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Abstract: An extended member of the isoreticular family of
metal–imidazolate framework structures, IFP-6 (IFP = imida-
zolate framework Potsdam), based on cadmium metal and

an in situ functionalized 2-methylimidazolate-4-amide-5-imi-
date linker is reported. A porous 3D framework with 1D hex-

agonal channels with accessible pore windows of 0.52 nm
has been synthesized by using an ionic liquid (IL) linker pre-
cursor. IFP-6 shows significant gas uptake capacity only for
CO2 and CH4 at elevated pressure, whereas it does not

adsorb N2, H2, and CH4 under atmospheric conditions. IFP-6
is assumed to deteriorate at the outside of the material
during the activation process. This closing of the metal–or-
ganic framework (MOF) pores is proven by positron annihila-
tion lifetime spectroscopy (PALS), which revealed inherent

crystal defects. PALS results support the conservation of the
inner pores of IFP-6. IFP-6 has also been successfully loaded
with luminescent trivalent lanthanide ions (LnIII = Tb, Eu, and

Sm) in a bottom-up one-pot reaction through the in situ
generation of the linker ligand and in situ incorporation of

photoluminescent Ln ions into the constituting network.
The results of photoluminescence investigations and
powder XRD provide evidence that the Ln ions are not
doped as connectivity centers into the frameworks, but are
instead located within the pores of the MOFs. Under UV

light irradiation, Tb@IFP-6 and Eu@IFP-6 (lexc = 365 nm) ex-
hibit observable emission changes to a greenish and reddish
color, respectively, as a result of strong Ln 4 f emissions.

Introduction

Metal–organic frameworks (MOFs) have been subject to seri-
ous attention during the past two decades due to structure-

orientated applications, such as gas storage and separation, lu-

minescence, catalysis, sensing, and drug release.[1, 2] However,
for many MOFs there is a discrepancy between the theoretical
surface area predicted by crystallographic considerations and
experimentally determined porosity.[3] Underperformance in

MOFs has been ascribed to interpenetration,[4] incomplete re-
moval of guests from pores,[5] and pore collapse.[6] Various
methodologies have been employed to achieve higher porosi-
ty.[6b, 7] Direct detection and analysis of these failure modes
remain difficult and can yield ambiguous results. The structural

purity of previously reported MOFs was most often analyzed
by powder X-ray diffraction (PXRD). PXRD can yield information

about crystallinity, but is less well suited for examining disorder
or defects. Gas sorption techniques provide quantitative meas-
urements of accessible internal surface area, but are subject to

kinetic limitations and do not probe closed pores.[2]

However, several compounds have a discrepancy between

porosity predicted by crystallography and porosity measured
by gas sorption analysis.[3] A good example is Zn-HKUST-1, for
which analysis of Zn-HKUST-1 by PXRD and gas sorption indi-

cates retention of crystalline structure, but negligible nitrogen
uptake at 77 K, respectively.[8] By using positron annihilation

lifetime spectroscopy (PALS), a densified surface layer that pre-
vented the entry of even small molecular species into the crys-

tal framework was revealed.[8] To understand this incongruity,
we undertook an in-depth study with PALS to investigate the
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porosity of a MOF, IFP-6 (IFP = imidazolate framework Pots-
dam), and to explain the behavior of the inner surface proper-

ties of the MOF.[9, 10]

Light-emitting MOFs represent a class of light-emitting ma-

terials that enable color tuning by deliberate setting of the
emission chromaticity.[11, 12] Prominent among reported lumi-
nescent MOFs are those that contain lanthanide ions due to
their metal-centered 4 f–4 f transitions. Even the inclusion of
more than one luminescent center in MOF materials has been

successful and used for color tuning. Together with sensitizer
effects of the ligand, various and excellent luminescence per-

formances have been reported.[13, 14] In addition, heterostruc-
tures achieved by integrating MOFs with other functional ma-

terials show great advantages compared with pure MOFs due
to their synergistic effects.[13–16] In addition to positioning, for

example, lanthanide cations as connectivity centers in a MOF,

the ions can also be incorporated into the pore system of a lan-
thanide-free MOF; the incorporation of Ln hydrate complexes

was successfully shown for PbII- and CdII-containing MOFs. The
lanthanide ions can thereby also participate in luminescence.[17]

