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One of the most appealing handles in the design and synthesis
of multifunctional hybrid materials is the wide choice of
available molecular building blocks, in which one can
combine properties that are often difficult to achieve in
extended solids. The choices are often guided by the desire to
combine distinct properties attributable to each organic and
inorganic component.'?l Critical to the design of organic—
inorganic hybrid materials is the control and exploitation of
relevant supramolecular and noncovalent interactions. The
establishment of a clear understanding of tunable noncova-
lent interactions useful for the design of complex supra-
molecular architectures is currently a growing field of
research.C!

Organic cations combined with polarizable inorganic
moieties, such as heavy-metal halides (Br and I) and
polyhalides, provide interesting chemical systems where
moderately strong noncovalent interactions can be investi-
gated. Recent investigations on heavy metal iodide and
polyiodide systems have revealed surprising results, including
complex supramolecular structures, unprecedented physical
properties, and novel chemical bonding descriptions.[-]

Mixed-valent gold(14mr) halides, such as Cs,Au,X,, have
received significant attention because of their similarities with
BaBiO, and its superconducting derivatives.l’l The crystal
structure of Cs,Au'Au™X¢ (X = Cl, Br, I)) can be derived from
a tetragonal distortion of the cubic perovskite ABX; struc-
ture, in which the network of corner-shared ABX; octahedra
disproportionates into distinct BX, (linear Au'l,”) and BX,
(square planar Au™I,~) units.”-'] The class II mixed-valent
perovskites of BaBiO; and Cs,Au,X; have been shown to
exhibit interesting optical and electronic behavior, as well as,
novel transport properties by substitution (doping) or appli-
cation of high pressures, respectively.l*-$

The introduction of mixed valency in the inorganic
components of hybrid materials, thus providing another
handle in modulating their electronic properties, has
remained relatively unexplored. Attempts to prepare
organic-based analogues of Au™ and mixed-valent Au'™
halides were reported as early as 1914."21 However, the
poorly crystalline dark solids obtained from these studies
were not structurally characterized and were incompletely
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analyzed. Surprisingly, no investigations were subsequently
reported to confirm or rectify the results of the initial
studies.””) Our exploratory studies, aimed at preparing new
hybrid compounds of mixed-valent gold (1411), led to the
synthesis and characterization of two new organic-based
mixed-valent Au"™ jodides: [NH;(CH,){NH;],[(Au'l,)-
(Au"L)(I5),] (1) and [NH;(CH,);NH;],[(Au'L,)(Au™1,)(15),]
2).

The monoclinic crystal structure of 1 (Figure 1) features
layers of corner-shared nominal Aulg octahedra stacked along
the a axis, with interlayer distances of 15.5 Al Adjacent
perovskite gold iodide layers are displaced by 5.8 A along the

Figure 1. A [010] view of the crystal structure of (1). Gold and iodine
atoms are represented as octant-shaded and crossed-hatched ellip-
soids (75 %), respectively. Light atoms are represented as small open
spheres (C) and open ellipsoids (N).

¢ axis. Each inorganic sheet features two nonequivalent Au
atoms corresponding to mixed-valent Au'™ jodide ions of
linear [Au'l,]~ and square-planar [Au™I,]~ units. Tetragonally
compressed nominal octahedron around each [Au'l,]~ unit is
completed by four coplanar iodide ions (day.;=3.278(1 A)
from neighboring [Au™I,]~ units. Similarly, an elongated
octahedra around each [Aul,]~ unit is completed by two
apical iodine atoms (dyn.;=3.752(7 A) from I~ ions sand-
wiched between the gold iodide layers. The observed
structural behavior, typical for mixed-valent gold (1)
halides, has been described as a breathing-mode distortion.[']
It is noteworthy that the I;~ ions directed at the nearest
[Au™L,]~ units are strongly polarized (di;=2.798(3),
3.093(4 A). To our knowledge, this is the first report of
polyiodides taking part in a network of mixed-valent Au’™,
The organic dications, oriented nearly perpendicular to the
inorganic layers, are confined between anionic sheets and
tethered by parallel triiodide molecules.
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The crystal structure of 2 (Figure 2) is similar to that of
1.1 The significant structural differences between 1 and 2 are
effected by the different conformations of the organic cations.
The organic dications in 2, (NH;(CH,);NH;)**, have com-
pletely  staggered anti  conformations, but the
(NH;(CH,){NHj;)** dications in 1 exhibit a gauche conforma-
tion at the terminal amine closest to the inorganic layers. The

Figure 2. A [010] view of the crystal structure of (2). Gold and iodine
atoms are represented as octant-shaded and crossed-hatched ellip-
soids (75 %), respectively. Carbon and nitrogen atoms are represented
as small open spheres and open ellipsoids, respectively.

molecular conformations result in nearly identical cation
lengths of 10.13 and 10.04 A for 1 and 2, respectively.
Compound 2 exhibits shorter noncovalent Au--I distances:
d s =3.5003 A, d . =3.235(3) and 3.248(3 A. The polar-
ization of I;~ ions in 2 is also enhanced with dy;=2.794(2),
3.103(2) A. Attempts to prepare layered derivatives with
other diamine homologues have been unsuccessful. The
observed structural behavior of 1 and 2 affirms the crucial
role of organic cation templates in the structural stability and
flexibility of hybrid layered perovskites.["] Different dication
conformations also result in different cation—triiodide layered
arrangements in 1 and 2. Denser cation-triiodide arrange-
ments in 2 result in greater buckling of the inorganic layer, as
reflected by greater tilt between the nominal AuI; and Au'l,
octahedra. The pillaring of the mixed-valent gold-iodide
perovskite layer by I;~ units also results in nonbonding (I---T)
contacts between the terminal iodide ions of the Aul,” and I;~
units of 3.75 A in 1, and 3.56 A in 2.

