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ABSTRACT: Three-dimensional (3D) hybrid organic−inorganic
lead halide perovskites (HOIPs) feature remarkable optoelec-
tronic properties for solar energy conversion but suffer from long-
standing issues of environmental stability and lead toxicity.
Associated two-dimensional (2D) analogues are garnering
increasing interest due to superior chemical stability, structural
diversity, and broader property tunability. Toward lead-free 2D
HOIPs, double perovskites (DPs) with mixed-valent dual metals
are attractive. Translation of mixed-metal DPs to iodides, with
their prospectively lower bandgaps, represents an important target
for semiconducting halide perovskites, but has so far proven
inaccessible using traditional spacer cations due to either intrinsic instability or formation of competing non-perovskite phases.
Here, we demonstrate the first example of a 2D Ag−Bi iodide DP with a direct bandgap of 2.00(2) eV, templated by a layer of
bifunctionalized oligothiophene cations, i.e., (bis-aminoethyl)bithiophene, through a collective influence of aromatic
interactions, hydrogen bonding, bidentate tethering, and structural rigidity. Hybrid density functional theory calculations for
the new material reveal a direct bandgap, consistent with the experimental value, and relatively flat band edges derived
principally from Ag-d/I-p (valence band) and Bi-p/I-p (conduction band) states. This work opens up new avenues for exploring
specifically designed organic cations to stabilize otherwise inaccessible 2D HOIPs with potential applications for
optoelectronics.

■ INTRODUCTION

Two-dimensional (2D) hybrid organic−inorganic perovskites
(HOIPs) are gaining increasing attention owing to their
remarkable optoelectronic/semiconducting properties and
promise for applications in transistors,1,2 light-emitting
diodes,3−5 photovoltaics,6−10 and spintronics.11,12 In contrast
to (CH3NH3)PbI3 (the archetypal 3D HOIP), the 2D
analogues exhibit superior chemical stability and are
structurally more diverse, with ample choices for the organic
cation.13,14 2D HOIPs (general formula A2MX4) can be viewed
as self-assembled quantum well (QW) heterostructures,15,16

where different semiconducting metal halide (MX4
2−) perov-

skite and organic (A+) cation layers allow for at least four
distinct types of internal band alignments across the organic−
inorganic interface.17,18 These distinct band alignments offer
multiple avenues to manipulate the overall optical/electronic
functionalities,17,19−21 to control carrier dynamics,18 and to
further tailor the relative energy levels and optoelectronic
properties by compositional and dimensionality engineering of
the inorganic layers22 and/or tweaking the chemical nature of
the organic cations.23,24

In the search for Pb-free 2D HOIPs, it is desirable to retain
the electronic structure of Pb-based HOIPs, because their
direct-bandgap p−p transitions enabled by the Pb s2 lone pair
allow for strong optical absorption.25 Isoelectronic cations to
PbII, such as BiIII, are naturally attractive candidates for
exploring Pb-free HOIPs. However, ⟨100⟩-oriented 2D HOIPs
with layers of corner-sharing MIIIX6 (M = BiIII; X = halogen)
octahedra do not usually form because the MIII oxidation state
necessitates energetically unfavorable metal vacancies for
charge balance between the organic cations and anionic
metal halide layers. More commonly, BiIII forms either discrete
(monomeric/dimeric) or extended (polymeric) inorganic
frameworks of corner-, edge-, or face-sharing MX6 octahedra,
resulting in a diverse family of halogenoanions (e.g., [MX4]

−,
[MX5]

2−, [MX6]
3−, [M2X9]

3−, [M2X11]
5−, [M3X11]

2−

[M3X12]
3− , [M4X18]

6− , [M5X18]
3− , [M6X22]

4− , and
[M8X30]

6−) that are all characterized by a fully occupied M
site.26−29
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Another way of meeting the valence requirements is to
incorporate two metals with distinct oxidation states.30−36 To
form double perovskites (DPs), both the metal sites addition-
ally need to adopt stable octahedral coordination with a given
halide ion. Various inorganic 3D DPs (e.g., Cs2M

IMIIIX6; X =
Cl, Br) containing a trivalent cation (MIII) such as Bi, Sb, In, or
Tl and a monovalent cation (MI) such as Ag or Tl have been
reported in the literature.30−34 Most known 3D DPs of this
family are characterized by large indirect bandgaps, while only
a few possess direct bandgaps, e.g., Cs2AgInCl6

30 and
Cs2AgTlX6 (X = Cl, Br).34 Although predicted to exhibit
direct bandgaps, In(I)-based DPs such as Cs2In

