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Hierarchical porous metal—organic frameworks (HP-MOFs) with tunable porosity are highly valuable for
many applications. Here, we developed a versatile solvothermal method to synthesize various HP-MOFs,
such as Cu-BTC and ZIF-8, by using an organic amine as the template. The resulting HP-MOF products
were characterized by a complementary combination of X-ray powder diffraction, Fourier-transform
infrared spectroscopy, scanning electron microscopy, transmission electron microscopy, nitrogen
adsorption—desorption isotherms, pore size distributions analysis, thermogravimetric analysis, and
density functional theory calculations. The results indicated that the obtained HP-MOF products had
high thermal stability and contained multimodal hierarchically porous structures with mesopores or
macropores interconnected with micropores. In addition, the porosities of the produced HP-MOFs
could be easily tuned by controlling the amount of the template. The introduced organic amine served
as the template to direct the formation of mesopores and macropores. Furthermore, the synthesis route
is highly versatile as organic (e.g.. N,N-dimethylhexadecylamine and N,N-
dimethyltetradecylamine) can also be used as templates to synthesize HP-MOFs. The method developed
in this work may offer a new direction to synthesize various stable HP-MOFs with tunable porosities for
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Introduction

Metal-organic frameworks (MOFs), which are constructed
through the self-assembly of organic ligands with metal ions or
clusters, are interesting crystalline materials that can be clas-
sified into thousands of types with high surface area, tunable
functionality, and permanent porosity.”* They have received
considerable attention in the past two decades because of their
very promising potential in industrial applications, such as
adsorption/separation,>® drug delivery,”® chemical sensing,”'®
and catalysis."™**> Nevertheless, almost all reported MOF mate-
rials to date are microporous structures with pore sizes below
2 nm." Although the inherent micropores in MOFs are desir-
able for reactions owing to their strong affinity for guest mole-
cules,"" they can also hinder the fast diffusion and mass
transfer of reactants or products, especially large molecules.'®*”
In addition, micropores are seldom accessible for anchoring
molecular catalysts or impregnating catalyst precursors, or for
transport of voluminous drug molecules, which greatly limits
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their application in fine chemical transformations, drug
delivery, or nanoparticle formation.*

To solve the diffusion and accessibility problems that guest
species face in conventional MOFs with micropores, hierar-
chical porous MOF materials (HP-MOFs; MOFs with micro- and
mesopores, or MOFs with micro-, meso-, and macropores) with
tunable porosity, such as Cu-BTC,*® ZIF-8,* and Zn-MOF-74,*
have been successfully synthesized since 2008. The extended
pore structures (mesopores or macropores, or both mesopores
and macropores) in HP-MOF materials can improve the diffu-
sion rate and facilitate mass transfer of reactants or products.
So far, four main methods have been developed to enlarge the
pore size of conventional MOFs: ligand extension,” post-pro-
cessing,> the use of mixed ligands,” and templating.*®
However, smaller mesopore size (<10 nm), volatility, instability,
and vulnerable interpenetrating frameworks are almost
unavoidable in HP-MOF products synthesized by the ligand-
extension method.” In addition, the post-processing and
mixed-ligand methods tend to generate mesopores with
uncontrollable size in the resulting HP-MOFs.” For the
template method, surfactants (ionic and neutral) or block
copolymers are usually used as templates to direct the forma-
tion of mesopores in the internal MOF crystals.'® They can be
easily manipulated and are feasible for preparing stable HP-
MOFs with controllable porosity.'**®* For example, cetyl-
trimethylammonium bromide (CTAB) has been reported as
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a template that can be used to synthesize stable hierarchical
porous Cu-BTC and ZIF-8.>*° The triblock copolymers P123
and F127, which are widely applied to synthesize mesoporous
zeolites, have also been used as templates to prepare stable HP-
MOFs (e.g., Cu-BTC).**** Other new kinds of templates have
also been reported for the synthesis of HP-MOFs, such as
amphiphilic dodecanoic acid (DDA),* N-ethyl per-
fluorooctylsulfonamide (N-EtOFSA),>® and 4-(dodecyloxy)ben-
zoic acid (DBA).** However, the species of templates reported to
date that can be applied to synthesize HP-MOFs are limited.
Therefore, it is highly desirable to extend the species of
templates for the preparation of HP-MOFs with tunable
porosity.

