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Abstract: FeIFeI Fe2(S2C3H6)(CO)6(µ-CO) (1a-CO) and its FeIFeII cationic species (2a+-CO) are the sim-

plest model of the CO-inhibited [FeFe] hydrogenase active site, which is known to undergo CO 

photolysis within a temperature- dependent process whose products and mechanism are still a mat-

ter of debate. Using Density Functional Theory (DFT) and Time-Dependent Density Functional The-

ory (TDDFT) computations, the ground state and low-lying excited state potential energy surfaces 

(PESs) of 1a-CO and 2a+-CO have been explored aimed at elucidating the dynamics of the CO pho-

tolysis yielding Fe2(S2C3H6)(CO)6 (1a) and Fe2(S2C3H6)(CO)6+ (2a+), two simple models of the catalytic 

site of the enzyme.  Two main results came out from these investigations. First, a-CO and 2a+-CO 

are both bound with respect to any CO dissociation with lowest free energy barriers around 10 kcal 

mol-1, suggesting that at least  2a+-CO  might be synthetized. Second, focusing on the cationic form, 

we found at least two clear excited state channels along the PESs of 2a+-CO that are unbound with 

respect to equatorial CO dissociation.  

Keywords: Metal-carbonyl complexes; [FeFe]-hydrogenases; density functional theory; time-de-

pendent DFT; organometallic photochemistry.   

 

1. Introduction 

In recent times, the study of substituted binuclear carbonyl species has gained vast 

popularity in the context of bioinorganic chemistry, due to the fact that the hydrogenase 

enzymes currently known for their specificity towards dihydrogen oxidation/evolution 

invariably include a binuclear carbonyl-containing moiety in their active site [1]. These 

enzymes, which encompass either only iron ions as metal cofactors ([FeFe]-hydrogenases), 

or both nickel and iron ([NiFe]-hydrogenases), have inspired the design and synthesis of 

a plethora of synthetic models to date [2–4], with diiron models being actually prevalent 

in literature. Such prevalence depends not only on the interest raised by the knowledge 

that [FeFe]-hydrogenases are extremely efficient [5], but also on the fact that diiron hexa-

carbonyls of the general formula Fe2(SR)2(CO)6 – which closely resemble the diiron portion 

of FeFe-hydrogenase active site, see Figure 1 – had been known for seventy years before 

publication of the first X-ray structure of the enzyme [6,7]. The availability of a large num-

ber of biomimetic catalysts has proved to be a main asset in the quest for a deeper under-

standing of hydrogenases chemistry [8]. For example, a biomimetic complex described 

Camara and Rauchfuss [9] has proved highly valuable to confirm the hypothesis that H2 

binding and splitting in [FeFe]-hydrogenases occurs on a single Fe center in the active site 

(the so-called “distal” iron ion, Fed in Figure 1) [10,11]. Interestingly, the same Fe center is 

thought to be directly involved also in the enzyme inhibition mediated by carbon monox-

ide [12–14]. CO inhibition is a key topic that has bearings for the perspective [FeFe]-hy-

drogenases utilization for industrial purposes, as the contact of the enzyme with even 
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traces of CO can completely impair hydrogenase activity [15]. Still, many aspects of the 

chemistry of CO-inhibited [FeFe]-hydrogenases are far from being fully understood. This 

is true not only for the rather complex photochemistry occurring at the CO-inhibited ac-

tive site (vide infra), but also with reference to the possibility of structural rearrangements 

occurring at the active site in concomitance with CO binding [14,16,17]. Notwithstanding 

such open issues, biomimetic modeling has had a relatively limited impact so far for the 

elucidation of the (photo)chemical processes that can occur after CO inhibition, which is 

mainly due to the small number of biomimetic models of the CO-inhibited enzyme de-

scribed to date. In any case, the availability of the latter [18] has stimulated a positive 

feedback between experiments and theory, which allowed relating the hardness of ligands 

in biomimetic models with the stability of key stereoelectronic features in the latter [18,19]. 

The theory-experiment interplay proved relevant also in more recent studies in which 

density functional theory (DFT) calculations were used to rationalize the structural out-

comes of CO-inhibition and subsequent reduction of the enzyme that give place to over-

saturated forms of the active site [20]. 

. 

Figure 1. The active site of [FeFe]-hydrogenases, generally referred to as the H-cluster; its diiron 

portion “[2Fe]H” directly involved in the binding of incipient substrates (H2 and H+) and inhibitors 

is highlighted. The carbonyl ligand marked with an asterisk represents an exogenous CO ligand 

behaving as an inhibitor. A cysteinyl sulfur bridges the diiron subsite with a [Fe4S4] subsite that 

completes the H-cluster composition. The two Fe atoms of the diiron subsite are labelled with sub-

scripts “d” (distal) or “p” (proximal), depending on their position with respect to the [Fe4S4] sub-

site. 

