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Abstract Coordination polymer with pillared layer

structures, also known as coordination polymer ligands

(CPLs) are a novel class of nanoporous adsorbent materials

that exhibit higher adsorption affinity for CO2 than for

other small molecules, such as O2, N2, and CH4. In this

work, DFT calculations were used to analyze the relation

between electrostatic properties of CPL-2, CPL-4, CPL-5,

and CPL-7, and their interaction with CO2, in order to

elucidate structural features that promote this interaction.

The B3LYP and xB97XD functionals were used to cal-

culate electrostatic properties, including atomic charges,

electrostatic potential, electric field, and electric field gra-

dient. Both functionals showed similar results and indi-

cated that the pore exposed carboxylate groups in each

CPL-n have a strong charge separation, a mixed electro-

static potential, and a high electric field gradient. In gen-

eral, three CO2 interacting regions were elucidated. The

principal interacting sites are the pore exposed carboxylate

groups, the aromatic ring from pyrazine-2,3-dicarboxylate

(pzdc) groups, and some chemical functionalities at the

pillar-ligands. The CO2 electrostatic potential upon inter-

action revealed that the interaction is dictated by the

coupling of the electrostatic potential between the CO2 and

the CPL-n model.

Keywords Coordination polymer ligands � Density
functional theory � CO2 interaction � Electrostatic
properties

1 Introduction

In the last two decades, much effort has been put forth in

finding adsorbent materials to remove CO2 selectively

(Kuppler et al. 2009; Li et al. 2009, 2011, 2012; Millward

and Yaghi 2005; Rezakazemi et al. 2014; Songolzadeh

et al. 2012; Sumida et al. 2012; Uribe-romo et al. 2010; Yu

2012). An adequate adsorbent material for CO2 storage and

delivery must fulfill a series of technical requirements, such

as large adsorption capacity, adsorption selectivity, regen-

erability, thermal stability, and low volume/pressure gas

storage ratio (Bae and Snurr 2011; Choi et al. 2009). In the

late 1990s, Kitagawa and co-workers developed a novel

class of nanoporous adsorbent materials known as coordi-

nation polymer with pillared layer structures or coordina-

tion polymer ligands (CPLs), which belong to porous

coordination polymers (PCPs) family (Kitagawa et al.

2004; Kondo et al. 1999; Noro et al. 2000). The CPLs

consist of 2D neutral layers formed by Cu2? ions and the

ionic pyrazine-2,3-dicarboxylate (pzdc), and the layers are

separated by an organic pillar ligand, as shown in Fig. 1.

This arrangement results in pore channels extended in 1D.

Recently, Hernández-Maldonado and co-workers carried

out systematic adsorption experiments, and they demon-

strated that CPLs, including CPL-2, CPL-4, CPL-5, CPL-6,

and CPL-7, exhibited higher adsorption affinity for CO2

than for other small molecules, such as O2, N2, and CH4
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(Garcı́a-Ricard et al. 2011, 2012, 2013; Garcı́a-Ricard and

Hernández-Maldonado 2010). They concluded that the

sustained delivery of CO2 at moderate pressure range, the

fully reversible CO2 adsorption isotherms of some of these

CPLs, and the low CO2 isosteric heat of adsorption, which

ranged in the physical adsorption range, make CPLs an

attractive alternative for the selective CO2 adsorption

applications.

In order to design new adsorption materials with higher

selectivities and adsorption capacities than the current

technologies, it is necessary to understand the underlying

interaction between CO2 and the adsorbent material

frameworks. One of the main challenges for gas separation

materials is that, in most cases, the differences in the

properties of the gases that have to be separated are rela-

tively small. For example, the size, shape and the kinetic

diameter of CO2 are not that different to those of O2, N2,

H2O or CH4 (Bae et al. 2004). Differences, however, are

more noticeable when comparing the electronic properties,

such as valence electron configuration, electron density,

electric multipole moments and polarization. Therefore,

materials for the efficient capture of CO2 require a

molecular level of control that can take advantage of dif-

ferences in the electronic properties of the gas molecules.