In this work, we adopted a new surfactant—organic amine—
as the template and developed a solvothermal route to synthe-
size two stable HP-MOFs, Cu-BTC and ZIF-8. The porosity of the
HP-MOF materials could be controlled by varying the molar
concentration of the template. In addition, the molecular
properties of the organic amine were studied based on density
functional theory (DFT), with the amine group easily attacked by
electrophilic species. Furthermore, a possible mechanism for
the template synthesis of HP-MOFs was investigated. Other
organic amines (e.g., N,N-dimethylhexadecylamine and N,N-
dimethyltetradecylamine) could also be used as templates to
synthesize hierarchical porous MOFs, demonstrating the
versatility of our synthesis method.

Experimental
Synthesis of hierarchical porous Cu-BTC

In a typical synthesis process, 4.5 mmol of Cu(NOj3),-3H,0 was
added in 15 mL of deionized water to obtain solution A. Next,
2.5 mmol of 1,3,5-benzenetricarboxylic acid (H;BTC) and X (X =
0.45, 2.25, or 4.5) mmol of N,N-dimethyloctadecylamine were
added in 15 mL of anhydrous ethanol; hereafter, this mixture is
referred to as solution B. After both solutions were stirred for
0.5 h, solution B was added in solution A, and the mixture was
stirred for 1 h. The final gel mixture was transferred into
a 100 mL Teflon-lined stainless steel autoclave and heated at
383 K for 24 h. After cooling naturally to room temperature, the
solid product was filtered and washed twice with 25 mL of
ethanol. To remove the template and solvents trapped in the
channels, the solid product was immersed in ethanol four times
at 373 K for 48 h, and the final product was dried in an oven at
423 K for 12 h. The resulting products are denoted as Cu-
BTC_An (n = 1, 2, 3, where n represents the amount of N,N-
dimethyloctadecylamine, i.e., n = 1 for 0.45 mmol, n = 2 for
2.25 mmol, and n = 3 for 4.5 mmol). For comparison, conven-
tional Cu-BTC was prepared according to a previously reported
procedure,* and it is denoted as C-Cu-BTC.

Characterization

Powder X-ray diffraction (XRD) patterns were recorded on
a diffractometer system (D8 ADVANCE, Bruker AXS) using Ni-
filtered Cu-target Ko radiation (40 kV, 40 mA, wavelength A =
0.15418 nm). XRD patterns of the MOFs were simulated by
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using the Materials Studio package 5.0 (Materials Studio, BIO-
VIA), and the crystal structure file was obtained from the
Cambridge Crystallographic Data Centre (Cu-BTC for CCDC-
112954). Fourier-transform infrared (FTIR) spectra of samples
in the form of KBr pellets were recorded on an FTIR spec-
trometer (Vector 33, Bruker Corporation) with a resolution of
4 cm™'. Scanning electron microscope (SEM; ZEISS Ultra 55,
Carl Zeiss) images were obtained at a low loading energy and
voltage of 5.0 kV. Transmission electron microscopy (TEM) was
performed with an electron microscope (JEM-2100HR, JEOL)
operated at 200 kV. N, adsorption-desorption data were
measured with a surface area and porosity analyzer (ASAP 2460,
Micromeritics) at 77 K. All of the samples were outgassed for 6 h
at 393 K before the measurements. Thermogravimetric analysis
(TGA) of the samples was carried out with a TG analyzer (TG 209,
Netzsch) and heated from 298 to 873 K in a N, atmosphere at

a rate of 5 K min*.

Calculations

Density functional theory is a very useful tool for understanding
molecular properties and describing the behavior of atoms in
molecules.*® The geometry optimization of an organic amine
molecule was performed at the DFT Becke three-parameter Lee—-
Yang-Parr (B3LYP) level using the 6-311+G(d, p) basis set with
the Gaussian 09 program.®” This basis set provides the basis
functions for a wide range of organic compounds with accurate
molecular geometry and electronic properties.*** In addition,
the molecular electrostatic potential (MEP) and frontier
molecular orbitals of organic amine were based on the B3LYP
method and 6-31+G* basis set.

