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ABSTRACT: Thermochemical data for 20 anionic, cationic, and neutral gas-phase species,
including Fe0/+, FeO−/0/+/2+, FeOH0/+/2+, FeO2

−/0/+, OFeOH0/+, Fe(OH)2
0/+, Fe(H2O)

+/2+, and
Fe(H2O)2

+/2+ with oxidation states between +I and +IV for Fe and −I and −II for O, compiled by
Schröder [J. Phys. Chem. A 2008, 112, 13215], are used to assess the performance of the “Jacob’s
ladder” functionals PBE, TPSS, PBE0, and TPSSh for the SVP, TZVP, and QZVP basis sets. In
addition, the BP86 and B3LYP functionals are considered. The TPSSh functional performs best.
With the TZVP basis set (recommended), the mean absolute and the maximum errors are 24 and
63 kJ/mol, respectively. With 32 and 78 kJ/mol, respectively, BP86 is second best, better than
PBE.

■ INTRODUCTION
Iron oxo-hydroxo compounds are ubiquitous in the earth’s
crust, involved in industrial applications, and essential for
biological processes. They occur as minerals, synthetic
materials such as solid (earth-abundant) catalysts, and also as
enzymes and numerous bioinspired and biomimetic inorganic
compounds.1−4

Atomistic understanding of these complex compounds
cannot be gained without quantum chemical calculations,
which are challenging not only because of the size of relevant
models but also because of the complex electronic structure of
Fe compounds with partially occupied d-shells and many
possible electron configurations and spin states. When density
functional theory (DFT) is applied, the choice of the
functional becomes crucial. For comparative tests of density
functionals, we need to know the right answer for a test set of
systems, either from experiment or from wave-function-based
calculations; see, e.g., ref 5. The wave function calculations are
limited to small systems, mostly diatomics,6,7 and, even for
triatomics with one Fe atom, difficult to converge with respect
to the active space, the dynamical correlation treatment, and
the one-particle basis set; see, e.g., a study on FeO2

+.8

For iron-oxo-hydroxy compounds, FeOmHn
z, “gaseous rust”,

Schröder9 compiled standard enthalpies of formation for 24
anionic, cationic, and neutral gas-phase species, including
Fe0/+, FeO−/0/+/2+, FeOH0/+/2+, FeO2

−/0/+, OFeOH0/+, Fe-
(OH)2

−/0/+/2+, Fe(H2O)+/2+, (H2O)FeOH+/2+, and Fe-
(H2O)2

+/2+. Experimental and theoretical values were refined
through a thermochemical network.9 Since the determination
of individual thermochemical quantities might exhibit large and
ill-defined errors, the network approach can reveal outliers and
thus give heats of formation of consistent quality for all species.
This feature renders thermochemical networks, see, e.g., also
ref 10, suitable for being the reference in assessment studies. As
we will show below, the oxidation states vary widely in this set

of FeOmHn
z species, +I, +II, +III, and +IV for Fe and −I and

−II for O, which adds to its attractiveness for testing
functionals.
We are looking for functionals that are suitable for use, for

example, in global structure optimizations of multinuclear iron
oxo-hydroxo compounds in the gas phase with the aim to
assign their vibrational spectra, similar to the recent study on
[Al3O4(D2O)1−4]

+.11 As Schröder’s gaseous rust,9 the Fe-
substituted clusters will serve as experimental model systems
for the complex oxide structures studied in heterogeneous
catalysis.12 Another topical area of application is computational
studies of the interaction of water with iron oxide
surfaces.13−16

Here, we will use the well-defined thermochemical data set
for iron oxo-hydroxy compounds9 to assess the performance of
the “Jacob’s ladder” series17 of functionals: PBE18−20−
TPSS21−PBE022−TPSSh.23 In addition, we test the widely
used BP8624,25 and B3LYP26 functionals. We do not include
functionals with a higher amount of Fock exchange because
published tests for 3d transition metal compounds5,27 and our
own results indicate that this worsens the agreement.
Since the values given for Fe(OH)2

