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Mobssbauer spectroscopy is a powerful technique for probing the local electronic structure of iron
compounds, because it reports in an element-selective manner on both the oxidation state and
coordination environment of the Fe ion. Computational prediction of the two main Md&ssbauer
parameters, isomer shift (6) and quadrupole splitting (AEg), has long been targeted by quantum chemical
studies, and useful protocols based on density functional theory have been proposed. Here we present
an extensive curated reference set of Fe compounds that is considerably larger and more diverse than
literature precedents. We make a distinction between low-temperature and high-temperature
experimental subgroups. This set is employed for optimizing a refined computational protocol utilizing
the scalar version of the exact 2-component (X2C) Hamiltonian with the finite nucleus approximation.
Attention is devoted to having an accurate and flexible all-electron basis set for Fe. We assess the
performance of several DFT methods that cover all representative families and rungs of functionals and
find that hybrid functionals with ca. 25-30% exact exchange offer the best accuracy for isomer shifts.
The work establishes a refined general protocol of wide applicability that achieves good performance for
the prediction of isomer shifts in a wider variety of systems than before, but the limitations of DFT
for quadrupole splittings are also highlighted. Finally, comparison of calculated values with high-
temperature experimental results shows that the use of an empirical correction factor is required to
account for the second-order Doppler shift and to achieve the same quality of correlation as with the

rsc.li/pccp low-temperature data.

1. Introduction

After the discovery of the Mdssbauer effect in 1958,"> Méss-
bauer spectroscopy has emerged as a powerful analytic tool in
solid state physics, chemistry, metallurgy, biological- and geo-
sciences as well as in industrial and materials science applica-
tions. This spectroscopic technique is based on the phenom-
enon of recoilless resonant absorption of gamma-ray photons
by an atomic nucleus and it can successfully probe minute
changes in the nuclear energy levels originating from hyperfine
interactions of the active center with surrounding electrons.
Over the years, the Mdssbauer effect has been observed for
nearly 90 y-ray transitions in 72 isotopes of 42 different
elements.* However, *’Fe Mdssbauer spectroscopy is the most
common due to the importance of iron in homogeneous and
heterogeneous catalysis as well as the abundance of different
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spin and oxidation states of this element in biologically rele-
vant systems.>”’

The two most important parameters encoded in a Moss-
bauer spectrum are the isomer shift (6) and the quadrupole
splitting (AEq). The isomer shift of a metal center is directly
related to the electron density at the nucleus, while AEq is
proportional to the electric field gradient (EFG), which origi-
nates from a nonsymmetrical distribution of electrons in the
valence shell as well as charges on the neighboring ligands.

The isomer shift of *’Fe measures the shift in the energy of
the y-ray absorption relative to a standard, usually iron foil. The
isomer shift is sensitive to the electron density at the nucleus,
and indirectly probes changes in iron-ligand bond lengths,
covalency and nature of its bonds, and shielding due to the 3d
orbital occupation pattern. As a result, it can successfully probe
oxidation and spin states, and the coordination environment of
Fe. This shift between an absorber (A) and a source (S) comes
from the difference in the electrostatic interactions between
electronic and nuclear charge distributions, which originates
from the difference in their electron densities as well as
the change in the nuclear radius upon gamma transition.
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Considering the nucleus to be a uniformly charged sphere, the
mathematical expression for the Mossbauer isomer shift is

& = ofpe — pe) &)
where p. denotes the “effective” electron density, ie., the
weighted average of the electron density within the finite

volume the nucleus; « is the isomer shift “calibration constant”
and can be expressed with the following form

y 4TECZR02 (ﬂ) @)
Ry

SE,

where ¢, E,, Ry, and Z are the speed of light, energy of the
gamma quantum, radius of the nucleus, and the nuclear
charge, respectively. The ARy/R, ratio in eqn (2) describes
the relative change of the nuclear radius upon excitation.
For a specific Mossbauer isotope, with the exception of pa
all terms in eqn (1) are constant. In the standard computa-
tional approach, the ‘“effective” electron density is usually
approximated by the contact density, p(0). Although for lighter
elements like *’Fe this approximation produces negligi-
ble error, for heavier nuclei this error is nontrivial.*
Considering this approximation, eqn (1) can be written in a
simple form as

