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A methodology enabling the discovery of hybrid metal halide
phosphors through the selection of structural networks, which
exhibit a specific distorted environment of the metal ions asso-
ciated with the self-trapping of excitons, is proposed. This approach
is demonstrated with the synthesis of an efficient near-UV emitting
hybrid cadmium halide phosphor.

Owing to the emergence of the low-dimensional hybrid perovs-
kites as materials for optoelectronics, metal halides have
recently been at the center of new attention.™” Thus, in addi-
tion to the promising photovoltaic applications, these com-
pounds exhibit tunable photoluminescence properties which
make them interesting candidates for light emitting diode
(LED) applications. Recently, the synthesis of efficient broad-
band emitting hybrid metal halides for solid-state lighting (SSL)
has been reported.>” Such emission is often attributed to the
self-trapping of excitons (STE) as previously reported in the
binary metal halides such as KX, PbX,, or CdX,, (X = halides).*®
In these binary materials, the STE is commonly associated with
a distortion in the metal ion coordination sphere.'®* For
example, in cadmium halide binary compounds, the STE was
previously described as a deformation of CdXs sites which
would be similar to the inherent distortion of Cu™Xg
moieties.”® In addition, Wang et al. recently revealed that an
STE with Jahn-Teller-like octahedral distortion would be
mainly responsible of the broadband emissions observed in
hybrid metal halides.>® In this context, we investigated the
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synthesis of cadmium and copper halides based on trans-2,5-
dimethylpiperazine (abbreviated TDMP in the following) to
unravel the relationships between ground-state distortion and
STE. The present work suggests that the future discoveries of
efficient hybrid metal halide phosphors could be facilitated by
studying the photoluminescence properties of known materials
exhibiting specific distortions.

The syntheses of the two hybrid metal halide compounds
were carried out under hydrothermal conditions from mixtures
of metals, HCI and trans-2,5-dimethylpiperazine (ESIT). A new
compound based on Cd(u) isostructural to the previously
reported Cu(x) compound (bond valence calculations:
1.72 v.u. and 1.85 v.u. for Cu and Cd, respectively) was isolated
(Fig. S1, ESIt) and the structure was determined by single-
crystal X-ray diffraction (Tables $1-S4, ESIt).>* The presence of
trans-2,5-dimethylpiperazine-1,4-diium cations (TDMP>") was
confirmed by the FTIR measurements (Fig. S2, ESIt). Elemental
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Fig. 1 Representation of (a) the ladder-type structure of copper and
cadmium chloride compounds and the trans-2,5-dimethylpiperazine
(TDMP) molecule, (b) the packing of inorganic ladders and TDMP2* cations
and (c) the distortion of metal chloride octahedra.

analysis by EDS (1/4.3 for Cu/Cl and 1/4.0 for Cd/Cl) agrees with
the expected M/CI ratios (Fig. S3, ESIT). The two isostructural
materials are built with anionic metal halide ladders isolated
between TDMP>" cations (Fig. 1a, b and Fig. S4, ESIt). Even if
these two compounds (TDMP)MCl, (M = Cu or Cd) exhibit
structural similarities with the previously reported (TDMP)PbX,
(X = Cl, Br, I; i.e. ladder structures of the metal halide, same
ratio TDMP/M/X, edge-sharing MX, units, shift between adja-
cent ladders. . .),>**®> some major structural differences can be
observed (Fig. S5, ESIT). The structure of the latter is related to
the post-perovskites: the inorganic ladder is derived from the
two-dimensional post-perovskite structure by slicing perpendi-
cularly to the a axis and consists of both edge-sharing and
corner-sharing MX, units. On the other hand, the (TDMP)MCl,
(M = Cu or Cd) structures cannot be related to the perovskite or
post-perovskite structures. In the present case, the ladder is
built exclusively of edge-sharing MClg octahedral units.

The ladders in (TDMP)MCI, (M = Cu or Cd) are composed of
metal chloride octahedra (2.2571(5) < dou-c1 < 2.9834(1) A for
(TDMP)CuCl, and 2.4825(7) < dcac < 2.8751(1) A for
(TDMP)CACl,; Fig. 1c). It is important to note that a strong
first-order Jahn-Teller distortion (JTD) is observed on the CuCl,
octahedra motif with short and long Cu-Cl bonds perpendi-
cular and along the ladders, respectively. More interestingly, for
(TDMP)CdCl,, the cadmium also exhibits a similar distorted
environment with two long Cd-Cl bonds (2.8751(1) A) along the
1D structure and four short Cd-Cl bonds (2.4825(7) A <doga <
2.6108(6) A) perpendicular to the ladder. Thus, the four
chloride ligands coordinated to one or two Cd are associated
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Fig. 2 (a) Absorption, excitation (lem = 385 nm), and emission (lexc =
290 nm) spectra of (TDMP)CdCly. (b) PL excitation vs. emission mapping of
(TDMP)CACl,, and (c) calculated distortion of [CdXgl*™ motifs under
excitation.