As far as the photochemistry of the CO inhibited form of the enzyme is concerned, it 

was found to be light-sensitive at cryogenic temperature. CO photolysis is a typical or-

ganometallic light-driven process [21] and this type of temperature-dependent mecha-

nism has been already observed in Fe2(CO)9 photolysis as pointed out by Chen et al. [22]. 

In this case the structure of the Fe2(CO)8 photoproduct depends on the reaction condition: 

photolysis up to 35K yields the Fe2(CO)8 bridged form, while at higher temperature the 

unbridged form is obtained. 

This photolytic process is temperature-dependent and has been studied by EPR [23] 

and IR spectroscopy [22,24]. At low temperature (6-8 K), the initial axial EPR signal of the 

CO inhibited form is converted to that of the active form in the absence of CO. This pho-

toproduct arises from the loss of the exogenous CO restoring the initial active form. The 

illumination at higher temperature (14-30 K) yields a different photoproduct with rhombic 

EPR signal. The IR spectra of this second photoproduct is characterized by the loss of the 

band associated with the bridging CO. According to the model proposed by Chen et al. 

[22], the photolysed ligand can be the bridging one or a terminal one. In this latter case, a 
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successive conversion of the bridging CO to terminal CO would take place. On the con-

trary, Rosenboom et al. [24] interpreted their IR spectra for the second photoproduct as 

the photolysis of two CO ligands (the CO bridging and the exogenous CO).  

Among the synthetic models of the {Fe2S2} subcluster, Fe2(S2C3H6)(CO)6 (1a hereafter) 

can be considered the simplest one [25]. This complex has been extensively studied and it 

is able to electrocatalyze proton reduction, although with a mechanism different com-

pared with that of the enzyme [26,27]. 1a has one bridging coordination position still avail-

able which might be occupied by a CO ligand. 

FeIFeI Fe2(S2C3H6)(CO)6(µ-CO) (1a-CO hereafter) and its FeIFeII cation (2a+-CO hereaf-

ter) have been never synthesized and represent simple biomimetic models for the CO-

inhibited {Fe2S2} subcluster. These have been previously investigated by DFT in a study 

on the CO affinity of the series of FeIFeI and FeIFeII models of the [FeFe]-hydrogenase ac-

tive site [28]. According to the 18-electron rule, these two models are oversaturated [29] 

[30] complexes compared to the 1a and 2a+ since at least one Fe atom counts 19 valence 

electrons. Despite this, their formation enthalpy and free-energy are in qualitative agree-

ment with data obtained from the enzyme. In particular i) 1a-CO formation results endo-

thermic and not spontaneous, in agreement with the fact that FeIFeI CO inhibited form 

has been never observed; ii) 2a+-CO formation is exothermic and spontaneous in qualita-

tive agreement with the values obtained by Thauer et al [31]. 

The aim of the present study is to outline a general mechanism for CO photolysis in 

oversaturated diiron systems, related to the CO-inhibited FeFe hydrogenase catalytic site. 

To do so, we investigated the ground state and excited states potential energy surface 

(PES) topologies of simple model systems, namely 1a-CO and 2a+-CO, by means of DFT 

and TDDFT. The main target of this investigation are i) to predict the stability of the com-

plex toward CO dissociation and ii) to shed light in the CO photolysis mechanism consid-

ering the hypothetical 1a-CO and 2a+-CO CO photolysis 

 1a-CO→1a+CO 

 2a+-CO→2a++CO 

as model photolytic processes. While the photochemistry of 1a and 2a+ has been al-

ready investigated in detail [28,32] [33], the case of the oversaturated CO forms has not 

been studied yet. Previous investigations have shown that the absorption spectrum of 1a 

is characterized by an intense band at 355 nm along with a weak shoulder at 400 nm. Both 

features display a MLCT character that always involves the S atomic orbital, therefore 

indicating Fe→ S as prevalent CT. For this, the dynamics of the low energy excited states 

are mainly dominated by the Fe-S bond elongation/dissociation that favour the rotation 

of the partial Fe(CO)3 group [32] while CO photolysis is mostly induced by populating 

higher-energy states. The question that arises on the basis of these evidences is the follow-

ing: in the case of an oversaturated model such as a-CO and 2a+-CO, would a fully CO dissociative 

pathway for low-energy excited states emerge? Indeed, as rightly pointed out by Chen and co-

workers [22], there is a close analogy between temperature-dependent CO photolysis pro-

cesses of Fe2(CO)9 and of the CO inhibited [FeFe]-hydrogenase catalytic site. DFT/TDDFT 

investigations of the photochemistry of Fe2(CO)9 evidence two CO dissociation unbound 

pathways that evolve towards different Fe2(CO)8 isomers [34,35]. Although Fe2(CO)8 and 

Fe2(CO)9 might be considered all-CO prototypes of the {Fe2S2} subcluster in its active and 

CO-inhibited forms, the electronic and geometric structures of the former couple of spe-

cies are somewhat different from those of the latter two, as we will show in the following 

sections, and therefore more complex systems must be considered. Moreover, recent in-

vestigations show that UVB light photo-inhibits the enzyme [36][37], whereas it is not the 

case for visible light, suggesting that a fully dissociative character of the lower excitation 

emerges only when a complex is oversaturated.   
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2. Results and Discussion 

2.1. Ground states. 

2.1.1.1. a-CO and 2a+-CO ground state properties. 

