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Designing air-stable cyclometalated Fe(II) complexes: Stabilization 
via electrostatic effects 
Daniel Charles Ashley, Sriparna Mukherjee,† and Elena Jakubikova*

Designing efficient Fe(II) chromophores requires optimization of 
numerous, at times conflicting, properties. It has been suggested 
that replacement of polypyridine ligands with cyclometalated 
analogs will be effective at destabilizing the quintet state and 
therefore extending the lifetime of photoactive metal-to-ligand 
charge transfer states. However, cyclometalated Fe(II) complexes 
are not oxidatively stable due to the strong electron-donating 
nature of this ligand, which limits their applicability. Here we use 
density functional theory calculations to show how simple addition 
of nitro and carboxylic acid groups to these cyclometalated 
complexes can engender a less oxidizable Fe(II) center while 
maintaining, or even improving, the favorable ligand field strength.

One of the most interesting features of Fe(II) complexes is their 
ability to readily access multiple spin states.1-5 Being able to 
predict and control the energetic ordering of these states is of 
great interest for developing novel multifunctional materials 
that possess spin crossover capabilities.6 Different spin states 
also can display very different reactivity, making spin state 
control a powerful tool for catalyst design.7-9 In some cases, 
however, low energy electronic states of higher multiplicity are 
an undesirable feature. Hence the design strategy needs to 
focus on stabilizing the low spin singlet state relative to the high 
spin quintet state; i.e. creating complexes with large values of 
EQ/S, where EQ/S = E(quintet) – E(singlet). One such challenge 
is the utilization of Fe(II) complexes as photosensitizers in dye-
sensitized solar cells (DSSCs)10-13 or dye-sensitized 
photoelectrosynthesis cells (DSPECs).14, 15 DSSCs typically make 
use of Ru(II) based dyes, which form a metal-to-ligand charge-
transfer (MLCT) state upon photoexcitation that can undergo 
interfacial electron transfer (IET) to an attached 

semiconductor.16 As Fe is cheaper and more abundant than Ru, 
it would be an economically and environmentally preferable 
alternative.17 However, due to the presence of low-lying metal-
centered (MC) triplet and quintet states in Fe(II) polypyridines, 
the lifetime of their photoactive MLCT states is on the order of 
~ 100 fs.18, 19

Extensive computational20-25 and experimental work has 
suggested that synthesizing Fe(II) complexes with strong -
donating ligands can significantly destabilize the quintet and 
triplet MC states and therefore increase MLCT state lifetimes. 
Wärnmark and coworkers have shown that complexes which 
possess Fe-C bonds resulting from NHC ligands lead to 
dramatically lengthened MLCT lifetimes, on the order of 
picoseconds.26-31 This has also been demonstrated 
computationally by comparing the calculated EQ/S for typical 
Fe(II) polypyridine complexes to similar cyclometalated 
complexes where the pyridines are systematically substituted 
by anionic aryl groups.20, 22, 24 Fundamental ligand field theory 
considerations suggest that the aryl ligands are better -donors 
than pyridines, and that their presence raises the energy of the 
antibonding eg* orbitals that become occupied in the quintet 
state.20 Increasing the ligand -donor strength should therefore 
be a useful strategy for increasing EQ/S. Unfortunately, use of 
strong -donating ligands makes the Fe(II) center easier to 
oxidize to Fe(III),32 and Fe(II) complexes with aryl ligands are 
much less air-stable than their polypyridine counterparts.33 

A recent computational study on substituted [Fe(bpy)3]2+ 
complexes (where bpy = 2,2′-bipyridine) demonstrated that 
keeping the ligand framework the same but only varying the 
functional groups para to the coordinating pyridine nitrogens 
allows for large variations (~ 2 eV) in the Fe(III/II) reduction 
potential, with only small changes (~ 0.3 eV) in the calculated 
EQ/S.34

 This was attributed to large changes in metal-ligand 
electrostatic interactions but only minor changes in metal-
ligand orbital interactions. Effects such as these can explain why 
increasing the ligand -donor strength in other Fe(II) complexes 
significantly shifts Fe(III/II) reduction potentials despite the fact 
that the ligand -orbitals do not directly interact with the Fe t2g 
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orbitals.32 Knowledge of these electrostatic effects can thus be 
exploited to design Fe(II) complexes with strong -donating 
ligands that produce a desirable EQ/S, and electron 
withdrawing substituents that control their oxidative stability.

To investigate this issue further, the complexes shown in 
Figure 1 were studied using density functional theory (DFT) to 
evaluate how ligand modifications affect both EQ/S and the 
oxidative stability. The complexes under consideration were 
[Fe(tpy)2]2+ (1, tpy = 2,2′;6′,2′′-terpyridine) and its 
cyclometalated analogs where both axial nitrogens were 
replaced by carbons (2-4). Complex 2 was of great interest due 
to the fact that it has been experimentally demonstrated to be 
unstable in the Fe(II) state and undergo oxidation to Fe(III).33 
Additionally, an experimental estimate of the Fe(II) reduction 
potential is known. Compounds 3 and 4 have nitro substituents 
on the axial and equatorial rings, respectively. Compounds 2a-
4a are similar, except they also include functionalization with 
carboxylic acid groups. In addition to being electron-
withdrawing, these groups are often employed as linking groups 
for attaching transition metal chromophores to the 
semiconductor surfaces in DSSCs.13 

Figure 1. Fe(II) complexes investigated for their redox 
properties.