IMIIIX6 (M
III =

Bi/Sb; X = Cl, Br, I) are intrinsically unstable against oxidation
into In(III)-based binary compounds.37 Due to their expected
lower bandgaps, the iodide analogues are of special interest for
semiconductors in optoelectronic applications. So far, however,
this family of 3D DPs could not be extended to iodides with
any of the above metal combinations;36 Cs2AgBiI6 could only
be kinetically stabilized in colloidal form by a postsynthetic
anion exchange from the corresponding chlorides and
bromides,38 but the bulk counterpart has not been formed.
Two-dimensional hybrid DPs may open a new avenue for

stabilizing iodide-based DPs due to a number of possible
choices of potentially stabilizing organic spacer cations.
However, while a 2D DP bromide, (BA)4AgBiBr8(BA =
CH3(CH2)3NH3

+), with ordered Ag and Bi sites and
electronically inactive BA+ cations was recently reported,39

the electronically desirable 2D mixed-metal iodide DPs have
not yet been reported (to our knowledge, the only iodide DPs
so far reported are based on mixed-valent homometal Au(I)/
Au(III) iodides40,41). Strikingly, we find that their stabilization
is not just a matter of changing the halide anion. In our own
synthesis attempts of iodide-based Ag−Bi 2D DPs with BA+

and related cations, competing 0D or 1D frameworks form
instead (see below, as well as “Experimental Methods” and
Figure S4 in the Supporting Information, SI). This is due to an
intrinsic propensity of Bi to form low-dimensional non-
perovskite hybrids, aggravated by the rareness of Ag in
octahedral iodine coordination.

Here, we demonstrate the structure-directing influence of a
specifically designed bifunctionalized organic spacer mole-
cule5,5′-diylbis(aminoethyl)-[2,2′-bithiophene] (AE2T)
which, as a result of preferential edge-to-face aromatic
interactions, acts as a template to stabilize the first example
of a lead-free 2D mixed-metal DP iodide, i.e., [AE2T]2AgBiI8.
Our work thus proves the value of employing specifically
designed templating organic cation layers to stabilize unusual
2D perovskite phases that are often inaccessible using
traditional spacer cations. Using spin−orbit coupled hybrid
density functional theory (DFT), we also find that, in contrast
to traditional spacer cations, in [AE2T]2AgBiI8, the frontier
orbitals of AE2T are in close proximity to the inorganic band
edges, resulting in a borderline type-I/II quantum well
alignment, while the inorganic-derived bands are much less
dispersive compared to related oligothiophene-Pb-based 2D
HOIPs.18 Experimentally, the optical transition in [AE2T]2-
AgBiI8 is weaker and broader compared to the sharp excitonic
resonance commonly found in Pb-based HOIPs42 and can be
associated with a transition between equatorial I-p states in the
valence band maximum (VBM) and hybridized equatorial I-p
and Bi-p orbitals in the conduction band minimum (CBM).

■ RESULTS AND DISCUSSION
Structural Characteristics. Single crystals of [AE2T]2-

AgBiI8 were grown by slowly cooling a saturated aqueous HI
solution of stoichiometric amounts of AgI, BiI3, and AE2T.2HI
from 100 °C over 60 h (see “Experimental Methods” in the SI
for more details). AE2T.2HI was synthesized starting from
thiophene-2-ethylamine (see Scheme S1 and detailed
description in the SI).
[AE2T]2AgBiI8 crystallizes into a ⟨100⟩-oriented perovskite,

where each negatively charged inorganic perovskite layer
comprises corner-sharing MI6 [M = Ag or Bi] octahedra, with
adjacent layers separated by layers of AE2T cations (Figure
1a). For [AE2T]2AgBiI8 crystals, two sets of reflections were
observed from the CCD frames during the X-ray study at 298
K: one with a well-defined, relatively sharp profile and the
other with diffuse, streak-like character. The former corre-

Figure 1. (a) Schematic showing the 2D layered crystal structure (C2/c space group) of the [AE2T]2AgBiI8 DP. (b) Two distorted frameworks of
interconnected equatorial M−Ieq−M bonds superimpose to give rise to two sets of half-occupied equatorial iodine atoms (denoted by solid and
shaded brown spheres). Randomly occupied Ag/Bi sites are shown as two-colored spheres. (c) View of AE2T cations disordered across the c-glide
plane (indicated as dotted lines), thereby appearing as polymeric ribbons along the b-axis. Considering only one set of disordered bithiophene
moieties, the herringbone packing arrangement in a single organic layer of (d) [AE2T]2AgBiI8 closely matches that in (e) “neat” 2,2′-bithiophene
crystals along a similar viewing direction. Ethylammonium groups are omitted in (d) for clarity. Black, red, and yellow spheres denote C, N, and S
atoms, respectively.
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sponds to a monoclinic subcell (C2/c space group) with lattice
parameters a = 29.3654(14) Å, b = 6.1473(3) Å, c =
12.0494(6) Å, and β = 92.732(1)°, whereas the latter
corresponds to a poorly resolved superstructure resulting in
doubled b- and/or a-axes. The precession image of the
reciprocal lattice reconstructed along the hk0 section (Figure
S1) also reveals poorly resolved reflections forming streaks
along the a*-direction, plausibly due to a weak superstructure
related to stacking of adjacent layers.17,43,44 The adjacent MI6
(M = Ag/Bi) octahedra in each inorganic layer are twisted with
respect to each other, so that M−I−M bond angles
substantially deviate from 180° [160.50(5)° and 159.43(5)°].
Within a given inorganic layer, any given square of four
adjacent corner-sharing MI6 octahedra (defined by four
interconnected M−I−M bonds) is “pulled-in” and “pushed-
out” along the b- and c-axes, respectively, or vice versa. The
distortion pattern of each square fixes the nearest-neighboring
square of octahedra to be in the opposite pattern (Figure 1b).
The distortions in each inorganic layer (b−c plane) are,
therefore, fully ordered; however, the adjacent layers are not in
registry with each other. Such diffuse scattering arising from a
poorly ordered superstructure is not uncommon among
layered 2D HOIPs, having also been observed earlier in (3-
fluorophenethylammonium)2SnI4,

