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Syntheses, structural characterization and
photophysical properties of two series of rare-
earth-isonicotinic-acid containing Waugh-type
manganomolybdates†

Peijun Gong, Yanyan Li, Cuiping Zhai, Jie Luo, Xuemeng Tian,
Lijuan Chen* and Junwei Zhao*

Two classes of rare-earth-organic-containing Waugh-type manganomolybdates (NH4)8{[REĲHina)Ĳina)ĲH2-

O)2]ĳMnIVMo9O32]}2·12H2O [RE = La3+ (1), Pr3+ (2), Nd3+ (3)] and (NH4)3ĳREĲHina)2ĲH2O)6]ĳMnIVMo9O32]·7H2O

[RE = Sm3+ (4), Eu3+ (5), Gd3+ (6), Tb3+ (7), Dy3+ (8), Ho3+ (9), Er3+ (10), Tm3+ (11), Yb3+ (12), Y3+ (13)] (Hina

= isonicotinic acid) were prepared by means of a step-by-step synthetic strategy and further characterized

by IR spectroscopy, elemental analyses, UV-visible spectroscopy and single-crystal X-ray diffraction. X-ray

diffraction indicates that 1–3 consist of an organic–inorganic hybrid dimeric {[REĲHina)Ĳina)ĲH2O)2]ĳMnIV-

Mo9O32]}2
8− core constituted by two [MnMo9O32]

6− units linked via a dinuclear {[REĲHina)Ĳina)ĲH2O)2]2}
4+

cation whereas 4–13 are composed of an organic–inorganic hybrid [REĲHina)2ĲH2O)6]
3+ fragment and one

[MnMo9O32]
6− polyoxoanion. It should be pointed out that the nature of RE cations controls these

two structure types. As far as we know, 1–13 represent the first examples of Waugh-type

manganomolybdates including rare-earth-organic subunits so far. Furthermore, their photocatalytic activi-

ties for the degradation of azophloxine were probed in aqueous medium and 3 and 8 as representatives

were systematically investigated involving the influence of the optimal pH, catalyst dosage and the doping

amount of VK-TA18 nanometer titanium dioxide on the photocatalytic activities. The solid-state photo-

luminescence properties and lifetime decay behaviors of 3, 4 and 5 in UV-visible or near-infrared regions

were also examined at ambient temperature.

Introduction

The design and synthesis of polyoxometalate (POM)-based hy-
brid materials have received persistent attention not only be-
cause of their intriguing variety of architectures and fascinat-
ing topologies but also for their remarkable properties and
potential applications in catalysis, medicine, nanotechnology
and magnetic materials.1 Over the past several decades, nu-
merous POM-based hybrid materials structurally modified by
various organic ligands,2 transition metal (TM) ions3 or TM–

organic segments3b,c,4 have been extensively prepared; how-
ever, exploration of these POM-based hybrid materials with
rare earth (RE) ions or RE-organic subunits remains less de-

veloped, one reason for which may be that the highly oxo-
philic RE ions can be readily combined with POMs so that
they often form amorphous precipitates instead of crystalline
phases, which impede the structural determination of desired
products.5 There is no doubt that RE-containing POM-based
materials (REPOMMs) exhibit not only aesthetic topological
structures but also attractive functionalities such as magnetic,
luminescence and catalytic properties.6,7 Therefore, searching
for and discovering novel REPOMMs have always been an ex-
tremely challenging and significant research topic with the
profound development of POM chemistry. Furthermore, RE
ions have flexible coordination geometries and variable coor-
dination numbers in contrast to TM ions, which provide great
possibilities in the pursuit of multifunctional REPOMMs.

The door of REPOMM chemistry was first opened by the
groundbreaking work on [REW10O35]

7− that was obtained by
Peacock and Weakley in 1971.8 Subsequently, REPOMMs, as
a remarkable subclass of POMs, have attracted considerable
concern due to their alluring structures as well as excellent
physicochemical properties. Hitherto, a large number of
REPOMMs have been prepared and crystallographically

834 | CrystEngComm, 2017, 19, 834–852 This journal is © The Royal Society of Chemistry 2017

Henan Key Laboratory of Polyoxometalate Chemistry, Institute of Molecular and

Crystal Engineering, College of Chemistry and Chemical Engineering, Henan

University, Kaifeng, Henan 475004, P. R. China. E-mail: ljchen@henu.edu.cn,

zhaojunwei@henu.edu.cn

† Electronic supplementary information (ESI) available: Discussion on IR spec-
tra, related structural figures, related UV and visible spectra, related photocata-
lytic figures and BVS parameters of 1. CCDC 1515497–1515509. For ESI and crys-
tallographic data in CIF or other electronic format see DOI: 10.1039/c6ce02428a

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ce02428a&domain=pdf&date_stamp=2017-01-26


CrystEngComm, 2017, 19, 834–852 | 835This journal is © The Royal Society of Chemistry 2017

characterized. However, the majority of reported REPOMMs
are RE-containing polyoxotungstates such as RE-
silicotungstates,8,9 RE-phosphotungstates,10 RE-
arsenotungstates,11 RE-germanotungstates,12 RE-iso-
polyoxotungstates,13 and so on.14 Very recently, several types
of RE-polyoxotungstate hybrid materials have also been iso-
lated by our group.15 In contrast, synthesis and exploration
of RE-containing polyoxomolybdate (POMB) materials
(REPOMBMs) are only in their infancy, principally because
POMBs are not particularly stable in aqueous solution com-
pared to polyoxotungstates.16 Even so, in the past decade,
some REPOMBMs were still discovered successively (some
typical examples are demonstrated in the ESI†).17–21 Obvi-
ously, the current interest on REPOMBMs is mainly concen-
trated on Anderson- or Keggin-type species; however, much
less interest is involved in the field of Waugh-type
REPOMBMs although the first Waugh-type POM was exca-
vated by Struve in 1854.22 To date, only two crystallographi-
cally characterized Waugh-type REPOMBMs are known, one
of which is [La2ĲH2O)12ĲMnMo9O32)]·2H2O and the other is
[(CH3)4N]2NdĳHMnMo9O32]·6H2O.

23 To the best of our knowl-
edge, almost no RE-organic-containing Waugh-type POMB
materials (REOCWPOMBMs) have been reported. Apparently,
it remains a great and longstanding challenge to design and
synthesize novel REOCWPOMBMs. Nevertheless, it is well
known that the Waugh-type [MnMo9O32]

6− polyoxoanion ex-
hibits multiple coordination active sites and high surface
negative charges, which can provide great possibilities for the
construction of novel REOCWPOMBMs with neoteric struc-
tures and value-added properties.

Under this research background, searching for and discov-
ering novel REOCWPOMBMs have gradually developed as a
hot area of research with the persistent development of POM
chemistry. As a part of our continuous work in discovering
novel organic–inorganic hybrid POMB-based materials with
the strategy of utilizing the reactions of (NH4)6Mo7O24·4H2O
with TM and/or RE ions in the participation of functional
organic ligands,16 recently, we have paid attention to
exploring novel REOCWPOMBMs by a step-by-step synthetic
strategy. First, the self-assembly reaction between
(NH4)6ĲMo7O24)·4H2O and MnĲCH3COO)2·4H2O and 30% H2O2

in a pH 5 environment in a 90 °C water bath was utilized
to in situ form the aqueous solution containing the
Waugh-type [MnMo9O32]

6− polyoxoanion, and then a mixed
water/DMF (N,N-dimethylformamide) solution containing
RE3+ ions and isonicotinic acid (Hina) was added. Finally,
slow evaporation of the filtrate led to the formation of the
desired REOCWPOMBMs (Fig. 1). Thus, two types of
unusual RE-isonicotinic-ligand-containing Waugh-type
manganomolybdates (NH4)8{[REĲHina)Ĳina)ĲH2O)2]ĳMnIVMo9-
O32]}2·12H2O [RE = La3+ (1), Pr3+ (2), Nd3+ (3)] and
(NH4)3ĳREĲHina)2ĲH2O)6]ĳMnIVMo9O32]·7H2O [RE = Sm3+ (4),
Eu3+ (5), Gd3+ (6), Tb3+ (7), Dy3+ (8), Ho3+ (9), Er3+ (10),
Tm3+ (11), Yb3+ (12), Y3+ (13)] were successfully synthesized
via the conventional aqueous solution method. It should
be noted that the nature of RE cations controls these two

structure types. 1–3 exhibit a dimeric structure constructed
from two Waugh-type [MnMo9O32]

6− polyoxoanions connected
by a double-ina-bridging di-RE [REĲHina)Ĳina)ĲH2O)2]

4+ cluster
through six terminal oxygen atoms, whereas 4–13 display a
monomeric fashion defined by a Waugh-type [MnMo9O32]

6−

polyoxoanion and a discrete [REĲHina)2ĲH2O)6]
3+ cation. To

the best of our knowledge, 1–13 represent the first examples
of REOCWPOMBMs with Hina ligands to date. Furthermore,
their photocatalytic activities for the degradation of
azophloxine were systematically investigated and only 3 and
8 as representatives are discussed in detail. The solid-state
photoluminescence properties and lifetime decay behaviors
of 3–5 have been measured at room temperature and
discussed in detail.

Experimental
Materials and physical measurements

All the chemical reagents were commercially available and
used without further purification. IR spectra were recorded
on a Nicolet 170 SXFT-IR spectrometer using KBr pellets in
the range of 4000–400 cm−1. UV-vis spectra and diffuse reflec-
tance spectra were determined on a HITACHI U-4100 UV-vis-
NIR spectrometer. C, H and N elemental analyses were
performed on a Perkin-Elmer 2400-II CHNS/O analyzer.
Photoluminescence spectra and decay lifetimes were investi-
gated on an FLS 980 Edinburgh analytical instrument
equipped with a 450 W xenon lamp and a μF900H high en-
ergy microsecond flashlamp as the excitation sources. The
photocatalytic experiments were performed in an XPA photo-
reactor (Xujiang Electromechanical Plant, Nanjing, China)

Fig. 1 Schematic synthetic process of 1–13 by a step-by-step syn-
thetic strategy.
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equipped with a 300 W mercury lamp or a 500 W xenon lamp
as the light source. First, the photocatalyst was added to a 50
mL solution containing azophloxine in a quartz glass tube.
Afterwards, the mixed solution was then exposed to light irra-
diation under continuous magnetic stirring. At given time in-
tervals, 3.0 mL of the azophloxine solution was taken out
from the quartz glass tube, centrifuged and then filtered. The
solution was analyzed using UV-vis spectroscopy.