Computational chemistry methods, such as density func-

tional theory (DFT) methods have become ideal alterna-

tives for screening new possible adsorption materials.

These techniques provide valuable information including

partial atomic charges, electronic configurations, and even

electric and magnetic properties at low computational cost.

Several experimental and theoretical works have

explored the molecular properties related to the adsorption

of CO2, which included quadrupole moment, polarizability,

and electrostatic potential (Glaser et al. 2000, 2002; Harries

1970; Haskopoulos and Maroulis 2006; Lewis et al. 2000;

Maroulis 2003, 2004; Varanasi 1970). For example, Noro

and co-workers used DFT calculations to analyze a CO2-

Cu based PCP system (Noro et al. 2013). They found that

the inclusion of inorganic fluorinate PF�6 anions in the

framework decrease the interaction energy, hence

improving not only the selectivity for CO2 but also the

regenerability process. Culp and co-workers used DFT

calculations to analyze the interaction between CO2 and a

Fe-based PCP system (Culp et al. 2013). They observed

that the spin state of the PCP has an impact on the CO2

interaction energy, the interacting site, and the arrangement

of CO2 within the pore structure. Deshmukh and co-

workers used a combination of MP, DFT, and HF calcu-

lations to analyze a Hofmann-type PCP (Deshmukh et al.

2013). In their work, they performed a decomposition

energy analysis and quantified the influence of the elec-

trostatic and dispersion contributions to the interaction

energy for CO2 and CS2 molecules. They found that the

orientation of the CO2 within the pores is stabilized by

electrostatic interactions, while for CS2, the orientation is

stabilized by dispersion interactions. Hijikata and Sakaki

also used a combination of MP, DFT, and HF calculation to

analyze the interaction of several small molecules,

including CO2, on a Cu paddle-wheel units (Hijikata and

Sakaki 2014). They also used a decomposition energy

analysis, and they found a linear positive relation between

the interaction energy and the electrostatic contribution,

and a linear negative relation for the interaction energy and

the exchange–correlation contribution. Other publications

(Li et al. 2011, 2012 and Ji et al. 2014) provide compre-

hensive summaries of quantum mechanical calculation of

similar type of adsorbent materials.

Most of the published work involving quantum

mechanical calculations for the analysis of CO2 and

adsorbent materials are focused on elucidating interacting

sites, calculating interaction energies, and performing

energy decomposition analysis (Grajciar et al. 2011, 2015;

Liu et al. 2012; Nijem et al. 2011; Pianwanit et al. 2008;

Ramsahye et al. 2008; Vaidhyanathan et al. 2010; Yu and

Balbuena 2013; Zhou et al. 2011). However, the electro-

static properties of the adsorbent materials in most cases

still remain unclear. In this work, systematic DFT calcu-

lations were used to elucidate the electrostatic properties of

pzdc

2D-Layer Pillar-Ligands

1D-Channel

2D-Layer

Pillar-Ligand

CPL-n

CPL-1 CPL-2 CPL-3 CPL-4 CPL-5 CPL-6 CPL-7

Fig. 1 Schematic

representation of the CPL-n

with different linkers ligands

used as pillars. pzdc 2,3-

pyrazinedicarboxylate, CPL-1

1,40-pyrazine (pyz), CPL-2 4,40-
bipyridyl (bipy), CPL-3 2,7-

diazapyrene (dap), CPL-4 4,4-

azopyridine (abp), CPL-5 1,2-

(4-pyridyl) ethylene (bpe), CPL-

6 4-pyridinecarboxamide (pin),

and CPL-7 1,2-di(4-pyridyl)-

(glycol) (bpyg)
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four CPL-n materials, including atomic charges, electro-

static potential, electric field, and electric field gradient.

We have also performed a systematic analysis of the

interaction between CO2 and various CPL-n. These sets of

calculations have allowed us to identify electrostatic

properties that promote CO2 interactions.

