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Introduction  

The reduced form of vitamin B12 (cob(II)alamin or B12r, Figure 1), where the cobalt metal has an oxidation state of +2, 

is typically generated after homolytic cleavage of the Co-C bond, and is found in many areas of B12 chemistry and 

biochemistry.1,2,3 Cob(II)alamin is a five-coordinate radical complex where the CoII(d7) ion is equatorially ligated by four nitrogen 

atoms of the corrin macrocycle, and axially, by dimethylbenzimidazole (DBI), which may be replaced by a histidine residue, or 

water, depending on environmental conditions. Due to the axially symmetric g-tensor of the paramagnetic CoII(d7) center, 

electron paramagnetic resonance (EPR) spectroscopy has been a very sensitive probe of the local environment of cobalt. 

4,5,6,7,8,9,10,11,12,13 

Analogs of cob(II)alamin can be found both in solution, and in enzymatic environments at physiological pH. Under 

non-enzymatic conditions, cob(II)alamin may be generated by the one-electron reduction of Co(III)-based cobalamins (such as 

aquacobalamin) electrochemically, or chemically by using an appropriate reductant.13,14 Upon reduction, the resulting Co(II)-

based species forms a stable five-coordinate low-spin radical complex, where the unpaired electron resides entirely on the Co 

dz
2 orbital.5  Cob(II)alamin has been characterized by x-ray, 15 and the structural features of the Co(II)-corrin moiety are similar 

to the biologically active forms of vitamin B12 (i.e., the Co(III)-corrins), with the exception of axial Co(II)-NDBI distances are 

generally shorter.  

Cob(II)alamin appears in adenosylcobalamin (AdoCbl)-dependent enzymatic reactions where substrate binding 

initiates homolytic cleavage of the Co-C bond. The kinetics of Co-C cleavage in (AdoCbl)-dependent enzymes, such as 

methylmalonyl-CoA mutase, glutamate mutase and ethanolamine ammonia-lyase, have been studied using stopped-flow 

methods, by detecting visible absorption changes associated with the adenosylcob(III)alamin (λmax ~525 nm), and cob(II)alamin 

(λmax ~470 nm) transitions.16,17,18,19,20  The formation of Co(II)-based intermediates, and their interactions with substrate radicals 

have been extensively investigated by EPR spectroscopy to characterize radical centers inside enzymatic environments.21   

In methylcobalamin (MeCbl)-dependent methyltransferases, heterolytic cleavage of the Co(III)-C bond leads to the 

formation of cob(I)alamin intermediates.22,23 The highly reactive cob(I)alamin is occasionally oxidized to the undesired 

cob(II)alamin byproduct, and requires reactivation.  It has been suggested that this reactivation step involves an axial ligand 

switch of the upper ligand to water, to form a five-coordinate cob(II)alamin complex,14,24 and a recent theoretical study 

predicted that the reactivation mechanism involves reorientation of the water ligand, and formation of a Co(I)-H bond.25,26 The 

reduction of cob(II)alamin to the cob(I)alamin intermediate species also takes place in ATP corrinoid adenosyltransferases such 

as CobA, PduO, and EutT, in which reorientation of the water ligand may also occur. 27,28,29,30  

Cob(II)alamin may alternatively be generated by photolytic cleavage of the Co-C bond in alkyl 

cob(III)alamins.31,32,33,34,35,36,37,38,39,40,41,42,43  The specific mechanism of the Co-C bond photo-homolysis depends on a number of 

factors, such as the nature of the upper axial ligand, either the base-on or base-off form, and the excitation wavelength. Based 

on time-resolved spectroscopic measurements of it is apparent that the Co(II)-based intermediates are inherent part of 

cob(III)alamins photochemistry and may be referred to as either an electronically excited state, or the ground state of 

cob(II)alamin.  

Despite the importance of the Co(II)-based intermediates in B12 chemistry, a detailed understanding of their electronic 

properties, and low-lying excited states remains limited.  Analysis of electronic excitations is thus required to develop a detailed 

understanding of the photochemical reactions of the alkylcobalamins, such as MeCbl, and AdoCbl. Typically, time-dependent 
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density functional theory (TD-DFT) is the only viable method employed to study the excited states of these complex systems. 

However, the question that commonly arises with TD-DFT applied to large systems, is how appropriate are the descriptions of 

the excited states. One of the main objectives of this study therefore, is to provide insight regarding the low-lying excited state 

electronic properties of four- and five-coordinated cob(II)alamins at the TD-DFT level, and by employing wavefunction-based 

methods.  This study may be thus summarized in three parts: (i) investigation of low-lying electronically excited states using 

CASSCF calculations followed by multi-configurational second-order perturbation theory (XMCQDPT2) to establish a benchmark, 

(ii) analysis of Configuration State Functions (CSFs) to validate electronic excitations calculated at the TD-DFT level, and (iii) 

evaluation of the dependency of low-lying excited state manifolds on Co-N axial distance, where elongation of the cob(II)alamin 

axial bond leads to formation of the base-off form. 

 

2. Computational details 

2.1. Structural Models 

The full structure of cob(II)alamin (Figure 1, upper panel) may either be obtained either from existing crystal 

structure,15 or derived from other high resolution alkylcobalamin crystals,44,45 by removing the corresponding upper ligand.46 It 

has been shown that electronic structures produced by both methods are not affected by the initial geometry, whereas their 

optimizations are sensitive to choice of functional. In this work the later strategy was used, and the full cob(II)alamin structural 

model was adopted from recent EPR study.46 The geometry was obtained by optimization of a modified MeCbl high resolution 

crystal structure at the BP86/TZ2P level of theory,47,48,49 with relativistic corrections included in the optimization step using the 

scalar-relativistic zeroth-order-regular-approximation Hamiltonian (SC-ZORA),50  implemented in the Amsterdam Density 

Functional (ADF) program.51 

To reduce computational costs, the full cob(II)alamin structure was truncated with respect to side-chains by replacing 

them with H-atoms, the dimethylobenzimidazole (DBI) base was replaced with imidazole (Im), and the nucleotide loop was 

removed (Figure1, lower panel). The truncated model, denoted Im-[CoII(corrin)]+, has an overall charge of +1 due to the lack of 

the nucleotide PO4
- group. Additionally, a model with no axial ligand was constructed from the five-coordinate structure by 

removing its axial base, and is denoted [CoII(corrin)]+.   Although the PO4
- group is not included in the truncated structural 

model, this modification does not significantly alter the character of the low-lying excited state manifold, mainly due to the 

corresponding cobalamin excitations being localized within the corrin ring.   Likewise, the removal of the PO4
- group also does 

not have a significant effect on electronic structure, as may be verified by retention of state order, and character between the 

truncated, and cob(II)alamin models when comparing their frontier MOs at the same level of theory. 

