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/Abstract: Three types of serine-decorated rare-
earth-containing arsenotungstate [H,N(CH,),1sNaH[RE,
W,0,4(H,0)4(Ser),(B-a-AsW4033),1-30H,0  (RE** =Eu’®", Gd*",
Tb*t, Dy*t, Ho*", EF/T, Tm?", Yb*', and Y3'; 1),
[H,N(CH,),l¢Nas_,RE,H,_, [RE,W;0:4(H,0);,,(OH),(Ser),(B-a-

AsW,05,),]'nH,0 (RE®"=Tb**, x=1, y=2, n=36; RE®" =
Dy**, Ho®", Erf, Yb*", Y3", x=0, y=0, n=38; RE®" =
Tm?**, x=1, y=0, n=38; Ser=serine; 2), and
[HN(CH3),J6 2Ny, 3, REH1g 6,4 [RE;W5015(H,0)5(OH),5(Ser) (B~
a-AsW,053),-Cl,,nH,0 (RE** =Ce’*, Pr’*, x=1, y=0, n=65;
RE}* =Nd**, Sm*", x=0, y=0, n=65; RE*" =Eu*", Gd*",
x=1, y=2, n=45; 3) were synthesized with the participa-
tion of the organic solubilizers dimethylamine hydrochloride
and L-serine and were structurally characterized. The use of

different amounts of rare-earth salts results in the structural
transformation from dimerization to tetramerization of types
1-3. Type 1 is a dimeric sandwich-type assembly of a dual-
Ser-participating [RE,W,0,0(H,0)s(Ser),]'°" entity sandwiched
by two [B-0-AsW,03;]°~ moieties, whereas types 2 and 3
have a tetrameric square structure formed by four
[B-0-AsW,04,]°~ moieties that anchor a dual/tetra-
Ser-participating [RE,WgO;6(H,0)10+,(OH),(Ser),1*°* or
[RE,W;0,6(H,0)5(0H),(Ser),1**" core. The solid-state lumines-
cence properties and lifetime—decay behaviors of these com-
pounds were investigated. The chromaticity coordinates,
dominant wavelengths, color purities, and correlated color
temperatures were also calculated.

/

Introduction

Polyoxometalate (POM)-based materials have displayed multi-
ple potential applications in catalysis, medicine, magnetism,
gas sorption, molecular recognition, electronics, and nonlinear
optics." These materials are closely related to their anionic
cluster frameworks that show several noticeable features:
1) the ability to maintain a high integrity in the solid state and
aqueous solution; 2) the ability to display various species with
a wide range of sizes, shapes, and even highly symmetric top-
ologies; 3) the possession of interesting electronic properties
(e.g., the storage of various numbers of electrons without fun-
damental structure changes, thus leading to the mixed-valence
system in which the extra electrons are extensively delocalized
over the whole POM skeleton); 4) the ability to act as multi-
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dentate inorganic ligands to incorporate either functional
organic moieties or second metal centers from the d and f
blocks.”

Among these compounds, arsenotungstates (ATs) are an im-
portant subfamily with a wide range of diverse structures and
properties and that have attracted increasing interest over sev-
eral decades (Table S1 in the Supporting Information). Between
2009-2014, Boskovic and co-workers reported some great ach-
ievements in the field of organic-ligand-functionalized rare-
earth (RE)-containing ATs (RECATs), which were obtained from
the conventionally used acidic aqueous solution by employing
the versatile precursors [As,W,,0¢,(H,0)]'" and [B-a-
AsW,0,,]° B Some typical examples include acetate-con-
taining  [Yb;oAs;oW3g0305(0H)5(H,0),5(0AC),1*°,® 1D chainlike
[Dy,As,W,,0,4(H,0),4(C,HsNO,),1> M the organically sensitizing
luminescent [Thg(pic)s(H,0),5(B-B-AsW050) (WO, (pic)s]
(pic=2-picolinate),” glycine (Gly)-encapsulating
[Dy,AssW,00,44(H,0)14(Gly),]*'~  with single-molecule magnet
(SMM)  characteristics, and the 3D  framework
[K,{Dy(H,0)3},As,W,405] WO, (pic)L,]° " Recently, Niu and co-
workers have been very active in the research of ATs"%'® and
have addressed several classes of RECAT-carboxylate hybrid,
such as pydc-containing  [AssWs30,0:Ce,(pydc)(H,0)s1%
(H,pydc = pyridine-2,3-dicarboxylic acid),"? tartrate-
bridging  [RE,(C,H,06)(C4H,00)(AsW,05)1,'®  (RE®" =Ho’",
EFT, Tm®", Yb®', Lu®", and Y*%)'" citrate-functionalized
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[RE;(H,0)ARE,(H,0),A5,W;4045(WO,),(Cc0;H,) 351~ (RE}* =
Y3*, Tb®*, Dy**, Ho’', EFf, Tm®", Yb’, and Lu*")™
and the double-malate-connective [(RE;(p;-OH)(H,0)5(AsW,
03){AsW,,055(mal)},]1??~  (RE** =Dy?*, Tb**, Gd**, Eu*",
and Sm*")®  Kortz etal. reported several AT-based
organo-tin  derivatives, such as  bis-phenyltin-  or
dimethyltin-containing  [(C4HsSn),As,W,40,(H,0)1* ™ and
[{SN(CH5),(H,0)},{Sn(CH;,),}As;(0-AsW4053),1*' 2% and a Ti,-incor-
porating [Tig(TiOg)(AsW4055),1°~.2" Over 2009-2011, Patzke and
co-workers reported an unusual Gd*"-bridging AT nanocluster
[GdgAs;,W15,043,(H,0),,1%° 2% a family of Cs*-templated RECATs
[CSCREGASeW30,15(H,0)14(OH),1*~ (RE*T =Eu**, Gd**, Tb*",
Dy*", Ho®', and ErF")™ and a class of nanocluster
[RE 4AS;6W,6,0576(OH)g(H,0) 1%~ (RET =Eu**, Gd*", Tb*",
Dy*", and Ho®") with an investigation into the magnetic prop-
erties of the Gd>T-containing member’ Wang and co-
workers discovered an alanine-decorated cryptand AT
[Ce,As,W,,0, (ala),(OH),(H,0),,]**~ (ala=alanine), an inorganic
cryptate [Mn{Ce,As,W,,0,,5,1""* and an interesting 3d-4f
heterometallic AT trimer [KC{FeCe(AsW,0s5)(H,0),}1'*" 2% In
2013, Li and co-workers synthesized three 1D chain RECATs
[RE4(H,0),{As,W,,(OH),(proline),0,5,}1'°" (RE*" =Tb*", Dy*", x=
22; RE¥" =Nd*", x=26).?”” Wassermann and Pope discovered
a family of supramolecular aggregate [Ce;¢(H,0);¢(B-0i-As-
W4033)1,(WO,),(W,04)5(WsCeO14),1~ and [(H,0);;RE(Ln,OH)(B-a-
AsO;W4050),(WO,),1*°~  (RE*T=Ce®*, Nd®*, Sm’', and
Gd**).22% Fukaya and Yamase reported two alkali-metal-con-
trolled crown-shaped RECAT rings [K{Eu(H,0),(0-AsW4033)}e]*>~
and [Cs{Eu(H,0),(a-AsW,0,,)1,1% % Nadjo and co-workers and
our laboratory reported multi-transition-metal (TM)-substituted
ATs and studied their magnetic properties.®'* In 2012 and
2015, our group consequently investigated several types of
TM-RE heterometallic AT.2¥

It is obvious that there are very few reports on amino acid-
containing RECATs,®®% which provides us an excellent oppor-
tunity and a great possibility to explore this research realm fur-
ther. Moreover, amino acid ligands with flexible carboxyl and
amino coordination sites allow these ligands to utilize multi-
functional coordination modes to combine various metal cen-
ters, thus giving rise to unique metal-oxo cluster aggregates
with novel structures and interesting properties. Above all, the
majority of the previously reported RECATs were prepared
from AT precursors by using a stepwise synthetic strategy.
However, the one-step self-assembly strategy with sodium
tungstate, arsenic trioxide, amino acid ligands, and RE** ions
under laboratory conditions to synthesize amino acid-contain-
ing RECAT aggregates has been seldom utilized, which is of
great interest for us. In this one-step self-assembly process, it
is not necessary to prepare AT precursors, which can drastically
curtail the experimental procedures. It is well known that there
are enormous possibilities and unpredictabilities in creating
novel species derived from the combination of AT fragments
generated in situ and RE ions with amino acid ligands during
the course of a one-step self-assembly process. In this context,
we have begun to employ this one-step self-assembly strategy
to prepare neoteric organic-inorganic hybrid RECAT aggregates
by using the synergistic effect of two types of organic solubiliz-
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er (ie., dimethylamine hydrochloride and L-serine); how-
ever, reaction systems that include one of these organic
solubilizers have been recently exploited by us in the dis-
covery of two series of novel RECATs, such as
[H,N(CH;),]gNag,H 6{[RE; oW (H50)30050] (B-0-AsWO33)}-97 H,O
(RE3+:EU3+, Sm“, Gd“, Tb”, Dy“, Ho“, Er”,
and Tm*") and [H,N(CH,),]sNag{[W;RE,(H,0)sAs04(OH)][B-0i-
AsW,03;1,1,-65H,0 (RE*F =Eu**, Gd**, Tb**, Dy**, Ho**, and
Y3*).5% In this reaction system, synergistic effects of the two
organic solubilizers are present. One organic solubilizer (i.e., di-
methylamine hydrochloride) can, to some degree, ameliorate
the reactivity of sodium tungstate and arsenic trioxide with
RE®' ions in an aqueous acidic medium and effectively de-
crease the possibility of precipitation caused by the AT frag-
ments generated in situ and RE*" ions; furthermore, this or-
ganic solubilizer can simultaneously serve as the organic
cation to balance the charge of the resulting products. Where-
as the other solubilizer (i.e., L-serine) can function as a chelating
functional ligand to induce the aggregation of different metal
centers and thus construct novel RECAT aggregates. Further-
more, the synergetic effects of these two organic solubilizers
can not only facilitate the formation and crystallization of the
desired products, but also can stabilize the structures of the
desired products.

