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ABSTRACT: Three kinds of lanthanide (Ln)-substituted borotungstates including
[BW,,054]°~ segments KH,[Ce(H,0)s][(a-BW,;05,)Ce(H,0);]-14H,0 (1),
K,Na,H, [(a-BW,,04,)Pr(H,0),]-15H,0 (2), and NajK;H[W,0,s]Ln[a-
BW,;03,]-22H,0 [Ln = Eu** (3), Dy** (4), Ho** (5), Yb* (6)] were
manufactured. Compound 1 adopts a one-dimensional (1-D) zigzag chain by
fusing adjacent [Ce(H,0);][(a-BW;;055)Ce(H,0);]*" polyoxoanions in the help
of Ce* bridging. It is worth noting that adjoining chains can be interacted with
each other by K* cations and give birth to a fascinating two-dimensional sheet. In
contrast, the polyoxoanion of 2 is assembled from a mono-Pr'" embedded [(a-
BW,,035)Pr(H,0);]°" unit, which also propagates an analogical 1-D chain like 1
without hanging [Ln(H,0),]*" cations. Compounds 3—6 display a typical mixed-
POM dimeric assembly composed of monovacant Keggin [a-BW;;05,)]°" and
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monovacant Lindqvist [Ws0,5]®” segments concatenated by an Ln cation. Luminescence performances of 3—5 were
systematically probed at ambient temperature, exhibiting the featured emissions from f—f transitions of Ln ions. Meanwhile,
energy transfer from borotungstate fragment to Ho®" ion was observed in the emission process of S.