2.2 DFT and TD-DFT Calculations 

DFT and TD-DFT calculations performed in this study were carried out using either the TURBOMOLE52 and 

Gaussian0953 suites of programs for electronic structure calculations. In all calculations, the low-spin doublet state (S = ½) of the 

Co(II) species was assumed. Vertical electronic excitations for the full structure of cob(II)alamin, and the truncated models, 

along with corresponding Natural Transition Orbitals (NTOs)54 were obtained at the TD-DFT level using the BP86 functional, and 

the 6-311G(d,p) basis set,  or Stuttgart-Dresden (SDD) pseudopotential basis sets using the Gaussian09 program.  The Stuttgart-

Dresden potentials used to include scalar relativistic effects were DF-relativistic 10-electron effective core potential (MDF10 
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ECP) for Co, quasi-relativistic 2-electron ECP (MWB2 ECP) for C, N, O and P, and the 1-electron ECP (D95 ECP) for H as 

implemented in Gaussian09.  The SDD basis sets were employed mainly to make calculations for the full cob(II)alamin model 

tractable.  Throughout this work, individual molecular orbitals (MOs) compose TD-DFT transitions, while NTOs, which may be 

composed of multiple donor or acceptor MOs, are referred to as NTO holes and particles, or an NTO hole-particle pair, referring 

to the contribution to the transition.  To obtain the potential energy surface (PES) of the ground state, and lowest excited states 

for the five-coordinate model, the Co-NIm bond was systematically changed and fixed while all other coordinates were 

optimized at each point, using a step size of 0.05 Å, from 1.80-2.80 Å.  TD-DFT vertical excitations along Co-NIm coordinate were 

calculated at the UBP86/6-311G(d,p) level of theory.  DFT geometry optimization of the truncated model of cob(II)alamin was 

also performed using the TURBOMOLE package at the UBP86/TZVPP level of theory. For the full structure, TD-DFT vertical 

states were calculated at the UBP86/SDD level of theory using the optimized geometry at the UBP86/6-311G(d,p) level of 

cob(II)alamin to extend the range of calculated excited states at reduced computational cost. 

2.3. CASSCF/XMCQDPT2 

The electronic properties and low-lying excited states of four-, and five-coordinate model complexes of cob(II)alamins 

(Figure 1, lower panel), were initially investigated by complete active space self-consistent field (CASSCF) calculations for 

benchmarking purposes, using the Firefly quantum chemistry package, version 8.0.0.55 However, CASSCF calculations alone are 

not sufficiently accurate, and need to be corrected by second order perturbation theory to account for dynamic correlation. 

Subsequently, a modified version of multi-configurational quasi-degenerate second order perturbation theory, referred to as 

XMCQDPT2,56 was applied to include the dynamic correlation effects in CASSCF calculations at the perturbation level. Note that, 

the XMCQDPT2 approach is a genuine multi-root (i.e., perturb-then-diagonalize) multi-reference perturbation theory technique 

using the CASSCF state-averaged (SA) electron density over the ground and excited states of interest, allowing a true mixing of 

the CASSCF zeroth-order states via the construction, and subsequent diagonalization of the effective Hamiltonian.57 To obtain 

accurate results, excited-states based on CASSCF/XMCQDPT2 calculations require the determination of a manifold of 

electronically excited states for analysis of low-lying states of interest, and they are particularly important for transition-metal 

systems like cobalt corrinoids, where several low-lying electronic states may interact one with another.  Twenty electronic 

states were considered in state average (SA-CASSCF) calculations using 11 electrons and 12 orbitals in the active space. Details 

regarding the selection of active orbitals used in CASSCF/XMCQDPT2 calculations reported in this work are discussed in Sections 

3.1.  CASSCF/XMCQDPT2 calculations were performed using the 6-31G(d) basis set, at the optimized geometries of 

[CoII(corrin)]+, and Im-[CoII(corrin)]+ as previously mentioned.  

 
 

3. Results and discussion 

 

 To begin, we discuss the electronic structure and low-lying excited states of the four-coordinate cob(II)alamin model, 

followed by analysis of the five-coordinate model for comparison. Electronically excited states of the truncated models 

produced by CASSCF/XMCQDPT2 are discussed first, followed by comparison of the corresponding TD-DFT states. The full 

cob(II)alamin structure at the TD-DFT level is then considered to analyze the influence of corrin side chains on the low-lying 

excited states, and to make further comparison with experimental spectra. Finally, the influence of Co-NIm axial distance on the 

low-lying excited states is discussed to determine how the electronic properties of cob(II)alamins are modulated by lower axial 

ligands.  
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3.1. Four-coordinate model of cob(II)alamin  

 Analysis of the low-lying excited state manifold for the four-coordinated model (Figure 1) begins by first considering 

excitation energies calculated by state average (SA) multiconfigurational SA-CASSCF calculations, followed by analysis of 

configuration state function (CSF) composition at the perturbation level. CASSCF and CASSCF-based multireference calculations 

such as the XMCQDPT2 approach however, are challenging when applied to large molecules containing transition metals 

coordinated by aromatic systems, and results obtained strongly depend on the choice of the active space. In the case of the 

CASSCF calculations for [CoII(corrin)], the selection of active orbitals was guided by active spaces previously used for various 

derivatives of vitamin B12.58,59,60,61,62,63,64 The cob(II)alamin intermediate is among a class of CoII square-planar complexes, where 

the local environment of cobalt in [CoII(corrin)] causes splitting of d orbitals, with d7 as the dominant electronic configuration. 

