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ABSTRACT: Two penta-REIII encapsulated tetravacant Dawson selenotung-
states [H2N(CH3)2]10H3[SeO4RE5(H2O)7(Se2W14O52)2]·40H2O (RE = Dy3+

(1), Gd3+ (2)) were prepared by a one-step assembly strategy under bench
conditions. Notably, the penta-REIII-substituted [SeO4RE5(H2O)7-
(Se2W14O52)2]

12− polyoxoanion consists of two equivalent tetravacant Dawson
[Se2W14O52]

12− fragments linked by a central penta-REIII {SeO4RE5(H2O)7}
cluster through 16 lacunary oxygen atoms and four bridging oxygen atoms from
two [Se2W14O52]

12− fragments. Furthermore, a series of cetyltrimethylammo-
nium bromide (CTABr) encapsulated 1@CTA nanomaterials were prepared by
the microwave method by controlling different reaction times and temperatures.
The effects of time and temperature on the morphologies of 1@CTA
nanomaterials were characterized by SEM images, and 1@CTA-5min prepared
at 80 °C has a relatively uniform size of about 190 nm. Moreover, the photoluminescence properties of 1 and 1@CTA
nanomaterials were investigated systematically, indicating that 1@CTA-5min prepared at 80 °C exhibits the strongest emission
due to its smallest size and high dispersion. The energy transfer from the ST fragments to Dy3+ ions in 1 and 1@CTA-5min were
proved by time-resolved emission spectra (TRES) and the change in CIE coordinates with increasing time, and their energy
transfer mechanism diagram was demonstrated.

■ INTRODUCTION

Rare-earth (RE) oxide materials (REOMs) have attracted
tremendous interest in various applications such as light-emitting
diodes, optical amplifiers, lasers, etc. on account of their broad
absorption from the ultraviolet to the near-infrared region,
effective Stokes shifts, and multiple emission colors based on
various optical energy levels.1−3 Recently, numerous function-
alized REOMs have been triumphantly manufactured by
decomposition of RE hydroxides or nitrates at high temper-
atures.4,5 Polyoxometalate (POM)-based materials can be
formed by oxo-bridged early-transition-metal (TM) atoms in a
d0 or d1 electronic configuration (usually MoVI, WIV, VV, NbV or
TaV) and display changeable components, unique electronic
structures, and reversible electrochemical properties, whichmake
possible their wide use in diverse fields such as catalysis,
magnetism, biology, and optics.6−9 It is well-known that POM
building blocks can serve as multifunctional inorganic poly-
dentate O donors and provide extremely excellent binding
opportunities for oxyphilic RE or TM ions to construct novel RE-
substituted POM materials (RESPMs) or TM-substituted POM
materials (TMSPMs) with intriguing structures and attractive
properties.10−17 It should be noted that the relative number of
reports on RESPMs is much less than that on TMSPMs,
probably because the larger ionic radius of RE ions cannot be
sufficiently incorporated into the vacant sites of POM building
blocks and the direct combination of highly oxyphilic RE ions
with lacunary POM building blocks easily leads to amorphous

precipitates.18 Thus, the design and synthesis of novel RESPMs is
still a particularly challenging and longstanding area of pursuit.
Since the first family of RE-substituted polytungstates

[REW10O35]
7− (RE = La3+, Ce3+, Pr3+, Nd3+, Sm3+, Ho3+, Er3+,

Yb3+, Y3+) was obtained by Peacock and Weakley in 1971,19

various RESPMs have been successively discovered.20−27

Obviously, the majority of the aforementioned RESPMs are
RE-substituted arsenotungstates, because lacunary arsenotung-
state precursors have been shown to be the most active building
blocks to combine RE ions: in contrast, intensive investigations
on RE-substituted selenotungstates (RESSTs) have lagged
relatively behind due to the great difficulty in the preparation
of selenotungstate (ST) precursors. Up to now, only several
Keggin, Dawson, and Dawson-like RESSTs have been reported.
For example, in 2013, Su’s group succeeded in obtaining the two
nanosized octameric RESSTs [{(SeO3)W10O34}8{Ce8(H2O)20}-
(WO2)4(W4O12)]

48− (Figure 1a) and [{(SeO3)10O34}8-
{ C e 8 ( H 2 O ) 2 0 } ( WO 2 ) 4 { ( W 4 O 6 ) C e 4 ( H 2 O ) 1 4

(SeO3)4(NO3)2}]
34− (Figure 1b), in which cerium ions occupied

the vacancy sites of Keggin [SeW9O33]
8− segments and stabilized

the whole structures.28 Afterward, they reported two other
cerium-substituted hexameric and tetrameric STs,
[Ce6Se6W67O230(OH)6(H2O)17]

22− (Figure 1c) and {Ce-
(H2O)4[Ce6Se10W51O187(OH)7(H2O)18]}

14− (Figure 1d),

Received: March 14, 2019
Published: May 8, 2019

Article

pubs.acs.org/ICCite This: Inorg. Chem. 2019, 58, 7078−7090

© 2019 American Chemical Society 7078 DOI: 10.1021/acs.inorgchem.9b00752
Inorg. Chem. 2019, 58, 7078−7090

D
ow

nl
oa

de
d 

by
 H

E
N

A
N

 U
N

IV
 a

t 2
1:

25
:0

3:
82

2 
on

 M
ay

 2
7,

 2
01

9
fr

om
 h

ttp
s:

//p
ub

s.
ac

s.
or

g/
do

i/1
0.

10
21

/a
cs

.in
or

gc
he

m
.9

b0
07

52
.

pubs.acs.org/IC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.9b00752
http://dx.doi.org/10.1021/acs.inorgchem.9b00752


which both comprise trivacant Keggin [SeW9O33]
8− segments.29

In 2017, our group discovered two types of organocounterion-
assisted and pH-controlled high-nuclearity RESSTs,
{[W18RE10(H2O)34O56][B-α-SeW9O33]8}

38− (Figure 1e) and
{[W18RE10(H2O)34O56][B-α-SeW9O33]8}

38− (RE = La3+, Ce3+),
constructed from eight trivacant Keggin [B-α-SeW9O33]

8−

building blocks hinged by RE ions and additional W centers.30

In 2014, the two mixed lacunary Keggin and Dawson RESSTs
[ (α - S eW9O3 3 ) 2 {Ce 2 (CH3COO)(H2O) 3W3O6} (α -
Se2W14O52)]

17− and [(α-SeW9O33)2{Ce2(H2O)4W3O6}{α-
Se2W14O51(OH)}]

15− (Figure 1f) were discovered.31 Recently,
the family of RE and Se simultaneously bridging tetravacant
Dawson STs [{[RE4W4Se4O22(H2O)5](Se2W14O52)2}2]

