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ABSTRACT: A series of new ternary lanthanide-based chlorides,
Cs,EuCl;(H,0),,, Cs,LnCl;,(H,0); (Ln = Gd or Ho),
Cs;0Th,Cly,(H,0)14(H;0), CSZDYCIS(HZO)G) CssEryCly;,(H,0)y5, and
CssLn,Cly;(H,0);; (Ln =Y, Lu, or Yb), were prepared as single crystals
via a facile solution route. The compounds with compositions of
Cs,LnCl;y(H,0)s (Ln = Gd or Ho) and Cs;Ln,Cl;;(H,0);, (Ln =Y,
Lu, or Yb) crystallize in a monoclinic crystal system in space groups C2
and P2,/c, respectively, whereas Cs,EuCl (H,0),,,
Cs;0Tb,Cl,(H,0)14(H;0), and CsgEr;Cl,(H,0),s crystallize in ortho-
rhombic space groups Pbcm, Pnma, and P2,2,2,, respectively.
Cs,DyCl(H,0); crystallizes with triclinic symmetry in space group P1I.
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All of these compounds exhibit complex three-dimensional structures built of isolated lanthanide polyhedral units that are linked
together by extensive hydrogen bonds. Cs,EuCl;(H,0),, and Cs,,Tb,Cl;,(H,0),(H;0) luminesce upon irradiation with 375 nm
ultraviolet light, emitting intense orange-red and green color, respectively, and Cs;,Tb,Cl;;(H,0),(H;0) scintillates when exposed
to X-rays. Radioluminescence (RL) measurement of Cs,,Tb,Cl;,(H,0),,(H;0) in powder form shows that the RL emission

integrated in the range of 300—750 nm was ~16% of BGO powder.

B INTRODUCTION

Scintillators, which are best known for the detection of ionizing
radiation like X-rays and y-rays, absorb and convert the high-
energy ionizing radiation into visible light and have emerged as
important materials in many different fields, including high-
energy physics,1 medical imaging,2 positron emission tomog-
raphy (PET),” computer tomography (CT) scanners,”
radiation detection,” and other industrial applications.’
Inorganic scintillators encompass a broad range of doped
inorganic solids, such as Nal:T1, CsL:T], LaBr,:Ce?, Srl,:Eu*",
Cs,Calg:Eu?*, and Cs,SrlgEu®, as well as the self-activated
materials, such as CaWO, and Bi,Ge;0,, (BGO), which
possess luminescent centers that are intrinsic to the
structure.””"? Recently, self-activated materials possessing a
mixed oxide—halide environment have attracted attention, as
the oxyfluoride environment around the metal centers tends to
introduce distortions that can enhance their luminescence and
scintillation behavior.'*"> Hence, the investigation of novel
oxide—halide materials as potential scintillators represents a
promising area for the discovery of new oxyhalide materials for
radiation detection.

Many halide-containing materials have been shown to
exhibit excellent optical properties with high quantum yield
due to their unique structural modularity ranging from zero- to
three-dimensional (3D) networks. The inorganic copper(I)-
based halides Cs;Cu,Xs (X = Cl, Br, or I) exhibit intense
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luminescent emission with a photoluminescence quantum
yield of >90%, which is attributed to the highly efficient self-
trapped excitonic effect caused by their structural distortion.'®
Furthermore, the metal halide-based perovskites are excellent
X-ray scintillators and luminescent materials and have great
potential for applications in the fields of optoelectronics and
photodetectors, where their tunable band gaps, low-cost
synthesis, wide color gamut, and structural flexibility make
them highly attractive candidates.'”~*° The organic/inorganic
hybrid halides, such as (PEA),PbBr,, (C;sH;,P,)MnBr,,
[KC,),[Culg] (C = 12-crown-4 ether), and (PPN),SbClg
[PPN = bis(triphenylphosphoranylidene)ammonium cation],
make up another promising class of scintillating materials,
favored for their excellent photophysical properties that
include a strong X-ray absorption coefficient and a facile
solution synthesis.”' ~** Doping a lanthanide ion (Ln**) into an
inorganic halide compound is another facile approach for
tuning their electronic properties across the visible light
spectral region. The trivalent lanthanide ions as dopants exhibit
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characteristic sharp emission peaks that can be tuned due to
their flexible coordination geometries and their size-imposed
preference for high-coordination number environments (CN >
6). To date, numerous lanthanide-doped halide nanocrystals
and quantum dots have been prepared and reported to impart
intense luminescent properties across the visible range, and as
a result, many have found their way into applications, including
television sets, bioimaging, and fluorescent lights.zs_27 More-
over, lanthanide-doped metal chlorides, such as
TL,GdCl:Ce®, have been reported as X-ray and p-ray
scintillators with a light yield of ~53000 photons/MeV.”
Interestingly, while halide materials containing lanthanides as
an intrinsic luminescent center have been reported to display
excellent optical properties, they have not been investigated as
extensively, and only very few compounds of this type have
been studied to date.”’