1a-CO and 2a+-CO are binuclear complexes with a global minimum of Cs symmetry 

with 1A’ and 2A’ ground state molecular term, respectively. As shown in Figure 2, the 

terminal CO (t-CO) ligands can be distinguished between trans or cis to the bridging pro-

panedithiolate (µ-pdt) ligand. Each trans or cis CO group can be further distinguished 

between anti and syn with respect to the β carbon of CH2 group of the µ-pdt. Accordingly, 

the two Fe atoms are classified as syn or anti. 

. 

Figure 2. Schematic representation of the [Fe2(S2C3H6)(CO)6(µ-CO)]z (z = 0, 1) species analyzed in 

the present work. 

The energy global minimum structures of 1a-CO and 2a+-CO are characterized by Fe-

Fe bond elongation of 0.452Å and 0.167Å respectively compared to 1a and 2a+, recalling 

that this latter has a syn rotated Cs minimum geometry [38]. The formation of 1a-CO is 

endothermic and not spontaneous, since 1a is a saturated complex. On the contrary, 2a+-

CO formation is exothermic and spontaneous [38]. Similar considerations regarding the 

CO binding process under oxidative conditions have also been reported for more electron-

rich diiron models [39–41]. 

Regarding 2a+-CO, which can be considered as the most promising CO-inhibited 

model for a successful synthesis, one could ask about the nature of the Fe-Fe bond com-

pared to the 2a+ parent model. According to the NBO spin population equally distributed 

on both Fe atoms, the redox state is assigned as 2Fe1.5.We investigate this issue from the 

point of view of the Quantum Theory of Atoms in molecules (QTAIM) approach. The 

topology of 1a and 2a+ electron density are characterized by a Fe-Fe Bond Critical Point 

(BCP hereafter) which is not found for the corresponding CO oversaturated forms, an ev-

ident signal of the weakening of the Fe-Fe bond in the oversaturated moiety. We better 

characterize this bond by the QTAIM analysis of the electron density using delocalization 

indexes. The delocalization index δ(A,B) is an integral property that indicates the number 

of electron pairs delocalized between the two atoms (A and B) and can be considered a 

covalent bond order [42,43]. In Figure 3 we plotted the δ(Fe,Fe) for the four models con-

sidered here plus Fe2(CO)9 [44], which can be considered as the classic metal carbonyl 

complex where the nature of the Fe-Fe bond is easily questionable and long debated.  
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Figure 3. Values of the QTAIM δ(Fe,Fe) delocalization index (in electron pair). 

According to the 18-electron counting rule in 1a and Fe2(CO)9 the Fe-Fe bond counts 

one electron and this is in line with δ(Fe,Fe) values, both close to 0.5 (0.471 and 0.370 re-

spectively). Going from 1a to 2a+, the Fe-Fe σ bond HOMO results singly occupied to the 

detriment of the Fe-Fe bond, which results weakened according to a δ(Fe,Fe) decreasing 

of 0.17 electron pair. When a further CO ligand is added to forms 1a and 2a+, a decrease of 

δ(Fe,Fe) of 0.306 and 0.111 is observed, respectively, suggesting that the bonding density 

of the new Fe-C bond comes from the Fe-Fe bond. The value of the δ(Fe,Fe) 1a-CO of 0.165 

is very low and suggests a very weak or even absent Fe-Fe bond (Figure 3).  

2.1.2.1. a-CO CO dissociation transition states.  

We investigate three CO dissociation pathways: the dissociation of the syn cis, the syn 

trans t-CO and the dissociation of the µ-CO. For each pathway, the corresponding transi-

tion state has been characterized. 
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. 

Figure 4. Total DFT energy diagram and optimized main geometry parameters of 1a-CO and cis syn, trans syn and μ-CO 

CO dissociation transition states and products. Energy in Hartree and free-energy barriers in kcal·mol-1. Distances are in 

Å and angles in degrees. 

