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ABSTRACT: A linker design strategy is developed to attain novel polynuclear rare-earth
(RE) metal−organic frameworks (MOFs) with unprecedented topologies. We uncover the
critical role of ortho-functionalized tricarboxylate ligands in directing the construction of
highly connected RE MOFs. The acidity and conformation of the tricarboxylate linkers were
altered by substituting with diverse functional groups at the ortho position of the carboxyl
groups. For instance, the acidity difference between carboxylate moieties resulted in forming
three hexanuclear RE MOFs with novel (3,3,3,10,10)-c wxl, (3,12)-c gmx, and (3,3,3,12)-c
joe topologies, respectively. In addition, when a bulky methyl group was introduced, the
incompatibility between the net topology and ligand conformation guided the co-appearance
of hexanuclear and tetranuclear clusters, generating a novel 3-periodic MOF with a
(3,3,8,10)-c kyw net. Interestingly, a fluoro-functionalized linker prompted the formation of
two unusual trinuclear clusters and produced a MOF with a fascinating (3,8,10)-c lfg
topology, which could be gradually replaced by a more stable tetranuclear MOF with a new
(3,12)-c lee topology with extended reaction time. This work enriches the polynuclear clusters library of RE MOFs and unveils new
opportunities to construct MOFs with unprecedented structural complexity and vast application potential.
KEYWORDS: metal−organic framework, topology, rare earth, ortho effect, high connectivity

■ INTRODUCTION
Metal−organic frameworks (MOFs) have fueled considerable
interest from researchers due to their remarkable potential for
advanced applications, such as gas separation,1−4 energy
storage,5−10 water harvesting,11−13 and carbon capture.14−18

As a supramolecular assembly, MOFs consist of periodically
interlinked metal-containing nodes and organic linkers to give
exceptional porosity and tunable topologies.19−25 Therefore,
rational linker design is an effective approach to regulate MOF
topologies, which can be altered by tuning the substituents,
sizes, geometries, and symmetry of the organic linkers.26 For
instance, the combination of a linear terephthalate (BDC) and
a square paddlewheel cluster usually leads to MOF-2 as a two-
dimensional (2D) sql net. Yaghi and co-workers successfully
assembled the paddlewheel clusters into a three-dimensional
(3D) nbo net by employing a sterically hindered o-Br-BDC
linker.27 Later, Yaghi and Furukawa et al., systematically
adjusted the substituent locations and linker symmetry in the
4,4′-biphenyldicarboxylate (BPDC) and attained a series of
paddlewheel-based frameworks ranging from zero-dimensional
(0D) to 3D.28 This design strategy was further introduced into
the Zr-MOFs by our group, in which a methyl-functionalized
BPDC linker was designed to construct a bcu MOF named
PCN-700 with unsaturated Zr6 clusters, rather than the fcu net
observed in UiO-67 (PCN = porous coordination network;

UiO = University of Oslo).29−33 These practices in exploring
MOF topologies significantly enriched the structural library of
MOFs, empowering the functional materials with huge
application potential.
Recently, rare-earth (RE) MOFs have drawn wide attention

owing to their diverse structures and versatility. The highly
adaptable coordination modes of RE elements allow for
multiple coordination directionality of carboxylate ligands,
facilitating the occurrence of polynuclear clusters with various
connectivity and geometries. Yet, the observation of poly-
nuclear RE clusters was usually viewed as synthetic serendipity
at the early stage of MOF research.34,35 Beyond aforemen-
tioned, the varieties of reported RE polynuclear clusters are
relatively limited in MOFs, given the fact that most reported
RE MOFs are based on mono-/di-nuclear clusters or rod-
shaped RE-chains.34,36,37 The scarcity of RE polynuclear
clusters can be attributed to their dynamic nature, making
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them unattainable during MOF synthesis. Herein, compatible
coordination spheres are required to stabilize the RE clusters.
For instance, Rosi and co-workers constructed a series of RE4-
based MOFs with an amino group-functionalized carboxylic
acid.38 Notably, the ortho-amino group structurally directs the
formation of the octahedral 6-c RE4 cluster.