−/2+ and (H2O)-
FeOH+/2+ are not fully derived from the experiment but
include calculated B3LYP values, we exclude these four species
from our considerations. All statistical values shown below
correspond to the test set of 20 species, and the results for all
24 species are given in the Supporting Information.
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Tests on transition metal compounds, including species
considered here, have been performed before. The B3LYP
functional26 was employed by Gutsev et al. in early studies of
3d metal monoxides and dioxides.28,29 Furche and Perdew
tested semilocal and hybrid density functionals for 3d
transition metal compounds, mostly diatomics,30 among
them were also FeH and FeO, and found TPSSh to perform
best for thermochemistry. In agreement with that, Jensen31,32

and Reiher33 found TPSSh and PBE0 superior to other
functionals. Truhlar et al. investigated the performance of 42
different exchange−correlation functionals, including most
examined here, for their 3dBE70 database of bond dissociation
energies of 70 small molecules and showed that TPSSh shows
the smallest mean-signed error (MSE), and, together with
other hybrid meta GGA functionals (GGA − generalized
gradient approximation), belongs to the best performing
functionals.27

■ METHODS

Computational Details. All calculations except those on
the Fe metal were performed with the Turbomole program.34

The following “Ahlrichs” basis sets,35 labeled “def2” in the
Turbomole library, were used: SVP (Fe: 5s3p2d1f, O: 3s2p1d,
H: 2s1p), TZVP (Fe: 6s4p4d1f, O: 5s3p2d1f, H: 3s1p), and
QZVP (Fe: 11s6p5d3f1g, O: 7s4p3d2f1g, H: 4s3p2d1f).
Standard quadrature grids with 434 spherical grid points
(grid size 4) were employed.36 These are sufficient even for the
considered anionic species FeO−, FeO2

−, and Fe(OH)2
− (see

the Supporting Information, Table S7), for which also
additional basis sets with more diffuse functions37 have been
used. The calculated ionization energies show that extension
beyond QZVP changes the results by 1−3 kJ/mol only.

For the anions, the highest occupied orbital has positive
energies for all basis sets and all functionals considered, with
the exception of FeO2

− with PBE0/TZVP, PBE0/QZVP, and
B3LYP/QZVP. However, the anions are always more stable
(lower total energy) than the corresponding neutral systems;
see also the ionization energies in Table S7 of the Supporting
Information.
Calculations were performed in C1-symmetry and the

structure optimizations used internal coordinates. Conver-
gence criteria were chosen to be 0.1 μEH for total energies and
1 mEH/a0 for gradients. Harmonic vibrational frequencies were
used to compute thermal corrections. All calculations were
performed using unrestricted reference functions. The spin
state of the different species was chosen by comparative
calculation of different possible spin states and using the spin
state of lowest energy.
Constructing broken symmetry solutions as recently

described by Radon ́38 did not lead to lower energy solutions
for any system using a TZVP basis set and either the BP86 or
the TPSSh functional.
The atomization energy of the Fe metal was computed with

a local version of the VASP program39 modified to include the
TPSSh functional.

Heats of Formation. The experimentally accessible
standard reaction enthalpies ΔrH°

ν ν ν+ + →X X Z... Z1 1 2 2 (1)

can be computed from the heats of formation ΔfHi° of the
components

∑ νΔ ° = Δ °
=

H H
i

Z

i ir
1

f
(2)

Table 1. Standard Enthalpies of Formation at 0 K (kJ/mol) Obtained with the TZVP Basis Set and Various Density
Functionals

exp.9 PBE TPSS PBE0 TPSSh BP86 B3LYP

Fe 413 ± 1.3 322 474 478 400 (413)b 279
Fe+ 1176 ± 1.3 1054 1234 1213 1119 1185 1021
FeO− 108 ± 6 156 175 90 128 88 24
FeO 252 ± 6 253 260 180 210 195 126
FeO+ 1088 ± 6 1098 1104 1003 1044 1055 960
FeO2+ 2795 ± 28 2895 2882 2804 2826 2864 2767
FeOH 129 ± 15 198 210 31 122 144 10
FeOH+ 870 ± 15 899 904 746 821 858 719
FeOH2+ 2447 ± 30 2505 2504 2361 2424 2477 2338
FeO2

