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Thin sheetlike crystals of the metal-deficient perovskitesAERQT)Mz3l4 [M = Bi or Sb; AEQT = 5,5"-bis-
(aminoethyl)-2,25',2":5",2""-quaterthiophene] were formed from slowly cooled ethylene glycol/2-butanol solutions
containing the bismuth(lll) or antimony(lll) iodide and AEGZHI salts. Each structure was refined in a monoclinic
(C2/m) subcell, with the lattice parametess= 39.712(13) Ab = 5.976(2) A,c = 6.043(2) A, = 92.238(5J,

andZ = 2 for M = Bi anda = 39.439(7) A,b = 5.952(1) A,c = 6.031(1) A, = 92.245(3}, andZ = 2 for

M = Sh. The trivalent metal cations locally adopt a distorted octahedral coordination, withbibhd lengths
ranging from 3.046(1) to 3.218(3) A (3.114 A average) forMBi and 3.012(1) to 3.153(2) A (3.073 A average)
for M = Sb. The new organicinorganic hybrids are the first members of a metal-deficient perovskite family
consisting of (M)2nV(n-2)nX4?~ sheets, where V represents a vacancy (generally left out of the formula) and
the metal cation valence, is greater than 2. The organic layers in the AEQT-based orgamicganic hybrids
feature edge-to-face aromatic interactions among the rigid, rodlike quaterthiophene moieties, which may help to
stabilize the unusual metal-deficient layered structures.

Introduction a result of the unusual structural attributes. For certain combina-
The organie-inorganic perovskite family has yielded a tions of organic and inorganic constituents the hybrids can be
remarkable degree of structural versatility. the (R-NHz)(CHs- considered self-assembling quantum well structures, with semi-

NHa)n-1MnXant1 and (HN—R—NH3)(CHsNHa)n 1MXani1 Se- conducting inorganic sheets alternating with wider band gap
ries (R= organic group, M= divalent metal, X= halide), for organic layers. The tin(ll) iodide basedst€sNHz)2(CHsNHz)n-1-
example, the crystal structures consist otlayer-thick (1003 Sthlan+1 and [NFC(I)=NH;]2(CHsNH3)nShl3n+2 compounds,
oriented slabs, cut from the three-dimensionalsSHsMX 5 for example, exhibit a large electrical mobility and a semicon-
perovskite structure, interleaved with organic bilayers (i.e., for ductor-metal transition as a function of increasing perovskite
monoammonium cations) or monolayers (i.e. for diammonium Sheet thickness (controlled by").2*#A field-effect transistor,
cationsp? Increasing h" leads to a transition from two- ~ Pased on a spin-coated organinorganic tin(ll) iodide based
dimensional to a more three-dimensional inorganic framework. Perovskite channel layer, has recently been demonstrated with
A wide range of organic R groups can be incorporated in the & field-effect mobility of 0.6 crifV-s? _

[100=oriented family, including many alkyl and simple aromatic ~ Perovskites based on group IVA metal halide sheets and
components. Interestingly, certain organic cations favor the Optically inert organic cations also exhibit sharp, tunable

formation of a distinct family of1103oriented perovskites. resonances in their room-temperature optical absorption and
In the [NH,C(I)=NH2]5(CHsNH3)MnXsni2 (M = divalent emission spectra, arising from exciton states associated with
metal, X= halide) series, for example, one+£ 1), two- (N> the band gap of the metal halide framewé&tkn these systems,

2), and three-dimensionanh (~ «) [1103oriented frameworks ~ the organic component of the structure generally consists of
can all be stabilized within a single structural farfilyn this alkylammonium or single ring aromatic ammonium cations and

series, the iodoformamidinium cation templates the formation the organic HOMG-LUMO energy gap is large compared to
of the unusual perovskite framework. Selected other organic the band gap of the inorganic framework. Recently, dye-based
cations (besides iodoformamidinium) have been shown to cations have also been substituted into the layered perovskite
stabilize the[110Horiented perovskite structurés. framework, with HOMG-LUMO gaps comparable to or smaller

In addition to structural flexibility, interesting physical than the inorganic framework band ga3-* The chromophore
properties arise in the orgarimorganic perovskite hybrids as molecules have a substantial impact on the optical properties
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of these hybrids and can lead to strongly luminescent materials.
Bright room-temperature electroluminescence has been observed

from a hybrid perovskite based on a lead(ll) chloride framework
and the quaterthiophene derivative,'5;bis(aminoethyl)-2,2
5',2":5",2"-quaterthiophene (AEQT)

While great flexibility has been demonstrated with regard to
substitutions within the organic layers of hybrid perovskite
structures, the flexibility of the inorganic framework has been
limited by the need to incorporate divalent metals. This valency

requirement derives from the need to balance charge between

the organic cation and the metal halide anion layers. In the single
layer (i.e.,n = 1) [100Horiented perovskites, (NdH+R—NH3)-
MX 4, for example, the MX¥2~ perovskite sheets counterbalance
the NHs—R—NH3?" layers. With X= CI~, Br—, or |-, “M”

Mitzi
Experimental Section

Synthesis Crystals of (HAEQT)Mal4 (M = Bi and Sb) were grown
from slowly cooled, saturated, ethylene glycol/2-butanol solutions
containing the corresponding organic and inorganic salts. The synthesis
of AEQT-2HI has been previously describ&dlhe Bil; and Shi salts
(Aldrich, 99.999%, anhydrous) were purified by sublimation. For M

