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Here, an organic—inorganic hybrid lanthanide-based polyoxometalate (Ln-POM) [N(CH3)4]3K>,Sm(C7H50,)
(H20)2(a-PW11034)-11H,0O (1) was successfully synthesized and characterized well by several physico-
chemical techniques. In the polyanion of 1, the benzoic acid ligand directly binds a Sm®* ion for the for-
mation of an organic—inorganic hybrid polyanion. This organic—inorganic hybrid structure can effectively
sensitize the emissions of the Sm>" ion, which was confirmed by the photoluminescence and time-
resolved emission spectroscopy of 1. The photoluminescence study demonstrates that the Sm>* ion pos-
sesses a relatively high-symmetry coordination geometry, which is consistent with the structural analysis
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of Sm®* in 1. Furthermore, the polyanion of 1 can form a 3D 4,8-topology framework through the linkage
of K1 and K2 ions. In addition, the photoluminescence properties of 1 have been explored, revealing that 1
shows reversible color-tunable photoluminescence based on the excitation from 260 nm to 350 nm, and
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Introduction

Polyoxometalates (POMs) represent a family of anionic metal
oxide clusters, which are composed of a series of metal oxides
{MO,} (M = V**, Nb**, Ta>*, Mo®", W®") in their highest oxi-
dation state fused together through the edge-, corner- or face-
shared methods." Over the past decades, the relative investi-
gation and applications of POM chemistry have seen huge
developments in leaps and bounds, not only in the novel and
varied structures of reported complexes, but also in a lot of
interesting properties including catalysis, magnetism, optics,
and medicinal chemistry.> The lanthanide (Ln)-based POMs
(Ln-POMs), as one of the most important branches in POM
chemistry, have attracted more and more attention since the
first discovery of Ln-POMs in 1971.° Till now, Ln-POMs have
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been studied and applied in several areas, such as photo-
luminescent materials, sensors, magnetic materials, organo-
catalysts, photochromic materials and so on.* With regard to
the photoluminescence properties of Ln-POMs, the POM com-
ponent can be seen as an appropriate light-harvesting candi-
date to sensitize the emissions of the Ln*" center through an
intramolecular energy transfer from the O — M photo-
excitation state to the ligand to metal charge transfer (LMCT)
state within Ln-POMs matrices.” The research regarding the
photoluminescence and photophysical behavior of Ln-POMs,
including their inherent emissions, luminescence lifetime,
emitting color and energy transfer mechanism, has been
widely recognized.® In addition, further investigations on the
photoluminescence of Ln-POM derivatives, like the color-
tuning property, which can be generally achieved by adjusting
the molar ratio of Ln®" ions or altering the excitation wave-
length, are urgently needed.”

Early works regarding the color-tuning properties of Ln-
POMs were discussed by Wu, Zhou and Van Deun in recent
years, and our group also made several contributions in this
field. In detail, Wu and co-workers first reported several emis-
sive Ln-POMs {[Lny(DMF)g(H,0)6][ZnW1,04]}-4DMF (Ln** =
La**, Eu’*, and Tb*"), which exhibited interesting color-
tunable and white light-emitting properties through changing
the molar ratio of Eu:Tb in 2012.% In 2017, Zhou’s group com-
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municated a series of isostructural compounds Na(HL)
(CH;COO)EU,,,Tb,,La; _y_,(AIM0g(OH)4015)-(H,0)6-10H,0 (L =
nicotinate) based on Anderson-type polyanions
[AIMo4(OH)O454]>~, which displayed tunable luminescence
colors, and the white light-emitting behavior could be realized
by adjusting the molar ratio of Eu:Tb:La.”* Subsequently,
Zhou and co-workers obtained another white light-
emitting thin film based on a pure inorganic Ln-POM,
NaoEu,, Tb,Ce;_pn_nWi00s6, in 2018.°> In 2019, Kaczmarek
et al. obtained a series of Eu*"-doped Lu*"-octamolybdates,
and investigations of their luminescence revealed that they
exhibit emission ranging from blue to strong red.’® In
addition, our group reported a helical chain-like organic-in-
organic hybrid arsenotungstate Na,Hg[{Pr(H,0),},{As;W;9O4s}-
{WO,(mal)},]-24H,0 with color-tunable photoluminescence
in 2018."'“ In the same year, we reported another Tm**/Dy’" co-
doped POM [N(CHj3),]¢KsH,[Dy,Tm;_(C4H,06)(0-PW1;035) -
27H,0, which exhibits color-tunable luminescence, emitting in
the range from blue to white to yellow.'*” This year, we have suc-
cessfully synthesized multicenter-Ln polyoxometalate derivatives
[N(CH;)4]3K,Eu, Th,Tm; _,_(C;H50,)(H0),(a-PW11034)-11H,0.
The study indicates that the white light-emitting behavior
could be achieved by adjusting the molar ratio of Eu**/Tb*"/
Tm>"."*¢ In the previous research, it can be found that most of
the reported color-tuning Ln-POMs are achieved through
adjusting the type and proportion of the Ln** ion component
within the same matrix. One case reported by our group rea-
lized the color-tuning behavior by just changing the excitation
wavelength. As we know, it is easy to achieve the color-tuning
behaviors of complexes through changing the type and pro-
portion of the Ln*" ion, yet this method may result in a con-
siderable waste of rare earth resources. Furthermore, it is
difficult to accurately detect the content in the doped
complexes. Therefore, an economical strategy to achieve color-
tuning behavior is to alter the excitation wavelength in a single
component.