43 (2-fluorophenethylammo-
nium)2SnI4,

43 (AE4T)PbBr4,
17 and [AE4T]Bi2/3□1/3I4,

44

whose structures have been refined using a similar subcell
approach. The [AE2T]2AgBiI8 crystal structure can be solved
adequately using the C2/c subcell (see Table S1 in the SI), but
no meaningful structure solution could be obtained using the
larger supercell approach, likely due to the poorly resolved X-
ray peaks (and ordering) corresponding to the larger cell.
Within the inorganic layer of [AE2T]2AgBiI8, Ag and Bi

cations do not appear to exhibit long-range order on the M site
and are instead successfully modeled as being statistically
distributed, where the chemical occupancy of Ag and Bi refines
to ∼0.5 for each. Consistently, both energy-dispersive X-ray
spectroscopy (EDS) and X-ray photoelectron spectroscopy
(XPS) quantitative analyses on single crystals confirm nearly
equal proportions of Ag and Bi (Figures S2 and S3, SI). We
note that the apparent absence of long-range order in
diffraction does not rule out the existence of local order (or
order within a given layer, as opposed to registry between the
layers), as indicated by our DFT results below. Each equatorial
iodine in the inorganic layer is disordered over two symmetry-
related sites with an occupancy of 0.5. The disorder of
equatorial iodine atoms is a consequence of the poorly
resolved superstructure associated with the lack of registry
between adjacent inorganic layers. In the subcell model, the
two unique patterns of square distortion are superimposed
with equal probability, resulting in an apparent disorder of
equatorial iodine atoms (Figure 1b). The lack of registry
between adjacent inorganic layers is plausible given that the
ethylammonium tethering groups of the AE2T cations,
nominally interacting with the distorted square of MI6
octahedra through hydrogen bonding with nearest iodine
atoms, are flexible enough to adopt different conformations
corresponding to the two different square distortions.
In the organic layer, all the carbon atoms (except the

terminal one closest to the nitrogen) and nitrogen atoms of the
AE2T cation are disordered across the c-glide plane (Figure
1c). The asymmetric unit contains two unique thiophene rings
(T1 and T2), and the other half of each bithiophene moiety
(i.e., T1′ and T2′) is generated by 21 symmetry. The two

thiophene rings within each AE2T moiety are nearly coplanar
with a dihedral angle of 0.66° between least-squares best planes
containing the individual thiophene rings. The adjacent
thiophene rings adopt an “anti” configuration (see Figure
1c), as typically found in neat organic crystals of unsubstituted
bithiophene molecules45 as well as related hybrids incorporat-
ing substituted bithiophene cations.46 The disorder for the
AE2T cation is also consistent with the poorly defined/
resolved superstructure; that is, the diffuse scattering along a*
doubles the b-axis, but in the subcell (∼1b × 2c) model
considered here, the two half-occupied (i.e., equal probability)
configurations of the AE2T backbone become superimposed
to extend as ribbons along the b-direction (Figure 1c). Similar
disordering of the organic cation across symmetry elements
was found in [AE4T]Bi2/3□1/3I4, which also exhibits a poorly
resolved superstructure.44

X-ray data collected at 100 K for [AE2T]2AgBiI8 also
exhibits a diffuse scattering due to the poorly resolved
superstructure. The 2D perovskite structure at 100 K can be
solved adequately in a monoclinic C2/c subcell with lattice
parameters a = 28.951(3) Å, b = 6.0992(6) Å, c = 11.9821(12)
Å, and β = 92.266(2)° (see Table S1 in the SI) and features
disordered inorganic and organic layers similar to the 298 K
structure.

