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N
owadays, the natural greenhouse
effect resulting from rapid emis-
sion of greenhouse gases in the at-

mosphere increases significantly. Carbon di-
oxide is the main greenhouse gas
contributing to the climate change. There-
fore, CO2 capture from industrial emission
sources has attracted significant research
interest recently.

Among present techniques for CO2 cap-
ture, adsorption by using porous materials
is deemed as the most promising and com-
petitive method for CO2 recovery. An ideal
CO2 adsorption and separation material
should possess characteristics of high selec-
tivity and high capacity. So far, a large
amount of research has been focused on
CO2 capture in porous materials, such as co-
valent organic frameworks (COFs),1,2 metal
organic frameworks (MOFs),3�16 and
zeolites.17�21 By measuring the basic data
of CO2 adsorption in porous materials, the
intrinsic relationship between the adsor-
bent structure and its performance for CO2

capture can thus be found out, which can
provide a useful direction to the design of
porous materials for CO2 capture and
separation.

A lot of research efforts on CO2 capture
in porous materials have been reported in
experiment and molecular simulation re-
cently. Millward and Yaghi measured the
adsorption capacity of CO2 in a series of
MOFs, experimentally, and found that the
CO2 uptake of MOF-177 reaches about 9�

the amount of CO2 in a container without
adsorbent at room temperature and 35
bar.3 Bae et al. synthesized a mixed-ligand

MOF, Zn2(NDC)2(DPNI) [NDC � 2,6-
naphthalenedicarboxylate, DPNI � N,N=-di-
(4-pyridyl)-1,4,5,8-naphthalene tetracarboxy-
diimide], and found that this material shows
a selectivity of �30 for CO2 over CH4 by us-
ing the ideal adsorbed solution theory
(IAST).6 Demessence et al. synthesized an
air- and water-stable MOF, H3[(Cu4Cl)3-
(BTTri)8] (H3BTTri �1,3,5-tris(1H-1,2,3-triazol-
5-yl)benzene).13 Their results proved that
the CO2 uptakes of this material reach
142.56 mg/g at 298 K and 1 bar, while ex-
hibiting significantly higher uptakes of CO2

at even lower pressure after functionalized
by ethylenediamine. Britt et al. reported CO2

capture in a competitive MOF material, Mg-
MOF-74 and found that this material shows
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ABSTRACT We use the multiscale simulation approach, which combines the first-principles calculations and

grand canonical Monte Carlo simulations, to comprehensively study the doping of a series of alkali (Li, Na, and K),

alkaline-earth (Be, Mg, and Ca), and transition (Sc and Ti) metals in nanoporous covalent organic frameworks

(COFs), and the effects of the doped metals on CO2 capture. The results indicate that, among all the metals studied,

Li, Sc, and Ti can bind with COFs stably, while Be, Mg, and Ca cannot, because the binding of Be, Mg, and Ca with

COFs is very weak. Furthermore, Li, Sc, and Ti can improve the uptakes of CO2 in COFs significantly. However, the

binding energy of a CO2 molecule with Sc and Ti exceeds the lower limit of chemisorptions and, thus, suffers from

the difficulty of desorption. By the comparative studies above, it is found that Li is the best surface modifier of

COFs for CO2 capture among all the metals studied. Therefore, we further investigate the uptakes of CO2 in the Li-

doped COFs. Our simulation results show that at 298 K and 1 bar, the excess CO2 uptakes of the Li-doped COF-102

and COF-105 reach 409 and 344 mg/g, which are about eight and four times those in the nondoped ones,

respectively. As the pressure increases to 40 bar, the CO2 uptakes of the Li-doped COF-102 and COF-105 reach

1349 and 2266 mg/g at 298 K, respectively, which are among the reported highest scores to date. In summary,

doping of metals in porous COFs provides an efficient approach for enhancing CO2 capture.

KEYWORDS: covalent organic frameworks · metal-doping · CO2 capture · first-
principles calculations · grand canonical Monte Carlo simulation
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a dynamic capacity of 8.9 wt % and undergoes facile

