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A postsynthetic covalent strategy involving dual-acyl chloride has been developed to introduce
uncoordinated carboxyl groups into amine containing metal—organic frameworks (MOFs). The carboxyl
group functionalized MOFs have been characterized by various techniques, including X-ray diffraction
patterning, scanning electron microscopy, Fourier transform infrared spectroscopy, nuclear magnetic
resonance, thermal gravimetric analysis, and gas adsorption. Results clearly indicated uncoordinated
carboxyl groups were successfully grafted to the MIL-101(Cr)-NH, framework. In addition, most of the
amine groups (>80%) were grafted with carboxyl groups, which indicates this method is very effective.
The thermal stability and adsorption selectivity of CO,/N, were substantially enhanced, albeit the BET
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of elimination of macropores in the framework due to the projecting of new functional groups in pore

DO 10.1039/c6ra25396b apertures. Here the successful fabrication of a MOF with uncoordinated carboxyl groups provides the
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Introduction

Metal-organic frameworks (MOFs), a new class of porous
materials, are made by linking tunable inorganic and organic
units.” In the last two decades, a particularly large number of
MOFs have been successfully synthesized,”” and the versatile
characteristics of their chemical moieties have endowed MOFs
with many special properties relevant to fuel cell,® catalysis® and
biomedical applications.’ Because of their ultrahigh porosity
and the possibility of functionality, they play an important role
in gas adsorption and separation.”* For instance, MOFs are
becoming one of the most promising candidates to reduce
carbon dioxide (CO,) emissions, which is useful to resolve the
increasingly severe global warming problem.'*''” However,
very limited MOFs show satisfactory CO, capture performance
at low pressure and ambient temperature due to the weak
interaction between CO, and the frameworks. In order to
improve the adsorption performance, tremendous efforts have
been devoted to functionalization of MOFs. To design MOFs
with desired properties, the introduction of various functional
groups into MOFs has attracted considerable interests. Post-
synthetic covalent modification provides a variety of means to
chemically modify the structures of MOFs,'**' among which the
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possibility of efficiently modifying other MOFs.

direct grafting of functional groups on the organic linkers is
effective, and has been widely applied.***

Interestingly, considerable reports on postsynthetic covalent
modification involve the use of amine-contained MOFs, which
is beneficial for enhancing the CO, capture performance. This
is partly because of their convenient property to incorporate the
2-amino-1,4-benzenedicarboxylate into a number of BDC-
derived MOFs. Amine groups in MOFs not only exhibit affini-
ties with acidic gases molecules such as CO,, but also offer
binding sites to accept functional groups. Previous studies have
shown that amine groups in framework could be covalently
modified by reagents such as peptide coupling,® acetic anhy-
dride*® and aldehyde.*”*® Indeed, a wide range of chemical
moieties has been successfully incorporated into MOFs via
amine groups such as photo-switchable functional groups,*
halo- and azo dye-functional groups® et al. Recently, Bai and co-
workers have inserted -CONH- groups into rht-type MOFs
through acylamide-bridging linkers by in situ solvothermal
reaction.**** Especially, uncoordinated carboxyl group func-
tionalized MOFs exhibit promise for application in separation
of transition metal ions,** catalysis** and sensing of ions.**

In a previous study, we obtained a type of amine-
functionalized MIL-101(Cr) nanoparticles via a direct synthetic
method.* The resulting MIL-101(Cr)-NH, possesses high
surface area, good thermal stability, and selective adsorption of
CO,."** In addition, it contains mesoporous cavities, which are
likely to preserve sufficient remaining guest accessibility after
functionalization with a bulky group. Inspired by the afore-
mentioned advantages of MIL-101(Cr)-NH, and carboxyl group
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functionalized MOFs, it was selected in our project to explore
the possibility of grafting uncoordinated carboxyl group via
postsynthetic covalent modification in the present study. In this
article, MIL-101(Cr)-NH, was covalently modified by two kinds
of dual-acyl chlorides for the first time, under a mild condition
and simple process. Results show that uncoordinated carboxyl
groups are successfully introduced to MIL-101(Cr)-NH, frame-
work. In addition, functionalized MIL-101(Cr)-NH, exhibited
enhanced thermal stabilities, and higher CO,/N, ideal selec-
tivities than the pristine MIL-101(Cr)-NH,. We anticipate that
the proposed strategy is also applicable for the functionaliza-
tion of other MOFs.