5= afp(0) — C] + b 3)

where a and b are the ‘“fitting” or ‘“correlation” constants,
which can be determined from a linear fit of the computed p(0)
vs. experimental isomer shifts (J¢yp) for a set of iron complexes.
These fitting constants contain not only nuclear information,
but also cover for the deficiencies of the quantum-chemical
treatment. Hence, the fitting constant “a” is different from the
calibration constant o defined in eqn (1). The constant, C is
introduced only for a convenient scaling of the very large values
of contact densities. The success of such ansatz to predict good
correlation between theory and experiment relies to some
extent on error cancellation'! and suffers from the fact that
each new combination of quantum chemical protocol would
require new correlation constants. We should note that there
is a physically “correct” slope of the correlation line, with
o =—0.31 £ 0.04."

Over the years, linear regression analysis has been exten-
sively applied for the calculation of isomer shifts using semi-
empirical, Hartree-Fock (HF), density functional theory (DFT),
and wave function based ab initio methods like the domain
based local pair-natural orbital coupled-cluster theory (DLPNO-
CCSD)."13734 All these studies have demonstrated good corre-
lation between theory and experiment. Despite its simplicity,
this approach is fairly reliable and efficient and is known to
predict isomer shifts with an accuracy of up to ~0.1 mm s>’
Accurate computation of the contact density is challenging and
depends on factors like the choice of the quantum chemical
method, the basis set, and the proper treatment of relativistic
effects. An ideal basis set which can adequately describe
the contact density of Fe has to be sufficiently large in the
region where a cusp in the electron density will occur. The

known nonrelativistic HF limit for p(0) is ~11903.987 a.u.”~,
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whereas with a good basis set one can only obtain up to
11820 a.u.~>.*®'? Although in terms of absolute contact density
this error is negligible, compared to the variation of the
electron density over the chemical range (~10 a.u.”?) it is
nontrivial.

The relativistic effects on the electron density at the nucleus
are large for iron, increasing p(0) by a factor of 1.3 compared to
the nonrelativistic electron density of *’Fe.'”*® On the other
hand, Saue and co-workers have shown that for the calcula-
tion of Mdssbauer isomer shifts spin-orbit coupling can be
safely ignored while using the eXact 2-Component (X2C)
Hamiltonian®*® and a finite nucleus model,*® therefore the
consideration of scalar relativistic effects is sufficient.*’ As
already demonstrated,™* the contributions from the core 1s
and 2s orbitals remain nearly constant to the absolute contact
density at the iron nucleus. The major contribution to the
variation of the contact density due to its electronic configu-
ration and ligand environment arise from the valence and
subvalence regions. Hence, these inner valence and outer
valence orbitals of iron matter the most for obtaining a correct
calibration.'"*°

The other important parameter in a Mdssbauer spectrum is
the quadrupole splitting (AEq), which arises from the inter-
action of the nuclear quadrupole moment of the excited state
with the EFG at the nucleus. Quadrupole splittings can also be
used as a sensitive probe for the coordination environment of
iron centers. The quadrupole splitting is obtained from the
EFGs using the expression

2

V,«- - V\‘\‘
AEg = ;eQVZ:\/l + ;{}”V’} (4)

where e is the elementary charge and Q denotes the nuclear
quadrupole moment (in barn, b, where 1 barn = 10~>* m?), and
Vixy Vyy, and V,, indicate the components of the EFG tensor in
the principal axis system {x, y, z}. Although DFT has become the
workhorse for the prediction of isomer shifts with reasonable
success, the predictions of quadrupole splittings are often
associated with larger errors. This is presumably because of
the inability of such calculations to represent the finer details
of the asymmetry in electron density.

Another important factor is the absence of an accurate value
of the *’Fe nuclear quadrupole moment (NQM). As the NQM is
impossible to determine experimentally, the only possible way
to obtain those values is via linear regression analysis using the
experimental AEq values and the theoretical EFGs. Therefore, a
wide range of values between 0.1 to 0.3b can be found in the
literature. In the present study, we have used Q = 0.160b for the
calculation of quadrupole splittings."”

