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Abstract 

Since the synthesis of ferrocene in 1951, metallocenes have attracted attention, making the 

accurate prediction of their electronic structure and ionization energy crucial for under-

standing their photophysical and electrochemical behavior in materials and in biological 

systems. Here, we combined Density Functional Theory (DFT), Complete Active Space 

Self-Consistent Field (CASSCF), NEVPT2 (N-Electron Valence State Perturbation Theory) 

and Coupled Cluster approaches (CCSD, DLPNO-CCSD(T)) to study the electronic struc-

ture, ionization energies (IEs) and absorption spectra of metallocene and metallocenium 

complexes in the gas phase and in THF implicit solvent. DFT IEs agree closely with 

NEVPT2 and DLPNO-CCSD(T) values and with experiment values (deviations 0.02–0.3 eV). 

For CASSCF and NEVPT2, the minimal active space of the d electrons at six orbitals is not 

enough for the accurate prediction of the IEs, while an extended active space incorporating all 

3d metal electrons plus four ligand valence electrons into 15 orbitals improves the calculated 

IE values. In solution, computed oxidation energies (OEs) in THF reproduce experimental val-

ues and follow the Fe > Ni > Co ordering. Substitution of metallocene complexes with chro-

mophore units results in similar OEs. Overall, the substitution effects remain modest: the effect 

of substitution on OE values results in differences up to 0.2 eV. These results clarify the effect 

of the metal center on IE and OE values and UV–vis absorption behavior. 

Keywords: metallocene; metallocenium; iron; cobalt; nickel; open shell systems; transition 

metals; DFT; CCSD; DLPNO; CASSCF; absorption spectra; ionization energy 

 

1. Introduction 

Since its first characterization in 1951 [1], ferrocene has been extensively studied [2–

13]. In its pure form, it is a highly stable, light-orange crystalline solid whose UV–vis ab-

sorption spectrum has been thoroughly investigated [11,14]. Its characteristic color arises 

from a dipole-forbidden transition at 440 nm and a shoulder at 528 nm, both of which gain 

intensity through vibronic coupling. Additional weak features include a band at 324 nm 

and several allowed but low-intensity absorptions between 265 and 230 nm. Very intense 

absorption appears at wavelengths higher than 202 nm, due to strongly allowed charge 

transfer (CT). 
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From a theoretical perspective, both low- and high-lying excited states of ferrocene 

exhibit comparable degrees of charge-transfer character [2]. Its electronic structure and 

geometry, in both eclipsed and staggered conformations, have been studied in the gas 

phase using Density Functional Theory (DFT), Configuration Interaction Singles (CIS), 

and Time-Dependent DFT (TD-DFT). The calculated vibrational modes for singlet, triplet, 

and quintet spin states show good agreement with experimental observations [7]. The dif-

ferent oxidation states of metallocenes influence their optical characteristics. For iron, it 

has been established that neutral ferrocene is essentially apolar, with its ground and low-

lying excited states largely insensitive to solvent polarity, whereas the properties of the 

ferrocenium cation depend significantly on the solvent environment [3]. The redox poten-

tial of the ferrocenium/ferrocene (Fc+/Fc) couple has been successfully reproduced using 

a combined Molecular Dynamics (MD) and Perturbed Matrix Method (PMM) approach, 

yielding results consistent with experimental data [3,12,13]. 

Substitution of the metal center with other transition metals also leads to pronounced 

changes in color and electronic properties. While ferrocene is orange, cobaltocene forms 

deep-purple crystals and nickelocene appears as a bright-green solid [14]. Compared to 

ferrocene, these analogs have been studied less extensively. In the gas phase, their valence 

electronic structure has been probed using photoelectron spectroscopy [15], allowing as-

signment of calculated shape resonances to specific initial and final states. For nickelocene, 

absorption maxima have been reported at 192, 307.5, and 692 nm, with additional shoul-

ders at 270, 345, 440, and 570 nm [4]. The transition at 192 nm is allowed but less intense 

than the corresponding transition in ferrocene, while the band at 307.5 nm is relatively 

strong and occurs near the wavelength of the intermolecular charge-transfer band of fer-

rocene in carbon tetrachloride. The remaining features closely parallel those observed in 

ferrocene [4]. Analysis of the electronic structure of the three metallocenes shows that their 

valence molecular orbitals arise from combinations of metal and cyclopentadienyl (Cp) 

atomic orbitals [10,16]. Comparative studies indicate that cobaltocene is more stable than 

nickelocene. Far-UV absorption spectra recorded in the gas phase reveal that charge-trans-

fer states possess partial Rydberg character, although contributions from higher electronic 

configurations cannot be neglected [5]. 

The redox properties of metallocenes have likewise been studied in detail. Reduction 

potentials for the Mc/Mc+ couples (M = Fe2+/3+, Co2+/3+, Ni2+/3+) range from 4.85 to 5.25 V in 

water and acetonitrile [8], and gas-phase values have also been computed, all in good 

agreement with experimental data [17–25]. 

More specifically, Rudshteyn et al. [18] applied the auxiliary-field quantum Monte Carlo, 

where the adiabatic ionization energy was computed with the two-step procedure (AFQMC 

CS), or directly as a two-point energy difference (AFQMC PC) in six metallocene complexes 

to calculate IEs theoretically. They also carried out DFT calculations using various functionals 

along with one variant of localized Coupled Cluster calculations (DLPNO-CCSD(T0) with 

moderate PNO cut-offs). They evaluated the mean absolute errors and by utilizing experi-

mental solvation energies, they showed that accurate reduction potentials in solution for the 

metallocene series can be obtained from the AFQMC gas-phase results. 

Aðalsteinsson and Bjornsson [22] assessed the accuracy of DLPNO-CCSD(T) with re-

spect to geometry, reference determinant, basis set size and extrapolation schemes, PNO 

cut-off and extrapolation, local triples approximation, relativistic effects and core–valence 

correlation using highly accurate ZEKE-MATI experimental measurements of gas-phase 

adiabatic and vertical ionization energies of cobaltocene. Results showed that CCSD(T) 

seems fully capable of describing the IEs of these systems well. 