= Bi, equimolar quantities of AEQPHI (161.4 mg; 0.24 mmol) and

Bil3 (141.5 mg; 0.24 mmol) were weighed and added to a test tube
under an inert atmosphere. The contents completely dissolved at 112
°C in a solvent mixture of 36 mL of ethylene glycol (Aldrich,
anhydrous, 99.8%) and 0.6 mL of concentrated (57 wt %) aqueous HI
(Aldrich, stabilized, 99.99%). Upon gradual addition of 18 mL of
2-butanol (Aldrich, anhydrous, 99.5%), a small amount of red precipitate
began to form. Heating the mixture to 116 in the sealed tube led to

the precipitate going back into solution. Subsequent slow cooling of

must be a divalent cation that can adopt an octahedral coordina-the solution at 1.5C/h to —20 °C produced a high yield (220 mg;

tion (e.g., Cé@", Mn2*, Co*t, Ctt, Ge&*, Sr?t, PI#T, EWH).2
The ability to incorporate non-divalent metal cations within the
organic-inorganic perovskite framework would enhance the
possibility of identifying inorganic frameworks with new and
useful (e.g., semiconducting, ferroelectric, optical, magnetic)
properties.

In principle, the metal site, “M”, might be expected to
accommodate an equal proportion of trivalent and monovalent
cations (still therefore providing the correct averagecharge)
or, for higher-valent¥ 2+) systems, a mixture of metal cations
and vacancies. Mixed cation systems (with mixed valency) are
well established for strictly inorganic three-dimensional per-
ovskites based on metal oxide frameworks [e.g., Baf8io 5)-
05].1°> However, among the organritnorganic metal halide
based perovskites, less flexibility has been reported. In an effort
to identify examples of layered orgaritmorganic perovskites
that do not consist of divalent metal halide perovskite sheets,

0.21 mmol) of dark red, sheetlike crystals of the;AEQT)Bizsla
compound. Note that 2-butanol was added to the solution to enhance
the temperature dependence of the solubility of the product. When no
2-butanol was added, the yield was substantially lower upon cooling
(although the same product formed). Chemical analysis of the product
was consistent with the proposeghd,,S:N2Bi2ssl 4 formula; theoretical
[found]: C 22.54 [22.6], H 2.08 [2.2], N 2.63 [2.5], S 12.04 [12.1].

Crystals of the analogous M Sb compound were also prepared
from a slightly acidified ethylene glycol/2-butanol solution, as described
above for the M= Bi compound. The color and morphology of the
(H.AEQT)Shysl4 crystals were similar to those observed for the bismuth
analogue, as was the powder X-ray diffraction pattern [with on0QJ
reflections observed in the highly oriented crystalline deposits].

X-ray Crystallography. A very thin, sheetlike (HAEQT)Bizsl4
[(H-AEQT)Shysl4] crystal, with the approximate dimensiong).005
mm x 0.12 mmx 0.27 mm [£0.01 mmx 0.06 mmx 0.24 mm], was
selected under a microscope and attached to the end of a quartz fiber
with 5 min epoxy. A full sphere of data was collected at room
temperature using a Bruker SMART CCD diffractometer, equipped with

as well as to search for new systems that contain semiconductinga normal focus 2.4 kW sealed tube X-ray source (Mo tédiation,A
inorganic frameworks, we began to consider systems containing= 0.71073 A). Intensity data were collected with a detector distance

trivalent metals. In this contribution, layered bismuth(lll) and
antimony(lll) halide based perovskite structures are demon-
strated, stabilized by vacancy formation on the metal site and
an appropriate choice of organic cation (the quaterthiophene
derivative BAEQT?").

It should be noted that the formation of single layers of
corner-sharing metal halide octahedra is unusual in bismuth-
(1) and antimony(lll) hybrid chemistry. As for conventional
perovskite frameworks, bismuth(lll) and antimony(lll) halide
lattices generally consist of distorted M¥ctahedra. These MX
octahedra form discrete (i.e., mononuclear) or extended (i.e.,
polynuclear) inorganic networks of corner-, edge-, or face-
sharing octahedra, leading to an extensive family of metal(lll)
halogenoanions (e.g., MX, MXg2~, MX g™, MaXg3~, M2X14%7,
M3X1237, M4X1867, M5X1337, M5X2247, and %Xgoei).lﬁ Within
these networks, the metal(lll) sites are essentially fully occupied.
Despite the numerous examples of orgatiiorganic bismuth
and antimony iodide hybrids, there are few, if any, known
examples of100Horiented perovskite structures analogous to
the (R—NH3),MX4 and (hN—R—NH3)MX 4 compounds (M=
divalent metal cation). Therefore, in addition to considering the
basic crystal structures and properties of the new trivalent-metal-
containing hybrid perovskite family, this study also addresses
the potential role played by the rigid quaterthiophene molecule
in stabilizing the metal-deficient perovskite sheets.

(14) Chondroudis, K.; Mitzi, D. BChem. Mater1999 11, 3028.

(15) Galasso, F. SStructure, Properties and Preparation of Peskite-
Type Compoundd$ergamon Press: New York, 1969.

(16) Fisher, G. A.; Norman, N. Adv. Inorg. Chem1994 41, 233.

of approximately 5.0 cm, in 2272 frames with increasingand an
exposure time of 200 s [240 s] per frame. The increment between
each frame was 0:3Note that while the final crystals chosen (as well
as other candidates examined) were well formed in two dimensions,
the third dimension was very thin, leading to problems with weak
diffraction and crystal warping. The rocking curves for the reflections
were substantially broadened compared to more typical, well-behaved
(i.e., thicker) crystals from other systems.

