Downloaded viaNATL TAIWAN UNIV on May 19, 2020 at 16:17:35 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

One-Dimensional Double Chains in Sodium-Based Quaternary
Chalcogenides Displaying Intriguing Red Emission and Large

Optical Anisotropy

Ya Yang, Kui Wu,* Bingbing Zhang,* Xiaowen Wu, and Ming-Hsien Lee

Cite This: Inorg. Chem. 2020, 59, 2519-2526

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations

@ Supporting Information

ABSTRACT: A new family of Na;AgSnQ, (Q = S or Se) and Na;M"InS,
(M" = Cd or Hg) was successfully synthesized in vacuum-sealed silica
tubes for the first time. They exhibit similar isolated one-dimensional (1D)
double chains {[AgSnQ,], vs [(M"/In)S,],} in their structures. After the
detailed survey on the Inorganic Crystal Structure Database, title
compounds can be described as the first discovered examples exhibiting
novel 1D double-chain configurations in the known 171 (M™ and M'*)
or 48 (M"™ and M™*) element-based quaternary A—M"/M"®—M"*/
M™A—Q chalcogenides. In addition, their dimensionalities on the mode of
connection between two anionic groups are closely related to the empirical
A/(IB+IVA) and A/(IIB+IIIA) in the unit cell or the (IB+IVA)/Q and
(IIB+1IIA)/Q ratios, which may produce a good way to predict and design
new chalcogenides with low-dimensional structures. Photoluminescence
measurement shows that Na;CdGaS, and Na;CdInS, display strong red
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emission (648 and 647 nm) at room temperature that also agrees well with the change in color from yellow to red under the
irradiation of an ultraviolet lamp. Moreover, all of the title crystals exhibit a large optical anisotropy (An@1064 nm > 0.13), and
isolated 1D double chains may produce a huge effect to enhance optical anisotropy based on the first-principles calculations, which
also gives us a feasible way to design new birefringent materials.

B INTRODUCTION

Chalcogenides, exhibiting multiple structural types and special
physicochemical properties, have received a growing amount of
attention and shown promise as critical candidates in many
fields, such as laser technology,l_7 photoluminescence,g_11
photovoltaic,”™"° thermoelectricity,'™"® photocatalysis,"*~>"
lithium or sodium batteries, etc.”” > Tetrahedral ligands are
the most common basic building units in the metal
chalcogenides and often form the larger dimeric or polymeric
anionic groups by condensing. As we know, in general,
common metal centers in the tetrahedral units are monovalent
IB cations (M"® = Ag or Cu), divalent IIB cations (M"® = Zn,
Cd, or Hg), trivalent ITIA cations (M™* = Al, Ga, or In), and
tetravalent IVA cations (M™* = Si, Ge, or Sn).”” ™ In
addition, the anionic groups mentioned above can also link
together or bridge other cations to form extended structural
motifs such as an isolated zero-dimensional (0D) unit, a one-
dimensional (1D) chain, a two-dimensional (2D) layer, and a
three-dimensional (3D) network.’’™>* Note that the sub-
stitution of the same main-group elements in the crystal
structure can likely induce structural evolution because of the
cation size effect, which has been discovered in many known
chalcogenide systems. More importantly, alkali metals have
been considered as the important reactants to be used to
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improve the reaction environment and further increase the
probability of new products; for example, Na atoms have
variable coordination environments (NaQ,, where n = 4—6)
with a chalcogen (Q = S or Se), and NaQ, ligands easily link
with other anionic groups to form the novel structural
features.”*™*° On the basis of the analysis described above, it
is feasible to design new compounds with novel structures by
the interconnection of Na atoms and two different tetrahedral
anionic groups, such as M®Q, and M'VAQ, or M"’Q, and
M™Q,. In this work, we have chosen Na—(M™ or M"®)—
(M™4 or M™VA)—Q_as the research system and four new
quaternary compounds, Na;AgSnQ, and Na;M"InS, (M" =
Cd or Hg), were successfully synthesized for the first time.
They crystallize in different space groups: Na;AgSnQ, (P2,/c)
versus Na;M"InS, (C2/m). Meanwhile, microcrystals of
Na;CuSnSe, and Na;CdGaS, were also prepared for the
structural and performance comparisons. Note that title
crystals exhibit novel 1D double chains composed of
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Table 1. Crystal Data and Structural Refinement for Title Compounds

