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To explain the photostability of vitamin B12, internal 

conversion of the S1 state was investigated using TD-DFT.  

The active coordinates for radiationless deactivation were 

determined to be elongated axial bonds, overcoming a 5.0 

kcal/mol energy barrier between the relaxed ligand-to-metal 

charge transfer (S1), and the ground (S0) states.  

Derivatives of vitamin B12 (cyanocobalamin, CNCbl) (Fig. 1) are 

important bioinorganic cofactors,
1-3 that possess rich and complex 

photolytic properties mediated by their electronically excited states, 

that primarily depend upon the nature of their axial ligands.4-19 In 

particular, alkylcobalamins such as methylcobalamin (MeCbl) or 

adenosylcobalamin (AdoCbl), undergo photodissociation upon 

excitation with light,4-10 and in the case of MeCbl for example, the 

photolysis can be wavelength dependent.11  Studies employing 

ultrafast transient absorption spectroscopy show that the time scale 

of alkylcobalamin excited state dynamics is in the range of 

femtoseconds to nanoseconds, and that the specific mechanism of 

photolysis depends not only on the type of alkyl group, but also the 

environment of the cofactor, such as solvent or enzyme.12-15  

Furthermore, in acidic conditions, when the lower axial 

dimethylbenzimidazole (DBI) base is replaced by water, a new 

channel for fast nonradiative decay is opened, and formation of a 

radical pair is followed by bond homolysis.16   

In contrast, cobalamins with non-alkyl upper axial ligands are 

generally considered to be photostable.17 Excitation of CNCbl, 

aquocobalamin (H2OCbl+), and azidocobalamin (N3Cbl), results in 

the formation of a short-lived excited state that undergoes fast 

ground-state recovery on a picosecond time scale. The lifetime of the 

intermediate state decreases in the order, CNCbl > N3Cbl > 

H2OCbl+, and also depends on the solvent, decreasing with the 

increased solvent polarity.  Interestingly, although 

hydroxycobalamin (HOCbl) is a non-alkyl cobalamin, it undergoes 

photodissociation upon excitation with light above 300 nm.18  

Ultrafast excited state dynamics in vitamin B12 revealed that, 

following 400 or 520 nm excitation, the intermediate state was 

formed within a few hundred femtoseconds.17,19 The decay of this 

state to the ground state was temperature dependent, and ranged 

from 7.3 ps at 8° C to 5.7 ps at 63° C in water, and from 16.2 ps at 

10° C to 8.1 ps at 75°C in ethylene glycol. The electronic spectrum 

of the short-lived intermediate was consistent with a weakening of 

both the axial Co-NDBI, and Co-C bonds in the S1 excited state. It 

was also found that the S1 state has a predominantly π→3d ligand-

to-metal charge transfer (LMCT) character, with CT from the corrin 

π orbitals to the cobalt atom.19 The barrier of internal conversion 

from S1 to the ground state was determined to be 2.1 ± 0.2 kcal/mol 

in ethylene glycol, and 0.8 ± 0.2 kcal/mol in water, respectively.19  

While excited-state dynamics of CNCbl have been extensively 

studied experimentally, there is a limited mechanistic understanding 

of its photostability.  Previous theoretical investigations using DFT 

Fig. 1 (Left) Molecular structure of vitamin B12 (cyanocobalamin or CNCbl). 

(Right) Structural model of CNCbl used in this study, denoted as Im-
[CoIII(corrin)]-CN+

. 
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and TD-DFT examined the nature of the lowest electronic 