39−47 Similarly,
Eddaoudi and co-workers employed ortho-fluorinated ditopic
linkers to prepare fcu MOFs with fully coordinated 12-c RE6
clusters.48 They concurrently observed the occurrence of 8-c
RE6 and 12-c RE9 clusters in a (3,8,12)-c pek MOF with
tritopic ligands, in which the formation of RE9 clusters was
attributed to the incompatibility between the net and ligand
geometry.49 We also intentionally decreased the symmetry of a
series of tri-/tetracarboxylate linkers and attained RE9-based
MOFs with cluster connectivity numbers of 12, 14, or 18.50

Nevertheless, it remains a challenge to construct highly
connected RE MOFs bearing unprecedented polynuclear
clusters and new topologies through rational linker design
despite recent progress.
Ortho effect is a fundamental phenomenon widely observed

in organic chemistry, which significantly affects the acidity and
reactivity of aromatic compounds, especially aromatic carbox-
ylic acid51,52 (Figure S1). Although most reported MOFs are
based on aromatic carboxylate linkers, the significance of ortho
effect in regulating topologies of RE MOFs is grossly
underestimated. Herein, we chose a tritopic linker as the
prototype and deliberately introduced ortho-substituents into
the central or the peripheral phenyl rings (Figure 1). The

ortho-substituents will force adjacent carboxylates into a
specific dihedral angle with the phenyl rings and affect the
carboxylate acidity, forming unusual polynuclear RE clusters.
For instance, the fluoro-functionalized linker H3L−F will
prompt the formation of two unusual trigonal trinuclear
clusters, 8-connected RE3 and 10-connected RE3, and produce
another layered mixed-cluster MOF with a new (3,8,10)-c lfg
topology (Figure 1a). More interestingly, while extending the
reaction time, the RE3-based MOF can be gradually replaced
by a more stable MOF with a new (3,12)-c lee topology,
consisting of unusual 12-connected RE4 clusters (Figure 1b).
This transformation is unprecedented in RE MOFs, attributed
to the incompatibility in the linker geometry and coordination
requirements of the clusters in the initial MOF. Besides, the
H3L−CH3 linker with bulky methyl groups guides the co-
appearance of octahedral hexanuclear RE6 clusters and rare
diamondoid tetranuclear RE4 clusters (Figure 1c), generating a
highly porous mixed-cluster MOF with an engaging (3,3,8,10)-
c kyw topology. In addition, some other layered MOFs are
discovered by using hexanuclear RE6 clusters and linkers
functionalized with chloro, amino, or methoxy, demonstrating
new (3,3,3,10,10)-c, (3,12)-c, or (3,3,3,12)-c topologies
(Figure 1d−f).

Figure 1. Illustration of diverse topologies in highly connected RE MOFs based on ortho-substituted tricarboxylate ligands. (a) Employment of a
fluoro-functionalized linker H3L−F induced the formation of PCN-992(Eu) featuring a novel (3,8,10)-c lfg net based on 8-c and 10-c RE3 clusters.
(b) PCN-992(Eu) was replaced by PCN-993(Eu) by elongated reaction time, which adopts a (3,12)-c lee net with 12-c RE4 clusters. (c) Methyl-
functionalized linker H3L−CH3 resulted in the co-appearance of 10-c RE6 clusters and 8-c RE4 clusters, which were assembled into PCN-991(Eu)
with a new (3,3,8,10)-c kyw net. (d) Chloro-functionalized linker H3L−Cl led to the discovery of a (3,3,3,10,10)-c wxl net with the 10-c RE6
clusters. (e) Amino-functionalized linker H3L−NH2 formed PCN-995(Eu) with a two-nodal (3,12)-c gmx net. (f) Combination of a methoxyl-
functionalized linker H3L−OCH3 and 12-c RE6 clusters generated a highly connected (3,3,3,12)-c joe net. The metal clusters, C atoms, and O
atoms are represented in turquoise, dark gray, and red, respectively. H atoms are omitted for clarity.
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■ RESULTS AND DISCUSSION