B INTRODUCTION

Polyoxometalates (POMs) have intensively appealed to
increasing research enthusiasm in recent years, not only
owing to their unrivalled structural diversities and charming
topological aesthetics but also because of their immense
applications in catalysis, medicine, electronics, magnetism,
optics, and so forth.'™ It is noteworthy that POMs can
function as multidentate ligands to incorporate diverse
transition-metal (TM) or lanthanide (Ln) cations into
multifarious POM building units, stimulated by their intrinsic
properties of high negative charge density and O-enriched
surfaces.® In this regard, lacunary POMs have attracted high
interest in the field of synthesis, which are more prone to
coalesce with oxophilic metal cations than plenary POMs due
to the chelating coordination of terminal oxygen atoms from
the defect sites of POMs, and then those captured metal
cations can act as additional extension points to fuse other
segments together generating ingenious TM-incorporated
POMs (TMSPs) or Ln-incorporated POMs (LnSPs).g_B
Borotungstates (BTs), as an imperative subfamily of POM
chemistry with noteworthy diversity in terms of exclusive
structures, compositions, and properties, have evoked great
interest and also have made some progress since K{[BW,0,,]
was first synthesized by Rocchiccioli-Deltcheff et al. in
1983,"""> whereas what deserves attention is that reports on
BTs are much less than those containing other heteroatoms
from main groups IV, V, and VI. A valid strategy of enriching
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structural diversity of BTs is to introduce oxophilic TM/Ln
ions into the system, acquiring a number of peculiar TMSPs/
LnSPs based on BT fragments of [BW;;05]°" ({BW,,}),
[BW12040]5_ ({BW},}), or [BW13046]11_ ({BWy3}). After
years of tough work, a wealth of examples of TM-containing
BTs have been reported. When it comes to TMSPs based on
{BW,,} fragments, it is noteworthy that Ritchie et al. reported
the first photochromic BT-based diarylethene coordination
complex [(C,sH¢N,F4S,)(BW,;035Co0),]"*” in 2018, which
was made by connecting two cobalt(IIl)-incorporated
[BW,,03,C0]®" segments with pyridyl-containing diary-
lethene.'® Wang and co-workers combined copper—amino
acid cations with {BW,,} units and obtained chiral three-
dimensional (3-D) frameworks with helical channels.'”'® To
our knowledge, acidification of {BW,,} in the presence of
tungstate not only can generate {BW,,} but also can form
other derivatives such as {BW;} that are derived from Keggin-
type undecatungstic anion capped by a p-oxoditungstic
{W,0,,} group.”~*' It was not until 2013 that Reinoso et
al. managed to obtain an Fe''-substituted BT derivative
[{Fe(H,0);},(WO,)(HBW,,0;,),]%7, which is an unparal-
leled 2-boro-23-tungstate unit stabilized by Fe® ions at
external positions, delegating the first TM substitution in the
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{BW,;} framework.> Currently, a lot of TM-containing BT's
have been reported by varying BT building units or changing
™ species.zg’f28 However, related reports on Ln-substituted
BTs (LnSBTs) are underdeveloped. In contrast to TM cations,
Ln ions possess the following characteristics: (i) high
coordination numbers and ample bonding modes may result
in different structure types; (ii) in line with the Hard and Soft
Acids and Bases theory,” Ln ions are oxophilic so that they
can swimmingly coordinate to oxygen atoms as connectors or
ornaments, which may lead to extended structures; (iii) Ln
ions own peculiar luminous properties like long lifetime and
narrow emitting bandwidth, playing an indispensable role in
the optical field” As a consequence, the synthesis and
property exploration of LnSBTs have continued to be a focus
of intense research in POM field. Within this field, the research
hotspot prevailingly points at taking advantage of monovacant
{BW,,} precursor as a multidentate chelating ligand to capture
Ln ions to construct LnSBTs. Some incunabular reports have
emerged with the discovery of 1:1-type complexes [Ln-
(BW,,059)(H,0)5]% (Ln = Sm*, Eu®, Tb*, Er’*) as well
as 1:2-type complexes [Eu(BW,;;05,),]"5".>"** Subsequently,
an exceptional one-dimensional (1-D) chain
[Ce,(BW;,030),(H,0)4]"* was also triumphantly achieved
in 2005. After a relatively long-standing sluggish period, An
et al. discovered a class of organic—inorganic hybrid 3-D
framework [(C4NO,H )Ln(H,0):],[(H,0),-
LnBW,;0;,H],*” (Ln = Ce*, Nd*, C,NO,H; = pyridine-4-
carboxylic acid) in 2010.°* Besides, a family of quadruple-gly
bridging dimeric LnSBTs [Ln,(gly),(BW;,03),]"" (Ln =
Ce*, Pr’*, Nd**, Sm*', Euv’", Tm*; gly = glycine) were
isolated by our lab in 2016, delegating the first case of
inorganic—organic hybrid LnSBTs based on monovacant
{BW,,} segments, Ln cations, and amino acid linkers.®
Above sporadic examples reveal that there exists an enormous
challenge to design and fabricate neoteric LnSBTs based on
lacunary BT segments and Ln ions.

Enlightened by the previous exploration, we performed
systematic explorations to discover novel LnSBTs based on
lacunary BT segments and Ln ions. Fortunately, three kinds of
LnSBT aggregates KH,[Ce(H,0),][(a-BW};05,)Ce(H,0),]-
14H,0 (1), K;Na,H,[(a-BW},04)Pr(H,0),]-1SH,0 (2),
and Na;KgH[W,0,5]Ln[a-BW,,04]-22H,0 [Ln = Eu** (3),
Dy’* (4), Ho** (5), Yb*" (6)] were successfully prepared using
an aqueous solution method (Figure 1). In this work, 1 and 2
were synthesized by a stepwise synthesis using Kg[a-
BW,,0;,H]-13H,0 as the precursor, and 3—6 were harvested
via a one-pot self-assembly strategy based on simple
commercial materials (Na,WO,-2H,0, H;BO;, and Ln-
(NO;);-6H,0). The asymmetrical molecular fragment of 1

LSPs based on
[BW,.O._1*-
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pH=5.0