Results and discussion

Fig. 1a presents the XRD patterns of the hierarchical porous Cu-
BTC (Cu-BTC_An (n =1, 2, 3)) and conventional Cu-BTC (C-Cu-
BTC), as well as the simulated pattern from the Materials Studio
package 5.0.*° As shown in Fig. 1a, all diffraction peak positions
of Cu-BTC_An (n = 1, 2, 3) are well matched with those of C-Cu-
BTC and the simulation data, confirming that the products are
crystalline Cu-BTC. However, the XRD patterns of both Cu-
BTC_A3 and C-Cu-BTC exhibit somewhat larger (111) peaks,
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Fig.1 (a) Powder XRD patterns of C-Cu—-BTC and Cu-BTC_An (n =1,

2, 3) synthesized from solutions containing various molar concentra-
tions of organic amine, and the simulated Cu—-BTC XRD pattern; (b)
FTIR spectra of the as-synthesized Cu-BTC_An (n =1, 2, 3) and C-
Cu—-BTC samples.
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most likely because of dehydration and rehydration.** In addi-
tion, broader XRD peaks are observed in the patterns of Cu-
BTC_An than those in the patterns of C-Cu-BTC and the
simulation result, which can be attributed to either the small
crystallite size or abundance of lattice defects.**** These crystal
structures were further studied using FTIR spectroscopy. As
shown in Fig. 1b, the FTIR spectra of all Cu-BTC_An samples
are in agreement with that of C-Cu-BTC (with major peaks at
approximately 1560, 1450, and ~1370 cm '), which is clearly
identified as pure Cu-BTC. In addition, we further compared
the FTIR spectra of the Cu-BTC_An (n = 1, 2, 3) with those of the
C-Cu-BTC samples in a narrow region (1500-1000 cm™ '), as
shown in Fig. S1.f The FTIR spectrum of Cu-BTC_An was in
accord with that of the C-Cu-BTC synthesized without organic
amines as the template, and a typical C-N stretching vibration
of organic amines (around 1210 em™ ") was absent. These results
indicate that the introduced organic amine did not react with
organic ligands or metal ions to form other crystals, and similar
conclusions were drawn in earlier works of Zhang et al.** and
Nordin et al.*

The morphologies and porous structures of the as-
synthesized MOF products were revealed by SEM and TEM.
While the C-Cu-BTC particles had octahedral shapes with
smooth surfaces (Fig. S21t), all of the as-synthesized Cu-BTC_An
samples consisted of block-shaped particles with disordered
pores of 20-100 nm in size between these particles (according to
the pore size distribution (PSD, Fig. 3b)), as shown in the SEM
images in Fig. 2a-c. The difference between the crystal
morphology of C-Cu-BTC and Cu-BTC_Ar can be attributed to
the effect of the introduced template.'****” In addition, these

Fig.2 SEM and TEM images of the hierarchical porous Cu-BTC_An (n
=1, 2, 3) materials: (a, b) Cu-BTC_AL; (c, d) Cu-BTC_AZ2; (e, f) Cu—
BTC_A3.
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Cu-BTC_An samples. Furthermore, it can be seen in Fig. 2a—c
that all Cu-BTC_An samples exhibit smaller particle sizes (~100
nm) than C-Cu-BTC (~10 um, Fig. S27), which is in good
agreement with the broader XRD peaks of Cu-BTC_An in
Fig. 1a. As expected, high-resolution TEM offered insight into
the local structure of the crystalline phases.”®* As shown in
Fig. 2d-f, these Cu-BTC_An samples also exhibit similar shapes
and pore structures, with dense, uniform nanoflakes randomly
stacked together and abundant voids in between. Cao et al.*
and Hirai et al.>® also reported that hierarchical porous struc-
tures in MOFs are formed through the aggregation or packing of
microporous nanoparticles. Although void structures are clearly
observed in all of the Cu-BTC_An samples (Fig. 2), their pore
sizes differ depending on the amount of the template used.
The representative N, adsorption-desorption isotherms and
pore size distributions (PSDs) in Fig. 3 illustrate the porosity of
the Cu-BTC_An samples. As shown in Fig. 3a, the isotherms of
the three samples represent an intermediate mode between type
I and type IV,*® in which the high uptake of adsorbates at the
initial stage confirms the presence of micropores. The apparent
hysteresis loop in the relative pressure range between 0.8 and
1.0 indicates the wide size distribution of mesopores,**** but
these features do not appear in the isotherm of C-Cu-BTC.
These analysis results confirm that micropores and mesopores
were present in the Cu-BTC_An products, and similar conclu-
sions were drawn from the works of Bradshaw et al.*®* and Sun
et al.,** in which a series of hierarchical porous MOFs were
synthesized by a template strategy, and the isotherms of the
obtained MOFs showed a sharp increase in the uptake of
adsorbates and an apparent hysteresis loop, revealing the
formation of both micropores and mesopores. In addition, the
isotherms of different Cu-BTC_An samples indicate obvious
differences in their adsorption capacities, and the hysteresis
loops that vary with the molar concentration of the template
indicate the differences in the porosity of the samples.>* More
detailed information regarding the porosity of Cu-BTC_An
materials is acquired from the PSDs. As shown in Fig. 3b, in
addition to the intrinsic micropores (0.8-0.9 nm in diameter),
the as-synthesized Cu-BTC_An contains pores with a broad
range of pore sizes from 20 to over 100 nm, including regions of
meso- and macroporous regions that are absent in C-Cu-BTC.
Although there have been a couple of reports of Cu-BTC with