Zhao et al. [8] conducted a theoretical investigation on the accurate reduction poten-

tial predictions for ferrocene, cobaltocene and nickelocene. The gas-phase ionization en-

ergy was computed with CCSD(T) F12, including the zero-point energy correction, core–
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valence electronic correlation, and relativistic and spin–orbit coupling effects. This theo-

retical procedure was found to yield accurate reduction potential predictions of 

Cp2Fe+/Cp2Fe, Cp2Co+/Cp2Co and Cp2Ni+/Cp2Ni redox couples both in aqueous and non-

aqueous media. 

Why is theory important? Accurate ab initio prediction of electronic structure, excited 

states, and ionization energies is essential for understanding the chemical, photophysical, 

and electrochemical behavior of transition-metal complexes in both materials science and 

biological contexts [26–28]. With theory we can also assist in the design of new systems 

without the need to first synthesize them. 

In the present study, we employ a range of computational approaches to investigate 

the metallocene systems M2+(C5H5−)2 and their oxidized counterparts M3+(C5H5−)2 (Mc and 

Mc+, with M = Fe, Co, Ni). This includes DFT, Complete Active Space Self-Consistent Field 

(CASSCF), Coupled Cluster (CC), and Domain-Based Local Pair Natural Orbital CC 

(DLPNO-CC). The calculations are performed in gas phase and in solution by employing 

a polarizable continuum model (PCM). The performance of DFT, DLPNO-CCSD(T), 

CASSCF, and NEVPT2 is assessed by comparison of our results with available experi-

mental data. Note that multireference methods have not been applied to such systems so 

far, to our knowledge. So, while DFT and DLPNO-CCSD(T) are commonly used method-

ologies for ionization potentials, multireference treatments of oxidized metallocenes and 

metalloceniums remain underexplored. Therefore, the methodologies employed here pro-

vide a comprehensive assessment that takes into consideration both advantages and lim-

itations of each approach to obtain reliable and well-balanced results. Furthermore, appli-

cation of the above methodologies is also shown for exemplary metallocene-containing 

chromophores. Thus, the aim is to develop systematic linkages between metal identity, 

oxidation energies in solution, and absorption properties of both metallocenes and their 

derivatized analogs. The comparison between gas-phase ionization energies and solution-

phase oxidation energies, along with CCSD benchmarking and spin-state effects analysis 

in nickel complexes, provides further insight into the effect of derivatization on the elec-

tronic structure of metallocene units. 

2. Results and Discussion 

First, we present our data on ferrocene (Fc), ferrocenium (Fc+), cobaltocene (Cc), co-

baltocenium (Cc+), nickelocene (Nc), and nickelocenium (Nc+), see Figure 1, in the gas 

phase and in THF solvent. We studied the ground and excited states in the gas phase via 

(TD-)DFT, DLPNO-CCSD(T), CASSCF, and NEVPT2 methodologies and we calculated 

the ionization energy (IE) that corresponds to the reaction Mc ⟶ Mc+ + e−. Note that the 

ionization energy in the gas phase is also called ionization potential. Here we use the term 

ionization energy. Comparison of our results with the experimental and published high-

level calculations is presented as well. 

Data on the ground states and the absorption spectra of the six species in THF solu-

tion upon performing (TD-)DFT calculations are also presented. In solution, the corre-

sponding energy required to oxidize the metallocene, Mc ⟶ Mc+ + e−, is called oxidation 

energy (OE). Note that the oxidation energy is different from the redox potential which 

measures the relative electrochemical tendency for the reduction, e.g., A+ + e− → A, versus 

the standard hydrogen electrode, expressed in volts under standard conditions. 
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Figure 1. Molecular structures of the metal complexes under study. 

DFT: The geometry and electronic spectra of Fc, Cc, Nc, Fc+, Cc+, and Nc+ were calcu-

lated via DFT and TD-DFT using the PBE0 [29-31], TPSSh [32,33] and ωB97X-D [34] func-

tionals in conjunction with the 6-31G(d,p) [35] and def2-TZVP [36] basis sets in the gas 

phase and in THF solvent (see Table S1, SI). Note that the PBE0 functional is widely used 

and can generally provide geometries and electronic spectra in good agreement with the 

experiment [37,38]. It has been successfully used in conjunction with the 6-31G(d,p) basis 

set in our previous calculations on derivatives of ferrocene species [39,40] in excellent 

agreement with available experimental data regarding the absorption UV–vis spectra [41]. 

TPSSh is widely used and it has been reported to provide reliable descriptions regarding 

transition-metal electronic structure and metal–ligand interactions [32,33] and it often im-

proves the balance between exchange and correlation effects opposed to conventional hy-

brid GGAs [32,33]. Finally, ωB97X-D is a popular functional and is regarded appropriate 

for the description of long-range interactions [34]. The formulation of ωB97X-D improves 

the description of long-range electron interactions and reduces self-interaction errors, 

which are particularly relevant for transition-metal systems and for the prediction of ion-

ization energies and excitation energies [34]. 

CC: Coupled Cluster Singles and Doubles (CCSD) [42] and DLPNO [43], an efficient 

local approximation, were employed for the CC calculations, i.e., DLPNO-CCSD and 

DLPNO-CCSD(T), where the triplet excitations are treated perturbatively. DLPNO makes 

CC methods practical for large systems since it has the advantage of reducing the compu-

tational cost, while retaining near-“gold-standard” accuracy [43]. 

NEVPT2: CASSCF [44] and NEVPT2 [45,46] calculations were also performed on all 

metallocene and metallocenium complexes. The CASSCF and NEVPT2 calculations were 

carried out on geometries obtained at the ωB97X-D/def2-TZVP level of theory, since it has 

been demonstrated that DFT can provide better geometries for the metal complexes than 

the CASSCF method [47–49]. The active space is denoted as CASSCF(n,o) and 

NEVPT2(n,o), respectively, where n refers to the number of electrons and o corresponds 

to the number of orbitals. Here, two types of active spaces (a) and (b) were used. Specifi-

cally, the active spaces are constructed as follows: (a) Fc (6e, 6o), Fc+ (5e, 6o), Cc (7e, 6o), 

Cc+ (6e, 6o), Nc (8e, 6o), Nc+ (7e, 6o), and (b) Fc (10e, 15o), Fc+ (9e, 15o), Cc (11e, 15o), Cc+ 

(10e, 15o), Nc (12e, 15o), and Nc+ (11e, 15o); for instance, Fc+(5e,6o) means that five elec-

trons are actively distributed within the space of six orbitals. Space (a) has been con-

structed to include only the metal-centered 3d electrons to six orbitals (there are six sd5 

orbitals of metal) and these are the key ligand-based orbitals involved in bonding and 

redox processes. Space (b) is an extended active space which has been constructed to in-

clude all 3d electrons + four valence occupied electrons of the ligands to 15 orbitals (nine 

sd5p3 orbitals of metal + two occupied orbitals + four unoccupied orbitals). 

