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protocol for the calculation of the
standard reduction potential of iron complexes:
application to Fe2+/3+-Abmodel systems relevant to
Alzheimer's disease†

Adrián L. Orjuela,a Francisco Núñez-Zarur*b and Jorge Aĺı-Torres *a

Iron complexes play a key role in several biological processes, and they are also related to the development

of neurological disorders, such as Alzheimer's and Parkinson's diseases. One of themain properties involved

in these processes is the standard reduction potential (SRP) of iron complexes. However, the calculation of

this property is challenging, mainly due to problems in the electronic structure description, solvent effects

and the thermodynamic cycles used for its calculation. In this work, we proposed a computational protocol

for the calculation of SRPs of iron complexes by evaluating a wide range of density functionals for the

electronic structure description, two implicit solvent models with varying radii and two thermodynamic

cycles. Results show that the M06L density functional in combination with the SMD solvation model and

the isodesmic method provides good results compared with SRP experimental values for a set of iron

complexes. Finally, this protocol was applied to three Fe2+/3+-Ab model systems involved in the

development of Alzheimer's disease and the obtained SRP values are in good agreement with those

reported previously by means of MP2 calculations.
Introduction

Iron is the most abundant transition metal in the human body
and in its unbound state plays an important role in neuronal
functions. These functions include signal neurotransmission,
aerobic respiration in the mitochondria, and myelinization of
neurons, among others.1 Experimental studies on brain tissues
have found high concentrations of free iron,2 whose unbalance
has been related to the development of neurodegenerative
disorders, such as Parkinson's2–4 and Alzheimer's disease (AD).5–8

The role of iron in AD is related to its ability to form stable
complexes with the amyloid beta peptide (Ab). These complexes
could participate in the generation of reactive oxygen species
(ROS)9–11 if their standard reduction potentials (SRP) are higher
than those of the natural reducing agents and lower than the
O2/H2O2 couple.7,12 The presence of ROS has been an important
hallmark in the toxicity observed in the brain at several levels
(Fig. 1). However, the role of iron in this mechanism is not fully
understood in part due to a lack of experimental information.

According to Fig. 1, the experimental determination of SRP
of iron complexes is crucial to understand the mechanism of
cional de Colombia-Sede Bogotá, 111321,
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mation (ESI) available. See

the Royal Society of Chemistry
ROS formation. However, its experimental determination is
difficult to carry out, in part due to the poor solubility of the iron
complexes. Computational chemistry must help in this task.
Nonetheless, the computation of SRP of iron complexes is
challenging due to the subtle electronic effects in the iron
reduction process and the description of the solvent effects.
Several iron complexes have been computational treated by
means of Density Functional theory (DFT) and highly correlated
methods.13,14 However, the selection of the computational
method and basis set for a correct description of the iron
electronic structure is still challenging due to the open-shell
nature of these systems and their multiple spin states.15,16

Moreover, other effects like spin crossover are possible to
occur.17 The use of highly correlated methods (such as CCSD(T))
provides good results in the energetic and spin description on
Fig. 1 Catalytic cycle of ROS formation mediated by Fe2+/3+-Ab
complexes.
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Fig. 2 Structure of most stable (a) Fe3+-Ab and (b) Fe2+-Ab model systems. Adapted from Aĺı-Torres et al.21
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the ground state.13 Nevertheless, these methods are computa-
tional expensive to be applied in large inorganic systems. In this
case, DFT offers a good balance between accuracy and compu-
tational cost and have been applied in the calculation of SRP of
other transitionmetal complexes.18–21 Recently, Horch used DFT
based approaches to study the redox properties of iron
metalloenzymes.22

Previously, some of us determined the most favorable
structures formed between the Fe2+ and Fe3+ ions and some
fragments of amino acids from the Ab peptide.21 The most
stable complexes containing His13-His14 and phenolate of
Tyr10 amino acids were the pentacoordinated [Fe2+(O-
HisHis)(PhO�)(H2O)]

+ and [Fe3+(N-HisHis)(PhO�)(H2O)]
+.

Moreover, it was found that simultaneous coordination of
tyrosine and His13-His14 fragment to Fe2+/3+ is thermodynam-
ically favorable in water at physiological pH. The structures of
these complexes are shown in Fig. 2. In that work the calcula-
tion of the SRP of Fe-Ab complexes was done by the direct
method with Gibbs energies calculated at the MP2 level for the
reduction process Fe3+ / Fe2+. However, this protocol implies
to carry out MP2 calculations which are computational
expensive.

