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ABSTRACT: The tetraoxo pertechnetate anion (TcO,") is of great interest
for nuclear waste management and radiopharmceuticals. To elucidate its
electronic structure and to compare with that of its lighter congener MnO,~,
the photoelectron and electronic absorption spectra of MnO,~ and TcO,~
are investigated with density functional theory (DFT) and ab initio wave
function theory (WFT). The vertical electron detachment energies (VDEs)
of MnO,~ obtained with the CR-EOM-CCSD(T) method are in good
agreement with the lowest two experimental VDEs; the differences are less
than 0.1 eV, representing a significant improvement over the IP-EOM-
CCSD(T) result in the literature. Combining our CCSD(T) and CR-EOM-
CCSD(T) results, the first five VDEs of TcO, are estimated between 5 and
10 eV with an estimated accuracy of about +0.2 eV. The vertical excitation
energies are determined by using TD-DFT, CR-EOM-CCSD(T), and RAS-
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PT2 methods. The excitation energies and the assignments of the spectra are analyzed and partly improved. They are compared
with reported SAC-CI results and available experimental data. Both dynamic and nondynamic electron correlations are important
in the ground and excited states of MnO,~ and TcO,”. Nondynamical correlations are particularly relevant in TcO," for reliable
prediction of excitation energies. In TcO,~ one Rydberg state interlaces but does not mix with the valence excited states, and it

disappears in the condensed phase.

1. INTRODUCTION

Being the first predominantly synthetic element, technetium
has a long-lived soft f-emitting *Tc isotope (t;,, = 2 X 10°
years), which is available in high radionuclide purity from *Mo
after f~ decay or by uranium fission in high yield (ca. 6%) in
nuclear reactors. *Tc has many applications in the area of
nuclear medicine and biology. A common form of Tc in water
is the tetraoxo pertechnetate anion, and y-radiating *™TcO,” is
the most important radiopharmaceutical diagnostic.' > In
nuclear waste cleanup and nuclear fuel reprocessing such as
the PUREX process, separating technetium (as TcO,”) in
acidic solution from the major actinides is one of the major
issues. ™

Pertechnatate, a strong oxidizing reagent, belongs to the
family of d° tetraoxo transition metal complexes, such as VO,*,
CrO,", MnO,”, RuO,, and their heavier homologues. Their
electronic structures have been the subject of numerous studies
over the past 70 years. Experimentally, UV—vis absorption
spectroscopy has become a common tool to study the
electronic structure of inorganic transition metal compounds,
and the electronic absorption spectra of TcO,” in vapor and
solid phase were already reported in the 1970s.%”

However, only a few theoretical studies were carried out on
this molecule, most of which were based on DFT and TD-
(time-dependent) DFT.*~'° So far only one theoretical study
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was carried out at the post Hartree—Fock level using symmetry
adapted cluster-configuration interaction (SAC-CI)," and there
is our recent work'” about Tc—O bond length change upon
electronic excitation. Despite the importance of electronic
spectroscopy in characterizing the electronic structures of
TcO,™, no accurate theoretical studies of the excited electronic
states and absorption spectra based on advanced ab initio
methods have been reported yet. Anionic photoelectron
(photodetachment) spectroscopy can also provide rich
information on chemical bonding in the anion and on the
ground and excited states of the neutral molecule, but there is
no such experimental work on TcO,” so far. Concerning its
lighter congener MnO,~, the classical permanganate, electronic
spectra were measured and discussed already in the late
1930s"*'* and 1960s.%'° Previous computational work on
MnO,” has applied HF (Hartree—Fock),"®™'® post-HF,'?~>3
and DFT***~** methods.

Therefore, we have theoretically investigated the electronic
absorption and photoelectron spectra of TcO,~ by calculating
the vertical detachment energies (VDEs) and vertical excitation
energies. The advanced ab inito WFT methods CR-EOM-
CCSD(T) and RAS-PT2 were employed (CR = completely
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renormalized; EOM = equation of motion; CC = coupled
cluster; SD(T) = single, double, and perturbative triple
substitutions; RAS = self-consistent restricted active space;
PT2 = second order perturbation theory). These approaches
had been used successfully for the accurate account of the
electronic spectra of transition metal compounds®® and actinide
compounds®*>* and compared with TDDET. We also
compare TcO,~ with its lighter congener MnO,”. DFT and
ab initio wave function approaches were applied to determine
the photoelectron and absorption spectra of MO,” molecules
(M = Mn, Tc), using the DFT, TDDFT, CCSD(T), CR-EOM-
CCSD(T), and RAS-PT2 methods, respectively. The computa-
tional details of the applied methods are given in section 2. The
results of the spectra are presented and discussed in section 3.
Our main conclusions are drawn in section 4.