Experimental

Materials

Chromium nitrate [Cr(NO3);-9H,0, TCI], 2-aminoterephthalic
acid (H,N-H,BDC, Sigma-Aldrich), sodium hydroxide (NaOH,
Aladdin), N,N-dimethylformamide (DMF, TCI), tetrahydrofuran
(THF, TCI), oxalyl chloride [(COCl),, TCI], triethylamine (TEA,
TCI), and terephthaloyl dichloride (CsH,Cl,O,, TCI) were used
as received from vendors without further purification. Deion-
ized water and THF were used as solvents.

Synthesis of MIL-101(Cr)-NH,

MIL-101(Cr)-NH, was synthesized mainly according to the
procedure reported in our previous work,* with an optimized
amount of sodium hydroxide. Typically, 2-aminoterephthalic
acid (H,N-H,BDC) (800 mg, 2 mmol), chromic nitrate (360 mg, 2
mmol) and sodium hydroxide (4 mmol) were dispersed in
deionized water (15 mL) and ultrasonically mixed for 30 min.
Subsequently, the solution was heated in a 50 mL Teflon-lined
autoclave at 150 °C for 12 h under autogenous pressure, and
then left to cool down to ambient temperature. The green
products were collected by centrifugation and washed by DMF
first to remove the most unreacted 2-aminoterephthalic acid on
the surface, and then the obtained powder was cleaned by hot
alcohol at 90 °C for 6 h twice in an autoclave to remove
unreacted 2-aminoterephthalic acid in the pores. Finally, the
products were dried at 90 °C under vacuum.

Postsynthetic covalent modification

Instruments in the reactions were thoroughly dried prior to use.
Firstly, MIL-101(Cr)-NH, (150 mg) powder was placed in
a quartz tube and activated at 160 °C and 10~ kPa for 10 h to
remove the remained guest molecules. Then the MIL-101(Cr)-
NH, powder was gradually dispersed into the solution, con-
taining dry tetrahydrofuran (THF) (8 mL) and oxalyl chloride
(156 mg, 1.23 mmol) or terephthaloyl dichloride (250 mg, 1.23
mmol), under continuous fierce stirring. A certain amount of
triethylamine (TEA) was dropwisely added into the mixture after
2 h, and further stirred overnight at ambient temperature. The
precipitates were collected by centrifugation and then thor-
oughly washed by THF and water before drying at 100 °C under
vacuum. The obtained samples were denoted as MIL-101(Cr)-
amide-1 and MIL-101(Cr)-amide-2 to represent the treatment by
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Scheme 1 Schematic illustration of postsynthetic covalent modifica-
tion of MIL-101(Cr)-NH; (A) using dual-acyl chloride. The resulting
products: MIL-101(Cr)—amide-1 (B) and MIL-101(Cr)—amide-2 (C).

oxalyl chloride and terephthaloyl dichloride, respectively. All
processes were carried out under anhydrous and argon atmo-
sphere. The reaction process was illustrated as Scheme 1.

Characterization

Powder X-ray diffraction (PXRD) patterns were obtained on
a Bruker AXS D8 Advance diffractometer using Cu Ko radiation
at room temperature at a voltage of 40 kV and 40 mA. The
morphologies of the as-prepared samples were examined using
a field emission scanning electron microscope (FESEM, Hitachi,
S-4800). Nuclear magnetic resonance (NMR) measurements
were performed using a Bruker FT-NMR-spectrometer, Avance
I (*H: 400 MHz). Thermal gravimetric analysis (TGA) was
conducted in air from room temperature to 800 °C at a heating
rate of 10 °C min " using a system provided by Mettler Toledo
(model TGA/DSC1) apparatus. Fourier transform infrared
spectroscopy (FTIR) of the samples was recorded on KBr/sample
pellets in a TENSOR 27 apparatus to determine the functional
groups. The BET surface area was calculated over the range of
relative pressures between 0.05 and 0.10 bar with a N, adsorp-
tion isotherm at 77.3 K (ASAP 2020, Micromeritics). Adsorption
of CO, and N, at pressures up to 0.1 MPa were measured at 298
K by a standard volumetric analyzer (ASAP 2020, Micromeritics).
Before each measurement, the samples were evacuated at
150 °C for 6 h to remove the guest molecules. All the gases used
in the study had a minimum purity of 99.99%.