Rosi and co-workers investigated the encapsulation of various
LnIII cations into bio-MOF-1 to fabricate guest-induced lumines-

cent materials.[17c] Su and co-workers reported a fluorescence

sensor by encapsulating LnIII cations in an anionic porous
framework.[18] Recently, we reported the white-light emission

of IFP-1 by in situ codoping of the pore system with EuIII and
TbIII.[19] Herein, we also present the synthesis of Ln-doped IFP-6,

named Ln@IFP-6 (LnIII = Tb, Eu, and Sm), and a study on the
photoluminescence properties.

Results and Discussion

Synthesis and structure determination

Crystalline IFP-6 ([Cd(L1)]·0.5 DMF·0.75 H2O) was formed in
a mixture of ionic liquid (IL), 3-methyl-1-octylimidazolium 4,5-

dicyano-2-methylimidazolate (IL1), with Cd(OAc)2·2 H2O in DMF
under solvothermal conditions (Scheme 1). 4,5-Dicyano-2-

methylimidazolate, the anionic part of IL1, acts as a source of
the linker and transforms into the chelating imidazolate-4-

amide-5-imidate linker (L1), which forms a neutral and highly

crystalline framework (Figure S1 in the Supporting Informa-

tion). We have developed the synthesis of a series of isostruc-
tural MOFs, named IFPs, by using an imidazolate-4-amide-5-

imidate linker, which is formed in situ under solvothermal con-
ditions.[20] Specifically, Zn-MOF (IFP-1) was synthesized from

4,5-dicyano-2-methylimidazole (1) as a linker precursor, under
solvothermal conditions in DMF.[20a] To obtain a new Cd-based

IFP from linker 1, we carried out several types of reactions with
different Cd salts, as mentioned in the synthetic strategies for
preparing zeolitic imidazolate frameworks (ZIFs; Scheme S1 in

the Supporting Information), but none of the reactions yielded
a framework that was isostructural to IFP-1. Hence, linker

1 was modified into an IL precursor (IL1; Scheme 1),[21] wherein
the linker was preionized as the imidazolate anion, whereas

the countercation, 3-methyl-1-octyl imidazolium, was not in-
volved in coordination bonding.[22, 23] We anticipated that the

cation of IL1, which was large with a bulky alkyl chain, would

enhance the hydrophobic character in solution, prevent favora-
ble solvent–framework interaction, and therefore, lead to the

formation of a 3D framework.[22a, 24]

The structure of IFP-6 was determined by single-crystal X-ray

crystallography and was found to be isostructural to that of
IFP-1 with the same etb topology.[20a] The asymmetric unit con-

tains one CdII ion and the bridging ligand L1 (Figure 1 a). The

CdII ion is pentacoordinated by the donor atoms of three L1 li-
gands to form a distorted environment with a trigonal–bipyra-
midal geometry. In this arrangement, the two imidazolate N

atoms (N1 and N2) occupy the axial positions, and the imidate
N (N4) and O (O2) atoms and amide O (O1) atoms reside in the
equatorial positions. Moreover, the sixth coordination mode
around one-fifth of the Cd centers of the IFP-6 structure is
filled by a water molecule (O3*), which shows sixfold coordina-
tion. The remaining cadmium ions are pentacoordinated. In

comparison, solvent molecules are not coordinated to Zn ions
in the IFP-1 structure, which forms only pentacoordination by
the L1 linkers in a distorted trigonal–bipyramidal geometry
(Figure S7 in the Supporting Information). The structure of IFP-
6 possesses 1D hexagonal channels running along the c axis.

The methyl groups protrude into the open channels and influ-
ence the accessible pore window (Figure 1 b). By consideringScheme 1. Synthesis of IFP-6 from the IL precursor (IL1).