Therefore, all five d orbitals are equally important for CASSCF calculations to investigate electronic properties.  For such 

systems, the proper active space, therefore requires the inclusion of cobalt d orbitals, π orbitals of corrin as well as σ orbitals 

associated with axial bonding.  Several other compositions have been previously tested, leading to the most appropriate choice 

of active space based on the distribution of 11 electrons between 12 active orbitals. Five d Co orbitals and one π occupied 

corrin MO were combined with their corresponding virtual orbitals, as shown in Figure 2. To account for the double shell effect 

in transition metal complexes, 4d correlating orbitals are added to the doubly occupied 3d. The occupied π corrin orbitals are 

correlated with the unoccupied π* orbitals in the active space.  

SA-CASSCF was used to compute 20 electronic states, followed by second order perturbation theory calculations 

based on the quasi-degenerate approach by Nakano (QDPT2), and its modification by Granovsky, (XMCQDPT2), which uses the 

CASSCF reference wavefunction to include dynamic correlation. Similar to previous studies of B12 derivatives, a large number of 

[CoII(corrin)]+ excited states at the CASSCF level were considered to allow for intrinsic mixing at the correlated level 

(XMCQDPT2), and to improve the zeroth-order description of first five states of [CoII(corrin)]+.  The resulting excitation energies 

and their compositions in terms of CASSCF configurations are listed in Table 1. Inclusion of dynamic correlation reveals that the 

D0 and D1  states corrected by XMCQDPT2 are a mixture of the first two CAS states.  The first, and second CAS states have 

wavefunctions with one major CSF, with weight percentages of 94% and 85%, respectively.  This CSF corresponds to two 

electronic configurations, (dz
2)1, and (dyz)

1(dz
2)2. The first has a larger weight contribution to D0 state, while the second has a 

larger contribution to D1, as shown in Table 1. Considering the compositions of the CAS states involved in the D0 and D1 

XMCQDPT2 states, we may conclude that in D0, the unpaired electron is mainly localized on dz
2 orbital, while in D1 it is mainly 

localized on dyz
  (with some admixture of (dyz)

1 occupation in D0, and (dz
2)1 in D1).  This can be considered an inversion of 

population, revealing that the D1 excited state is almost degenerate with respect to the D0  ground state, with very low 

excitation energy (0.01 eV). 

The next three electronically excited states of [CoII(corrin)]+ model complex predicted at the XMCQDPT2 level do not 

mix CASSCF states. These excited states involve more than one dominant configuration in their wavefunction, and are mainly 

characterized as d-d type electronic transitions involving excitations to the dz2 orbital.  In particular, the D2 has a dominant CSF 

of 68% (dx
2

- y
2)1(dz

2)2 with a 15% contribution from a (dxz)
1(dyz)

1(dz
2)2(dxy-n)1 doubly excited configuration, and can be 

characterized as a dx
2

- y
2  

→ dz
2 transition.  D3 is mainly composed of two (dx

2
-y

2)1(dyz)
1(dz

2)2(dxy-n)1 doubly excited configurations, 

having 35% and 26% weight contributions to the transition, while the remaining two (dxz)
1(dz

2)2(dxy-n)1 configurations with 18% 
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and 11% weight contributions are also symmetric, and characterized as dxz → dxy-n transitions.  D3 is thus characterized as a dx
2

-

y
2/dxz → dz

2/dxy-n transition, with a small contribution, coming from a dxz → dxy-n excitation. The D4 excited state has two 

dominant CSFs which are also composed of two (dxz)
1(dyz)

1(dz
2) 

2(dxy-n)1 doubly excited configurations, with 62% and 26% weight 

contributions, similarly characterized as a dxz/dyz → dz
2/dxy-n transition. Due to the involvement of doubly excited 

configurations in the four-coordinate multiconfigurational model, D3 and D4
  cannot be directly compared to TD-DFT. 

 TD-DFT calculations based on UBP86/6-311G(d,p) were then applied to analyze and compare excited states obtained 

from ab initio calculations. The Kohn-Sham frontier α and β orbitals for [CoII(corrin)]+ model complex obtained from UDFT 

calculations, along with orbital energies are shown in Figure S1, (Supporting Information), and corresponding TD-DFT excitation 

energies, and transition characters of the 10 lowest excited states in Table S1. The selected orbitals shown in Figure S1 are 

relevant to low-lying excitations, and range from H-4 to L+2 for the α, and H-4 to L+3 for the β subspaces.   

 DFT calculations based on BP86/6-311G(d,p) indicate that the highest occupied molecular orbitals (HOMOs) are a 

mixture of Co d and π  orbitals of the corrin macrocycle.  One apparent difference between the DFT frontier orbitals and natural 

orbitals selected for SA-CASSCF, is mixing of DFT π MOs with the 3d orbitals.  It may be noticed, that the unpaired electron of 

[CoII(corrin)]+ is located on H-4(α,91), which is characterized as a dz
2 + π orbital, and the corresponding unoccupied β orbital, 

L(β,95) is the lowest unoccupied MO (LUMO), and characterized as a pure dz
2 type orbital.  

To investigate the energetics and composition of the excited states of [CoII(corrin)]+ determined by TD-DFT methods, 

analysis of electronic transitions based on NTOs was also performed.  NTOs of the four-coordinate [CoII(corrin)]+ based on TD-

DFT calculations, are presented in Figure 3.  The lowest excited state determined by UBP86/6-311G(d,p) were characterized as 

an excitation from a mixed dyz + π orbital, where the involvement of π is small with the unoccupied dz
2 orbital, and is mainly 

characterized d-d type transitions.  The same character is noticed in the D2 state, but in this case, the transition is dxz → dz
2. 

These states are characterized by low excitation energies close to each other, equal to 0.45 eV and 0.68 eV, respectively.   The 

D3
 state is also of d-d type from a dx

2
-y

2 
→ dz

2 excitation with a transition energy of 1.38 eV.  Consistent with SA-CASSCF, the 

lowest three excited states are d-d type with excitations to the dz
2 orbital. The next two states, D4 and D5, can be characterized 

as mainly π → dz
2 excitations, with mixed dπ → π* transitions. 