Design of Ortho-Functionalized Tricarboxylic Linkers
A tricarboxylate linker [1,1′:3′,1″-terphenyl]-4,4″,5′-tricarbox-
ylic acid (H3L−H) was selected as the prototype, consisting of
two peripheral phenyl rings and one central phenyl ring. The
two peripheral phenyl rings represent an angle of 120°.
Previous studies indicate that the H3L−H could afford MOFs
with (3,3,18)-c ytw topology, in which a rare 18-connected
nonanuclear RE cluster was discovered.50,53 In this work, ortho
positions to H3L−H’s carboxyl were substituted with various
functional groups to investigate the role of ortho effects in the
MOF topology regulation. Given that there are three variables
in the linker design, namely, substitution position, steric
hindrance, and electronic effect, fluoro, chloro, and methyl
were deliberately introduced to the 3 and 3″ positions of H3L−
H, leading to H3L−F, H3L−Cl, and H3L−CH3. Moreover, the
4′ position of H3L−H can be functionalized with amino and
methoxyl groups, resulting in the linkers H3L−NH2 and H3L−
OCH3 (Figure 1).
Synthesis and Structural Description of a Mixed-Cluster
MOF
A solvothermal reaction between H3L−CH3 and Eu(NO3)3·
6H2O produced colorless crystals, named as PCN-991(Eu), in
the presence of 2-fluorobenzoic acid (2-FBA). The utilization
of 2-FBA can facilitate the in-situ formation of hexanuclear RE6
clusters,48,54−58 which can be interlinked and extended to
afford 3-periodic networks. Interestingly, according to single-
crystal X-ray diffraction (SCXRD) studies, PCN-991(Eu)
consists of both 10-c hexanuclear clusters [RE6(μ3-
OH)8(COO)10] and 8-c tetranuclear clusters [RE4(μ3-
O)2(COO)8] (Figure 1c, Table S1). Note that the 10-c RE6
cluster can be regarded as an elongated square bipyramid, a
Johnson solid labeled as J15, while the 8-c RE4 cluster can be
simplified into a cube (Figure S2d,e). The two kinds of nodes
are interlinked by tritopic ligands to attain a new 3-periodic
(3,3,8,10)-c kyw net with a point symbol of {42·6}4{43}2{46·66·
814·102}{48·620·813·104} as determined by ToposPro.59,60
Further structural analysis revealed that the mixed-cluster

PCN-991(Eu) was constructed via a supramolecular building
layer approach.49,61 The tritopic ligand can form a 2-c moiety,
[1,1′:3′,1″-terphenyl]-4,4″-dicarboxylate (H2TDC), after elim-
inating the carboxyl on the central phenyl ring. The RE6
clusters were bridged by the TDC, thus leading to a 2D double
cross-linked sql net (Figure 2a). Specifically, the PCN-
991(Eu) features an AAA stacking of sql layers, when merely
considering the TDC moieties, consisting of RE6 clusters
bridged with four adjacent clusters through eight TDC
moieties. The central phenyl rings of TDC moieties point
the rectangular pores of sql nets inward, inducing the RE4
cluster to intercalate the adjacent two sql layers, in virtue of the
incompatibility between the sql net and the RE6 clusters
(Figure 2b). Herein, the (3,3,8,10)-c kyw net consists of two
layers, namely, a double cross-linked sql layer and a periodic
array of 8-c RE4 clusters (Figure 2c). In 2015, Eddaoudi and
co-workers reported pek MOFs featuring 12-c RE9, 8-c RE6
clusters, and 3-c ligands.49 Herein, PCN-991(Eu) represents a
rare MOF composed of two polynuclear clusters, which can be
regarded as a complementary case for the pek net.
The powder X-ray diffraction (PXRD) patterns show that

the crystallinity of PCN-991(Eu) can be maintained at a broad
pH range from 4 to 10, demonstrating the framework’s
chemical stability (Figures S8 and S9). The thermal stability of