CO2 release at a significantly lower temperature, 353 K.14

Bourrelly et al. measured CO2 adsorption in a MOF ma-

terial, MIL-53, at 304 K and observed a distinct step in

the isotherm that is characterized as a breathing behav-

ior.15 Llewellyn et al. reported that the mesoporous MIL-

101(Cr) shows the CO2 uptake of about 1760 mg/g at

303 K and 50 bar, exceeding all the other porous ma-

terials.16 In addition, a series of zeolitic imidazolate

frameworks (ZIFs) were synthesized recently,19,21 and it

is found that the ZIFs exhibit excellent selectivity for

CO2 capture due to the combined effects of the slit

width of the pore apertures being similar in size to CO2

(kinetic diameter, 3 Å) and the strong quadrupolar inter-

actions of carbon with nitrogen atoms in the links. Gio-

vanni et al. studied the adsorption of CO2 in silica gel ex-

perimentally and reported that the CO2 uptake of silica

gel reaches 331 mg/g at 294 K and 45 bar.22 Most re-

cently, Yaghi et al. synthesized a family of three-

dimensional (3D) covalent organic frameworks (COFs,

termed COF-102, -103, -105, and -108) by self-

condensation and co-condensation reactions of the

rigid molecular building blocks, the tetrahedral tetra(4-

dihydroxyborylphenyl)methane (TBPM), its silane ana-

log (TBPS), and the triangular hexahydroxy-

triphenylene (HHTP).1 The experimental measurement

indicates that the CO2 uptake of COF-102 reaches 1200

mg/g at 298 K and 35 bar,2 higher than MOF-5 (970 mg/

g)3 and zeolite (220�350 mg/g).18

In addition to experimental investigations, some

theoretical studies of molecular simulations have also

been performed for screening high CO2 capture materi-

als. Snurr et al. studied the mechanism of the steps in

CO2 isotherms of MOFs by molecular simulation and

suggested that the attractive electrostatic interactions

between CO2 molecules are responsible for the unusual

shape of the adsorption isotherms studied.23 Babarao

and Jiang simulated the storage of CO2 in a series of

MOFs at room temperature, and reported that the or-

ganic linker plays a critical role in tuning the free vol-

ume and accessible surface area and determining CO2

uptakes at high pressures.24 Ramsahye et al. studied the

possible adsorption sites for CO2 in MIL-53 (Al, Cr) and

MIL-47 (V) by the density functional theory (DFT), which

provides useful information for understanding the

breathing behavior.25 Besides, Torrisi et al. compared

the intermolecular interactions between CO2 and a se-

ries of functionalized aromatic molecules using the DFT

method to provide directions for designing linker mol-

ecules in MOFs.26

It is noticed that few investigations have been fo-

cused on the influence of metal-doping on CO2 cap-

ture, to the best of our knowledge, although this metal-

doping strategy has been extensively studied in

hydrogen storage and has been proven to be effec-

tive. These findings motivate us to look into the effect

of doping of metals in COFs on CO2 capture. In this

work, we first study adsorption of CO2 in 3D COFs by us-

Figure 1. (a�c) Building blocks of 3D COFs, (d) the rigid model of a CO2 molecule, (e�h) selected cluster models, and (i�l)
the unit cells of 3D COFs: (a) triangular hexahydroxy-triphenylene (HHTP), (b) tetrahedral tetra(4-dihydroxyborylphenyl)-
methane (TBPM), (c) silane analog of TBPM (TBPS), (e) C6H6, (f) B3O3H3, (g) Si3C6H12, (h) C9H12, (i) COF-102, (j) COF-103, (k) COF-
105, and (l) COF-108. For clarity, H atoms bonded to O in (a�c) is neglected. C, O, B, H, and Si atoms are shown as green,
red, pink, white, and yellow colors, respectively.
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ing a multiscale simulation method, which combines

the first principles calculation and grand canonical

Monte Carlo (GCMC) simulation, as reported in our pre-

vious works.27�33 We then evaluate the impact of dop-

ing of metals in COFs on CO2 capture by using the first

principles calculations. The metals studied here include

alkali metals (Li, Na, and K), alkaline-earth metals (Be,

Mg, and Ca), and transition metals (Sc and Ti). Finally,

as the best metal modifier of COFs for CO2 capture, we

thus investigate adsorption capacities of CO2 in Li-

doped COFs at room temperature by molecular simula-

tion, aiming at verifying the doping effect.

RESULTS AND DISCUSSION
We carried out the first-principles calculations and

molecular simulations in the following aspects: (1) To

simulate CO2 adsorption in nondoped COFs, and com-

pare the results to those in experiment for verifying the

approach used in this work. (2) To dope alkali (Li, Na,

and K), alkaline-earth (Be, Mg, and Ca), and transition

metals (Sc and Ti) in COFs. (3) To investigate the dop-

ing effect on CO2 adsorption. To reduce computational

consuming, the commonly used cluster model method

was adopted in the first-principles calculations to repre-

sent the real structure of COFs, and the representative

clusters and the unit cells of 3D COFs are shown in

Figure 1.

Adsorption of CO2 in Nondoped COFs. Using the force field

parameters obtained here as input (see the Supporting

Information), we simulated the adsorption isotherms

of CO2 in COF-102 and COF-105 at room temperature

as the representatives of COFs, because COF-102 and

COF-103 display very close capacities for CH4 and CO2,

while COF-105 gives very close capacities to

COF-108.2,29

Figure 2 displays the simulated adsorption iso-

therms of CO2 in COFs at T � 298 K within the pres-

sure range up to 70 bar, where the experimental data2

for COF-102 are also presented for calibration of our

multiscale methods. It is found that our simulation re-

sults are in good agreement with experimental iso-

therms for COF-102, while only the simulated isotherm
for COF-105 is shown in Figure 2 for lack of experimen-
tal data of COF-105.2 Compared to COF-102, COF-105
presents much higher CO2 uptakes as the pressure ex-
ceeds 20 bar due to its obviously larger pore volume
and free volume29 based on the observation that
smaller pore size produces stronger framework affinity
to adsorbates at low pressures, while pore volume plays
a more important role at higher pressures. As the pres-
sure equals 20 bar, the excess CO2 uptake of COF-102
reaches 1076 mg/g. On the contrary, the excess CO2 up-
take of COF-105 increases nearly linearly up to 60 bar.
At p � 20 and 50 bar, COF-105 presents the excess CO2

uptake of 942.03 and 2224.0 mg/g, respectively, indicat-
ing that COF-105 is a very promising candidate for CO2

capture and storage. As a matter of fact, the adsorption
capacity of CO2 in COFs is mainly dependent on the
components and topologies of their frameworks. Our
first principles calculations indicate that the phenyls in
the TBPS or TBPM building block generate slightly
weaker affinity to CO2 than the heterocycle rings of
B3O3 (in COF-102) and C2O2B (in COF-105). These re-
sults can be explained as the phenyl conjugated
� · · · quadrupole of CO2 interaction is weaker than the
electrostatic ion (O in B3O3 or C2O2B) · · · quadrupole of
CO2 interaction. In addition, the steric effect also makes
the adsorption sites around the heterocycle rings more
accessible.

