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The nucleophilic properties of cobalt salen complexes are examined using density functional theory to
investigate its carbon fixing capacity. In particular, carbon dioxide attack on neutral and anionic cobalt
salen molecules is considered. Carbon fixation occurs for the anionic cobalt salen complex and is due to
the nucleophilic interaction between the cobalt center and carbon dioxide molecule in a Co d,:—CO, w*
interaction. A minimum energy path search by a nudged elastic band calculation reveals a lower forward

activation energy for the anionic complex than the neutral complex, indicating that the formation of the
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Accepted 18th July 2019 anionic complex is thermodynamically and kinetically favored. In this case, the CO, molecule is
chemisorbed as partial charge transfer from the cobalt center to carbon dioxide is observed. Proposed

DOI: 10.1039/c9ra01990a reaction mechanisms explain how the Co-C bond energy of the CO,—-cobalt salen complex can be
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1 Introduction

The capture of carbon dioxide (CO,) by appropriate catalysts
and its eventual conversion by electrochemical reduction into
a wide range of value-added products such as methane, meth-
anol, carbon monoxide, and formic acid has received great
attention.' Several studies have been done in order to search for
and understand the interaction of CO, with different surface
and molecular catalysts.” Hori made a comprehensive investi-
gation of the different reaction products of CO, reduction by
different metal surfaces® and since then, metal-surface medi-
ated CO, reduction has been widely studied. Recent studies
worked on improving the catalytic performance of metals by
modifying and incorporating surface nanostructures.*®

Aside from employing metal surfaces as heterogeneous
catalysts, organometallic complexes with transition metal
centers can also be used as homogeneous catalysts.® This offers
another possibility of improving catalytic performance by
tailoring the molecular structure of the ligand. Understanding
the structure and functional models of transition metal-carbon
dioxide complexes is important in probing the surface-bound
intermediates in catalytic processes. Although initially identi-
fied as a poor ligand, CO, has demonstrated outstanding
versatility by exhibiting various coordination modes. Different
coordination compounds formed by CO, has been synthesized
in recent years.”® The nomenclature of these compounds
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tuned by appropriate substitutions of electron donating or withdrawing groups on the phenyl ring.

includes a description of hapticity, the number of contiguous
atoms coordinated to the metal by the ligand, indicated by n",
where n is the number of atoms involved in a coordination
bond.

Metal centers that have coordination vacancy or ligands that
are good leaving groups are capable of forming a complex with
the weakly electrophilic CO,, as illustrated in Fig. 1. In n'-CO,
complex, the metal center forms a bond with CO, through
carbon directly.’ This bonding is characterized by the overlap of
orbitals of an electron-rich metal center and a ligand that has
the same symmetry label, forming a o-bond. In n>-CO,
complex, both carbon and oxygen atoms of CO, form a bond
with the metal center. This is characterized by a m-type inter-
action of the metal and ligand.

Common organic ligands that are used as catalysts include
phthalocyanine, porphyrin, and cyclam.'®*> These tetradentate
ligands offer possible binding sites in the axial positions as they
form square planar metal complexes. Cobalt porphyrin complex
was reported as a possible electrocatalyst in the reduction of
CO, to methane.* Density functional theory (DFT) and ab initio
molecular dynamics studies reported that the electrocatalytic
reduction of CO, to CO by cobalt porphyrin proceeds via
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Fig. 1 (a) n* and (b) n? bonding scheme of M—CO, complexes.

(b) n*-CO; complex

009

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra01990a&domain=pdf&date_stamp=2019-07-26
http://orcid.org/0000-0002-7263-8404
http://orcid.org/0000-0003-1933-4150
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01990a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009040

Open Access Article. Published on 26 July 2019. Downloaded on 07/11/2025 5:01:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
— N N—
N S
N
R1 0 o R1

R2 R2

Fig. 2 Structure of Co(salen) (Rl = R2 = H), salen = N,N'-bis(salicy-
laldehyde)-ethylenediimino ligand. R1 and R2 are sites for substitution.

