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Two-Dimensional Pd—C Bonded Organometallic Framework with
Dynamic Packing Transformations

Jong-Yeong Jung,®' Jaewook Kim,>b" Jintaek Gong,c Dongwook Kim,® Hee-Seung Lee*?" and
Hyunjoon Song*aP

Traditional metal-organic frameworks (MOFs) are predominantly constructed through metal-oxygen (M—0) or metal—-
nitrogen (M—N) coordination bonds. However, the limited softness of M—O and M—N bonds restricts the incorporation of
softer linkages involving low-valent or noble metals, as described by the hard-soft acid-base (HSAB) principle. Although
metal-carbon (M—C) linkages have been proposed as a potential alternative, their limited reversibility and the scarcity of
suitable multidentate ligands have hindered their broader implementation in MOF synthesis. In this study, we report the
synthesis of a two-dimensional organometallic framework, PdOF-1, which bears direct palladium—carbon (Pd—C) bonds.
PdOF-1 was synthesized via a one-pot, carboxylate-directed ortho C-H activation process, employing terephthalate (bdc?")
as the organic ligand. The activated carbon atoms of the benzene ring in the bdc? ligand effectively stabilize the soft
palladium centers, yielding an extended network while suppressing palladium agglomeration. Single-crystal X-ray diffraction
revealed a zigzag two-dimensional (2D) lattice with ordered layer-by-layer stacking and square-planar Pd coordination.
Comprehensive structural and spectroscopic analyses reveal two-step solid-state structural transformations involving layer
shearing and compression induced by the removal of intercalated DMSO molecules. In addition, the pristine PdOF-1
undergoes further structural transformation upon solvent exchange with coordinating solvents. This work establishes a new
synthetic route bridging organometallic chemistry and reticular design, expanding the chemical space of MOFs toward
frameworks with persistent covalent metal—carbon linkages and tunable structural adaptability.

Despite these advances, most MOFs remain confined to M-O
and M-N linkages, restricting both their electronic tunability
and chemical softness. Introducing covalent metal-carbon (M-

Metal-organic frameworks (MOFs)13 have emerged as a
versatile class of crystalline porous materials with a wide range
of applications in gas storage,* gas separation,® catalysis,® and
energy storage.” Their remarkable structural diversity and
adaptability arise from the modular assembly of organic ligands
and secondary building units (SBUs), whose geometry and
connectivity dictate the framework topology. Conventionally,
MOFs are constructed via coordination bonds between metal
centers and oxygen- or nitrogen-based donors, such as
carboxylates or azolates, respectively.® Accordingly, extensive
efforts have been devoted to tailoring ligand geometry and SBU
connectivity to achieve new framework topologies and
functionalities.®~12
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C) linkages, characteristic of organometallic chemistry, offers a
promising path to overcome these limitations, as such bonds
provide stronger orbital overlap and enhanced covalency.3
However, according to the hard-soft acid-base (HSAB) principle,
hard carboxylates and intermediate azolates poorly coordinate
with low-valent or noble metals, thereby impeding the
formation of frameworks incorporating softer linkages (Scheme
1a).1415 Moreover, the intrinsic slow ligand exchange kinetics of
noble metal ions limit the reversibility of coordination bond
formation, posing additional difficulties for the crystallization of
uniform frameworks under conventional solvothermal
conditions.1® Consequently, crystalline frameworks with robust
M-C bonds are exceedingly rare.17.18

To address these challenges, researchers have explored soft
donor elements such as carbon and phosphorous to stabilize
soft metal centers.1%20 |n particular, organometallic frameworks
derived from mt-accepting ligands, including isocyanides?-24 and
alkynyl groups,17:1825 have enabled the incorporation of low-
valent metals such as Ni(0), Cu(l), Pd(ll), and Ag(l). Yet, these
examples depend on pre-functionalized ligands, and their M—C
bond formation is often irreversible, limiting both crystallinity
and design flexibility. Thus, the development of a robust M—C
bonded framework that can be assembled directly from simple
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catalyzed C—H activation directed by carboxylic acids.

precursors remains an unmet challenge at the interface of
organometallic and reticular chemistry.

To realize this goal, we revisited a well-established organic
linker, terephthalate (bdc?-), widely used in MOF chemistry.26
While bdc? typically coordinates through its carboxylate groups
to form M-0 linkages (Scheme 1b), the carboxylate can also act
as a directing group for ortho C—H activation, a key mechanistic
step in palladacycle formation. Indeed, Giri and Yu et al.
reported the first isolated Pd—aryl complex derived from
carboxylic acids, as confirmed by X-ray crystallography.?’” More
recently, Maiti et al. demonstrated the formation of a five-
membered palladacycle using pivalic acid and tert-butyl acetic
acid.?8 These precedents inspired us to translate the concept of
carboxylate-directed C—H activation into MOF synthesis,
enabling the in situ generation of Pd—C bonds within a
crystalline framework.