PCN-991(Eu) was tested through thermal gravimetric analysis
(TGA) (Figure S15). Additionally, nitrogen sorption tests
demonstrated that PCN-991(Eu) features a high Brunauer−
Emmett−Teller (BET) surface area of 1179 m2/g and
micropores at 6, 8, and 11 Å (Figures S20−S22). The
application potential of PCN-991(Eu) was evaluated, which
featured moderate CO2/CH4 selectivity (Figure S26).
Synthesis and Structural Description of RE6-Based MOFs
Functionalizing the peripheral phenyl rings of the tritopic
linker with chloride groups can produce the linker H3L−Cl.
The combination of deprotonated L-Cl and [RE6(μ3-
OH)8(COO)10] leads to the formation of PCN-994(Eu)
with a new (3,3,3,10,10)-c wxl net (Table S2). The RE6
clusters can be viewed as an elongated square bipyramid (J15),
identical to the 10-c RE6 observed in PCN-991(Eu) (Figure
S1e). One RE6 cluster is bridged with six neighboring clusters
through the 3-c L-Cl (Figure 3a). Furthermore, an ABAB
stacking of two layers is observed in PCN-994(Eu) (Figure
3b). Specifically, the wxl net can be separated into stacked one-
dimensional (1D) supramolecular ribbons when considering

Figure 2. Schematic of PCN-991(Eu) with the new (3,3,8,10)-c kyw
topology. (a) Elongated square bipyramid, representing the 10-c RE6
cluster, can be interconnected by H3L−CH3 to generate a double
cross-linked sql net. (b) Network incompatibility prompted the
formation of the C4-symmteric 8-c RE4 cluster. (c) RE4 clusters served
as pillars for the kyw net.
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the L-Cl as a TDC moiety. The supramolecular ribbon is a
one-periodic array of three RE6 clusters (Figure 3c). Ribbons
are closely packed along the z axis, and the matched symmetry
between adjacent ribbons ensures the formation of the ABAB
stacking wxl net (Figure S7).
When the H3L−NH2 with amino group at the 4′-position

serves as the ligand, a MOF named PCN-995(Eu) featuring a
(3,12)-c gmx net can be attained. According to crystallo-
graphic studies, PCN-995(Eu) consists of RE6 clusters
connecting with 12 neighboring clusters (Figure 4a). A
disorder of ligands is observed in the crystal structure, which
is originated from the C2/c space group. In addition, the RE6
clusters are interlinked through doubly cross-linked ligands to
afford a sql net (Figure 4b,c). Note that the sql nets are packed
through ABAB mode, leading to the 2-nodal gmx net with a
point symbol of {412·638·816}{43}4.
The utilization of 4′-substituted H3L−OCH3 induced the

formation of PCN-996(Eu) with [RE6(μ3-OH)8(COO)12]2−
clusters, crystallized in the monoclinic space group P21/n
(Figure 5a, Table S2). PCN-996(Eu) demonstrates a BET
surface area of 891 m2/g with a pore size of 7.6 Å (Figures
S23−S25). When viewing the carboxylates as the vertices, the
12-c RE6 cluster can be represented as a cuboctahedron, an
Archimedean solid (Figure S1f). Overall, PCN-996(Eu)
features a (3,3,3,12)-c joe topology with a point symbol of
{416·634·816}{42·6}2{43}2. Specifically, the joe net can be
converted into AAA stacking layers after removing one
peripheral carboxylate group of H3L−OCH3, in which the
RE6 clusters are double cross-linked to afford a sql net (Figure
5b). Compared with the (3,12)-c gmx net, one RE6 cluster
connects nine adjacent clusters through one or three H3L−
OCH3.

Phase Transformation between RE3- and RE4-Based MOFs
A unique phase transformation was observed in the
solvothermal reaction between 3,3″ functionalized 3-c H3L−

Figure 3. Structural illustration of PCN-994(Eu) with (3,3,3,10,10)-c wxl topology. (a) Elongated square bipyramids, representing 10-c RE6
clusters, were interlinked through the tritopic ligands to form a wxl net. (b) Layered packing of RE6 clusters was observed in PCN-994(Eu). (c)
(3,3,3,10,10)-c wxl net can be viewed as a close stack of 1D supramolecular ribbons when cleaving one carboxylate of the tritopic ligand.