2.1. Ionization Energy and Electronic Excited States of Metallocene Molecules in Gas Phase 

Our calculated adiabatic ionization energies (IEs) of the Fc/Fc+, Cc/Cc+, and Nc/Nc+ 

species were computed at all levels of theory (see Table 1). The mean absolute errors 

(MAEs) with respect to the experimental values are also provided. The corresponding 
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experimental values and the best published extrapolated calculated IEs are also included. 

Note that at the CASSCF and NEVPT2 levels of theory, the ground states of the species 

were calculated without any state-average (SA) calculations. 

Table 1. Ionization energies (IEs) (eV) using different levels of theory in the gas phase; mean abso-

lute errors (MAEs) with respect to the experimental values; experimental values and the best pub-

lished extrapolated calculated values are also included. 

Methodology IE IE a MAE 

 Fc/Fc+ Cc/Cc+ Nc/Nc+ Nc/Nc+ Fc/Fc+ Cc/Cc+ Nc/Nc+ 

PBE0/6-31G(d, p) 6.24 5.12 6.21 5.14 −0.40 −0.24 −0.03 

PBE0/def2-TZVP 6.37 5.46 6.55 5.52 −0.27 0.11 0.32 

PBE0/def2-TZVPP 6.34 5.47 6.55 5.59 −0.30 0.11 0.32 

ωB97X-D/def2-SVP 6.53 5.47 6.61 5.47 −0.11 0.11 0.38 

ωB97X-D/def2-TZVP 7.16 5.44 6.56 5.57 0.52 0.09 0.32 

CASSCF b (a) 4.70 5.73 6.14  −1.94 0.38 −0.10 

CASSCF c (b) 5.26 5.24 5.58  −1.38 −0.12 −0.66 

NEVPT2/def2-TZVP (a) b 5.80 4.74 5.96  −0.84 −0.62 −0.28 

NEVPT2/def2-TZVP (b) c 6.66 5.75 6.49  0.02 0.40 0.26 

DLPNO-CCSD/def2-TZVP 6.45 5.31 6.73 5.48 −0.19 −0.05 0.50 

DLPNO-CCSD(T)/def2-TZVP 6.46 5.02 6.31 5.29 −0.18 −0.34 0.07 

DLPNO-CCSD/cc-pVTZ 6.47 5.37 6.77 5.59 −0.17 0.01 0.53 

DLPNO-CCSD(T)/cc-pVTZ 6.51 5.07 6.32 5.40 −0.13 −0.29 0.09 

Expt d 6.638 ± 0.065 
5.355 ± 0.065 

5.3275 ± 0.0006 
6.235 ± 0.065     

Extrapolated-AFQMC PC/CAS e 6.867 ± 0.101 5.298 ± 0.080 6.222 ± 0.071  0.23 −0.06 −0.01 

Extrapolated-AFQMC CS/CAS e 6.625 ± 0.088 5.392 ± 0.079 6.255 ± 0.093  −0.01 0.04 0.02 

Extrapolated-DLPNO-CCSD(T0) f 6.772 5.308 6.393  0.13 −0.05 0.16 

CCSD(T)Canonical/cc-pVDZ-DK g  4.844    −0.51  

CPS(2)(T0)/cc-pVDZ-DK h  4.863    −0.49  

Extrapolated CPS i  5.2579    −0.10  

CCSD(T)-F12 j 6.790 5.287 6.321     

a With respect to the singlet state of Nc. b Type (a) CASSCF and NEVPT2 calculations. c Type (b) 

CASSCF and NEVPT2 calculations. d Refs. [20–24]. e Ref. [18], auxiliary-field quantum Monte Carlo. 
f Ref. [18], extrapolated values with TZ/QZ basis sets. g Ref. [23]. h Ref. [22], complete PNO space 

limit (fS). i Ref. [22], extrapolation of total ionization energy DLPNO-CCSD(T) energies to complete 

PNO space limit (CPS), cc-pwCVnZ (Co)/cc-pVnZ (C,H). j Ref. [8], CCSD(T)-F12/aug-cc-pVQZ 

method, where the zero-point energy correction, core–valence electronic correlation, and relativistic 

and spin–orbit coupling effects are included. 

The measurement of the ionization and reduction energies of ferrocene experimen-

tally is resource-intensive, with older reports (1960s–1990s) showing gas-phase ionization 

energies (IEs) from 6.60 to 7.20 eV, NIST’s benchmark at 6.71 ± 0.08 eV, and via ETE at 

6.638 ± 0.065 eV. [21] Experimentally, the adiabatic ionization for cobaltocene has been 

measured at 5.3275 ± 0.0006 eV (ZEKE-MATI) and 5.355 ± 0.065 eV (ETE), and for nickel-

ocene at 6.235 ± 0.065 eV (ETE) [20,23,24]. 

Here, we calculate the IEs of Fc/Fc+, Cc/Cc+, and Nc/Nc+ with the commonly used 

PBE0 functional for the calculation of the UV–vis spectra [38,39] and the ωΒ97Χ-D func-

tional which is a good choice since it can describe long-range interactions. Our results are 

in good agreement with the experimental results (see Figure 2). Specifically, the deviation 

of the DFT-calculated IE values from the experimental ones ranges from 0.03 eV to 0.52 

eV, supporting the reliability of the spectral assignments. The commonly used PBE0/6-
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31G(d,p) method, which is applied for the calculation of the electronic spectra of large 

complexes, predicts the IP values very well, with an error that ranges from 0.5% (Nc/Nc+) 

to 6% (Fc/Fc+). 

