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Ultrafast room-temperature synthesis of
hierarchically porous metal-organic frameworks

2675 with high space-time yieldsy

Chongxiong Duan, @2 Yi Yu,® Feier Li,® Ying Wu*® and Hongxia Xi*?

We developed a facile and general method to synthesize various HP-MOFs such as HKUST-1, ZIF-8, ZIF-
61, and ZIF-90 within 1 min at room temperature and ambient pressure, using organic amines as

protonation-templating agents. The morphology and porosity of hierarchically porous HKUST-1 can be
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readily tuned by varying the type of organic amines or the synthesis time. The space-time yield reached as
high as 4.05 x 10* kg m™ d™?, at least 1 order of magnitude higher than previously reported values. In
addition, the mechanism for rapid HP-MOF synthesis was elucidated for the first time by using a simulation

technique. This strategy provides a new method for the facile, quick and large-scale synthesis of various

rsc.li/crystengcomm

Introduction

Metal-organic frameworks (MOFs) or porous coordination
polymers (PCPs), an interesting class of porous crystalline
materials with a high surface area and permanent porosity,"”
have attracted considerable attention for potential industrial
applications, including adsorption/separation,®®  drug
delivery,® sensing,” and catalysis.® However, large-scale
industrial application of MOFs faces two major challenges.
First of all, almost all MOFs reported so far possess only
micropores (pore size < 2 nm).° Thus, they can only be used
with small molecules, as large reactant/product molecules
cannot easily approach/leave the active sites in the internal
pore channels of MOFs."® The second obstacle is the energy
and time consumption during their synthesis (e.g;, commonly
via solvothermal synthesis at high temperature and pressure
(HTP) over 12 h),"*™* with the space-time yield (STY) usually
below 300 kg m™ d™.'* This increases the cost of their large-
scale industrial production and commercial application.’>*®
In response, many strategies have been developed to
synthesize hierarchically porous MOFs (HP-MOFs) with micro-
and mesopores (or micro-, meso- and macropores), including
ligand-extension,"”” mixed-ligand,"® post-processing,'® and
template methods.”® However, these approaches still usually
require excessive energy consumption (e.g;, HTP) and long
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HP-MOFs for a wide range of applications.

reaction times (>12 h with low production rates).”' A few
specific ~ approaches, such as  microwave-assisted,*
mechanochemical,”® and sonochemical synthesis techniques,**
have been used to reduce the energy consumption and improve
the production rates of MOFs. Nevertheless, they often require
complex apparatus, and more importantly, are still limited to
microporous MOFs.**?® Therefore, the development of facile
and efficient route for the rapid room-temperature synthesis of
HP-MOFs is still a formidable challenge.

Herein, we developed a facile and general method to
rapidly synthesize various HP-MOFs (HKUST-1, ZIF-8, ZIF-61,
and ZIF-90) at room temperature, by employing organic
amines as protonation-templating agents. The morphology
and porosity of MOFs are easily tunable by varying the type
of organic amines or the synthesis time. The space-time yield
(STY) of hierarchically porous HKUST-1 was up to 4.05 x 10*
kg m™ d, at least 10 times higher than previously reported
values."*?” In addition, the role of organic amines in this
rapid synthesis was disclosed based on a simulation method,
in which the organic amines play two roles during synthesis
as both protonation agents and templating agents.

Experimental

In the typical synthesis,>® 1,3,5-benzenetricarboxylic acid
(H;BTC) in methanol solution was added to a Cu(NO;),
aqueous solution at room temperature to form a transparent
pale blue solution (ESIT). Glaucous floccules were immediately
generated upon adding an organic amine (N,N,N,N-
tetramethyl-1,6-hexanediamine, Table S1f), indicating the
formation of HKUST-1. The cloudy solution was stirred for a
given reaction time ¢, and the resulting glaucous precipitate
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was filtered, washed, activated and then dried. The products
were denoted as HKUST-1_A¢ (¢ = 1, 10, or 30). The other three
hierarchically porous MOFs (ZIF-8 A1, ZIF-61_A1, and ZIF-
90_A1) were similarly synthesized within 1 min with N,N,N,N-
tetramethyl-1,6-hexanediamine as the protonation-templating
agent. In addition, the procedure used to synthesize HKUST-
1_B1 was similar to the procedure used to prepare HKUST-
1_A1, except that N,N,N,N-tetramethyl-1,6-hexanediamine was
replaced with diethanolamine (see the ESIf for details).

