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(Me,C—NMe,)Bil; represents a new layered organic—inorganic
iodido bismuthate. It displays an unprecedented anion topology, a
low band gap and good stability. Advanced electronic structure
analysis finds the I- - -l interactions to be decisive for the compound’s
structural and electronic properties.

Lead halide perovskites like (CH;NH;)Pbl; are prominent materials
due to their excellent semiconductor properties’ and successful
application in solar cells,” photocatalysis®> and LEDs.* Layered
perovskites such as (C;HoNH;)PbI,>° offer the benefit of greater
stability and allow the use of larger, functional organic cations
while maintaining the good semiconductor properties of their
parent perovskites.” However, the toxicity of lead compounds
has prompted researchers to look to related halogenido meta-
lates for alternatives. Iodido bismuthates appear promising, as
bismuth compounds are typically non-toxic.® Compounds like
(CH3NH3;);Bi,1,, which features dinuclear Bi,l,*~ anions,” have
been tested in photovoltaic devices, but only show moderate
efficiencies up to 3.17% after significant efforts at optimization.'
In contrast, lead halide perovskite solar cells currently reach well
above 20%."" One reason for this difference in properties lies in
the structural chemistry of the iodido bismuthates: while iodido
plumbates readily feature layer or network anions, bismuthates are
mostly limited to molecular or chain-like anions."” Only two
types of iodido bismuthates with a layered anion have been
reported to date: the all-inorganic family A;Bi,I, (A = K, Rb)"
featuring (111) perovskite layers, and (H,AEQT)Bi,/;3I; (AEQT =
5,5"-bis-(aminoethyl)-2,2":5",2":5" 2"-quaterthiophene), featuring
a metal-deficient (001) perovskite layer.'* However, the synthesis
of the layered mixed halide bismuthate (TMP), 5[Bi,I;Cl,],
(TMP = N,N,N’,N'-tetramethyl-piperazine)"> suggests that more
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organic-inorganic, layered iodido bismuthates should be avail-
able if the right type of counterion can be found.

A family of organic cations that has been largely overlooked
in the context of metal halide materials are iminium ions
(R,C=NR,"; R = H, organic group). They are well known as
reactive intermediates and reagents in organic chemistry,'® but
they are also known for their tendency to hydrolyze."” This
reactivity suggests that they are difficult to work with in the
preparation of robust materials, yet in early studies of iminium
cations, halogenido metalate anions were used to isolate these
species.'® Later work demonstrated that compounds containing
iminium cations are readily available with numerous substitution
patterns'® and easy to isolate as single crystals.”® More recently,
cuprates and argentates featuring (Me,C—NMe,)" were prepared by
in situ condensation of dimethylamine and acetone.”*

Here, we present (Me,C—NMe,)Bi,I, (1), a layered organic-
inorganic iodido bismuthate, the first example of a layer with
fully occupied metal positions in this class of compounds. We
investigate the synthesis and reactivity, crystal structure and
optical properties of 1, revealing its unique topology, high
stability and low band gap. We use quantum chemical methods
to analyze the compound’s electronic properties and demon-
strate a new method to characterize and quantify iodine-iodine
contacts in extended solids. We also discuss why our findings
are relevant to lead halide perovskites and how the facile
preparation of iminium cations opens up new opportunities
for metal halide materials in general.

(Me,C—NMe,)Bi,I, (1) is obtained by heating stoichiometric
amounts of Bil; and (NMe,H,)I in acetone (Scheme 1).

1 crystallizes in P2/n (No. 13) as black blocks. Fig. 1 shows an
overview of the crystal structure. Bond lengths in both the
cation and anion are in good agreement with literature reports

| H, 0 N Ve
2Bil; + </g\>l + “ho <)|\>W[B|2|7](1)

Scheme 1 Synthesis of 1.
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Fig. 1 Asymmetric unit of 1, ellipsoids at 50% probability, only majority position shown (left). View along the c axis, cations omitted (middle). Excerpt with

|-l interactions below 4 A marked with dashed lines (right).

(Tables S3 and S4, ESIt). The iodido bismuthate layers feature
the well-known motif of {Bil,} chains of edge-sharing {Bils}
octahedra.'” These chains are connected into layers by additional
edge-sharing with adjacent strands. The resulting topology is a
6>-honeycomb net. To the best of our knowledge, the anion motif
found in 1 is unique among metalates, although related metal
halide layers with six-membered rings are known, e.g. in Bil;,*>
(pipzH,)Mn,F; (pipz = piperazine)* or the triple-layered anion in
(H,mpz),Pb;Bry, (mpz = 1-methylpiperazine).** The layers in 1
are further connected into a pseudo-network via iodine-iodine
interactions.