Figure 1. a) Asymmetric unit of as-synthesized IFP-6 (O3* is only 20 % occu-
pied). b) Hexagonal channels in IFP-6 (the methyl substituents at linker L1
are presented in space-filling mode (orange Cd, blue N, red O, dark gray C,
light gray H)).
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the van der Waals radii, the accessible pore window in IFP-6
was estimated to be 0.52 nm. Calculations with the PLATON

toolkit indicated that IFP-6 contained 42.9 % solvent-accessible
space (see the Supporting Information for details). The channel

diameter of IFP-6 thereby exceeds that of isostructural IFP-
1 (IFP-1 (0.42 nm, M = ZnII)< IFP-6 (0.52 nm, M = CdII)) as
a result of the larger cation radius of CdII. Additionally, the
structure is supported by IR spectroscopy (Figure S2 in the
Supporting Information), PXRD patterns (Figure 2), and 1H MAS
and 13C CP-MAS NMR spectroscopy data (Figure S5 in the Sup-
porting Information).

For the synthesis of Ln@IFP-6 (LnIII = Tb, Eu, and Sm) and in-

corporation of lanthanide ions into the IFP-6 pores, solvother-
mal reactions of the linker precursor IL1 and Cd(OAc)2·2 H2O

were carried out together with an equivalent of trivalent euro-

pium, terbium, or samarium nitrate. For reproducibility of the
results, all reactions were repeated three times under the same
conditions. Inductively coupled plasma optical emission spec-
troscopy (ICP OES) analysis shows that the amount of Ln ions

with respect to CdII ranges from 1.3 to 1.8 at % (Table S1 in the
Supporting Information). The loading of lanthanide does not

affect the crystalline integrity of the material, as confirmed by
PXRD results (Figure S3 in the Supporting Information). The
synthesis of luminescent codoped MOFs is usually based on
the statistical replacement of a certain amount of connectivity
centers by luminescent ions, such as LnIII, during MOF forma-

tion.[13, 14] Statistical replacement thereby fundamentally de-
pends on a match between the two different metal ions for

parameters such as ionic radii, valence, and chemical reactivity.

For the potential codoping of IFP-6 with lanthanide ions, these
parameters do not match with those of CdII. On the other

hand, the approach of in situ ligand synthesis concomitant
with MOF formation is promising to immobilize highly charged

ions, such as LnIII, within the pore system and thereby avoid
postsynthetic treatment hindered by electrostatic interac-

tions.[17] Ideal Ln@IFP-6 contains only small amounts of LnIII

ions, which introduce an imbalance in the electronic equilibri-

um of the network. Therefore, we assume the additional inter-
calation of anions, such as nitrate, from the reagents and pos-

sibly formate formation, as observed for Ln@IFP-1.[19] Further
charge equilibration is possible at functional groups inside the

channels of the framework.
The channels of as-synthesized IFP-6 and Ln@IFP-6 contain

solvent molecules. From crystallographic data of IFP-6, about

0.75 H2O and 0.5 DMF molecules per formula unit can be esti-
mated. The material was activated at 200 8C and 10¢3 mbar of
pressure for 48 h. PXRD patterns of the activated sample ex-
hibited similar diffraction peaks to those of the as-synthesized

framework (Figure 2). Thus, the porous framework has main-
tained the crystalline integrity, even without solvent molecules.

Additionally, the asymmetric unit of activated IFP-6 showed fi-

vefold coordination (Figure 3). Coordinated water and solvent

molecules in the channels were removed through the activa-

tion process with very little effect on the cell parameters and
volume, showing structural identity (Figure 3 and Table S2 in

the Supporting Information). The chemical stability of IFP-6
was analyzed through suspension in boiling methanol, ben-

zene, and water for seven days; these conditions reflect ex-

treme operational parameters of typical industrial chemical
processes. After such extensive treatment, the materials main-

tained their fully crystalline integrity in methanol and benzene,
as confirmed by PXRD (Figure S4 in the Supporting Informa-

tion). In boiling water, IFP-6 irreversibly transformed into a so-
far unknown crystalline phase after 24 h (Figure S4 in the Sup-
porting Information). The reason for the instability of IFP-6 in

water, in comparison to the water stability of IFP-1, is assumed
to be related to the more pronounced unsaturated character

of the pentacoordinated CdII center after activation.

