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Abstract. We present the synthesis and structural characterization of
a series of benzimidazolium-based lead halide perovskites including
(C7H7N2)2PbCl4, (C7H7N2)2PbBr4, (C7H7N2)2PbI4, and (C7H7N2)PbI3,
which serves as a platform to investigate the change in optical proper-
ties as a function of the halide and the dimensionality of the inorganic
sublattice. The structural similarity of the layered systems with A2MX4

stoichiometry was verified by single-crystal X-ray diffraction and so-
lid-state NMR spectroscopy. The optical properties were analyzed by
absorption and photoluminescence (PL) measurements, confirming the

Introduction

Research in the field of 2D lead-halide hybrid perovskites
is largely motivated by the great promise they hold as low-
cost, chemically tunable absorber, transport and light-emitting
materials in optoelectronic applications. The alternating ar-
rangement of high dielectric lead halide layers and low dielec-
tric organic layers in 2D hybrid perovskites gives rise to an
inherent multiple-quantum-well structure, which results in the
formation of excitons with large exciton binding energies in
the metal halide sheets.[1–3] The dielectric confinement effect
entailing a sharp excitonic absorption peak can lead to interest-
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decrease in bandgap when exchanging the chloride with its higher
homologues Br and I. In addition, comparison of the layered com-
pound (C7H7N2)2PbI4 with the known compound (C7H7N2)PbI3 re-
veals an increase in bandgap on going from a 2D to a dimensionally
reduced 1D topology. Besides, significant differences in the PL spectra
of the halides are observed, which likely are due to recombination of
self-trapped excitons stabilized through lattice distortions or permanent
lattice defects in the compounds featuring broad PL emission bands.

ing optical properties including electroluminescence[4,5] and
strong room temperature photoluminescence,[6] making appli-
cations in solid-state lighting conceivable as put forward by
Karunadasa and co-workers. These authors reported 2D lead-
halide hybrid perovskites featuring broadband white-light
emission at room temperature with photoluminescence quan-
tum efficiencies (PLQE) as high as 9%.[7,8] The hallmark of
hybrid perovskites and related structures – their variability in
structure and composition allowing for the exchange of the
organic cation, the metal and the halide in hybrid perovskites –
makes this class of compounds a versatile platform for various
applications in optoelectronics and beyond.[9]

Hybrid perovskites have been represented most notably by
methylammonium lead iodide (MAPI), which features a high
absorption coefficient and long ambipolar charge carrier dif-
fusion lengths, thus rendering MAPI a promising solar cell
absorber material.[10,11] However, in the case of 2D perovskite
materials with n = 1 (n = number of corner-sharing octahedral
layers in each inorganic block), the strong confinement of their
excitons accompanied by short charge carrier diffusion lengths
has hampered their application in photovoltaics so far. An
interesting development is the incorporation of halides into the
organic layer of several layered hybrid perovskites,[12,13] which
could serve as a handle to increase the dielectric constant in
the organic layer which at the same time decreases the overall
dielectric confinement.[13] In principle, this modification could
bring 2D hybrid perovskites back into the play when searching
for future solar cell absorber materials.
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Herein we focus on the structural and optical investigation
of the novel 2:1 benzimidazolium lead halide compounds
(C7H7N2)2PbCl4, (C7H7N2)2PbBr4, and (C7H7N2)2PbI4 featur-
ing a 2D perovskite-type structure. This series of structurally
related compounds enables us to systematically analyze the
effect of exchanging the halide on the optical properties, while
the crystal structure is maintained. In addition, the influence of
the dimensionality of the lead halide sublattice on the optical
bandgap is discussed by comparison with the compound
(C7H7N2)PbI3. The crystal structure and optical properties of
(C7H7N2)PbI3 were already reported by Wang et al., but studies
on the bulk properties of the phase-pure material are still elus-
ive.[14] Note that the only benzimidazole lead halide compound
described so far in the literature besides (C7H7N2)PbI3 –
Pb(C7H6N2)2Cl4 – is a molecular coordination compound
based on PbIV and neutral benzimidazole, rather than an ex-
tended hybrid solid.[15]

Results and Discussion

Synthesis of (C7H7N2)2PbCl4, (C7H7N2)2PbBr4,
(C7H7N2)2PbI4, and (C7H7N2)PbI3

Phase-pure (C7H7N2)2PbCl4, (C7H7N2)2PbBr4, and
(C7H7N2)PbI3 were obtained by the stoichiometric reaction of
benzimidazole with PbX2 (X = Cl, Br, I) in the respective hy-
drohalic acid. (C7H7N2)2PbCl4 was only obtained by evaporat-
ing the solvent in a nitrogen flow (Figure 1a). (C7H7N2)2PbBr4

and (C7H7N2)PbI3 could also be obtained by adding ethyl acet-
ate to the reaction mixture, which led to precipitation of the
phase-pure product (Figure S1, Supporting Information). Be-
sides, an alternative solvent-free synthesis procedure was ex-
plored for (C7H7N2)2PbBr4 and (C7H7N2)PbI3. The precursors,
benzimidazole and PbX2 (X = Br, I), were mixed and ground
with a few drops of the respective hydrohalic acid.
(C7H7N2)PbI3 was obtained phase-pure, whereas
(C7H7N2)2PbBr4 contained a small impurity (Figure S2, Sup-
porting Information), which was further analyzed by energy-
dispersive X-ray spectroscopy (EDX) and found to be a Pb-
rich phase displaying a needle-like morphology (Supporting
Information S5).