− −161 ± 13 −120 −111 −136 −137 −190 −211
FeO2 67 ± 12 68 86 89 73 14 15
FeO2

+ 1062 ± 25 1053 1068 1134 1078 1014 1052
OFeOH −84 ± 17 −44 −27 −124 −68 −97 −166
OFeOH+ 852 ± 23 816 837 802 809 778 747
Fe(OH)2

−a −431 −299 −268 −423 −341 −360 −466
Fe(OH)2 −322 ± 2 −196 −175 −351 −259 −247 −378
Fe(OH)2

+ 561 ± 10 636 662 514 590 600 488
Fe(OH)2

2+a 2252 2234 2258 2201 2223 2211 2157
Fe(H2O)

+ 809 ± 5 852 861 680 768 813 650
Fe(H2O)

2+ 2129 ± 29 2232 2235 2019 2128 2207 2017
(H2O)FeOH

+a 405 493 522 326 432 457 310
(H2O)FeOH

2+a 1864 1942 1971 1794 1888 1920 1782
Fe(H2O)2

+ 406 ± 6 467 510 296 415 437 277
Fe(H2O)2

2+ 1570 ± 29 1693 1725 1479 1614 1674 1484
aThe experimental values for these species include calculated values. They are therefore excluded from the statistical evaluation. bThe atomization
energy of Fe could not be calculated for the BP86 functional and is therefore taken as the experimental value.
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The latter are computed from the energies of formation ΔfE of
all involved species (the atomization energies), the zero-point
vibrational energies, ΔEZPV, and thermal corrections, ΔHT

Δ ° = Δ + Δ + Δ = Δ ° + ΔH E E H H Hf 298 f ZPV T f 0 T (3)

As already noted by Kellogg and Irikura,40 the thermal
corrections turn out be small, significantly smaller (<9 kJ/mol;
see the Supporting Information) than the deviations between
DFT and the experiment. The reference values are also heats of
formation at 0 K because “temperatures are not unequivocally
defined in all experiments”.9

Statistics. Comparison of the DFT results to the reference
values is made using the usual statistical measures. Defining xi
as the difference between the calculated value xi,calc and the
reference value xi,ref, we obtain the mean signed and mean
absolute errors, MSE and MAE, respectively, as well as the
standard deviation, σ, as

∑= = ̅
=N

x xMSE
1

i

N

i
1

∑= | |
=N

xMAE
1

i

N

i
1

∑σ = − ̅
=N

x x
1

( )
i

N

i
1

2

Since we are primarily interested in global structure
optimizations, we consider the standard deviation most
relevant, whereas mean errors only show an offset of all
energies. We also provide root mean square errors (RMSE)
that can be obtained from the mean signed error and the
standard deviation

∑ σ= = +
=N

xRMSE
1

MSE
i

N

i
2

1

2 2 2

Only in part, the reference values9 are directly measured,
others are taken from a thermochemical network. As such, they
have standard deviations attributed to them. One possible way
to take experimental uncertainties δi of the reference values
into account is by defining a corrected RMSE, cRMSE

∑ δ= + ≥
=N

xcRMSE
1

( ) RMSE
i

N

i i
2

1

2 2 2

In our case, the difference between the RMSE and the cRMSE
value is between 1 and 3 kJ/mol, which changes the RMSE
value by less than 5% (10% for the TPSSh functional that has
very small RMSE values), see the Supporting Information
(Table S2), and, hence, can safely be neglected.

■ RESULTS
Table 1 shows the standard enthalpies of formation obtained
with the TZVP basis set for all functionals considered and
Table 2 the statistical measures for the comparison with the
test set of 20 species. For comparison with the full set of 24
species, see the Supporting Information, Table S3. The
atomization enthalpies of Fe, O, and H are also calculated
with the respective density functional (except for BP86) and
shown in Table S6. Sometimes the atomization energies of
elements are taken from the experiment. For the statistical

measures for all functionals using experimental atomization
energies for Fe, O, and H, see the Supporting Information,
Table S5.
We focus here on the “(def2)” TZVP basis sets,35 which

includes f-functions on Fe and O because this is the most likely
choice in applications. While Table 2 also includes statistical
measures for the largest basis set studied, QZVP, those for the
smaller SVP basis set are given in the Supporting Information.
For the TZVP basis set, the TPSSh functional performs best.