empirical formula Na;AgSnSe, Na;AgSnS,
formula weight 611.37 423.77
crystal system monoclinic monoclinic
space group P2,/c P2,/c

a (A) 8.534(7) 8.109(4)

b (A) 6.758(6) 6.483(3)

¢ (A) 16.574(14) 15.941(8)
B (deg) 104.106(11) 103.713(9)
7, V (A% 4927.1 (14) 4814.0 (7)
D, (g/cm®) 4.380 3.458

u (mm™) 20.562 6.558
goodness of fit on F* 0.940 1.039

R, wR, [I > 26(I)]¢
R,, wR, (all data)
largest difference peak, hole (e A~3)

0.0382, 0.0756
0.0688, 0.0781

1.141, —1.620 2.433, —0.728

0.0305, 0.0490
0.0675, 0.0727

“R, = F, — F./F,, and wR, = [w(F,2 — F.2)2/wE,*]"? for F)2 > 20(F,}).

Na;CuSnSe, Na;CdInS, Na,HgInS, Na;CdGaS,
567.04 42443 512.62 379.33
monoclinic monoclinic monoclinic tetragonal
P2,/n C2/m C2/m I4,/acd
6.8083(16) 15.655(4) 15.675(4) 13.177(8)
10.233(2) 4.0453(12) 4.0542(9) 13.177(8)
13.033(3) 6.5507(19) 6.5478(15) 18.85(2)
90.419(5) 90.472(3) 90.499(3)

4908.0 (4) 2414.8 (2) 2416.09 (16) 163272 (5)
4.148 3.398 4.092 3.080
21.180 6.405 22258 6971
0.969 1.182 1.136 1.133

0.0306, 0.0512
0.0508, 0.0564
1.004, —1.143

0.0206, 0.0217
0.0568, 0.0578
0.701, —0.735

0.0327, 0.0347
0.0965, 0.0983
1.877, —1.550

0.0322, 0.0450
0.0688, 0.0805
0.950, —0.935

(b)

double chains

NazCuSnSe,

21.356(36)

T2-cluster

Na;CdGasS,

Figure 1. (a) Structure of Na;AgSnSe, and 1D [AgSnSe,], double chains. (b) Structure of Na;CdInS, and 1D [(Cd/In)S,], double chains. (c)
Structure of Na;CuSnSe, and the 2D layer. (d) Structure of Na;CdGaS, and a T2 cluster with a torsion angle [21.356(63)°].

tetrahedral anionic groups, such as [AgSnQ,], double chains
composed of AgQ, and SnQ, units in Na;AgSnQ, and [(M"/
In)S,], chains composed of (M"/In)S, units in Na;M"InS,,.
After the detailed analysis of the Inorganic Crystal Structure
Database (ICSD) data, one can note that the 1D double chains
mentioned above are rarely found and title compounds can be
viewed as the first discovered examples exhibiting the 1D
double-chain configuration in the M™ and M™* elements
containing 171 quaternary chalcogenides or 48 M- and
M"™A.based quaternary chalcogenides. Their band gap and
photoluminescence performance were studied, and the results
show that Na;CdGaS, and Na;CdInS, display the strong red-
emitting luminescence (~648 nm) with excitation at 365 nm
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as potential fluorescence materials. The structure—perform-
ance relationship was also systematically studied in terms of
first-principles calculation, and all title crystals exhibit large
optical anisotropy (An@1064 nm > 0.13) that may originate
from the contribution of isolated 1D double chains in crystal
structures.