transitions, and their corresponding potential energy surfaces 

(PESs).20-21 The primary focus of these studies was on the electronic 

spectra of CNCbl, and the potential energy curves along the Co-C 

stretched bond.  The S1 PES as a function of axial bond distances, 

was also computed for the lowest excited states as vertical 

excitations based on their ground state geometries.20  

To obtain a more realistic description of the S1 PES, and thus more 

reliable energetics of the intermediates associated with the internal 

conversion (IC) mechanism, in the present theoretical account the 

excited state structural properties of CNCbl were investigated using 

TD-DFT.22-26  The relaxed geometry of the S1 state was constructed 

as a function of both axial Co-C and Co-NIm distances, and a 

minimum energy crossing point with respect to the ground state was 

then located. These calculations were used to obtain a mechanism of 

S1 state radiationless deactivation of vitamin B12,  that provide new 

insight at the molecular level into the excited state dynamics of 

CNCbl, in alignment with the latest experimental data.19 

The computational methods used in this study are described fully in 

the Electronic Supporting Information (ESI). Briefly, all DFT and 

TD-DFT26-27 calculations were performed in an implicit COSMO 

solvent model28 using the BP86 functional,29-30 and TZVPP basis 

set,31-32 as implemented in TURBOMOLE.33  The simplified 

structural model, denoted as Im-[CoIII(corrin)]-CN+ (Fig. 1 and S1, 

ESI) used in this calculation, has proven to reproduce the essential 

structural and spectroscopic features of vitamin B12 very well.20 The 

reliability of TD-DFT using the BP86 functional in the calculation of 

the lowest excited states for CNCbl was established in our previous 

studies.20-21    

The DFT-based optimized geometry of the ground state (S0) was in 

good agreement with x-ray crystallographic data (Tabe S1, ESI).  In 

the S1 state the Co-C bond is much longer than in the S0 state (2.216 

versus 1.857 Å). A similar trend was observed for the Co-NIm bond, 

which was equal to 2.275 Å in the S1 state, while 2.054 Å in the S0 

state. A characteristic weakening of the axial bonds of these ligands 

in the S1 state was in agreement with previous experimental 

observation. The cyanide ligand was also slightly bent in the S1 state 

(bending angle 170˚), in comparison with the linear arrangement in 

the ground state, while the geometry of the corrin ring remains 

essentially unchanged upon S0→S1 excitation.  The NBO charge 

difference between the S0 and S1 electronic states calculated for the 

S1 geometry (Table S2, ESI) shows a significant positive charge 

increase on the corrin ligand, and a negative charge increase on 

cobalt, cyanide and imidazole. Hence, the electron density is shifted 

from corrin to the axial ligands and cobalt. Similar conclusions can 

be drawn from the difference density between S0 and S1 isosurface 

plots (Fig. S2, SI), confirming the fully optimized S1 state as being 

LMCT-type.  

Because the nature of the low-lying excited states of Im-

[CoIII(corrin)]-CN+ have been analyzed previously, including their 

dependence on solvent, only a brief description will be given here.  
Analysis of the vertical electronic excitations revealed that the 

lowest transition is of π → π* type. The second excited state (S2) is 

of π→d character, while S3 and S4 are a mixture of π → σ* and π 

/d→ π* excitations. The higher electronic transitions are of mixed 

d→ π*, π/d→ σ* and d→d character (see Table S3, ESI). The 

optimized energy of the S1 state as a function of Co-C distance is 

shown in Figure 2, where the energy of the vertical π → π* 

excitation has been also included (denoted as A in Figure 2).    

The minimum energy at 2.216 Å is labeled as C, while the vicinity 

of crossing between two states that corresponds to the distance of 1.9 

Å, is labeled as B. Note that crossing of two states along the Co-C 

coordinate can only be approximately estimated, and previous 

studies have demonstrated that this crossing may involve more than 

two electronic states.21  It should be pointed out that the proposed 

mechanism is in accord with ultra-fast excited state dynamics, where 

an 80 fs decay of the initial excited state, a 190 fs decay of an 

intermediate electronic state, and a 6.7 ps decay of the S1 excited 

state population to the ground state were reported.17 These 

experimental time constants are consistent with the nature of the 

potential energy curves in Figure 2. To further understand the 

electronic properties of the excited states shown in Fig. 2, frontier 

orbitals corresponding to three different geometries, S0 minimum 

(A), the optimized S1 geometry corresponding to a Co-C distance of 

1.9 Å (B), and the S1 minimum geometry (C), were obtained from 

TD-DFT calculations (Fig. 3).   

The lowest singlet excited state for all three geometries comes from 

the HOMO→LUMO excitation. At the S0 optimized geometry, the 

lowest S1 excited state is of π → π* character, as can be seen in the 

vertical electronic spectrum (Table S3, ESI). When the geometry of 

the S1 state is optimized its character changes to π →d/π even for the 

same Co-C distances corresponding to the minimum ground state. 