Results and discussion

The experimental X-ray diffraction (XRD) patterns of the
rapidly synthesized MOFs (HKUST-1_A1, ZIF-8_A1, ZIF-61_A1,
and ZIF-90_A1) agree well with their corresponding simulated
single-crystal data (Fig. 1), indicating the successful synthesis
of MOF crystals at room temperature with a much reduced
synthesis time (1 min) by using organic amines. Some peaks
for the resulting MOFs are broader than those of the
simulation data, likely due to either their small crystallite size
or abundant lattice defects.”>*® All the as-synthesized MOFs
showed additional reflection peaks, suggesting other
unidentified phases present in the materials. It should be
noted that while the conventional synthesis requires long
crystallization time,"* our strategy could finish the synthesis
within 1 min. This is consistent with previous reports that
demonstrate that organic amines act as protonation agents
to accelerate the formation of MOFs.>>?"??

The crystal morphologies of the four MOF products were
revealed by electron microscopy. The scanning electron
microscopy (SEM) image in Fig. 2a shows numerous
vermiform mesopores uniformly distributed on the
octahedral crystal surface of HKUST-1_A1, indicating that the
mesoporosity of the material is derived from the textural
crystal. The particle size was 500 + 100 nm according to the
transmission electron microscopy (TEM) image (Fig. 2b). The
SEM image of ZIF-8_A1 (Fig. 2c) shows a dense, uniform
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Fig. 1 Powder XRD patterns of the as-synthesized MOFs (red) and
their simulated single-crystal data (black).

2676 | CrystEngComm, 2020, 22, 2675-2680

View Article Online

CrystEngComm

L 200nm |

Fig. 2 SEM and TEM images of the hierarchically porous MOFs: (a and
b) HKUST-1_A1; (c and d) ZIF-8_A1; (e and f) ZIF-61_A1; (g and h) ZIF-
90_A1.

rhombic dodecahedral structure about 50 nm in diameter,
with clear interparticle voids. In the corresponding TEM
image (Fig. 2d), ZIF-8_A1 exhibits crowded nanoparticles of
~50 nm in diameter. These pores are randomly stacked to
form abundant porous channels, with pore sizes of 12-100
nm according to the pore size distribution (PSD, Fig. S1at). In
the SEM image (Fig. 2e), ZIF-61_A1l has a massive olive-
shaped morphology with a particle size of about 1-2 um.
Hierarchically porous phases with pore sizes of 15-200 nm
exist between these aggregated nanoparticles, as shown in the
PSD (Fig. S1bt) and TEM image (Fig. 2f). The SEM image in
Fig. 2g shows that ZIF-90_A1 is composed of defective cube-
shaped crystals, about 300 nm in size, and abundant pore
voids (revealed by PSD to be ~18 nm in size, Fig. Slct) are
uniformly distributed on the crystal surface (Fig. 2h). These
SEM observations agree well with the respective TEM images
(Fig. 2b, d, f and h). In addition, the N, adsorption—
desorption isotherms of ZIF-8_A1, ZIF-61_A1, and ZIF-90_A1
indicate the presence of mesopores, as shown in Fig. S2.}
Overall, all four as-synthesized MOFs exhibit extended meso-
and macroporous structures, most likely formed due to the
introduced organic amines serving as the templates.*?

To confirm the role of organic amines, one representative
MOF (HKUST-1) was also synthesized using another organic
amine (diethanolamine, Table S1f) as the protonation-
templating agent, and the product is named HKUST-1_B1.

