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Abstract: A new family of heterome-
tal-organic frameworks has been pre-
pared by two synthesis strategies, in
which IFMC-26 and IFMC-27 are con-
structed by self-assembly and IFMC-28
is obtained by stepwise synthesis based
on the metalloligand (IFMC = Institute
of Functional Material Chemistry).
IFMC-26 is a (3,6)-connected net and
IFMC-27 is a (4,8)-connected 3D
framework. The metalloligands {Ni-

clear lanthanide clusters giving rise to
a 2D sheet structure in IFMC-28. Nota-
bly, IFMC-26-Eu,Tb, and IFMC-28-
Eu,Tb, have been obtained by chang-
ing the molar ratios of raw materials.
Owing to the porosity of IFMC-26,
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Th**@IFMC-26-Eu and Eu’*@IFMC-
26-Tb are obtained by postencapsulat-
ing Tb™ and Eu™ ions into the pores,
respectively. Tunable luminescence in
metal-organic frameworks is achieved
by the two kinds of doping methods. In
particular, the quantum yields of heter-
ometal-organic frameworks are appa-
rently enhanced by postencapsulation
of Ln™ ions.

(H,L)}(NOs;), are connected by binu-

Introduction

Metal-organic frameworks (MOFs) as a new class of crystal-
line materials have been the focus of significant interest due
not only to their structural and chemical diversities but also
to their functional properties and potential applications, for
instance, gas storage, catalysis, separations, drug delivery,
and so on."? In recent years, MOFs have been especially
promising as multifunctional luminescent materials,”! and
much effort has been dedicated to this field.*) Both the inor-
ganic and organic moieties in MOFs can provide the plat-
form to generate luminescence, and metal-ligand charge-
transfer-related luminescence within MOFs can add another
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dimension to luminescent functionalities. Furthermore, the
highly regular channel structures and controllable pore sizes
of MOFs permit their application in some guest-molecule
adsorption, which can also emit and/or induce lumines-
cence.’! Besides, another technique can be used for the
preparation of luminescent MOFs through combining quan-
tum dots (QDs) with MOFs. Semiconductor QDs enhance
light harvesting by MOFs through energy transfer from the
QDs to the MOFs.®! Among these luminescent materials,
lanthanide-based MOFs (LnMOFs) are receiving outstand-
ing attention because of the advantages of the designability
that allows fine-tuned luminescence properties.”) In general,
Ln™ luminescent materials can be classified into two catego-
ries: 1) Ln"™ ions coordinated directly to the organic linkers/
sensitizers®™ and 2)Ln™ ions encapsulated into porous
MOFs.”! In this context, one can achieve the above-men-
tioned two types of LnMOFs, which possess adjustable lumi-
nescence properties by varying the molar ratios of raw ma-
terials of Ln™ ions, and postencapsulating Ln™ into porous
MOFs. Nowadays, how to obtain tunable luminescent
LnMOFs has become a prominent topic in fluorescent mate-
rials science.!""

It remains a labor-intensive endeavor to synthesize new
families of MOF materials that possess a wide range of
chemical functionalities and/or steric environments while re-
taining the crystallinity and porosity of the frameworks.!!!]
Self-assembly, as a general approach, is accomplished only
by careful selection of the metal, organic linker, and synthe-
sis conditions.™™ Tt has proven to be a powerful method for
the design and construction of MOFs with diverse topolo-
gies and aesthetic beauty,” but the mechanism is often
masked by the common one-pot mixing procedure. Recent-
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ly, Zhou, Zaworotko, Su, and co-workers!'* have adopted a
stepwise synthesis strategy to explore the synthetic mecha-
nism. The synthesis strategy involves altering either 1) the
metal node or 2) the organic linker after initial crystalliza-
tion.'®® Stepwise synthesis of heterometal-organic frame-
works is based on the synthesis of a metal complex that is
subsequently connected to another metal ion.!"*!! Self-assem-
bly and stepwise synthesis afford different means to modu-
late the physical and chemical properties of MOF structures,
which may increase the use of MOFs as high-performance,
tailor-made materials. Up to now, the exploration and inves-
tigation of the influences of self-assembly and stepwise syn-
thesis on the structures and properties of these materials
have rarely been investigated. It is still a significant chal-
lenge for targeted “design” and “control” tailor-made com-
pounds with expected structures in synthesis chemistry and
materials science.!"™!

Metalloligands, which are metal-containing complexes,
have the coordination binding sites for their further coordi-
nation/binding with second metal ions and/or clusters.'®) As
highlighted recently, metalloligands are very appealing to
target some functional MOFs as a result of their straightfor-
ward immobilization of functional sites, such as open metal
sites, catalytically active metal sites, and photoactive metal
sites, in the frameworks for adjusting their functional prop-
erties.'”! Moreover, metalloligands with extra coordination
sites (nitrogen and carboxyl groups) are ideal candidates for
the construction of MOFs through stepwise synthesis.'®!
Hitherto, only a few studies have employed a stepwise syn-
thesis strategy for the preparation of MOFs, especially
based on metalloligands.