Adsorption

The as-prepared functionalized MIL-101(Cr) samples were
immediately measured after moving from the vacuum. Before
each measurement, the sample was evacuated at 160 °C for 12 h.
In the adsorption measurement, the apparatus first gave
a desired pressure of the gas to the sample holder, and the
pressure values were recorded in the sample holder to calculate
the adsorption amount.

The adsorption isotherms of CO, and N, were measured
using a volumetric apparatus (ASAP 2020, Micromeritics). The
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relationship of adsorption amount versus gas bulk pressure was
determined using the Langmuir-Freundlich®’?*® fit for the
isotherms:

0 B x PU/Y
On 14 Bx P11

here, Q represents the uptake amount at a certain equilibrium
pressure (P), with Q, as the theoretical maximum. Both B and ¢
are the equation constants. To obtain the accurate pressure P,
corresponding to the same adsorption amount, the above
equation can be rearranged to:

P= <$Q5/Qm)l

The adsorption selectivities of CO,/N, () for all the samples
were estimated by the following equation,***® where Q; is the

_ Oco,/ Pco,
QNz/PNz

adsorption amount of component 7, at a partial pressure of
component i, P;. The adsorption amount of the components is
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2 Theta (degree)

A)

(B)
Fig. 1 Powder XRD patterns (A) and SEM images (B) of MIL-101(Cr)-
NH, (a), MIL-101(Cr)-amide-1 (b), MIL-101(Cr)-amide-2 (c), MIL-
101(Cr) (d).
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the molar excess adsorption determined without converting to
the absolute value.

Results and discussion

Fig. 1A describes the PXRD results for the as-synthesized MIL-
101(Cr), MIL-101(Cr)-NH, and the two samples prepared by
postsynthetic covalent modification. It is evident that the XRD
patterns of the three samples are similar to the characteristic
peaks for the MIL-101(Cr), indicating high purity of our prod-
ucts,** thus the pore structures are preserved during the cova-
lent modification process. Here the three modified samples also
show broader and weaker Bragg reflections of the XRD patterns
than the MIL-101(Cr), because the corresponding particle sizes
are smaller than the latter.** These observations are compara-
tively verified in the SEM images. As shown in Fig. 1B, the
morphologies of MIL-101(Cr)-NH, remain nearly intact after
the functional incorporation, while the crystal size is very small,
much smaller than that of MIL-101(Cr).

To further ensure the successful incorporation of the MIL-
101(Cr)-NH, framework, IR spectra was collected on the as-
synthesized MIL-101(Cr)-NH, and products by postsynthetic
covalent modification. For MIL-101(Cr)-NH,, the double peaks at
3490 cm™ ' and 3363 cm ™" are clearly observed (Fig. 2), which are
assigned to the asymmetrical and symmetrical stretching vibra-
tion of the amine groups. In the lower frequency region, the two
peaks around 1593 cm ™" correspond to the N-H bending vibra-
tion and the C-N stretching vibrations (1340 cm™" and 1259
em ) of aromatic amines, respectively.?> Besides, the incorpo-
ration of amino-dicarboxylate within the structure is confirmed
by the characteristic -(O-C-O)- stretching vibrations at 1500
em ' and 1430 cm™.* As for MIL-101(Cr)-amide-1 and MIL-
101(Cr)-amide-2, three additional signals including N-H
stretching vibration (3310 cm ™' and 3313 cm ™ ') of amide groups,
C=0 stretching vibration (1700 cm ™" and 1710 cm™ ") and C-N
stretching vibration (1271 cm™" and 1281 cm™') are directly
observed. Here the IR spectra of the samples have validated the
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Fig. 2 IR spectra of MIL-101(Cr)-NH, (a), MIL-101(Cr)—amide-1 (b),
MIL-101(Cr)—amide-2 (c).
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Fig. 3 H-NMR spectra of 2-aminoterephthalic acid (a), the digested
products from MIL-101(Cr)—amide-1 (b), and MIL-101(Cr)—amide-2 (c
and d).

