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While metal–organic frameworks (MOFs) are known primarily for their well-defined crystalline porous

structures that make them desirable for a myriad of applications, they also distinguish themselves with

their chemical tunability. One strategy for chemical tailoring of MOF structures is post-synthetic modifi-

cation (PSM) targeting moieties present in their organic building blocks (linkers). In this context, alkene

(olefinic) fragments are underrepresented in the realm of MOFs despite their extremely well-established

and versatile chemistry. With the majority of reported olefinic MOFs falling into the microporous regime,

the PSM opportunities involving bulkier reagents are severely limited. Herein, we report a family of UofT

(University of Toronto) pillared MOFs constructed around olefinic 1,4-bis(2-(pyridin-4-yl)vinyl)benzene

(BPVB) and tetrakis(4-carboxyphenyl)porphyrin (TCPP) linkers. By utilizing a variety of M(II) [M = Zn, Ni, Co]

precursors, three structurally distinct frameworks were synthesized and characterized. Most notably, the

nickel-based framework represents the first reported example of a stable mesoporous olefinic pillared

MOF. In addition to the de novo formation of a stable pillared MOF, Ni(II) is also used in a cation exchange

process to structurally reinforce zinc-based frameworks.

Introduction

Metal–organic frameworks (MOFs) are a burgeoning class of
materials that exhibit a unique combination of crystallinity
and high porosity that makes them desirable for a myriad of
applications such as gas storage and separation,1–5 catalysis,6,7

sensing8,9 and energy storage,1,10 to name a few. MOFs are
typically assembled with inorganic secondary building units
(SBUs) and organic linkers. While thousands of MOF struc-
tures have been realized to date by combining these building
blocks, certain structural motifs are much more prevalent than
others. In particular, linker design has relied heavily on two
classes of unsaturated hydrocarbons, arenes and alkynes, due
to their rigid geometries and relative ease with which these
can be incorporated into more complex molecules.11

Conversely, the third general class of unsaturated hydro-
carbons, alkenes (olefins), remains underrepresented in the
realm of MOF structural chemistry.

While the sp2-hybridized carbons introduce additional flexi-
bility into the framework,12–14 the olefinic fragment provides
great opportunities for post-synthetic modification. The CvC
bond can be used as a versatile synthon for decoration of
pores with more elaborate functional groups,15 to tune the
framework flexibility and associated guest adsorption pro-
perties via reversible bromination,16 in reactive chlorine
capture,17 and in MOF pore size engineering using the clip-off
chemistry approach.18 Notwithstanding post-synthetic modifi-
cation, MOFs featuring olefinic linkers have been recently
explored in the context of water harvesting and luminescence
applications.19–23 Additionally, other recent olefinic-based
MOFs have shown exceptional gas separation capabilities of
acetylene from carbon dioxide and ethylene.24–26 While these
studies clearly highlight the prospects of olefinic MOFs, the
portfolio of such frameworks remains limited to primarily
microporous materials.18,24,27–34 Because of the small pore
sizes and/or apertures, there is only a limited array of mole-
cules that can be introduced into the framework.
Consequently, post-synthetic modification techniques aimed
at olefinic fragment elaboration cannot be used to their full
potential.

Recognizing these limitations, our laboratory has recently
focused on a search for new olefinic MOFs that feature large
pores that could easily be accessed by bulkier reactants. In our
synthetic efforts we targeted pillared MOFs (PMOFs), a class of
MOFs in which two-dimensional layers composed of SBUs and
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anionic (primarily carboxylate) linkers are interconnected with
neutral pillaring linkers to afford three-dimensional structures
(Fig. 1).35 One of the main advantages of pillared MOFs is the
ease with which one can predict the shape and size of the pore
apertures. Furthermore, the pillaring linkers allow for a
straightforward incorporation of diverse functionalities,
including alkene fragments.20–23,36 Herein, we report the syn-
thesis and characterization of a novel family of olefinic PMOFs
assembled from paddlewheel SBUs, the tetrakis(4-carboxyphe-
nyl)porphyrin (TCPP) interlayer linker and the 1,4-bis(2-
(pyridin-4-yl)vinyl)benzene (BPVB) pillaring linker.