Around 1.9 Å, the character of S1 becomes π → σ*.  Since the 

antibonding σ* orbital contains a large contribution from the dz
2 

cobalt orbital, the S1 state at its optimal geometry can be described 

as a LMCT state with elongated, and weakened axial bonds, and is 

consistent with experimental assignment based on transient 

absorption spectroscopy.19  These changes are also nicely reflected 

by the nature of the LUMO orbital (Fig. 3).   

 

Fig. 2 Optimized energy of the S1 state as function of the Co-C distance. 
Energy of the lowest vertical singlet excited state is denoted as A, and is 

based on the optimized geometry of the ground state.  Point B corresponds 

to Co-C = 1.9 Å, while point C to the S1 minimum. 
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Having discussed the properties of the low-lying electronic 

transitions along the Co-C stretched coordinate, we may now turn 

our attention to the properties of the PES associated with the S1 state.   

The PES of the S1 excited state of CNCbl was calculated based on 

the Im-[CoIII(corrin)]-CN+ structural model (Fig. 1), and the energy 

of the excited state was optimized on a grid of points with different 

Co-C and Co-NIm distances. Both bond distances were varied with a 

0.05 Å step, while the remaining geometry parameters were 

optimized at each point with the TD-DFT method. The resulting S1 

energy surface as a function of optimized Co-C and Co-NIm 

distances is displayed in Fig. 4, along with the upper portion of the 

ground state surface, where crossing with the S0 state (i.e., the seam) 

is indicated by a black dashed line.  

Note that the intersection seam was determined by extrapolation as 

will be described. There is a shallow minimum on the S1 energy 

surface at Co-C = 2.216 Å, and Co-NIm = 2.275 Å, that corresponds 

to the optimized structure of S1.   Starting from the vertical 

excitation of the S0 geometry, labeled as A, there is a valley leading 

to the S1 minimum, labeled as C (Fig. 4).  Characteristic points A, B, 

C as well as the minimum energy crossing point (MECP) labeled as 

D, lie essentially on a diagonal cut bisecting the 3D PES. The 

corresponding energy curve along this minimum energy path 

between the S0 and S1 equilibrium geometries is presented in Fig. 5. 

As noticed previously, even for Co-C distances in the range 1.8-1.9 

Å (Fig. 2), the lowest excited state is not a π → π*  state, but a π → 

d transition, indicating that during geometry optimization of the S1 

state the first and second electronic transitions are very close in 

energy, and change their order.  At Co-C distances slightly larger 

than 1.9 Å, the crossing of two excited states occurs. This crossing is 

barrierless, since it happens before the minimum of the lowest 

singlet excited state, and changes its character to π → σ*. Thus, the 

changes in character of the S1 state are the result of crossing between 

lowest excited states, which are close in energy.   

Radiationless deactivation (or IC) of an excited state occurs when 

the excited and ground states cross with a small energy barrier, or no 

barrier at all.   Interestingly, if one takes into consideration the 

diagonal cut (i.e., Fig. 5) through the 3D PES (Fig. 4) the resulting 

 

Fig. 5 Schematic representation of the diagonal cut bisecting the 3D PES, 
shown in Fig. 4. 

Fig. 3 Molecular orbital diagrams corresponding to the lowest singlet excited 

states of CNCbl representing; the optimized geometry of the S0 state (A); the 

optimized geometry of the S1 state with fixed Co-C bond distances at 1.9 Å 
(B); the optimized geometry of the S1 state with fixed Co-C bond distances 

at 1.9 Å (B); the optimized geometry of the S1 state (C). 

Fig. 4 Potential energy surface of the S1 state, along with the upper portion of 
the ground state surface. Characteristic points on the S1 PES correspond to: 

ground state S0 geometry (A), S1 with Co-C =1.9 Å (B); energy minimum of 

the S1 state (C); minimum energy point of the S1/S0 crossing seam (D). 
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energy path in fact can be associated with the S1 excited state IC in 

CNCbl.  