This journal is © The Royal Society of Chemistry 2020
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Compared to the octahedral structure of HKUST-1_A1l
(Fig. 2a), the SEM image of HKUST-1_B1 (Fig. S3at) exhibited
defective octahedral crystals (structural defects) with serried
and disordered stacking. This agrees with the observed
broader XRD peaks (Fig. S41). These structural defects can be
related to fast crystal growth.** Moreover, the TEM image
(Fig. S3bf) shows abundant porous channels between the
HKUST-1_B1 particles, while the HKUST-1_A1 crystals are
mesoporous themselves (Fig. 2a). In other words, the
mesopores of HKUST-1_B1 primarily formed in the inter-
particle voids. Such difference in porosity between HKUST-
1_A1 and HKUST-1_B1 was also confirmed by the PSD data
(Fig. S5t). From these results, both the crystal morphology
and pore size of hierarchically porous HKUST-1 can be
influenced by the type of organic amines. It should be noted
from Fig. S5at that, besides the intrinsic micropores of 0.8-
0.9 nm, HKUST-1_X1 (X = A, B) also exhibited both meso-
and macropores, which do not appear in conventional
HKUST-1 (C-HKUST-1).*® Although MOFs with both micro-
and mesopores have been reported,® hierarchically porous
HKUST-1 with pore diameters spanning all three ranges
(micro-, meso- and macropores) has not been reported, to the
best of our knowledge. In addition, the pore sizes of the as-
synthesized MOFs depend on the size of the protonation-
templating agent (Table S1 and Fig. S5t), which allows the
control of the porosity properties of the MOFs.
Thermogravimetric analysis (TGA) revealed that the
hierarchically porous HKUST-1_X1 had a similar weight
alteration curve to that of C-HKUST-1 during the same
thermal treatment (Fig. S67). It meant that the thermal
stability of the rapidly synthesized hierarchically porous
MOFs remained high. In addition, the introduction of
mesopores and/or macropores does not decrease the thermal
stability of hierarchically porous ZIFs (ZIF-8_A1, ZIF-61_Al,
and ZIF-90_A1), and similar conclusions were drawn in
earlier works of Fan et al.*® and Li et al.*’ Elemental analysis
showed that the prepared HKUST-1_X1 (X = A and B) samples
contain some template residues, since the N element content
of the organic amine is below 1.40% (Table S27).

The synthesis time also affects the morphology and
porosity of hierarchically porous HKUST-1_A¢. The SEM and
TEM images (Fig. 3) for ¢ = 1, 10, and 30 are only slightly

Fig. 3 SEM and TEM images of the hierarchically porous HKUST-1_At
samples produced at different synthesis times: (a and d) HKUST-1_A1;
(b and e) HKUST-1_A10; (c and f) HKUST-1_A30.
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different from each other. HKUST-1_A1 shows an octahedral
structure (Fig. 3a and d), while HKUST-1_A10 and HKUST-
1_A30 show some nanosheet formation and more vermiform
holes on the crystal surface (Fig. 3b and c). The TEM images
(Fig. 3e and f) exhibit that the crystals are surrounded by a
few nanosheets. The samples also differ slightly in the XRD
peak intensity and width (Fig. S7t). Therefore, the synthesis
time also affects the crystal morphology of these MOFs. To
understand the detailed mechanism, the HKUST-1_At
samples were further evaluated by N, adsorption-desorption
isotherms (Fig. 4a) and PSD (Fig. 4b). All three samples
exhibited type IV isotherms (N, adsorption capacity >500
em?® g™!) with a wide hysteresis loop (type H4), suggesting the
presence of abundant micropores and well-developed slit-
shaped mesopores,*®*® consistent with the SEM and TEM
observations of vermiform pores (Fig. 3). From Fig. 4b, all the
HKUST-1_At samples possessed hierarchically porous
structures constructed from micro-, meso-, and macropores.
Moreover, when the synthesis time was increased from 1 to 30
min, the mesopores became more ordered, according to the
PSD peak intensity (inset of Fig. 4b). This can be attributed to
the more ordered arrays of organic amine molecules with
extended stirring time.*> These results confirm that synthesis
time affects the morphology and porosity of HP-MOFs using a
protonation-templating agent strategy.