Preparation of 1–13

(NH4)8{[LaĲHina)Ĳina)ĲH2O)2]ĳMnIVMo9O32]}2·12H2O (1).
Solution A: (NH4)6ĲMo7O24)·4H2O (2.002 g, 1.620 mmol) was
dissolved in 20 mL distilled water under stirring and then
the pH value was adjusted to 5.0 with glacial acetic acid. After
the solution was stirred for about 15 min, MnĲCH3COO)2
·4H2O (0.120 g, 0.490 mmol) and 0.45 mL of 30% H2O2 solu-
tion were successively added. The mixture was stirred for ca.
15 min, kept in a 90 °C water bath for 1 h and filtered
quickly. Orange-red microcrystals appeared as soon as the fil-
trate was cooled, and then 15 mL distilled water was added.
The filtrate was heated and stirred for 5–10 min until the
microcrystals were dissolved. Subsequently, solution B (solu-
tion B was formed by mixing LaĲNO3)3·6H2O (0.250 g, 0.577
mmol), Hina (0.269 g, 2.185 mmol), 10 mL distilled water, 2
mL glacial acetic acid, and 5 mL DMF (N,N-
dimethylformamide) under stirring for 30 min at room tem-
perature) was added into solution A. The resulting mixture
was stirred for ca. 20 min, kept in a 60 °C water bath for 2 h
and filtered. The filtrate was allowed to evaporate in air at
room temperature. After about 2 days, orange block crystals
of 1 suitable for X-ray diffraction were obtained. Yield: ca.
22% (based on MnĲCH3COO)2·4H2O). Anal. calcd. (found, %)
for C24H82La2Mn2Mo18N12O88 (1): C 7.10 (6.88), H 2.03 (1.88),
N 4.14 (3.97), Mn 2.70 (2.60), La 6.84 (6.97), Mo 42.52 (42.16).
IR (KBr, cm−1): 3425 (m), 3153 (m), 1589 (s), 1402 (s), 1247
(w), 1193 (w), 939 (s), 902 (s), 768 (m), 680 (s), 595 (s), 542 (s),
496 (s) (Fig. S1, ESI†).

(NH4)8{[PrĲHina)Ĳina)ĲH2O)2]ĳMnIVMo9O32]}2·12H2O (2).
The preparation process of 2 was similar to that of 1 except
that the same amount of PrĲNO3)3·6H2O was used instead of
LaĲNO3)3·6H2O. Orange block crystals of 2 were harvested af-
ter 2 days. Yield: ca. 25% (based on MnĲCH3COO)2·4H2O).
Anal. calcd. (found, %) for C24H82Pr2Mn2 Mo18N12O88 (2): C
7.10 (6.86), H 2.03 (1.90), N 4.13 (3.97), Mn 2.70 (2.59), Pr
6.93 (7.17), Mo 42.48 (42.15). IR (KBr, cm−1): 3425 (m), 3153
(m), 1593 (s), 1402 (s), 1247 (w), 1193 (w), 935 (s), 900 (s), 768
(m), 681 (s), 594 (s), 542 (s), 495 (s) (Fig. S1, ESI†).

(NH4)8{[NdĲHina)Ĳina)ĲH2O)2]ĳMnIVMo9O32]}2·12H2O (3).
The synthetic method of 3 was identical to that of 1 except
for using the same amount of NdĲNO3)3·6H2O instead of
LaĲNO3)3·6H2O. Orange block crystals of 3 were isolated after
2 days. Yield: ca. 29% (based on MnĲCH3COO)2·4H2O). Anal.
calcd. (found, %) for C24H82Nd2 Mn2Mo18N12O88 (3): C 7.08
(6.82), H 2.03 (1.87), N 4.13 (3.96), Mn 2.70 (2.56), Nd 7.08
(7.22), Mo 42.41 (42.14). IR (KBr, cm−1): 3425 (m), 3155 (m),

1591 (s), 1403 (s), 1248 (w), 1193 (w), 941 (s), 901 (s), 769 (m),
680 (s), 595 (s), 541 (s), 494 (s) (Fig. S1, ESI†).

(NH4)3ĳSmĲHina)2ĲH2O)6]ĳMnIVMo9O32]·7H2O (4). The syn-
thetic method of 4 was similar to the preparation of 1 except
that solution B contains SmĲNO3)3·6H2O (0.345 g, 0.776
mmol), Hina (0.156 g, 1.267 mmol), 10 mL distilled water, 2
mL glacial acetic acid and 1 mL DMF. Orange needle-like
crystals of 4 suitable for X-ray diffraction were obtained after
about 1 day. Yield: ca. 33% (based on MnĲCH3COO)2·4H2O).
Anal. calcd. (found, %) for C12H48SmMnMo9N5O49 (4): C 6.81
(6.95), H 2.29 (2.14), N 3.31 (3.17), Mn 2.60 (2.48), Sm 7.11
(7.25), Mo 40.82 (40.50). IR (KBr, cm−1): 3400 (m), 3167 (m),
1598 (s), 1510 (w), 1403 (s), 1248 (m), 1197 (w), 1000 (w), 939
(s), 902 (s), 770 (m), 678 (s), 595 (s), 542 (s), 494 (s) (Fig. S1,
ESI†).

(NH4)3ĳEuĲHina)2ĲH2O)6]ĳMnIVMo9O32]·7H2O (5). The syn-
thetic method of 5 was identical to the preparation of 4 ex-
cept for using a different amount of EuĲNO3)3·6H2O (0.499 g,
1.119 mmol) in place of SmĲNO3)3·6H2O (0.345 g, 0.776
mmol). Orange needle-like crystals of 5 were obtained. Yield:
ca. 50% (based on MnĲCH3COO)2·4H2O). Anal. calcd. (found,
%) for C12H48EuMnMo9N5O49 (5): C 6.81 (6.93), H 2.28 (2.10),
N 3.31 (3.23), Mn 2.60 (2.49), Eu 7.18 (7.29), Mo 40.79
(40.43). IR (KBr, cm−1): 3400 (m), 3170 (m), 1594 (s), 1500 (w),
1403 (s), 1248 (m), 1200 (w), 1008 (w), 935 (s), 905 (s), 769
(m), 680 (s), 595 (s), 540 (s), 493 (s) (Fig. S1, ESI†).

(NH4)3ĳGdĲHina)2ĲH2O)6]ĳMnIVMo9O32]·7H2O (6). The syn-
thetic procedure was identical to that of 5, but we used the
same amount of GdĲNO3)3·6H2O instead of EuĲNO3)3·6H2O.
Orange needle-like crystals of 6 were obtained. Yield: ca. 61%
(based on MnĲCH3COO)2·4H2O). Anal. calcd. (found, %) for
C12H48GdMnMo9N5O49 (6): C 6.80 (6.95), H 2.28 (2.14), N 3.30
(3.21), Mn 2.59 (2.48), Gd 7.41 (7.55), Mo 40.69 (40.38). IR
(KBr, cm−1): 3400 (m), 3172 (m), 1594 (s), 1500 (w), 1403 (s),
1248 (m), 1200 (w), 1008 (w), 935 (s), 905 (s), 769 (m), 682 (s),
595 (s), 541 (s), 493 (s) (Fig. S1, ESI†).

(NH4)3ĳTbĲHina)2ĲH2O)6]ĳMnIVMo9O32]·7H2O (7). The syn-
thetic procedure was identical to that of 5, but we used the
same amount of TbĲNO3)3·6H2O instead of EuĲNO3)3·6H2O.
Orange needle-like crystals of 7 were collected. Yield: ca. 68%
(based on MnĲCH3COO)2·4H2O). Anal. calcd. (found, %) for
C12H48TbMnMo9N5O49 (7): C 6.79 (6.90), H 2.28 (2.12), N 3.30
(3.19), Mn 2.59 (2.41), Tb 7.48 (7.66), Mo 40.66 (40.29). IR
(KBr, cm−1): 3400 (m), 3170 (m), 1596 (s), 1500 (w), 1401 (s),
1248 (m), 1201 (w), 1008 (w), 936 (s), 905 (s), 769 (m), 683 (s),
595 (s), 541 (s), 493 (s) (Fig. S1, ESI†).

(NH4)3ĳDyĲHina)2ĲH2O)6]ĳMnIVMo9O32]·7H2O (8). The syn-
thetic procedure was identical to that of 5, but we used the
same amount of DyĲNO3)3·6H2O instead of EuĲNO3)3·6H2O.
Orange needle-like crystals were collected. Yield: ca. 72%
(based on MnĲCH3COO)2·4H2O). Anal. calcd. (found, %) for
C12H48DyMnMo9N5O49 (8): C 6.77 (6.86), H 2.27 (2.16), N 3.29
(3.15), Mn 2.58 (2.38), Dy 7.64 (7.78), Mo 40.59 (40.31). IR
(KBr, cm−1): 3400 (m), 3170 (m), 1599 (s), 1500 (w), 1402 (s),
1248 (m), 1201 (w), 1008 (w), 936 (s), 905 (s), 769 (m), 684 (s),
595 (s), 541 (s), 493 (s) (Fig. S1, ESI†).
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(NH4)3ĳHoĲHina)2ĲH2O)6]ĳMnIVMo9O32]·7H2O (9). The syn-
thetic procedure was identical to that of 5, but we used the
same amount of HoĲNO3)3·6H2O instead of EuĲNO3)3·6H2O.
Orange needle-like crystals were collected. Yield: ca. 71%
(based on MnĲCH3COO)2·4H2O). Anal. calcd. (found, %) for
C12H48HoMnMo9N5O49 (9): C 6.77 (6.89), H 2.27 (2.12), N 3.29
(3.20), Mn 2.58 (2.39), Ho 7.74 (7.91), Mo 40.54 (40.23). IR
(KBr, cm−1): 3400 (m), 3170 (m), 1599 (s), 1500 (w), 1400 (s),
1248 (m), 1200 (w), 1008 (w), 935 (s), 905 (s), 769 (m), 684 (s),
594 (s), 541 (s), 493 (s) (Fig. S1, ESI†).

