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� Pore sizes play a dominating role in
CO2 capture.

� Pore size-dependent CO2 adsorption
was only observed for MOFs in ftw,
but not for MOFs in csq and scu.

� The enhancement in CO2 adsorption
of MOFs upon functionalization also
depends on pore sizes.
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The mixed linker metal-organic frameworks (MOFs) consisting of a variety of organic linkers functional-
ized by multiple functional groups exhibit better performance in carbon capture due to the increased sur-
face heterogeneity. In order to explore the influence of the framework topology and mixed functionalities
on the carbon capture performance, in this work, Zr-MOFs in three topologies (csq, ftw, scu) with each
composed by one of the three types of linkers of different lengths were constructed, which were then
functionalized by three types of functional groups (AF, ANH2, AOCH3), respectively. Grand canonical
Monte Carlo (GCMC) simulations were used to investigate CO2 adsorption performance of all created
MOFs. We revealed that among the parent MOFs consisted of identical building blocks but in different
topologies, ftw-MOFs exhibit the highest CO2 working capacity and CO2/N2 selectivity due to the strong
affinity towards CO2. Moreover, the CO2 adsorption performance of ftw-MOFs shows obvious dependence
on the pore size, consistent with their host-adsorbate interaction energy, which is not the fact for csq-
MOFs and scu-MOFs. The enhanced CO2 adsorption performance upon functionalization of MOFs displays
pore-size dependence as well, especially for ANH2 functionalized frameworks in csq and scu, which is
mostly attributed to the enhanced host-adsorbate Coulombic interaction. The proposed effects of the
topology, the pore size and the functional group on CO2 adsorption performance of MOFs obtained in this
study may provide meaningful insight into the rational design of high-performing MOFs for carbon cap-
ture by tuning the topology, pore size and functionality of frameworks.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Anthropogenic carbon dioxide (CO2) is the major greenhouse
gas in the atmosphere that leads to global climate change. The
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CO2 emissions related to human activities result primarily from the
combustion of fossil fuels and various chemical processes. Renew-
able energy (such as hydroenergy and biomass energy) is still far
from replacing fossil fuels as the primary energy. Therefore, carbon
capture and sequestration (CCS) plays an important role in facing
this challenge as well as providing viable technologies that can
deal with the emission from fossil fuels.

Currently, a variety of strategies including membrane separa-
tion, chemical absorption, physical adsorption, cryogenic separa-
tion, electrochemical separation, and fuel cells, have been
proposed to sequester CO2 from the combustion of fossil fuels.
In particular, among several separation strategies, adsorption
based-on metal-organic frameworks (MOFs) is regarded as a
promising means to efficiently capture CO2 (Sumida et al.,
2012). MOFs are a class of nanoporous materials containing peri-
odic networks of metals, metal clusters, or metal oxide clusters
held together by bridging organic linkers (Furukawa et al.,
2013). Compared with other traditional adsorbents used in indus-
try, such as zeolites, activated carbon and silica, MOFs possess a
variety of outstanding features, including ultra-high surface area,
well-defined pore properties, especially the tunable and tailorable
structures and chemical functionalities (Li et al., 2012). The ultra-
high surface area and tunable pore surface chemistry endow
MOFs with higher adsorption capacity and selectivity toward
CO2 than activated carbons and zeolites (D’Alessandro et al.,
2010). As a new type of functional adsorbent materials, MOFs
have undergone extensive development and rapid progress in car-
bon capture over the past several decades (Liu et al., 2012; Long
and Yaghi, 2009). Britt et al. reported that Mg-MOF-74 with
exposed magnesium exhibited the CO2 adsorption capacity up
to 8.48 mmol/g at 0.1 MPa, and undergone facile CO2 release at
significantly lower temperature, 80 �C (Britt et al., 2009). How-
ever, design of MOFs with exceptionally high capacity and selec-
tivity toward CO2 adsorption remains challenging, since most of
the MOFs adsorb not only CO2 but also a considerable amount
of other impurities, such as N2, and CH4 (Liu et al., 2012). There-
fore, it is of great importance to tailor the pore metrics and func-
tionality of MOFs specifically for CO2 capture (Banerjee et al.,
2009; Eddaoudi et al., 2002).