32− (RE
= Tb3+, Dy3+, Ho3+, Er3+, Tm3+, Yb3+) were successfully prepared
by our group (Figure 1g).32 In addition, the Dawson-like Ce-
hybridizing ST [Ce(SeW17O59)2]

20− was also reported in 2015
(Figure 1h).33

It is remarkable that most of the RESSTs reported above are
cerium-substituted Keggin-type STs, which are constructed by
trivacant [SeW9O33]

8− units. To our knowledge, relevant
explorations on other RESSTs and their luminescence properties
are very underdeveloped to date. Moreover, the search for and
discovery of Dawson-type RESSTs still remains an extreme
challenge due to their potential appeal in constructing
unparalleled structures and exploiting intriguing properties.
With this background, as a part of our continuing work,30,32,33 in
this article we introduce Dy3+ and Gd3+ ions into the Se−W−RE
system in order to prepare novel Dawson-type RESSTs bymeans
of a one-pot in situ assembly reaction of Na2WO4·2H2O,
Dy(NO3)3·6H2O, Gd(NO3)3·6H2O, and Na2SeO3 under weakly
acidic aqueous conditions in the presence of dimethylamine
hydrochloride. Through our experimental explorations and
documented research,32−35 we have found that pH has an
essential role in constructing Dawson-type STs. When the final
pH was kept at 4.0−6.0, the formation of Dawson-type STs is
favored. Meanwhile, SeO3

2− has a lone pair of electrons and has

extreme ease in acting as an anionic template to construct
multivacant ST segments during the course of preparing
RESSTs. In addition, the resulting RESST polyanions can be
easily be stabilized by the larger organoamine [H2N(CH3)2]

+

countercations.33,36 Thus, the two novel penta-REIII-substituted
tetravacant Dawson STs [H2N(CH3)2]10H3[SeO4Dy5(H2O)7-
(Se2W14O52)2]·40H2O (1) and [H2N(CH3)2]10H3[SeO4Gd5-
(H2O)7(Se2W14O52)2]·40H2O (2) were prepared and charac-
terized by IR spectra, elemental analyses, and single-crystal X-ray
diffraction.
On the other hand, nanosized REOMs exhibit unrivaled

potential applications such as tunable chemical and physical
properties and have aroused fascinating attention. Although
some POM-based REOMs have been synthesized by solid-state
chemical reactions,37 microemulsion methods,38 phase trans-
fer,39 ultrasonication,40 etc., no nanosized RESST materials have
been isolated through a microwave method. Cetyltrimethylam-
monium bromide (CTABr) can serve as a cationic surfactant to
make soluble RE-substituted POM species precipitate and form
various nanoscale CTA-functionalized RESPMs, which endows
them with outstanding adjustable fluorescence properties.41−43

Thus, in this article, we first utilized the microwave method to
prepare a series of nanosized CTA-encapsulated RESST
materials derived from 1 through changes in the reaction time
and temperature. IR spectra exhibited that the skeleton of 1 did
not collapse after 1 was functionalized by CTA+ groups. As can
be seen from the SEM images, the nanoscale particles have a
uniform morphology with a size of about 190 nm when the
reaction temperature and time are controlled at 80 °C and 5 min.
Subsequent fluorescence experiments have proved that 1@CTA-
5min prepared at 80 °C has the highest emission intensity due to
its smallest size and high dispersion. The energy transfer from the
ST fragments to Dy3+ ions in 1 and 1@CTA-5min were
investigated by TRES, and the change in CIE coordinates with
longer time and their energy transfer mechanism diagram are
demonstrated and discussed. Moreover, the corresponding CIE

Figure 1 . Summary o f some repo r t ed RESSTs : ( a ) [{ (SeO3)W10O3 4} 8 {Ce 8(H2O)2 0}(WO2) 4(W4O12) ]
4 8− ; ( b)

[{(SeO3)W10O34}8{Ce8(H2O)20}(WO2)4{(W4O6)Ce4(H2O)14(SeO3)4(NO3)2}]
34−; (c) [Ce6Se6W67O230(OH)6(H2O)17]

22−; (d)
{Ce(H2O)4[Ce6Se10W51O187(OH)7(H2O)18]}

14−; (e) {[W18RE10(H2O)34O56][B-α-SeW9O33]8}
38−; (f) [(α-SeW9O33)2{Ce2(H2O)4W3O6}{α-

Se2W14O51(OH)}]
15−; (g) [{[RE4W4Se4O22(H2O)5](Se2W14O52)2}2]

32−; (h) [Ce(SeW17O59)2]
20−. Color scheme: {WO6} octahedra, red and

wheat; Se, pink; RE, green; O, light blue.
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coordinates and color purity parameters can be changed by
different excitation wavelengths as well, which provides
possibilities in developing and pursuing promising POM-based
optical applications. This work gives useful guidance for the
further development of novel luminescent RESPMs and the
surfactant-encapsulated nanosized luminescent RESPMs.

■ RESULTS AND DISCUSSION

Structural Description. 1 and 2 were synthesized by the
facile one-pot reaction of Na2WO4·2H2O, Na2SeO3, dimethyl-
amine hydrochloride, RE(NO3)·6H2O ,and 2,6-pyridinedicar-
boxylic acid. However no 2,6-pyridinedicarboxylic acid ligand is
found in the structures of 1 and 2. Experimental results showed

Table 1. Crystallographic Data and Structure Refinements for 1 and 2

1 2

empirical formula C20H177N10Dy5O155Se5W28 C20H177N10Gd5O155Se5W28

formula wt 9393.82 9367.57
cryst syst monoclinic monoclinic
space group C2/m C2/m
a, Å 23.6590(14) 23.830(3)
b, Å 26.2335(17) 26.048(3)
c, Å 18.0329(11) 18.088(2)
α, deg 90 90
β, deg 126.3880(10) 126.0350(10)
γ, deg 90 90
V, Å−3 9010.0(10) 9079.1(18)
Z 2 2
μ, mm−1 20.953 20.562
F(000) 8358 8338.0
T, K 296(2) 296(2)
limiting indices −27 ≤ h ≤ 28 −18 ≤ h ≤ 28