1 starts to decompose at 290 °C (Fig. S2, ESIt), similar to
layered organic-inorganic iodido plumbates.” We also tested
the stability of 1 against humidity, as the tendency of iminium
cations to hydrolyze might be expected to translate to the
metalate as well. However, when a powdered sample of 1 is
stored in humid air for 24 h, no change in powder pattern is
observed (Fig. S4, ESIt). Additionally, long term stability was
investigated on a sample that was aged in air for 5 months.
Here, no significant decomposition was observed in the powder
diffractogram as well (Fig. S4, ESIT). The absorption spectrum
of 1, measured in diffuse reflectance, shows an onset of
absorption at 1.8 eV (Fig. S7, ESIt). A comparison with the
spectra of Bil; and (Hpy)Bil,>> (Hpy = pyridinium) highlights the
effect of metalate formation and changing anion dimensionality
(Fig. 2): the onset of absorption is blue-shifted going from Bil; to
1 to (Hpy)Bil,, which features chain-like anions, as expected from
general principles of dimensionality reduction in metalates.*®
Weller has shown that iodido bismuthate band gaps correlate not
only with the anion dimensionality, but also with the presence of
iodine-iodine interactions between anions, which typically lower
the band gap.”” We suggest that it is these interactions, also
found in 1, that cause a red-shifted onset of absorption in
comparison with Rb;Bi,ls, composed of (111) perovskite layers,
where a band gap of 2.1 eV'? has been reported and no interlayer
iodine-iodine interactions below 4 A occur. Revealing the nature
of these interlayer interactions and their impact on the band gap
motivated our computational investigations for 1.

Following our previous work,*® we chose density functional
theory (DFT) approaches based on the PBE functional with
dispersion correction by the DFT-D3 method and consideration
of scalar and spin-orbit relativistic effects taking into account the
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Fig. 2 Absorption spectra of Bils, 1 and (HPy)Bil,, measured in diffuse
reflection.

full periodicity of the system (see ESIt). The calculated band gap
of 1.87 eV (TB09) is in excellent agreement with the experimental
value of 1.8 eV (Table S6, ESIt). An analysis of the projected
density of states (pDOS) shows that the valence band edge is
mostly composed of orbitals located at the iodine atoms, while
the conduction band consists of equal contributions of Bi- and
I-based orbitals (Fig. 3). Plotting the orbitals at the I'-point
confirms these assignments in a real-space picture and demon-
strates that the highest occupied crystal orbital (HOCO) consists
of non-bonding electron pairs at the iodine atoms while the
lowest unoccupied crystal orbital (LUCO) additionally features
contributions from antibonding Bi-I orbitals. These orbitals are
delocalized over the whole unit cell, indicating good carrier
mobility. This picture is similar to results derived for Rb;Bi,l,."*
In contrast, layered lead-based perovskites typically show a higher
contribution of the metal-based orbitals to the valence and
conduction bands.® The interlayer interaction between the iodine
atoms was previously found to be an important element for the
crystal packing and electronic structure of iodido metalates.?”
But the exact nature of these interactions has not been
revealed up to now. Thus, we performed an in-depth analysis
of the underlying principles governing the I. - -I interaction by a
combination of several advanced tools for bonding analysis. In

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Negative of the pCOHP (PBE-D3) values of the interlayer [- - -l interaction (left); total and partial density of states (pDOS, TB09) with insets of the
highest occupied (HOCO) and lowest unoccupied crystal orbital (LUCO) at the I'-point (right).

Fig. 3, we show the projected Crystal Orbital Hamilton Population
(pPCOHP?) of the I- - I interaction. In agreement with the results
from the pDOS analysis, an antibonding contribution stemming
from non-bonding electron pair repulsion is found close to the
Fermi energy. The integrated pCOHP (IpCOHP) amounts to
—0.131 eV indicating an overall slightly attractive interaction.
The topological analysis by the atoms in molecules (AIM)
method*° shows an increased but small electron density at the
bond critical points for the interlayer I- - -I interactions compared
to the intralayer contacts and a positive value for the second
derivative of the electron density (Laplacian, V?p) supporting the
notion of a non-covalent interaction (Table S7, ESIT).