The standard deviation is 33 kJ/mol and the mean absolute
(MAE) and mean signed errors (MSE) are 24 and −3 kJ/mol,
respectively, whereas the maximum error is as large as 63 kJ/
mol. The PBE functional is clearly inferior, but it is remarkable
that neither the TPSS meta-GGA nor the PBE0 hybrid
functional are an improvement compared to PBE. On inclusion
of Fock exchange, when passing from PBE to PBE0, the MAE
increases from 45 to 57 kJ/mol, whereas the MSE and the
maximum error change the sign from 49 to −56 kJ/mol and
from 126 to −129 kJ/mol, respectively. Comparison of the
B3LYP hybrid functional with the BP86 functional shows a
similar pattern. The result of this comparison is not
unexpected41 as the performance of DFT functionals in
transition metal compounds typically depends strongly on the
amount of Fock exchange.
For B3LYP, PBE, TPSS, and PBE0, MAE and MSE agree,

except for the sign, within 15, 4, 1, and 1 kJ/mol, respectively,
indicating that the deviations, although large, are pretty
systematic. Whereas PBE and TPSS overestimate the
enthalpies of formation by 49 and 60 kJ/mol, respectively,
PBE0 and B3LYP underestimate them by 56 and 95 kJ/mol,
respectively.
For the larger QZVP basis set, the same observations are

made as for TZVP when comparing the different functionals;
see Table 2. The MAEs are smaller for PBE and TPSS, larger
for the hybrid functionals PBE0 and B3LYP, and about the
same for TPSSh and BP86. For the best performing TPSSh
functional, passing to the more diffuse QZVP basis sets
improves the description of the anionic systems as expected,
and the calculated ionization energies get closer to the
experiment (by 29 and 18 kJ/mol for FeO− and FeO2

−,
respectively; see Table S7). However, this does not improve
the overall performance, except that the deviations become
more systematic: from TZVP to QZVP the MAE changes from
24 to 23 kJ/mol and the MSE from −3 to −20 kJ/mol.
The use of the SVP basis set increases the standard

deviations and the MSEs for all functionals significantly, but

Table 2. Statistical Measures for the Standard Enthalpies of
Formation at 0 K Obtained with Various Density
Functionals and the TZVP and QZVP Basis Sets (kJ/mol)

TZVP PBE TPSS PBE0 TPSSh BP86 B3LYP

MAE 45 51 57 24 32 80
MSE 49 60 −56 −3 4 −95
maximum error 126 147 −129 63 78 −159
standard deviation 40 42 54 33 45 41
RMSE 64 73 78 33 46 104

QZVP PBE TPSS PBE0 TPSSh BP86 B3LYP

MAE 36 40 65 23 34 90
MSE 33 43 −74 −20 −11 −108
maximum error 101 122 −139 −62 −88 −163
standard deviation 41 40 48 29 47 38
RMSE 52 59 88 35 48 114
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TPSSh still performs best. For TPSSh, MAE and maximum
errors are 35 and 81 kJ/mol, respectively, whereas, for PBE,
they are 83 and −205 kJ/mol, respectively.
Table 3 shows the spin states, ⟨S2⟩ = S(S + 1) obtained in

this work for the TPSSh functional and the QZVP basis set. In
some cases, e.g., Fe+ and OFeOH, the functionals disagree on
the most stable spin state of the molecules. For Fe+, the spin
state also depends on the basis set: sextet for SVP but quartet
for TZVP and QZVP. Only the TPSS functional yields a
quartet with all the basis sets studied. Experimentally, the
quartet excited state is 22.4 kJ/mol higher in energy than the
sextet ground state.42

