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Lanthanide lon Codoped Emitters for Tailoring Emission

Trajectory and Temperature Sensing

Shu-Na Zhao, Lei-Jiao Li, Xue-Zhi Song, Min Zhu, Zhao-Min Hao, Xing Meng,
Lan-Lan Wu, Jing Feng, Shu-Yan Song,* Cheng Wang,* and Hong-Jie Zhang

A series of lanthanide metal-organic frameworks (Ln-MOFs) are synthesized
through solvothermal conditions with 1,3-bis(4-carboxyphenyl)imidazolium
(H;L). Owing to the lanthanide contraction effect, two different types of
Ln-MOFs, namely, {[Ln(L),(OH)]-3H,0}, (Ln:Pr, Nd, Sm) and {[Ln(L),(COO)
(H20),]-H;0}, (Ln: Eu, Gd, Tb, Dy, Tm, Yb, Y), and their corresponding
codoped Ln-MOFs Eu,Tb,_L are obtained. With careful adjustment of the
relative concentration of the lanthanide ions and the excitation wavelength,
the color of the luminescence can be systematically modulated and white
light emission can be further successfully achieved. Furthermore, by virtue
of the temperature-dependent luminescent behavior, Eug ,Tbg sL allows for
the design of a thermometer with an excellent linear response to tempera-
ture over a wide range, from 40 to 300 K. This work highlights the practical
applications of Ln-MOFs for tailoring fluorescent color and even obtaining

many methods for determining tempera-
ture, luminescence-based measurements
have attracted more and more attention
because they are noninvasive and accu-
rate, capable of giving fast response and
high spatial resolution characteristics,
and able to work in even strong electro
or magnetic fields and with fast-moving
objects.)  Luminescent thermometers,
such as organic dyes,P’! polymers,!® semi-
conductor nanocrystals,”) and trivalent
lanthanides (Ln*")® incorporated into
inorganic, organic or hybrid hosts, are
generally based on the drop of their emis-
sion intensity with increasing temperature
caused by the thermal activation of nonra-

practical white light emission, and especially for sensing temperature as lumi-
nescent thermometers in a single framework by controlling in different ways.

1. Introduction

Lanthanide luminescence attains a special status in photonics
due to the unique spectroscopic features of lanthanide ions,
including long lifetime, large Stokes shift, narrow band, and
high color purity with respect to light generation and amplifica-
tion.l!l In recent decades, the number of photonic applications
of lanthanides has been burgeoning, extending from sensing
to biomedical analyses, imaging, lighting and displays.?l More-
over, the search for new lanthanide materials with controlled
and tunable luminescent properties for applications in ther-
mometry and white light emission is currently a very active
field.

Temperature is a fundamental thermodynamic parameter,
the measurement of which is crucial in countless scientific
investigations and technological developments.’] Among
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diative deactivation pathways.’ However,
most luminescent thermometers explored
until now are dependent on the lumines-
cence intensity of single transition and are
often susceptible to errors due to changes
in probe concentration, excitation or detection efficiency, and
are sometimes lacking specificity for temperature.!% Such
obstacles have been overcome by using ratiometric detection
scheme reported by Carlos in their pioneering work on mag-
netic hybrid nanoparticles (NPs) codoped with Eu** and Tb3*
tris(B-diketonate) chelates. 8

Light, especially white light, one of the most important fac-
tors affects our daily lives. In general, white light emitting mate-
rials can be achieved through monochromatic, dichromatic,
trichromatic, and tetrachromatic approaches.’'*1 Although
a few examples of monochromatic and tertrachromatic white
light emitting materials have been realized,'? the white light
emitting materials have been mainly achieved through dichro-
matic and trichromatic approaches in which the blue and
yellow, and blue, green, and red light emitting components are
incorporated into the resulting white light emitting materials,
respectively.!3 To the best of our knowledge, lanthanide-doping
materials are commonly used as white light emitting materials
due to the controlled and fine-tuned emission trajectory. It is
especially preferable for the host material with blue emission
to generate white light emitting materials by introducing Eu?*
(red) and Tb**" (green) emitters. A new approach to obtain white
light emitting materials by adjusting excitation wavelength
recently captures our attention not only for its broadband white
emission!'?®! but also for its ability to tailor colors.!!d]