B RESULTS AND DISCUSSION

Title compounds crystallize in different space groups:
Na;AgSnQ, (Q = S or Se; P2,/c) and Na;M"InS, (M"
Cd or Hg; C2/m) (Table 1). We have chosen Na;AgSnSe, and
Na;CdInS, as the representatives to depict their structures. As
for Na;AgSnSe,, AgSe, ligands with d(Ag—Se) = 2.670—2.797

https://dx.doi.org/10.1021/acs.inorgchem.9b03444
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Figure 2. Summary of connection modes (from 0D to 3D) for anionic groups in 171 known IB- and IVA-based quaternary chalcogenides,
including a histogram and a pie chart (left). Summary of connection modes (from 0D to 3D) for anionic groups in 48 known IIB- and IIIA-based
quaternary chalcogenides, including a histogram and a pie chart (right).
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Figure 3. Schematic diagram of the empirical (IB+IVA)/Q ratio—structure relationships in 171 known IB- and IVA-based quaternary

chalcogenides at a ratio of <0.50 (tend to form the 1D or 0D type) (left). Schematic diagram of the empirical (IIB+IIIA)/Q ratio—structure
relationships in 48 known IIB- and IIIA-based quaternary chalcogenides at a ratio of <0.50 (tend to form the 1D or 0D type) (right).

A and SnSe, units with d(Sn—Se) = 2.499—2.553 A connect ratios of the 2D layer (8) and 1D chains (3) are 4.7% and

together to form the novel 1D [AgSnSe,], double chains 1.7%, respectively, for instance, Na;CuSnSe, (2D layer) that
(Figure 1a). NaSes octahedra with d(Na—Se) = 2.830—3.516 formed by the interconnection of CuSe, and SnSe, units,
A link together to constitute the 3D tunnels within which the which is different with the 1D double chains in Na;AgSnSe,
1D chains are located. The connection mode described above (Figure 1c). Similar structural changes with the substitution of

(double chains) between M™®Q, (M™ = Ag or Cu) and Ag to Cu were also found: BaAg,SnS, (I222) versus
MYAQ, (MVA = Si, Ge, or Sn; Q = S or Se) units is rarely BaCu,SnS, (P3221),37_39 BaAg,GeS, (I42m) versus Ba-
found in the known quaternary chalcogenides. After the survey Cu,GeS, (P3,2,),**" and AgyGeSs (Pna2;)"’ versus
of the Inorganic Crystal Structure Database (ICSD), it can be CugGeSg (Pmn2,).*>* Note that 1D chains have two different
found that the modes of connection between M™Q, and types: single and double chains. As for Rb3AgSn3Seg,44 AgSe,
M™2Q, in the known 171 quaternary chalcogenides have four and SnSe, units connect together by sharing edges to form the
structural configurations from 0D to 3D (Figure 2 and Table isolated 1D single chains whereas double chains in Na;AgSnQ,
S3). Among them, 0D (69) and 3D (91) types exhibit are the first discovered structural feature in the known M™® and
maximum ratios of ~40.4% and ~53.2%, respectively. The M™A.based quaternary chalcogenides. As for NayCdInS,, its
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Figure 4. (a and b) Experimental band gaps. (c) Raman spectra of Na;CdGa$S, and Na;CdInS,. (d and e) Photoluminescence of Na;CdGa$S, and
Na;CdInS,. The inset photos show the change in color under UV lamp irradiation. (f) Red fluorescence in the CIE-1931 diagram (RT = room

temperature).