presence of amide and carboxyl groups in the MIL-101(Cr)-

amide-1 and MIL-101(Cr)-amide-2 samples, respectively.
Meanwhile, NMR-measurements were also conducted to

inspect the linker structures of the original and the modified
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samples. Fig. 3 illustrates the 'H-NMR spectra of 2-amino-
terephthalic acid (H,N-H,BDC) and the digested products
from the two samples. For H,N-H,BDC in Fig. 3a, signals at
7.75,7.37 and 7.00 ppm are assigned to protons A, B and C on
the benzene. For H,BDC-amide-1 in Fig. 3b, the signals are
mainly lumped together, and the characteristic peaks for H,N-
H,BDC is hardly seen. The peak at 12.57 ppm is assigned to the
amide proton, with the signals at 9.23, 8.09, 7.70 ppm for the
proton 3, 1 and 2 (numbering in the figure), respectively.
Similarly, Fig. 3c and d describe the majority of characteristic
information for H,BDC-amide-2, despite having few weak
signals due to the presence of unreacted H,N-H,BDC. The
signal at 12.12 ppm and 9.20 ppm are produced by the amide
proton and the proton 3 (numbering in the figure), respectively,
and the other protons are marked in the region of 8.2 ppm to
7.6 ppm. The conversion rates of amine groups calculate from
the integral data are above 97% and nearly 87% for MIL-
101(Cr)-amide-1 and MIL-101(Cr)-amide-2, respectively,
implying the high conversion rate of the amino groups in our
work. On the contrary, the conversion rates of amine in IRMOF-
3 and MIL-68(In)-NH, are less than 13% and 10% according to
the research, respectively.””** Cohen and co-workers have re-
ported that the rate for the covalent modification of IRMOF-3,
UMCM-1-NH, and DMOF-1-NH, are around 32-76%.** There-
fore, dual-acyl chloride is very suitable for the amine function-
alization of MOFs modified by postsynthetic covalent. In
conclusion, the IR and "H-NMR data have successfully verified
the accomplishment of covalent modification of MIL-101(Cr)-
NH, by reacting with dual-acyl chloride.

Moreover, the pore networks of the samples are explored to
elucidate a better understanding of their adsorption mechanism.

Fig. 4 plot the adsorption-desorption loops of the three
samples by N,, and a type I adsorption behavior occurred, with
small hysteresises due to the interstitial voids formed by the
small crystal particles. Comparing with MIL-101(Cr)-NH,, BET
surface areas and total pore volumes are substantially reduced
in both MIL-101(Cr)-amide-1 and MIL-101(Cr)-amide-2, due to
the presence of carboxyl groups projecting into the pores. The
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Fig. 4 N, adsorption—desorption isotherms on MIL-101(Cr)-NH,,
MIL-101(Cr)—amide-1 and MIL-101(Cr)—amide-2 samples at 77.3 K.
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Fig. 5 NLDFT pore size distribution of MIL-101(Cr)-NH, (a), MIL-
101(Cr)—amide-1 (b) and MIL-101(Cr)—amide-2 (c).
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Fig.6 TGA curves: (a) MIL-101(Cr)-NHo, (b) MIL-101(Cr)—amide-1and
(c) MIL-101(Cr)-amide-2.

observed decrements of surface areas have been also found in
many other studies for various MOFs modified by postsynthetic
covalent.*® Fig. 5 provides the pore size distributions of the
samples based on the interpretation of nonlinear density
functional theory (NLDFT), and the results implies that the
average pore sizes of MIL-101(Cr)-amide-1 and MIL-101(Cr)-
amide-2 become smaller than that of MIL-101(Cr)-NH,. It is
evident that such a result is caused by the elimination of the
larger pore in MIL-101(Cr)-amide-1 and MIL-101(Cr)-amide-2.
On the other hand, despite two smallest pores are also elimi-
nated in MIL-101(Cr)-amide-1, some pores are newly-created in
MIL-101(Cr)-amide-2, locating at 7.7 A, 12.4 A and 15.2 A, and
this is due to the partial occupation of larger groups. The results
of the pore parameters are outlined in Table 1. It have found
that the surface area and pore volume of MIL-101(Cr) with
functional groups decreased with the increases in group sizes.
Further, the proportion of micropores agree with the size vari-
ation of the functional groups, and this is important to enhance
the CO,/N, selectivity for its smaller kinetic size than N,.