In this work, we successfully synthesized an organic-in-
organic hybrid Ln-POM [N(CH;),];K,Sm(C,H;50,)(H,0),
(a-PW1;,030)-11H,0 (1), which was characterized by single
crystal X-ray diffraction analysis, elemental analyses, powder
X-ray diffraction (PXRD) (Fig. S1%), Fourier transform infrared
(FTIR) spectroscopy (Fig. S2t) and thermogravimetric analyses
(TGA) (Fig. S31). The structural study shows that the polyanion
of 1 could construct a 3D framework through the connection
of K1 and K2 ions. Furthermore, the photoluminescence and
energy transfer mechanism within 1 have been investigated by
various physicochemical techniques. The results reveal that 1
can display color-tunable emission from blue to pink
upon changing the excitation wavelength. Differently, the
emitting color can be tuned from green to yellow as a result of
the variation in emission either from the POM component or
Pr** ion, as reported in our previous work.''® Here, the
emitting color could be tuned through the variation of emis-
sion intensity of the organic chromophore group (blue) and
the Sm*" emitting center (red) under different excitation
wavelengths.
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Results and discussion
Crystal structure

Compound 1 was synthesized by the reaction of
K14[P,W19069(H,0)]-24H,0  precursor, SmCl;-6H,0 and
benzoic acid ligand in appropriate proportions using a conven-
tional aqueous solution method. In the synthesis process, the
K14[P,W;9069(H,0)]-24H,0 precursor was easily decomposed
into several POM pieces in an aqueous solution, such as a
[a-PW,,03,]"~ fragment, which can construct multifarious POM
derivatives. In this system, the K;,[P,W;9060(H,0)]-24H,0 pre-
cursor reacts with the Sm®" ion and benzoic acid ligand under
an optimum pH value of 4.5 in aqueous solution, leading to the
crystallization of 1. The structural analysis reveals that 1 crystal-
lizes in the P1 space group of the triclinic system, which
contains a mono-lacunary Keggin-type [Sm(C,;H;0,)(H,0),
(a-PW,,03,)]°~ polyanion, three [N(CHj3),]" counter-cations, two
K' ions and eleven lattice water molecules.

In the polyanion of 1, the Sm*" ion was embedded into the
vacant site of the mono-lacunary [0-PW;;030]"” unit through
the formation of four Sm-O (013, 016, 019, 030) bonds with
a length of 2.326(9)-2.393(9) A, and one benzoic acid ligand
simultaneously coordinates to the Sm** ion through the two
carboxylate oxygen atoms of the benzoic acid ligand with the
distance of the Sm-O (040, 041) bond ranging from 2.502(10)
Ato 2.526(10) A. Furthermore, another two water oxygen atoms
(01 W, 02 W) also participate in the coordination environment
of the Sm™ ion, and the length of the Sm-O bond is in the range
of 2.483(11)-2.484(13) A (Fig. 1a, Table S1t). In the coordination
environment of the Sm>" center, the Sm>" ion adopts an eight-
coordinate distorted square antiprismatic configuration. The two
bottom planes for the Sm** coordination geometry are achieved
by oxygen atoms 013, 016, 019, 030 and 040, 041, 01 W, O2 W
with the average deviations of least-squares planes of 0.006 and
0.013 A (Fig. 1b). In addition, the length of the W-O bond ranges
from 1.697(11) A to 2.524(9) A with an average bond of 1.968(9) A,
and the angles of the O-W-O bond are in the range of 70.3(3)-
172.8(4)° with an average angle of 103.5(4)° (Table S27t). All the
above mentioned bond lengths and angles of 1 are consistent
with that of the reported literature.**

