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ABSTRACT: The reaction between a 5,10,15,20-tetrakis(4-carboxyphenyl) porphyrin-FeCl linker (TCPP-Fe) and lanthanide ions
(Ln3+) in excess of L-proline coligand provides a synthetic route to two structurally different metal−organic frameworks (TCPP-
FeOH0.5/H2O0.5)(L-proline)2Ln2(H2O)(DMF)0.5 (where Ln = La3+, Ce3+, Pr3+, Nd3+, Sm3+, and Eu3+) and (TCPP-FeOH)(L-
proline)Ln1.5 (where Ln = Gd3+, Tb3+ Tm3+ and Yb3+). The selection between the two different structures is dependent on the
lanthanide ion atomic number. From the different Ln3+ ions used in this study, early-to-mid lanthanides, La3+, Ce3+, Pr3+, Nd3+, Sm3+,
and Eu3+, give a structure consisting of discrete Ln8 building units (1-Ln), while mid-to-late lanthanides, Gd3+, Tb3+, Tm3+, and Yb3+,
give a framework built upon one-dimensional Ln3+ chains (2-Ln). Therefore, the size of the lanthanide ion seems to play a key role
in the structure selection and stability, which contrast with the commonly accepted behavior of lanthanides. Activation and
subsequent argon gas sorption analyses done using 1-Nd and 2-Tb showed that 1-Nd is permanently porous with a determined
surface area of 1223 ± 4 m2/g, while 2-Tb undergoes a structural change significantly decreasing its surface area (236 m2/g) from its
expected value (ca. 900 m2/g). Stability tests on the activated samples revealed that 1-Nd lost its crystallinity after 1 month of
exposure to atmospheric moisture, whereas 2-Tb retained its crystallinity, underscoring the higher long-term stability of 2-Tb
compared to that of 1-Nd.

■ INTRODUCTION
Metal−organic frameworks (MOFs) are multifunctional
porous materials that have gained tremendous attention from
both academic and industrial fields.1−3 The main features of
MOFs are their porosity, large surface area, tunable pore size,
framework flexibility, and structural diversity, which make
them suitable materials for various applications. The potential
applications of MOFs range from catalysis,4 energy storage,5

and storage/separation of valuable or undesirable gases, ions,
or molecules.6−8 For example, the separation of hydrocarbons
depends on the pore size and functionality of the adsorbent,
achievable by tailoring the structural features of MOFs.9 The
most intriguing feature of MOFs is their structural
modifiability, which is in stark contrast to traditional inorganic
adsorbents such as zeolites. It can be envisioned that an
immeasurable number of distinct MOF structures can be
assembled by using different inorganic metal ions/nodes and
organic ligands/linkers in various combinations.
In the design of MOF materials, lanthanide MOFs (Ln-

MOFs) have become increasingly popular due to their unique
properties, such as highly efficient luminescence and activity as
heterogeneous catalysts.10−12 In contrast to d-block transition

metals with rather predictable coordination numbers (CN)
and geometries, lanthanides, with high and variable coordina-
tion numbers (CN = 6−12) and flexible coordination
environments, provide a greater challenge in designing
framework architectures with predetermined structures.13

Furthermore, compared to transition-metal ions, lanthanide
ions have bonds with more ionic character, making them less
directional and leading to more varied coordination geo-
metries14,15 and structures with diverse topologies.14,16 The
design and construction of highly connected MOFs has
attracted much attention not only because of their intriguing
structures and topologies but also for their potential
applications in many fields due to their enhanced stability
and stable porosity.17 It has been reported that the lanthanide
ions can be coordinated by up to eight N-oxide donors without
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imposing severe steric constraints on the metal center,18 which
demonstrates that highly connected MOFs can be constructed
using lanthanides without significant loss of stability. Differ-
ences in the coordination behavior of Ln3+ ions are sometimes
observed due to their different ionic radii, which decrease with
increasing atomic number and can influence the coordination
number and lead to diversity in the crystal structure and
physical properties. Therefore, it is meaningful to investigate
whether an architecture obtained with a particular Ln3+ cation
is maintained across the entire lanthanide series. To date, there
are a few reports available on the diversity of Ln-based
structures controlled by the size of the Ln3+ ions.19−22