Figure 1. X-ray powder diffraction data and Rietveld refinements of (C7H7N2)2PbCl4 (a), (C7H7N2)2PbBr4 (b), and (C7H7N2)PbI3 (c). The
experimental patterns are represented by black open circles; the Rietveld profile fit (red solid line) and the difference profile (grey solid line)
confirm phase purity. (C7H7N2)2PbCl4, (C7H7N2)2PbBr4, and (C7H7N2)PbI3 were obtained by evaporating the solvent under nitrogen flow from
the precursor solution.
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We attempted to prepare phase-pure (C7H7N2)2PbI4 by sol-
vent-free mechanochemical reactions of benzimidazolium iod-
ide monohydrate, (C7H7N2)I·H2O, with PbI2, and of
(C7H7N2)I·H2O with (C7H7N2)PbI3 using a mortar and pestle.
Another attempt included the in situ protonation of benzimid-
azole with a few drops of HI while grinding the reagents benz-
imidazole and PbI2. We also attempted to synthesize the de-
sired product in solution by reacting (C7H7N2)I and PbI2 in
dimethylformamide (DMF). In all cases, the main product
(C7H7N2)2PbI4 was accompanied by (C7H7N2)PbI3 as a side
phase, as evidenced by powder X-ray diffraction (PXRD). In
addition, PbI2 was detected as a second minor phase when
used as a starting material in the synthesis. Therefore, we
chose to focus on (C7H7N2)I·H2O and (C7H7N2)PbI3 as precur-
sors, which were ground in a vibratory ball mill for 5 d. Grind-
ing the starting materials with a mortar gave similar results.
The obtained bright red powder (Figure S4, Supporting Infor-
mation) contains (C7H7N2)2PbI4 (red phase) and (C7H7N2)PbI3

(yellow phase) in a ratio of 10 to 1 (hereafter BzImPbI4/3) as
determined by Rietveld refinement of the collected PXRD data
(Figure S3, Supporting Information). All details on the Riet-
veld analysis can be found in the Supporting Information S3.
In addition, thermal stability data of (C7H7N2)2PbCl4,
(C7H7N2)2PbBr4, and (C7H7N2)PbI3 is reported in Supporting
Information S8, revealing thermal stabilities up to 300 °C for
the chloride and bromide and up to 350 °C for the iodide.

Structural Investigation of (C7H7N2)2PbCl4,
(C7H7N2)2PbBr4, and (C7H7N2)2PbI4

The hybrid compounds (C7H7N2)2PbCl4, (C7H7N2)2PbBr4,
and (C7H7N2)2PbI4 exhibit layers of corner-sharing PbX6 octa-
hedra separated by a double layer of protonated benzimidazol-
ium cations, which protrude into the “cavities” formed by the
PbX6 octahedra with their imidazolium termini (Figure 2). The
distance between the inorganic layers decreases from 14.48 Å
in (C7H7N2)2PbCl4 to 14.16 Å in (C7H7N2)2PbBr4 and to
13.90 Å in (C7H7N2)2PbI4, which seems counterintuitive at
first sight given the increasing size of the halides. However,
this trend can be rationalized by taking into account the in-
creasing size of the cavities formed by the inorganic layers



Figure 2. Crystal structures of (C7H7N2)2PbCl4 (a) and (C7H7N2)2PbI4 (c) measured at 100 K and (C7H7N2)2PbBr4 (b) measured at 173 K in
projection along [010]. Thermal ellipsoids for carbon and nitrogen are drawn at the 70% probability level. C is displayed in black, N is blue,
H is grey, Pb is orange, Cl is turquoise, Br is brown and I is purple. Cell edges are marked with black solid lines.

with increasing size of the respective halide ion from
(C7H7N2)2PbCl4 to (C7H7N2)2PbI4. In this way, the organic
and inorganic sublattices can interdigitate more closely such
that the distance between the layers decreases.