Both prefunctionalization of organic linkers and postsynthetic
modification of pore surface are frequently used strategies for
improving the gas adsorption performance (Devic et al., 2010;
Evans et al., 2014; Tanabe and Cohen, 2011). Yaghi’s group firstly
reported functionalized isoreticular metal-organic frameworks
(IRMOFs) by various functional groups including ABr and ANH2

for methane storage (Eddaoudi et al., 2002), and they synthesized
a series of zeolitic imidazolate frameworks (ZIFs) modified by polar
or nonpolar functional groups, among which ZIF-78 functionalized
by ANO2 polar groups exhibited the highest CO2 uptake and selec-
tivity due to the strong dipole-quadrupole interaction between
polar functional groups and CO2 molecules (Banerjee et al.,
2009). Couck et al. (2009) found that the CO2/CH4 selectivity of
amine-functionalized MIL-53(Al) was increased by several orders
of magnitude without compensating the CO2 adsorption capacity
due to the enhanced affinity towards CO2 after introducing
ANH2. Reinsch et al. integrated various functional groups into
the aromatic rings of CAU-10, respectively and revealed the order
of CO2 adsorption capability of modified CAU-10: ANO2 > ANH2

> ACH3 > AOH > AOCH3 (Reinsch et al., 2013). Jiang et al. (2012)
prepared a series of functionalized PCN-58 and found that
amine-anchored PCN-58 shown the highest selectivity toward
CO2 over N2 among diversely functionalized frameworks. Then,
McDonald et al. (2015) reported the highly efficient CO2 capture
performance of diamine-appended M2(dobpdc) based on the coop-
erative process of CO2 insertion and the formation of well-ordered
ammonium carbamate by pore surface amines. Computational
modelling revealed similar findings that the introduction of func-
tional groups with stronger electron-donating abilities into frame-
works may lead to high adsorption selectivity towards CO2 (Liu and
Zhong, 2010).

All the above-mentioned MOFs are composed of the same type
of linkers carrying identical functional groups within one frame-
work (mono-linker MOFs). Recently, introducing multiple differ-
ently functionalized linkers into one framework (i.e. multivariate
MOFs, MTV-MOFs) to promote the pore surface heterogeneity for
better adsorption performance was proposed and implemented.
In 2010, Deng et al. (2010) reported the ultrahigh CO2 selectivity
of the derived MOF-5 by integrating various functionalities into
the frameworks, which was attributed to the synergistic effects
of varying functional groups according to the study of McDaniel
et al. (2013) They later proved that the spatial apportionment of
functional groups within frameworks imposed great effects on
the adsorption performance of MTV-MOFs by the combined inves-
tigations of solid-state nuclear magnetic resonance and molecular
simulations (Kong et al., 2013). Nevertheless, the preparation of
MTV-MOFs with precisely positioned functional groups is exceed-
ingly challenging due to the competition between different kinet-
ically and thermodynamically favored products. Recently, Yuan
et al. developed a kinetically controlled synthetic strategy, i.e.
sequential linker installation to realize the precisely control of
multiple functional groups within one framework (Yuan et al.,
2015). They successfully synthesized a series of Zr-based PCN-
700 consisting of different-length linkers with a variety of func-
tional groups, whose H2 adsorption capacity were increased by
57% in contrast to their parent counterparts (Yuan et al., 2016).
The success of sequential linker installation strategy in PCN-700
paves the way for experimentally obtaining an enormous number
of MTV-MOFs with enhanced structural and functional diversity by
integrating multiple functionalities to engineer the pore
environment.

On the other hand, in silico design and computational screening
of high-performance MTV-MOFs were also conducted. McDaniel
et al. (2013) ascribed the enhancement in gas uptake of mixed lin-
ker MOF-5 to the cooperative adsorbate-linker interaction involv-
ing multiple functionalities by molecular simulations. Collins
et al. (2016) have optimized the CO2 capacity of experimentally
characterized MOFs by evolving the functional groups within the
pores using the genetic algorithm, and demonstrated the impor-
tance of multiple functionalities in improving CO2 uptake.
Recently, we performed a high-throughput computational screen-
ing of �1 � 104 computer-generated MTV-MOFs in pcu topology to
evaluate their CO2 capture performance by grand canonical Monte
Carlo (GCMC) simulations. The results demonstrated that the
enhanced CO2 adsorption performance of MTV-MOFs compared
with their unfunctionalized counterparts was mainly attributed
to the pore size instead of the presence of the three functionalities
(AF,ANH2 andAOCH3). MTV-MOFs with small pore sizes generally
gave rise to high CO2 uptake and CO2/N2 selectivity compared with
the ones with big pore sizes irrespective of their multiple function-
alities (Li et al., 2017). Nevertheless, it is still unknownwhether the
dominant role of pore size in carbon capture performance of pcu-
MTV-MOFs are applicable to the MOFs in different topologies. In
order to explore the effects of functionalization, pore sizes and
topologies on carbon capture performance of MOFs, in this work
we performed a systematic study on Zr-based MOFs of csq, ftw
and scu topologies by grand canonical Monte Carlo (GCMC) simu-
lations. The linkers of different lengths, and multiple functionali-
ties including AF, ANH2 and AOCH3 were introduced into the
frameworks in order to study their impacts on the carbon capture
performance.



