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Abstract: A new avenue for making porous frameworks
has been developed by borrowing an idea from molecu-

larly imprinted polymers (MIPs). In lieu of the small mole-
cules commonly used as templates in MIPs, soft metal

components, such as CuI, are used to orient the molecular
linker and to leverage the formation of the network. Spe-

cifically, a linear dicarboxylate linker with thioether side
groups reacted simultaneously with Ln3 + ions and CuI,
leading to a bimetallic net featuring strong, chemically

hard Eu3 +–carboxylate links, as well as soft, thioether-
bound Cu2I2 clusters. The CuI block imparts water stability

to the host; with the tunable luminescence from the lan-
thanide ions, this creates the first white-emitting MOF
that is stable in boiling water. The Cu2I2 block also readily

reacts with H2S, and enables sensitive colorimetric detec-
tion while the host net remains intact.

Templating is a tried-and-true strategy of wide use in materials

synthesis, with examples including molecularly imprinted poly-
mers (MIP)[1] and the organic template-directed syntheses of

zeolitic materials.[2] In the former, the small-molecule template
is intended as a mold to orient the functional groups on the

growing polymer, in order to impart enzyme-like recognition
properties to the (subsequently evacuated) polymer host; the
supple nature of the polymer backbone could, however, com-

promise the structural memory. By comparison, in the very
rigid zeolitic grid, the pore size and geometry templated by
the organic molecule are often well retained, even when the
organic templates have been burned away.

The common, long-standing practice of templating, is, how-
ever, conspicuously under-explored in the assembly of metal–

organic frameworks,[3] in which the use of rigid, open-shaped
molecular linkers, in combination with metal cluster nodes,[4]

serves to impose the porous characters of the resultant solid

grid. In other words, the use of templates to purposely direct
structure and create cavities appears to be unnecessary, and is

therefore often not factored into the synthetic design of MOF
materials. Among the scarce examples of deliberately using

templates to influence the framework formation, the template
acts either as an auxiliary ligand bound to the metal center[5]

or simply as a space holder without well-defined contacts with

the framework atoms. Instead of closely molding the shape
and function of the cavities, as in MIPs, templates generally do

not leave distinct imprints on the MOF grid.[6]

We therefore suspect that there is room for further deploy-

ing the templating strategy in the synthesis of metal–organic
frameworks. In this work, we envision the template in the form
of secondary, soft metal ions that stand apart from the primary

(often hard) metal ions incorporated within the host net. This
thought traces back to reported works on hard and soft linkers

for MOF construction, as exemplified by the carboxylate–sulfur
combination.[7] Previously, we reported the simultaneous reac-
tion of a bifunctional molecule with two distinct metal species:
one chemically hard metal (e.g. , Eu3 +) for interconnecting the

carboxyl ends; the other, chemically soft (e.g. , AgCl), intended
for the thioether units.[8] The soft metal, being bound by the
weaker thioether donors, plays a lesser role in determining the
structural integrity of the EuIII–carboxylate host net. For exam-
ple, the soft metal can be dislodged by treatment with H2S to

form Ag2S particles, without collapsing the primary metal–car-
boxylate scaffold. In general, such treatment represents

a unique method for imbedding semiconducting metal chalco-
genide nanostructures within well-defined MOF hosts,
a method that also chimes with the popular practice of post-

synthetic modification (PSM).[8, 9]

We describe herein an exercise in MOF synthesis that further

highlights the advantages of this strategy of soft imprinting.
Unlike our previous work,[8] in which the soft metal did not
affect the connectivity of the metal–carboxylate host net, the

soft part (i.e. , CuI) in the present case acts as a structural mod-
ulator that opens up the framework—a role that more closely

connects to the templating strategy in molecularly imprinted
polymers. The experiment involved the reaction of the thioeth-
er–carboxylate ligand H2L (see the Supporting Information for
details of the synthesis) with lanthanide ions (e.g. , Eu3 +) while
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testing the structural impact of CuI as the secondary, soft com-

ponent (Figure 1). On the practical side, the MOF product thus
discovered features a unique combination of substantial poros-

ity, tunable luminescence, and remarkable stability—for exam-
ple, the structure is stable even in boiling water. Moreover, the

imbedded CuI clusters react readily with H2S without degrad-

ing the host lattice, highlighting its template-like, deliverable
character.

The presence of CuI crucially impacts the structures of the
resultant networks. Without CuI, the solvothermal synthesis

using H2L and EuCl3·6 H2O (in 1:1 water/acetonitrile at 140 8C;
see the Supporting Information for details) yielded a close-
packed, nonporous single-crystalline solid (denoted as com-

pound 1) with a composition {Eu(L)1.5}, with Eu3+–carboxylate
chains integrated into a 3D net by the aromatic bridges of the
L molecules (Figure 1, top).[10] Besides its nonporous character,
the crystals of 1 are nearly non-emissive under UV radiation,

presumably due to the intermolecular luminescence quench-
ing across the densely packed L molecules.

