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We report the synthesis, optical spectrum, and crystal and electronic
structures of a new organic—inorganic hybrid compound, [(p-
NH3CsHa)2CHa]4 [(Aul)(Auly)(l2)2(I5)2Cly], with unique mixed-valent
gold(I/ll) chains. The chains feature face-shared octahedral
[AU'AuMls]>~ units and are embedded within polyiodide layers. The
new mixed-valent gold iodide crystallizes in the orthorhombic space
group Pnnm, with a = 27.0703(2), b = 8.9363(5), ¢ = 18.4280-
(1) A, Z = 2, and exhibits an optical band gap of 0.53 eV.

The desire to create and effectively control the synthesis
of new molecular architectures has yielded remarkable
examples of organieinorganic supramolecular arrays that
exhibit novel structures in the solid stdt&hese efforts are
motivated by the need for multifunctional materials with

iodide units within polyiodide networks allows for the
modulation of their structural and electronic properfies.
Organic-based metal iodidgolyiodides are expected to
exhibit unusual structures and optical properties resulting
from the synergism between hyperpolarizable molecular
components? Organic-based metal iodidgolyiodides also
provide unique chemical systems wherein important nonco-
valent interactions can be investigated and exploitéd.
addition, mixed valency in gold iodides further adds a handle
in tuning their electronic propertiésThe pseudo-one-
dimensional mixed-valent Au(l/Ill) chains in [AWDBS)]
(DBS = dibenzylsulfide, X=ClI, Br) are based on halogen-
bridged square-planar complexes of gold and were reported
to exhibit novel electronic and structural transitidhs.

Most of the mixed-valent gold(I/Ill) halides have structures

enhanced physical properties that address the needs of nevthat are related to the perovskite structure. These distorted

optical and electronic devicés.

Polyiodides are well-known for their ability to form
extended networks and exhibit unique transport and optical
propertiess The ability to predict solid-state structures of
metal iodide-polyiodides is largely empiricdl® This is
particularly the case for transition metal iodicigolyiodides
because of the scarcity of known compoufddoreover,
modern bonding theories on the nature of weak chemical
interactions have not been extensively applied to polyiodides.

Organic molecules have been widely employed to template
unusual polyiodide networksRecently, organic-based gold-
(111) iodides were reported to form supramolecular networks
with polyiodides® The systematic incorporation of gold
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3D perovskites, CsAuX(X=Cl, Br, I), are formulated as
disproportionations into GAuU'Au'"'X¢.22 Recently, the use

of alkyldiamine cations as templates for a class of tunable
mixed-valent gold(l/Ill) iodide-triiodide layered perovskites
was reported. Efforts aimed at preparing organic-based
mixed-valent gold(I/Ill) iodide-polyiodides culminated in
the synthesis of an unprecedented hybrid compound, bis-
methylenedianilinium diiodoaurate tetraiodoaurate bis-iodine
bis-pentaiodide tetrachloride,pHNH3sCsH4)2CHa]4[(Aul 2)-
(Aulg)(12)2(15)2Clg] (2). It features unique chains of face-
shared octahedra of mixed-valent'Aul¢,, that form layers
with polyiodide k= and L molecules.

The title compound was prepared from a solution of
HAUCI, (1 mL, 0.05 mol %) that was reacted with a stoi-
chiometric amount gp-methylenedianiline. A homogeneous
‘black precipitate was readily obtained upon addition of 10
drops of 2.8 M HI solution, saturated with, land 6 drops
of 12 M HCI. Lustrous black crystals were recovered after
the reaction mixture had been allowed to sit undisturbed for

(8) Svensson, P. H.; Rosdahl, J.; Kloo, Chem. Eur. J1999 5, 305.
(9) Castro, L. M. C.-; Guloy, A. MAngew.Chem., Int. Ed2003 42,
2771.
(10) Guloy, A. M.; Tang, Z.; Miranda, P. B.; Srdanov, V.Adv. Mater.
2001, 13, 833.
(11) (a) Takahashi, K.; Tanino, KELhem. Lett1988 641. (b) Tanino, H.;
Holtz, M.; Hanfland, M. Syassen, Khys. Re. 1989 B39 9992.
(12) Kojima, N.; Hasegawa, M.; Kitagawa, H.; Kikegawa, T.; Shimomura,
0O.J. Am. Chem. S0d.994 116, 11368.

