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Electrocatalytic nitrate reduction with Co-based catalysts: 
Comparison of DIM, TIM and cyclam ligands
Hyuk-Yong Kwon,a Sarah E. Braley,b Jose P. Madriaga,c Jeremy M. Smith *b and Elena Jakubikova *a 

Over the past century, the global concentration of environmental nitrate has increased significantly from human activity, 
which has resulted in the contamination of drinking water and aquatic hypoxia around the world, so the development of 
effective nitrate-reducing agents is urgent. This work compares three potential macrocycle-based nitrate reduction 
electrocatalysts: [Co(DIM)]3+, [Co(cyclam)]3+ and [Co(TIM)]3+. Although all three complexes have similar structures, only 
[Co(DIM)]3+ has been experimentally determined to be an active electrocatalyst for selective nitrate reduction to produce 
ammonia in water. While [Co(cyclam)]3+ can reduce aqueous nitrate to ammonia and hydroxylamine at heavy metal 
electrodes, [Co(TIM)]3+ is inactive for the reduction of nitrate. As an initial step to understanding what structural and 
electronic properties are important for efficient electrocatalysts for nitrate reduction, density functional theory (DFT) was 
employed to investigate the electronic structure of the three Co complexes, with the reduction potentials calibrated to 
experimental results. Moreover, DFT was employed to explore four different reaction mechanisms for the first steps of 
nitrate reduction. The calculated reaction barriers reveal how a combination of electron transfer in a redox non-innocent 
complex, substrate binding, and intramolecular hydrogen bonding dictates the activity of Co-based catalysts toward nitrate 
reduction.

Introduction
Development of the Haber-Bosch process in the beginning of 
the 20th century allowed ammonia to be mass-produced for 
various applications such as fertilizers and explosives.1 Since 
then ammonia has become one of the most produced inorganic 
compounds; about 140 million metric tons of ammonia were 
produced in 2018.2 With the increased use of nitrogen 
fertilizers, people have benefitted from better productivity of 
agricultural crops.3 However, most nitrogen-based fertilizers 
are not absorbed by crops; instead about 70 percent are lost to 
the environment.4-5 Large amounts of ammonia and other 
nitrogen compounds get oxidized during this leaching process 
to nitrate through nitrification by microorganisms such as 
Nitrosomonas. Accordingly, the nitrate concentration in 
waterbodies has significantly increased, especially in developed 
countries where fertilizer usage is more frequent.6 Excess 
nitrate in water causes serious diseases when consumed, such 
as blue baby syndrome,7 and promotes the growth of 