a Co(porphyrin)-COOH intermediate."**> However, the use of
a tetradentate Schiff-base ligand as an electrocatalyst has not
been extensively studied. Schiff-base ligands such as N,N'-
bis(salicylaldehyde)-ethylenediimino ligand, abbreviated as
salen, are coordinated to the metal center by phenolate oxygen
and imine nitrogen which extend the conjugation of the phenyl
ring. Fig. 2 shows the structure of cobalt salen complex. A study
by Gambarotta et al. investigated the carbon capture behavior of
a bifunctional salen ligand complex containing Co(r) and an
alkali cation.'® It was recently demonstrated experimentally that
Ni(n)(salen) and Cu(u)(salen) complexes can act as very efficient
electrocatalysts for the electrocatalytic reduction of CO,."”

The possibility of Co(salen) as an electrocatalyst can be
examined because it is a square-planar complex with axial sites
available for carbon fixation, and because it contains aromatic
rings that can be exploited to control the electron density of the
complex. Aromatic substitution with electron withdrawing or
donating groups can affect the electron density and reactivity of
the metal center. Thus, the substitution may provide an effec-
tive way to tune the affinity of carbon capture of organometallic
complexes in electrocatalysis.

In this study, a theoretical investigation of the binding of
carbon dioxide to cobalt salen complex, Co(salen), is examined
using density functional theory (DFT). This paper is organized
as follows. In Section 2 we present theoretical and computation
details of our work. In Section 3, we report a stable structure
formed by CO, and the anionic [Co(salen)] . In Section 4 we
further examined the binding process by analyzing the elec-
tronic structure of the complex and the orbital overlap of CO,
and Co. In Section 5, we discuss how the bond energy is
manipulated by substituting electron donating or withdrawing
groups on the ligand. Finally, we summarize our findings in
Section 6.

2 Computational details

DFT calculations were done using the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional.*® We used a plane-wave basis
set and the pseudopotential method with ultrasoft pseudopo-
tentials to obtain fairly accurate structural results at a lower
computational cost.>' To ensure the completeness of this
basis, the kinetic energy cutoff was set to 45 Ry (450 Ry for the
charge density cutoff) in which the variation in the total energy
of the self-consistent field calculation was below 0.001 eV.

This journal is © The Royal Society of Chemistry 2019
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The bound CO, and Co(salen) system was modeled by indicating
the position of the CO, molecule where the C atom is on top of the
Co atom so that the complex is characterized by a n'-C coordina-
tion. We considered both neutral Co(salen) and anionic [Co(salen)]|”
complexes, as well as their CO,-bound forms. Geometry optimiza-
tion of these structures was done by fully optimizing all structural
parameters until the forces on each atom is below 0.001 Ry A~*. For
a charged system, Makov-Payne correction was employed in order
to achieve faster convergence.” The size of the simulation box was
set to 30 x 30 x 30 bohr® to ensure enough vacuum space between
mirror images. This was done by increasing the dimensions of the
cubic box until the variation in the total energy is less than 0.01 Ry.
Brillouin zone sampling was performed at the I'-point and treated
with Gaussian smearing using a smearing parameter of 0.01 Ry.

Nudged elastic band calculation was done with climbing
image scheme to search the minimum energy path and transi-
tion state structure of the formation of Co(salen)-CO, and
[Co(salen)-CO,]” adducts.>® The transition state image maxi-
mizes its energy along the band (reaction coordinate) and
minimizes in all other directions. The activation energy of an
elementary step can be obtained from the first-order saddle
point of the potential energy surfaces, which corresponds to the
highest energy along the minimum energy path.

The charge transfer between CO, and the complex is char-
acterized by the charge density difference defined as

A}’l(}") = nCOZICo(salen)(r) - [nCOZ(r) + nCo(salen)(r)] (1)

where nco jco(salen)(r), Mco,(7), and Nco(saten)(r) are the electron
charge density distributions of the CO,-complex adduct, CO,,
and bare cobalt salen complex, respectively.

