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ABSTRACT: A family of unprecedented tellurotungstate-based organotin−rare-
earth (RE) heterometallic hybrids [H2N(CH3)2]6H12Na2 {[Sn(CH3)W2O4(IN)]-
[(B-α-TeW8O31)RE(H2O) (Ac)]2}2·25H2O [RE = CeIII (1), PrIII (2), NdIII (3),
SmIII (4), EuIII (5), GdIII (6), TbIII (7); HIN = isonicotinic acid, HAc = acetic
acid] were synthesized and characterized by elemental analyses, IR spectra, UV
spectra, thermogravimetric analyses, powder X-ray diffraction, and single-crystal
X-ray diffraction. The polyoxoanionic skeletons {[Sn(CH3)W2O4(IN)][(B-α-
TeW8O31)RE(H2O) (Ac)]2}2

20− of 1−7 are constructed from two symmetrical
units {[Sn(CH3)W2O4(IN)][(B-α-TeW8O31)RE(H2O) (Ac)]2}

10− linked by two
acetate connectors, which not only represent the first inorganic−organic hybrid
RE-substituted tellurotungstates involving three different organic ligands, but also
stand for the first samples of organotin−RE heterometallic polyoxometalate
derivatives. The solid-state luminescent emission properties of 2−5 mainly display the characteristic emission bands of REIII

cations, whereas during the emission procedure of 7, [B-α-TeW8O31]
10− segments make a nonignorable contribution to the PL

behavior of 7 accompanying by the occurrence of the intramolecular energy transfer from O→W LMCT energy to Tb3+ centers.
Furthermore, 4@CTAB composites with peanutlike and honeycombed morphologies were prepared by a surfactant
cetyltrimethylammonium bromide (CTAB). The time-resolved emission spectra of the 4@CTAB composite with CTAB/4 =
0.033/0.05 consolidate the energy transfer from CTAB to REIII centers. Variable-temperature magnetic susceptibility
measurements for 2, 3, and 4 were performed.

1. INTRODUCTION

The design and fabrication of novel polyoxometalate (POM)-
based materials (PBMs) have stimulated considerable interest
since the first putative POM was discovered in 1826 because of
their extraordinary structural versatility and various potential
applications ranging from catalysis, medicine, and magnetism to
materials sciences and nanotechnology.1−9 In the past several
decades, PBMs have witnessed great progress in the transition-
metal (TM), rare-earth (RE), and organometal derivatives.
Furthermore, remarkable results are unremittingly achieved in
the large domains of inorganic or organic−inorganic hybrid
TM-, RE-, TM−RE-incorporated PBMs as well as a
tremendous number of organometal-functionalized PBMs.10−22

Although there are several reports on POM-based organo-
metal-TM heterometallic materials recently,23−28 to the best of
our knowledge, no POM-based organometal−RE heterometal-
lic materials have been documented, which is probably related
to the fact that the majority of reported organometallic PBMs
(such as organosilicon, organophosphorus, organogermanium,
etc.) were made in organic solvents,17 which to a great extent
hinders the incorporation of RE ions into the synthetic system.
Delightedly, the recent development of organotin groups as
excellent candidates for the isolation of organotin-encapsulated

PBMs performed in water reagents has made it possible to
prepare POM-based organotin−RE heterometallic materials
(PBORHMs).29,30 This background provides us an excellent
opportunity and a great possibility to further explore this
research realm. Thus, with the aim of creating novel
PBORHMs, we launched intensive explorations on the
organotin−RE−tellurotungstate system by the one-pot self-
assembly strategy in the participation of organic ligands based
on the following considerations: (a) organotin groups are
water-soluble and the similar sizes of SnIV to WVI facilitate the
direct grafting of organotin fragments into the defect sites of
polyoxoanions, particularly, the electrophile [(CH3)2Sn]

2+

group has demonstrated the feasibility in constructing novel
structures in the lone-electron-pair-containing heteropolyox-
otungstate system;17,29,30 (b) the lone-electron-pair active
trigonal-pyramidal-TeO3 group can to some extent prevent
the formation of closed POM skeletons; meanwhile, the
elaborative combination of low-valence TeIV ions with simple
tungstates are beneficial to the generation of highly negative
charge POM segments in the self-assembly process and thereby
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inducing much more RE and [(CH3)2Sn]
2+ electrophiles as

linkers to generate polymeric PBORHMs; (c) the synergistic
effect of three kinds of organic solubilizers [dimethylamine
hydrochloride, acetic acid (HAc), and isonicotinic acid (HIN)]
can effectively improve the reactivity of in situ formed
tellurotungstate fragments with RE3+ cations in aqueous
medium;22 moreover, organic carboxylic acid solubilizers can
also serve as the connectors to combine different metal centers
together, which favor to give rise to novel inorganic−organic
hybrid PBORHMs with intriguing structures and properties. In
this article, we report the first class of unseen PBORHMs
[H2N(CH3)2]6H12Na2{[Sn(CH3)W2O4(IN)][(B-α-TeW8O31)-
RE(H2O) (Ac)]2}2·25H2O {Sn2RE4Te4W36} [RE = CeIII (1),
PrIII (2), NdIII (3), SmIII (4), EuIII (5), GdIII (6), TbIII (7)]
(Scheme S1, Supporting Information), which are characterized
by elemental analyses, IR spectra, UV spectra, single-crystal X-
ray diffraction (XRD), powder X-ray diffraction (PXRD), and
thermogravimetric (TG) analyses. The photoluminescence
(PL) properties of 2−5 and magnetic properties of 2, 3, and
4 were investigated. Moreover, 4@CTAB (CTAB =
cetyltrimethylammonium bromide) composites were prepared,
and the peanutlike and honeycombed morphologies of 4@
CTAB composites can be tuned by the usage of CTAB. The PL
behaviors of 4 and 4@CTAB composites were comprehen-
sively probed, revealing that the morphology and the size of
composites and the interactions between CTAB and 4 can
affect the PL emission. The energy transfer phenomenon from
CTAB to RE3+ ions in 4@CTAB composites was verified by
the time-resolved emission spectra (TRES) measurements.