The polyanion of 1 can further form a 3D framework through
the connection of K1 and K2 ions (Fig. 1c). From a topological
point of view, if the [Sm(C,H50,)(H,0),(a-PW1;030)]°~ polyanions
are seen as the linked nodes with the K1 and K2 cations as
bridges, the structure exhibits a 3D 4,8-topology framework
(Fig. 2). In the formation process of a 3D framework, the K1 ion
adopts a four-coordinated configuration, which is achieved by
four oxygen atoms (04 W, 06, 030, 041) with K1-O bond lengths
of 2.686(14)-2.797(9) A (Fig. S4, Table S1t). Differently, the K2
ion was surrounded by five oxygen atoms (08 W, 09 W, 03, 07,
08), and the lengths of the K2-O bonds are in the region of
2.717(11)-2.793(11) A in 1 (Fig. S5, Table S17).

Photoluminescence properties

As we know, the luminescence of the Ln** emitting center is
limited by the small molar absorption coefficients due to the
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Fig. 1 (a) Polyhedral/ball-and-stick representation of the polyanion in
1; (b) the coordination environment of the Sm center; (c) polyhedral/
ball-and-stick representation of the 3D framework of polyanion 1,
benzoic acid ligands were omitted for clarity (color code: WOg, red; P,
pink; Sm, green; O, red; C, gray; K1, violet; K2, blue).

Fig. 2 The 3D topological framework of 1. Blue balls represent the
polyanion [Sm(C7H502)(H20)2(a-PW11039)]5‘; red lines represent K1 ions;
green lines represent K2 ions.

390 | Dalton Trans., 2020, 49, 388-394

View Article Online

Dalton Transactions

electric-dipole-forbidden nature of the f-f transitions; hence,
some sensitizers were required to overcome the bottleneck and
sensitize the emissions of the Ln*" ion.'? According to the
reported literature, the photoluminescence of Ln-POMs and
their derivatives have been systematically investigated.®®"?
POM fragments can be considered as a type of light-harvesting
sensitizer to harvest energy, which can subsequently be trans-
ferred to the Ln®" ion. First, the POM was excited from the 'A;y
ground state to the Ty, triplet state and returned to the Ty,
triplet state through a fast nonradiative transition; second, the
photoexcited Ty, triplet state can transfer energy and sensitize
the emissions of the Ln** ion through an intramolecular
energy transfer mechanism. However, the very low energy-
transfer efficiency from the POM component to Ln*" strongly
limits the applications of Ln-POMS, and the reported quantum
yield of the most intense Ln-POM was about 1%."** Therefore,
the organic chromophores were mainly introduced into the
Ln-POM system for the sensitization of the Ln*" ion. The sensi-
tizing mechanism from the organic chromophores to Ln** has
been explored: the organic chromophore was first excited from
the ground state to a singlet state (S;) and then to a triplet
state (T,) through an intersystem crossing process; then, the
energy transfer from the triplet state (T;) can induce the sensit-
ization of Ln*" through a Dexter-type energy transfer mechan-
ism."*” These explorations have proved that the organic
chromophore ligands would provide a more efficient energy
transfer approach for sensitizing the emissions of Ln*" ions in
the Ln-POMs derivatives. Recently, our group also confirmed
that p-hydroxybenzoic ligand can sensitize the luminescence
emission of a Eu®" ion within organic-inorganic hybrid Ln-
POMs. "

