7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

) Check for updates. The luminescent semiconductor Pblg(CN,)4t

C

Albert T. Schwarz, 22 Markus Strébele, €22 Carl P. Romao, 2'° David Enseling,

Thomas Justel 2 € and H.-Jurgen Meyer (2 *@

Cite this: Dalton Trans., 2024, 53,
6416

The development of new compounds in the domain of metal dinitridocarbonates is most efficiently per-
formed via solid-state metathesis or simply by addition reactions. Our discovery of Pb;Ig(CN>)4 is the
result of a solid-state reaction of PbCN, with Pbl, at 420 °C. Its crystal structure was solved and refined
from X-ray diffraction data based on a single crystal with the space group P6s/mmc. The crystal structure
is based on a network of lead tetrahedra, lead trigonal bipyramids and lead octahedra interconnected by
INCNJ?>~ and iodide. Properties of the material were investigated by diffuse reflection measurement,
photoluminescence measurements, and electronic band structure calculations demonstrating that this
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Introduction

The development of metal dinitridocarbonate compounds is
advancing, with many compounds remaining to be discovered.
The dinitridocarbonate ion is isolobal to oxygen and thus in
some ways analogous to the oxide ion. Generally, the dinitrido-
carbonate ion can appear as carbodiimide [N—=C=N]*" or cya-
namide [N=C-N]*", depending on the nature and surround-
ing with cations.

Within the last decades, a remarkable number of metal
dinitridocarbonates have been described, most of them having
been developed by solid-state metathesis reactions." Many
kinds of cations ranging from alkali®* and alkaline earth,’
transition metal,® and a large number of rare earth metals”®
have been incorporated; the resulting materials have been
studied in terms of their luminescence,’ magnetism,' electri-
cal conductivity,""'* and electrochemistry."?

Furthermore, complex compounds such as tetracyanamido-
metallates [T(NCN),]*~ with T being aluminium,'* gallium,"
silicon’® and germanium'’ have been developed. These
materials have shown remarkable photoluminescence pro-
perties when combined with a rare earth activator; non-centro-
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symmetric structures have shown good second harmonic gene-
ration (SHG) properties."®"'® Excellent photoluminescence pro-
perties were reported for doped pseudo-binary rare earth (RE)
carbodiimides RE,(CN,);,”"® such as RE,(CN,);:Ce."®*® The
structure of the oxide-carbodiimide Y,0,(CN,) is similar to
that of the oxide-sulfide Y,0,S, which is a well-known host
lattice material for photoluminescence.? The formal substi-
tution of a chalcogenide versus (CN,)>” is very interesting from
a chemical point of view, because it demonstrates that a metal
oxide or metal sulfide may serve as a template for the compo-
sition of a yet-unknown metal dinitridocarbonate.

The recently discovered compounds Sn(CN,) and Sn,O
(CN,) were described as semiconductors with band gaps in the
order of 2.0 eV, according to band structure calculations and
optical measurements. They have been investigated as a nega-
tive electrode material in so-called conversion batteries. Like
other transition-metal compounds, carbodiimides M,(NCN),
with M = Mn, Cr, Zn have been successfully cycled versus
lithium and sodium ions.**

The diversity of the reported dinitridocarbonate com-
pounds includes several lead-based compounds, such as Pb
(CN,),>** APb,CI;(CN,) (A = Li, Na, Ag), LiPb,Br;(CNj,), LiPbCl
(CNZ),ZS K;,Pbs;Cls54(CN>)30 ** and Pb14.668n7.34Br26(CN2)702~27

In addition, some lead compounds have received special
attention over recent years. CsPbl; can be considered as the
archetype for perovskite solar cells following the well-known
substitution (MA)PbI; (MA = CH;NH;). CsPbl; has a bandgap
of 1.6-1.8 eV, which is favorable for photovoltaic appli-
cations.”® Other derivatives like (MA),Pb(SCN),I,, have also
been reported.?® In light of these interesting issues, we herein
describe the structure and properties of the new lead carbodi-
imide iodide Pb,I4(CN,),.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion
Synthesis

The preparation of crystalline Pb,I4(CN,), was performed in a
straightforward manner from appropriate (3 : 4) proportions of
PbI, and Pb(CN,) heated in fused silica tubes at 420 °C for 5
days (1). This procedure appears to be more efficient than
solid-state metathesis, which was used in syntheses of the vast
majority of dinitridocarbonate compounds (2). The procedure
(1) removes the possibility of incorporation of lithium in the
product and avoids the need for leaching significant amounts
of the metathesis salt (LiI).