−31 ≤ k ≤ 27 −30 ≤ k ≤ 27
−20 ≤ l ≤ 21 −21 ≤ l ≤ 19

no. of rflns collected 23236 23118
no. of indep rflns 8057 8046
Rint 0.0625 0.0820
no. of data/restraints/params 8057/17/410 8046/59/403
GOF on F2 1.034 0.986
final R indices (I > 2σ(I)) R1 = 0.0510 R1 = 0.0583

wR2 = 0.1207 wR2 = 0.1481
R indices (all data) R1 = 0.0928 R1 = 0.0830

wR2 = 0.1336 wR2 = 0.1619

Figure 2. (a) Penta-Dy3+-substituted polyoxoanion [SeO4Dy5(H2O)7(Se2W14O52)2]
12−of 1. (b) Connection mode between the {SeO4Dy5(H2O)7}

cluster and two tetravacant Dawson [Se2W14O52]
12− fragments in 1. (c) View of the central penta-Dy3+ {SeO4Dy5(H2O)7} cluster. (d) Se2 atom

disordered over both sides of the square plane made up by Dy13+, Dy23+, Dy1A3+, and Dy2B3+ cations. (e) View of the square tetra-Dy3+

{SeO4Dy4(H2O)6} cluster. (f) Simplified view of the square tetra-Dy3+ {SeO4Dy4(H2O)6} cluster. (g) View of the penta-Dy3+ {Dy5(H2O)7} cluster. (h)
Simplified view of the penta-Dy3+ {Dy5(H2O)7} cluster. (i) Bicapped-trigonal-prismatic geometry of the Dy1

3+ ion in 1. (j) Bicapped-trigonal-prismatic
geometry of the Dy23+ ion in 1. (k) Bicapped-square-pyramidal geometry of the Dy33+ ion in 1. Color scheme:WO6 octahedra, red; Se, pink; Dy, green;
O, light blue. The atoms with the suffixes A, B, and C are generated by symmetry operations where A denotes 1 − x, y, −z and B denotes x, −y, z.
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that, when 2,6-pyridinedicarboxylic acid was removed from the
reaction system, we could not obtain high yields of crystals of 1
and 2, only low yields of crystals of 1 and 2 with amorphous
precipitates, which indicates that 2,6-pyridinedicarboxylic acid
has some synergistic effect together with other reactants in the
formation of 1 and 2. The measured PXRD patterns of 1 and 2
are quite consistent with the simulated XRD pattern from a
single-crystal X-ray diffraction structural analysis (Figure S1). 1
and 2 are isomorphic and crystallize in the monoclinic space
group C2/m. Crystallographic data and structural refinement
parameters for 1 and 2 are demonstrated in Table 1. Only the
structure of 1 is discussed here. The penta-DyIII-substituted
[SeO4Dy5(H2O)7(Se2W14O52)2]

12− polyoxoanion of 1 consists
of two equivalent tetravacant Dawson [Se2W14O52]

12− fragments
linked by a central penta-Dy3+ {SeO4Dy5(H2O)7} cluster
through 16 lacunary oxygen atoms and 4 bridging oxygen
atoms from two [Se2W14O52]

12− fragments (Figure 2a,b). In the
central penta-Dy3+ {SeO4Dy5(H2O)7} cluster (Figure 2c), there
are three cyrstallographically independent Dy3+ cations, namely,
Dy13+, Dy23+, and Dy33+. It should be pointed out that the Dy13+

and Dy23+ cations are fully occupied with a site occupancy of
100% whereas the Dy33+ cation is half-occupied with a site
occupancy of 50%. Alternatively, the Dy33+ cation is disordered
over two positions (Dy3 andDy3A) with a site occupancy of 50%
for each position. A similar disorder phenomenon has been
previously encountered.44 In addition, the Se2 atom is also
disordered over two positions (Se2 and Se2A) with a site
occupancy of 50% for each position and O27 is disordered over
two positions (O27 and O27A) with a site occupancy of 50% for
each position. Upon an elaborative observation on the central
penta-Dy3+ {SeO4Dy5(H2O)7} cluster, the Se2 atom is
disordered over both sides of the square plane made up by
Dy13+, Dy23+, Dy1A3+, and Dy2A3+ cations and the distance
between the Se2 atom and the square plane is 0.726(6) Å (Figure
2d). The disordered Se2 atom may play a vital role in stabilizing
the centrosymmetric {SeO4Dy5(H2O)7} cluster. Most interest-
ingly, Dy13+, Dy23+, Dy1A3+, and Dy2A3+ cations in the central
penta-Dy3+ {SeO4Dy5(H2O)7} cluster are bridged together
through a four-coordinate {SeO4} group (Figure 2e,f). The
disordered Dy33+ cation caps both sides of the square tetra-Dy3+

{SeO4Dy4(H2O)6} cluster (Figure 2c). To the best of our
knowledge, this four-coordinate {SeO4} bridging group has been
observed in POM chemistry for the first time. Of particular
concern is that the skeleton of the penta-Dy3+ {Dy5(H2O)7}
cluster is still retained (Figure 2g) when the four-coordinate
{SeO4} bridging group is removed from the central penta-Dy3+

{SeO4Dy5(H2O)7} cluster. In the penta-Dy3+ {Dy5(H2O)7}
cluster, the Dy···Dy distances range from 3.67(7) to 4.46(6) Å
and the Dy1−Dy3−Dy2 angle is 80.56(1)° (Figure 2h). It is
interesting to note that all of the Dy3+ cations with different
coordination geometries are linked to each other through an
edge-sharing mode. Notably, the Dy13+ cation resides in an eight-
coordinate bicapped-trigonal-prismatic geometry established by
two μ2-O atoms (O5, O5B) and two μ3-O atoms (O15, O15B)
from lacunary [Se2W14O52]

12− fragments (Dy−O: 2.30(6)−
2.31(9) Å) and two coordinated water O atoms (O1W, O2W)
(Dy−O: 2.37(3)−2.68(4) Å) (Figure 2i). Similarly, the eight-
coordinate bicapped-trigonal-prismatic Dy23+ ion bonds to two
μ2-O atoms (O13, O13B) and two μ3-O atoms (O19, O19B)
from vacant sites of [Se2W14O52]

12− fragments (Dy−O:
2.29(8)−2.31(7) Å), two coordinated water O atoms (O3W,
O2WA) (Dy−O: 2.33(2)−2.65(5) Å,) and O27, O28 atoms
from a {SeO4Dy5(H2O)7} cluster (Dy−O: 2.43(2)−2.49(3) Å)

(Figure 2j). The Dy33+ cation has a bicapped-tetragonal-
pyramidal geometry, in which the apical site of the square
pyramid is occupied by the coordinated water atom O4W (Dy−
O: 2.14(5) Å), four basal positions are taken by four lacunary O
atoms (O15, O15B, O19, and O19B) from two [Se2W14O52]

12−

fragments (Dy−O: 2.40(0)−2.43(8) Å), and two capped sites
are taken by two bridging oxygen atoms (O10, O10B) from two
[Se2W14O52]

