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ABSTRACT: High internal surface areas, an asset that is highly
sought after in material design, has brought metal−organic
frameworks (MOFs) to the forefront of materials research. In
fact, a major focus in the field is on creating innovative ways to
maximize MOF surface areas. Despite this, large-pore MOFs,
particularly those with mesopores, continue to face problems with
pore collapse upon activation. Herein, we demonstrate an easy
method to inhibit this problem via the introduction of small
quantities of polymer. For several mesoporous, isostructural MOFs,
known as M2(NDISA) (where M = Ni2+, Co2+, Mg2+, or Zn2+), the
accessible surface areas are increased dramatically, from 5 to 50
times, as the polymer effectively pins the MOFs open.
Postpolymerization, the high surface areas and crystallinity are
now readily maintained after heating the materials to 150 °C under
vacuum. These activation conditions, which could not previously be attained due to pore collapse, also provide accessibility to
high densities of open metal coordination sites. Molecular simulations are used to provide insight into the origin of instability of
the M2(NDISA) series and to propose a potential mechanism for how the polymers immobilize the linkers, improving
framework stability. Last, we demonstrate that the resulting MOF−polymer composites, referred to as M2(NDISA)-PDA, offer
a perfect platform for the appendage/immobilization of small nanocrystals inside rendering high-performance catalysts. After
decorating one of the composites with Pd (average size: 2 nm) nanocrystals, the material shows outstanding catalytic activity for
Suzuki−Miyaura cross-coupling reactions.

■ INTRODUCTION

High porosity, an attribute that promotes the adsorption of
large quantities of guest species and their rapid diffusion in and
out of materials, has quickly brought metal−organic frame-
works (MOFs) to the forefront of material science research
efforts.1−3 These porous, crystalline frameworks offer un-
precedented internal surface areas up to 7800 m2/g,4 and due
to their modular design, the internal MOF surfaces can be
readily decorated with a wide range of chemical moieties,
allowing one to selectively adsorb a targeted analyte.5−8 These
properties make MOFs of interest in a wide array of
applications coupled to sensing, drug delivery, catalysis,
separation, storage, etc.9−12 Unfortunately, to date, most
reported MOFs are microporous (with pore diameters < 2

nm), limiting their use in several practical applications such as
catalysis and capture of large molecules. Large mesoporous
networks (with pore apertures > 2 nm) can not only offer
higher internal surface area and pore volumes but also allow
the inclusion of a broader range of guest species, all while
promoting faster mass transfer. As such, there are several
developed methodologies for the synthesis of MOFs with large
pores,13−18 such as the elongation of the organic linkers.19−23

However, many existing large-pore networks lose significant
amounts of accessible surface area during solvent removal/
exchange.24−27 The interactions between the solvent and the
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MOF walls can help stabilize the framework; however, the
removal of solvent molecules puts stress on the heavy
framework struts, distorting the MOF structure, and eventually
resulting in pore collapse (Figure 1).28

The specific chemistry of a given MOF is likely important in
determining the extent to which a given framework will be
prone to collapse upon activation. For instance, it has been
shown that decorating the linkers of otherwise isostructural
ZIFs with organic functional groups impacts their mechanical
properties.29 Also, in a recent study, the mechanical properties
of M2(dobdc) (where M = Co2+, Fe2+, Mg2+, Mn2+, Ni2+, and
Zn2+) and an expanded, isoreticular analogue were computed
and compared. The expanded analogues were consistently less
rigid than M2(dobdc) across the whole series of metals studied.
This suggests that, in addition to the stress induced by the
evaporation of polar solvent clusters from the large-pore
apertures,30 large-pore MOFs may be inherently more
susceptible to collapse because of their decreased rigidity.
While mild activation procedures,24,25 such as supercritical
CO2 drying, have been developed for the activation of large-
pore MOFs, this process can be quite time- and labor-
intensive. Further, the method is not always effective,28,31−33

particularly for MOFs having solvent that is bound to metals.
The presence of open metal coordination sites (OMCs), more
often than not, requires high-temperature, vacuum-based
activation to liberate solvent molecules from OMCs. In
addition, without the solvent, some MOFs, such as Zn-
HKUST-1, SDU-1, and the Cd-based MOF IFP-6, are most
likely unstable; this implies that for such materials any attempt
to find a better activation process is doomed to fail.34−37

An example of a mesoporous MOF with collapsible pores
was recently synthesized by Dinca ̆ et al. This material is
referred to as M2(NDISA) (where M = Mg2+ and Ni2+). The
Ni2+ analogue, which required supercritical CO2 drying for
activation,20 has a reported Brunauer−Emmet−Teller (BET)
surface area of ∼1722 m2/g. This value is well below the
theoretical surface area (2872 m2/g, determined using Zeo++
for a probe radii of 1.860 Å).38 Further, the structure of the
Mg2+ analogue reportedly undergoes a complete pore collapse
even after a mild activation with supercritical CO2.