Our group has successfully constructed a novel coordina-
tion polymer with a special scu net under ionothermal syn-
thesis, based on the ligand 4,4'4"4"-{2,2',2" 2""'-[ethane-1,2-
diylbis(azanetriyl)]tetrakis(methylene)tetrakis-(1H-benzo-
[d]imidazole-2,1-diyl)}tetrakis(methylene)-tetrabenzoic acid
(H,L).' Furthermore, we obtained a series of heterometal-
lic Ln-based luminescent materials by the combination of
hydrothermal and ionothermal methods for the first
time.l"”® As a continuation of our work, we took advantage
of H,L, Ni", and Ln™ ions through self-assembly, and metal-
loligands {Ni(H,L)}(NO,), and Ln"™ ions through stepwise
synthesis in solvothermal reactions for heterometallic
LnMOF preparation by taking the following factors into
consideration. 1) Ln"™ ions have a high affinity and prefer O
to N donors, whereas the 3d metal ions have a tendency to
coordinate with both N and O donors in self-assembly.?!
Therefore, the coordination sites of H,LL can be correspond-
ingly coordinated by Ln™ ions and transition metals. 2) Ni"
ions are chelated to nitrogen atoms from H,L to form metal-
loligands. Meanwhile, uncoordinated polycarboxylate groups
in metalloligands tend to coordinate with Ln™, which bene-
fits the construction of heterometallic LnMOFs by stepwise
synthesis. 3) Ln" ions display unique luminescence features,
such as high luminescence quantum yield, narrow band-
width, long-lived emission, and large Stokes shift. On the
other hand, Ln™ ions have a predominantly electronic struc-
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ture, for instance, the shielding of 4f orbitals from external
perturbations.”!

We have obtained a series of heterometallic LnMOFs,
[Ni(L)Eu,Tb,](NO;)-5H,0:6 DMA (DMA =dimethylaceta-
mide; IFMC-26-Eu,Tb,: x=1, y=0, IFMC-26-Eu; x=0.5,
y=0.5, IFMC-26-Eu,sTh,s; x=0, y=1, IFMC-26-Tb
(IFMC =Institute of Functional Material Chemistry)) and
[Ni(L)La,(NO;);(dma)](NO;)-2H,0-2DMA (IFMC-27-La)
through self-assembly. Additionally, we have also achieved
[Ni(L)La(H,0)(dmf),](NO;)-3H,0-DMF (IFMC-28-La) and
[Ni(L)Eu,Tb,(H,0)(dmf),](NO;)-3H,0-DMF  (IFMC-28-
EuTh,: x=1, y=0, IFMC-28-Eu; x=0.6, y=0.4, IFMC-28-
Eu,¢Thy,; x=0.5, y=0.5, IFMC-28-Eu,sTh,s; x=04, y=
0.6, IFMC-28-Eu, Tb; x=0, y=1, IFMC-28-Tb) by com-
bining the metalloligand and Ln™ through stepwise synthe-
sis. A series of characterizations was carried out on IFMC-
26-28. By taking into account the excellent luminescence
properties of Eu™ and Tb™ ions, the luminescence proper-
ties of IFMC-26-Eu, Tb, and IFMC-28-Eu,Tb, were investi-
gated in the solid state at room temperature. Meanwhile, we
postencapsulated Tb™ and Eu™ ions, respectively, into the
pores of IFMC-26-Eu and IFMC-26-Tb and studied the in-
fluence of doping different Ln™ ions on fluorescence. To the
best of our knowledge, this is the first time that the effects
on the structures and properties of heterometallic LnMOFs
attained through utilizing self-assembly and stepwise synthe-
sis have been studied in the same system.

Results and Discussion

Herein, we have adopted two synthesis strategies for
LoMOF preparation. The synthesis method for IFMC-26
and IFMC-27 is self-assembly, and for IFMC-28 is stepwise.
IFMC-26-Eu crystallizes in the orthorhombic space group
Pnna. There is one Ni** ion, one Eu®* ion, and one L%~
ligand in the crystallographically independent unit. The Ni
atom is octahedrally coordinated by six nitrogen atoms from
one bridging L*~ ligand to form a metalloligand unit (Fig-
ure 1a). Eight carboxylate groups from six different L*" li-
gands connect two Eu** ions to form a mode of [Eu,(CO,)4]
(see the Supporting Information, Figure S1a). The metalloli-
gand unit links the [Eu,(CO,);] cluster to form an infinite
3D framework. In the 3D net, pairs of adjacent carboxylate
ligands link four adjacent L*~ ligands by sharing four binu-
clear [Eu,(CO,)q] clusters to form a pore with a size of
19.30%23.79 A along the [010] direction (Figure 1b and c).
From the topological analysis, each metalloligand unit is
considered as a 3-connected node (Supporting Information,
Figure S2a) and each [Eu,(CO,)s] cluster acts as a 6-con-
nected node (Supporting Information, Figure S2b). IFMC-
26-Eu is a (3,6)-connected framework with the Schlifli
symbol of (4%8)(4-8%)(4*8") (Figure 1d). The thermal behav-
ior of IFMC-26-Eu was studied by thermogravimetric analy-
sis (TGA; Supporting Information, Figure S9a). Single-crys-
tal X-ray analysis reveals that IFMC-26-Tb is isostructural
to IFMC-26-Eu. We then took advantage of a mixture of
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Figure 1. a) Coordination environments of the Ni" and Eu" centers in
IFMC-26-Eu. Symmetry codes: #1: 0.5—x, 0.5+y, 0.5—z; #2: 0.5—x, 1—y,
z; #3: 1—x, 1—y, 1—z; #4: 1—x, 0.54+y, 0.5+z. b,c) Ball-and-stick and
space-filling representations of IFMC-26-Eu viewed from the [010] direc-
tion, respectively. All the hydrogen atoms are omitted for clarity. d) Poly-
hedral view of the (3,6)-connected topology network in IFMC-26-Eu.