In this study, we present a straightforward and conceptually
new synthetic approach for constructing an organometallic
framework bearing Pd—C bonds, designated PdOF-1, from Pd(ll)
and bdc?~ ligands (Scheme 1c). Inspired by carboxylate-directed
Pd-catalyzed C—H activation in homogeneous systems,?:30 we
exploited the dual functionality of the carboxylate groups in
bdc?: i) as directing groups that promote regioselective ortho
C—H activation, and ii) as donor sites for subsequent metal—
ligand coordination. This dual role enables in situ formation of
five-membered palladacyclic intermediates featuring covalent
Pd—C linkages, which propagate into an extended crystalline
framework.

Since such palladacycles are typically intermediates in Pd-
catalyzed C—H activation, the solvent plays a crucial role in
stabilizing Pd—C species during framework formation. Common
solvents typically employed in MOF synthesis, such as alcohols
and amides including ethanol and N,N-dimethylformamide
(DMF), are unsuitable because they readily reduce noble metal
cations, resulting in Pd(0) particles.'®3! In contrast, dimethyl
sulfoxide (DMSO) suppresses this reduction while weakly
coordinating to Pd centers, stabilizing the palladacyclic
intermediates.32 This dual role, confirmed by Pd—S coordination
in the crystal structure, enables the formation of PdOF-1, a 2D
framework with covalent Pd—C linkages that is chemically and
thermally robust under ambient conditions. Furthermore,
unlike previous M—C bonded MOFs requiring pre-functionalized
ligands,17:1821-25  pdOF-1 arises directly from carboxylate-
directed C—H activation, bridging organometallic and reticular
chemistry.

Results and discussion

PdOF-1 was one-pot synthesized via a traditional solvothermal
reaction. Among the Pd(ll) precursors examined, including
nitrate, chloride, and acetate, only Pd acetate yielded PdOF-1,
with the reaction temperature optimized to 80 °C to afford a
yield of around 30%. Notably, PdOF-1 have relatively broad
temperature window from 80 to 110 °C. Single crystals suitable
for single-crystal X-ray diffraction (SC-XRD) were obtained by
employing more dilute conditions with excess terephthalic acid

Please do not adjust margins
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Figure 1. Structural characteristics of PAOF-1(A). (a) Structural formula (left) and ball-and-stick structure (rith) of two repeating units in PAOF-1(A). Each unit is

individually colored in red and teal. (b) Highlight of the square planar metal node with a non-planar torsiona
structure formed by assembling the repeating units into a uniform 2D lattice. Crystal structures of PAOF-1(A) along the

angle 2104") between the repeatiniunits. (c) A sheet
d) c- and (e) b-axis. The layer highlighted in blue

represents a single sheet. These layers are stacked with an interlayer spacing of 9.7 A and an inclined stacking angle of 105°. Pd, C, O, and S atoms are depicted as teal,
gray, red, and yellow spheres, respectively. H atoms and intercalated DMSO molecules are excluded for clarity.

and extended reaction times.

The crystal structure of the as-synthesized framework, denoted
as PdOF-1(A), was characterized by SC-XRD (Figure 1). The rigid
connection between bdc* and Pd atoms in PdOF-1 enabled
precise structural resolution. PAOF-1(A) consisted of rigid planar
repeating units that integrate two square planar metal nodes
with a benzene backbone of the terephthalate (bdc?-) ligand
(Figure 1a). These repeating units were connected through
coordination bonds at the metal nodes with a torsional rotation
along the connecting bond between the adjacent units (Figure
1b). The assembly of repeating units exhibited a uniform 2D
lattice, creating a polymeric sheet structure (Figure 1c). Due to
the non-planar torsional angles (@c-o-pd-0 = 104°) between the
repeating units, the sheet adopted a zig-zag conformation and
stacks in a crest-trough arrangement resembling an AB-stacking
mode, with an interlayer spacing of 9.7 A (Figure 1d). These
stacked layers were further organized in an inclined
configuration with a stacking angle of 8 = 105° (Figure 1e). The
interlayer regions formed 2D intersecting channels with a
calculated porosity of 42%. DMSO molecules preferentially
resided in the region of large interlayer distances within the
crest-trough arrangement (Figure S1a-d), revealing their critical
role in stabilizing the AB-stacking mode. In addition, the other
DMSO molecules directly coordinated to the Pd metal center
contributed to the interlayer stacking by mediating hydrogen