TS geometry parameters and free energy barriers are summarized in Figure 4, Figure 

S1 and in Table 1. The TS structures for the syn cis CO dissociation (1TS1) retain the Cs 

symmetry of 1a-CO and is characterized by a Fe-C distance of the CO leaving group equal 

to 2.618 Å. 1TS1 further evolves first toward 1a syn rotated form (which is still a TS) and 

finally to 1a. The structure of the syn trans terminal CO 1TS2 is peculiar. Along the syn trans 

CO dissociation pathway, the μ-CO group has substituted the leaving equatorial CO 

group which is partially bound to the CO ligand cis to the μ-pdt. 1TS2 further evolves 

toward a very intriguing local minimum (1a-CO(2)). In this structure, the Fe atoms form 

two Fe-C bonds with a (CO)2 dimer with O-C-C-O atomic disposition. The Fe-C distances 

are in the middle between those of a terminal and a bridged CO ligand and the Fe(CO)2 

group is almost planar. Finally, along the µ-CO dissociation pathway, the leaving of the 

µ-CO is accompanied by a conformational rearrangement of the alkyl chain of µ-pdt 

(1TS3) that brings one of the hydrogen atoms of the bidentate ligand closer to Fe. The Fe2S2 

tetrahedrane unit becomes almost planar (S-Fe-Fe-S dihedral angle equal to 148.2°), with 

a Fe-Fe distance increased by 0.519 Å compared to 1a-CO.   
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Table 1. CO dissociation free energy barriers (ΔG‡, in kcal·mol-1). Imaginary normal mode (i) frequency (in cm-1). 

 CO i ΔG‡  

1a-CO 

syn cis 145.5i 9.7 

syn trans 102.3i 36.7 

μ-CO 77.2i 41.5 

2a+-CO 

syn cis 76.4i 14.6 

syn trans 124.8i 53.0 

μ-CO 40.6i 33.5 

3a-CO 

syn cis 111.4i 11.5 

syn trans 99.6i 12.5 

μ-CO 54.1i 8.2 

 
The structure of 1TS3 is also very similar to the TS structure found by Greco et al. [27] 

relative to the H2 evolution of the (µ-pdt)Fe2(CO)6H2 adduct. 1TS3 further evolves to a 

local minimum (1a(2)) 44.5 kcal·mol-1 higher in energy with respect to 1a. This fact could 

be explained by considering this isomer as electronically unsaturated in the framework of 

the 18 electrons rule, because of the breaking of the Fe-Fe bond. Finally, the structure of 

this isomer resembles the rhombus form of Fe2S2(CO)6 [45] previously characterized as TS 

along the tetrahedrane-butterfly isomerization path. According to the free energy barrier, 

only syn trans CO dissociation is a chemically available process.

2.1.3. Transition states for 2a+-CO CO dissociation.  

The TS structures for the syn cis CO dissociation (2TS1+) is similar to that found on 

the 1a-CO PES but with a Fe-C distance of the leaving group 0.388 Å longer (Figure 5 and 

Figure S2). At variance with 1TS3, this TS evolves toward the syn rotated 2a+ form, which 

is the global minimum of the 2a+ PES. The TS for the syn trans CO dissociation (2TS2+) is 

characterized by the simple elongation of the Fe-C distance to 2.519 Å and the bending of 

the Fe-C-O angle to 139.3°. At the same time, the μ-CO partially loses its bridging charac-

ter, moving toward the syn Fe atom. 2TS2+ evolves as 2TS1+ to 2a+syn. The TS for the μ-CO 

leaving (2TS3+) is characterized by the simple increasing of the Fe-Cμ distances and the 

decreasing of the Fe-Fe distance and evolving toward the 2a+ all terminal ligand. Two fur-

ther pathways for CO release have been characterized, although energetically impeded. 

The first (through 2TS4+) is similar to the one found for 1a-CO, which entails the formation 

of 1TS2 along the syn trans CO dissociation (Figure 4). Here, however, 2TS4+ evolves to-

wards CO release, giving 2a+. The other additional pathway implies 2TS5+, providing a 

second hypothetical route for μ-CO detachment. In analogy to 1TS3 (Figure 4), this is ac-

companied by a conformational rearrangement of the alkyl chain of µ-pdt that brings one 

of the hydrogen atoms of the bidentate ligand closer to Fe. The Fe-C distances of the leav-

ing µ-CO group and the Fe-Fe distance result to be very elongated. This TS structure fur-

ther evolves to a high energy local minimum (2a+(2)).
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. 

Figure 5. Total DFT energy diagram and optimized main geometry parameters of 2a+-CO and cis syn, trans syn and μ-CO 

CO dissociation transition states and products. Energy in Hartree and free-energy barriers in kcal·mol-1. Distances are in 

Å and angles in degrees.

2.2.  Excited states. 

2.2.1 . Electronic transitions 

The simulated spectra of 1a-CO and 2a+-CO were computed at the optimized ground 

state geometry (Table 2) overing a spectral range between 350-700 nm (see Figure 6). 
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Figure 6. TDDFT spectra of 1a-CO and 2a+-CO. The spectrum computed for a (ref. [33]) is also re-

ported for comparison. Stick spectra were first generated and then convoluted (solid line) using 

oscillator strength weighted Gaussian distribution functions centered on the computed excitation 

energies (nm) with halfwidths at half-maxima of 40 nm. 