Herein, we report on a series of three- and two-dimensional
structured ternary lanthanide-containing chlorides belonging
to six different structure types, namely, Cs,EuCli(H,0),,,
Cs,LnCl,,(H,0); (Ln = Gd or Ho),
Cs;oTb,Cl,,(H,0),,(H;0), Cs,DyCl(H,0)q,
CsgEr,Cl;,(H,0),s, and CsiLn,Cl;;(H,0);; (Ln = Y, Lu, or
Yb), that can be easily synthesized via solution routes at room
temperature. Within this series, we observed that single crystals
of Cs,EuCl{(H,0),, and Cs;qTb,Cl;,(H,0),,(H;0) exhibit
sharp optical emissions under long-wavelength ultraviolet
(UV) light with orange-red and green colors that are typical
of Eu’" and Tb’" ions, respectively. Moreover, the
Cs0Tb,Cl;,(H,0)4(H;0) compound scintillates emitting
intense green light when irradiated by laboratory X-rays,
validating the premise that new scintillators can be discovered
among the extended lanthanide halide family.

B EXPERIMENTAL SECTION

Reagents. CsCl (Alfa Aesar, 99%), LnCl;-6H,0 (Ln =Y, Lu, Euy,
Gd, Tb, Dy, Ho, Er, or Yb) (Alfa Aesar, 99.9%), and HCl (Sigma-
Aldrich, 37%), were used as received.

Synthesis. Single crystals of the titled compounds were
synthesized by evaporating a dilute hydrochloric acid solution (4
M) containing a mixture of LnCl;-6H,0 (Ln =Y, Lu, Eu, Gd, Tb, Dy,
Ho, Er, or Yb) and CsCl at room temperature. For the preparation of
these compounds, 4 mmol of CsCl and 1 mmol of LnCl;-6H,0 (Ln =
Y, Lu, Eu, Gd, Tb, Dy, Ho, Er, or Yb) were combined with 1 mL of
H,0 and 0.5 mL of 12 M HCI. The respective solutions were placed
in a 23 mL PTFE liner, stirred slowly to completely dissolve the
reagents, and then left in the fume hood for 48 h to slowly evaporate
the water at room temperature. Evaporation of the solution resulted in
the formation of large block single crystals of the respective
compounds. All compounds were found to be sensitive to air and
moisture when removed from their mother liquor with single crystals
decomposing over the course of several hours. Furthermore, the
reaction was found to be dependent on the ambient humidity. The
reported reactions were performed in the winter months when the
humidity in the laboratory was low. Reproduction of
Cs,Tb,Cl,;(H,0),4(H;0) synthesis during the humid summer
months required either gentle heating of the PTFE liner or placing
the liner in a sealed container surrounded by desiccant. The mother
liquor was very hygroscopic, quickly picked up atmospheric water, and
redissolved the crystals when removed from the hot plate or desiccant.

Single-Crystal X-ray Diffraction. X-ray intensity data from
single crystals were collected at 100(2) K under liquid N, using a
Bruker D8 QUEST diffractometer equipped with a PHOTON-II area
detector and an Incoatec microfocus source (Mo Ka radiation; A =
0.71073 A). The raw area detector data frames were reduced, scaled,
and corrected for absorption effects using the Bruker programs
APEX3, SAINT+, and SADABS.*>*" The structure was determined

with SHELXT.?” Subsequent difference Fourier calculations and full-
matrix least—sqguares refinement against F* were performed with
SHELXL-2018" using OLEX2.>* The crystallographic data and the
results of the diffraction experiments are summarized in Table 1.