The porosity properties, yield, and STY of the different
HKUST-1 samples are summarized in Table 1. HKUST-1_At
and HKUST-1_B1 show a much higher total pore volume (V,),
mesopore volume (Vieso), and mesopore surface area (Speso)
than those of C-HKUST-1. The V; of HKUST-1_At¢ increased
from 0.61 to 0.74 cm® g~* with the synthesis time (¢) increased
from 1 to 30 min, and the V.., value also increased from
0.34 to 0.44 cm® g' in accordance with the PSD results
(Fig. 4b). More importantly, the yields of HKUST-1_Xt are
much higher than that of C-HKUST-1. The STY of HKUST-
1_A1 is up to 4.05 x 10* kg m ™ d™", about 19 times the highest
reported STY for mesoporous HKUST-1 (2035 kg m™ d™),*’
and is even higher than the record for C-HKUST-1 (3.6 x 10*
kg m™ d™") synthesized with hydroxy double salts (HDSs).*" It
is also over two orders of magnitude higher than that of
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Fig. 4 (a) N, adsorption-desorption isotherms of the hierarchically
porous HKUST-1_At (t = 1, 10, 30) samples. For clarity, isotherms of
the HKUST-1_A10 and HKUST-1_A30 samples are offset by -190 and
-400 cm® g%, respectively. (b) The pore size distribution (PSD) curves
of the hierarchically porous HKUST-1_At (t = 1, 10, 30) samples. For
clarity, isotherms of the HKUST-1_A1-HKUST-1_A30 samples are
vertical offset by -0.02, -0.5 and -1.0 cm® g%, respectively.
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Table 1 Porosity properties, STY and yield of C-HKUST-1 and the HKUST-1_Xt samples synthesized in this work

Sample Sper” [m® g7 Smeso” [m* g7 V¢ [em® g7 Vineso” [em® g7 STY® [kg m™ d™"] Yield
C-HKUST-1 1328 116 0.60 0.05 37 78%
HKUST-1_A1 916 193 0.61 0.34 4.05 x 10* 87%
HKUST-1_A10 977 228 0.73 0.43 4.12 x 10° 90%
HKUST-1_A30 1037 240 0.74 0.44 1.48 x 10° 96%
HKUST-1_B1 1063 222 0.67 0.31 3.6 x 10* 81%

“ Sper: Brunauer-Emmett-Teller (BET) surface area. ” Speso: mesopore surface area calculated using the BET equation. ¢ V;: total pore volume.
4 Y esor mesopore volume based on non-local density functional theory (NLDFT) calculations. ¢ STY: calculated from the mass of active

products. Yield: isolated yield.

commercial HKUST-1 (Basolite C300, 225 kg m™ d').*" In
addition, the as-synthesized ZIF materials have high space-
time yields (Table S37), which are comparable to the space-
time yields of AI-MOFs with ton-scale production."” Therefore,
the use of protonation-templating agents under mild
conditions has enormous potential for scaled-up production
of hierarchically porous MOFs.

Fig. 5 shows the molecular electrostatic potential (MEP)
map and the highest occupied molecular orbital (HOMO) of
the organic amine (N,N,N,N-tetramethyl-1,6-hexanediamine).
The region with negative MEP (red) is related to electrophilic
reactivity, and the positive one (blue) to nucleophilic
reactivity.”> As observed in Fig. 5a, the negative region is
mainly focused on the amine group, which is the most
susceptible site for electrophilic attacks.***> The HOMO is
directly related to the ionization potential and characterizes
the susceptibility of a molecule to attack by electrophiles.*® It
was observed from Fig. 5b that the HOMO is also mainly
located on the amine group. The other organic amine
(diethanolamine) showed a similar MEP and HOMO (Fig.
S81). From these results, the amine group of the organic
amines is easily attacked by electrophilic species. Therefore,
the organic amines played the role of protonation agents
mainly due to the function of the amine group. Furthermore,
to investigate the wunderlying formation mechanism of
hierarchical pores, we performed DFT calculations using
DMol3 to simulate the minimum energy path.”” In the
calculations, the GGA-PBE level with DNP basis set of
complete LST/QST protocol was adopted, and the Grimme
method was performed for DFT-D corrections,® while the
RMS convergence was set to 0.002 Ha A", As shown in Fig. 6,
the ligand captured by the organic amine exhibits a
transition state with an activation barrier of 0.79 eV, and
such a barrier is prone to be overcome at room temperature
during the synthesis process.