Herein, the solid-state photoluminescence of 1 was
measured at room temperature. As shown in Fig. S6, the exci-
tation spectrum of 1 was recorded on the emission at 599 nm.
The excitation spectrum displays a weak broad band from
250 nm to 350 nm, which can be attributed to the n-n* tran-
sition of the organic benzoic acid ligand, and two sharp peaks
at 365 and 377 nm, which are characteristic of direct excitation
transitions of Sm**, ®°H;,, = *Ly5/, and °Hs, — °P,. The pres-
ence of both weak and broad bands in the excitation spectrum
demonstrates that the benzoic acid ligand can absorb energy
and sensitize the luminescence emission of Sm®". In light of
the excitation spectrum, the emission spectrum of 1 was
recorded at the excitation wavelength of 310 nm at room temp-
erature. Five emission peaks can be noticed at 435, 564, 599,
646 and 705 nm in the emission spectrum of 1 (Fig. 3). The
broad emission centered at 435 nm was mainly assigned to the
n*-r transitions of the organic component in 1, while a similar
exploration has been recently reported by our group, which
revealed the presence of a benzoic acid group in 1.'* To
further explore the origin of the broad emission from 400 nm
to 500 nm, the photoluminescence emission spectra of the
benzoic acid ligand and K;4[P,W;9069(H,0)]-24H,0 precursor
were recorded at the excitation wavelength of 310 nm under
the same conditions. As shown in Fig. S7,} the emission inten-
sity of the benzoic acid ligand was much larger than that of

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The photoluminescence emission spectrum of 1 under exci-
tation at 310 nm.

the K;4[P,W19069(H,0)]-24H,0 precursor, which indicates that
the broad emission centered at 435 nm originates mainly from
the emission of the benzoic acid ligand. The other four peaks
at 564, 599, 646 and 705 nm could be attributed to the charac-
teristic 4Gs/z - 6Hs/za 4Gs/z - 6H7/2; 4Gs/z - 6H9/2y and 4Gs/z -
®H, 4, transitions of Sm*", It is well-known that both magnetic-
dipole and electric-dipole transitions exist together in the
characteristic f-f transitions of Ln**. The four characteristic
4G5/2 - 6Hs/z; 4Gs/z - 6H7/2, 4Gs/z - 6H9/2, and 4Gs/z - 6H11/2
transitions of Sm®*" belong to the magnetic-dipole, magnetic-
dipole, electric-dipole, and electric-dipole transitions, respecti-
vely.® Generally, the magnetic-dipole transitions were insensi-
tive to the coordination environment of the Sm*" ion, whereas
the electric-dipole transitions was very sensitive to the local
environment. The low-symmetry coordination environment
would facilitate the emission intensity of Ln*". Thus, the inten-
sity ratio of *Gs;, — ®Hs/s/*Gss — ®Ho, was always considered
as an important indicator to estimate the symmetry of the
coordination environment of the Sm*®" emitting center.'® With
regard to the photoluminescence of 1, the intensity ratio of
“Gsjs = °Hsp/*Gs, — ®Hgp was about 1:1, strongly proving
that Sm*®" adopts a relatively high-symmetry coordination geo-
metry. The results are in good agreement with the structural
analysis of the Sm*®" ion within 1.

Energy transfer mechanism

The energy transfer dynamics of organic-inorganic hybrid Ln-
POMs have been investigated by Francesconi, Boskovic and
our group.'*”*1® Herein, time-resolved emission spectroscopy
was used to study the energy transfer mechanism in 1. As
shown in Fig. 4, time-resolved emission spectroscopy of 1 was
performed under an excitation of 310 nm at room temperature.
An intriguing discovery revealed that the distinct features
evolve from 38.0 ps to 90.0 ps during the time-resolved emis-
sion spectroscopy experiment. Upon excitation at 310 nm, an
intense emission band around 435 nm appeared at 38.0 ps,
which corresponds to the n*-n transition of the benzoic acid
group in 1. Subsequently, the emission features at 564, 599

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The time resolved emission spectroscopy of 1 under excitation
at 310 nm.

and 646 nm were initially discovered at 41.0 ps, and the peaks
can be assigned to the f-f transitions of the Sm*" ion.
Meanwhile, the intensity of the benzoic-centered emission at
435 nm generally declines, and it fades away until reaching
43.0 ps. The characteristic emission intensity of Sm** gradually
increases to the maximum value until 42.5 ps. As the spectrum
decays, the characteristic emission intensity of the Sm** ion
remains dominant after 42.5 ps. The time-resolved emission
spectroscopy strongly suggested that the benzoic acid group
can sensitize the luminescence emissions within 1. The poss-
ible process of energy transfer is shown in Fig. 5 to explain the
energy transfer pathway in 1 upon irradiation. In addition, the
POM group can also be considered as an appropriate candi-
date to sensitize the emissions of the Ln*" centers, which has
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Fig. 5 The schematic energy level diagram and energy transfer (ET)
process in 1.
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been widely investigated. Here, the POM fragments can also
sensitize the emissions of Sm**; hence a double antenna effect
from both the POM and benzoate ligand may occur in this Sm-
POM. However, a much lower energy-transfer efficiency may
appear between the POM group and Sm>" ion because of the
weak emission of the POM fragment (Fig. S77).