Recently, the emergence of lanthanide metal-organic frame-
works (Ln-MOFs) has brought promise to the development
of new functional luminescent materials.'¥ Such Ln-MOFs
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consist of central lanthanide ions and organic ligands, playing
the roles of both linkers and photosensitizers.>! Furthermore,
the mutual separation of lanthanide ions by organic ligands in
these materials will prevent self-quenching, and the spatial reg-
ularity of the building blocks may allow for the incorporation of
different lanthanide ions into well-defined frameworks.

Taking the advantages of Ln-MOFs into consideration, we
aim to modulate the emission trajectory in order to explore the
applications of white light emitting materials in thermometry
by controlling lanthanide ionic types and concentration, excita-
tion wavelength. We have successfully synthesized a series of
Ln-MOFs: {[Ln(L),(OH)]-3H,0}, (Ln: Pr (1), Nd (2), Sm (3));
{[Ln(1),(COO)(H,0),]- H,0}, (Ln: Eu (4), Gd (5), b (6), Dy (7),
Tm (8), Yb (9), Y (10)) and the codoped Ln-MOFs: Eu,Tb; L
(¢ = 0.1-0.9) with 1,3-bis(4-carboxyphenyl)imidazolium (H,L).
With judicious adjustment of the relative concentration of the
lanthanide ions, the color of the luminescence can be tailored
from green, through yellow to red. By changing the excitation
wavelength, the emission trajectory can also be modulated to
include white light emission. Furthermore, the temperature-
dependent luminescent properties of Eug,TbygL allowed for
the design of a thermometer with an excellent linear response
to temperature over a wide range from 40 to 300 K.

2. Results and Discussion

2.1. Structural Characterization

Single-crystal X-ray diffraction analysis reveals that compounds
1-3 are isomorphic, so the crystal structure of 3 is employed as
a representative example that is discussed in detail. Compound
3 crystallizes in the monoclinic space group P2;/n. The asym-
metric unit of compound 3 contains one crystallographically
independent samarium ion, two ligands, one hydroxide ion,
and two lattice water molecules. Sm>®" ion is eight-coordinated
with a distorted bicapped trigonal prismatic geometry by eight

Figure 1. View of the eight-coordinated Sm** ion with a distorted
bicapped trigonal prismatic geometry. Symmetry codes: A, -x, -y, 1-z; B, x,
v, 1-z; C, x, y, 1+z; D, 1-x, -y, -z.
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oxygen atoms from one chelating carboxylic group (01, 02),
five dimonodentate carboxylic groups (O02A, O3B, 06, O7C,
and O8D), and one hydroxide ion (09) (Figure 1). The Sm-O
(carboxylate) bond distances range from 2.275(6) to 2.562(6) A,
which are comparable to those reported for other Sm-O donor
compounds.l'® As shown in Figure Sla (Supporting Informa-
tion), two crystallographically equivalent Sm atoms are bridged
by two ligands to form a binuclear building block, which were
further connected with each other through two carboxylic
groups along the a direction. This leads to the formation of a
1D infinite chain, —-Sm—-0O—-C-O-Sm-, as reported in other lan-
thanide MOFs['”! (the adjacent Sm- - -Sm separation is 4.1301
A). The Sm atoms of the adjacent 1D chains are connected
by ligands to form the wavy 2D layer framework (Figure Sic,
Supporting Information). Along the b direction, adjacent 2D
layers are packed parallel in a ... ABAB... fashion to generate an
intricate 3D network via van der Waals forces (Figure S1b, Sup-
porting Information).