 

Figure 2. Ionization energies (IEs) of Fc/Fc+, Cc/Cc+, and Nc/Nc+ at different levels of theory in the 

gas phase, where i: 6-31G(d, p), ii: def2-TZVP, iii: def2-TZVPP, iv: def2SVP, and v: cc-pVTZ. Exper-

imentalvalues are given for comparison [20,23,24]. (a) stands for Type (a) CASSCF and NEVPT2 

calculations and (b) for Type (b) CASSCF and NEVPT2 calculations, as stated above. 

Furthermore, the NEVPT2 methodology was applied using two active spaces 

NEVPT2(5e−8e,6o) and NEVPT2(9e−12e,15o). The deviation of the NEVPT2-calculated IE 

values from the experimental ones ranges from 0.28 eV to 0.84 eV in the small active space, 

while increase in the active space leads to a decrease in the deviation, i.e., the deviation 

from the experimental values ranges from 0.02 eV to 0.26 eV. So, our best NEVPT2 IE 

values are 6.66 eV (Fc/Fc+), 5.75 eV (Cc/Cc+), and 6.49 eV (Nc/Nc+). Overall, the extended 

active space (b) results in IEs that are in better agreement with the experimental values 

than the minimal active space (a) for both CASSCF and NEVPT2 methods. So, the active 

space of the d electrons at six orbitals is not enough for the accurate prediction of the IEs. 

Finally, it should be noted that overall CASSCF provides less accurate IE data than DFT 

results even though a large active space is used. 

DLPNO-CCSD(T) using a triple zeta quality basis set predicts the IP values very well, 

i.e., 6.51 eV, 5.07 eV and 6.32 eV, respectively. The largest DLPNO-CCSD(T) deviation is 

observed for the Cc/Cc+ pair; however, the corresponding DLPNO-CCSD value is 5.37 eV 

in excellent agreement with the experimental one of 5.355 ± 0.065 eV, but it most probably 

is due to some spurious cancelation of errors. In general, DLPNO-CCSD(T) can handle 

small amounts of static correlation very well. On the other hand, the NEVPT2 method 

should be employed when the multireference treatment of a system is necessary, so that 

both static and dynamic correlation are included. The issue of the NEVPT2 method is that 

it is affected by the active spaces chosen [50] which is observed here as well, especially in 
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the case of the Fc/Fc+ pair. In general, our results are in very good agreement with recent 

theoretically calculated IEs using the auxiliary-field quantum Monte Carlo [18] where the 

adiabatic ionization energy is computed with the two-step procedure (AFQMC CS), or 

directly as a two-point energy difference (AFQMC PC) [18]. This is supported by the mean 

absolute error values as seen in Table 1. Furthermore, their AFQMC-calculated IEs were 

extrapolated as well as at DLPNO-CCSD(T0) with TZ/QZ basis sets [19] or DLPNO-

CCSD(T) energies to complete PNO space limit (CPS) using cc-pwCVnZ (Co)/cc-pVnZ 

(C,H) [22]. The extrapolation reduced the deviation from the experimental values, and the 

calculated deviation ranges from 0.01 eV to 0.16 eV, showing the extrapolation is neces-

sary for excellent agreement with the experimental values. The extrapolation shows that 

the methods can provide excellent results; however, when large complexes or molecular 

systems including metallocenes are calculated, the extrapolation of the IE values is obvi-

ously not feasible. A two-point extrapolation based on DZ/TZ basis sets may be used, but 

double-ζ quality is not recommended for CCSD(T). The present calculations show that 

commonly used density functionals such as PBE0 and ωΒ97Χ-D can provide good ener-

getics at reduced computational cost, while NEVPT2 and DLPNO-CCSD(T) are expected 

to yield consistently good results in more complex systems where DFT may fail, but with 

a significantly increased cost in computational resources. 

The relative energies of Fc/Fc+, Cc/Cc+, and Nc/Nc+ via (TD-)DFT, DLPNO-CCSD(T), 

CASSCF, and NEVPT2 methodologies are depicted in Figure 3. At the CASSCF and NEVPT2 

levels of theory, the excited states were calculated via state-average (SA) calculations including 

10 states for each multiplicity of spin, i.e., Fc: singlet, triplet, and quintet states; Fc+: doublet, 

quartet, and sextet states; Cc: doublet and quartet states; Cc+: singlet, triplet, and quintet states; 

Nc: singlet and triplet; and Nc+: doublet and quartet. The ground state of ferrocene is a singlet 

closed shell state. The first excited state is a triplet state lying at 1.44(1.56)[2.24] eV at 

PBE0(CASSCF)[NEVPT2]. The lowest-in-energy quintet state lays at (2.53)[3.40] eV respec-

tively; it is observed that the NEVPT2 relative energy gaps are increased with respect to 

CASSCF or DFT gaps. The ground state of ferrocenium is a doublet state lying at 

6.37(5.26)[6.66] eV above the ground state of ferrocene, while its first excited state is also a 

doublet state which is energetically degenerate with the ground state of ferrocenium. 

Regarding cobaltocene, the state lowest in energy is a doublet state. The first excited 

state is also a doublet state lying at 0.45(0.53)[0.49] eV, i.e., all methodologies predict the 

same energy gap, while the quartet state of cobaltocene lays at 0.70(0.92)[0.61] eV above 

the ground doublet state. The ground state of cobaltocenium is a singlet state lying at 

5.46(5.24)[5.75] eV above the ground state of cobaltocene, while the first excited state is a 

triplet state lying at 1.89(1.81)[4.62] eV above the ground state of cobaltocenium. 