Color-tunable photoluminescence properties

Interestingly, 1 may possess excitation wavelength dependent
emission properties. As shown in Fig. 6, the 3D excitation—-
emission map (EEM) of 1 displays different photo-
luminescence emission signals under different excitation
wavelengths from 260 nm to 350 nm. Notably, the broad emis-
sion centered at 435 nm was predominant when the excitation
wavelength was 260 nm, while the emission intensity of Sm**
also exhibits strong emission bands. Thus, the emission of 1
under excitation at 260 nm corresponds to a blue color in the
CIE 1931 chromaticity chart. With the increase in the exci-
tation wavelengths, the emission intensity around 435 nm gen-
erally weakens, whereas the emission intensity of the Sm** ion
increases. Simultaneously, the CIE 1931 chromaticity coordi-
nates vary from the blue area (0.257, 0.199) to the pink area
(0.347, 0.258), and the correlated color temperature (CCT)
varies from 247 341 K to 4249 K (Fig. 7, Table 1). Subsequently,
the emission intensity around 435 nm generally increased as
the excitation wavelength increased, and the emission color
also changed from pink (0.347, 0.258) to blue (0.233, 0.156). In
addition, the other 3D EEMs from different angles of view are
shown in Fig. S8-10.1 The comparison of the emission inten-
sity of the benzoic acid ligand and K;,4[P,W;04(H,0)]-24H,0
precursor indicates that the main origin of the blue emissions
of the Sm-POM may be assigned to the emission of the organic
ligands rather than the POM fragment. This interesting
phenomenon reveals that the luminescence emission color of

2

Fig. 6 The 3D color surface plots (bottom) and corresponding 2D dia-
grams (top) of photoluminescence excitation and emission maps (EEMs)
of 1. Note that the emission intensity increases as the color changes
from blue to red.
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Fig. 7 The CIE 1931 chromaticity coordinates corresponding to the
emission spectra of 1 based on the serial excitation wavelengths from
260 nm to 350 nm.

Table 1 CIE chromaticity coordinates, correlated color temperature
(CCT) and emitting color of 1

Excitation wavelength (nm)  (x, y) CCT (K) Emitting color

260 0.257,0.199 247341 Blue
270 0.277,0.208 51736 Blue
280 0.298, 0.222 15501 Blue
290 0.327,0.244 6131 Blue-pink
300 0.343,0.257 4546 Pink
310 0.347,0.258 4249 Pink
320 0.339, 0.250 4814 Pink
330 0.316, 0.227 8741 Blue-pink
340 0.278,0.192 650691  Blue
350 0.233, 0.156 Blue

1 can be reversibly tuned from blue to pink by varying the exci-
tation wavelength. This study makes it possible to achieve
reversible emission color switching by simply changing the
excitation wavelength rather than adjusting the doped ratio of
Ln*" ions within organic-inorganic hybrid Ln-POMs.

Conclusion

In summary, an organic-inorganic hybrid Ln-POM
[N(CH3),4]3K2Sm(C;H50,)(H20),(a-PW4;035)-11H,0 (1) was suc-
cessfully synthesized and characterized by single crystal X-ray
diffraction analysis, elemental analyses, PXRD, FTIR spec-
troscopy and TGA analysis. The structural analyses indicated
that the benzoic acid ligand directly coordinates to the Sm**
ion in the polyanion of 1, and the polyanion can further con-
struct a 3D framework through the connection of K1 and K2
cations. The photoluminescence and time-resolved emission
spectroscopy revealed that the organic benzoic group can sen-
sitize the luminescence emissions of the Sm®" ion within 1.
Furthermore, 1 may possess excitation wavelength dependent

This journal is © The Royal Society of Chemistry 2020
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emission based on the excitation from 260 nm to 350 nm, and
the emitting color can be reversibly tuned from blue to pink.
This investigation may provide a facile approach to achieve
reversible emission color switching simply by altering the exci-
tation wavelength instead of adjusting the doped ratio of Ln**
ions.