The bond energy is calculated using

Ebond = E‘Co(salen)—CO2 - ECo(salen) - ECOZ (2)

where Eco(salen)-co, is the DFT energy of Co(salen)-CO,.
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Fig. 3 Nudged elastic band calculation shows that the formation of
(top) neutral Co(salen)-CO, complex is unfavored. The forward acti-
vation energy for this reaction is 0.828 eV. The formation of (bottom)
[Co(salen)-CO,]™ is favored with a forward activation energy of
0.042 eV.
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Fig. 4 Relaxed structure of [Co(salen)-CO,]~ complex. Yellow = C,
cyan = H, red = O, small gray = N, big gray = Co.

The calculations were performed using the pwSCF package
of Quantum ESPRESSO,** while postprocessing and visualiza-
tion were done with the XCrySDen package.>

3 Structural properties

Upon relaxation of the Co(salen)-CO, structure, the CO, mole-
cule was unable to form a stable bond with the neutral Co(salen)
complex. Any attempt to optimize the geometry of the different
Co-CO, coordination modes, including n*(C), n'(0), and
1*(C,0), resulted in separate Co(salen) and CO, molecules. On
the other hand, the CO, molecule was able to form a stable
bond with the anionic [Co(salen)]” complex. The equilibrium
Co-C distance of the [Co(salen)-CO,] ™ adduct is 2.189 A (Fig. 4).

A climbing-image nudged elastic band (CI-NEB) calculation with
five images was done, where the initial and final images were fixed
corresponding to the unbound and bound adducts, respectively. In
the formation of the hypothetical, neutral Co(salen)-CO, adduct,
the initial image was chosen to correspond to the unbound Co(sa-
len) and CO, molecules resulting from the geometry relaxation.
Since a stable Co(salen)}-CO, was not attained, the final image was
chosen to have its atomic coordinates identical to those of the
relaxed [Co(salen)-CO,]” adduct, and its total charge adjusted to
zero. In the formation of the anionic [Co(salen)-CO,]~ adduct, the
initial and final images were chosen by relaxing both unbound and
bound molecules, respectively.

As shown in Fig. 3, the energy of the bound Co(salen)-CO,
adduct is relatively higher than the unbound state, signifying
that the unbound state is more stable than the bound state.
Moreover, the CI-NEB calculation shows an activation energy
barrier of 0.828 eV associated with the formation of bound
Co(salen)-CO,, while the formation of [Co(salen)-CO,]  from
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its unbound structures proceeds with a lower activation energy
barrier of 0.042 eV. Furthermore, the energy of the bound
[Co(salen)-CO,]  is relatively lower than its unbound struc-
tures. Therefore, the formation of the anionic [Co(salen)-CO,]~
adduct is both thermodynamically and kinetically favorable.

Fig. 4 shows the DFT-optimized structure of [Co(salen)-CO,]~
complex. The structural parameters are listed in Table 1. Both C-O
bond lengths of the bent CO, are 1.217 A and O-C-O bond angle is
143.5°. In this case, a 1*(C)-CO, complex is formed due to the
formation of Co-C o bond. The closest available structural data is
obtained from Co(n-Pr-salen)(CO,)K(THP) where O-C-O bond
angle is 132.0-134.9°, C-O bond lengths of 1.20-1.24 A, and Co-C
bond length of 1.99-2.00 A.* The deviation of the calculated values
from experiment may be due to the additional stabilization by K
cation as it acts as a Lewis base by coordinating with the oxygen
atom of the CO, molecule. The transition state structure for the
formation of [Co(salen)-CO,]” adduct is shown in Fig. S1 in the
ESI,t with a Co-C bond length of 2.666 A and O-C-O bond angle of
154.7°, as the CO, molecule slowly approaches the Co atom and the
O-C-0O bond slowly bends.

Bader charge analysis was performed in order to measure the
partial charge associated with each atom.*® During the binding
process, partial charges were redistributed from the Co atom to
the CO, molecule, as the partial charge on Co increased while
that of CO, decreased. Charge transfer was also visualized in the
charge density difference plot of the Co-CO, plane as shown in
Fig. 5. There was an increased accumulation of charge in the
region between carbon and cobalt (red region), indicating an
enhanced chemical bonding. The charges were redistributed
from blue to red regions, showing a depleted electron density
associated with cobalt, and increased electron density associ-
ated with carbon dioxide. Furthermore, the loss of linearity of
CO, is associated with the formation of the CO," ™ radical anion
as the metal center is oxidized from Co(1) to Co(u) accompanying
the charge transfer. The stabilization of the complex resembles
a metal-to-ligand charge transfer occurring in the nucleophilic
attack of Co to the electrophilic carbon.>”">°