Based on this strategy, we obtained three classes of
Ser-decorated  RECAT  [H,N(CH,),JsNaH[RE,W,0,,(H,0)s(Ser),
(B-a-AsW,053),1:30 H,O (RE*" =Eu’", Gd*t, b3,
Dy*", Ho’*, EPT, Tm’", Yb®', and Y%, 1),
[HZN(CH3)Z]GNaG—XRExH4—2x[RE4W8O19(H20)10+y(OH)2(Ser)2(B_a-AS'
W,0,,),'nH,0 (RE}*=Tb>", x=1, y=2, n=36; RE=Dy’",
Ho®**, ErT, YB*T, Y3T, x=0, y=0, n=38; REE"=Tm*", x=1,
y=0, n=38; 2), and [HN(CHy),l6_oNay. 5REH:o_ gy
JIRE;W5014(H,0)5(OH),(Ser)4(B-0:-AsWy0s3),1-Cl,-n H,O (RE** =
Ce’", PrT, x=1, y=0, n=65; RE"=Nd*", Sm**, x=0, y=0,
n=65; RE®T =Eu®", Gd>*, x=1, y=2, n=45; 3). Type 1 reveals
a Ser-decorated di-RE-substituted sandwich-type dimeric struc-
ture constructed from two trilacunary Keggin [B-a-AsW,0,;1°"
fragments that sandwich a [RE,W,0,,(H,0)s(Sen,]'®" core,
whereas types 2 and 3 display the Ser-decorated tetra-RE-sub-
stituted tetrameric square assembly established by four trilacu-
nary Keggin [B-a-AsW,04,]°" fragments that encapsulate a
central dual- or tetra-Ser-participating [RE;WO,4(H,0)10 .,
JAOH),(Sen),1*** or [RE,W50;5(H,0)5(OH),(Ser),]** core. Most in-
terestingly, the use of different amounts of RE*" salts leads to
structural transformation from dimerization to tetramerization
of Ser-decorated RECATs. Type 1 was obtained when
0.10 grams of RE(NO;)-6 H,O was used in the reaction, whereas
type 2 and 3 were obtained when the amount of
RE(NO;)-6 H,0 used increased to 0.20 grams. Unexpectedly, the
influence of the inherent nature of the RE*" ions results in the
structural discrepancy of types 2 and 3. To the best of our
knowledge, this structural transformation derived from the use
of different amounts of RE®" salts has scarcely been encoun-
tered in the field of POM chemistry.

The solid-state luminescent properties and lifetime-decay
behaviors of 1-Eu, 1-Tb, 1-Dy, 1-Ho, 1-Er, 1-Tm, 2-Tb, 2-Dy, 2-
Ho, 2-Er, 2-Tm, 3-Pr, 3-Nd, 3-Sm, and 3-Eu have been investi-
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gated. The chromaticity coordinates of 1-Eu, 1-Tb, 1-Dy, 1-Ho,
1-Er, 1-Tm, 2-Tb, 2-Dy, 2-Ho, 2-Er, 2-Tm, 3-Pr, 3-Sm, and 3-Eu
have been indexed, and the dominant wavelengths, color puri-
ties, and correlated color temperatures have also been calcu-
lated for these compounds.

Results and Discussion
Synthesis

As part of our continuing work on one-step self-assembly strat-
egies to prepare novel organic-inorganic hybrid RECAT aggre-
gates, compounds 1-3 were prepared by treating
Na,WO,-2H,0 and As,O; with RE(NO,);:6 H,O with the introduc-
tion of two organic solubilizers (i.e., dimethylamine hydrochlo-
ride and L-serine) under acidic conditions (see the Experimen-
tal Section in the Supporting Information). During the course
of our investigation, we firstly used RE(NO,);:6H,0 (0.100 g;
RE¥* =Eu®", Gd*", Tb*", Dy**, Ho®', EF*, Tm*", Yb’", and
Y3*) to treat other simple materials, thus giving rise to type 1.
Considering the influence of the amount of RE*" ions used,
when we increased the quantity from 0.10 to 0.20 grams under
the same conditions and, beyond our expectation, type 2
(RE®"=Tb*", Dy**, Ho**, EF*T, Tm*", Yb*", and Y*") was ob-
tained. The results of parallel experiments reveal that different
amounts of RE*™ ions may result in the various products, thus
indicating that the amount of RE}* ions is also an important
factor in the reaction process. Type 2 could not be obtained
when the amount of RE*™ ions varied from 0.10 to 0.05 grams,
whereas type 1 was produced, even if the yield was very low.
When the amount of RE** ions varied from 0.10 to 0.20 grams,
mixed phases of 1 and 2 could be obtained. (The shapes of
crystals of 1 (tetragonal prism crystals) and 2 (square block
crystals) are different; therefore, the two types of crystal can
be mechanically separated and identified by means of powder
X-ray diffraction as shown in Figure S1 in the Supporting Infor-
mation.) When the amount of RE*" ions used changed from
0.20 to 0.25 grams, type 1 could not be harvested, whereas
type 2 could still be separated. It is most interesting that when
Ce’*, Pr**, Nd**, or Sm** ions were used in the same synthet-
ic method used to obtained type 1, type 3 was isolated. When
Eu®* or Gd>" ions were used in the same synthetic method
used to obtain type 2, type 3 was found (Scheme 1). According
to the compositions of 1-3, as determined by means of X-ray
diffraction studies, the RE/W ratios are similar for the whole
series, irrespective of which RE*' ions were used; however,
one can readily infer that the use of larger amounts of RE*"
ions produces compounds with larger RE/serine ratios (i.e., 1:1
for 1 and 2:1 for 2 and 3). It is likely that the enhanced
number of RE*" ions in types 2 and 3, and consequently the
coordination sites available, makes these products more prone
to extending their dimensionality.

In addition, the pH value is also a sensitive factor in the reac-
tion and has an important effect on the crystallization and
structural construction of the products. Our experimental in-
vestigations indicate that pH 2.3-3.0 is helpful for the forma-
tion of 1-3, whereas their yields are the highest when the pH
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Scheme 1. The schematic synthetic processes of 1-3.

value is adjusted to pH 2.5, with the other conditions remain-
ing unchanged. Furthermore, dimethylamine hydrochloride is
considered to be indispensable and plays a significant role in
improving the solubility of the RE*" ions and ameliorating the
reactivity of the RE*™ ions with sodium tungstate and arsenic
trioxide. If dimethylamine hydrochloride is absent, the reaction
system will gradually become turbid under stirring, lots of
amorphous precipitation will be formed, and 1-3 will fail to be
produced. On the contrary, when dimethylamine hydrochloride
is present, the reaction system remains clear when stirred and
1-3 can be successfully obtained.