Experimental
Material and physical measurements

All chemicals were commercially purchased and used without
any further purification. The K;,[P,W;9069(H,0)]-24H,0 pre-
cursor was synthesized according to literature and confirmed
by FTIR spectroscopy.'” C, H, and N elemental analyses were
recorded on an Elementar Vario EL cube CHNS analyzer.
PXRD was performed using an X-ray powder diffractometer
(Bruker, D8 Advance) using Cu Ko radiation (4 = 1.5418 A) col-
lected with the angular range (26) from 5° to 45° at room temp-
erature. FTIR spectra (KBr disk) were collected on a Bruker
VERTEX-70 spectrometer using KBr pellets ranging from
400 em™" to 4000 cm™". The TGA curves were recorded in the
region of 30-800 °C using a heating rate of 10 °C min™" in a
flowing N, atmosphere on a NETZSCH STA 449 F5 Jupiter
thermal analyser. Photoluminescence emission spectra, photo-
luminescence excitation spectra and time-resolved emission
spectra were obtained from an EDINBURGH FLS 980 fluo-
rescence spectrophotometer equipped with a monochromated
325 W Xe-arc excitation source and a visible detector
(Hamamatsu R928P). The Commission Internationale de
L’Eclairage (CIE) 1931 chromaticity coordinates and CCT were
calculated according to the international CIE standards.

Synthesis of 1

SmCl;-6H,0 (0.228 g, 0.600 mmol) and benzoic acid (0.240 g,
0.200 mmol) were dissolved together under stirring in 30 mL
of water, followed by the K;4[P,W;4049(H,0)]-24H,0 precursor
(2.120 g, 0.465 mmol). The mixed solution was continuously
stirred to produce a clear liquid. Then, the pH value of the
mixed solution was tuned to 4.5 by the addition of 3 M KOH
solution. Subsequently, the resulting solution was heated to
60 °C for 1.5 hours, then tetramethyl-ammonium chloride
(TMACI) (0.110 g, 1.000 mmol) was added and stirred for
another 20-30 minutes. The resulting solution was cooled to
room temperature and filtered. The filtered solution was evap-
orated for about two weeks, and the block crystal was obtained.
Yield: 24.6% (based on SmCl;-6H,0). Selected IR (KBr, cm™):
3445 (br), 1632 (s), 1589 (m), 1523 (s), 1486 (s), 1420 (s), 1089
(s), 1046 (s), 945 (s), 890 (s), 825 (s) and 718 (m). Elemental
analyses (%): Caled, C, 6.55; H, 1.94; N, 1.20; Found, C, 6.78;
H, 1.82; N, 1.27.

X-ray crystallography

A suitable good-quality sample of 1 was sealed in a capillary
tube, and then the crystallographic data was collected on a
Bruker Apex II CCD diffractometer at room temperature using
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Table 2 Crystallographic data and structure refinement parameters for 1

1
Empirical formula C1oHe7SMK,N;05,PW,
Formula weight 3483.49
Temperature/K 296.0
Crystal system Triclinic
Space group P1
a[A] 12.9313 (9)
b[A] 13.4857 (9)
c[A] 20.2019 (14)
al°] 83.0200 (10)
B[] 78.1820 (10)
7 [°] 75.1760 (10)
VA% 3324.6 (4)
VA 2
Pealea [g cm™] 3.390
u[mm™] 20.059
F (000) 3010.0
Index ranges -15<h<15
-16 <k<16
-19<[<24
Reflections collected 17377

Independent reflections
data/restraints/parameters
Goodness-of-fit on F*

Ry, WR, [T > 20(I)]

11 721 [Rip = 0.0368]
11721/57/424

1.002

0.0444, 0.1015

0.0650, 0.1121
2.93/-2.20

Ry, WR, [all data] .
Largest diff. peak/hole/e A~

graphite-monochromated MoKa radiation (1 = 0.71073 A).
Empirical absorption corrections were taken on a multi-scan
absorption correction. All these structures were solved by
direct methods and refined by the full-matrix least squares on
F? using the SHELXL-2018/1 program package.'® During the
solving and refinement process, all heavy atoms were first
located by the full matrix least-squares refinements on F* and
Fourier syntheses using the SHELXS-1997 program package,
which were further refined anisotropically. Most lattice water
molecules were located using a Fourier map, and the remain-
ing lattice water molecules were determined by the TGA
results. The hydrogen atoms from the organic groups were
placed in calculated positions and refined using a riding
model. All the hydrogen atoms on water molecules could not
be precisely located from the electron density map.
Crystallographic data and structural refinement for 1 (CCDC
19402627) are listed in Table 2.
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