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Abstract: A majority of metal–organic frameworks (MOFs)
fail to preserve their physical and chemical properties after
exposure to acidic, neutral, or alkaline aqueous solutions,
therefore limiting their practical applications in many areas.
The strategy demonstrated herein is the design and synthesis of
an organic ligand that behaves as a buffer to drastically boost
the aqueous stability of a porous MOF (JUC-1000), which
maintains its structural integrity at low and high pH values. The
local buffer environment resulting from the weak acid–base
pairs of the custom-designed organic ligand also greatly
facilitates the performance of JUC-1000 in the chemical
fixation of carbon dioxide under ambient conditions, out-
performing a series of benchmark catalysts.

Metal–organic frameworks (MOFs) have received tremen-
dous interest during the past decades owing to their design-
able structures and diverse physical and chemical properties
useful in different applications.[1] Nonetheless, water or acidic/
alkaline aqueous solutions remain a major barrier impeding
MOFs in many practical areas because of damage to their
pristine structures when encountering various environmental
or industrial conditions.[2] Recently, various strategies for
boosting MOF water stability have been explored to enhance
the metal–ligand bonds and/or shield the inorganic cluster
from water exposure.[3] Notwithstanding, it is also highly
desirable to develop and investigate different paths to
generate aqueous stable MOFs particularly under a wide
range of pH conditions.

Inspired by molecules that restrict changes to pH in
a buffered solution after additions of an acid or base, we
postulate that MOFs containing both acidic and basic func-
tional groups, as buffer guards, can significantly boost their
stability in the presence of acidic/alkaline aqueous media.
Herein, we describe an approach to construct a porous MOF
that is stable over a broad pH range via employing a buffer
strategy. As shown in Scheme 1, the metal–ligand bonds in the

porous framework are susceptible to break in the presence of
acid or alkaline aqueous solutions owing to the ligand
deprotonation. To prevent breaking bonds, both acidic and
basic functional groups can be incorporated in the MOF to
participate as buffer guards to prevent assault from the acidic
and alkaline media. It is anticipated that this approach will
make MOFs useful for processes where water at different pH
values is unavoidable.

To demonstrate this proof-of-concept, we designed and
synthesized a ligand, 2,4-bis(3,5-dicarboxyphenylamino)-6-ol
triazine (H4BDPO), to behave as a buffer in which the phenol
group is a weak acid with the amino and triazine groups
serving as weak bases. To gain further insight into the buffer
effect, a computational study was performed on a model of
the buffer ligand allowing ACS/Labs software to calculate the
acid dissociation constants (Supporting Information, Figur-
es S1 and S2). The calculated pKa values for the functional
groups are 9.4: 0.8 and 3.2: 0.8 for the acid (aromatic N,@
NH@) and base (@OH), respectively. Furthermore, the
maximum buffer capacity is in the pH range from 1.1 to
11.9. The ligand can undergo changes in its total charge at
high or low pH values due to the presence of @O@/@OH, @
NH@/@NH+@, and@N=/@NH+= pairs (the so-called buffering
effect).[4] Furthermore, the total charge depends on the
ionogenic groups at different pH values, where it can
change from @1 to + 1 (Supporting Information, Figure S3
and Table S1). As such, this ligand, within a MOF, can serve as

Scheme 1. Illustration of the buffer strategy in a MOF.
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a buffer guard to prevent assault from acidic and alkaline
media.