Inspired by previous work on M2(NDISA), we hypothesized
that inserting polymer guests into this material could pin the
mesopore open and also enhance the mechanical stability of
the framework, maintaining porosity even upon harsh
activation conditions. It should be noted that integrating
polymers and MOFs is an emerging topic in the field.39,40

Nonetheless, to date, there are no reports showing methods
that are capable of maintaining the structural integrity of
mesoporous MOFs during activation. However, there has been
some recent works in the literature that demonstrate that the
insertion of polymer guests can enhance mechanical stability
and decrease flexibility in microporous MOFs.41,42

In this work, we pursued the development of a new, facile
method for preserving the porosity of mesoporous MOFs
through the incorporation of small quantities of polymer guests
into the host framework (Figure 1). In addition, we have used
molecular simulations to investigate the underlying mechanism
behind the instability of M2(NDISA). Experimentally we show
a significant enhancement in MOF surface areas upon polymer
insertion compared to the activated MOFs without any
polymer, where the surface areas improve by factors ranging
from 5 to 50. We were also able to synthesize two new
crystall ine analogues, including Co2(NDISA) and
Zn2(NDISA), which were previously inaccessible due to pore
collapse during solvent exchange/evaporation. The new
MOF−polymer composites can now withstand harsh activa-
tion conditions that allow access to large quantities of OMCs.
Our simulations show that intermolecular interactions between
functional groups present on the NDISA ligand result in a large
torque on the metal helices, destabilizing the MOFs. Lastly, we
demonstrate that the MOF−polymer composites are suitable
to incorporate small, homogeneous nanocrystals, provoking
thought toward using the mesoporous composites as a
platform for the design of a variety of new catalytic systems.

■ RESULTS AND DISCUSSION

Strategy and Characterizations. Using M2(NDISA) as a
proof of concept material, we first developed a synthetic
protocol for the organic linker, naphthalene diimide salicylic
acid (NDISA), and then determined the reaction conditions
necessary to isolate a series of isostructural M2(NDISA)

Figure 1. Polymer introduced into the pore channel supports the porous structure and prevents the mesopores from collapsing, leaving the pores
accessible to gas molecules.
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MOFs, where M = Mg2+, Co2+, Ni2+, or Zn2+. The resulting
M2(NDISA) structure consists of metal oxide chains that are
interlinked by the NDISA ligands, forming one-dimensional
channels with a pore diameter of >3.0 nm (Figure 2).20 The
M2+ ions are octahedrally coordinated, with solvent molecules
that are bound in one of the apical positions and point directly
into the framework channel.

Postsynthesis, the M2(NDISA) frameworks underwent
solvent exchange with methanol and subsequent activation at
150 °C for 12 h (under vacuum). The chosen activation
conditions are those able to liberate the solvent molecules from
the metal ions.28 For Ni2(NDISA), subsequent N2 adsorption
measurements taken at 77 K indicate a modest BET surface
area (SA) of only 433 m2/g. The low internal surface areas
prompted us to look for an effective method to preserve the
porosity of this mesoporous MOF. Recently, we discovered
that free-base dopamine monomers can spontaneously
polymerize inside MIL-100 (Fe-BTC), which has open iron
coordination sites that drive the anaerobic oxidation process.43

Given that Ni2(NDISA) has Ni2+ ions embedded in the
framework wall, we deduced that the postsynthetic introduc-
tion of free-base dopamine monomers, followed by subsequent
polymerization to polydopamine (PDA), might act as the
pillars and pin the large-pore MOF open during a subsequent
activation. As such, in situ polymerization was carried out
inside Ni2(NDISA), and scanning electron microscope (SEM)
and transmission electron microscope (TEM) images of
Ni2(NDISA) and Ni2(NDISA)-PDA show no obvious differ-
ence in the overall crystal morphology (Figure S1). However,
TEM images show evidence of mesopore channels for
Ni2(NDISA)-PDA (Figure S2). For Ni2(NDISA)-PDA, loaded
with only 6.8 wt % PDA, the BET SA increases dramatically to
2276 m2/g. This value is 5 times the surface area of the parent
structure treated under the same conditions and is significantly
closer to the theoretical surface area of 2872 m2/g. It is noted
that, despite the presence of the polymer, the surface area that
we achieved is also significantly higher than that reported by
Dinca ̆ et al.: 1722 m2/g using supercritical CO2 drying.