Table 1
The largest cavity diameter (LCD) and total surface area of parent MOFs in csq, ftw and
scu topology calculated from Zeo++ (Willems et al., 2012) and RASPA (Dubbeldam
et al., 2014), respectively.

Topology Organic linker LCD (Å) Total surface area (m2/g)

csq P-4T 23.90 1887
P-4P 28.97 2279
P-4PP 41.76 4181

ftw P-4T 10.01 1601
P-4P 11.31 1908
P-4PP 15.92 4235

scu P-4T 9.00 1941
P-4P 11.32 2315
P-4PP 17.51 4262
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2. Methodology

2.1. MOFs construction

Zr-based MOFs, which exhibit rich structure diversity, out-
standing stability and intriguing functionalities, are promising
MOFs for practical applications (Bai et al., 2016). In this work, to
assess the carbon capture performance of MOFs judiciously, all
the MOFs were generated with identical Zr-based metal node
and organic linkers. In details, all the MOF structures were derived
from Zr-based mono-linker MOFs in csq, ftw or scu topologies con-
sisting of linkers in different lengths: 3,30,30 0,30 0 0-(benzene-1,2,4,5-
tetrayl)tetrapropiolic acid (P4T), 40,50-bis(4-carboxyphenyl)-[1,10:
20,10 0-terphenyl]-4,40 0-dicarboxylic acid (P4P) and 40 0,50 0-bis(40-car
boxy-[1,10-biphenyl]-4-yl)-[1,10:40,10 0:20 0,10 0 0:40 0 0,10 0 0 0-quinquephe
nyl]-4,40 0 0 0-dicarboxylic acid (P4PP) (Fig. 1). In total, nine parent
mono-linker MOFs were created as shown in Table 1. Three types
of functional groups including AF (denoted as functional group
‘‘A”), ANH2 (denoted as functional group ‘‘B”) and AOCH3 (denoted
as functional group ‘‘C”) were employed to functionalize the above
nine parent MOFs. They were chosen as representatives of func-
tionalities exhibiting different geometrical shapes and affinities
towards CO2 adsorbates. Each linker was functionalized at the
opposing AH sites of the central aromatic ring in the linker by
two identical functional groups. Given that each unit cell of csq-
MOFs and ftw-MOFs have six linkers, each unit cell of scu-MOFs
have four linkers, there are three types of functional groups coex-
isting in functionalized csq-MOFs and ftw-MOFs, but only two
types coexisting in functionalized scu-MOFs. Due to the spatial
symmetry of MOF structures, ten csq-MOF, ten ftw-MOF and six
scu-MOF derivatives were constructed eventually, which have
not been reported previously. The derived MOFs were named
according to the combination type of functional groups, e.g. ABC
denotes the framework simultaneously functionalized by three
types of functional groups: A, B and C.

Geometry optimization of all the MOFs were implemented in
the Forcite module of Materials Studio (Segall), which has been
demonstrated to be a reliable tool in previous studies (Farha
et al., 2010; Sim et al., 2014). The largest cavity diameter (LCD)
was calculated using Zeo++ (Willems et al., 2012). The accessible
surface area of frameworks was obtained from RASPA
(Dubbeldam et al., 2014) with a nitrogen probe radius of 1.86 Å.
Fig. 1. Zr-based MOFs in (a) csq, (b) ftw and (c) scu topology. 1 and 10 , 2 and 20 , and 3
identical functional groups (i.e. AF (A), ANH2 (B) or AOCH3 (C)). For example, the combi
and 2’ were functionalized by B, and linkers 3 and 3’ were functionalized by C. All function
and (f) P4PP. The Zr-based inorganic node was presented in (g).
2.2. Force field

The Lennard-Jones and Coulomb potentials were used to
describe the non-bonded interaction between MOFs and adsorbates.

Vij ¼ 4eij
rij

rij

� �1=2

� rij

rij

� �" #
þ qiqj

4pe0rij
ð2-1Þ

Herein, ij represents the two interacting particles; e is the depth
of the potential wall; rij is the finite distance at which the inter-
particle potential is zero; rij is the distance between the particles.
The qi and qj are the atomic partial charges of two interacting
atoms, and e0 is the vacuum permittivity constant. All the LJ
parameters of MOFs were taken from UFF force field (Rappe
et al., 1992). The LJ parameters for N2 and CO2 were adapted from
TraPPE force field (Potoff and Siepmann, 2001). The Lorentz-
Berthelot mixing rule was applied for inter-atomic LJ interactions.
Long-range Coulombic interaction was described by Ewald method
(Essmann et al., 1995) with a cutoff of 12.8 Å.