Figure 4. Structural illustration of PCN-995(Eu) with (3,12)-c gmx
topology. (a) Cuboctahedron represents the 12-c RE6 cluster, and the
triangle represents the 3-c H3L−NH2 ligand. (b) 12-c RE6 cluster,
labeled in yellow, is bridged with 12 adjacent clusters, leading to a
layered structure. (c) gmx net can be simplified into stacked double
cross-linked sql nets.
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F and Eu(NO3)3·6H2O by varying the reaction time. Colorless
rod-shaped crystals were observed after 36 h, named PCN-
992(Eu). Interestingly, PCN-992(Eu) was replaced by some
yellowish crystals, PCN-993(Eu), when extending the reaction
time to 72 h (Figure 6). The two MOFs feature distinct RE
clusters and topologies. For instance, the PCN-992(Eu) is
composed of two kinds of clusters, 8-c [RE3(μ3-OH)(COO)8]
and 10-c [RE3(μ3-OH)(COO)10]2−. Topologically, the 8-c
RE3 cluster can be viewed as a snub-disphenoid, a Johnson
solid labeled as J84 (Figure S1a). The 10-c RE3 cluster is
represented as an arrowhead-tetradecahedron generated by
augmenting two vertices to the middle of the snubdsphenoid
(Figure S1b). 1H NMR spectrum indicates that dimethylamine
cations serve as the counter cations to balance the negative
charge of integral framework (Figure S46). Trinuclear clusters
are common for d-block metal-based MOFs.62−71 However,
only a limited number of RE3 clusters have been reported,
most of which feature linear or bent geometries.72−76 To our
knowledge, one rare example of trigonal prismatic RE3 clusters
was observed in a MOF named JXNU-3 composed of 15-c
nonanuclear and 9-c trinuclear clusters.77 Han, Gu, and co-
workers reported several robust RE MOFs bearing 6-c
trinuclear clusters in 2017.78 Notably, it is challenging to
tailor the coordination sphere to stabilize trigonal prismatic
RE3 clusters in coordination complexes, usually requiring
chelating or macrocyclic auxiliary ligands.79−84 Interestingly,

the chemical structures of the two [RE3(μ3-OH)(COO)8] and
[RE3(μ3-OH)(COO)10]2− clusters in PCN-992(Eu) are pretty
similar, in both of which the three RE ions feature
coordination numbers of 8, 8, and 9, respectively, bridged by
one μ3-O atom and six μ2-COO groups. Due to the high
adaptability of RE-carboxylate coordination bonds, the 8-c RE3
cluster consists of eight capping carboxylate groups, while the
10-c RE3 cluster is surrounded by eight bidentate and two
unidentate carboxylate groups (Figure S4). Each 10-c RE3
cluster is connected to two 10-c RE3 and six 8-c RE3 through 3-
c ligands, giving a (3,8,10)-c lfg net with a point symbol of
{416·64·825}{42·6}2{43}4{48·64·815·10} (Figure 7a). When
viewed along the y axis, the lfg net can be divided into four
different layers, in which the layers 1 and 3 and layers 2 and 4
are inverse to each other (Figure 7b,c). To further investigate
the topology, one peripheral ring of the H3L−F is assumed to
be cleaved, and the lfg net is converted into two sets of zigzag
supramolecular chains, composed of doubly or quadruply
cross-linked RE3 clusters (Figure 7c−f). The interlinked zigzag
chains form the lfg net with rhomboid channels.
Furthermore, a 12-c [RE4(μ3-OH)2(COO)12]2− cluster was