In addition, single-crystal X-ray diffraction analyses illustrate
that 1 crystallizes in the chiral monoclinic space group C2,
whereas 2 and 3 crystallize in the achiral triclinic space group
P1, thus demonstrating that 1 is chiral and 2 and 3 are achiral.
This outcome can be further confirmed by means of solid-state
circular dichroism (CD) spectroscopic analysis of 1-Eu, 2-Dy,
and 3-Ce (Figure S2 in the Supporting Information). The CD
spectrum of 1-Eu shows a weak Cotton effect, whereas the CD
spectra of 2-Dy and 3-Ce did not display the Cotton effect,
thus showing that 1-Eu is chiral and 2-Dy and 3-Ce are achiral.
Furthermore, when we utilized p-serine to replace the L-serine
ligand under the same conditions, analogues could also be
isolated (Figure S3 in the Supporting Information). We will
continue to explore the influence of chiral ligands on the struc-
tural variation and relevant properties of the resulting com-
pounds.
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Structure description

X-ray single-crystal diffraction studies show that type 1 crystalli-
zes in the monoclinic space group C2 (Table S2 in the Support-
ing Information). The polyoxoanion of type 1 is a Ser-decorat-
ed di-RE*"-substituted dimeric sandwich-type assembly
in which a ship-shaped dual-Ser-participating
[RE,W,0,0(H,0)4(Ser),]"° " unit (RE*" =Eu®t, Gd**, Tb*", Dy*",
Ho®*", EFT, Tm®", Yb*', and Y*') connects two trivacant
Keggin [B-0-AsWy0s]°~ fragments. In accordance with the
effect of lanthanide contraction, the RE-O bond lengths de-
crease as the ionic radii of the RE*" ions decrease. Therefore,
only the structure of 1-Eu is described as an example below.
The molecular structure of 1-Eu consists of a dimeric sand-
wich-type [Eu,W,0,,(H,0)4(Ser),(B-a-AsW,0;,),]*~ polyoxoanion
(see Figure 1a and Figure S4a in the Supporting Information),
a Na® ion, six monoprotonated [H,N(CH,),]* ions, a proton,
and thirty lattice water molecules. Bond valence sum (BVS) cal-
culations of 1-Eu indicate that the oxidation states of the W,
As, and Eu centers are +6, +3, and + 3, respectively (Table S3
in the Supporting Information).®” In the polyoxoanion, two tri-
vacant Keggin [B-0-AsW,0;]°~ fragments are combined
through two extraneous [W,0s(Sen]*™ groups, and two extra-
neous [Eu(H,0),*" ions each form a link to one [B-a-

Figure 1. a) The dimeric sandwich-type polyoxoanion of 1-Eu. b) The Ser-
decorated mono-Eu"-substituted hendecatungstate segment in 1-Eu. c) The
[B-a-AsW,053]°~ fragment. d) The six-membered metal ring
[Eu,W,0,0(H,0)s(Ser),1"" unit in 1-Eu. e) The structure of the Ser ligand.

f) The simplified connective mode of the [Eu,W,0,, (H,0)s(Ser),]"°" unit that
displays a boat configuration. Symmetry code: A: 1—x, y, 1—z.
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AsW,03]°~ fragment and one [W,0Os(Ser)*" group through
four terminal oxygen atoms. It is of extreme interest that the
central cavity in the polyoxoanion encapsulates a Na* ion and
forms [NaEu,W,0,,(H,0)s(Ser),(B-0-AsW,0,,),]’~ (Figure S5 in
the Supporting Information) to enhance its structural stability.
Notably, two W centers and one Eu center are situated at three
vacant positions of a [B-0-AsW,055]°~ fragment and form a Ser-
decorated mono-Eu®*-substituted hendecatungstate segment
(see Figure 1b and Figure S4b in the Supporting Information).
Two [B-a-AsW,0,;]°~ fragments exhibit the well-known triva-
cant Keggin B-a-configuration derived from the removal of
a {W;0,;} triad from the saturated a-Keggin structure and the
W-0 bond lengths vary from 1.702(12) to 2.423(11) A, and the
As-O distances are in the range 1.791(10)-1.810(11) A (Fig-
ure 1¢). In the dual-Ser-participating [Eu,W,0,,(H,0)4(Ser),]"*"
entity (Figure 1c¢), there is a crystallographically independent
Eu®" ion that exhibits a octa-coordinate distorted-square anti-
prismatic geometry (Figure S4c in the Supporting Information),
which is defined by two pu,-O atoms from two extraneous
{WOg4} octahedra (Eu—0: 2.376(11)-2.405(11) A), two u,-O atoms
from one [B-0-AsW,0;]°~ fragment (Eu—O: 2.367(12)-
2.389(11) A), and four coordinate water molecules (Eu—O:
2.440(12)-2.52113) A). In addition, in the six-membered metal
ring [Eu,W,0,,(H,0)s(Ser),]"°" unit (Figure 1d), two crystallo-
graphically independent W atoms (i.e., W10 and W11) show
a hexa-coordinate distorted-octahedral geometry that compris-
es two ,-O atoms from one [B-a-AsW,045]°~ fragment (W—O:
1.917(11)-2.179(10) A), one p,-O atom from another extraneous
{WOg} octahedron (W—O: 1.905(9)-1.948(9) A), one O atom
from the Ser ligand (W—0: 2.191(10)-2.296(11) A), one u,-O
atom that connects the Eu1l®*" ion (W—O: 1.725(11)-
1.748(11) A), and one terminal O atom (W—O: 1.736(10)-
1.748(11) A). It is noteworthy that two amino acid-bridging
[W,04(Ser)]*" dimeric groups are observed in 1-Eu and two
[W,04(Ser)I** dimeric groups simultaneously form links to two
trivacant Keggin [B-a-AsW,0,;]°~ fragments. As far as we know,
this phenomenon has not been observed in POM chemistry
before. In the Ser-bridging [W,0s(Ser)]*" group, the Ser ligand
(Figure 1e) acts as a chelating group to bridge two W centers.
In the case of the [Eu,W,0,,(H,0)s(Ser),1'" unit, four W centers
and two Eu centers are connected in an orderly manner and
give rise to an intriguing boat configuration if all the oxygen
atoms, water ligands, and Ser ligands are omitted (Figure 1 f).
Alternatively, the dimeric [Eu,W,0,,(H,0)4(Ser),-
(B-a-AsW,0;;),]>~ polyoxoanion can be written as [Eu-
(H,0),(Sen(AsW,,03.)1,%~, which can be assumed to be a -
combination of two mono-Eu*" incorporated  [Eu(-
H,0),(Ser)(AsW,,05,)]*" half-units (see Figure 1b and Figure S6a
in the Supporting Information) through two p,-O atoms and
two Ser ligands. It should be pointed out that the mono-Eu*"-
incorporated [Eu(H,0),(Ser)(AsW,,0s9)]* half-unit somewhat re-
sembles the [(AsW,,05){Re(CO);};5(us-OH)(u,-OH)I°~ cluster (Fig-
ure S6b in the Supporting Information) reported by Niu and
co-workers.™ Nonetheless, the [As"W,,0,,]"" subunit (Fig-
ure S6¢ in the Supporting Information) in the [Eu(-
H,0),(Ser)(AsW ;051" half-unit is remarkably different from
the classical monovacant Keggin [As'W,,05,)"~ subunit (Fig-
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ure S6d in the Supporting Information) in the [(As-
W ,030){Re(CO)3}(1u5-OH) (1,-OH)1®~  cluster. The [As"W,,0,,]1""
subunit is considered to comprise two additional {WOg4} octa-
hedra that graft to the lacunary sites of a trivacant Keggin [B-
o- As"W,0,,]°~ fragment, in which each {WOg} octahedron is
connected to two lacunary oxygen atoms from a [B-a-
As"W,0,,]°~ fragment; however, these two {WO,} octahedra
are not linked to each other. Such a [As"W,,0,,1"* subunit has
been encountered in our studies.”

When the amount of RE(NO,)}6H,0 (RE*"=Tb*", Dy*",
Ho**, Er*, Tm**, Yb**, and Y**) was increased to 0.20 grams,
type 2 was unexpectedly isolated. Unlike type 1, type 2 crystal-
lizes in the triclinic space group P1. Although there are some
differences in the countercations on the periphery of the
polyoxoanions, the main polyoxoanion skeleton of type 2
illustrates a dual-Ser-decorated tetra-RE>"-incorporated tetra-
meric square structure established by four [B-a-AsWy033]°
fragments that anchor a central dual-Ser-participating
[RE,W;0,5(H,0),0(OH),(Ser),]1*°* core; as a result, only the struc-
ture of 2-Dy is described herein. The tetrameric square poly-
oxoanion of 2-Dy (see Figure 2a and Figure S7 in the Support-
ing Information) is constructed from a fascinating dodenuclear
heterometalic [Dy,W;0,4(H,0),,(OH),(Ser),]**" core (Figure 2b)
in the center of a square that joins four trivacant Keggin [B-a-
AsW,05]°~ fragments (Figure 2e) on four vertexes of the
square through 24 p,-O atoms from four [B-a-AsW,0,,]°~ frag-
ments. BVS calculations of 2-Dy indicate that the oxidation
states of the W, As, and Dy centers are +6, +3, and +3,
respectively (Table S4 in the Supporting Information).*® In the
polyoxoanion, two [B-a-AsW,0,;1°~ fragments on a pair of the
parallel edges of the square are bridged by a dimeric
[W,04(Sen1*" group through four p,-O atoms, whereas two [B-
0-AsW,03;1°~ fragments on the other pair of the parallel edges
of the square are connected by a monomeric [WO,]** group
of four 1,-O atoms. Attractively, a dimeric [W,05(OH),] segment
joins two dimeric [W,05(Sen** groups through four p,-O
atoms, whereas two [Dy(H,0),]*" ions and two [Dy(H,0),]*"
ions connect two [W,0s(Ser)]*™ groups, two [WO,]*" groups,
and the [W,0;(OH),] segment . To our knowledge, this connec-
tive mode is the first to be observed. The heterometallic
[Dy,W;0,4(H,0),,(OH),(Ser),]**" core (Figure 2b) is constituted
by two [Dy(H,0);’" ions, two [Dy(H,0),]>" ions, two
[W,04(Sen]** groups, and one [W,05(0OH),] segment. Two
[W,04(Sen1*" groups are combined with the [W,05(OH),] seg-
ment in a perpendicular fashion, thus generating a hexatung-
state [W40,5(OH),(Ser),]** group; alternatively, this groups can
be seen as a fusion of two trinuclear [W;0,(OH)(Ser)** clusters
by sharing an oxygen atom (i.e., O79; Figure 2¢).