When other the lanthanide ions (Eu*', Gd**, Tb*, Dy**,
Tm3, Yb*, and Y3*) are used instead, another type of isos-
turctural framework was obtained. The crystal structure of
compound 4 is presented as a representative example of these
compounds. Compound 4 crystallizes in the triclinic system,
space group p and features a one-dimensional chain based
on Eu*" ions and ligands. The asymmetric unit of 4 consists of
one crystallographically independent Eu’* ion, two ligands, two
aqua ligands, and one formate ion. Each Eu* center is coordi-
nated with seven oxygen atoms, including four dimonodentate
carboxylic oxygen atoms from four ligands (O1, O4B, O5, and
O8A) and one formate ion (09), and two oxygen atoms from
two aqua ligands (010 and O12) (Figure 2a). Therefore, the
coordination geometry around the metal center can be appropri-
ately described as a distorted monocapped trigonal prism. The
Eu-O distances vary from 2.303(3) to 2.453(2) A, in accordance
with the reported values for other europium-carboxylic oxygen
donor compounds.l*® The adjacent Eu’* centers are linked via
two ligands to form an infinite wavy double-chain along the b
direction, as shown in Figure 2b. These chains pile up into a
3D network through van der Waals forces and hydrogen-bond
interactions (Figure 2c).

Importantly, compounds 1-10 were obtained under identical
synthetic conditions, demonstrating that the structural dif-
ferences provide profound insights into the vital influence of
lanthanide contraction. The isostructural framework of Eu and
Tb would afford us the opportunity to prosperously synthesize
codoped Ln-MOFs that exhibit fine-tuned emission trajectory
for color tailoring and temperature sensing.

2.2. Photoluminescent Properties

The luminescent properties of solid-state lighting applications are
very interesting, especially when the ligands themselves display
luminescence within these materials. The excitation and emission
spectra of ligand and the corresponding lanthanide compounds in
the solid state were investigated at room temperature. As shown
in Figure S4 (Supporting Information), the free H,L ligand
shows a broad emission band with a maximum at 435 nm (A =
347 nm), which is attributed to a 7*—r transition. Upon excitation

Adv. Funct. Mater. 2015, 25, 1463-1469
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Figure 2. a) View of the seven-coordinated Eu* jon with a monocapped trigonal prismatic
geometry. Symmetry codes: A, 1+x, =14y, z; B, —1+x, 14y, z. b) The 1D metal chain extending
along a direction. c) The 3D framework of compound 4 constructed by the 1D chain via van

der Waals force and hydrogen-bonding interactions.

at 320 nm, compound 4 possesses four major peaks assigned to
the Dy —’F; (] = 1-4) transitions, which are °Dy —/F; (591 nm),
Dy —’F, (615 nm), °Dy —’F; (650 nm), and °D, —'F, (698 nm)
(Figure S5, Supporting Information). However, the persistent pres-
ence of ligand-originated emission in the luminescence spectrum
of compound 4 signifies that the efficiency of energy transfer
from the ligand to the Eu*" ion is not thorough. Compound
6 exhibits four typical emissions excited at 320 nm, which are
assigned to the °D, —’F; (J = 3-6), °D, —F (488 nm), °D, —’F
(541 nm), °D, —’F, (583 nm), and °D, —’F; (618 nm) transitions
(Figure S6, Supporting Information). Notably, the strong blue
emission in free ligand completely disappears, revealing that H,L
ligand is an excellent chromophore for sensitization of the Tb**ion.

Comparison of the emission spectra of compounds 4 and 6
demonstrates that the transition intensity follows the trend of
Tb*" >> Eu’*, originating from higher energy transfer efficiency
from the organic ligands to Tb** than to Eu?*. Investigation into
the luminescence lifetime further proves these results. The rel-
atively short lifetime (0.35 ms) of the Eu*" compound indicates
that the Eu®* ions is poorly sensitized, whereas the Tb*" ions
(0.79 ms) is preferably sensitized.

