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A new heavy metal oxychloride, RbPbgO4Clg, has been synthesized by a high-temperature solution
method. The compound crystallizes in the centrosymmetric space group P4/n (no. 85) and exhibits a
three-dimensional (3D) framework constructed from [PbO3sCls], [PbOCls] and [RbClg] polyhedra.
RbPbgO4Cly is an indirect band gap compound with an experimental band gap of 3.66 eV. The first-prin-
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ciples calculations indicate that the band gap mainly originated from the interaction of Pb 6p, O 2p and Cl
2p states. Meanwhile, the calculated birefringence of RbPbgO,4Clg is about 0.012 at 1064 nm. The com-
pound is the first alkali metal lead oxyhalide, which enriches the structural diversity of oxyhalides and pro-
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Introduction

The mixed-anion group, as a unique fundamental building
block, provides an opportunity to produce advanced functional
materials with abundant structural diversities and adjustable
photoelectric properties." ™ Over the past few decades, a great
number of mixed-anion compounds have been developed by a
high- or low-temperature solution method in open/sealed
systems, such as the compounds in AB,O¢F (A = NH,, Rb,
Cs),”” AMoO,F; (A = K, Rb, Cs, NH,, T1),® Hg;AsE,X (E =S, Se;
X = Cl, Br, 1)’ and Pby306X,,Y14—m (X, Y = Cl, Br, I)'° families.
Nevertheless, the exploration of new mixed-anion materials
with enhanced optical performances is still highly expected
but challenging."*

Oxyhalides, with the combined structural and property
advantages of oxides and halides, could be a promising system
for the development of new photocatalysts, nonlinear optical
crystals and infrared window materials, and have attracted
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vides an insight for the exploration of new functional materials.

great interest of many chemists and materials scientists
recently.”>™"® Usually, for the optical materials applied in the
infrared (IR) region, a wide IR transmission range is
favorable.’*>* To broaden the IR transmission region, the
introduction of heavy metal atoms into oxyhalides has been
demonstrated as a feasible way, since the vibrations of HM-O
(HM = heavy metal atoms) bonding are usually located in the
mid- or far-IR regions. For example, the peak for the vibration
of the Pb-O bonding appears at 722 cm™" (~14 pm).>**72°
Most recently, several research groups have made great pro-
gress in the development of lead-containing oxyhalide
systems, and a series of new compounds, like Pb,,04Clyg,*
Pb;0,Cl,,"® Ba,,;PbgOgClss,>” BagSrPby,0,4Clyg,2® Pb1g04Cl; 515,
Pb;306ClBry0,"° Pb;;04CLBr,'® and Pb;;04CloBrs'® with wide
IR transmission regions, have been discovered.

To further increase the structural and functional diversities
of lead oxyhalides, the alkali metal lead oxyhalide system, M-
Pb-O-Cl (M = alkali metal), was investigated in this work. The
experimental parameters like the ratio of raw materials (RbCl,
PbCl,, PbO), reaction temperature and reaction time were
studied systematically.’*> The first alkali metal lead oxyha-
lide RbPbgO,Cly has been successfully synthesized by a high-
temperature solution method in a sealed system. The com-
pound crystallizes in the tetragonal (space group P4/n) lattice
with a = 11.9557(3) A, b = 11.9557(3) A, ¢ = 7.9620(4) A, and Z =
2. RbPbg0,Cly shows a 3D network structure built from unique
[PbO;Cl;] and [PbOCI;5] mixed-anion and [RbClg] single-anion
groups. The optical and thermal properties of the title com-
pound were investigated by Raman and UV-vis-NIR diffuse
reflectance spectroscopy, differential scanning calorimetry

This journal is © The Royal Society of Chemistry 2021
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(DSC) technology and density functional theory (DFT) calcu-
lations. The experimental and theoretical results indicate that
RbPbg0,Cly is an indirect band gap compound with an experi-
mental band gap of ~3.66 eV, and the theoretical birefringence
of the compound is ~0.012 at 1064 nm.

Experimental section
Reagents and synthesis

The raw materials (RbCl, PbO, PbCl,) with a purity of 99.99%
(4N) were purchased from Aladdin Industrial Corporation. All
the raw reagents were stored in a dry Ar-filled glove box with
controlled oxygen and moisture levels below 0.1 ppm and used
without further purification.