2. COMPUTATIONAL DETAILS

DFT and TD-DFT Approximations. For the ionization potentials,
the neutral molecules MO, and anions MO,~ (M = Mn, Tc) were first
separately calculated at the DFT level. As exchange-correlation
potential, the generalized gradient approximation (GGA) with the
PBE functional®® as implemented in the Amsterdam Density
Functional program ADF2010.02 was chosen.>*™>® The frozen core
approximation was applied to the inner atomic core shells: for Mn a
Ne[1s>—2p°] core with 10 electrons, for Tc a [1s*~3d"°] core with 28
electrons, and for O a He[ls?] core with 2 electrons. The scalar
relativistic (SR) and spin—orbit (SO) coupling effects were taken into
account at the zero order regular approximation (ZORA).* Slater
basis sets of triple-{ double-polarization quality (TZ2P) as
implemented in the program were used.*® The geometries were fully
optimized at the SR-ZORA level, and single-point energy calculations
were performed with inclusion of the SO coupling effects via the SO-
ZORA approach.

For the excited states and the absorption spectra, the TD-DFT
approach® was applied to obtain the vertical excitation energies (AE)
at the DFT/PBE ground state geometries. As density functionals, we
applied the common B3LYP potential*®*' and the range-separated
hybrid functional CAMY-B3LYP* implemented in the ADF2013.01
code,** and the statistically averaged orbital potential (SAOP) showing
the correct asymptotic 1/r behavior.*® In order to check the sensitivity
of the excited states to solvation and counterion effects, the continuum
dielectric screening model COSMO was employed.*** We also
checked for valence-Rydberg mixing by expanding the STO basis sets
of the central atoms by lower-exponent functions up to n/{ values of
about 50 (“+Ry”).

CCSD(T) and CR-EOM-CCSD(T). The excited states and
absorption spectral parameters as well as the vertical detachment
energies of the photoelectron spectra of the MO,” species were
determined also by SR-CCSD(T) methods, namely by the standard
CC approach as implemented in the MOLPRO 2012.1 program46 and
by the CR-EOM-CC as implemented in the NWChem 6.0 program.*’
We used the Stuttgart relativistic energy-consistent pseudopotentials
ECP10MDF for Mn and ECP28MDF for Tc.**"° Gaussian type basis
sets were applied: for Mn the pseudo?otential—adapted basis
ECP10MDF ((8s7p6d2flg)/[6s5p3d2fig]),>" for Tc the correspond-
ing aug-cc-pVTZ basis,*® and for O the aug-cc-pVTZ basis.>

The anionic ground-state geometries of MO,~ were optimized at
the SR-CCSD(T) level. Then the vertical detachment energies were
determined by CCSD(T) calculations for various states of MO,” at the
anionic ground-state geometry. Besides, CR-EOM-CCSD(T) calcu-
lations™ were performed as well, with the CCSD(T) energy of the
third state (of A, symmetry) as reference. In addition, the CR-EOM-
CCSD(T) method was also applied to calculate the vertical excitation
energies of MO, to assign the experimental absorption spectra.

The CASSCF/CCSD(T)/SO approach has been shown to yield
rather accurate results in heavy-element systems.”*~*" It was used here
to estimate the SO coupling effects on the photoelectron spectrum of
TcO,~, while SO coupling is negligible for MnO,". The SO coupling
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was included by using a state-interacting method with SO coupled
relativistic pseudopotentials, whereby it is treated as a perturbation to
the SR state energies. It was calculated on the basis of CASSCF wave
functions with the diagonal matrix elements replaced by the individual
CCSD(T) state energies. Thereby, the electron binding energies
corresponding to formal one-electron transitions from the closed-shell
ground state of TcO,~ to the ground and excited states of TcO,’ were
obtained.

RAS-PT2. For the vertical excitation energies of MO,~ and MO,’
also the RAS-PT2 approach as implemented in MOLPRO 2012.1*
was applied. The same pseudopotentials were chosen as above, while
for Tc and O slightly smaller basis sets (aug-cc-pVDZ) were used and
for Mn the g function in the ECP10MDF basis was removed, to save
computational expenses. Diffuse functions with exponents 0.003 and
0.001 for s and 0.01 and 0.003 for p were added to allow for valence-
Rydberg mixing (aug-cc-pVDZ+Ry) in test calculation for the
influence of metal Rydberg orbitals.