Both structures can be successfully refined either @24m subcell
or in a C2/c cell with doubledc axis. The latter cell is isostructural
with that recently reported for (FAEQT)PbX.*' In the current
structures, the strongest and most well-defined set of diffraction peaks
correspond to the subcell with lattice paramet&2/ifh space group)
a=39.712(13) Ab = 5.976(2) A,c = 6.043(2) A, = 92.238(5)
[for M = Bi] and a = 39.439(7) A,b = 5.952(1) A,c = 6.031(1) A,
B = 92.245(3j [for M = Sh]. As for the (HAEQT)PbX, structures?}
there are reflections that double the cell alongadlis. In contrast to
the lead(ll) systems, however, the supercell reflections for the trivalent-
metal-containing systems are weak, somewhat broad, and relatively
few in number, especially for the antimony(lll) compound. The lack
of intensity of these reflections may derive from the quality of the
crystals or from the existence of vacancies within the metal halide
sheets, which might reduce the degree of perfection of the ordering
that gives rise to the superstructure. As a result of the substantially
better refinement results for the smaller cell [i.e., for=MBi, R =
0.076,R, = 0.078, GOF= 2.83 (C2/m subcell) versu§s = 0.083,R,
= 0.093, GOF= 3.05 C2/c cell); for M = Sb, Ry = 0.062,R, =
0.068, GOF= 2.17 (C2/m subcell) versusy = 0.078,R, = 0.093,
GOF= 3.11 C2/c cell)], the subcell results are primarily discussed in
the current manuscript. For comparison, &2/c cell data are given
in the Supporting Information. Finally, as for the lead(ll) systems, there
are also features in the CCD frames that correspond to a further
superstructure, doubling the unit cell along bothadfendc axes. While
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Table 1. Crystallographic Data for ((BAEQT)Bizs3l4 and
(H.AEQT)Shysl4

Table 2. Positional and Thermal Parametefsr (H,AEQT)Bizsla

atom X y z Bso (A2
fcixemlcal formula 10@06%2.26814-1NQBI2/3|4 Cj-zco)g%z.%é\lzsbzlsh Bi 00 0.0 0.0 3.4(2)
space group C2/m(No. 12) C2/m(No. 12) I(l)b 0.08109(7) 0.0 0.0101(4) 5:2(2)
A A 39.712(13) 39.439(7) 1(2) 0.0 0.0973(7) 0.5 3.8(2)
b A 5 §76(2) 5 9'52(1) 1(3)° —0.0008(1) 0.5 0.0980(7)  3.9(2)
c A 6-043(2) 6-031(1) S(1) 0.1585(3) 0.5 —0.145(2) 6.3(7)
ﬁ’ deg 02 233(5) 92 245(3) S(2y 0.2108(4) 0.379(3) 0.267(2) 5.4(7)
V A3 1432 9(8) 1414 6(5) N(1lap 0.068(2) 0.5 —0.33(1) 6(2)
7 5 2 ) N(1by 0.069(2) 0.33(1) —0.49(1) 4(2)
peates glCnT? 5470 5366 C(1ap 0.080(3) 0.5 -0.57(2) 7(4)
wavelength (A) 0.71073 (Mo &)  0.71073 (Mo k) C(tbp ~ 0082(3) 05 ~0.48(2)  7(3)
abs coeff ), et 8795 5341 C(2ap 0.119(3) 0.5 0.57(2) 7(3)
Re ' 0076 0062 C(2by 0.118(4) 0.41(2) —0.50(2) 5(3)
R, 0078 0068 C(3p 0.140(2) 0.403(9) —0.412(9) 6(1)
: ) C(4y 0.154(1) 0.201(7)  —0.476(7) 3(1)
AR = S (IFol — IF)/S (IFo]). ® Ry = { SW(IFo| — [Fe)Z/S (W]Fol?)} Y2 C(5p 0.178(1) 0.101(8)  —0.334(8) 5(1)
2(1Fl = [F)2(IFe] {2WFel = IF)F2WIFel) c(6p 0.182(1) 0.228(8) —0.126(8)  4(1)
a number of these superstructure features are strong, the reflections C(7f 0.204(1) 0.177(8) 0.059(8) 41
exhibit very broad, streaklike rocking curves, suggesting a poorly C(8) 0.223(1) 0.0 0.091(7) 5.6(9)
ordered superstructuté The diffuse reflections are neglected in the C(9) 0.243(1) 0.0 0.282(6) 5.0(9)
current structural model and discussion. c(10p 0.241(1) 0.217(9) 0.408(7) 4(1)