2. EXPERIMENTAL SECTION
Materials and Physical Measurements. All chemicals were

commercially purchased and used without further purification. C, H,
and N elemental analyses were performed on a Perkin−Elmer 2400−II
CHNS/O analyzer. Inductively coupled plasma atomic emission
spectrometry analyses were measured on a Perkin−Elmer Optima
2000 ICP-AES spectrometer. IR spectra were recorded on a Bruker
Vertex 70 IR spectrometer from solid samples palletized with KBr in
the range of 4000−450 cm−1. PXRD patterns were collected on a
Bruker AXS D8 Advance diffractometer instrument with Cu Kα
radiation (λ = 1.540 56 Å) at 293 K. UV spectra were recorded on a
Hitachi U-4100 UV−vis−near-IR spectrometer. TG analyses were
conducted using a Mettler−Toledo TGA/SDTA 851e instrument
under a flowing N2 atmosphere with a heating rate of 10 °C min−1

from 25 to 1000 °C. PL spectra and excitation-wavelength-dependent
PL spectra were recorded on an FLS 980 Edinburgh Analytical
Instrument apparatus equipped by a 450 W xenon lamp. PL decay
lifetime and time-resolved emission spectra were measured using a
μF900H high-energy microsecond flash lamp as the excitation source.
Variable-temperature magnetic measurements were conducted on the
Quantum Design SQUID magnetometer (MPMS−VSM) in the range
of 1.8−300 K. The as-prepared 4@CTAB composites were
characterized by scanning electron microscope (SEM) using JSM−
7610F microscope. Samples for SEM measurements were obtained by
evaporating a drop of the suspension (precipitate in ethanol) onto a
silicon pellet supported by gold spraying.
[H2N(CH3)2]6H12Na2{[Sn(CH3)W2O4(IN)][B-α-TeW8O31Ce(H2O)

(Ac)]2}2·25H2O (1). Na2WO4·2H2O (2.003 g, 6.060 mmol), K2TeO3
(0.201 g, 0.788 mmol), isonicotinic acid (0.150 g, 1.218 mmol),
dimethylamine hydrochloride (1.002 g, 12.220 mmol), and 0.5 mL of
glacial acetic acid were dissolved in 20 mL of distilled water under
stirring. After it was stirred for 10 min, Ce(NO3)3·6H2O (0.250 g,
0.576 mmol) and (CH3)2SnCl2 (0.252 g, 1.140 mmol) were
consecutively added to the solution, and the final pH of the solution
was kept at 4.5 by 6 mol L−1 HCl. This solution was stirred for another
10 min, heated at 90 °C for 2 h, cooled to room temperature, and

filtered. The filtrate was left to evaporate slowly for crystallization.
Yellow block crystals of 1 were isolated after two weeks. Yield: 0.23 g
(14.19% based on Ce(NO3)3·6 H2O). Anal. Calcd (%): C, 3.50; H,
1.83; N, 0.96; Na, 0.39; W, 56.65; Ce, 4.80; Sn, 2.03. Found: C, 3.63;
H, 1.95; N, 1.03; Na, 0.52; W, 56.78; Ce, 4.61; Sn, 2.18.

[H2N(CH3)2]6H12Na2{[Sn(CH3)W2O4(IN)][B-α-TeW8O31Pr(H2O)
(Ac)]2}2·25H2O (2). The synthesis of 2 is similar to 1 except for
Pr(NO3)3·6H2O (0.250 g, 0.575 mmol) instead of Ce(NO3)3·6H2O.
Green block crystals of 2 were obtained. Yield: 0.23 g (14.19% based
on Pr(NO3)3·6H2O). Anal. Calcd (%): C, 3.49; H, 1.83; N, 0.96; Na,
0.39; W, 56.64; Pr, 4.82; Sn, 2.03. Found: C, 3.58; H, 1.97; N, 1.12;
Na, 0.46; W, 56.80; Pr, 4.70; Sn, 2.20.

[H2N(CH3)2]6H12Na2{[Sn(CH3)W2O4(IN)][B-α-TeW8O31Nd(H2O)
(Ac)]2}2·25H2O (3). The synthesis of 3 is similar to 1 except for
Nd(NO3)3·6H2O (0.250 g, 0.570 mmol) instead of Ce(NO3)3·6H2O.
Purple block crystals of 3 were obtained. Yield: 0.22 g (13.58% based
on Nd(NO3)3·6H2O). Anal. Calcd (%): C, 3.49; H, 1.83; N, 0.96; Na,
0.39; W, 56.57; Nd, 4.93; Sn, 2.03. Found: C, 3.57; H, 1.94; N, 1.05;
Na, 0.51; W, 56.77; Nd, 4.86; Sn, 2.20.

[H2N(CH3)2]6H12Na2{[Sn(CH3)W2O4(IN)][B-α-TeW8O31Sm(H2O)
(Ac)]2}2·25H2O (4). The synthesis of 4 is similar to 1 except for
Sm(NO3)3·6H2O (0.250 g, 0.562 mmol) instead of Ce(NO3)3·6H2O.
Light yellow block crystals of 4 were obtained. Yield: 0.21 g (12.96%
based on Sm(NO3)3·6H2O). Anal. Calcd (%): C, 3.48; H, 1.82; N,
0.96; Na, 0.39; W, 56.45; Sm, 5.13; Sn, 2.03. Found: C, 3.61; H, 1.98;
N, 1.11; Na, 0.47; W, 56.58; Sm, 4.97; Sn, 2.17.

[H2N(CH3)2]6H12Na2{[Sn(CH3)W2O4(IN)][B-α-TeW8O31Eu(H2O)
(Ac)]2}2·25H2O (5). The synthesis of 5 is similar to 1 except for
Eu(NO3)3·6H2O (0.250 g, 0.560 mmol) instead of Ce(NO3)3·6H2O.
Colorless block crystals of 5 were obtained. Yield: 0.21 g (12.96%
based on Eu(NO3)3·6H2O). Anal. Calcd (%): C, 3.48; H, 1.82; N,
0.96; Na, 0.39; W, 56.42; Eu, 5.18; Sn, 2.02. Found: C, 3.62; H, 1.92;
N, 1.05; Na, 0.49; W, 56.55; Eu, 5.01; Sn, 2.14.

[H2N(CH3)2]6H12Na2{[Sn(CH3)W2O4(IN)][B-α-TeW8O31Gd(H2O)
(Ac)]2}2·25H2O (6). The synthesis of 6 is similar to 1 except for
Gd(NO3)3·6H2O (0.250 g, 0.554 mmol) instead of Ce(NO3)3·6H2O.
Colorless block crystals of 6 were obtained. Yield: 0.19 g (11.73%)
based on Dy(NO3)3·6H2O. Anal. Calcd (%): C, 3.47; H, 1.82; N, 0.95;
Na, 0.39; W, 56.32; Gd, 5.35; Sn, 2.02. Found: C, 3.58; H, 2.01; N,
1.00; Na, 0.42; W, 56.41; Gd, 5.29; Sn, 2.18.