20

For Mg2(NDISA), there is negligible accessible surface area
due to a total framework collapse (Figure 3a). Likewise, the
two newly synthesized analogues, including Co2(NDISA) and
Zn2(NDISA), are found to undergo a phase change
immediately after solvent exchange, implying that even this
process is too harsh to sustain the mesoporous structure
(Figure S3). As such, postsynthetic polymerization was also
carried out on the three additional analogues. The resulting
composites, Zn2(NDISA)-PDA, Co2(NDISA)-PDA, and
Mg2(NDISA)-PDA, have BET SAs of 402, 1756, and 753
m2/g; these are 20, 24, and 50 times that of the parent

materials treated under the same reaction conditions,
respectively. Other than the Ni analogue, the BET SAs of
the parent structures indicate almost total pore collapse when
activated at 150 °C (Figure 3a and c).
The amount of polymer loaded in the pores was determined

indirectly using inductively coupled plasma optical emission
spectrometry (ICP-OES). The PDA loadings of Ni2(NDISA)-
PDA, Co2(NDISA)-PDA, Mg2(NDISA)-PDA, and
Zn2(NDISA)-PDA are estimated to be 6.8, 5.3, 5.8, and 2.4
wt %, respectively. Furthermore, these data were cross-checked
using thermal gravimetric analysis (TGA), which suggests that
the PDA contents in the samples are 7.0, 6.7, 6.9, and 2.7 wt %,
respectively (Figure S4 and Table S1). These values are
comparable to the ICP-OES results, and slight differences are
likely due to minor variations in the solvation level of the
tested samples.
We also conducted a series of experiments to study the

effects that different polymer concentrations have on the BET
surface areas. The results are shown in Table S2 and Figure S5.
It is noted that the SAs of Co2(NDISA)-PDA, Mg2(NDISA)-
PDA, and Zn2(NDISA)-PDA are significantly lower than the
theoretical surface area, regardless of the polymer loading. This
is likely due to crystalline defects formed during crystal growth
or the presence of amorphous gels that cannot be detected via
powder X-ray diffraction. Despite this, the polymer composites
have 5 to 50 times larger BET SAs than those of the parent
structures treated under the same activation conditions.
Further, the X-ray diffraction (XRD) patterns of
Ni2(NDISA)-PDA, Co2(NDISA)-PDA, Mg2(NDISA)-PDA,
and Zn2(NDISA)-PDA well match the simulated PXRD
pattern of Ni2(NDISA), indicating that the materials are
isostructural after the polymer insertion and activation (Figure
3d). Subsequent Le Bail refinement performed on the collected
powder diffraction patterns of the composite samples further
confirms the integrity of the crystalline structure and the
isostructural nature of the frameworks (Figure S6).
Furthermore, in situ diffuse reflectance infrared Fourier

transform spectroscopy (in situ DRIFTs) was used to probe
both Ni2(NDISA) and Ni2(NDISA)-PDA for open Ni(II) sites

Figure 2. Metal ions, ligand for MOF synthesis, and the MOF
structure. Atom colors: metal ions, red; C, gray; O, green; N, cyan; H
atoms were omitted for clarity. Figure 3. (a) N2 adsorption isotherms of MOFs; (b) N2 adsorption

isotherms of MOF-PDA samples; (c) BET surface areas, pore volume,
isosteric heat of MOFs and MOF-PDA samples; (d) XRD patterns of
the MOF-PDA samples.
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postactivation. Both samples were first heated to 150 °C under
vacuum for 12 h to remove solvent molecules. Each sample
was placed under 9.6 mbar of CO, and then the diffuse
reflectance spectra were collected. Each spectrum reveals peaks
characteristic of Ni(II)-bound CO at ∼2175 cm−1, a value that
is significantly shifted from the expected stretching frequency
of free CO, 2143 cm−1 (Figure S7).44,45 Under the same test
condition, the intensity of the characteristic peak derived from
Ni2(NDISA)-PDA is much stronger than that of Ni2(NDISA);
this implies accessibility to a larger number of metal sites and
that the polymerization process is not blocking all of the
OMCs. A similar phenomenon is observed for Co2(NDISA)-
PDA, Mg2(NDISA)-PDA, and Zn2(NDISA)-PDA (Figures
S8−S10). This result confirms that the PDA supports the
porous structure all while effectively increasing the availability
of OMCs. The presence of high densities of reactive, electron-
deficient OMCs can reportedly enhance framework selectivity,
improve the surface packing density of adsorbates, and provide
reactive sites to facilitate gas phase reactions on the internal
MOF surface.46−49

Molecular Simulation. In order to better understand the
physical origins of the structural collapse of M2(NDISA), we
used a recently developed model for M2(dobdc) analogues to
perform simulations of the framework.50 This model was
previously tested successfully on a series of isoreticular
M2(dobdc) analogues that are known to be stable upon
activation. This series included IRMOF-74-V, which has a
structure similar to M2(NDISA), but slightly larger pores (38
Å).51

