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Amine-functionalized metal—-organic frameworks:
structure, synthesis and applications

Yichao Lin, Chunlong Kong and Liang Chen*

We present a review on some recent studies on the syntheses, structures and properties of amine-
functionalized metal-organic frameworks (MOFs), and highlight the benefits of amino functionality
towards potential applications. Owing to the strong interaction between CO, and basic amino
functionalities, amine-functionalized MOFs have attracted much attention mainly for CO, capture.
Besides the most widely used in situ synthesis method, post-modification and physical impregnation
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1. Introduction

In recent decades, the family of metal-organic frameworks
(MOFs) or porous coordination polymers (PCPs) has been
extensively explored by chemists, physicists and materials
scientists owing to their striking chemical and physical prop-
erties."® These interesting MOF materials are organic-inor-
ganic hybrid porous solids built from organic linkers and
inorganic metal nodes. To date, the interest on MOFs mainly
comes from their high surface areas (up to 8000 m? g %),
permanent porosity and tunable pores. These traits make them
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exhibit excellent CO,/H,, CO,/CH4; and CO,/N, separation performance. Furthermore, amine-
functionalized MOFs also demonstrate potential applications in catalysis.

very promising candidates for gas storage and separation, drug
delivery, catalysis and sensing or recognition.* Notably, the
syntheses of MOF-5 and HKUST-1 have been scaled up recently
by BASF in collaboration with Yaghi's group and used in natural
gas vehicles to increase fuel storage capacity.*

As a new class of porous materials, MOFs diverge from the
traditional zeolites in many aspects.> For example, MOFs
possess larger flexibility in composition and less topological
constraints in the formation of frameworks, which have given
birth to more than 20 000 MOF structures.' Hence, MOFs family
is foreseen as the next-generation leading porous materials.
Recently, much attention has been recently devoted on MOFs
consisting of functional groups, so that some desirable chem-
ical and physical properties can be imparted. To date, a series of
functionalized MOFs®>® containing different functional groups
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(e.g., -OH, -NH, and -Br) has been prepared and characterized.
Among them, amine-functionalized MOFs are the most inves-
tigated mainly because of their basic amine groups, which
display strong affinity to acidic gas molecules and can render
active sites for catalysis. Moreover, amine-functionalized MOFs
can serve as a good platform for post synthetic modification
(PSM). This review will focus on the amine-functionalized MOFs
reported to date, including the amino functionalities on organic
linkers or metal sites. In addition, the MOFs with polyamines
constrained in pores are also reviewed. We will first summarize
some recent progresses on the syntheses for amine-
functionalized MOFs, and then we will introduce their poten-
tial applications and finally draw some conclusions.

2. Synthesis of amine-functionalized
MOFs

Currently, amine-functionalized MOFs are prepared mainly by
following three routes: (i) in situ synthesis, (ii) post-modification
with amines and (iii) physical mixing unfunctionalized MOFs
and polyamines. Among these routes, the in situ synthesis
method is the mostly used. The other methods have been
developed and investigated only recently. Fig. 1 shows the
structures/cages of amine-functionalized or their parent
frameworks via in situ synthesis.

2.1 In situ synthesized amine-functionalized MOFs

2.1.1 Amine-functionalized MOFs with structure motif.
Hydrothermal/solvothermal synthesis, which employs high
temperatures and elevated pressures, is by far the most
successfully used method for in situ preparation of MOFs.***'*
However, under solvothermal conditions, thermally labile
functional groups of ligands will coordinate metal ions,
resulting in undesired solids and inhibiting MOF assembly.
Therefore, MOFs with chemical functionality are very limited,**
although numerous MOFs have already been reported.
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Interestingly, the majority of functionalized MOFs consist of
amine-functionalized MOFs (Table 1).