A quantitative analysis of this interaction was carried out
with our recently developed energy decomposition analysis for
extended systems (pEDA). This analysis decomposes the bonding
energy between two fragments in terms of well-defined energy
contributions that help to gain a qualitative understanding of the
bonding interaction from quantitative results. It is thus possible
to distinguish effects from quasiclassical electrostatic interac-
tions (AEcsat), Pauli repulsion (AEp,,;) and orbital interactions
(AEq,). Dispersion contributions to the bonding are derived from
the DFT-D3 scheme (AE;,(disp)) and added to the sum of the
electronic interaction terms (AEj,(elec)) to give the total inter-
action energy (AEin).>'** Notably, the layered structure of 1
enables an analysis of a 3-dimensional solid not composed of
molecular units with an EDA method for the first time, since
commonly a reasonable fragmentation is not possible. Here, the
fragmentation is done by including one layer of organic and
inorganic component each as sketched in Fig. S8a (ESIt) to form
a double layer as one fragment. The pEDA results for 1 are
summarized in Table S8 (ESIf). Surprisingly, the interaction
energy between these double layers stems nearly equally from
dispersion (53%) and electronic (47%) contributions indicating a
more complex situation than pure van-der-Waals binding. A further

This journal is © The Royal Society of Chemistry 2019

look into the attractive pEDA terms shows that the electrostatic
interaction is dominating (56%) which can be understood by the
ionic nature of the organic and inorganic layers, respectively.
Nevertheless, a significant orbital interaction (44%) is found,
indicating covalent bonding contributions. These orbital interactions
were further analyzed with the Natural Orbitals for Chemical Valence
(NOCV) approach,*?* identifying iodine-iodine charge shift as the
major contribution (Fig. S8 and S9, ESIY).

But how does this I-I interaction effect the band edges? To
this end we reduced this interaction by increasing the interlayer
I-1 distance from 3.692 to 4.047 A (9.6%) while keeping
the other structural parameters constant. A pCOHP analysis
(Fig. S10, ESIY) reveals that the antibonding contribution close
to the Fermi energy decreases more than its bonding counter-
parts leading to a decreased IpCOHP of —0.051 eV. In addition,
the HOCO is shifted to slightly lower energies (—0.1 eV). This
shows that the interlayer I- - -I interaction leads to a smaller band
gap, implying the possibility of band gap tuning by controlling
the iodine-iodine distances.

We want to highlight another aspect of our findings: the
facile synthesis and inclusion of the iminium cations in 1, and
its relevance to the synthesis of metal halide perovskites.
Dimethylformamide, a common solvent in metal halide perovskite
synthesis, can form dimethylamine as a decomposition product®
and subsequently (NMe,H,)" cations in the presence of acids,
a phenomenon that has already been observed in CsPbl;
perovskites.>® Our results indicate that a further reaction
towards iminium cations may occur when ketones are added
to the reaction mixture, for example during the synthesis of
nanoparticles.’” The partial inclusion of larger organic cations
in lead halide perovskites does not necessarily change the
crystal structure, but can have significant effects on optical
properties and stability.>® While this may occur accidentally, it
can also be used deliberately to tune the properties of mixed

Chem. Commun., 2019, 55, 14725-14728 | 14727
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cation perovskite materials.*®> On a broader scope, the wide
range of possible starting materials for iminium ions — amines
and ketones or aldehydes - allows for targeting specific cation
sizes and shapes that were previously unavailable and may yield
unique new anion topologies and material properties, not only
for halogenido bismuthates, but metalates in general.

In summary, we show that layered organic-inorganic iodido
bismuthates are available given the right cation: (Me,C—NMe,)Bi,I,
combines a simple synthetic access with a layered anion topology,
low band gap and good stability and thus holds great promise for
material applications. Our computational investigations show a
band gap in good agreement with experiment and characterize it
as a I » o*(Bi-I) transition. Using energy decomposition analysis
for the first time in an inorganic 3D system, we quantitatively and
qualitatively elucidate the I.--I interactions found as structural
elements with dispersion interactions and polarization of the iodine
atoms as the major bonding contributions. Our results highlight
iminium cations as prime counterion templating candidates for
new metalate materials with unprecedented anion topologies.
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