Eu™ and Tb™ instead of Eu™ and obtained IFMC-26-
EuysTb,s. The experimental X-ray powder diffraction
(XRPD) patterns of as-synthesized IFMC-26-Eu,sTh,s and
IFMC-26-Tb are in good agreement with the simulated dif-
fraction pattern of IFMC-26-Eu, which indicates that the
bulk materials have a (3,6)-connected 3D net framework
similar to IFMC-26-Eu (Supporting Information, Figure S3).
Therefore, only the structure of IFMC-26-Eu is described in
detail.

As an extension of this work, we investigated the reaction
of La(NO;); and H,L under similar conditions and obtained
IFMC-27-La. Interestingly, the structure of IFMC-27-La is
different from that of IFMC-26-Eu. Single-crystal X-ray
analysis reveals that IFMC-27-La crystallizes in the triclinic
space group PI. The asymmetric unit of IFMC-27-La in-
cludes a Ni** ion, two kinds of La**, an L*~ ion, three NO;~
ions, and a coordinated dma molecule. The coordination en-
vironments of the Ni atom and La atom are presented in
Figure 2a. The Ni atom coordinates to six nitrogen atoms
from the same L*" ligand to form a twisted octahedral ge-
ometry [NiNg]. There are two kinds of La atoms linked by
carboxylate groups and NO;~ to form a tetranuclear [La,-
(CO,)s(NO3)s(dma),] cluster (Supporting Information, Fig-
ure S1b), in which La atoms exhibit two different coordina-
tion geometries. Lal coordinates to five oxygen atoms from
three L*" ligands, four oxygen atoms from two NO; ions,
and one oxygen atom from coordinated dma. La, is eight-
coordinated by three oxygen atoms from three L*~ ligands
and five oxygen atoms from four NO;~ ions. Furthermore,
the adjacent clusters are linked by the L*" ligands to give a
three-dimensional network. In addition, two adjacent L*" li-
gands link each other through sharing two tetranuclear [La,-
(CO,)5(dma),(NO;)4] to form a pore with the size of 3.72 x
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Figure 2. a) Coordination environments of the Ni' and La™ centers in
IFMC-27-La. Symmetry codes: #1: 1—x, 1—y, 1—z; #2: x, 1+y, z; #3:
1—x, —y, 2—z; #4: —1+x, y, z. b,c) Ball-and-stick and space-filling repre-
sentations of IFMC-27-La viewed from the [100] direction, respectively.
All the hydrogen atoms are omitted for clarity. d) Polyhedral view of the
(4,8)-connected topology network in IFMC-27-La.

13.64 A (Figure 2b and c). On further study into the struc-
ture of IFMC-27-La, we find that each tetranuclear metal
cluster is surrounded by eight organic ligands. From the
topological point of view, the [NiN4] can be considered as a
4-connected node (Supporting Information, Figure S4a),
whereas the tetranuclear lanthanum cluster is an 8-connect-
ed node (Supporting Information, Figure S4b). Therefore,
the framework of IFMC-27-La is a rare (4,8)-connected flu-
orite (CaF,) net with the Schlifli symbol of (4°),(4'%6'%.8%)
(Figure 2d). The XRPD patterns for IFMC-27-La are pre-
sented in Figure S5 (Supporting Information). The diffrac-
tion peaks of both simulated and as-synthesized patterns
match well in key positions, thus indicating its phase purity.
The thermal behavior of IFMC-27-La is presented in Fig-
ure S9b (Supporting Information).

It is advantageous to regard H,L. as the moiety of the
metalloligand because H,L belongs to the tetrapodand. We
attained the metalloligand {Ni(H,L)}(NOs;), by the conven-
tional synthesis reaction of H,L and Ni" in ethanol solution.
Single-crystal X-ray analysis reveals that the metalloligand
crystallizes in the monoclinic space group C2/c, and the
asymmetric unit includes one Ni atom and one H,L ligand.
Each Ni atom is octahedrally coordinated by six nitrogen
atoms from one ligand (Figure 3a), whereas the carboxylate
groups from the H,L. are uncoordinated by any other atoms
to form a discrete structure. The XRPD patterns for the
metalloligand are shown in Figure S6 (Supporting Informa-
tion). The diffraction peaks of both simulated and as-synthe-
sized patterns match well in key positions, thus indicating
phase purity. The thermal behavior of the metalloligand is
displayed in Figure S9c (Supporting Information).