To our knowledge, MOF-46," constructed by the 2-amino-
1,4-benzenedicarboxylate (NH,BDC) linkers and Zn ions, is
the first reported amine-functionalized MOF with robust three-
dimensional (3D) framework. MOF-46 was initially designed
from the structural motif of MOF-2 which is constructed by
paddle-wheel secondary building units (SBUs) and 1,4-benze-
nedicarboxylate (H) linkers. The substituents on benzene ring
are speculated to result in rotation of carboxylate out of the
benzene ring plane. In this regard, the framework can be
changed or even disrupted if some unsuitable substituents are
introduced onto the benzene ring. The authors found that the
distance (d) between the substituents of linkers of the same
paddle-wheel is an important parameter for the designed
structure (Fig. 2). The value of d should not be larger than the
sum of the van der Waals radius of two functional groups.
Otherwise, the designed functionalization cannot be obtained.
This condition explains why amine-functionalized MOF-2
(MOF-46) was successfully synthesized, whereas methyl-
functionalized MOF-2 cannot be synthesized.

Another amine-functionalized MOF, IRMOF-3 (ref. 14) (Iso-
reticular Metal-Organic Frameworks-3), which was in situ
synthesized, is one of the most fully investigated functionalized
MOFs due to its high porosity, excellent stability, crystalline
structure and accessible amino groups on the benzenedi-
carboxylate (BDC) linker. The crystalline structure of IRMOF-3 is
generally identical to that of IRMOF-1 (also known as MOF-5),
which is a starting structural motif. It has a rigid cubic frame-
work constructed by Zn,O SBUs and NH,BDC rods. IRMOF-3
can be synthesized by a mixture of zinc nitrate tetrahydrate
and NH,BDC in N,N-diethylformamide (DEF) under sol-
vothermal conditions, i.e. similar synthesis condition as that in
MOF-5 synthesis. Accordingly, successful IRMOF-3 synthesis
can also be explained by the abovementioned rule. Interest-
ingly, the active amine pendants in the IRMOF-3 framework can
be further modified by simple covalent reactions, such as
acetylation.” Owing to its excellent chemical and thermal
stability, as well as high porosity,'® IRMOF-3 is therefore a good
model system for PSM.

By using the same method and process, researchers have
recently synthesized some attractive amine-functionalized
MOF,"72* such as NH,-UiO-66 (ref. 19) (UiO = University of
Oslo) and NH,-MIL-101(Cr).* The only difference is that,
sometimes, the synthesis temperatures and duration should be
adapted because of the accelerating effect of amine groups on
crystallization. NH,-UiO-66 was initially synthesized from the
structural motif UiO-66, which is a classical MOF exhibiting an
expanded cubic close-packed structure. UiO-66 (ref. 21) was
prepared from a mixture of ZrCl, and H,BDC under sol-
vothermal conditions in DMF. Simple replacement of H,BDC by
NH,BDC leads to the formation of crystalline NH,-UiO-66 under
the same solvothermal conditions with a shorter duration. NH,-
MIL-101(Cr) has attracted much attention due to its amine
pendant together with very high surface areas, excellent stability
against moisture and simple synthesis process. Its parent MIL-
101(Cr)® was first reported by Ferey and coworkers and rapidly
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Fig. 1 Structures/cages of amine-functionalized MOFs or their parents.

became one of the most important members of the MOFs
family. It possesses mesopores, excellent stability and open
metal sites. On the basis of the abovementioned experimental
route and taking account of the accelerating effect of amine
groups, Chen and coworkers lowered the synthesis temperature
and added some base to obtain NH,-MIL-101(Cr), which shows
excellent stability and exhibits a high surface area (up to 1675
m?® ¢~ ') and a large pore volume (up to 1.67 cm® g~ ). Burrows
and coworkers® further reported on the synthesis of NH,-MIL-
101(Cr) and presented a tandem PSM strategy. Another amine-
functionalized MOF in the MIL series is NH,-MIL-125 reported
by Li.> The structure of NH,-MIL-125 is similar to that of MIL-
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125,>* which is constructed from titanium-oxo-hydroxo clusters
and H,BDC linkers with a quasi-cubic tetragonal structure.
The framework of the abovementioned
functionalized MOFs are rigid. Moreover, flexible frameworks
are much more attractive because their pore volumes and pore
sizes can be adjusted by host-guest interactions. MIL-53 (ref.
25) and MIL-88 (ref. 26) display this structural feature. For
instance, the pore channels of MIL-53 filled with water mole-
cules are quite narrow; however, the pore size increased after
the water molecules were removed. More importantly, this
flexibility transformation is reversible. This interesting
phenomenon is thus called “breathing effect”. The