[H2N(CH3)2]6H12Na2{[Sn(CH3)W2O4(IN)][B-α-TeW8O31Tb(H2O)
(Ac)]2}2·25H2O (7). The synthesis of 7 is similar to 1 except for
Tb(NO3)3·6H2O (0.250 g, 0.552 mmol) instead of Ce(NO3)3·6H2O.
Colorless block crystals of 7 were obtained. Yield: 0.17 g (10.55%)
based on Tb(NO3)3·6H2O. Anal. Calcd (%): C, 3.47; H, 1.82; N, 0.95;
Na, 0.39; W, 56.29; Tb, 5.41; Sn, 2.02. Found: C, 3.65; H, 1.96; N,
1.07; Na, 0.45; W, 56.37; Tb, 5.36; Sn, 2.13.

Preparations of Various 4@CTAB Composites. A solution of
0.050 g of presynthesized 4 dissolving in 5 mL of distilled water was
added to the solution of 5 mL of ethanol containing 0.011 g of CTAB
under ultrasonic stirring. A resulting turbid suspension was
centrifugally separated, and the precipitate was collected, washed
with ethanol three times, and dried in the oven at 40 °C for 1 h.
Similarly, other 4@CTAB composites can be obtained by 0.033, 0.066,
0.099, 0.132, or 0.165 g of CTAB instead of 0.011 g CTAB.

X-ray Crystallography. High-quality crystals of 1−7 were picked
from their mother liquors and sealed in a capillary tube for data
collection. Their intensity data were collected on a Bruker Apex II
diffractometer equipped with a CCD bidimensional detector with the
graphite-monochromated Mo Kα radiation (λ = 0.710 73 Å) at 296(2)
K. Data reduction was executed by the SAINT software suite.31 The
absorption correction was based on multiple and symmetry-equivalent
reflections in the data set using the SADABS program.32 These
structures were determined by direct methods and refined by means of
full-matrix least-squares on F2 using the SHELXTL-97 program
package.33,34 All non-hydrogen atoms were refined anisotropically
except for some oxygen, nitrogen, and carbon atoms and water
molecules. All hydrogen atoms associated with carbon and nitrogen
atoms were geometrically placed and isotropically refined using a
riding mode by the default SHELXTL parameters. All non-hydrogen
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atoms except for oxygen, carbon, and nitrogen atoms and water
molecules were anisotropically refined. No hydrogen atoms attached
to water molecules were located from the difference Fourier map. For
1−7, there are still solvent-accessible voids in the check cif reports of
crystal structures, suggesting that some water molecules should exist in
the structures that cannot be found from the weak residual electron
peaks. These water molecules are highly disordered, and attempts to
locate and refine them were unsuccessful. On the basis of elemental
analyses and TG analyses, another 13 water molecules were directly
added to the molecular formula. Crystal data and structure refinements
for 1−7 are listed in Table 1.

3. RESULTS AND DISCUSSION

Structural Description. The experimental PXRD patterns
for 1−7 are well consistent with the simulated XRD patterns
from the single-crystal diffraction data, demonstrating the high
phase purity of the samples used for the property measure-
ments (Figure S1, Supporting Information). Bond valence sum
(BVS) calculations reveal that the chemical valences of all RE,
Te, and W atoms are +3, +3, and +6, respectively (Table S1,
Supporting Information).
1−7 are isomorphous and crystallize in the triclinic space

group P1 ̅, representing the first inorganic−organic hybrid
organotin−RE heterometallic tellurotungstates;35,36 thus, only
the structure of 3 is described. Structural analysis reveals that 3
displays a unique tetrameric polyoxoanionic skeleton {[Sn-
(CH3)W2O4(IN)][(B-α-TeW8 O31)Nd(H2O) (Ac)]2}2

20−

(Figure 1a) that is assembled from two symmetrical units
{[Sn(CH3)W2O4(IN)][(B-α-TeW8O31)Nd(H2O) (Ac)]2}

10−

{SnNd2Te2W18} (Figure 1b) linked by two Ac− connectors
(Figure S2, Supporting Information). The dimeric
{SnNd2Te2W18} unit consists of a [(B-α-TeW8O31)2-

W2O4(IN)]
17− moiety (Figure 1c) made of two rare tetravacant

[B-α-TeW8O31]
10− subunits (Figure 2a) sandwiching a vertex-

sharing IN-decorated [W2O4(IN)]
3+ group, a functionalized

[Sn(CH3)]
3+ group, a supporting {Nd(H2O) (Ac)}

2+ segment,
and a bridging {Nd(H2O) (Ac)}2+ cation (Figure 1d−g). In
{SnNd2Te2W18}, two crystallographically independent Nd3+

ions (Nd13+ and Nd23+) (Figure 1d,f) embedded in the vacant
sites of the tetralacunary [B-α-TeW8O31]

10− moieties reveal the
nonacoordinate severely distorted tricapped trigonal prism
geometries defined by four O atoms from a [B-α-TeW8O31]

10−

fragment, one O atom from the [W2O4(IN)]
3+ segment, one O

atom from a terminal water molecule and three carboxyl O
atoms from one IN− ligand and one Ac− ligand for the Nd13+

ion, and three carboxyl O atoms from one IN− ligand and one
Ac− ligand for the Nd13+ ion, and three carboxyl O atoms from
Ac− ligands for the Nd23+ ion (Figure 2b−e). It is worth noting
that during the preparation of 3, the initial material [Sn-
(CH3)2]

2+ undergoes a demethylated structural conversion into
the [Sn(CH3)]

3+ group (Figure 1e) for the sake of reducing
steric hindrance and enhancing cohesion of the structure as it
subtly accommodates the insertion between two [B-α-
TeW8O31]

10− subunits by coordinating to O atoms from the
equatorial belt W centers via four Sn−O bonds and exhibits a
peculiar pentacoordinate square pyramid configuration (Figure
2g−h), which is first observed in the organotin-based POM
chemistry. The ditungsten metal−organic unit [W2O4(IN)]

3+

(Figure 1g) located in the central belt of the {SnNd2Te2W18}
unit encompasses two parallel distributed W atoms linked via a

Figure 1. (a) The tetrameric skeleton of 3. (b) The symmetric dimeric
unit of 3. (c) The [(B-α-TeW8O31)2W2O4(IN)]

17− fragment. (d, f)
Coordination modes of Nd13+ and Nd23+ cations. (e) The
demethylated [Sn(CH3)]

3+ group. (g−i) The [W2O4(IN)]
3+ segment

formed by two vertex-sharing {WO6} units and an IN− ligand. (j, k)
The rare [B-α-TeW8O31]

10− subunit. (l) The common [B-α-
TeW9O33]

8− building unit.