Figure 2. Simulated excess adsorption isotherms of CO2 in
COFs at T � 298 K. For comparison, the experimental data
of COF-102 are also presented.2

TABLE 1. Calculated Binding Energies (B.E.) of M� and a
CO2 Molecule

M� MP2/6-311 g(d, p) (kcal/mol)
PW91/6-311 g(d,p)//B3LYP/6-31 g(d)

(kcal/mol)

Li� �19.752 �21.305
Na� �12.315 �13.874
K� �8.773 �9.259
Be� �34.383 �39.921
Mg� �14.751 �17.539
Ca� �11.409 �15.995
Sc� �34.405 �28.035
Ti� �66.764 �51.443

Figure 3. Possible adsorption sites, �, �, �, �, �, 	, and 
,
for adsorption of metals in the 3D COFs. The cluster model
used here to represent the COFs is selected from COF-105,
and the dangling bonds are terminated by H atoms. C, O, B,
H, and Si atoms are shown as green, red, pink, white, and yel-
low colors, respectively.
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Doping of Alkali, Alkaline-Earth, and Transition Metals in COFs.
As is well-known, doping of electropositive metals like
Li to porous materials, such as COFs and MOFs, can en-
hance the adsorption of hydrogen significantly due to
the strong affinity of positively charged metal cations to
hydrogen.29,34�38 In this work, we extend the doped
metals in COFs to three groups of alkali (Li, Na, and K),
alkaline-earth (Be, Mg, and Ca), and transition (Sc and Ti)
metals for enhancing CO2 capture, in particular. To
choose ideal metal modifiers for CO2 capture in porous
materials, we first compared the binding energies of a
CO2 molecule with the positively charged metal atoms,
M� (M � Li, Na, K, Be, Mg, Ca, Sc, and Ti), by using the
first principles calculations, which were performed at
the theoretical level of MP2/6-311G** with the BSSE cor-
rection. It is found from Table 1 that all the positively
charged metal cations show very strong affinity to a
CO2 molecule. For the alkali metals, the calculated bind-
ing energies of a CO2 molecule with Li�, Na�, and K�

are �19.752, �12.315, and �8.773 kcal/mol,
respectively. For the alkaline-earth metals of
Be�, Mg�, and Ca�, they are �34.383, �14.751,
and �11.409 kcal/mol, respectively, higher
than the values for the alkali metals in the
same row of the periodic table of the ele-
ments (PTE). Unfortunately, the alkaline-earth
metals display much stronger electronegativ-
ity than the alkali metals in the same row in
PTE, and thus, it is more difficult for them to
lose valence electrons. As to the transition
metals, Sc� and Ti�, their interactions with a
CO2 molecule are very strong and reach
�34.405 and �66.764 kcal/mol, respectively.
Generally, the order of magnitude of phys-
isorption heat is defined as lower than about
5 kcal/mol (�20 kJ/mol), while that of chemi-
sorption heat is defined as higher than about
12 kcal/mol (�50 kJ/mol). Apparently, most of
the studied metal cations interact with a CO2

molecule by chemisorption. The above analy-
sis indicates that the key factor of enhancing
CO2 adsorption in porous materials is the cat-
ionization of the selected metals.

Subsequently, we further studied the dop-
ing of the selected metal atoms in COFs and com-
pared their effect on CO2 capture. As mentioned above,
the DFT method like PW91 is much more efficient than
the high-level MP2 method in solving large systems,
while often provides comparable results to the MP2
level. Therefore, in our following work, the adsorption
of CO2 molecules and metal atoms in COFs was investi-
gated by using the combined PW91/6-311g(d,p)//
B3LYP/6-31 g(d) method, in which the latter was used
for geometry optimizations and the former for the fol-
lowing potential energy calculations. To test the reliabil-
ity of this combined method, we also calculated the
binding energies between the metal cations and CO2

by the combined method, and also listed in Table 1. Our
results indicate that the PW91/6-311g(d,p)//B3LYP/6-
31g(d) combined method gives comparable results to
the high-level MP2 method, especially for the alkali
metals. For alkaline-earth and transition metals, this

method also provides reasonable tendency for
the interactions between CO2 and metal cations.
Consequently, it is believed that the PW91/6-
311g(d,p)//B3LYP/6-31g(d) combined method
can be used to evaluate the adsorption of CO2

and metal atoms in COFs.
Comparison of Metals Doped in COFs. In our previous

work,29 adsorption of single and multiple Li at-
oms in COFs has been extensively studied. It is
found that the top of the phenyl in COFs is the
most favorable adsorption site for Li atoms. On
the COFs surface, the doped Li atoms tend to be
positively charged due to the charge transfer to
the framework surfaces. However, excessive dop-

Figure 4. Optimized adsorption sites of Na in the 3D COFs: (a) �, (b) �, and (c) �.
The calculated binding energies are also shown correspondingly. The measured dis-
tances from the adsorbed Na atom to the surface are presented in Å. C, O, B, H, Si, and
Na atoms are shown as green, red, pink, white, yellow, and purple colors,
respectively.

Figure 5. The adsorption geometries of two Na atoms in COFs: (a) The initial
structure, and (b) The optimized structure. The calculated binding energy of two
Na atoms in COFs shown in (b) is �22.625 kcal/mol. The measured distances from
the adsorbed Na atoms to the surface are presented in Å. C, O, B, H, Si, and Na at-
oms are shown as green, red, pink, white, yellow, and purple colors, respectively.
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ing of Li atoms to COFs may also lead to the clus-
tering effect and thus decreases the adsorption
capacity of hydrogen.29 Here, the adsorption of
alkali metals, Na and K, the alkaline-earth metals,
Be, Mg, and Ca, as well as the transition metals, Sc
and Ti, in COFs was further studied for
comparison.

As illustrated above, the COFs were synthe-
sized by using three molecular building blocks:
TBPS, TBPM, and HHTP (Figure 1). Among these
crystalline frameworks, COF-105 possesses nearly
all the representative adsorption positions.
Therefore, a big fragment in COF-105 was
adopted to represent the possible adsorption
sites of metal atoms, and the broken bonds of
the selected fragment were terminated by H at-
oms. Figure 3 shows the selected cluster model
used in this work, from which we can see that
there are mainly seven possible adsorption sites
for metal atoms. Among the seven sites, sites �, �,
and 	 exist in all the four COF materials, while
sites 
, �, �, and 
 only exist in COF-105 and COF-
108. Here, 
 is similar to the top site of the B3O3

rings in COF-102 and COF-103. In our first-
principles calculations, the terminal atoms of the
fragment were frozen to remain the constraints from
the 3D crystal lattices. The geometry optimizations
were performed with the hybridized B3LYP method
and the 6-31G* basis set. The binding energies and the
electrostatic potential fitting (ESP) charges were calcu-
lated by the high-quality PW91/6-311G** method. Note
that the PW91 exchange-correction functional has been
widely used in previous works due to its good perfor-
mance in energy prediction.39�41 The binding energy,
B.E., between the doped metal atoms and the COFs is
defined as

where n denotes the number of the coadsorbed metal
atoms, while E(nM/host), E(host), and E(M) denote the
energies of the adsorption complexes, the host ma-
terial, and the metal atom, respectively.