amine-

This journal is © The Royal Society of Chemistry 2016
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Table 1 The reported amine-functionalized MOFs and their structure information
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Acronym name Ligand Stangmuir (m*>g™) Sger (M g™ 1) Vipore (em® g ™) Ref.
MOF-46 2-Amino-1,4-benzenedicarboxylate — — — 13
CAU-1 2-Amino-1,4-benzenedicarboxylate 1700 1268 1.32 36 and 41
IRMOF-3 2-Amino-1,4-benzenedicarboxylate 3062 2446 1.07 16
— 2850 — 42
UiO-66-NH, 2-Amino-1,4-benzenedicarboxylate — 1206 — 19
1123 0.52 43
MOF-LIC-1 2,4-Diamino-1,4-benzenedicarboxylate — — — 31
UiO-66-NH, (mixed linker) 2-Amino-1,4-benzenedicarboxylate 1313 1112 — 5
NH,-MIL-101(Cr) 2-Amino-1,4-benzenedicarboxylate 2280 1675 — 20
2070 2.26 22
NH,-MIL-101(Al) 2-Amino-1,4-benzenedicarboxylate — 2100 0.77 31
— 3099 1.53 44
NH,-MIL-101(Fe) 2-Amino-1,4-benzenedicarboxylate — 3483 1.64 44
NH,-MIL-68(In) 2-Amino-1,4-benzenedicarboxylate — 2160 0.48 45
NH,-MIL-88(Al) 2-Amino-1,4-benzenedicarboxylate . — . 28
NH,-MIL-53 (mixed linker) 2-Amino-1,4-benzenedicarboxylate, — 1000-1100 0.43-0.51 46
1,4-benzenedicarboxylate
NH,-MIL-53 2-Amino-1,4-benzenedicarboxylate — 735 0.345 47
Bio-MOF-1 Adenine, biphenyldicarboxylic acid — 1700 — 39
Bio-MOF-11 Adenine — 1040 0.45 38
Bio-MOF-100 Adenine, biphenyldicarboxylic acid — 4300 4.3 40
NH,-MIL-125 2-Amino-1,4-benzenedicarboxylate 1719 1302 — 23
1245 0.53 48
Zn,(Atz), 3-Amino-1,2,4-triazole — 7820 0.19° 35
DMOF-1-NH2 2-Amino-1,4-benzenedicarboxylate, — 1510 — 49
1,4-diazabicycloctane
UMCM-1-NH, 2-Amino-1,4-benzenedicarboxylate, — 3973 — 49
4,4’ 4"-benzene-1,3,5-triyl-tribenzoic acid
Zn,(CN5sH,);3(H,0)3-6H,0 5-Amino-1H-tetrazole 433 340.8 — 37
NH,-CuBTC 2-Amino-1,3,5-benzenetricarboxylate — 1834 0.69° 29
MAF-66 3,5-Diamino-1,2,4-triazole 1196 1014 0.43 34
CPF-13 3,5-Diamino-1,2,4-triazole, 1008 642 — 50
1,4-benzenedicarboxylate
ZnF(Am,TAZ) 3,5-Diamino-1,2,4-triazole — — — 17

“ Micropore volume. ? Calculated from the fit to the density functional theory model.

corresponding amine-functionalized MIL-53(Al, Fe)*”*®* and
MIL-88(Fe)*® were further developed. Owing to the effect of
breathing and its amine groups, NH,-MIL-53(Al) exhibits
interesting gas adsorption properties, which will be discussed
in the next section.

The formation of desired frameworks is not always control-
lable during MOF synthesis under solvothermal conditions. The
solvent, pH and temperature have profound impact on structure
formation. High-throughput method has been used to study the
solvothermal reactions of FeCl; and NH,BDC.?® It was found
that, different solvents, pH and temperatures resulted in
different types of amine-functionalized MOFs: NH,-MIL-53(Fe),
NH,-MIL-88(Fe), NH,-MIL-101(Fe) or amorphous solids. In
another example, NH,-CuBTC with pure linker cannot be
synthesized in the same condition as that of CuBTC. Instead,
Peikert and coworkers successfully synthesized NH,-CuBTC by
using a different solvent.> Sometimes, even the type of metal salt
source plays a key role in structure formation in MOFs. For
example, NH,-MIL-101(Al)*® can be synthesized with via a reac-
tion between AICl; and NH,BDC in DMF under solvothermal
conditions. By contrast, when the metal salt AICl; was replaced
by Al(NO;);, NH,-MIL-53(Al)** was obtained. Another example is