asymmetric unit is composed of two Na atoms, a 0.5:0.5 Cd:In
ratio, and two S atoms. Note that (Cd/In)S, units with d(Cd/
In—S) = 2.500—2.534 A connect together by sharing corners
and edges to form the 1D double [(Cd/In)S,], chains (Figure
1b). Note that they undergo interesting structural changes after
Ga is replaced with In atoms: NayCdInS, (C2/m) versus
Na,CdGaS, (I4,/acd). Four (Cd/Ga)S, units link together by
sharing corners to compose the typical T2 clusters, and
adjacent T2 clusters exhibit a torsion angle of 21.356(36)°
(Figure 1d). To analyze the structural characteristics, we have
also studied the structures of known M"™ and M™*-based 48
quaternary chalcogenides and the result shows three types of
connection modes in the system described above. Note that
the 3D type occupies a major proportion of ~60.4% and the
2D layer or 0D types are ~16.7% (Table SS). So far, there are
still no 1D double chains reported in the M"®- and M"™-based
chalcogenide system mentioned above (Figure 2). Thus,
Na;M"InS, (M" = Cd or Hg) can be considered as the first
discovered examples exhibiting 1D double chains among the
quaternary chalcogenides described above. Remarkably, de-
tailed structural analysis also showed that their structural
dimensionality is closely related to the change in the material
formula, and the empirical (IB+IVA)/Q and (IIB+IIIA)/Q
ratio can be used to judge the modes of connection of anionic
groups in this work (Figure 2 and Tables S3 and S4). As for
IB- and IVA-based quaternary chalcogenides, most of them are
prone to forming 3D and 2D structure while (IB+IVA)/Q >
0.75, and along with a decrease in the ratio (<0.50), they are
prone to forming the low-dimensional structure (1D and OD).
In addition, as for IIB- and IIIA-based systems, while the (IIB
+IIIA)/Q ratio is >0.55, most of them are more inclined to
form the 3D and 2D structures whereas they form the 1D or
0D structures with a ratio of <0.50. Thus, an empirical ratio of
0.5 may be viewed as the turning point for the structural
changes described above (Figure 3). Moreover, to prove the
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structural novelty of 1D double chains, we have calculated the
A/(IB+IVA) or A/(IIB+IIIA) number ratios in the unit cell
and the result shows that the formation of the 1D double chain
requires a ratio of 2.0. While the ratio is <1.0, all of them
exhibit a 3D network. Along with the increase in the ratio, they
are inclined to form the 2D layer structure. However, for the
A—TIB—IITA—Q system, it is partially similar to that in the A—
IB—IVA—Q_system; some still exhibit exceptions. Although
several of them exhibit a ratio of 2.0, their anionic groups are
prone to forming the 3D network because of their small
tetrahedral sizes compared to those of Na;M"PInS,. Small
tetrahedral units are unstable in the tunnels formed by the
NaSg ligands that have to connect together to possess the 3D
network. On the basis of the analysis described above, their
dimensionalities on the connection modes between two
anionic groups have a close relationship with the empirical
A/(IB+IVA) and A/(IIB+IIIA) ratios in the unit cell or (IB
+IVA)/Q and (IIB+IIIA)/Q ratios, and note that the form of
low-dimensional (1D and 0D) structural features should satisfy
the following conditions: (1) A/(IB+IVA) and (IIB+IIIA)
ratios of >2.0, such as Na;AgSnQ, (2.0) and Na;M"InS,
(2.0); (2) (IB+IVA)/Q and (IIB+IIIA)/Q ratios of <0.50,
such as Na;AgSnQ, (0.5) and Na;M"InS, (0.5); and (3)
tetrahedral anionic groups that might as well be the large
volumes or central metal cations with high molecular weights,
such as IB = Cu and IIB = Zn with low molecular weights
(there is no 1D double chain in their structures). In addition,
other quaternary chalcogenides are not in accordance with the
rule mentioned above; thus, 1D double chains have not been
observed in the other quaternary chalcogenides. Therefore,
title crystals are the first discovered examples with novel 1D
double chains in the 219 known quaternary compounds.
High-quality title crystals were obtained by the high-
temperature solid-state method in vacuum-sealed silica tubes.
Their polycrystalline samples were prepared with a stoichio-

https://dx.doi.org/10.1021/acs.inorgchem.9b03444
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Figure . Partial densities of states (PDOS) of title compounds.