Moreover, this hexatungstate [W0,5(OH),(Ser),]*" group is
further stabilized by two [Dy(H,0);’" ions and two
[Dy(H,0),I’" ions on both sides. In the heterometallic
[Dy,W40,6(H,0),0(OH),(Ser),1*°* core, the W1 and W2 centers
are linked by a chelating Ser ligand and a p,-O atom; further-
more, four Dy*" ions (i.e., Dyl, Dy2, DylA, and Dy2A) are
aligned in a rectangle that is 6.7733x6.3347 A in size and four
W centers (i.e., W22, W3, W22A, and W3A) are arranged in
a parallelogram that is 5.9978x5.6763 A in size (Figure 2d). It
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is worth noting that the crystallographically independent
Dy1*" ion resides in an octa-coordinate distorted-square anti-
prismatic geometry defined by three p,-O atoms from three
{WO;} octahedra (i.e., W2, W3, and W22A; Dy—O: 2.316(16)-
2.353(19) A), two p,-O atoms from one [B-a-AsW,0,,]°" frag-
ment (Dy—O: 2.301(19)-2.324(16) A), and three coordinated
water molecules (Dy—O: 2.40(3)-2.48(3) A; see Figure S8a in
the Supporting Information). The hepta-coordinate mono-
capped trigonal-prism geometry of the Dy2®" ion constitutes
three p,-O atoms from three {WOg} octahedra (i.e., W1A, W3,
and W22; Dy—0O: 2.260(14)-2.332(17) A), two p,-O atoms from
one [B-a-AsW,05]° fragment (Dy—O: 2.300(16)-2.371(15) A),
and two terminal coordinate water molecules (Dy—O: 2.29(2)-
2.426(18) A; see Figure S8b in the Supporting Information). At
the first glimpse, the polyoxoanion of 2-Dy is somewhat similar
to the previously reported RECAT [Ce",(OH),(WO,),(H,0);o(B-c-
AsW,0;,),(W0,),]"*  (Figure 2f) reported by Wassermann
and Pope.”” However, it is not difficult to observe some signifi-
cant differences between these compounds, although both
contain four trivacant Keggin [B-a-AsW,0,;]°~ fragments:
1) The former (i.e., 2-Dy) is an amino acid-involving organic-
inorganic  hybrid cluster, whereas the latter (ie.,
[Ce",(OH),(WO,),(H,0),0(B-0-AsW,033),(WO,),]'®") is an inorgan-
ic cluster; 2) the former includes a dodenuclear heterometallic
[Dy,W;0,4(H,0),,(OH),(Ser),]**" core and the latter consists of
an octa-nuclear heterometallic [Ce,(OH),(H,0),,W,04]"*" core
(Figure 2g); 3) four trivacant Keggin fragments constitute a rec-
tangle in the former, whereas four trivacant Keggin fragments
stand on the four vertexes of a distorted tetrahedron in the
latter; 4) the former contains four Dy ions that are distribut-
ed in a rectangle, in which two Dy*" ions are octa-coordinate
and the other two Dy** ions are hepta-coordinate, in the con-
trast, the latter contains four Ce®" ions that are arranged in
a tetrahedron (Figure 2h) and show an octa-coordinate
geometry.

From another perspective, the polyoxoanionic skeleton of 2-
Dy (Figure 3a) can be described as two lacunary [As,W,s04l"*"
units  (Figures 3b,d) that sandwich a heterometallic
[Dy,W¢0,5(OH),(H,0),,(Ser),1"*" cluster (Figure 3¢), in which the
Z-shaped hexatungstate [W0,s(OH),(Ser),]*" group is seen
(Figure 3e). It is worth mentioning that the lacunary
[As,W,404]"®" unit (Figure S9a in the Supporting Information)
in 2-Dy is analogous to the [As,W,40,,(H,0)]1"*~ precursor (Fig-
ure S9b in the Supporting Information) found by Tourné et al.
in 1973,574 and its structure was determined by Kortz et al. in
2001.57%

In addition, careful observation shows that 2-Tb is some-
what disparate from 2-Dy, although 2-Tb and 2-Dy are very
similar in structure. The most remarkable difference is that the
Tb13*" and Tb2’' ions exhibit an octa-coordinate distorted-
square antiprism geometry (see Figure 4a and Figure S10 in
the Supporting Information), whereas the Dy1®*" ion shows an
octa-coordinate distorted-square antiprism geometry and the
Dy2*" ion exhibits a hepta-coordinate distorted monocapped
trigonal-prism geometry (see Figures 4b and Figure S8 in the
Supporting Information). This difference may be primarily
derived from the effect of lanthanide contraction.
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Cel Ce3

Figure 2. a) The tetrameric square polyoxoanion of 2-Dy with a selected numbering scheme. b) The fascinating dodenuclear [Dy,Wz0,4(H,0),,(OH),(Ser),1***
core in 2-Dy. ) The simplified connective mode of the [Dy,W;0,4(H,0),,(OH),(Ser),]*°* core in 2-Dy. d) The distribution geometry of the metal atoms. e) The
[B-a-AsWy05;]°~ fragment in 2-Dy and [Ce",(OH),(H,0);4(B-0-AsW5033),(WO,),1'®~. f) The structure of [Ce",(OH),(H,0),0(B-0-AsW,035),(WO,),1'®". g) The octa
nuclear [Ce,(OH),(H,0),,W,04]"®" cluster in [Ce",(OH),(H,0)0(B-c-AsW,0;5),(W0O,),1'®". h) The simplified connective mode of the [Ce,(OH),(H,0),,W,0s1"®" clus-

ter. Symmetry code: A: 3—x, 2—y, —2—2z.

Type 3 was isolated when the same synthetic method used
to obtain type 1 and Ce*", PP*", Nd*", and Sm*" ions were
used, and 3-Eu and 3-Gd were obtained when the same
synthetic method used to obtain type 2 and Eu*" and Gd*"
ions, respectively, were used. Type 3 belongs to the triclinic
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space group P1. The polyoxoanion of type 3 is a tetra-Ser-dec-
orated tetra-RE>*-incorporated tetrameric square structure
[RE,(H,0)Wg(Ser),0,4(OH),(B-a-AsW,0,,),1'"  established by
four [B-a-AsW,0,;]°~ fragments that embed a central tetra-Ser-
participating  [RE,W;0,4(H,0)s(OH),(Ser),]** core. Therefore,
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Figure 3. a) The polyoxoanion of 2-Dy. b, d) The lacunary [As,W,,0¢s]'®" frag-
ment in 2-Dy. c) The heterometallic [Dy,W¢0,5(OH),(H,0),,(Ser),]"®" cluster in
2-Dy. e) The Z-shaped hexanuclear hybrid isopolyoxotungstate
[W¢0,5(OH),(Ser),]** group.

only the structure of 3-Ce is described in detail. The polyoxoa-
nionic skeleton of 3-Ce (Figure 5a) is constructed from a tetra-
Ser-participating dodenuclear [Ce,W;0,4(H,0)5(0H),(Ser),]*°"
core (Figure 5b) that links four trivacant Keggin [B-o-
AsW,05,]°~ fragments. It should be pointed out that the dode-
nuclear [Ce,W;0,4(H,0)5(0H),(Ser),1*°" cluster in 3-Ce resem-
bles the dodenuclear [Tb,W;0,4(H,0),,(OH),(Ser),]*** core in 2-
Tb very closely (Figure 4a). The structure of the dodenuclear
[Ce,Wg0,4(H,0)5(0OH),(Ser),]*°* cluster in 3-Ce can be imagined
to contain four carboxylic O atoms from two extraneous Ser
ligands that substitute four water ligands on four Tb** ions in

CHEMISTRY

A European Journal

Full Paper

2-Tb and gives rise to the polyoxoanionic skeleton of type 3-
Ce, in which two pairs of neighboring Ce*" ions are bridged
by Ser ligands (Figure 5¢). It is of particular concern that Ser
ligands can only not join two Ce*" ions together, but also can
connect two W centers. As far as we know, this connective
mode is unprecedented in coordination chemistry. In 3-Ce,
two crystallographically unique Ce*" ions are embedded in the
severely distorted-square antiprism geometry (Figure S11 in
the Supporting Information).

In addition, the supramolecular packing representations of
1-Eu, 2-Dy, and 3-Ce and related descriptions are given in the
Supporting Information (Figures S12-514).