Over the years, several benchmark studies on *’Fe Moss-
bauer parameters have been performed by employing scalar
relativistic Hamiltonians like ZORA (zero-order regular
approximation),”* DKH2 (second-order Douglas-Kroll-Hess),"**®
and X2C (exact two-component).'®'%?1?24%:49 Although changing
the Hamiltonian had little effect on the overall correlation of
experimental ¢ and calculated contact densities of iron,'%??
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a detailed evaluation of a variety of density functional methods
and basis sets with the scalar relativistic X2C Hamiltonian
against a large and diverse dataset is still absent. Another
potential constraint of previous studies is related to the set of
iron complexes considered for benchmarking quantum-
chemistry methods. These datasets are either composed of
limited number of compounds, a mixture of molecular and
solid-state systems, a specific type of ligand, or only a limited
number of spin and oxidation states of iron. The main objec-
tives of the present study are:

(a) To construct a complete database of Fe complexes with
well-established Mossbauer parameters, which is curated so
that it includes most of the known spin and oxidation state of
iron and is representative of the wide range of chemical types
encountered in iron coordination chemistry;

(b) To conduct a thorough benchmark study of basis sets
and DFT functionals against our new database in order to
develop a refined computational protocol based on the popular
X2C Hamiltonian.

2. Reference set

Starting from 155 iron-containing systems with one Fe center,
116 unique entries were sorted out depending on the nature
of ligands, spin and oxidation states of the Fe center, and
distribution of the experimental isomer shift (Jcy,) and quad-
rupole splitting (AEq) values. Among these, 101 are molecular
iron complexes, where 80 experimental isomer shifts were
recorded at low temperature (4.2-80 K) and the remaining 21
were recorded at - or close to - room temperature. In the
following, we shall focus on the subset of 80 molecular iron-
complexes for which low-T d, values are known. We call this
dataset MPMIC80 (Mossbauer Parameters of 80 Molecular Iron
Complexes). Among these complexes, Je,, ranges from —0.72 to
1.11 mm s ', and the absolute quadrupole splitting (|AEq|)
values range from 0.0 to 4.25 mm s ' (see Fig. 1). The
complexes in our dataset cover the known oxidation and spin
states of iron. For detailed information on spin, oxidation
states, Jexp; |AEq|, and corresponding references see Table S1
in the ESL¥

3. Methodology

All the calculations were carried out using a development
version of ORCA.*® All molecular iron complexes were optimized
at the gas-phase using the scalar relativistic X2C Hamiltonian,>*
the TPSSh°>*® functional, the D3B]J dispersion corrections,>>*
and the x2¢-TZVPall basis sets.”® During optimization, the Def-
Grid2 integration grid, TightSCF convergence criteria, RIJCOSX
approximation,”” and picture change effects®®®" were included.
Using two selected complexes, we validated that DefGrid2 is
already fully converged for optimizations with the above-
mentioned methodology (see Table S3, ESIf). For the scalar
relativistic calculations of Mossbauer parameters, we used
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Fig. 1 Distribution of experimental isomer shifts deyp, (MM s7Y) and quad-

rupole splitting values |AEg| (mm s for different oxidation states of Fe
and total spin multiplicities (2S5 + 1) of the complexes present in the
MPMICB80 data set.

the x2c-TZVPPall®® basis set for the ligand atoms, we employed
first-order picture change effects and the finer DefGrid3 inte-
gration grids throughout.

In the present study the performance of 10 different basis
sets for iron is evaluated: CP(PPP),"' x2¢c-TZVPPall,”® x2c-
TZVPPall-s,** aug-cc-pVTZ-] (or aVTZ),** DKH-def2-TZVPP
(exponents from def2-TZVPP®! were recontracted for scalar-
relativistic DKH2**7*7°*  Hamiltonian), ANO-RCC-VTZP,*°
s-decontracted x2c-TZVPPall, s-decontracted aug-cc-pVIZ],
s-decontracted aug-cc-pVTZ-J(-dfg), and aug-cc-pVTZ-Jmod.®”
The last basis set was proposed by Gomez-Pineiro et al. for
the calculations of Cu(u) core properties, where the aug-cc-
pVTZJ was modified by decontracting the s functions and
removing the three innermost primitives.®” On the other hand,
the outermost d-, f- and g-primitives are removed from s-
decontracted aug-cc-pVTZ-] to obtain the s-decontracted aug-
cc-pVTZ-J(-dfg) basis set. For the ligand atoms, x2c-TZVPPall>®
was used throughout. 15 different density functionals from
all five rungs of Jacob’s ladder®® were calibrated: SVWN5,%%7°
BP86,’"’> PBE,”®> BLYP,”*’* TPSS,>®> PBE0,”°> BILYP,”®
B3LYP,”*77:78 TPSSh,***? TPSS0,”° M06,%° LC-BLYP,*! CAM-
B3LYP,*> ©B97X,** and B2PLYP.** For the PT2 part of the
double hybrid functionals, we correlated all core electrons
and employed both relaxed and unrelaxed densities. The ORCA
sample input files for the calculation of Mdssbauer properties
and the modified basis sets are provided in the ESL{ In a
previous study, the accuracy of selected DFT functionals was
evaluated on a small set of 20 iron-containing compounds.*®
The structures were optimized there using the TPSS functional
and def2-TZVP® basis set. Following the same protocol
for purposes of comparison, the complexes of MPMIC80 were
also reoptimized and the nonrelativistic MOssbauer parameters