In this work, we provide a generalized, reliable method for
SRP calculations based on DFT for the calculation of SRP of
Fe2+/3+ complexes, which can give accurate results by avoiding
the costly MP2 calculations. To do that, we rst determine the
best combination of functional and basis set for the third
ionization energy of Fe, i.e., the reaction Fe2+ / Fe3+, that
reproduce the experimental value of 707.42 kcal mol�1.23 We
carried out calculations combining 51 density functionals and
38 basis sets to select the combinations with the smallest
absolute error. With the best combination of functionals and
basis set obtained from the previous step, we calculated the
SRPs of 17 iron complexes with reported SRP values (vide infra).
Moreover, solvent effects are also accounted for via calibration
of cavity and radii parameters of the self-consistent reaction
24078 | RSC Adv., 2022, 12, 24077–24087
eld using the experimentally determined SRP of the
[Fe(H2O)6]

3+/[Fe(H2O)6]
2+ couple.

The main goal here is to develop a theoretical predictive
model and use this model to properly determine the SRP of Fe2+/
3+-Ab model systems, which may help to understand the role of
these complexes in the mechanism of ROS formation and ulti-
mately their relevance in the neurodegenerative AD process.
Computational details

To select the best combination of functionals and basis sets we
calculated the third ionization energy of iron by using 51
density functionals and 38 basis sets. To calculate the SRP, we
performed geometry optimizations with the B3LYP functional
and 6-31+G(d) basis set for all atoms for the set of iron
complexes used for the calibration process (shown in Fig. 5
below). In addition, frequency calculations were carried out for
all molecules considering the harmonic oscillator approxima-
tion at 298.15 K and 1 atm of pressure and the ideal-gas model.
Since low vibrational modes in all iron complexes are similar
before and aer reduction process the effect on the calculated
DS is negligible. On the B3LYP optimized geometries we carried
out single-point energy calculations with the functionals and
basis set that best reproduce the third iron ionization energy. In
order to verify that not important geometrical changes are
generated by the use of other functionals, we reoptimized some
representative iron complexes with the functionals used in the
single-point calculations and we found small geometrical
changes based on the calculated RMSD compared to the B3LYP
gas-phase optimized geometries. Therefore, we cannot expect
signicant inuence of the DFT functional on the geometries of
the complexes (see Table S5 of ESI†).

To include solvent effects, we rst calibrate the solvation
models by varying the radii cavity and scale factors for the
[Fe(H2O)6]

2+/3+ complexes. With the best combination of
implicit solvation models, solvent radii and scale factors ob-
tained, we carried out single-point calculations for all the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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complexes in the training set with the best combination of
functional and basis set obtained previously. Finally, the SRP
calculations were performed by using two methods, i.e., direct
thermodynamic cycle and the isodesmic method.

All calculations were carried out with the Gaussian 16 suite
of programs24 and in all cases, we explored all the possible spin
states of iron to determine the ground states. In all cases we
observed that energy gaps between spin states are very large.
Results and discussion

The main goal of this work is to obtain reliable SRP values for
a series of Fe2+/3+-Ab model systems, which may provide some
insights into the role of iron complexes on the neurodegener-
ative process of the Alzheimer disease. However, the calculation
of these SRPs requires an appropriate selection of electronic
structure method, solvent model, and an adequate method-
ology for the calculation of the SRP of iron complexes. There-
fore, we carried out several calibration processes: (i) the third
ionization energy of iron i.e. Fe2+ / Fe3+; (ii) the best param-
eters to include solvent effects within the continuum models;
and (iii) the SRP calibration using a validation test of iron
complexes with experimentally determined SRP values. Finally,
the computational protocol is applied to a series of Fe2+/3+-Ab
Fig. 3 Heatmap for DFT functionals and basis sets. Iron third ionization

© 2022 The Author(s). Published by the Royal Society of Chemistry
complexes which represent plausible coordination spheres for
this metal peptide. The relative energies of all the complexes are
presented in Table S1 of the ESI.†
Iron third ionization energy

The calibration of the method and basis set for the calculation
of the third ionization energy (3IE) were carried out by using
Pople,25 Aldrich,26 Dunning,27 Krauss28 and Los Alamos ECP28

basis sets and different electronic structure methods with
diverse types of DFT functionals. This wide set of functionals
includes meta-GGA, hyper meta GGA, functionals including
dispersion and long-range corrections, PBE correlation, among
others. Fig. 4 shows a reduced heatmap for the combination of
method and basis set used for the calculation of the 3IE of iron
in gas phase with 2% asmaximum error. Amore comprehensive
plot and the ionization energy values with all functionals and
basis set combinations can be found in Fig. S1 and Table S1 of
ESI.† For all cases we found high spin congurations as ground
states (i.e. quintet for Fe2+ and sextet for Fe3+).