observed in the thermodynamic product PCN-993 during the
synthesis, where the integral charge of the anionic framework is
balanced by dimethylamine cations (Figure S48). The 12-c
RE4 cluster can be represented by the sphenomegacorona,
another Johnson solid labeled as J88, with 12 vertices and 18
faces (Figure S1c). The four RE ions in the 12-c cluster are
arranged in a rhombic manner, bridged by two μ3-O atoms.
Notably, the [RE4(μ3-OH)2(COO)12]2− cluster can be trans-
formed from the [RE3(μ3-OH)(COO)8] by augmenting one
RE metal and four capping carboxylates (Figure S5). Although
similar rhombic RE4 clusters have been reported in several
coordination complexes and frameworks, the 12-c [RE4(μ3-
OH)2(COO)12]2− represents one RE4 cluster with the highest
connectivity number to the best of our knowledge.35,85−87

In the PCN-993(Eu) with the orthorhombic space group
Fddd, each RE4 cluster is connected with eight adjacent RE4
clusters through the 3-c H3L−F ligands, affording a (3,12)-c
lee net with a point symbol of {422·68·832·104}{43}4 (Figure
8a). When cleaving the carboxylate on the central phenyl ring
and converting the 3-c H3L−F into the TDC moiety, the RE4
clusters will be assembled into a double cross-linked sql layer.
(Figure 8c). The two neighboring sql nets can be packed
closely and intercalated to give an ABAB stacking due to the
compatibility between the layers (Figure 8b). Moreover, the
(3,12)-c lee net can be eliminated into an ABAB stacking of
hcb layers by removing one peripheral phenyl ring of the 3-c
H3L−F (Figure S5). The hcb net is cross-linked by quadruple
H3L−F ligands to form hexagonal pores. The adjacent hcb nets
can be fused to generate hexagonal channels (Figure S6).
Overall, both rhombic and hexagonal channels are present in
the (3,12)-c lee net.
Formation Mechanism of Diverse Topologies

The structural diversity of RE MOFs can be attributed to the
highly adaptable coordination modes of the RE ions, allowing
multiple coordination directionality of carboxylate ligands. As a
result, a series of polynuclear clusters with various connectivity
and geometries have been attained, leading to diverse MOF
topologies. In coordination complexes, structures of lantha-
nide−oxo clusters profoundly depend on factors such as ligand
types, auxiliary ligands, metal types, and reaction condi-
tions.40,88−91 Our work suggests that the ortho functionaliza-

Figure 5. Structural illustration of PCN-996(Eu) with (3,3,3,12)-c joe
topology. (a) Cuboctahedron represents the 12-c RE6 cluster, and the
triangle represents the 3-c H3L−OCH3 ligand. (b) Double cross-
linked RE6 sql nets are closely packed with each other to give the
(3,3,3,12)-c joe topology.
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tion in tricarboxylate linkers contributes to the formation of
diverse metal−oxo clusters, which are essential building blocks
constructing the overall frameworks. Herein, we investigated
how the altered ortho functionalization regulates the RE
cluster structures and framework topologies.
The presence of functional groups at ortho position can

significantly affect the acidity of the carboxyl group in benzoic

acid, which can be attributed to the electronic effects and steric
hindrance (Figure S28). Herein, introducing ortho functional
groups into the prototype ligand, [1,1′:3′,1′′-terphenyl]-
4,4′′,5′-tricarboxylic acid, will not only change the overall
conformation but also bring acidity difference between the
carboxylates. To confirm our hypothesis, density functional
theory (DFT) simulations were performed to calculate the

Figure 6. (a) Use of fluoro-functionalized H3L−F ligand induced the formation of two RE MOFs with different reaction time. (b) PCN-992(Eu)
with (3,8,10)-c lfg topology appeared after 36 h, consisting of rare 8-c and 10-c RE3 clusters. (c) After 72 h, the PCN-992(Eu) would be replaced
by PCN-993(Eu) with the highly connected (3,12)-c lee topology, which was based on 12-c RE4 clusters.