Ln = Eud*, Dy,
Ho®, Yb3*

Figure 1. Summary of schematic synthetic processes of 1—6.
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comprises a mono-Ce'-substituted Keggin [(a-BW,;0;,)Ce-
(H,0);]°" moiety supported by a decorated [Ce(H,0),]*
cation on one side, and neighboring molecular units are joined
together via W—O—Ce—O—W linkages to generate a 1-D
zigzag chainlike alignment. Compound 2 exhibits an analogical
1-D chain arrangement to 1 without decorated [Pr(H,0)s]*"
cations. Compounds 3—6 feature a typical dimeric asym-
metrical assembly and consist of an Ln cation connecting a
monovacant Keggin {BW,;} and a monovacant Lindqvist
[W;O0,5]®" subunits. The results of solid-state photolumines-
cence (PL) tests of 3—5 display the characteristic emitting
bands stemming from intra4f transitions of Ln ions.
Furthermore, energy transfer (ET) phenomenon of the O —
W ligand-to-metal charge transfer (LMCT) transitions
sensitizing the emission of Ho®" ions in § was also probed.

B RESULTS AND DISCUSSION

Structure Discussion. Powder X-ray diffraction (XRD)
spectra for 1—6 are consistent with single-crystal XRD spectra,
signifying that all of the samples are pure. (Figure S1).

The molecular structure unit of 1 is composed of a
[Ce(H,0)s][(a-BW,,049)Ce(H,0);]>~ (1a) polyoxoanion,
a K* ion, two H" ions, and 14 crystal waters. 1a (Figure 2a)

(b)

Figure 2. (a) Molecular structure unit of 1. (b) The {BW,,;} unit. (c,
d) Coordination configurations of Cel** and Ce2*" ions in 1.
Symmetry codes: (A) 1 —x, 1 —y, —z; (B) —x, 1 — y, —z. O: red, Ce:
turquoise, B: yellow, {WOg}: red.

can be described as a hydrated [Ce(H,0),]*" ligand with a 1:1
type mono-Ln-substituted fragment with a Cel®" cation
incorporated to the “cap” vacant site of the {BW,,} subunit.
In {BW,,} (Figure 2b), the B atom resides in the center of
{BO,} tetrahedron and is surrounded by three y,-O atoms
from three vertex-sharing {W;0,3} triads and one y;-O atom
from an edging-sharing {W,0,o} dimer [B—O: 1.470(17)—
1.540(16) A, £O—-B—0: 105.2(10)—113.4(11)°]. Two
crystallographically unique Ce®" cations exist in the complex
unit, which have different coordination environments. The
Cel® cation occupies the defect site of {BW,} in the “cap”
region to form the [(@-BW;;0;5)Ce(H,0);]®” fragment,
adopting a seriously contorted monocapped square antiprism
(Figure 2¢) bonding to six terminal oxygen atoms from three
different {BW,,} moieties [Ce—O: 2.479(10)—2.536(9) A], as
well as three water molecules [Ce—0O: 2.567(12)—2.636(11)
A]. The Ce2®" center is embedded in a twisted tricapped
triangular prism (Figure 2d) defined by one terminal oxygen
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atom from {BW,;} moieties [Ce—O: 2.537(10) A] and eight
water molecules [Ce—0: 2.52(2)—2.58(2) A].
Intriguingly, two la units can be linked together by Ce
cations to form a Ce-substituted double-Keggin-type entity
{[Ce(Hzo)s][(a‘BW11039)Ce(H20)3]}26_ (1b) (Figure 3a).

13+

Figure 3. (a) View of 1b. (b) The 1-D chain in 1. (c) The 2-D layer
of 1. (d) Packing arrangement of 1 along c axis. (e) View of the
simplified 1-D chain in 1. (f) View of the simplified packing of 1 along
¢ axis. O: red, Ce: turquoise, B: yellow, K: gray-50%, W: green,
{WOg}: red, {BO,}: gold.

This dimeric 1b entity in 1 possesses a centric head-to-head
architecture and can be regarded as a combination of two
identical symmetrically related la moieties by means of the
bridging role of two Cel*" cations. Subsequently, adjacent 1b
entities are joined together to yield a 1-D zigzag chain by the
assistance of Ce—O—W bonds (Figure 3b). Furthermore, these
wavelike chains are interconnected in the —A-A-A— packing
mode by K* cations, and then a novel two-dimensional (2-D)
layered structure based on {BW,;} as well as Ce®" cations can
be obtained (Figure 3c). Herein, the functionality of K* cations
also exhibits an arrestive bridging effect except the common
role of charge compensation. Consequently, 1-D coordination
polymeric chains are linked together through the K—O—W
bridges, giving rise to a distinctive 2-D extended framework.
Synchronously, the packing arrangement of this 2-D layer is
shown in Figure 3d—f.