2

(b),

= ~ = fl
~:' K Sos
- § o 3
@ o 2 03
: i
.5 z 0.0:
z 5 3 30 Poro width (om)
& 200 —— Cu-BTC_A1 [ —s—C-CuBTC
- —«—Cu-BTC_A2 Uy
—e— Cu-BTC_A3 § —e— Cu-BTC_A3
0 i
00 02 04 06 08 10 1 10
Relative pressure(P/Po) Pore width (nm)
Fig. 3 (a) N, adsorption—desorption isotherms and (b) pore size

distributions (PSD) of the hierarchical porous Cu-BTC_An (n =1, 2, 3)
samples. For show the line shapes more clearly, the isotherms of Cu—
BTC_A2 and Cu-BTC_A3 are vertically offset by 20 and 120 cm® g%,
respectively.
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Fig. 4 (a) Molecular electrostatic potential map (MEP); (b) surface of
molecular orbital of N,N-dimethyloctadecylamine (legend of atoms:
white = H; gray = C; blue = N).

both micro- and mesopores,'®** such hierarchical porous Cu-
BTC material with pore diameters encompassing three ranges
(micro-, meso-, and macropores) are, to the best of our knowl-
edge, quite rare. Interestingly, the pore volume of Cu-BTC_An
increases with increasing template concentration (inset of
Fig. 4b), and similar trends can be seen in the summary of data
in Table 1. These results not only validate the generation of
mesoporosity in the Cu-BTC_An samples, but also indicate that
the porosity of hierarchical porous MOFs could be controlled by
the amount of template used during synthesis. In addition, the
pore size distributions of H-MOFs exhibited consistency when
the synthesis is repeated, as shown in Fig. S3.1 Furthermore, we
achieved the same porosity in the H-MOFs even for scaled-up
syntheses using 2 and 10 times the original amounts of the
materials, as shown in Fig. S4.7

The porosity properties of the hierarchical porous Cu-
BTC_An (n =1, 2, 3) and C-Cu-BTC are summarized in Table 1.
All of the Cu-BTC_An samples exhibit lower Brunauer-Emmett-
Teller (BET) surface areas (Sggr) than C-Cu-BTC, which can be
attributed to the increased fraction of meso- and macropores
decreasing Sggr. Similar conclusions were drawn from the
works of Qiu et al.,*® Yue et al.,”> and Huang et al.** However, all
Cu-BTC_An products have much higher total pore volumes (V)
and mesopore volumes (Viyeso) than C-Cu-BTC, confirming the
generation of mesopores in the Cu-BTC_An samples. In addi-
tion, as the amount of template is increased from 0.45 to
4.5 mmol during synthesis, V; of the MOF products is increased
from 0.66 (for Cu-BTC_A1) to 0.81 cm® g~ * (for Cu-BTC_A3),
and Vipeso i also increased from 0.19 to 0.31 cm?® g’l. Moreover,
the mesopore diameter is increased from 7.2 to 12.7 nm as the
amount of template is increased. Therefore, the porosity of the
hierarchical porous MOFs was readily tuned by varying the
amount of template added during synthesis.