Powder X-ray Diffraction. Powder X-ray diffraction (PXRD)
data for Cs,(Tb,Cl;,(H,0),(H;0) (Figure S1) were collected on a
Rigaku SmartLab Diffractometer in transmission geometry using a Mo
Ka rotating anode (45 kV, 200 mA; 4 = 0.70932 A). Single crystals of
Cs1,Tb,Cl;,(H,0),4(H;0) were ground under their mother liquor,
quickly loaded in a polyimide tube with an inner diameter of 0.31 mm
and an outer diameter of 0.36 mm, and sealed with nitrocellulose
cement. This tube was then placed in a borosilicate glass capillary with
an outer diameter of 1.0 mm. Data were collected from 20 = 5° to 25°
with 0.01° steps. The diffraction pattern was analyzed, fitted, and
refined with the Rietveld/d-I pattern method using the Rigaku
SmartLab Studio II software.

Energy-Dispersive Spectroscopy (EDS). EDS was performed
on product single crystals using a Tescan Vega-3 scanning electron
microscope (SEM) equipped with a Thermo EDS attachment. The
SEM was operated in low-vacuum mode. Crystals were mounted on
an SEM stud with carbon tape and analyzed using a 20 kV
accelerating voltage and a 30 s accumulating time. The SEM images
and EDS data are shown in Figure S2 and Table S1, respectively.

Optical Properties. Microphotoluminescence data were collected
on a Horiba Micro-SPEX system equipped with a Horiba iHR320
imaging spectrograph and a Syncerity CCD detector. Excitation was
provided by a confocal 375 nm diode laser. Data were collected using
Labspec 6 in the range of 400—800 nm with a laser excitation source
power of 0.4 mW and a 10X UV objective.

Scintillation. Radioluminescence (RL) measurements were taken
using a customer-designed configuration of the Freiberg Instruments
Lexsyg Research spectrofluorometer equipped with a Varian Medical
Systems VF-50] X-ray tube with a tungsten target. The X-ray source
was coupled with an ionization chamber for continuous radiation
intensity monitoring. The light emitted by the sample was collected
by an Andor Technology SR-OPT-8024 optical fiber connected to an
Andor Technology Shamrock 163 spectrograph coupled to a cooled
(—80 °C) Andor Technology DU920P-BU Newton CCD camera
(spectral resolution of ~0.5 nm/pixel). Powders filled ~8 mm
diameter, 0.5 mm deep cups, thus allowing for relative RL intensity
comparison between different samples. Bismuth germanium oxide
(BGO) powder [Alfa Aesar Puratronic, 99.9995% (metal basis)] was
used as a reference. RL was measured under continuous X-ray
irradiation (40 kV, 1 mA) with an integration time of 1 or 5 s. Spectra
were corrected by the built-in wavelength response of the system. To
ensure phase stability during sample shipment, the prepared sample
was shipped on dry ice.

B RESULTS AND DISCUSSION

Crystal Growth. The use of HCl in the reaction mixture
aided in the dissolution of reagents, analogous to the role of
HF in the mild hydrothermal synthesis of fluorides.”>~** Single
crystals of hydrated ternary alkali lanthanide chloride
compounds were grown via precipitation from an aqueous
solution by slow evaporation of the liquid at room temper-
ature, an approach that had already been found to be extremely
effective for crystallizing numerous hydrated ternary fluorides
and chlorides exhibiting various structural motifs.””~*' Despite
using almost identical reaction conditions for all compositions
studied, starting with the lanthanide chloride precursors, the
reaction products were found to be quite varied, crystallizing
with different compositions and in different structure types.
The most likely cause of this variation among the chemically
rather similar lanthanides is likely to be found in the lanthanide
contraction. It is well established that the later lanthanides, due
to their smaller sizes, tend to adopt coordination numbers
lower than those of the early lanthanides. As an illustration,
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Klepov et al. have reported that in the extended lanthanide
series of NaLnP,S, (Ln = La, Ce, or Pr) and CsLnP,F, (Ln =
Nd—Yb or Y), the early lanthanides take on 9-fold
coordination, while the later lanthanide cations favor a
coordination number of 8.*” These high coordination
numbers, combined with the tendency of lanthanides to be
quite flexible when it comes to the geometry of their
coordination environment, can readily cause uniform reaction
conditions to result in different compositions and crystal
structures. In this study, hydrated ternary alkali lanthanide
chlorides were crystallized for Eu—Lu as well as for Y. All
attempts to obtain similar ternary chloride materials containing
the early lanthanides (La—Sm) using the same reaction
condition were unsuccessful in yielding new compositions
and, instead, resulted in only crystalline products already
reported in the literature.'