According to Fig. 3, the best methods are the Minnesota,
Half and Half and double hybrid functionals and the best basis
set are Pople, Dunning and Aldrich families, which provides the
lowest percentage of error when compared with the experi-
mental values. In the Minnesota functionals family we observe
energy experimental value is 707.42 kcal mol�1.23

RSC Adv., 2022, 12, 24077–24087 | 24079
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Fig. 4 Calculated SRP of [Fe(H2O)6]
3+ complex at (a) M06/cc-pVQZ(Fe)-6-31+G(d,p)(O, H); (b) M06L/cc-pVDZ(Fe)-6-31+G(d,p)(O, H); (c) M06/

6-31+G(d,p); (d) B3LYP/6-31+G(d,p) levels of theory. Experimental SRP for [Fe(H2O)6]
3+ is 0.77 V (solid black line).32
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that functionals with the lowest percentage of pure Hartree–
Fock (HF) exchange exhibit best matches with the experimental
3IE. However, BHandH and BHandHLYP showed a good
performance with a 50% HF exchange. Whitin the set of pure
functionals VSXC presented the lowest error, 0.73%. In the
other hand, the double hybrid functional PBE0DH had an
average error of 0.41%. This is in agreement with previous
computational works on transition metal systems, where 57
density functionals were tested for the bond dissociation ener-
gies of metal–ligand and metal–metal bonds in small
compounds with a wide scope of metals.29

Regarding the basis sets performance, we observed that
Pople, Dunning and Aldrich basis set give better results with
Minnesota, Half-and-Half and double hybrid functionals. In the
other hand, Los Alamos basis set family overestimate the 3IE in
most cases. Given these results, we selected two different
combinations of method/basis set for the subsequent calcula-
tions: M06L/cc-pVDZ and M06/cc-pVQZ.
Solvent effects

The Gibbs energy of solvation is an important term in the
calculations of the SRP. This contribution can be calculated by
using explicit and implicit models. However, the explicit models
increase the computational cost due to the quantum treatment
of all solvent molecules. The use of polarizable continuum
model (PCM)30 simplied the solute–solvent interactions by
using a polarizable continuous with similar physicochemical
24080 | RSC Adv., 2022, 12, 24077–24087
properties. Thus, the Gibbs energy in solution can be calculated
as follows:

Gsol ¼ Ges + Gdr + Gcav (1)

where Ges represents the electrostatic interactions, Gdr is
a dispersion-repulsion term and Gcav is the cavitation energy
between solute and solvent. The inuence of solvent effects and
cavity in SRP calculations on iron complex were previously
explored by Hyungjun et al.31 One of the main conclusions of
their work is that there is a dependence of the calculated SRP
value on the size of the cavity, in such a way that larger cavity
sizes lead to larger SRP values.

Once we selected the best combination of method and basis
set for the third ionization energy of iron, we turn to calibrate
the solvent model parameters, i.e., cavity and scale factors for
radii to include the continuum solvent effects into the calcula-
tions. For this, we use the [Fe(H2O)6]

3+/2+ couple as reference,
since its SRP is experimentally available (0.77 V).32 For these
calculations, geometry optimizations and frequency calcula-
tions were carried out at the B3LYP/6-31+G(d) level in gas phase.
This functional and basis set have proven to give proper
geometry descriptions in iron complexes.21 On the B3LYP opti-
mized geometries we carried out single-point energy calcula-
tions in solution using water as solvent and the PCM,33 C-PCM34

and SMD35 implicit solvation models. For these calculations, we
used the best combination of functional and basis sets obtained
in the previous step for the metal center (i.e. M06L/cc-pVDZ and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fe2+/3+ complexes used in the training set for the calibration process of SRP.
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M06/cc-pVQZ) and the 6-31+G(d,p) basis set for H and O atoms.
We also carried out single point calculations at M06/6-31+G(d,p)
and B3LYP/6-31+G(d,p) level for comparison. The calculated
SRPs for the [Fe(H2O)6]

3+/2+ system with the PCM model using
several cavities and scale factors are presented in Fig. 4. The
ground states for the iron cations were quintet and sextet for
Fe2+ and Fe3+ complexes, respectively.