Finally, regarding the nickelocene and nickelocenium pair, see Figure 3iii, the state 

lowest in energy of nickelocene is a triplet state. PBE0 and NEVPT2 predict a singlet state 

as the first excited state, while CASSCF predicts a triplet state as the ground one. Thus, 

the lowest triplet state lays at 1.03(1.33)[1.60] eV and it is energetically degenerate with 

respect to another triplet state, while the first excited singlet state is lying at 1.70(1.02)[1.96] 

eV and is also energetically degenerate to another singlet one. Overall, PBE0 is in better 

agreement with respect to the IEs compared to the CASSCF. 
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Figure 3. Relative energies of the electronic excited states of (i) ferrocene and ferrocenium, (ii) co-

baltocene and cobaltocenium, and (iii) nickelocene and nickelocenium via the PBE0/def2-TZVP, 

CASSCF(b)/def2-TZVP, NEVPT2(a)/def2-TZVP, and NEVPT2(b)/def2-TZVP methods. 
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2.2. Metallocene Molecules and Derivatives in Implicit Solvent 

The metallocene (Fc, Cc, Nc) and metallocenium (Fc+, Cc+, Nc+) molecules have been 

studied using DFT methodologies in implicit THF solvent. Geometry, oxidation energy 

and UV-vis absorption spectra have been calculated. These calculated data are compared 

with those of the metallocene-4-amino-1,8-naphthal-imide-piperazine molecules (1-M2+), 

its protonated complex (1-H+-M2+), and the corresponding metallocenium complexes from 

Ref. [39]. The aim is to study the effect of the electronic properties and ionization energy of 

Mc/Mc+ upon derivatization (see Figure 4). Our previous study [41] was focused on the pho-

tophysical properties and the effect of structural factors on their absorption spectra as well 

as the methodologies used for the investigation [41]. Here, these systems are reconsidered 

within a different framework, while additional states for the nickelocene derivatives have 

been calculated. Specifically, the triplet states of 1-Ni2+ and 1-H+-Ni2+ were not studied in our 

previous work and are investigated here. Furthermore, the OEs of the Mc/Mc+ are compared 

with those of their 4-amino-1,8-naphthalimide-piperazine derivatives to determine whether 

the OEs remain unchanged or are affected by derivatization. To sum up, our aim is to de-

velop systematic linkages between metal identity, oxidation energies in solution, and ab-

sorption properties of both metallocenes and their derivatized analogs. 

 

Figure 4. Molecular structures of metal complexes studied in solvent. 

2.2.1. Geometry 

Regarding the distance of Fe, Ni and Co from the center of each cyclopentadienyl 

ring in the ferrocene, cobaltocene, and nickelocene complexes, respectively, similar results 

are obtained with any of the PBE0, TPSSh and ωB97X-D functionals (see Table 2). Specifi-

cally, the distances between the metal cation and the center of each cyclopentadienyl ring 

are increased when Fe+2 is oxidized in Fc, 1-M2+, and 1-H+-M2+; however, the increase in 

the R distances in 1-M2+ and 1-H+-M2+ is smaller than that of ferrocene. For cobaltocene 

and nickelocene, oxidation leads to a decrease in the distance in most complexes. 
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Table 2. The distance R (Å) between the metal cation and the center of each cyclopentadienyl ring 

in the metallocene unit (average values) in implicit THF via the PBE0, TPSSh, and ωB97X-D/6-

31G(d,p) methods. 

Species PBE0 TPSSh ωB97X-D PBE0 TPSSh ωB97X-D PBE0 TPSSh ωB97X-D 

 Mc a 1-M b 1-H+-M b 

Fc 1.584 1.596 1.562 1.623 1.613 1.632 1.621 1.613 1.631 

Fc+ 1.619 1.756 1.612 1.642 1.637 1.645 1.642 1.681 1.645 

Cc 1.625 1.766 1.639 1.695 1.664 1.717 1.610 1.661 1.615 

Cc+ 1.585 1.767 1.651 1.610 1.606 1.616 1.610 1.606 1.616 
3Nc 1.808 1.741 1.654 1.657 a 1.759 a 1.791 a 1.680 a 1.653 a 1.911 a 

1Nc 1.766 1.756 1.707 1.756 1.755 1.781 1.658 1.809 1.796 

Nc+ 1.734 1.705 1.711 1.720 1.692 1.602 1.694 1.679 1.604 

a Present study. b Ref. [41]. 

2.2.2. Oxidation Energy 

Ionization energy is a gas-phase property, while the corresponding energy difference 

associated with the oxidation of the metal in solvent is called oxidation energy (OE). Ex-

perimentally, the oxidation energy for Fc/Fc+ has been measured at 4.8–5.01 eV depending 

on the solvent, with the most commonly used experimental value being 4.93 eV. This 

value has been calculated using the equation-of-motion (EOM-IP-CCSD) and effective 

fragment potential (EFP) methods obtaining a redox potential of 4.94 eV [17]. For the 

Cc/Cc+ and Nc/Nc+ pairs, experimental estimated values of 4.94 eV (Cc/Cc+) and 4.25 or 

4.50 eV (Nc/Nc+) in THF have been proposed based on the redox potential (E1/2) [51]. It 

should be noted that typically the theoretical calculation of oxidation energy follows a 

thermodynamic cycle that connects gas-phase electronic energies to solvation effects, 

where the IE in the solvent is calculated from the gas-phase IE and solvation energies of 

the oxidized/reduced species. The solution structures of both reduced and oxidized forms 

of the complexes can be used to reevaluate the reorganization oxidation energy within the 

linear response approximation [17]. In the present study, the oxidation energy corre-

sponds to a PCM-corrected electronic oxidation energy. Thus, the results provide a good 

approximation of the experimental OE but are generally qualitative and represent model-

dependent energetic trends. 

The calculated energy differences of Fc/Fc+, Cc/Cc+, and Nc/Nc+ via DFT and CCSD 

methods in THF solvent are given in Table 3 and plotted in Figure 5. All DFT functionals 

used, i.e., PBE0, TPSSh, and ωB97X-D applying two basis sets and the CCSD method, pre-

dict similar ΟΕ values. Among them, the ωB97X-D functional predicts the largest values, 

while CCSD predicts the smallest ones. 

Table 3. Oxidation energy Mc2+ → Mc3+ (eV) of the metallocenes and their complexes with PBE0, 

TPSSh, ωB97X-D, and CCSD in THF solvent. 

