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Towards reliable modeling of excited states of uranium compunds

Theoretical prediction of electronic spectra of uranium-containing complexes remains quite a challenge for

quantum chemistry since it requires an accurate treatment of both correlation and relativistic effects at the same

time. While reliable electronic excitation energies can beobtained from correlated wave function approaches that

take relativistic effects into account, they are, however,limited to small system sizes. This includes small model

complexes but prevents the treatment of full-fledged ligands. Large complexes that are of interest in nuclear waste

reprocessing or in catalysis can only be investigated within a DFT framework based on the Kohn–Sham formal-

ism. Since in Kohn–Sham DFT the exact exchange–correlationfunctional remains unknown, the accuracy of DFT

calculations strongly depends on the applied approximations thereof and on which class of molecules or proper-

ties the density functional has been designed for. However,currently available approximate exchange–correlation

functionals do not contain heavy elements like actinides intheir parametrization sets, which may result in severe

drawbacks when actinide-containing compounds are described by means of DFT. Hence, a thorough knowledge

about the performance of DFT in studying such complexes is desirable, in particular, since actinides posses ac-

tive and chemically differentf -orbitals compared to lighter elements for which common density functionals are

optimized. Although DFT or its time-dependent extension TD-DFT represent the methods of choice when large

molecules and their properties are to be investigated, a systematic study of the excited-states of uranium com-

pounds with different approximate exchange–correlation functionals has not yet been performed. This raises the

question about the reliability and accuracy of the excitation energies obtained by TD-DFT. In order to gain first

insights into the performance of TD-DFT in a systematic way,we gradually defined a suitable benchmark set of

small and medium-sized model complexes which represent essential building blocks in uranium-containing com-

plexes and possess interesting electronic features. The excitation spectra of these benchmark molecules have been

tested against highly accurateab initio data obtained by CASPT2, CR-EOMCCSD(T) or IHFSCC-SD.

In a preliminary study (chapter 9), we chose three small-sized and isoelectronic uranium containing model

complexes as the starting benchmark set: UO2+
2 , NUO+ and NUN. This choice was deliberately made, since all

complexes represent the building blocks found in larger uranium-containing complexes which are,e.g., important

in the processing of nuclear waste. The accuracy of different classes of exchange–correlation energy functionals,

i.e., local (LDA), GGA (PBE and BLYP), meta-GGA (M06-L), hybrid (B3LYP and PBE0), meta-hybrid (M06
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and M06-2X), range-separated hybrid (CAM-B3LYP) and modelSAOP potential, has been assessed by compar-

ing spin–free vertical excitation energies determined by TD-DFT to reference data obtained by the CASPT2 and

IHFSCC-SD approaches. It turns out that only the PBE0, M06 and CAM-B3LYP exchange–correlation energy

functionals can qualitatively reproduce the reference data, while the other investigated exchange–correlation func-

tionals yield transition energies with errors up to 1.5 eV. In particular, the CAM-B3LYP exchange–correlation

functional performed best in reproducing the excitation energies of our small benchmark set, even outperforming

CASPT2. Besides, we found that the relativistic ZORA Hamiltonian correctly reproduces the spin–free excitation

energies of the DC Hamiltonian.

In a subsequent study (chapter 10), we extended the test set with the[UO2Cl4]2− complex which well-represents

the Cs2UO2Cl4 unit of the whole crystal structure that has been investigated experimentally by means of elec-

tronic spectroscopy. Due to its superiority demonstrated for the isoelectronic test set, the CAM-B3LYP exchange–

correlation functional is applied to investigate the electronic spectrum of[UO2Cl4]2− under the effects of spin–orbit

coupling. The electronic spectrum calculated by the long-range separated exchange–correlation functional CAM-

B3LYP agrees well with the experimentally recorded adiabatic electronic spectrum. In addition, the larger amount

of exact exchange at long inter-electronic distances favors to recover higher-lying charge-transfer excited-statesin

the electronic spectrum. It is worth to mention that such transition energies are difficult to obtain with standard

wave function methods.