The partial charges of all the MOFs were computed using the
DDEC6 method (Manz and Limas, 2016), in which the atomic par-
tial charges were obtained by fitting the electrostatic surface
potential from plan-wave density functional theory (DFT) calcula-
tion using the Vienna ab initio simulation package (VASP) package
(Hafner, 2008). The density derived electrostatic and chemical
(DDEC) (Manz and Limas, 2016) method partitions the electron
and spin densities to compute net atomic charges. The electron–
ion interaction was described by the projector scheme with an
and 30 represent equivalent linkers that will be simultaneously functionalized by
nation type ‘‘ABC” indicates that linkers 1 and 1’ were functionalized by A, linkers 2
alization sites were located in the central benzene ring of the linkers (d) P4T, (e) P4P
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energy cutoff of 450 eV. A 1 � 1 � 1 Monkhorst-Pack k-point mesh
was used for Brillouin zone sampling in the reciprocal space with
spin polarization.

2.3. Grand canonical Monte Carlo simulations

All the GCMC simulations were carried out using the version 1.9
of RASPA simulation code (Dubbeldam et al., 2014). The total 1 �
106 Monte Carlo cycles were performed to obtain the adsorption
properties of MOFs. After the initial 5 � 105 cycles of equilibration
run, the additional 5 � 105 cycles were conducted for production
run. Monte Carlo moves of insertion, deletion, rotation and transla-
tion were implemented with equal probability. Identity change for
CO2/N2 mixture was performed with two times of the probability
of insertion, deletion, rotation and translation moves. The simula-
tion temperature was maintained at 298 K with the adsorption
pressure ranging from 0.1 bar to 1 bar, similar to the reported
adsorption/desorption pressures by vacuum swing adsorption
(VSA) (Bae and Snurr, 2011; Sekizkardes et al., 2014). The molar
ratio of CO2/N2 mixture was 1:9. CO2 working capacity and CO2/
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N2 selectivity from GCMC simulations was computed using the fol-
lowing equations:

WorkingCapacity ¼ QCO2 ;1bar � QCO2 ;0:1bar ð2-2Þ

Selectivity ¼ QCO2
=QN2

f CO2
=f N2

ð2-3Þ

Qi, the uptake of gas component i; fi, the fraction of gas component i
in the mixture.

To compute the free energy contours of CO2 molecule, three-
dimensional grid points were superimposed on the unit cell of
the structure with a grid spacing of 0.05 Å. The Edwald precision
is 1 � 10�6. The rotation number for CO2 molecules is 1 � 105. At
each point, the excess free energy of a CO2 molecule with the cen-
ter of mass (i.e. the C atom) positioned at that point was computed.
The entropic contribution to the free energy comes from the rota-
tional degrees of freedom of a CO2 molecule. The detailed method
has been described in our previous study (Li et al., 2017). The free
energy distribution of each MOF was obtained by integratig the
free energy of each grid within a framework.

3. Results and discussion

3.1. Structural properties

Among the MOFs consisting of identical building blocks, csq-
MOFs exhibit the largest cavity diameter (LCD) followed by ftw-
and scu-MOFs (Table 1). Regarding their surface area, scu-MOFs
have the highest surface area in contrast to csq- and ftw- counter-
parts. In most cases, placing functional groups in MOF frameworks
leads to decreased pore size (Banerjee et al., 2009; Eddaoudi et al.,
2002). In this work, however, both the LCD and surface area of
functionalized MOFs were not significantly changed compared
with their parent counterparts as shown in csq-MOFs of Fig. 2. Sim-
Fig. 4. The density distribution maps of CO2 adsorbates in csq- (a, b, c), ftw- (d, e, f) and sc
K and 1 bar.
ilar tendency was also observed in ftw- and scu-MOFs of Figs. S1
and S2 in Supporting Information (SI), which can be mainly attrib-
uted to the large pore size of MOFs used in this work. The small
volume ratios of introduced functional groups relative to the void
volume of frameworks did not result in remarkable difference in
the pore sizes and surface areas of MOFs derived from identical
parents.
3.2. Carbon capture performance

Interestingly, the CO2 working capacity and CO2/N2 selectivity
of the functionalized MOFs and their parent counterparts exhibit
dependence on the topology (Fig. 3). In general, among csq-, ftw-
and scu-MOFs, ftw-P4T-MOFs show the highest CO2 working
capacity and CO2/N2 selectivity followed by medium-sized ftw-
P4P-MOFs and large-sized ftw-P4PP-MOFs, which agrees with pre-
vious reports that the smaller the pore size is, the higher the CO2

uptake and CO2/N2 selectivity are (Li et al. (2017). The density dis-
tribution maps of CO2 molecules in parent MOFs of Fig. 4 demon-
strate that the densities of CO2 adsorbates in ftw-MOFs exhibit
pore-size dependence as well. A vast majority of CO2 molecules
is accumulated in the small pores or located near the metal clusters
of frameworks. With the linker length increases from P4T to P4PP,
the clusters formed by adsorbed CO2 molecules in small pores of
P4T-MOFs nearly disappear in P4PP-MOFs, in accordance with
the CO2 working capacity observed in ftw-MOFs.