a Electrostatic Potential

=2.0¢*

Fig. 5 (a) Molecular electrostatic potential map (MEP); (b) molecular
orbital surfaces of N,N,N,N-tetramethyl-1,6-hexanediamine (white ball
= hydrogen atom; gray ball = carbon atom; blue ball = nitrogen atom).
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The connection between the ligands through Cu ions
shows a much smoother energy profile (negligible barrier),
which indicates a spontaneous step due to the H atoms of the
ligands having been taken by the organic amine, leaving
available oxygen sites for bond formation. It seems that the
rate-determining step is at the end of the process, requiring
13.74 eV of activation energy to separate the organic amines
from the structure and form mesopores. Thus, we
experimentally applied a temperature of 333 K for this step to
overcome the barrier, and successfully eliminated the organic
amines from the material.

The influence of the pH value on the MOF synthesis was
investigated in detail. When the pH is below 6.0 (acidic
system), the as-synthesized products showed poor crystallinity
and porosity, as confirmed by XRD (Fig. S9t), N, adsorption-
desorption and pore size distribution data (Fig. S107),
respectively. When the pH was adjusted to alkaline conditions,
such as 8.2 and 8.6, the HKUST-1 crystals could not be
obtained, as confirmed by XRD (Fig. S91). These results
indicate that alkaline conditions are unfavorable to the
formation of the HKUST-1 crystals. Based on these results, N,N,
N,N-tetramethyl-1,6-hexanediamine and diethanolamine are
believed to play two roles during synthesis: (1) as protonation

TS3

13.74 eV

1{{ * 'ﬁ
s ol

0.72 eV TSZI l

o

0.79 eV

:

Fig. 6 Minimum energy path for hierarchically porous MOF synthesis
with the corresponding intermediates and transition states, calculated
at the GGA-PBE level.
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Scheme 1 Schematic diagram of the ultrafast room-temperature
preparation of hierarchically porous MOFs.

agents that deprotonate the H;BTC ligand and accelerate the
formation of MOF crystals,>>*"** and (2) as templating agents
that direct the formation of meso/macropores.>>*® A possible
mechanism for the rapid fabrication of hierarchically porous
MOFs is illustrated in Scheme 1. First, the amine headgroup of
N,N,N,N-tetramethyl-1,6-hexanediamine or diethanolamine has
a strong interaction with the hydrogen in H;BTC, causing the
H,BTC ligand to lose protons and form BTC®, a key step for
the rapid formation of MOF crystals.>*>"**> Subsequently, the
metal ion (Cu®") interacts with BTC*™ to self-assemble quickly
on the surface of the template molecules.*>*° Finally, the N,N,
N,N-tetramethyl-1,6-hexanediamine or diethanolamine
molecules are removed to yield meso/macropores with walls
formed by crystalline microporous MOFs.>*"

Conclusions

In summary, we report a facile and general approach to
rapidly synthesize four hierarchically porous MOFs (HKUST-
1, ZIF-8, ZIF-61, and ZIF-90) under ambient conditions. The
synthesis time can be as short as 1 min, and the resulting
MOF products all had hierarchically porous structures with
micro-, meso-, and macropores. The morphology and porosity
of the prepared HKUST-1 can also be easily tuned by
changing the type of organic amines or the synthesis time.
The maximum STY (4.05 x 10* kg m™ d™") is at least 1 order
of magnitude higher than any previously reported values for
hierarchically porous MOFs. The organic amines play two
roles during the synthesis: (1) as protonation agents that
deprotonate the organic ligands and accelerate the formation
of MOF crystals, and (2) as templating agents that direct the
formation of meso/macropores. Due to the fast diffusion and
transfer of large molecules through the meso/macropores,
the hierarchically porous HKUST-1 exhibited considerably
higher catalytic activity for reactions involving large
molecules compared to conventional HKUST-1 containing
only micropores. The protonation-templating agent strategy
developed in this work is very promising for the large-scale
industrial synthesis of diverse hierarchically porous MOFs as
catalysts for reactions involving large molecules.
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