Templating Influence of Oligothiophene Spacer
Cations. In 2000, Mitzi reported the unique templating
influence of an oligothiophene-based diammonium cation in
stabilizing an unusual Bi-deficient ⟨100⟩-oriented 2D HOIP,
[AE4T]Bi2/3□1/3I4 (AE4T: 5,5‴ -bis(aminoethyl)-
2,2′:5′,2″:5′′,2′′′-quaterthiophene).44 The latter HOIP fea-
tures 2D layers of corner-sharing distorted BiI6 octahedra with
randomly distributed Bi-vacancies and represents the first
member of a new family of metal-deficient 2D HOIPs with
M Xn

n
n n2/ ( 2)/ 4

2[ □ ]+
−

− layers (□ = M-site vacancy). The
templating role of the AE4T cation was ascribed to edge-to-
face (tilted-T type) intermolecular aromatic interactions that
are strong enough to compensate for an otherwise unfavorable
formation enthalpy of a substantial density of Bi-vacancies (i.e.,
1/3 of the sites) within the perovskite layer. Notably, another
complex but relatively flexible diammonium organic cation,
[1,6-bis[5′-(2″-aminoethyl)-2′-thienyl]hexane], wherein the
two terminal thienyl rings are separated by a hexyl chain (as
opposed to a bithiophene unit in AE4T), leads to a one-
dimensional (1D) hybrid with corner-sharing zigzag chains of
distorted BiI6 octahedra,47 emphasizing the importance of
structural rigidity in addition to the aromatic interactions for
stabilizing these more complex metal-deficient 2D perovskites.
As the number of thiophene rings within the oligothiophene

moiety is systematically decreased from four (AE4T) to three
(AE3T) and down to two (AE2T), the strength of aromatic
interactions is expected to decrease, thereby influencing the
overall templating ability. For instance, free-energy calculations
show a decreasing gas-phase interaction enthalpy going from
anthracene to naphthalene to benzene dimers, accompanied by
a change in preference for π-stacked structure in anthracene
dimers to tilted-T-type structure in benzene dimers.48 In the
current study, we focus on the 2D DP with a 1:1 mixture of Bi
and Ag atoms, to achieve an average +2 oxidation state for the
metal site without vacancies. Such structures are still subject to
instability due to the availability of more stable alternative
phases (i.e., those with 0D or 1D Bi−I frameworks). To
stabilize the 2D structure, we have employed the smaller

Journal of the American Chemical Society

DOI: 10.1021/jacs.9b02909
J. Am. Chem. Soc. 2019, 141, 7955−7964

7957

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b02909/suppl_file/ja9b02909_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b02909/suppl_file/ja9b02909_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b02909/suppl_file/ja9b02909_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b02909/suppl_file/ja9b02909_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b02909/suppl_file/ja9b02909_si_002.pdf
http://dx.doi.org/10.1021/jacs.9b02909


(relative to AE4T) but still rigid AE2T cation and find that the
aromatic interactions in AE2T are sufficiently strong to
template the targeted lead-free 2D DP iodide, i.e.,
[AE2T]2AgBiI8. AE2T cations were selected here (as opposed
to AE4T) because they are more readily employed (i.e., exhibit
higher solubility) for synthesizing the hybrid 2D DP.
The bithiophene moieties within a single organic layer of

[AE2T]2AgBiI8 are arranged in a herringbone pattern (Figure
1d) with edge-to-face (tilted-T type) aromatic interactions,
similar to that observed in [AE4T]Bi2/3□1/3I4 and in the
“neat” 2,2′-bithiophene organic crystals (Figure 1e).45 The
herringbone angle between the least-squares best planes
through the adjacent AE2T cations (excluding the terminal
ethylammonium tethering units) in [AE2T]2AgBiI8 is 42.97°,
which can be compared to the 58.35° value in bithiophene
crystals. Despite being in a very different chemical environ-
ment (i.e., in between metal halide layers), the preferred
herringbone arrangement of bithiophene units within 2D
layers, favored by the edge-to-face interactions, is able to
template the formation of 2D metal halide layers in
[AE2T]2AgBiI8. In a gas-phase benzene dimer, the stable
aromatic interaction is also of the tilted-T type, with
interaction energy of about −2 kcal/mol,48 which is
comparable to a weak hydrogen bond. A similar order of
magnitude for the interaction energy can be expected for the
tilted-T-type interactions of neighboring AE2T cations in
[AE2T]2AgBiI8.
Notably, we found that a linear n-butylammonium (BA)

cation, as used in (BA)4AgBiBr8 DP,39 or its diammonium
analogue, butane-1,4-diammonium (BDA), could not stabilize
a 2D DP iodide under synthesis conditions similar to those
used to form [AE2T]2AgBiI8. Instead, a hybrid Bi iodide with
more typical 0D (or 1D) connectivity crystallizes from the
solution containing stoichiometric amounts of AgI, BiI3, and
BA (or BDA) (see Experimental Methods and Figure S4 in the
SI for more details). Moreover, an asymmetrical, monosub-
stituted bithiophene cation with a sulfur ethylammonium
tethering group (AESBT: (C4S)2S(CH2)2NH

3+) was previ-
ously shown to form non-perovskite hybrids with Pb and Bi,
namely , (AESBT)4Pb3 I 1 0 and (AESBT)3B i 2 I 9 .