12− fragments (Dy−O: 2.54(4) Å) (Figure 2k).
Therein, Dy13+ and Dy23+ ions are bridged by disordered O27
atoms, Dy13+ and Dy2A3+ ions are linked together by O28A and
O27 atoms, andDy33+, Dy13+ andDy33+, Dy23+ ions have several
bridges by disordered O15 atoms and O19 atoms. In addition,
seven aqueous ligands associated with the {SeO4Dy5(H2O)7}
cluster increase the possibility of substitution by organic
carboxylic ligands to give organic−inorganic hybrid RESSTs.
The sandwich-type [SeO4Dy5(H2O)7(Se2W14O52)2]

12− unit
in 1 (Figure 3a) somewhat resembles the FeIII-substituted

[Fe6Se6W34O124(OH)16]
18− (Figure 3b) and the Mn−Se−O

bridging dimeric [Mn4Se6W24O94Cl(H2O)6]
13− (Figure

3c).34−45 Evidently, they are all derived from lacunary Dawson-
type STs, in which the vacancies in the ST units are occupied by
additional metal ions. Nevertheless, remarkable structural
differences among them are perceived. (a) The building blocks
in 1 and [Fe6Se6W34O124(OH)16]

18− are tetravacant Dawson-
type [Se2W14O52]

12− fragments, while the building blocks in
[Mn4Se6W24O94Cl(H2O)6]

13− are hexavacant Dawson-type ST
fragments. (b) The metal cations in the central cores linking two
vacant Dawson-type ST fragments are different: the metal
cations in 1 are RE ions, while the metal cations in
[Fe6Se6W34O124(OH)16]

18− and [Mn4Se6W24O94 Cl(H2O)6]
13−

Figure 3. (a) View of the [SeO4Dy5(H2O)7(Se2W14O52)2]
12− unit in 1.

(b) View of the [Fe6Se6W34O124(OH)16]
18− unit. (c) View of the

[Mn4Se6W24O94Cl(H2O)6]
13− unit. (d) View of the central penta-DyIII

{SeO4Dy5(H2O)7} cluster in 1. (e) View of the heterometal Fe/W
{Fe6Se2W6} cluster in [Fe6Se6W34O124(OH)16]

18−. (f) View of the Se
and Mn bridging atoms in [(Se2W12O46)2{Mn2Cl(H2O)2}{Mn-
(H2O)2}2(SeO)2]

13−. (g) Simplified view of the hexagon formed by
the Dy3+ ions in the {SeO4Dy5(H2O)7} cluster. (h) Simplified view of
two hexagons formed by heterometal Fe/W centers in the {Fe6Se2W6}
cluster. (i) Simplified view of the Se and Mn bridging atoms.
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are TM cations. (c) The obvious differences in the central cores
are that 1 contains a penta-Dy3+ {SeO4Dy5(H2O)7} cluster
(Figure 3d) and [Fe6Se6W34O124(OH)16]

18− includes a hetero-
metallic Fe/W{Fe6Se2W6} cluster (Figure 3e), but the
[Mn4Se6W24O94Cl(H2O)6]

13− unit is formed by the Se and
Mn atoms bridging two [Se2W12O46]

12− fragments (Figure 3f).
(d) The Dy3+ ions in the penta-Dy3+ {SeO4Dy5(H2O)7} cluster
can be simplified to a hexagon (Figure 3g), and the
heterometallic Fe/W centers in the {Fe6Se2W6} core can be
seen as two hexagons (Figure 3h). In addition, the angle
(80.55(1)°) of Dy1−Dy3−Dy2 in the simplified hexagon is
larger than the angle (57.6(3)°) of Fe1/W9−Fe3/W11−Fe2/
W10. Although reports on TM- or RE-substituted STs are
burgeoning, those on sandwich-type STs are very limited; only
[Fe6Se6W34O124(OH)16]

18− (Figure 3b) and [Mn4Se6W24O94Cl-
(H2O)6]

13− (Figure 3c) have been isolated so far. As far as we
know, a sandwich-type ST containing five Dy3+ ions has not been
reported.
Furthermore, the space packing of 1 is quite interesting. In

layer A or layer B, discrete [SeO4Dy5(H2O)7(Se2W14O52)2]
12−

polyoxoanions of 1 are tidily distributed in an −AAA− fashion
along the b or c axes (Figure S2a,b). However, in a view along the
a axis, the two closed layers in the crystal lattice of 1 exhibit two
types of stacking patterns to give rise to an organized −ABAB−
pattern (Figure S2c,i), which contributes to reducing the steric
hindrance as much as possible and enhancing the chemical
stability of 1.45,46 Simultaneously, in order to clearly represent
the packing arrangement along with the a axis, the simplified
alignment of 1 is shown in Figure S2d−f. Upon further
inspection, [H2N(CH3)2]

+ countercations and solvent water
molecules are filled in the gaps of the discrete polyoxoanions and
interact with each other via electrostatic forces and hydrogen-
bonding interactions with N−H···O distances of 2.96(2)−
3.25(2) Å (Figure S2g,h).
Characterization of 1@CTA Nanomaterials. In order to

intuitively observe the nanostructural details of 1@CTA-5min
prepared at 80 °C, themorphology of 1@CTA-5minwas studied
by SEM images. As shown in Figure 4a−c, the spindle-shaped
nanoparticles of 1@CTA-5min are found to be comparatively
uniform. Plotted size statistics of the spindle-shaped nano-
particles of 1@CTA-5min are shown in Figure 4d; the normal
distribution is in the range of 150−240 nm with an average of ca.
190 nm. According to EDS mapping images of 1@CTA-5min
(Figure 4e), the spatial distributions of C, W, and O elements in
1@CTA-5min are uniform, indicating the successful composi-
tion of 1 and CTA. Furthermore, the hyperfine structure of 1@
CTA-5min possesses a distinct lattice fringe spacing of 3.46 nm
in the HRTEM image (Figure 5a,b), which is near the distance
between two polyoxoanion layers in the nano 1@CTA-5min
(Figure 5c,d). The result is consistent with the small-angle
powder X-ray diffraction analysis that the characteristic peak at
2.47° corresponding to d = 3.57 nm according to the Bragg
formula 2d sin θ = nλ, where θ is the diffraction angle, λ is the
wavelength of the X-ray beam with Cu Kα radiation (λ = 1.54056
Å) at 293 K, and n = 1 (Figure 5 and Figure S3).47

Because of strong electrostatic interactions between CTA
cations and [SeO4Dy5(H2O)7(Se2W14O52)2]

12− polyoxoanions,
the [SeO4Dy5(H2O)7(Se2W14O52)2]

12− polyoxoanions in 1@
CTA-5min are rearranged in comparison with the structure of 1.
The average diameter of a [SeO4Dy5(H2O)7(Se2W14O52)2]

12−

polyoxoanion is about 1.50 nm according to the single-crystal X-
ray diffraction analysis, and the length of the alkyl chain in a CTA
cation with a planar zigzag conformation is estimated to be 2.18

nm, as is known from previously published reports.48−50 Thus,
the distance of two neighboring [SeO4Dy5(H2O)7-
(Se2W14O52)2]

12− polyoxoanion layers is calculated as 3.68 nm

Figure 4. (a) SEM image of 1@CTA-5 min (scale bar 1 μm). (b) SEM
image of 1@CTA-5min (scale bar 200 nm). (c) SEM image of 1@CTA-
5min (scale bar 100 nm). (d) Nanoparticle size distribution of 1@CTA-
5min. (e) EDS mapping images of 1@CTA-5min.