Nevertheless, the pore-size dependence of CO2 working capac-
ity and CO2/N2 selectivity is not applicable to csq-MOFs and scu-
MOFs. In general, csq-P4P-MOFs with medium pore sizes exhibit
higher CO2 working capacity and selectivity than small csq-P4T-
MOFs and large csq-P4PP-MOFs, similar to the trend observed in
scu-MOFs. The unusual trend in csq- and scu-MOFs suggests the
reliance of CO2 adsorption performance on the topologies of
frameworks.
u-MOFs (g, h, i) consisting of P4T (a, d, g), P4P (b, e, h) and P4PP (c, f, i) linkers at 298
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In order to further explore the mechanism underlying such a
phenomenon, we computed the heat of desorption (Qst) of CO2

molecules as shown in Fig. 5, in which the overall variation in Qst

agreed well with the changes in CO2/N2 selectivity including csq-
and scu-MOFs, but did not match the changes in CO2 working
capacity of csq- and scu-MOFs of Fig. 3. Given that CO2 working
capacity of Fig. 3 is expressed as the number of moles per unit
weight of MOFs, in order to directly correlate the adsorption capac-
ity with the geometrical properties of MOFs, we further converted
the unit of CO2 working capacity into the number of moles per unit
surface area as shown in Fig. 6. Then, the tendency in the variations
of Qst of Fig. 5 is correlated well with the variations of CO2 working
capacity of Fig. 6, which was clearly presented in Fig. S3 of SI.
Specifically, csq-MOFs and scu-MOFs with medium pore sizes
(P4P-MOFs) exhibit higher CO2 working capacity than those with
small pore sizes (P4T-MOFs) except several frameworks function-
alized by multiple amine groups (e.g. BBB-MOFs), and both P4P-
MOFs and P4T-MOFs possess higher working capacity than P4PP-
MOFs with the largest pore size (Fig. 6a and c). In addition, we also
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Fig. 5. The heat of desorption (Qst) of CO2 at 298 K and 1 bar. (a) Qst of CO2 in csq-
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noted that the tendency in the CO2/N2 selectivity of csq-MOFs and
scu-MOFs is different from their CO2 working capacity as shown in
Fig. S3. By subtracting the Qst of N2 from that of CO2, we found that
the CO2/N2 selectivity depends on the Qst difference between CO2

and N2 as demonstrated in Fig. S4, which accounts for the distinct
tendencies observed in the CO2 working capacity (Fig. 6) and CO2/
N2 selectivity (Fig. 3b).

Regarding P4T-MOFs and P4P-MOFs in csq and scu topology, we
compared the chemical structures of P4T and P4P. We found that
the surface area of P4P with four additional aromatic rings is larger
than P4T, probably leading to stronger MOF-adsorbate interactions
in P4P-MOFs due to the enhanced quadrupole-dipole interaction
that exceeds the pore confinement effects caused by the over-
lapped potential wells in small P4T-MOFs. Thereby, we further
computed the MOF-CO2 and CO2-CO2 interaction energy through
averaging the total host-adsorbate and adsorbate-adsorbate inter-
action energy by the total number of adsorbate molecules (Fig. S6).
The results demonstrate that MOF-CO2 interaction dominates the
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CO2 adsorption, and ftw-MOFs possess higher host-adsorbate inter-
action energy than csq and scu counterparts, in agreement with the
observations in Fig. 6. Besides, the P4PP-MOFs with the largest
pore sizes exhibited the lowest interaction strength compared with
their counterparts consisting of P4P and P4T. In both csq-MOFs and
scu-MOFs, parent P4P-MOFs with medium pore size exhibited
higher framework-CO2 interaction energy than parent P4T-MOFs,
similar to their performance in CO2 adsorption (Fig. 6). Similar ten-
dency was also inspected in a majority of their functionalized
derivatives except for certain structures with multiple amine
groups that exhibited ultrahigh affinity towards CO2, which will
be discussed in detail later.