The final cell parameters and crystal orientation matrix were obtained  aThe heavy atoms (Bi, I, and S) are refined anisotropically;
by a least-squares fit of 8192 reflections. An empirical absorption anisotropic thermal parameters are listed in Table S2 (Supporting
correction, based on equivalent reflections, was applied to the intensity Information).® Occupancy= /. ¢ Occupancy= Y,.
datal” The structure was solved and refined using the NRCVAX 386
PC version prograri First, the Bi [Sb] and | atoms were located using  Table 3. Positional and Thermal Parametefsr (H,AEQT)Shysl4

direct methods. The S, N, and C atoms were then located using atom X y z Bio (A2
successive Fourier difference maps. All non-hydrogen atoms were

refined anisotropically. Given the limitations on the data quality imposed ;5? 8 '879 99(5 %% %‘%07 403 35'6652%
by the very thin and slightly warped crystals, no effort was made to Igng 0'0 ®) 0 ‘0794(5) 0'5 ©) 4 '5((2))
locate the hydrogen atoms. The occupancy of the Bi [Sb] site was I(3)° 7020012(1) 0'5 0:0765(5) 4.6(2)
refined to 0.67[0.64]. Initial attempts to refine the occupancy of the S(1) 0.1585(2) 05 0.851(1) 5.4(4)
other heavy atoms did not lead to values substantially different from  gop 0.2110(2) 0.379(2) 0.266(2) 4.6(4)
unity (or one_-half for _dlsordere_d S|tes)_. Therefore, thest_a occupancies N(1ay 0.069(1) 0.5 0.664(7) 4.9(9)
were held fixed during the final refinement. The minimum and N(1b) 0.069(1) 0.33(1) 0.507(9) 5(1)
maximum peaks in the final difference Fourier map corresponded to C(lap 0.079(4) 0.5 0.45(2) 8(4)
—1.30 and 4.62 e/A[—1.00 and 2.66 e/, with the first three residual C(1by 0.083(2) 0.5 0.50(1) 8(2)
peaks appearing withi2 A of either Bi [Sb] or I. No additional C(2ay 0.118(2) 0.5 0.41(2) 9(3)
symmetry was detected using the MISSYM progfdnSelected C(2by 0.118(2) 0.42(1) 0.48(1) 3(2)
crystallographic results for both compounds are summarized in Table C(3) 0.1401(9) 0.405(5) 0.583(5) 4.7(8)
1. The atomic coordinates for HEQT)Bizsls and (HAEQT)Skysls g(g)b 81?23(3) 8%32(? 82%(? g'g(g)
are listed in Tables 2 and 3, respectively. Selected bond distances and Cg6¥ 011812§8g 0‘224&33 0.877E55 4'08
angles are provided for each compound in Tables 4 and 5. A complete c(7y 0.2038(7) 0'179(5) 0'061(5) 3'4(6)
listing of crystallographic data and bond distances and angles, along c(8) 01.2225(7) O..O 0:098(4) 4:8(6)
with anisotropic displacement parameters for each compound, are given ¢ (g) 0.2434(6) 0.0 0.282(4) 3.8(5)
as Supporting Information. C(10y 0.2415(8) 0.204(6) 0.409(5) 4.0(7)

Results and Discussion 2The heavy atoms (Sb, I, and S) are refined anisotropically;
. . . anisotropic thermal parameters are listed in Table S3 (Supporting
Crystal Structure. B|Smuth(|”)/ant|m0ny(|”) halide struc- Information).® Occupancy= /.. ¢ Occupancy= Y..
tures generally consist of distorted M¥ctahedra, which share

corners, edges, or faces to form discrete or extended inorganicTable 4. Selected Bond Distances (A) and Angles (deg) for

networks. Among the bismuth iodides, isolatedsRittahedra (HAEQT)Bizsl4
are found in (GHsCH,CH,NH3)4Bil 7-H,0,2° with iodide anions Bi—I(1) 3.218(3) I(1}—-Bi—I(2)° 91.13(4)
and water molecules interposed between the octahedra in the Bi_'(l)z 3.218(3) I(13—Bi—I(2)° 88.87(4)
inorganic layers of the structure. Chains of corner-sharing g:::g;c 38;;8; :8;:5:::8% gg'gﬁg
octahedra are found in GMCGH]_zNH3)Bi|5,21 as well as in Bi—I(3) 3:046(1) 1(25—Bi—I(3) 90:3(1)
analogous B#?~ systems containing the longer and more Bi—I(3)2 3.046(1) I(28—Bi—I1(3)2 89.7(1)
complex organic molecules 1,6-bis[®''-aminoethyl)-2thie- 1(1)—-Bi—I(1)2 180.0 1(2y—Bi—I(3) 89.7(1)
nyllhexane (AETH) and 1,12-dodecanediamine (DDEA |(1)—B!—|(2)E' 88.87(4) |(25—B_i—|(321a 90.3(1)
(2-picolinium)Bil, and (quinolinium)Bik, the polymeric inor- :8;:5:::% g(l):éf’l(;‘) IEgi)l—(%b_—l(B?:)b igg:g(z)
I(1)-Bi—I(3) 89.2(1) Bi-1(3)—Bi¢ 157.5(2)

(17) Sheldrick, G. M.SADABS Institut fur Anorganische Chemie der
Universitd Gottingen: Gatingen, 1997.

(18) Gabe, E. J.; Le Page, Y.; Charland, J.-P.; Lee, F. L.; White, P.. S.
Appl. Crystallogr.1989 22, 384.

(19) Le Page, YJ. Appl. Crystallogr 1988 21, 983.

(20) Papavassiliou, G. C.; Koutselas, I. B.; Terzis, A.; Raptopoulou, C. P.
Z. Naturforsch.1995 50b, 1566.

a—x, -y, —zPxy, -1+z°—x -y, 1—-z9%x1+yz

ganic anion is constructed from edge-sharing Bdtahedr&324
while in (PhyP)Bislis the anion consists of a linear chain of
five face-sharing octahedf@.Other examples of bismuth(lll)

(21) Mousdis G. A.; Papavassiliou, G. C.; Terzis, A.; Raptopoulou, C. P.,
Z. Naturforsch.1998 53b 927.