In chapter 11, the benchmark set was further enlarged by the CUO molecule that is also isoelectronic to UO2+
2 ,

NUO+ and NUN. The special feature of CUO is its greater sensitivity to a ground-state change compared to the

other three-atomic test molecules. In experiments, a largered shift of the U–O and U–C stretching vibrations is

observed when the noble gas matrix is changed from neon, overargon and krypton to xenon. This characteristic red

shift was assigned to a ground-state change of the CUO molecule resulting from interactions of the complex core

with the noble gas matrix. In order to verify this hypothesis, we analyzed the electronic structure and the low-lying

excited-states of the bare CUO molecule as well as the CUO moiety embedded in different noble gas cages.

For the bare CUO complex, comparison to FSCC-SD reference data indicates large errors in the vertical spin–

free excitation energies obtained in TD-DFT calculations employing the PBE0 exchange–correlation functional. A

detailed analysis of the failure of TD-DFT denotes a significant triplet instability error for CUO which is associated
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with the amount of exact exchange present in the exchange–correlation functional. In particular, a larger fraction

of exact exchange corresponds to more pronounced triplet instabilities.

As model cages of the CUO molecule surrounded by the noble gasmatrix, the CUONg4 systems have been

constructed, where Ng is one of the noble gases Ne, Ar, Kr or Xe, respectively. In order to simulate the noble

gas environment, the total system has been partitioned in a FDE approach where the active system contains the

bare CUO molecule, while the four noble gas atoms constitutethe environment. Furthermore, the performance

of different kinetic energy functionals has been investigated, i.e., Thomas–Fermi, NDSD, PW91K and PW91K-

CJCORR. Analyzing the integrated errors in the densities aswell as the valence molecular orbitals demonstrates

that none of the currently available kinetic energy functionals yields qualitatively accurate embedding potentials for

all model systems studied, except for the PW91K kinetic energy functional which results in acceptable embedding

potentials for the CUONe4 and CUOAr4 nobel gas cages. The embedding potential obtained with the PW91K

kinetic energy functional is then utilized in WFT-in-DFT calculations employing the IHFSCC-SD method for the

CUO core embedded in the Ng4 potential obtained from DFT calculations. In opposite to what was suggested in

experiments, our WFT-in-DFT studies do not predict a ground-state change when the noble gas cage is changed

from neon to argon cages.

The results and insights gained in the above mentioned benchmark studies for small and medium-seized com-

plexes could then be applied to study the excitation spectraof two larger uranium-containing compounds most effi-

ciently, the UO2(saldien) and[UO2(saldien)]− complexes (chapter 12). For the closed-shell UO2(saldien) system,

the CR-EOM-CCSD(T) approach was applied as reference calculation to assess the accuracy of the vertical spin–

free excitation energies obtained from TD-DFT calculations employing the CAM-B3LYP exchange–correlation

functional which turned out to be superior for the small benchmark molecules. In particular, the amount of exact

exchange in CAM-B3LYP has been adjusted at the long-range distance so that DFT and coupled cluster results do

match. This optimized exchange–correlation functional designed to fit the reference excitation energies, is further

employed to investigate the electronic spectrum of the open-shell[UO2(saldien)]− complex for which also exper-

imental data is available. Our modified TD-DFT calculationsqualitatively reproduces the experimental transition

energies including their intensities.

Based on the benchmark studies as well as on the analysis of excitation spectra for full-fledged uranium com-
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plexes, general conclusions can be drawn. Notably, it is possible to obtain qualitatively correct electronic spectra of

uranium-containing complexes within the TD-DFT frameworkemploying the CAM-B3LYP exchange–correlation

functional as long as the UO2+2 moiety is the structurally characteristic unit of the investigated compound. Further-

more, CAM-B3LYP allows to access higher-lying charge-transfer excited-states which are otherwise difficult to

obtain in wave function based approaches. We have also demonstrated that the choice of the Hamiltonian is not of

prior importance since the low-lying transition energies of uranium-containing complexes can be well-represented

by approximate Hamiltonians,e.g., the ZORA Hamiltonian. However, we also illustrated that new exchange–

correlation functional need to be constructed which could describe different kinds of uranium-containingmolecules

at the same account, simultaneously yielding reliable excitation energies. Our studies provide deeper insights and

instrumental information for a further development of suchfunctionals.
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