To evaluate the stability of as-prepared MIL-101(Cr)-NH,
and the samples under postsynthetic covalent modification, the
thermal gravimetric analysis was carried out. As shown in Fig. 6,
MIL-101(Cr)-NH, starts to decompose at 250 °C in the air,
similar to the discovery reported in the literature.* In contrast,
the decomposing temperatures of MIL-101(Cr)-amide-1 and
MIL-101(Cr)-amide-2 increase up to 280 °C and 380 °C,
respectively, which is slightly lower than that of the value for
ZIF-8 (ca. 500 °C), but higher than most of MOF materials.* It
have reported that the thermal stability of MOFs is improved by
reducing the primary amine to a secondary one,” thus the

Table 1 Pore parameters of MIL-101(Cr)-NH,, MIL-101(Cr)—amide-1 and MIL-101(Cr)—amide-2 samples

Veotal (Cm3 g7 1)

Vmicro (Cm3 gil) Vmicro/Vtotal

Sample Sger (m” g™")

MIL-lOl(CI‘)fNHZ 2558 2.11
MIL-101(Cr)-amide-1 2005 1.78
MIL-101(Cr)-amide-2 861 0.93

This journal is © The Royal Society of Chemistry 2017

0.18 8.53%
0.16 8.99%
0.20 21.51%
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Fig. 7 Adsorption isotherms of CO, (solid) and N, (hollow) on the
samples at 298 K and the fitted isotherms by DSL model: (a) MIL-
101(Cr)=NH_, (b) MIL-101(Cr)—-amide-1 and (c) MIL-101(Cr)-amide-2.

incorporation of larger groups in the framework favors the
improvement of the thermal stability.

Finally, the CO, and N, adsorption isotherms were con-
ducted at a temperature of 298 K to evaluate the adsorption
capability of the as-prepared functionalized MIL-101(Cr) mate-
rials. As shown in Fig. 7, although the CO, adsorption amounts
of the two modified samples are consistently smaller than the
corresponding adsorption of MIL-101(Cr)-NH, within the entire
pressure range, relatively higher ideal selectivities of CO, over
N, are produced by the incorporation of amide and carboxyl
groups (Fig. 8). Specifically, the ideal selectivities at 0.1 MPa are
up to 10.93, 12.49 and 16.44 for MIL-101(Cr)-NH,, MIL-101(Cr)-
amide-1 and MIL-101(Cr)-amide-2, respectively. Amide groups
have been previously reported to enhance CO, adsorption.*
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Fig. 8 Ideal separation factor of CO,/N, for the samples at 298 K: (a)
MIL-101(Cr)-NH,, (b) MIL-101(Cr)—amide-1 and (c) MIL-101(Cr)-
amide-2.
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Further, the incorporation of carboxyl groups into the MOFs is
also beneficial to the CO, capture, and the performance is even
better than the results achieved by amine groups,” due to
a higher heat of adsorption for carboxyl groups, thus a higher
efficiency of adsorption behavior at low pressure occurred.
Herein the high selectivities in MIL-101(Cr)-amide-1 and MIL-
101(Cr)-amide-2 are physically caused by the strong interac-
tions between the modified groups and CO, molecules. More-
over, since the quadrupole moment of N, (—4.6 x 10~*° C m?) is
much lower than the value of CO, (—14 x 107*° C m?),*® the
enhanced polarizability (electrostatic interaction) of the
framework caused by the incorporated groups is also an
important factor for the selectivity enhancement.* Thus, all of
these factors contributes to a higher uptake of CO, than of N,.

Conclusions

In summary, uncoordinated carboxyl groups were successfully
grafted on MIL-101(Cr)-NH, framework, and a general and
facile method was developed to modify MOFs by dual-acyl
chloride at mild conditions. In addition, most of the amine
groups of MIL-101(Cr)-NH, were successfully grafted with
carboxyl groups in the present work, indicating the proposed
strategy is very efficient. The carboxyl groups functionalized
samples exhibited enhanced selectivities of CO,/N, in compar-
ison with the original MIL-101(Cr)-NH, at low pressure and
ambient temperature. Besides, the thermal stabilities of the
functionalized samples were also enhanced. This could be
caused by the positive evolution of pore due to the introducing
of carboxyl groups into the pores apertures. The uncoordinated
carboxyl groups functionalized samples will be used for fabri-
cation of MOF-based mixed matrix membrane and separation
of transition metal ions, which are currently underway in our
laboratory. Overall, the present work provides a high efficient
strategy to functionalize amine-containing MOF with uncoor-
dinated carboxyl groups.
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