Table 3 also shows the natural orbital populations43 of the
Fe 4s and 3d states. From the latter and the spin state, electron
configurations and valence states can be derived, which we also
show in Table 3. Sometimes 4s and 3d populations together
with the spin are compatible with two different valence states
with different oxidation states of Fe and O.
Let us consider FeO as an example. There are seven

electrons on Fe, which means that Fe has given one electron to
O and becomes Fe+ and O becomes O−. The occupation of the
4s with about half an electron suggests that two electron
configurations may play a role with either one or no electron
occupying the 4s orbital. In the former case, there are six
electrons in 3d orbitals, which leaves four unpaired electrons in

d states. One couples with the unpaired electron on the O•−,
which leaves four unpaired spins, one in 4s and three in 3d.
The total spin of two yields ⟨S2⟩ = 6, which explains the
calculated value of 6.03. The oxidation state of Fe is +II and of
O −II (one electron transferred and one bond formed). If
there is no electron in the 4s orbital, there remain three
unpaired electrons in 3d states. A ferromagnetic coupling of
these spins with spin on O•− would also yield S = 2, but the
oxidation state may rather be considered +I and −I for Fe and
O, respectively.

■ DISCUSSION

Our results are in line with other comparative studies on
different density functionals for transition metal chemistry.
Furche and Perdew30 also reached the conclusion that TPSSh
performs best for bond dissociation energies and thermochem-
istry, with an MAE of 33 kJ/mol for reaction energies in a
QZVP basis. For this basis set, we get a mean absolute error of
23 kJ/mol (Table 2) in very good agreement. They also found
B3LYP to show “a rather erratic behavior” with an MAE of 54
kJ/mol.30 The large MAE of 90 kJ/mol for the B3LYP
functional in the present work is due to its bad performance for
solid iron. When experimental values are used for the elements

Table 3. Spin States and Formal Electron Configurations (Form. El. Conf.) of Fe for All Species with TPSSh/QZVPa

natural orbital population oxidation state

species 4s 3d total ⟨S2⟩ valence state ⟨S2⟩theor. Fe O

Fe 1.38 6.61 7.99 6.01 Fe 6.00 0
Fe+ 0.00 7.00 7.00 3.75 Fe+ 3.75b +I
FeO− 1.32 6.45 7.77 4.13 Fe−O− 3.75 +I −II
FeO 0.52 6.56 7.08 6.03 Fe+−O− 6.00 +II −II

Fe+[O•−] +I −I
FeO+ 0.24 6.24 6.48 8.76 Fe2+−O− 8.75 +III −II

Fe+−O• +II −I
FeO2+ 0.00 6.02 6.02 6.23 Fe2+−O• 6.00 +III −I
FeOH 0.94 6.24 7.18 8.75 Fe+OH− 8.75 +I −II
FeOH+ 0.12 6.39 6.51 6.01 Fe2+OH− 6.00 +II −II
FeOH2+ 0.04 5.97 6.01 8.76 Fe2+[•OH] 8.75 +II −I
FeO2

− 0.43 6.47 6.90 3.82 O−−Fe+−O− 3.75 +III −II/−II
O−−Fe+•O− +II −II/−I

FeO2 0.34 6.29 6.63 6.05 O−−Fe+−O• 6.00 +III −II/−I
O−−Fe2+•O−

FeO2
+ 0.11 6.37 6.48 3.81 •O−Fe+−O• 3.75 +III −I/−I

•O−Fe2+−O− +IV −I/−II
OFeOH 0.32 6.39 6.71 3.85 •O−Fe+OH− 3.75c

OFeOH+ 0.18 6.21 6.39 6.05 •O−Fe2+OH− 6.00 +III −I/−II
Fe(OH)2

− 0.98 6.48 7.46 3.87 HO−Fe(OH−) 3.75 +I −II/−II
Fe+(OH−)2

Fe(OH)2 0.30 6.32 6.62 6.01 HO−Fe+(OH−) 6.00 +IV −II/−II
Fe2+(OH−)2

Fe(OH)2
+ 0.18 5.97 6.15 8.76 HO−Fe2+(OH−) 8.75 +III −II/−II

Fe(OH)2
2+ 0.11 5.99 6.10 6.10 HO−Fe2+−OH 6.00 +IV −II

Fe(H2O)
+ 0.12 6.93 7.05 3.75 Fe+(H2O) 3.75 +I (−II)

Fe(H2O)
2+ 0.04 6.13 6.17 6.00 Fe2+(H2O) 6.00 +II (−II)