All molecules were optimized at the B3LYP35-38+D239 level of 
theory. The D2 correction was employed since it has been used 
for Fe(II) polypyridine complexes previously and, in 
combination with B3LYP, reproduces well both the 
experimental structure as well as spin-state energetics of these 
complexes.40-42  Although DFT is known for being unreliable at 
predicting EQ/S with quantitative accuracy, it can perform well 
for predicting relative values of EQ/S in a series of structurally 
similar complexes.5, 43 The oxidative stability of Fe(II) complexes 
was gauged by calculating the Fe(III/II) reduction potentials (EFe) 
using the PBE44 functional on the B3LYP+D2 optimized 
structures, as PBE has been shown to perform better for 
quantitatively matching reduction potentials.45 This data can be 
used to determine if it is possible to maintain a strong ligand 
field (large EQ/S) by controlling the nature of the iron-ligand 
covalent bonding, and at the same time tune the oxidative 
stability (indicated by EFe) by changing the metal-ligand 
electrostatic interactions via ligand substituents.

First, we tackle the question of whether the compounds 
investigated are stable in air, and how this stability is affected 
by ligand substitution. The EFe are listed in Table 1, reported vs. 
the Normal Hydrogen Electrode (NHE).46 Compounds 1 and 2 
have had EFe experimentally determined to be 1.3747 and 

-0.2033 eV, respectively. Comparing this to our calculated values 
of 1.42 and -0.18 eV shows that the employed methodology is 
performing well. These two compounds are important as an 
experimental frame of reference: 1 is air stable, and does not 
spontaneously oxidize to Fe(III), while 2 is not air stable.

Table 1. Calculated EFe values (in eV vs. NHE), GO2 (in kcal/mol) 
and EQ/S (in kcal/mol) for the structures shown in Figure 1. The 
EQ/S were calculated with B3LYP+D2. The electronic energies 
for EFe and GO2 were calculated with PBE. Note the 
experimental values of EFe for 1 and 2 are 1.3747 and  -0.2033 eV, 
respectively.

Compound EFe GO2 EQ/S

1 1.42 37.0 4.4

2 -0.18 0.0 10.6

3 0.37 12.6 13.5

4 0.56 17.1 11.6

2a 0.49 15.5 13.6

3a 0.67 19.5 14.0

4a 0.79 22.4 13.0

As EFe potentials reflect how easy it is to reduce the Fe(III) 
center, the more positive the value, the harder it is to oxidize 
the Fe(II) complex. From a simple thermodynamic standpoint 
then, the way to make a complex more stable in an oxidizing 
environment is to make EFe more positive. As expected, the 
presence of the strong -donating aryl ligands has the opposite 
effect, as they make EFe significantly more negative relative to 
1. In compound 2 the EFe is -0.18 eV compared to 1.42 eV for 
compound 1. While these relative changes in Fe(II/III) reduction 
potentials are informative, a more useful measure is whether 
O2 itself will be able to oxidize the complex. As oxidation by O2 
is likely an outer sphere process, the rate-determining step will 
be an initial electron transfer to O2 to form O2

− as shown in 
Equation 1.48

(1) 

To simplify this analysis, initially just the driving force of the 
electron-transfer (GO2) can be considered as a way of 
screening for potentially air-stable complexes (Table 1). 
Regardless of the complexities of the mechanism of electron 
transfer involved, if GO2 is excessively unfavorable, then 
electron transfer simply cannot occur. Using our calculated 
redox potentials and the experimentally measured reduction 
potential of O2/O2

− (EO2) = -0.18 V),49 GO2 can be calculated via 
Equation 2: 

 (2)

where n is the number of electrons transferred (always one in 
this reaction), and F is Faraday’s constant. The calculated EFe for 
2 (-0.18 eV, see Table 1) is similar to EO2 which leads to a    
thermodynamically viable oxidation by O2 with GO2 = 0.0 
kcal/mol. Compare this to the air-stable 1, which has a 
calculated GO2 of 37.0 kcal/mol.
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Figure 2. Qualitative MO diagrams of 1-4 illustrating the combined effects of electrostatic and orbital-based metal-ligand 
interactions. The MO diagram is always depicted for Oh symmetry for simplicity’s sake. The LUMO for 3 and 4 are doubly 
degenerate, however, only one isosurface is shown (isovalue = 0.03 e/Å3).