3Pbl, + 4Pb(CN,) — Pb;14(CN,), (1)
7Pbl, + 4Li,(CN,) — Pb;Is(CN,), + SLil (2)

Pb,I5(CN,), was obtained as a dark yellow crystalline
material in high yield, with small amounts of lead being
obtained as side phase in the X-ray powder diffraction pattern
(Fig. 1).

The side-phase could be a result of the reducing nature of
the (NCN)?>~ ion.>® EDX measurements on nine different spots
on several single crystals revealed a lead to iodine ratio of
7:5.96(5), verifying the Pb:I ratio in Pb,I4(CN,), that was
found in the structure refinement.

Crystal structure of Pb;I(CN,),

The crystal structure of Pb,I¢(CN,), was solved and refined by
X-ray diffraction based on recorded single-crystal data. The
structure refinement yielded the hexagonal space group P63/
mmc. Some crystal structure and refinement data are given in
Table 1.

The crystal structure refinement revealed five crystallogra-
phically distinct sites for the lead atoms, with Wyckoff posi-
tions, site occupation factors, and atomic coordinates pre-
sented in the Table S1.f Pb1 is surrounded by five iodides and
three carbodiimide ions, [NCN]*". The environment of Pb2
appears similar to that of Pb1, with one more iodide, forming
a coordination pattern derived from a tricapped trigonal anti-
prism. The third lead site (Pb3) represents a coordination
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Fig. 1 XRD measurement of compound Pb7lg(CNy)4.
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Table 1 Selected crystal and structure refinement data for Pb,lg(CN>)4,
recorded at 150 K

Empirical formula Pb,14(CN,),
CCDC code 2211751%
Formula weight (g mol™") 5929.62
Wavelength (Mo-K,) (A) 0.71073
Crystal system Hexagonal
Space group P6;/mmc

Unit cell dimensions (A) a=b=10.7144(1)

¢ =29.4426(4)
Volume (A) 2927.13(7)
zZ 5
Density (calculated) (g cm™®) 6.728
Absorption coefficient (mm™") 58.057
Final R indices (I > 26(I)) R; = 0.0212, WR, = 0.0432
R indices (all data) R, =0.0220, WR, = 0.0436
GOOF 1.113

environment with four iodides and three carbodiimide ions.
Pb4 is coordinated by three iodine atoms and three [NCN]*~
units. Pb5, with a site-occupation factor of 0.75 (see
Table S17), is surrounded by six iodide ions in distorted octa-
hedral formation. Pb-I distances of the distorted octahedron
range from 3.0528(6)-3.2555(6) A. All other Pb-I distances in
the drawings outlined in Fig. 2 range from 3.4423(4) A to
3.7114(8) A.

The coordination environments of the three crystallographi-
cally distinct [NCNJ*~ units in Pb,I¢(CN,), are similar to those
in the previously reported compound Pb;,e6Sn; 34Bro6-
(CN,),0,.>” Two [NCN]*~ units (centred by C1 and C2) are sur-
rounded by six lead ions forming a trigonal antiprismatic
arrangement. The third (C3) is surrounded by lead in a trigo-
nal prismatic fashion. A detailed view is shown in Fig. 3.

The Pb-N bond distances range between 2.478(4) and
2.606(4) A, and are similar to those in the related lead com-
pounds Pb(CN,) (2.31-2.62 A),>® LiPb,Cl;(CN,) (2.54 A) and
LiPbCI(CN,) (2.39-2.70 A).>® The C-N bond lengths of the
three crystallographically distinct [NCN]*~ units are given in
Fig. 3 and appear quite uniform. The C-N lengths around C1
are only slightly different, but the remaining two [NCNJ*~
are symmetrical, as a result of the a two-fold rotation axis
(through C,) and a mirror plane (cutting C3). Despite minor

[
¢ Pb1 o o Pb2 %

Pb5
Pb3
o
[
Fig. 2 Different coordination environments of lead atoms in

Pb,I¢(CN)4. lodine is shown in purple, carbon in white and nitrogen in
blue.
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Fig. 3 Three crystallographically distinct [NCN]?>~ units; two are co-

ordinated nearly trigonal antiprismatic and the third pseudo- octahed-
rally by lead (red).

differences in length, all three [NCN]>~ units can be safely
described as carbodiimide ions. An infrared (IR) spectroscopic
measurement recorded on a sample of Pb,I5(CN,), reveals the
presence of three quite similar [NCN]*~ units, by showing an
asymmetric stretching vibration of the [NCN]*~ unit at
1900 cm™' and a C-N bending vibration at 630 cm™" (see
Fig. S17).