The first excited states are of d-d type, similar to XMCQDPT2 calculations, and the ground state is composed of a dz
2 

configuration.  We may note the difference in energy of the first excited state, which is 0.45 eV higher than the ground state for 

TD-DFT, but is nearly degenerate in XMCQDPT2 calculations.  The main difference between electronic structures determined by 

ab initio, CASSCF/XMCQDPT2, and DFT calculations, is that there is no degeneracy between the ground and first excited state 

for DFT, although the first transition is similarly dyz → dz
2.  We observe qualitative agreement in the characters of the first 

excited state, although there is some difference in energy.  The energy and character of the D2 state determined by CAS, and 

the D3 state determined by TD-DFT, are in a good agreement.  The D2 TD-DFT state in fact has no counterpart in XMCQDPT2 

calculations, and is of dxz → dz
2 character with some π orbital mixture.  It is important to mention the involvement of such 

configurations relevant to transitions in the D3 state obtained by XMCQDPT2 calculations (Table 1), but this state is much higher 

in energy (2.05 eV) and electronic transition involving also dx
2

-y
2

 occupied and dxy-n unoccupied molecular orbitals.  We also 

note correlation between TD-DFT and CASSCF calculations, in that the lowest states are d-d type, and that the first excited state 

is very low in energy.  
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As shown in Figure 3, the lowest five TD-DFT excited states correspond almost exclusively to the β subspace, where 

the first four excited states are transitions on dz
2 orbital. Furthermore, negligible α contributions to each TD-DFT excited state 

may also be attributed to π MO mixing. TD-DFT calculations also show near degeneracy between the first (0.45 eV) and second 

(0.68 eV) excited states.  D1 and D2 states are very close to each other in energy, and are both transitions to the dz
2 orbital from 

d-orbitals of cobalt.  It may be noted that the D1 state calculated by TD-DFT is composed an α dz
2 orbital that does not 

participate to any significant extent in the transition (Figure 3), but may be interpreted as (TD-DFT) ground state character. The 

D1 electronic state is thus characterized by an (dyz)
1(dz

2)2 configuration with some participation of the (dz
2)1 configuration of the 

D0 ground state. Taking into account that the two first states form SA-CASSCF/XMCQDPT2 calculations are nearly degenerate 

with inverted weight contributions from (dz
2)1 and (dyz)

1(dz
2)2 electronic configurations, the D1 electronic state from TD-DFT 

calculations correlates to the D1/XMCQDPT2 excited state. This characteristic of the ground state in the four-coordinate model, 

is also consistent with the five-coordinate ligand field (LF) state, as will be discussed further in the section regarding axial base 

dependence, and may be immediately observed in the five-coordinate minima as a significant contribution to D1 from the α 

subspace.  It should also be noted that the transition dipole moments of the lowest excited states of [CoII(corrin)]+ calculated by 

both SA-CASSCF and TD-DFT are consistent with each other, and are both very low. As expected, the energy of the D1 excited 

state calculated by TD-DFT is comparably greater than that by SA-CASSCF, by 0.44 eV. In contrast, the energy of the D2 excited 

state computed by TD-DFT is lower by 0.67 eV, than that determined by SA-CASSCF. Similarly, D3 and D4 by TD-DFT are 0.67 eV 

lower, and 0.66 eV lower, respectively, than by SA-CASSCF.  

3.2 Five-coordinate model of cob(II)alamin 

  Having determined the electronic structure and composition of the low-lying excited states of the four-coordinate 

model, we then consider a more realistic model containing imidazole as the axial ligand, as typically found in biological systems 

containing derivatives of B12. Similar to the four-coordinate model, in multiconfigurational SA-CASSCF calculations the active 

space of Im-[CoII(corrin)]+ was comprised of 11 electrons distributed in 12 active orbitals, shown in Figure 4. Active orbitals were 

selected in SA-CASSCF in order to make comparison between the four-, and five-coordinate models, and to analyze the 

influence of the lower axial ligand.  

The ground and four lowest excited states along with natural orbital compositions of Im-[CoII(corrin)]+ obtained from 

the SA-CASSCF/ XMCQDPT2 calculations are collected in Table 2. It is important to mention that the XMCQDPT2 level of theory 

does not show mixing of CAS states, which is somehow different than the four-coordinate model. All five states observed at 

XMCQDPT2 retain the same order as that of their corresponding CASSCF states.  

 As shown in Table 2, the ground state wavefunction obtained with CASSCF/XMCQDPT2 has one dominant CSF with a 

weight contribution of 92%. This indicates that the unpaired electron of the Im-[CoII(corrin)]+ model is mainly localized on the 

dz
2 broadly in accord with the four-coordinate model.  The most notable difference between the lower excited state manifolds 

of the four-, and five-coordinate models is a non-degeneracy of the D0 and D1 states, which is due to the presence of the 

imidazole ligand. The D1 excited state of Im-[CoII(corrin)]+ is composed of two dominant CSFs, (dyz)
1(dz

2)2, and  (dxz)
1(dz

2)2 , that 

contribute 55% and 31% to the XMCQDPT2 electronic state, respectively.  This excited state is near degenerate in terms of both 

energy and electron configuration with the D2 excited state.  D2 has two dominant CSFs with inverted weight percentages, 

(dxz)
1(dz

2)2, and (dyz)
1(dz

2)2 configurations, contributing 55% and 35% to the electronic state respectively.  D1 and D2 are thus 

characterized as near degenerate dyz/xz → dz
2 type transitions. The remaining low-lying excited states are also composed of 
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mixed d-d excitations, involving a dz
2 acceptor orbital, with some minor dz

2 contributions to each CSF. The D3 excited state is 

characterized as mainly a dx
2-y

2 
→ dz

2 transition, composed of a 67% (dx
2

-y
2)1(dz

2)2  CSF, and a 16 % doubly excited (dxz)
↑ (dyz)

↓ 

(dz
2)2(dxy-n)↑ CSF.  The 4th excited state has just one CSF, an 86% (dz

2)0(dxy-n)1 configuration, characterized as dz
2 → (dxy-n) 

transition.   

