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Ammonium ions are a key component of many organic—inorganic
metal halide materials. We show that the hexagonal perovskite
(Me,;NH,)Pbls; is rapidly transformed to iminium-based perovskites
(Me,C—NMeR)Pbl; (R = Me, Et), simply by stirring the material in
the respective ketone at room temperature, triggering clear
changes in the materials’ photophysical properties.

Metal halide perovskites, most prominently (MeNH;)PbI; (MAPI)
and related compounds, have become a major research focus
since 2009, as they are highly efficient solar absorbers for the
next generation of solar cells" as well as promising materials for
other semiconductor applications.” Unfortunately, many of these
perovskites are sensitive towards moisture, temperature and
voltage in their pure forms - an issue that can be mitigated by
adding small amounts of other organic cations.” A commonly
used additive in this regard is dimethyl ammonium, (Me,NH,)",
which can be added either in the form of its halide salts* or by
decomposition of the solvent DMF under acidic conditions.’
However, a potential problem arises when (Me,NH,)"-containing
compounds are further processed with acetone, for example in
washing procedures, as secondary amines can form iminium
ions as condensation products with ketones under acidic
conditions.® In early works on iminium cations, halogenido
metalate ions were used to produce isolable compounds contain-
ing these reactive cations,”® but the possibility of an uninten-
tional formation is sometimes disregarded in metal halide
perovskite research.

Using iodido plumbates as examples, we show that meta-
lates with dimethyl ammonium cations quickly undergo a
transformation to iminium compounds when treated with
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acetone or butanone and that the optical properties of the
resulting compounds differ significantly from those of the
starting materials, despite having similar crystal structures.

We prepared the literature-known compound (Me,NH,)PbI,>"°
and reacted it with acetone to give (MeIm)Pbl; (1, MeIm = CsHy,N',
N-(propan-2-ylidene)-N-methylmethanaminium) and butanone
to give (EtIm)Pbl; (2, C¢Hy4N', EtIm = N-(butan-2-ylidene)-N-
methylmethanaminium). The ketones react with the dimethyl
amine following Scheme 1.

(Me,NH,)PbI; readily reacts with acetone or butanone when
suspended in the solvents to give near quantitative yields of
the corresponding iminium salts. To qualitatively investigate
the speed of the conversion, we left a suspension of 74 mg of
(Me,NH,)PbI; in 20 mL of acetone stirring at room temperature
and took samples of the solid powder every 10 min. The ratio
between the ammonium and iminium compound was deter-
mined by Rietveld refinement. The results are displayed in
Fig. 1 as well as the ESL{ Already after 10 min about 10% of the
mixture are made up of 1 and after 70 min the conversion is
complete. At 65 °C the full conversion had already taken place
after 30 min.

2 can be prepare similarly in butanone instead of acetone.
Both can also be prepared from Pbl, and Me,NH,I directly.
Detailed procedures are given in the ESL¥

1 crystallises in the hexagonal spacegroup P6;/m as faintly
yellow needles with six formula units in the unit cell. The
structural motif is closely related to that of hexagonal perovs-
kites, for example the prototypical BaNiO;."" The anionic motif
consists one-dimensional chains of face-sharing {Pbls}-
octahedra with the cations separating the chains. Two different
types of anionic chains can be observed. The ones situated at

H*
—_—

\
NH + O
/

\ +
1. R=Me
®/N:<J + HO 2 R=Et

Scheme 1 Formation of iminium ions from amines and ketones under
protic conditions.
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Fig. 1 Diffraction patterns of the powder taken from a suspension of
(Me,NH,)Pbls in acetone. Percentage of 1 in the mixture as determined by
Rietveld refinement shown as an inset.

the corners of the unit cell feature near perfect octahedra,
which are just slightly elongated along the crystallographic
c-axis, while for the chains in the centre of the cell the shared
faces (those perpendicular to the c-axis) are twisted 22° about
the c-axis compared to an ideal octahedron. This gives
I-Pb- - -Pb-I torsion angles of 49° and 71° instead of the ideal
60°. At 100 K the cations are disordered in a way that the two
quaternary atomic position are both partly occupied by N and
C. At higher temperatures this disorder gets stronger while the

Fig. 2 Unit cell of 1 from different viewing directions. The atomic posi-
tions denoted with N/C are partly occupied by nitrogen and carbon atoms.
Hydrogen atoms are omitted for clarity.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Excerpts of the crystal structure of 2. Hydrogen atoms and in part B
the disorder are not shown for clarity.

overall crystal structure stays the same safe for a slight lattice
expansion (see ESIf for details). Fig. 2 shows excerpts of the
crystal structure of 1.

The crystal structure of 1 is very similar to that of the parent
compound (Me,NH,)Pbl;. For (Me,NH,)Pbl; a phase transition
between room temperature and 100 K has been observed. Both
phases feature a hexagonal perovskite-like motif of face-sharing
{Pblg}-octahedra.'® The Pb-I distances of 1 are with 3.232 A-
3.239 A at 100 K and 3.241 A-2.246 A at 273 K well in line with the
corresponding values observed in (Me,NH,)Pbl;. However, due to
the smaller cation, the anionic chains are packed much more
tightly together in (Me,NH,)Pbl; than in 1, which can be illu-
strated by comparing the shortest I- - -I distance between chains.
In 1 this value is 4.855 A/5.013 A at 100 K/273 K, respectively, while
for (Me,NH,)Pblj it is 4.084 A/4.409 A at 100 K/293 K.