Although ftw-P4T-MOFs exhibit higher CO2 working capacity
than ftw-P4P-MOFs, the host-adsorbate interaction energy of ftw-
P4T-MOFs is close to that of ftw-P4P-MOFs (Fig. 6b), which may
be attributed to the different topological impacts where the differ-
ing spatial organizations of building blocks including metal nodes
and organic linkers result in varying geometrical properties. When
comparing the pore size distributions of ftw-P4T-MOF and ftw-
P4P-MOF (Fig. S7), the parent ftw-P4T-MOF possesses a large frac-
tion of small pores (<5 Å) compared with ftw-P4P-MOF, and the
short P4T without the additional four aromatic rings as in P4P, pos-
sesses more accessible adsorption sites towards CO2 near metal
clusters (Fig. 4d). Both a large amount of small pores and the
increased adsorption sites will facilitate CO2 uptake in ftw-P4T-
MOFs. The promoted CO2 adsorption in ftw-P4T-MOFs may depend
on both the type of linkers as well as the pore size of frameworks,
the vast majority of pores in csq-P4T-MOFs and scu-P4T-MOFs is
larger (>5 Å) than the small pores in ftw-P4T-MOFs (Fig. S7), thus
counterbalancing the improved adsorption resulting from the
additional adsorption sites of P4T linkers.

On the other hand, the combination type of functional groups
within frameworks imposes effects on CO2 working capacity and
CO2/N2 selectivity. Deng et al. (2010) reported that MTV-MOF-5
with three differing functionalized linkers exhibited enhanced
CO2 uptake in contrast to those with two differing functionalized
linkers, similar to Chun et al.’s former study on Zn2(1,4-bdc)2-
(dabco) MOF (Chun et al., 2005). McDaniel et al. (2013) found that
the synergistic enhancement in adsorption due to the interactions
between adsorbates and functionalized linkers exhibited depen-
dence on the MOF topology and the pore size (McDaniel et al.,
2013). However, our study showed that mono-linker BBB-MOFs
exhibit the highest CO2 uptake and selectivity compared with
three-linker ABC-MOFs (or two-linker AB-MOFs in scu) or two lin-
ker ABB-MOFs (or AB- and AC-MOFs in scu) as shown in Fig. 3,
implicating the absence of synergistic effects in the CO2 adsorption
of the functionalized MOFs in this work. According to previous
report, the MOFs with synergistic effects must contain interaction
sites at which the adsorbates can interact simultaneously with
multiple linkers or functional groups (McDaniel et al., 2013). Thus,
the possibility for CO2 adsorbates to simultaneously interact with
multiple functional groups of csq-, ftw- and scu-MOFs of this work
is low considering their big pore sizes and specific topology.
Besides, instead of choosing the large and bulky functional groups
as reported in MOF-5 by McDaniel et al. (2013), we adopted three
functional groups (AF, ANH2 and AOCH3) with relatively small
sizes compared with their pore sizes in this work, which is also
unfavorable for synergistic effects. Moreover, the impact of func-
tionalization type on CO2 adsorption is not noticeable in MOFs
with large pore sizes (e.g. P4PP-MOFs in Fig. 6), whose CO2 working
capacity and CO2/N2 selectivity are almost constant with the vari-
ation in the combination types of multiple functional groups in
frameworks. With the decrease in the pore size, the dependence
of CO2 working capacity and selectivity on the combination type
of functional groups becomes identifiable, especially for P4T-
MOFs in csq and scu topology, which can be attributed to the
enhanced host-adsorbate interactions upon functionalization
(Fig. S6). On the contrary, the combination type of functional
groups does not impose obvious effects on CO2 adsorption perfor-
mance of ftw-P4T-MOFs as well as their host-adsorbate interaction
energy.

3.3. Interaction energy

In order to further explore the correlation between the combi-
nation type of functional groups and CO2 adsorption performance,
we separated the host-adsorbate interaction energy into two parts:
Coulombic and van der Waals contributions as displayed in Fig. 7.
Different from csq-P4T-MOFs and scu-P4T-MOFs, van der Waals
potential dominates the host-adsorbate interaction of ftw-P4T-
MOFs irrespective of the combination type of functional groups,
which correlates with their similar CO2 adsorption performance.
Our previous study on pcu-MOFs (Li et al., 2017) has also revealed
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that the combination type of functional groups does not impose
obvious impacts on the CO2 adsorption performance of functional-
ized MOFs.