Figure 5. (a) TEM image of 1@CTA-5min (scale bar 100 nm). (b)
HRTEM image of 1@CTA-5min (scale bar 5 nm). (c) Schematic
illustration considering that the CTA chains are perpendicular to
polyoxoanions. (d) Schematic illustration considering that the CTA
chains surround polyoxoanions in the leaning mode. Color scheme:
CTA, green; [SeO4Dy5(H2O)7(Se2W14O52)2]

12− polyoxoanions, red.
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(2.18 + 1.50 = 3.68 nm) ,considering that the CTA chains are
perpendicular to polyoxoanions (Figure 5c). Obviously, the
calculated value is larger than the experimental result (3.46 nm).
Therefore, the CTA chains can surround polyoxoanions in the
leaning mode.51 The possible packing model is shown in Figure
5d.
To investigate the influence of assembly conditions on the size

and morphology, we collected the intermediate morphologies at
different times and heating temperature intervals. The
morphology of the 1@CTA-3min obtained is faveolate when
the reaction time is 3min at 80 °C (Figure S4a). When the
reaction time is increased to 5 min, comparatively uniform
spindle-shaped nanoparticles of 1@CTA-5min are observed
(Figure S4b). When the reaction time is increased to 10 min, it is
extremely clear that the spindle-shaped nanoparticles of 1@
CTA-10min become larger than before (Figure S4c). Upon
continuous heating from 15 to 30min, nanoparticles of 1@CTA-
15min and 1@CTA-30min became aggregated (Figure S4d,e).
When the sequential heating time is extended to 60 min, densely
aggregated particles of 1@CTA-60min can be observed from the
SEM image (Figure S4f). The above observation manifests that
the reaction time plays a critical role in the preparation of
nanomaterials and greatly influences the morphologies of
nanomaterials. Therefore, 5 min is the best time for preparing
the small-sized 1@CTA nanomaterials.
Moreover, 1@CTA nonomaterials at different temperatures

under 5 min heating conditions were also synthesized. It is found
that massive faveolate nanomaterials (1@CTA-RT) are
immediately formed in the reaction system at room temperature
(Figure S5a). When the reaction temperature is increased to 40
°C, the massive faveolate morphology (1@CTA-40°C) is
retained (Figure S5b). When the heating temperature is
increased to 60 °C, chunks of nanoparticles (1@CTA-60°C)
appear on the surface of the faveolate nanomaterials (Figure
S5c). When the temperature is elevated to 80 °C, small spindle-
shaped nanoparticles (1@CTA-80oC) form (Figure S5d). Upon
heating to 100 °C, the morphology for 1@CTA-100°C is
aggregated (Figure S5e). Thus, it could be determined that the
morphologies of 1@CTA nanomaterials are remarkably
influenced by the reaction temperature and that 80 °C is suitable
for synthesizing the spindle-shaped nanoparticles. In a word, the
reaction time and the reaction temperature are significant in the
formation of the 1@CTA nanomaterials. The nanoparticles of
1@CTA-5min have the highest dispersion and uniformity. 1@
CTA nanomaterials at different times and different have all been
characterized by EDS measurements (Figures S6 and S7).
Photoluminescence (PL) Properties. RE-based POMs

have attracted extensive interest due to their unique
luminescence properties.48,51 Therefore, the luminescence

properties of 1 were studied here. Upon an excitation of 388
nm, the emission spectrum of 1 exhibits three emission bands at
483, 574, and 662 nm, which are assigned to the 4F9/2 →

6H15/2,
4F9/2 → 6H13/2, and

4F9/2 → 6H11/2 transitions of Dy3+ ions,
respectively (Figure 6a).52−54 Among these, the 4F9/2 →

6H15/2
transition is a magnetic-dipole transition and the 4F9/2 →

6H13/2
transition is an electric-dipole transition. It should be noted that
the magnetic-dipole 4F9/2→

6H15/2 transition is insensitive to the
coordination environment of the Dy3+ ion, while the electric-
dipole 4F9/2 → 6H13/2 transition is easily affected by the
coordination environment of the Dy3+ ion. When the Dy3+ ion
is situated in a low-symmetrical coordination, the 4F9/2 →

6H13/2
transition is the most intense in the emission spectrum.55,56

Thus, the intensity ratio I(4F9/2 →6H13/2)/I(
4F9/2 → 6H15/2)

always acts as a criterion for examining the local symmetry of the
Dy3+ ion.57,58 This ratio int he emission spectrum of 1 is 2.19,
implying that Dy3+ ions in 1 inhabit in a comparatively low-
symmetry coordination environment. This result is consistent
with the crystallographic data that Dy3+ ions are located in the
bicapped-trigonal-prismatic and bicapped-square-pyramidal geo-
metries. Notably, for the emission band at 483 nm, in addition to
the emission contribution of the 4F9/2 →

6H15/2 transition of
Dy3+ ions, it should also contain the emission contribution of the
3T1u →

1A1g transition from the O → W LMCT triplet states of
ST fragments, which can be supported by the emission spectra of
2 under identical measurement conditions (Figure S8a). Figure
6b presents the excitation spectrum of 1 collected on monitoring
the strongest emission of 574 nm, in which the excitation peaks at
352, 366, 388, and 427 nm are respectively assigned to the
transitions of Dy3+ ions from the ground-state 6H15/2 to the
excited states of 6P7/2,

6P5/2,
4I13/2, and

4G11/2. The decay time
curve of 1was obtained by monitoring the most intense emission
peak at 574 nm, and the curve is well fitted with the second-order
exponential function I =A1 exp(−t/τ1) +A2 exp(−t/τ2), where τ1
and τ2 are the fast and slow components of the fluorescence
lifetimes and their values are τ1 = 2.71 μs (46.26%) and τ2 = 21.50
μs (53.74%), respectively. The values of the pre-exponential
factors areA1 = 756.08 andA2 = 110.52. According to the formula
τ* = (A1τ1