By contrast, when CuI was included in the above solvother-
mal procedure, an open, porous framework was produced (de-
noted as 2-Eu), with the composition {Eu(L)1.5(CuI)(H2O)} for the

main grid resolved by single-crystal diffraction.[11] Compared
with the light yellow, non-emissive crystals of 1, the crystals of

2-Eu are colorless and exhibit distinct red photoluminescence
(i.e. , from the Eu3 + center; see also Figure S1 in the Supporting

Information for photographs and emission spectra). Besides

the rod-like Eu3+–carboxylate domains, which were similarly
formed in compound 1, the CuI component in 2-Eu coordi-

nates to the sulfur atoms of L, orientating the L molecules and
Eu centers to form an open framework.

The parallelogrammatic Cu2I2 dimer is centrosymmetric, with
the two CuI centers adopting identical bonding environments

(bond lengths: Cu¢I : 2.654 and
2.646 æ; Cu···Cu: 2.807 æ; Figure 2).
Besides the two iodide ions, each
CuI center is also coordinated by

two S atoms; each Cu is thus
bonded to two L molecules.

Among the two L molecules, one
serves as a linear bridge to link the
Cu2I2 units into a 1D coordination
chain, with both S atoms bonded
to the CuI centers (Cu¢S distance:

2.363 æ). The other L molecule,
however, only has one S atom

bonded to the Cu2I2 unit (Cu¢S dis-
tance: 2.355 æ) and therefore does

not increase the dimensionality of the Cu2I2–L coordination

chain, which remains one-dimensional and runs parallel to the
Eu–carboxylate rods, along the c axis of the unit cell.

The porosity of 2-Eu was assessed by BET measurement
using N2 at 77 K. From the typical type I gas-adsorption iso-

therms, the corresponding surface area was determined to be
560 m2 g¢1 (Figure 3) and the pore volume 0.304 cm3 g¢1. Anal-

ysis from the BET data indicated the pore diameter to be 7.5 æ

(see the Supporting Information, Figure S2), being consistent
with the single crystal structure.

The stability of the 2-Eu solid was highlighted by a series of
tests. For example, after being heated at 200 8C for 4 h under
evacuation by an oil pump, the crystalline order of the host

net of 2-Eu remained intact, as indicated by powder X-ray dif-
fraction (PXRD; Figure 4 c). The thermal stability was also sup-

ported by thermogravimetric analysis (TGA; see the Supporting
Information, Figure S3), which indicated minimal weight loss
from the host net up to 240 8C. More impressively, even after
being boiled in water for 24 h, the solid sample of 2-Eu contin-
ues to exhibit strong and sharp X-ray diffraction peaks, produc-

ing a PXRD pattern hardly changed from that of the as-made
sample (pattern d of Figure 4). The remarkable water stability
of 2-Eu mainly originates from the high valence of the EuIII ion,
whereas the chemically soft Cu2I2–thioether links, besides

strengthening the overall framework, might also help to repel
water molecules.[12]

Figure 1. Synthetic Scheme and crystal structures of framework compounds
1 (top panel) and 2-Eu (bottom panel). Disordering of atom positions is
omitted in 1 for clarity.

Figure 2. The Cu2I2–thioether
coordination chain in the
crystal structure of 2-Eu; only
the central benzene rings are
shown for the L molecules.

Figure 3. The N2 sorption isotherm at 77 K for 2-Eu.
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The very similar bonding behaviors of Eu3+ and Tb3 + ions
allow both ions to be conveniently mixed together into the

host framework.[13] Indeed, Tb3 + readily forms an isostructural

net (denoted as 2-Tb) under similar conditions, and bimetallic
nets containing evenly mixed Eu/Tb ions at variable ratios (i.e. ,

2-Eu/Tb systems) can be readily accessed by adjusting the
metal ratios in the reaction mixture (e.g. , Figure 4 g–i). As the

red emission from the Eu3 + ions complements the green from
Tb3 + (Figure 5 a), the photoluminescence properties can be

systematically tuned by the Eu/Tb ratio that is built into the

host net (see also Figure 5 b). For example, when a 1:18 Eu/Tb
mixture was used in the reaction (see the Supporting Informa-

tion for details), a white-light-emitting framework solid[14] was
produced with a CIE coordinate of (0.31, 0.33) (Figure 5 c). The

solid product features an Eu/Tb molar ratio of 1:10, and exhib-
its a fluorescence quantum efficiency of 5.6 % (see Supporting
Information for measurement details and Figure 4 h for PXRD

pattern).
Like 2-Eu, the 2-Tb and 2-Eu/Tb crystal samples are highly

stable solid-state materials ; their crystalline orders remain
intact even after being boiled in water for 24 h, as indicated by