4 6

(AESBT)4Pb3I10 exhibits a herringbone molecular packing of
organic cations, while (AESBT)3Bi2I9 exhibits a mixed packing
with alternating herringbone and k-type arrangements.46

Therefore, in addition to the associated aromatic interactions
and the hydrogen-bonding interactions of ammonium tether-
ing groups, mono- vs bisubstitution of the spacer cation
impacts the stability of the 2D perovskite structure. These
observations emphasize that multiple aspects of the AE2T
cation synergistically converge to template an otherwise
unstable 2D DP iodide, i.e., strong intermolecular edge-to-
face aromatic interactions that intrinsically drive AE2T cations
to pack into 2D herringbone layers, structural rigidity of the
AE2T backbone, and tethering ammonium groups on either
end of the bithiophene moiety that drive self-assembly of 2D
DP layers via hydrogen-bonding interactions with the latter.
It is further noted that both the metal sites in a DP halide

must adopt stable octahedral coordination with the halide. Bi
typically exhibits octahedral coordination with I, whereas Ag
by itself rarely exhibits octahedral iodine coordination, but
rather usually prefers tetrahedral coordination. In contrast, six-
coordinated Ag is found often in bromides, the simplest
example being AgBr with a rock-salt structure. However, Bi can
occasionally facilitate octahedral coordination of Ag with I as

found in AgBiI4 and Ag3BiI6, where Ag and Bi exhibit site
disorder.49 This site mixing, in conjunction with the templating
influence from AE2T, helps to stabilize the unprecedented
iodide-based 2D DP structure found for [AE2T]2AgBiI8.

First-Principles Calculations. To understand the elec-
tronic structure of the Ag−Bi 2D perovskite framework, we
carried out first-principles DFT calculations within the all-
electron electronic structure code FHI-aims.50−54 We first
optimized geometries for [AE2T]2AgBiI8 until all residual
forces on the nuclei were below 0.005 eV/Å in magnitude,
based on the experimental structure and using the PBE
exchange−correlation functional55 plus the Tkatchenko−
Scheffler (TS) pairwise dispersion scheme,56 “tight” basis
sets, and other numerical defaults within FHI-aims. The
electronic structure of the perovskite is then investigated based
on the DFT-PBE+TS relaxed geometries using the established
HSE06 hybrid density functional with fixed values α = 0.25 and
ω = 0.11 bohr−1 for the exchange mixing parameter and range
separation parameter, respectively.57−59 The accuracy of this
set of approaches for oligothiophene-based 2D perovskites was
demonstrated by extensive validation in ref 18 and its SI.
Spin−orbit coupling (SOC) is treated using a second-
variational, non-self-consistent approach, rendering the ex-
pensive but necessary hybrid DFT band structure calculations
computationally feasible.60 In ref 60, a broad analysis of
different computational approaches to SOC shows that the
non-self-consistent approach remains qualitatively accurate
even for Bi, but quantitative differences to a self-consistent
SOC treatment become significant (about 10% of the overall
SOC splitting for the Bi-6p-derived states). In Figures S5 and
S6 (SI), we therefore assess the accuracy of the SOC treatment
for Bi-6p-derived conduction band states specifically for a
simpler Ag−Bi-based DP, Cs2AgBiCl6,

61 comparing to a fully
self-consistent implementation including p1/2 local orbitals in
the basis set, as implemented in the all-electron augmented
plane wave code WIEN2K.62 This analysis reveals a relative
accuracy of the Bi-6p-derived states of about 0.4 eV, similar to
the expected quality of the HSE06 density functional63−65 and
supporting our overall approach.
In order to accurately model the octahedral distortion

pattern in the inorganic layers (Figure 1b), a (2×2) supercell is
required (as in the case of oligothiophene-containing Pb-based
perovskites18). Within the (2×2) supercell, we chose a
checkerboard-like Ag−Bi pattern (see Figure S7a and c). We
note that different Ag−Bi patterns are possible in principle.
The experimental XRD pattern does not clarify this point since
the site disorder assumed in the refinement can result as a
consequence of lack of registry between different Ag−Bi
planes. Within the supercell, only one other Ag−Bi arrange-
ment is possible, consisting of adjacent rows of Ag- and Bi-
containing iodide octahedra (Figure S7b and d). As shown in
the SI, our calculations indicate significantly greater structural
and energetic stability for the checkerboard-like pattern, i.e., a
significant tendency of Ag and Bi to form a locally well-ordered
arrangement. This is consistent with several literature reports
for 3D DPs,66−68 all of which indicate high ordering energies.
In ref 68 a first-principles cluster expansion of the 3D
compound Cs2AgBiBr6 shows that the onset of meaningful
Ag−Bi disorder occurs only above ∼1000 K, significantly
higher than the expected overall stability range of the 2D DP
investigated here. Both our own results and the literature
therefore point toward the checkerboard-like Ag−Bi arrange-
ment within a single plane as the dominant structural motif to
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be considered. After structure relaxation, the predicted lattice
parameters of this model agree with the experimental ones (at
100 K) to within 0.4% for the b and c lattice parameters and to
within 2.7% for the a lattice parameter (see Table S3). Each
metal atom has one long and one short axial bond. Long and
short Bi−Iax bond lengths in the supercell average to 3.29 and
3.05 Å, respectively, whereas long and short Ag−Iax bond
lengths average to 3.20 and 2.89 Å, respectively. Furthermore,
the orientation of the short vs long axial bonds (upward or
downward relative to the inorganic plane) alternates among
sites within the inorganic layer. The Bi−I bond lengths found
here are typical of those encountered in bismuth iodide
hybrids.44,46 In contrast, Ag rarely exhibits octahedral
coordination with I, a few examples being Tl2AgI3 (Ag−I:
3.126 Å) with a regular coordination69 and Ag4I2SeO4 (Ag−I:
2.878−3.458 Å) with a distorted coordination with O and I.70