The described orientation of the organic cations is most
likely due to the formation of moderate to weak hydrogen
bonds between the nitrogen atoms of the imidazolium moiety
and the halide atoms of the PbX6 octahedra; no π–π interac-
tions between the heteroaromatic units are observed (Figure 3,
Tables SVI, SXI, SXVI, Supporting Information). The struc-
ture is stabilized further by ionic interactions between the neg-
atively charged inorganic sublattice and the positively charged
organic sublattice. All of the compounds discussed so far crys-
tallize in the monoclinic space group C2/c. However, the ar-
rangement of the benzimidazolium cations in (C7H7N2)2PbI4

differs from that in the isotypic compounds (C7H7N2)2PbCl4
and (C7H7N2)2PbBr4 as depicted in Figure 3. (C7H7N2)2PbCl4
and (C7H7N2)2PbBr4 feature two crystallographically distinct
benzimidazolium cations: One comprising the atoms N1 and
N3 (BzIm-N1N3) and the other one N2 and N4 (BzIm-N2N4).
The cations alternate within the organic layer, whereby the π-
planes of BzIm-N1N3 and BzIm-N2N4 comprise an angle of
7.3° and 7.0°, respectively. The complete arrangement of
benzimidazolium cations is obtained when applying a c glide
plane to the A and A� layers, which results in the formation of
the B and B� layers, respectively (Figure 3a). In contrast, the
“zigzag” pattern in (C7H7N2)2PbI4 containing only one unique
benzimidazolium cation arises from applying the c glide plane
to the A layer. Consequently, the lattice parameter in c direc-
tion is halved compared to the chloride and bromide version
(Figure 3). The observed distortion of the PbX6 octahedra,
which is similar for all compounds and becomes primarily ap-
parent in the X–Pb–X bond angles [82.83(3)–97.17(3)° in
(C7H7N2)2PbCl4, 83.523(6)–96.477(6)° in (C7H7N2)2PbBr4,
and 83.928(4)–96.072(4)° in (C7H7N2)2PbI4] is likely con-
nected to the benzimidazolium cations pushing into the cavities
of the inorganic lattice and the formation of hydrogen bonds
between the organic cations and the PbX6 octahedra’s halide
atoms as discussed above. Another source of the observed lat-
tice distortion may be the stereochemically active 6s Pb lone
pair as observed for other layered lead-based hybrid perov-
skites.[16] However, electronic structure calculations would be
needed to further analyze the origin of the observed distortion.

1371

Crystallographic data and details of the structure refinements
are shown in Tables SI–SV, SVII–SX, and SXII–SXV (Sup-
porting Information).

Figure 3. Crystal structures of (C7H7N2)2PbCl4 (a) and (C7H7N2)2PbI4

(b), view onto the (100) plane. The length of the respective c axis is
emphasized. Hydrogen bonds are marked with red dashed lines. Nitro-
gen atoms are labeled exemplarily. C is displayed in black, N is blue,
H is grey, Pb is orange, Cl is turquoise, and I is purple.

Structural Investigation of (C7H7N2)PbI3

Since the structure of (C7H7N2)PbI3 was already determined
by Wang et al.,[14] it is only described briefly here for com-
pleteness. The hybrid compound (C7H7N2)PbI3 exhibits
P212121 symmetry and features double chains of edge-sharing
PbI6 octahedra, which are surrounded by benzimidazolium cat-
ions arranged in stacks of two (Figure 4a); the structure can
thus be considered as quasi one-dimensional. The benzimida-
zolium cations are parallel to each other when belonging to the
same stack but tilted by 89.8° with respect to the cations of
the associated stack (Figure 4b). Besides apparent ionic inter-
actions between the negatively charged inorganic layer and the
protonated benzimidazole cations, weak hydrogen bonds
(N–H···I = 3.537 and 3.638 Å) between the benzimidazolium
N atoms and the I3 atoms of the inorganic sublattice could
be identified as the predominant interactions in (C7H7N2)PbI3.
Also, a distortion of the PbI6 octahedra is apparent which is
likely due to structural features, specifically the formation of
hydrogen bonds, or possible Pb lone pair effects as mentioned
above (Figure 4c, Table XXII). Crystallographic data and de-
tails of the structure refinements are shown in Tables SXVII-
SXXI (Supporting Information).



Figure 4. Crystal structure of (C7H7N2)PbI3 in projection along [100] (a, c), and [010] (b). Thermal ellipsoids for carbon and nitrogen are drawn
at the 70% probability level. Hydrogen bonds are marked with red dashed lines. C is displayed in black, N is blue, H is grey, Pb is orange, and
I is purple. Cell edges are marked with black solid lines.