Furthermore, it was found that van der Waals potential played a
dominant role in host-adsorbate interactions for most of the cases
except for some amine-functionalized MOFs in csq and scu. The
more amine groups were introduced into frameworks, the higher
CO2 working capacity and selectivity were obtained for csq-P4T-
MOFs and scu-P4T-MOFs, which can be contributed by the signifi-
cantly enhanced Coulombic interaction (Fig. 7), due to the relative
large partial charges of ANH2 as presented in Table S2. In addi-
tional, the Coulombic contribution of functionalized csq-P4T- and
scu-P4T-MOFs was linearly decreased with the reduced content
of amines in frameworks (e.g. BBB-P4T-MOFs, BBC-P4T-MOFs,
BCC-P4T-MOFs and CCC-P4T-MOFs in csq) as demonstrated in
Fig. S8. From another point of view, among AF, ANH2 and AOCH3,
Lewis basic ANH2 exhibits strong interaction with Lewis acid CO2

as reported in previous study (Choi et al., 2012), thus ANH2 func-
tionalization brings in the most significant enhancement in CO2

adsorption. The free energy contours in Fig. 8 show that the
amine-functionalized csq-P4T-MOFs (BBB) exhibits larger attrac-
tion region than those functionalized by AF and AOCH3 groups,
consistent with their higher CO2 uptake. Similar result was
observed in scu-P4T-MOFs of Fig. S9. Whereas no obvious discrep-
ancy was noticed in functionalized ftw-P4T-MOFs of Fig. S10,
which is in agreement with their host-adsorption interaction
energy in Fig. 7b.

In order to clarify the differences among their free energies, we
further computed the free energy distribution of P4T-MOFs as
shown in Figs. S11 and S12. The results show that the free energy
of ftw-MOFs is mostly distributed at more attractive region fol-
lowed by scu- and csq-MOFs, similar to the trend in their CO2 cap-
ture performance. It was also found that the minimum free energy
of csq-, ftw- and scu-P4T-MOFs also exhibit similar tendency to
their CO2 adsorption performance (Table S3). In addition, amine-
functionalized P4T-MOFs exhibited more attractive regions than
those functionalized by AF or AOCH3 as shown in Fig. S12, consis-
tent with the trend in CO2 uptake. On the contrary, in large pore-
sized frameworks, functionalities contributed slightly to the host-
Fig. 8. Free energy contours of csq-P4T-MOFs, the gray regions represent the MOF surfac
sites with the free energy of �10 kJ/mol and the blue ones represent the adsorption site
MOFs, (c) BBB-csq-P4T- MOFs and (d) CCC-csq-P4T- MOFs. (For interpretation of the refer
article.)
adsorbate interaction, thus leading to nearly identical van der
Waals and Columbic interaction potentials in diversely functional-
ized P4PP-MOFs in Fig. 7, which is consistent with their CO2

adsorption performance shown in Fig. 6.

3.4. Enhanced adsorption performance

For clear comparison of the enhanced adsorption performance
of all MOFs, Fig. 9 summarizes the enhanced percentage in CO2

working capacity and CO2/N2 selectivity of the functionalized
csq-, ftw- and scu-MOFs in contrast to their parent counterparts,
where pore-size dependence was obviously inspected, i.e. the
enhancement in both CO2 uptake and CO2/N2 selectivity decreases
with the increase in the linker length or pore sizes of frameworks.
P4PP-MOFs in csq, ftw and scu presented the similarly lowest
enhancement. On average, ftw-P4T-MOFs exhibit the highest
enhancement percentage than their counterparts. Whereas
amine-functionalized BBB-P4T-MOF in scu exhibited the highest
enhancement in CO2 working capacity and selectivity, followed
by BBB-P4T-MOF in csq and ftw, indicating that the CO2 adsorption
performance was obviously affected by the framework topology.
Introducing functional groups that interact strongly with adsor-
bates into small sized frameworks in proper topology will give rise
to the highest enhancement in their adsorption performance in
contrast to pristine MOFs.

Functionalization cannot always enhance CO2 uptake and CO2/
N2 selectivity of MOFs, especially in MOFs with large pore sizes.
Thereby, no evident increase in the CO2 working capacity and
selectivity of functionalized P4PP-MOFs compared to their parent
counterparts was observed in Fig. 9. When modified by AF groups
(‘‘A”) in various topologies, especially for ftw-P4PP-MOFs, their CO2

adsorption capacity and selectivity were even slightly reduced.
According to Torrisi et al.’s report, halogen substituents are unli-
kely to substantially enhance CO2 affinity towards MOFs due to
their electron-withdrawing effect on the aromatic ring of linkers,
which destabilizes the CO2 adsorption interaction (Torrisi et al.,
2009). Nevertheless, when the pore size of frameworks is suffi-
ciently small, halogen substitution is able to facilitate the CO2

adsorption performance in MOFs due to the confinement effects
e with the free energy of +25 kJ/mol, the green regions represent the CO2 adsorption
with the free energy of �15 kJ/mol for (a) parent csq-P4T-MOFs, (b) AAA-csq-P4T-
ences to colour in this figure legend, the reader is referred to the web version of this