1a-CO singlet electronic excitations are of HOMO(67a’)→ LUMO+n (n=0-9) type. The 

first two lowest energy transitions involve HOMO(67a')→ LUMO(37a’’) and HOMO(67a')

→ LUMO+1(38a’’) mono-electronic excitations, respectively. In Figure 7 are reported the 

HOMO, LUMO and LUMO+1 1a-CO.  

 . 

Figure 7. MO Isosurfaces (0.05 a.u) for HOMO, LUMO and LUMO+1 of 1a-CO. 

According to the FMO shapes and atomic orbital composition (Figure 7): 

i) HOMO is a sort of three center-two electron Fe-Fe bonding MO through μ-CO; ii) 

LUMO and LUMO+1 are similar in energy and mainly made of Fe-S and trans Fe-C orbit-

als in antibonding combinations. Therefore the first two excitations have a Fe→  S and Fe

→  trans CO charge transfer (CT) character. On average LUMO+3 to LUMO+9 are charac-

terized by significant contributions of the trans CO orbital contribution, and therefore 

HOMO→  LUMO+n (n=3-9) are Fe,S→  trans CO CT bands. 
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The 2a+-CO electronic spectrum is mainly dominated by the SOMO(67a’(α))→ 

LUMO+n(n=0,5) and HOMO- n→ 67a’(β). In detail, LUMO+4/LUMO+9 are mainly char-

acterized by strong trans CO orbital contributions in Fe-C antibonding combinations. The 

percentage Mulliken population of the frontier MOs involved in the excitation are re-

ported in Table S1. None of the unoccupied MOs considered is characterized by strong μ-

CO orbitals contributions, although all are antibonding or non-bonding with respect to 

the Fe-μC bonds. Finally, LUMO+6 and LUMO+7 are also characterized by a significant 

cis CO contributions. These results suggest that i) 92A″ and 112A″ states have a strong Fe,S

→  trans CO CT character and therefore could have a repulsive character with respect to 

the trans CO dissociation; ii) none of the excited states considered presents strong indica-

tion of a μ-CO repulsive character according to FMO shape and composition; iii) 92A″ state 

could be also repulsive with respect to cis CO dissociation. According to these suggestions, 

there might be some repulsive excited state PES along the trans or cis Fe-C bond elonga-

tion, while all excited PESs could be characterized by an energy barrier for the µ-CO dis-

sociation. The scan of the excited state PESs, presented in the following, has been per-

formed to confirm this picture. 

2.2.2.3. a-CO lowest triplet state  

The investigation of the 3a-CO, and in particular of the various CO dissociation TSs 

on such excited state PES, was performed  using ordinary DFT instead of TDDFT, since 

the latter does not allow for computation of frequency modes. 

The lowest triplet state PES has 13A″ electronic term in Cs symmetry, which results 

from the excitation 67a’ → 37a″. The same minimum structure is also found without any 

symmetry constraints. According to the shape of the two MOs involved, this excitation 

can be described as a reorganization of the electron density with a small Fe→  S and Fe→  

trans CO CT. By analyzing the Natural bond order (NBO) total and spin population, we 

verified that i) Fe atoms electron population decreases on average by 0.1 electrons while 

that of the S atoms increases by 0.074 electrons; ii) the most of the NBO spin population 

(1.94 electrons) is localized on Fe atoms (0.96 Fe syn, 0.36 Fe anti), S atoms (0.23 each) and 

the µ-CO (0.16).  

The optimized geometry parameters are reported in Figure 8 and Figure S3. Com-

pared with the singlet ground state i) the Fe-Fe distance decreases by 0.158Å; ii) the µ-CO 

slightly loses its bridging character (the difference between the shorter and the longer Fe-

C distances goes from 0.007Å (singlet) to 0.281Å (triplet)); iii) the syn Fe-S distances in-

crease by 0.235Å. These structural changes are in accordance with the orbital compositions 

and the characters of the two MOs involved in the monoelectronic excitation. The 67a’ 

MO has Fe-Fe antibonding and Fe-Cμ bonding character, while the 37a″ MO composition 

is mainly made of sulfur and iron orbitals in antibonding combinations. The latter MO has 

also a syn trans Fe-C antibonding character, which accounts for the slight trans Fe-C dis-

tances increase. It is interesting that no Fe-Fe BCP was found but the δ(Fe,Fe) value equal 

to 0.183 is even slightly higher than in 1a-CO, thus suggesting that this excitation does not 

involve the Fe-Fe bond. 

The TS structure along the syn cis CO dissociation (3TS1) pathway is similar to that 

found on the ground state PES (Figure 8). The same holds also for the free energy barrier 

(only 1.9 kcal·mol-1 higher in energy with respect to ground state barrier). This TS evolves 

to the syn rotated form 3asyn, which is also the triplet state PES global minimum. The en-

ergy barrier for the trans CO and the µ-CO dissociations are predicted to be lower. The TS 

structure of the trans CO dissociation is similar to that found on the cationic 2a+-CO PES. 