 The low-lying excited state manifold of the five-coordinate model determined by CASSCF/XMCQDPT2 was then used 

as a benchmark for comparison with TD-DFT using BP86/6-311G(d,p). Frontier orbitals of the unrestricted DFT wavefunction 

along with their corresponding orbital energies are collected in Figure S2, and corresponding TD-DFT excitation energies, along 

with their excited state characterizations are collected in Table S2.  The frontier orbitals based on BP86/6-311G(d,p), contain a 

single occupied (SOMO) dz
2 type orbital, labeled H(α,113) consistent with SA-CASSCF/XMCQDPT2 calculations of Im-

[CoII(corrin)]+. As observed in the four-coordinated model, π electron density is present to some extent in all DFT frontier MOs, 

including in this case, the α dz
2 MO, which has a small amount of π electron density from imidazole (Im).   

To understand similarities between the lower excited state manifold of Im-[CoII(corrin)]+ determined by both CASSCF 

and TD-DFT approaches, analysis of TD-DFT electronic transitions was carried out in terms of NTOs. NTOs of the lowest five 

states of the five-coordinate model are shown in Figure 5 (upper panel). The lowest excited states determined by both methods 

were composed of mixed d and π character, similar to the four-coordinated system, but were notably not exclusive to the β 

subspace.  D1, D3, and D4 excited electronic states determined by TD-DFT are d-d type transitions similar to lowest excited states 

determined by XMCQDPT.  The D2 state obtained in TD-DFT calculations arises from d/π → π* excitation, and is not present in 

ab initio calculations.  Transitions involving both occupied and unoccupied dz
2 orbitals may be observed for the D1 state 

calculated by TD-DFT, composed of both an α dz
2 + π donor orbital, and a β dz

2 acceptor orbital, and characterized as a 69% of β 

dyz + π → dz
2 + π*, and 31% of α dz

2 + πIm → π* transition.  D3
 state also include dz

2 orbital contributions, and is characterized as a 

17% of α dz
2 +  π Im* , and 83% of β dxz+ π → dz

2 + π* transition,  The D1 and D3 TD-DFT excited states are close in energy to each 

other, 1.40 and 1.59 eV respectively. This 0.2 eV difference in energy is relatively close to the difference in energy between D1 

and D2 by SA-CASSCF/XMCQDPT2 (∼0.1 eV).  The D4 TD-DFT excited state is very similar to D3 but contains almost equal 

contributions from the α dz
2 +  πIm → π*, and β dyz + π → dz

2
 + π* transitions, as 52% and 48% , respectively. D5 on the other 

hand, is a pure 92% β dxz + πIm → π* transition.   

3.4. TD-DFT of the Full Structure of Cob(II)alamin 

Comparison of the low-lying excited states between both four-, and five-coordinate models reveals comparable 

agreement between ab-initio CASSCF/XMCQDPT2 and TD-DFT methods. This benchmark study provides further confidence that 

TD-DFT calculations may be extended to full cobalamin structural models to accurately predict their electronically excited states. 

To evaluate the effects of truncation, TD-DFT was applied to cob(II)alamin to obtain the 10 lowest excited states at the BP86/6-

311G(d,p) level.  In addition, 160 states were obtained for cob(II)alamin at the BP86/SDD level to extend the range of states 

relevant to experiment at reduced computational cost. The experimental spectra of cob(II)alamin was taken from steady-state 

studies performed by the Sension group,33 and is shown in Figure 6 with relevant TD-DFT states.  Selected TD-DFT transitions of 

cob(II)alamin at the UBP86/SDD level, along with corresponding transitions for both minima and elongated Co-N states at the 

UBP86/6-311G(d,p) level are collected in Table 4.   NTOs for these transitions are further collected in Figures S9, and S10. As 

may be seen, there is good correlation between experiment and TD-DFT excited states of cob(II)alamin, and the truncated 

models.  Additionally, calculated TD-DFT transitions of cob(II)alamin are consistent with truncated models in energy, with some 
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subtle differences in the electronic character of their excited states. As may be noted in the NTOs of cob(II)alamin at the SDD 

level, the particle states are more delocalized than corresponding hole states, and is due to the treatment of the TD-DFT 

electron density using pseudopotentials, and TD-DFT NTO character for these states was determined by significant MO 

composition.  Differences in oscillator strengths between the full and truncated minima in the range of around 2.7 eV to 3.0 eV 

of the calculated spectrum may be attributed to higher weight contributions of LF-type transitions observed in the truncated 

TD-DFT states. These transitions, are discussed with axial base dependence in Section 5. 

The experimental transition around 2.7 eV, shown in Figure 6 is not significantly resolved in the TD-DFT spectra of the 

truncated minima, but comparable oscillator strengths for this transition is observed in both the full model, and the LF state of 

the truncated model. We then, as a next step investigated this electronic transition to explore the nature of these excited states. 

This is shown in Table 4, and further in Figures S8 and S10, where the D19 state of the full structure at the UBP86/SDD level, and 

D17 state of the truncated model complex at the BP86/6-311G(d,p) level both show the transition around 2.7 eV, with 

appreciable oscillator strengths. This transition, which is associated with dz
2 + π → π* character, appears in the D23 state of the 

truncated model with 17% contribution, which has notable oscillator strength around 3.0 eV (Figure S9). This dz
2 + π → π* 

transition also occurs as a 25% weight contribution to D19
 state for the full structure of cob(II)alamin, and essentially composes 

100% of the LF excited state (D17) by partitioning between α and β subspaces, as a β dz
2 + π → π* (58%), α dz

2 + π → π* (42%) 

transition.  

NTOs of the lowest five TD-DFT excited states of cob(II)alamin at the UBP86/6-311G(d,p) level are shown in Figure 7, 

and further through D10 in Figure S4. The most apparent difference at the TD-DFT level between the five lowest excited states 

of cob(II)alamin, and the truncated model (Figure 5, upper panel), is the reverse the order energy for D2 and D3 electronic states. 