cyanobacteria, which results in aquatic hypoxia.8 Nitrate 
capture, and subsequent electrochemical nitrate reduction to 
useful chemicals such as ammonia, presents one potential 
pathway to alleviating the environmental impact of excess 
nitrate. 
Several previous studies showed that Co complexes can 
electrocatalytically reduce nitrogen oxides in aqueous solution. 
A cobalt tetrakis(N-methyl-2-pyridyl)porphine (Co(2-TMPyP)) 
was determined to reduce nitrite and nitric oxide to yield 
ammonia and hydroxylamine.9 Additionally, a cobalt-tripeptide 
complex (CoGGH) was recently determined to be an efficient 
catalyst for nitrite reduction.10 However, there are only few 
reported Co catalysts that can reduce nitrate. [Co(DIM)]3+ (DIM 
= 2,3-dimethyl-1,4,8,11-tetraazacyclotetradeca-1,3-diene, see 
Figure 1) was found to be a selective electrocatalyst for nitrate 
reduction to yield ammonia, albeit at large overpotential.11 
Also, [Co(cyclam)]3+ (cyclam = 1,4,8,11-
tetraazacyclotetradecane) is reported to produce 
hydroxylamine and ammonia under various conditions.12-14 
While [Co(cyclam)]3+ and [Co(DIM)]3+ were determined to be 
nitrate reducing electrocatalysts, [Co(TIM)]3+ (TIM = 2,4,9,10-
tetramethyl-1,4,8,11-tetraazacyclodec-1,3,8,10-tetraene) did 
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Fig. 1 Investigated tetradentate ligands: cyclam, DIM and TIM.
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not show significant catalytic activity with nitrate despite the 
structural similarities of the three ligands.15 The major 
structural differences between the investigated tetradentate 
ligands are (1) the number of the -conjugated diimine groups 
and (2) the number of amino-protons. The absence of amino-
protons at the diimine portion of the macrocycle reduces the 
energetic penalties of conformational changes between square 
planar, square pyramidal, and seesaw conformations. On the 
other hand, through hydrogen bonding, the amino-protons can 
introduce nitrate or other substrates to the metal binding site 
and allow them to bind more tightly. 
In this work, we employ density functional theory (DFT) along 
with electrochemical analysis to investigate the electronic 
structure of [Co(cyclam)]3+, [Co(DIM)]3+ and [Co(TIM)]3+ and the 
ability of each of these species to act as a nitrate reduction 
catalyst. Four mechanisms for nitrate reduction were 
investigated (shown in Figure 2): monodentate, bidentate, 
hydroxyl transfer, and amino-proton-assisted mechanism. The 
monodentate, bidentate, and hydroxyl transfer mechanisms 
were investigated previously for nitrate reduction by a 
[Co(DIM)]3+ complex by Xu et al.15 This work focuses on 
comparing the effectiveness of the three Co complexes as 
catalysts for nitrate reduction and identifies the amino-proton-
assisted mechanism as an additional feasible mechanism for 
nitrate reduction. The main objective is to discover the 
structural features that make the nitrate reduction process 
more favourable. In addition to providing insights into 
fundamental properties of small molecule catalysts, the 
understanding of these properties will provide future directions 
for designing better electrocatalysts.

Computational Methodology
DFT calculations were performed using the Gaussian 16 
software package Revision A.0316 employing the B3LYP17-20 
functional including Grimme’s D2 dispersion correction21 
(B3LYP+D2) and the implicit SMD model22 (with the exception 
of bromide ion where the default PCM model was used15) to 
account for solvent effects (water). An SDD pseudopotential 
(ECP10MDF) and accompanying basis set was used for Co.23-24 

Br was also modelled with an SDD pseudopotential (ECP10MDF) 
and associated cc-pVTZ-PP basis set for geometry optimization 
and aug-cc-pVTZ-PP basis set for single point energy 
calculations.25 For all other atoms, the 6-31G* basis set26-27 was 
used for geometry optimizations and frequency calculations, 
and then the electronic energies were determined from single 
point energy calculations performed on these geometries with 
6-311+G** basis set.28-29 An ultrafine grid was used for all 
calculations. The stability tests were performed for every 
complex to verify that the calculated wavefunction is the lowest 
energy electronic state. The free energy for each computed 
structure was obtained by adding the thermochemical 
corrections (at 298.15 K and 1.0 atm) to the single point energy. 
The final solvated free energy (Gsol) of all species including H+ 
was then adjusted to be at the standard state concentration of 
1 M, with the exception of water which was treated as 55.5 M, 
which resulted in G reported at pH = 0.30

Calculated reduction potentials (E) were determined relative 
to the saturated calomel electrode (SCE) through equation 1: 

(1)

where Gsol is the change in solvated free energy upon 
reduction, n is the number of electrons transferred, and F is 
Faraday’s constant. The calculated potentials are referenced to 
SCE by subtracting the absolute reduction potential of NHE, 
4.28 V,31 which was determined by the aqueous solvation free 
energy of the proton, 265.9 kcal/mol, and converting the value 
relative to SCE (0.2412 vs. NHE). Note that when the DFT 
calculated reduction potentials of CoL2+ are compared with the 
onset potentials from cyclic voltammograms, the 
computational reduction potentials for [Co(cyclam)(NO3)]+, 
[Co(DIM)]2+ and [Co(TIM)]2+ complexes are more negative by 
approximately 0.3 V, which is consistent with previously 
published studies using the same computational 
methodology.15,32