(NH4)3ĳErĲHina)2ĲH2O)6]ĳMnIVMo9O32]·7H2O (10). The syn-
thetic procedure was identical to that of 5, but we used the
same amount of ErĲNO3)3·6H2O instead of EuĲNO3)3·6H2O. Or-
ange needle-like crystals were collected. Yield: ca.72% (based
on MnĲCH3COO)2·4H2O). Anal. calcd. (found, %) for
C12H48ErMnMo9N5O49 (10): C 6.76 (6.89), H 2.27 (2.15), N
3.28 (3.19), Mn 2.58 (2.41), Er 7.84 (7.93), Mo 40.50 (40.24).
IR (KBr, cm−1): 3400 (m), 3170 (m), 1603 (s), 1500 (w), 1396
(s), 1248 (m), 1200 (w), 1008 (w), 935 (s), 905 (s), 769 (m), 685
(s), 594 (s), 541 (s), 493 (s) (Fig. S1, ESI†).

(NH4)3ĳTmĲHina)2ĲH2O)6]ĳMnIVMo9O32]·7H2O (11). The
synthetic procedure was identical to that of 5, but we used
the same amount of TmĲNO3)3·6H2O instead of EuĲNO3)3
·6H2O. Orange needle-like crystals were collected. Yield: ca.
70% (based on MnĲCH3COO)2·4H2O). Anal. calcd. (found, %)
for C12H48TmMnMo9N5O49 (11): C 6.75 (6.90), H 2.27 (2.11),
N 3.28 (3.17), Mn 2.57 (2.39), Tm 7.92 (8.06), Mo 40.47
(40.12). IR (KBr, cm−1): 3400 (m), 3170 (m), 1603 (s), 1500 (w),
1399 (s), 1248 (m), 1200 (w), 1008 (w), 935 (s), 905 (s), 769
(m), 683 (s), 594 (s), 541 (s), 493 (s) (Fig. S1, ESI†).

(NH4)3ĳYbĲHina)2ĲH2O)6]ĳMnIVMo9O32]·7H2O (12). The syn-
thetic procedure was identical to that of 5, but we used the
same amount of YbĲNO3)3·6H2O instead of EuĲNO3)3·6H2O.
Orange needle-like crystals were collected. Yield: ca. 73%
(based on MnĲCH3COO)2·4H2O). Anal. calcd. (found, %) for
C12H48YbMnMo9N5O49 (12): C 6.74 (6.87), H 2.26 (2.15), N
3.28 (3.10), Mn 2.57 (2.41), Yb 8.09 (8.22), Mo 40.39 (39.97).
IR (KBr, cm−1): 3400 (m), 3170 (m), 1607 (s), 1500 (w), 1399
(s), 1248 (m), 1200 (w), 1008 (w), 935 (s), 905 (s), 769 (m), 680
(s), 594 (s), 541 (s), 493 (s) (Fig. S1, ESI†).

(NH4)3ĳYĲHina)2ĲH2O)6]ĳMnIVMo9O32]·7H2O (13). The syn-
thetic procedure was identical to that of 5, but we used the
same amount of YĲNO3)3·6H2O instead of EuĲNO3)3·6H2O. Or-
ange needle-like crystals were collected. Yield: ca. 68% (based
on MnĲCH3COO)2·4H2O). Anal. calcd. (found, %) for
C12H48YMnMo9N5O49 (13): C 7.02 (7.16), H 2.36 (2.28), N 3.41
(3.53), Mn 2.67 (2.53), Y 4.33 (4.41), Mo 42.04 (41.86). IR
(KBr, cm−1): 3400 (m), 3170 (m), 1603 (s), 1500 (w), 1399 (s),
1248 (m), 1200 (w), 1008 (w), 935 (s), 905 (s), 769 (m), 685 (s),
594 (s), 541 (s), 493 (s) (Fig. S1, ESI†).

X-ray crystallography

A suitable good-quality single crystal of 1–13 was mounted on
a glass capillary. Their diffraction intensity data were col-
lected at 296(2) K on a Bruker APEX II CCD detector (Mo Kα

radiation λ = 0.71073 Å). Routine Lorentz and polarization
corrections and an empirical absorption correction were
applied. Direct methods were used to solve their structures
and locate the heavy atoms using the SHELXTL-97 program
package.24 The remaining atoms were found from successive
full-matrix least-squares refinements on F2 and Fourier
syntheses. The non-hydrogen atoms were refined anisotropi-
cally and the hydrogen atoms linking to carbon and nitrogen
atoms were geometrically placed. All the hydrogen atoms
were isotropically refined in a riding mode using the default
SHELXL parameters. No hydrogen atoms associated with
water molecules and ammonium ions were located from the
difference Fourier map. This phenomenon is very common
in POM chemistry.11–13 The crystallographic and structural
refinement parameters of 1–13 are illustrated in Table 1.
Crystallographic data in this paper have been deposited in
the Cambridge Crystallographic Data Centre with CCDC
1515497–1515509 for 1–13, respectively.

Results and discussion
Synthesis

Our interest in preparing novel REOCPOMMs is derived not
only from the fact that the POMs' own remarkable rich re-
dox properties owing to the variability of their molecular
properties including size, shape and charge density1d,25a–c

and the ability of POMs to accommodate multiple electrons
inside their frameworks can make them intriguing multi-
electron transfer catalysts,25c–g but also that highly oxyphilic
RE ions with multiple coordination requirements can pro-
vide a large possibility for assembling REPOMMs with fasci-
nating structures and interesting properties.25h–j To date, rel-
evant reports on REOCWPOMMs are very limited, which
provides us an excellent opportunity to probe this domain.
Therefore, we selected the system containing the
[MnMo9O32]

6− polyoxoanion, RE3+ cations and Hina ligands
to exploit neoteric REOCWPOMMs. Herein, a step-by-step
synthetic strategy was utilized. The reaction of
(NH4)6ĲMo7O24)·4H2O, MnĲCH3COO)2·4H2O and 30% H2O2

led to in situ formation of the Waugh-type [MnMo9O32]
6−

polyanion, and then a mixed solution containing RE3+ ions
and Hina was introduced to prepare the anticipated
REOCWPOMBMs. By this synthetic strategy, thirteen RE-
isonicotinic-acid containing Waugh-type manganomolybdates
were obtained under similar conditions. Experimental re-
sults indicate that the nature of RE3+ cations of the
reaction system plays a significant role in influencing the
structures of these compounds. During the course of our ex-
ploration, when La3+, Pr3+ and Nd3+ cations were first
employed, the dimeric hybrid species 1–3 were isolated,
which are constructed from two Waugh-type [MnMo9O32]

6−

polyanions connected by a double-ina-bridging di-RE3+

[REĲHina)Ĳina)ĲH2O)2]
4+ cluster. When other RE3+ cations

(Sm3+–Yb3+ and Y3+) were used under similar conditions, the
monomeric Waugh-type manganomolybdates 4–13 were
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obtained, which are all composed of a Waugh-type
[MnMo9O32]

6− polyanion and a discrete [REĲHina)2ĲH2O)6]
3+

cation. It is supposed that this result may be related to lan-
thanide contraction. Similar phenomena were also observed
in our preparations of REPOMMs.26 For example, during the
process of synthesizing the RE-containing iso-
polyoxotungstates in the presence of dimethylamine hydro-
chloride in acidic aqueous solution, the utilization of Pr3+,
Nd3+ and Sm3+ ions resulted in the 1-D chain-like architec-
tures [H2NĲCH3)2]6Na6ĳRE4ĲH2O)22W28O94H2]2·113H2O formed
by hexameric RE8-comprising [RE4ĲH2O)22W28O94H2]2

12− enti-
ties via [REĲH2O)5]

3+ connectors; the introduction of the
Eu3+ ion led to a 2-D sheet Na2ĳEuĲH2O)7]2ĳEuĲH2O)5]2ĳW22-
O74H2]·20H2O constructed from 22-isopolytungstate
[W22O74H2]

14− polyoxoanions and Eu3+ cations whereas other
middle and late RE3+ ions can form the discrete structures
Na3H2ĳREĲH2O)4]ĳREĲH2O)5]2ĳW22O74H2]·36H2O (RE = Gd3+,
Tb3+, Er3+, Tm3+, Yb3+, Lu3+).26a In addition, the introduction
of the Hina ligand also plays an important role in the con-
struction of 1–13. Firstly, as mentioned above, the highly
oxophilic RE3+ ions can readily combine with POM precur-
sors and form amorphous precipitates instead of crystalliz-
ing. It is known that organic ligands can effectively coordi-
nate with RE3+ ions giving rise to RE-organic complexes,
which can in some degree prevent the formation of precipi-
tates derived from the direct combination of POM precur-
sors and RE3+ ions.5c,27 Herein, Hina was selected as the co-
ordinate agent because it contains a carboxylic group that
can coordinate or chelate RE3+ cations, which is favorable to
the formation of REOCWPOMMs. Secondly, for solution A,
if the hydrogen peroxide used is too much or too little, the
[MnMo9O32]

6− polyoxoanion would not form. Our experimen-
tal results show that the optimal usage of hydrogen peroxide
(30%) is 0.45–0.9 mL in our reaction system. For solution B,
the amount of REĲNO3)3·6H2O is also a vital factor during
the whole reaction period. The amount of REĲNO3)3·6H2O is
in the range of 0.20–0.27 g in the preparation of 1–3. If the
amount of REĲNO3)3·6H2O exceeds 0.27 g, precipitates will
be generated. When the amount of REĲNO3)3·6H2O is lower
than 0.20 g, the yields of products are too low or even no
target product is afforded. 4–13 can be obtained within a
wide range of amounts of REĲNO3)3·6H2O varying from 0.30
g to 1.0 g except for SmĲNO3)3·6H2O with an appropriate
range of 0.37–0.50 g. Even if the amount of REĲNO3)3·6H2O
exceeds 1.0 g, the target products can still be isolated. Para-
lleling the experimental results reveals that the optimal us-
age of SmĲNO3)3·6H2O is 0.35 g and the optimal usage of
other REĲNO3)3·6H2O is 0.50 g. Apparently, the continuous
exploration of the REOCWPOMMs still remains a great chal-
lenge to us. Further work is in progress for exploiting novel
Waugh-type POM-based materials and potential applications.