Taking into account the coordination environment of the
metalloligand, we adopted stepwise synthesis by combining
the metalloligand {Ni(H,L)}(NO;), with La(NOs); and ob-
tained IFMC-28-La. Notably, the structure of IFMC-28-La is
completely different from those of IFMC-26-Eu and IFMC-
27-La, displaying a 2D layer structure. Single-crystal X-ray
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Figure 3. a) Coordination environment of the Ni" center in the metalloli-
gand. Symmetry code: #1: —x, y, 0.5—z. b) Coordination environments of
the Ni" and La" centers in IFMC-28-La. Symmetry codes: #1: 1-x,
—1—y, —z; #2: —14x, 14y, z; #3: —x, —y, —z; #4: x, 14y, z. ¢) Packing
arrangement in IFMC-28-La. All the hydrogen atoms are omitted for
clarity. d) Ball-and-stick view of the topological structure in IFMC-28-La.

diffraction studies reveal that IFMC-28-La crystallizes in the
triclinic space group P1. The crystallographically independ-
ent unit contains one metalloligand unit (Figure 3a), one
La’* ion, two coordinated dmf molecules, and two water
molecules (Figure 3b). The La atom is nine-coordinated by
six carboxylate oxygen atoms from four H,L ligands, two
oxygen atoms from coordinated dmf, and one water mole-
cule, which generate a binuclear lanthanide cluster [La,-
(CO,)¢(dmf),(H,0),] (Supporting Information, Figure Slc).
Further study into the nature of this architecture reveals
that IFMC-28-La displays a two-dimensional network in the
ab plane, which is packed in the bc plane as described in
Figure 3c. In addition, in each layer, each L*~ anion connects
three binuclear lanthanide clusters, and each binuclear lan-
thanide cluster connects six L*~ ions. So the L*" anion and
binuclear lanthanide cluster are considered as 3- and 6-con-
nected nodes (Supporting Information, Figure S7a and S7b).
Such connectivity modes lead to a (3,6)-connected frame-
work (Figure 3d).

The thermal behavior of IFMC-28-La was studied by
TGA (Supporting Information, Figure S9d). Inspired by
IFMC-26-Eu,Tb,, we investigated the solvothermal reactions
of Eu"/Tb™ ions with different ratios by stepwise synthesis
and obtained a family of LnMOFs: IFMC-28-Eu, IFMC-28-
Eu,(Tby,, IFMC-28-Eu,sTb,s, IFMC-28-Eu,,ITbh,,, and
IFMC-28-Tb. On comparison of the experimental XRPD
patterns of as-synthesized IFMC-28-Eu, IFMC-28-Eu, (Th, 4,
IFMC-28-EusTh,s, IFMC-28-Eu,,Tb,s, and IFMC-28-Tb
with the simulated diffraction pattern of IFMC-28-La, the
very high degree of correspondence between the patterns in-
dicates that the bulk materials have the same structure as
IFMC-28-La (Supporting Information, Figure S8).

A series of LnMOFs, IFMC-26, IFMC-27, and IFMC-28,
has been successfully achieved, which proves that we can
design and control this system by using self-assembly and
stepwise synthesis strategies (Scheme 1; Supporting Infor-
mation, Scheme S1). To present the dimensions and shapes
of the crystals, we have displayed their optical images taken
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Scheme 1. Self-assembly and stepwise synthesis methods for the prepara-
tion of IFMC-26-Eu, IFMC-27-La, and IFMC-28-La.

by using a fluorescence microscope equipped with a CCD
camera (Supporting Information, Figure S10). Self-assembly
of the metal ions and clusters (generally termed as nodes)
with organic linkers (connectors) of predetermined shapes
can lead to the construction of MOFs with diverse struc-
tures. IFMC-26-Eu is a (3,6)-connected 3D porous frame-
work, whereas IFMC-27-La is a (4,8)-connected 3D porous
framework. Stepwise synthesis, facilitated by metalloligands,
provides the capability to fine-tune the internal element co-
ordination environments of MOFs and offers unprecedented
opportunities to systematically evaluate and improve the
performance of MOFs. IFMC-28-Eu and IFMC-28-La both
display 2D layer structures that are distinctly different from
that of IFMC-26-Eu and IFMC-27-La. The bright promise
of the new metalloligand approach to assemble MOF mate-
rials with functional sites will initiate extensive research on
the exploration and discovery of new functional MOFs. The
two different synthesis methods discussed above exemplify a
highly efficient and controllable approach to construct mul-
tifunctional MOFs.

The luminescence properties of IFMC-26-Eu,Tb, and
IFMC-28-Eu, Tb, in the solid state were investigated at
room temperature. Excitation and emission spectra of H,L
are presented in Figure S11la (Supporting Information).
IFMC-26-Eu yields an intense red luminescence when excit-
ed at 253 nm, which is assigned to the characteristic transi-
tions °Dy—’F, (/=0-4) of Eu" ions (Figure 4a). Two intense
emission bands at 616 and 700 nm correspond to ‘Dy—'F,
and °D,—’F,, whereas the weaker emission bands at 592
and 653 nm originate from *Dy—’F; and D, —F;.*¥) Under
excitation at 291 nm, IFMC-26-Tb exhibits typical fluores-
cence peaks at 489, 545, 584, and 621 nm, which are attribut-
ed to *D,—F, (J=3-6) transitions™ (Figure 4b). The decay
curve of transition *Dy,—'F, (616 nm) for IFMC-26-Eu is
well-fitted by a biexponential function, which yields the life-
time value of 7,=11.04ps (Supporting Information,
Table S2). Similarly, for IFMC-26-Tb, the decay curve of
transitions (545 nm) is well-fitted by a biexponential func-
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Figure 4. Emission spectra of a) IFMC-26-Eu, b) IFMC-26-Tb, and
c) IFMC-28-Eu, IFMC-28-Eu, Tb,,, IFMC-28-Eu,;Tb,s, IFMC-28-
Eu, Thy ¢, and IFMC-28-Tbh.