Thermogravimetric analysis was performed under a N,
atmosphere to assess the thermal stability of the obtained
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hierarchical porous Cu-BTC_An. It can be seen from Fig. S57
that the initial stage of weight loss in all samples occurred at
100 °C owing to the evaporation of trapped solvent (e.g.,
deionized water).>*** The second stage of weight loss in Cu-
BTC_An was observed at approximately 220 °C, which probably
corresponds to the loss of guest molecules in the pore chan-
nels.**® As shown in Fig. S5,T the weight of all samples dropped
sharply after 300 °C, which can be attributed to the structural
decomposition of Cu-BTC_An crystals.>” The TGA curves of Cu-
BTC_An exhibited a consistent trend indicating that the amount
of added template had no significant impact on the thermal
stability of the hierarchical porous MOFs. In addition, the
hierarchical porous MOF products exhibited weight change
curves similar to that of C-Cu-BTC during the same thermal
treatment, indicating that the as-synthesized hierarchical
porous Cu-BTC_An had high thermal stability.

The organic amine molecules used in the present work
contained amine groups and alkyl chain moiety, and the
molecular electrostatic potential (MEP) of the template was
calculated by using the DFT-B3LYP method and the 6-31G*
basis set. The negative region (red) of the MEP is related to
electrophilic reactivity, and the positive region (blue) to nucle-
ophilic reactivity.®® As shown in Fig. 4a, the negative region of
the N,N-dimethyloctadecylamine molecule is mainly concen-
trated on the amine group at the tail end, which represents the
most susceptible sites for electrophilic attacks.> Fig. 4b shows
the distributions of the highest occupied molecular orbital
(HOMO) calculated at the B3LYP/6-31G* level for the N,N-
dimethyloctadecylamine molecule. The HOMO energy is
directly related to the ionization potential and characterizes the
susceptibility of a molecule toward attack by electrophiles.®® As
shown in Fig. 4b, the HOMO is also mainly located in the amine
group. The analysis confirms that the amine group of N,N-
dimethyloctadecylamine is easily attacked by electrophilic
species. Based on the above findings and results reported in the
literature,'® a possible mechanism for the synthesis of hierar-
chical porous MOFs by using N,N-dimethyloctadecylamine as
the template is illustrated in Scheme 1. In the initial stages, N,N-
dimethyloctadecylamine formed supramolecular micelles
through self-assembly,*** and then H contained in the ligands
(H3BTC) interacted with the amine group of the template
because the negative region was mainly concentrated in the tail-
end amine group that easily attracted electrophilic species.®®

Table 1 Porosity properties of the hierarchical porous Cu-BTC_An (n =1, 2, 3) and C-Cu—BTC samples

SamPIeS SBET‘Z [rn2 gil] Smicr()b [mz gil] Smeso/SmicmC th [Cm3 gil] Vmesoe [Cm3 gil] Dmesof [nm]
C-Cu-BTC 1399 1313 0.08 0.60 0.05 1.8
Cu-BTC_A1 1231 1026 0.20 0.66 0.19 7.2
Cu-BTC_A2 1325 1074 0.23 0.79 0.29 11.9
Cu-BTC_A3 1351 1080 0.25 0.81 0.31 12.7

¢ Sger: Brunauer-Emmett-Teller (BET) surface area. b

Smicro: Micropore surface area calculated using the BET equation. © Sp,es0: mesopore surface

area calculated using the BET equation. 4 y.: total pore volume determined by using the adsorption branch of the N, isotherm at P/Py = 0.99. ¢ Viesot
mesopore volume based on the density functional theory (DFT) method.? Dycs0: mesopore diameter is determined from the local maximum of the
BJH distribution of pore diameters obtained in the adsorption branch of the N, isotherm.
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Scheme 1 Map of possible mechanism for the formation of hierar-
chical porous Cu—BTC materials.