Results and discussion
Synthesis and structural characterization of the as-synthesized
MOFs

The solvothermal reaction of M(NO3)2·6H2O (M = Zn(II), Ni(II)
and Co(II)) with varying amounts of TCPP and BPVB in N,N-di-
methylformamide (DMF)/HNO3/ethanol mixtures (for experi-
mental details, see the ESI†) afforded three novel crystalline
materials denoted as UofT-1(Zn), UofT-2(Ni), and UofT-3(Co).
Single crystal X-ray diffraction (SCXRD) measurements revealed
that both UofT-1(Zn) and UofT-2(Ni) crystallize in the P1̄ space
group with the M3(TCPP)(BPVB) general formula, while UofT-3
(Co) assumes the C2/m space group with Co1.5(TCPP)0.25(BPVB)
stoichiometry (for other relevant metrics see Table S1†). In all
reported frameworks, the metal cation used during the syn-
thesis is coordinated to the central porphyrinic site in the
TCPP linkers. Even though all three materials can be categor-
ized as PMOFs based on the fact that they consist of paddle-
wheel SBU-TCPP layers with BPVB pillaring linkers in between

(Fig. 2 and Fig. S4–S6†), each of them exhibits unique struc-
tural features.

In an idealized paddle-wheel PMOF SBU, two separate pil-
laring linkers are coordinated to the apical positions of the
M2(COO)4 unit. However, in the case of UofT-1(Zn), the crystal
structure refinement revealed a 1 : 1 disorder between co-
ordinated BPVB and water molecules (Fig. 2). Notably, H2O
coordination to the SBU causes the one end of the nearby
BPVB linker to shift slightly towards the center of the pore.
Based on the geometry of two residues and a relatively short
distance between the H2O oxygen atom and the nearby BPVB
pyridyl nitrogen atom (1.75 Å), it is unlikely that any hydrogen
bonding interaction is present.37 A similar type of structural
defect has been reported in another paddle-wheel zinc-based
PMOF featuring 9,10-bis((E)-2-(pyridine-4-yl)vinyl)anthracene
(BP4VA) and 1,1′-biphenyl-4,4′-dicarboxylic acid linkers,
FDM-22.36 Using a combination of spectroscopic techniques,
the authors demonstrated that ≈10% of BP4VA linkers in the
as-synthesized FDM-22 are not coordinated to the SBU, leaving
an open apical coordination site. Following thermal activation
under vacuum, the ratio between coordinated and non-co-
ordinated pillaring linker termini changes to 1 : 1, a value that
is very close to that found in UofT-1(Zn) using SCXRD data.
The high number of defects in FDM-22 manifests itself in
scanning electron microscopy (SEM) images of the activated
MOF, where prominent parallel striations in the crystals can
be observed. Interestingly, we were able to observe similar
striations in the as-synthesized UofT-1(Zn) (Fig. S8†). All of the
obtained data suggest that the interlayer connectivity in UofT-1
(Zn) is highly defective. Notwithstanding structural disorder,
the solid-state structure of the as-synthesized UofT-1(Zn) con-
sists of large pores with 23.0 by 17.2 Å apertures (Fig. 2) when
viewed along the a crystallographic direction that account for
81% void space.