When Pr’* was utilized in place of Ce® under similar
conditions with 1, then 2 can be obtained. Different than 1, 2
reveals a 1-D wavelike chain without hanging [Pr(H,0)s]*"
ions. The molecular unit of 2 includes a mono-Pr™-substituted
Keggin [(a-BW;,05,)Pr(H,0),]% segment (Figure 4a), two
K" ions, two Na' ions, a H" ion, and 15 crystal waters.
Ulteriorly, Pr’* ions function as bridges between two
neighboring {BW,,} subunits to create a centrosymmetric
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Figure 4. (a) Molecular structure unit of 2. (b) View of [(a-
BW,,05,)Pr(H,0);1,'*". (c) View of the 1-D chain in 2. (d)
Coordination geometry of the Pr** cation in 2. Symmetry codes: (A)
1—-%2—y -z (B)1—x 1—y —z O: red, Pr: lime, B: yellow,
{WOg}: red.

Pr'-substituted double-Keggin-type polyoxoanion [(a-
BW,,0;5)Pr(H,0),],"*~ (Figure 4b), which ultimately are
interconnected each other via W—O—Pr—O—W linkages to
construct a 1-D extended chain (Figure 4c). The Pr’* ion is
positioned at the lacunary site of monolacunary Keggin
{BW,;} subunit and is coordinated to three aqua molecules
[Pr—0: 2.532(9)—2.607(9) A] and three adjacent {BW,,}
subunits [Pr—0O: 2.445(8)—2.510(8) A] in a highly distorted
monocapped square antiprism (Figure 4d). Notably, the
dimeric [(a-BW,,0;,)Pr(H,0);],"~ polyoxoanion in 2 is
somewhat similar to the dimeric [Ce,(BW};0s,),(H,0)4]"*~
polyoxoanion addressed by Sousa et al., which bears the alike
1-D chain framework. The Pr** cation in 2 has a monocapped
square antiprism differing from the tricapped triangular prism
of the Ce** ion in [Ce,(BW,,03),(H,0)¢]>~.*

Compounds 3—6 are isostructural, and § is discussed here.
The architecture of § exhibits a discrete Ln-substituted BT
containing a monovacant Keggin {BW,,} subunit and a
monovacant Lindqvist [W;O]°~ subunit (Figure Sa). To our
knowledge, Yamase and collaborators reported the similar
structure.” The monovacant {BW,,} subunit acts as a
tetradentate ligand (Figure Sb) coordinating with the Ho®"
center by its four unsaturated oxygen atoms. Analogously, the
[W;0,]® subunit that is derived from isopolyoxotungstate
[W¢O15]>” anion can also serve as a chelate tetradentate ligand
(Figure Sc) linking to the Ln center by its four unsaturated
oxygen atoms. Interestingly, eight oxygen atoms from
monovacant Keggin and Lindqvist subunits can build two
bottom planes (Figure Sd) of a square antiprism. Therefore,
the Ho*" ion is anchored in the square antiprism geometry
(Figure Se) [Ho—O: 2.315(7)—2.448(7) A]. As displayed in
Figure 5f, [(W50,5)Ho(a-BW;,055)]"*" units are arranged in
the order of —ABAB—; moreover, adjacent units adopt an
antiparallel arrangement pattern; that is, small [WO,4]%
building blocks and large {BW,,} units are alternately
distributed, which could effectively reduce the steric hindrance
and favor the closest packing of the overall structure.