Photoluminescence (PL) properties

The PL behaviors of RE-based materials have attracted consid-
erable interest due to technological applications in lighting
and displays, biomarkers, drug carriers, photovoltaic devices
(e.g., tunable lasers, light-emitting diodes, amplifiers for optical
communications, and optical storage), and so forth.®® From
the early discovery of lighting at the end of the 19th century,
the invention of the bright-red-emitting phosphor Y,0;: Eu®*
at the beginning of the 20th century, and the appearance of
the YAG: Nd*™ laser in 1964, to date, some metal oxide lumi-
nescent materials, such as BaMgAl,,0,,: Eu** and GdMgBs0,,:
Ce**,Tb*" have been commercially used to manufacture blue
and green luminescent lamps, respectively.”” In principle, RE-
based luminescent materials have aroused extensive interest
because of the narrow emission line and high color purity de-
rived from transitions inside the 4f shell of the RE** jons.*'™*?
The 4f shells are located inside the completely filled 5s and 5p
subshells. These outer completed shells protect the 4f elec-
trons from active interactions with the environment and dimin-
ish the considerable influence of surrounding ions on the inner

Figure 4. a) The polyoxoanion of 2-Tb featuring the octa-coordinate distorted-square antiprism geometry of the Tb2** ion. b) The polyoxoanion of 2-Dy fea-
turing the hepta-coordinate distorted monocapped triangular prism geometry of the Dy2** ion.
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Figure 5. a) The tetrameric square polyoxoanion of 3-Ce. b) The twelve-nuclear [Ce,(H,0)sW(Ser),0,5(0H),]*°* cluster in 3-Ce. c) The tetrameric square poly-
oxoanion of 3-Ce that highlights four coordinated water ligands from four Tb®* ions that can be substituted by four carboxylic oxygen atoms from two extra-

neous Ser ligands. Symmetry code: A: 14+x, =14y, —1+2z; B: =1—x, —y, 1—z.

f orbitals. As a consequence, except for the La** and Lu®*
jons, each RE** ion shows narrow characteristic intra 4f-4f
transitions. Therefore, the PL properties and lifetime-decay be-
haviors of the solid-state samples for 1-Eu, 1-Tb, 1-Dy, 1-Ho, 1-
Er, 1-Tm, 2-Tb, 2-Dy, 2-Ho, 2-Er, 2-Tm, 3-Pr, 3-Nd, and 3-Sm
have been investigated at room temperature (see Figures 6-9
and Figures S15-S21 in the Supporting Information), and the
decay lifetimes and pre-exponential factors of these com-
pounds are summarized in Tables S5 and S6 in the Supporting
information. When 1-Eu was excited under an ultraviolet light
of A=394 nm, the emission spectrum was recorded between
A=500 and 750 nm (Figure 6a), in which three weak and five
obvious characteristic emission bands at 1 =526, 537, 554, 579,
594, 614, 650, and 701 nm are attributed to the °D,—’F,, °D,—
F,, °D;—"F,, *Dy—"F,y, *Dy—"F;, Dy—’F,, *Dy—’F;, and *D,—
’F, transitions, respectively, of the Eu** ion.*¥ The red emission
at A=614 nm from the °D,—F, transition was the most prom-
inent. The symmetry-forbidden °D,—’F, emission at A=
579 nm is seen distinctly, which shows that the Eu** ion in 1-
Eu inhabits in low-symmetrical coordination environment.”” It
is worth noting that the °D,—’F, emission is a magnetic-dipole
(MD) transition and the °D,—’F, emission is an electric-dipole
(ED) transition. The intensity of the °D,—’F, transition increas-
es as the site symmetry of the Eu®>" ion decreases. As a conse-
quence, the I°D,—’F,)/I’D,—F,) intensity ratio often behaves
as a criterion for examining the local symmetry of the Eu®"
ion™ For 1-Eu, the I°D,—’F,)/I’D,—’F,;) intensity ratio is
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approximately 6.6:1, further demonstrating the low-symmetri-
cal coordination environment of the Eu* ion. This verdict is in
good agreement with the case that the crystallographically
independent Eu®>" ion in 1-Eu exhibits an octa-coordinate
distorted-square antiprism geometry. By monitoring the most
intense emission at A =614 nm, the excitation spectrum of 1-
Eu was recorded (Figure S15a in the Supporting Information),
which shows five peaks between 4 =300 and 500 nm, in which
a narrow band at A =394 nm from the "F,—’L, transition is the
strongest and there are four remaining bands at 1 =362, 384,
415, and 465 nm that involve in the intra-4f transitions from
the ’F, ground state to higher energy levels (°D,, °L,, °G)) of the
Eu* ion.**] The decay curve of this transition on monitoring
the more intense emission at A=614 nm can be fitted with
a monoexponential function /=A.,,(—t/7) (r=lifetime and A=
pre-exponential factor), thus affording t=227.15us and A=
6966.83 (Figure 6b). In addition, irradiation with a UV lamp at
A=365nm results in the luminescence photograph of 1-Eu
that exhibits red light (Figure S16a in the Supporting Informa-
tion). The solid-state sample of 1-Tb emits green luminescence
upon excitation at A=378 nm. Its emission spectrum displays
four obvious and three weak characteristic emission peaks at
A =489, 544, 584, 621, 647, 667, and 679 nm (Figure 6¢), which
correspond to the °D,—’F,, °D,—’Fs, °D,—’F,, °D,—F;, °D,—
’F,, °D,—'F,, and °D,—F, transitions, respectively, of the Tb*"
ion.” Furthermore, by monitoring the most intense emission
at 1=544 nm, the excitation spectrum of 1-Tb was obtained

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) The PL emission spectrum of 1-Eu. b) The lifetime decay curve of 1-Eu obtained by monitoring the emission at A =614 nm. c) The PL emission
spectrum of 1-Th. d) The lifetime-decay curve of 1-Tb obtained by monitoring the emission at 1 =544 nm. e) The PL emission spectrum of 1-Dy. f) The life-
time-decay curve of 1-Dy obtained by monitoring the emission at A =544 nm. g) The PL emission spectrum of 1-Ho. h) The lifetime-decay curve of 1-Ho ob-
tained by monitoring the emission at 2 =660 nm. i) The PL emission spectra of 1-Er. j) The lifetime-decay curve of 1-Er obtained by monitoring the emission
at =556 nm. k) The PL emission spectrum of 1-Tm. |) The lifetime-decay curve of 1-Tm obtained by monitoring the emission at A =452 nm.