Sorption and porosity

In principle, it was expected that IFP-6 should perform with

comparable or higher gas uptake than IFP-1 because of its
larger pore aperture and void volume. Surprisingly, N2, H2, and

CH4 cannot be adsorbed by IFP-6 at various temperatures and
1 bar, although the kinetic diameter of the gases is smaller

than the effective pore window size (0.52 nm; see Figure 4 a,
Table 1, and Figure S11 in the Supporting Information). Finally,

Figure 2. PXRD patterns of IFP-6: a) simulated, b) as-synthesized, c) activated,
d) after gas uptake of CO2 and CH4.

Figure 3. Asymmetric unit of activated IFP-6.
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we tried to activate the sample through a supercritical CO2 ac-
tivation procedure, but this also failed to exhibit a larger acces-
sible surface area (2.7 m2 g¢1). Compared with IFP-1, a low

amount of CO2 adsorbed by IFP-6 and a broad desorption hys-
teresis were observed (Figure 4 a and Table 1). To understand
the nature of amide–CO2 interactions, the coverage-dependent
isosteric heat of CO2 adsorption (Qst) was calculated by using
a Clausius–Clapeyron equation (Figure 4 b). As shown in Fig-
ure 4 b, the adsorption enthalpy for CO2 is 20.3 kJ mol¢1 at zero

coverage. Noticeably, the adsorption enthalpy value decreased
at first, increased again to go through a small maximum, and
finally clearly increased with increasing CO2 uptake. Several

amide-containing MOFs were reported that showed similar be-
havior for Qst versus adsorbed CO2 volume.[25, 26] These amide-

containing MOFs also exhibited a broad hysteresis and similar
desorption profile, which led to the convincing interpretation

of this broad desorption hysteresis as intermolecular amide in-

teractions with CO2 molecules based on isosteric heat meas-
urements together with DFT calculations.[25a–c] Amide groups

inside the channels can cooperatively bind CO2 molecules
(amide:CO2). In addition, amide cooperativity permits the slip-

ped-parallel arrangement of CO2 molecules by amide:-
CO2 :CO2 :amide binding, which gives an extra gain of attraction

of about ¢3 kJ mol¢1. The amide:CO2 :CO2 :amide binding inter-

action correlates with the significant increase in CO2 adsorp-

tion enthalpy with increasing CO2 uptake.[25a–c] These reported
studies can explain the hysteretic CO2 sorption behavior and

heats of adsorption data of IFP-6.
To investigate the adsorption properties at higher pressures,

CO2 and CH4 adsorption isotherms on IFP-1 and IFP-6 were re-
ported at 273 K up to 50 bar.[27] A significant amount is ad-

sorbed by IFP-6 at high pressure; this is comparable to IFP-1.

Interestingly, IFP-6 maintained crystallinity after high-pressure
gas uptake (Figure 2), whereas at least part of the IFP-6 frame-

work broke down during the activation process to create an in-
stability of the surface. Fractions, which turn amorphous, are

not detectable by PXRD. We assume partial deterioration of
the material and closing of the 1D channel pores. Therefore,

the diffusion of gas molecules at atmospheric pressure is re-

stricted, whereas at elevated pressure, gas molecules are com-
pelled to diffuse into the pores. Such a phenomenon is not

common, but has been reported for microporous MOFs.[28]

PALS

The PALS method can be applied for open- and closed-pore

systems. The method can provide evidence for the presence of
inner pores in solvent-free IFP-6, although the pores probably

are blocked by amorphous phases. For comparison, PALS of
IFP-1 was measured under similar conditions. We accumulated

5 Õ 107 counts for the two spectra (2.5 Õ 107 stored in each
spectrum) of digital PALS at a counting rate of 362 s¢1 (see the

Supporting Information for details). We analyzed data with the

LT10 routine and the parapositronium lifetime component
(0.125 ns) was fixed along the analysis because leaving it free

gave 0.240 ns and the other components were free. From
Figure 5, we can see that activation corresponding to the

larger pore (t4) became pronounced after 50 h of annealing.
Also, we find that the values of positronium annihilation life-