In general, we observed that the calculated SRP of
[Fe(H2O)6]

3+/2+ couple shows the same qualitative behavior for
all methods, as all SRP values smoothly increase with the
scaling factor for the cavity, except for the UAHF/UAKS radii.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Thus, our results show that the calculated SRP for the
[Fe(H2O)6]

3+/2+ couple is dependent on the specic radii and
scaling factor, in agreement with previous calculations.31 In all
cases the UAHF/UAKS radii underestimate the SRP values,
except for a scale factor of 1.2, which provide similar values to
the experimental one. In general, PCM with Pauling radii scaled
to 1.0 (default value is 1.1) is the option that better reproduces
the SRP value for the [Fe(H2O)6]

3+/2+ couple with all tested
methods. It is worth noting here that the same calculations
using the C-PCM model gave the same quantitative trends
(Fig. S2 of ESI†).
RSC Adv., 2022, 12, 24077–24087 | 24081
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Table 1 Calculated SRP values (V) for [Fe(H2O)6]
3+/2+ couple at different levels of theory using SMD solvation model

M06/cc-pVQZ (Fe)-6-31+G(d,p)
(O, H)

M06L/cc-pVDZ (Fe)-6-31+G(d,p)
(O, H) M06/6-31+G(d,p) B3LYP/6-31+G(d,p)

SRP 0.71 0.74 1.10 1.43

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 5

/7
/2

02
6 

10
:1

4:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
We also carried out single-point energy calculations in
solution on the B3LYP/6-31+G(d) geometries with the afore-
mentioned combinations of functional and basis set by using
the SMD model. The results are presented in Table 1. As can be
seen, the SMDmodel reproduces very well the experimental SRP
values when using the M06 and M06L functionals and the same
basis set used in the calculation of 3IE. The reason for this
might be that SMD is parametrized to reproduce experimental
solvation energies calculated with the Minnesota functionals
family. This is why the SRP of the [Fe(H2O)6]

3+/2+ couple calcu-
lated at B3LYP/6-31+G(d) gives a highly overestimated value
compared to the experimental one (1.43 V). However, theM06/6-
31+G(d,p) method also overestimate the experimental SRP and
also the SRP calculated at the M06/cc-pVQZ (Fe)-6-31+G(d,p) (O,
H) level. This indicates that the 6-31+G(d,p) basis set by itself it
is not good enough to reproduce the experimental SRP of
[Fe(H2O)6]

3+/2+ couple. With all these results in hand, we
observe that the M06L/cc-pVDZ (Fe)-6-31+G(d,p) (O, H) meth-
odology well reproduce the SRP of the [Fe(H2O)6]

3+/2+ couple.
According to these results, SMD and the M06L/cc-pVDZ (Fe)-

6-31+G(d,p) (O, H) level represents an appropriate solvent
model and method for subsequent calculations.

It is worth mentioning that the calculated SRP may improve
with the inclusion of explicit solvent molecules, as have been
reported for the aquo–iron complexes.36 Nevertheless, this
approach requires an exhaustive conformational search for the
position of water molecules in the second coordination shell
and therefore it increases signicantly the computational cost
of such calculations, which is beyond the scope of this work. In
our case, using SMD as implicit solvent model reproduces quite
well the reported SRP at the M06L/cc-pVDZ (Fe)-6-31+G(d,p) (O,
H) level of theory.
Scheme 1 Born–Haber cycle to calculate the SRP of iron complexes.
Standard reduction potential (SRP) calculations of iron
complexes

The main goal of this work is to propose a reliable method for
the calculation of the SRP of iron complexes relevant to the
Alzheimer disease. However, as we noted before, the SRP are
highly sensitive, on one side, to the chemical environment, and
on the other side, to the computational protocol used for
calculations. Thus, direct calculation of the SRP of iron
complexes generates signicative errors, and therefore an
appropriated protocol to get reliable data to compare to the
experiment is needed.