This journal is © The Royal Society of Chemistry 2016

NH,-MIL-88(Sc),** which was obtained from a metal salt of
Sc¢(NO;3);-3H,0 under solvothermal condition. When Sc(NO;);-
-3H,0 was replaced by Sc,0;, Sc,BDC; was crystallized. In
addition, NH,-MIL-101(Al) was successfully synthesized, whereas
its ‘structure motif’® MIL-101(Al) has not yet been reported,
demonstrating the complexity of structure formation of MOFs.
2.1.2 Amine-functionalized MOFs without structural
motif. The above amine-functionalized MOFs possess ‘struc-
tural motif’. However, some amine-functionalized MOFs have
been initially synthesized without structural motif. MOF-LIC-
1,* MAF-66 (ref. 34) (MAF = metal azolate frameworks),
Zn,(Atz),,*® CAU-1 (ref. 36) and Zn,(CNsH,);(H,0)3-6H,O (ref.
37) belong to this category. MOF-LIC-1 was initially synthesized
from the reaction of gadolinium nitrate with 2,4-diamino-1,4-
benzene dicarboxylic acid in DMF under solvothermal condi-
tion, displayed an octahedral network with infinite pore chan-
nels and oriented amino groups. MAF-66 (ref. 34) is constructed
by Zn nodes and 3-amino-1,2,4-triazole linkers, possesses a BET
surface area of 1014 m” g~ ' and a total pore volume of 0.43 cm®
g '. Zn,(Atz), was synthesized via a solvothermal reaction of
zinc carbonate, 3-amino-1,2,4-triazole and oxalic acid.*® The
framework was built from pillaring of Zn-aminotriazolate layers

RSC Adv., 2016, 6, 32598-32614 | 32601
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Fig. 2 Schematic representation of the original structural motif and
designed functionalized MOF. d is the distance between two func-
tional groups.

caused by oxalate groups and exhibited a BET surface area and
pore volume of 782 m? g ' and 0.19 cm® g ', respectively.
Zn,(Atz), has been comprehensively investigated for its excellent
CO, capture ability, which will be covered in the next section.
CAU-1 is well known for its unprecedented octameric {Alg(-
OH),(OCH,)g}"*" building units attached to a 12-connected net.
CAU-1 displays high porosity with a Langmuir surface area of
1700 m*> g~ ' and high thermal stability. Moreover, Zn,(CNs-
H,);5(H,0)3-6H,0 (ref. 37) is an interesting amine-functionalized
MOF with two-dimensional layered framework. In the frame-
work, each 5-aminotetrazole ligand is linked to two zinc nodes,
resulting in 1D square channels. Each layer is connected by
hydrogen bonding, and the free amino groups are accessible and
located around the cavities.

In addition, a series of bio-MOFs with amino groups, which
is known for their biocompatibility, can be also classified in this
category. Bio-MOF-11 (ref. 38) was synthesized via a sol-
vothermal reaction between cobalt acetate tetrahydrate and
adenine in DMF. Adenine is an ideal biomolecular ligand for
constructing bio-MOFs because of its rigidity and multiple
metal binding sites. The structure of bio-MOF-11 consists of
cobalt-adeninate-acetate paddle-wheel clusters, which can be
regarded as the square SBUs, where two Co®" ions are bridged
by two adeninates and two acetates. The dimension of cube-
shaped space within the framework is approximately 4.0 A x
4.0 A x 4.0 A. The free amine groups of adeninates in the
framework and the biocompatibility make the bio-MOFs
important members of the amine-functionalized MOFs family.
Interestingly, introducing biphenyldicarboxylic acid into the
reactions between adenine and zinc acetate dehydrate in DMF
lead to the formation of bio-MOF-1.** The SBUs of bio-MOF-1
are also the zinc-adeninate column composed of apex-sharing
zinc-adeninate octahedral cages. The connection of zinc-ade-
ninate columns and BPDC yield a 3D framework exhibiting
a pcu network topology. By further modifying the reaction
conditions, Rosi and coworkers obtained an exclusively meso-
porous bio-MOF-100 (ref. 40) with a surface area of 4300 m*> g~"
and the largest pore volume reported to date (4.3 cm® g™ %).