4 Electronic properties

In order to understand the binding process, we further examine the
interaction between cobalt and CO, electronic states using molec-
ular orbitals. Fig. 6 shows the molecular orbital representation of
the HOMO and HOMO — 1 of both [Co(salen)]” and [Co(salen)-

Table 1 Structural parameters of bound and unbound [Co(salen)]™ and CO,

Unbound [Co(salen)]” and CO,

Bound [Co(salen)-CO,]~

Parameter

Co-N1 bond length (A) 1.796
Co-N2 bond length (A) 1.795
Co-01 bond length (A) 1.888
Co-02 bond length (A) 1.889
Co-C bond length (&) —
0O-C-0 bond angle (deg) 180
CO, partial charge +0.125e
Co partial charge +0.079e

23256 | RSC Adv., 2019, 9, 23254-23260

1.826
1.830
1.892
1.891
2.189
143.5
—0.430e
+0.154e

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Charge density difference of the bound [Co(salen)-CO,]™ and
its constituents. The blue color represents the electron deficit regions,
while the red color represents regions of excess electron. An isovalue
of 0.007 is used to create this plot.

CO,]” adducts. From the figure, a bonding molecular orbital is
observed in HOMO — 1 of the latter. This is also consistent with
Fig. 5, where charges accumulate between cobalt and carbon atoms
to form a o bond. Furthermore, the total density of states shown in
Fig. 7 are the same for both spin polarizations. This indicates that
the adduct is diamagnetic. Thus, our structure has no net magne-
tization and the binding of CO, is mainly due the orbital and
electrostatic interactions with Co.

We analyze this orbital overlap by projecting the total density
of states onto the atomic orbitals (PDOS). The vertical line on
Fig. 7 marks the HOMO — 1 state. The PDOS data showed that
Co d,, O p,, and C p, have significant contribution to this state.
The square modulus of the overlap matrix of the HOMO — 1
orbital with these orbitals are 0.567, 0.119, and 0.018, respec-
tively. The O p, and C p, orbitals primarily constitute the CO, 7*
orbital.* Thus, the formation of the '~CO, & bond is mainly
due to the back-donation of electrons from the Co d,: orbital to
the CO, 7*, typical for compounds which have low-lying empty
7* LUMO.*" As shown in Fig. 8, the LUMO of CO, coincides well
with the Fermi level of [Co(salen)]”. This orbital alignment
explains the ease of back-donation and charge transfer. The
stabilization brought by the back-bonding and partial charge
transfer is due to the lowering of the HOMO — 1 level (HOMO —
1 stabilization energy) by 0.621 eV and a corresponding Co-C
bond energy of 19.63 kJ mol .

A way to explain why the CO, molecule forms a stable bond
with the anionic [Co(salen)]”, and not with the neutral Co(sa-
len) complex, is by analyzing their respective electronic

(@ .
“&M‘i&* *&’&*&&*

HOMO HOMO-1

(b)
o €

SPPET L S
HOMO HOMO-1

Fig. 6 HOMO and HOMO — 1 of (a) [Co(salen)]™ and (b) [Co(salen)—
CO,]” complex. Bonding MO is observed in HOMO — 1.
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Fig. 7 Top to bottom: total density of states (DOS) of [Co(salen)-
CO,]™, and projected density of states (PDOS) onto Co d,2, C p, and O
p, orbitals. The black line marks the HOMO — 1 state. Significant
contributions to this state are from Co d,z, C p, and O p, orbitals.