Structural description

Single-crystal X-ray diffraction reveals that the hetero-
polymolybdate [MnMo9O32]

6− polyoxoanions in 1–13 areT
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identical and exhibit a typical Waugh-type structure. This
Waugh-type [MnMo9O32]

6− polyoxoanion (the atom number-
ing scheme in the polyoxoanion is from the crystallographic
data of 1) is constructed from a central MnO6 octahedron
and nine MoO6 octahedra in an edge-sharing fashion
(Fig. 2a). Interestingly, the structure of this polyoxoanion can
also be understood as follows: a central MnO6 octahedron is
surrounded by three MoO6 (Mo1, Mo5 and Mo9) octahedra
arranged on three vertices of a triangle, giving rise to a Mn-
centered triangular {MnMo3O18} cluster (Fig. 2b and S2a in
the ESI†) and then two edge-sharing Mo3O13 triads (one
Mo3O13 triad is formed by Mo2, Mo3 and Mo4 and the other
Mo3O13 triad is constructed from Mo6, Mo7 and Mo8) are re-
spectively capped above and below the Mn-centered triangu-
lar {MnMo3O18} cluster (Fig. 2b). Specifically speaking, the
Mo1, Mo5 and Mo9 atoms form an equilateral triangle (de-
noted as △2) with a Mo⋯Mo distance of ca. 5.5 Å and the
Mn atom is located in the center of △2 with a Mn⋯Mo dis-
tance of ca. 3.2 Å. Moreover, the Mo2, Mo3, Mo4 atoms and
the Mo6, Mo7, Mo8 atoms establish another two equilateral
triangles △1 with a Mo⋯Mo distance of ca. 3.3 Å and △3
with a Mo⋯Mo distance of ca. 3.3 Å, respectively. It is note-
worthy that the three equilateral triangles are parallel to each
other and the distances of △2 to △1 and △3 are equal
(Fig. 2c and S2b in the ESI†). Based on the above discussion,

we can deduce that the polyoxoanion has an ideal D3 point
symmetry.28 The C3 axis passes through the centers of the
three equilateral triangles and three C2 axes pass though the
three vertices and the central of the △2, respectively (Fig. 2c).
Moreover, the Mo2, Mo3, Mo4 atoms and the Mo6, Mo7,
Mo8 atoms are respectively combined with the Mn center
through the bridging oxygen atoms, resulting in the corner-
sharing double cubane-like {MnMo6O8} structure (Fig. 2d). As
we all know, cubane-type mixed-metal clusters are a unique
and intriguing area in cluster chemistry due to their charm-
ing structures and potential applications in optics, catalysis,
electrochemistry and materials science.29 Hitherto, some Mo-
containing heterometallic cubane-like clusters,30,31 iso-
metallic cubane {M4O4} or heterometallic cubane {M′xM4−xO4}
containing POMs,32a–d and multi-{M4O4} cubane encapsulated
POM oligomers32e–h have been reported (see the ESI†).

Single-crystal X-ray diffraction analysis indicates that 1–3
are isomorphous and crystallize in the triclinic space group
P1̄ while 4–13 are isomorphic and crystallize in the ortho-
rhombic space group Pbca. Therefore, only 1 and 10 are rep-
resentatively described in detail herein. The molecular struc-
ture of 1 consists of one inorganic–organic hybrid dimeric
{[LaĲHina)Ĳina)ĲH2O)2]ĳMnIVMo9O32]}2

8− core (Fig. 3a), eight
free NH4

+ cations and twelve lattice water molecules. Bond
valence sum (BVS) calculations33 indicate that the oxidation
states of Mo, Mn and La centers are +6, +4 and +3, respec-
tively (Table S1, ESI†), which are well consistent with their co-
ordination geometries. The centrosymmetric dimeric core is
constituted by two asymmetrical {[LaĲHina)Ĳina)ĲH2O)2]
[MnIVMo9O32]}

4− subunits bridged by two (η,2μ-1,1)-ina li-
gands. In the {[LaĲHina)Ĳina)ĲH2O)2]ĳMnIVMo9O32]}

4− subunit,
the crystallographically independent La13+ ion exhibits a
nine-coordinate distorted monocapped square antiprismatic
geometry defined by three terminal oxygen atoms from the
tridentate [MnMo9O32]

6− polyoxoanion and two coordinate
water oxygen atoms and four carboxyl oxygen atoms from a
monodentate Hina ligand, a bidentate ina ligand and an-
other Hina ligand on the other {[LaĲHina)Ĳina)ĲH2O)2]ĳMnIV-
Mo9O32]}

4− subunit with La–O bond lengths of 2.491Ĳ8)–
2.964Ĳ7) Å. In the monocapped square antiprismatic coordi-
nation geometry of the La13+ cation, the O19, O26, O35A and
O1W group and the O34, O35, O36 and O2W group constitute
the two bottom surfaces of the square antiprism and their
standard deviations are 0.1256 and 0.0998 Å, respectively.
The dihedral angle between the two bottom surfaces is 3.1°.
The distances between the La13+ cation and the two bottom
surfaces are 0.8150 and 1.6658 Å, respectively. The O23 atom
occupies the cap position covering the bottom surface de-
fined by the O19, O26, O35A and O1W group and the dis-
tance between the O23 atom and the bottom surface is
1.7017 Å (Fig. 3b). From the above-mentioned data, the coor-
dination geometry of the La13+ cation is severely distorted,
the main reason for which is related to the fact that the ina
ligands have a large steric hindrance in the construction of
the structure. Moreover, the long La1–O35 distance [2.964(7)
Å] can further confirm the existence of the large steric

Fig. 2 (a) The structure of the [MnMo9O32]
6− polyoxoanion in 1. (b)

The combination of the planar {MnMo3O18} cluster and two groups of
edge-sharing {Mo3O13} triads. (c) Three triangles (△1, △2, △3) in the
[MnMo9O32]

6− polyoxoanion with the ideal D3 point symmetry. (d) The
corner-sharing double cubane-like {MnMo6O8} structure in the
[MnMo9O32]

6− polyoxoanion.
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hindrance of the ina ligands that directly leads to the elonga-
tion of the La1–O35 bond. Interestingly, two asymmetric
{[LaĲHina)Ĳina)ĲH2O)2]ĳMnIVMo9O32]}

4− subunits are combined
together by two (η,2μ-1,1)-Hina ligands with the La⋯La dis-
tance of 4.5517(8) Å, giving rise to the dimeric
{[LaĲHina)Ĳina)ĲH2O)2]ĳMnIVMo9O32]}2

8− polyoxoanion. It is
worth noting that Hina ligands are combined with two La3+

ions in an especially interesting mode. Each Hina group con-
tributes one carboxylic oxygen atom as a bridging μ3-O atom
coordinating to two La3+ ions and one C atom, at the same
time, the other carboxylic oxygen atom serves as a bridging
μ2-O atom linking to one La3+ ion and one C atom. Although
similar acetate-bridging dimeric polyoxoanions were previ-
ously observed in several Keggin or Dawson POMs such as
[{(α-PW11O39)REĲH2O)Ĳη,

2μ-1,1)-CH3COO}2]
10− (RE = Sm3+,

Eu3+, Gd3+, Tb3+, Ho3+, Er3+),10d [{(α-SiW11O39)REĲCOOCH3)-
ĲH2O)}2]

12− (RE = Gd3+, Yb3+, Eu3+, Tb3+, Dy3+, Ho3+, Er3+,
Tm3+),34a,b and [{LaĲCH3COO)ĲH2O)2Ĳα2-P2W17O61)}2],

16–34c as
far as we know, such an aromatic carboxylate-connecting

Waugh-type dimeric {[LaĲHina)Ĳina)ĲH2O)2]ĳMnIVMo9O32]}2
8−

polyoxoanion in 1 is reported for the first time. Alternately,
the hybrid dimeric {[LaĲHina)Ĳina)ĲH2O)2]ĳMnIVMo9O32]}2

8−

polyoxoanion of 1 can also be regarded as the fusion of two
Waugh-type [MnMo9O32]

6− units (Fig. 3c) connected by a
dinuclear {[LaĲHina)Ĳina)ĲH2O)2]2}

4+ cation (Fig. 3d). In the
dinuclear {[LaĲHina)Ĳina)ĲH2O)2]2}

4+ cation, two crystallo-
graphically independent La3+ cations are linked by two (η,2μ-
1,1)-ina− ligands, giving birth to a plane S-shaped structure
(Fig. 3e). Moreover, each La3+ ion is coordinated by another
pendent mono-coordinate Hina ligand, resulting in a chair-
like structure (Fig. 3f). In addition, the 3-D stacking align-
ment of 1 along the b axis is illustrated in Fig. 3g, in which
dissociative NH4

+ cations and lattice water molecules are dis-
tributed in the interstices surrounded by dimeric
{[LaĲHina)Ĳina)ĲH2O)2]ĳMnIVMo9O32]}2

8− cores. When dissocia-
tive NH4

+ cations and lattice water molecules are removed, it
is unambiguously seen that dimeric {[LaĲHina)Ĳina)ĲH2O)2]-
ĳMnIVMo9O32]}2

8− cores are arranged in parallel with each

Fig. 3 (a) The inorganic–organic hybrid dimeric {[LaĲHina)Ĳina)ĲH2O)2]ĳMnIVMo9O32]}2
8− core of 1. (b) The coordination polyhedron of the La13+ ion.