Figure 4. a) Gas sorption isotherms of IFP-6 for N2, CO2, and CH4 (adsorption and desorption branches are indicated by closed and open symbols, respective-
ly). The higher CO2 amount upon desorption at 273 K is an artifact of the low equilibration time of 20 s per data point. At equilibration intervals of 60 and
120 s, the desorbed amount of CO2 stays below the adsorption maximum (Table S6 and Figure S12 in the Supporting Information). Because the increasing
equilibration time also increases the overall CO2 uptake, the 273 K curve is shown herein for 20 s of equilibration for comparison with the other temperatures;
b) Isosteric heats of CO2 adsorption as a function of the adsorbent loading for IFP-6.

Table 1. Gas sorption data (in cm3 g¢1) of IFP-6 in comparison with IFP-1.

IFP-6 IFP-1

pore window [nm] 0.52 0.42
N2 (77 K) 0 224.6[a]

CO2 (298 K) 22.4 48[a]

CO2 (273 K) 39.5 and 132.2[b] –[c] and 156.9[b]

CO2 (195 K) 51.7 –[c]

CH4 (273 K) 4.2 and 87.4[b] 31.4[d] and 127.8[b]

H2 (77 K) 1.1 168.1[a]

[a] From ref. [20a] . [b] Gas sorption data at high pressure up to 50 bar.[27]

[c] Not reported. [d] Figure S11 in the Supporting Information.
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time inside the material matrix or inside small pores (t3) is
stable earlier than that inside t4, and the values of t3 for IFP-

1 are slightly larger than those for IFP-6 along the activation
periods. With respect to the intensities inside the pores (I4), it

can be assumed that for IFP-6 the values decrease to 12 h of
activation and then become constant. This may be attributed
to the annealing behavior, which causes the concentration of

the pores to decrease as a result of filling of the pore windows
or blocking up to 12 h and then becomes fixed. The behavior
is shown for IFP-1 in Figure 5, and the intensity increased up
to about 12 h and then became constant; this may be under-

stood as an increase in the pore concentration.
The effect of activation on the pore size is shown in Figure 6

and, based on crystallographic data, we anticipate that the

geometrical shape of the samples could result from spherical
pores. To determine the pores size from t3, we assumed a con-

stant size after solvent removal (Figure 6). From the CO2 ad-
sorption isotherm at 273 K, the pore size distribution was de-

rived to be between 0.4 and 1.0 nm by using nonlocal (NL)
DFT with a “CO2 on carbon-based slit-pore model” (Figure S13

in the Supporting Information), which showed a relative maxi-

mum at about 0.98 nm; this is comparable to a small pore di-
ameter (�0.95 nm) obtained from the pore size versus anneal-

ing time data and the value is also close to that of a small
pore (1.25 nm) obtained from the X-ray structure (Figure S8 in

the Supporting Information). Inside large pores (�1.95 nm),
the value fits with cylindrical pores (2.04 nm) obtained from

the X-ray structure of IFP-6 (Figure S8 in the Supporting Infor-

mation). Moreover, the pore size behavior of IFP-6 is similar to
that of IFP-1 and the t3 value of IFP-1 is slightly lower than

that of the smaller theoretical pore size (Figure 6).

We thereby consider the behavior of IFP-6 to be reasonable
due to inherent surface blocking after solvent removal, which

renders it impermeable to molecular guests. The reason could
be the formation of an amorphous phase, as a result of the

more flexible fivefold coordination of the CdII center of activat-
ed IFP-6, which was proved by single-crystal X-ray data, than

that of fivefold coordination around the ZnII center in IFP-1.

The crystal structure showed that 20 % of CdII ions were prone
to sixfold coordination, which indicated that CdII preferred

higher coordination. An alternative hypothesis can be support-
ed by the water instability of IFP-6, which attains a higher co-

ordination number in polar water solvent. Therefore, the sol-
vent removal process may facilitate instability at the CdII

center. Hence, the amorphous material and rough surface can

be generated by partial framework cleavage at the outer sur-
face, which closes the pore window. Therefore, IFP-6 has inher-
ent crystal defects.[29, 30] At atmospheric pressure, gas molecules
could probably not diffuse due to blockage by the amorphous

phase, created after solvent removal, whereas, at high pres-
sure, gases are compelled to diffuse into the pore. PALS, which

is a powerful method for open- and closed-pore systems, pro-
vides complementary evidence for the porosity of the closed
surface of IFP-6 and has the unique ability to uncover new

phenomena in this material with nanoscale porosity.