structures before carbon capture. The spin-polarized density of
states of both Co(salen) and [Co(salen)]” complexes are shown
in Fig. 9. For the neutral Co(salen) complex, the cobalt center
has a +2 state with an unpaired electron (d’, § = 0), and a Fermi
energy of —3.325 eV. The local density of Co d states is polarized
near the Fermi level, and a spin minority state exists in the
midgap region. Upon the initial reduction of Co(salen) to
[Co(salen)] ™, the Co(u) atom is reduced to Co(i) and the complex
becomes non-ferromagnetic as the density of states for both
spins are the same (S = 1). Here, the d states of the [Co(salen)]”
complex comprise most of HOMO and HOMO — 1. Further-
more, the Fermi energy for the anionic complex increases to
—1.0025 eV, allowing the frontier orbitals to have a good overlap
with the * LUMO of the CO, molecule. The additional electron
also contributes to the electron-electron repulsion, decreasing
the effective nuclear charge experienced by the valence elec-
trons, which explains the increase in Fermi energy. Hence, the
additional electron in the anionic [Co(salen)]” facilitates CO,
capture by bringing the frontier orbitals closer to the LUMO of
the CO, molecule.

5 Nucleophilic properties of phenyl
substituted [Co(salen)]™

Manipulating the nucleophilicity of the cobalt center gives rise
to the possibility of tuning the chemisorption strength of CO, to

RSC Adv., 2019, 9, 23254-23260 | 23257
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Fig. 8 Molecular orbital diagram of [Co(salen)]”, [Co(salen)-CO,],

and CO,. The figure shows the alignment of CO, LUMO with the Fermi
energy of [Co(salen)]”, explaining the possibility of back-donation and
charge transfer.

[Co(salen)]™ by controlling the electron density on the cobalt
center. Because the salen ligand is coordinated to the cobalt
center with its imine nitrogen and phenolic oxygen, activating

ol = &)
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—

25 -20 -15 -10

E (eV)
Fig. 9 Electronic density of states of (top) Co(salen) and (bottom)
[Co(salen)]”. The Fermi energy is indicated with a dashed line calcu-
lated directly from self-consistent field calculation. The Fermi energy
increased from —3.325 eV to —1.0025 eV after the reduction of
Co(salen) to [Co(salen)]” complex, allowing the frontier orbitals to
have good overlap with the w* LUMO of the CO, molecule. Local
density of Co d states are shown in red curve. The black arrow points
to the polarized d state in the midgap region.
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or deactivating the conjugated phenyl ring with electron
donating or withdrawing groups will affect the electron density
on these atoms and on cobalt. Thus, the nucleophilicity of
cobalt, a measure of its extent to donate electrons to an elec-
trophile, will be affected by the change in its electron density.

We investigate the changes in nucleophilic properties of
[Co(salen)]” by substituting -NO, and -OH groups as electron
withdrawing and donating groups, respectively, on the phenyl
rings. Two substitution sites, R1 and R2, were considered, as
shown in Fig. 2. These sites were chosen to account for both para-
and meta-substitution of the phenyl ring with respect to the
phenolic oxygen. Table 2 shows the HOMO — 1 stabilization
energy, bond energy, Co-C distance, and charge density on cobalt
atom for both unsubstituted and substituted [Co(salen)] . Fig. 10
shows the relaxed structure of phenyl-substituted [Co(salen)-
CO,] . On R1, substituting -NO, significantly weakens the bond
as shown by a decrease in bond and HOMO — 1 stabilization
energies, while substituting -OH has little effect on these prop-
erties. The weakening is also accompanied by an increase in Co-
C bond length and charge density on cobalt. On the other hand,
substituting R2 with -NO, has similar weakening effect on R1 as
no Co-C bond is formed. However, the decreased Co-C bond
distance upon substituting -OH on R2 signifies an increased
bond strength and HOMO — 1 stabilization energy.

In order to explain these trends, we propose a mechanism of
charge delocalization involving the electron withdrawing and
donating groups on the phenyl rings and the cobalt center using
its resonance structures. Fig. 11(a) shows how the -NO, group
on R1 withdraws electrons from the phenolic oxygen,
decreasing the density of electrons on the oxygen atom that is
coordinated to the cobalt center. Hence, we see an increased
positive charge density as electrons on the cobalt center are
withdrawn, which decreases its nucleophilicity. This weakens
the carbon fixing capacity of cobalt as less electrons are now
available for back-bonding. Substituting -NO, on R2 has
a similar effect as electrons are withdrawn from the imine
nitrogen as shown in Fig. 12(a). The withdrawal of electrons
leaves nitrogen with an incomplete valence shell, thereby
decreasing the density of electrons that is coordinated to the
cobalt center. The decrease in electron density causes the cobalt
atom to be less polarizable, making it a “hard” Lewis base which
does not form a strong bond with a “soft” Lewis acid such as
carbon dioxide.*®