2 + A2τ2
2)/(A1τ1 + A2τ2), the average lifetime (τ*) is

calculated as 12.80 μs for 1 (Figure 6c). As mentioned above, the
decay time curve of 1 obeys a second-order exponential function,
indicating that there are two types of emission centers in the
structure of 1. Therefore, in addition to the emission of Dy3+ ions
in 1, the emission contribution of ST fragments should be
considered in the emission process of 1. In order to probe the
emission behavior of ST fragments, the emission and excitation
spectra of 2 were measured under the same conditions (Figure
S8), because the characteristic emission peaks of Gd3+ ions
cannot be found in the visible region.59 When 2 was excited at

Figure 6. (a) Solid-state emission spectrum of 1 (λex = 388 nm). (b) Solid-state excitation spectrum of 1 (λem = 574 nm). (c) Lifetime decay curve of 1
collected by monitoring the strongest emission of 574 nm.
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388 nm, a broad band in the range of 450−530 nm with a
maximum at ca. 477 nm appears, which is attributed to the
emission peak of the 3T1u →

1A1g transition from the O → W
LMCT triplet states of ST fragments (Figure S8a).60 The
characteristic emission peak of the 3T1u →

1A1g transition from
the O→WLMCT triplet states of ST fragments in the emission
spectrum of 1 is relatively weak, which may be attributed to the
fact that the stronger hydrogen-bonding interactions between
[H2N(CH3)2]

+ cations and ST fragments to some degree quench
the emission derived from the 3T1u→

1A1g transition of the O→
W LMCT triplet states of ST fragments (Figure S9). This
observation also agrees well with the previous conclusion that the
high frequency of N−H oscillators greatly quenches the
fluorescence emission.61,62 In order to clearly observe the energy
transfer from ST fragments to Dy3+ ions, the time-resolved
emission spectrum (TRES) was tested under a light of 388 nm in
the range of 450−750 nm (Figure 7a,b). In the process of
excitation (6.60−11.50 μs), the weak broad emission band of ST
fragments appears first at the beginning of excitation; however,
the characteristic emission peaks of Dy3+ ions gradually emerge
in the emission spectrum with increased time (Figure 7a). Their
emission intensities are the strongest at 11.50 μs; after that, the
intensities of both ST fragments and Dy3+ ions decrease with
increased time (11.50−20.00 μs). Obviously, the PL decay rate of
the emission intensity of ST fragments is faster than that of Dy3+

ions with elapsed time (Figure 7b), and finally, the emission peak
of ST fragments disappears, only leaving the characteristic peaks
of Dy3+ ions, which indicates the energy transfer from ST
fragments to Dy3+ ions, because the sensitization of ST fragments
toward the emission of Dy3+ ions to some extent inhibits the
decrease in the emission intensity of Dy3+ ions.63 Furthermore,
the energy transfer from ST fragments to Dy3+ ions can be seen
clearly in the CIE chromaticity diagram. In the beginning, 1 emits
a light blue light mainly derived from the emission of ST
fragments under a light of 388 nm. As time increases, the
fluorescence color shifts from blue to yellow, which indicates the
energy transfer from ST fragments to Dy3+ ions (Figure 7c,d).

When 1 was excited upon the characteristic excitation light (287
nm) of ST fragments, a similar energy transfer phenomenon was
seen in the images of TRES (Figure 7e,f). The broad emission
band centered at about 477 nm of ST fragments emerges first
upon excitation at 287 nm (6.60−11.50 μs); subsequently, the
characteristic emission peaks of Dy3+ ions are quickly enhanced
with increasing time. After the emission intensities reach a
maximum, the emission band of ST fragments rapidly disappears
with increased time, whereas the characteristic emission peaks of
Dy3+ ions are still obvious as time increases (11.50−20.00 μs),
which explicitly manifests the existence of energy transfer from
ST fragments to Dy3+ ions in 1.63 The CIE chromaticity diagram
exhibits the similar phenomenon that the fluorescence color
shifts from blue to yellow as time increases (Figure 7g,h). The
possible mechanism of energy transfer of 1 is illustrated in Figure
8; the electrons at the 1A1g level are pumped to a higher

1T1u level
when 1 is excited with a light of 287 nm; at the same time, the
spin−orbit coupling interaction results in the occurrence of a T1u
→ 3T1u nonradiative process.

60 Therefore, the photoexcitation of
the O→MLMCTbands in 1 leads to a broad and weak emission

Figure 7. (a) TRES of 1 under an excitation wavelength of 388 nm (6.60−11.50 μs). (b) TRES of 1 under an excitation wavelength of 388 nm (11.50−
20.00 μs). (c) Variation of chromaticity coordinates of 1 in the decay time range from 6.60 to 11.50 μs under an excitation wavelength of 388 nm. (d)
Variation of chromaticity coordinates of 1 in the decay time range from 11.50 to 20.00 μs under an excitation wavelength of 388 nm. (e) TRES of 1 under
an excitation wavelength of 287 nm (6.60−11.50 μs). (f) TRES of 1 under thean excitation wavelength of 287 nm (11.50−20.00 μs). (g) Variation of
chromaticity coordinates of 1 in the decay time range from 6.60 to 11.50 μs under an excitation wavelength of 287 nm. (h) Variation of chromaticity
coordinates of 1 in the decay time range from 11.50 to 20.0 μs under an excitation wavelength of 287 nm.

Figure 8. Possible energy transfer diagram from ST fragments to Dy3+

ion upon photoexcitation in 1.
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band centered at ca. 477 nm due to the 3T1u →
1A1g transition

from the O→MLMCT triplet state of ST fragments. During the
course of the excited electrons from the 3T1u triplet state to the
1A1g ground state, the nonradiative process derived from
hydrogen bonding vibration interactions between [H2N-
(CH3)2]

+ cations and ST fragments dissipate the partial energy
of the excited electrons at the 3T1u triplet state, which to some
degree impairs the emission of the excited electrons from the
3T1u triplet state to the 1A1g ground state. Moreover, when the
remaining electrons jump from the 3T1u triplet state back to the
1A1g ground state, most of them are trapped by Dy3+ ions to
sensitize the emission of Dy3+ ions, leading to energy transfer
from ST fragments to Dy3+ ions.60 The remaining excited
electrons directly relax to the 1A1g ground state via radiative
transition.
Second, to compare the fluorescence properties of various 1@