Results
Ground State Electronic Structure and Spin-state Energetics

While the ground states of all three investigated Co(III) (3d6) 
complexes are easy to analyse because they are closed-shell 
singlets, the DIM and TIM ligands in doubly-reduced Co(I) 
complexes become redox non-innocent. The two-electron 
reduced species [Co(DIM)]+ and [Co(TIM)]+ formally have Co(I) 
(3d8) electronic structures. However, the conjugated * orbitals 
of the diimine groups in DIM and TIM are similar in energy with 
Co 3d orbitals, which allows electrons from the Co(I) centre to 
be delocalized between the metal and the ligand. The natural 
orbitals in Figure 3 show how the metal 3dyz orbital and the 
ligand * orbital can interact to make bonding and anti-bonding 
pair combinations. As a result, four different spin states, 
antiferromagnetically-coupled singlet (AF-S), triplet (T), 
antiferromagnetically-coupled triplet (AF-T) and quintet (Q), are 
close in energy when this diimine group(s) is present (Table 1), 
especially when considering that the error range for DFT 
methods is ~5 kcal/mol.33 Thus, all the spin states listed in Figure 

Fig. 2 Investigated mechanisms for nitrate reduction.
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4 including singlet (S) were computed for every structure and 
the lowest energy spin state is listed for every structure in 
parentheses in Figures 9 - 13.

Electrocatalytic Activity of Co-macrocycle Complexes

Aqueous cyclic voltammetry for [Co(TIM)Br2]+, [Co(DIM)Br2]+ 
and [Co(cyclam)Br2]+ was performed in the presence of 10 mM 
NaNO3 (see Figure 5). The measured onset potentials are 
approximately −0.6 V vs. SCE for TIM, −0.9 V vs. SCE for DIM and 
−1.3 V vs. SCE for cyclam. While the [Co(cyclam)Br2]+ and 
[Co(DIM)Br2]+ complexes showed irreversible catalytic waves, 
[Co(TIM)Br2]+ showed reversible one-electron waves with no 
evidence for catalytic activity. No significant differences in the 
UV-vis spectra of [Co(cyclam)Br2]+ following controlled 
potential electrolysis in the presence and absence of nitrate are 
observed, suggesting that the complex is stable under the 
electrocatalysis conditions (Figures S7 and S8).
Unlike [Co(DIM)Br2]+, which is active for electrocatalytic nitrate 
reduction in the pH range 4.4 - 10.4, but with the catalytic 
current independent of pH, the cyclic voltammograms of 
[Co(cyclam)Br2]+ show this complex has a greater catalytic 
current at higher pH, which decreases under acidic conditions 
(Figure 7, bottom right). This may be caused by nitrate 
reduction competing with proton reduction at lower pH.34 We 
mapped the possible interaction between [Co(cyclam)]3+ and 
the solution at pH 3.35 and 11.55, with the results shown in the 
supporting information (Figures S9 and S10). Among the 
possible interactions at pH 3.35, concerted proton-electron 
transfer (CPET) from [Co(cyclam) Br]+ to [Co(cyclam)BrH]+ was 
calculated to occur at −1.16 V vs. SCE, which may account for 
the nitrate-independent peak (Figure 7, top left).

Table 1 Relative spin state energetics (G) of each complex in kcal/mol. [Co(cyclam)]+ 

does not have stable antiferromagnetically-coupled states because there is no  
conjugation in the ligand. Also, note that the closed shell singlets of [Co(DIM)]+ and 
[Co(TIM)]+ are electronically unstable.

Spin State [Co(cyclam)]+ [Co(DIM)]+ [Co(TIM)]+

   S 5.7 - -

   AF-S - 1.4 0.7

   T 0.0 0.6 0.0

   AF-T - 0.0 5.4

   Q 27.6 3.3 8.9

 Figure 6 shows calculated square schemes for the Co 
complexes of interest. As can be seen, all Co(III)L dibromo 
complexes (L = cyclam, DIM, and TIM) can be reduced to Co(II)L 
dibromo complexes with potentials of −0.13 V, −0.21 V and 

Fig. 3 Natural orbitals of [Co(DIM)]+ AF-T frontier orbitals with corresponding occupation 
numbers.

Fig. 4 Illustration of studied spin states for [Co(DIM)]+ organized by which “resonance 
structure” they resemble the most. [Co(TIM)]+ has similar spin state structures.

