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Chapter

Twist Tetrahedral-Tilting
Structure Built from
Photoluminescent Cadmium
Chalcogenide Clusters

Wen-Chia Wu, Chung-Sung Yang and Yan Xu

Abstract

The newly synthesized cadmium chalcogenide ternary cluster is composed by
six [S;Se]* tetrahedron units, coordinated with six Cd** cations. The potential
cavity, calculated by the PLATON program, occupied 38.1% of crystal cell volume.
The charge of unit cell is neutral. Therefore, the unit cell formula is determinate
as [CdeS1sSes]. Two strong solid-state luminescence peaks, centered at 450 nm
and 498 nm, were observed from the ternary [CdeS;sSe¢] clusters by A = 370 nm
radiation. The 450 nm peak is due to the porosity property of cadmium chalco-
genide clusters. However, the 498 nm peak has not been reported for the cadmium
chalcogenide clusters before. In this study, we demonstrate that the 498 nm peak is
attributed to the embedded Se atoms confined in the [S3Se]?*™ unit of [Cd¢SisSec]
cluster. The luminescent output from the ternary [CdsS;sSes] cluster is stable in
room temperature for more than 6 months.

Keywords: cadmium chalcogenides, luminescence, porosity, quantum confinement

1. Introduction

For the past decade, an intensive interest has been shown in the area of develop-
ing porous optical supertetrahedral clusters, such as for selenides [1-5]. The direct
assembly of chalcogenides into the cluster framework will be a benefit approach in
the development of crystalline porous chalcogenides. Recently, the Tn supertetra-
hedral clusters [2-4] dominate the advantages in the field for using porous materials
in luminescence application. The reason is that the larger size of the Tn supertetra-
hedral clusters usually leads to a highly open frame work with porosity higher than
50% [1, 5, 6]. Such a property is suitable for studying optoelectronic properties
induced by the quantum size cluster.

Another famous porous structure, the perovskite clusters with R3C space group,
is known for its ternary ABX; crystal structure as a light absorbent to be used in
the solar cell area [7-9]. The porous spheres of perovskite SrTiO; spheres present
superior performance in photocatalytic oxygen evolution [10]. The porous structure
existed in the R3C type structure could be envisioned as an alternating choice to
study the optoelectronic properties due to quantum confinement. To date, the use
of existed porosity in R3C structure for quantum size luminescence application
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is very rare [11]. Here, we employ the Cd(SC¢H4Me-4), as the starting material to
prepare a novel ternary cadmium chalcogenide cluster [CdeS;5Se¢] for studying

the effect of crystalline porous frameworks in quantum size luminescence. The
[CdeS1sSeg] cluster is potentially with porous R3C structure. The simpler atomic
composition of R3C structure apparently allows one to manipulate the replaced site
with more flexibility. Such an opportunity cannot be easily obtained from the larger
Tn clusters [1, 4]. Thus, these ternary clusters will be more applicable in the study
of the optoelectronic luminescent phenomena created by the embedded hetero-
atoms (i.e., Se) in the quantum size cluster. Therefore, the quantum confinement
luminescence induced by the Se atom confined in [S;Se]*” tetrahedron is able to be
observed in the ternary [CdgS;sSes] cluster.

2. Experimental

The starting material, Cd(SC¢HsMe-4),, was prepared according to reference
[12]. The product is white precipitate with yield up to 75% in weight. The typical
target cadmium chalcogenides compound, denoted as NCYU-6, was prepared as
follows. Cd(SC¢HsMe-4), (100 mg), thiourea powder (50 mg, 99%, Alfa Aesar),
tettrahydrofuran (4.5 mL, 99.9%, Pharmco), selenium powder (10 mg, 99.5%,
Acros), and de-ionized H,O (2.1 mL) were dissolved in a 33 mL stainless steel
autoclave with lined Teflon. The reactants were stirred for 60 min before the sealed
vessel was heated at 85°C for 28 days. When the reaction is finished, the autoclave
was cooled down to room temperature for several hours in atmosphere. The product
was then washed by a mixture of ethanol and methanol several times to remove
any residue on crystals. The crystal is pale yellow and is stable in air, water, or polar
solvents for several months. The yield is generally below 30% in weight. It is worthy
to note that the weight ratio between Se and S should be carried out very precisely.
If the derivation of Se/S weight ratio is higher than +5%, no crystal could be found
in the final product. For the experimental purpose, a yellow crystal, NCYU-7, was
prepared via the same route as that of NCYU-6, except the addition of selenium
powder in the reactants. The yield of NCYU-7 is ~50% in weight.