PL Studies. As is well-known, since the excellent optical
properties of Ln ions like sharp characteristic emissions, good
chemical stability, high quantum efficiency, and long
luminescent lifetimes can be well-retained in their diversiform
ramification, LnSPs synchronously endowed with merits of
parent POM fragments and Ln ions show considerable interest
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Packing
arrangement

Figure S. (a) Molecular structure of S. (b) Coordination geometry of
the Ho®" cation in $. (c) View of the [W;0,4]°” subunit. (d) View of
the {BW/,} subunit. (e) Coordination sphere of the Ho®" cation. (f)
The packing arrangement of § along a axis. O: red, Ho: tan, B: yellow,
{BW,,}: red, {{W,0,5]°}: teal.

in lasers, light-emitting diodes, cathode rays, plasma displays,
optical fibers, near-infrared (NIR)-emitting materials, and
sensory probes.’*™** Herein, solid-state PL properties of 3—$
were studied at ambient temperature.

The emitting spectrogram of 3 (Figure 6a) under 395 nm
excitation displays five Eu®* characteristic luminescent bands at
580, 595, 621, 652, and 702 nm, corresponding to the D, —
’F; (J = 0—4) transitions, respectively. Magnetic dipole *D, —

’F,; transitions are insusceptible to regional circumstances,
whereas electric dipole D, — ’F,, transitions are fairly
susceptive to regional circumstances.” Generally, the D, —
’F, emission is severely forbidden in a symmetric circumstance,
but the faint D, — ’F, emission at 580 nm can be observed in
3, which testifies that Eu®" ions dwell in the relatively lower
symmetric circumstances. The *Dy — “F, transition at 595 nm
is preponderant in a centrosymmetric circumstance. However,
the D, — ’F, transition at 621 nm is the strongest in a non-
centrosymmetric circumstance, and its emitting intensity rises
with the decreasing of the regional symmetry of the Eu’
ion.*”*! Besides, the Dy, — "F,/°D, — ’F, intensity specific
value is generally functioning as a measure of detecting the
coordinate circumstance and regional symmetry of Eu** ions.*
Here, the Dy, — F,/°D, — F, intensity specific value of ca.
3.6 for 3 indicates the low-symmetry of the Eu®* cation. What's
more, the excited spectrogram through detecting 621 nm
emission is presented in Figure S3, and the most intense peak
is located at 395 nm ("Fy — L), while other weak peaks are
observed at 362 ("F, — °D,), 381("F, — 3G,), and 414 nm
("Fy — °D;).*’ Otherwise, the luminescence lifespan profile for
3 conforms to a first-order exponential function I = A exp(—t/
7) (Figure 6b), generating 7 of 1478.08 us (Table S2).

Under 366 nm excitation, the emitting spectrogram for 4
(Figure 6c) demonstrates three apparent peaks assigned to
Dy** *Fy, — °Hys), (480 nm), *Fy,, — ®Hy;, (573 nm), and
*Fy;, = SH,,;, (663 nm). Obviously, the strongest emitting
peak is located at 573 nm, whose intensity is far greater than
other peaks to some extent. Its excited spectrogram (Figure
S4), on the basis of supervising the *Fy,, = °H,; , transition at
573 nm, displays four prominent peaks at 342, 366, 388, and
428 nm, which are severally attributed to Dy** °H,/, — °P,
6Hls/z - 6Ps/z: 6Hls/z - 4I13/2: and 6H15/2_’ 4Gn/z-44
Similarly, the lifespan curve for 4 (Figure 6d) was determined
and abides by a first-order exponential function with 7 of 47.63
us. (Table S2).
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Figure 7. (a) Luminescent spectrogram for § in 400—750 nm under 257 nm excitation and the excited spectrogram for 5 in 320—500 nm based on
supervising 573 nm emission. (b) Average lifetimes comparison for Ho***S,(°F,) — I3 and “F5 — °I; emission peaks upon excitations at 257 and
454 nm. (c) The 9—11.3 us TRES spectra for 5 on base of 257 nm excitation. (d) Intensity comparison of emitting peaks at 430, 480, 573, and 660
nm with decay time. (e) An enlarged view of Figure 6d (the decay time range is 9—11.9 us). (f) The 11.3—100 us TRES spectra for § on base of
257 nm excitation. (g) Diagrammatic energy-level drawing indicating ET process from BT units to Ho®" centers. Solid lines stand for radiation

procedure, and dotted lines are on behalf of nonradiative procedure.