For the MO, species, the active space contained the 12 upper,
doubly occupied, more or less bonding orbitals of O(2p) 1ay, le, 1t;,
1t,, and 2t, character with 24 electrons, plus the S virtual, slightly
antibonding orbitals of metal(d) 2e* and 3t,* character (for details,
see section 3). This active space set is labeled as RAS(24e,170). State-
averaged RASSCF calculations were carried out to generate the wave
functions of the ground and singlet-excited states of MO,~, where up
to 4 electrons were allowed to be excited. In the subsequent RAS-PT2
calculations, the ionization-potential/electron-affinity corrected zeroth-
order Hamiltonian®' was used with an IPEA shift of 0.25 au. To avoid
intruder states and to improve the RAS-PT2 convergence, level shifts
of 0.2 and 0.3 au were applied for MnO,~ and TcO,~, respectively.
The excitation energies vary by less than 0.06 eV due to the level shift.
Test calculations have shown that an approximate relation exists
between excitation energy change A and level shift Is, A = 0.0075 X Is.
To test the influence of metal s- and p-type MOs, also enlarged active
spaces RAS(24e,180) with added 2a; MO and RAS(24e,200) with
added 4t, MOs were applied.

Similar RAS-PT?2 calculations were performed on neutral TcO,°
with RAS(23e,170) at the TcO,~ ground state geometry, using IPEA
shift = 0.25 au and Is = 0.2 au. RAS-PT2 calculations of MnO,°
however failed because of too strong configuration mixing in the
MnO,” states.

3. COMPUTATIONAL RESULTS AND DISCUSSION

Geometric and Electronic Structure of the Ground
States of MO,%~ (M = Mn, Tc). The M-O bond lengths of
free MO,~ (M = Mn, Tc) in the electronic ground-state of T,
symmetry from DFT/PBE and CCSD(T) calculations are
listed in Table 1. The CCSD(T) values are 1—2 pm smaller

Table 1. Ground-State Parameters of MnO,~ and TcO,” (T,
Symmetry): Bond Lengths M—O (in pm) and Symmetric
Breathing Vibrations v, (in cm™") from DFT/PBE and
CCSD(T) Calculations (SR Approximation, in Vacuum),
and Experimental Crystal Data

DFT/PBE CCSD(T) expt, cryst
Mn—0O 161.6 159.6 162.9, 161.0°%%
v,(Mn—0) 887 8455
Tc—0 173.55 172.5 171.1%
v(Tc—0) 908 910%

than the DFT/PBE ones. Both are consistent with the
experimental crystal data within the systematic errors of both
methods.®>%*** Added diffuse basis functions are insignificant.
The calculated totally symmetric M-O stretching vibrational
frequencies ©,(M-O) in the harmonic approximation agree
within 5 and 0.2% with the experimental anharmonic values.**
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Remarkably, the M-O bond force constant of the heavier
TcO,” is about 10% larger than that of MnO,".

The isoelectronic TcO,~ and MnO,~ species have similar
molecular orbital (MO) levels (Figures 1 and 3) and similar
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Figure 1. Qualitative valence orbital energy level scheme of Tc and O
atoms at the SR level and of TcO,” at both the SR and SO coupling
levels from DFT/PBE calculations. The connecting lines depict
dominant (>2/;, solid lines), medium (>'/5, dashed lines), and weak
contributions (<'/,;, lettering in parentheses, dotted lines) of the AOs
to the molecular orbitals.

# 9K

e* 2a,(5s) 3t
1t,(b)  1e(b) 1ab) 2t

Figure 2. Valence MO contour diagrams of TcO,” (DFT/PBE,
contour value = + 0.03 au). 1t,(b) to 1t, are the occupied O(2p)
dominated valence MOs, 2e* to 3t,* are the lowest virtual MOs of
Tc(4d,5s) type; (b) = bonding MO; * = antibonding MO; Ss =
Rydberg MO (in this envelope diagram, its spatial extension is not
visible but only the inner lobes).