When the Cu(NOj3), solution was added, the Cu** and BTC*~
ions began to self-assemble in the presence of the template.
Finally, the template was removed to yield mesopores and/or
macropores with walls formed by the crystalline microporous
MOF.* Qiu et al.,” and Sun et al,* also reported a similar
mechanism for synthesizing hierarchically structured MOFs by
using a template strategy.

Based on the above synthesis mechanism, two other organic
amines (N,N-dimethylhexadecylamine and N,N-dimethylte-
tradecylamine, Table S1t) were chosen as templates to synthe-
size hierarchically porous Cu-BTC, and the resulting products
are named as Cu-BTC_B and Cu-BTC_C, respectively (see ESIT).
As shown in Fig. S6,T the XRD pattern of the as-synthesized Cu-
BTC_B powder matched well with that of C-Cu-BTC, indicating
that the obtained product possessed the representative Cu-BTC
framework. The isotherm of Cu-BTC_B showed an intermediate
mode between type I and type IV, indicating the co-existence of
micropores and mesopores (Fig. S7at). The hierarchical porous
structures with micro-, meso-, and macropores of Cu-BTC_B
were further confirmed by the PSD, as shown in Fig. S7b.t The
SEM and TEM images also exhibited obvious void structures in
the Cu-BTC_B powder (Fig. S81). In addition, Cu-BTC_C also
exhibited a hierarchical porous structure (see Fig. S9-11 in ESI
for additional datat). These results confirm that other organic
amines could also be used for synthesizing HP-MOFs, demon-
strating the versatility of the synthesis route.

Hierarchical porous ZIF-8 was also synthesized under
hydrothermal synthesis conditions by using organic amine as
the template (see ESIt). As shown in Fig. 5a, the XRD pattern of
the as-synthesized hierarchical porous ZIF-8_A (the suffix A

® C-ZIF-8

ZIF-8_A

Intensity (a.u.)
Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

10 20 30 40 50
20 (degree)

Fig. 5 (a) Powder XRD patterns of ZIF-8_A and C-ZIF-8; (b) FTIR
spectra of ZIF-8_A and C-ZIF-8.
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Fig. 6 (a) N, adsorption—desorption isotherms and (b) pore size

distributions of ZIF-8_A and C-ZIF-8.

means that N,N-dimethyloctadecylamine was used as the
template) agrees with that of conventional ZIF-8 (C-ZIF-8),
indicating that the obtained product was crystalline ZIF-8.
The FTIR spectrum of ZIF-8_A is in good agreement with that
of C-ZIF-8, indicating that ZIF-8_A is phase-pure, as observed in
Fig. 5b. The N, adsorption-desorption isotherms of ZIF-8_A are
a combination of type I and type IV isotherms with an apparent
hysteresis loop (Fig. 6a), confirming the co-existence of micro-
pores and mesopores in ZIF-8_A. Furthermore, the PSD of ZIF-
8_A reveals that this product possesses mesopores and macro-
pores (Fig. 6b). As shown in Fig. 6a, the hysteresis loop is absent
from the isotherm of C-ZIF-8, which means that the conven-
tional material did not contain mesopores and macropores. In
addition, the SEM and TEM images (Fig. S121) show obvious
void structures in ZIF-8_A. Thermogravimetric analysis of the
hierarchical porous ZIF-8_A and C-ZIF-8 reveals similar weight
losses under the same thermal conditions (Fig. S13t), indi-
cating that ZIF-8_A has good thermal stability.

Conclusions

Hierarchical porous MOFs (Cu-BTC and ZIF-8) were success-
fully synthesized by using a new kind of template. This is the
first report of the use of organic amines as templates to
synthesize stable HP-MOFs. The resulting MOF products
exhibited hierarchical porous structures with micro-, meso-,
and macropores, with high pore volume and high thermal
stability. More interestingly, the porosity of the hierarchical
porous Cu-BTC could be easily tuned by varying the amount of
template used in the synthesis of the system. Furthermore, we
studied the molecular properties of the organic amine based on
the DFT method and investigated a possible synthesis mecha-
nism. In addition, the hierarchical porous Cu-BTC could also
be synthesized using other organic amines as the template,
demonstrating the versatility of the synthesis approach. This
work may open a new window for the template synthesis of
various HP-MOFs for a wide range of applications.
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