and mainly consists of three characteristic bands centered at
A =342, 359, and 378 nm (Figure S15b in the Supporting Infor-
mation), which could be referred to the transitions from the
F¢ ground state to the excited states of the °Lg, °L,, and °Gq
levels.”” For 1-Th, the decay curve obtained on monitoring
the more intense emission at A =544 nm (Figure 6d) was well
fitted with a second-order exponential function /=Aexp(—t/
7,) +Aexp(—t/z,) (where 7, and 7, =fast and slow components
of the luminescence lifetimes, respectively, and A, and A,=
pre-exponential factors). The fitting lifetimes are 7,=127.23 us
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(41.58%) and 7,=361.50 ps (58.42%) and the pre-exponential
factors are A;=4135.58 and A,=2044.76. Therefore, the aver-
age decay time (t*) can be determined by using the formula
™ = (A,1,2+ A, 1,0/ (AT, + A,T,), thus the average lifetime is cal-
culated to be 264.08 us.”® The luminescence photograph of 1-
Tb under the irradiation of a UV lamp at A =365 nm is shown
in Figure S16b (see the Supporting information). When a solid-
state sample of 1-Dy was excited under an ultraviolet light of
A=388 nm, the emission spectrum (Figure 6e) displays three
characteristic peaks ascribed to the f-f transitions of the Dy**
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ion, namely, the MD transition (*F,,—°H,s,,) at A =478 nm, the
ED transition (*Fy,—°H,5,,) at A=574 nm, and a weak emission
band (*Fy,—°Hy) at A=662 nm. The MD transition (*Fo,—
®H,5,,) hardly varies with the coordination environment around
the Dy*>* ion, whereas the ED *F,,,—°H,3, transition is strongly
influenced by the chemical environment around the Dy** ion
in the lattice. When the Dy*" ion inhabits a low-symmetrical
coordination environment, the emission that results from the
*F4»—"°H,3,, transition is often prominent in the emission spec-
trum. According to the spectrum of 1-Dy, the intensity of the
*Fg,—°H,3,, transition is much higher than that of the *Fy,—
®H,s,, transition, thus implying that the Dy** ion occupies the
lattice site without inversion symmetry.”? This outcome is in
good agreement with the octa-coordinate square antiprism
geometry of the Dy** ion. By monitoring the emission at 1=
544 nm, the excitation spectrum of 1-Dy was obtained (Fig-
ure S15¢ in the Supporting Information) and includes four
sharp peaks at A=352, 366, 388, and 427 nm, which are
assigned to the transitions of the Dy*' ion from the ground
®H,s,, to the higher energy levels of P, Py, *li3n and Gy
respectively. The decay-time curve of 1-Dy was monitored
under the most intense emission at A=574 nm (Figure 6f),
which can be well fitted with a second-order exponential func-
tion. The fitting lifetimes were 7,=6.04 us (28.18%) and 7,=
9.07 ps (71.82%) and the average lifetime was calculated to be
=28.21 us. Notably, the lifetime-decay behavior of 1-Dy
resembles  [H,N(CH,),ls  Nay,H;{[Dy;oW;4(H;0)3,050](B-at-As-
W4033)6-97 H,0,5° and  [H,N(CH),]sNag{[W;Dy,(H,0)sAsO5(OH)]
[B-0-AsWy05,],},-65 H,0.5%! The decay-time curves of these
three RECATs all abide by a second-order exponential function
and the AT fragments in their skeletons make a remarkable
contribution to the lifetimes. The solid-state sample of 1-Ho
emits orange luminescence under excitation at A=454 nm.
The emission spectrum between 1=500 and 750 nm displays
two characteristic emission bands at =550 and 660 nm (Fig-
ure 6g) that are attributed to the °F,+°S,—’l; and °F5—°lg
transitions of the Ho>" ion, respectively. The excitation spec-
trum of 1-Ho obtained by monitoring the emission at 1=
660 nm consists of three characteristic excitation peaks at 1=
418, 454, and 485 nm (Figure S15d in the Supporting Informa-
tion), which are assigned to the transitions of *l;—>Gs, *ly—>Gg,
and °l,—°F,, respectively, of the Ho®*" ion.*” The decay-time
curve of 1-Ho on monitoring the emission at A =660 nm (Fig-
ure 6h) conforms to a second-order exponential function, thus
leading to 7,=0.75 ps (36.32%), 7,=9.01 ps (63.68 %), and t* =
6.01 us. When 1-Er was excited under a light of A=381 nm,
the yellowish green luminescence was observed with three
characteristic emission peaks at 1 =536, 556, and 668 nm in
the PL spectrum that are assigned to the 2H;,,,—"ls, *Ssp—
*lis; and “Fo,—*ls, transitions, respectively, of the Er*" ion
(Figure 6i). By monitoring the “S;,—%,s, emission at A=
556 nm, the excitation spectrum of 1-Er was collected and dis-
plays three groups of excitation bands at 41=365, 381, and
408 nm, which are attributed to the *l;5,—"Ggp, “lisp—"Gi/as
and “l;s;,—?H,,, transitions, respectively, of the Er*" ion (Fig-
ure S15e in the Supporting Information).®” The lifetime-decay
curve taken on monitoring the *S;,—",5, emission at A=
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556 nm (Figure 6j) can be also fitted by a second-order expo-
nential function, thus affording 7,=0.90 us (38.98%), 7,=
9.12 ps (61.02%), and 7*=5.92 ps. The solid-state sample of 1-
Tm emits blue luminescence under excitation at A=352 nm
and the emission spectrum displays a broad characteristic
emission peak at A =452 nm due to the 'D,—°F, transition of
the Tm*" ion (Figure 6k). By monitoring the emission at 1=
452 nm, the excitation spectrum shows one peak at 1=
352 nm assigned to the *Hy—'D, transition of the Tm>" ion
(Figure S15 f in the Supporting Information). The lifetime-decay
curve of 1-Tm on monitoring the emission at A =452 nm (Fig-
ure 61) obeys a second-order exponential function. The result-
ing lifetime values are 7,=093 us (37.50%), 7,=8.92 us
(62.50%), and t*=5.93 us. As mentioned above, the emission
spectra of 1-Eu, 1-Tb, 1-Dy, 1-Ho, 1-Er, and 1-Tm display the
characteristic emission bands that result from f-f transitions in
the RE*" ions. However, from the comparison of the decay
curves of 1-Eu, 1-Tb, 1-Dy, 1-Ho, 1-Er, and 1-Tm, it can be
clearly seen that the decay curve of 1-Eu conforms to the
single exponential function, thus affording one luminescence
lifetime, but the decay curves of 1-Tb, 1-Dy, 1-Ho, 1-Er, and 1-
Tm obey the second-order exponential function, thus affording
two luminescence lifetimes. From the viewpoint of structural
chemistry, the molecular-structural units of 1-Eu, 1-Tb, 1-Dy, 1-
Ho, 1-Er, and 1-Tm consist of one crystallographically inde-
pendent RE*" ion and should, therefore, have one lumines-
cence lifetime. According to the longstanding work of Yamase
and co-workers,”? we speculate that the O—W ligand to
metal charge transfer (LMCT) transitions of the AT fragments in
these structures play an important role in sensitization of the
RE3" luminescence. Thus, the emission spectra and lumines-
cence decay-time curves of K;,[As,W,,0¢,(H,0)] under similar
measurement conditions have been carried out because the
skeleton of this compound is very similar to the W—O skeletons
of 1-Eu, 1-Tb, 1-Dy, 1-Ho, 1-Er, and 1-Tm. Upon different exci-
tations, Ki,[As,W,,0,(H,0)] always exhibits a broad emission
band centered at approximately A=510 nm (Figure S17 in the
Supporting Information), which is induced by the 3TNH1A19
transitions derived from the O—W LMCT transitions of ATs.”?
All the lifetime-decay curves of K,,[As,W,,0¢,(H,0)] are fitted to
a double exponential function (Table S7 in the Supporting In-
formation). It can be concluded from these results that the in-
tramolecular transfer of the O—W LMCT energy to the RE**
centers has indeed occurred during the course of the emission
process of 1-Tb, 1-Dy, 1-Ho, 1-Er, and 1-Tm, thus leading to
the appearance of two lifetimes. As we know, the emission in-
tensity of the Eu®" ion is much stronger than the Tb*", Dy*",
Ho**, EP*, or Tm** jons under similar conditions; moreover,
the emission intensity of the Eu**, Tb*", Dy**, Ho®", EF**, or
Tm?" ions is by far stronger than that of the W—O skeletons in
1-Eu, 1-Tb, 1-Dy, 1-Ho, 1-Er, or 1-Tm. Therefore, the lumines-
cence process of 1-Eu is principally derived from the Eu®*" ion
and the lesser contribution of W—0 skeletons, which results in
1-Eu having one lifetime, whereas the luminescence processes
of 1-Tb, 1-Dy, 1-Ho, 1-Er, and 1-Tm are due to the combined
contribution of the RE*" ions and W—0 skeletons, which result
in two lifetimes.
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Similar observations were encountered in our previous stud-
ies.2*3%1 Under similar experimental conditions, the solid-state
PL properties of 2-Tb, 2-Dy, 2-Ho, 2-Er, and 2-Tm were also in-
vestigated at room temperature (Figure S18 in the Supporting
Information), which were very similar to 1-Tb, 1-Dy, 1-Ho, 1-Er,
and 1-Tm; furthermore, all of these compounds displayed
characteristic emission bands that originate from f-f transitions
in RE** ions. Moreover, the lifetime-decay curves of 2-Tb, 2-Dy,
2-Ho, 2-Er, and 2-Tm also follow the second-order exponential
function (see Figure S19 and the discussion in the Supporting
Information). Similarly, the O—W LMCT transitions of AT frag-
ments in the structures of 2-Tb, 2-Dy, 2-Ho, 2-Er, and 2-Tm for
the sensitization of the RE®" luminescence have been evi-
denced by the emission spectra and the lifetime-decay meas-
urements of Nay,[NaAs,W,,0,,0]-60 H,O under similar conditions
because the skeleton of this compound is very similar to the
W—0 backbones of 2-Tb, 2-Dy, 2-Ho, 2-Er, and 2-Tm (Fig-
ure S20 in the Supporting Information). Furthermore, compari-
sons of the emission spectra under the same conditions of 1-
Tb, 1-Dy, 1-Ho, 1-Er, and 1-Tm with 2-Tb, 2-Dy, 2-Ho, 2-Er, and
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2-Tm reveal that the emission intensities of 2-Tb, 2-Dy, 2-Ho,
2-Er, and 2-Tm are greater than 1-Tb, 1-Dy, 1-Ho, 1-Er, and 1-
Tm, respectively (Figure S21a-e in the Supporting Informa-
tion), which is mainly because each RE** ion in 1 has four co-
ordinated water molecules, whereas each RE*" ion in 2 has
three coordinated water molecules. It is well known that the
water ligands coordinated to RE** ions can quench the PL
emission intensity to some degree.*><¥