In the case of the full structure of cob(II)alamin, there is a decrease in α dz
2 character of the lower two excited states.  The D1 

state of cob(II)alamin occurs with less α dz
2 character than Im-[CoII(corrin)]+ model complex (6% vs. 31%, respectively), and the 

D2 state occurs with a 100% β dz
2 acceptor MO, and no α contribution.  The remaining low-lying excited states of cob(II)alamin 

and the model complex are readily verified as consistent with each other in character, as a 63% of dyz + π → π*, 37% of dyz + πIm 

→ π* transition for the D3 state, a 91% of dz
2 + πIm → π*, 8% of dyz + π → π* transition for the D4 state, and an 85% of dxz + π → 

π*, 14% of dxz + π → π*, transition for the D5 state.  It may also be noted that the optimized Co-NIm bond distance for 

cob(II)alamin  is slightly longer than that of the truncated model, 2.23 Å vs 2.13 Å, respectively. This elongation of Co-N bond 

length could be attributed to the additional electron density of the full system where cobalt, corrin, and DBI are included, and 

may be attributed to larger a repulsive interaction of the DBI ligand with the equatorial coordination sphere in the full structure, 

when compared to the interaction of imidazole in the model complex. The effects of the 6-311G(d,p) and the SDD 

pseudopotential basis sets on the electronic structures corresponding to the full model may be seen in Figure S5.  Frontier 

orbitals, and the lowest five cob(II)alamin NTOs calculated with SDD basis sets are collected in Figures S6, and S7.  It may be 

seen that the LUMO and L + 1 β MOs at the UBP86/SDD level are consistent with the character of lower excited states of the 

truncated model calculated with the 6-311G(d,p) basis set.  It is important to mention that the D1 state at the TD-DFT level is 

consistently a transition to the dz
2 orbital, regardless of basis set, structural model, or whether the dz

2 orbital is LUMO or L + 1.  

As discussed in section 3.5, an increase in Co-NIm bond-length can be summarized as corresponding to lowering of energy of the 

dz
2 orbital in both subspaces α and β, which effectively leads to a decrease in α dz

2 
→ π*  character, and an increase in β dyz + π 

→ dz
2 character of the D1 excited states for the five coordinated complex.  At longer Co-NIm distances two LF excited states are 
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close in energy with small excitation energy, and correspond to the two low-lying LF states for four-coordinate complex (D1 and 

D2 states in Table 3 and Table S1). 

Although subtle differences in electronic character of frontier orbitals may be noted between the full and truncated 

models, the energies of these transitions relative to their respective ground states are comparable, with oscillator strengths 

also comparable to experimental spectra, and as such these calculations should be considered reliable for the prediction of 

excited state properties.  

 

 

3.5. Electronic Structure of Low-Lying Ligand Field States: Influence of Axial Base  

Consistency between TD-DFT and ab-initio CASSCF/XMCQDPT2 methods for both four- and five-coordinated models, 

as well as consistency between the TD-DFT states of the full cob(II)alamin structure, and the truncated models, further validates 

the accuracy of calculated TD-DFT excited states in the ligand-field range. To further understand the electronic structure, and 

the nature of low-lying excited cob(II)alamin states as a function of axial base, DFT/UBP86 was applied to the five-coordinated 

model as described, and obtain frontier MOs as a function of axial base (Figure 8).  The most notable feature of Im-

[CoII(corrin)]+ with respect to elongation of the Co-NIm  distance (Figure 8), is the lowering in energy of both α and β dz
2 + π 

orbitals in the LF space. This is in agreement with a system approaching the four-coordinate structural model, where the β dz
2 + 

π is the LUMO, and much closer in energy to the occupied orbitals. In Co-NIm distances where the lowest electronic state has 

dominant LF character, the energy of the dz
2 + πIm MO is also lower in the alpha subspace, and for a distances around 2.80 Å, 

corresponds to α H-4, with all other frontier orbitals remaining essentially unchanged with respect to the Co-N coordinate. The 

band gap in the LF state of the five-coordinate model was also lower than at the minimum, 1.10 eV vs. 1.57 eV respectively, 

between β MOs dyz + π and dz
2 + πIm

* , rather than α MOs dz
2 + πIm and π* at the minima. Although the five-coordinate LF model, 

and the four coordinate model have HOMOs and LUMOs consistent with eachother, a lower band gap of 0.45 eV is observed for 

the four-coordinate model.  The lowering of D1 excitation energy with respect to Co-NIm distance, is shown in Figure 9, and is 

associated with an increase in β dyz + π → dz
2 excited state character.  As shown in Figure 9, decreasing the Co-NIm bond length 

to 1.85 Å lowers the D1 energy, with an increase in α dz
2 ground state that contributes to a 100% α dz

2 + πIm → π* transition.  

NTOs for these lowest 5 TD-DFT states corresponding to a Co-NIm bond length of 1.85 Å are collected in Table S5, and shown in 

Figure S3. 

NTOs of the lower excited state manifold of the LF state are shown in Figure 5 (lower panel), and consist mainly of 

transitions to dz
2 orbitals of the β subspace, with minor contributions from the α π* acceptor. The D1 and D2 NTOs are 

exclusively comprised of the β subspace consistent with four-coordinated cob(II)alamin, and have very low excitation energies, 

0.72 and 0.91 eV, respectively. The remaining three low-lying excited states can be described as having minor α π → 

π*character, with higher weight contributions from β transitions, to a dz
2 acceptor.  This is also observed in D4 and D5 of the 

lower LF excited states shown in Figure 5 (lower panel).  D4 is essentially composed of the same α and β MOs as D3, but it is 

higher in energy, 1.55 versus 1.66 eV respectively, with a higher weight from the α  π  →  π* transition.  The D5 electronic state, 

which has three π and π* components, can be characterized as mainly a π → dz
2 (92%) transition.  
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TD-DFT states with simultaneous ground and excited state contributions from the dz
2 MO may also be noted 

throughout the lower excited state manifolds of the full structure and five-coordinate minima in Table 4, around 2.71 eV (D19), 

and 3.00 eV (D23).  This difference in energy is mainly attributed to structure size as may be expected, and may be validated at 

the BP86/6-311G (d,p) level of theory between the two models (Table S2, and Figure S4).  The α dz
2 + π → π* component, may 

also be noted in the LF excited state (D17) around 2.73 eV, along with a symmetric 58% β dz
2 + π → π* component, indicating 

that some LF character is inherent in the ground state at this energy. 