Photoluminescence

The photoluminescence properties of IFP-6 were determined

for comparison with those of Ln-doped MOFs. A weak, broad,
and blue-colored emission band, ranging from l= 375 to

700 nm, in the solid state at RT with lmax = 434 nm (lexc =

360 nm) was observed, originating from fluorescence of the

linker. The MOF shows correlating featureless broad excitation
bands in the range of l= 300–425 nm, with lmax = 360 nm

Figure 5. Lifetimes and their intensities for IFP-6 and -1 as a function of an-
nealing time. 22Na was used as a positron source.

Figure 6. Pore sizes for considering the spherical shapes of IFP-6 and -1 as
a function of annealing time.
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(lem = 434 nm), and is comparable to IFP-1 (Figure S15 in the
Supporting Information). In addition, lifetime investigations

were carried out on solid IFP-6 (see the Supporting Informa-
tion); these results corroborated fluorescence through decay

times of <10 ns for the process.
The photoluminescence properties of Ln@IFP-6 (LnIII = Eu,

Tb, and Sm) were also determined. The introduction of in situ
available trivalent lanthanide ions into the MOF framework for-
mation reaction leads to variable luminescence properties. The

lanthanide-containing materials Ln@IFP-6 exhibit additional
emission lines expected for lanthanide-centered emission due

to intra 4 f–4 f transitions. For Tb@IFP-6 typical TbIII transitions
of 5D4!7FJ (J = 6 at l= 489 nm, J = 5 at l= 543 nm, J = 4 at l=

583 nm, J = 3 at l= 620 nm, J = 2 at l= 648 nm, J = 1 at l=

668 nm, J = 0 at l= 679 nm), for Eu@IFP-6 EuIII transitions of
5D0!7FJ (J = 0 at l= 579 nm, J = 1 at l= 591 nm, J = 2 at l=

615 nm, J = 3 at l= 649 nm, J = 4 at l= 698 nm), and for
Sm@IFP-6 Sm3 + transitions of 4G5/2!6HJ (J = 5/2 at l= 560 nm,

J = 7/2 at l= 596 nm, J = 9/2 at l= 642 nm) were observed
(Figure 7). The intensities of the 4 f–4 f transitions are superim-

posed on the broad emission band of the nondoped frame-
work, which retains a fluorescence maximum at lmax = 434 nm.

As shown by the excitation spectra (see Figure S16 in the Sup-
porting Information), there is no direct excitation of LnIII. In-

stead, the excited LnIII 4 f states are sensitized by the singlet
excited states of the linker, despite their short lifetimes. Cor-

roboration of the excitation spectra for distinct LnIII emission
transitions indicates such an antenna effect between the

framework backbone of IFP-6 and the Ln ions; this allows acti-
vation of the Ln emission through excitation of the MOF

framework.[12] Comparing the intensities of the Ln emission to

the broad-band emission and to one another, TbIII in Tb@IFP-6
shows the most intense emission followed by that of EuIII. The
intensity of the SmIII metal based emission is minimal. In princi-
ple, these observations are corroborated by the incorporation

of TbIII and EuIII into the pore system of IFP-1,[19] for which also
4 f–4 f transitions of lanthanide emission from the pore system

have been reported. However, the metal-centered emission of

Ln@IFP-6 proves superior to that of Ln@IFP-1 in intensity. Be-
cause no direct metal excitation is observed for either MOF,

the sensitizing effect of the ligand backbone seems to be con-
siderably stronger for IFP-6 for CdII as a connectivity center

compared with ZnII in IFP-1.
Furthermore, the observation of an overall broadening of

the emissive 4 f–4 f transitions in all LnIII-doped frameworks

leads to the assumption that the LnIII ions are neither located
on a special site in the crystalline network nor on a single dis-