An interesting feature in the crystal structure of Pb;Is(CN,),
is the clustering of lead atoms. A section of the structure
showing all five lead atoms is presented in Fig. 4.

The arrangement of lead atoms in the structure may be
described as a triple-Pb,-tetrahedra cluster, composed of three
tetrahedra in a face-sharing and edge-sharing fashion, for
Pb1-Pb4, or as a trigonal bipyramid with a tetrahedron. All tri-
gonal faces are capped by a nitrogen atom of [NCN]*>~ (except
for the shared one). Pb5 is situated in an octahedral environ-
ment of iodide ions. The structure section shown in Fig. 4 is
interconnected via iodide and carbodiimide ions to form the
crystal structure of Pb;Is(CN,),, as displayed in Fig. 5.
Interatomic distances between lead atoms in and between
adjacent Pb, tetrahedra and with Pb5 range between 3.92(3)-
4.23(7) A. These distances between lead atoms give rise to
define block layers within the ab-plane in the structure. The
given distances are essentially nonbonding distances of Pb*".
However, the distances are significantly shorter than intera-
tomic distances between lead atoms in cubic perovskite struc-

Fig. 4 Face-shared and edge-shared triple-Pb,-tetrahedra fragment
with face-capping carbodiimide ions and an associated [Pble] octa-
hedron (purple).
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Fig. 5 Section of the crystal structure of PbsIlg(CN,),4. lodide atoms are
shown in purple, lead in red, carbon in white and nitrogen in blue.

ture of CsPblz, which correspond with the lattice parameter
a = 6.2894(2) A of CsPbl;. This distance resembles the arrange-
ment of edge-shared [Pbls] octahedra, and is similar with
twice the average Pb-I distance (2 x 3.154(1) A) in the [Pbl]
octahedron of Pb,I4(CN,),. The surroundings of Pb*>" ions in
the structure of Pb,I15(CN,), do not indicate a lone-pair effect
from Pb>*, and the clustering of lead atoms in layers in the
structure ultimately suggests some interesting properties.

Electronic structure

The DFT-calculated electronic band structure of Pb,I4(CN,), is
shown in Fig. 6. The calculations reveal that the material is an

Energy / eV
J1ajoeIeyd auIpo|

Fig. 6 The electronic band structure of Pb;Ig(CN)s, with bands
coloured by their | character. Special points in the Brillouin zone are
labelledT"(000),Z(000.5,D(0050.5),B(00.50),A(-05050), E
(-0.50.50.5), C,(-0.50.50), and Y5 (—0.5 0 0) and were chosen follow-
ing literature.>

This journal is © The Royal Society of Chemistry 2024
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indirect band gap semiconductor, with a gap of about 1 eV.
The valence band maximum is close to degenerate (within
0.05 eV) at all special points in reciprocal space; the conduc-
tion band minimum is similarly close to degenerate at D (0 0.5
0.5), B (0 0.5 0), A (=0.5 0.5 0), E (=0.5 0.5 0.5), C, (—0.5 0.5 0),
and Y, (—0.5 0 0) points. This result suggests the correct
interpretation of the Tauc plot corresponds to an indirect
allowed transition with an energy of 2.38 eV (Fig. S27) rather
than a direct allowed transition of 2.47 eV (Fig. S3t). The
underestimation of experimental band gaps in DFT is a well-
known phenomenon.*® This problem can be alleviated by the
use of hybrid exchange-correlation functionals,*® however
these are significantly more computationally expensive and
their use was unfortunately precluded by the large size and
low symmetry of the unit cell.

The valence bands near the Fermi energy were found to
have significant iodine character (Fig. 6); as in lead halide per-
ovskites.>® However, the addition of carbodiimide ligands
leads to some hybridization of the iodine states with those of
nitrogen (Fig. S41). The complexity of the crystal structure
leads to flattening of the electronic bands and, consequently,
increased electron localization. It is important to note that,
due to this structural complexity and the presence of
vacancies, it was not possible to relax the crystal structure in
DFT prior to calculating the electronic band structure. This is
important as the vacancies would be expected to cause rotation
of the coordination polyhedra, which can play an important
role in the electronic properties.*?