2.3. Fine-Tuned Emission Trajectory Properties

Due to the isostructural compounds 4 and 6, we expected that
the emissions could be easily tuned by using a doping method.
As shown in Figure 3a, the emission spectra of the codoped
MOF Eu,TIby L (¥ = 0.1-0.9) with different doping concentra-
tions exhibit characteristic transitions of both Eu** and Tb3*
ions. Along with the increase of Eu*" concentration, the lumi-
nescence intensity of the Tb*" ion gradually decreases while the
luminescence intensity of the Eu?* ion increases. Therefore, the
luminescent colors of the codoped MOF Eu,Ib;., L (x = 0.1-0.9)
can be tuned from green to green-yellow, yellow, orange, red-
orange, and red. The corresponding 1931 CIE chromaticity
coordinates can be changed from (0.309, 0.583) to (0.596,
0.313) by changing the doping concentration of the Eu’* ion
(Figure 3D).

Surprisingly, when the excitation wavelength of codoped
MOF Euy »5Tbg 5L was controlled from 330 to 395 nm, the color
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footprints across the yellow, green-yellow,
and especially white light emission regions
were found. The emission spectra of codoped
MOF Eug,5Tby7sL essentially display the
typical °Dy —’F; (] = 1-4) transitions and the
broad ligand-based band for compound 4 as
well as the °D, —7F) (J = 3-6) transitions for
compound 6 (Figure 4a). This finding reveals
that the relative blue, red, and green emis-
sion intensities can be tuned by varying the
excitation wavelength. As a consequence,
white light emission can be indeed achieved
when the compound is excited at 380, 385,
390, 395 nm, with the corresponding CIE
coordinates of (0.323, 0.358), (0.323, 0.337),
(0.314, 0.327), and (0.339, 0.323), respectively
(Figure 4b). All are very close to the coordi-
nate for pure white light (0.333, 0.333), thus
ideal for the white light emission according to the CIE coordi-
nate diagram.

This interesting observation of codoped MOF Euy 5Ty 5L
inspired us to further investigate the emission spectra of other

(@

Intensity
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Figure 3. a) The emission spectra of the codoped MOF Eu,Tby,L
(Aex = 320 nm). b) CIE chromaticity diagram for Eu,Tb;,L (A — K,
increasing the concentration of Eu3* ion).
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Figure 4. a) Room-temperature emission spectra for the Eug,5Tbg ssL in
the solid state excited at 380, 385, 390, 395 nm. b) CIE chromaticity dia-
gram for Eug,5Tbg sk (A — |, increasing the excitation wavelength from
330 to 395 nm).

codoped MOFs. A similar color trajectory was also realized in
other codoped MOF Eu,Tb; L (x = 0.2, 0.28, 0.3) compounds,
all of which contain white light emission (Figures S9-S11,
Supporting Information). It develops a potential approach for
managing white light emission by using these codoped MOFs
Eu,Tb,,L (¥ = 0.2, 0.25, 0.28, 0.3).

2.4. Temperature-Dependent Photoluminescent Properties

Codoped MOF Eu,Tb;,L compounds also feature fasci-
nating temperature-dependent luminescence, which enables
them excellent candidates for self-referencing luminescent
thermometers.#1°l We have investigated both the intensity and
lifetime of the codoped MOF Eu,Tb,_,L to illustrate their poten-
tial application as luminescent thermometers. The temperature-
dependent emission spectra of compounds 4, 6, and codoped

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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MOF Eu,,TbygL from 40 to 300 K are shown in Figures 5a,b
and 6a. The integrated intensities of °D, —’Fs (Tb**, 543 nm)
and °D, —’F, (Eu’t, 616 nm) are portrayed in Figures 5c and 6b.
The luminescent intensities of both Tb* and Eu*" ions in com-
pounds 4 and 6 decrease gradually with increasing temperature,
which is normal due to the thermal activation of nonradiative-
decay pathways.’! However, the codoped MOF Eu,,TbggL
exhibits a significantly different temperature-dependent lumi-
nescent behavior with respect to the emissions of Tb*" ions at
543 nm and Eu*" ions at 615 nm. The emission intensity of the
Tb*" ions decreases as the temperature increases, while that
of the Eu’* ions increases. To the best of our knowledge, the
intensity ratio of two emissions is commonly used as the ther-
mometric parameter in ratiometric luminescence temperature
sensing. For the codoped MOF Eu,Tb,gL, this parameter can
be defined by using the ratio of the intensity of the °D, —’F;
(Tb*, 543 nm) and Dy, —’F, (Eu*, 615 nm) transitions
(Irp/Igy), which does not require any additional calibration of
the luminescence intensity. The temperature-dependence of the
Ity/Igy ratio is depicted in Figure 6¢. The good linear relation-
ship between the Iry,/Ig, ratio and temperature from 40 to 300 K
can be fitted as a function of