(c) Two [MnMo9O32]
6− units in the dimeric {[LaĲHina)Ĳina)ĲH2O)2]ĳMnIVMo9O32]}2

8− core of 1. (d) The dinuclear {[LaĲHina)Ĳina)ĲH2O)2]2}
4+ cation. (e)

The planar S-like structure. (f) The chair-like structure. (g) The 3-D stacking structure of 1 viewed along the b axis. (h) The 3-D stacking structure
of 1 viewed along the b axis after removing dissociative NH4

+ cations and lattice water molecules. (i) Simplified diagram of the 3-D stacking struc-
ture of 1. The atoms with the suffix A are generated by the symmetry operation: A: −x, 1 − y, 1 − z.
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other in the ac plane (Fig. 3h). Ulteriorly speaking, the pack-
ing of dimeric cores along the b axis can be simplified to
Fig. 3i. It can be observed that dimeric cores are regularly ar-
ranged in the –AAA– mode along the a or the c axis (Fig. S3a
and b in the ESI†).

10 crystallizes in the orthorhombic space group Pbca and
its fundamental structural unit is made up of one crystallo-
graphically unique Er3+ cation, one classical [MnMo9O32]

6−

polyoxoanion, two Hina ligands, six coordinate water mole-
cules, three NH4

+ cations and seven lattice water molecules
(Fig. 4a). Different from 1, the crystallographically unique
Er13+ cation in 10 resides in the eight-coordinate distorted
bicapped trigonal prism geometry established by two carbox-
ylate oxygen atoms (O33 and O35) from two monodentate
Hina ligands [Er–O: 2.267Ĳ6)–2.320Ĳ5) Å] and six coordinate
water oxygen atoms [Er–O: 2.347Ĳ6)–2.401Ĳ7) Å] (Fig. 4b). In
the coordination polyhedron around the Er13+ cation in 10,
the O35, O3W and O5W group and the O33, O1W and O6W
group constitute two bottom planes of the trigonal prism.
The dihedral angle formed by two bottom planes is 17.8°.
The distances of the Er13+ cation and two bottom planes are
1.6613 and 1.4537 Å, respectively. The O35, O1W, O3W and

O6W group, the O33, O1W, O3W and O5W group and the
O33, O35, O5W and O6W group form three side planes of the
trigonal prism and their standard deviations from their least-
square planes are 0.1890, 0.0314, and 0.1292 Å, respectively.
The distances between the Er13+ cation and the three side
planes are 1.2725, 0.7249, and 0.6163 Å, respectively. Further-
more, O2W and O4W respectively occupy the cap positions
over the side planes defined by the O33, O1W, O3W and
O5W group and the O33, O35, O5W and O6W group. The dis-
tance between O2W and the side plane defined by the O33,
O1W, O3W, and O5W group is 1.6746 Å whereas the distance
between O4W and the side plane defined by the O33, O35,
O5W and O6W group is 1.7812 Å. The above-mentioned data
indicate that the bicapped trigonal prism is highly distorted.
Comparing 10 with 1, although 1 and 10 consist of the
[MnMo9O32]

6− polyoxoanion, the RE-organic cations in them
are different: (a) the coordination number of the La13+ cation
in 1 is nine-coordinate and the La13+ cation inhabits in the
monocapped square antiprismatic geometry (Fig. 4c) while
the coordination number of the Er13+ cation in 10 is eight-
coordinate and the Er13+ cation is embedded in the bicapped
trigonal prism geometry (Fig. 4d); (b) the bridging ina− ligand

Fig. 4 (a) The fundamental structural unit of 10. Free water molecules and ammonia ions are omitted for clarity. (b) The coordination geometry of
the Er13+ ion. (c) The coordination environment of the La13+ ion in 1. (d) The coordination environment of the Er13+ ion in 10. (e) The 3-D packing
structure of 10 viewed along the c axis. (f) Simplified diagram of 3-D packing structure of 10 viewed along the c axis.
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in 1 adopts the (η,2μ-1,1) coordination mode and the pendant
Hina ligand in 1 shows the monodentate coordination mode
whereas two pendant Hina ligands in 10 employ the mono-
dentate coordination mode. It should be pointed out that the
coordination number of the RE3+ cations in 1 and 10 trans-
forms from 9 to 8 primarily because of the effect of lantha-
nide contraction and the different coordination modes of
Hina ligands. Actually, a similar phenomenon that the effect
of lanthanide contraction leads to the difference of structures
has been encountered in our previous work.26a Furthermore,
the molecular structural units of 10 are regularly aligned to
give rise to the interesting 3-D packing structure (Fig. 4e). As
we can see from the 3-D packing structure, neighboring mo-
lecular structural units are arranged in different fashions to
reduce the steric hindrance as much as possible, which helps
to enhance the chemical stability of 10. Moreover, in order to
clearly understand the 3-D structure of 10, the structural
units are simplified into different color spheres and the
structural units with different orientations are labeled with A,
B, A′ and B′. Thus, the packing of 10 along the c axis can be
simplified to the structure in Fig. 4f. It can be seen that the
molecular structural units are regularly arranged in the –ABA′
B′– mode along the axis and in the –AA′AA′– or –BB′BB′–
mode along the b axis.

From the above-mentioned structural discussion, it can be
concluded that the key reason for the different structures of
1–3 (type I) and 4–13 (type II) is closely related to the lantha-
nide contraction effect although their synthetic conditions
are almost the same. As illustrated in Table S2 in the ESI,†
when the ionic radii of RE3+ ions are larger than 0.980 Å, type
I is obtained. On the contrary, when the ionic radii of RE3+

ions are smaller than 0.980 Å, type II is separated. Obviously,
across the series of RE3+ ions from La3+ to Yb3+, the decrease
of the ionic radii of RE3+ ions makes the coordination num-
ber of RE3+ ions become smaller from nine to eight. Since
the ionic radius of the Y3+ ion lies between Tm3+ and Yb3+,
its species belongs to type II. In the structure of type I, the
nine-coordinate distorted monocapped square antiprismatic
geometry of the RE3+ ion renders the RE3+ ion to coordinate
with three terminal oxygen (O19, O23, O26) atoms of the
Waugh-type [MnMo9O32]

6− polyoxoanion and the longer RE–O
bond lengths (herein the RE–O average bond length > 2.50
Å) can make two neighboring RE3+ ions combine together,
thus constructing the hybrid dimeric {[REĲHina)Ĳina)ĲH2O)2]-
ĳMnIVMo9O32]}2

8− core. Furthermore, the (η,2μ-1,1) coordina-
tion mode of the ina− ligand in type I can also reinforce the
stability of the dimeric assembly. However, in the structure
of type II, the eight-coordinate bicapped trigonal prism geom-
etry cannot entail the three terminal oxygen atoms in the
structure of type I to effectively bind with the RE3+ ion. More-
over, the shorter RE–O bond lengths (herein the RE–O aver-
age bond length < 2.50 Å) make the combination of two
neighboring RE3+ ions become unfavorable. These two com-
mon actions result in the separation of the
[REĲHina)2ĲH2O)6]

3+ cation and the [MnMo9O32]
6− poly-

oxoanion in the structure of type II. Such a phenomenon that

the lanthanide contraction effect leads to the structural dis-
crepancy of the anticipated compounds was previously
encountered.26

UV-visible spectra and diffuse reflectance spectra

Because 1–3 are isostructural and 4–13 also are isomorphic,
only the UV spectra of 3 and 8 as representatives were mea-
sured in aqueous solution. As illustrated in Fig. S4a and b in
the ESI,† the UV spectral profiles of 3 and 8 in aqueous solu-
tion are almost the same in the range of 400–200 nm,
suggesting that both 3 and 8 consist of the same poly-
oxoanion skeleton, which is in good consistency with the re-
sults of IR and single-crystal X-ray diffraction analysis. The
UV spectra of 3 and 8 all display two characteristic absorp-
tion peaks derived from the Waugh-type polyoxoanion so that
the strong absorption band at 206 nm for 3 and 207 nm for
8 can be assigned to the pπ–dπ charge-transfer transitions of
the Ot → Mo bonds and the weak one at 233 nm for 3 and
232 nm for 8 is attributed to the pπ–dπ charge-transfer transi-
tion of the Ob → Mo bonds.28a It is well known that POMs
are extremely sensitive to the pH variation of the studied me-
dium. Consequently, in order to examine the influence of pH
on their stability in aqueous solution, the UV spectra of 3
and 8 in aqueous solution at various pH values have been
carefully explored. The pH values in the alkaline region and
the acidic region are adjusted by using diluted NaOH or di-
luted HCl solution. When 3 is dissolved in water, the pH of
the aqueous solution is 4.3. As you can see from Fig. S4c in
the ESI,† when the pH drops from 4.3 to 2.4, no obvious vari-
ation is observed in the UV spectra of 3. On further decreas-
ing the pH, the Ob → Mo absorption band at 233 nm will
gradually disappear and a new band at 270 nm appears and
becomes more and more obvious, which manifests that the
structure of the [MnMo9O32]

6− polyoxoanion begins to
change. Correspondingly, as the pH increases from 4.3 to 5.0,
the evolution of the UV spectra is unapparent. When the pH
is higher than 5.0, the Ot → Mo absorption band at 206 nm
will gradually disappear (Fig. S4d in the ESI†). It can be con-
cluded from the above analysis that 3 is stable in aqueous so-
lution in the pH range of about 2.4–5.0. Analogously, as re-
vealed in Fig. S4e and f in the ESI,† 8 is stable in the pH
range of ca. 2.3–5.0. In addition, the UV spectral evolution of
3 and 8 in aqueous solution with time has been measured
(Fig. S5 in the ESI†), which indicates that 3 and 8 can be sta-
ble for at least four days. In addition, the visible spectra of
(NH4)6ĳMnMo9O32]·8H2O, 3 and 8 have also been measured in
aqueous solution (Fig. S6 in the ESI†), which all exhibit a
wide absorption band centered at ca. 478 nm that can be at-
tributed to the 4T2g → 4A2g transitions of the Mn4+ center in
the [MnMo9O32]