To test the stability of M2(NDISA) structures, we performed
molecular dynamics (MD) simulations on the M2(NDISA)
structures after removing the solvents. The M2(NDISA)
structures underwent large deformations in the MD
simulations (see Figure S11 for snapshots). The π−π stacking
interactions between the naphthalene groups on adjacent
ligands apply an attractive force between the ligands such that
the center of ligands approach each other and stack in the
direction of the one-dimensional channels (see Figure S12).
This reorganization propagates a change of orientation of the
salicylic acid groups with respect to the metal helix axis and
causes significant deformation of the metal helices, in some
cases leading to a dramatic collapse of the pore.
This observation suggests that the specific π−π interactions

cause a stacking of the linkers of M2(NDISA), which results in
a force on the metal helices. This force leads to their structural
collapse. To quantify this effect, we computed the forces
applied by the ligand on the metal helix at the points of
attachment: the coordinating ligand oxygens. For this analysis,
the metal helix is treated as a rigid body and the positions of
the metals are kept fixed during the MD simulation. Figure 4a
and b show that indeed the NDISA ligands impose a large
force on the metal rods when compared to the ligands in the
stable IRMOF-74-V system. Since these forces are not aligned
with the helix−oxygen vector, they impose a net torque on the
metal rods, which causes the structural deformation and even
pore collapse. The total linker force vectors for all M2(NDISA)
analogues are shown in Figure S13, and the force components
contributing to the torque are shown in Figure S14. We
summarize the magnitude of the torques in different systems in
Figure 4c. Since the metal rods are relatively rigid, they can
withstand some local stress (e.g., IRMOF-74-V) that exists and
the forces and torques imposed on them, but our calculations

suggest that in the M2(NDISA) systems this torque is too large
for the helix to tolerate.
It is interesting to investigate whether the introduction of

polymers into M2(NDISA) could change the force and torque
that the ligands exert on the metal helices. Here we propose a
possible mechanism for how polymers may affect the force and
torque. Assuming that the polymers are located at the open
metal sites, we employ a harmonic bond between the
dopamine nitrogen and the metal to mimic the strong
interaction between these atoms. It is important to note that
experimentally the polymer has as many as five monomer units
(Figure S15), compared with the simulation, which has only
one. Additionally, although binding to the open metal sites is
expected considering the Lewis base functionality on the PDA
backbone, we have not yet elucidated the nature of the PDA
coordination experimentally, making a direct comparison
between the theoretical and experimental results difficult. For
the simulations, three different ratios of dopami-
ne:M2(NDISA) were used. These ratios include 2:9, 4:9, and
6:9 (Figures S16−S18). Figure 4c also reports the magnitude
of torque on the metal helices computed from the M2(NDISA)
simulations at a dopamine to open metal site ratio of 6:9; this
was the largest concentration of monomers that fit on the open
metal sites such that dopamine molecules did not overlap. A
comparison between average torques for systems with and
without dopamine shows that the dopamine can immobilize
the linkers and decrease the torque on the metal helices
(Figure 4c and Figures S18 and S19).

CO2 Adsorption. Given the higher number of OMCs and
nitrogen-containing polymers, we probed the CO2 adsorption
properties of the activated parent structures as well as their
corresponding composites. The CO2 adsorption properties of
Ni2(NDISA) and Ni2(NDISA)-PDA were probed at 298 K to
check the accessibility of CO2 molecules before and after the
polymer loadings. Figure S20 shows the room-temperature
CO2 adsorption isotherms for Ni2(NDISA) and Ni2(NDISA)-
PDA. The capacity of Ni2(NDISA) for CO2 adsorption at
approximately 1.2 bar is 0.97 mmol/g; however after loading
PDA, the capacity of Ni2(NDISA)-PDA reached 2.87 mmol/g,
which is 3 times that of the sample without PDA struts.

Figure 4. (a) Total force applied by linkers on metal helices in a
Ni2(NDISA) system simulated at 300 K; (b) total force applied by
linkers in metal helices in an IRMOF-74-V system simulated at 300 K;
(c) average helix torque in simulated MOF and MOF-PDA systems at
300 K. In both (a) and (b), the magnitude of the force (kcal mol−1

Å−1) is related to the tick mark values, scaled by a factor of 0.02.
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Additionally, the CO2 adsorption isotherms collected at 278,
293, and 308 K were fitted with a dual-site Langmuir model,
and isosteric heat was extracted from the variable-temperature
CO2 adsorption (Figures S21 and S22). The isosteric heats of
adsorption (Qst) for Ni2(NDISA) and Ni2(NDISA)-PDA are
45.9 and 56.8 kJ/mol, respectively (Figure S21). The higher
isosteric heat for Ni2(NDISA)-PDA could result from the
significantly larger number of OMCs, as predicted based on the
Boltzmann distribution,6,52 as well as the inclusion of the
amine-containing polymer, which is known to offer strong
adsorption sites for CO2.