This journal is © the Owner Societies 2024
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were calculated by employing the B3LYP functional, CP(PPP)"!
basis set for iron, and def2-TZVP®* for the ligand atoms.

4. Results and discussion

4.1. Isomer shifts (ISs) for the MPMICS80 set

First, to orient ourselves, linear regression analysis was performed
for the calculated nonrelativistic electron densities using the
originally proposed protocol'® against the experimental isomer
shifts of MPMIC80. The coefficient of determination (R*), @ and b
values obtained from the linear fit were 0.927, —0.446, and 1.168,
respectively (see Fig. 2).

These results are worse than literature expectations,
owing to the considerably expanded reference set of com-
pounds in the present study. The mean absolute error and
standard deviation of calculated isomer shift (J.,;) with respect
t0 Sexp are 0.07 and 0.09 mm s~ *, respectively. Closer inspection
reveals that the calculated isomer shifts of all nine Fe(ii)
complexes with quintet spin multiplicity (25 + 1 = 5) deviate
significantly from the experimental data. This stresses the
necessity of reconsidering the linear correlation parameters
obtained from more restricted reference sets.

4.1.1 Basis set definition. Aiming to identify suitable basis
sets to obtain a good correlation between dex, and p(0), slope
of the linear fit close to the experimentally determined
“@” value,"” and calculated contact density close to the four-
component fully relativistic HF electron density of Fe(i)®® we
evaluated the performance of ten different basis sets for iron
using the B3LYP functional, the Gaussian finite nucleus model
of Visscher and Dyall,”” and first-order picture change effects.
The values of different fitting parameters and coefficient of
determination (R®) obtained from the linear regression analy-
sis, mean absolute deviation, standard deviation, and maxi-
mum deviation of J., from Jeyp, are listed in Table 1. For the

18,22
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[p(0) — 11815] (a.u.”3)

Fig. 2 Linear fitting of the nonrelativistic contact densities relative to the
experimental isomer shifts of the 80 complexes in MPMIC80. The contact
densities are obtained with the TPSSO functional and the CP(PPP) basis
set for Fe.
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results with the point nucleus model and picture change effect,
see Table S4 in the ESIL.{

Our evaluation included first some standard basis sets. With
the default x2c-TZVPPall basis set the calculated p(0) values,
which are reflected in the very large value of C in eqn (3), are
significantly smaller than the fully relativistic electron density
15070 a.u.”>.%° The coefficient of determination (R*) obtained
from linear regression analysis is very low and the value of “a”
is far from the experimentally determined value (see Table 1).
As a result, the MAD of the calculated isomer shifts from the
experimental ones is also high (0.108 mm s~ *). This is to be
expected because of the lack of enough tight s basis functions
in the x2¢-TZVPPall basis set of Fe, which has been proven to be
critical to obtain correct p(0) values."' For the same reason,
shifting from the default x2c-TZVPPall to Weigend’s segmented
contracted relativistic basis set for NMR shielding constants
(x2¢-TZVPPall-s),** which has no additional s-space flexibility,
does not result in any improvement.