tinct crystallographic position. In comparison, crystalline Ln
MOFs with Ln ions on distinct crystallographic sites within the

backbone framework show much sharper line spectra, includ-
ing decent rotational fine structure of the 4 f energy states for

the crystalline materials.[31] The broad emission lines observed

for Ln@IFP-6 assume a rather loose incorporation of the LnIII

ions into the cavities of the porous frameworks, which includes

different plausible chemical surroundings, binding lanthanide
ions to the donor groups of the MOF, and additional solvent

molecules in the pores.[19] Compensation for the cationic
charges inside the pore system is possible by anions, such as
the original nitrates. An overlay of different coordinative sur-

roundings lead to band broadening and a loss of line sharp-
ness because each coordinated luminescence center contrib-
utes its own emission spectrum that differs by a few nm from
the others for each transition. The feature of Ln incorporation

was deliberately explored for Ln doping into IFP-1, for which
similar effects were observed.[19]

The observed luminescent lifetimes for Ln@IFP-6 (t1, t2) of
the linker-based fluorescent broad emission bands can be
fitted with a biexponential decay on the nanosecond scale, co-

inciding with nondoped IFP-6 (Eu@IFP-6, 83 % states subsiding
at t1 = 1.6(1) ns and the remaining 17 % at t2 = 5.9(1) ns;

Tb@IFP-6, 86 % states subsiding at t1 = 1.8(1) ns and the re-
maining 14 % at t2 = 7.2(2) ns; Table S8 in the Supporting Infor-

mation). This suggests that the incorporation of the observed

1.3–1.8 at % of LnIII ions into the cavities of the framework
leaves the electronic structure of the overall CdII-containing

framework almost unaltered. Lifetime determinations of the
parity forbidden intra-4 f–4 f Ln emissions of both Ln@IFP-6

(LnIII = Eu and Tb) again show biexponential decay rates on
a considerably longer scale, as expected for TbII and EuII

Figure 7. Normalized emission spectra of Ln@IFP-6 and IFP-6 (lexc = 360 nm,
from top to bottom).
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(Eu@IFP-6, 46 % of the excited states subsiding at t1 = 480(5) ms
and 52 % at t2 = 971(16) ms; Tb@IFP-6, 43 % of the excited

states subsiding at t1 = 754(10) ms and 55 % at t2 = 1426(19) ms;
see also Table S8 in the Supporting Information). The lifetimes

of the lanthanide- and linker-based emissions differ by orders
of magnitude. Therefore, the overall process lifetime for lantha-

nide participation is set by the lanthanide emission decay. The
expected variation of the lifetime, tobs, in coordination poly-
mers and MOFs is about 100 and 2000 ms for EuIII and TbIII ; the

lifetime of EuIII is typically longer than that of TbIII.[12c, 19] In mo-
lecular complexes, for example, solvent molecules, such as
H2O, lead to a decrease in the observed lifetimes on the scale
of 100–1500 ms, depending on the amount of coordinated

molecules. For Ln@IFP-6, we assume a mixture of effects, lead-
ing to the biexponential decay in the range of 200–1400 ms,

because there are various ways of coordinating incorporated

LnIII ions with solvent molecules and counterions, and interac-
tions with the MOF backbone in the channels. The findings

again corroborate the incorporation of LnIII ions into Ln@IFP-1.
A depiction of the samples under UV light (lexc = 365 nm)

shows a blue emission color for IFP-6 (Figure 8). Incorporation
of the Ln ions results in different emission colors. For Tb@IFP-6

and Eu@IFP-6, the observable emission changes to greenish

and reddish colors, respectively. The SmIII emission, however, is
too weak in Sm@IFP-6 to cause a color shift.