interactions between O atoms on one layer and H atoms on an
adjacent layer at a distance of 2.670 A (Figure Sle and f).
Interestingly, powder X-ray diffraction (PXRD) analysis revealed
that PdOF-1(A) undergoes distinct crystal-to-crystal phase
transformations upon thermal treatment for 30 min (Figures 2a
and S2). After heating PdOF-1(A) at 70 °C, the characteristic
peak at 20 = 9.1° corresponding to the interlayer spacing of
PdOF-1(A) diminished, and new peaks emerged through a
crystal-to-crystal transformation (Figure 2a, black - red). The
transformed phase, denoted as PdOF-1(B), was further
characterized by SC-XRD (Figure 2b). The sheets in PAOF-1(B)
were arranged in a crest-crest/trough-trough pattern,
resembling an AA-stacking mode. This distinct packing structure
was more compact than the AB-stacking mode of PAOF-1(A),
resulting in reduced porosity and disconnected void spaces with
a calculated porosity of 19% (Figure S3a and b). Consistent with
this denser stacking, the interlayer spacing decreases to 7.6 A,
corresponding to the characteristic peak at 28 = 11.6° in the
PXRD pattern. Notably, the DMSO-mediated interlayer
hydrogen bonding in PdOF-1(A) persisted after the phase
transformation into PdOF-1(B), with a measured distance of
2.790 A, indicating the crucial role of the DMSO in maintaining
the stacking integrity of the framework (Figures S3c and d).
Further structural transformation was observed by heating
PdOF-1(A) from 150 to 190 °C (Figure 2a, red > blue). As new
peaks appeared while those of PAOF-1(B) diminished, a new

Please do not adjust margins
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Figure 2. Structural transformation of PdOF-1 induced by thermal treatment. (a) PXRD patterns of PdOF-1 after heating at various temperatures for 30 min. The
characteristic peaks, noted by the colored boxes, indicate the interlayer spacing between sheets of PAOF-1. Crystal structures of (b) PAOF-1(B) and (c) PdOF-1(C) along

the front view with their interlayer spacing indicated.

phase, designated PdOF-1(C), was formed. Due to the crystal
fragmentation at high temperatures, the structure solution of
PdOF-1(C) by SC-XRD was not feasible. Nevertheless, a plausible
structural model for this phase was derived from the Rietveld
refinement of the PXRD pattern. (Figure 2c). Compared to PdOF-
1(B), PdOF-1(C) exhibited an increased interlayer spacing of 8.7
A, corresponding to the characteristic peak at 29 = 10.2° in the
PXRD pattern, while simultaneously showing a decrease of
porosity to 12%. This inverse trend results from horizontal
compression of the 2D layers from 8.0 Ax 15.6 Ato 6.7 A x 15.5
A, accompanied by the vertical expansion (Figure S4 and
TableS1). The complete reduction occurred upon heating over
210 °C, forming mostly Pd nanoparticles with a trace amount of
Pd,S (Figure S2).

The structural analysis of the three PAOF-1 phases reveals that
each phase transformation is directly governed by changes in
packing arrangement (Figure S4 and Table S1). During the
transition from PdOF-1(A) to PdOF-1(B), the sheet pitch—
defined as the crest-to-crest or trough-to-trough distance—
remained constant, while the interlayer spacing decreased. The
stacking configuration was simultaneously realigned, and the
inclined stacking angle increased from 105° to 128°, indicating a
shearing motion along the bc-plane of PdOF-1(A) with the
overall 2D lattice morphology retained. Meanwhile, the phase
transformation from PdOF-1(B) to PdOF-1(C) resulted in the
intact AA-stacking mode with a uniform inclined stacking angle,
indicating negligible shearing. Instead, horizontal compression
occurred within the 2D sheets, decreasing the sheet pitch while
increasing the interlayer spacing. In a lateral view of a single
layer, the bending angles contracted from 106° to 96°, reflecting
the horizontal compression (Figure 3). Nevertheless, the
topology of the coordination network in the 2D lattice was
insusceptible to compression, and the rigid units based on the
square planar coordination of Pd atoms were preserved (Figure
S5), as further supported by spectroscopic analyses (Section S3
and Figure S6).