 PBE0/ 

6-31G(d,p) 

TPSSh 

6-31G(d,p) 

ωB97X-D/ 

6-31G(d,p) 

CCSD/ 

6-31G(d,p) 

ωB97X-D/ 

def2-TZVP 

PBE0/ 

def2-TZVPP 
Expt. e 

Fc → Fc+ 5.31 5.38 5.44 5.29 5.56 4.77 4.94 

Cc → Cc+ 3.50 3.19 3.49 3.21 3.41 3.85 3.60 
3Nc → Nc+ 4.59 4.20 4.62 3.89 5.01 4.95 4.50 
1Nc → Nc+ 3.48 3.29 3.59 3.41 3.99 3.93  

3Nc → 1Nc+ a 1.11(1.43) 0.91(1.14) 1.03(1.37) 0.48 1.01 1.03  

1-Fe2+ → 1-Fe3+ b 5.30 5.38 5.45     

1-Fe2+-H+ → 1-Fe3+-H+ b 5.45 5.62 5.66     

1-Co2+ → 1-Co3+ b 3.49 3.17 3.48     
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1-Co2+-H+ → 1-Co3+-H+ b 3.28 3.35 3.14     

1−3Ni2+ → 1-Ni3+ c 4.60 4.17 4.58     

1−3Ni2+ → 1−1Ni2+ 1.06 0.80 1.01     

1−3Ni2+-H+ → 1-Ni3+-H+ c 4.74 4.29 4.72     

1−3Ni2+-H+ → 1−1Ni2+-H+ 1.05 0.76 0.98     

1−1Ni2+ → 1-Ni3+ b,d 3.52 3.38 3.57     

1−1Ni2+-H+ → 1-Ni3+-H+ b,d 3.69 3.53 3.74     

a Adiabatic excitation, vertical excitation in parenthesis. Vertical excitation energies were calculated 

at the optimized ground-state geometry, whereas adiabatic excitation energies were obtained as the 

energy difference between optimized ground- and excited-state geometries. b Ref. [41]. c 1-Ni2+ and 

1-H+-Ni2+ at the ground 3A1 state. d 1-Ni2+ and 1-H+-Ni2+ at 1A1 state. e In the present study, the ΟΕs 

correspond to PCM-corrected electronic oxidation energies which provides a good approximation 

of the experimental OEs. 

The Fc/Fc+ units and complexes present the highest oxidation energies of the three 

transition metals under study, while the Cc/Cc+ units and complexes present the lowest 

oxidation energies both theoretically and experimentally. Comparison of our theoretical 

oxidation energy values of all three functionals with the experimental ones shows that 

PBE0 is the best overall. The best results for the oxidation energy of Fc and 1-Fe2+ are 5.31 

eV and 5.30 eV, respectively, whereas, for the protonated complexes, it is increased to 5.45 

eV. The oxidation energies for Co and Ni complexes were smaller. For Cc and 1-Co2+ the 

oxidation energies are 3.50 eV and 3.49 eV, respectively, while for the protonated com-

plexes it is decreased to 3.28 eV. For the nickel complexes at their ground state, the oxida-

tion energies of 3Nc and 1-3Ni2+ are 4.59 eV and 4.60 eV, respectively, whereas, for the 

protonated complexes, it increased to 4.74 eV. However, the corresponding oxidation en-

ergies for the nickel complexes lying in their singlet excited state are 3.48 eV, 3.52 eV and 

3.69 eV, respectively. Note that the triplet–singlet energy difference in the substituted 

complexes is about 1 eV. Thus, when nickel complexes are in their ground state, their 

oxidation energy is higher than the corresponding value of cobalt complexes and smaller 

than that of iron complexes. On the contrary, the corresponding oxidation energies from 

the singlet states of the nickel complexes are similar to those of the cobalt complexes. 

The oxidation energies (OEs) of the metallocene (Fc, Cc, Nc), metallocene-4-amino-

1,8-naphthalimide-piperazine molecules (1-M2+), and its protonated complex (1-H+-M2+) at 

various methodologies in THF solvent are plotted in Figure 5. It is shown that the substi-

tution of metallocene slightly influences the oxidation energy, the largest effect observed 

for the protonated complexes, up to 0.2 eV (see Figure 5a–d). Furthermore, apart from the 

cobaltocene complexes, protonation increases the oxidation energy, which is consistent 

with the increase in the metal charge. Finally, comparing the calculated IEs of the metal-

locene with the OE values, we observe that the OE values are about ~15% (Fc), ~30% (Cc) 

and 10% (Nc) less than the corresponding IE values. 
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Figure 5. Oxidation energies (OEs) of the metallocene (Fc, Cc, Nc) and metallocene-4-amino-1,8-

naphthalimide-piperazine molecules (1-M2+) and its protonated complex (1-H+-M2+) via various 

methodologies in THF solvent. (a) OEs of Fe2+ complexes (b) OEs of Co2+ complexes (c) OEs of 1Ni 

complexes (d) OEs of 3Ni complexes (e) OEs of the metallocenes including singlet states of Ni2+ com-

plexes (f) OEs of the metallocenes including triplet states of Ni2+ complexes.  

2.2.3. Absorption Spectra 

TD-DFT (PBE0, TPSSh, and ωB97X-D) calculations were carried out with the 6-

31G(d,p) and def2-TZVP basis sets to study the excited states. It should be noted that the 

6-31G(d,p) basis set is a rather small basis set for the small calculated species of twenty-

one atoms; however, it is commonly applied in large molecular systems. Previous studies 

[40,52,53] showed that this basis set is furnished with a balanced and computationally 

efficient description of the corresponding excited states. The three exchange–correlation 

functionals (PBE0, TPSSh, and ωB97X-D) used here assist in evaluating the validity of the 

predicted spectral trends with respect to the functional choice. 
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The absorption spectra of the metallocene and metallocenium molecules in implicit 

THF are plotted in Figure 6. The spectra obtained using the PBE0, TPSSh and ωΒ97Χ-D 

functionals are similar. The PBE0 and ωΒ97Χ-D main peaks in the UV and vis part are in 

good agreement with each other, while the TPSSh main peaks are red-shifted compared 

to PBE0. The observed shift in the main UV peaks using ωΒ97Χ-D ranges from 0.07 eV to 

0.28 eV. It should be pointed out that range-separated hybrid functionals such as ωB97X-

D may systematically shift excitation energies compared to experimental values, mostly 

in cases where localized valence transitions occur [54,55]. As this work highlights relative 

spectral trends across the metallocenes under investigation, these systematic deviations do not 

affect the main conclusions of the study. Generally, PBE0 has been proved to provide absorp-

tion spectra in good agreement with the experimental ones in complexes including ferrocene 

groups [37–40]. Comparing the PBE0/6-31G(d,p) and PBE0/def2-TZVP absorption spectra, 

they present the same general shape; however, the main peaks using the def2-TZVP basis set 

are red-shifted in most cases. The shifts range from 9 nm to 28 nm. Finally, upon the inclusion 

of a diffusion basis set, i.e., PBE0/6-31+G(d,p), the main absorption peaks present small shifts 

up to 10 nm. So, the increase in the basis set from 6-31G(d,p) to def2-TZVP or the inclusion of 

the diffuse functions leads generally to a red shift in the absorption peaks, i.e., to smaller en-

ergy excitations. The PBE0/def2-TZVP method performs well for the tested molecular systems 

for the calculation of their absorption spectra. 