Figure 2. (a) The [B-α-TeW8O31]
10− unit formed by the removal of

one {WO6} octahedron from the common [B-α-TeW9O33]
8− building

block. (b, c) The {Nd1(H2O) (Ac)} moiety and the nonacoordinate
severely distorted tricapped triangular prism geometry of Nd13+ cation
defined by four O atoms deriving from one [B-α-TeW8O31]

10−

fragment, one O atom from the [W2O4(IN)]
3+ segment, one O

atom from a terminal water molecule, one carboxyl O atom of an IN−

ligand and two carboxyl O atoms from one Ac− ligand. (d, e) The
{Nd2(H2O) (Ac)} moiety and the nonacoordinate severely distorted
tricapped triangular prism geometry of Nd23+ ion defined by four O
atoms deriving from one [B-α-TeW8O31]

10− fragment, one O atom
from the [W2O4(IN)]

3+ segment, one O atom from a terminal water
molecule, and three carboxyl O atoms from two Ac− ligands. (f) The
IN−-decorated metal−organic [W2O4(IN)]

3+ unit. (g) The [Sn-
(CH3)]

3+ group and the coordination geometry of the Sn4+ cation.
Symmetry codes: A: −x, 1 − y, 1 − z.
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vertex-sharing O atom, and one of the W atoms is directly
bonded to a decorated IN− ligand (Figure 1h,i and Figure 2f),
which at the same time, is grafted to a [Nd(H2O) (Ac)]2+

ornament (Figure S3, Supporting Information). In other words,
two carboxyl O atoms deriving from the IN− ligand are
synchronously captured by the {W2O4} group and one
coordination sphere of Nd13+ cation. Notably, the coordination
of IN− ligand to both W and RE centers by means of carboxyl
O atoms is rare within a POM, while coordination to either of
them is common.37−44 Although various tellurotungstate
polyoxoanion fragments have been obtained through the one-
pot self-assembly strategy (Figure 3),45−53 the unusual [B-α-
TeW8O31]

10− (Figure 1j,k) unit that can be reasonably
described as the cleavage of a single W center from the
common [B-α-TeW9O33]

8− (Figure 1l) building block was not
reported previously, which is structurally related to the [B-α-
SbW8O31]

11− unit first reported in [{RE(H2O)}{RE(pic)}-
(Sb3O4)(B-α-SbW8O31)(B-α-SbW10O35)]2

24− (RE = TbIII,
DyIII, HoIII; pic = picolinic acid).37 Thus, it can be drawn a
summary that two [B-α-TeW8O31]

10− units incorporating two
[Nd(H2O) (Ac)]2+ fragments into the vacant sites are fused
together by a metal−organic [W2O4(IN)]

3+ segment and a
demethylated [Sn(CH3)]

3+ group giving rise to an intriguing
inorganic−organic hybrid dimer {SnNd2Te2W18}, in which the
{Nd(H2O) (Ac)}2+ fragment works as the bridge via the Ac−

ligand in a μ3-O connection motif to link two symmetrical
dimeric units, generating a fantastic tetrameric aggregate
{Sn2Nd4Te4W36}. Some remarkable features should be noted
in 1−7: (i) {Sn2RE4Te4W36} illustrates the first case of
inorganic−organic hybrid RE-containing tellurotungstates; (ii)
{Sn2RE4Te4W36} is the only one example of RE-substituted
POMs involving three distinct organic ligands by far; (iii)
{Sn2RE4Te4W36} sets a precedent for a new territory of
PBORHMs. In addition, discrete {{Sn2RE4Te4W36} polyox-
oanions are regularly distributed in the −AAA− mode along the
b and c axes (Figure 4), and the three-dimensional (3D)
supramolecular structure is built by the H-bonding interactions
(Figure S4, Supporting Information).
IR Spectra. The structural characteristics of 1−7 are further

ascertained by IR spectra from solid samples palletized with
KBr in the range of 4000−450 cm−1 (Figure S5, Supporting
Information). It is easy to discover that all the IR spectra
possess similar vibration patterns, demonstrating that 1−7 have
the same basic structural frameworks, which are well consistent
with the results of single-crystal X-ray analyses. In the low
wavenumber (ν < 1000 cm−1) region, several characteristic

vibrations appearing at 953, 881, 813, and 673 cm−1 for 1, 954,
882, 817, and 667 cm−1 for 2, 955, 884, 816, and 673 cm−1 for
3, 953, 883, and 667 cm−1 for 4, 956, 883, 820, and 673 cm−1

for 5, 956, 880, 793, and 656 cm−1 for 6, and 956, 880, 791, and
650 cm−1 for 7 are, respectively, ascribed to the ν(W−Ot),
ν(W−Ob), and ν(W−Oc) vibrations derived from the
tetravacant Keggin [B-α-TeW8O31]

10− fragments. The peak at
704 cm−1 for 1, 705 cm−1 for 2, 704 cm−1 for 3, 703 cm−1 for 4,
704 cm−1 for 5, 700 cm−1 for 6, and 698 cm−1 for 7 can be
identified as ν(Te−O) vibrations based on the IR spectrum of
K2TeO3 showing a strong band around 700 cm−1. Apparent
shifts are observed in 1−7 in comparison with the
polyoxoanion [Te2W17O61]

12− [946, 855, 766, 689, and 643
cm−1] that consists of two [B-β-TeW8O31]

10− building blocks
linked by a {WO2} group,47 which may result from the
configuration transformation from [B-β-TeW8O31]

10− to [B-α-
TeW8O31]

10− as well as the implanting of the metal−organic
moiety {W2O4(HIN)}

4+ and {Nd(H2O) (Ac)}
2+ segments into

the defects of [B-α-TeW8O31]
10− skeletons. In the high

wavenumber (ν > 1000 cm−1) region, the weak peak at 1196
cm−1 for 1, 1196 cm−1 for 2, 1195 cm−1 for 3, 1194 cm−1 for 4,
1196 cm−1 for 5, 1194 cm−1 for 6, and 1195 cm−1 for 7 is
assigned to the δs(CH3) vibration in methyltin derivatives,

Figure 3. Various tellurotungstate building blocks observed in reported TeIV-containing lacunary polytungstates.