tion, to yield the lifetime value of 7,,=6.53 us (Supporting
Information, Table S2). It is expected that H,L is a promis-
ing system for developing compounds with tunable lumines-
cence properties. IFMC-26-Eu,sTb,s; was obtained success-
fully. As we expected, the intensities of red and green that
originate from Eu™ and Tb™ emissions can be fine-tuned
correspondingly  (Supporting Information, Figure S12).
Owing to the porosities of IFMC-26-Eu and IFMC-26-Tb,
Ln™ ions were postencapsulated into the pores to obtain
tunable luminescent materials by soaking the samples in
DMA solutions of nitrate salts of Tb** and Eu’* for 72 h.
The successful Ln** loading was proved by the emission
spectra of Th**@IFMC-26-Eu and Eu** @IFMC-26-Tb (Sup-
porting Information, Figure S13a and S13b). In addition, the
crystalline integrities of IFMC-26-Eu and IFMC-26-Tb are
retained as demonstrated by XRPD (Supporting Informa-
tion, Figure S14). Notably, the lifetime of Eu™ in Tb**
@IFMC-26-Eu and Eu**@IFMC-26-Tb shows longer Ln’*
lifetimes of 7.15 and 7.94 ps than that of IFMC-26-Eu,sTb, s
(1,=6.33 us). The lifetime of Tb™ in Th**@IFMC-26-Eu
and Eu**@IFMC-26-Tb shows longer Ln’** lifetime of 6.72
and 8.57 ps than that of IFMC-26-Eu,sTh,s (7,,=5.22 s,
Supporting Information, Table S2).

Excitation and emission spectra of the metalloligand are
shown in Figure S11b (Supporting Information). Upon exci-
tation at 298 nm, IFMC-28-Eu displays narrow and charac-
teristic peaks at 592, 619, 646, and 690 nm due to *D,—’F,
(J=0-4) transitions of the Eu™ ion (Supporting Informa-
tion, Figure S15a). The most intense emission at 619 nm is
attributed to the *D,—F, (electric-dipole) transition, which
is hypersensitive to the coordination environment of the
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Eu' ion and implies a red emission light.”"! The medium-
strong emission band at 592 nm corresponds to the *D,—F,
(magnetic-dipole) transition, which is fairly insensitive to
the environment of the Eu" ion."™ As shown in Fig-
ure S15a in the Supporting Information, the *D,—’F, transi-
tion is clearly stronger than the D,—F, transition with an
intensity ratio of about 2.4 for I(°D,—'F,)/I(°D,—F,), thus
indicating the absence of inversion symmetry at the Eu’*
site. IFMC-28-Tb yields a green luminescence under excita-
tion at 298 nm, which is assigned to the characteristic transi-
tions of D, —'F, (J=3-6) of the Tb"™ ions. The most intense
emission band at 545 nm corresponds to °D,—'Fs, whereas
the weaker emission band at 622 nm originates from *D,—
F, (Supporting Information, Figure S15b). Through tuning
the ratios of Eu"/Tb™, the compounds IFMC-28-Eu,Th,
(x=0.6, y=0.4, IFMC-28-Eu,¢Th,; x=0.5, y=0.5, IFMC-
28-Eu,sTh,s; x=0.4, y=0.6, IFMC-28-Eu,ITb,,) were suc-
cessfully prepared. The intensities of red and green arising
from Eu™ and Tb™ emissions can be shifted corresponding-
ly. At the same time, the emission spectra were also record-
ed under similar conditions (Figure 4c). The emission band
at 545nm corresponds to the °D,—'F;s transition of Tb',
whereas the two emission bands at 592 and 619 nm originate
from Dy, —’F, and *D,—'F, transitions of Eu', respectively.
The fluorescence lifetime of IFMC-28-Eu was measured
from the decay curve of the °D,—’F, transition (619 nm) by
fitting with a biexponential function, to yield the lifetime
value of 7,=11.37 ps (Supporting Information, Table S2).
Meanwhile, the decay curve of °D,—"Fj transitions (545 nm)
for IFMC-28-Tb is well-fitted by a biexponential function,
to yield a lifetime value of 7,,=12.25 ps. Moreover, both the
Eu™ and Tb™ decay curves in IFMC-28-Eu,Tb,,, IFMC-
28-Eu, sTb,s, and IFMC-28-Eu,Tb,¢ were also investigated.
The Eu™ decay curves detected at °D,—'F, transitions
(619 nm) of IFMC-28-Eu,(Tb,,, IFMC-28-Eu,sTb,s, and
IFMC-28-Eu, Tb,, are well-fitted by biexponential func-
tions with lifetime values of 7,,=8.78, 18.43, and 10.86 ps, re-
spectively. Meanwhile, the Tb™ decay curves monitored at
’D,—"F; transitions (545 nm) of IFMC-28-Eu, Tb,,, IFMC-
28-Eu,sTh,s, and IFMC-28-Eu,,Th,4 which are well-fitted
by exponential functions, yield lifetime values of 7,=6.95,
11.32, and 9.29 ps, respectively (Supporting Information,
Table S2).

