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Abstract:

We optimized a mixing ratio of exchange energy between pure DFT and exact Hartree-
Fock using TPSS exchange-correlation functional to estimate the accurate coordination
bonds in f-block complexes by numerically benchmarking with the experimental data of
Mobssbauer isomer shifts for '°!Eu and *’Np nuclides. Second-order Douglas-Kroll-Hess
Hamiltonian with segmented all-electron relativistically contracted basis set was
employed to calculate the electron densities at Eu and Np nuclei, i.e. contact densities,
for each five complexes for Eu(Ill) and Np(IV) systems. We compared the root mean
square deviation values of their isomer shifts between experiment and calculation by
changing the mixing ratio of Hartree-Fock exchange parameter from 0 to 100 % at
intervals of 10 %. As the result, it was indicated that the mixing ratio of 30 and 60 % for
Eu and Np benchmark systems, respectively, gives the smallest deviation values.
Mulliken’s spin population analysis indicated that the covalency in the metal-ligand
bonds for both Eu and Np complexes decreases with increasing the Hartree-Fock

exchange admixture.
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Text:
1 Introduction

The bonding study between a metal and ligands on f-block metal complexes is required
in the field of nuclear science and engineering. It is because the difference in covalency
between lanthanide and actinide complexes has been indicated to be an origin of the
selective separation of actinides from lanthanides [1]. To understand the detailed
separation system is expected to lead to the development of a rational disposal system of
high-level radioactive waste generated in a nuclear fuel cycle [2].

Density functional theory (DFT) has been employed as a useful tool to reveal the
electronic and bonding properties for f-block complexes [3-6]. We have performed the
benchmark study to estimate accurately the covalent interaction by combining DFT
calculation with Mdssbauer isomer shift (&) for °'Eu and »*’Np systems [7-9], because
Mossbauer isomer shift is a quantitative indicator of chemical bonding [10]. We have also
indicated that the optimization of DFT methods by benchmarking can be applied to the
improvement for predicting the separation performance and understanding the separation
mechanism between Eu and Am ions [11-13].

The present study aims to validate systematically DFT method to estimate the
Moéssbauer isomer shifts for °!Eu and 2*’Np systems by parametrizing exact Hartree-
Fock exchange admixture in hybrid DFT calculation using TPSS functional [14] as an
extension of our previous works [7]. Although, this work is performed based on the
numerical point of view, not physical point of view, we expect that this attempt leads to
the improvement of exchange-correlation (XC) functional to evaluate the covalency in f-

block compounds.

2 Computational details
o can be formulated as the difference in electron density at nuclear position (po), i.e.
contact density, between absorber and source multiplied by the constant coefficient

depending on only Mdéssbauer nuclides (Eq. 1) [10]:
J= {(47[/5) Ze2R2 (AR/R)} (poabsorber _ posource) (1)’

where e is the elementary electric charge, Z and R are the nuclear charge and its radius,
respectively, and AR is the variation of the nuclear radius from ground state to excited
state during Mdssbauer transition. We can obtain po values by a quantum chemical
calculation and connect the theoretical calculation with the Mdssbauer isomer shifts [15]

as follows:



O%P = ¢ (pocalc _IB) (2)

The linear relationship between the experimental Mdssbauer isomer shifts (6°*P) and the
calculated po values (po°*) enables us to evaluate the performance of a computational
method by comparing the linearity or the root mean square deviation (RMSD) value
between 6P and 6 values. The 6% values can be estimated by using the fitting
parameters, a and 5, which are obtained by the linear regression between 6°* and po=*'.