53−55 This phenomenon is also
observed for other samples, Co2(NDISA)-PDA, Mg2(NDISA)-
PDA, and Zn2(NDISA)-PDA (Figures S23−S25 and Table
S3). These results indicate the introduced polymers play a
pivotal role in enhancing surface area and CO2 adsorption
performance.
Extension of the Current Strategy. We also extended

the investigation to determine if the postsynthetic insertion of
preformed polymers might also enhance surface areas.
Polyethylenimine (PEI) with a low molecular weight was
employed in order to promote the diffusion of the polymer
into the materials. Branched PEI with a molecular weight of
600 was added into the methanol solution and mixed with the
as-prepared MOFs. According to the ICP-OES results, the PEI
loadings are 8.8, 12.8, 14.9, and 11.9 wt % for Ni2(NDISA)-
PEI, Co2(NDISA)-PEI, Mg2(NDISA)-PEI, and Zn2(NDISA)-
PEI, respectively. The resulting XRD patterns are similar to
those of the simulated XRD pattern of Ni2(NDISA) (Figure
S26a). Similar to MOFs with PDA pillars, the BET surface
areas of M2(NDISA)/PEI composites activated at 110 °C are
1803, 1480, 1023, and 743 m2/g for Ni2+, Co2+, Mg2+, and
Zn2+, respectively (Figure S26b). These surface areas are
increased by a factor of 4 to 68 compared to the parent
M2(NDISA) structure activated under the same conditions.
These results confirm that postsynthetic insertion of low-
molecular-weight polymers can also prevent the mesoporous
MOF from collapsing during harsh activation procedures.
Application for Catalysis. This method endows

M2(NDISA) with high internal surface areas and hence
maintains large pore volumes and diameters, as shown by
the pore size distribution (Figures S27−S30). Therefore, it was
thought that these MOF−polymer composites might offer a
perfect platform for the immobilization of nanoparticles (NPs)
for catalysis. On one hand, the reinforced mesoporous
structure allows improved molecular accessibility and thus
can improve mass transfer;17 on another hand, the redox-active
PDA has metal scavenging and reducing functionality that can
immobilize NPs for catalysis.43 With this in mind, Pd NPs were
first loaded into Ni2(NDISA)-PDA, as it shows the highest
surface area among the four MOF composites. SEM images
showed that the synthesized sample (denoted as Ni2(NDISA)-
PDA-Pd) displays a spherical morphology assembled by
nanorods (Figure 5a). TEM images confirmed that Pd NPs,
with an average size of ∼2 nm, are uniformly dispersed in the
nanorods. It is likely that the polymer inhibits Pd aggregation
during the preparation process (Figure 5b−e), resulting in Pd
nanoparticles with small sizes. ICP-OES analysis revealed that
the Pd loading in Ni2(NDISA)-PDA-Pd was ∼3.36 wt %, and
X-ray photoelectron spectroscopy (XPS) analysis confirmed
that the Pd NPs consist of metallic Pd and ionic Pd(II) (Figure
S31). The presence of Pd(II) is likely due to the partial
oxidation from the air exposure. The XRD pattern of
Ni2(NDISA)-PDA-Pd is similar to the one obtained from

Ni2(NDISA)-PDA. No obvious peaks related to metallic Pd
are observed (Figure S32), a result of the very small Pd NPs
observed in the TEM. Further, Ni2(NDISA)-PDA-Pd had a
BET surface area of 1681 m2/g, which is only slightly less than
the parent Ni2(NDISA)-PDA (1989 m2/g for a 15.7 wt % PDA
loading) (Figure S33). This implies that the pore channels are
not blocked after loading the NPs. Previous reports show more
significant decreases in surface areas when mesoporous MOFs
are used as supports for metal NPs.56−59 This is often the case
even when the amount of loaded NPs is significantly lower
than the one used in this study. The final Pd loading can also
be controlled by tuning the reaction time and the amount of
introduced Pd(NO3)2 precursor (Table S4 and Figure S34).
Next, because the Ni2(NDISA)-PDA-Pd composite com-