metric ratio except for Na;HgInS,, which was not successfully
achieved at the different ratios or reaction temperatures.
Among them, Na;M'SnQ, samples show obvious moisture
absorption with a change in crystal surface color from red to
black in the air within a split second and Na;M"InS, samples
are relatively stable in air over several days. This phenomenon
has a close relationship with their 3D network structures
composed of interconnection of NaQy octahedra that are
completely exposed to the air.*> Thus, we have measured the
experimental powder XRD patterns in the vacuum apparatus,
which are in agreement with theoretical ones, and the intensity
differences can be attributed to the preferred orientation
(Figure S2). Herein, we have also studied their physicochem-
ical performances (band gap, Raman spectra, and photo-
luminescence) (Figure 4). Their band gaps are 1.98 eV for
Na;AgSnSe,, 2.07 eV for Na;CuSnSe,, 2.70 eV for Na;AgSnS,,
2.73 €V for NayCdInS,, and 3.11 eV for Na;CdGaS, (Figure
4a,b). Along with the element substitution in the same main
groups, their band gaps undergo an obvious decrease with an
increase in molecular weight (from Cu to Ag, Ga to In, or S to
Se). Considering the air-sensitive title compounds, we have
measured the Raman luminescence and photoluminescence of
only Na;CdInS, and Na;CdGaS,. As for the Raman spectra, it
can be seen that the strongest peaks are located at 297 and 318
nm for Na,;CdInS, and NayCdGaS,, respectively (Figure 4c).
In addition, the peaks located between 200 and 300 nm, such
as 231, 297, and 358 nm for Na;CdGaS, and 270 and 318 nm
for NayCdInS,, can be attributed to the vibration of (Cd/Ga)—
S and (Cd/In)—S bonds, respectively, which are also similar to
these reported results in related compounds.**™* Several
peaks (128 and 174 nm) below 200 nm can also be attributed
to the Na—S bond vibration. Moreover, at excitation
wavelengths of approximately 364—366 nm, Na;CdGaS, and
Na;CdInS, display a strong emission band centered at 648 or
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647 nm at room temperature (RT), which indicate the
interesting red-emitting luminescence. We have also used the
ultraviolet (UV) lamp to verify the photoluminescence
phenomenon, and the sample shows the obvious change in
color from yellow to red, which also shows the reliability of the
PL test results (Figure 4d,e). The photoluminescence quantum
yields are 1.24% and 1.53% for Na;CdGaS, and Na;CdInS,,
respectively, at room temperature, and their fluorescence
lifetimes are 9.6 and 13.4 us, respectyively, at room
temperature (Figure S3). In comparison with related
ACd,GasS,, (A = K, Rb, or Cs) compounds,” title compounds
show similar quantum yields but shorter fluorescence lifetimes.
We can fine no explicit reason for this change in fluorescence
lifetimes between title compounds and ACd,GasS;, com-
pounds, but ACd,GasS;, compounds have more disorder
locations (three Cd/Ga) than one Cd/M™ in title compounds
that induces the change in fluorescence lifetimes mentioned
above. In comparison with these reported chalcogenides,
several of them show similar fluorescence emission, for
example, ACd,GasS;, (A = K, Rb, or Cs) (yellow, 584—595
nm),” BagZn,Ga,S ¢ (yellow, 600 nm),'" Rb,Au,Cd,S, (red,
624 nm),"” BagZn,Ga,S5 (yellow, 593 nm),"" K,Cd,S, (red,
646 nm),” BaCdSnS, (yellow, 530 nm), and Ba;CdSn,Sg
(yellow, 530 nm).”" A summary of the fluorescence emission
performance of these materials is shown in Table SS. Analysis
of the reported results can indicate that all of them show
obvious fluorescence emission in the yellow to red region, and
the emission transition mentioned above may originate from
the electron transition in various defects or disordered
structure. Therefore, we think that the materials described
above have promising potential as excellent hosts for the
introduction of the various photoluminescent centers to
achieve multiple emission outputs.
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To better investigate the structure—performance relationship
of title compounds, we have also calculated their electronic
structures on the basis of the first-principles calculation. Their
theoretical band gaps are 1.66 for Naz;AgSnS, 126 for
Na;AgSnSe,, 1.28 for Na;CuSnSe,, 1.83 for Na;CdGaS$,,
1.77 for NayCdInS,, and 1.34 eV for Na;HgInS, (Figure S4).
All of them are lower than the experimental values, which are
usually underestimated by GGA calculations.”” Their partial
densities of states (PDOS) were also studied, and Na;AgSnS,
and Na;CdInS, were chosen as the representatives (Figure ).
As for Na;AgSnS,, obvious hybridization of Sn Ss and Sp, Ag
4d, and S 3s orbitals between —15 and —5 eV corresponds to
the Sn—S and Ag—S bonds. Also, for the upper part of the
valence bond [VB, —5 eV to Fermi level (FL)], a few
hybridizations exist among Sn Sp, S 3p, and Ag 4d and Ss
orbitals. In addition, the bottom of the conduction bond (CB)
is mainly composed of S 3p, Sn 5s and Sp, and Ag Ss states.
Thus, the AgS, and SnS, units determine the optical band gap
of Na;AgSnS,, which can also extend to the effect on the
optical absorption of Na;AgSnSe, (AgSe, and SnSe,) and
Na;CuSnSe, (CuSe, and SnSe,). In addition, as for
Na;CdInS,, its VB region near the FL is dominated by Cd
Ss and 5p and S 3p mixing with In Ss and Sp states. The region
located at the bottom of the CB is derived primarily from the S
3p, In Ss and Sp, and Cd Ss and Sp states. Thus, the (Cd/In)S,
units determine the optical band gap of Na;CdInS,, which can
also extended to the optical absorption of other related title
compounds (Na;CdGaS, and Na;HgInS,). To study their
optical anisotropy, we have calculated their refractive indices,
and their birefringences at 1064 nm are 0.176 for Na;AgSnS,,
0.331 for Na;AgSnSe,, 0.103 for Na;CuSnSe,, 0.045 for
Na;CdGaS,, 0.130 for Na;CdInS,, and 0.353 for Na;HgInS,
(Figure 6). Interestingly, we note that their birefringences
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Figure 6. Birefringence of title compounds.