CTA nanomaterials in the UV−vis region, 35 mg portion of 1@
CTA nanomaterials under different reaction conditions were
respectively compressed into individual round tablets using a
manual tablet compressing machine under 2.5 MPa pressure. As
illustrated in Figure 9a, the emission spectra of 1@CTA-3min,
1@CTA-5min, 1@CTA-10min, 1@CTA-15min, 1@CTA-
30min, and 1@CTA-60min under excitation at 388 nm all
display three noticeable characteristic emission peaks centered at
ca. 484 (4F9/2→

6H15/2), 573 (
4F9/2→

6H13/2), and 664 (
4F9/2→

6H11/2) nm of Dy3+ ions and a broad emission band in the range
of 450−530 nm derived from the 3T1u→

1A1g transition of the O
→ W LMCT triplet states of ST fragments, in which the broad
3T1u →

1A1g emission band of ST fragments overlaps with the
4F9/2 → 6H15/2 emission peak of Dy3+ ions. Obviously, the
emission bands of ST fragments in the emission spectra of 1@
CTA nanomaterials at various times are more obvious than that
of 1, the main reason for which may be that hydrogen-bonding

interactions between CTA+ cations and ST fragments are weaker
than those between [H2N(CH3)2]

+ cations and ST fragments. In
addition, the C−H···O hydrogen-bonding vibration between
CTA+ cations and ST fragments is smaller than the N−H···O
hydrogen-bonding vibration between [H2N(CH3)2]

+ cations
and ST fragments; thus, the dissipating energy nonradiative
process of the excited electrons at the 3T1u triplet state derived
from hydrogen-bonding vibration interactions between CTA+

cations and ST fragments is smaller than that between
[H2N(CH3)2]

+ cations and ST fragments, which leads to the
emission bands of ST fragments in the emission spectra of 1@
CTA nanomaterials being stronger than those of 1. In addition, it
can apparently be seen that the emission intensities of ST
fragments and Dy3+ ions in 1@CTA-5min are the strongest
among 1@CTA nanomaterials at varying times while the
emission intensities of ST fragments and Dy3+ ions in 1@
CTA-10min, 1@CTA-15min, 1@CTA-30min, and 1@CTA-
60min gradually decrease with increases in the stirring time
(Figure 9a). Such a variation trend of the emission intensities of
ST fragments and Dy3+ ions in 1@CTA nanomaterials at varying
times can be explained from their morphology change (Figure
S6). As shown in Figure S6, in the beginning, since the stirring
time of the samples of 1@CTA-3min is too short, the samples of
1@CTA-3min do not yet form smaller nanoparticles, and the
excitation light cannot effectively excite the luminescence centers
in the nanoparticles; therefore, the emission intensities of ST
fragments and Dy3+ ions are comparatively lower. When the
stirring time is increased to 5 min, the samples of 1@CTA-5 min
form uniform smaller nanoparticles and do not evidently
agglomerate, which leads to the most intense emission intensities
of ST fragments and Dy3+ ions, mainly because the excitation
light can maximally irradiate the nanoparticles of 1@CTA-5 min
and promote it to emit the strongest emission.64 Upon an
increase in the stirring time, the agglomeration extent of 1@CTA

Figure 9. (a) Emission spectra of 1@CTA-3min, 1@CTA-5min, 1@CTA-10min, 1@CTA-15min, 1@CTA-30min, and 1@CTA-60min under
excitation at 388 nm. (b) Emission spectra of 1@CTA-RT, 1@CTA-40°C, 1@CTA-60°C, 1@CTA-80°C, and 1@CTA-100°C under excitation at 388
nm. (c) PL decay time curves of 1@CTA-3min, 1@CTA-5min, 1@CTA-10min, 1@CTA-15min, 1@CTA-30min, and 1@CTA-60min collected by
monitoring the emission peak of 574 nm under excitation at 388 nm. (d) PL decay time curves of 1@CTA-RT, 1@CTA-40°C, 1@CTA-60°C, 1@
CTA-80°C, 1@CTA-100°C, and 1@CTA-100°C collected by monitoring the emission peak of 574 nm under excitation at 388 nm. (e) Comparison of
emission intensities of the 4F9/2 →

6H13/2 transitions and average lifetimes of 1@CTA-3min, 1@CTA-5min, 1@CTA-10min, 1@CTA-15min, 1@
CTA-30min, and 1@CTA-60min. (f) Comparison of emission intensities of the 4F9/2 →

6H13/2 transitions and average lifetimes of 1@CTA-RT, 1@
CTA-40°C, 1@CTA-60°C, 1@CTA-80°C, and 1@CTA-100°C.
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nanomaterials generally increases (from 1@CTA-10min to 1@
CTA-15min, 1@CTA-30min, and 1@CTA-60min); the
excitation light again cannot effectively excite the luminescence
centers in the nanoparticles, which result in a decrease in the
emission intensities of ST fragments and Dy3+ ions.65 Similarly,
the emission intensities of ST fragments and Dy3+ ions of 1@
CTA-RT, 1@CTA-40°C, 1@CTA-60°C, and 1@CTA-80°C
gradually increase with an increase in the reaction temperature,
but the emission intensities of ST fragments and Dy3+ ions of 1@
CTA-100°C decrease. The emission intensities of ST fragments
Dy3+ ions in 1@CTA-80°C are the strongest among 1@CTA
nanomaterials at varying temperatures. This evolution can be
explained from the intrinsic morphology change of these
nanomaterials (Figure S7).66 In addition, the PL decay time
curves of all the 1@CTA nanomaterials at varying times and
temperatures have been also collected (Figure 9c,d) and conform
to the second-order exponential function (Table S1). It can be
remarkably observed from Table S1 that the average lifetimes of
all the 1@CTA nanomaterials at varying times and temperatures
are shorter than that of 1 and are very close to that of 2. This
result illustrates that the emission contributions of ST fragments
in 1@CTA nanomaterials at varying times and temperatures are
larger than that of ST fragments in 1, which is in good agreement
with the presence of the broad emission band in the range of
450−530 nm derived from the 3T1u→

1A1g transition of the O→
WLMCT triplet states of ST fragments in the emission spectra of
1@CTA nanomaterials at varying times and temperatures. As
illustrated in Figure 9e, the variation tendency of the average
lifetimes of 1@CTA nanomaterials at varying times is inversely
proportional to the variation tendency of the emission intensities
and the average lifetime of 1@CTA-5min is the shortest,
indicating that the emission contribution of ST fragments in 1@
CTA-5min is the greatest, which coincides with the observation
that the emission intensity of ST fragments in 1@CTA-5min is
the most intense compared with other time-varying 1@CTA
nanomaterials (Figure 9a). Similarly, it is very clearly seen from