It is well-known that Ln3+ ions have high affinity toward
hard donor atoms, thus multidentate ligands with oxygen
donor atoms are widely used in the construction of lanthanide-
containing coordination polymers.23 In this regard, having
multiple carboxylate binding sites, highly symmetric planar
aromaticity, high rigidity, and potential for rich redox
chemistry makes metal porphyrin carboxylates as ideal organic
linkers to build Ln-MOFs.24 If a coligand is introduced in the
system along with a multicarboxylate ligand, cooperativity of
both ligands with different coordination modes can provide a
route to new Ln-MOFs.25 In addition to structural variation,
mixed-ligand systems can also provide a route to new
properties, such as adding chirality to MOFs.26

In this work, we report the synthesis of lanthanide ion (La3+,
Ce3+, Pr3+, Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, Tm3+, Yb3+)-based
MOFs with Fe-porphyrin tetracarboxylate as a linker and L-
proline as a secondary ligand (coligand). In contrast to benzoic
acid, used for example in CAU-19 series of lanthanide and
porphyrin-based MOFs,27 L-proline, although similar to
benzoic acid in size, can act as a ditopic ligand, which has a
profound effect on the MOF network structure. Furthermore,
it may also have different properties as a modulator in the self-
assembly reaction leading to framework formation. We show
that under the defined synthesis conditions, the differences in
lanthanide ionic radii give rise to two different MOF structures,
which appear as needle-shaped and plate-shaped crystals.
These two MOF structures (TCPP-FeOH0.5/H2O0.5)(L-
proline)2Ln2(H2O)(DMF)0.5 and (TCPP-FeOH)(L-proline)-
Ln1.5 both incorporate L-proline, which acts as a bridging
ligand in the lanthanide metal SBUs to form either infinite
chains or eight-membered rings.

■ EXPERIMENTAL SECTION
Methods and Materials. Lanthanide (La3+, Ce3+, Pr3+, Nd3+,

Sm3+, Eu3+, Gd3+, Tb3+, Tm3+, and Yb3+) nitrates, N,N-dimethylfor-
mamide (DMF), L-proline, and methyl 4-formylbenzoate were
purchased from Merck and were used without further purification.
Pyrrole (Merck) was distilled before use. 5,10,15,20-Tetrakis((4-
methoxycarbonyl)phenyl) porphyrin-FeCl and 5,10,15,20-tetrakis(4-
carboxyphenyl) porphyrin-FeCl (TCPP-FeCl) were prepared accord-
ing to the previously reported procedures.28,29 IR spectra of the ligand
precursor and MOFs were recorded on a Bruker VERTEX 70 FTIR
spectrometer in the 4000−400 cm−1 region. Thermal analyses were
performed on a TA Instruments SDT Q600 simultaneous
thermogravimetric analysis (TGA)-differential scanning calorimetry
(DSC) apparatus between 30 and 1000 °C in a N2 flow using an
aluminum oxide pan as the sample holder. A flow rate of 50 mL/min
and heating rate of 10 °C/min were maintained throughout the
measurements. Powder X-ray diffraction (PXRD) data were collected
with a Panalytical Aeris Research Edition powder X-ray diffractometer
with Bragg−Brentano geometry equipped with a PIXcel1D detector
using Cu Kα1,α2 radiation (λα1 = 1.5406, λα2 = 1.5444 Å). The samples
were prepared on a zero background Si disc and rotated 60 rpm

during data collection. Pawley fitting of the PXRD data was carried
out using the Malvern Panalytical HighScore Plus v4.9 software.30