In the geometry optimizations, each site
labeled in Figure 3 is considered as pos-
sible occupancy of the metal atoms. It is
found from our calculations that 
 and 


are the most unfavorable adsorption posi-
tions for all the alkali, alkaline-earth, and
transition metals studied here. Our first-
principles calculations indicate that a single
metal atom placed at 
 (the top of C2O2B
or B3O3 ring) will migrate to the neighbor-
ing 	 after optimization. In addition, all the
metal atoms studied in this work can not be
stably located at site 
 on the HHTP build-
ing block and will move to � or � after opti-
mization, because all the carbon atoms of

the center hydrocarbon ring in the HHTP building block

are charged with a small amount of positive charges;

thus, the interactions between the � electrons of the

center hydrocarbon ring and the located metal atoms

are weaker than those for the surrounding hydrocarbon

rings.

Adsorption of Alkali Metals in COFs. As mentioned above,

there are a series of possible adsorption sites in COFs

for metal atoms. Because the configuration of Li adsorp-

tion in COFs has been studied extensively,29 we just dis-

cuss the possible adsorption sites and the correspond-

ing binding energies of the other two alkali metals, Na

and K, in this section.

Figure 4 gives all the optimized adsorption geom-

etries of Na in COFs derived from our first principles cal-

culations. Our results show that there are mainly three

adsorption positions for a single Na atom, that is, � on

Figure 6. Optimized adsorption sites and binding energies of K in 3D COFs: (�) �,
(b) �, and (c) �. The structure deformation is seen in (a) from the slight bending of
the framework. The measured distances from the adsorbed K atom to the surface
are presented in Å. C, O, B, H, Si, and K atoms are shown as green, red, pink, white,
yellow, and purple, respectively.

Figure 7. Adsorption geometries of two K atoms in COFs: (a) initial structure and (b) op-
timized structure. The binding energy of two K atoms in COFs is �18.414 kcal/mol. The
measured distances from the adsorbed K atoms to the surface are presented in Å. C, O, B,
H, Si, and K atoms are shown as green, red, pink, white, yellow, and purple colors,
respectively.

B.E. ) E(nM/host) - E(host) - nE(M) (1)
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the TBPS/TBPM building block, � on the HHTP building

block, and 	 near the oxygen atom of the B3O3 or

C2O2B2 ring. At these sites, the calculated binding ener-

gies are �6.882, �2.064, and �2.371 kcal/mol, respec-

tively, suggesting that a single Na atom prefers first to

locate at the top of a single phenyl ring on the COF sur-

face. The calculated ESP charge loaded by a Na atom

at � is �0.435|e|, while those for Na atom at � and 	 are

nearly zero.

An interesting observation is that, if two Na atoms

are separately placed at the neighboring � and 	 sites,

the Na atom at � site would translate to 	 and clusters

together with that at 	 after geometry optimization

(Figure 5). The calculated binding energy of two Na at-

oms with COFs reaches �22.625 kcal/mol, indicating
that the dispersed neutral Na atoms prefer to form a
cluster in COFs.

Figure 6 gives the calculated possible adsorption
sites for a single K atom in COFs. It is found that a single
K atom also prefers to locate at �, �, and 	 like Na. At
those sites, the calculated binding energies are

�16.051, �3.419, and �5.092 kcal/mol, respec-
tively. Clearly, � is more favorable than other two
sites for a K atom. The calculated ESP charge
loaded by a K atom at � site is 0.638|e|, while
those for the atoms at � and 	 are nearly zero. It
is noticeable that adsorption of K exerts obvi-
ously stronger stress to the framework than that
of Li and Na, which can be observed from the
slight bending deformation of the framework
shown in Figure 6a.

Figure 7 shows the initial and optimized coad-
sorption modes of two K atoms in COFs. As
shown in Figure 7a, two K atoms in the initial
structure were placed at � and 	, respectively. Af-
ter geometry optimization, the dispersed K at-
oms form a cluster with a binding energy of
�18.414 kcal/mol. Consequently, K is not suit-
able for modification of COFs in CO2 capture
either.

Doping of Alkaline-Earth Metals in COFs. Our first prin-
ciple calculations indicate that Be, Mg, and Ca at-
oms can not be stably adsorbed at the COFs sur-
face. When a Be atom is placed at the � site in
the initial structure, it translates to the adjacent
	 with the binding energy of just �0.198 kcal/
mol (Figure 8a,b). In addition, Mg and Ca atoms
also weakly interact with COFs. As a result, all
the calculated binding energies of Be, Mg, and
Ca with COFs are lower than �0.3 kcal/mol,
which is too weak for them to be stably
adsorbed.

Doping of Transition Metals in COFs. It is reported that
the transition metals, such as Sc and Ti, are pos-
sible modifiers for porous materials in hydrogen
storage.42�45 Accordingly, we further studied the
doping of transition metals, Sc and Ti, in COFs in

this work.
Figure 9 shows the calculated possible adsorption

sites of Sc in COFs, where the binding energies are
also presented. As shown in Figure 9a, a single Sc atom
prefers to be adsorbed at � on the TBPS or TBPM build-
ing block with a large binding energy of �51.188 kcal/
mol. When adsorbed at � on the HHTP building block
(Figure 9b), the obtained binding energy of Sc with
COFs is �46.747 kcal/mol. In contrast, when the Sc
atom is adsorbed at 	, the calculated binding energy
is just �5.612 kcal/mol, suggesting that the probability
of Sc atoms existing at 	 is far lower than these at � and
� (Figure 9c). Sc, the first transition element, has the va-
lence electron configuration of 3d1s2, suggesting that
its valence electrons can be easily lost or redistributed
during hybridization. Hence, the Sc atoms adsorbed at
� and � are positively charged with the ESP charges of
0.867|e| and 0.639|e|, respectively, while it is negatively
charged at 	 with �0.148|e|.

