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Herein, we developed isostructural metal-organic frameworks
(MOFs) containing open metal sites of the form [Cu,.
«Pd,(SiFs)(bpy).] (bpy: 4,4’-bipyridine) (SIFSIX-1-CuPd-3, -5 and -10)
using a partial metal-replacement approach. Starting from the
SIFSIX-1-Cu-type MOF, some of the Cu?* ions having octahedral
geometry were successfully replaced with Pd?* ions having square
planar geometry in different ratios while the framework structure
was maintained. The results showed that gas adsorption properties
of SIFSIX-1-Cu-type MOFs can be tuned via partial metal
replacement.

Introducing chemically active sites into the nanospaces present
in porous materials is a viable strategy to increase selectivity in
gas adsorption and separation materials which rely on host—
guest interactions between active sites and gas molecules.?
Open metal sites (OMSs) are a widely researched form of active
sites that can recognize specific molecules, resulting in highly
selective gas trapping.?2 Metal—organic frameworks (MOFs)3 are
nanoporous materials comprising metal ions and organic
ligands that present a wide variety of frameworks and pore
structures. The introduction of OMSs has been applied to MOFs,
resulting in the development of gas separation materials based
on MOFs with OMSs.* However, the incorporation of specific
desirable OMSs into MOF remains a significant challenge
because OMSs are reactive and are typically capped by other
reactants during MOF synthesis, resulting in the saturation of
the metal centres and the formation of undesired structures.
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Thus, a universal methodology to incorporate OMSs into MOFs
without affecting the desired frameworks is required.

To overcome these problems, we have adopted a partial
metal-replacement approach to prepare MOFs with OMSs.
Metal replacement is known as the useful method to modify the
pore functionalities.> Our strategy is that the metal ions in the
original MOF are partially replaced with other metal ions having
different coordination numbers, resulting in the generation of
OMSs while maintaining the parent structure. Specifically, we
doped Pd?*ions into CuZ*-based MOF [Cu(SiFs)(bpy).] (bpy: 4,4’-
bipyridine) (SIFSIX-1-Cu)® (Fig. S1t) to obtain MOFs of the form
[CuiPd,(SiFg)(bpy),], (where x = 0.0356, 0.0446 and 0.0969
determined by scanning electron microscopy (SEM) for SIFSIX-
1-CuPd-3, SIFSIX-1-CuPd-5 and SIFSIX-1-CuPd-10, respectively).

The partial exchange of Cu?*, which has octahedral geometry,
with Pd%*, which has square planar geometry, changes the
coordination number of the metal ion sites and introduces
OMSs (Fig. 1) while maintaining the original structure and its
stability.
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Fig. 1 Schematic illustration of SIFSIX-1-CuPd-n formation.

Bulk SIFSIX-1-CuPd-n powders were synthesized by heating
an H,0/EtOH solution of Cu(BF;),:6H,0 (20 mM), (NH,),SiFs (20
mM), bpy (40 mM) and different amounts of Pd(en)(ONO,), (en:
ethylenediamine), for 3 h at 100
irradiation. The resulting purple crystals were collected and
activated at 120 °C under vacuum for 24 h.

°C under microwave
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Fig. 2 PXRD patterns of (a) simulated SIFSIX-1-Cu, and as-
synthesized (b) SIFSIX-1-Cu, (c) SIFSIX-1-CuPd-3, (d) SIFSIX-1-
CuPd-5 and (e) SIFSIX-1-CuPd-10.
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The obtained powder X-ray diffraction (PXRD) patterns of
SIFSIX-1-CuPd-n were in good agreement with the simulated
patterns of SIFSIX-1-Cu, confirming that SIFSIX-1-Cu and SIFSIX-
1-CuPd-n are isostructural (Fig. 2). No peak due to Pd metal was
observed at 40.02° (Fig. S2t).7” These structures were stable
under atmospheric condition for eight months, which were
confirmed by PXRD patterns (Fig. S31). The results showed that
these compounds have enough chemical stability to handle
without any special care or treatment. The Fourier-transform
infrared (FT-IR) spectra of SIFSIX-1-CuPd-n (Fig. S4t) were
almost identical. In addition, no peaks derived from NO3~ (1380
cm™) or ethylenediamine (1170 cm™) were observed (Fig. S5%).
These results demonstrate the phase purity of the SIFSIX-1-
CuPd-n samples. To obtain more detailed structural
information, SEM, scanning transmission electron microscopy
(STEM) and energy dispersive X-ray analysis (EDX) were
performed. No Cu or Pd nanoparticles were observed in either
the SEM (Fig. S61) or STEM images (Fig. S71). EDX mapping (Fig.
S6, S7t) revealed that Cu?* and Pd?* were uniformly dispersed
throughout the crystals. Furthermore, the Pd2*/Cu?* ratios were
close to those adopted in the preparation of SIFSIX-1-CuPd-n
(Table S1, S27). These results demonstrate that the partial
replacement of Cu?* in SIFSIX-1-Cu with Pd?* was successful.

Fig. 3 and S8t show the X-ray photoelectron spectroscopy
(XPS) analysis of Cu and Pd in SIFSIX-1-CuPd-10. The spectra
exhibit double peaks at binding energies of 337.4 and 342.6 eV,
corresponding to the two Pd doublet peaks (3ds/;, and 3ds),),
respectively. These binding energies are typical of square planar
four-coordinated Pd?*, indicating that no Pd° Pd3* or Pd**
species exist inside the framework. Furthermore, the four Cu
peaks indicate the presence of two types of Cu?*. Two of the
peaks are derived from Cu?* ions neighboring another Cu?* ion,
whereas the other two peaks are derived from Cu?* ions
neighboring a Pd?* ion.