6− polyoxoanion.35 To obtain the optical band
gaps of 3 and 8, the optical diffuse reflectance spectra for
their powdered crystal samples and (NH4)6ĳMnMo9O32]·8H2O
were measured. The optical band gap (Eg) can be determined
by the intersection point between the energy axis and the line
extrapolated from the linear portion of the absorption edge
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in a plot of Kubelka–Munk function against energy E.36a,b

The Kubelka–Munk function, a/S = (1 − R)2/2R, can be
converted from the diffuse reflectance data, where a is the
absorption coefficient, S is the scattering coefficient, and R is
the reflectance of an infinitely thick layer at a given wave-
length. Plots of Kubelka–Munk function versus energy E (eV)
for 3, 8 and (NH4)6ĳMnMo9O32]·8H2O are illustrated in Fig. S7
in the ESI,† from which Eg can be calculated as Eg = 2.10 eV,
2.12 eV and 2.03 eV for 3, 8 and (NH4)6ĳMnMo9O32]·8H2O, re-
spectively, suggesting that they exhibit a semiconductor-like
characteristic. The optical band gaps are involved in the
energy-level difference between the oxygen p-type HOMO and
the molybdenum p-type LUMO.32e,36c Obviously, the intensive
explorations of the influence of the pH variation on their sta-
bility in aqueous solution, the UV spectral evolution with
time and the optical diffuse reflectance spectra provide the
important prerequisites for investigating their photocatalytic
properties.

Photocatalytic properties

Azo dyes constitute the largest class of the overall category of
industrial dye stuffs, which are extensively used in industries
such as textiles, leather, paper, printing, plastic, and so on.37

Most of them are toxic, carcinogenic, nonbiodegradable and
harmful to the human living environment, human health
and aquatic life, giving rise to an increasing and serious
threat all over the world.38a As a consequence, relevant inves-
tigations on the degradation of azo dyes involving different
degradation techniques have drawn considerable
attention.37a,38b–e In recent years, the photochemistry and
photocatalysis of POM-based inorganic–organic hybrid mate-
rials have aroused increasing interest, which could decom-
pose organic pollutants into pollution-free small molecules
such as small organic acids and CO2.

39 Herein, we selected
azophloxine as a model pollutant of azo dye contaminants in
water to evaluate the photocatalytic effectiveness of 1–13 as
catalysts.

The influence of different pH on the photocatalytic activities
of 3 and 8 under 300 W mercury lamp irradiation

Because 1–3 and 4–13 are respectively isostructural, the
photocatalytic degradation properties of only 3 and 8 as rep-
resentatives are systematically explored. As we all know, the
pH of the photocatalytic system is also an important parame-
ter for optimizing the operational conditions since the pH of
the dye solution system will influence the hydroxyl radical
concentration, the charge of the molecule, adsorption/desorp-
tion of the dye molecule and its intermediates onto a photo-
catalyst surface and the surface charge property of the photo-
catalyst.40 According to the above-mentioned experimental
results about the influence of pH on the stability of 3 and
8 in aqueous solution by means of UV spectroscopy, 3 and
8 are stable in the pH range of ca. 2.4–5.0 and 2.3–5.0, re-
spectively. Therefore, photocatalytic degradation reactions for
3 and 8 were preliminarily carried out under 300 W mercury

lamp irradiation at the initial azophloxine concentration of 6
× 10−5 mol L−1 with 9.8 × 10−6 mol (based on [MnMo9O32]

6−)
catalyst in the dye aqueous solution volume of 50 mL at room
temperature and constant stirring, and three selected pH
values ranging from 4.4 to 2.6 (the pH was adjusted by dilute
hydrochloric acid solution or dilute sodium hydroxide solu-
tion) were investigated. Furthermore, for comparison, the
photocatalytic degradation experiment of the azophloxine so-
lution (6 × 10−5 mol L−1) without any photocatalyst was also
carried out with an initial pH of 6.1 and 2.6. The conversion
of azophloxine in this reaction was quantified by the mea-
surement of the decay of absorbance of its characteristic ab-
sorption band at around 504 nm as a function of time. The
conversion of azophloxine in this reaction was quantified by
the measurement of the decay of absorbance of its character-
istic absorption band at around 504 nm as a function of
time. Moreover, the plots of the conversion of azophloxine
can be expressed as y = (C0 − Ct)/C0, in which C0 represents
the absorbance of the characteristic absorption band of
azophloxine at around 504 nm at the initial time (t = 0) and
Ct is the absorbance of the characteristic absorption band of
azophloxine at a given time (t). The relevant measurement re-
sults are depicted in Fig. 5.

As seen in Fig. 5a and b, after the azophloxine solutions
without any catalyst with initial pH = 6.1 and pH = 2.6 are ex-
posed to 300 W mercury lamp irradiation for 2 h at room
temperature, the conversion of azophloxine is about 20% and
40%, respectively. Obviously, the low pH can be conducive to
the degradation of azophloxine. In the presence of 3 (Fig. 5c–
e), it can be observed from Fig. 5f that 56% and 70%
azophloxine degradation occurs within 2 h at pH = 4.4 and
pH = 3.8 whereas 95% azophloxine degradation can be
achieved within 2 h at pH = 2.6. It is very clear that dye degra-
dation and color removal are maximum at pH = 2.6. The deg-
radation experiments of 8 are similar to those of 3 (Fig. 5g–j).
With the decrease of the pH, dye degradation and color re-
moval speed up probably because strong attractive forces be-
tween dye molecules and the catalyst surface cause a high
rate of adsorption of dye onto the catalyst surface and conse-
quently high degradation and color removal.40a

Furthermore, under the conditions with the optimum pH
= 2.6, the photocatalytic degradation reactions for 1–2, 4–7
and 4–13 (Fig. S8a–j in the ESI†) were also measured under
300 W mercury lamp irradiation under the same conditions
as 3 and 8. The obvious decrease of absorbance of the charac-
teristic absorption band is seen after irradiation, signifying
an obvious degradation of the dye. These results reveal that
1–2, 4–7 and 4–13 as catalysts have apparent photocatalytic
activities towards the degradation of azophloxine. It is note-
worthy that 1–2, 4–7 and 4–13 exhibit similar photocatalytic
activities towards the degradation of azophloxine under UV
irradiation, which might be because they consist of
[MnMo9O32]

6− polyoxoanions. In order to consolidate the con-
clusion, the photocatalytic degradation experiment with
(NH4)6ĳMnMo9O32]·8H2O as the catalyst has been also carried
out under the same conditions (Fig. S8l in the ESI†). The
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results demonstrate that (NH4)6ĳMnMo9O32]·8H2O shows evi-
dent photocatalytic activity towards the degradation of
azophloxine. As a result, the [MnMo9O32]

6− polyoxoanions
play an important role during the course of the photocatalytic
experiments of 1–13. In line with previous studies,37a,38b,c,41

the decoloration process may be related to the cleavage of the
azo group of azophloxine. Therefore, in the subsequent
photocatalytic tests, 3 and 8 are selected as the representative

photocatalysts to explore the influence of the catalyst dosage,
the molar ratio of the doped VK-TA18-TiO2 and the different
irradiation sources on the photocatalytic activities.

The influence of the catalyst dosage on the photocatalytic
activities of 3 and 8 under 300 W mercury lamp irradiation

It is well known that the catalyst dosage is one of the most
important parameters in the photodegradation of organic
compounds. Therefore, the effect of the catalyst dosage on
the photodegradation of azophloxine was probed by varying
the dosage of 3 and 8 from 2.46 × 10−6 mol to 4.67 × 10−5 mol
(based on [MnMo9O32]

6−, 3: 5–95 mg; 8: 5.2–99.1 mg) in 6 ×
10−5 mol L−1 of the employed solutions of azophloxine and
the results are displayed in Fig. 6 and S9 in the ESI.† The re-
sults indicate that the conversion gradually increases with in-
creasing catalyst dosage of 3 and 8 from 2.46 × 10−6 mol to
9.82 × 10−6 mol. However, the photodegradation efficiency de-
creases slightly with increasing catalyst dosage from 9.82 ×
10−6 mol to 4.67 × 10−5 mol. Apparently, the optimal catalyst
dose is 9.82 × 10−6 mol, the main reason for which is that the
photocatalytic activity is found to be dependent on the initial
catalyst concentration because the number of total active
sites increases with the increase of the catalyst dosage and
more catalytic active sites can lead to the enhancement of the
photocatalytic activity. However, the conversion decreases
when the photocatalyst dosage is higher than 9.82 × 10−6 mol
because of the increased light scattering effects of the
photocatalysts.42

The influence of various molar ratios of the doped VK-TA18-
TiO2 : 8 on the conversion of azophloxine under 300 W
mercury lamp irradiation

Titanium dioxide may be a promising photocatalyst because
of some of its important advantages including low cost,
higher stability, non-toxicity and enormous efficiency in
degrading various organic contaminants in the field of sew-
age treatment.43a–e TiO2-based materials have been demon-
strated to be one of the most reliable heterogeneous photo-
catalysts and are most widely activated under UV light
irradiation.38c,43f To date, some photocatalysis investigations

Fig. 6 Effect of the catalyst dosage of 3 (a) and 8 (b) on the
conversion of azophloxine. Experimental conditions: dye solution
volume: 50 mL, initial concentration of azophloxine: 6 × 10−5 mol L−1,
pH = 2.6.