Photoluminescence properties

Pb>" comprising compounds are well known for their photolu-
minescent properties.’>° Therefore, an investigation of the
photoluminescence properties was carried out, while the exci-
tation and emission spectra of Pb,I4(CN,), at 77 K are shown
in Fig. 7.

As shown in Fig. 7, the excitation spectrum was observed
for monitoring the 525 nm emission and results from the
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Fig. 7 Excitation and emission spectra of Pb;Ig(CN,)4 at 77 K.
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superposition of several sub-bands. More precisely, the spec-
trum could be resolved into three sub-bands peaking at
302 nm (4.11 eV), 333 nm (3.72 eV), and 378 nm (3.28 eV). As
Pb>* is an ns® type impurity ion, for the free ion the ground
state ('Sp RS term) arises from the electronic configuration 6s
and the first excited state from the 6s'6p* configuration, con-
sisting of triplet *P, ; , and singlet 'P, states (Fig. 8).*” "

Comparison of the measured data with the literature
suggests that the excitation bands at 302 nm, 333 nm and
382 nm correspond to the transitions from the ground state
'S, to the excited states 'Py, *P, and P, respectively.

The room temperature emission spectra of Pb**-comprising
materials is dominated by a broad emission band, which is
typically assigned to the *P,~'S, transition,*”*" although at low
temperatures the strongly forbidden *P,~'S, emission is also
observed.”® The emission spectrum of Pb,I4(CN,), at 77 K
shows a single broad band peaking at 525 nm (2.36 eV), while
the luminescence process is almost completely quenched at
150 K (Fig. 9).

The decay curve of the photoluminescence at 525 nm is
almost perfectly monoexponential and yields a decay time of
about 74, = 356 ns (Fig. 10).

Since the luminescence of compounds containing the s
ion Pb>" is rather diverse, it is useful to compare the found PL
data of Pb,I¢(CN,), with those reported for other Pb>* compris-
ing materials with low and high alkalinity (Table 2).

According to the work of Duffy,*® the optical alkalinity A of
Pb>* comprising compounds can be calculated by

33,40

A= (60700 cm™ —1)/31 000 cm™*

where v is the energy of the first absorption band in wavenum-
bers. By definition, this equation yields a A value of 1.00 for
calcium oxide (CaO). The A value of Pb,I4(CN,), is found to be
1.10, which points to an optical alkalinity comparable to SrO,
which is consistent with the presence of the highly polarizable
anions I~ and (CN,)*"in this compound.

Conduction band

c Ty,
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Fig. 8 Energy level scheme of a free Pb?* ion, while the emission
occurs from the P, state resulting in a single broad emission band.
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Fig. 9 Temperature dependent emission spectra of Pb;Ilg(CN;); upon
378 nm excitation between 77 and 300 K.
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Fig. 10 Decay curve of the 525 nm emission of Pb;Is(CN,)4 at 77 K after
excitation at 375 nm.

Table 2 PL data of PbIg(CN;)4 and selected lead compounds recorded
at low temperature

Exc. Emis. Stokes shift
Composition [nm] [nm] [em™] Ref.
PbSO, 235 340 13 000 42
Pb,0Mo0O, 345 525 10 000 43
Pb,I(CN,), 378 525 7500 This work
Pb,0OWO, 340 560 11 500 44

Conclusions

Reactions between lead carbodiimide and lead iodine led to
the formation of the previously unknown lead iodine carbodi-
imide Pb,Is(CN,),;, as confirmed by EDX analysis. Single-
crystal X-ray diffraction revealed a complex coordination
pattern in the crystal structure, resulting in semiconducting
behaviour. Lead atoms form tetrahedral motifs, with an edge-
bridging connectivity to a trigonal bipyramid; they can be
alternatively viewed as a triple-Pb,-tetrahedron, with all unoc-

6420 | Dalton Trans., 2024, 53, 6416-6422
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cupied trigonal faces capped by terminally bond carbodiimide
ions. Relatively short but nonbonding Pb-Pb distances within
these Pb>" clusters give rise to semiconducting behaviour, as
determined by band structure calculations. Further electronic
properties, such as an evaluation of the photoelectric pro-
perties in comparison to the well-known material (MA)PbI;
have not yet been established.

Photoluminescence measurements show the presence of a
single broad emission band in the green spectral range with a
short decay time of 356 ns at 77 K. The complete quenching at
room temperature is likely caused by the large Stokes Shift,
which is in line with observations from literature. An emission
band of Pb>* at 525 nm points to a highly alkaline environ-
ment, which is in good agreement with the high polarizability
of the anions of the novel Pb,I5(CN,),.