The theromogravimetric analysis curves for SIFSIX-1-CuPd-n
show weight loss derived from framework decomposition at
~180 °C, which is close to the corresponding value for SIFSIX-1-
Cu (200 °C), demonstrating that these new MOFs have similar
structural stability to the parent structure SIFSIX-1-Cu (Fig. S9T).
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Fig. 3 XPS spectrum of SIFSIX-1-CuPd-10. (a) Cu peaks: two peaks
(962 eV and 942 eV) are Cu?* satellite peaks. (b) Pd peaks.
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Fig. 4 Adsorption isotherms of O,, N, and Ar at 77 K for (a) SIFSIX-1-
Cu and (b) SIFSIX-1-CuPd-10.

10 demonstrate the tunctionality ot SIFSIX-1-CuPd-n MOts, we
evaluated their gas adsorption properties. Fig. 4 and S10t show
the adsorption isotherms for SIFSIX-1-Cu and SIFSIX-1-CuPd-10.
The saturated adsorption amounts of N,, O, and Ar for SIFSIX-
1-Cu for P/Py < 0.8 were almost identical (ca. 200 mL/g). On the
other hand, those for SIFSIX-1-CuPd-10 for P/P, < 0.8 were quite
different (N,: ca. 60 mL/g, O,: ca. 350 mL/g, Ar: ca. 260 mL/g).
The adsorption amount of O, for SIFSIX-1-CuPd-10 at P/P, < 0.8
was much larger than that for SIFSIX-1-Cu whereas the
adsorption amounts of Ar for both compounds are identical.
This suggests that introduced Pd-OMSs interact with O, more
strongly than Ar. Moreover, adsorption isotherms of O, for
SIFSIX-1-CuPd-n (n = 3, 5, 10) (Fig. S11t) showed that as the
ratio of Pd?* increased, the amount of O, adsorption also
increased under the low pressure, while the effect was small on
Ar adsorption (Fig. S127). These results also support that Pd-
OMSs enhanced the O, adsorption. On the other hand, amount
of N, adsorption significantly decreased as the ratio of Pd?*
increased (Fig. S137). As Pd?* is usually four-coordinate, SiFg2~
counter anions would be contained in the pores rather than
acting as pillar ligands. This SiFg2 = hinders gas diffusion,
preventing N, molecules from completely entering the pores
due to the large molecular size of N, (3.64 A), while such effect
might be much smaller for O, (3.46 A) and Ar (3.4 A) than N,.8

To investigate the effect of the OMSs on the adsorption
behaviour of the proposed MOFs, density functional theory
calculations were performed with the MO06 functional using
Gaussian 09. The SDD basis set® was employed for Pd?* where
the core electrons were replaced with the effective core
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Fig. 5 The optimized structures of (a) Pd(py)s-O, (b) Pd(py)s-N, and
(c) Pd(py)s-Ar.
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Fig. 6 The E,, depending on the (a) Pd-O distance and (b) Pd-O-O
angle.

potential, and the cc-pVTZ basis set'® was employed for others.
A model of the OMS unit was constructed using Pd?* and four
pyridine molecules (py) which coordinated to the central Pd?*
i.e. Pd(py), (Fig. S147). After optimizing the geometry of Pd(py),
with O,, N, and Ar molecules located at the axial positions
(Pd(py)s-X, X = O,, N, or Ar), the structures were re-optimised
(Fig. 5). The stabilisation energy (Ep,) is defined using the
following equation with counterpoise corrections:

1
Egp= E{Ecomplex - (Ep'd(py)4 + ZEX)}

where Ecomplexs Erd(py)s and Ex are the single point energies at the
optimised geometry for Pd(py)s-X, Pd(py)s and X, respectively.
The obtained Egy, values are -15.4 kJ/mol, -14.8 kJ/mol and
-13.1 kJ/mol where X are O,, N, and Ar, respectively, indicating
that O, interacts with the frameworks more favourably than N,
and Ar. This demonstrates that the Pd?* centres act as OMSs,
which may influence the adsorption mechanism. In addition, we
evaluated the dependence of Eg;, on the Pd—0 distance and Pd—
0—-0 angle. The calculated potential curves are shown in Fig. 6.
The energy-minimised geometry featured a Pd—O distance of
3.08 A and a Pd—0-0 angle of 112.8°. This is in contrast to the
case of N,, wherein the distances of Pd—N and Pd—Ar were both
3.60 A, and the Pd—N—N angle was 179.7°. The difference in the
structure also suggests the favourable interaction of O, with
PdZ* centres over those of N, and Ar.

In conclusion, we have developed a new methodology to
incorporate OMSs into MOFs using a partial metal-replacement
approach. The replacement of Cu?* ions having octahedral
geometry with Pd?* ions having square planar geometry
effectively forms OMSs in the mother structure while
maintaining the topology of the initial framework. The
adsorption behaviour of the MOFs was tuned by the
incorporation of the OMSs which provided different
interactions with different gas molecules. The findings of this
study will pave the way towards novel highly functionalised
MOFs with OMSs.
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