 

 

 

Summary and Conclusions 

The electronically excited states of Co(II) do not play a role in thermal processes, as they are mediated by the ground 

state.  However, the electronically excited states of Co(II) are very important for cobalamin photochemistry, as may be 

exemplified in recent studies of MeCbl where photocleavage involves excited states cob(II)alamin.  The most important 

outcome of the present study was the simulated spectrum (Figure 6), which reproduced experiment very well.  Although a 

number of low-lying transitions below 2.0 eV are predicted at ab-initio and TD-DFT levels that cannot be observed in the Abs 

spectrum, several features in MCD data previously reported can be reasonably correlated with our predictions. 12 These 

transitions which are not observed in the absorption spectrum, may be correlated with MCD spectrum with further 

experimental efforts.    

A new predicted feature of this study is the nature of the D1 state, which shows a mixed dz
2 donor and acceptor 

character as a function of axial base distance, which may be directly attributed to the lowering in energy of the dz
2 unoccupied 

orbitals.  Detachment of axial base from the Co(II) corrin complex should thus lead to near degeneration of low-lying LF d → dz
2 

electronic states with the ground state.  This is an intriguing observation implying that long Co-Naxial bond distances correspond 

to a ligand-field state.  Further confirmations by experiment regarding this state would insightful. 
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Table 1. The lowest five states of [CoII(corrin)]+ obtained from CASSCF/XMCQDPT2 
calculations, where CSF denotes the configuration state function. 

State eV f 

Weight (%) of 
CAS state in 
XMCQDPT2 

CAS 
state 

Weight 
of CSF 

[%] 

Electronic configuration of CAS 
state 

Character 

D0 0.00  75 1 94 (dz
2)1  

   25 2 85 (dyz)
1(dz

2)2 dyz → dz
2 

        

D1 0.01 0.00000 25 1 94 (dz
2)1  

   75 2 85 (dyz)
1(dz

2)2 dyz → dz
2 

        

D2 1.35 0.00000 99 3 68 (dx
2

-y
2)1(dz

2)2 dx
2

-y
2 → dz

2 

     15 (dxz)
↑ (dyz)

↓ (dz
2)2(dxy-n)↑ dxz/dyz→ dz

2 /dxy-n 

        

D3 2.05 0.00001 98 4 35 (dx
2

-y
2)↑ (dxz)

↓ (dz
2)2(dxy-n)↑ dx

2
-y

2/dxz→ dz
2 /dxy-n 

     26 (dx
2

-y
2)↑ (dxz)

↑ (dz
2)2(dxy-n)↓ dx

2
-y

2/dxz→ dz
2 /dxy-n 

     18 (dxz)
↑ (dz

2)↓ (dxy-n)↑ dxz → dxy-n 

     11 (dxz)
↑ (dz

2)↑ (dxy-n)↓ dxz → dxy-n 

        

D4 2.18 0.00001 99 5 62 (dxz)
↑(dyz)

 ↓ (dz
2)2(dxy-n)↑ dxz/dyz→ dz

2 /dxy-n 

     23 (dxz)
↑(dyz)

↑ (dz
2)2(dxy-n)↓ dxz/dyz→ dz

2 /dxy-n 
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Table 2. The lowest five states of [Im-CoII(corrin)]+ obtained from CASSCF/ XMCQDPT2 
calculations, where CSF denotes the configuration state function. 

State eV f 

Weight (%) of 
CAS state 

 in XMCQDPT2 

CAS 
state 

Weight 
of CSF 

[%] 

 
Electronic configuration 

 of CAS state 
Character 

D0 0.00  100 1 92  (dz
2)1  

 
D1 0.90 0.00009 96 2 55 

 
(dyz)

1(dz
2)2 dyz →dz

2 
     31  (dxz)

1(dz
2)2 dxz →dz

2 
         

D2 1.03 0.00012 96 3 55  (dxz)
1(dz

2)2 dxz →dz
2  

     31  (dyz)
1(dz

2)2 dyz →dz
2 

         
D3 2.09 0.00001 95 4 67  (dx

2
-y

2)1(dz
2)2 dx

2
-y

2 → dz
2 

     16  (dxz)
↑ (dyz)

↓ (dz2)
2(dxy-n)↑ dxz/dyz→ dz

2 /dxy-n 
         

D4 2.87 0.00004 100 5 86   (dz2)
0(dxy-n)1 dz

2 → dxy-n 
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Table 3. The 10 lowest excited states of [Im- - -CoII(corrin)]+ 

(2.80 Å) obtained from TD-DFT 
BP86/6-311G(d,p) calculations.  

State 
 

eV 
 

λ(nm) 
 

f 
NTO 
Coeff. 

TD-DFT 
Character  

 
 

D0 
0.00   100   (dz2)

1 

D1 0.72 1731.4 0.0000 100 112(β) → 113(β) H(β) → L(β) dyz + π → dz
2 + πIm

∗ 

D2 0.91 1360.1 0.0000 100 111(β) → 113(β) H-1(β) → L+1(β) dxz + π → π∗  

D3 1.55 800.1 0.0017 11 113(α) → 114(α) H(α) → L(α) π    → π* 

    52 110(β) → 113(β) H-2(β) → L(β) dx
2

-y
2 →  dz

2 + πIm
∗ 

    37 112(β) → 114(β) H(β) → L+1(β) dyz + π → π* 

D4 1.66 745.0 0.0001 25 113(α) → 114(α) H(α) → L(α) π    → π* 

     50 110(β) → 113(β) H-2(β) → L(β) dx
2

-y
2 →  dz

2 + πIm
∗ 

    25 112(β) → 114(β) H(β) → L+1(β) dyz+ π → π* 

D5 1.84 672.4 0.0015 8 113(α) → 114(α) H(α) → L(α) π → π* 

     92 109(β) → 113(β) H(β) → L(β) π → dz
2 + πIm

∗ 

D6 1.97 629.3 0.0030 6 111(α) → 114(α) H-2(α) → L(α) dxz + π→ π* 

     94 111(β) → 114(β) H(β) → L+2(β) dxz + π→ π* 

D7 2.24 554.6 0.0000 59 113(α) → 115(α) H(α) → L+1(α) π →  dxy-n 

     41 112(β) → 114(β) H(β) → L+2(β) dyz + π→  dxy-n 

D8 2.26 549.0 0.0001 14 110(α) → 114(α) H-3(α) → L(α) dx
2

-y
2 → π* 

     86 110(β) → 114(β) H-2(β) → L+2(β) dx
2

-y
2→ π* 

D9 2.26 547.6 0.0004 55 112(α) → 114(α) H-1(α) → L(α) dz
2 + π → π* 

     45 110(β) → 114(β) H-2(β) → L+1(β) dx
2

-y
2 → π* 

D10 2.29 540.4 0.0000 100 108(β) → 113(β) H-4(β) → L(β) π 
Ιm → dz

2 + πIm
∗ 
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Table 4. Select TDDFT excited states of the full cob(II)alamin structure using BP86/SDD, and 
truncated models [Im-CoII(corrin)]+