All DFT calculations were performed by using ORCA ver. 3.0 [16]. Computation of po
values for the compounds including heavy atoms, such as lanthanides and actinides,
requires relativistic Hamiltonian with all-electron basis set for a Mossbauer atom. In this
study, we employed scalar-relativistic second-order Douglas-Kroll-Hess (DKH2)
Hamiltonian [17] with a finite nucleus model, considering as a uniformly charged sphere
[18]. Spin-orbit coupling effect was invariationally considered by using the Breit-Pauli
perturbative method. Segmented all-electron relativistic contracted (SARC) basis sets
optimized for DKH?2 calculation were assigned to Eu [19] and Np [20] atoms. Triple-zeta
valence basis set with one polarization function (TZVP), whose contraction coefficients
are optimized for DKH2 Hamiltonian [21], was assigned to the other atoms, as
implemented in ORCA program [16]. RI approximation was employed for all self-
consistent field (SCF) calculation as Split-RI-J method [22] for pure DFT calculation and
RIJCOSX method [23] for hybrid DFT calculation. The grid number and accuracy of SCF
calculation were employed with the same setting to our previous work [7].

We have indicated that the difference in the mixing ratio of exact Hartree-Fock
exchange energy might determine the reproducibility of Mdssbauer isomer shifts [7]. In
this work, we optimize the exchange admixture using the strategy that includes one
empirical parameter (@) for TPSS functional, which is meta-GGA XC functional not

including empirical parameters [14]:
Exc = (1 _ a) EXTPSS +a EXexact 4 ECTPSS (3)’

where Exc, Ex and Ec denote the energies of exchange-correlation, exchange and
correlation between two electrons, respectively. In this calculation, we estimated the
contact densities by varying a values from 0.0 to 1.0 at intervals of 0.1.

Each five complexes for Eu and Np systems, in which the experimental Mdssbauer
isomer shifts and DFT-optimized geometries are available in publications [7], were

chosen for the benchmarking shown in Table 1. Five trivalent Eu complexes, [EuCps(thf)]



[24], [EuCpCla(thf)s] [24], [EuCp(NCS)a(thf)s] [24], [Eu(acac);(H20)2] [25] and
[EuClz(phen)2] [26] (Cp = cyclopentadienyl, thf = tetrahydrofuran, acac™ =
acetylacetonato and phen = 1,10-phenanthroline), whose '*'Eu Mdssbauer isomer shifts
relative to '>'EuF3 at room temperature vary from —1.77 to 0.57 mm s~! (Table 1), were
employed. Five tetravalent Np complexes, [Np(COT)2] [27], [NpCp3(OrBu)] [28],
[NpCps] [29], [NpCps(nBu)] [28] and [Np(MeCp)Cls(thf)x] [28] (COT* =
cyclooctatetraenyl, MeCp~ = methycyclopentadienyl), whose 2*’Np Méssbauer isomer
shifts are relative to NpAl at 4.2 K, were employed. We employed the experimental
isomer shifts measured at 4.2 K except for [Eu(acac)3;(H20)2] and [EuCls(phen):], which
were measured at 80 K. It should be noted that the difference in the measured temperature
fives no significant effect when considering the variation of isomer shifts for Eu
complexes, because the second-order Doppler shift for '>!Eu system is ca. 0.02 mm s
by the difference between 80 K and 4.2 K [30-31]. We should note that the use of the
DFT-optimized geometries is more unfavorable than that of the X-ray geometries as
pointed out by Nemykin and coworkers [32]. Unfortunately, since the experimental
geometries were not available for all complexes, we used the procedure that the initial
structures were created by referring to the analogous X-ray geometries and optimized in
the same DFT condition [7]. In this paper, we do not discuss the coordination structures,
because the optimized geometries published in reference [7] were employed for
calculating electron densities. Spin ground states were set to septet state and quartet state
for Eu(Ill) and Np(IV) systems, respectively. Mulliken’s spin population (pspin) [33] was

estimated to discuss the strength of covalent interaction between metal and the ligands.