Solid-state NMR Spectroscopy

1H, 13C, and 15N solid-state NMR spectroscopy was applied
as a tool to access the local structure of the organic sublattice
and to confirm the integrity of the benzimidazolium cation in
(C7H7N2)2PbCl4, (C7H7N2)2PbBr4, and (C7H7N2)PbI3 (Fig-
ure 5). The 1H spectra of the chloride and the bromide com-
pound show three distinguishable signals at 13.18 (N–H), 9.21
(C2–H) and 6.86 (C4/7,5/6–H) ppm and at 12.66 (N–H), 9.04
(C2–H) and 7.54 (C4/7,5/6–H) ppm, respectively. In contrast,
only two signals at 11.18 (N–H) and 7.89 (C2,4/7,5/6–H) ppm
are resolved for (C7H7N2)PbI3. The differences in local struc-
ture and hydrogen bonding between the isotypic compounds
(C7H7N2)2PbCl4 and (C7H7N2)2PbBr4 and the 1D compound
(C7H7N2)PbI3 are reflected in differences in the 13C chemical
shifts by as much as 4.5 ppm. The chemical shifts are in good
agreement with a study by Pugmire et al., who investigated
molecular benzimidazole hydrochloride in a saturated aqueous
solution.[17] The 13C spectra of the investigated compounds
show four distinct signals, in line with the mirror plane inter-
secting the benzimidazolium cation along its longest axis. The
protonation of benzimidazole becomes also obvious in the ob-
served upfield shifts for C4 and C9 as compared to neutral
benzimidazole.[18] Notably, C2 is downfield shifted on going
from the iodide to the bromide to the chloride, which is consis-

Figure 5. 1H MAS (a), 13C CP MAS (b) and 15N CP MAS (c) solid-state NMR spectra of (C7H7N2)2PbCl4 (cyan), (C7H7N2)2PbBr4 (brown)
and (C7H7N2)PbI3 (purple). Spinning side bands are marked with asterisks.
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tent with increasingly strong hydrogen-bonding interactions
along this series, leading to a deshielding of the carbon neigh-
boring the protonated nitrogen atoms. The splitting of the
C5/6 signal visible for (C7H7N2)2PbBr4 is likely due to the
presence of the two crystallographically distinct benzimidazol-
ium cations, whose chemical environments are so similar that
all other signals coalesce in (C7H7N2)2PbBr4 and
(C7H7N2)2PbCl4. The 15N spectra show only one signal be-
tween –221.15 and –222.39 ppm, which confirms the presence
of two chemically equivalent protonated imidazolium nitrogen
atoms as well as the similar local environments of the crystal-
lographically different benzimidazolium units.[18] The assign-
ment of the signals in the 13C and 15N spectra is displayed in
detail in the Supporting Information S6.

Optical Properties

The optical properties of (C7H7N2)2PbCl4, (C7H7N2)2PbBr4,
(C7H7N2)PbI3, and BzImPbI4/3 [containing (C7H7N2)2PbI4

and (C7H7N2)PbI3 in a ratio of 10 to 1, see above], were inves-
tigated by absorbance and photoluminescence (PL) measure-
ments, as presented in Figure 6. The bandgaps Eg, as deter-
mined by Tauc plots (see S7, Supporting Information) decrease
on going from the chloride (Eg = 3.08 eV) to the bromide



(Eg = 2.60 eV) to the iodide (Eg = 1.99 eV), which becomes
clearly visible in the color change from white to yellow to
red for (C7H7N2)2PbCl4, (C7H7N2)2PbBr4, and (C7H7N2)2PbI4,
respectively (Figure 7a, b, and d).

Figure 6. Absorbance (grey line) and photoluminescence spectra (red
line, λexcitation = 350 nm) of (C7H7N2)2PbCl4 (a), (C7H7N2)2PbBr4 (b),
(C7H7N2)PbI3 (c), and BzImPbI4/3 (d) at room temperature. Bandgaps
Eg are extracted from Tauc plots presented in S7 (Supporting Infor-
mation).

Figure 7. Photographs of (C7H7N2)2PbCl4 (a), (C7H7N2)2PbBr4 (b), and (C7H7N2)PbI3 powder (c) and of (C7H7N2)2PbI4 crystals (d).
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Bandgap tuning of metal halide perovskites has been widely
investigated for solar cell applications of 3D perovskites,
where variations in the halide as in CH3NH3Pb(I1–xBrx)3,[19,20]

or in the organic cation[21] lead to changes in the bandgap,
which were found to correlate with changes in the metal-halide
bond length. Besides the lattice parameters, the bandgap of
perovskites is also influenced by the compound’s dimensional-
ity as can be seen for the iodide based compounds in Figure 6c
and d. A decrease in the dimensionality from 2D (in
BzImPbI4/3) to 1D [in (C7H7N2)PbI3] increases the bandgap
Eg from 1.99 eV to 2.44 eV and is accompanied by a color
change from red to yellow (Figure 7c, d). The bandgap of
(C7H7N2)PbI3 has been reported by Wang et al. to be 2.76 eV,
which may point to the presence of impurity phases since the
precursors for (C7H7N2)PbI3, where reacted at off-stoichiomet-
ric ratios by Wang et al.[14] The impact of halide exchange
and dimensionality on the bandgap energy can also be seen by
comparison of the herein presented perovskite compounds to
the 3D perovskites (CH3NH3)PbCl3, (CH3NH3)PbBr3, and
(CH3NH3)PbI3 with bandgaps of 2.88 eV, 2.2 eV, and 1.5 eV,
respectively.[22,23]