T = 948.81—169.491, /I, (1)

with a correlation coefficient of 0.9932, which demonstrates
that Eug,Tby gL is an excellent luminescent thermometer at this
temperature range.

We have also investigated other codoped MOFs
Eu,Iby., L (x = 0.1, 0.3, 0.4). Similar results were also observed
in Euy;Tby;L, but other codoped MOFs exhibited strongly
decreasing Tb**emission intensities and slightly decreasing
Eu’* emission intensities (Figures S13-S15, Supporting
Information). Both Eug;Tbool and Euy3Tby;L showed
good linear relationships between the Iy,/Ig, ratio and tem-
peratures ranging from 40 to 300 K with the functions
T = 1180.99-140.85I1,/Iz, and T = 889.52-238.10Ip,/Izy,
respectively. Compared with the codoped MOF Eu,/Ib,,L
(x=10.1, 0.2, 0.3), the relative sensitivity increases slightly from
40 to 300 K, and all gets their maximum values of 0.11%/K,
0.15%/K, and 0.17%/K at 300 K.?% (Figure S17, Supporting
Information) Although the Euy3Tby;L shows highest max-
imum relative sensitivity, the Euy,Tb, gL has a corrected param-
eter that is more perfectly linear, which makes this material a
more reliable and useful luminescent thermometer. A series of
related work reported by other groups??!l has also summarized
for the further study of the potential applications of Eu,,TbggL.
It is clear that Eug,TbygL displays a linear response from cry-
ogenic temperature up to room temperature (Table S3, Sup-
porting Information). Although Eu,,TbggL is deficient in rela-
tive sensitivity, it still has more application prospect in scientific
and industrial fields over a wide temperature range.

The remarkable temperature-dependent emissions may
be explained by the probability of temperature-dependent
energy transfer from the Tb** to Eu?* ions. To better under-
stand the mechanism of energy transfer, the lifetimes of
the excited states °D, (Eu**) and °D, (Tb*") at different tem-
peratures within these luminescent MOFs were monitored
at 615 and 543 nm, respectively (Figure 5d). The lifetimes of

Adv. Funct. Mater. 2015, 25, 1463-1469



ADVANCED
FUNCTIONAL
MATERIALS

'a\
M“h\)iié

www.MaterialsViews.com

(a) (c) ™
/ > 1.0+ .
i 4 e
s ]
E £ 09t \
3 ~$—e 3o
% 0.8 * ~e B S S S
] £ gt @
509 S
00 T = 07k
300 & 0.6 " L " " L "
500 S50 600 650 700 750 & SO 100 150 200 250 300
Temperature (K)
d
(d) gL " o,
820 o e ku’p,
= *
Towml tesaeeta,
= i
‘e m‘;
£ o}
5 . %,
5 60 o e o e,
S50 @ e *
& ¢
> 340 -
450 00 550 600 650 700 & 50 100 150 200 2% 300
Wavelength (nm) Temperature (K)

www.afm-journal.de

Figure 5. Emission spectra of a) 6 (TbL) and b) 4 (EuL) recorded between 40 and 300 K (excited at 322 nm). c) Temperature-dependent intensity of
the D, —’F; transition of 6 (TbL) and °Dy —’F, transition of 4 (EuL), and d) temperature dependence of the °D, lifetime for 6 (TbL) and Dy lifetime
for 4 (Eul). Decay curves are monitored at 543 and 615 nm, respectively, and excited at 322 nm.