(H2O)FeOH
+ 0.21 6.34 6.55 6.01 (H2O)Fe

2+OH− 6.00 +II −II
(H2O)FeOH

2+ 0.16 5.90 6.06 8.76 (H2O)Fe
2+•OH 8.75 +II

Fe(H2O)2
+ 0.56 6.63 7.19 3.78 Fe+(H2O)2 3.75 +I

Fe(H2O)2
2+ 0.14 6.14 6.28 6.00 Fe2+(H2O)2 6.00 +II

aNatural orbital configurations were taken from a Natural Population Analysis (NPA). bAll functionals except for TPSS predict a ⟨S2⟩theor. = 8.75,
4s(1) 3d(6) high spin configuration for SVP basis set. cFor B3LYP and PBE0, the most stable spin state is the ⟨S2⟩theor = 8.75.
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instead, the MAE is 30 kJ/mol (Supporting information, Table
S5).
Comparison of the TZVP results in Table S5 with a set of 60

diatomics of d-block metals5 shows a better performance of the
meta-GGA functionals with our iron oxo-hydroxo compounds
(MAEs decrease from 57 to 29, 42 to 30, and 52 to 34 for PBE,
TPSS, and BP86, respectively) but a worse performance for
hybrid functionals (MAEs increase from 25 to 42 and 24 to 40
for PBE0 and B3LYP, respectively).
Chen, Reiher, and co-workers studied various large cationic

transition metal complexes and used 10 ligand dissociation
energies to assess different functionals.33 They concluded:
“PBE0 and TPSSh are the two most accurate functionals for
our test set, but also these functionals exhibit deviations from
experimental results by up to 50 kJ/mol for individual
reactions”.33 This fits to the maximum errors of 63 and −62
kJ/mol that we find for TPSSh with the TZVP and QZVP
basis sets, respectively.
For the relative energies of the electronic states of different

isomers of FeO2
+, compared to multireference calculations,

TPSSh performed similar to TPSS and PBE: all showed mean
absolute deviations between 17 and 23 kJ/mol using Ahlrichs’
TZVPP basis set.8 For FeO, our result is in perfect agreement
with that of Jensen et al.31 except for the overall better
performance of PBE0 (RMSE = 42 kJ/mol, here 78 kJ/mol).31

With an RMSE of 34 kJ/mol, the TPSSh functional is also
found to be superior to all assessed functionals.32 Our overall
RMSE of 33 kJ/mol is in perfect agreement with that as well.
For their 3dBE70 database of bond dissociation energies of

70 small molecules containing a single 3d metal atom, Truhlar
and co-workers showed that TPSSh gives the best MSE over
the whole set of functionals (1 kJ/mol) and a very good MAE
of 18 kJ/mol.27 Taking into account that these errors are given
per bond, this is again in very good agreement with the present
results of 14 and 26 kJ/mol, respectively, obtained with
experimental values for solid-state Fe (Supporting Information,
Table S5, the 3dBE70 set does not include solids).

■ CONCLUSIONS

In agreement with previous studies,27,30,32,44 we found the
TPSSh functional, the fourth rung of the Jacob’s ladder and the
highest among those considered here,17 to perform best with
mean absolute errors of 24 and 23 kJ/mol using TZVP and
QZVP basis sets, respectively. For PBE, the mean absolute
errors are much larger, 45 and 36 kJ/mol, respectively, whereas
BP86 performs second best with mean absolute errors of 32
and 34 kJ/mol, respectively. For the same basis set, the change
from the generalized gradient approximation functional PBE to
TPSSh increases the average calculation time by a factor of
about 2. Increasing the basis set from TZVP to QZVP
increases the average calculation time by a factor of about 8
while decreasing the standard deviation by only up to 6 kJ/
mol. We thus recommend the use of TPSSh with the TZVP
basis set for iron oxo-hydroxo compounds.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jctc.0c00088.

Vibrational contributions to enthalpies, additional results
for statistical measures obtained with SVP and QZVP

basis sets as well as with experimental atomization
energies for the elements (Fe, O, H) (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Joachim Sauer − Institut für Chemie, Humboldt-Universitaẗ zu
Berlin D-10099 Berlin, Germany; orcid.org/0000-0001-
6798-6212; Email: js@chemie.hu-berlin.de

Authors
Marc Reimann − Institut für Chemie, Humboldt-Universitaẗ zu
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