with short Cd-Cl bond lengths whereas the two other ligands,
in the trans-position to each other, are coordinated to three Cd
and are associated with the longest Cd-Cl bond lengths. In
addition, the distortion of the CdClg octahedra is detected
by the notable chemical shift anisotropy extracted from the
spinning side bands manifold of the "H-""*Cd CP-MAS NMR
spectrum (Fig. S6, ESIT). The observation of such similar
distortions (nearly D,y) for both compounds shows that the
inorganic network not only accommodates such inherent D,y
distortion of the metal complexes but is also at its origin.
Concerning the optical properties of (TDMP)CdCl,, absorption
peaks observed below the bandgap at about 280 nm (Fig. 2a) can
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be assigned to intra-gap states. Upon excitation at 290 nm, the d"°
Cd(u) based compound exhibits a strong emission at 385 nm
(Fig. 2a, b and Fig. S7, S8, ESIT) with a high photoluminescence
quantum yield (PLQY = 40%) and a relatively high thermal stability
(decomposition at about 250 °C; Fig. S9, ESIt). In addition to this
intense photoluminescence (PL) emission, a weak luminescence can
be observed in the visible region (around 500 nm; Fig. S10, ESIt).
The observed emissions exhibit important Stokes shifts together
with slight blue shifts and broadenings upon heating from 77 K to
room temperature. This thermal dependence is indeed typical of
emissions originating from STE. In addition, the decay times of the
two emissions (0.54 ns for the high energy band and 0.69 ns for the
low energy band) are similar to previously reported ones in other
hybrid metal halides. Similar near-UV and green-yellow emissions
are also observed for CdX, binary compounds (X = Cl, Br, I) at low
temperature,****2® and these emissions were both assigned to STE
associated with a distortion of the CdXs units. To support such
mechanism,**” Nakagawa et al. showed that the electron paramag-
netic resonance (EPR) spectra of irradiated CdX, crystals exhibited
similar structures as the ones of Cu** or Ag”* doped cadmium halide
crystals. Thus, this observation suggested that the excited states of
the CdX, units would be symmetrically similar to the inherent
distortion of the Cu®" based octahedral complex.

To further unravel the deformation of the inorganic lattice
responsible for the STE, DFT and TDDFT calculations were carried
out (see details in the ESIt). After optimizing the excited state of
[CdXe]*™ units, a deformation corresponding to a Dy, distortion
(lengthening of two opposite Cd-X bonds associated with the
shortening of four equatorial Cd-X bonds) was observed (Fig. 2c).
Interestingly, another recent theoretical investigation of the 0D
lead perovskite, Cs,PbBrs, suggested that the STE occurs with the
same distortion: shortening of four Pb-Br equatorial bonds
together with the elongation of the two remaining bonds.>® The
calculation of the electronic DOS of the STE structure showed the
presence inside the band gap of an unoccupied hole state (Br p +
Pb s) with an occupied electron state (Pb p + Br p). In addition, the
same chains have been reported for the broad-band emitters
C,N,H,,PbX, (X = Cl, and Br, C;N,H;, = N,N'-dimethylethylene-
1,2-diammonium),*>*' exhibiting relatively high photolumines-
cence quantum yields (PLQYs about 20%). Concerning the chloride
analogue, Wu et al. proposed that the emission originates from the
distortion of the six Pb-X bonds with a contraction of four planar
Pb-X bonds and elongation of the two other Pb—X bonds. Following
this work, Wang et al. performed DFT calculations on the lead
bromide ladder-like chains.** They identified two STEs, one
Jahn-Teller like (STE1) at high energy which is the most stable
and one non-Jahn-Teller at lower energy (STE2). Thus, the two
emissions at 385 and 500 nm for our cadmium chloride, could
be related to the same mechanisms. Interestingly, the STE
through a Jahn-Teller like distortion has also been reported
for other metal halides such as Cs,AgInCls in which AgClg
distortion was shown to be responsible for highly efficient
broad-band emission. Thus, this Jahn-Teller distortion could
be a general phenomenon which occurs in the excited states and
would be at the origin of the broadband luminescence of many
metal halides.
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In (TDMP)CACl,, the D, distortion of the CdXs units
induced by the inorganic network is already observed in the
ground state. Such distortion would also promote the STE and
the enhancement of the associated luminescence. Thus, the
intra-gap states observed in the absorption spectra (Fig. 2a)
would be associated with the distorted CdXg units, which would
behave as traps for the excitons (extrinsic self-trapping). Pro-
moting this distortion by targeting crystal structures in which
the excited states are likely to form could also be an interesting
strategy to synthesize materials with enhanced photolumines-
cence from STE. Of particular interest, families of isostructural
metal (Cu(u), Cd(un) and Pb(u)) halide materials would be inter-
esting to explore. If the inherent Jahn-Teller distortion of the
Cu(u) site is possible in a specific network, one can expect the
same distortion to be possible in the excited states when
considering other metal ions such as Cd(u) and Pb(u).