The TS along the µ-CO dissociation pathway (3TS3) structure presents no conformational 

rearrangement of the alkyl chain of bidentate group, and the corresponding free energy 

barrier  is  dramatically  lowered  by  33.3  kcal·mol-1 with  respect to 1TS3.  3TS3 evolves 

to all-terminal triplet 3a, which is a local minimum of the triplet PES 2.4 kcal·mol-1 higher 

in energy compared to the 3asyn global minimum. 
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Table 2. Computed excited-state energies, state compositions, and oscillation strengths for a-CO and 2a+-CO. For each 

transition is reported the molecular term of the corresponding excited state, the excitation energy (in nm), the oscillation 

strength (f), and the main mono-electronic excitations with the corresponding percentage MO composition. 

 

1a-CO nm f 1e  2a+-CO nm f 1e 

11A’’ 767.8 7·10
−8 67a' →37a’’ 12A’’ 764.4 1·10−5 67(α)a' →  37(α)a’’ 

21A’’ 619.1 2·10
−3 67a' →38a’’ 22A’’ 722.1 9·10−4 67(α)a' →  38(α)a’’ 

11A' 546.4 0.02 67a' →68a' 12A' 652.4 
1·10

−3 

  

66(β)a' →   67(β)a' (65%) 

65(β)a' →   67(β)a' (19%) 

67(α)a' →   68(α)a'(12%) 

21A' 464.1 1·10
−2 67a' →69a' 22A' 

637.7 

  
2·10

−3 

  

65(β)a'→   67(β)a' (46%) 

66(β)a'→   67(β)a' (33%) 

67(α)a' →   68(α)a'(17%) 

31A’’ 429.9 6·10
−6 67a' →39a’’ 32A’’ 608.6 1·10-4 36(β)a’’→ 67(β)a' 

31A' 422.1 1·10
−3 67a' →70a' 32A' 604.9 

7·10
−3 

  

67(α)a' →   68(α)a' (52%) 

65(β)a' →   67(β)a'(33%) 

63(β)a' →   67(β)a' (11%) 

41A’’ 407.5 1·10
−3 67a' →40a’’ 42A’’ 566.2 9·10−3 35(β)a’’→   67(β)a' 

51A’’ 405.6 3·10
−4 

67a' →  41a’’ (63%) 

67a' →40a’’ (34%) 
42A' 540.1 2·10−3 64(β)a'→   67(β)a' 

41A' 403.4 3·10
−3 67a' →  71a'(69%) 

67a' →72a'(27%) 
52A' 504.8 4·10−3 

63(β)a' →  67(β)a' (63%) 

67(α)a' →  70(α)a'(17%) 

67(α)a' →  68(α)a'(14%) 

61A’’ 400.3 3·10
−4 

66a' →  37a’’ (62%) 

67a' →41a’’ (33%) 
52A’’ 

475.6 

  
2·10-7 

34(β)a’’→67(β)a'(81%) 

67(α)a'→37(α)a’’(16%) 

        62A' 463.4 4·10
−3 67(α)a' →  69(α)a' 

        62A’’ 458.9 2·10
−5 

67(α)a'→ 39(α)a’’(82%) 

34(β)a’’→ 67(β)a'(16%) 

        72A' 442.5 7·10
−3 67(α)a' → 70(α)a' (78%) 

63(β)a' → 67(β)a' (15%) 

        72A’’ 433.0 5·10
−7 

66(α)a'→ 38(α)a’’(42%) 

66(β)a'→ 38(β)a’’(27%) 

66(β)a' →37(β)a’’(14%) 

65(β)a' →37(β)a’’ (5%) 

        82A’’ 430.3 3·10
−7 

65(α)a' →37(α)a’’(34%) 

65(β)a' →37(β)a’’(21%) 

65(β)a' →38(β)a’’(13%) 

66(β)a' →38(β)a’’(11%) 

        82A' 412.8 2·10
−3 

62(β)a' → 67(β)a' (31%) 

36(α)a’’→37(α)a’’(28%) 

36(β)a’’→37(β)a’’(18%) 

36(α)a’’→ 38(α)a’’ (8%) 
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        92A’’ 414.5 1·10
−3 67(α)a'→ 40(α)a² 

        102A’’ 410.2 2·10
−3 

66(α)a' →37(α)a’’(33%) 

66(β)a' →37(β)a’’(21%) 

67(α)a' → 41(α)a’’(9%) 

66(β)a' → 38(β)a’’ (9%) 

        112A’’ 409.9 8·10
−3 

67(α)a' →41(α)a²(87%) 

66(β)a' →37(β)a² (4%) 

        92A' 408.3 7·10
−4 

36(α)a’’→38(α)a’’(33%) 

36(β)a’’→38(β)a’’(31%) 

36(α)a’’→37(α)a’’(15%) 