Argon adsorption isotherms were obtained at −196 °C with a 3Flex
3500 instrument (Micromeritics Corp., USA). The apparent specific
surface area was calculated using the Brunauer−Emmett−Teller
(BET) method, while the pore volume was estimated using the
Gurvich rule, taking the total adsorbed amount when the isotherm
showed an uptake plateau. The pore size distribution was calculated
with MicroActive v5.01 software (Micromeritics Corp.) using density
functional theory (DFT) with a zeolite model, assuming the pore
shape as cylindrical. Before the adsorption experiments, the samples
were degassed at 120 °C for 2 h followed by 12 h at 60 °C in VacPrep
061 (Micromeritics Corp.) at 10−3 mbar. Prior to the measurement,
the samples were further outgassed in situ for 2 h at 120 °C in a 3Flex
instrument at 10−5 mbar. Scanning electron microscope (SEM)
images were obtained with Apreo S field-emission SEM (Thermo
Scientific, The Netherlands) using an acceleration voltage of 2 kV.
The samples were coated with 5 nm of Pt before imaging using a
Q150 V ES+ sputter coater (Quorum Technologies Ltd., United
Kingdom).

X-ray Crystallographic Details. Single-crystal X-ray diffraction data
were collected with (1) Rigaku MicroMax-HF generator producing
monochromatized Cu Kα radiation and HyPix-6000HE detector and
(2) Bruker−Nonius Kappa APEX II diffractometer using Mo Kα
radiation. Data collection and reduction of the Rigaku diffractometer
data were done using the CrysAlispro software,31 while COLLECT,32

HKL Denzo, and Scalepack33 were used for Bruker−Nonius data with
the absorption correction applied using SADABS.34 Crystal structures
were solved and refined using SHELXS35 and SHELXL36 programs
employing the OLEX2 interface.37 Crystallographic data are presented
in Table S1.

Refinement Details. 1-Nd could be solved in the centrosymmetric
space group Cmmm and in the noncentrosymmetric space group
C222 from which the former showed 2-fold spatial disorder of the L-
proline coligands and as a result, the latter was chosen for the
refinement. Furthermore, one of the phenyl carboxylate moieties in
Nd-1 is disordered in a 1:1 ratio. C−C distances of these disordered
C6 rings, along with two others, were constrained with SADI, while
the anisotropic displacement parameters of the respective C atoms
were treated with RIGU, SIMU, and EADP where appropriate
(EADP was applied to the disordered parts). In 2-Tb, the L-proline
coligand is disordered in approximately 1:2 ratio, and SADI and
EADP were used in the refinement of the two parts. The atomic
positions of the majority of uncoordinated solvent molecules within
the pores of the crystal structures of 1-Nd and 2-Tb could not be
refined, and the corresponding electron density was treated using the
OLEX2 solvent mask procedure. The estimated number of solvent
molecules are included in the empirical formulas of each of the crystal
structures.

Crystal Data for C92.5H126FeN17.5Nd2O27 (M = 2259.43 g/
mol). Orthorhombic, space group C222 (no. 21), a = 25.7512(3) Å, b
= 47.1679(6) Å, c = 16.94511(16) Å, V = 20582.1(4) Å3, Z = 8, T =
100.01(17) K, μ(Cu Kα) = 9.376 mm−1, Dcalc = 1.458 g/cm3, 34 692
reflections measured (3.91° ≤ 2θ ≤ 136.496°), 17 136 unique (Rint =
0.0359, Rsigma = 0.0494), which were used in all calculations. The final
R1 was 0.0556 (I > 2σ(I)) and wR2 was 0.1671 (all data).