Crystal Structures. The lanthanide chloride series
crystallize in six different structure types, Cs,EuCl(H,0);,,
Cs,LnCl,,(H,0); (Ln = Gd or Ho),
CS10szC117(H20)14(H30); CSzDYCIS(Hzo)s;
CsgEr;Cl;(H,0),s, and Cs;Ln,Cl;;(H,0);, (Ln =Y, Lu, or
Yb). In this study, we observed that on moving across the
lanthanide series (Eu—Lu), the symmetry of the compounds
changes and the coordination number of the lanthanide cations
decreases from 9 to 8, as a consequence of lanthanide
contraction, resulting in six different compositions. By
comparison, this effect was observed by Klepov et al. where
a minor change in size between the lanthanide cations causes a
sharp change in the coordination environment and coordina-
tion number, resulting in different structure types.43 The
lanthanide chloride compounds, although having different
symmetries and compositions, all consist of lanthanide
polyhedra that are isolated from each other but linked into a
complex structure by Cs—Cl/Cs—O bonds and by extensive
OH-O hydrogen bonding and OH—CI interactions.

Cs,EuCls(H,0);5. Cs,EuCl(H,0);, crystallizes in the
monoclinic crystal system in space group Pbcm. The
asymmetric unit consists of two cesium atoms, one europium
atom, three chlorine atoms, and six water molecules. Eu is
nine-coordinated, exclusively by water. The Eu(H,0),
polyhedra are isolated from each other but linked to Cs
atoms through bridging waters. Overall, it is a three-
dimensional framework, assisted by OH—O hydrogen bonds
and OH—-CI interactions. The Eu site forms an Eu(H,0),
coordination polyhedron (Figure la) in the shape of a
tricapped trigonal prism with Eu—O bond lengths of
2.4701(9)—2.4775(10) A and O—Eu—O angles of 66.36(3)—
144.20(4)°. The Cs cations are coordinated by both chlorine
atoms and water molecules, and the bond lengths for Cs—Cl
and Cs—O range from 3.4554(3) to 3.7070(5) A and from
3.1567(17) to 3.7686(18) A, respectively. The Cs cations are
located within the voids and connect the isolated polyhedral
units by corner sharing through O atoms of the water
molecules to form a 3D framework structure (Figure 1b).

Cs19Tb,Cl;,(H,0)14(H50). The compound crystallizes in the
orthorhombic system. The pattern of systematic absences in
the intensity data was consistent with space group Pnma, which
was confirmed by structure solution. The asymmetric unit
consists of one terbium atom, eight cesium atoms, 10 chloride
atoms, and nine oxygen atoms. Tb is eight-coordinated by six
H,0 molecules and two CI atoms. The Tb(H,0).Cl,
polyhedra are isolated from each other but linked into a
complex 3D structure via all of the Cs and CI ions and a

Figure 1. (a) View of a Eu(H,0), coordination polyhedron. (b) View
of the 3D structure of Cs,EuCl;(H,0),, along the a axis. The cesium,
europium, oxygen, chlorine, and hydrogen atoms are colored pink,
brown, red, dark green, and off-white, respectively. The black box
outlines the unit cell.

network consisting of OH—O hydrogen bonds and OH—CI
interactions. In the crystal structure, the Tb atoms form
Tb(H,0)(Cl, coordination polyhedra with Tb—Cl bond
lengths of 2.7041(9)—2.7091(8) A and Tb—O bond lengths
of 2.373(2)—2.4525(17) A. The bond angles of the Tb
polyhedra fall within the wide range of 67.78(7)—149.80(5)°
forming a distorted square antiprism (Figure 2a). The Csl—
Cs2, Cl1-Cl7, and O1—06 are located at positions of general
crystallographic symmetry (Wyckoff site 8d), whereas Cs3—
Cs8, CI8—CIl10, and O7—0Q89 are located on or are disordered
across (O9) mirror planes (Figure S3). The presence of a
hydronium ion is consistent with the composition determined
from the heavy atoms, which requires an additional +1 charge
for charge balance. The three hydronium H atoms also form a
typical network of OH—O hydrogen bonds and OH-CI
interactions, providing further support for the H;O" assign-
ment. The isolated metal polyhedra are connected to Cs
cations located in the voids through corner-shared Cl atoms as
well as by an extensive hydrogen bonding network to form a
3D framework structure (Figure 2b).