Despite having the same formulas and comparable unit cell
dimensions within the same space group, UofT-1(Zn) and
UofT-2(Ni) differ significantly in their solid-state structures.
Firstly, UofT-2(Ni) is doubly interpenetrated, with one of the
sub-lattices growing within the pores of the other one (Fig. 2).
While interpenetration can drastically decrease the porosity of
a material, the intergrowing sub-lattice is offset from the
center of the other’s pores. As a result, UofT-2(Ni) has two
kinds of channels parallel along the b crystallographic direc-
tion—larger (14.1 by 18.7 Å) and smaller (8.8 by 17.7 Å).
Unsurprisingly, the interpenetration leads to a lower percen-
tage of vacant space (65%) in the MOF structure when com-
pared to UofT-1(Zn). Secondly, inspection of the coordination
environment around Ni(II) sites revealed that there is no dis-
order associated with the BPVB-SBU linkages (Fig. 2),
suggesting a more robust interlayer connectivity in UofT-2(Ni)
when compared to the Zn(II) framework. Correspondingly, the
SEM images of the Ni(II) MOF do not show similar striations to
those seen in UofT-1(Zn) (Fig. S9†).

In contrast to the archetypal SBU-to-SBU pillaring linker
coordination seen in UofT-1(Zn) and UofT-2(Ni), the 3D struc-
ture of UofT-3(Co) is formed via the coordination of BPVB

Fig. 1 General representation of PMOFs highlighting the building
blocks used in this work.
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donor nitrogen atoms to the SBU and the Co(II) sites located in
the middle of the TCPP linker forming an AB stacking pattern
(Fig. 2). Such non-innocent (from the MOF assembly perspec-
tive) character of the linker-bound metal centers has been
demonstrated before in porphyrin-based pillared MOFs.38,39

Despite the higher density of BPVB linkers in the interlayer
space, the material still exhibits sizable pores (25.8 by 9.0 Å)
with 74% vacant structure. Similar to UofT-2(Ni), no pillar
coordination disorder could be observed in SCXRD data
(Fig. 2). The SEM images show uniform crystals with no sign
of striations or other defects (Fig. S10†).

Powder X-ray diffraction (PXRD) experiments were per-
formed to verify the bulk phase purity of the synthesized
materials. The experimental PXRD patterns for UofT-1(Zn) and
UofT-3(Co) generally match up well in terms of peak positions
with the patterns predicted from the respective SCXRD struc-
tures (Fig. 3 and Fig. S11, S13†). Comparison of the experi-
mental and simulated PXRD patterns for UofT-2(Ni) in the
7.5°–9.5° region revealed the absence of certain features in the
former (Fig. 3 and Fig. S12, S40†). We believe that these differ-
ences stem from enhanced dynamics of the framework under
ambient conditions when compared to the patterns simulated
from SCXRD data collected at 200 K. As a result, an averaging
of distances between closely related crystallographic planes
such as 110 and 1−10 can be observed (Fig. S40†). The 1H
nuclear magnetic resonance (NMR) spectra of the MOFs
digested in D2SO4 and DMSO-d6 show that both linkers are
present in all materials (Fig. S24–S26†). Finally, we have also

confirmed that the compositions of all synthesized MOFs
reasonably match the theoretical values using elemental ana-
lysis (EA) and inductively coupled plasma optical emission
spectroscopy (ICP-OES) (see the ESI† for details).

Activation and gas adsorption studies

In order to evaluate the stability of the synthesized PMOFs, we
attempted thermal activation under vacuum at 150 °C following
exchange of DMF for a more volatile and less coordinating
solvent, acetone. The activation temperature was selected based
on the thermogravimetric analysis data for the as-synthesized
and activated samples (Fig. S14–S17†). In all synthesized MOFs,
pronounced changes in PXRD patterns can be observed follow-
ing the activation. In the case of UofT-1(Zn), a broadening and
overall decrease in the definition of the features is evident in
the diffraction data (Fig. 3). Additionally, some of the peaks
present in the as-synthesized material (e.g., 5.3°) cannot be
detected anymore. The addition of DMF to the activated
material did not lead to the recovery of the as-synthesized
UofT-1(Zn) PXRD pattern (Fig. S18†). Such behavior is likely
indicative of pronounced and irreversible structural changes
impacting the crystallinity of the material. SCXRD measure-
ments performed on activated UofT-1(Zn) revealed a complete
delamination of the material with TCPP-SBU layers intact and
aqua ligands coordinated to all apical Zn(II) sites (Fig. S7†). It is
worth noting that the SBU itself undergoes distortion from an
idealized paddle-wheel to a distorted one with concomitant
elongation of the Zn–Zn distance (2.73 to 2.92 Å). Curiously,