These Ag−I bond lengths are comparable to those found in
our relaxed structure.
In the experimental subcell model considered here, axial M−

I bonds refine to an average value of 3.0705(8) Å, due to the
assumed random distribution of Ag and Bi. The axial I in the
298 K structure can, however, be successfully split during
structural refinement into four distinguishable sites with a fixed
chemical occupancy of 0.25 for each, which may be assigned to
the axial bond types, Bi−Iax (3.334(17) and 3.075(17) Å) and
Ag−Iax (3.080(17) and 2.848(5) Å) (Figure S8), in good
qualitative agreement with the computationally derived values.
Other predicted structural details are also in close agreement
with the experimental structure (see Figures S8 and S9 for
details). Comparing to the (BA)4AgBiBr8 DP,39 very short
axial Ag−Br bonds were found, but asymmetric bond lengths

for Bi−Brax and Ag−Brax were only found for its high-
dimensional analogue with mixed BA and Cs cations.
Figure 2a and b show the HSE06 band structure of

[AE2T]2AgBiI8. Without the inclusion of spin−orbit coupling
(Figure 2a), the predicted bandgap is indirect (2.5 eV). The
necessity to include SOC for a correct description of Pb- and
Bi-based HOIPs is well established.18,71−73 Accordingly, and in
qualitative agreement with observations for Cs2AgBiBr6 and
Cs2AgBiCl6,

61,71 inclusion of SOC (Figure 2b and c) leads to a
separation within the Bi-6p-derived conduction band, resulting
in a split-off conduction band. Consistent with analogous
assignments for 3D DPs,71 we attribute the split-off conduction
band, which shifts down, to Bi-6p1/2-derived states. The more
disperse bands, which shift upward, are attributed to Bi-6p3/2-
derived states. As a result of the shift, the conduction band
minimum with SOC is found at the Γ point and the bandgap
including SOC (2.01 eV) is direct, in contrast to the case
without SOC. Both the CBM and the VBM are isoenergetic to
within 10 meV between X (π/a, 0, 0) and Γ (0,0,0). The
presence of the CBM and VBM at Γ is likely the result of band
back-folding, as seen in the example of a model unit cell in the
SI (Figure S10). Connor et al.39 showed that the direct
bandgap in 2D (BA)4AgBiBr8 DP, compared to the indirect
one found in higher-dimensional (i.e., n = 2 and n = ∞) AgBi-
based bromide DPs, is the result of dimensionality reduction.39

Replacing Pb by Ag−Bi in Cs2Pb2Br6 has been observed to
lead to less dispersive bands in the conduction band of the
Ag−Bi compound due to confinement of the frontier orbitals
to either Ag (VBM) or Bi (CBM), with only second-nearest-
neighbor cation interactions compared to nearest-neighbor
interactions in Pb-based compounds.67 In agreement with this
observation, the bands in the conduction band of [AE2T]2-

Figure 2. DFT-HSE06 band structure of [AE2T]2AgBiI8 (a) without and (b) with spin−orbit coupling (SOC). The contributions of the Bi-6p
orbitals are identified (purple), and the zero in energy is set to the VBM. (c) Schematic molecular orbital diagram for the splitting of the Bi-6p
orbitals into p1/2 and p3/2 contributions under SOC. (d) DFT-HSE06+SOC total density of states (DOS, black) and partial DOS projected onto
the atoms of the organic compound (magenta) and the inorganic compound (turquoise). (e) Magnified region around band edges from (d). (f)
Total DOS (black) and Ag-s (red), Ag-p (gray), Ag-d (green), Bi-s (orange), Bi-p (purple), I-s (brown), and I-p (blue) partial DOS. (g) Magnified
region around band edges from (f).
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AgBiI8 are relatively nondispersive (i.e., “flat”) compared to the
band structures of the direct-bandgap oligothiophene-contain-
ing Pb-based HOIPs,18 i.e., flat enough that the conduction
band becomes isolated.
To understand the character of the frontier orbitals, we