(22) Mitzi, D. B.; Brock, P.Inorg. Chem, submitted.
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Table 5. Selected Bond Distances (A) and Angles (deg) for
(H.AEQT)Shysl4

Sb-1(1) 3.153(2) I(1}-Sb-1(2)>  91.42(3)
Sb-1(1)2 3.153(2) I(1}-Sb-1(2)°  88.58(3)
Sh-1(2)° 3.0522(7)  1(13-Sb-1(3) 88.87(9)
Sb-1(2) 3.0522(7)  I(13-Sb-1(3)>  91.13(9)
Sh-1(3) 3.0123(7)  1(2)-Sb-1(3) 89.94(8)
Sb-1(3)2 3.0123(7)  1(2)-Sb-1(3)2  90.06(8)
I(1)-Sh-1(1)2  180.0 1(2§—Sb—1(3) 90.06(8)
I(1)-Sb-1(2>  88.58(3) I(2}-Sb-1(3)2  89.94(8)
I(1)—-Sb-1(2)c  91.42(3) I(3)-Sb-1(3)2 180.0

I(1)—Sb-1(3) 91.13(9) Sk-1(2)>— S 162.2(1)
I(1)-Sb-1(3)2  88.87(9) Sb-I(3)—Sb 162.2(1)

a—x, =y, —z°xy, —-1+z°—x -y, 1—z9x 1+y z

halide frameworks include the Bi*~ compounds, which
generally consist of isolated pairs of face-sharing; Bidtahe-
dra26:27 A similar range of structures has also been found for
the corresponding antimony(lll) iodidé%21.25

Among the bismuth(lll) and antimony(lll) iodides, there is
currently a lack of examples @dil00Horiented layered hybrid
perovskites. Such systems would require vacancies on the metal
sites within the inorganic sheets to satisfy valency requirements.
Attempts to stabilize this structural type using bismuth(lIl)
iodide and various long, relatively flexible, organic cations, such
as diprotonated AETH and DDDA, led to the formation of a
distinct class of hybrids containing chains of corner-sharing
bismuth(lll) iodide octahedr#& These reactions were carried
out in ethylene glycol/2-butanol or hydriodic acid solutions,
respectively, and the appropriate organic and inorganic salts
were dissolved in a 1:1 molar ratio. Using similar reaction i )
conditions and replacing the relatively flexible moieties with a Figure 1. Crystal structure@2/m cell) of (HAEQT)Bizzls, viewed

. S . down theb axis. The dashed lines show the unit cell outline. For clarity,
more rigid AEQT molecule resulted in single-phase formation the atoms are represented as spheres with uniform sizes selected for

of crystals with the structure shown in Figure 1. each atom type. Small black (filled) and white (unfilled) spheres
The inorganic framework of (\AEQT)Biy/3l4 consists of represent occupied and unoccupied bismuth(lll) sites, respectively,
Biyals2~ metal-deficient perovskite sheets separated by layers with!n the B‘_iZ/3I42* s_he_ets. The metal-site vacancies occur randomly
of the organic cation. Each bismuth(l1l) atom is surrounded by Within the bismuth iodide layers.
a distorted octahedral coordination of iodides (see Table 4), with Among the trivalent group VA compounds, several perovs-
bond lengths ranging from 3.046(1) to 3.218(3) A [3.114 A Kite-like structures have been previously reported. 18BGs
average]. Both bridging iodides in the subcell model, 1(2) and Bre, a trigonal structure resullts, with double. Iay'erfs of corner-
I(3), are refined as disordered over two symmetry-related sites, Sharing oc_tahedr%iThe resulting framework is similar to that
with occupancy fixed at 0.5. In contrast, both the bismuth(ll) ©f the cubic perovskite, CsPbgwith, however, one-third of
atom and the terminal iodide, 1(1), are not disordered. Adjacent the metal sites vacant. The same structure is also formed for
Bils octahedra share four corners to form the inorganic sheets(CHsNHz)sBizBro.? In contrast to the title compounds, the
(Figure 2). The structure and disordering of the inorganic sheetsvacancies in these systems are ordered, yielding a structure
is very similar to that recently discussed for,&EQT)PbX, which can be considered a double-layer version dfl &l
(X = Br, 1).11 However, in the lead(ll) systems, the metal sites oriented per9v§klte (as.opposed toa smgle-lﬂ@ﬁ:—lorlenteq
are fully occupied. During the structural refinement of the System)? Within the BpBrg®~ double layers, the metal sites
bismuth(lll) compound, the occupancy of the bismuth site @re fully occupied. The countercation, which balances the
refined to ~2s, thereby confirming the stoichiometry (as Fnsmuth_(lll) bromlde anion, is also very ;lmple_ (either a large
determined from chemical analysis) and the presence of apparinorganic cation or a very small organic cation). For more
ently randomly distributed vacancies on the metal site. The COMPlex organic cations, the bismuth(lll) bromide layers
inorganic framework for the antimony(lll) hybrid structure is 9enerally break down into isolatedBro® clusters* Similarly,
very similar to that discussed for the bismuth(lll) analogue, with the corresponding iodide structures,sBislo and (CHNH3)s-
Sb-1 bond lengths (Table 5) ranging from 3.012(1) to 3.153- B|2|g', revqrt to isolated Blo®~ anions composed of two face-
(2) A [3.073 A average]. sharing Bik octahedr&?233

(28) Lazarini, F.Acta Crystallogr.1977, B33 2961.
(23) Robertson, B. K.; McPherson, W. G.; Meyers, E.JAPhys. Chem. (29) Ishihara, H.; Watanabe, K.; Iwata, A.; Yamada, K.; Kinoshita, Y.;

1967, 71, 3531. Okuda, T.; Krishnan, V. G.; Dou, S.; Weiss, A. Naturforsch1992
(24) Nagapetyan, S. S.; Arakelova, A. R.; Ziger, E. A.; Koshkin, V. M.; 473, 65.