Compound 2 crystallises in the orthorhombic spacegroup
Pnma as faintly yellow needles with four formula units in the
unit cell. Its structure is closely related to those of 1 and
(Me,NH,)Pbl; and shows the same anionic motif with Pb-I
ranging from 3.178 A-3.250 A at 100 K. This is a wider range
than in 1 but not as wide as in (Me,NH,)Pbl;. In (Me,NH,)Pbl;
Garcia-Fernandez et al. observed a shift of the Pb atom towards
one of the faces of the octahedron. This is also the case in 2,
however not as strong, and the reason for the wider range of
Pb-I distances.

As a result of the bulkier cation the packing of the anionic
chains is also the widest of the three compounds with the
shortest inter-chain I - I distance being 5.515 A. Fig. 3 shows
excerpts of the crystal structure of 2.

The optical properties of halogenido metalates of heavy
main group elements are, in general, considered to be mostly

Chem. Commun., 2024, 60, 6488-6491 | 6489
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Table 1 Key values extracted from absorption and photoluminescence
measurements: E4: band gap energy, Ee,.: centre of the excitonic absorp-
tion, Aonset: OVverall onset of absorption, incl. the exciton, PLogz/gs «: centre
of PL emission (stronger peak for 2 only). Lowest and highest values (on
the energy scale) highlighted in italic and bold, respectively

(Me,NH,)PbI; 1 2
Eg 3.26 eV 3.48 eV 3.37 eV
Eexe 3.24 eV 3.28 eV 3.32 eV
onset 443 nm 417 nm 436 nm
PL,o; x 1.55 eV 1.76 eV 1.78 eV
PLgs 1.82 eV 1.71 eV 1.78 eV

dependent on the metal/halogen combination'* and the anion
motif."® For compounds featuring the same anion motif only
small differences in their optical properties are expected unless
the organic cation is involved, for example through charge
transfer phenomena.**

This is also the case for the compounds investigated here.
However, the differences are already discernible to the eye and
far from insignificant when application in optoelectronic
devices is considered. To quantify them we investigated optical
absorption at room temperature and photoluminescence (PL)
at room temperature as well as 85 K of (Me,NH,)Pbl;, 1 and 2.
Key values of the spectroscopic measurements are summarised
in Table 1. Fig. 4 shows absorption and PL spectra.

For all three compounds analysis of Tauc-plots reveals a
direct band gap and a strong and distinct excitonic absorption
band at energies slightly below the band edge.

The samples also show strong, Gaussian shaped photolumines-
cence signals. The centres of these signals vary little with tempera-
ture for 1 and 2, while for (Me,NH,)Pbl;, the centre is shifted about
0.3 eV to higher energies when cooled down. We attribute this shift
to the aforementioned phase transition the compound undergoes.
It should also be noted that that the PL signal of 2 at 293 K does not
appear to be of Gaussian shape at first glance. However, 2 is the
only of the three compounds that shows two emission peaks in the

»

/

absorbtion (Kubelka-Munk) / a. u.

B: T=293K C:l.
/ \Am=405 nm
/
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investigated range. At room temperature the two peaks strongly
overlap, but the picture becomes clear at 85 K, where the difference
in intensity of the two peak is increased and the weaker peak is
blue-shifted (see Fig. S8-S14, ESIT for details).

The spectroscopic features of (Me,NH,)Pbl;, 1 and 2 are
consistent with literature reports on 1D lead iodide
perovskites.”"® The broad, strongly Stokes-shifted lumines-
cence band observed for all three compounds is typically
assigned to self-trapped exciton (STE) emission, while higher
energy features, as observed for 2 at 85 K, are attributed to free
exciton (FE) emission. The observation of FE emission appears
to strongly depend on specific structural details and is some-
times only observed at very low temperatures.®

Summarising, we have presented two novel iminium iodido
plumbates that form when (Me,NH,)Pbl; is processed using
ketones and compared their crystal structures and optical prop-
erties to those of the parent compound. We have demonstrated
that the formation happens very fast even at room temperature
in suspension. As similar reactions are feasible for any kind of
halogenido metalates featuring primary or secondary ammo-
nium ions,*'” our investigations shows that great care needs
to be taken when ketones are used as solvents in this context. In
any case the composition of the final compound needs to be
carefully checked, as it might be the original ammonium com-
pound, a newly formed iminium compound or a mixture or
double salt of the two, as shown in a recent example."®

However, we also want to emphasize the potential of imi-
nium ions: They may be useful as surface modification agents
for metal halide perovskite thin films or nanoparticles and they
represent an easily accessible extension and targeted modifica-
tion of the typically used ammonium cations for the intentional
synthesis of new halogenido metalate compounds, extending
the rich structural chemistry of these materials even further.

This work was supported by the German Research Founda-
tion DFG (505757318 and via the Collaborative Research Center
No. 223848855-SFB 1083).
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Fig. 4 A: Absorption spectra of (Me,NH,)Pbls, 1 and 2 converted from diffuse reflection measurements with photographs of (Me,NH,)Pbls and 1 shown
as an inset. B/C: Photoluminescence spectra of the three compounds at room temperature/85 K using an excitation wavelength of 405 nm.
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