Figure 4. (a) The 3D stacking mode of 3 along a-axis. (b) The
simplified 3D stacking mode of 3 along a-axis.
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which is in good accordance with the previously reported
methyltin-functionalized POMs.53,54 The peaks at 3113−3150
cm−1 are ascribed to the N−H stretching vibrations, and the
signals at 2793−2799 cm−1 are assigned as the C−H stretching
vibrations, illustrating the presence of monprotonated
dimethylamine cations. Furthermore, the resonances at
1625−1630 cm−1 and 1399−1406 cm−1 are, respectively,
assigned to the asymmetric stretching vibration (νas) and
symmetric stretching vibration (νs) of carboxylate (CO2

−)
groups. Generally speaking, the interval [Δν = νas(CO2

−) −
νs(CO2

−)] between νas(CO2
−) − νs(CO2

−) provides a credible
way to judge the coordination mode of CO2

− groups.55,56 Thus,
in 1−7, the Δν of 224−226 cm−1 indicates the CO2

− groups
mainly adopt bridging fashions in the structures. Besides, the
broad vibration bands situated in the range of 3499−3438 cm−1

are response for the existence of water molecules. However, the
RE−O stretching vibrations of 1−7 are absent in the IR scope,
which may be in relation to the prominent ionic interactions
between the tetravacant [B-α-TeW8O31]

10− segments and RE3+

cations.57,58

Photoluminescence (PL) Properties. The solid-state
near-infrared (NIR) PL properties of 2, 3, and 4 and visible

PL properties of 4, 5, and 7 were studied at room temperature
(Figures 5 and 6 and Figure S6, Supporting Information). In
contrast to other RE3+ ions, Pr3+ ions are of particular interest
and versatile, since they can exhibit emission lines from three
different levels (3P0,

1D2, and
1G4) under excitation, thereby

producing a more complicated luminescent behavior.59

Generally, transitions from the 1D2 level are more likely than
those from the 3P0 level on account that radiative transitions are
more prone to occur under the condition of larger energy
gaps.60 Upon excitation at 447 nm, the NIR emission spectrum
of 2 shows three typical emission bands at 869, 1035, and 1498
nm, which can be assigned to the 1D2→

3F2,
1D2→

3F4, and
1D2→

1G4 transitions of Pr
3+ ions, respectively (Figure 5a).56 By

detecting the strongest 1D2→
3F4 transition, the excitation

spectrum of 2 was collected, and two excitation bands located
at 447 and 470 nm were clearly observed, attributable to the
3H4→

3P2 and
3H4→

3P1 +
1I6 transitions of the Pr

3+ ions (Figure
5b).61 Besides, the luminescence decay curve obtained by
monitoring the 1D2→

3F4 emission at 1053 nm (Figure 5c) can
be fitted to a second-order exponential function as I = A1

exp(−t/τ1) + A2 exp(−t/τ2) (τ1 and τ2 are the fast and slow

Figure 5. (a) The solid-state NIR emission spectrum of 2 (λex = 447 nm) at room temperature. (b) The solid-state excitation spectrum of 2 (λem =
1035 nm) at room temperature. (c) The luminescence decay curve of 2 by monitoring the emission at 1035 nm. (d) The solid-state NIR emission
spectrum of 3 (λex = 583 nm) at room temperature. (e) The solid-state excitation spectrum of 3 (λem = 1062 nm) at room temperature. (f) The
luminescence decay curve of 3 by monitoring the emission at 1062 nm. (g) The solid-state emission NIR spectrum of 4 (λex = 404 nm) at room
temperature. (h) The solid-state excitation spectrum of 4 (λem = 941 nm) at room temperature. (i) The luminescence decay curve of 4 by
monitoring the emission at 941 nm.
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components of the luminescence lifetimes; A1 and A2 are the
pre-exponential factors), affording lifetimes of τ1 = 0.73 μs
(45.88%) and τ2 = 8.76 μs (54.12%). The average lifetime of 2
is determined by the given formula τ = (A1τ1

2 + A2τ2
2)/(A1τ1 +

A2τ2),
62 providing the average lifetime of 2 to be 5.07 μs (Table

S2, Supporting Information). The NIR emission spectrum of 3
under the excitation at 583 nm (Figure 5d) exhibits three
characteristic emission bands at 898, 1062, and 1333 nm,
corresponding to the 4F3/2→

4I9/2,
4F3/2→

4I11/2, and
4F3/2→

4I13/2 transitions of Nd3+ ions.63−65 Among the three
emission bands, the strongest emission residing in 1062 nm has
latent applications in the laser system, while the band at 1333
nm of the material is suitable for developing optical amplifiers
operating at ∼1.3 μm, which offer the great opportunity for
application in optical telecommunication.65 As a result of the
multiplicity of excited 4f states in the visible range, some
transitions to different states are not resolved, thus usually
leading to the relatively broad bands in the excitation of Nd3+

ions. Here, several excitation bands appearing at 524, 583, and
626 nm are discerned by monitoring at 4F3/2→

4I11/2 transition
at 1062 nm for 3, which are ascribed to the 4I9/2→

2K13/2 +
4G7/2 +

4G9/2,
4I9/2→

4G5/2 +
2G7/2 and

4I9/2→
2H11/2 transitions

of the Nd3+ ions (Figure 5e).64 The lifetime decay profile of 3
(Figure 5f) performed under the most intense emission at 1062

nm and the excitation at 583 nm also abides by a double
exponential function, generating τ1 and τ2 of 1.05 μs (22.48%)
and 10.41 μs (77.52%) and the average lifetime of 8.31 μs. The
excitation wavelength of 4 is set at 404 nm, and the NIR
spectrum reveals four groups of typical peaks at 899, 941, 1022,
and 1168 nm derived from the 4G5/2→

6H15/2,
4G5/2→

6F5/2,
4G5/2→

6F7/2, and
4G5/2→

6F9/2 transitions, and the strongest
transition is situated at 941 nm (4G5/2→

6F5/2; Figure 5g).
66−68

The excitation spectrum of 4 (Figure 5h) obtained by
monitoring at 941 nm is composed of several broad emission
bands centered at 362, 376, 389, 404, 417, and 441 nm in the
UV−visible range. These bands are attributed to the
6H5/2→

4L15/2,
6H5/2→

6P7/2,
6H5/2→

4K11/2,
6H5/2→

4F7/2,
6H5/2→

6P5/2, and
6H5/2→

6G9/2 transitions of the SmIII ions.
The lifetime decay curve of 4 (Figure 5i) can be well-fitted by a
double exponential function with the lifetimes τ1 and τ2 of 4.01
μs (13.31%) and 14.66 μs (86.69%) and the average lifetime of
13.23 μs.
The solid-state visible emission spectrum of 2 upon 470 nm

excitation exhibits five peaks at 529, 615, 646, 682, and 729 nm
at ambient temperature, which are, respectively, attributed to
the 3P1→

3H5,
3P0→

3H6,
3P0→

3F2,
3P1→

3F2, and 3P0→
3F3

transitions of Pr3+ ions (Figure S6a, Supporting Information),
and the strongest emission peak is located at 646 nm, which is