Cs,LnCl;y(H,0)g (Ln = Gd or Ho). The two compounds are
isostructural and show only minor differences in their unit cell
lattice parameters. The Cs,LnCl,((H,0); (Ln = Gd or Ho)
compounds crystallize in the monoclinic crystal system and
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Figure 2. (a) View of a Tb(H,0)Cl, coordination polyhedron. (b)
View of the 3D structure of Cs;¢Tb,Cl;,(H,0),,(H;0) along the b
axis. The cesium, terbium, oxygen, chlorine, and hydrogen atoms are
colored pink, brown, red, dark green, and off-white, respectively. The
black box outlines the unit cell.

adopt an acentric space group C2. SHG measurements were
attempted to confirm the noncentrosymmetric nature of this
structure, as well as the CsgEryCl,(H,0),s structure (vide
infra). However, the extreme water sensitivity of these
compounds inhibited the reliable measurement of SHG
activity. The asymmetric unit in C2 consists of one Ln atom,
four cesium atoms, five chlorine atoms, and four water
molecules. The unique Ln atom has an 8-fold Ln(H,0),Cl,
coordination environment (Figure 3a). The 3D crystal
structure is built of the isolated Ln polyhedra that are
connected to each other by OH—O hydrogen bonds and OH—
Cl interactions. The Ln site forms an eight-coordinate
Ln(H,0)(Cl, polyhedron with Ln—Cl and Ln—O bond
lengths ranging from 2.7228(8) to 2.7540(4) A and from
2.339(3) to 2.4362(15) A, respectively. The compound has a
Cs/Cl rich composition, and the isolated metal polyhedra are
linked by corner-sharing Cs—Cl bonds as well as extensive
hydrogen bonding to form a 3D framework structure (Figure
3b).

Cs,DyCl5(H,0)s. The compound crystallizes in the triclinic
crystal system in centrosymmetric space group PI. The
asymmetric unit consists of one Dy atom, two cesium atoms,
five chlorine atoms, and six water molecules. The unique Dy
site is eight-coordinate DyCl,(H,0)4 (Figure 4a). This is a

" (b)

Figure 3. (a) View of a Ln(H,0)4Cl, (Ln = Gd or Ho) coordination
polyhedron. (b) View of the 3D structure of Cs,LnCl;,(H,0)s (Ln =
Gd or Ho) along the b axis. The cesium, Ln (Ln = Gd or Ho),
oxygen, chlorine, and hydrogen atoms are colored pink, brown, red,
dark green, and off-white, respectively. The black box outlines the unit
cell.

two-dimensional (2D) layered structure where the layers
orient parallel to the a—b plane and stack along [001] via
extensive OH—CI interactions. The nonhydrated form,
Cs2DyCl;, has been reported in the literature and exhibits
orthorhombic symmetry.** The Dy cation forms a
DyClL,(H,0)¢ coordination polyhedron with Dy—Cl and
Dy—O bond lengths ranging from 2.7016(3) to 2.7112(3) A
and from 2.3501(9) to 2.4382(8) A, respectively. The Cs
atoms take on a CsCl,(H,O) coordination sphere and are
linked to neighboring cesium and dysprosium units through
corner-shared chlorine and oxygen atoms to form a layer in the
a—b plane (Figure 4b). These layers are further connected to
each other by OH—CI interactions to form a 2D layered
structure (Figure 4c).

CsgErsCli7(H0) 5. 1t is a fairly large structure with a unit cell
volume of 6100 A® and noticeably different from the other
structures. The compound crystallizes in the orthorhombic
crystal system and adopts the acentric space group P2,2,2),
which allows for chirality. The asymmetric unit consists of
three crystallographically unique erbium atoms, eight cesium

https://doi.org/10.1021/acs.inorgchem.1c02004
Inorg. Chem. 2021, 60, 15371-15382


https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02004?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02004?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02004?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02004?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c02004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Figure 4. (a) View of a DyCL,(H,0)4 coordination polyhedron. (b) View of a layer of Cs,DyCls(H,0); along the a—b plane. (c) View of a 2D
layered structure of Cs,DyCls(H,0)4 consisting of the layers parallel to the a—b plane and stacking along [001] via extensive OH—CI hydrogen
bonding. The cesium, dysprosium, oxygen, chlorine, and hydrogen atoms are colored pink, brown, red, dark green, and off-white, respectively. The

black box outlines the unit cell.