Inorganic Chemistry, Vol. 43, No. 15, 2004 4537



COMMUNICATION

Figure 1. (a) Crystal structure of viewed along thé axis. (b) Section
of the gold(l/1ll) iodide chain of face-shared octahedra. |, Au, and Cl are

shown as large gray, large white, and medium gray spheres, respectively.

N, C, and H are shown as medium black, medium white, and small white
spheres, respectively.

6 weeks. This method yielded well-crystallized samples suit-
able for single-crystal X-ray diffraction analysis. Semiquan-
titative SEM elemental analysis indicated that Au (7%), ClI

(15%), and | (78%) were the only heavy elements prekent.

Typical reaction yields, based on gold content;>i85%.

The crystal structure ofl features two unique layers
alternately stacked along tleeaxis, as shown in Figure .
The cationic layers, fi-NH3CgH4).CH;]?*Cl~, contain or-
ganic dications with chlorides partially counteracting the
charge. The Clions, located within channels parallel with
theb axis, form nominal zigzag chains with <ICl distances
of 4.62 A. Each Ct ion is tetrahedrally coordinated by four
dications, with N--Cl distances ranging from 3.13 to 3.20
A (see Figure 2a). The organic dications effectively isolate
the CI ions (interchain distance 13.56 A). Furthermore,

the cationic layers are less polarizable than the inorganic

anionic layers.

The anionic layers contain mixed-valent ([Au"'1]>")
chains anddand k~ units, as shown in Figure 2b. The gold-
(I/111) iodide chains can be described as a distortion of an
ideal chain of face-shared A4 octahedra. The unique
distortion of the ideal chain of Agk octahedra results in
two inequivalent Au atoms corresponding to linear Ala
and square planar [AU4]~ units, with Au-I (short/long)
distances ofi(Au'—1) = 2.54/4.02 A andi(Au" —1) = 2.64/

Figure 2. [001] views of the (a) cationic layer and (b) anionic layetin

Au, I, and Cl atoms are represented as large white, large gray, and small
gray spheres, respectively. Small white (C) and black (N) spheres represent
the light atoms. Hydrogen atoms have been omitted for clarity.

of 3.25 A and t-+1—1 angles of 170.6(3) The b units have
bond distances (2.74 A) that are shorter than those in |
molecules within polyiodide networks (2.72.78 A}® but
longer than those in soli¢ (2.715 A)26 Typical V-shaped
Is~ anions form dimers withst-++15~ distances of 3.66 A7
The |5~ units also exhibit intermolecular-tl distances of
3.92 and 3.96 A withJ molecules in All;+++l*+:15~ and
in Au™l,---Is7, respectively. The interlayer distance between
repeating anionic layers is 9.48 A. The shortestdl
distance between adjacent ionic layers is 4.22 A.

It is interesting to compare the ([Aw'"'1g]>) chains in
1 with the typical close-packed structures of complex metal
halides, AMX, with octahedrally coordinated divalent metals
(M).18 Filling the octahedral interstices of cubic close-packed
(ccp) AX; layers with M vyields the perovskite structure, a
3-D network of corner-shared Mpoctahedra. Filling the
analogous interstices in a hexagonal close-packed (hcp) AX
layers leads to the CsNigtype, with infinite chains of face-
shared MX (NiClg) octahedrd? The gold(I/11l) iodide chains
in 1 are directly related to the [Nig]I™ chains of CsNiGJ.2°