Among various types of inorganic building blocks in
MOFs, the copper paddlewheel cluster, [Cu2(O2C@)4], has
been ubiquitously applied to construct porous MOFs with
high accessible surface areas and a high concentration of open
metal sites (OMSs).[5] Therefore, we reacted the buffer
molecule H4BDPO with copper nitrate (for details, see the
Supporting Information) under suitable conditions to form
the copper paddlewheel cluster that led to a microporous
MOF, [Cu24(BDPO)12(H2O)12]·30DMF·14H2O (namely JUC-
1000, DMF = N,N’-dimethylformamide). The strategy in this
work, as shown in Scheme 2, involves: 1) an asymmetric

copper paddlewheel where the copper atoms are 5-coordinate
from four carboxylate groups (equatorial positions) and with
either a nitrogen atom from the ligand triazine moiety or
a water molecule (removed for clarity) in the axial position;
2) the access to the functional groups@OH,@NH@, and 1,3,5-
triazine, which function as buffer sites to enhance the stability
in acidic and alkaline media; and 3) dehydration on the
copper paddlewheel, which will help facilitate adsorption sites
allowing CO2 transformation reactions. Remarkably, the
acidic (@OH)[6] and basic (@NH@, 1,3,5-triazine)[7] functional
groups played crucial roles in the CO2 cycloaddition reaction
as indicated from previous research. In this contribution, we
show that JUC-1000 displays excellent water and acidic/
alkaline stability. Furthermore, it exhibits exceptionable
recyclable CO2 capture and conversion performance under
ambient conditions. We regard this strategy to add safeguards
into the framework to enhance its stability, but also include
open metal sites and functional organic groups for efficient
chemical fixation of CO2.

Single-crystal X-ray diffraction studies revealed that JUC-
1000 crystallized in the cubic space group Im3̄m (Supporting
Information, Figure S4). The ligand contains two terminal
isophthalate moieties, which are assembled with copper
paddlewheel motifs to fabricate the typical cuboctahedral
MOP-1 (metal-organic polyhedron) (Figure 1a).[8] Another
medium cage of cuboid configuration is formed by eight
[Cu2(O2C@)4] units and four ligand linkers (Figure 1b). The
small octahedral cage is generated through six [Cu2(O2C@)4]
units and six linkers (Figure 1c). The three types of poly-
hedron pack to assemble a 3D MOF with multiple pores

(Figure 1d,e; Supporting Information, Figure S5). From
a topologic point of view, the resulting 3D network can be
symbolized as a rare 5-connected uninodal network with the
point (Schl-fli) symbol [46·64] and the vertex symbol
[4.4.4.4.4.4.6.6.8(4).8(4)] as calculated with TOPOS software
(Supporting Information, Figure S6).[9] The total void volume
in JUC-1000 was calculated to be 53.9 % after eliminating
guest and coordinated water molecules using the PLATON/
VOID routine.[10]

The phase purity was confirmed by powder X-ray
diffraction (PXRD) studies (Supporting Information, Fig-
ure S7), which showed good agreement between the calcu-
lated and experimental patterns. The thermogravimetric
analysis of the as-synthesized sample (Supporting Informa-
tion, Figure S8 a) showed a weight loss of 4.9% before 130 88C,
corresponding to the loss of H2O molecules (calculated
4.9%). With the temperature increasing, the second weight
loss is about 22.5% from 130 88C to 300 88C, belonging to the
loss of DMF molecules (calculated 22.8%). Structural
decomposition began around 350 88C. The activated sample
was prepared by exchanging the reaction solvent with
CH3OH and then CH2Cl2 for three days, followed by
evacuation under high vacuum at 150 88C for 12 h. The
PXRD pattern of the activated sample matched well with
the calculated one from the single crystal data, which
confirmed that JUC-1000 retained its crystallinity after
activation (Supporting Information, Figure S7). The intensi-
ties of some of the peaks were different between the
calculated and experimental patterns, which is presumably
due to the loss of solvent molecules in the MOF sample.[3d] As
shown in the Supporting Information, Figures S8 b and S9,
guest and terminal solvent molecules were completely
removed. The permanent porosity of activated JUC-1000
was determined by N2 sorption measurements at 77 K and
showed a reversible type-I isotherm, characteristic of micro-
porous materials, with a high N2 uptake of 313 cm3 g@1

(Figure 2). The calculated Brunauer–Emmett–Teller (BET)
surface area was 1221 m2 g@1 (Langmuir surface area:
1364 m2 g@1). JUC-1000 was shown to possess three types of

Scheme 2. Illustration of the buffer strategy for the construction of
a stable MOF, JUC-1000.