2 Methodology

2.1 Models

Four CPL-n (CPL-2, CPL-4, CPL-5, and CPL-7), were

studied in this work. For each CPL-n, a simplified cluster

model was created from the reported crystallographic data

(Kitaura et al. 2002; Matsuda et al. 2010; Sakamoto et al.

2010; Uemura et al. 2006). In our calculations, it was

assumed that the adsorbent materials were fully activated,

and no solvent molecules were within the pores. The CPL-n

cluster models were constructed based on the pore symme-

try, as shown in Fig. 2, and the coordination environment of

the transition metal atom, as shown in Fig. SM1 in the

Supplementary Material. The cluster models for CPL-2,

CPL-4, and CPL-5 are composed of one copper atom, three

pzdc’s, and one pillar ligand for each CPL-n. The copper

atom has a penta-coordination in a distorted square-pyra-

midal environment. These five coordinations correspond to

three carboxylate oxygen atoms from the pzdcs, and two

nitrogen atoms from the corresponding pillar-ligand and a

pzdc. The CPL-7 cluster model is composed of two copper

atoms, four pzdc’s, and one bpyg. The distance between the

two copper atoms is 3.50 Å. The copper atom labeled Cu1

has a penta-coordination in a distorted trigonal-bipyramidal

environment while the copper atom labeled Cu2 has a three-

coordination in a distorted trigonal–pyramidal environment.

ForCu1, the five coordinations correspond to the interactions

with three carboxylate oxygen atoms from the pzdc’s and

with two nitrogen atoms from a bpyg and a pzdc. The cluster

models used in this work consist of 68, 70, 72, and 87 atoms

for the CPL-2, CPL-4, CPL-5, and CPL-7, respectively.

For all the CPL-n models, hydrogen atoms were placed

on the terminal atoms where bonds were truncated. These

hydrogen atoms (link atoms) were aligned along the trun-

cated bonds, and their positions were calculated as

described by the vector r2
!

r2
!¼ r1

!þ g r3
!� r1

!� �
ð1Þ

g ¼
rcovð1Þ þ rcovð2Þ
rcovð1Þ þ rcovð3Þ

ð2Þ

In these equations, r1
! and rcov(1) are the position vector

and covalent radii, respectively, for the atoms in the pore

structure that are included in the cluster model; r3
! and

rcov(3) are the position vector and covalent radii, respec-

tively, for the atoms in the pore structure that are not

included in the cluster model; r2
! and rcov(2) are the position

vector and the covalent radii, respectively, for the link

atoms, which are not part of the pore structure, but are

added into the cluster model; and g is a scale factor based
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Fig. 2 Cluster models for CPL-n used in the DFT calculations: CPL-

2, CPL-4, CPL-5, and CPL-7. Magenta copper, blue nitrogen, red

oxygen, gray carbon, white hydrogen (Color figure online)
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on the covalent radii (Bakowies and Thiel 1996; Byun and

Morokuma 1999; Vreven et al. 2003).

2.2 Computational methods

All DFT calculations were performed using Gaussian09

(Frisch et al. 2009). We have compared two

exchange/correlation functionals B3LYP (Becke 1993;

Raghavachari 2001) and xB97XD (Chai and Head-Gordon

2008). The last one is a long-range corrected hybrid density

functional, which includes empirical dispersion correction,

improving the description of non-covalent interactions. As

opposed to xB97XD, B3LYP has extensively been used to

describe metal–organic frameworks (Baei 2013; Devic

et al. 2012; Ji et al. 2014; Li et al. 2011; Liu et al. 2012). In

this work, a mix of 6-311G? (Krishnan et al. 1980;

McLean and Chandler 1980) and LANL2DZ (Dunning and

Hay 1976; Hay and Wadt 1985) were used for the basis

sets. The latter basis set was used solely for the copper

atom. It has been previously reported that the effective core

potential LANL2DZ basis set can effectively describe

metal atoms in metal–organic frameworks that are satu-

rated or not exposed in the pore, such as the system that we

analyzed in this study (Baei 2013; Deshmukh et al. 2013;

Forrest et al. 2013; Grosch and Paesani 2012; Kim et al.