3 Results and discussion

Tables 2 and 3 show the numerical data of the calculated po (po®¥'°) values, calculated &
(5°°) values, correlation coefficient (R), fitting parameters («, ) and root mean square
deviation (RMSD) values for @ = 0.0, 0.5 and 1.0 for Eu and Np system, respectively.
When focusing on the tendency in the variation between isomer shifts and contact

calc

densities, the po®° values in all methods increase from EuCps(thf) to EuCls(phen), and

from Np(COT)> to Np(MeCp)Cls(thf),, corresponding to approximately the increase in

Eu system and decrease in Np system of §°* values. This increase of po®®° indicates that

cale yalue

the complex with covalent interaction, such as metal-carbon bond, has smaller po
than the complex with ionic interaction. The inverse tendency in 8 between '*'Eu and
23Np systems is caused by that the sign of AR/R is positive for '*'Eu [34-35] but negative
for 2’Np [36]. When comparing the variation of po values from EuCps(thf) to

EuCls(phen),, the variations are 19.7, 10.4 and 8.6 a.u.” for a = 0.0, 0.5 and 1.0,



respectively. The decrease of the variation from @ = 0.0 to @ = 1.0 was also observed in
Np system. This indicates that pure DFT tends to estimate po values to be more sensitive
to the change of isomer shifts compared to Hartree-Fock method.

We performed the simple determination of the optimum mixing parameter, which was
based on the numerical point of view, not the physical point of view. When focusing on
the correlation between 5°*° and po°*'°, the hybrid DFT calculation with @ = 0.5 using TPSS
functional gives higher correlation and lower RMSD values than a = 0.0 and 1.0 systems,
as shown in the plots between the calculated and experimental & values, in which &
values were estimated by using Eq. 2 and fitting parameters. The improvement of the
correlation originates to the bonding evaluation of EuCps(thf) in Eu system and NpCp4
in Np system. We compared RMSD values in the variation of mixing parameter a in
Figure 3. Interestingly, there were the a values giving the lowest RMSD in 0.0 ~ 1.0 range
for both systems and its value was different between the Eu and Np benchmarking. The
values were observed at 0.3 ~ 0.4 for Eu system and 0.5 ~ 0.7 for Np system. The lowering
of RMSD originates the improvement of the tendency between 5 and " shown in
EuCpCla(thf); / EuCp(NCS)x(thf)> and NpCpz(O7Bu) / NpCps relations. In the Np system,
the inconsistency of this tendency, for example, 8.6 / 7.2 mm s! for §*? and 5.7 / 13.4
mm s~ for 5 when a = 0.5, remains to be unknown. This irreproducibility might be
improved the consideration of MP2 correlation energy or long-range correction, although
it is not clear in the present stage and should be discussed in future work.

We also tried to calculate AR/R values by using fitting parameter o and the relation of
equation (1), although our benchmark sets include the complexes with only 4/°
configuration for '*'Eu and only 5 configuration for 2*’Np. The estimated values were
0.40 x 10~ 1.09 x 10~* for "*'Eu and —0.47 x 10~* ~—0.59 x 10 for ?’"Np in 0.0 ~ 1.0
range of the mixing parameter a. These values were smaller than the reported values, 4.5
x 1074[34] ~ 12.2 x 107* [35] for '*'Eu and —3.5 x 10~* ( = A<R*>/<R*>) for »*'Np [36].
In the present stage, it is not clear whether the reason of this inconsistency of AR/R values
is due to a lack of the complexes with other oxidation states in the benchmark sets or the
improvement of the consideration of the relativity at scalar-level included in the present
calculation.

Figure 4 shows the variation of Mulliken’s spin population, pspin, for the Eu and Np
atoms by changing mixing parameter a for the selected complexes. The pspin values
decrease with the increase from 0.0 to 0.6 of a values and do not change in the larger a
range in the Eu system. This indicates that pure DFT exchange tends to estimate more
strongly the covalent interaction compared to exact exchange. It might lead to the

sensitive variation of contact densities to the change of isomer shifts. The degree of



variation of the pspin Values is not so large in the Np system compared to the Eu system,
especially for Np(COT)> and Np(MeCp)Cls(thf), complexes. This might be a reason why
the correlation between 5% and 8¢ values except for NpCps was almost the same for a
=0.0, 0.5 and 1.0 in Figure 2, leading to a small reduction of RMSD from maximum to
minimum by only 20% for Np system compared to about 60 % for Eu system. In both the
Eu and Np cases, the ordering of pspin correlates to that of the corresponding po or 3*%,
especially in the a range giving a good reproducibility. This correlation was observed in
our earlier work [9]. Although the detailed bonding evaluation, including bond overlap
population and NBO analyses, is now under study, this results suggest that the isomer
shifts change by reflecting the covalent interaction between the metal and the ligands. It
is expected that the combination of thus benchmarking with Mdssbauer isomer shifts with
the quantitative bonding analyses improves the understanding of the coordination bonds
in f-block complexes.
4 Conclusion