Figure 1. Crystallographic views and model representations of
a) cuboctahedron, b) cuboid, c) octahedron, and d),e) their crystal
packing positions.
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pores at 7.3, 10.9 and 13.6 c, calculated using the DFT
method, which agreed well with those observed from the
single crystal structure. Furthermore, JUC-1000 exhibited
high stability under different chemical and thermal conditions
(Supporting Information, Figures S10 and S11).

Furthermore, we systematically assessed the water and
acidic/alkaline stability of JUC-1000 by boiling it in water for
7 days or immersing it in pH 1.5 (HCl) and pH 12.5 (NaOH)
aqueous solutions for 2 days at room temperature (Support-
ing Information, Figure S12). The maximum buffer capacity is
in the pH range from 1.5 to 12.5, which agreed with the
calculated results (pH 1.1–11.9). PXRD patterns and surface
areas have been employed to evaluate the preservation of
crystallinity and structural integrity for MOFs. As shown in
Figure 3a,b, JUC-1000 possessed excellent water and acidic/
alkaline stability. Furthermore,
inductively coupled plasma optical
emission spectrometry (ICP-OES)
analysis (Supporting Information,
Table S2) and UV/Vis spectrum
studies of CuII (Supporting Infor-
mation, Figure S13) were both
measured to confirm there was no
leaching of CuII ions into the acid
or base solution. The pH values of
the solution before and after addi-

tion of JUC-1000 to the solution changed from 12.5 to 11.69 in
the base solution, and from 1.5 to 2.76 in the acid solution,
respectively. Furthermore, the water solution with or without
JUC-1000 was titrated with 0.5m aqueous HCl or 0.2m
aqueous NaOH to measure the pH values, respectively,
which further highlighted that JUC-1000 can efficiently
prevent the assault from the acidic and alkaline media
(Supporting Information, Figure S14). Additional control
experiments were performed for HKUST-1,[11] MOF-74-
(Mg),[12] UiO-66,[13] UiO-66-NO2,

[14] and ZIF-8[15] under the
same conditions. HKUST-1 is a representative copper pad-
dlewheel MOF, which was easily decomposed under these
conditions (Figure 3c,d). MOF-74(Mg) was stable in boiling
water, but its crystallinity was completely lost at pH 1.5 and
a portion of the framework collapsed after exposure to
a pH 12.5 aqueous solution (Figure 3e,f). UiO-66 treated with
a pH 12.5 aqueous solution led to complete degradation of the
framework (Figure 3g,h). UiO-66-NO2 was also completely
collapsed after treating with a pH 12.5 aqueous solution for 2
days (Figure 3 i,j). ZIF-8 maintained crystallinity after expo-
sure to boiling water and a pH 12.5 aqueous solution, but it
was dissolved in a pH 1.5 aqueous solution (Figure 3k,l).
Their surface areas are listed in Table 1 after various tests.
These results further suggest that the buffering method is
capable of improving the tolerance for copper paddlewheel
MOFs toward water and acidic/alkaline media.

We further measured the sorption behaviors of activated
JUC-1000 for some small gases (Supporting Information,
Figures S15–S25). It is worth noting that CO2 adsorption
reached 125 cm3 g@1 and 80 cm3 g@1 at 273 and 298 K under
1 atm (Supporting Information, Figure S26a). The CO2

adsorption sharply decreased with increase in temperature
from 273 K to 298 K, which was mainly attributed to the

Figure 2. N2 sorption isotherm of the activated sample at 77 K. Inset:
pore size distribution calculated by the DFT method.