In addition to the specific distortion of the MX, octahedral
units, other structural features help to assist the STE and
prevent the PL quenching. Thus, similar to previously reported
lead halide ladders, lowering the dimensionality lowers the
deformation energy and the associated barrier to self-
trapping.'®*® This phenomenon would explain why intense
STE emissions can be observed at room temperature for the
0D and 1D metal halides whereas the 2D or 3D systems such as
the binary MX, show intense STE emission only at cryogenic
temperatures. To prevent PL quenching, the organic cations
should also hardly interact with the inorganic metal halide.”® In
the (TDMP)CdCl,, the organic cations are favorably far from the
inorganic ladders. To evaluate the organic-inorganic interac-
tions, one can compare the bond distances of the organic
molecules in the hybrid structure vs. the halide salt.”° In
(TDMP)Cl,,** the C-C and C-N bond distances are very similar
to the one in (TDMP)CACl, (Table S2, ESIt). ">*C NMR spectro-
scopy is another way to check the organic-inorganic interac-
tions. Fig. 3 shows the 'H-'>C CP-MAS NMR spectrum of
(TDMP)CdCl,. Although a single crystallographic site was deter-
mined by X-ray diffraction, the resonances of CH; (15-18 ppm),
CH, (47-50 ppm) and CH (50-53 ppm) moieties exhibit multi-
ple lines. It is likely that the resonance splits originate from the
hydrogen bond network between the organic and inorganic parts of
the compound. As already described, the inorganic chains of the
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Fig. 3 H-3C CP-MAS NMR spectra of (TDMP)CdCl, and (TDMP)PbCly.
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(TDMP)CdCl, and (TDMP)PbCl, materials differ. However, the local
environment of the TDMP>" cations is highly similar within these
two structures (Fig. S11, ESIT). This strong similarity, including the
hydrogen bond network, is supported by the strong resemblance
between the "H-">C CP-MAS NMR spectrum of (TDMP)CdCl, and
those of (TDMP)PbCl, (Fig. 3) and its bromide counterpart
(TDMP)PbBr, previously reported.* Moreover, for this latter mate-
rial, we showed that the interactions between the organic and
inorganic parts are weak.” Hence, weak interactions between the
TDMP?" cations and cadmium chloride ladders would prevent the
PL quenching by the C-H vibration modes.****?

In summary, a new type of cadmium halide ladder-like
chain with intense photoluminescence was isolated. The one-
dimensional structure as well as photoemission originating from
the STE show similarities with previously reported post-perovskite
related lead halide compounds. The analysis of the crystal struc-
tures and associated properties shows that the STE can be assisted
by specific distortions around the metal ion. In the case of
(TDMP)CdCl,, the excited states would be related to the distortion
of the CdClg octahedral motif, which is similar to the inherent
first-order Jahn-Teller distortion of Cu"Cly units. Such distortion
can be well accommodated in this ladder-type structure as shown
by the isostructural (TDMP)CuCl, that could also be prepared
using the same experimental conditions. As a multitude of Cu(u)
halide phases with Jahn-Teller distortion have been synthesized
and thoroughly investigated in the past for their magnetic proper-
ties, a future methodology could consist of synthesizing isostruc-
tural metal (Cd(u), Pb(n)...) halides in order to directly target
materials in which the STE and the associated photoluminescence
would be promoted. A first approach could consist of identifying,
through the use of structural databases such as the Cambridge
Structural Database (CSD), previously reported hybrid metal
halides (particularly Cd(u) and Pb(u) based systems) isostructural
to hybrid copper(u) halides and investigate their photolumines-
cence properties. Such strategy could greatly accelerate the
discovery of phosphors with high photoluminescence quantum
yields for LED applications.
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