2.2 Amine-functionalized MOFs with mixed linkers
(MIXMOFs)

Amine-functionalized MOFs fabricated by mixed linkers were
recently demonstrated based on the structures of MOF-5,>* MIL-

32602 | RSC Adv., 2016, 6, 32598-32614
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101 (ref. 52) and MIL-53.% In the case of amine-functionalized
MIXMOFS, the molar ratios of amine-functionalized linkers
and unfunctionalized linkers can be readily controlled by
modifying the reaction stoichiometry. For example, a series of
amine-functionalized MIXMIL-53 (ref. 53) with different amine
contents were synthesized by replacing H,BDC with NH,BDC
based on the synthesis conditions for pure MIL-53. Such amine-
functionalized MIXMOFs were obtained by replacing the orig-
inal organic linkers with amine-functionalized derivatives but
without causing structural change. Herein, we refer these
MIXMOFs as type 1. Moreover, some MIXMOFs were syn-
thesised by two types of linkers exhibiting different geometries,
such as DMOF-1-NH,,* UMCM-1-NH, (ref. 49) and CPF-13.>* We
refer to them as type 2 MIXMOF. DOMOF-1-NH, was synthe-
sized by the reaction between Zn(NO;), and the mixture of
NH,BDC and 1,4-diazabicyclo[2.2.2]Joctane organic linkers
under solvothermal conditions. UMCM-1-NH, was fabricated by
the mixed linkers of NH,BDC and 4,4',4"-benzene-1,3,5-triyl-
tribenzoic acid and Zn nodes. The two amine-functionalized
MIXMOFs are derivatives of previously reported structures, in
which H,BDC was replaced by NH,BDC. CPF-13 (ref. 50) is an
anionic porous amine-functionalized framework with amino-
decorated polyhedral cages and is constructed from Zn ions,
3,5-diamino-1,2,4-triazole, and BDC linkers via solvothermal
reactions. Interestingly, the BDC linker can be further replaced
by NH,BDC to fabricate frameworks but which exhibits low gas
adsorption capacity because of the blockage of the pentagonal
windows by the extra amino groups. To enlarge the framework
windows, large 2,6-naphthalenedicarboxylic acid ligand was
used by the authors to replace the BDC linker, however,
resulting in an unstable structure.

2.3 Post-synthetic amine-functionalized MOFs

Amine-functionalized MOFs can also be prepared by PSM
method. Hupp and coworkers® reported the covalent PSM of an
alkyne functionalized MOF prepared from 2,6-naph-
thalenedicarboxylic acid and acetylene-tagged bis(pyridyl)
mixed ligands. The alkyne group was initially protected by a silyl
group during MOFs synthesis, and the protection was subse-
quently removed using tetrabutylammonium fluoride (TBAF).
TBAF was chosen because the large size of the NBu' counterion
can limit the deprotection to the surface of the MOF crystals.
Furthermore, ‘click’ reaction was performed between the
deprotected alkyne groups on the MOF crystal surface and dye
ethidium bromide monoazide containing amino groups.
Although the purpose of this work is not on the synthesis of
amine-functionalised MOF, it offers a route to prepare amine-
functionalized MOFs. Moreover, Stock and coworkers®
successfully achieved a covalent PSM of MOF without active
functional groups and obtained corresponding amine-
functionalized MOFs. In particular, they selected MIL-101(Cr)
for PSM because of its extraordinary chemical and thermal
stability. They were able to directly functionalize the aromatic
ring of the BDC ligand by nitric acid to produce MIL-101(Cr)-
NO,. The -NO, group was confirmed by IR spectroscopy and
solution 'H-NMR of MIL-101(Cr)-NO, upon digestion in

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Representation of the route for preparing NH,-MIL-101(Cr)
from MIL-101(Cr) via PSM.

aqueous NaOH. The -NO, groups in the MIL-101(Cr)-NO, can
be easily and quantitatively reduced with SnCl, and EtOH into
amino groups (Fig. 3).