Fig. 2 Cartoon representation (left), view of the largest pore (center), and view of SBU coordination (right) for (a) UofT-1(Zn), (b) UofT-2(Ni), and (c)
UofT-3(Co). Hydrogen atoms have been omitted for clarity. Carbon (black), nitrogen (blue), oxygen (red), zinc (purple), nickel (green), cobalt (pink).
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while complete chemical delamination occurs in the material,
the interlayer spacing remains similar to that of the as-syn-
thesized material. Based on this observation and the fact that
activated UofT-1(Zn) samples were exposed to ambient moist-
ure before SCXRD measurements, we posit that the activated
material does not inherently feature coordinated water mole-
cules. Instead, the thermal treatment causes further dis-
sociation of the pillaring linkers (similar to that described by
Qi et al.36), which results in the formation of Zn(II) open metal
sites prone to water coordination. Diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) data collected on acti-
vated UofT-1(Zn) corroborate our discussion since no spectral
signatures of H2O expected above 3500 cm−1 can be observed
(Fig. S21†). Furthermore, the liquid-phase 1H NMR spectra of
the digested MOF (Fig. S24†) show that BPVB is still present in
the sample. These pillars remain unbound to SBUs and occupy
the interlayer space without exhibiting any long-range order.

While the activation of UofT-2(Ni) also results in significant
changes in the PXRD pattern, the peaks remain narrow and well-
defined, similar to those of the as-synthesized MOF (Fig. 3). This
is indicative of the structural change within the framework that
does not disrupt the long-range order of the material. The dis-
appearance of the lowest 2θ peak (3.9°) associated with the 001
plane family and the emergence of the additional peaks at
higher angles suggest that UofT-2(Ni) exhibits structural flexi-
bility that is often encountered in pillared MOFs.35,40,41 These
structural changes are reversible and solvent dependent, as evi-
denced by the recovery of the as-synthesized UofT-2(Ni) PXRD
pattern following the exposure of the activated material to DMF

(Fig. S19†). Expectedly, the DRIFTS spectrum of activated UofT-2
(Ni) is very similar to that of UofT-1(Zn) (Fig. S22†). As opposed
to Zn(II) and Ni(II) MOFs, the activation of UofT-3(Co) leads to a
complete loss of crystallinity, as evidenced by a featureless PXRD
diffractogram (Fig. 3). The amorphization upon activation in
cobalt-based paddle-wheel frameworks has been observed
before, e.g., in the case of DUT-49(Co).42,43

In order to identify if any of the synthesized materials exhibit
permanent porosity, we performed nitrogen adsorption measure-
ments at 77 K. Consistent with the PXRD characterization,
UofT-1(Zn) and UofT-3(Co) show minimal uptake of N2 and can
be considered non-porous (Fig. 3). Conversely, the dinitrogen
adsorption into UofT-2(Ni) is non-negligible and results in a type
IV isotherm with two distinct steps at p/p0 values of 0.011 and
0.133 (Fig. 3), which could be related to the structural flexibility
described above. Fitting of the adsorption data to the Brunauer–
Emmett–Teller (BET) equation yields a surface area of 514 m2

g−1, the highest value reported for olefin-bearing pillared por-
phyrin-based MOFs to date. Consistent with the type IV isotherm,
the Barrett–Joyner–Halenda (BJH) analysis indicated that the
average pore size in UofT-2(Ni) is ≈2 nm (Fig. S30–S32†), making
it the first reported permanently mesoporous olefinic PMOF.