Experimental section and calculation
details
Synthesis of Pb,I¢(CN,),

Powders of Pbl, (Sigma-Aldrich, 99.999%) and PbCN, (syn-
thesized as described in**) were mixed and pestled in a glove
box under dry argon atmosphere in a 3:4 molar ratio. The
reaction powder was filled into a silica ampoule and sealed
under vacuum. The ampoule was heated in a crucible furnace
at 420 °C at a heating and cooling rate of 2 K min~" for 5 d.
The reaction product was obtained as a dark yellowish powder
with an estimated yield of 90% and lead as a side-phase.

Powder X-ray diffraction

The powder X-ray diffraction pattern was recorded on a well-
ground powder in the range 5° < 26 < 120° using a StadiP diffr-
actometer (Stoe, Darmstadt) with Ge-monochromated Cu-K,q
radiation and a Mythen 1 Detector.

Single-crystal X-ray diffraction

Intensity data of single crystals of Pb,I4(CN,), were recorded
on a Rigaku XtalLAP Synergy-S single-crystal diffractometer,
equipped with a HyPix-6000HE detector and monochromatic
Mo-Ka radiation. The measurement was performed under N,
cooling at 150 K. Corrections for absorption effects of the X-ray
intensities were applied with a numerical method using
CrysAlisPro 1.171.42.64a (Rigaku Oxford Diffraction, 2022).
The structure was solved by SHelXL 2018/3 (Sheldrick, 2018)
using dual methods and full-matrix least-squares structure
refinements implemented in Olex2 1.5-ac5-024.

UV-Vis in diffuse reflectance

The reflectance spectra were recorded on an OceanOptics
Maya 2000 Pro spectrometer equipped with a Harrick praying
mantis sample chamber. A deuterium tungsten lamp (DH 200
BAL) from OceanOptics was used as the light source. The
measurement was performed with the following settings: scan
to average = 100, boxcar width = 10 and integration time =
300 ms using OceanView 1.6.7 (lite) software from

This journal is © The Royal Society of Chemistry 2024
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OceanOptics. To determine the optical band gap Eg, the Tauc
equation was used: (a-aw)"" = A(hv — E,), where a is the absorp-
tion coefficient, & is the Planck constant, A is a material
related constant and hv is the photon energy. For a direct
allowed bandgap transition, r = 1/2, and for an indirect
allowed bandgap transition, r = 2.

EDX measurements

The energy dispersive X-ray spectroscopy (EDX) were per-
formed with a Hitachi SU8030 scanning electron microscope
equipped with a Bruker QUANTAX 6G EDX detector.

Density functional theory (DFT)

Density functional theory (DFT) calculations were performed
using the Abinit software package (v. 9)*° and the Perdew-
Burke-Ernzerhof exchange-correlation functional.”” The elec-
tronic structure calculations used the projector-augmented
wave (PAW) method*® with an energy cutoff of 25 Ha outside of
the PAW spheres and a 125 Ha cutoff inside them. A 3 x 3 x 2
Monkhorst-Pack grid of k-points was used to sample reciprocal
space.*® Methfessel-Paxton cold smearing of the electronic
occupation was included in the calculations.>® To model the
partial occupation of the Pb5 site and respect stoichiometry
within the DFT calculations, a Pb5 vacancy was included in
the unit cell. The inclusion of this vacancy, along with the
structural complexity of the material, precluded structural
optimization prior to calculation of the electronic band struc-
ture. Special points in and paths through the Brillouin Zone
were chosen following Hinuma et al.>"

Photoluminescence

Excitation and emission spectra of Pb,Is(CN,), samples were
recorded wusing a fluorescence spectrometer FLS920
(Edinburgh Instruments) equipped with a 450 W xenon dis-
charge lamp (OSRAM) as the radiation source. For powder
samples a mirror optic was mounted inside the sample
chamber. For the collection of data, a R2658P single-photon-
counting photomultiplier tube from Hamamatsu was used.
For temperature adjustment a cryostat “MicrostatN” from the
company Oxford Instruments had been applied to the present
spectrometer. Liquid nitrogen was used as a cooling agent.
The photoluminescence decay curve was also measured on the
FLS920 spectrometer, while a 375 nm ps laser diode from
Edinburgh Instruments was used as an excitation source.

Infrared spectra

Vibrational spectra were recorded with a Bruker Vertex 70

spectrometer within the spectral range from 400to 4000 cm™;

sample were prepared using KBr pellets.
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