Figure 10 shows the calculated possible adsorption
sites of Ti in COFs and the corresponding binding ener-

Figure 8. Optimized adsorption sites and binding energies of alkaline-earth met-
als in COFs: (a) Be, (b) Mg, (c) Ca. The measured distances from the adsorbed Be,
Mg, and Ca atoms to the surface are presented in Å. C, O, B, H, and Si atoms are
shown as green, red, pink, white, and yellow colors, respectively.
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gies. Compared to the metals studied previ-
ously, the Ti atom shows the strongest interac-
tion with COFs. For Ti atoms, site � on the TBPS
or TBPM building block is the most favorable
adsorption position with a binding energy of
�105.727 kcal/mol (Figure 10a). At � on the
HHTP building block, the calculated binding en-
ergy of Ti with COFs reaches �81.388 kcal/mol,
while that at 	 is only �10.785 kcal/mol. Clearly,
a Ti atom can bind with the framework of COFs
strongly. As shown in Figure 10d, a Ti atom can
even bind with two neighboring carbon atoms
in the phenyl with a binding energy of �56.359
kcal/mol. The valence electron configuration of
Ti is 3d2s2, which makes the Ti atom very active
in chemical reactions. The calculated ESP
charges of Ti atoms adsorbed at � and � are
0.872|e| and 0.296|e|, respectively, while it is
nearly neutral at 	. If a Ti atom is bound to two
neighboring carbon atoms of the phenyl (Figure
10d), it will also be positively charged with a
quantity of 0.194|e|.

Brief Summary on Doping of Metals in COFs. As men-
tioned above, the doping of several alkali,
alkaline-earth, and transition metals, including
Li, Na, K, Be, Mg, Ca, Sc, and Ti, was systemically stud-
ied by using the first principles calculations. Our results
indicate that the phenyl of the TBPS and TBPM build-
ing blocks in COFs offers the most favorable adsorption
site (i.e., site �) for all metals studied here.

For the alkali metals, Li, Na, and K, the Li atom can
be adsorbed at the most adsorption sites in COFs and
can stably bind with COFs in energy, while adsorption
of Na and K is relatively unstable due to their
low binding energies with the host material. As
listed in Table 2, the binding energies of Li, Na,
and K atoms doped at the � site in COFs are
�23.70, �6.88, and �16.05, respectively. In addi-
tion, the doped Na and K atoms are more likely
to form a cluster in COFs. For the alkaline-earth
metals, Be, Mg, and Ca, they interact with COFs
weakly and thus their binding with COFs is un-
stable. In contrast, the calculated binding ener-
gies of the transition metals, Sc and Ti, are signifi-
cantly higher than those for the alkali and
alkaline metals. Consequently, the strong interac-
tion would lead to some structure deformation
of the host materials

Impact of Metal-Doping on CO2 Capture. Adsorption of
CO2 in Li-Doped COFs. Because Li, Sc, and Ti can be sta-
bly attached to the frameworks of COFs, we fur-
ther focus on the effect of their doping on CO2

capture. Figure 11 displays the optimized ad-
sorption geometries of single and three CO2 mol-
ecules in the Li-doped COFs, respectively. As
shown in Figure 11a, when a Li atom, doped at
the top of the phenyls in the TBPS or TBPM build-

ing block, is positively charged, it can adsorb one CO2

molecule with the calculated binding energy of

�10.074 kcal/mol, where CO2 nearly lies on the surface

with the O�Li distance of 1.976 Å. Obviously, the modi-

fication of COFs with Li cations enhances the affinity of

the host material to CO2 significantly, compared to the

nondoped ones, in which the absolute values of the

CO2�COFs interaction are in the range of approxi-

mately 0�4 kcal/mol. It is noticed that the binding en-

Figure 9. Optimized adsorption sites and binding energies of Sc in COFs: (a) �, (b)
�, and (c) �. Partial structure deformations are seen in (a) and (b). The measured dis-
tances from the adsorbed Sc atoms to the surface are presented in Å. C, O, B, H, Si,
and Sc atoms are shown as green, red, pink, white, yellow, and silver colors,
respectively.

Figure 10. Optimized adsorption sites and binding energies of Ti in COFs: (a) �,
(b) �, and (c) �. Partial structure deformations are seen in (a), (b), and (d). The mea-
sured distances from the adsorbed Ti atoms to the surface are presented in Å. C,
O, B, H, Si, and Ti atoms are shown as green, red, pink, white, yellow, and silver col-
ors, respectively.
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ergy of CO2 with the Li-doped COFs exceeds the upper

limit of physisorption (�5 kcal/mol or 20 kJ/mol), while

it is still below the lower limit of chemisorption (�12

kcal/mol or 50 kJ/mol).

To explore the interaction mechanism between CO2

and a Li cation, we further studied the highest occu-

pied molecular orbital (HOMO) of the adsorption com-

plex, CO2/Li/COF-105, where the Li cation is doped on

the top of the phenyl in the TBPS building block (Figure

12). For comparison, the HOMO of the CO2/Li� interac-

tion system is also presented. As shown in Figure 12a,

the hybridization between CO2 and the doped Li cation

is very weak, which indicates that their strong binding

energy mainly originates from the nonbonded electro-

static ion · · · quadrupole of CO2 interaction. Actually, the

CO2 molecule is slightly polarized when it is adsorbed

around the Li cation after optimization. The nonbonded
interaction between the electrostatic cation and the
quadrupole of CO2 also dominates the interaction be-
tween a CO2 molecule and a naked Li� (Figure 12b).