The emitting spectrum for § (Figure 6e) under excitation at
454 nm gives birth to the orange emission of Ho' ions
severally appearing at 573 and 660 nm. The strongest emission
at 660 nm together with a splitting peak around 650 nm are
assigned to Ho’ °Fy — °I;, while the 573 nm peak is
attributable to Ho** 3S,(°F,) — °I;. The excited spectrum of 5
(Figure SS) based on supervising 660 nm emission is
dominated by the Iy — °Gg transition at 454 nm, whereas
the observable weak peak at 418 nm corresponds to *I; —
5Gs.* The PL lifetime profile for 5 based on the 660 nm
emitting peak was also performed, and it can conform to the
second-order exponential function (Figure 6f), affording 7, =
1.00 s (49.39%) and 7, = 9.87 us (50.61%); and the average
lifetime 7* is 5.49 ps, and an agreement coefficient y* is 1.031
(Table S2).

It can be known from the aforesaid structural analysis that
one crystallographically unique Ln cation exists in 3—5. On
condition that only the emitting behavior of Ln ions is taken
into consideration, their luminescence lifespan profiles should
act up to the single exponential equation; however, this case is
not in conformity with the experimental result of 5. As a
consequence, we speculate that there is nonignorable effect
from BT units during the luminescence procedure for $. In an
effort to hunt for the source of extra luminescence

366

contribution, the PL-emitting spectrogram and lifespan curve
for 6 were collected under identical conditions. For all we
know, the Yb** jon with '3 valence electronic configuration has
only one featured emitting band in the near-infrared range, so
the visible emission for 6 primarily stems from the O — W
LMCT of BT fragments. A broad emission band appears
between 500 and 750 nm on excitation with a light of 454 nm
(Figure S6), while the PL decay profile for 6 (Figure S11a)
adheres to a two-order exponential function with 7, = 2.84 us
(53.87), 7, = 11.03 ps (46.13%), and 7* = 6.62 us. Overly, 7*
for 6 (Table S2) is very close to that of § (z = 5.49 us),
elucidating that BT units certainly play an indispensable part in
the PL process for § (Figure Slla). In addition, the PL
properties of 6 were also researched under the same conditions
as 3 and 4 (Figures S7—S10, Table S2). Clearly, in comparison
with the lifetimes of 3 (1478.08 us) and 4 (47.63 us), the
lifetime contribution of BT units (6.34 us) and (6.01 us) is
almost neglectful (Figure S11b).