66(β)a' → 68(β)a' (5%) 

        102A' 405.1 1·10
−3 

62(β)a' → 67(β)a' (44%) 

36(β)a’’→37(β)a’’(27%) 

36(α)a’’→37(α)a’’(9%) 

 

Figure 8. Total DFT energy diagram and optimized main geometry parameters of 3a-CO and cis syn, trans syn and μ-CO 

CO dissociation transition states and products. Energy in Hartree and free-energy barriers in kcal·mol-1. Distances are in 

Å and angles in degrees.
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2.2.32. a+-CO 12A″ excited state PES exploration 

12A″ state is the lowest doublet excited state of 2a+-CO, characterized by the 67a’(α)→  

37a″(α) mono-electronic excitation. Analogously to 3a-CO, this state has both Fe→  S and 

Fe→  COtrans MLCT characters. It is possible to explore the corresponding PES at DFT level 

by imposing the Cs symmetry and the proper MO occupancy (66a′(2)67α′(α)(0)37α″(α)(1)) 

in order to constrain the wavefunction to the correct electronic term. Using this approach, 

one can optimize the structure, providing to maintain the molecular symmetry through-

out the optimizations. This last point is clearly a limitation that does not allow us to study 

the structure of the TS. For these reasons, the results obtained cannot be compared in the 

same way we did for 1a-CO and its lowest triplet state PES, but provide insights on the 

topology of the lowest singlet excited state PES of 2a+-CO which is the closest model of the 

first 2a+-CO excited state.  

Minimum structure. Starting from 2a+-CO, the structure converges to a local mini-

mum (Figure 9). The optimized geometric parameters are similar to those obtained for the 
3a-CO triplet state minimum structure, since the mono-electronic excitation is identical. 

With respect to the 2a+-CO ground state, the Fe-Fe distance decreases by 0.1Å and syn Fe-

S distances are increased by 0.229Å. 

 

Figure 9. DFT optimized geometry of the 2a+-CO 12A″ excited state at DFT level imposing the 

proper MO occupancy. Distances in Å. 

Moreover, we observe a clear loss of the bridging character of the µ-CO, similarly to 

the case of the µ-H models [46]. The analysis of the NBO atomic and spin populations 

enlighten the electronic nature of this excited form. Upon excitation is observed i) a net 

CT of 0.4 e Fe atoms to trans CO ligand induced by the population of the 37a″(α); ii) an Fe 

atomic charges difference of 0.32 e (compared to that of 2a+-CO ground state equal 0.03 e); 

iii) a spin localization on distal Fe suggesting a FedIIFepI electronic state. This brings to the 

trans Fe-C bonds elongation and at the same time detemines the Fe-Fe bond shortening. 

As a side effect, the Fed-S result highly elongated.  

2.2.42. a+-CO excited state PES scanning 

We considered the scanning of the first 20 excited state PES along the syn cis, trans cis 

and bridged CO dissociation paths starting from the ground state geometry. In Figure 10 

are reported the excitation energies along each path for the 20 excited states considered. 

The scanning along the syn cis CO dissociation path does not evidence the dissociative 

nature of the PESs considered. The scanning along the syn trans CO dissociation path ev-

idence at least two dissociative excited state PES, as suggested by the complex succession 

of avoided MO crossing that involve the 72A″ and 112A″ states. Similarly, the scanning 

along the µ-CO dissociation path shows an avoided crossing between 12A″ and the 2A’ 

ground state. The other excited PESs are bound with respect to this dissociation. 
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Figure 10. Potential energy surfaces of the ground state and the first 20 singlet excited states of 2a+-CO along the apical 

and equatorial Fe-CO stretching coordinates (in Å). Energy differences in kcal mol-1 computed with respect to the ground 

state energy. In syn trans and µ Fe-CO plots are also evidenced the excitations whose dynamics lead to the CO photolysis 

after a series of internal conversions. 

As a final step in the investigation of the first 2a+-CO excited state, we optimized its 

geometry at TDDFT level starting from the 2.2 Å syn trans Fe-CO elongated structure iden-

tified in the PES scans reported in Figure 10. 

 

 

Figure 11. TDDFT optimization energy profiles for the first excited state of 2a+-CO (12A” in red), 

starting from the 2.200 Å syn trans Fe-CO elongated structure, evidencing the conical intersection 

with the ground state (in blue) reached after 7 optimization cycles at Fe-CO 1.840 Å. Energies in 

Hartree. 
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TDDFT optimization energy profile is reported in Figure 11. The optimization does 

not converge to a stationary point and the lowest energy structure before the conical in-

tersection is characterized by a syn trans Fe-C distance equal to 1.840 Å, in line with the 

PES scan. 

3. Methods 

All computations were carried out using the TURBOMOLE suite of programs [47,48]. 