As shown above, the intensities of red and green originat-
ing from Eu™ and Tb™ ion emissions can be effectively
tuned by changing the molar ratios of raw materials and
postencapsulation. We have successfully achieved tunable
luminescence in MOFs by two kinds of doping methods. Ex-
perimental inductively coupled plasma results are listed in
Table S3 in the Supporting Information, which shows the
corresponding contents of Eu™ and Tb™ in the final prod-
ucts. In addition, the quantum yields of IFMC-26-Eu,
IFMC-26-Tb, IFMC-26-Eu,Tb, Tb’*@IFMC-26-Eu, Eu’*
@IFMC-26-Tb, and IFMC-28-Eu,Tb, are also presented in
Table S3 (Supporting Information). Notably, the quantum
yields of Thb**@IFMC-26-Eu and Eu’*@IFMC-26-Tb are
clearly higher than those of IFMC-26-Eu,Tb, and IFMC-28-
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Eu,Th,, which may be caused by the environments of Eu™

and Tb™. In Tb**@IFMC-26-Eu and Eu’*@IFMC-26-Tb,
the postencapsulated Eu™ and Tb™ are free Eu’t and Tb**
ions, whereas Eu™ and Tb" in IFMC-26-Eu,Tb, and IFMC-
28-Eu,Tb, coordinate to the carboxylate groups of H,L to
form inorganic-organic hybrid materials. Moreover, the
quantum yield of IFMC-26-Eu,sTh,; is relatively higher
than that in IFMC-26-Eu, IFMC-26-Tb, and IFMC-28-
Eu,Tb,, thereby revealing that the quantum yields are not
only related to the molar ratios of Eu™ and Tb™ ions, but
also to the structures of the complexes. As far as we know,
this is the first time that the quantum yields for the ratio of
Ln"™ ions and postencapsulated Ln"™ ions in LnMOFs have
been compared.

Conclusion

A series of heterometallic LnMOFs has been prepared by
self-assembly and stepwise synthesis. For the first time, a
comparison has been made of the structures and properties
of IFMC-26-28, which were obtained by the two different
synthesis strategies. A wide variety of tunable luminescence
was successfully attained not only by changing the molar
ratios of Ln™ ions, but also through postencapsulating Tb™
and Eu™ ions into the pores of [IFMC-26-Eu and IFMC-26-
Th, respectively. Notably, the quantum yields are clearly en-
hanced by postencapsulating Tb™ and Eu™ ions into the
pores of IFMC-26. The quantum yields are related to both
the molar ratios of Eu™ and Tb™ ions and the structures of
the complexes. Therefore, such doping of heterometallic
LnMOFs can be a strategy for preparing multifunctional lu-
minescent materials. This work provides two different
routes, self-assembly and stepwise synthesis, for the prepara-
tion of novel and functional heterometallic LnMOFs, as well
as offering examples of crystalline materials with tunable lu-
minescence. In addition, studies of the precisely tunable
white-light emission of this system are currently under way.

Experimental Section

Synthesis of IFMC-26-Eu, [Ni(L)Eu](NO;)-5H,0-6DMA: H,L (0.04 g,
0.36 mmol), NiClL-6H,0 (0.15g, 0.63 mmol), Eu(NO;);6H,0O (0.05 g,
0.11 mmol), DMA (6 mL), and H,O (4 mL) were sealed in a Teflon-lined
stainless steel container. The container was heated to 120°C for 4 days,
which resulted in light purple crystals that were isolated by washing with
DMA and dried at room temperature. Yield: 54% based on H,L. IR
(KBr): 7=3419 (s), 3061 (m), 2935 (s), 1616 (s), 1543 (s), 1415 (s), 1262
(m), 1181 (m), 1107 (w), 1016 (m), 965 (w), 895 (w), 808 (m), 747 (s), 646
(W), 593 (m), 475 (w), 422 cm™" (m); elemental analysis calcd (%) for
CyoH,14N1,0,,NiEu: C 54.08, H 5.86, N 11.92, Eu 7.60; found: C 54.02, H
5.92, N 11.98, Eu 7.53.

Synthesis of IFMC-26-Eu,sTh,s: IFMC-26-Eu,sTb,s was synthesized by
a procedure similar to that used for IFMC-26-Eu with Eu(NO,);6H,0
(0.02 g, 0.05 mmol) and Tb(NO;);:6H,O (0.04 g, 0.09 mmol) instead of
Eu(NO;);6H,0 (0.04 g, 0.09 mmol). The light purple crystals were isolat-
ed by washing with DMA and dried at room temperature. Yield: 58 %
based on H,L. IR (KBr): #=3385 (s), 2931 (s), 1628 (s), 1414 (s), 1298
(m), 1179 (m), 1084 (w), 1015 (m), 939 (w), 859 (m), 833 (w), 785 (m),
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764 (s), 716 (m), 645 (w), 563 (w), 423 cm™' (m); elemental analysis calcd
(%) for CgoH;1sN,0,,Ni Eu,5Tb,s: C 53.98, H 5.85, N 11.89, Eu 3.79, Tb
3.97; found: C 53.92, H 5.93, N 11.95, Eu 3.75, Tb 3.92.