Fig. 5 Cyclic voltammograms of 0.5 mM [Co(TIM)Br2]+ (black), [Co(DIM)Br2]+ (red), 
and [Co(cyclam)Br2]+ (blue) in 0.1 M KBr, pH 6.0 with 10 mM NaNO3. Working 
electrode glassy carbon, scan rate 5 mV/s.

Fig. 6 Bromide dissociation and nitrate association with electron reduction 
scheme for Co-complexes generated by DFT calculations. The horizontal 
pathways correspond to the free energy of the reaction (G) in kcal/mol and the 
vertical pathways correspond to the one-electron reduction, with the potential 
reported in V vs. SCE. Green values are for when L = cyclam, red values for L = 
DIM, and purple values for L = TIM. [Co(L)Br2]- were not optimizable because 
bromide is readily dissociated from these “Co(I)” complexes.
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−0.37 V vs. SCE, respectively. Two bromides can then be 
dissociated spontaneously for all three compounds. The diimine 
moieties of the DIM and TIM macrocycles can act as electron 
reservoirs. Thus, when [Co(DIM)]3+ or [Co(TIM)]3+ is reduced by 
two electrons, the first electron occupies a Co 3d orbital, but the 
second electron occupies the ligand * orbital thereby avoiding 
forming the electron-rich Co(I) state. However, since 
[Co(cyclam)]2+ does not have the conjugated  orbitals as 
electron reservoirs, the computed Co(II)/Co(I) reduction 
potential (−2.19 V vs. SCE ) is noticeably more negative than the 
Co(II)L/Co(II)L∙ potential for [Co(DIM)]2+  (−1.20 V vs. SCE ) and 
[Co(TIM)]2+ (−0.96 V vs. SCE ). Overall, the Co(II)/Co(I) or 
Co(II)L/Co(II)L∙ reduction half potential is the most favorable for 
TIM followed by DIM and cyclam.
For the cyclam complex, the Co(II) to Co(I) reduction potential 
becomes less negative after nitrate binds to Co, even though 
the overall charge of the complex decreases (−1.70 V vs. SCE for 
[Co(cyclam)(NO3)]+ compared with −2.19 V vs. SCE for 
[Co(cyclam)]2+). Nitrate bound to Co can serve as an electron 
acceptor, which is lacking in the cyclam ligand, promoting the 
reduction of the complex. This result agrees with cyclic 
voltammograms in Figure 5 and 6, where nitrate reduction 
electrocatalysis is observed, despite the fact that the 
[Co(cyclam)]2+/+ wave is not observed in the absence of 
substrate.  

Binding competition in aqueous solution

The nitrate binding energies for [Co(DIM)]+ and [Co(TIM)]+ are 
1.5 and 5.4 kcal/mol, respectively, while water binding energies 
are 2.3 and 3.6 kcal/mol (Figure 8). Note that negative binding 

energies suggest favorable binding, while positive energies 
indicate unfavorable binding. Thus, [Co(TIM)]+ 
thermodynamically favors the binding of water rather than 
nitrate. From the calculated G, we can approximate the 
equilibrium constant (Keq) using the following equation: 
 

 (2)G  RT ln Keq

As free energy increases, the Keq and the relative concentration 
increase exponentially. Based on the calculated Keq, water is 
about 24 times more likely to bind to [Co(TIM)]+ than nitrate, 
while nitrate is four times more likely to bind to [Co(DIM)]+ than 
water. This indicates that the substrate binding step is 
potentially rate-limiting for nitrate reduction by the [Co(TIM)]+ 
complex. 
There is also the intermediate step of nitrate forming a 
hydrogen bonding interaction with the amino-protons of 
cyclam and DIM ligands before binding to Co. The electrostatic 
force between an oxygen atom of nitrate and an amino-proton 

Fig. 7 Cyclic voltammograms of 0.5 mM [Co(cyclam)Br2]+ (black) in 0.1 M KBr, with 10 mM NaNO3 (red) at pH 3.35 (top left), 6.0 (top right) and 11.55 (bottom left). The activity at all 
three pH values is compared in the bottom right panel. Glassy carbon working electrode, scan rate 100 mV/s.