3.65 A. Primary and secondary bond distances within the |n general, face-shared octahedral chains BMXwith
nominal [Au"l¢]*~ octahedra ofl are comparable to those electronic instabilities undergo structural and electronic
found in the corresponding octahedra of the gold(l/lll) iodide transitions (e.g., Peierls distortion, MM bond formation,
perovskites:'? However, the nominal [All]*~ octahedrain  magnetic ordering)* Magnetic ordering transitions have been
1 have shorter primary bonds and longer secondary bondgbserved for CsVG) CsFeCJ, CsCoC4, and CsNiCJ,16:22-24
distances than those of the corresponding perovskite gold-whereas JahnTeller distortions are exhibited by €uand
(1/11) iodides .12
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gold(l/11) chain. Our calculations indicate an intrachain band
gap of 1.63 eV for the [AWU"Ig]>~ chain. This could
correspond to the most intense absorption peak observed in
the optical spectrum at 1.82 eV. The optical absorption
spectrum can then be interpreted as the sum of these two
electronic transitions within the metal iodidgolyiodide
layers.

The summed overlap population betweer And Au"l4~
(Au'-+-1—Au'"") is 0.0362 (6.29% of the Aul overlap in
Aul;7). The summed overlap population between Au(lll) and
[Aul;]~ (AuM---1—AuU'") is 0.0742 (16.78% of the Aul
o 1 B s Bt e . overlap in Aul~). These values indicate significant interac-
Cr2™ (in [CrClg] ™ chainsy:>#°It is interesting to note thata s along the mixed-valent gold iodide chains. However,
ternary AAuX; with a CsNiCl-type structure is still un- o1y ta) orbital overlap population analyses show the interac-

known. . N _ _ tions between the mixed-valent Au chains with tgednd
The electronic instability of a divalent gold [Alg]~ chain I, units are essentially weak and nonbonding.

is manifested as charge density waves (disproportionation), The d atomic orbital population (aop) for Au reveals values
resulting in alternating Atand AU" states, as in the Agth of 9.27 and 9.92 for Au(lll) and Au(l), respectively. The
chains inl. Thu.s,l con_tains uniquely dist.orted face-shared significant difference between the corresponding aop’s
octahedral chains, derived from the CsNipe—unprece-  jygicates two distinct oxidation states for Au atomsdin
c_iented among transition metal halldes. The .face-sharedThiS compares well with previously reported molecular
linkage in1 also results in shorter direct AuAu" distances  glectronic structure calculations on gold compoutdalt
than in any of the mixed-valent gold(l/1ll) halide perovskites 155 also been proposed that mixed-valent gold(I/1ll) iodide
and related compounds. perovskites can be described as Au(f{¢ompounds with
The absorption spectrum of shows a broad peak mixed-valent iodine (0.5/1—).3 This does not seem to be
composed of an intense band (maximum at 1.82 eV), with the case it given that the aop values (s and p) of all iodine
an absorption edge at 1.18 eV, and a sharp shoulder at lowegoms within the mixed-valent chains are essentially identical.
energies, indicating a band gap Bf = 0.53 eV’ The The differences are significantly smaller than for the Au
observed band gap is significantly smaller than those repprtedatoms: 7.403 for | in Ayl and 7.477 for | in Aul—. Results
for CsAu"Au'ls (Eg = 1.35 eV) and the recent organic-  from subsequent molecular ab initio (CISD level) calculations
based mixed-valent gold(l/ll) iodide layered perovskites (  on the gold and iodine complexes support the bonding

Figure 3. (a) Total (solid line) and projected DOS for the (light gray)
and Aul~ (dotted and gray) fragments on the inorganic layer§.of

= 1.14 and 0.95 eVj?* _ description obtained from the EHTB calculations.

_To understand the optical spectrum, extendedkeltight- Our findings confirm a remarkable layered structure with
binding (EHTB) calculations were performed on the inor- gjectronically active 1-D mixed-valent gold(l/lll) iodide
ganic layers using relativistic parameters for Au af I.  chains that are embedded within a hyperpolarizable layer of

Although_ EHTB calculations are inherently semiempirical no|yiodides and iodine molecules. Combining low-dimen-
and qualitative, they have been successfully employed ongjona| mixed-valent and hyperpolarizable components is

several gold-containing systems and found to agree well with ¢rycjal to the assembly of prospective excitonic supercon-
results from higher-level calculations and XPS measure- qyctors, as envisioned by Littfé.

ments¥® Results of the preliminary EHTB calculations
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