Structural transformations in 2D layered frameworks represent
an intriguing phenomenon, often driven by modulation of guest
or solvent molecules residing between the layers. Variations in

the type, amount, or size of intercalated solvent molecules have
been shown to induce changes in interlayer distance,3334
stacking mode,3>3% and pore characteristics.3” Such intercalated
solvent-dependent structural adaptability highlights the critical
role of intercalated molecules in stabilizing specific layered
configurations and enabling phase transformations in 2D
frameworks. Motivated by these precedents, we sought to
examine in detail how the content of intercalated DMSO
governs the phase behavior and structural evolution of PAOF-1.
The structural analysis from X-ray diffraction and thermal
analysis revealed that a decrease in DMSO content triggers the
rearrangement of the packing structure (Figure 3, Section 5S4,
Figure S7, and Tables S2-4). The initial step in the thermal
gravimetric analysis (TGA) plot for PAOF-1(A) indicates that the
evaporation of intercalated DMSO molecules drives the
transformation into PAOF-1(B). The reduced porosity and DMSO
content in PAOF-1(B) compared to PdOF-1(A) clearly indicate a
loss of intercalated DMSO. Further removal of DMSO
transformed PdOF-1(B) into PdOF-1(C) with even
porosity. The scanning electron microscopy—energy dispersive
X-ray spectroscopy (SEM-EDS) analyses confirmed the DMSO-
to-Pd ratio of 1.60 + 0.14 in PdOF-1(B) and 0.89 + 0.02 in PdOF-
1(C). The nearly 1:1 ratio in PdOF-1(C) confirms that the
intercalated DMSO molecules are completely removed during
the phase transformation, while the coordinated DMSO
molecules are retained.

Considering that the DMSO-to-Pd ratio of PdOF-1(B) is
approximately 1.6, PdOF-1(B) can be regarded as an
intermediate phase between PdOF-1(A) and PdOF-1(C), as the
removable intercalated DMSO molecules remain. Nevertheless,
PdOF-1(B) exhibits sufficient robustness, as its further
transformation into PdOF-1(C) requires higher
energy to compress 2D layers and remove DMSO completely
from all voids. During the transformation of PdOF-1(A) into
PdOF-1(B), the DMSO molecules were readily released through
the open channels of PAOF-1(A) (Figure S1a and b). In contrast,
the intercalated molecules were firmly trapped in the closed
pores of PdOF-1(B), requiring higher energy to be removed
entirely (Figure S3a and b). This confinement of DMSO within

lower
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boxes highlight the detailed crystal structure of the cartooned 2D sheets with their bending angles of 106° and 96° for blue lines and green lines, respectively.

the closed framework retards further solvent loss and endows
PdOF-1(B) with exceptional structural stability.

Since the depletion of intercalated DMSO drives the
transformation from PdOF-1(A) to PdOF-1(B),
explored solvent-induced structural transformations (Section
S5 and Figure S8). Simple vacuum drying or inert solvent
exchanges in PdOF-1(A) also induced the identical phase
transformation (Figure S8a). In addition, the reversibility of the
structural transformation between PdOF-1(A) and PdOF-1(B)
was investigated by PXRD upon immersion of PdOF-1(B) in
DMSO (Figure S8b). However, phase reversion was not
observed, which is attributed to lack of host-guest interaction
between DMSO solvents and the frameworks to overcome the
energy barrier of restoring PdOF-1(A) phase. While the
diffraction peak positions remained unchanged, a marked
increase in the intensity of the interlayer reflection suggests
enhanced preferred orientation or ordering of the layered
structure rather than structural back-transformation.
Interestingly, exchanging with coordinating organic solvents
markedly induced different structural changes in PdOF-1(A)
(Figure S8c). Exchanging with thiol solvents generated free
H,bdc ligands and low crystalline phases, indicating degradation
of the coordination network in PdOF-1 (Figure S8c and d). In
contrast, pyridine and acetonitrile transformed PdOF-1(A) into
new crystalline phases with distinct PXRD patterns while
preserving the interactions between Pd atoms and bdc?-
ligands. These solvent-dependent structural transformations of

we further

PdOF-1 reflects the organometallic and ligand-responsive
nature of the Pd centers in PdOF-1, as well as the inherent
structural flexibility of the framework itself. Moreover, these
features highlight the potential of Pd-based organometallic
frameworks as heterogeneous platforms for atomically
dispersed Pd centers.

Conclusions

In conclusion, we have successfully synthesized a novel MOF
structure incorporating organometallic units with Pd—C bonds
generated via Pd-catalyzed C-H activation directed by
carboxylic acid groups. By stabilizing soft palladium centers via
the activated carbon atoms of the bdc?- ligand, our strategy
enables the formation of extended frameworks while
suppressing palladium agglomeration, providing a general
approach for constructing noble metal-based MOFs. The
resulting coordination network, composed of palladacyclic Pd—
C units, assembles into a uniform zigzag 2D lattice that
undergoes packing-selective phase transformations upon
modulation of intercalated DMSO content. These phase
transformations occur without bond cleavage, demonstrating
the intrinsic structural flexibility of PdOF-1. Moreover, the
presence of directly coordinated DMSO ligands at the Pd
centers suggests promising opportunities for catalysis and the
design of responsive functional materials.
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