atoms, 17 chlorine atoms, and 25 water oxygen atoms. Of the
three unique Er atoms, two have ErCI(H,0), coordination
polyhedra and one has an Er(H,0), coordination polyhedron
(Figure Sa) with Er—Cl and Er—O bond lengths ranging from
2.6513(17) to 2.6616(16) A and from 2.299(5) to 2.409(5) A,
respectively. The Cs cations connect to each other through
both corner- and edge-shared Cl atoms as well as corner-
shared O atoms to form the Cs/Cl/H,O framework that
contain large channels in which the Er polyhedra reside
(Figure Sb). These polyhedra are isolated from one another
but engage in extensive OH—O hydrogen bonding and
especially numerous OH—CI interactions with the Cs/Cl/
H,O framework to form a 3D crystal structure (Figure Sc).
Some minor disorder exists, evident in a split chloride position
and partial occupancy of a nearby water oxygen (Figure S4),
where CI9A and CI9B hold an 80/20 split position and O25A
is 80% occupied to prevent steric overlap with CI9B.
Css;Ln,Cl;;(H,0);, (Ln =Y, Lu, or Yb). The
CssLn,Cl;;(H,0),, (Ln =Y, Ly, or Yb) compounds crystallize
in the monoclinic system and represent the isostructural series.

The pattern of systematic absences in the intensity data was
uniquely consistent with space group P2,/c, which was verified
by the structure solution. It is a complex structure consisting of
10 unique cesium atoms, four unique lanthanide atoms, 22
unique chlorine atoms, and a total of 34 unique water oxygen
atoms. The four Ln cations are eight-coordinate. Two have
Ln(H,0),Cl coordination spheres, and two have Ln(H,0);
coordination spheres (Figure 6a) with Ln—Cl and Ln—O bond
lengths ranging from 2.6576(S) to 2.6978(6) A and from
2.252(2) to 2.3887(19) A, respectively. These spheres are
isolated from each other but linked together by Cs—Cl/Cs—O
bonds and with extensive OH—O hydrogen bonds and OH—
Cl interactions to form a 3D crystal structure (Figure 6b,c).
There is extensive disorder surrounding the Ln4 site (Figure
SS). A total of eight water oxygens coordinated to Ln4 were
located. Three (023—025) are not disordered and refined
normally. The remaining Ln4 coordination sites are occupied
by nine half-occupied oxygen atoms (O26A, O27A/B, 028A/
B, 0294, and O30A—C) and two one-quarter-occupied
(029B/C) oxygen atoms. The disorder can be interpreted as
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Figure 5. (a) View of ErCl(H,0), and Er(H,0); coordination polyhedra with three unique Er atoms. (b) View of a Cs/Cl/H,O framework along
the a axis. (c) View of a 3D structure of CsgEr;Cl;;(H,0),s along the a axis. The cesium, erbium, oxygen, chlorine, and hydrogen atoms are colored
pink, brown, red, dark green, and off-white, respectively. The black box outlines the unit cell.
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Figure 6. (a) View of LnCl(H,0); and Ln(H,0), coordination polyhedra with four unique Ln atoms. (b and c) View of a 3D structure of
CssLn,Cly;(H,0),, along the ¢ and b axes, respectively. The cesium, Ln (Ln = Y, Lu, or Yb), oxygen, chlorine, and hydrogen atoms are colored
pink, brown, red, dark green, and off-white, respectively. The black box outlines the unit cell.

two Ln(H,0)s** cations disordered over two orientations,
each with 50% occupancy. 023—025 are common to both
disorder components. One orientation, involving O29B/C, is
further split into equally two components, but only one
coordination site is affected (029B/C).