Crystal Data for C74H82FeN12O18Tb1.5 (M = 1721.74 g/mol).
Monoclinic, space group P2/c (no. 13), a = 17.4199(2) Å, b =
16.4243(3) Å, c = 26.3638(5) Å, β = 105.5525(11)°, V = 7266.8(2)
Å3, Z = 4, T = 170.0(10) K, μ(Mo Kα) = 1.724 mm−1, Dcalc = 1.574
g/cm3, 65 575 reflections measured (3.208° ≤ 2θ ≤ 52.172°), 14 326
unique (Rint = 0.0636, Rsigma = 0.0607), which were used in all
calculations. The final R1 was 0.0543 (I > 2σ(I)) and wR2 was 0.1316
(all data).

Synthetic Procedures. 25 mg portion (0.028 mmol) of TCPP-
FeCl and 74−78 mg (0.17 mmol) of Ln(NO3)3·xH2O (Ln = La3+,
Ce3+, Pr3+, Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, Tm3+, and Yb3+) were
dissolved in 8 mL of DMF in a Pyrex tube by sonication, while 1.35 g
(11.73 mmol) of L-proline was dissolved in 3 mL of water. The
solutions were combined in a 20 mL poly(tetrafluoroethylene)
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(PTFE)-lined steel reactor and incubated at 120 °C for 12 h and
slowly cooled to room temperature. The formed dark needle- (1-Ln,
where Ln = La3+, Ce3+, Pr3+, Nd3+, Sm3+, and Eu3+) or plate-shaped
crystals (2-Ln, where Ln = Gd3+, Tb3+, Tm3+, and Yb3+) were
collected and washed three times with DMF. The typical yields were
in the range of 38−43% for 1-Ln and 34−38% for 2-Ln. The samples
used in BET analyses were subjected to solvent exchange by
immersion into chloroform for 3 days (chloroform was changed to
a fresh batch every 12 h). The obtained crystals were thermally
activated under high vacuum at 130 °C for 12 h for 1-Nd and 2-Tb
MOFs.

■ RESULTS AND DISCUSSION
The solvothermal reaction between Ln(NO3)3·xH2O and
TCPP-FeCl in the presence of L-proline was carried out in a
DMF/H2O 8:3 mL mixture (Scheme 1). This reaction was
found to yield two different types of crystals depending on
which lanthanide ion was used. The early lanthanides, La3+,
Ce3+, Pr3+, Nd3+, Sm3+, and Eu3+, gave dark needle-shaped
crystals, whereas the later lanthanides, Gd3+, Tb3+, Tm3+, and
Yb3+, yielded plate-shaped crystals (Figure 1). Interestingly,
this change from needle- to plate-shaped crystals occurs at the
middle of the lanthanide series and is most likely due to the
different ionic radii of the Ln3+ ions38 and the lanthanide
contraction effect.20,39 The morphological differences are also
apparent at the microscopic level, as shown in the SEM images
in Figure 1c,d (additional images in Figure S1).

The structure of needle-shaped crystals of 1-Nd was solved
in the chiral space group C222 by single-crystal X-ray
diffraction. The crystal structure consists of three crystallo-
graphically unique Nd3+ ions, which together form a planar
eight-membered Nd8 ring, ca. 1.2 nm in diameter (Nd−Nd
distance) where 16 TCPP-Fe linkers and eight L-proline
coligands bridge the neodymium cations. While octanuclear
lanthanide ring clusters are known, planar rings such as in 1-
Nd appear less common.40,41 As shown in Figure 2, the Nd3+
coordination polyhedra are corner-sharing (Ln−O−Ln) in the
inner ring, while the outer ring is bridged by Ln−(OCO)−Ln
carboxylate bridges. Two of the Nd3+ cations have coordina-
tion number nine; Nd1 exhibits spherical capped square
antiprism geometry according to calculated continuous shape
measures (CShM),42 while Nd2 has closest resemblance to
muffin-type Cs-symmetric coordination geometry (Figure S2).
In contrast, the coordination number of Nd3 is eight, while its
geometry matches well with the biaugmented trigonal prism.
The TCPP-Fe linkers form an hourglass-shaped structure with
the Nd3+ cations where the Ph−COO− groups face outward in
ca. 137° angle above and below the Nd8 plane (Figure 2c).
The MOF three-dimensional (3D) network, which shows
channels along the a- and c-axis directions as well as the ab
diagonal, is built by each of the TCPP-Fe linking four distinct
Nd8 rings (Figure 2a). The N-donor atoms of the L-proline
coligands are all coordinated to the Nd2 centers, while their
carboxylate groups bridge between Nd2−Nd1 and Nd2−Nd3.