bines the benefits of a mesoporous structure with well-
dispersed, ultrasmall NPs, we chose to demonstrate its use as a
catalyst for Suzuki coupling reactions. As shown in Table 1,
phenylboronic acid was coupled with various aryl iodides and
aryl bromides, providing satisfying yields with only an ultralow
0.1 mol % Pd loading. For 4-iodotoluene, Ni2(NDISA)-PDA-
Pd affords a 48% yield in 5 min with a TOF (defined as moles
of 4-iodotoluene converted per mol of Pd per hour) as high as
5760 h−1. We should point out that this catalytic performance
is very impressive, even besting the state-of-the-art homoge-
neous Pd(PPh3)2Cl2 catalyst.60 As control experiments, we
tested the performance of Ni2(NDISA) and PDA-Pd. The
results show that Ni2(NDISA) has no activity for the reaction
(entry 5) and PDA-Pd gave a yield of only 3% in 3 h (entry 6)
due to the very low accessible surface area (7 m2/g, Figure
S35). We also used the Ni2(NDISA) (BET surface area: 433
m2/g, Figure 3a) as a support for Pd NPs and tested the
performance as a control experiment. The Ni2(NDISA)-Pd
required 3 h to reach a yield of 83%, whereas Ni2(NDISA)-
PDA-Pd required only 1 h to obtain the same yield (entries 4
and 7). Further, the TEM images of Ni2(NDISA)-Pd (3.82 wt

Figure 5. SEM image (a), bright-field TEM images (b, c), HAADF-
STEM images (d, e), and corresponding EDX elemental maps of N
(f), Ni (h), Pd (h), and overlapped (i) Ni and Pd of Ni2(NDISA)-
PDA-Pd.
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% Pd) show that the Pd NPs have a nonuniform size
distribution ranging from 2 to 7 nm (Figure S36). The
outstanding performance of Ni2(NDISA)-PDA-Pd catalyst is
therefore ascribed to the following potential reasons: (1) The
higher pore volume and surface area offered by the Pd-
supported Ni2(NDISA)-PDA composite improves mass trans-
fer inside the MOF channels, a problem from which most
microporous MOF catalysts suffer;61,62 (2) the high density of
coordinating functional groups on the PDA backbone
promotes the formation of ultrasmall, well-dispersed, and
uniform Pd nanoclusters, which provide more active sites when
compared to the larger Pd NPs;63 (3) PDA in the composite,
which can also act as a reducing agent, endows the Pd clusters
with very clean surfaces; the use of surfactants and stabilizers,
often adopted to prepare small NPs, was avoided in this
case.64,65 We should point out that the Suzuki coupling
reaction, which is heated in the presence of base, gives rise to
the slow decomposition of the MOF support (Figures S37−
S39). Until now, this stability issue is still one of the main
problems facing MOF use in this reaction, and effort is
underway in our laboratory to further stabilize the catalyst.30,66

■ CONCLUSIONS
This is the first report showing that the insertion of small
quantities of polymers into MOF structures is a tool that can
be used to inhibit the collapse of mesoporous frameworks. An
isostructural family of MOFs, known as M2(NDISA) where M
= Ni, Co, Mg, and Zn, was synthesized and subsequently
activated under harsh conditions, including high heat (150 °C)
and vacuum. While many of the MOFs in this family show
limited to no surface areas postactivation, the MOF−polymer
composites show BET surface areas that are improved by
factors ranging from 5 to 50 times that of the parent material.
Using this method, we are also able to isolate two new
analogues, Co2(NDISA) and Zn2(NDISA), whose structures
were previously inaccessible due to their strong susceptibility

to pore collapse during solvent exchange/evaporation. We
have investigated the mechanism of collapse via molecular
simulations and determined that strong intermolecular
interactions between linkers destabilize the metal helices that
act as mechanical struts. It is thought that this method for
polymer-induced stabilization can be easily extended to a
number of other mesoporous MOFs. In addition, the resulting
MOF−polymer composites are an excellent platform for the
design of new catalysts. The synthesized Ni2(NDISA)-PDA-Pd
exhibits high catalytic activity for Suzuki coupling reactions,
particularly when compared to the parent MOF containing Pd
NPs, Ni2(NDISA)-Pd. Thus, the reported method not only is a
very promising approach for preserving or inducing permanent
porosity and high surface areas in large-pore structures but
could be used to further optimize MOFs for many applications
related to separations, gas and liquid phase catalysis, etc.

■ EXPERIMENTAL SECTION
Materials. Free-base dopamine was synthesized according to our

previous report.43 Naphthalene-1,4,5,8-tetracarboxylic dianhydride
(>97.0%) was provided by TCI. 5-Amino-2-hydroxybenzoic acid
was supplied by Merck. Ni(NO3)2·6H2O (98%) and Co(NO3)2·
6H2O (99%) were purchased from ABCR. Mg(NO3)2·6H2O (99%)
and Zn(NO3)2·6H2O (98%) were purchased from Sigma.