In addition, when the solid-state sample of 1-Dy was excited
under UV light of 1=388 nm, the near-infrared (NIR) lumines-
cent emission spectrum was obtained. The NIR emission spec-
trum between 1=800 and 1500 nm demonstrates six charac-
teristic peaks at A =849, 927, 994, 1172, 1292, and 1378 nm,
which are ascribed to the “Fg, —°H, +°Fg), “Foro—Hs/n “Fopp—
Fr2r “Forn—"Fs2, Frij2 +°Hoy—°Hisp and *Fy, —°F,, transitions
of the Dy*" ion, respectively (Figure 7a)."¥ The decay curve of
the 1-Dy by monitoring the emission at A =849 nm upon exci-
tation at A=388 nm can be fitted into a double exponential
function. The resulting lifetimes 7,=7.56 us (86.70%), 7,=
15.41 pus (13.30%), and t*=8.61 us were obtained (Figure 7b).
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Figure 7. a) The PL emission spectrum of 1-Dy. b) The lifetime-decay curve of 1-Dy measured by monitoring the emission at A =849 nm. c) The PL emission
spectrum of 1-Ho. d) The lifetime-decay curve of 1-Ho measured by monitoring the emission at A=974 nm. e) The PL emission spectrum of 1-Er. f) The life-

time-decay curve of 1-Er measured by monitoring the emission at A=1530 nm.
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On excitation at =454 nm, the NIR emission spectrum of 1-
Ho shows a sharp peak at A=974 nm assigned to the °Fs—°l,
transition of the Ho®" ion (Figure 7¢).** Monitoring of the lu-
minescent-decay curve at the emission of A =974 nm adheres
to a second-order exponential function. The resulting values
7,=0.71 ps (40.12%), 7,=9.61 pus (59.88%), and 7*=6.36 us
were obtained (Figure 7d). The NIR emission spectrum of
a solid-state sample of 1-Er on excitation at A=381 nm was
also measured, in which a characteristic emission peak at 1=
1536 nm belongs to the “l;3,—"l;5, transition of the Er’" ion
(Figure 7€).° The luminescent-decay curve measured by
monitoring the emission at 1=1530 nm (*l;3,,—"s/,) follows
a second-order exponential function, thus giving the lifetimes
7,=1.04 ps (46.83%), 7,=8.92 us (53.17%), and 7*=5.24 us
(Figure 7 f). Analogously, the NIR PL spectra and decay behav-
iors of solid-state samples of 1-Dy, 1-Ho, and 1-Er were also
measured at room temperature, which are very similar to
those of (see Figure S22 and the discussion in the Supporting
Information).
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A solid-state sample of 3-Pr emits red luminescence under
excitation at A=451 nm and its emission spectrum reveals
seven characteristic peaks at A =529, 547, 603, 615, 645, 674,
and 729 nm that are attributed to the P, —>H,, *P,—>H,, 'D,—
3H,, 3P,—>He, *Py—°F, P, —°F,, and °P,—°F; transitions, re-
spectively, of the Pr*" ions (Figure 8a). The excitation spectrum
obtained by monitoring the emission at 1=645 nm contains
three characteristic peaks at A =451 (*H,—>P,), 472 (*H,—°P,),
and 488 nm (°*H,—°P,; see Figure S23a in the Supporting Infor-
mation).®® The decay curve monitored on emission at 1=
645 nm can be fitted into a double exponential function with
7,=0.77 ps (44.31%), 1,=9.65 pus (55.69%), and *=5.72 us
(Figure 8b). A solid-state sample of 3-Sm upon excitation at
A=402 nm emits orange luminescence, and its emission spec-
trum displays four obvious peaks of the Sm*" ions at 1=
402 nm 560 (‘Gs;,—°®Hsy), 597 (‘Gs;,—°Hy)), 642 (*Gs,—°Hg)),
and 702 nm (‘Gs;,—°Hy,; Figure 8c). These emission peaks
stem from an initial population of the “D,,, state that relaxes
nonradiatively to the *Gg, emitting state, which is induced
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Figure 8. a) The PL emission spectrum of 3-Pr. b) The luminescence decay curve of 3-Pr measured by monitoring the emission at 2 =645 nm. c) The PL emis-
sion spectrum of 3-Sm. d) The luminescence decay curve of 3-Sm measured by monitoring the emission at A =642 nm. e) The PL emission spectrum of 3-Eu.
f) The luminescence decay curve of 3-Eu measured by monitoring the emission at A =614 nm.
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by the small energy differences among the intermediate
states.”’ It is generally known that emissions with AJ=2
and £1 are assigned to MD transitions, whereas emissions
with AJ= <6 when AJ=2, 4, and 6, except for J=0, belong
to ED transitions.””¥ Whereby, the emissions at 1 =560, 597,
642, and 702 nm correspond to the MD, partial MD, partial ED,
and ED transitions, respectively. In general, the MD ‘G, —°Hs,,
emission intensity is insensitive to the symmetry of the local
environment of the Sm*" ion, whereas the ED “Gs,—°Hy,
emission intensity is highly influenced by the local environ-
ment. The greater the intensity of the ED transition, the more
asymmetric the nature of the local environment is.***¢ There-
by, the ED/MD I(*Gs;, —°Ho),)/ I(*Gs,,—°Hs),) intensity ratio often
functions as an indicator of the symmetry of the local environ-
ment of the Sm®* ion. In the case of 3-Sm, the intensity ratio
of I(*Gs/,—°Ho)/I(*Gs,—°Hs),) is approximately 5.7:1, which is
strong evidence that the Sm’>" ions exist in low-symmetric co-
ordination environments. The excitation spectrum of 3-Sm ex-
hibits several peaks at A=346, 362, 375, 391, 402, 416, 441,
465, 478, 489, and 501 nm, which could be refer to the transi-
tions from the ground state °Hs, to the excited states (*K,,,+
4L17/21 4L15/2’ 6P7/21 4K1'|/2' 4F7/2' 6PS/ZV 469/2, 4|13/2’ 4|1'|/2' 4I9/2’ and 4G7/2;
see Figure S23b in the Supporting Information).?**¢ The
decay-time profile of 3-Sm measured by monitoring the emis-
sion at A=642 nm is in agreement with a second-order expo-
nential function, thus providing 7,=5.70 pus (22.62%), 7,=
9.68 us (79.38%), and 7*=8.86 us (Figure 8d), which gives
a slightly longer lifetime relative to the Sm*" compound
[H,N(CH,),]6Nay H;6{1SM; o Wi6(H50) 300501 (B-0i-AsW053)4}-97 H,O

(i.e., =831 ps).”* Similar to 1-Eu, the solid-state sample of 3-
Eu emits red luminescence on excitation at A=394 nm and ex-
hibits eight emission peaks at 1 =526, 536, 554, 579, 592, 614,
651, and 701 nm (Figure 8e). The excitation spectrum of 3-Eu
on monitoring the emission at A=614 nm also presents five
featured peaks at 1 =363, 385, 394, 415, and 464 nm that are
assigned to the 'F,—°D,, 'F,—°G,, 'Fy—°D5’, F;,—’L,, and "Fy—
°D, transitions, respectively (Figure S23¢c in the Supporting In-
formation). The lifetime-decay behavior measured by monitor-
ing the emission at 1=614 nm agrees with a single exponen-
tial function, thus giving 7=271.20 us (Figure 8 f). Under the ir-
radiation of a UV lamp of A =365 nm, 3-Eu also exhibits red lu-
minescence (Figure S16c in the Supporting Information). Care-
ful comparison of the PL properties of 1-Eu and 3-Eu leads us
to find two differences: 1) The intensity ratio of I°D, —'F,)/
I°D,—’F,) is approximately 6.6:1 in 3-Eu, whereas the intensity
ratio of the I’D,—’F,)/I’D,—’F,) is approximately 3.5:1 in 1-
Eu, which makes the emission intensity of 3-Eu apparently
higher than in 1-Eu (see Figures S16a,c and S21f in the Sup-
porting Information), although the Eu®* compositions (given
as percentages) in 3-Eu and 1-Eu are almost equal. 2) The lu-
minescence lifetime of 3-Eu is slightly longer than that of 1-Eu
(t=271.20 vs. 227.15 ps), for which the dominating reason is
that each Eu*" ion possesses four water ligands in 1-Eu and
each Eu®" ion has two coordinated water molecules in 3-Eu,
which results in the stronger emission intensity and the longer
luminescence lifetime of 3-Eu because Ser ligands in the
structure of 3-Eu substitute for water ligands in 1-Eu, thus
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leading to a decrease in the number of coordinated water
molecules. As we know, water ligands on Eu** ions can
easily enhance the radiationless deactivation of the °D,
state and partly quench the luminescence emission.**< |n
comparison with our recently reported RECATs
[H,N(CH,),J6Na,,Hq6{[Eu;oW,6(H,0) 300501 (B-a-AsW,035)¢}-97 H,O
(4-Eu) B and [H,N(CH,),lsNag{[W;Eu,(H,0)3As04(OH)I[B-a-AsW,
0,31,1,65 H,0 (5-Eu),*™®™ for which the intensity ratios of
ICD,—'F,)/I°Dy—'F,) are approximately 5.7:1 and 3.0:1 and
the luminescence lifetimes are 7=269.12 and 270.46 s, re-
spectively, it can be seen that the intensity ratios of I°D,—'F,)/
I(D,—’F,) for these compounds are higher than or equal to
3.0:1, thus indicating that the Eu®" ions exist in low-symmetric
coordination environments. In addition, the luminescence life-
time of 1-Eu is the shortest among the four RECATs, which can
be because the coordination sphere of the Eu*" ion in 1-Eu
has four water ligands, whereas the coordination spheres of
the Eu** ions in 3-Eu, 4-Eu, and 5-Eu have two or three water
ligands. In addition, the luminescence contribution of the O—
W LMCT transitions from the W—O skeletons in 3-Pr, 3-Sm, and
3-Eu can be also supported by the emission spectra and the
luminescence-decay curves of Na,,[NaAs,W,,0,,]-60H,0 under
similar conditions (Figure S24 in the Supporting Information).