Fig. 9. The enhanced percentage in (a) CO2 working capacity and (b) CO2/N2

selectivity of functionalized MOFs in contrast to their parent counterparts. The red,
green and blue symbols represent P4T-MOFs, P4P-MOFs, and P4PP-MOFs, respec-
tively. The horizontal line in the rectangular box denotes the median value of the
group, and the small solid square represents the mean value of the derived MOFs of
the same family. The lower and upper boundaries of the rectangular box represent
the lower (first quartile or Q1) and upper (third quartile or Q3) hinge, respectively.
The lower and upper bars represent the lower (minimum, which is calculated as Q1
� 1.5 � the interquartile range (IQR) that spans the first quartile to the third
quartile range (IQR = Q3-Q1)) and upper (maximum, which is calculated as Q3 +
1.5 � IQR) fence, respectively. The points above or below the upper and lower fence
are considered outliers, which are more than three times IQR above the third
quartile or below the first quartile. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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(Wilmer et al., 2012; Zhang et al., 2013). This could explain the
enhanced CO2 uptake in AF functionalized P4T-MOFs and the
decreased performance in P4PP-MOFs functionalized by AF groups
(Fig. 6).
4. Conclusions

In order to explore the effects of the topology, the pore size and
the functionality of MOFs on carbon capture performance, frame-
works in csq, ftw or scu topologies composed of identical Zr-
metal node and organic linkers, i.e. P4T, P4P and P4PP in varying
lengths, respectively, were generated for unbiased comparison by
GCMC simulations. Regarding the topology effects, MOFs con-
structed by identical building blocks but in different topologies
exhibit dissimilar trends in the variations of their geometrical
properties. In terms of the CO2 adsorption performance, ftw-
MOFs obtained from GCMC simulation exhibit the highest CO2

working capacity and CO2/N2 selectivity followed by scu-MOFs
and csq-MOFs, which is mainly resulted from the small pore sizes
of ftw-MOFs. Interestingly, the CO2 adsorption performance of
ftw-MOFs increases with the decrease in pore sizes, similar to the
tendency observed in MOFs of pcu topology in previous study (Li
et al., 2017). Whereas csq-MOFs and scu-MOFs with medium pore
sizes (P4P) display the highest adsorption performance followed by
smallest P4T-MOFs and largest P4PP-MOFs. Such a trend is attrib-
uted to the enhanced MOF-CO2 interaction energy of P4P-MOFs in
csq and scu due to the strong dipole-quandrupole interaction com-
pared with their P4T counterparts, which is not dominant in the
CO2 adsorption of ftw-P4P-MOFs.

The influence of functionalization was studied by modifying
each organic ligand by AF, ANH2 and AOCH3 to generate mixed
linker or mono-linker MOFs, respectively. The combination type
of functional groups imposes significant impact on CO2 adsorption
performance as well, which varies depending on the topology and
pore size. In general, the adsorption performance of csq-P4T-MOFs
and scu-P4T-MOFs were most greatly improved upon functional-
ization, followed by P4P-MOFs and P4PP-MOFs, indicating the
pore-size dependent improvement in CO2 adsorption performance
of MOFs, consistent with our previous study (Li et al., 2017).
Among a variety of combination types of functional groups, csq-
P4T-MOFs and scu-P4T-MOFs functionalized by multiple ANH2

groups exhibit the highest CO2 working capacity and CO2/N2 selec-
tivity than their parent counterparts, which is mainly ascribed to
the enhanced Coulombic interactions between CO2 and ANH2

groups. However, the performance of ftw-P4T-MOFs is slightly
affected by the combination type of functional groups within
frameworks, which is attributed to the prevailing role of host-
adsorbate interaction contributed by organic linkers instead of
functionalities in small pores (<5 Å).

In summary, by restricting the frameworks to the predefined
topology (csq, ftw or scu) using the linkers of varying lengths
(P4T, P4P and P4PP) as well as specific functional groups (AF,
ANH2, AOCH3), this work provides useful insights into the impacts
of the topology, the pore size and the functional group of frame-
works on CO2 capture performance of MOFs, which may help guide
relevant experimental research of the community. Nevertheless,
the pore-size dependence of adsorption performance is still chal-
lenging, which may be greatly affected by the type of linkers and
the framework topology. Given the limited types of the topology,
linkers and functional groups employed in this work, further
extensive study in this field is required for fully understanding
the effects of the topology, the pore size and the functionality on
CO2 capture performance of MOFs.
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