The calculation of the SRP can be done by using the direct
and isodesmic methods. In the direct method, the SRP calcu-
lation implies the calculation of the solvation Gibbs energy and
comparison of this value with the Gibbs energy of a known
experimental potential (e.g. standard hydrogen electrode, SHE).
24082 | RSC Adv., 2022, 12, 24077–24087
Then, the SRP can be calculated by using the next equation: E0

¼ (DG0 � DGSHE)/nF, where the rst term, DG0, is the Gibbs
energy of the reduction process calculated using electronic
structure methods and DGSHE is the experimental value of the
standard hydrogen electrode (99.9 kcal mol�1).37 For large
systems, the optimization including solvation effects is
computational expensive, therefore, a Born–Haber cycle can be
used, as shown in Scheme 1.18

Then the Gibbs energy in solution is calculated as:

DG(sol) ¼ DG(g) + DGsolv(red) � DGsolv(ox) (2)

In the isodesmic method a redox reaction is considered with
respect to a reference pair. A proper reference complex must
fulll the following requirements: (i) same coordination sphere;
(ii) same numbers and types of bonds; (iii) same charges in the
metal centers aer and before reduction. The reduction reac-
tion can be express as:

[Fe(L)n]sol
3+ + [Fe(L)n]sol

2+,ref / [Fe(L)n]sol
2+ + [Fe(L)n]sol

3+,ref(3)

where the reference pair should correspond to a system with
known SRP. To calculate the oxidation reaction, eqn (4) can be
considered in the reverse direction. Finally, the SRP is calcu-
lated as follows:

E0 ¼ E0,ref
exp + E0

calc � E0,ref
calc (4)

In this equation E0,refexp is the reported SRP of the reference
pair, E0,refcalc is the calculated SRP of the reference pair and E0calc is
the calculated SRP for the target system. The isodesmic method
have been used to calculate SRP and pKa of cobalt
complexes.38,39 Later on Chaparro and Aĺı-Torres40 showed
a good correlation between the experimental and calculated
SRP values in a series of 64 copper complexes using the iso-
desmic method. The advantage of this methodology is the
cancelation of errors in the calculation of solvation Gibbs
energies. However, the selection of a right reference couple with
a known standard potential is one of the main challenges to
apply this methodology.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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For the present case, we selected a set of 17 Fe2+/3+ complexes
(Fig. 5) with known SRP as a calibration set to obtain reliable
SRP for Fe-Ab complexes.41 They all can be used for calculations
used the direct method. However, in the case of the isodesmic
method only ten of them ts the above requirements on similar
coordination shells, oxidation states and number/types of
bonds when compared to the model Fe-Ab complexes used here
(Fig. 2).

The calculated standard reduction potentials for this set
using SMD and PCM solvation models are presented in Fig. 6
using the direct and the isodesmic method.

As can be seen from Fig. 6, good correlations are achieved
with both methods and solvation models. In regard to the
Fig. 6 Calculated SRP for the iron complexes in Fig. 5 using M06L/cc-
pVDZ(Fe)+6-31+G(d,p) (C,N,H,O); Data in blue: SMD; data in orange:
PCM with Pauling radii (scale factor: 1.05). (a) Direct method with 17
molecules; (b) direct method with 10 molecules used in the isodesmic
calculations; (c) isodesmic method with 10 molecules.

© 2022 The Author(s). Published by the Royal Society of Chemistry
solvation model, it seems that the SMD model provides better
correlation and lower errors than PCM with a Pauling radii
scaled to 1.05. Comparing the direct versus the isodesmic
method one can infer from Fig. 6a and c with the SMD model
that the latter show improved linearity, with R2 ¼ 0.96 versus R2

¼ 0.82 for the direct method. This is accompanied by a much
lower y-intercept value (0.43 versus 0.04 V). In this case, we
observed that the isodesmic method is the only one giving an
error below the expected experimental uncertainty for electro-
chemical methods, that is �100 mV.

Table 2 shows the detailed values of the SRP for the different
Fe3+/Fe2+ complexes used for calibration, including the errors
respect to the experimental ones with the direct method and the
SMD model. It is worth noting that recalculating the SRP values
for all complexes in the calibration set using the regression
formula SRP (calc) ¼ 1.0184 � SRP (exp) – 0.4334 leads to
a lowering of the mean absolute error (MAE) by about 55%.