Ligand H4NDISA Synthesis. Naphthalene-1,4,5,8-tetracarboxylic
dianhydride (9.97 g, 37.2 mmol) and 5-amino-2-hydroxybenzoic acid
(11.72 g, 76.5 mmol) were dissolved in anhydrous dimethylforma-
mide (DMF) (350 mL) under nitrogen and heated at 130 °C while
stirred vigorously for 24 h. The mixture was then cooled to room
temperature, and the resulting orange suspension was filtered, washed
with DMF, diethyl ether, and methanol, and then dried under vacuum
to yield an orange powder. Purification of the crude product was
performed by washing it with 2 M HCl (100 mL) for 1 day. Analytical
data matched previously reported values.

Ni2(NDISA) Synthesis. Ni(NO3)2·6H2O (104 mg) was mixed with
H4NDISA (55 mg) in a solvent mixture (DMF/C2H5OH/H2O = 7.5
mL:0.5 mL:0.5 mL) in a 16 mL glass vial with a Teflon-sealed cap.
The vial with the reaction mixture was ultrasonicated for 15 min and
then seated in the oven at 120 °C for 24 h. After cooling, the product
was washed with DMF twice and methanol twice.

Co2(NDISA) Synthesis. Co(NO3)2·6H2O (104 mg) was mixed with
H4NDISA (55 mg) in a solvent mixture (DMF/C2H5OH/H2O = 7.5
mL:0.5 mL:0.5 mL) in a 16 mL glass vial with a Teflon-sealed cap.
The vial with the reaction mixture was ultrasonicated for 15 min and
then seated in the oven at 120 °C for 24 h. After cooling, the product
was washed with DMF twice and methanol twice.

Mg2(NDISA) Synthesis. Mg(NO3)2·6H2O (80 mg) was mixed with
H4NDISA (55 mg) in a solvent mixture (DMF/C2H5OH/H2O = 7.5
mL:0.5 mL:0.5 mL) in a 16 mL glass vial with a Teflon-sealed cap.
The vial with the reaction mixture was ultrasonicated for 15 min then
seated in an oven at 120 °C for 24 h. After cooling, the product was
washed with DMF twice and methanol twice.

Zn2(NDISA) Synthesis. Zn(NO3)2·6H2O (107 mg) was mixed with
H4NDISA (55 mg) in a solvent mixture (DMF/C2H5OH = 7.5
mL:0.5 mL) in a 16 mL glass vial with a Teflon-sealed cap. The vial
with the reaction mixture was ultrasonicated for 15 min and then
seated in an oven at 120 °C for 24 h. After cooling, the product was
washed with DMF twice and methanol twice.

M2(NDISA)-PDA (M = Ni, Co, Mg, Zn) Synthesis. M2(NDISA)
(100 mg) was dispersed in 15 mL of methanol in a 50 mL round-
bottom flask and sonicated for 5 min. A desired amount of free-base
dopamine was dissolved in 5 mL of methanol; then this dopamine
methanol solution was added into the flask and mixed with
M2(NDISA). (See detailed information in Table S2.) The mixture
was stirred at room temperature for 12 h (using a needle to connect
with air). After the reaction finished, the product was centrifuged and
washed with methanol once.

Table 1. Suzuki Coupling Reactions with Varied Catalystsa

aReaction conditions: aryl halide (1 mmol), phenylboronic acid (1.1
mmol), K2CO3 (1.5 mmol), Ni2(NDISA)-PDA (0.1 mol % Pd),
DMF-H2O (3 mL, VDMF:VH2O = 1:1), 50 °C. bNi2(NDISA)-Pd as
catalyst. cNi2(NDISA) as catalyst.

dPDA-Pd as catalyst.
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M2(NDISA)-PEI (M = Ni, Co, Mg, Zn) Synthesis. A desired amount
of PEI (25 mg) was added to 4 mL of methanol and sonicated, and
then this was added to M2(NDISA) (100 mg) which was dispersed in
8 mL of methanol. After stirring at room temperature for 6 h, the
samples were washed with methanol once and dried.
Ni2(NDISA)-PDA-Pd Synthesis. In a 50 mL flask, 100 mg of

Ni2(NDISA) MOF was dispersed in 15 mL of methanol with the help
of ultrasound. Then 25 mg of free-base dopamine in 5 mL of
methanol was added into the MOF suspension. After 12 h of
polymerization, the product was centrifuged and washed with
methanol one time. The recovered solid was redispersed in 40 mL
of methanol, and 620 μL of a 0.0564 mol/L Pd(NO3)2 aqueous
solution was added dropwise. After stirring for 5.5 h, the
Ni2(NDISA)-PDA-Pd catalyst was recovered and washed with
methanol three times and dried in a vacuum oven at room
temperature.
Ni2(NDISA)-Pd Synthesis. In a 50 mL flask, 100 mg of Ni2(NDISA)