Some MOFs, such as MIL-53 containing -OH groups, possess
functional groups in their SBUs instead of in their organic
linkers. In addition, several MOFs contain open metal sites in
their SBUs after removal of coordinated solvent molecules.
These traits render PSM of SBUs a mainstream approach for
tuning the functionality of MOF pores. Herein, we will highlight
several studies that successfully grafted amino groups onto
SBUs. Ferey and co-workers®® chose MIL-101(Cr), owing to its
abundant unsaturated Cr sites, high surface area, and meso-
porous pores, for PSM. In their study, MIL-101 was firstly heated
under vacuum condition to remove the coordinated water
molecules. Ethylenediamine (ED), which is an effective grafting
reagent, was then chosen owing to its multifunctional chelating

View Article Online
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groups. ED was reacted with activated MIL-101 in toluene by
heating under reflux and the products (ED-grafted MIL-101) were
confirmed by PXRD and IR spectroscopy. In the resulting ED-
grafted MIL-101 framework, the open metal sites of MIL-
101(Cr) is anchored one end of ED, whereas the other amino
end is left available (Fig. 4). A subsequent study also used ED for
the PSM of a triazolate-bridged copper-based MOF (CuBTTri)
following the procedure above.”” In this MOF, the SBUs
comprised chloride-centred [Cu,Cl]”* squares, and each Cu
centre possesses a coordinated solvent molecule. After removal
of coordinated solvent molecules through heating, the MOF was
exposed to a toluene solution of ED. The colour change in MOF
crystals from red to blue in this process indicated successful
grafting of ED. IR spectroscopy results and the reduced surface
area further demonstrated that the ED ligands were successfully
bound to the open Cu sites. A subsequent work further intro-
duced N,N'-dimethylethylenediamine to the CuBTTri framework
by using the same process.*® The pore sizes of MOFs notably play
an important role in the PSM for amine functionalization. For
example, Mg-MOF-74 contains high concentration of open metal
sites. However, amine-functionalized Mg-MOF-74 is difficult to
achieve using PSM because its narrow pores limit the transport
of reactants. Long and coworkers® recently exploited an
expanded analogue of Mg-MOF-74, ie. Mg,(dobpdc), which
exhibits 18.4 A-wide channels. In the structure of Mg,(dobpdc),
each Zn" ion possesses four different dobpdc” ligands and one
coordinated DEF solvent molecules, resulting in a distorted
octahedral geometry. After activation, the MOF was suspended
in hexane solution with an excess of N,N'-dimethylethylenedi-
amine to prepare the alkylamine functionalized Mg,(dobpdc).
Lee and coworkers®® very recently prepared heterodiamine-

open site

ERa

Fig. 4 Schematic route of grafting amines onto the open metal sites of MOFs. Top: MIL-101; bottom: Mg,(dobpdc).

This journal is © The Royal Society of Chemistry 2016

RSC Adv., 2016, 6, 32598-32614 | 32603


https://doi.org/10.1039/c6ra01536k

Published on 24 2559. Downloaded on 22/4/2569 16:57:01.

RSC Advances

MIL-101 PEI

Fig. 5 Schematic of amine/MIL-101 composite preparation.

grafted Mg,(dobpdc) and homodiamine-grafted Mg,(dondc) by
using the same route.

2.4 Physical incorporation of amine into MOFs

Physically incorporating amines into MOFs may be one of the
most convenient methods to prepare amine-modified MOFs.
Moreover, controlling the loading of amines is rather easy and
much higher amine concentration can be achieved through this
method compared with PSM. The amines to be incorporated
should be polyamines because of the volatile nature of small
amine molecules. However, the chain of polyamine should be
short considering the relatively narrow pore windows of MOFs.
The pore windows of candidate MOFs should be sufficiently
large for polyamine impregnation. Pore windows with a diam-
eter of several nanometres are preferred. For fast and facile
polyamine impregnation, the MOF crystal should also be small.
Chen et al.®® have successfully prepared polyethylene (PEI)-
impregnated MIL-101 (Fig. 5). During synthesis, activated
MIL-101 was slowly added into a methanol solution of PEI
under stirring. The resulting gel was stirred to dry under room
temperature. MIL-101 was selected owing to its large surface
area, as well as its excellent thermal and chemical stability. In
addition, MIL-101 possesses open metal sites and Cr-OH
groups that can serve as Lewis acid sites to anchor PEIL. PEI
impregnation was confirmed by IR spectroscopy, as well as by
element and BET analyses. By using a similar process, Chen and
coworkers further prepared PEI-modified NH,-MIL-101(Cr)*
composites and applied them in CO,/CH, separation. The
length of PEI used in the above is short with a molecular weight
of 300. A subsequent study used several PEI with different
molecular weights (ranging from 300 to 10 000) to detect the
influences of PEI molecular weight on the performance of PEI-
impregnated MIL-101(Cr).** The result shows that low-
molecular-weight PEI-impregnated MIL-101(Cr) possesses
high CO, capture capacity, indicating that low molecular-weight
PEI with shorter length of PEI is beneficial for its diffusion into
the MIL-101(Cr) pores. However, the main weakness of the NH,-
MIL-101 composite materials is its regeneration cost.