Struchkov, Y. T.; Shklover, V. ERuss. J. Inorg. Cheni989 34, (30) Mitzi, D. B. J. Chem. Soc., Dalton Transn press.

1276. (31) See, for example: (af ddw, J.; Jakubas, R.; Bator, G.; Zaleski, J.;
(25) Pohl, S.; Peters, M.; Haase, D.; Saak,ZVNaturforsch.1994 49h, Decressain, RJ. Phys. Chem. Solid200Q 61, 887. (b) Jakubas, R.;

741. Zaleski, J.; Kosturek, B.; Bator, G. Phys.: Condens. Matter999
(26) Lazarini, F.Acta Crystallogr.1987, C43 875. 11, 4731. (c) Lazarini, FActa Crystallogr.1977, B33 2686.

(27) Gridunova, G. V.; Ziger, E. A.; Koshkin, V. M.; Struchkov, Y. T; (32) Chabot, B.; PartheE. Acta Crystallogr.1978 B34, 645.
Shklover, V. E.Russ. J. Inorg. Chen1988 33, 977. (33) Kawai, T.; Shimanuki, SPhys. Status Solidi B993 177, K43.
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(@) (b)

Figure 2. Bismuth(lll) iodide framework in (HAEQT)Bizsl4 (C2/m . s . -
cell). The bridging iodides within the perovskite sheets, I(2) and I(3), Figure 3. The doubly protonated 3,5bis(aminoethyl)-2,25',2":
are distributed with half-occupancy over two symmetry-related sites,  »2 -quaterthiophene (AEQT) molecule in AEQT)Bizsl4 for (a)

suggesting an unresolved superstructure or disorder. One configurationth® C2/m subcell and (b) th€2/c cell models. For clarity, the atoms

for the bismuth(lll) iodide framework is represented with heavier lines ar€ represented as spheres with uniform sizes selected for each atom
and filled bonds. For clarity, the alternative configuration for the YP€. The mirror plane is marked with a dashed line in part a. In part

framework is represented with lighter lines and unfilled bonds. The P the nitrogen atoms are disordered over two sites with equal
thermal ellipsoids for the bismuth and iodine atoms are drawn at 50% °occupancy.

robability. . . . )

P Y tion of two symmetry-related configurations, each of which

corresponds to the non-disorder€@/c cell quaterthiophene

In the current bismuth(lll) and antimony(lll) iodide structures, X . ¢ .
flayer structure. For convenience, the discussion of the organic

each metal cation vacancy creates a local concentration oI ) below is based @9/ refi h Si
negative charge. The creation of a substantial number of ‘@Y€l given below s base on tizic refinement. The analysis

randomly positioned vacancies should be energetically unfavor- oM the C2/m cell is essentially identical, after taking into
able, unless some additional aspect of the system can help tocon&deragon th_e disordering between the two possible organic
offset the energy deficit. It is therefore interesting to consider layer configurations.

the potential role played by the AEQT cation layer in stabilizing The AEQT bond lengths and angles infEQT)Bizdl4 and
the unusual metal-deficieri.00Zoriented perovskites layers. (H2AEQT)Shyls are similar to those observed in the lead(ll)

Oligothiophene Conformation and Ordering. The confor- hqhde ba§ed systersEach thiophene ring is essent_lally planar,
mation of the protonated 5'Sbis(aminoethyl)-2.25',2":5" 2"~ with a dihedral angle between the planes defined by the
. P o Y)-e,89,2 -5, e thiophene rings, Tand T, (or T;' and T'), of approximately
quaterthiophene molecule in NEQT)Bixls Is shown in 6(1)° for both the bismuth and antimony systems. While the
Figure 3, with the molecular conformation of the antimony(lll) ’

analogue being essentially identical. Each quaterthiophenea”'anﬁ (or. aII-trans) backbone conformgtion is most typical
oligomer can be fully described by two independent thiophene among 'ollgothllophe.nes (e.gq;guaterthmphene and other
rings, Ti{ S(1), C(3), C(4), C(5), C(6)and B{S(2), C(7), C(8) unsubstituted oligothiophene®);38 the syn-anti-syn conforma-
co) ’Cl(lO) ’The c;ther ﬁalf 012 the quaterthiopf]ene ,oligor’ner tion is adopted in the bismuth(lll) and antimony(l1l) perovskites
is génerated by symmetry, yielding the ring&{B(1), C(3) (Figure 3), as is also the case in the related systeaAEEQT)-.
C(4Y, C(5, C(6Y} and Tz’{é(Z) C(7), C(8), C(9) é(lO)}i PbX,.11 Seyeral other examples of nearly planar syn-anti-syn
In the subcell €2/m) model, disordering of each organic cation [C(Oznéoérgiz(t)rg:;\t/ﬁ ?i?arzchgngl_ﬁizﬁg_ef_l::ei’lomgﬁf 'lr)]gﬂ?il_]sj__'z 2
across a mirror plane corresponds to the superposition of two-5, é,,fs,’, o uatert)raio henéB,The uatert)t/ﬂo F:weng oli gm.e}s
half-occupied quaterthiophene configurations (Figure 3a). Analo- z;ck. in,to tﬂe a ereg er(.)vskitg framewgrk suchgthat the
gous perovskites cells have been reported for (2-phenethyl-p|. by : ﬁ iited relati h Kite sh
ammoniumyPbls 3 (2-naphthylmethylammoniusBbCh,® and oligomers are substantially tilted relative to the perovskite sheet