Fig. 8 Water, hydroxide and nitrate binding energies (G) to [Co-L]+ at pH = 0 in kcal/mol. 
[Co(cyclam)]+ does not make a bond with water in its lowest energy state, instead a water 
molecule is stabilized at the position where hydrogen points at Co.
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of DIM and cyclam helps to introduce nitrate to a Co binding 
site, similar to the chelate effect. The hydrogen bonding also 
helps in preventing the nitrate detachment. Therefore, the TIM 
ligand, which does not have amino-protons, would be the least 
favored for binding nitrate. 

Nitrate Reduction Mechanisms

Table 2 shows free energies of activation for each pathway 
described in Figure 2. Among the investigated mechanisms, the 
cyclam and DIM complexes prefer the amino-proton-assisted 
pathway while the TIM complex prefers the hydroxyl transfer 
pathway because of the absence of amino-protons on the TIM 
ligand. It is important to note that the free energy barriers for 
the amino-proton-assisted mechanism of cyclam complex in 
Table 2 are calculated for nitrate binding to [Co(cyclam)]+ 
although the preferred pathway is nitrate binding to 
[Co(cyclam)]2+ as discussed in the previous section. This was 
done to be consistent with the [Co(DIM)]+ and [Co(TIM)]+ 
preferred pathways. The hydroxyl transfer and the amino-
proton-assisted pathways for [Co(DIM)]+ share several 
intermediates leading to the rate determining step, but the 
amino-proton-assisted pathway has lower energy profile steps 
after the shared intermediates (See Figure 10 and Figure S11 for 
details). While only the most favorable pathway for each Co 
complex is presented here, the free energies for every other 
mechanism can be found in the SI.

Table 2. Free energy barriers for each mechanism for [Co(cyclam)]+, [Co(DIM)]+ and 
[Co(TIM)]+ complexes in kcal/mol.

Monoden
tate

Bidentate Hydroxyl 
transfer

Amino-
proton-
assisted

[Co(cyclam)]+ 8.9 30.0 6.4 3.4

[Co(DIM)]+ 19.5 22.0 13.3 13.3

[Co(TIM)]+ 25.3 28.2 16.8 N/A

Nitrate reduction with [Co(cyclam)]2+

The lowest energy pathway for nitrate reduction by 
[Co(cyclam)]2+ is shown in Figure 9. As discussed previously, 
unlike DIM and TIM complexes, [Co(cyclam)]2+ (C2) is less likely 
to be reduced to [Co(cyclam)]+. However, after nitrate binds to 
C2 with the binding energy barrier of 8.5 kcal/mol, nitrate can 
serve as an electron acceptor, so the reduction process 
becomes more favorable by 0.49 eV. Also, it is important to note 
that from C3 to C4, nitrate becomes pyramidalized (average 
O−N−O angle changes from 120.0° to 116.2°), indicating that an 
electron has been transferred to the substrate rather than to 
cobalt. In structure C4, nitrate is also stabilized by hydrogen 
bonding between two amino-protons and two oxygen atoms 
(each hydrogen and oxygen distance being 1.854 Å and 1.871 
Å). Once nitrate gains an extra electron from an external 
system, proton binding (C4 to C5) becomes a spontaneous 
process at any accessible pH (G = −22.6 kcal/mol at pH 0, −3.6 
kcal/mol at pH 14). Then, with assistance from the hydrogen 
bonding by an amino-proton, hydroxide can be dissociated from 
nitric acid with only a 3.4 kcal/mol barrier to produce a water 

molecule. After the water molecule leaves, the [Co(cyclam)]2+ 
catalyst can be recovered by introducing another proton and an 
electron, which are spontaneous processes. Then, the 
calculated reaction barrier for the nitrate reduction cycle by 
[Co(cyclam)]3+, ignoring the electrochemical reduction steps, 
becomes 10.3 kcal/mol measured from C9 to the nitrate binding 
step C2-3‡.