(min, 2.13 Å), and [Im- - - CoII(corrin)]+
(LF, 2.80 Å) using BP86/6-

311G(d,p). 

State  eV λ(nm) f NTO 
Coeff. 

major TDDFT MOs  
Character 

cob(II)alamin (min, 2.23 Å)    

D19 2.71 457.2 0.0276 46 251(α) → 255(α)  dx
2

-y
2 + π →  π* 

    29 250(β) → 255(β)  dx
2

-y
2 + π →  dz2  + πIm* 

    25 254(α) → 257(α)  dz
2 + π → π* 

D29 2.93 422.9 0.0377 63 247(α) → 255(α)  πIm + p → π* 

    19 246(α) → 255(α)  π + dz
2 → π* 

    19 247(β) → 254(β)  πIm → π* 

D61 3.39 366.2 0.0263 78 252(β) → 258(β)  dxz + π → π* 

    22 252(α) → 258(α)  dxz + π Im  → π * 

  D144 3.95 313.7 0.0923 60 250(β) → 259(β)  dx
2

-y
2 + π → dxy-n 

    40 242(α) → 257(α)  πp → π* 

[Im-CoII(corrin)]+
(min, 2.13 Å)    

D23 3.00 413.8 0.0610 32 109(α) → 114(α)  π + dz
2 → π* 

     17 113(α) → 117(α)  dz
2 + π → π* 

    30 110(β) → 115(β)  dx
2

-y
2 → dxy-n 

    21   π →  dz2  + π* 

D33 3.38 366.7 0.0500 75 111(β) → 117(β)  dxz + π → π* 

     25 110(α) → 115(α)  dx
2

-y
2 → dxy-n 

D45 3.80 326.1 0.0689 89 111(α) → 117(α)  dxz + π + πIm  → π* 

     108(α) → 115(α)   

     11 112(β) → 114(β)  dxz + π → π* 

D56 4.09 303.0 0.2433 40 109(α) → 116(α)  π +  dz
2 → π* 

    33 109(β) → 115(β)  π +  dz
2 → π* 

    15 106(β) → 114(β)  π  →  dyz + π* 

    12   π + dyz → π* 

[Im- - -CoII(corrin)]+
(LF, 2.80 Å)    

D17 2.73 455.0 0.0455 58 112(α) → 114(α)  dz
2 + π → π* 

     109(α) → 114(α)   

     42 109(β) → 114(β)  dz
2 + π → π* 

D26 3.09 401.2 0.0953 66 109(α) → 114(α)  π + dz
2 → π* 

    34 109(β) → 114(β)  dx
2

-y
2 → π* 

D33 3.44 360.0 0.0520 74 105(β) → 113(β)  πIm + p →  dz
2 + πIm * 

    26 109(α) → 115(α)  π + dz
2 →  dxy-n  

D54 4.06 305.1 0.2472 40 109(α) → 116(α)  π + dz
2 → π* 

    33 109(β) → 115(β)  π + dz
2 → π* 

    15 107(α) → 114(α)  π + dyz → π* 

    12 107(β) → 114(β)  π + dyz → π* 
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Figure 1.  Molecular structure of the co(II)balamin and corresponding structural models.  
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Figure 2. Active space corresponding to [CoII(corrin)]+ used in the CASSCF(11,12) and 
subsequent XMCQDPT2 calculations.  
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Figure 3.  Natural Transition Orbitals (NTOs) for [CoII(corrin)]+ based on TD-DFT 
calculations at the uBP86/6-311G(d,p) level. 
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α hole 

 
α particle 
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β particle 
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0.0000 
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Figure 4.  Active orbitals of Im-[CoII(corrin)]+ used in the CASSCF(11,12) and subsequent 
XMCQDPT2 calculations.
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 5 

Figure 5.  NTOs for Im-[CoII(corrin)]+ (upper panel) and [Im- - -CoII(corrin)]+
 , Co-C = 2.80 Å, 

(lower panel) based on TD-DFT calculations at the uBP86/6-311G(d,p) level. 
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 6 

Figure 6.  Comparison of experimental and simulated spectrum of cob(II)alamin.  Experimental 
cob(II)alamin steady-state spectra (solid line), and  TD-DFT transitions of cob(II)alamin  at the 
BP86/SDD level (circles); and of the two truncated structural models with BP86/6-311g(d,p): Im-
[CoII(corrin)]+, min (filled triangles), and the [Im---CoII(corrin)]+ LF state, Co-C = 2.80 Å, (empty 
triangles).  The experimental spectrum was provided by Professor R. J. Sension from University 
of Michigan, and is also presented in Reference #33.   
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Figure 7.  NTOs of the first 5 TDDFT excited states of the cob(II)alamin structure  at the 
BP86/6-311G (d,p) level of theory. 
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 8 

 
 
Figure 8.  Energies of frontier molecular orbitals for Im-[CoII(corrin)]+ model complex as a 
function of Co-NIm distance. Red line – energies of alpha orbitals, black line – energies of beta 
orbitals, filled and empty circles correspond to the occupied and unoccupied orbitals, respectively.  
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 9 

 

 

Figure 9. Potential energy curves of the ground and nine lowest doublet TD-DFT excited states 
of the Im-[CoII(corrin)]+ model complex as a function of Co-NIm bond length. 
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