The single crystals of RbPbgO,Cly for single-crystal X-ray
diffraction measurement were synthesized by a high tempera-
ture solution method. Firstly, the mixture of RbCl, PbO and
PbCl, with a molar ratio of 1:1:2 was weighed, ground and
packaged in graphite crucibles under a dry atmosphere.
Secondly, the crucibles were transferred into quartz tubes, and
the quartz tubes were sealed with a methane-oxygen flame
under a pressure of 107> Pa. After that, the samples were
heated to 600 °C for 26 h and held for 24 h, and then cooled to
room temperature in 8 days in a programmable muffle
furnace. Finally, the air-stable transparent RbPbgO,Cly single
crystals were obtained successfully.

The pure phase RbPbgO,Cl, powder samples were syn-
thesized by a high-temperature solid-state reaction. The
mixture of RbCl, PbO and PbCl, with an atomic ratio of 1:4:4
was weighed and reacted in a sealed quartz tube. The experi-
mental temperature program for the synthesis is as follows:
the sealed quartz tubes with the starting materials were heated
to 500 °C for 24 h from room temperature (25 °C) and kept at
this temperature for 24 h. After that, the samples were cooled
down to 350 °C for 150 h, followed by natural cooling to room
temperature.

Single crystal X-ray diffraction

A high-quality transparent single crystal was used for the data
collection. The crystal structure of RbPbgO,Cly was determined
at room temperature on a Bruker D8 Venture single-crystal
X-ray diffractometer using the Mo-Ka radiation (1 = 0.71073 A).
Numerical absorption corrections were carried out using the
SCALE program for the area detector and integrated with the
SAINT program.’®*” Then, the crystal structure was solved by
direct methods and refined using the SHELXTL crystallo-
graphic software package. All atoms were refined with aniso-
tropic displacement parameters. The program PLATON was
used for verifying the possible missing symmetry elements,
but no higher symmetries were found.*® Finally, the crystal
structure of RbPbgO,Cly was confirmed. Table 1 presents the
crystal data and structure refinements of the compound. The
atomic coordinates, bond valence sum (BVS) calculations,
bond distances and angles, and isotropic displacement para-
meters are presented in Tables S1-3 in the ESL.{
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Table 1 Crystal data and structure refinements of RoPbgO4Cly

RbPbg0,Cl,
2126.04 g mol ™"

Empirical formula
Formula weight

Temperature 293 K
Crystal system Tetragonal
Space group P4/n (no. 85)

a=b=11.9557(3) (A)
¢ =7.9620(4) (A)

Unit cell dimensions

Volume 1138.08(8) A®

VA 2

Calculated density 6.204 g cm™®

Absorption coefficient 62.128 mm "
Goodness-of-fit on F* 1.099

Final R indices [F,> > 20(F,*)]" R, = 0.0325, WR, = 0.0755
R indices R, =0.0381, wR, = 0.0823

Largest diff. peak and hole 1.696 e A~* and —1.461 e A

“Ry = ;| |Fo| - |Fc||/Z|FO| and wWR, = [ZW(FOZ _ FCZ)Z/ZWFO4]1/2 for F02
> 20(Fy).

Powder X-ray diffraction

The purity of the synthesized RbPbgO,Cly polycrystalline
samples was verified by powder X-ray diffraction (PXRD), using
a Bruker D2 Phaser diffractometer equipped with a diffracted
beam monochromator set for Cu-Ka radiation (4 = 1.5418 A).
The PXRD pattern was recorded from 5° to 70° (26) with a scan
step width of 0.01° and a fixed counting time of 1 s per step.

Energy dispersive X-ray spectroscopy (EDS)

The EDS spectrum of the RbPbgO,Cly crystal was obtained
using a field emission scanning electron microscope (FE-SEM,
JEOL JSM-7610F Plus, Japan) with an energy dispersive X-ray
spectrometer (Oxford, X-Max 50), which was operated at 5 kV.

Raman spectrum

The Raman spectrum was recorded for a RbPbgO,Cly single
crystal on a LabRAM HR Evolution spectrometer equipped with
a CCD detector using 532 nm radiation from a diode laser. The
RbPbgO,4Cly crystal was placed on a glass slide, and then an
objective lens was used to choose a measured area on the
crystal. A maximum power of 60 mW and a 35 pm (diameter)
beam were used and the measurement was finished in 15 s.