Scheme 1. Synthetic Route to 1-Ln and 2-Ln

Figure 1. Optical (a, b) as well as electron micrographs (c, d) of needle-shaped 1-Nd (top) and plate-shaped crystals 2-Tb (bottom).
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Views perpendicular to and along the Nd8 plane show that
these L-proline coligands point opposite to the TCPP-Fe
linkers with half of the L-proline molecules facing above and
half below the Nd8 plane (Figure 2b). Although the L-proline
N−H protons could not be assigned from the residual electron
density, the short d(N6−O15) = 3.11 Å and d(N7−O13) =
3.08 Å distances between the amine and carboxylate groups of
adjacent L-proline coligands point to existing N−H···O
hydrogen bonds and strongly suggest that the L-proline
amine groups have not been deprotonated. In addition,
partially disordered DMF and water molecules coordinate to
Nd1 and Nd2 parallel to the Nd8 plane. The refinement
suggests that Cl− anions, initially coordinated to Fe3+ centers,
are cleaved from the TCPP-FeCl linkers during the
solvothermal reaction since two distinct TCPP-Fe linkers
exist in the MOF structure with either one or two O atoms
coordinated to Fe ions. Based on the Fe−O bond lengths, the
former can be interpreted as a square-pyramidal Fe3+−OH
complex [d(Fe2−O2) = 1.92 Å], whereas the latter is an
octahedral Fe2+ with two water molecules coordinated to the
axial positions [two equivalent d(Fe1−O1) = 2.08 Å bonds].
The interligand (TCPP-Fe) Fe−Fe distances of the two
different channels are ca. 0.84 and 1.0−1.28 nm (Figure 2a).
This interpretation provides a neutral net charge for the
framework.
Plate-shaped crystals of 2-Tb for the single-crystal structure

analysis were obtained by the aforementioned solvothermal
method. The structure was solved in a monoclinic crystal
system with the space group P2/c. As 2-Tb crystallizes in a
centrosymmetric space group, it suggests that L-proline has
undergone racemization. All Tb3+ ions in the structure are
eight-coordinate but have two different coordination environ-
ments. Tb1 is coordinated to five TCPP-Fe linkers, two of
which bridge between two Tb1 centers and two between Tb1
and Tb2 in Tb−(OCO)−Tb fashion, while one coordinates to
Tb1 in bidentate mode. The respective triangular dodecahe-
dron and square antiprism coordination polyhedra (based on
CShMs) of Tb1 and Tb2 are corner-sharing between two Tb1

and one Tb2 where two proline coligands each provide one
carboxylate O atom as the bridge, whereas the N-donor atoms
of proline are coordinated solely to Tb2 (Figure S2). These
groups of three corner-sharing coordination polyhedra are
connected by carboxylate bridges at the Tb1 centers and thus
form infinite one-dimensional (1D) chains along the c-axis of
the unit cell. The TCPP-Fe linkers bind to four distinct
lanthanide columns through the four carboxylate groups.
Again, the Fe−Cl bond has been cleaved during the
solvothermal process as OH− anions are coordinated to the
square-pyramidal Fe3+ centers [d(Fe−O) = 1.86 Å]. The
TCPP-Fe linkers stack in pairs with the Fe−OH− group
pointing away from the adjacent porphyrin plane and are either
coplanar or show an altering zigzag pattern when viewed along
the crystallographic b- or a-axis, respectively (Figure 3a,d). The

framework shows pores along all of the crystallographic main
axes (Figure 3a−d), while the pore diameters (ca. 0.4−0.8 nm)
are smaller compared to those of 1-Nd. A comparison of the
anionic charge provided by the ligands versus the cationic
charge of the Tb3+ ions suggests that there is a surplus of −0.5
anionic charge per asymmetric unit. This could be explained by
the presence of L-prolinium or Me2NH2