Synthesis of IFMC-26-Tb, [Ni(L)Tb](NO,)-5H,0-6DMA : IFMC-26-Th
was synthesized by a procedure similar to that used for IFMC-26-Eu with
Tb(NO;);:6H,0 (0.05 g, 0.11 mmol) instead of Eu(NOs);»6H,0 (0.05 g,
0.11 mmol). The light purple crystals were isolated by washing with
DMA and dried at room temperature. Yield: 55% based on H,L. IR
(KBr): #=3423 (s), 2937 (m), 1615 (s), 1454 (s), 1414 (s), 1327 (m), 1262
(m), 1186 (w), 1087 (w), 1017 (w), 960 (w), 897 (w), 748 (s), 716 (m), 597
(m), 478 (m), 424cm™' (m); elemental analysis caled (%) for
CooH;16N70,NiTb: C 53.89, H 5.84, N 11.87, Tb 7.92; found: C 53.83, H
5.89, N 11.94, Tb 7.85.

Synthesis of IFMC-27-La, [Ni(L)La,(NO;);(dma)](NO;)-2H,0-2DMA:
A mixture of H,L. (0.04 g, 0.36 mmol), NiCl,-6 H,O (0.15 g, 0.63 mmol),
La(NOs);6H,0 (0.04 g, 0.09 mmol), DMA (5 mL), and H,O (2 mL) was
sealed in a Teflon-lined stainless steel container and heated in an auto-
clave at 120°C for 4 days. The autoclave was cooled to room tempera-
ture, the container was removed, and 3 drops of HNO; were added. The
container continued to be heated at 140°C for 4 days. After the autoclave
was cooled to room temperature, light purple crystals were obtained,
which were isolated by washing with DMA and dried at room tempera-
ture. Yield: 52% based on H,L. IR (KBr): 7=3390 (s), 2934 (m), 1597
(s), 1548 (s), 1482 (s), 1452 (s), 1402 (s), 1329 (s), 1179 (w), 1111 (w),
1083 (w), 1016 (m), 941 (w), 894 (w), 854 (w), 765 (s), 743 (m), 714 (m),
667 (m), 611 (m), 474cm™' (w); elemental analysis caled (%) for
CysHgsNj;O,5NiLa,: C 46.95, H 4.20, N 11.94, La 13.92; found: C 46.89, H
4.27, N 11.99, La 13.85.

Synthesis of the metalloligand [Ni,s(H,L),s](NO;)-4 CH;CH,OH: H,L
(0.02 g, 0.18 mmol) and Ni(NO;),-6H,0 (0.08 g, 0.28 mmol) were each
dissolved in ethanol (10 mL) with stirring. The two solutions were mixed
in a 25 mL beaker and then three drops of HCI were added. The mixture
was stirred for an additional 5 min and filtered to remove the precipitate.
The clear solution was left in the air for 3 days. Light pink crystals were
obtained, which were isolated by washing with ethanol and dried at room
temperature. Yield: 59 % based on H,L. IR (KBr): 7=3381 (s), 1709 (s),
1614 (m), 1478 (s), 1453 (s), 1382 (s), 1178 (m), 1110 (m), 1041 (w), 1017
(W), 940 (w), 894 (w), 833 (m), 747 (s), 711 (m), 430 cm ' (w); elemental
analysis calcd (%) for C,;;H5,N¢O;;Nijs: C 59.02, H 6.29, N 10.08; found:
C 5897, H 6.35, N 10.15.

Synthesis of IFMC-28-La, [Ni(L)La(H,0)(dmf),](NO;)-3H,0-DMF: A
mixture of the metalloligand (0.04 g, 0.05 mmol), La(NO,),;:6H,0O (0.07 g,
0.16 mmol), DMF (5 mL), and H,O (3 mL) was sealed in a Teflon-lined
stainless steel container. The container was heated to 110°C for 4 days
resulting in light pink crystals, which were isolated by washing with DMF
and dried at room temperature. Yield: 59 % based on H,L. IR (KBr): 7=
3388 (s), 2924 (m), 1602 (s), 1546 (s), 1484 (s), 1452 (s), 1397 (s), 1328 (s),
1174 (m), 1110 (m), 1079 (m), 1013 (w), 927 (w), 892 (w), 856 (w), 747
(m), 527 (m), 421cm™' (m); elemental analysis caled (%) for
C;,H74N,O;NiLa: C 54.12, H 4.92, N 11.79, La 8.35; found: C 54.05, H
5.01, N 11.83, La 8.26.

Synthesis of IFMC-28-Eu, [Ni(L)Eu(H,0)(dmf),](NO,)-3H,0-DMF:
IFMC-28-Eu was synthesized by a procedure similar to that used for
IFMC-28-La with Eu(NO;);;6H,0 (0.05g, 0.11 mmol) instead of La-
(NO;);6 H,0 (0.07 g, 0.16 mmol). The light pink crystals were isolated by
washing with DMF and dried at room temperature. Yield: 52 % based on
H,L. IR (KBr): #=3420 (s), 2933 (s), 1623 (s) 1556 (s), 1493 (s), 1403 (s),
1181 (m), 1108 (m), 1015 (m), 937 (w), 920 (w), 894 (w), 859 (s), 808 (W),
784 (m), 739 (s), 715 (m), 674 (w), 646 cm™' (w); elemental analysis calcd
(%) for C;,H7N,0O;NiEu: C 54.70, H 4.88, N 11.69, Eu 9.06; found: C
54.63, H 4.95, N 11.78, Eu 9.01.