Figure 3. N2 sorption isotherms at 77 K and PXRD patterns for a),b) JUC-1000, c),d) HKUST-1, e),f) MOF-74(Mg), g),h) UiO-66, i),j) UiO-66-NO2,
and k),l) ZIF-8 after each stability test.

Table 1: Surface areas [m2 g@1] for JUC-1000, HKUST-1, MOF-74(Mg), UiO-66, UiO-66-NO2, and ZIF-8
after various tests.[a]

Conditions JUC-1000 HKUST-1 MOF-74(Mg) UiO-66 UiO-66-NO2 ZIF-8

As-synthesized 1220(87) 1648(71) 1470(01) 1118(96) 524(11) 1307(28)
Boiling water 1199(80) ND 1482(30) 1079(35) 526(49) 1298(85)
pH 1.5 HCl(aq) 1154(50) ND ND 1075(06) 521(27) D
pH 12.5 NaOH(aq) 1206(61) ND 455(61) 116(76) ND 1301(81)

[a] Values were obtained from N2 sorption measurements at 77 K in different conditions. ND: not
determined. D: dissolved.

Angewandte
ChemieCommunications

4659Angew. Chem. Int. Ed. 2018, 57, 4657 –4662 T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


relatively large pores for CO2 and the significant increase of
CO2 thermal agitation at higher temperatures. The result is
similar with aforementioned porous copper paddlewheel-
MOFs with many polar groups.[16] The isosteric heat of CO2

adsorption (Qst) at zero coverage was calculated to be
23 kJ mol@1 (Supporting Information, Figure S26 b) using the
virial method.[17] Classical annealing simulations using the
massively parallel Monte Carlo (MPMC)[18] code indicate
primary CO2 sorption occurs between two adjacent linkers
coordinated to their hydroxide functionality (Supporting
Information, Figure S27). Binding energy, determined from
density functional theory calculations using the Vienna
ab initio simulation package,[19–21] was calculated to be
25.2 kJ mol@1, in good agreement with the Qst derived from
isotherms.

By virtue of the excellent stability, open metal sites,
functional groups, and high CO2 adsorption capacity of JUC-
1000, we decided to investigate its catalytic performance for
the cycloaddition reaction of CO2 and epoxides to form cyclic
carbonates under solvent-free conditions at room temper-
ature and 1 atm. The percent yields were determined by
1H NMR (Supporting Information, Figures S28–S39). For
comparison we additionally used HKUST-1 and MOF-505
with copper paddlewheel clusters to manifest that JUC-1000
has significantly enhanced catalytic efficiency. As shown in
Table 2, entry 1, the activated JUC-1000 exhibited efficient
catalytic activity for the cycloaddition of propylene oxide and
CO2 to form propylene carbonate with a yield of 96 %.
HKUST-1 and MOF-505 showed moderate catalytic activity
with propylene carbonate yields of 62% and 61% (entries 2
and 3), respectively, under similar conditions. The corre-
sponding turnover frequency (TOF) values of JUC-1000,
HKUST-1, and MOF-505 for propylene carbonate were 160,
103, and 102 h@1, respectively. We reasoned that the high
catalytic activity of JUC-1000 may be ascribed to the high
stability and many (@OH) and (@NH@) functional groups on
the ligand. Besides open CuII metal sites, the reaction can also
be activated by these functional groups via forming hydrogen
bonds with the oxygen atom of the epoxide ring.[18] Further-
more, the yield of cyclic carbonate drastically decreased with
the increase of the epoxide substrate molecular size (entries 4,
5, and 6). The yields of cycloaddition products decreased to
81%, 58%, and 29% for butylene oxide, 1,2-epoxy-3-
allyloxypropane, and benzyl phenylglycidyl ether, respec-
tively. This phenomenon may be primarily ascribed to the
slowed diffusion of large-sized substitute molecules into the
framework with the increase of molecule size from 4.2 X 2.6 X
1.8 c3 of propylene oxide to 9.4 X 4.3 X 2.3 c3 of benzyl
phenylglycidyl ether.[19] When the same reaction was per-
formed without JUC-1000, almost no product was generated
(entry 7), which indicated the significance of JUC-1000
during the catalytic process. Owing to the high stability,
JUC-1000 can be recycled without any significant decrease in
the catalytic performance after five cycles (entry 8). The
structural integrity after catalysis was affirmed by PXRD
patterns (Supporting Information, Figure S38c) and CO2