2013; Li et al. 2011; Mu et al. 2011; Wang et al. 2015a;

Wang et al. 2013; Wang et al. 2015b; Zhou et al. 2011).

Calculations with higher levels of theory, such as

xB97XD/aug-cc-pVDZ/D95V*?, B3LYP/aug-cc-pVDZ/

D95V*?, and B2PLYPD/aug-cc-pVDZ/D95V*?, were

also carried on the CPL-2 cluster to assess the performance

of the methods employed in this work.

In order to determine the ground state electronic con-

figuration of each CPL-n cluster model, single point energy

calculations were performed at four different multiplicities.

For the CPL-7 model, a geometry optimization was per-

formed to calculate the relative position of the hydrogen

atoms in the hydroxyl groups at bpyg pillar ligand. The

natural bond orbital (NBO) analysis was used to quantify

the electron population and partial atomic charges (Reed

et al. 1985; Reed 1983; Reed and Weinhold 1985). Charges

from the electrostatic potential using a grid based method

(CHelpG) were also calculated (Breneman and Wiberg

1990). Electric field gradient (EFG) calculations were used

to obtain electrostatic properties, such as electrostatic

potential, electric field, and electric field gradient

(Bjornsson and Michael 2010; Johnson et al. 1993). This

type of calculation has been validated by Bjornsson and

Bühl for first-row transition metal complexes (Bjornsson

and Michael 2010). In their work, they compared the

electric field gradient results obtained using a variety of

exchange–correlation functionals and basis sets with gas

phase experimental data, and they found that this method

accurately captures the electrostatic properties of transition

metal complexes.

In the analysis of CO2–CPL-n interaction, different

initial configurations of CO2 relative to the CPL-n models

were proposed in order to map the possible interacting

sites. In all the energy minimization calculations, the CPL-

n model atoms were held fixed in their crystallographic

positions while the CO2 atoms were fully optimized. The

interaction energy (IE) was calculated by:

IE ¼ ECO2�CPL�n � ðECO2
þ ECPL�nÞ ð3Þ

where ECO2�CPL�n is the electronic energy (EE) of the

optimized CO2 molecule with the cluster model, ECO2
is the

EE of the isolated CO2 molecule, and ECPL-n is the EE of

the isolated CPL-n model. All the IEs reported in this work

were corrected by taking into account the basis set super-

position error (BSSE) using the counterpoise method (Boys

and Bernardi 1970; Simon et al. 1996). The interaction

energies including the zero point energy correction are

presented in the Supplementary Material.

3 Results and discussion

The adsorption interaction between an adsorbed molecule

and the adsorbent framework is commonly defined by an

adsorption interaction potential, Eq. 4, which describes the

interaction in terms of electric permanent multipole

moments for the adsorbate, and in terms electrostatic

properties of the adsorbent.

/adsorbate�adsorbent ¼ /D þ /R þ /ind þ /Fl þ / _FQ þ /Fh

ð4Þ

Here, /D and /R correspond to dispersion and close-

range repulsion interaction potentials, respectively, /ind is

the induction or polarization energy, and this term arises

when an heteropolar adsorbent polarizes or induces a

dipole in the adsorbate, /Fl, / _FQ, and /Fh correspond to

the interaction of the electric field, electric field gradient,

and electric field square gradient with permanent dipole,

permanent quadrupole, and permanent octapole moments,

respectively (Barter 1966; Yang 2003). The following

sections discuss the electrostatic properties for the CO2

molecule, CPLs cluster models, and the CO2–CPL-n

cluster models. Partial atomic charges, electrostatic

potential, and permanent multipole moments are discussed

for the CO2 molecule. A similar analysis is followed for the

CPL-n that also includes the electrostatic potential and its

derivatives, the electric field, and electric field gradient.