Fig. 5 UV-visible absorption spectral changes for the azophloxine
solutions at various irradiation times: (a) without any catalyst with
initial pH = 6.1; (b) without any catalyst with pH = 2.6; (c) in the
presence of 3 (20 mg) with pH = 4.4; (d) in the presence of 3 (20 mg)
with pH = 3.4; (e) in the presence of 3 (20 mg) with pH = 2.6; (f) the
effect of the different pH on the conversion of azophloxine for 3; (g) in
the presence of 8 (20.8 mg) with pH = 4.4; (h) in the presence of
8 (20.8 mg) with pH = 3.4; (i) in the presence of 8 (20.8 mg) with pH =
2.6; (j) the effect of the different pH on the conversion of azophloxine
for 8. Inset: the conversion of azophloxine (y) with reaction time (t).
Experimental conditions: initial concentration of azophloxine: 6 × 10−5

mol L−1, dye solution volume: 50 mL, catalyst amount: 9.8 × 10−6 mol
(based on [MnMo9O32]

6−).
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involving POM–TiO2 composite materials have been
performed in the past decade because POMs are a family of
green and stable early transition metal-oxo clusters that dis-
play semiconductor-like photochemical behavior owing to
similar electronic characteristics (band gap transition for
semiconductors and HOMO–LUMO transitions for
POMs).38c,44 The role of the POM in TiO2 photocatalysis is
crucial in enhancing the overall photoefficiency by retarding
the fast recombination of a charge-pair (h+–e−) on TiO2 and
producing a strong oxidant O2

− and OH˙ radicals.44b

Therefore, we chose the VK-TA18 nanometer titanium dioxide
(denoted as VK-TA18-TiO2) as the dopant to improve the
degradation efficiency of 3 and 8 towards azophloxine. As
shown in Fig. 7 and S10 in the ESI,† based on 9.82 × 10−6 mol
(based on [MnMo9O32]

6−) 3 (20 mg) and 8 (20.9 mg), the mo-
lar ratio of VK-TA18-TiO2 :3/8 varies between 1 : 2 and 4 : 1
with the azophloxine concentration of 6 × 10−5 mol L−1 and
the effect of the doping amount of VK-TA18-TiO2 on the
conversion of azophloxine was measured. The results show
that the conversion within 80 min increases dramatically
with increasing doping amount of VK-TA18-TiO2 from 0 to 1 :
2, which may be ascribed to the synergistic effect resulting
from the combination of manganomolybdates and VK-TA18-
TiO2. It is hypothesized that the interfacial electron transfer
takes place from the conduction band of VK-TA18-TiO2 to
[MnMo9O32]

6− units upon UV light irradiation and this
effective electron transfer can bridle fast electron–hole
recombination in VK-TA18-TiO2 and the trapped holes have
sufficient time to react with H2O to generate OH˙

radicals.38c,44b Specifically, with increasing VK-TA18-TiO2, the
band gap of the mixture (3, 8 and VK-TA18-TiO2) becomes
narrow, which gives a higher population of the photoexcited
electrons and holes to participate in the photocatalytic
reaction. Thus, more available and active sites on the catalyst
surfaces can be produced, which are responsible for the de-
struction of azophloxine.45a However, with a continuous in-
crease of the doping amount of VK-TA18-TiO2, no significant
enhancement in the conversion is observed, which may be
because the total active surface areas increase with the
increase of VK-TA18-TiO2 dosage; at the same time, the
turbidity of the suspension also increases with the addition

of a high dose of VK-TA18-TiO2, which results in the decrease
of the penetration of UV light and the aggregation of
photocatalysts and hence no remarkable enhancement in the
conversion is observed.45b That is to say, a higher dose of
catalyst may not be useful in consideration of both
aggregation of photocatalysts and reduced irradiation field
owing to light scattering effects.45b It can be clearly seen from
Fig. 7 that the optimal molar ratio of VK-TA18-TiO2 : 3/8 is 1
(0.4 mg VK-TA18-TiO2) : 2.

The influence of different irradiation sources on the
photocatalytic activities of 3 and 8

The influence of different irradiation sources (300 W mercury
lamp and 500 W xenon lamp) on the photocatalytic activities
of 3 and 8 was investigated. On the basis of the above results,
the optimum experimental conditions (the catalyst ratio of
VK-TA18-TiO2 :3/8 is 1 : 2 [0.4 mg VK-TA18-TiO2 and 9.82 ×
10−6 mol 3 or 8 (based on [MnMo9O32]

6−, 20 mg 3 or 20.9 mg
8)], the concentration of azophloxine is 6 × 10−5 mol L−1 and
pH is 2.6) were selected. As shown in Fig. 8 and S11 in the
ESI,† we found that VK-TA18-TiO2 : 3/8 = 1 : 2 at pH = 2.6 is
more photoactive than other catalysts under various irradia-
tion sources. For instance, after irradiation for 80 min under
the UV light of a 300 W mercury lamp, the conversions of
azophloxine are 46%, 92% and 94% for 0.4 mg VK-TA18-TiO2,
20 mg 3, the mixed phase of 20 mg 3 and 0.4 mg VK-TA18-
TiO2, and 90%, 95% for 20.9 mg 8, the mixed phase of 20.9
mg 8 and 0.4 mg VK-TA18-TiO2, respectively. In contrast, after
irradiation for 100 min under the visible light of a 500 W xe-
non lamp, the conversions of azophloxine are 16%, 35% and
45% for 0.4 mg VK-TA18-TiO2, 20 mg 3, the mixed phase of
20 mg 3 and 0.4 mg VK-TA18-TiO2, and 38%, 46% for 20.9
mg 8, the mixed phase of 20.9 mg 8 and 0.4 mg VK-TA18-
TiO2, respectively. These results indicate that the optimum

Fig. 8 (a) Conversion of azophloxine with reaction time under a 300
W mercury lamp light for 3. (b) Conversion of azophloxine with
reaction time under a 300 W mercury lamp light for 8. (c) Conversion
of azophloxine with reaction time under a 500 W xenon lamp light for
3. (d) Conversion of azophloxine with reaction time under a 500 W
xenon lamp light for 8.

Fig. 7 Effects of various molar ratios of the doped VK-TA18-TiO2 :3
(a) and VK-TA18-TiO2 :8 (b) on the conversion of azophloxine.
Experimental conditions: initial concentration of azophloxine: 6 × 10−5

mol L−1, dye solution volume: 50 mL, pH = 2.6.
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conditions are the combination of pH = 2.6 and the mixed
phase of 9.82 × 10−6 mol 3 or 8 (based on [MnMo9O32]

6−, 20
mg 3 or 20.9 mg 8)] and 0.4 mg VK-TA18-TiO2 under either
the UV light of a 300 W mercury lamp or the visible light of a
500 W xenon lamp, which can be attributed to the synergistic
effect of 3/8 and VK-TA18-TiO2. This synergistic effect is that
(a) 3 and 8 have very photochemical characteristics of the
semiconductor photocatalysts (this has been proved by the
result of the optical diffuse reflectance spectrum) and (b) 3
and 8 have empty d orbits and can be used as good electron
acceptors. Thus, in the photocatalytic mixed phase system of
3/8 and VK-TA18-TiO2, the fast charge-pair (e−–h+) recombina-
tion on the surface of VK-TA18-TiO2 can be delayed because
the electrons are transferred into the empty d orbits of 3/8,
which is in agreement with previous documents.46 As a re-
sult, the photocatalytic mixed phase system of 3/8 and VK-
TA18-TiO2 has a high photocatalytic activity. Moreover, the
photocatalytic activity of the mixed phase system of 3/8 and
VK-TA18-TiO2 under UV light is slightly higher than that un-
der visible light. And no obvious decay of absorbance of the
characteristic absorption band at around 504 nm is observed
under the visible light of a 500 W xenon lamp, which indi-
cates that the azophloxine solution is not self-degraded.

Photoluminescence (PL) properties

RE-containing materials have always played a remarkable role
in lighting and light conversion technologies such as light
emitting diodes, lasers, NIR-emitting materials, cathode-ray
and plasma displays,47 which are mainly related to the
electronic properties of the RE ions including the good
shielding of the 4f orbitals by the filled 5s25p6 subshells
resulting in well-defined absorption and emission bands and
high color purity.48 Hence, the atomic characteristics of RE
cations are usually maintained in the RE-containing mate-
rials. Thus, some luminescent RE-based POMs have been
addressed.49 Herein, the PL properties and lifetime decay be-
haviors of solid-state samples of 3 (near-IR luminescence), 4
and 5 (UV-visible luminescence) have been investigated at
room temperature, respectively.

UV-visible luminescence. 4 emits an obvious red fluores-
cence upon excitation with an ultraviolet light of 340 nm.
The emission spectrum of 4 displays four typical emission
peaks between 500 and 800 nm. The three emission bands
appearing at 562 nm, 597 nm and 644 nm are attributed to
the 4G5/2 → 6H5/2,

4G5/2 → 6H7/2 and 4G5/2 → 6H9/2 transitions
of the Sm3+ cation, respectively (Fig. 9a).50 To clarify and
comprehend the broad and strong emission band centered at
705 nm (Fig. 9b), the PL emission of (NH4)6ĳMnMo9O32]·8H2O
has also been studied. Upon excitation at 340 nm,
(NH4)6ĳMnMo9O32]·8H2O exhibits a strong emission band at
710 nm (Fig. S12a in the ESI†), which is mainly induced by
the 2E → 4A2 transition of the Mn4+ cation in the
[MnMo9O32]

6− units.51 Comparing the PL spectrum of 4 with
that of (NH4)6ĳMnMo9O32]·8H2O, evidently, the broad and
strong emission band centered at 705 nm in 4 can be

assigned to the 2E → 4A2 transition of the Mn4+ cation in the
[MnMo9O32]