Additionally, we studied the adsorption geometries
of three CO2 molecules around one Li cation in COFs. If
a Li atom is loaded at site � on the HHTP building block,
it will also be positively charged as is proved in our pre-
vious work due to the charge transfer to the surface.29

Figure 11b displays the optimized structure, from which
it is found that the adsorbed three CO2 molecules lie si-
multaneously on the surface with one end toward the
Li cation. The distances of the Li cation to the nearest O
in CO2 are 2.118, 2.114, and 2.130 Å, respectively. The
calculated total binding energy reaches �20.140 kcal/
mol, which indicates that the Li atom doped on the
HHTP building block can stably adsorb at least three
CO2 molecules.

Adsorption of CO2 in Sc- and Ti-Doped COFs. In this section, we
discuss the interaction between CO2 molecules and a
Sc atom loaded in COFs. Figure 13a presents the opti-
mized adsorption geometries of a CO2 molecule on
the Sc-doped COFs. As mentioned above, a single Sc
atom adsorbed on the top of phenyls in the TBPS or
TBPM building block can easily lose its valence elec-
tions. Our results show that the binding energy be-
tween a CO2 molecule and a Sc cation dispersed in COFs
is �14.042 kcal/mol (nearly �58.406 kJ/mol), stronger
than the lower limit of chemisorption (�12 kcal/mol or
50 kJ/mol). In addition, the distance between the Sc cat-
ion and the nearest O atom in CO2 is 2.350 Å. Figure
13b displays the optimized adsorption geometries of a
CO2 molecule around a doped Ti cation in COFs. The cal-
culated binding energy of CO2 with the Ti-doped COFs
is �15.410 kcal/mol, and the distance between the Ti
cation and the nearest O atom in CO2 is 2.229 Å. That is
to say, both the doped Sc and Ti cations interact with
CO2 by chemisorption and, thus, would suffer from the
difficulty of desorption.

Brief Summary on CO2 Adsorption in Metal-Doped COFs. In sum-
mary, among the alkali, alkaline-earth, and transition
metals studied, Li, Sc, and Ti can promote the adsorp-
tion capacity of CO2 in COFs significantly. However, the
binding energies of a CO2 molecule with the transition
metal cations, Sc and Ti, exceed the lower limit of
chemisorption, and would suffer from the difficulty of

TABLE 2. Binding Energies between a Metal Atom and
COFs from the First-Principles Calculations

site Li Na K Sc Ti

� �23.70 �6.88 �16.05 �51.188 �105.727
	 �8.87 �2.37 �3.40 �5.612 �10.785
� �14.47 �2.06 �5.09 �46.747 �81.388
� �14.71
� �16.16





Figure 11. Optimized adsorption geometries of (a) single and (b) three CO2

molecules in the Li-doped 3D COFs. The top views of the optimized geom-
etries are shown in the insets. The calculated binding energies are also pre-
sented. The measured distances from the adsorbed CO2 molecules to the Li
atom are shown in Å. C, O, B, H, Si, and Li atoms are shown as green, red, pink,
white, yellow, and purple colors, respectively.

Figure 12. Highest occupied molecular orbital (HOMO) for
the interaction of a CO2 molecule with (a) the Li-doped COFs
and (b) a naked Li� cation. C, O, B, H, Si, and Li atoms are
shown as green, red, pink, white, yellow, and purple colors,
respectively.
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desorption. In contrast, the interaction of CO2

with Li cations is in the range between physisorp-
tion and chemisorption, and thus, the adsorption
and desorption are reversible at room tempera-
ture. In conclusion, the Li atom is the best modi-
fier of COFs among all the metals studied here for
capturing CO2 effectively.

Adsorption of CO2 in Li-Doped COFs at T � 298 K. On the
basis of the above work, we further predicted ad-
sorption of CO2 in the Li-doped COFs at room tem-
perature. The doping scheme of Li in COFs can
be referred to our previous work,29 in which all the
Li atoms are positively charged. In our distribu-
tion scheme, eight Li atoms are placed at site �

and � on the TBPM or TBPS building block, respec-
tively, as is shown in Figure 14, while just one Li atom
is placed at site � on the HHTP building block.

Interaction between CO2 and Li Cations. To obtain the interac-
tion energies between CO2 and the doped Li cation in
COFs, a series of single point energy was calculated by
high-quality PW91/6-311G** including the BSSE correc-
tion. By fitting the discrete potential energies to the
mixed potential function in eq 2, the force field param-
eters for the interaction between CO2 and the Li cation
were thus derived (see Supporting Information). The
comparison of the CO2�Li cation interaction energies,
derived from the first-principles and our fitted force
field parameters, are presented in Supporting Informa-
tion (see Figure S1), from which the good agreement
can be observed.

Adsorption of CO2 in Li-Doped COFs. The adsorption iso-
therms of CO2 in the Li-doped COFs at T � 298 K were
evaluated by using GCMC simulation. In our simulation,
the atomic charges of the frameworks were also taken
into consideration. According to our previous first prin-
ciples calculations,29 the ESP atomic charges of the
doped Li atoms in our distribution scheme are posi-
tively charged in the range from 0.30|e| to 0.45|e|. There-
fore, by fixing the ESP charges of the doped Li atoms,
those of the other atoms in the unit cells of the Li-
doped COFs were then determined by using the QEq
method.