+ cations inside the
network pores, of which the latter would be due to the
decarbonylation of DMF solvent molecules during the
solvothermal reaction. However, we could not reliably assign
the unrefined electron density in the pores to either of these
two species. Alternatively, the TCPP-Fe linker is a well-known
redox-active species and could be partially oxidized, therefore
balancing the charge of the framework.
PXRD was used to verify the bulk phase purity of the

synthesized MOFs. The diffraction pattern of needle-shaped 1-
Nd is consistent with the pattern simulated from the respective
crystal structure (Figure 4). Upon activation, i.e., removal of
guest DMF and water molecules by solvent exchange and
consequent heating under high vacuum, the structural integrity
of 1-Nd is maintained as evidenced by an excellent agreement
between the diffraction patterns of the as-synthesized and
activated materials. The bulk material of the plate-shaped 2-Tb
is also phase-pure and does not show diffraction peaks of the
needle-shape phase (Figure 4). However, activation causes a

Figure 2. (a) View of the 3D polymeric structure of 1-Nd along the c-
axis. Ball-and-stick presentation of the Nd8 ring in the structure of 1-
Nd viewed perpendicular (b) and along the Nd8 plane (c).

Figure 3. (a−c) 3D polymeric structure of 2-Tb viewed along the a-
axis, b-axis, and c-axis, respectively. (d) Ball-and-stick view of the one-
dimensional SBU of 2-Tb.
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decrease in crystallinity, which is observed as the disappearance
of almost all except the main peaks in the diffraction pattern.
These peaks are also shifted, signifying contraction of the
original unit cell or potential crystal phase transformation,
which is discussed in more detail below.
Structural analyses of 1-Nd and 2-Tb established that Nd3+

and Tb3+�situated rather far apart in the lanthanide series and
thus possess rather different ionic radii�give two different
MOF structures in the same solvothermal conditions. This
prompted us to investigate whether a trend exists within the
lanthanide series by synthesizing MOFs using several different
Ln3+ cations. The PXRD patterns of the MOFs synthesized
using early-to-mid lanthanides (La3+, Ce3+, Pr3+, Nd3+, Sm3+,
and Eu3+) are consistent with the needle (1) phase, while the
recorded PXRD patterns of mid-to-late lanthanides (Gd3+,
Tb3+, Tm3+, and Yb3+) fit to the plate (2) phase (PXRD
patterns are shown in Figures S3 and S4). These two structures
exhibit two different average coordination numbers (CN) for
the lanthanides, 8.7 and 8.0, respectively (8.7 is the average of
three different coordination environments in 1-Ln with CNs
eight, nine, and nine). This is consistent with the known trend
of aqua ions of Ln3+ species as Ln3+ ions with large ionic radii
(r3+ = 1.032−0.947 Å for La−Eu, respectively) prefer the
coordination number nine, while coordination number eight is
more common for the Ln3+ ions with small ionic radii (r3+ =
0.938−0.868 Å for Gd−Yb, respectively) with a gradual�
rather than sudden�shift in the coordination number in the
Eu−Tb region.43 Earlier literature provides several examples of
structural diversity in lanthanide bearing coordination
polymers, which arises from the use of Ln3+ ions with different