°Dy in 4 and °D, in 6 decreased by approximately 5% as the
temperature was increased from 40 to 300 K, while the life-
time of °D, in Eug,TbygL increased by approximately 13%.
(Figure 6d) In fact, Euy,Tb,sL possesses a shorter °D, (Tb*")

lifetime than that of 6 but a longer °D, (Eu**) lifetime than
that of 4 at the same temperature. These phenomena indicate
that energy transfer from the Tb** to Eu** ions does occur. In
theory, the efficiency of energy transfer (E) between the donor
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Figure 6. a) Emission spectra of Eug,Tbg gL recorded between 40 and 300 K (excited at 322 nm); b) temperature-dependent intensity of the D4 —’Fs

and °D, —’F, transition for Eug,Tbogl; ) temperature-dependent intensity ratio of Tb** (543 nm) to Eu* (615 nm); d) temperature dependence of

the D, lifetime for 6 (TbL) and Dy lifetime for 4 (EuL). Decay curves are monitored at 543 and 615 nm, respectively, and excited at 322 nm.
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Figure 7. Temperature dependence of the energy transfer efficiency from
Tb** to Eud* in Eug,Thgsl

and acceptor can be calculated from the lifetime of donor
luminescence:?2

E=1—Tda/Td (2)

where 74, and 74 are the donor's excited-state lifetime in the
presence and absence of the acceptor, respectively. As shown in
Figure 7, the energy transfer efficiency from Tb** to Eu’* ions
is weak at the cryogenic region and strongly enhanced at the
elevated temperature, which might be mainly controlled by the
phonon-assisted Forster transfer mechanism.?3!

3. Conclusion

In summary, a series of novel Ln-MOFs have been success-
fully synthesized under solvothermal conditions. The emis-
sion trajectory of codoped Ln-MOFs can be exquisitely tuned
by controlling the lanthanide types, careful optimization their
concentration, and their excitation wavelength. By changing the
ratio of Eu*" and Tb*, the color can be tailored from green to
red. By increasing the excitation wavelength, we also found that
color change could be controlled to attain white light emission.
Furthermore, the codoped MOF Eu,,Tb, gL can be applied as a
luminescent thermometer due to its excellent linear correlation
between temperature and luminescence intensity ratio from 40
to 300 K. We believe that the codoped approach opens up a new
perspective for the development of white light emitting mate-
rials and temperature sensors. There are still many challenges to
exploring white light emitting materials with high performance
and temperature sensors with higher sensitivity over a wide
temperature range that we will strive to work on in the future.

4. Experimental Section

Synthesis of {[Pr(L),(OH)]-3H,0}, (1): A mixture containing H,L
(0.0259 g, 0.075 mmol), Pr(NOs);-6H,0 (0.0218 g, 0.05 mmol) in
3 mL of DMF and 1.5 mL of H,O solution was sealed in a Teflon-lined
autoclave and heated at 120 °C under autogenous pressure for three
days and then allowed to cool to room temperature. The crystals were
washed with water and air-dried. Yield: 65% (based on Pr*). Anal. Calcd
for C34H29N4O1,Pr (Mr: 826.52): C, 49.40; H, 3.54; N, 6.78. Found: C,
50.07; H, 3.35; N, 6.52.
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Synthesis of {[Nd(L),(OH)]-3H,0}, (2): Yield: 58% (based on Nd**).
Anal. Calcd for C3,HN,01,Nd (Mr: 829.85): C, 49.21; H, 3.54; N, 6.75.
Found: C, 49.07; H, 3.82; N, 6.37.

Synthesis of {[Sm(L),(OH)]-3H,0}, (3): Yield: 44% (based on Sm3*).
Anal. Caled for C34H,9N4O1,Sm (Mr: 835.96): C, 48.85; H, 3.50; N, 6.70.
Found: C, 49.23; H, 3.17; N, 6.45.