Focusing on Fig. 6c it can be seen that the isodesmic method
provides a good correction in the predicted SRP values. This
may be due to the fact that this method cancels out errors due to
the electronic structure and solvation description when
a complex similar to the complex of interest is used. From
Table 3, the regression shows how the use of isodesmic method
improve the prediction of the SRP values compared with the
direct method. This postulates the isodesmic method as
a proper methodology for the SRP calculations of iron
complexes. From this data we can see that the absolute errors,
both the calculated and the estimated with the linear regression
equation, are below the uncertainty provided by the experi-
mental electrochemical methods, and these errors are signi-
cantly lower than the obtained by applying the direct method
(Table 2). These results conrm that an adequate selection of
method, basis set, solvation model and thermodynamic cycles
are necessary in order to obtain reliable SRP values.

So far it seems that the isodesmic method outperforms the
direct method for the calculation of SRP of iron complexes
using the SMD solvation model. However, comparison of
adjustments in Fig. 6a and c are not truly fair, since the iso-
desmic calculation was carried out with only ten iron
complexes, the ones withmost similar chemical environment to
our target Fe2+/3+-Ab complexes (Fig. 2). Therefore, we develop
a third regression for the SRP of iron complexes using the direct
method but including only the ten systems used in the iso-
desmic calculations. The results are shown in Fig. 6b for both
SMD and PCM solvation models. As observed, again SMD
performs better than PCM, and the adjustment in this case is
almost identical to the adjustment in the isodesmic method (R2

¼ 0.95 versus R2 ¼ 0.96). However, altough the regressions are
statistically similar, two factor are against the direct method in
comparison to the isodesmic one: (i) a lower slope (0.77 versus
0.91); and (ii) a higher absolute error for the regression, above
the experimental accepted value (0.43 V versus 0.11 V). Thus,
even comparing the same set of iron complexes with the two
methods for calculation of SRP, we noted that the isodesmic
method remain superior in performance for the prediction of
SRP values of iron complexes.
RSC Adv., 2022, 12, 24077–24087 | 24083

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03907a


Table 2 Calculated SRP (V) for the iron complexes in Fig. 5 using M06L/cc-pVDZ(Fe)-6-31+G(d,p) (C, N, H, O, Cl, S) and SMD solvation model
and the direct method. Linear regression SRP(calc) ¼ 1.0184 � SRP(exp) � 0.4334. Iron spin multiplicities (2S + 1) for the ground states are
specified in parenthesis for Fe3+/Fe2+, in this order

Complex (spin
multiplicity) Exp SRP

Direct Direct linear regression

Calculated SRP Abs error Calculated SRP Abs error

1 (2/1) 1.15 0.78 0.37 1.19 0.04
2 (2/1) 1.03 0.70 0.33 1.11 0.08
3 (2/1) 1.30 0.72 0.58 1.13 0.17
4 (2/5) �0.04 �0.06 0.02 0.37 0.40
5 (2/5) 0.18 �0.06 0.24 0.37 0.18
6 (6/5) �0.84 �1.55 0.71 �1.10 0.26
7 (2/5) �0.46 �0.61 0.15 �0.17 0.29
8 (2/1) 0.05 �0.23 0.28 0.20 0.15
9 (2/1) �0.15 �0.33 0.18 0.10 0.25
10 (2/1) 0.13 0.14 0.01 0.56 0.43
11 (6/5) 0.10 �0.98 1.08 �0.54 0.63
12 (6/5) �0.27 �1.18 0.91 �0.73 0.47
13 (6/5) 0.37 �0.20 0.57 0.23 0.14
14 (2/1) 0.97 0.53 0.44 0.95 0.03
15 (2/1) 0.54 0.03 0.51 0.46 0.09
16 (2/5) �0.44 �0.93 0.49 �0.49 0.05
MAE 0.43 0.24
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In order to verify the effect of solvent on the SRP calculations,
we reoptimized the geometries of complexes 8 and 9 in solution
(water) and calculated their SRPs via direct and isodesmic
methods. The results are shown in Table S6 of ESI.† We
observed small changes in the calculated SRP, and in fact these
effects are lower when using the isodesmic method. This
agreement may be attributed to the error cancellation due to the
use of a reference pair in the isodesmic method.
Fe2+/3+-Ab complexes

With the conclusion obtained from the previous sections, we
used the regression formula SRP(calc) ¼ 0.9036 � SRP(exp) �
0.0364 developed for the isodesmic method in order to predict
the SRPs of some representative Fe3+/2+-Ab model systems
Table 3 Calculated SRP (V) on training set using M06L/cc-pVDZ(Fe)-6-
absolute error for direct method. Linear regression: SRP(calc)¼ 0.9036�
are specified in parenthesis for Fe3+/Fe2+, in this order