further investigated the DOS projected onto the organic and
inorganic frameworks of [AE2T]2AgBiI8 (Figure 2b and c).
The VBM and CBM are formed by the inorganic layers, but
with the organic HOMO almost degenerate with, i.e., ∼0.03
eV below, the inorganic VBM in [AE2T]2AgBiI8. Nominally,
this alignment represents a type Ib heterojunction (in the
notation of ref 18); however, given the remaining accuracy
limits of hybrid DFT calculations, it cannot be distinguished
from a type IIb heterojunction. Apart from the flatter
inorganic-derived bands, the electronic structure of [AE2T]2-
AgBiI8 is hence similar to the electronic structure exhibited by
or expected from the oligothiophene-Pb-based HOIPs.18

Figure 2d and e show contributions to the inorganic frontier
orbitals of [AE2T]2AgBiI8 resolved according to element and
orbital character. The VBM is dominated by I-p states, with
contributions of Ag-d states. The CBM is predominantly
composed of Bi-p and I-p (analogous to the Pb-p and I-p
makeup for the Pb system).74 The composition of the frontier
levels in [AE2T]2AgBiI8 is also qualitatively similar to that of
the (BA)4AgBiBr8 DP.

39

Structural and Optical Characterization. Figure 3a
shows the PXRD patterns of polycrystalline powders and thin
films of [AE2T]2AgBiI8 (prepared as described in the SI)
compared to a reference pattern simulated from the

experimental room-temperature single-crystal structure. The
PXRD patterns agree well with the simulated pattern with no
detectable impurities to within the instrumental limit. The
absorption spectra of the [AE2T]2AgBiI8 film at 293 and 78 K
(Figure 3b) are nearly superimposable, with a slight reduction
in the absorbance at energies greater than 3.6 eV. The lowest-
energy absorption peak is a broad feature centered around 2.3
eV, in contrast to the sharp excitonic peak observed for the
analogous Pb-based HOIP.17,42 From the corresponding Tauc
plot (at 293 K), shown in Figure 3b, we find a direct bandgap
of 2.00(2) eV for [AE2T]2AgBiI8. The exceptional agreement
with the theoretical bandgap of 2.01 eV is likely fortuitous in
view of the remaining uncertainty from both the computational
SOC treatment and the HSE06 density functional, as described
above. A direct bandgap was also observed for the 2D
(BA)4AgBiBr8 DP, but with a higher value (2.85 eV)39 that, as
mentioned above, can mostly be attributed to the lighter halide
anion. Similar to our findings, the lowest-energy absorption
feature appears broad for (BA)4AgBiBr8, as compared to the
narrow excitonic peaks observed in 2D lead halide perovskites.
While it would be tempting to interpret the lowest-energy
absorption peak in [AE2T]2AgBiI8 as a broadened excitonic
feature, this interpretation is not supported by its very weak
temperature dependence (Figure 3b), as well as by the absence
of corresponding PL (see below); also in line with the
interpretation of the equivalent peak for (BA)4AgBiBr8.

39

Interestingly, the computed absorption spectra for [AE2T]2-
AgBiI8 in Figure S11 are remarkably similar to the
experimentally determined curves. The spectra in Figure S11
are calculated at the DFT-HSE06+SOC level of theory and
employing the independent-particle approximation, using the
same implementation as in ref 65 and neglecting any excitonic
effects. Following this approximation, the first absorption peak
would be related to the inorganic components at the onsets of
the VBM and CBM, since there is no discernible partial
contribution of the organic moiety to the first DOS peak that
defines the CBM in Figure 2b and c. The inorganic DOS
contributions are further decomposed in Figure 4a−f, revealing
the inorganic VBM to be derived from Ag-d and I-p orbitals,
whereas the CBM originates from Bi-p and I-p (Figure 4a and
b). A similar decomposition for a Br-based DP was performed
in ref 39, where the analogous near-band-edge absorption was
associated with “considerable Ag to Bi charge-transfer (CT)
character”. In line with an analysis of Au(I)−Au(III) DP,41 the
actual absorption in [AE2T]2AgBiI8 is expected to be mediated
by the halide ion connecting Ag and Bi. The partial DOS in
Figure 4a and b shows that a direct metal-to-metal CT cannot
be responsible for the spectra computed in Figure S11; that is,
the Ag-d component (VBM) is zero in the CBM, and vice versa
for Bi-p in the CBM, leaving little room for a nonzero metal-to-
metal transition dipole matrix element.
A closer analysis of the I-p DOS (Figure 4c,d) reveals

considerable contributions of the equatorially bonded I atoms
(Ieq), which connect Ag and Bi atoms, to both the VBM and
CBM. The observed absorption near the band edges is
therefore consistent with transitions between Ieq-p states in the
VBM and hybridized Ieq-p and Bi-p states in the conduction
band. Finally, the axially bonded I atoms, Iax, cannot contribute
to near-band-edge absorption; their PDOS (Figures 4e,f)
shows that Iax atoms bonded to Ag contribute to the VBM, but
not the CBM, and vice versa for Iax atoms bonded to Bi. This is
somewhat in contrast to the conventional picture in Pb-based
HOIPs, where the VBM derives from an antibonding