Concerning the PL spectra, striking variations in the
spectral width occur for the different structures. For both
(C7H7N2)2PbBr4 and BzImPbI4/3, a relatively narrow PL
emission coincides well with the absorbance edge. Yet, ad-
ditional PL emission peaks appear for BzImPbI4/3, which can
be related to impurity states, as the sample contains about 10%
(C7H7N2)PbI3 impurities. In general, photo-excited states relax
to the energetically lowest accessible states before recombina-
tion into the ground state, which gives rise to PL emission.
The absent emission of (C7H7N2)PbI3 at 460 nm in the PL of
BzImPbI4/3 might be due to a reabsorption by (C7H7N2)2PbI4

components. However, both samples have minor PL signals at
580 nm and 668 nm, which indicates emission of
(C7H7N2)PbI3 states within BzImPbI4/3, likely due to a hin-
dered charge transfer from these low energy states into
(C7H7N2)2PbI4. In contrast to the sharp band-to-band transition
of (C7H7N2)2PbBr4 and BzImPbI4/3, the PL spectra of
(C7H7N2)2PbCl4 and (C7H7N2)PbI3 are characterized by a
broad and strongly Stokes shifted PL emission that includes
multiple emission peaks. Likewise, the absorbance spectra of
(C7H7N2)2PbCl4 and (C7H7N2)PbI3 also possess significant in-
tensity below their absorbance edges. The origin of this broad,
white light PL emission for layered organic-inorganic perov-
skites has been identified by Dohner et al. to originate from
self-trapped excitons that strongly couple to a deformable
lattice and structural distortions, driven by strong electron-



phonon coupling.[8] The transient, photo-induced formation of
these self-trapped excitons has been observed to occur on a
femtosecond (fs) - timescale and its multicomponent nature
has been confirmed by temperature dependent and time-re-
solved PL measurements.[24–26] Note that all compounds
studied here show similar levels of distortions of the inorganic
sublattice, which is why the observed differences in the PL
emission may result from different degrees of lattice “softness”
or permanent lattice defects rather than (static) structural dis-
tortions.

In case of (C7H7N2)PbI3, we propose that the occurrence of
the broad PL emission is based on its 1D lattice topology (see
Figure 4) which assists the rapid formation of self-trapped ex-
citons without potential barrier.[27,28] We also assign the broad
PL emission of (C7H7N2)2PbCl4 to the recombination of self-
trapped excitons due to its broad emission profile with a
FWHM of 190 nm and a large Stokes shift of over 100 nm,
which is typical for the emission of self-trapped excitons.[7,8,24]

Based on this broad emission profile and the additionally ab-
sorbing states below the bandgap, we propose that for
(C7H7N2)2PbCl4 either facile electron-phonon coupling occurs
or a small defect concentration must be present that cannot be
resolved by PXRD measurements. In order to fully understand
the different nature and origin of the emitting states in
(C7H7N2)2PbCl4 compared to (C7H7N2)2PbBr4, further studies
such as temperature dependent or time-resolved PL measure-
ments are required. We also would like to note that a compar-
able impact of halide exchange from bromide to chloride on
the optical properties has previously been observed in 2D hy-
brid perovskites by the appearance of inhomogeneous PL
emission[29] or by increasing Stokes shifts and spectral emis-
sion widths for 3D perovskites of MAPbBr3–xClx.[30]

Conclusions

The crystal structures of the compounds (C7H7N2)2PbCl4,
(C7H7N2)2PbBr4, and (C7H7N2)2PbI4, a new series of closely
related 2D hybrid perovskites, are reported for the first time
and discussed with respect to interactions between the inor-
ganic and organic sublattices. In addition, we confirmed the
crystal structure of (C7H7N2)PbI3, which has been obtained as
phase-pure bulk material for the first time.[14] Several low-
temperature routes for the synthesis of the benzimidazolium
lead halides were shown to be feasible with excellent yields
[except for (C7H7N2)2PbI4], including solvent-free mechano-
chemical reactions and in-situ protonation of benzimidazole
using hydrohalic acids as a solvent. The local structure
and stability of (C7H7N2)2PbCl4, (C7H7N2)2PbBr4, and
(C7H7N2)PbI3 were studied with solid-state NMR spec-
troscopy and thermal analysis, respectively, revealing thermal
stabilities up to 300 °C for the chloride and bromide and up to
350 °C for the iodide. Due to the close structural relationship
between the 2:1 compounds, the decrease in bandgap from
(C7H7N2)2PbCl4 to (C7H7N2)2PbBr4 to (C7H7N2)2PbI4 deter-
mined by optical absorption measurements can be ascribed to
the choice of the halide, which is the only variable. The influ-
ence of dimensionality on the bandgap was demonstrated by
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comparing Eg for yellow (C7H7N2)PbI3 featuring a 1D chain-
like structure and for the 2D red compound (C7H7N2)2PbI4.
PL measurements revealed a sharp PL emission for
(C7H7N2)2PbBr4 and BzImPb4/3, whereas (C7H7N2)2PbCl4
and (C7H7N2)PbI3 show a rather broad and unstructured PL
emission. We suggest that the differences in PL emission can
be traced back to a more efficient coupling of self-trapped ex-
citons to phonons or lattice defects in the compounds featuring
broad PL emission bands.