Figure 6. (a) The solid-state emission spectrum of 4 (λex = 404 nm) at room temperature. (b) The solid-state excitation spectrum of 4 (λem = 644
nm) at room temperature. (c) The luminescence decay curve of 4 by monitoring the emission at 644 nm. (d) The solid-state emission spectrum of 5
(λex = 395 nm) at room temperature. (e) The solid-state excitation spectrum of 5 (λem = 615 nm) at room temperature. (f) The luminescence decay
curve of 5 by monitoring the emission at 614 nm. (g) The solid-state emission spectrum of 7 (λex = 367 nm) at room temperature. (h) The solid-
state excitation spectrum of 7 (λem = 543 nm) at room temperature. (i) The luminescence decay curve of 7 by monitoring the emission at 543 nm.
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responsible for the red luminescence. The excitation spectrum
obtained by detecting the emission at 646 nm appears one
prominent strong band at 470 nm (3H4→

3P1; Figure S6b,
Supporting Information). Furthermore, the lifetime decay curve
of 2 was obtained by monitoring the emission at 646 nm, which
conforms to the biexponential function, producing lifetimes of
τ1 = 1.97 μs (43.14%) and τ2 = 11.09 μs (56.86%), and the
average lifetime of 2 is 7.13 μs (Figure S6c, Supporting
Information). Under excitation at 404 nm, the visible emission
spectrum of 4 displays four obvious peaks of emission bands
from 500 to 750 nm due to the intra-4f6

4G5/2→
6HJ (J = 5/2, 7/

2, 9/2, and 11/2) transitions. Four characteristic emission
peaks respectively appear at 561, 596, 644, and 703 nm,
corresponding to the 4G5/2→

6H5/2,
4G5/2→

6H7/2,
4G5/2→

6H9/2,
and 4G5/2→

6H11/2 transitions (Figure 6a). In general, the
magnetic dipole 4G5/2→

6H5/2 emission intensity is insensitive
to the symmetry of the local environment of the SmIII ion,
whereas the electronic dipole 4G5/2→

6H9/2 emission intensity is
highly influenced by the local environment. The greater the
intensity of the ED transition, the more asymmetric the nature
of the local environment is.69,70 The intensity ratio of
I(4G5/2→

6H9/2)/I(
4G5/2→

6H5/2) could be employed as an
indicator of the symmetry of the local environment of the
SmIII ion.71 The intensity ratio is ca. 3.6, suggesting the low-
symmetry coordination environments of SmIII ions in 4, which
is in agreement with nonacoordinate severely distorted
tricapped trigonal prism geometries of SmIII ions. The
excitation spectrum is dominated by the 4G5/2→

6H9/2
transition, and the observable peaks can be attributed to the
transitions from the 6H5/2 ground state to

6G9/2 (441 nm),
6P5/2

(416 nm), 4F7/2 (404 nm), 4K11/2 (391 nm), 6P7/2 (376 nm),
and 4L15/2 (363 nm) states (Figure 6b).72 The decay profile of
4 taken by monitoring the 4G5/2→

6H9/2 transition can be well-
fitted by a double exponential function with lifetimes of τ1 =
3.58 μs (12.35%) and τ2 = 11.69 μs (87.65%), and the average
lifetime of 4 is 10.68 μs (Figure 6c). The as-synthesized solid
sample of 5 is measured under excitation at 395 nm, and its
emission spectrum exhibits eight emission bands at 526, 534,
556, 579, 592, 615, 651, and 698 nm, which are severally
assigned to the 5D1→

7F0,
5D1→

7F1,
5D1→

7F2,
5D0→

7F0,
5D0→

7F1,
5D0→

7F2,
5D0→

7F3, and
5D0→

7F4 transitions of the Eu3+

ions (Figure 6d). It is well-known that the 5D0→
7F0 transition

is symmetry-forbidden emission in a field of symmetry, but the
appearance of 5D0→

7F0 transition at 579 nm suggests that Eu3+

ions in 5 inhabit in a low symmetric ligand field, which is in
good accordance with the heavily distorted tricapped triangular
prism configurations. Generally speaking, the magnetic-dipolar
5D0→

7F1,3 transitions are independent of their local coordina-
tion environments, and the intensity of 5D0→

7F1 transition
hardly changes with the ligand field strength exerted on the
Eu3+ ion.73,74 In contrast, the electro-dipolar 5D0→

7F0,2,4
transitions are rather hypersensitive to their local coordination
environments, and the intensity of 5D0→

7F2 transition is
extraordinarily dependent on the chemical bonds in the vicinity
of the Eu3+ ion, whose intensity increases with the decrease of
the site symmetry of the Eu3+ ion.75 As a consequence, the
intensity ratio of 5D0→

7F2/
5D0→

7F1 transitions is commonly
utilized as a criterion to evaluate the coordination state and site
symmetry of Eu3+ ions. In 5, the intensity ratio is ca. 6.2,
reflecting relatively low-symmetrical local environments of Eu3+

ions, coinciding well with the structural analysis. The excitation
spectrum of 5 comprises four excitation bands, in which the
intense band at 395 nm is attributed to the 7F0→

5L6 transition

of the Eu3+ intra-4f6 ion, and three weak bands at 361, 380, and
415 nm are, respectively, assigned to 7F0→5D4,

7F0→5G2, and
7F0→

5D3 transitions (Figure 6e). The luminescent 5D0 decay
curve of 5 (Figure 6f) by monitoring at the strongest emission
of the 5D0→

7F2 transition can be well-conformed to a double
exponential function providing lifetimes of τ1 = 116.54 μs
(21.57%) and τ2 = 264.81 μs (78.43%), indicating the existence
of two distinct Eu3+ environments as is expected from the
single-crystal structural determination. The average lifetime of 5
is calculated to be 232.83 μs. The intense and long-lived
luminescence characteristics of the EuIII-containing complexes
allow for the applications in red-emitting glass materials. Upon
photoexcitation at 367 nm, 7 emits green photoluminescence at
room temperature and displays two evident emission bands at
488 and 543 nm as well as two weak emission bands at 582 and
618 nm, respectively. The three bands at 543, 582, and 618 nm
are assigned to the 5D4→

7F5,
5D4→

7F4, and 5D4→
7F3

transitions of Tb3+ ions (Figure 6g).76,77 To clarify the broad
strong emission band at 485−493 nm in the emission spectrum
of 7, the PL emission behavior of 6 was investigated under the
same condition as that of 7 (Figure S7a, Supporting
Information), which does not display the luminescence
emission in the visible range resulting from the stable half-
filled f7 electron configuration. An intense band around 475−
485 nm is observed in the emission spectrum of 6, which is
induced by the 3T1u→

1A1g transition stemming from the O→W
ligand-to-metal charge transfer (LMCT) of the [B-α-
TeW8O31]

10− fragment. This observation indicates that the
energy transfer from tungstotellurite polyoxoanion to Tb3+ ion
probably may happen during the course of fluorescence
emission process of 7. Similar phenomenon have been already
encountered.78,79 The excitation spectrum of 7 obtained by
monitoring the 5D4→