Figure 9f that the variation tendency of the average lifetimes of
temperature-varying 1@CTA nanomaterials is also inversely
proportional to the variation tendency of the emission intensities
and the average lifetime of 1@CTA-80°C is the shortest,
indicating that the emission contribution of ST fragments in 1@
CTA-80°C is the greatest, which is in accordance with the
observation that the emission intensity of ST fragments in 1@
CTA-80°C is the strongest in comparison with other 1@CTA
nanomaterials at varying temperatures (Figure 9b). These results
illustrate that reaction time and temperature not only can
influence the morphology change of 1@CTA nanoparticles but
also can tune the PL properties of 1@CTA composite materials,
which show a potential control method to regulate the PL
performances of RESPMs.
In order to probe the energy transfer between ST fragments

and Dy3+ ions in 1@CTA nanomaterials, we selected 1@CTA-
5min with the strongest fluorescence emission as a representa-
tive to test its TRES. As shown in Figure 10a, upon excitation at
388 nm, the weak broad emission band of ST fragments arises
first at the beginning of excitation (8.00−11.70 μs), but the
characteristic emission peaks of Dy3+ ions gradually emerge in
the emission spectrum as time increases. The emission intensities
are the strongest at 11.70 μs; after that, the intensities of both ST
fragments and Dy3+ centers decrease with increasing time
(11.70−20.00 μs). Apparently, the PL decay rate of the emission
intensity of ST fragments is faster than that of Dy3+ centers with
elapsed time (Figure 10b), and ultimately, the emission peak of
ST fragments disappears, only leaving the characteristic peaks of
Dy3+ ion, which indicates the energy transfer from ST fragments
to Dy3+ ions, because the sensitization of ST fragments toward
the emission of Dy3+ ions to some extent inhibits the decrease in
the emission intensity of Dy3+ ions.63

Furthermore, the energy transfer from ST fragments to Dy3+

ion can be seen clearly in the CIE chromaticity diagram. At first,
1@CTA-5min emits a light blue light primarily stemming from
the emission of ST fragments under a light of 388 nm. Upon

Figure 10. (a) TRES of 1@CTA-5min under an excitation wavelength of 388 nm (8.00 to 11.70 μs). (b) TRES of 1@CTA-5min under an excitation
wavelength of 388 nm (11.70−20.00 μs). (c) CIE 1931 chromaticity of 1@CTA-5min in the decay time range from 8.00 to 11.70 μs under an excitation
wavelength of 388 nm. (d) CIE 1931 chromaticity of 1@CTA-5min in the decay time range from 11.70 to 20.00 μs under an excitation wavelength of
388 nm. (e) TRES of 1@CTA-5min under an excitation wavelength of 287 nm (7.40−11.30 μs). (f) TRES of 1@CTA-5min under an excitation
wavelength of 287 nm (11.30−20.00 μs). (g) CIE 1931 chromaticity of 1@CTA-5min in the decay time range from 7.40 to 11.30 μs under an excitation
wavelength of 287 nm. (h) CIE 1931 chromaticity of 1@CTA-5min in the decay time range from 11.30 to 20.00 μs under an excitation wavelength of
287 nm.
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increasing time, the fluorescence color changes from light blue to
greenish yellow, manifesting the occurrence of the energy
transfer from ST fragments to Dy3+ ions (Figure 10c,d). When
1@CTA-5min was excited upon the characteristic excitation
light (287 nm) of ST fragments, a similar energy transfer
phenomenon is also observed (Figure 10e−h).
Recently, numerous efforts have been focused on manipulat-

ing the colors of functional materials, because the modulation of
emission colors plays a significant role in diverse applications
such as lasers, optical devices, and bioimaging. Varying the
relative emission intensity by controlling the excitation wave-
length is often utilized in multicolor-encoded areas; thus, the
different excitation wavelengths can be used to tune the emission
colors of materials. Therefore, various excitation wavelengths
(352, 366, 388, 427 nm) have been used to excite 1@CTA-5min.
Under excitations at 352, 366, 388, and 427 nm, the emission
spectra of 1@CTA-5min are given in Figure 11a. Correspond-

ingly, the emission color of 1@CTA-5min shifts from cyan to
yellowish green when the excitation wavelength is changed from
352 to 427 nm (Figure 11b), the main reason for which is related
to the variation of the emission intensity ratio of ST fragments
and Dy3+ centers in 1@CTA-5min with variation in the
excitation wavelength. That is, the variation of different emission
intensities in the wavelength region of blue (470−500 nm),
yellow (570−600 nm), and red (660−690 nm) gives rise to
different light colors.67 This observation also indicates that 1@
CTA-5min shows tunable visible emission color by changes in

excitation wavelength. A similar phenomenon has been
encountered in other REOMs.68 The corresponding CIE color
coordinate values with the changes of wavelength at 352, 366,
388, and 427 nm are given in Table 2. In addition, the color

correlated temperature (CCT) values have been calculated by
the equation CCT = −437n3 + 3601n2 − 6861n + 5514.31,
wherein t n = (x − xc)/(y − yc), xc = 0.3320, and yc = 0.1858.

69 It
is noteworthy that the CIE color coordinates and CCTs of 1@
CTA-5min can vary with the change in excitation wavelength.
RE-based materials with high color purity could provide diverse
potential applications in monochromatic devices and light-
emitting diodes (OLEDs).70 Thus, the color purity parameters of
1@CTA-5min under different excitations are provided in Table
2. The above research offers us guidance that a change in the
excitation wavelength has the ability to regulate the fluorescence
colors.

■ CONCLUSIONS
In summary, the two penta-REIII encapsulated tetravacant
Dawson STs 1 and 2 were triumphantly synthesized by a one-
pot reaction assembly from commercially available simple raw
materials. Moreover, two types of 1@CTA nanosized composite
materials were prepared by a microwave method. The effects of
time and temperature on the morphology of 1@CTA nanosized
composite materials were characterized by SEM techniques. The
PL properties and possible luminous mechanism of 1 and 1@
CTA nanosized composite materials were investigated. Accord-
ing to the analytical results, the 1@CTA-5min nanomaterial
shows the highest PL emission among the 1@CTA nanoma-
terials because of its the highly uniform small-sized nanoparticles.
The energy transfer from ST fragments to Dy3+ ions was proved
by TRES and changes of CIE coordinates with elapsed time. This
work offers meaningful guidance for the further development of
novel luminescent RESPMs and surfactant-encapsulated nano-
sized luminescent RESPMs. The cationic surfactants not only
can regulate the morphology of nanosized luminescent RESPMs
but also can tune the luminescent properties of nanosized
luminescent RESPMs. Our future work will continue to exploit
valuable luminescent RESPMs with multicolor-tuning optical
behaviors.
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