The CP(PPP) basis set was originally proposed precisely for
the prediction of Md&ssbauer parameters, albeit in a non-
relativistic context.'® Nevertheless, we test it and is a clear
improvement also using the X2C Hamiltonian, underlining
the leading importance of core flexibility for these properties.
However, even though the calculated contact densities are
better than those obtained with x2c-TZVPPall, those are still
significantly smaller than 15070 a.u.”>. Next, we test the aug-
cc-pVTZ-] basis set, which was optimized by Sauer and cow-
orkers for the calculation of electron paramagnetic resonance
(EPR) hyperfine coupling constants.®® Interestingly, we get a
good R? value from the linear fit and the MAD is close to what
was obtained with CP(PPP). However, the calculated p(0) values
are very small and consequently the “a” value obtained from
linear fit significantly deviates from the experimental calibra-
tion constant o« = —0.31 £ 0.04. The probable reason behind
this unusually small contact densities could be the presence of
contracted s functions in aug-cc-pVTZ-J, which restricts the core
flexibility of Fe. Due to the lack of sufficiently tight s-primitives,
the p(0) values calculated using the relativistically contracted
ANO-family basis set for iron, ANO-RCC-VTZP,®® has very poor
linear correlation (R*> = 0.414) with the experimental isomer
shifts. As a result, the fitted parameter “a” deviates signifi-
cantly from the experimentally determined value (see Table 1).

Another standard basis set we have tested for Fe is DKH-
def2-TZVPP, where the exponents of def2-TZVPP** were recon-
tracted for the DKH2 Hamiltonian with a looser contraction.**"%>
Although the calculated p(0) values are still not close to the fully
relativistic density, the R* and “a” obtained from the linear
regression analysis are considerably improved. Additionally, the
mean absolute error and standard deviation of §., relative to ey
are significantly better than those obtained with the x2c-TZVPPall
basis set. The importance of flexibility in the s-functions is high-
lighted when we look at the correlation between the calculated p(0)
and experimental isomer shifts with the s-decontracted x2c-
TZVPPall, which is clearly better than standard x2c-TZVPPall.
By using s-decontracted aug-cc-pVTZ-J the calculated contact den-
sities of the iron centre are very close to the fully relativistic value

Phys. Chem. Chem. Phys., 2024, 26, 23322-23334 | 23325
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Table 1 Calibration constants and statistical parameters obtained from the linear fitting of eqn (3) using ten different basis sets for iron and the B3LYP

functional®

Basis set for Fe a b C R MAD® (mm s~') Max. dev.? (mms™)  St. dev.® (mm s~ %)
CP(PPP) —0.30 0.9704 14 362 0.956 0.054 0.191 0.070
x2c-TZVPPall —0.22 1.0294 13651 0.820 0.108 0.346 0.142
x2¢-TZVPPall-s —0.22 0.8917 13652 0.806  0.113 0.356 0.147
aug-cc-pVTZ-] —0.41 1.3456 10511 0.956 0.054 0.181 0.070
ANO-RCC-VTZP —0.18 0.8903 15631 0.414 0.184 0.752 0.255
DKH-def2-TZVPP —0.30 1.0315 14076 0.956  0.055 0.190 0.070
s-decontracted x2c-TZVPPall —-0.31 1.1020 13688 0.955 0.054 0.197 0.071
s-decontracted aug-cc-pVTZ-J —0.29 1.1073 14930 0.958 0.053 0.180 0.069
s-decontracted aug-cc-pVTZ-J (-dfg)  —0.29 1.1051 14930 0.958  0.053 0.181 0.069
aug—cc-pVTZ-]mod67 —0.29 1.1015 14804 0.958 0.053 0.180 0.069
Exp."? —0.31 £ 0.04

“ With first-order picture change effect and finite nucleus model. For the results obtained with the point nucleus model and picture change effect,
see Table S4 in the ESL ? a and b are the fitting coefficients obtained from the linear fit of eqn (3). C is a constant, which is very close to the

calculated p(0) value. The units of @, b, and C are a.u.> mm s~ ', mm s~

, and a.u.”?, respectively. R” is the coefficient of determination from the

linear fit. * Mean absolute deviations of the calculated ISs with respect to the experimental ISs, where the former ones are obtained by using
eqn (3). ¢ Maximum deviation of the calculated ISs from the experimental ISs. ¢ Standard deviation of the calculated ISs.

15070 a.u.”>. Moreover, we also achieve a very good correlation
between p(0) and Jeyp (R = 0.958).