Finally, an analysis of the interaction between CO2 and the

CPL-n clusters is presented.
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3.1 CO2

The geometrical features of the CO2 molecule as well as

the electron density, NBO charges, and the electrostatic

potentials, as obtained with the two levels of theory used

are illustrated in Fig. 3. The CO2 is a heteronuclear

molecule, with electronegativity differences between their

atoms. This results in a non-uniform distributed electron

density. The electron density is mainly located at the

oxygen atoms, and it is equally distributed among them.

The electron density distribution is also manifested in a

molecular charge separation. The calculated partial atomic

charges based on CHelpG and NBO schemes are listed in

Tables SM1 and SM2 in the Supplementary Material. The

charge distribution causes a net molecular electrostatic

potential (MEP). The MEP can be mapped to illustrate the

electropositive or electronegative regions in the molecule,

which allowed for the identification of regions where

electrostatic interactions may occur. For the CO2 molecule,

electropositive and electronegative regions are clearly

noted around different parts of the molecule. The oxygen

atoms are electronegative, while the electropositive region

is around the carbon atom.

The CO2 quadrupole moment (H) and the diagonal

tensor components (Qyy = Qzz = Q\ and Qxx = Qk) are

listed in Tables SM3 and SM4 in the Supplementary

Material. With both functionals, all diagonal components

are negative, indicating the anisotropy nature of the

quadrupolarity and that the charge distribution associated

with the electron density is away from the molecular center

of the nuclear charges; which result in a {- ? -}

quadrupolarity. Similar results were obtained by Glaser and

co-workers (Glaser et al. 2000, 2002).

In general, both functionals give comparable results

with respect to the geometrical features, the NBO charges,

and the electrostatic potentials. Moreover, no significant

differences between these functionals were observed when

comparing other important results, such as the diagonal

tensor components, the quadrupole moments, and the

valence electron configurations, which are presented in

Tables SM5 and SM6 in the Supplementary Material.

3.2 CPL-n models

Figures 4 and 5 illustrate electrostatic properties for CPL-n

models as obtained with B3LYP and xB97XD, respec-
tively. The NBO charges illustrated in these figures reveal

that the highest charge separation is found in the atoms

located at the pzdc’s of the models. In all the models, the

carboxylate groups show a strong charge separation

between the oxygen atoms that have negative partial

atomic charges, and the carbon atoms, with positive partial

atomic charges. In general, the aromatic ring at the pzdc

groups consists of neutral atoms, except for the nitrogen

atoms that have a slight negative partial charge. In the

CPL-7 model, a charge separation is also observed between

the oxygen and the hydrogen atoms of the hydroxyl group

in the bpyg pillar ligand. The charge separations observed

in these models lead to a mixed MEP. In all the models,

negative regions in the electrostatic potentials are mainly

located on the pzdc’s of the CPL-n. On other hand, the

aromatic groups of the pillar ligands exhibit electropositive

potentials. However, in CPL-4 and CPL-7 small negative

regions in the electrostatic potential are found on the pillar-

ligands, e.g. on the nitrogen atoms of the CPL-4 pillar and

on the hydroxyl group of the CPL-7 pillar. Hence, among

the pillars that were analyzed in this study, only the

functional groups azo (diimide) and hydroxyl in the CPL-4

and CPL-7, respectively, provide electronegative regions to

the pillars of the CPL. The partial atomic charges and the
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valence electronic configurations for the Cu atom within

the different CPL-n analyzed in this study are tabulated in

Tables SM7 and SM8 in the Supplementary Material.

Figures 4 and 5 also show the electric field and electric

field gradient for each CPL-n model. As illustrated in these

figures, the electric field vectors between the oxygen atoms

in the carboxylate groups of the pzdc point in opposite

directions to each other. It can also be noted that the

electric field vectors on some of the hydrogen atoms of the

pillar-ligands have high magnitudes compared to other

vectors. However, the highest magnitudes of the electric

field gradient (XX tensor component) are located on the

oxygen atoms of the carboxylate groups, indicating that the

highest difference in the electric field gradients is between

the carbon and the oxygen atoms of that group.