Nitrate reduction with [Co(DIM)]2+

Unlike the cyclam complex, [Co(DIM)]2+ (−1.20 V vs. SCE) is 
easier to reduce than the nitrate-bound complex [Co(DIM)NO3]+ 
(−1.31 V vs. SCE) because of its redox-active ligand. Thus, nitrate 
can bind to cobalt after the complex is reduced to [Co(DIM)]+, 
which requires only 3.9 kcal/mol (see Figure 10).
For the nitrate reduction mechanism to proceed from D4 to D6, 
an electron and a proton need to be transferred to nitrate. As 
illustrated in Figure 11, this can be done by four different 
pathways of proton-coupled electron transfer (PCET): an 
electron transfer followed by a proton transfer (ETPT) through 
a monodentate intermediate, ETPT through a bidentate 
intermediate, proton transfer followed by an electron transfer 
(PTET), and a concerted proton-electron transfer (CPET) in 
which proton transfer and intramolecular electron transfer 
occur simultaneously. The energies in Figure 10 and Figure 11 
were calculated at pH 0, so note that the PTET barrier will 
increase as the pH increases (i.e., it increases by 9.5 kcal/mol at 
pH 7). In a previous study, it was observed that the [Co(DIM)]+ 
nitrate reduction is pH independent.15 Thus, neither PTET nor 
CPET can be the rate-determining step for the overall reaction. 
Therefore, ETPT through the bidentate mechanism is the most 
plausible pathway among the investigated mechanisms when 
considering all of the experimental evidence.

Fig. 9 Amino-proton-assisted mechanism with [Co(cyclam)]3+. The values are in kcal/mol 
for G of the reaction and V vs. SCE for single electron reduction (converted to kcal/mol 
in the diagram according to G = -nFE°). The spin states are denoted as follows: doublet 
(D), triplet (T), antiferromagnetically-coupled triplet (AF-T), quartet (R), quintet (Q).
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Once the nitric acid ligand is made (D6), hydroxide can leave and 
form a water molecule, acquiring the required proton from a 
DIM-amino group with a barrier of 2.4 kcal/mol. Finally, the 
catalyst is recovered after water leaves and another proton is 
introduced. Therefore, the overall rate-limiting step for the Co-
DIM complex is the electron transfer step (D3 to D4-5‡) with a 
13.3 kcal/mol barrier. From the experimentally measured 
reaction rates at different temperatures, the Gibbs free energy 
of activation was determined to be 16.7 kcal/mol at 298.15 K 
(see Figure S17 in SI). Considering the accuracy of the DFT 
methodology and experimental measurement, they agree 
within the error range.

Nitrate reduction with [Co(TIM)]2+

The lowest energy pathway for nitrate reduction by [Co(TIM)]2+ 
is shown in Figure 12. [Co(TIM)]2+ is reduced to [Co(TIM)]+ at an 
even more positive potential than [Co(cyclam)]2+ or [Co(DIM)]2+ 
because of the presence of another ligand * orbital that can 
act as an electron reservoir. After the reduction steps, nitrate 
binds to cobalt with a binding energy of 5.4 kcal/mol. Although 
the electronic energy of the T3-4‡ transition state is higher than 
T4, as would be expected, it actually has a smaller free energy 

than T4 because the entropy at T3-4‡ is greater than the entropy 
at T4, most likely due to the change in the number of molecules 
(this step describes nitrate binding to [Co(TIM)]+ complex). 
From T4, a proton can be introduced to nitrate with an 11.6 
kcal/mol barrier to form a nitric acid complex (T5a). 
Alternatively, electron transfer from TIM to nitrate may occur 
with 11.3 kcal/mol barrier to form bidentate complex T5b 
(Figure 13). Again, the proton transfer step from T4 to T5a is pH 
dependent, so the barrier becomes much higher under the 
actual experimental conditions (i.e. 21.1 kcal/mol at pH = 7). 
Thus, ETPT is again the more plausible pathway. After formation 
of the bidentate complex (T5b), a proton is introduced to make 
a nitric acid ligand (T6). Due to the excess electron on nitrogen 
and the flexibility of the TIM ligand, the N−OH bond of the nitric 
acid ligand can be easily cleaved with a 3.1 kcal/mol barrier to 
transfer the OH group to the metal, thereby becoming an 
octahedral complex, T7. Then, nitrite can leave, and the catalyst 
can be recovered by introducing an electron and another 
proton to produce water. The barrier for [Co(TIM)]+ mediated 
nitrate reduction measured from T3 to T4-5b‡ is 16.8 kcal/mol.
Unlike mechanisms for cyclam and DIM complexes, the second 
proton introduction is pH dependent. At higher pH (> ~7), this 
step becomes non-spontaneous, but it would still not exceed 
the activation barrier of the proposed mechanism in any 