7F5 transition (543 nm) is dominated by
the 7F5→

5D2 (367 nm) of the TbIII intra-4f8 ions, whereas the
other observable peaks are attributable to the transitions from
the 7F6 ground state to the excited states of 5L10 at 352 nm,

5G6
at 368 nm, and 5D3 at 375 nm (Figure 6h).77 In addition, the
emission decay curve of 7 reveals a double exponential
behavior, yielding the lifetime values of τ1 = 1.00 μs
(43.58%) and τ2 = 8.60 μs (56.42%) (Figure 6i), and the
average lifetime is calculated to be 5.29 μs. To further probe the
contribution of [B-α-TeW8O31]

10− fragment in 7, the lifetime
decay curve of 6 was performed under similar conditions, which
is also fitted by a double exponential function with τ1 and τ2 of
1.18 μs (45.91%) and τ2 = 8.30 μs (54.09%) (Figure S7b,
Supporting Information). The average lifetime of 6 is 5.03 μs,
which is approximate to that of 7 (Figure S7c, Supporting
Information). This result firmly proves that [B-α-TeW8O31]

10−

segments make a nonignorable contribution to the PL behavior
of 7 accompanying by the occurrence of the intramolecular
energy transfer from O→W LMCT energy to Tb3+ centers
during the emission procedure of 7. In addition, the CIE
chromaticity coordinates (x, y) determined on their corre-
sponding PL spectra are found to be (0.528 02, 0.460 91) for 2,
(0.565 31, 0.426 81) for 4, (0.656 62, 0.343 00) for 5, and
(0.271 66, 0.424 58) for 7, respectively, which can be seen to be
yellowish-red for 4, red for 5, and green for 7 (Figure S8,
Supporting Information).

PL Properties of 4@CTAB Composites. To improve the
PL emission properties of these crystalline materials, take 4 for
example, we selected a cationic surfactant CTAB to cope with 4
to form 4@CTAB composites and further explore the
influences of the various mass ratio of CTAB/4 on the PL

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b00924
Inorg. Chem. 2017, 56, 7257−7269

7264

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b00924


emission properties of 4@CTAB composites. CTAB usually
functions, on the one hand, as the stabilizing agents allowing
target materials chemical and mechanical inertness via capping
the particle surfaces and preventing formed composites to
agglomerate and, on the other hand, serves as regulating agents
on the growth of composites for the well-defined morphology
during the chemical syntheses.80−85 Here, the SEM technique
was employed to vividly describe the morphology of 4@CTAB
composites with the variable mass ratio of CTAB to 4 (Figure
7, Figure S9, Supporting Information). It is noticeable that the

4@CTAB composite with the mass ratio of CTAB/4 = 0.011/
0.05 displays approximate peanutlike morphologies in the size
of ca. 150 nm (Figure 7a). Improving the mass ratio of CTAB/
4 to 0.066/0.05, the 4@CTAB composites become uniform
with the smaller size of ∼100 nm (Figure 7b,c). However, upon
continuously increasing the mass of CTAB, the morphologies
of 4@CTAB composites transform from the peanutlike shape
to the honeycombed shape (Figure 7d−f). Thus, it can be
found that the morphology of 4@CTAB composites could be
tuned neatly by the control of the CTAB/4 ratio based on the
experimental analyses. Besides, the fact that the polyoxoanionic

skeleton of 4 remains unchanged in the formation of 4@CTAB
composites was also confirmed by the good agreements of the
IR spectra of 4@CTAB composites with the IR spectrum of 4
in the region of 1100−400 cm−1 (Figure S10, Supporting
Information). For the pure CTAB, the absorption bands
centered at 2850 and 2918 cm−1 are assigned to the C−H
stretching vibrations, whereas the absorption bands appearing
at 1431 and 1470 cm−1 are attributed to the C−H bending.
Thus, the observed absorption peaks at 2854, 2922, and 1468
cm−1 suggest the presence of CTAB cations in the 4@CTAB
composites. Moreover, the minor shifts of corresponding peaks
probably indicate the interactions of polyoxoanion 4 and
CTAB.
The emission spectrum of 4 under the 404 nm excitation

exhibits a series of characteristic bands of the SmIII intra-4f6
transitions from 4G5/2 to 6H5/2 (561 nm), 6H7/2 (596 nm),
6H9/2 (644 nm), and

6H11/2 (703 nm), respectively (Figure 8a).
The emission spectra with different excitation wavelengths
(EWs) of 4 were collected, and it can be clearly observed that
the emission intensity is the strongest under the 404 nm
excitation, which consolidates that the used EW is the most
appropriate (Figure 8b). The introduction of the surfactant
CTAB significantly will affect the morphology and the PL
property of 4@CTAB composites. To investigate the influence
of the morphology of 4@CTAB composites on the PL
property, the solid-state PL properties of 4@CTAB composites
with various mass ratios of CTAB/4 = 0/0.05, 0.011/0.05,
0.033/0.05, 0.066/0.05, 0.099/0.05, 0.132/0.05, and 0.165/0.05
were studied at ambient temperature. As illustrated in Figure
8c,d, the emission intensity increases gradually as the usage of
CTAB increases (from 0/0.05 to 0.033/0.05), indicating that
the small sizes of composites are beneficial to the luminescence
enhancement. Furthermore, the strong interactions between
CTAB and 4 can lead to the loss of coordination water
molecules around SmIII ions, and this relatively hydrophobic
environment and the sensitization of CTAB toward the
emission of SmIII ions enhance the PL intensity.86 Nevertheless,
a further increase of the CTAB concentration (from 0.066/0.05
to 0.165/0.05) not only induces the visual change on their

Figure 7. SEM images of 4@CTAB composites with varying mass
ratios of CTAB to 4 of 0.011/0.05 (a), 0.033/0.05 (b), 0.066/0.05 (c),
0.099/0.05 (d), 0.132/0.05 (e), and 0.165/0.05 (f) at a scale bar of
100 nm.