3. Result and discussion

The scanning electron microscopy (SEM) image of NCYU-6 is shown in
Figure1(a). The geometry of NCYU-6 is tetragonal. The qualitative energy
dispersive X-ray (EDX) spectrum, Figure 1(b), confirms the existence of Cd
(La=313eV, LB =3.528¢eV), S (Ka=2.31eV), and Se (L a« = 1.388 ¢V) in NCYU-6.
The geometry of NCYU-7 is similar to NCYU-7. The EDX spectrum shows that the
Se peak is lack of in NCYU-7. Crystallographic structures were solved via single-
crystal X-ray diffraction. Data were collected at room temperature on a SMART
CCD diffractometer with Mo-Ka radiation. All framework atoms can be determined
and a brief crystal data of NCYU-6 is given in Table 1. The most unique structure
in NCYU-6 is the [S;Se] tetragon that is built up by three corner sulfur sites and
one center Se site. Each corner sulfur site is bonded to two Cd atoms, two S atoms
of tetragon, and the center Se atom. By using the bond valence sum theory [13],
the bond order between corner S site and center Se site is 4/3. The bond order
between S and S is 1/3. The local structure illustration of [S;Se] tetragon moiety
is given in Figure 2(a). On the other hand, the Cd atom is coordinated with six
S atoms of [S;Se]®” tetrahedron units for charge balance. Each [S;Se] tetragon is
twisted 180° with adjacent [S;Se]*” tetragon. The bond order between S site and
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(a) The SEM image of NCYU-6. The geometry of NCYU-6 is tetragonal. (b) the X-ray EDX spectrum
confirms the existence of Cd (La =3.13 eV, Lf = 3.528 ¢V), S (Ka = 2.31 V), and Se (L a = 1.388 V) in

NCYU-6.
Name NCYU-6
Empirical formula CdgSis Seg
Formula weight 1490.74
Temperature 295(2) K
Crystal system Trigonal
Space group R-3c

Unit cell dimensions

a=4.9727(5) A, o« = 90°

b =4.9727(5) A, p = 90°

c=16981(3) A,y = 120°

Volume 363.64(9) A3
V4 1
Density (calculated) 6.807 Mg/m3

Crystal size

0.05 x 0.03 x 0.03 mm’

Reflections collected

949

Independent reflections

104 [R(int) = 0.0964]

Goodness-of-fit on F?

1331

Final R indices [I > 2sigma(I)]

R1=0.0735, wR2 = 0.2331

R indices (all data)

R1=0.0739, wR2 = 0.2344

Table 1.

Summary of crystal data and refinement for NCYU-6.

Cd site is assigned as 1/3. The local structure illustration of Cd atom coordinated
with six S atoms of [S;Se]*” units is given in Figure 2(b). In the determination of Se
location, the refined bond length data are used to verify the Se locations obtained
from the R(F) value method. The bond lengths for six Cd-S locations are varied
from 2.3476 A t02.3498 A. The bond length of Sy, to center atom site (1.281 A) is
larger than the covalent radius of Se (1.16 A) or (1.02 A) [14]. Under the circum-
stance, replacement of the center site from S to Se is allowed by the architecture of
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Figure 2.

(a) The local structure illustration of [S;Se] tetragon moiety. The center site is marked with tangerine ball for
Se atom. (b) the local structure illustration of Cd atom coordinated with six [S;Se]*” units. One [S;Se] tetragon
is shown to compare the size of thermal ellipsoids in ORTEP between S and Se. If the other five center S sites are
replaced by Se, the R(F) 41 jua slightly increases from 5.27 to 7.39%.

tetragon, as shown in Figure 2(a). During the crystallography determination for
the location of Se, we found that the refined R(F) value is only slightly increased
by an arbitrarily replacement of the center site of tetragon from S to Se atoms. For
example, R(F) .y ara = 7.39% for [CdeS15Ses] and 5.27% for [CdeS,4]. Nevertheless,
the arbitrarily replacement of the corner S site of tetragon by Se atom will make
the R(F) value increase more than 60%, R(F) .1 data ~ 11.73%. Moreover, the size
of thermal ellipsoids in ORTEP for the bridging location with Cd will increase to
unreasonably large size. It is clear that the bridging location occupied by S atom
is reasonable [1]. On the contrary, the size of thermal ellipsoids in ORTEP for the
center site in tetragon is smaller, in comparison with the other corner S sites [1]. The
center site occupied by Se atom is probable. The calculated occupancy possibility of
the center site for Se to S is about ~80%. The occupancy possibility of the bridging
site in tetragon cluster for Se to S is about ~20%. The temperature is an important
factor in the refinement of S and Se locations. The results suggest that the center site
of tetragon may have an affinity for Se atom and the hetero-atom substitution leads
the new tetragonal-title architecture stable.