6− fragment. In addition, the stark splitting of the
4G5/2 → 6H7/2 transition is attributed to the low local symme-
try of the Sm3+ ion,52 which is well consistent with the result
(the Sm3+ ion inhabits in an eight-coordinate distorted
bicapped trigonal prism geometry) of the single-crystal struc-
ture analysis for 4. In addition, by monitoring the emission
at 705 nm, the excitation spectrum of 4 has been collected
(Fig. 9c). The excitation spectrum is dominated by a strong
band at 340 nm, which is assigned to the O → Mo ligand-to-
metal charge transfer (LMCT) transition.51a This observation
further consolidates that photoexcitation of the O–Mo LMCT
band results in an intramolecular energy transfer from the
O–Mo LMCT triplet state into Sm3+ and Mn4+ cations,
followed by the luminescence of the 4G5/2 → 6H5/2,

4G5/2 →
6H7/2 and

4G5/2 →
6H9/2 transitions of the Sm3+ cation and the

2E → 4A2 transition of the Mn4+ cation. Similar procedures
have been observed by Yamase et al. in the sensitized lumi-
nescence Eu3+, Mn4+ and Cr3+ POMs as a result of intramolec-
ular energy transfer.49a In order to determine the lifetime,
the luminescence decay curve of 4 has been measured by
monitoring the excitation at 340 nm and the most intense
emission at 705 nm (Fig. 9d), which can be well fitted with a
second-order exponential function I = A1 expĲ−t/τ1) + A2 expĲ−t/
τ2), where I is the luminescence intensity, A1 and A2 are the
pre-exponential factors, t is the time, and τ1 and τ2 are the
fast and slow components of the luminescence lifetimes. The
fitted luminescence lifetimes τ1 and τ2 are 1.40 μs (37.46%)
and 9.49 μs (62.54%), and the pre-exponential factors A1 and
A2 are 3548.94 and 872.89, respectively. Thus, the average de-
cay times (τ*) can be determined by the following formula: τ*
= (A1τ1

2 + A2τ2
2)/(A1τ1 + A2τ2).

53 Therefore, its average lifetime
is calculated to be 6.46 μs. Nevertheless, from the crystal
structure of 4, we can know that there is one crystallographi-
cally unique [MnMo9O32]

6− fragment in 4, and it is almost im-
possible that there are two different lifetimes for one crystal-
lographically unique [MnMo9O32]

6− fragment in 4. To further
investigate the reason for the two different lifetimes, the lu-
minescence decay curve of the (NH4)6ĳMnMo9O32]·8H2O (Fig.
S12c in the ESI†) has been also recorded under similar condi-
tions to 4 and can be fitted to a single exponential function: I
= A expĲ−t/τ) with τ of 11.21 μs. This experimental result indi-
cates that the lifetime of 4 indeed originates from the com-
bined contributions of the Sm3+ ion and the [MnMo9O32]

6−

fragment. The solid-state emission spectrum of 5 under exci-
tation at 340 nm displays four obvious emission peaks at 579
nm, 593 nm, 615 nm and 702 nm (Fig. 9e and f). The three
typical emission peaks at 579, 593 and 615 nm are respec-
tively attributed to the 5D0 → 7F0,

5D0 → 7F1 and 5D0 → 7F2
transitions of the Eu3+ ion,48b,54 whereas another peak at 702
nm is derived from the 2E → 4A2 transition of the Mn4+ cation
in the [MnMo9O32]

6− units.51 In addition, the symmetry-
forbidden emission 5D0 → 7F0 is seen at 579 nm, which re-
veals that the Eu3+ cation in 5 inhabits in the low symmetri-
cal coordination environment.54,55 It is well known that the
5D0 → 7F2 transition induced by the electric dipole moment
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is hypersensitive to the coordination environment of the Eu3+

ion, whereas the 5D0 →
7F1 transition is a magnetic dipole in

origin and less sensitive to its environment.56 Generally
speaking, the magnetic dipole 5D0 →

7F1 transition is regnant
in a centrosymmetric coordination environment; in contrast,
the electronic dipole 5D0 →

7F2 transition is usually the stron-
gest emission band in a ligand field without inversion sym-
metry.57 The intensity ratio of the IĲ5D0 → 7F2)/IĲ

5D0 → 7F1)
can be used as a criterion to check the symmetry of the local
environment of the Eu3+ ion.48b In the case of 5, the intensity

ratio of the IĲ5D0 → 7F2)/IĲ
5D0 → 7F1) is equal to about 3.5,

which also implies that the Eu3+ ion resides in the low sym-
metric coordination environment. This conclusion is
supported by the case that the crystallographically indepen-
dent Eu3+ ion in 5 exhibits the eight-coordinate distorted
bicapped trigonal prism geometry. To further determine the
lifetime, the luminescence decay curve of 5 has also been
recorded (Fig. 9h), which can be well fitted to a single expo-
nential function, I = A expĲ−t/τ), yielding the lifetime value τ of
13.65 μs and the pre-exponential factor A of 2417.29. In

Fig. 9 (a) The emission spectrum between 500 nm and 650 nm of 4 under excitation at 340 nm at room temperature. (b) The emission spectrum
between 650 nm and 800 nm of 4 under excitation at 340 nm at room temperature. (c) The excitation spectrum of 4 obtained by monitoring the
emission at 705 nm. (d) The luminescence decay curve of 4. (e) The emission spectrum between 500 nm and 650 nm of 5 under excitation at 340
nm at room temperature. (f) The emission spectrum between 650 nm and 800 nm of 5 under excitation at 340 nm at room temperature. (g) The
excitation spectrum of 5 obtained by monitoring the emission at 703 nm. (h) The luminescence decay curve of 5. (i) CIE chromaticity diagram of
the emissions of 0, 4, and 5. (j) NIR emission spectrum of 3 under excitation at 581 nm at room temperature. (k) NIR excitation spectrum of 3
obtained by monitoring the emission at 1062 nm. (l) The luminescence decay curve of 3.
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comparison with the luminescence decay curve of the
(NH4)6ĳMnMo9O32]·8H2O (Fig. S12c in the ESI†) with a single
exponential function affording τ of 11.21 μs, it can be con-
cluded that the luminescence lifetime of 5 primarily origi-
nates from the contribution of the [MnMo9O32]

6− fragment.
A better understanding of the true color is fairly vital in

the domains of lighting and display devices.58 The CIE 1931
diagram is widely used to examine all the possible colors by
combining three primary colors, in which the chromaticity
coordinates x and y are used for ascertaining the accurate
emission colors of the as-synthesized materials. The CIE
chromaticity coordinates for 4, 5 and (NH4)6ĳMnMo9O32]
·8H2O (0) are determined based on their matching emission
spectra and are calculated as (0.66292, 0.33629), (0.69578,
0.30272) and (0.70754, 0.29232), respectively (Fig. 9i). It can
be clearly observed that 4, 5 and 0 all exhibit red emission.

Near-IR luminescence. In the recent several decades, RE-
based near-infrared (NIR) luminescence materials have
attracted significant interest due to extensive applications in
the fields of light emitting diodes, telecommunication and
medical science on account of their potential for non-
invasive in vivo imaging.59 As a consequence, the NIR lumi-
nescence properties of the solid sample of 3 have also been
probed at ambient temperature. As demonstrated in Fig. 9j,
the NIR emission spectrum under excitation at 581 nm re-
veals three groups of characteristic bands, corresponding to
the 4F3/2 → 4I9/2 (876 and 896 nm), 4F3/2 → 4I11/2 (1062 nm)
and 4F3/2 → 4I13/2 (1334 nm) transitions of Nd3+ ions.50c,60

The excitation spectrum of 3 was collected by monitoring the
strongest 4F3/2 →

4I11/2 emission (Fig. 9k) and exhibits a broad
band in the 560 to 610 region, which stems from spin-
forbidden Mn4+-crystal-field transitions of 4A2 → 2T1 and 4A2
→ 2T2.

51a Moreover, its luminescence decay curve was also
recorded (Fig. 9l) and fitted by a double exponential function,
affording τ1 and τ2 of 1.08 μs (25.42%) and 10.44 μs (74.58%)
and an average lifetime of 8.07 μs.

Conclusions

To summarize, two types of novel REOCWPOMBMs 1–13
have been successfully prepared by utilizing a step-by-step
synthetic strategy in aqueous solution. To the best of our
knowledge, they represent the first examples of Waugh-type
manganomolybdates functionalized by rare-earth ions and
isonicotinic acid ligands. Interestingly, two Waugh-type
[MnMo9O32]

6− units are linked through a dinuclear
{[REĲHina)Ĳina)ĲH2O)2]2}

4+ cation in 1–3 and the molecular
structures of 4–13 comprise an organic–inorganic hybrid
[REĲHina)2ĲH2O)6]

3+ fragment and one [MnMo9O32]
6− anion.

Experimental results indicate that they exhibit photocatalytic
activities for the degradation of azophloxine and the photo-
catalytic properties of 3 and 8 have been discussed in detail.
Interestingly, at pH = 2.6, the catalyst of VT-TiO2 : 3/8 = 1 : 2
behaves with good photocatalytic activity under both UV light
and visible light. Moreover, the PL properties and lifetimes of
3–5 have also been investigated. The near-IR emission spec-

trum of 3 exhibits three characteristic bands that are ascribed
to 4F3/2 → 4IJ (J = 9/2, 11/2, 13/2) transitions, the visible emis-
sion spectrum of 4 exhibits three characteristic bands attrib-
uted to 4G5/2 →

6HJ (J = 5/2, 7/2, 9/2) transitions and a strong
band assigned to the 2E → 4A2 transition of the Mn4+ cation
in the [MnMo9O32]

6− fragment and 5 exhibits three character-
istic emission peaks due to 5D0 → 7FJ (J = 0, 1, 2) transitions
and a strong band assigned to the 2E → 4A2 transition of the
Mn4+ cation in the [MnMo9O32]

6− fragment. This work not
only develops an effective synthetic methodology in preparing
REOCWPOMBMs and fertilizes the structural multiformity of
REOCWPOMBMs and POMB chemistry, but also extends the
application aspects of REOCWPOMBMs in the fields of
photocatalysis and photoluminescence. These research fruits
will drive us to persistently explore and prepare much more
novel RECPs with the aim of searching for some reaction
rules and intriguing properties. Continuous work and unre-
mitting efforts are under way.
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