Selected absorption peaks are given in Table 4. PBE0 and ωΒ97Χ-D predict that Fc 

presents peaks with low intensity around 200 nm and a very intense peak at 175 nm, while 

for Fc+ the corresponding peaks are around 300 nm and 220 nm, respectively, and the 

intensity of the main UV peak is less intense compared to Fc. Cc presents UV peaks at 300 

nm, 240 nm and 210 nm, while Cc+ presents an intense peak at 212 nm and a double peak 

around 150 nm (see Figure 6). Finally, Nc presents UV peaks at 275 nm, while Nc+ presents 

an intense peak at 269. Since the main excitations have a coefficient significantly smaller 

than 1, the corresponding natural transition orbitals (NTOs) were plotted (see Figure 7). 

The corresponding frontier orbitals present electron density in both metal and ligands (d-

d transitions), except the main peak at 178 nm (Fc) and 229 nm (Fc+) where the electron 

density in the excited NTO is located at the ligands. So, these transitions have a metal-to-

ligand charge transfer (MLCT) character (see Figure 7). 

Finally, it should be noted that Mc UV–vis bands correspond to metal-to-ligand 

charge transfer (MLCT) or d-d transitions. Photoexcitation of Mc results in populating the 

MLCT and d-d states. Optical excitations and ionization processes correspond to distinct 

physical phenomena. However, in the presence of suitable electron acceptors photoin-

duced charge transfer can lead to oxidation. 
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Figure 6. Absorption spectrum of the calculated minimum metallocene and metallocenium struc-

tures with (a) PBE0/6-31G(d, p), (b) TPSSh/6-31G(d, p), (c) ωB97X-D/6-31G(d, p), and (d) PBE0/def2-

TZVP in implicit THF solvent. 

Table 4. Main and first electronic absorption peaks, λ (nm), energy differences ΔΕ (eV), f-values, 

and corresponding main excitations of the absorption spectrum of the calculated minimum struc-

tures at the PBE0, TPSSh, ωB97X-D/6-31G(d,p) and PBE0/def2-TZVP levels of theory in THF solvent. 

 PBE0 TPSSh ωB97X-D PBE0/def2tzvp 

Mol. Type λ ΔΕ f Main Excitation λ ΔΕ f λ ΔΕ f λ ΔΕ f 

Fc S → T 740.7 1.67 0.000 0.69|H → L> 573.9 2.16 0.000 737.1 1.68 0.000 868.2 1.43 0.000 
 S → S 476.0 2.61 0.000 0.68|H → L> 410.0 3.02 0.000 502.7 2.47 0.000 523.4 2.37 0.000 
 S → S 168.8 7.35 1.187 0.66|H → L+5> 176.4 7.03 1.089 165.8 7.48 1.309 177.5 6.99 1.303 

Fc+ D → D 215.0 5.77 0.440 0.54|H-3β → Lβ> 230.5 5.38 0.273 210.5 5.89 0.599 228.8 5.42 0.662 

Cc D → D 583.4 2.13 0.001 0.38|Hβ → Lβ> 684.6 1.81 0.000 593.8 2.09 0.000 636.8 1.95 0.000 
 D → D 220.7 5.62 0.136 0.87|H-5β → Sβ> 219.9 5.64 0.092 193.5 6.41 0.194 209.2 5.93 0.253 

Cc+ S → T 296.2 4.19 0.000 0.92|H → L> 518.2 2.39 0.000 286.3 4.33 0.000 315.1 3.94 0.000 
 S → S 212.2 5.84 0.769 0.63|H → L> 222.2 5.58 0.578 209.8 5.91 0.876 222.2 5.58 0.899 

1Nc S → S 253.9 4.88 0.262 0.78|H-3 → L> 268.5 4.62 0.203 240.1 5.16 0.281 299.6 4.14 0.279 
3Nc T → S 868.0 1.43 0.000 0.96|H → L> 1088.2 1.14 0.000 908.2 1.37 0.000 727.5 1.70 0.000 

 T → T 247.4 5.01 0.318 0.97|H-1 → L+1> 267.7 4.63 0.300 241.9 5.13 0.356 275.4 4.50 0.421 

Nc+ D → D 421.4 2.94 0.013 0.84|Hβ → Lβ> 411.9 3.01 0.003 420.2 2.95 0.014 480.9 2.58 0.011 

 D → D 252.6 4.91 0.669 0.83|H-1β → Lβ> 259.2 4.78 0.501 250.4 4.95 0.745 268.6 4.62 0.751 
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Figure 7. NTO of selected absorption peaks of the metallocene and metallocenium via the 

PBE0/def2-TZVP method in THF solvent. 

3. Methods 

The geometry and electronic spectra of ferrocene (Fc), cobaltocene (Cc) and nickelo-

cene (Nc), as well as their corresponding oxidized cations, i.e., ferrocenium (Fc+), cobalto-

cenium (Cc+) and nickelocenium (Nc+), were calculated via DFT and TD-DFT using the 

PBE0 [29-31], TPSSh [32,33] and ωB97X-D [34] functionals in conjunction with the 6-

31G(d,p) [35] and def2-TZVP [36] basis sets in gas phase and in tetrahydrofuran (THF) 

solvent for enabling comparison between different levels of theory. 

For the DFT level of theory, conformational analyses were carried out for all six com-

plexes in both gas phase and THF solvent. The solvent was included employing the po-

larized continuum model (PCM) [56]. In metallocene systems, nonspecific electrostatic in-

teractions (e.g., dielectric screening and polarization) often dominate solvent effects due 

to the sandwich structure the molecules present along with charge distribution, making 

implicit models like PCM suitable for bulk solvent descriptions. PCM provides a reason-

able approximation for trends in ionization energies and excitation energies as these prop-

erties are less sensitive to specific solute–solvent hydrogen bonding or short-range effects 

prevalent in polar or protic solvents [57]. 