According to previous reports, POM segments can emit a
wide band in 350—550 nm pertaining to the O — W T, —
1Alg transition.***” As a rule, electrons in tungsten-oxo clusters
can be first excited from the 1Alg ground state to the 'Ty,
excited state and then are relaxed to the low-energy °Ty,
excited state, whereas the T, triplet excited state not only can
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release energy by means of °T, — 1Alg electron transition but
also can transfer energy to some Ln ions with similar energy
levels via.*® Herein, we have indicated that BT units and Ln
cations make conjoint contribution in the course of PL
behaviors for 3—5. To further probe whether there is energy
transfer between BT units and Ln ions, we chose to make a
thorough inquiry into the PL spectra and ET behaviors for §
owing to its relatively weak emission intensity and short decay
lifetime approximating to BT units. In the beginning, the PL-
emitting spectrogram for $ in 400—700 nm was probed under
the O - W LMCT excitation at 257 nm (Figure S12), where a
broad band is displayed varying from 400—500 nm with
maximum at 480 nm derived from 3T, — 1Alg of BT units
(Figure S13), and the typical emitting bands of Ho®* ions
assigned to f—f transitions are simultaneously presented in this
spectrogram (the violet line in Figure 7a). The excited
spectrogram of § between 400 and 500 nm also recorded via
detecting the *S,(°F,) — °I; emission at 573 nm and revealed
two obvious peaks originating from the characteristic excitation
of Ho’" ions (the orange line in Figure 7a). It can be
unambiguously observed that the *T,, — 'A,, emitting band of
BT units can well-superpose with the Ho"" excited peaks,
acting as a powerful illustration of the existence of ET between
Ln ions and BT units. By comparing emitting spectra taken
based on 257 nm excitation from tungsten-oxo clusters and
454 nm excitation of Ho®* °F; — I, transition, we can clearly
find that the °S,(°F,) — °I; emitting peak at 573 nm is
dominant with the I(°S,(°F,) — °I;)/I(’Fs — °I;) emitting
intensity ratio of 5.97:1 under 257 nm excitation, whereas the
F — g emitting peak at 660 nm is dominant with the
I(*S,(°F,) — °I3)/ICFy — °I;) emitting intensity ratio of
0.13:1 under 454 nm excitation, which indirectly manifests that
BT units exhibit different sensitization effects on °S,(°F,) —
5I and °Fy — I transitions. Upon 257 nm excitation, the part
energy from the T, — 1Alg transition of BT units is
reabsorbed by the *I; — °G; and °Iy — °Gg transitions of Ho*
ions in the nonradiative form in $, whereas the 3S,(°F,) — I,
transition receives the most energy from tungsten-oxo clusters,
so the peak intensity at 573 nm is more transparently enhanced
than that of another peak at 660 nm. Synchronously,
comparison of decay lifetimes under different excitation and
detection conditions can also prove this point. As demon-
strated in Figure 7b, lifetimes of two characteristic peaks are
both prolonged to some extent under 257 nm excitation [for
the °S,(°F,) — °I; transition: 4.92 yus — 46.93 us; the Fy —
’Ig transition: 5.49 us — 9.67 us] (Table S2, Figures S14—
S16), but it can be intuitively seen that the lifetime extension
of °S,(°F,) — °I; transition is much more than that of *F; —
Sy transition, which provides some evidence that the
sensitization of BT units toward the *S,(°F,) — SI; emission
is larger than the *F,,, — °H;/, emission. Furthermore, the
time-resolved emission spectrum (TRES) tests of 5 were
performed upon excitation with a light of 257 nm in 400—750
nm. Obviously, the broad emission band varying 400—500 nm
arising from O — W LMCT triplet state in BT units appears as
the bimodal form during the course of excitation of tungsten-
oxo clusters (centered at 430 and 480 nm, respectively)
(Figure 7c), and the huge ravine falls at ~454 nm, which can
be explained that Ho®" Iy — Gy transition absorbs energy
from the 3T, — 1Alg transition of BT units. As time elapses,
emitting peaks at 430, 480, 573, and 660 nm emerge at 9.0 us
and arrive at the maxima at 11.3, 11.4, 11.8, and 11.4 us,
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respectively (Figure 7d). In other words, the intensity of the
wide emitting band (400—470 nm) centered at 430 nm begins
to weaken at 11.3 us; at the same time, the intensities of two
characteristic emitting peaks centered at 573 and 660 nm
belonging to Ho®" ions further increase, consolidating the
existence of ET between BT units and Ho®" ions (Figure 7e,
Figure S17). In terms of the emitting band of tungsten-oxo
clusters, the sunken band (400—470 nm) gradually appears
with time going by, and the broad band ends up with only one
relatively sharp peak, resulting from the energy absorption of
Iy — 5Gg and Ty — 3G transitions of the Ho®* cation. As for
two emitting peaks deriving from f—f transitions, the peak at
660 nm from °Fg — °I; transition is prominent in the infancy
of decaying, but the peak of °S,(°F,) — °I transition at 573 is
dominant, and the peak at 660 nm is feeble at ca. 30 us, which
signifies the PL decay rate of the emitting peak at 660 nm is
much faster than that of the emitting peak at 573 nm,
coinciding with the conclusion that more energy migrates to
the 3S,(°F,) — SI; transition and less to the F; — °I,
transition (Figure 7f). Figure 7g reveals the possible ET
process between BT units to Ho®" ions, which well agrees with
experimental results. In the first place, the POM skeleton as a
sensitizer can absorb energy to force electrons to transfer from
1Alg to 'T,,, whereafter, electrons at 'T, jump to *T,, by fast
relaxation. Hereafter, in addition to releasing energy by
returning to 1Alg through a radiative transition, there is still
part energy transfer to °Gg and °Gg of Ho®" ions, thereby
promoting the °S,(°F,) — °I; and °Fg — °I; transitions. Since
the energy corresponding to the broad band in the region of
400—470 centered at 430 nm is very close to that of *Ty — °Gg
and °I; — G4 of Ho’" cation, the ET efficiency is relatively
high leading to an obvious phenomenon that the relevant band
shows much shorter excited time and much faster decay rate
than the peak at 480 nm.