Figure 3. (a) PXRD patterns of thin films and powdered crystals of
[AE2T]2AgBiI8, along with a simulated pattern (derived from the
single-crystal structure) for comparison. (b) Absorption spectra for
thin films of [AE2T]2AgBiI8 recorded at 78 and 293 K. The upper and
lower insets show the corresponding Tauc plot at 293 K and
photograph of the thin film, respectively.
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combination of Pb-6s and I-5p states, while the CBM mainly
exhibits contributions from Pb-6p and small contributions
from equatorial I-s and axial I-p states.74 This band structure is
thought to allow for a CT-like direct p−p transition within the
same metal (i.e., Pb).25,39,75

Despite its predicted direct bandgap, we find that
[AE2T]2AgBiI8 is barely luminescent at room temperature
and even at 78 K. In contrast, Pb-based HOIPs exhibit a strong
and sharp excitonic emission near room temperature.17,42

Given the band structure and partial DOS in Figure 2, one
possible explanation for quenching could be type IIb band
alignment,18 i.e., separate VBM (organic) and CBM (in-
organic), a scenario that is well within the accuracy limits of
current theory. However, the lack of PL is also consistent with
the case for (BA)4AgBiBr8,

39 wherein type II alignment seems
much less likely and yet PL is completely quenched near room
temperature (a broad and weak defect-mediated emission
appears only below 80 K). A tentative explanation for the
absence of PL is suggested by the character of VBM (Ieq and
Ag derived) and CBM (Ieq and Bi derived) in Figure 4,
indicating that the photogenerated holes would be primarily
located on Ag-containing octahedra, whereas the electrons
would be located primarily on Bi-containing octahedra. In this
scenario, the optical excitations would survive for a long time
due to lack of radiative recombination. Indeed, our transient
absorption spectroscopy measurements on [AE2T]2AgBiI8
thin films reveal a decay of photobleaching through a multistep
relaxation process (Figure S12). Within the first few pico-
seconds, the transient bleaching signal decays but does not
completely vanish. After a fast relaxation in the first few
picoseconds, the bleaching signal survives longer than 6 ns

(beyond the experimental time window), suggesting the initial
transfer of excitations into long-lived dark states.

■ CONCLUSIONS
In conclusion, we demonstrate that aromatic interactions in
specifically designed bifunctional AE2T spacer cations can
template unprecedented 2D DP layers of Ag−Bi iodide,
otherwise inaccessible with more traditional (i.e., less rigid and
lacking substantial aromatic−aromatic interaction) spacer
cations. Transition from bromide to iodide leads to a reduction
in bandgap to 2.00(2) eV, the smallest value reported to date
for 2D DPs. However, in agreement with a previous
observation for the 2D Ag−Bi DP bromide,39 we show that
replacing Pb by Ag−Bi leads to flatter electronic bands, a
relative lack of exciton features, and strongly quenched PL (at
least for temperatures > 80 K). We determine that the broad,
lowest-energy direct transition in [AE2T]2AgBiI8 occurs
between nominally inorganic-derived states at band extrema
and propose that the lack of considerable band-edge PL likely
derives from spatial localization/separation of photoexcited
holes and electrons in the vicinity of Ag and Bi, respectively.
[AE2T]2AgBiI8 also differs from most other related 2D HOIPs
with traditional spacer cations by the proximity of organic
AE2T frontier orbitals to the inorganic VBM and CBM and the
formation of a borderline-type Ib/type IIb internal quantum
well structure. Our present work emphasizes that specifically
designed organic cations can perform a double role within 2D
perovskites: stabilizing desirable but otherwise unobtainable
inorganic frameworks and simultaneously tuning the nature of
frontier orbitals to afford specific optoelectronic character.
This latter point has been explored recently for the Pb-based
systems18 and will be pursued for the Ag/Bi analogues in
future work.
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Figure 4. DFT-HSE06+SOC DOS for [AE2T]2AgBiI8. (a)
Decomposition of the total DOS (black) into I-p (blue), Ag-d
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is shown in Figure 2c). (b) Magnification of band edges from (a). (c)
Further separation of the I-p contribution according to I atoms
bonded axially to the metal atoms with short (Iax,short, dark blue) and
long bonds (Iax,long, light blue), as well as equatorial I atoms (Ieq,
dashed purple) that connect Ag and Bi within the inorganic sheets.
(d) Magnification of the band edges from (c). (e) I-p contribution to
DOS from axially bound I, projected onto Ag-bound axial I with short
(Iax, Ag, short, red) and long (Iax Ag, long, orange) bonds and onto Bi-
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bonds. (f) Magnification of the band edges from (e).
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