Synthesis of {[Eu(L),(COO)(H;0),-H,0}, (4): A mixture containing
H,L (0.0259 g, 0.075 mmol), Eu(NOj3);-6H,0 (0.0223 g, 0.05 mmol) in
3 mL of DMF and 1.5 mL of H,O solution was sealed in a Teflon-lined
autoclave and heated at 120 °C under autogenous pressure for three
days and then allowed to cool to room temperature. The crystals were
washed with water and air-dried. Yield: 45% (based on Eu3*). Anal. Calcd
for C3sHgN4Oq3Eu (Mr: 864.59): C, 48.62; H, 3.26; N, 6.48. Found: C,
48.16; H, 3.32; N, 6.61.

Synthesis of {[Gd(L),(COO)(H,0),]-H,0}, (5): Yield: 52% (based on
Gd*). Anal. Calcd for C35H,3N40,3Gd (Mr: 869.86): C, 48.33; H, 3.24; N,
6.44. Found: C, 48.67; H, 3.68; N, 5.94.

Synthesis of {[Tb(L),(COO)(H;0),]-H,0}, (6): Yield: 48% (based on
Tb3*). Anal. Calcd for C35H,5N4O13Tb (Mr: 871.53): C, 48.24; H, 3.24; N,
6.43. Found: C, 48.01; H, 3.87; N, 6.21.

Synthesis of {[Dy(L),(COO)(H;0),J-H,0}, (7): Yield: 56% (based on
Dy3*). Anal. Calcd for C35H,5N4Oq3Dy (Mr: 875.11): C, 48.04; H, 3.22; N,
6.40. Found: C, 48.53; H, 3.07; N, 5.95.

Synthesis of {[Tm(L),(COO)(H,0),-H,0}, (8): Yield: 40% (based on
Tm3). Anal. Caled for C35H,gN4Oq3Tm (Mr: 881.54): C, 47.69; H, 3.20;
N, 6.36. Found: C, 48.09; H, 3.54; N, 6.15.

Synthesis of {[Yb(L),(COO)(H,0);-H,0}, (9): Yield: 43% (based on
Yb**). Anal. Calcd for C35H,5N4043Yb (Mr: 885.65): C, 47.47; H, 3.19; N,
6.33. Found: C, 47.14; H, 3.03; N, 6.79.

Synthesis of {[Y(L),(COO)(H,0),]-H,0}, (10): Yield: 43% (based on
Y3*). Anal. Calcd for C3sH,gN,Oq3Y (Mr: 801.52): C, 47.47; H, 3.19; N,
6.33. Found: C, 47.14; H, 3.03; N, 6.79.

Synthesis of Ln-Doped Analogies: Eu,Tby,L: Typically, a mixture of
Eu(NO;);-6H,0 aqueous (0.1 mol L', a mL), Tb(NO3);-6H,0 aqueous
(0.1 mol L™, b mL), H,L (0.075 mmol), DMF (3.0 mL), and H,O (1.5-a-
b mL), was added to a 15 mL Teflon-lined stainless-steel autoclave and
heated at 120 °C for 3 days. After it was cooled to room temperature,
colorless crystalline-like powder were collected, washed with water and
air-dried. (The volume a, b, of Ln(NOj3);-6H,0 was calculated from the
corresponding doping concentration x, y).

Crystal Data: 3 Ci34HpN4O1,Sm, M, = 835.96, monoclinic, P2;/n,
a = 8.9080(5), b = 20.5433(12), ¢ = 17.0668(10), B = 97.8900(10)°,
V = 3093.7(3) A}, Z = 4, D. = 1.795 g cm™, reflections collected/
independent: 17507/5484, R;,, = 0.0764. The final R, = 0.0443 (I >
o(l)), wR, = 0.1114 (all data), GOF = 1.007. 4: C3sHN,O13Eu, M, =
864.57, triclinic, Py, a = 11.0490(14), b = 11.2137(15), ¢ = 15.025(2),
o = 103.865(2)°, B = 90.9390(10)°, 7= 108.052(2)°, V = 1673.8(4) A3,
Z=2,D.=1.715 g cm™, reflections collected/independent: 9322/6528,
Ry = 0.108.The final R, = 0.0281 (I > o(l)), wR, = 0.0575 (all data),
GOF = 1.087. The crystal data of other compounds are shown in
Table S1 (Supporting Information). CCDC 994699-994708 contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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