Experimental Section

Materials and Methods: PbCl2 (Sigma-Aldrich, 98%), PbBr2

(Sigma-Aldrich, � 98 %), PbI2 (Acros Organics, 99%), benzimidazole
(Alfa Aesar, 99%), concentrated hydrochloric acid (Brenntag, purum),
concentrated hydrobromic acid (Acros Organics, pure), concentrated
hydriodic acid (Acros Organics, for analysis), ethyl acetate (Staub &
Co. Silbermann, 99.8 %), ether (Bernd Kraft, 95.5 %), and dimethyl-
formamide (Alfa Aesar, 99%) were commercially available and used
as received without further purification.

Synthesis of (C7H7N2)2PbCl4: Benzimidazole (47.7 mg, 0.4 mmol),
PbCl2 (56.8 mg, 0.2 mmol), and 4 mL HCl were heated to 80 °C for 2
h, whereupon the solids were dissolved completely. The solvent was
subsequently removed in a nitrogen flow, whereupon a white solid
precipitated. Single crystals suitable for X-ray diffraction analysis were
obtained by evaporating the solvent at room temperature instead.
(C7H7N2)2PbCl4: calcd. C 28.63; H 2.40; N 9.54; Cl 24.14%; found:
C 28.41; H 2.34; N 9.46; Cl 24.28%. IR: ν̃ = 3146 (m), 3096 (m),
3070 (m), 3038 (m), 3006 (m), 2962 (m), 2940 (m), 2854 (m), 2814
(m), 2748 (w), 1817 (w), 1623 (w), 1522 (w), 1496 (w), 1447 (s),
1398 (w), 1370 (vs), 1282 (w), 1256 (s), 1235 (w), 1171 (w), 1160
(w), 1140 (w), 1101 (w), 1003 (m), 944 (w), 910 (w), 882 (w), 773
(s), 742 (vs) cm–1.

Synthesis of (C7H7N2)2PbBr4: Benzimidazole (47.7 mg, 0.4 mmol),
PbBr2 (74.9 mg, 0.2 mmol) and 4 mL HBr were heated to 80 °C for 2
h, whereupon the solids were dissolved completely. The solvent was
subsequently removed under nitrogen flow. The obtained yellow solid
was washed with ethyl acetate. Single yellow crystals suitable for X-
ray diffraction analysis were obtained by evaporating the solvent at
room temperature instead. (C7H7N2)2PbBr4: calcd. C 21.98; H 1.84; N
7.32; Br 41.77%; found: C 21,95; H 1.86; N 7.32; Br 40.44%. IR: ν̃
= 3140 (m), 3103 (m), 3077 (m), 3009 (m), 2971 (m), 2846 (m), 2810
(w), 1792 (w), 1619 (m), 1524 (w), 1496 (w), 1446 (s), 1397 (w),
1365 (vs), 1346 (m), 1277 (w), 1255 (vs), 1170 (w), 1158 (w), 1133
(m), 1100 (w), 1001 (m), 939 (m), 774 (m), 746 (vs) cm–1.

Additionally, (C7H7N2)2PbBr4 can be obtained by heating benzimid-
azole (179 mg, 1.5 mmol), PbBr2 (281 mg, 0.75 mmol) and 15 mL
HBr to 80 °C for 2 h. The product was obtained by adding ethyl acetate
to the reaction mixture after it was cooled down to room temperature.

Synthesis of (C7H7N2)PbI3: Benzimidazole (89.5 mg, 0.75 mmol),
PbI2 (349 mg, 0.75 mmol), and 15 mL HI were heated to 80 °C for 2
h. A clear solution could not be obtained at any time. After cooling
the reaction mixture down to room temperature dissolved product was
precipitated by adding ethyl acetate. Afterwards, the yellow solid was
filtered and washed with ethyl acetate. (C7H7N2)PbI3: calcd. C 11.89;
H 1.00; N 3.96; I 53.84%; found: C 11.92; H 1.04; N 4.01; I 51.83%.
IR: ν̃ = 3254 (m), 3227 (m), 3133 (m), 1612 (m), 1522 (w), 1485 (m),
1444 (s), 1421 (w), 1366 (s), 1346 (w), 1258 (m), 1206 (m), 1176 (w),



1155 (m), 1134 (s), 1103 (s), 1003 (w), 939 (w), 923 (s), 887 (w), 879
(w), 850 (w), 773 (w), 750 (vs), 687 (vs) cm–1.