In Fig. 11(b), on the other hand, the electron donating effect
of the ~OH group on R1 is only confined within the phenyl ring
and does not affect the charge density of the phenolic oxygen as

Table 2 Nucleophilic properties of substituted [Co(salen)-CO,]~ on R1 and R2

R1 R2
Unsubstituted -NO, -OH -NO, -OH
HOMO - 1 stabilization energy (eV) 0.621 0.440 0.608 0.062 0.721
Bond energy (k] mol ™) 19.63 2.23 18.32 4.06 23.48
Co-C bond distance (A) 2.189 2.299 2.207 — 2.166
Charge density on cobalt (x10~° bohr?) +0.725 +0.809 +0.728 +1.268 +0.565

23258 | RSC Adv., 2019, 9, 23254-23260
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Fig. 10 Relaxed structure of [Co(salen)-CO,]~ with the phenyl rings
substituted with —NO, and —OH on R1 (a and b) and R2 (c and d). Also
shown are the Co-C bond lengths. NO,-substituted [Co(salen)—
CO,]™ have a longer Co-C bond length, signifying weaker chemi-
sorption. On the other hand, a —OH group substituted on R2 leads to
a shorter Co—-C bond length, while it has less prominent effect on R1.

Fig. 11 (a) Substitution on R1 with —NO, decreases electron density
on cobalt, while (b) substituting with —OH has no significant effect.

the latter already has full valency. Thus, electron donating
groups on R1 have little effect on the nucleophilicity of cobalt.
For the OH-substituted phenyl ring in Fig. 12(b), the established
resonance structure enables the increased electron density on
imine nitrogen. This electron delocalization increases the
available electrons coordinated to cobalt so that the positive
charge density on cobalt decreases, making it more nucleo-
philic. The increased nucleophilicity on cobalt forms a stronger
Co-C bond and leads to an increase in the HOMO — 1 stabili-
zation energy.

Therefore, the carbon fixing capacity of [Co(salen)]” can
easily be controlled by substituting electron withdrawing and
donating groups on the appropriate locations. Electron
donating groups para to the imine group strengthen the Co-C
bond, while electron withdrawing groups in general weaken it.

Fig. 12 (a) Substitution on R2 with —NO, decreases electron density
on cobalt, while (b) substituting with —OH increases it.

This journal is © The Royal Society of Chemistry 2019
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Similarly, functional groups which have similar effect as either
-NO, and -OH can be substituted in order to achieve the
desired Co-C bond strength. These phenyl substitutions allow
one to tune the carbon fixing capacity of [Co(salen)]” while
improving its selectivity and specificity as a homogeneous
catalyst for the electrochemical reduction of CO,.

6 Conclusions

We presented a theoretical model that predicts carbon dioxide
capture on Co(salen) after reducing this organometallic catalyst
to [Co(salen)]”. The bonding favors the formation of an n'-C
mode where a ¢ bond is formed by the overlap of the Co d,- and
CO, 7* orbitals. Additionally, this bonding is accompanied by
a partial charge transfer due to the back-donation of electrons
to the low-lying LUMO of CO,, since it lies very close to the
Fermi energy of [Co(salen)] . The interaction of CO, with the
complex lowers the energy of the HOMO — 1 orbital by
approximately 0.621 eV. Altering the charge density around the
phenyl rings of the catalyst affects the nucleophilicity of the
cobalt center so that electron withdrawing groups weaken the
Co-C bond strength. Meanwhile, electron donating groups in
the para position with respect to the imine nitrogen increases
the nucleophilicity of the cobalt center. The theoretical treat-
ment done here can be refined further in future work to account
for solvation effects by using a polarizable continuum model,
employing hybrid functionals, and applying van der Waals
corrections to the dispersion interaction. Still, the results of this
study provide a sound basis for the experimental investigation
of the electrochemical reduction of CO, by Co(salen) and other
similar organometallic catalysts.
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