3. Applications of amine-
functionalized MOF

MOFs have many applications owing to their high surface area
and porosity, as well as versatile functionality. This section
focuses only on the application of amine-functionalised MOFs
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by virtue of their amino functionality. We first discuss the
application of CO, capture, which is the most extensively
investigated in the last few years, then describe the amine-
functionalized MOF-based membrane for gas separation and
finally present their applications in catalysis.

3.1 CO, capture

Emission of CO, into the atmosphere is one of the major causes
of global climate change. CO, capture in an efficient and
economical manner is deemed a solution to mitigate CO,
emission. MOFs are a promising candidate because they exhibit
excellent CO, adsorption capacity at high pressures owing to
their extremely high surface area. At high pressures, CO,
adsorption capacities generally show a linear relationship with
the specific surface area and pore volume of the adsorbents.
However, most MOFs show unsatisfactory CO, adsorption
capacities at low pressures (~0.15 bar), which are relevant to the
realistic CO, emission conditions. For example, the CO,
adsorption capacity of MIL-101(Cr) with large surface area and
mesopores is 40 mmol g~ at 50 bar.®® However, at pressures
below 1 bar, the CO, capture ability is unsatisfactory, due to the
weak interaction between CO, and the frameworks. Although
the imparted amino functionalities occupy the void space of
MOFs and result in the decrease of surface area and pore
volume, the abundant basic amino groups would still improve
the CO, adsorption capacity of MOFs at low pressures. Clearly,
the CO, capture ability at low pressures is mainly determined by
the interaction between CO, molecules and active sties of
MOFs. Chen and coworkers® recently developed amine-
functionalized MIL-101, which exhibits higher CO, adsorption
capacity at low pressures than that of MIL-101, although CO,
adsorption capacity was low at high pressures owing to the
decreased surface area.

Arstad and coworkers™ investigated the CO, adsorption
behaviours of three types of amine-MOFs and found that at low
pressures, the MOF adsorbents with uncoordinated amine
functionalities demonstrated higher CO, adsorption capacity
than that of their unfunctionalized parents. Accordingly,
enthalpy of CO, adsorption (50 k] mol™ ') was much higher in
the amine-functionalised MOFs than in the unfunctionalised
parents.