orbital shapes (Figure 2). The four O(2ps) AOs give rise to a,
and t, MOs and the eight O(2p7) AOs yield e, t;, and t, MOs,
with the two t, levels being mixed. The virtual M(d) AOs of
formal M"* cations stabilize the O(2pon)-1t, and O(2pn)-le
ligand orbitals of the formal O~ ligands significantly via dative
bonding, and are destabilized to form antibonding 2e* and 3t,*
orbitals. The virtual M(s) and M(p) AOs stabilize the O(2ps)-
la, and O(2por)-2t, orbitals slightly, whereas the highest
occupied MOs (HOMOs) of O(2pn)-1t, type remain basically
nonbonding. The lowest unoccupied valence MOs (LUMOs)
are of M(d)-2e*/3t,* type. In neutral species one would expect
molecular M(ns) and M(np) Rydberg series, beginning with Ss
and Sp in the case of Tc, and the lowest members might mix
with the valence LUMOs. In the case of anions, however, there
will at most be only a very few Rydberg states or even none,
below the ionization limit.
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The MO level schemes of the two anions are compared in
Figure 3. From MnO,~ to TcO,”, the main bonding levels 1t,
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Figure 3. Comparison of occupied and virtual valence orbitals of
MnO,~ and TcO,” (DFT/PBE). M-ns is the lowest Rydberg level.

and le drop, corresponding to the above-mentioned increase of
the stretching force constant. The bonding interaction in the
heavier Tc species turns out to be stronger than in Mn, being
rationalized by the more extended radial distribution of 4d
versus the more compact “primogenic” 3d orbitals. Simulta-
neously the antibonding counterparts Tc(4d,«) and Tc(4d,+)

are destabilized, leading to a modified orbital order: In TcO,~
the only Rydberg MO level is of Ss type and lies between the
4d.+ and 4d,  levels near the ionization limit. Due to symmetry

reasons valence-Rydberg mixing does not occur.

Although the SO splitting energies of Tc are only of the
order of a fraction of an eV, i.e, in the 10> cm™ range, they are
non-negligible for the spectroscopic purpose. The SO effects on
the occupied MOs of TcO," are indicated in Figure 1 (see also
Table 3). In double-group symmetry, the a, and e species
become e}/, and u3/, without change of degeneracy, while the t-
type species are SO-split, transforming as t; = e;,, @ uz), t, =
es;, @D ug),, respectively.

Reproduction and Prediction of Vertical Electron
Detachment Energies. The calculated vertical detachment
energies (VDEs) for MnO,~ and TcO,” at the DFT/PBE,
CCSD(T), CR-EOM-CCSD(T), and RAS-PT2 levels are
displayed together with experimental and theoretical literature
data in Table 2. The first three VDEs correspond to single-
electron eliminations from the seven O(2p)-dominated orbitals.
The nonbonding 1t, and weakly bonding 2t, and 1a; MOs give
rise to VDE values around S, 6, and 7 eV. The two lowest
strongly bonding le and 1t; MOs yield features near 9 eV.
While often the electron detachment from the bottom of the
valence band is dissolved in a band of upper valence shakeup
states, our correlated calculations d1d not show any indication
of a breakdown of the orbital model.® In the present case, the
energy distance between the first and highest valence ionization
potentials is only 4 eV, and that is not sufficient for
multielectronic “shakeup” excitations just a little above the
first ionization.

For MnQ,~, the calculated first VDE values from CCSD(T)
and CR-EOM-CCSD(T), i.e., 4.93 and 4.91 eV, both agree well
with the experimental result of 4.91 + 0.03 eV while DFT/
PBE overestimates it by nearly 0.2 eV. The present theory
improves on the reported IP-EOM-CCSD result by 0.3 eV.>
The second VDE of MnQO," is well reproduced by CR-EOM-
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Inorganic Chemistry

Table 2. Vertical Electron Detachment Energies (VDEs in eV) of MnO,” and TcO,” in Vacuum, from DFT/PBE, CCSD(T),
CR-EOM-CCSD(T) Calculations at the SR Level and from the Literature

MnO,~ TcO,~
ref
this work ref 23 67 this work

VDE MO dominant MO character DFT/ CR-EOM-  IP-EOM- DFT/ CC- RAS- CR-EOM-  recommended
no.  symmetry (M = Mn or Tc) PBE® CCSD(T) CCSD(T)®? CCSD expt PBE® SD(T) PT2 CCSD(T)” (here)