The atomic ratio for the NCYU-6 and NCYU-7 clusters was determined by
the EDX spectrum qualitatively and the ICP-MS quantitatively. The quantitative
elemental microanalysis of Cd/S for NCYU-7 is about 6:24 that is consistent with
the composition and structure assignment by the crystallography. As for NCYU-6,
the ratio of Se/S is analyzed as a function of the atom ratio (Se/S) of Se and S by
ICP-MS. Four samples are prepared for the element concentration analysis for S
and Se. The 5% HNO3 solution is employed to dissolve nine single crystals for the
first and second ICP-MS measurements. As for the third, and forth measurements,
12 single crystals are picked up, respectively. The quantitative microanalysis data,
provided in Table 2, show that the atomic ratio of Se (108 ppb) to S (335 ppb) in
NCYU-6 is ~32.3%, i.e., Se/S ~ 1:3. By the combination of the data obtained from
the above experiments, the unit cell formula is determined as [CdsS;sSes] for
NCYU-6 (Figure 3). The unit cell formula for NCYU-7 is [CdgSy4].

The porosity data of the NCYU-6 were calculated by the PLATON crystal-
lographic program, a versatile SHELX97 compatible multipurpose crystallographic
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Wavelength S$=180.771nm Se=196.126 nm
Sample_Name Cc (ppb) RSD (%) Cc (ppb) RSD (%)
1 351 2.2 117 2.8
2 347 1.1 118 29
3 326 09 103 1.5
4 326 0.9 102 1.5
Avg 337 108

Table 2.

Summary of ICP-MS data of S and Se concentration in NCYU-6.

Figure 3.

The unit cell formula is determined as [CdeS,sSes] for NCYU-6. The blue ball stands for Cd atom. Dark yellow

ball stands for S atom. Tangerine ball stands for Se atom.

toolkit software program [15]. In per unit cell of NCYU-6 (363.64 A%), the volume
occupied by solvent is 138.5A%. The potential cavity occupied 38.1% of crystal cell
volume. The percentage of cavity derived from NCYU-6 suggests that considerable
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Figure 4.

Solid-state PL spectra were excited at 370 nm at RT. (a) Two emission peaks, centered at 450 nm and 498 nm,
are revealed from NCYU-6. (b) Only one peak (450 nm) is observed from NCYU-7. The inset figures ave DRS
spectra for NCYU-6 and NCYU-y, rvespectively.

amount of guest molecules, i.e., tetrahydrofuran, presents in the structure of open
framework. The guest molecules possibly occupied two domains to make this mate-
rial with porosity. The possible domains are the in-plane pore window and the space
between layers. Since the framework of the layer is wavy, the distance between
layers is flexible and is adjustable by the template.

The UV-vis diffuse reflectance spectrum (DRS) of NCYU-6 and NCYU-7 are
given in inset of Figure 4(a) and (b), respectively. The bandgap of the NCYU-6
is 390 nm (3.14 eV) is 380 nm (3.26 eV) for NCYU-7. The suitable bandgaps make
these two compounds possible to be used in photocatalytic reaction of hydrogen
generation under UV and visible blue light irradiation [16-18].

Solid-state photoluminescence spectra (PL) were carried on Hitachi F-2500
fluorescence spectrophotometer. The emission spectra were excited at 370 nm at
room temperature (RT). In the RT spectra, two emission peaks, centered at about
450 nm and 498 nm, are revealed from NCYU-6, and only one peak (450 nm)
is observed for NCYU-7 (Figure 4(a) and (b)). The peak at 450 nm is generally
attributed to the porosity property of open framework [1, 5]. The porosity created
by the tilt-tetragonal structure allows the insertion of organic template molecule,
tetrtahydrofuran [1, 5]. Thus, the conversion of UV radiation (370 nm) to visible
violet light, ~450 nm, is possible. The reason is that the emission peak is induced
by the interaction between the inorganic and organic phosphors [19, 20]. So far, the
498 nm emission peak has not been reported for the title-tetragonal R-3c structure
before. The replacement of S atom(s) by Se atom(s) in the NCYU-6 is expected to
output an absorption peak due to the quantum confinement of Se atom(s) [1, 5].
More experimental data are needed to explore the shift mechanism of the PL peak.
However, it is believed that the red-shifted band-edge emission (P-type dopant) is
relevant with the center site of Se atoms in tilt-tetragonal R—3c structure.

4, Conclusion

The novel ternary [CdsS;sSeq] cluster is prepared via a hydrothermal method.
The space group of [CdsSisSes] is R3C. The six [S;Se] tetragon units of [CdeS1sSes]
are twisted 180 degree with each other. The cavity occupied 38.1% of [CdsSisSes]
crystal cell volume. In the solid-state PL spectra, the peak centered at 450 nm
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is induced by the porosity property of cadmium chalcogenides clusters, i.e., the
interaction between the inorganic and organic phosphors inside the cavity of unit
cell. The peak located at 498 nm is due to the quantum confinement of Se atom(s)
in [S;Se] tetragon unit.
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