Figure 15 presents the simulated excess gravimetric
and volumetric uptakes of CO2 in the Li-doped COFs at
T � 298 K. By modifying COFs with Li, the performances
of COFs for CO2 capture are significantly improved com-
pared to the nondoped counterparts, especially at the
low pressures (see the inset in Figure 15a). The simu-
lated gravimetric CO2 uptakes for nondoped and Li-
doped COFs at representative pressures are summa-
rized in Table 3, and these data for several MOFs of high
CO2 uptakes are also presented for comparison. As
listed in Table 3, the gravimetric uptakes of CO2 in the
Li-doped COF-102 and COF-105 reach 409 and 344
mg/g at T � 298 K and p � 1 bar, which are about eight
and four times those for the nondoped counterparts
(52 mg/g for COF-102; 93 mg/g for COF-105), respec-

tively. Compared to the MOFs, which are among the

highest scores of CO2 capture at present, the CO2 ad-

sorption capacities of the Li-doped COFs are even supe-

rior (Table 3). As the pressure increases to 5 bar, the

gravimetric CO2 uptakes of the Li-doped COF-102 and

COF-105 are 841 and 703 mg/g, respectively, still signifi-

cantly higher than the nondoped materials. Note that

the gravimetric CO2 uptakes of the Li-doped COF-105 is

far from saturation at low and moderate pressures due

to its exceptional large free volume (88.42%)29 and low

density (0.18 g/cm3). In particular, at p � 40 bar, the ex-

cess gravimetric uptake of CO2 in Li-doped COF-105

reaches 2266 mg/g, while it is 1773 mg/g for the non-

doped COF-105. Consequently, the modification of

COFs by Li-doping enhances pronouncedly their CO2

uptakes at very low pressures. The excess volumetric

uptakes of CO2 in Li-doped COFs are also presented in

Figure 15b, from which we can see that the Li-doped

COF-102 shows greatly higher CO2 volumetric uptakes

than the Li-doped COF-105 due to the relative small

pore size of COF-102. At 20 bar, the volumetric uptake

of CO2 in Li-doped COF-102 reaches 313 V(STP)/V, while

it is only 139 V(STP)/V for Li-doped COF-105. Obvi-

ously, the Li-doping modification greatly enhances the

CO2 capacity of COFs. In one word, the Li-doped COFs

are the most promising candidates for CO2 capture at

present.

CONCLUSIONS
In this work, we have used the multiscale simula-

tion approach, which combines the first-principles cal-

culations and molecular simulation, to comprehensively

study the doping of a series of alkali (Li, Na, and K),

alkaline-earth (Be, Mg, and Ca), and transition (Sc and

Ti) metals in COFs, and the effects of the doped metals

on CO2 capture. Our results indicate that the phenyl of

the TBPM and TBPS building blocks in COFs provides

the most favorable adsorption locations for all the met-

als studied. For the alkali metals, Li, Na, and K, the Li

atom can be doped in the most adsorption sites in COFs

and can stably bind with COFs, while the adsorption of

Na and K is relatively unstable due to the low binding

energies. Moreover, the doped Na and K atoms prefer

Figure 13. Optimized adsorption sites and binding energies of CO2 in (a) Sc-
and (b) Ti-doped 3D COFs. The measured distance from the adsorbed CO2 mol-
ecule to the Sc or Ti atom is presented in Å. C, O, B, H, and Si atoms are shown as
green, red, pink, white, and yellow colors, respectively.
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to form clusters in COFs. For the alkaline-earth metals,
Be, Mg, and Ca, the interaction energies with COFs are
weak, and thus, their binding with COFs is unstable. In
contrast, the binding energies of the transition metals,
Sc and Ti, are much higher than the alkali and alkaline-
earth metals and would, on the other hand, lead to the
structure deformation of the host materials.

By further exploring the effects of the doping of
the metals mentioned above on CO2 adsorption, it is
found that, among all the metals studied, Li, Sc, and Ti
can significantly improve the adsorption capacity of
CO2 in COFs. However, the binding energy of a CO2 mol-
ecule with the transition metals, Sc and Ti, exceeds the
lower limit of chemisorptions and, thus, suffers from the
difficulty of desorption. In contrast, the interaction of
CO2 with Li cations is within the range between physi-
sorption and chemisorption, and thus, the adsorption
and desorption are reversible at room temperature. By
the comparative studies above, it is concluded that Li is
the best surface modifier of COFs for CO2 capture
among all the metals studied, because Li can be stably
bound to the framework surface. Furthermore, Li has a
light weight, easily loses its valence electrons, and
therefore, improves the affinity of host materials
toward CO2. For example, the binding energy between
a CO2 molecule and the COFs is about �4.00 kcal/mol at

most, while that between a CO2 molecule and the Li-
doped COFs is �10.074 kcal/mol, which is greatly en-
hanced due to the electrostatic interaction between a
CO2 molecule and the Li cation.

Accordingly, we further investigate the uptakes of
CO2 in the Li-doped COFs. Our GCMC simulation re-
sults show that doping of Li in COFs can significantly
improve the CO2 uptakes at 298 K due to the strong
binding energy between CO2 and Li cations, especially
at low pressures. It is found that at 298 K and 1 bar, the
excess CO2 gravimetric uptakes of the Li-doped COF-
102 and COF-105 reach 409 and 344 mg/g, respectively,
which are about eight and four times those in the non-
doped frameworks (52 mg/g for COF-102; 93 mg/g for
COF-105), respectively. Impressively, the Li-doped COF-
105 presents the CO2 gravimetric uptake up to 2266
mg/g at 40 bar, which is the highest score reported so
far.

In short, doping of metals in high performance cova-
lent organic frameworks provides an efficient approach
for enhancing CO2 capture. The mechanisms of doping
have been explored through extensive first-principles
calculations and molecular simulations in this work. It is
expected that the results would help the preparation
and development of new materials for adsorptive cap-
ture of CO2 in the future.

MODELING AND COMPUTATIONAL DETAILS
Before the doping of metals, the 3D structures of COFs were

first constructed according to the reported structural informa-
tion.1 To predict CO2 adsorption in COFs, a multiscale simulation
method, which combines the first-principles calculation and
GCMC simulation, was used in this work. The multiscale method
consists of the following procedures: (a) to calculate the interac-
tion between CO2 and the host materials; (b) to parametrize the
calculated interaction energies by force field fitting; and (c) to
predict the adsorption capacities of CO2 in the host materials
with the force field parameters obtained here.