In order to verify the consistency of the results obtained

for electrostatic properties, NBO charges and electrostatic

potential were calculated using higher levels of theory for

the CPL-2 model. Figures SM3 and SM4 in the Supporting

Material summarize the results. In general, no significant

C
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-2
C

PL
-4

C
PL

-5
C

PL
-7

Electric FieldNBO Charges

-1 1

Electrostatic Potential

-0.025 (a.u.) 0.025 (a.u.)

Electric Field Gradient
XX tensor component

-1242.11 (a.u.) -2.37 (a.u.)

Fig. 4 NBO atomic charges, electrostatic potential, electric field and electric field gradient of the CPL-2, CPL-4, CPL-5 and CPL-7 models

obtained with B3LYP
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differences were obtained on the NBO charges and the

electrostatic potentials with the higher levels of theory.

Based on these results, the NBO charge of the Cu atom has

an average value of 1.02, the carboxylate groups have the

strongest charge separation, and the aromatic ring at the

pillar ligand has an electropositive potential. These results

demonstrate that the electrostatic properties obtained with

B3LYP and xB97XD along with LANL2DZ and 6-311G?

provide an adequate description of the CPL-n’s electro-

static properties.

3.3 Adsorption interaction

The range of the interaction energies (IEs) obtained for

CO2 with CPL-2, CPL-4, CPL-5 and CPL-7 models are

illustrated in Fig. 6. The BSSE corrections included in the

IEs had an average value of 7.20 kJ/mol for the CPL-2

systems analyzed with B3LYP. In the systems analyzed

with xB97XD, the BSSE had average values of 10.82,

10.22, 9.26, and 15.43 kJ/mol for the CPL-2, CPL-4, CPL-

5 and CPL-7, respectively. As shown in Fig. 6, stronger

C
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Electric FieldNBO Charges Electrostatic Potential Electric Field Gradient
XX tensor component
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Fig. 5 NBO atomic charges, electrostatic potential, electric field and electric field gradient of the CPL-2, CPL-4, CPL-5 and CPL-7 models

obtained with xB97XD
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interactions (lower IEs) were obtained with xB97XD when

compared to B3LYP. This difference should be expected as

the xB97XD functional includes empirical dispersion to

describe long-range interactions, whereas these interactions

are not accurately described in B3LYP. It is interesting to

notice that, on the basis of xB97XD, significant differences
on the IEs were obtained for the CPL-7 model when

compared to the other CPL-n systems. To assess the

methods employed in this work, further calculations were

carried out with B2PLYPD along with the basis sets aug-

cc-pVDZ (Cu) and D95V?* (N, C, O and H). Single point

energy calculations were performed on the configurations

that yielded the strongest and weakest interactions on

the CPL-2 model on the basis of xB97XD, with IEs of

-37.14 and -24.15 kJ/mol, respectively. On the basis of

B2PLYPD, these configurations have IEs of -36.72 and

-25.73 kJ/mol, respectively.

Figure 7 compares the optimized results of CO2 inter-

acting with CPL-2 obtained with B3LYP and xB97XD.
The CPL-2 model is colored gray while CO2 is colored

according to its IE. These figures allow identifying the

regions where CO2 interacts. In general, with both func-

tionals, two interacting zones can be identified. One of

them is in front of the carboxylate groups, and the second

one is close to the aromatic rings of the pzdc group. On the

basis of the results obtained with B3LYP, the strongest IEs

are located near the carboxylate groups, while for xB97XD
the strongest IE is located underneath the aromatic rings of

the pzdc layer. Hence, for the B3LYP functional, the

strongest interacting site coincides with the region having

the highest electric field gradient, indicating that there is a

strong electrostatic contribution stabilizing these configu-

rations. On the other hand, results obtained with the

xB97XD functional suggest that there is a strong non-

electrostatic contribution that can stabilize the interaction,

where there is not a significant electric field gradient.