Finally, we test two more modifications of aug-cc-pVIZ-J: (a)
fully decontracted s functions and removal of the three inner-
most s-primitives (i.e., aug-cc-pVTZ-Jmod),*” (b) fully decon-
tracted s-functions and removal of the outermost d-, f-, and
g-primitives (denoted s-decontracted aug-cc-pVTZ-J(-dfg)). The
first one was recommended for the prediction of Cu(u) hyper-
fine coupling constants in a scalar relativistic approach,®’
whereas the second modification might be useful for large
Fe-complexes where linear dependencies in the basis set
may arise if diffuse functions are included. These modified
basis sets yield effectively indistinguishable results. However,
the calculated p(0) values with s-decontracted aug-cc-
pVTZ-J(-dfg) are closer to the fully relativistic electron density
(i.e., 15070 a.u.”*) than those obtained with aug-cc-pVTZ-Jmod
(see Table 1). With s-decontracted aug-cc-pVIZ-] and its two
modifications, the mean absolute errors and the R* and “a”
values obtained from the linear regression analysis are the
same. We note that using a set of 12 iron clusters, Kurian
and Filatov also found that the computed isomer shift values
are only marginally affected by the addition (or subtraction) of
the tightest primitive functions to a sizable, uncontracted basis
set.®® Unlike that study, however, here we find that the perfor-
mance of contracted basis sets is noticeably worse compared to
the large decontracted ones for the MPMIC80 set.

For each basis set, the mean absolute error of the isomer
shifts calculated using the point nucleus model is slightly
higher than those obtained with the Gaussian finite nucleus
model (see Table 1 and Table S4 in the ESIT). Except for the aug-
cc-pVTZJ and its modifications, the linear fitting parameters of
other basis sets are quite similar regardless of whether a point
nucleus or finite nucleus model is used.

Our conclusion regarding basis set selection for the calcula-
tion of the Mossbauer isomer shifts is that within the X2C
approach with the Gaussian finite nucleus model a basis set
with very tight s functions is necessary. Among the standard

23326 | Phys. Chem. Chem. Phys., 2024, 26, 23322-23334

and non-standard basis sets evaluated here, s-decontracted
versions of aug-cc-pVTZ-J and aug-cc-pVTZ-J(-dfg) are equally
good and are among the best choices. For the next step,
we benchmark different DFT methods in combination with
s-decontracted aug-cc-pVIZ-]J, CP(PPP), and DKH-def2-TZVPP.

4.1.2. Comparison of DFT methods. For each of the three
selected basis sets, fifteen different density functional approx-
imations are tested. The parameters obtained from the linear
regression analysis, coefficient of determination (R*), and error
statistics of 0.4 With respect to deyp are listed in Table 2. For the
calibration parameters and error statistics obtained using the
s-decontracted aug-cc-pVTZ-J(-dfg) basis set for Fe, see Table S5
in ESL{

Unlike the different basis sets, using different density func-
tionals does not have much influence on the calculated contact
densities. Based on the R* and mean absolute errors, climbing
the rungs of “Jacob’s ladder” improves accuracy gradually from
the 1st to the 4th rung. As in earlier findings, hybrid functionals
demonstrate a significant improvement over the performance
of pure GGA and meta-GGA approaches.”®>”*8%89 The inferior
correlations obtained with pure density functionals can be
attributed to their incorrect behavior near the nucleus.”® The
only exception is the extensively parametrized hybrid func-
tional M06, which offers accuracy similar to the pure meta-
GGA functionals. Among the hybrid functionals, range separa-
tion offers no benefit over the global hybrid variants, and it
does more harm than good when there is no short-range HF-
exchange involved (e.g., in LC-BLYP). Contrary to what Romelt
et al."® found with the scalar-relativistic ZORA Hamiltonian*'*>*?
on a much smaller dataset, the performance of the double hybrid
functional for the extensive MPMIC80 set is inferior to standard
hybrids like PBEO and TPSSO.

For the TPSS exchange- and correlation-based hybrid func-
tionals, increasing the percentage of exact exchange from 10%
to 25% improves its accuracy. Therefore the question may arise,
what is the optimum percentage of exact exchange for predict-
ing the isomer shifts in MPMIC80? To investigate this, we chose
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Table 2 Calibration constants and statistical parameters from the linear regression analysis of the computed contact densities using different DFT

functionals and the experimental isomer shifts?