Zn,(Atz), (ref. 35) exhibits high CO, adsorption capacity at
low pressure and at 273 K (4.35 mmol g~ " at 1.2 bar), whereas no
appreciable uptake of N,, Ar and H, was observed under the
same conditions. This selective CO, adsorption is partly
attributed to the barrier of the small pores in the framework.
However, this barrier can be overcome by host-guest interaction
between CO, and amino groups. The adsorption enthalpy of
CO, reaches 40.8 k] mol " at zero coverage and the maximum
loading is retained at 38.6 k] mol™". To further understand the
interaction between CO, and Zn,(Atz), frameworks, Shimizu
and Woo® employed the single-crystal diffraction technique to
locate CO, molecules within the structure. They found two
independent CO, binding sites: one near the free amino groups
(Fig. 6) and another one close to the oxalates. Their computa-
tional simulations indicated that three factors, including
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appropriate pore size, amino groups and lateral binding
between CO, molecules, are responsible for the large uptake of
CO, in Zn,(Atz), at low pressures. Bio-MOF-11 (ref. 26) is
another amine-functionalised MOF demonstrating excellent
CO, adsorption capacity (up to 6.0 mmol g * at 1 bar and 273 K),
high CO,/N, selectivity (up to 81) and high heat of adsorption.
Jiang et al.*” conducted a molecular simulation study and found
that Lewis basic amino and pyrimidine groups are the prefer-
ential adsorption sites. The high CO,/N, selectivity of bio-MOF-
11 is caused by the presence of multiple basic sites and by the
nano-sized channels. These works demonstrate that, in addi-
tion to the Lewis basic amine sites, appropriate pore sizes play
an important role for the high performance of amine-
functionalized MOFs. CAU-1 exhibits pore windows of 0.3-0.4
nm, which is nearly similar to the dimensions of molecular CO,.
Thus, the combination of an appropriate pore size and amine
groups render CAU-1 an ideal candidate for CO, capture. Si
et al.** reported that CAU-1 demonstrates one of the highest CO,
adsorption capacity (7.2 mmol g~ " at 273 K and 1 atm), high
CO, adsorption heat (about 48 k] mol ' at the onset of
adsorption) and excellent selectivity for CO, over N, and CH, at
1 bar (Fig. 7). The CO,/N, and CO,/CH, selectivity that were
calculated based on the initial slopes®® of CO,, CH, and N,
adsorption isotherms are 101 and 28, respectively. The highly
selective adsorption of CO, over N, and CH, are further
confirmed by breakthrough experiments (Fig. 7).

However, the covalent grafting of amine groups to the
aromatic rings in MOFs cannot significantly enhance the
affinity of CO, to amine groups resulting from the electron
withdrawing property of benzene ring.*>’® For example, the
aforementioned NH,-MIL-101(Cr) only shows slightly higher
CO, adsorption capacity at low pressures than MIL-101(Cr).
Couck et al.*” found that the interaction of CO, in NH,-MIL-
53(Al) is stronger than that in MIL-53(Al) based on an in situ
DRIFTS analysis. The presence of amine groups in MIL-53(Al)
was initially attributed to the enhanced affinity of CO,.
However, a follow-up work® demonstrated that the role of the
amine groups is only indirect, and the enhanced CO, adsorp-
tion and separation ability of NH,-MIL-53(Al) are mainly
attributed to the specific flexibility of framework.

Incorporation of alkylamines which have higher affinity to
CO, molecules into MOF pores is expected to improve the

Fig.6 Locations of CO, adsorbed in the Zn,(Atz),. Ball: blue, N; white,
H; gray, C.

This journal is © The Royal Society of Chemistry 2016

View Article Online

RSC Advances

capacity of MOFs for CO, uptake at low partial pressures. A
pioneering work showed that ED-modified CuBTTri (en-CuBT-
Tri)*” was successfully prepared and demonstrated a record for
isosteric heat of CO, adsorption, ie. 90 k] mol™* at zero
coverage. However, only a slightly enhanced CO, uptake was
achieved, probably caused by the clogging of the outermost
framework pores, thereby limiting the loading amount of ED.
Motivated by this work, the authors further developed mmen-
CuBTTri*® with high loading of N,N’-dimethylenediamine,
resulting in an adsorbent demonstrating exceptional CO,
capture ability (Fig. 8). Although the surface area of CuBTTri
decreased after attachment of N,N'-dimethylenediamine to the
open metal sites, CuBTTri displayed a drastically enhanced CO,
adsorption capacity. At 25 °C and 0.15 bar, mmen-CuBTTri can
capture 2.38 mmol g~ and shows an excellent CO,/N, selec-
tivity of 327 based on the ideal adsorbed solution theory (IAST)
under a designed gas mixture of 0.15 bar CO, and 0.75 bar N,.
This high capacity and selectivity were ascribed to the excep-
tionally large isosteric heat of CO, adsorption (—96 kJ mol ') at
zero coverage, which was attributed to the chemisorption
between CO, and amines as revealed by the infrared spectra
analysis. Importantly, mmen-CuBTTri can be regenerated at 60
°C despite the large initial heat of adsorption. After 72
adsorption/desorption cycles, mmen-CuBTTri showed no loss
in CO, adsorption capacity. Another study attempted to search
for a material showing an improved performance for CO,
capture from the atmosphere and dry flue gas. The N,N-
dimethylenediamine-modified Mg,(dobpdc)* was then devel-
oped as a remarkable new CO, adsorbent exhibiting large
capacity, high selectiv