Complex (spin
multiplicity) Exp SRP

Direct Isodesmic

Abs error
Calculated
SRP

1 (2/1) 1.15 0.37 1.11
2 (2/1) 1.03 0.33 1.07
3 (2/1) 1.30 0.58 1.16
4 (2/5) �0.04 0.02 0.09
5 (2/5) 0.18 0.24 �0.04
7 (2/5) �0.46 0.15 �0.37
8 (2/1) 0.05 0.28 �0.05
9 (2/1) �0.15 0.18 �0.05
10 (2/1) 0.13 0.01 0.32
14 (2/1) 0.97 0.44 0.90
MAE 0.19

24084 | RSC Adv., 2022, 12, 24077–24087
relevant to the Alzheimer disease. These complexes were selected
since they represent plausible coordination spheres for Fe-Ab
complexes, as have been reported by means of computational21

and Raman experiments.42,43 The geometries for the Fe3+/2+-Ab
complexes were optimized at the B3LYP/6-31+G(d) level. The
relative energies of all structures in all possible spin states of the
Fe3+/2+ complexes are show in Table S4 of ESI.† These structures
as well as their computed SRP are presented in Fig. 7. All calcu-
lations were carried out at the M06L/cc-pVDZ(Fe)-6-31+G(d,p)
(C, N, H, O) level of theory and by using the SMD model.

The values obtained from these complexes are in good
agreements with previous computational reports which calcu-
lated the SRP values of these complexes through MP2 calcula-
tions.21 In this work, the use of DFT method decreases the
computational effort, which allows the calculation of SRPs of
31+G(d,p) (C, N, H, O), SMD and isodesmic method compared to the
SRP(exp)� 0.0364. Iron spin multiplicities (2S + 1) for the ground states

Isodesmic linear regression

Ref pairAbs error Calculated SRP Abs error

0.04 1.18 0.03 2
0.04 1.14 0.11 1
0.14 1.24 0.06 14
0.13 0.06 0.10 7
0.22 �0.08 0.26 4
0.09 �0.44 0.02 5
0.10 �0.10 0.15 9
0.10 �0.10 0.05 8
0.19 0.31 0.18 9
0.07 0.95 0.02 1
0.11 0.09

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Optimized geometries and calculated SRP values for a series of representative Fe3+/2+-Abmodel systems. For all the Fe3+ complexes the
sextet spin-state is the ground state while for Fe2+ is the quintet.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 5

/7
/2

02
6 

10
:1

4:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a large set of complexes with a similar performance. The values
obtained for the three complexes show that the tyrosine coor-
dination decreased the SRP value allowing the participation of
this complex in the ROS formation cycle shown in Fig. 1. This is
due to the fact that is the only couple with an SRP lower than the
corresponding to the O2/H2O2 couple (0.30 V).44 The proposed
protocol showed good performance in the calculation of these
SRP values with a good compromise between accuracy and
computational cost.

Conclusions

In this work, we propose a computational protocol for the
calculation of the SRP of iron complexes based on DFT. The
evaluation of 51 density functionals in combination with 38
basis sets showed that the best methods for reproducing the
iron third ionization energy were the Minnesota, Half and Half
and double hybrid functionals and the best basis set were Pople,
Dunning and Aldrich families, since they provided the lowest
percentage of error when compared with the experimental
value. In the same line, the SMD model was the method that
better reproduced the SRP for the [Fe(H2O)6]

3+/2+ couple. Simi-
larly, the isodesmic method generated SRP in better agreement
with experimental values for a series of iron complexes than the
direct method (MAE: 0.43 V for the direct method and 0.11 V for
isodesmic). By combining the M06L functional with the SMD
implicit solvation model and the isodesmic method we evalu-
ated three iron complexes representing the coordination
spheres of Fe2+/3+-Ab systems. Results showed that this protocol
reproduces quite well the results compared with those calcu-
lated previously with MP2 method. This conrms this protocol
as a feasible tool for the calculation of SRP of iron complexes.
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13 M. Radoń, Benchmarking quantum chemistry methods for
spin-state energetics of iron complexes against quantitative
experimental data, Phys. Chem. Chem. Phys., 2019, 21,
4854–4870.

14 G. M. Sandala, K. H. Hopmann, A. Ghosh and L. Noodleman,
Calibration of DFT functionals for the prediction of 57Fe
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