Conclusion

We have employed a rare example of an imidazolate anion

based IL as a linker precursor for the fabrication of a MOF, IFP-
6, in DMF. Such modification of a linker to an IL could be
useful in the future for other tri- and tetrazoles or derivatives.
IFP-6 showed low performance for N2, H2, and CH4 uptake from

vacuum to atmospheric pressure at various temperatures, al-
though the channel diameter was higher than the molecular
sizes of the gases and the bulk MOF exhibited structural integ-

rity after solvent removal. At elevated pressure, CO2 and CH4

was taken up by the pores of IFP-6, and the respective uptake

capacities were comparable to ZnII-based isostructural IFP-1.
For a deeper understanding of the porosity, we performed

PALS investigations to demonstrate the unique ability of ex-

posing nanoscale porosity ; this vindicated the supposition that
the presence of inner pores in IFP-6 were comparable to those

of IFP-1. From the annealing behavior, the intensities inside
the pores (I4) for IFP-6 decreased, which could be attributed to

filling of the pore apertures. In-depth porosimetry studies by
using PALS have so far been performed for very few MOFs,

such as MOF-5 and Zn-HKUST-1. From the results for IFP-6, it
can be inferred that the channels to the inner pores are

blocked by amorphous parts and defects in IFP-6 that are in-
herently formed upon removal of the water molecules coordi-
nated to CdII. Hence, diffusion of gas molecules is only possible
at elevated pressure, which forces gases through these barriers

into the retained inner pores.
Furthermore, the in situ formation of IFP-6 can be success-

fully coupled with an in situ loading with trivalent ions (LnIII =

Tb, Eu, and Sm). The rare-earth ions are located within the
channels of the MOFs without specific positions. Doping re-
sults in further luminescence properties because the lantha-
nide ions are included in the luminescence process. This is ach-
ieved by antenna effects of the MOF, including energy transfer
from the framework linker to the lanthanide ions followed by

subsequent emission from 4 f levels of the rare-earth ions. The
antenna effect is of different efficiency for TbIII>EuIII>SmIII for
IFP-6 and has proven superior to that of isostructural Ln@IFP-1,

despite the short lifetime of the MOF linker.

Experimental Section

Materials and synthesis

LnIII nitrates (Tb(NO3)3·5 H2O 99.9 % trace-metals basis,
Eu(NO3)3·5 H2O 99.99 % trace-metals basis, and Sm(NO3)3·6 H2O)
were purchased form Aldrich. DMF was purchased from VWR Inter-
national. All reagents and solvents were used without further pu-
rification. The linker precursor, IL1,[21] and IFP-1[20a] were synthesized
according to published procedures (see the Supporting Informa-
tion for details). For details on the instrumentation and analytical
investigations, see the Supporting Information.

Synthesis of IFP-6

In a sealed tube (type A, company: Ace), IL1 (0.075 g, 0.23 mmol)
and Cd(OAc)2·2 H2O (0.12 g, 0.46 mmol) were dissolved in DMF
(6 mL). The tube was closed and the mixture was heated at 130 8C
for 48 h (Scheme 1). After cooling the mixture to RT, fine colorless
crystals of IFP-6 were obtained by filtration, washed with DMF
three times, and dried in air (�48 % based on Cd(OAc)2·2 H2O). IR
(KBr pellet): ñ= 3319 (m), 3072 (m), 1665 (s), 1564 (vs), 1439 (m),
1266 (m), 1220 (m), 1113 (m), 815 (m), 743 cm¢1 (m); elemental
analysis calcd (%) for C6H6CdN4O2 : C 25.87, H 2.17, N 20.11; found:
C 25.58, H 1.97, N 20.31.

Synthesis of Ln@IFP-6 (LnIII = Tb, Eu, and Sm)

The reaction mixture, containing Cd(OAc)2·2 H2O (0.122 g,
0.46 mmol), Ln(NO3)3·x H2O (Tb(NO3)3·5 H2O (0.100 g, 0.23 mmol),
Eu(NO3)3·5 H2O (0.098 g, 0.23 mmol), or Sm(NO3)3·6 H2O(0.102 g,
0.23 mmol)), and IL1 (0.075 g, 0.23 mmol) dissolved in DMF (7 mL),
was sealed in a tube. The reaction mixtures were then treated as
described above. Physical characterization of the materials was
achieved by elemental analysis, ICP-OES, and powder XRD (see the
Supporting Information for details).

Figure 8. Photographs of as-synthesized IFP-6 and Ln@IFP-6 with UV-light
excitation (lexc = 365 nm).
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