MOF was dispersed in 40 mL of methanol with the help of
ultrasound. Then 620 μL of a 0.0564 mol/L Pd(NO3)2 aqueous
solution was added dropwise. After stirring for 5.5 h, the
Ni2(NDISA)-Pd catalyst was recovered and washed with methanol
three times and dried in a vacuum oven at room temperature.
PDA-Pd Synthesis. A 180 mg amount of free-base dopamine was

dispersed in 25 mL of methanol; then the solution was stirred under
an oxygen atmosphere for 12 h. Later, the black product was
recovered and washed with MeOH three time. After drying for 8 h
under vacuum at room temperature, the PDA sample was obtained.
Then 70 mg of PDA was dispersed in 28 mL of methanol under
untrasound; later 435 μL of a Pd(NO3)2 (0.0564 mol/L) aqueous
solution was added dropwise. After stirring for 5.5 h, the product was
centrifuged and washed with MeOH three times. Finally, the collected
product PDA-Pd was dried under vacuum for 8 h at room
temperature for further use. ICP-OES analysis revealed the Pd
loading is 3.27 wt % in PDA-Pd.
General Procedure for Suzuki−Miyaura Cross-Coupling

Reaction. In a reaction tube, aryl halide (1.0 mmol), phenylboronic
acid (1.1 mmol), K2CO3 (1.5 mmol), and Ni2(NDISA)-PDA-Pd (0.1
mol % Pd loading) were added into a DMF/H2O (3 mL, VDMF:VH2O
= 1:1) mixed solution. Then, the tube was put into a preheated 50 °C
oil bath for the desired reaction time. When the reaction time was
reached, the reaction solution was cooled to room temperature and 5
mL of ethyl acetate and 105 μL of n-dodecane (internal standard)
were added. The solution was centrifuged to remove solids, and the
organic solution was analyzed by a gas chromatograph (Agilent
7890B) equipped with a flame ionization detector, an MS detector
(5977A), and an HP-5 ms capillary column (0.25 mm in diameter, 30
m in length).
Characterization. The XRD patterns were obtained on a Bruker

D8 diffractometer with Cu Kα radiation (λ = 1.5418 Å) at 40 kV and
40 mA. The morphology and microstructures of the samples were
characterized by scanning electron microscopy (FEI Teneo) and
transmission electron microscopy (FEI Tecnai G2 Spirit Twin). High-
angle annular dark-field (HAADF) imaging was performed on a FEI
Osiris in scanning transmission electron microscopy mode (STEM) at
an accelerating voltage of 200 kV. XPS measurement was performed
using a Physical Instruments AG PHI VersaProbe II scanning XPS
microprobe. Analysis was performed using a monochromatic Al Kα X-
ray source of 24.8 W power with a beam size of 100 μm. Nitrogen
adsorption−desorption isotherms were obtained on a BELSORP-max
instrument at 77 K. The metal contents in the samples were measured
on an Agilent 5110 Synchronous Vertical Dual View ICP-OES.
Molecular Simulation. Molecular dynamics simulations in the

canonical (NVT) ensemble were used to calculate forces and torques
on the metal helices of the M2(NDISA) and M2(NDISA)-PDA
frameworks. The MOF unit cell was replicated six times in the c
direction and three times in both the a and b directions to make the
simulation box. Simulations were 2 ns long, and force data were
stored every 20 fs. Only the last 50% of data was used for data
analysis. Simulations were run with a time step of 1 fs with a Nose−́
Hoover thermostat at a temperature of 300 K in the LAMMPS

molecular software package.51,67 Both bonded and nonbonded
interactions between ligand atoms are taken from the DREIDING
force field68 as implemented in LAMMPS Interface.69 To make sure
the DREIDING force field is correctly modeling the ground state
configuration of the ligands, we compared the geometry-optimized
structure of the ligand with the force field with density functional
theory (DFT). The DFT calculations were carried out with
TeraChem70 at the B3LYP71 level of theory and 6-31G* basis. The
force field correctly found the ground state configuration of the
ligand. Metal−metal and metal−oxygen interactions are taken from a
model for M2(dobdc) analogues.50 Geometric mixing rules are used
to combine DREIDING Lennard-Jones parameters for carbon and
hydrogen with the M2(dobdc) model-based metal−metal interactions
to compute the nonbonded metal−carbon and metal−hydrogen
interactions. Nonbonded and short-range electrostatic interactions
were truncated at 12.5 Å, and Ewald summations were used to
calculate long-range electrostatic interactions. EQeq charges were
used for M2(NDISA) atoms.72,73 The PDA dimer atoms were
modeled without charges.
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