We may find that 3—5 possess the relatively long decay
lifetime, which may be mainly related to the two following
reasons: (i) There is no obvious O—H frequency oscillators
from aqua ligands impairing the emission of Ln ions. The
oxygen atoms located at the defect sites of [W;0,4]° and
{BW,,} segments occupy all the coordination sites of Ln ions,
precluding the coordination of quenching species such as water
molecules to Ln centers, thereby reducing nonradiative decay
processes;49 (i) BT units can act as antenna ligands upon
photoexcitation to transfer energy from the O — M LMCT
triplet state to Ln ions, leading to prolonging lifetimes of Ln
ions. Exceptionally, the PL decay lifetime of 5 can even be
extended to 46.93 us under the O — W LMCT excitation at
257 nm (the average lifetime is 5.49 s under the strongest f—f
transition excitation at 454 nm) (Table S2).

The CIE 1931 diagram has been widely applied to gauge all
possible colors by the combination of three primary colors
(red, blue, and green), offering a pervasive method to quantify
the tunability of the emission wavelength as well as the change
of the emission intensity, and to acquire a good knowledge of
the trueness of color for applications in light-emitting
devices.” In the CIE diagram, the chromaticity coordinate x
represents the red-to-blue ratio, while y represents the green-
to-blue ratio. According to these two coordinates, the exact
emission color of a compound can be easily determined when
the white light emission is centrally located with the standard
chromaticity coordinates (x = 0.333 33, y = 0.333 33). Here,
color coordinates for 3—5 on the basis of their corresponding
emission spectra are (0.66267, 0.33699), (0.38187,
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0.428 87), and (0.590 14, 0.40S 08), respectively. Hereinto, 3—
S display reddish-orange, yellow-green, and orange emissions
(Figure S18).

B CONCLUSIONS

In summary, three types of novel POMs 1—6 based on Keggin-
type monovacant {BW,;} units and Ln cations were
successfully synthesized. Adjacent molecular segments in 1
are connected via Ce—O—W bonds into the 1-D chain, and
neighboring 1-D chains are combined together to form a
fascinating 2-D extended framework by K* bridges. 2 owns the
analogical 1-D chain arrangement formed by adjacent
molecular segments via Pr’* ions. 3—6 exhibit a fascinating
dimeric Ln-substituted BT architecture contaning one
monovacant Keggin {BW,;} and Lindqvist [W0,]® frag-
ment that are fused together by an Ln core. Compounds 3—5
exhibit the characteristic emissions from Ln centers corre-
sponding to the inherent f—f transitions. It is noteworthy that
BT fragments take an indispensable part in the course of PL
emission. Additionally, a prominent feature of 3—35 is that they
own a relatively long luminescence lifetime, which is primarily
because of the chelation of proximal ligands with Ln cations
interfering with the coordination of quenching species like
water molecules to Ln centers. Simultaneously, the existence of
ET from BT segments to Ln centers also plays a pivotal role in
prolonging the decay lifetime of 6. Overall, the success in
synthesizing 1—6 not only provides more candidates for the
discovery of good performance materials but the preliminary
property studies also laid the foundation for subsequent in-
depth exploration. In the following work, we will try to
introduce a variety of TM cations into our system to fabricate
unprecedented heterometallic BTs. Apart from this, multi-
purpose organic ligands will be used as luminescence
sensitizers and structure-directors to fabricate novel inor-
ganic—organic hybrid LnSBTs with improved luminescence
activities.
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