal the role of internal electric fields
that modulate the band gap energies of ionic cluster-
assembled solids. The internal electric fields are gener-
ated by closely spaced counterions, whose positions are
determined by the architecture of the solid. The varia-
tion of band gap energy depends on the precise rela-
tionship between the counterions and their ability to
stabilize the electronic structure of the clusters and also
the absolute value of the alkali metal’'s HOMO energy
state that forms the bottom of the conduction band of
the cluster solid. These findings open up a novel proto-
col for developing band gap-tunable optoelectronic
materials by modifying cluster motifs, counterions, and
their architectures.

Here, projector augmented wave (PAW) pseudopotentials3*
were used to describe the electron—ion interaction, while a
generalized gradient approximation (GGA)?® was used for in-
corporating the exchange interactions and correlations. Bril-
louin zone integrations were carried out on a
Monkhorst—Pack®® grid k-points, using the tetrahedral
method. The kinetic energy cutoff of 350 eV is taken for the
plane wave basis. The atomic positions were optimized until
the forces were less than 10 meV/A.

To further probe the nature of electronic states in individual
building motifs, studies on isolated clusters were carried out us-
ing the Amsterdam density functional (ADF) code.' These stud-
ies used GGA-PBE exchange correlation, with a TZVP basis set,
and the zeroth order regular approximation®® (ZORA) for relativ-
istic effects was used.
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