As is well-known, the unit cells of the 3D COFs are very large
(see Figure 1), which make it unrealistic to investigate COFs with
the first principles calculations. Therefore, the commonly used
cluster model method was adopted here to represent the real
structure of COFs for reducing computational cost. Four cluster

models were used to represent the atom types in COFs (Figure
1). C6H6 and B3O3H3 were mainly used to represent the sp2 hy-
bridized C and B as well as the O atoms in COFs, while C9H12 and
Si3C6H12 were used to represent the sp3 hybridized C and Si at-
oms, respectively. The nonbond interaction energies between
CO2 and the cluster models were calculated by the high-quality
MP2/cc-PVTZ method,46�49 including the basis set superposition
error (BSSE) correction. All the first-principles calculations were
performed with the Gaussian 03 software.50 Using the calculated
interaction energies, the force field parameters for the non-
bond interaction between CO2 and COFs can thus be fitted.

For adsorption of alkali, alkaline-earth, and transition metals
in COFs, the geometry optimization was performed with the hy-
brid density functional B3LYP51,52 and the 6-31G (d) basis set. As
is well-known, the B3LYP hybrid functional is the most widely
used functional in geometry optimizations, especially for the sys-

Figure 14. Distribution scheme of Li atoms on the building blocks of 3D COFs, in which H atoms bonded to O are neglected
for clarity: (a) TBPM, (b) TBPS, and (c) HHTP.
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tems containing metal atoms.53 The binding energies and the
electrostatic potential fitting (ESP) charges were calculated by
the pure PW91 functional, as reported previously.29 It is worth
mentioning that, to date, many works have shown that pure DFT
functionals, such as PW91 and PBE, can often give good qualita-
tive results in evaluating noncovalent interactions such as van
der Waals (vdW) interactions in molecular complexes and in the
solid state.25,54�59 For example, Wesolowski et al. studied the
binding energies and geometries of benzene with O2, N2, and
CO and found that PW91 can give results comparable in accu-
racy to the high-level MP2/6-31G** method.43 In addition, the
ESP charges were obtained by using the Merz�Kollman scheme
(MK).60,61 In applying the MK scheme, the minimum exclusion ra-
dii of K, Ca, Sc, and Ti were set to 1.5 times of their atomic vdW ra-
dii in this work.

A three-site rigid molecular model is used to represent CO2,
and its quadrupole moment is described by a partial-charge
model. In the CO2 molecular model (Figure 1), the C�O bond is
1.18 Å in length and the bond angle is 180°. The partial charges
loaded by C and O are qC � �0.70e and qO � �0.35e, where e �
1.602 � 10�19 C. For CO2�CO2 and CO2�COFs interactions, the
nonbond potential energy Uij is represented by the combination
of the Lennard-Jones (LJ) potential and the Coulombic poten-
tial given by

where rij is the distance between atoms i and j. The parameters
� and � are the energy well depth and vdW radius, respectively,
derived from the Lorentz�Berthelot mixing rules � � ��i � �j

and � �(�i � �j)/2. The pairwise electrostatic interaction was cal-
culated by using the atomic charges, qi and qj. For the complex-
ity of charge distribution, both the atomic charges in the four
cluster models and COFs were calculated by using the charge
equilibration (QEq) method for consistency.62 In the metal-doped
COF compounds, the charges of the doped metal atoms were
calculated by the first-principles calculations, and then those of

the other atoms in the frameworks were approximately deter-
mined by the QEq method.

When the fitted force field parameters are used as input,
the GCMC simulations were then performed to evaluate the ad-
sorption isotherms by specifying temperature, volume, and
chemical potential first. The Widom’s test particle insertion
method in a NVT ensemble was used to describe the relation-
ship between chemical potential and pressure, as was used
previously.28�30 To eliminate the boundary effect, the periodic
boundary conditions were applied in all three dimensions. Dur-
ing the GCMC simulations, one unit cell of the studied COFs was
adopted in the simulation box. The LJ interaction beyond half
of the simulation box was neglected during our GCMC simula-
tions. For the Columbic interactions, the Ewald sum was used
with the real-space partition parameter of 0.2 Å�1 to ensure the
convergence. For each state point, the GCMC simulation con-
sisted of 1 � 107 steps to guarantee equilibration, and the fol-
lowing 1 � 107 steps were used to sample the desired quanti-
ties. The total amount of CO2 molecules adsorbed per unit cell
Ntot was converted to the excess adsorption amount by the fol-
lowing equation

where �(T,P) represents the density at the given temperature
and pressure and Vfree is the free volume for adsorption. Here,
Vfree was calculated as the volume within one unit cell, where the
potential energy of interaction of a hydrogen molecule with
the solid framework is less than 104 K. The calculated free vol-
umes for the adsorbents studied here were reported in our pre-
vious works.29
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Figure 15. Simulated excess in (a) gravimetric and (b) volumetric isotherms of CO2 in the Li-doped COFs at T � 298 K. For
comparison, the data for the nondoped COFs are also presented. In addition, the inset in (a) shows the simulated excess CO2

uptakes in the nondoped and Li-doped COF-105 in the pressure range of 0�1 bar at 298 K.

TABLE 3. Comparison of CO2 Uptakes in Porous Materials

T � 298 K

materials p � 1 bar p � 10 bar p � 40 bar source

nondoped COF-102 52 685 1197 this work
Li-doped COF-102 409 1092 1349 this work
nondoped COF-105 93 554 1773 this work
Li-doped COF-105 344 948 2266 this work
MOF-5 44 479 970 Millward and Yaghi3

MOF-177 35 497 1490 Millward and Yaghi3

IRMOF-6 41 487 870 Millward and Yaghi3

MIL-101(Cr) 190 630 1760 (303 K, 50 bar) Llewellyn et al.16

Uij(rij) ) 4ε[(σ
rij
)12

- (σ
rij
)6] +

qiqj

rij

(2)

Nexc ) Ntot - F(T, P)Vfree (3)
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Supporting Information Available: The fitted force field param-
eters and potential energy as well as the potential energy ob-
tained from the first-principles calculations. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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