Compounds 1 and 2 differ from Cs,Au,]4 in that the
nominal octahedral coordination of the Au™ center in 1 and 2
is completed by two asymmetric I;~ units, as illustrated in
Figure 3. The perovskite structure of Cs,Au,l¢ is more 3D
than that exhibited by 1 and 2. Noncovalent Au--I distances in
Cs,Au,]; are: dyu.;=3.46003) A; dyu.;=32122) A are
slightly shorter. However, the Au—I bond lengths for the
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Figure 3. Representation of the inorganic substructures of 1 (left), 2
(center) and Cs,Au,lq (right). Gold and iodine atoms are shown as
light and dark spheres, respectively. The structural parameters for
Cs,Au,l were obtained from reference [10].

Aul,™ and Aul,~ units in 1, 2 and Cs,Au,]; are very similar. It
has been shown that I;~ structurally and electronically
substitutes for the [Aul,]- unit in some [Aul,]/[Aul,]~
derivatives to form [Aul,]~/I;~ analogues.>'") The electronic
behavior of the I;~ ion differs from [Aul,]~ ion with respect to
charge-transfer interactions.

Charge transfer in Cs,Au,l; and analogous Au'™ halides
was reported to predominantly occur within [Aul,—~Aul,]
perovskite layers, similar to the sheets observed in 1 and 2.[!"!
Thus it is reasonable to expect that 1 and 2 would still
preserve the most important electronic interactions present in
the inorganic parent perovskites. Diffuse reflectance meas-
urements indicate optical band gaps of 1.14 and 0.95 eV for 1
and 2, respectively.['"sl These values compare with the reported
optical band gap of 1.31 eV for Cs,Au,I.? The unexpectedly
narrower band gaps of 1 and 2 can be attributed to induced
electronic interactions between I~ and the Aul, —Aul,”
perovskite layers absent in Cs,Au,ls. The polarization and
subsequent distortion of the I;~ ions in 1 and 2 manifests the
relative strength of the interactions. DFT calculations on 2
reveal a net dipole moment of 2.18 D for I;~, with the more
negative end of I;~ ion directed towards the Au' center. The
calculated molecular electrostatic potential surface indicates
an asymmetric distribution of the electron densities suggest-
ing the possibility of I, removal. The DFT calculations on 2
also indicate that the Aul,—I; interactions are significantly
weaker than the Aul, —I;~ interactions. Although structural
similarities between the [Aul,]~ and [I;]~ units are substantial,
subtle differences in their electronic behavior provides an
additional handle in fine tuning the electronic properties of
mixed-valent gold iodides.

Thermogravimetric analysis (TGA) was performed on 2
to assess compound stability and the possibility of I, removal.
The first step in the TGA curve occurs above 85°C and is
consistent with the loss of an equivalent of I,, according to the
following reaction [Eq(1)]:

[NH3(CH2)7NH3]2[(Au'IZ)(Aul”I4)(I3)2]
- [NH3(CH2)7NH3]2[(AuIIZ)(Au“II4)(I3)(I)] +L 1)

Decomposition occurs above 155°C, forming metallic
gold and Au! iodides.
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Our findings reveal the exciting potential of organic-based
mixed-valent gold(iA11) iodide polyiodides as tunable elec-
tronic materials. An intriguing possibility is the pillaring of the
perovskite layers with other polyiodides and appropriate
organic cations. Moreover, hybrid gold iodide polyiodides
provide interesting chemical systems wherein significant
noncovalent interactions and hyperpolarizabilities may be
systematically investigated and exploited. The complete
characterization of their electronic structures and measure-
ment of the more relevant physical properties of these and
other related compounds are currently in progress.

Experimental Section

A solution of HAuCl, (1 mL, 0.05molL™') was treated with
stoichiometric amounts of 1,8-diaminooctane and 1,7-diaminohep-
tane. Six drops of iodine solution (5% w/w) in concentrated HI were
added and a black precipitate was readily obtained. Shiny black
crystals were recovered after the reaction mixture was left undis-
turbed for 4-6 weeks. The same compounds were also synthesized, in
high yield, through solid-state reactions by using stoichiometric
amounts of Aul, the corresponding amine, and excess I, (~10x) in
sealed glass tubes under vacuum. The reaction tubes were heated to
160°C for 10 days and slowly cooled to room temperature. The
solution method yielded well-crystallized samples suitable for single-
crystal X-ray diffraction. Chemical composition was confirmed by
elemental analysis and results agree with theoretical values within the
experimental error.?!l Magnetic susceptibility of 1, measured from 5
to 300K, corresponds to normal diamagnetic behavior.?2l All
theoretical calculations on the triiodide molecule were performed
by using the Gaussian 98 software package. All calculations made use
of the B3LYP hybrid functional and the Stuttgart-group basis set as
implemented on Gaussian 98.%! TGA was carried out on a SIEKO
TG/DTA 320 instrument. The sample was heated at a rate of
2°Cmin~" under a flowing nitrogen atmosphere.
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