Fig. 20 Amino-proton-assisted mechanism for [Co(DIM)]3+. The values are in kcal/mol for 
G of the reaction and V vs. SCE for single electron reduction (converted to kcal/mol in 
the diagram).

Fig. 11 Three proposed electron and proton transfer pathways for DIM complex. Free 
energies are reported in kcal/mol.

Fig. 11 Hydroxyl transfer mechanism for [Co(TIM)]3+. The values are in kcal/mol for G 
of the reaction and V vs. SCE for single electron reduction (converted to kcal/mol in the 
diagram).

Fig. 13 Two proposed electron and proton transfer pathways for TIM complex. Free 
energies are reported in kcal/mol.
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reasonable pH range. Therefore, the reaction rate would not be 
affected by pH of the system. 

Discussion
From the thermodynamics of the investigated mechanisms, 
[Co(TIM)]3+ was determined to not only favor binding water 
rather than nitrate, but also to have the highest activation 
barrier among the three complexes. The calculated 3.5 kcal/mol 
difference between the DIM complex vs. the TIM complex may 
not be able to fully explain [Co(DIM)]+ being an active catalyst 
and [Co(TIM)]+ being inactive, but Eq. 2 suggests the catalytic 
activity with DIM is ~368 times faster than with TIM. It is also 
important to note that the DFT thermodynamics, as well as the 
spin-state energetics, of the TIM complex are significantly more 
sensitive to the percent of exact exchange in a functional (see 
Figure S16). Depending on the functional chosen, the electronic 
energy barrier from the lowest energy intermediate to N−O 
cleaving for the [Co(TIM)]+ complex varies by as much as ~17 
kcal/mol (PBE vs. M06, Table S1). Overall, the inactivity of the 
[Co(TIM)]3+ complex appears to be due to a combination of two 
factors: (1) poor substrate binding to the catalyst and (2) higher 
barrier for intramolecular electron transfer.

Summary and Conclusions
The differences between [Co(cyclam)]3+, [Co(DIM)]3+ and 
[Co(TIM)]3+ were investigated electrochemically and 
computationally. The natural orbital analysis revealed the redox 
non-innocent nature of the DIM and TIM ligands, which resulted 
in occasional spin-state crossing throughout the modelled 
mechanisms. The presence of amino-protons in DIM and cyclam 
ligands enables a direct involvement of the amino-protons in 
the mechanistic pathway for nitrate reduction, which was not 
considered previously. While [Co(cyclam)]3+ and [Co(DIM)]3+ 
reduce nitrate through the amino-proton-assisted mechanism, 
[Co(TIM)]3+ reduces nitrate through the hydroxyl transfer 
mechanism. Activation barriers for nitrate reduction with 
[Co(cyclam)]3+, [Co(DIM)]3+ and [Co(TIM)]3+ catalysts were 
calculated to be 10.3 kcal/mol, 13.3 kcal/mol and 16.8 kcal/mol, 
respectively. The differences in the activation barriers are 
mainly due to substrate binding and the electron transfer 
process. We have also shown that there is a competition 
between water and nitrate to bind to the [Co(TIM)]+ complex, 
and as a result, nitrate is less likely to bind to [Co(TIM)]+ than its 
DIM and cyclam analogues. 
Overall, [Co(DIM)]3+ was computationally shown to be the best 
electrocatalyst among the three Co complexes due to a 
combination of less negative reduction potentials, which is 
attributed to the redox non-innocent ligand acting as an 
electron reservoir, and an accessible reaction barrier, 
stimulated by intramolecular hydrogen bonding. Thus, in order 
to improve the nitrate reduction process with Co catalysts, 
testing of different substituents on the diimine side of the DIM-
based structure is suggested.
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