PXRD (Figure 4 g, i). Moreover, no apparent change in the color
quality of the photoluminescence was observed after the boil-

ing water treatment, allowing, for the first time, the attainment

of a porous white-light emitting solid framework that is stable
in boiling water. To explore further applications, the white-

light-emitting solid 2-Eu/Tb, as well as analogues of 2 at differ-
ent Eu/Tb ratios, can be easily coated (by means of slurrying

with ethanol; see the Supporting Information for details) on
a commercial UV LED, to provide lighting devices with various

color qualities (Figure 5 b). Consistent with robust water stabili-

ty of the coating materials, these lighting devices are especially
durable: for example, even after being exposed in the humid

climate of Guangzhou for over half a year, no visible change in
the emission colors was observed.

Besides stability and luminescence, the CuI component be-
stows unique advantages on the host net of 2-Eu. Specifically,

the chemically soft Cu2I2 unit is coordinated by the soft and
relatively weak donors of thioether groups. On the one hand,

such soft–soft (hydrophobic) coordination repels water incur-
sion and improves stability in aqueous conditions; on the
other, the Cu2I2 clusters remain susceptible to reactions with

guests of strong donors, such as H2S and thiols. In addition,
the well-defined porosity and large surface area of the host

net renders the CuI components readily accessible to incoming
guest molecules. To deliver the Cu2I2 cluster as a functional

payload, we studied the interaction between 2-Eu crystals and

H2S, and examined its potential utility in sensing and detection
applications.

The 2-Eu crystals respond to H2S with high sensitivity (see
the Supporting Information, Figure S4). For example, at room

temperature, a 20 ppm aqueous solution of H2S quenches the
red fluorescence of 2-Eu within half an hour. At 80 8C, even at

Figure 4. X-ray powder patterns of 2-Eu and analogues: a) Calculated from
the single-crystal structure of 2-Eu; b) an as-made sample of 2-Eu; c) sample
from (b) after treatment in boiling water for 24 h; d) sample from (b) evacu-
ated by an oil pump at 200 8C for 4 h; e) sample from (b) treated with H2S
for 1 day; f) an as-made sample of 2-Tb; g) sample from (f) after treatment
in boiling water for 24 h; h) an as-made sample of 2-Eu/Tb; i) sample from
(h) after treatment in boiling water for 24 h.

Figure 5. a) Room temperature emission spectra of 1, 2-Eu, 2-Tb, and 2-Eu/
Tb in the solid state (lex = 390 nm); b) photographs of LEDs: (I) a 3 mm UV
LED coated with 2-Eu/Tb (not turned on); (II), (III), and (IV) are coated by 2-
Tb, 2-Eu/Tb and 2-Eu, respectively (turned on); c) CIE 1931 chromaticity dia-
gram and the positions (marked by crosses) for the emissions of 2-Eu (II), 2-
Tb (III), and 2-Eu/Tb (IV) ; corresponding coordinates : (0.26, 0.42), (0.31, 0.33),
(0.41, 0.22).
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1.0 ppm of H2S, the emission from the crystal of 2-Eu was
largely quenched within 2 h. More conveniently, as shown in

Figure 6, the originally colorless crystals of 2-Eu became signifi-
cantly darker (from brown to black) in the process, indicating

a readily usable colorimetric sensing capability. Taken together,

these sensing tests demonstrate the framework systems of 2-
Eu to be especially versatile for monitoring H2S in water/air-

based biological, industrial, and environmental assays.[15] The
readily available single crystals, as well as the low-cost fabrica-

tion of the lighting device, make for convenient disposable ap-
plications.

The network system of 2-Eu is also found to be remarkably

stable to H2S. Even after being immersed in pure H2S (1.0 atm)
for 24 h, the crystals of 2-Eu retained their original crystalline

order, as shown by the sharp and strong peaks in the PXRD
(Figure 4 e); as it were, the host net maintains its structure, in

spite of the drastic reaction between the CuI component and
H2S guests. Elemental analyses (see the Supporting Information

for data) also indicated an increase in the S content; the com-

position found for the H2S-treated 2-Eu sample was consistent
with {Eu2(L)3(CuI)2(H2S)2}. X-ray photoelectron spectroscopy

(XPS; see the Supporting Information, Figure S5) revealed a dis-
tinct shift of, for example, the Cu 2p3/2 peak toward lower

energy after the H2S treatment (from 933.1 to 932.8 eV), which
is consistent with the binding of H2S as a strong electron

donor that consequently decreases the binding energies of the

metal center. Further study is ongoing to fully vacate the sulfur
pocket templated by the CuI cluster for specific binding tests,
in order to further unveil the soft-imprinting character of this
strategy for MOF synthesis.
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