undergo obvious changes with the transformation of space
groups upon substitution with different cations. Thus, the
optical anisotropy of the material is closely related with its
crystal structure; for instance, via comparison of the crystal
structures of Na;AgSnSe, and Na;CuSnSe,, they undergo the
structural transformation from a 2D layer to 1D chains
composed of tetrahedral anionic groups, and the birefringence
shows an obvious decrease from 0.331 to 0.103, which is
similar to those of Na;CdInS, (1D chains, 0.130) and
Na;CdGaS, (3D network, 0.045). Moreover, we have also
calculated the birefringence of 1D single chains containing
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related quaternary chalcogenides, such as BagZn,Ga,S;;
(0.120@1064 nm) and Rb;AgSn;Se; (0.335@1064 nm).
Other OD and 1D single chain-based quaternary chalcogenides
crystallize in the P6; space group, and their birefringences have
been not studied; however, several isostructural compounds
have been reported, such as La;Ge,GaS, (0.023),
La;GeysInS, (0.007), and Sm,In,;;GeS, (0.008).°> One can
conclude that isolated 1D double chains may produce a huge
effect to enhance the optical anisotropy, which also gives us a
new method for designing new potential birefringent materials.

B CONCLUSIONS

In summary, the crystal structures and physicochemical
properties of new series of quaternary chalcogenides were
systematically studied and characterized. Note that they exhibit
novel 1D double chains that can be viewed as the first
discovered structural configuration after a survey of the known
M™. and M"™A-based or M"- and M".based quaternary
chalcogenides. A detailed investigation shows that Na;CdGaS,
and Na;CdInS, display strong red emission and have promise
as critical materials in the photoluminescence field. Moreover,
title crystals also undergo an obvious change in optical
anisotropy with cation substitution, which also gives us a
feasible way to design new birefringent materials.
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