The pure Gradient Generalized Approximation (GGA) BP86 [49,50] DFT functional was 

chosen, in conjunction with a triple-ζ plus polarization split valence quality (TZVP) basis 

set [51], adopted for all atoms. The resolution-of-identity technique was also adopted [52]. 

The choice of such level of theory is justified by its satisfactory performances in the mod-

elling of hydrogenase-related systems [53–56]. The optimization of transition state struc-

tures on the ground state PES has been carried out according to a procedure based on a 

pseudo-Newton-Raphson method. All ground state and excited state geometry optimiza-

tions were carried out with convergence criteria fixed 10-7 Hartree for the energy and 0.001 

hartree·Å-1 for the gradient norm vector. This computational setting provides ground state 

geometry parameters in concordance with experimental X-ray values, and a reasonable 

picture for excited state PES properties. 

4. Conclusions 

The 1a-CO and 2a+-CO can be considered as simple models of the [FeFe]-hydrogenase 

catalytic site in its CO inhibited form. More in general, they are also quite simple models 

of oversaturated metallo-carbonyl complexes and the investigation of their photochemis-

try can be useful to deeply understand the nature of the CO photo-dissociative channels 

in these moieties. 

The 1a-CO and 2a+-CO ground state PESs exploration at DFT level evidences that the 

two complexes are bound with respect to any CO dissociation paths, being the lowest free 

energy barriers for the terminal cis CO dissociation as large as 9.2 and 14.6 kcal·mol−1, re-

spectively. The other two barriers are much higher, and all characterized by a significant 

distortion of the molecular geometry. The analysis of the electron density at QTAIM level 

shows that the stability of the 1a-CO and 2a+-CO is possible to the detriment of the Fe−Fe 

bonds: the bonding density to form the new Fe-C bond comes mainly from the Fe-Fe bond, 

according to the decrease of the δ(Fe,Fe) going from 1a and 2a+ to 1a-CO and 2a+-CO. These 

results also suggest that at least  2a+-CO could be synthetically achieved.  

The investigation of the nature and reactivity of the excited states has been carried 

out in two ways, first at DFT level by imposing spin triplet state MO occupancy or exploit-

ing the symmetry features of the two models imposing their Cs symmetry; then we per-

formed PES scan at TDDFT level with no symmetry constraints.  

The lowest triplet state of 3a-CO is characterized by the HOMO→  LUMO monoelec-

tronic excitation and it is bound with respect to any CO dissociations. The global mini-

mum shows a Fe-Fe bond decreasing and a syn Fe-S bond increasing that mirror the fea-

tures of the LUMO. Since the excitation does not involve Fe-Fe bonding/antibonding MOs, 

the delocalization index δ(Fe,Fe) is similar to that of 1a-CO. The free energy barriers for 

trans syn and µ-CO dissociation result to be dramatically lowered with respect to those 

computed for 1a-CO. The corresponding TS structures do not show significant geometry 

distortions. µ-CO dissociation presents the lowest free energy barrier, and the TS evolves 

toward the 3a all-terminal form, a local minimum on the lowest triplet state PES. 

The 12A’’ 2a+-CO PES has been explored at DFT level by imposing the Cs symmetry 

and the proper MO occupancy. Geometry optimization converges to a local minimum 

whose structure is similar to 3a-CO but with a larger loss of the bridging character of the 

µ-CO. 

The computations for the excited state at DFT level (3a-CO 12A’’ 2a+-CO) strongly sug-

gest that upon excitation all CO dissociation pathways are photochemically available com-

pared to the ground state, in particular the trans syn and µ-CO ones. This latter conclusion 
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is corroborated by the scan of the 2a+-CO excited PES at TDDFT level. We observe a clear 

sequence of internal conversions along the trans syn CO (72A″ and 112A″ states) and µ-CO 

dissociation pathways. Moreover, these channels are available upon irradiation in the vis-

ible range, populating a Fe,S→  CO MLCT band. 

A further aspect is related to the differences among 1a-CO/1a and  2a+-CO/2a+ excited 

state dynamics. Indeed  the CO inhibited models do not show any photo-isomerization 

processes as in the case of the 1a and 2a+. This fact suggests a sort of regioselectivity for the 

CO photolysis of 1a and 2a+ in which only trans and bridging CO are involved. In conclu-

sion, we can reasonably claim that the low-energy excitations of an oversaturated metallo-

carbonyl complex such those investigated here are characterized by at least one CO dis-

sociative channel,  most likely of a terminal ligand. This result can be useful also for a 

better rationalization of photolysis occurring in the CO inhibited [FeFe]-hydrogenase en-

zyme. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figures 

S1, S2, S3: optimized structures and geometrical parameters of minima and transition states in-

volved in CO dissociation from 1a-CO, 2a+-CO, 3a-CO, respectively; Table S1: Mulliken population 

analysis of 2a+-CO FMOs; cartesian coordinates of 1a-CO, 2a+-CO, 3a-CO, 2a+-CO 12A’’. 
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