Basis set for Fe Methods a b C R MAD? (mm s™!)  Max. dev.” (mm s™%)  St. dev.? (mm s)
s-decontracted aug-cc-pVIZ-] SVWNS5 —0.32 0.8946 14831 0.913 0.071 0.296 0.098
BP86 —0.32 0.9957 14960 0.922 0.067 0.270 0.093
PBE —0.32 0.9970 14933 0.921 0.067 0.267 0.094
BLYP —0.32 1.0974 14954 0.917 0.070 0.275 0.096
TPSS —0.32 1.0045 14917 0.935 0.060 0.243 0.085
PBEO —0.28 1.1225 14920 0.965 0.050 0.148 0.063
B1LYP —0.28 1.1358 14936 0.961 0.054 0.150 0.066
B3LYP —0.29 1.1073 14930 0.958 0.053 0.180 0.069
TPSSh —0.30 1.1976 14913 0.954 0.052 0.227 0.072
TPSSO —0.28 1.1425 14908 0.967 0.049 0.122 0.060
Mo6 —0.31 0.9446 15010 0.936 0.065 0.277 0.084
LC-BLYP —0.29 1.0845 14951 0.950 0.062 0.168 0.075
CAM-B3LYP —0.27 1.2024 14939 0.960 0.055 0.137 0.067
®B97X —0.27 1.1689 15034 0.958 0.055 0.147 0.068
B2PLYP —0.24 1.1367 14916 0.939 0.066 0.183 0.083
CP(PPP) SVWN5 —-0.33 1.1214 14272 0.910 0.072 0.295 0.100
BP86 —0.33 0.8681 14388 0.919 0.068 0.270 0.095
PBE —-0.33 1.1551 14371 0.917 0.068 0.266 0.096
BLYP —0.33 1.1620 14382 0.914 0.070 0.275 0.098
TPSS —0.33 1.1673 14358 0.932 0.061 0.253 0.087
PBEO —0.29 1.0344 14359 0.965 0.049 0.157 0.063
B1LYP —-0.29 1.1515 14367 0.963 0.051 0.159 0.064
B3LYP —0.30 0.9704 14362 0.956 0.054 0.191 0.070
TPSSh —0.32 09775 14355 0.952 0.053 0.237 0.073
TPSSO —-0.29 1.1373 14349 0.966 0.049 0.127 0.062
MO06 —0.32 1.0447 14427 0.934 0.065 0.277 0.085
LC-BLYP —0.30 1.2454 14379 0.951 0.061 0.177 0.074
CAM-B3LYP —0.29 1.0531 14370 0.961 0.054 0.134 0.066
®B97X —0.28 1.1687 14450 0.959 0.055 0.147 0.068
B2PLYP —0.25 1.1856 14350 0.940 0.066 0.176 0.082
DKH-def2-TZVPP SVWN5 —0.33 0.9272 14010 0.909 0.074 0.305 0.101
BP86 —0.33 0.9640 14094 0.919 0.069 0.277 0.095
PBE —0.33 1.1343 14086 0.919 0.069 0.273 0.095
BLYP —0.33 1.0651 14089 0.914 0.072 0.280 0.098
TPSS —0.33 1.1151 14078 0.934 0.061 0.247 0.086
PBEO —0.29 1.0853 14078 0.964 0.051 0.156 0.063
B1LYP —0.29 1.1600 14080 0.962 0.054 0.161 0.065
B3LYP —0.30 1.0315 14076 0.956 0.055 0.190 0.070
TPSSh —0.32 0.9873 14076 0.953 0.053 0.220 0.072
TPSSO —-0.29 1.0877 14072 0.967 0.049 0.127 0.060
Mo06 —0.32 1.2105 14105 0.934 0.067 0.282 0.086
LC-BLYP —-0.30 1.0128 14087 0.945 0.065 0.163 0.078
CAM-B3LYP —-0.29 1.2614 14081 0.957 0.058 0.138 0.069
®B97X —0.28 1.2380 14087 0.957 0.056 0.146 0.069
B2PLYP —0.25 1.1934 14070 0.938 0.66 0.178 0.083

“ a and b are the fitting coefficients obtained from the linear fit of eqn (3). C is a constant, which is very close to the calculated p(0) value. The units
of a, b, and C are a.u.®> mm s~!, mm s}, and a.u.”3, respectively. R? is the coefficient of determination from the linear fit. > Mean absolute
deviations of the calculated ISs with respect to the experimental ISs, where the former ones are obtained by using eqn (3). ¢ Maximum deviation of
the calculated ISs from the experimental ISs. ¢ Standard deviation of the calculated ISs.

the BLYP and TPSS functionals and their hybrid counterparts
with varyin