UV-vis-NIR diffuse reflectance spectrum

The diffuse reflectance spectrum of pure phase RbPbgO,Cly
powder samples was recorded at room temperature using a
Shimadzu SolidSpec-3700DUV spectrophotometer. The absorp-
tion spectrum was obtained from the reflection spectrum
using the Kubelka-Munk formula: /S = (1 — R)*/(2R), in which
a means the absorption coefficient, S is the scattering coeffi-
cient, and R is the reflectance.*>*°

Thermal behaviour

The differential scanning calorimetry (DSC) curve of the title
compound was obtained using a Netzsch STA 449 F3 simul-
taneous thermal analyzer. The sample was placed in a Pt cruci-
ble and heated at a rate of 5 °C min~' in the range of
25-700 °C under a nitrogen gas flow.
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Theoretical calculations

First-principles calculations based on density functional
theory (DFT) for RbPbgO,Cly were carried out using the
CASTEP software package. The used exchange-correlation
functional was the Perdew-Burke-Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA).*'"** The
kinetic energy cutoff was set as 820 eV. The k-points of the
Monkhorst-Pack grids in the Brillouin zone were set as 4 x 4 x
2.%* Because GGA usually underestimates the band gap due to
the discontinuity of the exchange-correlation energy, scissors
operators were used in the calculation of the band gap.*® The
linear optical properties (e.g., refractive index) were obtained
based on the Kramers-Kronig relation.

Results and discussion
Crystal structure

As shown in Table 1, RbPbgO,Cl, crystallizes in the tetragonal
P4/n (no. 85) space group with a = 11.9557(3) A, b = 11.9557(3)
A, ¢ =7.9620(4) A, and Z = 2. In the structural determination of
the title compound, the Rb atom was found to be disordered.
In the asymmetric unit of RbPbgO,Cl,, there is one crystallo-
graphically independent Rb atom, two Pb atoms, one O atom,
and three Cl atoms. In RbPbgO,Cly, the Pb1l atoms are co-
ordinated with three Cl atoms and three O atoms to make up

(a) as o, (b) & (c) ci2

Cl2
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the distorted [PbO;Cl;] polyhedra (Fig. 1a) with the Pb-O bond
length ranging from 2.274(7) to 2.373(8) A and the Pb-Cl bond
length ranging from 2.740(3) to 3.3046(5) A. The Pb2 atoms are
bonded to five Cl atoms and one O atom to construct the dis-
torted [PbOCl;] polyhedra (Fig. 1b) with the Pb-O bond length
ranging from 2.234(8) to 2.373(8) A and the Pb~Cl bond length
ranging from 2.740(3) to 3.3046(5) A. The Rb atoms are
bonded to eight Cl atoms to make up the [RbClg] polyhedra
(Fig. 1c) with the Rb-Cl bond length ranging from 3.370(5) to
3.410(5) A and the CI-Rb-Cl bond angle ranging from 66.40
(11)° to 169.99(18)°. The formed [PbO;Cl;] and [PbOCl5] poly-
hedra are connected with each other to construct a porous
network framework. To maintain the charge balance, the Rb
atoms are located in the pores to build the final 3D network
structure of RbPbgO,Cly, as shown in Fig. 1g. It is worth
noting that the distorted [PbO;Cl;] and [PbOCIs] groups in
RbPbgO,Cly are scarce in the reported lead oxyhalide, which
are different from the formed [PbO,Cl,], [PbO,Cl,], and
[PbO,Cl;] mixed-anion groups in Pbz;0,Cl, and Pb;;04Clyg
(Fig. S17).*'® Moreover, the crystal structure of RbPbgO,Cl,
can also be described using the anion-central [OPb,] tetrahe-
dra. As shown in Fig. 1d-g, four [OPb,] tetrahedra are con-
nected with each other by edge-sharing to build a [O,Pby] tetra-
mer. The [O,Pbg] tetramers are linked by sharing the CI3
atoms to form a [PbgO,Cl] chain-like structure (Fig. 1f).
Furthermore, the [PbgO,Cl] chains are connected with each

(d) (e)

OPb, tetrahedra  [O,Pbg|®* tetramer

®Fb
@Rb
@c!
®o

Fig. 1 (a—c) Coordination mode of Pbl, Pb2 and Rb; (d) OPb, tetrahedra; (e) [O4Pbg]®* tetramer; (f) [PbgO4Cl] chains; (g) the 3D structure of

RbPbgO4Clg viewed along the [001] direction.
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other by sharing the Cl1 and Cl2 atoms to produce a porous
3D framework, and the Rb atoms are located in the pores to
construct the final 3D network structure of the compound
(Fig. 1g). The calculated bond valence sum (BVS) values of Pb
(1), Pb(2), Rb(1), Rb(2), CI(1), CI(2), CI(3) and O(1) are 2.12,
2.20, 1.09, 1.29, 1.03, 0.91, 0.95 and 2.42, respectively, which
are in accordance with their corresponding oxidation states of
+2, +1, —1, and —2 (Table S17).