Optical Properties. The luminescence spectrum for
Cs,EuCls(H,0)  is shown in Figure 7a. Under 365 nm UV
light excitation, the emission spectrum consists of several

15378

intense and weak emission peaks that are typical for the
characteristic transitions of Eu**-based compounds.””*® The
most intense emission peak is centered at ~610 nm that arises
due to the D,—’F, transition. The emission spectrum consists
of two other relatively intense peaks and several weak peaks
corresponding to the *Dy—"F; (~588 nm), *Dy—'F, (~695
nm), *Dy="F; (~650 nm), *D,=’F, (524 nm), *D,-F,
(~536 nm), and *D,;—F, (555 and 558 nm) transitions,
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Figure 7. (a) Luminescence spectrum of Cs,EuCl;(H,0) . (b) Luminescence spectrum of Cs,,Tb,Cl,,(H,0),,(H;0).

respectively. Generally, in compounds containing Eu environ-
ments with inversion symmetry, the intensity of the *Dy—"F,
magnetic dipole transition dominates over the *Dy—"F, electric
dipole transition that is a forbidden transition based on
selection rules. However, when the Eu sits on a site with no
inversion center, these selection rules are overruled by a forced
electric dipole emission and the °*Dy—’F, emission is
dominant.”” In Cs,EuCls(H,0),,, the Eu environment lacks
centrosymmetry (Wyckoff site 4c, site symmetry of 2)
explaining the high intensity of the “Dy—"F, transition.
Figure 7b shows the emission spectrum of
Cs;oTb,Cl;,(H,0),4,(H;0) when excited by 365 nm UV
light. The emission spectrum is characterized by four major
bands, a doublet at 486 and 492 nm, an intense doublet at 541
and 548 nm, and two relatively weak bands centered at 585
and 620 nm, which are attributed to the D,~"F,, D,~"Fj,
’D,~’F,, and *D,—"F; transitions, respectively. The broad-
ening of bands, as compared to Cs,EuCl;(H,0),,, might be
due to the higher multiplicity of the D, excited state as well as

15379

the efficient migration of self-trapped excitonic energy between
the isolated metal centers."”

The scintillation response of Cs,,Tb,Cl;,(H,0),,(H;0) in
powder form was investigated under X-ray irradiation (RL
measurements). Figure 8b illustrates the visual aspect of the
scintillation that is dominated by green emission from Tb**
ions, while Figure 9a highlights the three main emission lines.
RL measurements were executed at several different times,
revealing a monotonic decrease in intensity of the Tb**
emission lines. This behavior is highlighted in Figure 9b and
related to the instability of this compound when exposed to
ambient conditions. Of the very first RL measurement, the
300—750 nm spectral integral yielded ~16% of that of BGO
powder. It was estimated that ~4 min passed between
removing the sample from dry ice storage and starting the
RL measurement. Because a 6 min exposure to ambient
conditions led to a decay of ~4% of the peak intensity at 541
nm of the first measurement, the value of 16% is a reasonable
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Figure 8. (a) Optical image of the powdered sample of
Cs,oTb,Cl;,(H,0),(H;0) in the absence of X-rays. (b) Optical
image of the scintillating powdered sample in the presence of X-rays.
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Figure 9. (a) RL spectra highlighting the main luminescence lines of
Tb* (°D, — 7F], with J = 4, 5, and 6 from higher to lower
wavelengths) obtained at different times. (b) Peak intensity of the
main line at 541 nm (°D, — F) as a function of time.

estimate of the relative luminosity of pristine
Cs;0Tb,Cl;,(H,0),4,(H;0) to BGO powder.

B CONCLUSIONS

A series of new ternary lanthanide-based chlorides,
Cs,EuCl(H,0),0, Cs,LnCl;y(H,0)s (Ln = Gd or Ho),
Cs;oTb,Cl;,(H,0),4(H;0), Cs,DyCl;(H,0),
CsgEr;Cl;,(H,0),s, and Cs;Ln,Cl;;(H,0);, (Ln =Y, Lu, or
Yb), were synthesized by a facile solution route and structurally
characterized. These compounds consist of isolated lanthanide
polyhedra that are linked together by Cs—Cl/Cs—O bonds as
well as extensive hydrogen bonding to form complex
structures. Cs,EuCl(H,0);, and Cs,;,Tb,Cl,,(H,0),(H;0)
luminesce and exhibit sharp emission peaks in the UV region
corresponding to the respective trivalent lanthanide cations.
When exposed to laboratory X-rays, crystals of
Cs,0Tb,Cl;,(H,0),(H;0) scintillate, emitting intense green
light, and the integral RL emission was ~16% of BGO powder.
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