Synthesis  of  IFMC-28-Eu,Tby,,  [Ni(L)EuyTh,,(H,0)(dmf),]-
(NO;):3H,0-DMF: IFMC-28-Eu,(Tb,, was synthesized by a procedure
similar to that used for IFMC-28-La with Eu(NO,);»-6H,O (0.05¢g,
0.11 mmol) and Tb(NO;);»6H,0O (0.03 g, 0.07 mmol) instead of La-
(NO;)36 H,0 (0.07 g, 0.16 mmol). The light pink crystals were isolated by
washing with DMA and dried at room temperature. Yield: 52% based
on H,L. IR (KBr): 7=3419 (s), 2933 (s), 1625 (s), 1478 (s), 1326 (s), 1180
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(m), 1015 (m), 937 (w), 920 (w), 859 (m), 832 (w), 784 (m), 738 (s), 715
(m), 646 (w), 561 (w), 476 (w), 424 cm™' (m); elemental analysis calcd
(%) for C;,H7N,O;NiEuysTby,: C 53.61, H 4.87, N 11.67, Eu 5.43, Tb
3.78; found: C 53.56, H 4.94, N 11.76, Eu 5.37, Tb 3.81.

Synthesis  of  IFMC-28-Eu,sTbys,  [Ni(L)Eu,sTb,s(H,0)(dmf),]-
(NO;)-3H,0-DMF: IFMC-28-Eu,sTb,s was synthesized by a procedure
similar to that used for IFMC-28-La with Eu(NO;);-6H,0 (0.04 g,
0.09 mmol) and Tb(NO;);6H,0 (0.04¢g, 0.11 mmol) instead of La-
(NO,);6H,0 (0.07 g, 0.16 mmol). The light pink crystals were isolated by
washing with DMA and dried at room temperature. Yield: 53 % based
on H,L. IR (KBr): =3419 (s), 2932 (s), 1625 (s), 1543 (s), 1478 (s), 1327
(s), 1181 (m), 1015 (m), 920 (w), 807 (w), 784 (m), 739 (s), 715 (m), 675
(w), 646 (w), 593 (w), 477 (w), 24 cm™! (m); elemental analysis calcd
(%) for C;,H74N,0;NiEu,5Tb,s: C 53.59, H 4.87, N 11.67, Eu 4.52, Tb
4.73; found: C 53.53, H 4.92, N 11.73, Eu 4.46, Tb 4.66.

Synthesis  of  IFMC-28-Eu,Tb,;,  [Ni(L)Eu,,Th,(H,0)(dmf),]-
(NO;)-3H,0-DMF: IFMC-28-Eu,,Th,s was synthesized by a procedure
similar to that used for IFMC-28-La with Eu(NO;);-6H,0O (0.03 g,
0.07 mmol) and Tb(NO;);6H,0 (0.05g, 0.11 mmol) instead of La-
(NO,);6H,0 (0.07 g, 0.16 mmol). The light pink crystals were isolated by
washing with DMA and dried at room temperature. Yield: 54 % based
on H,L. IR (KBr): 7=3408 (s), 2932 (s), 1616 (s), 1478 (s), 1414 (s), 1180
(m), 1162 (m), 1108 (m), 949 (w), 920 (w), 894 (m), 831 (w), 808 (w), 784
(m), 751 (s), 715 (m), 646 (w), 611 (w), 424 cm™" (m); elemental analysis
caled (%) for C,,H;N,O;NiEu,,Tb,s: C 53.57, H 4.87, N 11.66, Eu
3.61, Tb 5.67; found: C 53.49, H 4.94, N 11.74, Eu 3.56, Tb 5.49.

Synthesis of IFMC-28-Tb, [Ni(L)Tb(H,0)(dmf),](NO,)-3H,0-DMF:
IFMC-28-Tb was synthesized by a procedure similar to that used for
IFMC-28-La with Tb(NO;);»6H,0 (0.05 g, 0.11 mmol) instead of La-
(NO;);6H,0 (0.07 g, 0.16 mmol). The light pink crystals were isolated by
washing with DMF and dried at room temperature. Yield: 53 % based on
H,L. IR (KBr): 7=3448 (s), 2934 (s), 1633 (s), 1497 (s), 1265 (s), 1188
(m), 1107 (w), 1081 (m), 1016 (s), 939 (w), 860 (w), 831 (w), 746 (m), 715
(m), 645 (w), 592 (m), 475 (m), 424 cm™' (m); elemental analysis calcd
(%) for C;,H;0N,0,,NiTb: C 53.48, H 4.86, N 11.65, Tb 9.44; found: C
53.43,H 4.93,N 11.72, Tb 9.38.

X-ray crystallography: Single-crystal X-ray diffraction data were record-
ed on a Bruker APEXII CCD diffractometer with graphite-monochro-
mated Moy, radiation (1=0.71069 A) at 293 K. Absorption corrections
were applied by using the multiscan technique. All the structures were
solved by the Direct Method of SHELXS-97 and refined by full-matrix
least-squares techniques using the SHELXL-97 program within WINGX.
The solvent molecules are highly disordered, and attempts to locate and
refine the solvent peaks were unsuccessful. Contributions to scattering
due to these solvent molecules were removed by using the SQUEEZE
routine of PLATON; structures were then refined again using the data
generated. Crystal data are summarized in Table S1 in the Supporting In-
formation. CCDC-921351 (IFMC-26-Eu), 921352 (IFMC-27-La), 921353
(IFMC-28-La), 921354 (the metalloligand), and 921355 (IFMC-26-Tb)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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