As can be seen in Table 1, incorporation of electron 
withdrawing groups (EWGs) makes the Fe complex less 
susceptible to oxidation and stabilizes it in the Fe(II) oxidation 
state. In particular, substitution of NO2 moieties onto the aryl 
ligands (3) significantly increases GO2 from 0.0 to 12.6 
kcal/mol. If twice the number of NO2 groups are added to the 
pyridines (4) instead, the complex is further oxidatively 
stabilized (GO2 = 17.1 kcal/mol). Addition of carboxylic acid 
linker groups (2a-4a) has very similar results. Based on the 
calculated increases of GO2, the substitution of EWGs on to the 
ligand scaffold of cyclometalated Fe(II) complexes is a viable 
pathway to air-stabilization of the Fe(II) oxidation state. The 
remaining question is how these EWGs affect the ligand field 
strength. If the primary effect of these EWGs is to make the -
donating strength of the ligands weaker, then EQ/S would 
become smaller, cancelling out the beneficial effect of using the 
cyclometalated complexes in the first place. On the other hand, 
if the primary effect is to decrease -donation from the ligand 
and/or increase -backbonding to the ligand, then EQ/S would 
become larger. 

Table 1 also shows the calculated values of EQ/S for all of 
the considered complexes. Going from 1 to 2 causes a 
significant increase in EQ/S of ~7 kcal/mol, consistent with the 
expected stronger -donation from the aryl groups. Addition of 
NO2 groups to the aryl ligands (3) causes a small increase of 
EQ/S by ~3 kcal/mol relative to 2. Addition of twice the number 
of NO2 groups to the pyridine rings (4) counter-intuitively causes 
a smaller shift in EQ/S of only ~ 1 kcal/mol. This relatively small 
increase in EQ/S upon substitution of pyridine rings agrees well 
with the previously mentioned computational study on 
[Fe(bpy)3]2+,34 although the ligand effects on [Fe(bpy)3]2+ were 
even smaller. Finally, note that addition of carboxylic acid 
groups in combination with NO2 groups (complexes 2a-4a) 

causes further small increases in EQ/S, with the largest overall 
EQ/S belonging to the complex with NO2 groups on the aryl 
rings and carboxylic acid groups on the pyridine rings, 3a.
The greater sensitivity of the cyclometalated complex to orbital-
based effects as compared to the [Fe(bpy)3]2+ system,34 i.e. the 
more pronounced changes in EQ/S upon ligand substitution, 
may be related to the increased covalency of the Fe-C bond. This 
is even more evident when considering calculations of EQ/S 

with PBE (Table S1; being a GGA functional, PBE is a better 
comparison to the prior work on [Fe(bpy)3]2+ which was 
performed with BP8634), which although they completely 
preserve the trends seen in Table 1, they also show roughly 
twice as large changes in EQ/S upon ligand substitution than the 
hybrid B3LYP+D2 method. Without a more rigorously 
benchmarked DFT method it is difficult to predict how sensitive 
EQ/S actually is to ligand modification, but in all cases, changes 
in EQ/S are always significantly smaller than the effect of ligand 
modifications on EFe.

In conclusion, ligand substituents modify both the Fe(III/II) 
reduction potential, EFe, and quintet-singlet energy gap EQ/S. 
The impact on the EFe and thus the oxidative stability of the 
Fe(II) complex is, however, more pronounced than the 
corresponding influence on EQ/S. The orbital-induced effects 
on EQ/S and electrostatic effects on the oxidative stability are 
illustrated in Figure 2. While the inclusion of strong, negatively 
charged -donors (i.e., aryl groups) increases the O and EQ/S 
of the Fe(II) complexes, it also destabilizes their orbital energies, 
making the complexes easier to oxidize to Fe(III). Substitution of 
nitrate or carboxylic acid onto the ligand scaffold stabilizes the 
orbital energies via electrostatic effects, making EFe more 
positive and Fe(II) more difficult to oxidize. While this result is 
perhaps unsurprising based on our previous work,34 as far as we 
are aware this strategy has not been attempted to specifically 
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remediate problems with oxidative stability of cyclometalated 
Fe(II) complexes. Similar effects on EFe and EQ/S can be 
achieved via ligand substitution by other EWGs, and based on 
previous work it is expected that these effects will scale with the 
Hammett parameter for a particular EWG.34 From a practical 
standpoint, these results are highly encouraging, and suggest a 
pathway toward designing air-stable cyclometalated Fe(II) 
complexes. Inclusion of EWG groups may promote other 
decomposition pathways such as ligand loss due to the 
expected weaker metal-ligand bonds, especially for Fe 
polypyridine complexes. However, the strong Fe-C bonds of the 
cyclometalated ligand may help maintain the coordinative 
stability, even with EWGs present. Furthermore, the strongly 
electron-withdrawing nitro groups are not absolutely 
necessary, as compound 2a is predicted to be oxidatively stable 
and only makes use of carboxylic acid groups, which are 
frequently used as anchoring groups for known Fe(II) 
polypyridine complexes. Finally, because this strategy for tuning 
the reduction potential of the metal center is based on simple 
electrostatics rather than complex orbital interactions, it is 
likely transferable to other types of transition metal complexes.
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