Near the points located on the intersection seam where the crossing 

of two electronic states takes place, the wavefunction should have a 

multi-configurational character, and such crossing of surfaces cannot 

be described appropriately by a single determinantal TD-DFT 

wavefunction. As a consequence, at the intersection points, problems 

with convergence of the SCF procedure appear.34-35 Due to the size 

of CNCbl (~160 atoms), however, the TD-DFT method is the only 

choice to investigate their excited state properties, and this method 

was therefore applied in the present study. Not surprisingly, the 

calculation encounters convergence problems when the energy 

difference between the S0 and S1 states becomes ~2 kcal/mol. To 

circumvent these problems that are inherent in TD-DFT 

methodology, quadratic extrapolation was used to estimate the 

intersection point. The coordinates active in the S1/S0 internal 

conversion were determined to be only Co-C and Co-NIm distances, 

because these coordinates differ mostly in the optimized structures 

of the S0 and S1 states.  This can be deduced from the fact that when 

both distances were elongated, the S1 and S0 surfaces approach each 

other. Other coordinates, like Co-C-NIm bending angle, and selected 

corrin bending or torsional angles were also varied, but the 

excitation energy remained essentially constant. The minimum 

energy point on the seam was taken as the intersection point, labeled 

D, and the resulting energy barrier between the S1 minimum, and the 

minimum on the intersection seam was determined to be ~5.0 

kcal/mol. The energy of 5.0 kcal/mol can be directly compared to a 

2.1 ± 0.2 kcal/mol experimental IC barrier based on the dielectric 

constant of 80 at room temperature for water.19 The estimated energy 

barrier of 5.0 kcal/mol (Fig. 5) has to be taken with caution, due to 

the method of searching for the S0/S1 crossing point. The 

overestimation of its height is due to several possible sources of 

error: (1) the extrapolation procedure has an associated error which 

can estimated to be around 2 kcal/mol, (2) only a limited number of 

parameters were taken into account in the search for the lowest 

energy crossing point. Although increasing the number of 

parameters (over three) could possibly lower the energy of the 

crossing, the calculations would not be feasible. (3) The accuracy of 

the computational method itself associated with TD-DFT also 

represents a limiting factor. (4) There may also be additional 

computational error associated with the solvent model, in accord 

with experiments that suggest the barrier is also sensitive to solvent 

polarity-- though this may be the least significant source of error 

comparatively.  By taking all of these factors into account, the 

calculated energy barrier can be viewed as quite satisfactory in 

comparison with experimental value. 

Based on a diagonal cut through the 3D PES (Fig. 4), which shows 

how the S1 and S0 energy surfaces cross (Fig. 5), the following 

mechanism of radiationless deactivation of the S1 state in CNCbl can 

be proposed. After initial excitation to one of the higher-lying 

excited states, a fast reversion to the lowest π → σ* excited state 

takes place. Next the system goes through an intermediate state of π 

→d character, and eventually reaches the S1 minimum of π → σ* 

character. This process is very fast and can be ascribed to the 

femtosecond time range of CNCbl photophysics.19 This process is 

also barrierless, and the crossing with the intermediate state occurs 

before reaching the minimum of the first excited state. The lifetime 

of the lowest excited state of CNCbl can be estimated to be between 

2 - 16 ps.19 By analyzing the minimum energy path leading from the 

vertically excited S0 geometry (A), to the minimum on the S1 PES 

(C), and finally to the lowest energy point on the crossing seam 

between S0 and S1 (D), it can be seen that along this path both axial 

bonds are simultaneously elongated. The geometry of the crossing 

point, shown in Fig. 5, has very long axial bond distances: 2.65 Å for 

Co-C and 2.55 Å for Co-NIm. The cyanide ligand is practically 

linear, revealing that the Co-C bending angle has no impact on the 

energy of the intersection point. This is understandable since at such 

a long distances the cyanide ligand is weakly bound, and bending 

does not influence the total energy of the molecule. 

Conclusions 

In summary, the ground-state recovery process in CNCbl can 

be described as excitation to one of the higher-lying excited 

states, initial relaxation to the corresponding S1 excited state 

geometry, and further electronic state relaxation on the S1 

energy surface until the minimum on this surface is attained, 

and crossing the energy barrier of the S1/S0 intersection. To 

overcome this energy barrier, elongation of the axial bonds in 

CNCbl is required, that according to our calculations are the 

active coordinates for the radiationless deactivation of the S1 

state. 
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