Reinforcement of UofT-1(Zn) via Ni(II) cation exchange

Due to its accessible permanently porous structure, UofT-2(Ni)
stands out as the most promising PMOF platform for further
chemical elaboration targeting the olefinic bonds. However,
the interpenetrated structure of this material does limit the
vacant space available to reactants.44 Thus, we decided to

Fig. 3 Comparison of the simulated, as-synthesized and activated PXRD patterns for (a) UofT-1(Zn), (b) UofT-2(Ni), and (c) UofT-3(Co); (d) compari-
son of 77 K nitrogen gas adsorption isotherms for all synthesized PMOFs.
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explore the chemical reinforcement of the non-interpenetrated
UofT-1(Zn) structure as a path to a permanently porous non-
interpenetrated PMOF. To this end, we focused on the cation
exchange of Ni(II) into UofT-1(Zn), a process that has been
shown to increase the thermal stability of Zn(II) PMOFs due to
the substitution of zinc(II) present in the SBU for nickel(II).45

Treatment of UofT-1(Zn) with either 1 or 10 molar equivalents
(with respect to Zn(II)) of NiCl2·6H2O in DMF at 80 °C for
72 hours yielded two new materials UofT-1(Zn/Nilow) and
UofT-1(Zn/Nihigh), respectively. According to the ICP-OES ana-
lysis of the digested MOFs, the Ni : Zn ratio in the former is
approximately 1 : 1, while in the latter the same ratio is equal
to 3.5 : 1. The higher than nominal loading of Ni(II) in UofT-1
(Zn/Nilow) likely results from inaccuracies in weighing of the
solvated MOF (for additional discussion, see the ESI†). The
PXRD patterns of activated UofT-1(Zn/Nilow) and UofT-1(Zn/
Nihigh) (Fig. 4) closely resemble those of UofT-1(Zn). In
addition, as more Ni(II) is introduced into the parent Zn(II)
MOF, a systematic shift of the peaks towards higher 2θ values
can be observed (Fig. S33–S36†). This change can be attributed
to a decrease of M–M and M–O distances upon substitution of
zinc for nickel. Similar systematic shifts towards higher 2θ
values can be readily observed when comparing the PXRD pat-
terns of pristine UofT-1(Zn) and UofT-2(Ni) (where the M–M
distance changes from 2.7 Å for Zn(II) to 2.6 Å for Ni(II)).

The most prominent difference between the parent MOF and
Ni(II) exchanged samples can be observed in 77 K N2 adsorption
data (Fig. 4). In contrast to UofT-1(Zn), both cation exchanged
samples show positive gas uptake with BET surface areas of
153 m2 g−1 for UofT-1(Zn/Nilow) and 395 m2 g−1 for UofT-1(Zn/
Nihigh). Accordingly, the BJH pore size analysis of UofT-1(Zn/Nihigh)
showed an average value of 1.7 nm (Fig. S39†). While these poro-
sity benchmarks fail to surpass those of UofT-2(Ni), the impact of
Ni(II) exchange (even at lower concentrations) leads to a significant
improvement in MOF stability and should be considered a viable
strategy for structural reinforcement of Zn(II) PMOFs.

Conclusions

In this work, we introduced three new olefinic PMOFs based
on Zn(II), Ni(II), and Co(II). Each of the frameworks exhibits
unique structural features demonstrating the rich chemistry
associated with this class of materials. Of the synthesized
PMOFs, UofT-1(Zn) and UofT-3(Co) exhibit low stability in
thermal activation and cannot be considered permanently
porous. A significant improvement in the stability of UofT-1
(Zn) can be achieved by modest doping with Ni(II) in a cation
exchange process. Notably, the pristine Ni(II) framework,
UofT-2(Ni), is the first example of an olefinic PMOF that is per-
manently mesoporous, making it an ideal platform for further
post-synthetic modification targeting the alkene moiety.
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