) - P . . normal (Figure 1). The least-squares best plane through the
(2 anthryImethyIam_momgngB’pCh, each of which exhibits the guaterthiophene section of the AEQT molecule (averaging over
same type of organic cation disordering or (perhaps more likely)

unresolved superstructure. Note that by doubling the cell along the slight misorientation of the planes defined by theid T,

. . . rings) forms a dihedral angle of 40.0{438.6(4)] with respect
the c axis and adopting th€2/c cell, as in (RAEQT)PbX, (X . . .
= Br, 1), the two conjoined orientations of the AEQT quater- o the plane containing the Bi [Sb], I(2), and I(3) atoms (i.e.,

thiophene moiety become separated (Figure 3b) and alternatethe plane of the perovskite sheets). These angles are comparable

down the c axis of the structure. In fact, the disordered \(’:tgéh(gsgggsr’g;d;‘)gl? ngles in 4AEQT)PDL, (40.2) and
quaterthiophene layer of th&2/m cell is essentially a superposi- 2 4 (34.9).

(36) Siegrist, T.; Kloc, C.; Laudise, R. A.; Katz, H. E.; Haddon, R. C.

(34) Braun, M.; Frey, WZ. Kristallogr—New Cryst. Struct1999 214, Adv. Mater. 1998 10, 379.
333. (37) Barone, V.; Lelj, F.; Russo, N.; Toscano, W.Chem. Soc., Perkin
(35) Braun, M.; Frey, WZ. Kristallogr—New Cryst. Struct1999 214, Trans. 21986 907.

335. (38) Muguruma, H.; Kobiro, K.; Hotta, SChem. Mater1998 10, 1459.
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can be explained in terms of edge-to-face (tilted-T) aromatic
(a) # # # interactions!®47-51 These interactions arise as a result of
electrostatic and London dispersion effects (i.e., van der Waals

% % % % interactions)®#°and are now believed to play an important role

in protein folding® and molecular recognition in aromatic
M # # ¢ system®! The edge-to-face interaction energy for a single
b benzene dimer in the gas phase is approximat@kcal/mol4°
similar in magnitude to a weak hydrogen bond (a similar order

% % % % of magnitude interaction would also be expected for two

thiophene rings). Note, however, that for longer oligomers,
M # M consisting of a rigid network of multiple aromatic components,
a the effects of these interactions add up and can therefore have

a more substantial structure-directing influence on the resulting
system. For example, in the NGJTN (n = 3—6) series, where
Tn denotes an oligothiophene moiety with"units, competing
forces drive the ordering of the oligothiophene uAttszor

(b) G‘j‘ G‘j' G‘p' shorter oligothiophenes (= 3—5), the intermolecular CN-H
interactions induce the molecules to adopt a slippestack

‘% N N \ a structure. In contrast, for a longer oligothiophene<( 6), the

c edge-to-face interactions dominate, and the structure adopts the
a"‘ d” a"' more traditional herringbone arrangement.

b For the rigid quaterthiophene moiety (e.g., AEQT), the effect
of the edge-to-face interactions is similarly expected to be
‘axo \ ‘Q‘b N important during both solution crystal growth and evaporative
thin-film deposition. One possible mechanism for the stabiliza-

tion of the metal-deficienflO0Horiented perovskite structures
Ga. f‘ 0‘9‘) therefore involves the preferential formation of two-dimensional
Figure 4. (a) View down the long molecular axis of one layer of AEQT  layers of AEQT, stabilized by the edge-to-face interactions (as
cations in the (HAEQT)Biysl4 structure C2/c cell). For clarity, only well as other interactions leading to the stable organic cation
the quaterthiophene component of the AEQT molecule is drawn, clearly layers), which in turn template the formation of the unusual
demonstrating the herringbone arrangement of the quaterthiophene unitsnetal-deficient two-dimensional anions rather than more typical

in the structure. The analogous view for the antimony(lll) system, . A : : . .
(HAEQT)Shysla, is essentially indistinguishable from the figure for isolated or one-dimensional species with fully occupied metal

the bismuth(lll) compound. In part b, a similar view for one layer of sites.
quaterthiophene molecules in crystallingjuaterthiopheri€is shown
for comparison. Conclusion

Viewing down the length of the quaterthiophene molecules, Single-layerZFLO@oriented hybrid perovskites generally
the oligomers in (HAEQT)Biyls and (HAEQT)Shyls adopt consist of MX#~ divalent me_tal ha_lhde inorganic frameworks
a herringbone arrangement, similar to that found in purely separated by layers of organic cations. In this study, the layered

organic crystals and films of the various oligothiophenes (Figure Perovskite family has b??f extinded to include the members
4)39-42 |n fact, the AEQT layer structure in GAEQT)Bixals (HAEQT)Mzils (M = Bi*", SE'Y), where the higher-valent