To confirm the results of single crystal XRD and to evaluate
the optical properties, the pure phase RbPbgO,Cl, powder
samples were synthesized by a high-temperature solid state
reaction at about 500 °C. The XRD patterns of the synthesized
RbPbgO,Cly powder samples match well with the theoretical
results derived from the RbPbgO,Cly cif file (Fig. 2a), which
confirms the results of single-crystal XRD and demonstrates
the high purity of the synthesized powder samples. To further
confirm the chemical composition and crystal structure of
RbPbg0,Cly, the EDS and Raman spectra were obtained using
the RbPbgO,Cly single crystal samples. The EDS spectrum
(Fig. 2b) demonstrates the existence of Rb, Pb, O and Cl
elements in the crystal. In the Raman spectrum (Fig. 2c), the
peaks at 70 and 96 cm™' can be assigned to the stretching
vibrations of the Rb-Cl bonding.*® The peak at 138 cm™' can
be attributed to the stretching vibrations of the Pb-O
bonding,"” and the peak at 176 cm™" should be related to the
vibrations of the Pb—Cl bond in RbPbg0,Cl,.**

To determine the experimental band gap of the title com-
pound, the UV-vis-NIR diffuse reflectance spectrum was
obtained. The results indicate that the optical band gap of
RbPbgO,Cly is 3.66 eV, which is larger than those of simple
lead oxyhalides like Pb;;05Clyg (3.44 eV),* Pby304Cly515 (2.82
eV),?® Pby;06Cl4Br, (3.05 eV),’® Pb;304Cl,Br; (3.13 eV)' and
Pb;306CloBrs (3.23 eV).'® Detailed comparison of the band
gaps is provided in Table S4.f

To clarify the thermal behavior of RbPbgO,Cly, the DSC
experiment was conducted. The DSC curve in Fig. 3 shows that

(a) — Calculated (b) L
—— Experimental
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Fig. 2 Calculated (black) and experimental (red) XRD patterns (a); EDS
spectrum (b); Raman spectrum (c); UV-vis-NIR diffuse reflectance spec-
trum (d) of RbPbgO4Clo.
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Fig. 4 (a) Calculated band structure; (b) total and partial density of
states; (c) calculated birefringence of RbPbgO4Cly.

there is an evident endothermic peak at 550 °C during the
heating process. To clarify the origin of the endothermic peak,
the synthesized pure phase RbPbgO,Cly powder samples were
heated to 550 °C for 28 h in a muffle furnace. The discrepancy
in the PXRD patterns before and after heating in Fig. S27 indi-
cates that the endothermic peak should be related to the
decomposition of RbPbgO,Cly, and the thermal decomposition
products might be Pb30,Cl,, RbCI (1) and PbCl, (1). It means
that RbPbgO,Cly melts incongruently at 550 °C, and the flux
method should be a good choice for the crystal growth.

To detect the origin of the optical properties in
RbPbgO,Cly, DFT calculations were carried out. The calculated
band structure (Fig. 4a) indicates that RbPbgO,Cls is an indir-
ect band gap compound with a band gap of 3.417 eV (Fig. 4a),
which is consistent with the experimental result (3.66 eV). The
total and partial densities of states imply that the band gap of
RbPbgO,Cly is mainly determined from the Pb 6p, O 2p and
Cl 2p states. What’s more, the calculated birefringence of
RbPbg0,Cl, is about 0.012 at 1064 nm (Fig. 4c).

Conclusions

In summary, the M-Pb-O-Cl (M = alkali metal) alkali metal
lead oxychloride system was investigated systematically, and
the first alkali metal lead oxyhalide RbPbgO,Cl, was syn-

Dalton Trans., 2021, 50, 14038-14043 | 14041


https://doi.org/10.1039/d1dt02665h

Published on 02 September 2021. Downloaded by Lanzhou University on 9/3/2022 10:04:36 AM.

Paper

thesized successfully. The basic 3D framework structure of
RbPbgO,Cly was built from distorted [PbO;Cl;] and [PbOCl;]
polyhedra. The compound shows a large experimental band
gap of 3.66 eV. The DFT calculations indicated that
RbPbgO,Cly is an indirect band gap compound, and the band
gap is mainly determined from the Pb 6p, O 2p and Cl 2p
states in the [PbOCI;] polyhedra. The results demonstrate the
existence of the alkali metal lead oxyhalide, and shed light on
the exploration of new functional materials in the alkali metal
lead oxyhalide system.
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