Figure 8 illustrates the results obtained for the geometry

optimizations of CO2 with CPL-4, CPL-5, and CPL-7 as

obtained with the xB97XD functional. These results sug-

gest that there are three interaction zones for CO2 on these

models: (1) the weakest interactions are with the pillar

ligand of the model (CO2 is colored in red in all cases), (2)

near the carboxylate groups of the pzdc groups, and (3)

below the aromatic rings of the pzdc groups. These zones

are depicted in Fig. 9, and in each of these zones CO2

exhibits localized interactions. For instance, in zone 1 in

CPL-7 and CPL-5, one of the oxygen atoms of CO2

interacts with a hydrogen atom of the pillar. In this zone,

IEs are between -69.29 and -16.20 kJ/mol. In the con-

figurations depicted in zone 2, the carbon atom of CO2
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Fig. 6 Interaction energies for CO2 with CPL-2, CPL-4, CPL-5, and

CPL-7 obtained with B3LYP and xB97XD. The lines correspond to

the weakest (red) and strongest (blue) interaction for the correspond-

ing CPL-n model (Color figure online)

ωB97XDB3LYP

-38 kJ/mol -24 kJ/mol-24 kJ/mol -2 kJ/mol

Fig. 7 Minimum energy configurations of CO2 interacting with CPL-

2 as obtained with B3LYP (left) and xB97XD (right). Atoms

corresponding to the CPL-2 framework are colored gray, and the CO2

molecules are colored according to the IE as indicated in the color

legends (Color figure online)
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interacts with the oxygen atom of the carboxylate groups.

With CPL-2, CPL-4 and CPL-5 the IEs are on average

-28.5 kJ/mol, and in the CPL-7 the IE is -69.06 kJ/mol.

In zone 3, the carbon atom of the CO2 is approximately 3 Å

from the nitrogen atom of one of the pzdc rings. This

interaction was only observed on CPL-2, CPL-4, and CPL-

5, and the IE has an average value of -32.14 kJ/mol.

Figures SM5 to SM9 in the Supplementary Material

illustrate each of the CO2 interaction configurations

obtained for all the CPL-n models analyzed in this study.

For instance, on CPL-4 the strongest interaction with CO2

(IE = -33.12 kJ/mol) was obtained when the carbon atom

and one oxygen atom of CO2 interact with the nitrogen

atom and one hydrogen atom on the aromatic ring in the

pzdc group. For CPL-5 and CPL-7, the strongest

interactions with IEs of -27.28 and -69.29 kJ/mol,

respectively are located close to the carboxylate groups of

the layer.

Interestingly, in one of the minimum energy configura-

tions obtained for CO2 with CPL-7, the carbon atom of

CO2 binds to one of the oxygen atoms of the carboxylate

group of the layer. The distance between these atoms is

1.67 Å. In this configuration, illustrated in Fig. SM9-(a) in

the Supplementary Material, CO2 loses its linearity,

forming an O–C–O angle of 140.3�. Based on the NBO

results, in Table SM9 in the Supplementary Material, this

bend occurs upon chemical bond formation between the

carbon and the oxygen atom. This result is consistent with

several theoretical and experimental works that have

reported similar CO2 interactions in other systems in which

CPL-4

-34.00 kJ/mol -19.00 kJ/mol

CPL-5

-28.00 kJ/mol -16.00 kJ/mol

CPL-7

-70.00 kJ/mol -40.00 kJ/mol

Fig. 8 Optimized geometries of CO2 interacting with CPL-4 (top

left), CPL-5 (top right), and CPL-7 (bottom) as obtained with

xB97XD. Atoms corresponding to the CPL-4, CPL-5, and CPL-7

frameworks are colored gray, and the CO2 molecules are colored

according to the IE as indicated in the color legends (Color figure

online)

Adsorption (2015) 21:533–546 541

123



CO2 is chemisorbed (Davran-Candan 2014; Ismael et al.

2009; Oktavian et al. 2014; da Silva and Svendsen 2007;

Yamada et al. 2014; Yamada et al. 2011).