[also in (HAEQT)Shyals, (HAEQT)Pbl, or (H,AEQT)PbB] metal halide inorganic sheets are stabilized by vacancy formation
viewed down the long axis of the quaterthiophene moiety " the.metal site and by an organic cat_ion that can template the
(Figure 4a), can virtually be superimposed on a layer from formation of two-dimensional perovskite layers. The formula

a-quaterthiophene viewed similarly (Figure 4b), despite the very for ihe inorganic sheets can also be written®(MsV ysXs*~
different environment in which the quaterthiophene moiety is (X =Cl, Br, I), wh_ere v represent_s avacancy (U?'“a”y left ‘?U_'t
held (i.e., the inorganic framework) and the different molecular Of the formula). Given an appropriate organic cation layer, it is
conformation (i.e., syn-anti-syn versus all-anti). The herringbone likely that the.new hybrid pgrovskne family can'be'further'
angle for the bismuth(lll) system is approximately S0gimilar generalized to include other higher-valent metal halide inorganic

to that observed in (MAEQT)PbBG (51.2) and a-quater- frameworks. For tetravalent metals (e.g.#Sme*", Hf*") the
thiophene (55.%. inorganic anion layer would be expressed ag (Vv 12X+,

1 + 5+Y i
The herringbone arrangement of the quaterthiophene moieties//Nile for pentavazl€nt metals (e.g., Nib T, Mo®") it would
be (MP)2sV35X42~. In general, for ann-valent metal, the

is common among other aromatic organic molecules (e.g., M™), v X2 icf K L h
naphthalené? anthracené? biphenyl® and quaterpher$f) and (M™)2nV (n-2)nX4>" inorganic framework contains just enoug
vacancies to provide &2 average charge on the metal site.

(39) Antolini, L.; Horowitz, G.; Kouki, F.; Garnier, FAdy. Mater. 1998 Note that, for sufficiently large, the concentration of vacancies
10, 382. might eventually become too high for the perovskite structure
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Since there is no evidence of long-range vacancy ordering cations, the layered organiinorganic perovskite structure has
from the current single-crystal X-ray data, the metal-site so far not been formed, despite the occurrence of numerous
vacancies are considered randomly distributed. The metal sitesexamples of layered perovskites based on these same organic
within the (M™)2nV (n-2nX42~ network are essentially arranged  cations for divalent metal halid@3.In order to stabilize the
in a two-dimensional square lattice and each site is occupiedlayered perovskite framework with the higher-valent metals, it
with probabilityp = 2/n. Numerical calculations for an infinite s therefore important to choose an organic countercation that
two-dimensional square lattice predict a percolation threshold will facilitate or template the formation of the characteristic
atp. = 0.59%% Consequently, the titie = 3 systems are notable inorganic layers of comer-sharing metal halide octahedra.
because they are the only members of the new family of metal-  1,q geapjlization provided by the organic cation layers in the

deficient peroyskites (i.e., vyith > 2) in which infinitg clusters fitle (HAEQT)Masla (M = Bi®*, SE) compounds presumably
of qorner-sharlng m'etal hal!de octahedra are predpted tothendderives from both the rigid, rodlike nature of the AEQT
entirely across the inorganic Ia_yers._The currerit'Bind SB ._molecule and the edge-to-face interactions provided by the four
systems are therefqre Interesting with respect to the eIGCtrOr."caromatic entities of each molecule. Given these constraints, it
properties of the inorganic sheets. Note that the organic

. . is likely that numerous other organic cations can also be used
component of the hybrid structures can also play an important - - - )
. . - ) to stabilize the higher-valence metal-deficient perovskite frame-
role in the optical and electrical properties. The study of

hi ; — B3+ +
crystalline oligothiophene and other oligomer layers has been\;\’OsrtkesmgxlhnI t;;[jed(ijtig:] ttcr)]?/a(ribtﬁinIQ'\fﬁ/iﬁ E)I\t/lhio hBeIne’ digave)ltives
of recent interest in terms of both fundamental electrical > ) 9 9 P ’

transport studies and the potential application of these materials‘é‘)rt];“oqous qllgopt)h enle)ene(;:ierlvtz;]\tlvef are likely to be s#t';atljle'
in thin-film transistor channel layeP8:5 The use of the tﬁr organltc (t:a lons aset on the oligocene ﬁf'gl" n?)p aiene,
inorganic framework to constrain or control the packing and 2nthracene, tetracene, pentacene) series might also be appropri-

ordering of the oligomer layers in the hybrid structures has also ate to c_on&der, since these r|g|d molecules are S.UbJeCt to
been discussetd. substantial edge-to-face interactions and regularly align them-

While the creation of metal-deficient perovskite sheets SEIVeS into herringbone-structured layers. Analysis of hybrids
through the incorporation of higher-valent metals is, at least in cOntaining these alternative organic cations, as well as other
principle, very straightforward, as vacancies are introduced on rélated systems, will further elucidate the templating mechanism
the metal site of the inorganic layers, there should be a driving that is suggested by the current structures.
force toward the formation of other non-perovskite structures
(i.e., ones with essentially no metal-site vacancies). For example
in bismuth(lll) halide systems with simple alkyldiammonium

Supporting Information Available: Tables providing a full listing
'of experimental and crystallographic data (Table S1), anisotropic
temperature factors for GAEQT)Bizsl4 (Table S2) and (BAEQT)Shydl4
(Table S3), and bond distances and angles feARQT)Bis3l4 (Table
ggg; rauter, DENYs. F;ﬁgif;&;;ﬁ o53. S4) and (HAEQT)Shydls (Table S5). In addition to the data listed above
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