ionic radii.19−22 These studies, which utilize a range of Ln3+

cations with differing ionic radii and a variety of carboxylic acid
bearing ligands, demonstrate how altering only the lanthanide
species can yield two, three, or even four crystallographically
different coordination polymers. In three of these four studies,
the expected trend of a decrease in the Ln3+ coordination
number corresponding with a reduction in ionic radii is
observed, whereas in the fourth study, the change is indicated
by a lesser number of organic ligands in the lanthanide
coordination sphere, while the coordination number remains
unchanged. In light of these earlier studies, the emergence of
the two distinct structure types, with an explicit shift from
needle-shaped to the plated-shaped phase without the presence
of mixtures at the transition region, is not unexpected.
We also carried out Pawley fitting of the PXRD data to

obtain unit cell parameters for the bulk materials. These are
presented in Figures S5 and S12 and the refined unit cells in
Tables S2 and S3. While there are noticeable differences in the
crystallinity of the bulk materials, the refined unit cell
parameters are consistent with the above observations and,
apart from 1-Ce and 1-Pr, show a systematic decrease of unit
cell volume fitting well to the contraction of the Ln3+ ionic
radii. The PXRD pattern of 1-Sm contains additional peaks at
the 9−12° 2θ region, which suggest that the material has
undergone partial structural change or there is an additional
crystal phase present as an impurity. Furthermore, certain
experimental PXRD patterns of the plate-shaped phase (2-Ln)
show an increased intensity of the (010) and (020) peaks,
which can be addressed to flat-plate data collection and light

Figure 4. Simulated and experimental PXRD patterns of 1-Nd MOF (left) and 2-Tb MOF (right).

Figure 5. Thermogravimetric plots of 1-Nd (left) and 2-Tb (right).
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grinding of the plate-shaped crystals, thus causing the preferred
orientation.
Thermogravimetric analysis revealed that 1-Nd and 2-Tb

have similar decomposition profiles (Figure 5). The 33% mass
loss between ca. 40 and 240 °C in the 1-Nd would account for
10 DMF molecules per one TCPP-Fe unit, assuming the pore
volume is entirely occupied by DMF rather than a mixture of,
for example, DMF and L-proline. Similarly, in 2-Tb, the most
prominent mass loss (23%) occurs between 80 and 240 °C and
accounts for ca. 6 DMF molecules. These findings fit well to
the estimated number of DMF molecules based on single-
crystal structures of these MOFs with void volumes of ca. 1400
and 770 Å3 per respective formula unit. Although significantly
smaller, the activated samples also show weight changes at
these temperatures, which can be associated with the
desorption of adsorbed moisture and potential residual solvent
(CHCl3/DMF).41 Based on the TG curves, the decomposition
temperatures for 1-Nd and 2-Tb fall within the range of 320−
350 °C.
In argon adsorption experiments, the needle-shaped 1-Nd

sample presents a characteristic Type I adsorption isotherm for
microporous materials,44 with a steep initial Ar uptake at low
relative pressures filling the micropores, as seen in Figure 6.
The apparent surface area can be estimated using the BET
method; however, noting that the typical relative pressure
range of 0.05−0.3 would not meet the linearity requirement of
the BET plot, the applied pressure range has been selected to
fulfill the criterion.45 This provides an apparent surface area of
approximately 1223 ± 4 m2/g, which is very close to the
theoretical value of the network-accessible surface area of 1216
m2/g obtained using a CCDC Mercury pore size analyzer.46 It
is worth noting that there are several inaccuracies when