Since it is expected that one of the main contributions to

the interaction of CO2 and CPL-n materials is the elec-

trostatic interaction, the electrostatic potential for each CO2
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Fig. 9 CO2 interaction zones for CPL-2, CPL-4, CPL-5, and CPL-7 models obtained with xB97XD

Table 1 Change in electron

occupancy of CO2 upon

interaction with the CPL-n

systems on the lowest IE

configuration

Atom CO2–CPL-2 B3LYP CO2–CPL-2 xB97XD CO2–CPL-4 CO2–CPL-5 CO2–CPL-7

O 0.07911 0.07124 0.05718 0.02230 0.02621

C -0.04377 -0.04329 -0.03679 -0.03355 -0.06464

O -0.03111 -0.02719 -0.01604 0.01101 0.10564

Total 4.23 9 10-3 7.6 9 10-4 4.35 9 10-3 -2.4 9 10-4 6.721 9 10-2
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optimized configuration was also analyzed. The electro-

static potential for all the configurations obtained in this

study are presented in Figs. SM5 to SM9 in the Supple-

mentary Material. As illustrated in these figures, the neg-

ative region in the MEP of CO2 changes significantly when

compared to the isolated CO2 molecule. In general, for

each of the CO2 interaction configurations, it can be noted

a change of the electrostatic potential of the interacting

CO2 compared to the electrostatic potential of the isolated

CO2, particularly around the oxygen atoms. For example,

in the configurations that yield the strongest interactions in

CPL-2 and in CPL-4, the electrostatic potential become

electropositive on one of the oxygen atoms. And in the

configuration with the strongest interaction on the CPL-7

model, the MEP becomes electropositive. In the CPL-5

model, however, it can be noted that the electrostatic

potential for the CO2 remains {- ? -}. Nevertheless, the

electronegative potential of CO2 interacts through the

electropositive regions of the CPL-n cluster model, and the

electropositive potential of the CO2 interacts with an

electronegative region of the CPL-n. These results suggest

that in most cases, the interaction is dictated by the cou-

pling of the electrostatic potential between the CO2 and the

CPL-n model. Hence, the CPLs structures encourage a

cooperative intermolecular interaction with the CO2 by

virtue of a pore-wall mixed electrostatic potential envi-

ronment and the electrostatic nature of the CO2 molecule.

The observed changes in the electrostatic potential of

CO2 upon the interaction can be related to a change of the

CO2 electron population. Table 1 lists the change of elec-

tron occupancy of CO2 upon interaction with the CPL-n

models for the lowest IE. A negative sign indicates a

decline in the electron occupancy upon the interaction. In

all the cases, the carbon atom and one of the oxygen atoms

decrease and increase, respectively, the electron occu-

pancy, while the other oxygen atom may increase or

decrease its the electron occupancy. These results indicate

that not only the electrostatic and dispersion contributions

stabilize the interaction, but also there is a slight charge

transfer that contributes to the interaction stabilization.

4 Conclusions

Based on the electrostatic properties of the CPLs and CO2,

we have unraveled fundamental aspects related to the

nature of the CO2–CPL-n interaction. Our results demon-

strate that the electrostatic properties (atomic charges,

electrostatic potentials, electric field and electric field

gradient) of the CPLs analyzed in this study allow to

identify chemical functionalities that promote the interac-

tion with CO2. Moreover, we mapped different CO2

interaction zones and related them to the electrostatic

properties of the CPL-n materials. Our calculations

demonstrate that the carboxylate groups at pzdc layer have

a large electron density separation, which results in a high

electric field gradient, promoting electrostatic interactions.

Additionally, the presence of chemical functionalities in

the pillar of CPLs also favors the interaction with CO2. The

electrostatic potentials show how the potential of the CO2

molecule change upon interaction with the different CPL-n.

Thus, not only the electrostatic and dispersion contribu-

tions stabilize the interaction, but also slight charge transfer

takes place upon the interaction.

In general, most of the IEs obtained are in the range of

physical adsorption, and the geometry of the CO2 molecule

upon interaction was, in most cases, comparable to the

isolated molecule. However, for the CPL-7 system, the

strongest interaction site resulted in an O–C–O angle of

140�, and a chemical bond was formed between the carbon

from the CO2 molecule and an oxygen atom of a car-

boxylate group.
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