Furthermore, TD-DFT was used to calculate the absorption spectra of the studied 

structures. In all cases, the absorption spectra of the studied systems were calculated in-

cluding up to 25 singlet- and 25 triplet-spin excited electronic states. For the excited-state 

calculations the PBE0, TPSSh, and ωB97X-D functionals in conjunction with the 6-
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31G(d,p) basis set were used. Furthermore, the UV–vis absorption spectra of the metallo-

cene/metallocenium species at the PBE0/6-31+G(d,p) and PBE0/def2-TZVP level were cal-

culated for comparison reasons. 

Coupled Cluster methodologies were used, i.e., Coupled Cluster Singles and Doubles 

(CCSD) [42], as well as the Domain-Based Local Pair Natural Orbital Coupled Cluster 

DLPNO-CC method [43]. DLPNO has the advantage of reducing the computational cost, 

while retaining near-“gold-standard” accuracy of CC [43]. DLPNO-CCSD and DLPNO-

CCSD(T) calculations were carried out in conjunction with the cc-pVTZ [58] basis set. 

CASSCF [44] and NEVPT2 [45,46] calculations were also performed on all metallo-

cene and metallocenium complexes using geometries obtained at the ωB97X-D/def2-

TZVP level of theory. Two types of active spaces (a) and (b) were used. Active space (a) is 

the minimal space targeting metal-centered 3d electrons in six sd5 metal orbitals, while the 

active space (b) is an extended space incorporating all 3d metal electrons plus 4 ligand 

valence electrons (total 10–12e) into 15 orbitals (9 sd5p3 metal + 2 ligand occupied + 4 un-

occupied). Thus, the specific active spaces for Mc/Mc+ are as follows: (a): Fc (6e,6o), Fc+ 

(5e,6o), Cc (7e,6o), Cc+ (6e,6o), Nc (8e,6o), and Nc+ (7e,6o); (b): Fc (10e,15o), Fc+ (9e,15o), Cc 

(11e,15o), Cc+ (10e,15o), Nc (12e,15o), and Nc+ (11e,15o). So, here, the notation (e.g., Nc+ 

(7e,6o)) indicates 7 electrons distributed across 6 orbitals. 

Finally, the Natural Transition Orbitals (NTOs), which are a compact representation 

of electronic excitations, were plotted for the main absorption peaks. 

DFT, TD-DFT and CCSD calculations were carried out using the Gaussian 16 pro-

gram package [59], while CASSCF, NEVPT2, DLPNO-CCSD, and DLPNO-CCSD(T) were 

carried out using the ORCA 6.0 software package [60,61]. 

4. Summary and Conclusions 

In this work, we combined DFT, CASSCF/NEVPT2, CCSD and DLPNO-CCSD(T) cal-

culations to study the electronic structure, ionization energies (IEs) and absorption spectra 

of metallocene and metallocenium complexes (Mc/Mc+, where M = Fe2+, Co2+, and Ni2+) in 

the gas phase and in implicit THF solvent. The effect of the metal ion on the electronic prop-

erties and ionization energies of Mc/Mc+ and its derivatives was analyzed. The reliability of 

the methods used is evaluated as well and compared with related benchmarked studies. 

Concerning IE, it is found that the DFT methodologies are in good agreement with 

the computationally expensive NEVPT2 and Coupled Cluster methods as well as the ex-

perimental results. For the CASSCF method large active spaces are necessary to predict 

the IE properly, while for the NEVPT2 method, the extended active space improves the IE 

values. Thus, for both CASSCF and NEVPT2, the minimal active space of the d electrons 

at six orbitals is not enough for the accurate prediction of the IEs. 

Our best methodologies are NEVPT2(9e−12e,15o) and DLPNO-CCSD(T) which pre-

dict 6.66(6.51) eV for the Fc/Fc+ pair, 5.75(5.07) eV for Cc/Cc+, and 6.49(6.32) eV for Nc/Nc+ 

(CC values in parentheses). Our results are in agreement with the experimental values of 

6.638 ± 0.065 eV, 5.355 ± 0.065 eV, and 6.235 ± 0.065 eV, respectively. The mean absolute 

errors of the calculated values with the experimental ones range from 0.02 eV to 0.3 eV. 

The largest deviation is observed for the Cc/Cc+ pair. 

Multireference methods primarily serve as validation tools in this work, while 

demonstrating that large active spaces are required. Thus, we conclude that inexpensive 

DFT already provides good agreement with experimental ionization energies, and multi-

reference methods do not significantly alter the observed trend. 

In implicit THF, the oxidation energy of metallocene was calculated using DFT and 

CCSD methods. The ωB97X-D functional predicts the largest values, while CCSD predicts 

the smallest ones. The oxidation energies (ΟΕs) vary based on the metal center in the par-

ent metallocene, the substituted complexes, and their protonated forms. For the iron 
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complexes, the neutral species present ΔEs at about 5.30 eV and the protonated forms rise 

to 5.45 eV. For the cobalt complexes, the corresponding values are about 3.50 eV and 3.28 

eV. For the nickel complexes, in the ground state, the corresponding values are 4.59 eV 

and 4.74 eV and in the singlet state, they are 3.48 eV and 3.69 eV. All in all, the ground-

state trend of the oxidation energy is Fe > Ni > Co. For the singlet state of the Ni complexes 

the OEs are similar to the Co complexes. Overall, substitution slightly affects energies (up 

to 0.2 eV, largest in protonated forms). Protonation generally raises oxidation energy (ex-

cept Co), aligning with increased metal charge. 

Finally, comparing the calculated IEs of the metallocene with the OEs, it is observed 

that the OE values are about ~15% (Fc), ~30% (Cc) and 10% (Nc) less than the correspond-

ing IE values. 

Supplementary Materials: The following supporting information can be downloaded at 

https://www.mdpi.com/article/10.3390/inorganics14050126/s1. Table S1. Geometries of the calcu-

lated minimum structures. 
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