adsorption (Supporting Information, Figure S38d) experi-
ments. Additionally, ICP-OES analysis showed the absence of
CuII from the reaction mixture thus confirming the heteroge-

neous nature of the reaction. Compared with other reported
MOF-based heterogeneous catalysts, JUC-1000 exhibited
excellent efficiency in CO2 conversion under ambient con-
ditions (Supporting Information, Table S4).[16a,b, 20] Notably,
we not only introduced a buffer proof-of-concept to enhance
the stability, but also provide (@OH) and (@NH@) functional
groups as hydrogen bonds to enhance the catalytic effect for
the cycloaddition reaction of CO2 and epoxides to form cyclic
carbonates.

Based on the crystal structure, we proposed an assumptive
mechanism for the chemical fixation reaction of CO2 cata-
lyzed by JUC-1000 (Supporting Information, Fig-
ure S40).[22–24] The overall process involves four major steps.
The reaction is initiated by activation of the epoxide ring,
which is synergistically facilitated by the oxygen atom of the
epoxide ring coordinating with the open CuII Lewis site and
also forming hydrogen bonds with the (@OH) and (@NH@)
functional groups on the ligand. Subsequently, the epoxide
rings are opened by Br@ from TBABr, which can attack the
less-hindered carbon atoms of both the coordinated and
hydrogen-bonded epoxides. The resultant intermediate
oxygen anions from the opened epoxy rings then rapidly

Table 2: Various carbonates from their respective epoxides catalyzed by
different catalysts.

Entry Catalyst Epoxide Product Yield [%][d]

1[a] JUC-1000 96

2[a] HKUST-1 62

3[a] MOF-505 61

4[a] JUC-1000 81

5[a] JUC-1000 58

6[a] JUC-1000 29

7[b] – 3

8[c] JUC-1000 96

[a] Reaction conditions: epoxide (20.0 mmol) with catalyst (0.25 mol%
per exposed copper site), TBABr (0.65 g), at room temperature under
1 atm CO2 for 48 hours. [b] The same reaction conditions as in [a], but
without the catalyst. [c] The recyclability test, after five cycles. [d] The
percentage yields were determined by 1H NMR spectroscopy.
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react with the surrounding CO2 molecules, which have been
attracted and activated by Lewis basic sites (@NH@ and 1,3,5-
triazine) within the porous framework, to generate alkycar-
bonate anions. The transformation of alkycarbonate anions
into the corresponding cyclic carbonates is achieved through
the cyclization step. Hence, it is can be inferred that the
overall process of chemical fixation of CO2 can be signifi-
cantly promoted by the incorporation of weak acidic and basic
functional groups within the MOF; although detailed mech-
anistic studies to identify the intermediates during this
process are needed, this is beyond the scope of this work
and will be conducted in the near future.

In summary, we demonstrated a buffer strategy to
drastically boost the water and chemical stability of MOFs
as exemplified by constructing a stable copper paddlewheel
based MOF (JUC-1000) using a custom-designed buffer
behaving ligand that features both weak acidic and basic
functional groups. Benefiting from the weak acid–base pairs
that facilitate both the activation and interactions of epoxide
and CO2 molecules, the MOF, JUC-1000, exhibited excellent
performance in the chemical fixation of carbon dioxide to
form fine chemicals under ambient conditions. This buffer
strategy demonstrates unique advantages over existing MOFs
and can be further extended to a wide range of applications
that require moisture and acidic/alkaline media stability.
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