(C7H7N2)PbI3 was also synthesized by heating benzimidazole
(23.9 mg, 0.2 mmol), PbI2 (93.1 mg, 0.2 mmol) and 4 mL HI to 80 °C
for 2 h. A yellow solid was gained by evaporating the solvent in a
nitrogen flow after the reaction mixture was cooled down to room
temperature. Subsequently, the product was washed with ethyl acetate.
Single yellow crystals suitable for X-ray diffraction analysis were ob-
tained by evaporating the solvent at room temperature instead.

Solvent-free Synthesis of (C7H7N2)2PbBr4 and (C7H7N2)PbI3:
Benzimidazole (51.1 mg, 0.43 mmol) and PbBr2 (80 mg, 0.21 mmol)
were mixed and ground with a few drops of HBr. Subsequently, the
powder was washed by adding a little ethyl acetate, grinding the mix-
ture and removing the ethyl acetate afterwards. This procedure was
repeated a couple of times. In a last step the solvent was removed in
a nitrogen flow. The same experimental procedure was performed to
synthesize (C7H7N2)PbI3. Here, benzimidazole (25.7 mg, 0.21 mmol),
PbI2 (100 mg, 0.22 mmol), and a few drops of HI were mixed and
ground.

Synthesis of (C7H7N2)I·H2O: HI (0.6 mL) was added to benzimid-
azole (200 mg, 1.68 mmol), while cooling with an ice bath. Sub-
sequently, the solvent was evaporated in a nitrogen flow. The product
was washed with ethyl acetate and ether. (C7H7N2)I·H2O: calcd. C
31.84; H 3.44; N 10.61%; found: C 31.80; H 3.47; N 10.62 %. IR: ν̃
= 3468 (w), 3403 (m), 3154 (w), 3123 (m), 3099 (m), 3064 (m), 3036
(m), 3008 (m), 2970 (m), 2929 (m), 2844 (m), 2812 (m), 2751 (m),
1607 (m), 1520 (w), 1494 (w), 1442 (s), 1372 (s), 1349 (m), 1258 (s),
1232 (m), 1178 (w), 1161 (w), 1145 (w), 1124 (w), 1100 (w), 1005
(w), 934 (m), 878 (m), 852 (s), 772 (s), 762 (s), 740 (vs) cm–1. 1H
NMR ([D6]DMSO, 20 °C): δ = 9.57 (s, 1 H, -C2-H), 7.87 (dd, 2 H,
C4/7-H) 7.60 (dd, 2 H, C5/6-H). 13C NMR ([D6]DMSO, 20 °C): δ =
140.68 (s, C2), 130.50 (s, C8/9), 126.12 (s, C5/6), 114.47 (s, C4/7) ppm.

Synthesis of (C7H7N2)2PbI4: Single crystals suitable for X-ray dif-
fraction analysis were obtained by dissolving (C7H7N2)I·H2O (20 mg,
0.076 mmol) and PbI2 (9.5 mg, 0.02 mmol) in 0.3 mL DMF at room
temperature and subsequently, evaporating the solvent at room tem-
perature. Attempting to synthesize (C7H7N2)2PbI4 as a bulk material
(C7H7N2)PbI3 (212 mg, 0.3 mmol) was mixed with (C7H7N2)I·H2O
(73.6 mg, 0.28 mmol) and ground for 5 d with a Specamill vibratory
ball mill (Specac). A red powder was obtained.

Single-cyrstal X-ray diffraction: Single-crystal X-ray diffraction data
of (C7H7N2)2PbCl4 and (C7H7N2)2PbI4 were collected with a Bruker
D8 Venture diffractometer equipped with a rotating anode generator
with Mo-Kα radiation (λ = 0.71073 Å) at 100 K. Both compounds crys-
tallized as two-component twins, hence TWINABS was applied for
data reduction and absorption correction.[31] The reflection data were
merged in Laue class 2/m [Rint = 0.0367 ((C7H7N2)2PbCl4), Rint =
0.0430 ((C7H7N2)2PbI4)]. A D8 Quest IμS diffractometer with a Mo-
Microsource generator was used to collect single-crystal X-ray diffrac-
tion data of (C7H7N2)2PbBr4 and (C7H7N2)PbI3 at 173 K. The diffrac-
tion intensities were integrated using the SAINT software package[32]

and a multi-scan absorption correction was applied with SADABS.[33]

The crystal structure was solved by direct methods (SIR97)[34] and
refined against F2 by applying the full-matrix least-squares method
(SHELXL-2014/7).[35] Only for (C7H7N2)2PbI4 the program SHELXT-
2014 was used for the structure solution.[36] Hydrogen positions were
calculated according to geometrical criteria and treated as riding on
their parent atoms with the exception of the N-bound hydrogen posi-
tions in (C7H7N2)PbI3, which were refined with a restrained N–H bond

1375

distance of 0.88(1) Å. Their atomic displacement parameters were con-
straint to 1.2 times the value of their parent atom. All non-hydrogen
atoms were refined anisotropically.