Figure 7. Structural illustration of PCN-992(Eu) with the (3,8,10)-c lfg topology. (a) Lavender snub-disphenoid represents the 8-c RE3 cluster,
and the turquoise arrowhead-tetradecahedron represents the 10-c RE3 cluster. (b, d) lfg net contains four different layers along the x axis, in which
the layers 1 and 3, and layers 2 and 4 are inverse to each other. (c, e, f) lfg net can be divided into two zigzag chains when cleaving one carboxylate
of the H3L−F ligand.
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deprotonation free energies of the tricarboxylate ligands, which
are negatively associated with acidity92,93 (Figure S29).
According to DFT calculations, the central carboxyl groups
of H3L−F and H3L−CH3 are more acidic than the peripheral
ones, while the acidities of carboxyl groups are close in H3L−
Cl and H3L−NH2. Moreover, the acidity of central carboxyl of
H3L−OCH3 is remarkably weaker than the peripheral ones
due to the strong p-π electron donation from oxygen and the
intramolecular hydrogen bonding. Herein, the calculation
results demonstrate that the ortho functionalization of
carboxylate groups enables the tuning of the acidity of
tricarboxylate ligands.
SCXRD results reveal that the linkers feature various

distorted conformations when confined in the frameworks
(Tables S7 and S8). Single-point calculations were performed
based upon the XRD-determined ligand geometries at B3LYP
level. The ligand geometries were further optimized to attain
the relaxation energy in the gas phase (Figures S31−S33). The
energy changes were calculated by subtracting the free energy
of the confined ligand with the one after geometry
optimization. The calculation results showed that the ligands
H3L−Cl and H3L−NH2 feature close free energy changes
around 50 kcal/mol after distortion, indicating that the two
ligands have similar steric hindrances. Furthermore, the H3L−

CH3 adopts three different conformations in PCN-991(Eu)
with free energy changes of 62.92, 74.75, and 32.31 kcal/mol,
respectively. Herein, the H3L−CH3 is distorted to accom-
modate the coexistence of RE4 and RE6 clusters. In addition,
the fluoro-functionalized linker H3L−F adopts different
conformation in PCN-992(Eu) and PCN-993(Eu). The
single-point energy of H3L−F in PCN-993(Eu) is 21.9 kcal/
mol lower than that in PCN-992(Eu). Such a significant energy
difference demonstrates that PCN-993(Eu) is a thermody-
namic product with a more stable ligand conformation.
The calculation results provide insights into the formation

mechanism of RE MOFs. Likewise, the transformation from
PCN-992(Eu) to PCN-993(Eu) is favored when considering
the linker energy and higher connectivity number of the
cluster. Herein, this MOF transformation can be dominated by
the evolution of RE clusters during the synthesis, in which the
RE3 clusters are generated at the early synthetic stage to induce
the occurrence of PCN-992(Eu). Due to the high coordination
adaptivity of RE cations, the RE3 cluster can be further
extended into a 12-c RE4 cluster, resulting in a more stable
MOF PCN-993(Eu) with a decreased ligand conformational
energy.

■ CONCLUSIONS
In conclusion, we present an ortho-functionalization strategy
to alter the acidities and conformations of tricarboxylate
linkers, which direct the formation of unexpected RE
polynuclear clusters, including 8-c RE3, 10-c RE3, and 12-c
RE4. These novel building blocks led to the discovery of six
MOFs named PCN-99n (n = 1−6) with unprecedented
topologies. Furthermore, the utilization of H3L−CH3 function-
alized with bulky methyl groups resulted in a (3,3,8,10)-c kyw
net consisting of 8-c RE4 and 10-c RE6 clusters, while
(3,3,3,10,10)-c wxl, (3,12)-c gmx, and (3,3,3,12)-c joe
topologies were constructed based on RE6 clusters with
varying connectivity numbers. Interestingly, a phase trans-
formation from a (3,8,10)-c lfg net to a (3,12)-c lee net was
discovered, involving the displacement of RE3 clusters with
RE4 clusters when extending the reaction time. This work
unveils the significance of ortho effects in regulating the
structures of organic ligand and RE polynuclear clusters, which
will provide insights into the construction of framework
materials with unprecedented structural complexity and
application potentials.
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