The NIR emission spectra and decay-time profiles of the
solid-state samples of 3-Pr, 3-Nd, and 3-Sm have been also in-
vestigated at room temperature. On excitation at A=451 nm,
the NIR emission spectrum of 3-Pr consists of two characteris-
tic peaks of the Pr’* ions at =859 ('D,—°F,) and 1021 nm
('D,—>F,; Figure 9a).* The monitoring of the luminescent-
decay curve of the emission at A=1021 nm ('D,—°F,) can be
fitted to a second-order exponential function, thus giving 7,=
0.68 us (27.68%), 7,=9.01 ps (72.32%), and 7*=6.70 us (Fig-
ure 9b). On excitation at 1=584 nm, the NIR emission spec-
trum of 3-Nd shows three bands at 1=893, 1057, and
1331 nm assigned to the “F5,—*lg, *F3,— 11, and *F3,,—%3,
transitions of the Nd** ions (Figure 9¢). Furthermore, the exci-
tation spectrum of 3-Nd monitored at an emission of 1=
1057 nm mainly demonstrates six excitation peaks at 1 =475
(4|9/z_’ng/z+4G11/2+ZK15/2): 524 (4|9/2_’4G7/z+469/2+2K13/2): 584
(lon—"Gr+*Gsp)s 629 (Yl —"Hurp), 684 (o, —"Hypp), and
746 nm (*ly,—"Ss,, + *F,; see Figure S22d in the Supporting
Information).®” The decay curve of 3-Nd was recorded by
monitoring the emission at A=1057 nm (*F,,—",;,,) and was
fitted into a second-order exponential function, thus giving
7,=1.03 ps (19.26%), 7,=10.35 ps (80.74%), and t*=28.55 us
(Figure 9d). On excitation at A=402 nm, the NIR emission
spectrum of 3-Sm shows four groups of characteristic
bands of the Sm** ions centered at A =895 (*Gs,,—°F;),), 940
(*Gs,—°Fs)5), 1022 (*Gs,—°F,p), and 1165 nm (*Gs/, —°F,,) (Fig-
ure 9e). The decay curve of 3-Nd can be fitted into a second-
order exponential function with 7,=6.84 us (54.45%), 7,=
10.97 us (45.55%), and 7*=8.72 us (Figure 9f). As far as we
know, 2-Dy, 2-Ho, 2-Er, 3-Pr, 3-Nd, and 3-Sm represent the
rare examples of the NIR luminescent emission properties of
POM-based materials.

The CIE 1931 diagram is a worldwide, useful approach to
assess all the possible color outcomes, by combining three pri-
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Figure 9. a) The PL emission spectrum of 3-Pr. b) The luminescence decay curve of 3-Pr measured by monitoring the emission at A=1021 nm. ¢) The PL emis-
sion spectrum of 3-Nd. d) The luminescence-decay curve of 3-Nd measured by monitoring the emission at A=1057 nm. e) The PL emission spectrum of 3-
Sm. f) The luminescence-decay curve of 3-Sm measured by monitoring the emission at 1 =940 nm.

mary colors, in which the chromaticity coordinates x and y are
used to determine the exact emission colors of the as-pre-
pared materials.®®®" The dominant wavelength can be defined
as a monochromatic wavelength that appears to be the same
color as the light source. On the CIE color-coordinate space,
a straight line drawn between the white point and the point
that corresponds to the color of the illuminant can be extra
polated to intersect the perimeter of the space at two points.
The point of intersection nearer to the color in question re-
veals the dominant wavelength of the color as the wavelength
of the pure spectral color at that intersection point.*? Further-
more, the color purity is the weighted average of the coordi-
nate (x, y) relative to the coordinate of the illuminant and the
coordinate of the dominant wavelength.®@ Thus, the color
purity can be described with Equation (1):

The CIE chromaticity coordinates for 1-Eu, 1-Tb, 1-Dy, 1-Ho,
1-Er, and 1-Tm are determined on the basis of their corre-
sponding visible PL spectra and are indexed to (0.6493,
0.3501), (0.3289, 0.5913), (0.3876, 0.4391), (0.5741, 0.4247),
(0.4449, 0.5197), and (0.2410, 0.2703), respectively (Figure 10).
The dominant wavelength of 1-Eu is A =605 nm, the chroma-
ticity coordinate (0.6493, 0.3501) is located in the pure-red
region, and the calculated color purity of 1-Eu is 100.00 %. It is
easy to understand that 1-Eu has a good color purity because
the location of the color coordinates of its red-light emission is
close to the spectral edge of the 1931 CIE chromatic diagram
as a result of the dominant °D,—F, transition of the Eu** ion.
In addition, the calculated color temperature is 2351 K. Similar-
ly, the dominant wavelengths of 1-Tb, 1-Dy, 1-Ho, 1-Er, and 1-
Tm are =553, 570, 590, 572, and 482 nm, respectively. In ad-
dition, the calculated color purities of 1-Tb, 1-Dy, 1-Ho, 1-Er,
and 1-Tm are 76.12, 48.05, 99.71, 89.75, and 36.61%, respec-

2 2

colorpurity = \/(X_X‘) t -y = 100% (1) tively, and the correlated color temperatures of these com-
2 2

(Xa =%)* + (va — %) pounds are 5569, 4185, 1800, 3600, and 17625 K, respectively.
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Figure 10. The CIE chromaticity diagram of the emissions of 1-Eu, 1-Tb, 1-
Dy, 1-Ho, 1-Er, and 1-Tm.

The CIE chromaticity coordinates for 2-Tb, 2-Dy, 2-Ho, 2-Er,
and 2-Tm, based on their corresponding visible PL spectra, are
(0.3294, 0.5926), (0.3901, 0.4421), (0.6254, 0.3738), (0.3835,
0.5636), and (0.2136, 0.2142), respectively (Figure S25 in the
Supporting Information). The dominant wavelengths of 2-Tb,
2-Dy, 2-Ho, 2-Er, and 2-Tm are A1=553, 570, 600, 563, and
477 nm, respectively; the calculated color purities of these
compounds are 76.50, 49.60, 99.53, 85.07, and 52.01 %, respec-
tively; and the correlated color temperatures are 5560, 4146,
1828, 4651, and 130763 K, respectively. The CIE chromaticity
coordinates for 3-Pr, 3-Sm, and 3-Eu, based on their corre-
sponding visible PL spectra, are (0.5382, 0.4492), (0.6057,
0.3931), and (0.6481, 0.3513), respectively (Figure S26 in the
Supporting Information); the dominant wavelengths of these
compounds are A =585, 596, and 605 nm, respectively; the cal-
culated color purities are 96.62, 99.41, and 99.97 %, respective-
ly; and the correlated color temperatures are 2150, 1687, and
2311 K, respectively.

In addition, the CIE chromaticity comparisons for 1-Eu, 1-Tb,
1-Dy, 1-Ho, 1-Er, 1-Tm, 2-Tb, 2-Dy, 2-Ho, 2-Er, 2-Tm, 3-Pr, 3-
Sm, and 3-Eu with the corresponding RE(NO,);:6 H,O are dis-
played in Figures S27-S29 in the Supporting Information. The
non-superposition of their CIE chromaticity coordinates with
those values of the corresponding RE(NO,);-6 H,O suggests, to
some degree, the existence of the intramolecular transfer of
the O—W LMCT energy to the RE** centers in the lumines-
cence processes of 1-Eu, 1-Tb, 1-Dy, 1-Ho, 1-Er, 1-Tm, 2-Tb, 2-
Dy, 2-Ho, 2-Er, 2-Tm, 3-Pr, 3-Sm, and 3-Eu.
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Conclusions

Three types of serine-decorated RECAT 1-3 have been
prepared, with the participation of two organic solubilizers
under laboratory conditions, and structurally characterized. The
polyoxoanion of type 1 revealed a novel dual-Ser-participating
di-RE*"-incorporated dimeric sandwich-type assembly, whereas
the polyoxoanions of types 2 and 3 demonstrate the dual-/
tetra-Ser-participating tetra-RE*"-incorporated tetrameric
square structure. Most interestingly, RE*" ions played an
important role in the structural construction and the lumines-
cence properties of the desired products; furthermore, varia-
tion in the amount of the RE®" salts used led to a structural
transformation from dimerization to tetramerization of Ser-dec-
orated RECATs. Such an observation has been extremely rarely
encountered in POM chemistry. The solid-state visible and NIR
PL properties and lifetime-decay behaviors of some of the rep-
resentative compounds have been systematically examined.
Moreover, the dominant wavelengths, color purities, and corre-
lated color temperatures of these representative compounds
have been also calculated. The successful preparations of these
Ser-decorated RECATs not only exemplify the feasibility of this
one-step self-assembly strategy in the synthesis of novel
organic-inorganic hybrid RECAT aggregates by the synergistic
effect of two organic solubilizers, but also can provide some
beneficial guidance and enlightenment for extending the
potential of RE-substituted POMs in the field of luminescent
materials. In continuing work, other heteroatoms, such as Sb",
Bi", Se", and Te" and other combination pairs of organic solu-
bilizers, including different N,0O-containing carboxylate or chiral
amino acid ligands, will be introduced into our research to
investigate and discover much more organic-inorganic hybrid
RE-substituted POMs with intriguing structures and properties.
Furthermore, we will intensively investigate the reaction
parameters and key controllable factors in the structural
construction of POMs.
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