Figure 8. (a) The emission spectrum of 4 excited at 404 nm. (b) The emission spectra of 4 under various excitations from 360 to 440 nm with an
interval of 4 nm. (c) The emission spectra of 4 and 4@CTAB composites. (d) The variation of the PL emission intensity of the peak at 644 nm with
the mass ratio of CTAB/4. (e) The decay curves of various 4@CTAB composites obtained by monitoring the emission peak at 507 nm. (f) CIE
chromaticity displaying the emission color change of various 4@CTAB composites. (g, h) The emission spectra of 4@CTAB composites with
CTAB/4 = 0.033/0.05 under various excitations from 360 to 440 nm with an interval of 4 nm and the corresponding CIE chromaticity.
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morphologies but also causes a sudden decline of the emission
intensity (Figure 8c,d). This result may be related to the reason
that a large amount of CTAB tightly wrapping the surface of 4
weakens the excitation intensity so as to impair the emission
intensity of SmIII ions. Noticeably, a new broad emission band
of 4@CTAB composites in the range of 500−550 nm
immediately emerges as soon as CTAB was added into 4
(Figure S11, Supporting Information); moreover, the emission
intensity of this band continuously ascends with the increasing
concentration of CTAB. For the sake of verifying the origin of
the new band, the PL behavior of CTAB was also studied under
the same condition as 4@CTAB composites (Figure S12,
Supporting Information). It is apparent that the emission
spectrum of CTAB displays an intense wide band at 510 nm,
which may be induced by the intraligand charge-transfer
(ILCT) process.87,88 Therefore, the broad band located at
500−550 nm can be attributed to the ILCT of CTAB. The PL
lifetime decay profiles of 4@CTAB composites with varying
mass ratios of CTAB/4 by monitoring the strongest transition
4G5/2→

6H9/2 were measured (Figure S13, Supporting Informa-
tion), and all of them can be fitted to a second-order
exponential function. The affording average lifetimes are
summarized in Table S3 in the Supporting Information and
illustrate a bit longer lifetimes of 4@CTAB composites than 4,
which are probably attributed to the nanoscale effect of as-
prepared materials,89 different microenvironments causing the
change of the site symmetry of the SmIII ions, and the energy
transfer from CTAB to the SmIII centers. Moreover, the decay
curve of pure CTAB also exhibits a second-order exponential
function (Figure S14, Supporting Information), revealing the
nonignorable contribution of CTAB in the emission process of
4@CTAB composites, and this result can imply the occurrence
of energy transfer from CTAB to the SmIII centers. However, all
the lifetimes of 4@CTAB composites with the various mass
ratios of CTAB/4 are approximate, probably illuminating that
the microenvironments of 4@CTAB composite do not change
much after the combination of CTAB with 4. Additionally, the
decay curves of the broad band around 507 nm of 4@CTAB
composites under the 404 nm excitation and the 507 nm
emission conform to the second-order function with the
average lifetimes of 5.48−5.89 μs (Figure 8e, Figure S15, Table
S4, Supporting Information), which suggest that the lifetime
contribution of CTAB in 4@CTAB composites cannot be
neglected. The corresponding CIE chromaticity coordinates of
4 and various 4@CTAB composites are depicted in Figure 8f
and Figure S16 in the Supporting Information. Obviously, the
PL colors of 4@CTAB composites can be tuned, which are
exemplified by the emission colors changing from red, through
yellow, to green by varying the mass ratio of CTAB/4 from 0/
0.05 to 0.264/0.05, associated with the CIE chromaticity
coordinates from x = 0.605 32, y = 0.393 08, (red) to x =
0.410 38, y = 0.555 92 (green).
As shown in Figure 8c, the optimal mass ratio of CTAB/4 =

0.033/0.05, in which the PL emission is the strongest, and this
composite was selected for further investigation. Its emission
spectra upon various EWs from 360 to 440 nm are
demonstrated in Figure 3g, which indicate that the emission
at 644 nm is maximum when the EW was 404 nm, in support
with the above-mentioned examination of 4. Upon increase in
EW ranging from 360 to 404 nm, characteristic emission bands
at 596 and 644 nm of SmIII ions are obviously observed along
with the intensity featuring a wavy change. Nonetheless,
although the f−f transitions of SmIII dominates the emission

spectra collected at various EWs (360−416 nm), the emission
intensity of the band around 507 nm always surpasses those of
SmIII ions, showing that ILCT emission is nonignorable.
Noticeably, when EW is beyond 416 nm, the emission intensity
derived from the SmIII ions declines markedly, and character-
istic peaks gradually vanish, whereas the peak intensity of
CTAB is still enhanced, indicating that the ILCT emission
predominates over the SmIII emission. The CIE chromaticity
diagram exhibits that the 4@CTAB composite with CTAB/4 =
0.033/0.05 mainly emits green emission with tiny disparity
upon various EWs despite the yellowish emission is seen at the
strongest EW of 404 nm (Figure 8h, Figure S17, Supporting
Information). The TRES of 4 and 4@CTAB composite with
CTAB/4 = 0.033/0.05) were measured in the spectral range of
500−750 nm with an interval of 2 nm under 404 nm excitation
and sliced between 13 and 30 μs. Evidently, the TRES of 4
shows the typical peaks of SmIII ions, and the emission intensity
increases to the maximum at 16 μs and then presents an
attenuated trend (Figure 9a). The emission spectral shape is

not changeable, hinting that no obvious energy transfer
phenomenon occurs in the emission process of 4. Differently,
a broad band derived from CTAB is observed in the TRES of
the 4@CTAB composite with CTAB/4 = 0.033/0.05, and its
intensity rapidly increases to the maximum at 15 μs and then
drops; simultaneously, the intensity of the emission bands of
SmIII ions increases, revealing the occurrence of energy transfer
from CTAB to SmIII ions (Figure 9b), which further testifies
that the substitution of coordination water molecules around
SmIII ions by CTAB surely occurs in the structure of the 4@
CTAB composite and that the sensitization of CTAB toward
the emission of SmIII ions enhances the PL intensity.

Figure 9. (a) The TRES of 4. (b) The TRES of the 4@CTAB
composite with CTAB/4 = 0.033/0.05.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b00924
Inorg. Chem. 2017, 56, 7257−7269

7266

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00924/suppl_file/ic7b00924_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b00924


4. CONCLUSION
In summary, a class of novel tellurotungstate-based organotin−
RE heterometallic hybrids 1−7 with four organic ingredients
were successfully prepared by the one-pot self-assembly
reaction. Their polyoxoanionic skeletons consist of two
symmetrical structural units {[Sn(CH3)W2O4(IN)][(B-α-
TeW8O31)RE(H2O) (Ac)]2}

10− bridged by two acetate
connectors. 1−7 not only represent the first inorganic−organic
hybrid RE-substituted tellurotungstates involving three different
organic ligands but also stand for the first inorganic−organic
hybrid PBORHMs. The solid-state NIR PL properties of 2, 3,
and 4 and visible PL properties of 2, 4, 5, and 7 have been
studied at room temperature. Furthermore, the morphologies
of 4@CTAB composites can be tuned by controlling the usage
of CTAB. The PL properties of 4@CTAB composites were
intensively studied, which opens a new perspective for the
design of POM-based optical nanomaterials. Future work will
be extended to other PBORHMs functionalized by poly-
carboxylic ligands.
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