In summary, we applied scalar-relativistic DFT calculations with DKH2 to the
benchmarking with '*'Eu and *’Np Méssbauer isomer shifts. Varying the mixing ratio of
exchange energy between pure-DFT using TPSS functional and exact Hartree-Fock, we
determined the suitable mixing ratio of Hartree-Fock exchange in the hybrid DFT
calculations giving the good reproducibility for isomer shifts. The mixing ratio was 30 ~
40 % for Eu complexes and 40 ~ 60 % for Np complexes by the simple and numerical
determination of lowest RMSD values. Mulliken’s population analysis indicated that
pure-DFT tends to overestimate the covalency in the coordination bonds for the Eu and
Np complexes. It might lead to the oversensitivity of contact density to the change of

isomer shifts, resulting in the lowering of the correlation between po®® and §°*° values.
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Table 1 Benchmark complexes for Eu and Np systems

Eu complex 8*P(Eu) / mm s! Np complex 8*P(Np) /mm s~
EuCps(thf) -1.77(5) [4.2K] Np(COT), 19.4(5) [4.2K]
EuCpCly(thf)s 0.06(5) [4.2K] NpCps(OrBu) 8.6(30) [4.2K]
EuCp(NCS)(thf)s 0.14(5) [4.2K] NpCps 7.2(2) [4.2K]
Eu(acac)3;(H20)2 0.36(4) [80K] NpCps(nBu) 2.7(7)  [4.2K]
EuClz(phen), 0.57(2) [80K] Np(MeCp)Cls(thf), -3.1(7) [4.2K]




Table 2 Calculated electron densities at Eu nucleus position and linear regression

parameters at three different mixing parameters

- a=0.0 a=0.5 a=1.0
Eu complex po°le deale po°le deale po°le eale
/ mm s
/au? /mm s /au? /mm s /au.? / mm s
EuCps(thf) —1.77(5)  822625.308 -1.291 821767.424  —-1.588  820894.614 -1.510
EuCpCly(thf)s 0.06(5) 822634.080 -0.376  821773.871  —-0.084  820899.425 -0.140
EuCp(NCS),(thf)s 0.14(5) 822634.447  -0.338  821773.539 -0.162  820899.377 -0.154
Eu(acac)3(H20) 0.36(4) 822643.478 0.604 821775.727 0.349 820900.694 0.222
EuCls(phen): 0.57(2) 822644.994 0.762 821777.856 0.845 820903.223 0.942
Correlation coefficient 0.888 0.968 0.949
a/mms!au’ 0.104 0.233 0.285
S/ au. 822637.689 821774.232 820899.916
RMSD / mm s 4.548 3.681 4.081




Table 3 Calculated electron densities at Np nucleus position and linear regression

parameters at three different mixing parameters

- a=0.0 a=0.5 a=1.0
Np complex po°le §eale po°le deale ol deale
/ mm s
/au.? / mm s /au.? /mm s /au? /mms!
Np(COT) 19.4(5) 20327308.084  13.250 20284194.984  15.257 20241268.493  14.078
NpCps(OrBu) 8.6(30) 20327395.838 5.519 20284297.972 5.728 20241339.805 6.172
NpCps 7.2(2) 20327296.565 14.265 20284214.733  13.429  20241269.831 13.929
NpCps(nBu) 2.7(7) 20327431.248 2.399 20284340.188 1.822 20241378.030 1.934
Np(MeCp)Cli(thf),  —3.1(7)  20327465.651 —0.632 20284375387 —1.435  20241407.318 —1.313
Correlation coefficient -0.792 —-0.869 —-0.836
a/mms!au? —0.088 —0.093 -0.111
p/au. 20327458.477 20284359.876 20241395.474
RMSD / mm ™! 4.548 3.681 4.081