comparing the Ar adsorption isotherms and the calculated
results obtained by the pore size analysis tool, including the
different interactions of Ar and N2 with the heterogeneous
MOF surface (the latter is used in the calculations) and the
difference in the temperature of the X-ray diffraction data
collection compared with the gas adsorption measurements. As
the adsorption isotherm appears to form a horizontal plateau
already at moderate relative pressures, an estimate for the total
pore volume would be 0.41 ± 0.01 cm3/g. Using a zeolite
kernel, a pore size calculation using DFT suggests the pores to
be 0.6−1.1 nm in diameter (Figure 6). The low limit matches
well with the calculated pore limiting diameter (0.56 nm),
while the upper limit is clearly higher compared to the
calculated value of 0.77 nm. When the theoretical pore sizes
are recalculated using the crystal structure with the
coordinated water and DMF molecules removed, the
calculated values were 0.56 and 0.99 nm, respectively. This
suggests that these coordinated solvent molecules are removed
upon activation carried prior to the argon adsorption analysis
while the structure of 1-Nd remains unchanged. Compared to
1-Nd, BET analysis of activated plate-shaped 2-Tb shows a
significantly smaller surface area and pore size. The respective
values are 236 m2/g and 0.6 nm, which are significantly smaller
than the calculated values of 919 m2/g and 0.83 nm, therefore
suggesting that 2-Tb undergoes a structural change prior to
these measurements when exposed to high vacuum. This is
supported by the PXRD pattern of 2-Tb after gas adsorption
measurements, which shows a significant shift of the main
peaks.
Additional stability tests were done to study the behavior of

1-Nd and 2-Tb when exposed to atmospheric moisture.
Activated samples of 1-Nd and 2-Tb were kept under ambient

Figure 6. Gas adsorption analysis of 1-Nd (top) and 2-Tb (bottom). Left: Argon adsorption isotherms (inset: semilogarithmic display of Ar
adsorption). Right: Pore size distributions.
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atmosphere for 1 month after which the PXRD patterns of
both samples were recorded (see Figures S12 and S13). The
PXRD patterns show that the crystallinity of 1-Nd decreases
significantly and only the main peak is visible. In contrast, 2-Tb
regains the crystallinity of the pristine (as-synthesized) sample.
The relative stability of 2-Tb over 1-Nd may be attributed to
the protective effect of the low accessible surface area. A similar
effect has been reported earlier, notably for SUM-12 and SUM-
13, where the surface area has been decreased by the
incorporation of long glyme side chains.47

■ CONCLUSIONS
A series of lanthanide-based MOFs were synthesized by a
solvothermal method using several different lanthanide Ln3+
cations as metal nodes, 5,10,15,20-tetrakis(4-carboxyphenyl)-
porphyrin-FeCl as a linker, and L-proline as a coligand. These
MOFs crystallized in two different structures, 1-Ln and 2-Ln,
depending on which lanthanide ion was used. The
solvothermal reaction using lanthanides situated on the left-
hand side of the lanthanide series (La3+, Ce3+, Pr3+, Nd3+,
Sm3+, and Eu3+) gave needle-shaped crystals (1-Ln) with the
MOF structure consisting of octanuclear Ln8 rings as discrete
SBUs. In the same synthetic conditions, the lanthanides with
smaller ionic radii (Gd3+, Tb3+, Tm3+, and Yb3+) yielded
crystals with a plate-shaped appearance (2-Ln) and structure
where the Ln3+ ions form infinite 1D SBUs. The average
coordination number of the Ln3+ ions in 1-Ln is higher (8.7)
compared to 2-Ln (8.0), and therefore, this structural
discontinuity can be explained by the lanthanide contraction,
i.e., the contraction of the ionic radius of the Ln3+ ions going
from left to right in the lanthanide series. Further character-
ization of these two MOFs, using Nd3+ and Tb3+ as the
selected metal ions, revealed that 1-Nd is permanently porous
with an apparent surface area of 1223 ± 4 m2/g that
corresponds well to the value calculated from the crystal
structure. In the case of 2-Tb, the activation of the material
leads to a structural change and a loss of porosity.
To summarize, these results show that L-proline can be used

as a coligand in lanthanide-based MOFs, while it may also
serve as a modulator. Furthermore, this study highlights that
although lanthanide(III) cations are often regarded as a
homogeneous group of metal ions in terms of their
coordination behavior, they display nuances that warrant
their careful examination. We are currently investigating the
redox-active, conductive, and magnetic properties of these two
MOFs.
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