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK.
Copies of the data can be obtained free of charge on quoting
the depository numbers CCDC-1507154, CCDC-1507155, CCDC-
1507156 and CCDC-1507157 (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

Powder X-ray Diffraction (PXRD): Powder X-ray diffraction pat-
terns were collected with STOE Stadi P diffractometers in a modified
Debye-Scherrer set-up equipped with a Mythen1K detector using
Ge(111)-monochromated Cu-Kα1 radiation (λ = 1.54059 Å). Samples
were encapsulated into capillaries under ambient conditions prior to
the measurement. Rietveld refinements were performed using TOPAS
academic.[37]

Infrared (IR) Spectroscopy: FT-IR spectra were recorded at ambient
conditions between 650 and 4000 cm–1 on a Spektrum BX II FTIR
spectrometer (Perkin-Elmer) equipped with a DuraSampler diamond
ATR device.

Absorption and Photoluminescence (PL) Measurements: For op-
tical measurements, samples were clamped between two quartz sub-
strates. Absorption spectra were measured with an Agilent Technol-
ogies 8453 UV/Vis spectrometer in an integrating sphere. Steady-state
photoluminescence measurements were recorded with a PicoQuant
FluoTime 300 fluorescence spectrometer, using a 300 W xenon arc
lamp as excitation source. All measurements were done in air under
ambient conditions.

Solid-state NMR Spectroscopy: 1H, 13C and 15N MAS solid-state
NMR spectra were recorded with a Bruker Avance III-500 (H0 = 11.74
T) spectrometer at room temperature using a 4 mm probe, with the
sample spinning at 10 kHz. All spectra were referenced to 0.1%
Si(CH3)4 (δ = 0.0 ppm) in CDCl3. 1H spectra were obtained in one
scan. 13C cross-polarization (CP) MAS spectra were recorded with a
contact time of 3 ms in 496, 1024, and 136 scans for (C7H7N2)2PbCl4,
(C7H7N2)2PbBr4 and (C7H7N2)PbI3, respectively. The repetition time
was set to 128 s for (C7H7N2)2PbCl4 and to 64 s for (C7H7N2)2PbBr4

and (C7H7N2)PbI3. 15N CP MAS spectra were acquired with a contact
time of 1 ms and a recycle delay of 64 s in 2752, 4104 and 1344 scans
for (C7H7N2)2PbCl4, (C7H7N2)2PbBr4, and (C7H7N2)PbI3, respectively.
All 13C and 15N spectra were recorded with proton decoupling using
the TPPM method.[38]

Solution-state NMR Spectroscopy: 1H and 13C NMR spectra were
recorded with a Bruker 400 TR spectrometer in [D6]DMSO at room
temperature.

Energy Dispersive X-ray Spectroscopy (EDX): A FEI Helios G3
UC scanning electron microscope (SEM) operating at 20 kV was used
to determine the content of Pb and Br in (C7H7N2)2PbBr4 locally.

Thermal Analysis: DTA and TG data were collected simultaneously
with a NETZSCH STA 409C/CD thermoanalyzer. Samples were
heated in an argon flow of 100 mL·min–1 in aluminium oxide crucibles
from room temperature to 800 °C for (C7H7N2)2PbCl4 and to 900 °C
for (C7H7N2)2PbBr4 and (C7H7N2)PbI3 with a heating rate of
10 K·min–1.

Elemental Analysis: The elemental analyzer systems Vario EL and
Vario Micro (Elementar Analysensysteme GmbH) were used to deter-



mine the content of C, H, and N. The percentage of Cl, Br and I was
analysed with the titrator 888 Titrando (Metrohm).

Supporting Information (see footnote on the first page of this
article): Crystallographic data of (C7H7N2)2PbCl4, (C7H7N2)2PbBr4,
(C7H7N2)2PbI4 and (C7H7N2)PbI3. Rietveld refinement results for all
discussed PXRD data. Photograph of BzImPbI4/3 powder. EDX
analysis data and SEM image of (C7H7N2)2PbBr4 obtained by a
mechanochemical reaction. Assignment of chemical shifts obtained by
solid-state NMR spectroscopy. Tauc plots of (C7H7N2)2PbCl4,
(C7H7N2)2PbBr4, (C7H7N2)2PbI3 and (BzImPbI4/3). Thermal analysis
data for (C7H7N2)2PbCl4, (C7H7N2)2PbBr4 and (C7H7N2)PbI3.
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