1 1t, O2pa(+Mf) 5.05 4.93° 491 4.59 49 533 559 561 5.07 53 +02

2 2, 02pr(+Mpd) 6.42 651 6.18 6.09 61 599 632 633 5.68 59 + 02

3 la, O2po(+Ms) 7.19 7.24 7.24 642 685 721 721 721 7.1+ 02

4 le 02pﬂ(+Md) 8.37 8.61 8.86 8.95 8.73 9.16 8.88 8.82 8.8 £ 0.2

s 1t, 02po(+Md) 8.77 d 8.99 922 887 930 925 8.77 89 + 0.2

“The third VDE corresponding to the simple 'A; — ?A, process was calculated by the ASCF approach using DFT/PBE energies. The other VDEs
were obtained by adding the respective orbital energy differences according to the generalized Koopmans’ theorem. “In the CR-EOM-CCSD(T)
calculations, the reference states of MnO, and TcO, have one electron detached from the la, orbital; the reference state energies are taken from
CCSD(T). “The CCSD(T) calculation with ECP10MDF and (8s7p6d2flg)/[6sSp3d2flg] basis for Mn did not converge while it converged for the
same basis with the g function removed, i.e., (8s7p6d2f)/[6sSp3d2f]. The value is corrected by the [6sSp3d2flg] — [6sSp3d2f] difference from CR-
EOM-CCSD(T) calculations. “The CCSD(T) calculations did not converge for both the [6s5p3d2flg] and [6sSp3d2f] basis sets.

CCSD(T) and also by IP-EOM-CCSD, while DFT/PBE and
CCSD(T) overestimate it by about 0.4 V. As for the third
VDE from the la, orbital, IP-EOM-CCSD gives 6.4 eV,>
which is 0.8 eV less than that from CCSD(T). For the higher
VDE, (n = 4 and S) our three methods give consistent results,
which are now however lower than the IP-EOM-CCSD results
by 0.1-0.4 V. For MnO,”, DFT/PBE agrees reasonably well
with the ab initio approaches within about +0.2 eV, and CR-
EOM-CCSD(T) seems most reliable both from the theoretical
and the present numerical points of view.

Concerning TcO,”, where no experimental values are
known, the VDEs from DFT/PBE, CCSD(T), and RAS-PT2
are close, with differences usually smaller than 0.37 eV, whereas
the CR-EOM-CCSD(T) results are lower throughout by 0.3—
0.7 eV. Concerning the changes from MnO,~ to TcO,, there
is the general agreement that the VDE, values (n = 1, 4, and S)
are larger for TcO,” by about 0.5 eV and VDEs 2 and 3 are
somewhat smaller than for MnO, . This is consistent with
Koopmans’ theorem and with the shift of the orbital energies as
indicated in Figure 3. On this background we predict the VDEs
of TcO,” as given in the last column of Table 2. The SO
coupling effects on the VDEs of TcO,” from SO-DFT/PBE
and CASSCF/CCSD(T)/SO calculations are listed in Table 3.
VDE; related to the lowest bonding 1t, MO is split by 0.05 eV,
and VDE, related to the weakly bonding 2t, MO by only 0.1—
0.15 eV, due to mixing with Tc AOs of d- and p-type.

Reproduction and Prediction of Electronic Excita-
tions: Absorption Spectra. Three one-electron points have
to be considered (in addition to two-electron correlation) in

Table 3. Spin—Orbit Effects on VDEs of TcO,” (in eV)

VDE SR SO CC- CCSD(T) DFT/PBE DFT/PBE
no. symm symm SD(T) SI/SO SR-ZORA  SO-ZORA
la 1t 4u, 559 5.59 5.33 5.33
1b 2e,), 5.59 534
200 2, 3wy, 632 627 5.99 5.96
2b 2eq), 642 6.06
3 la, ley 721 721 6.85 6.85

le  2u, 916 9.15 8.73 8.72
Sa 1t, les), 9.30 9.27 8.87 8.84
sb luys 9.32 8.90
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the spectral predictions: diffuse basis orbitals, relativistic effects,
and environmental perturbations.

MnQO,~. The UV—vis absorption spectrum of MnO,~ has
become the paradigm for ligand-to-metal charge-transfer
(LMCT) in transition-metal spectroscopy. The MnO,~ ion is
one of the benchmark systems for assessing the performance of
quantum chemical methods for excited states. Such closed-shell
complexes are more complex than it might seem, and much
theoretical effort has already been invested, e.g., in refs 21 and
28. In T4 symmetry the spin- and dipole-allowed transitions of
MnO," are from the 'A; ground state to 'T, excited states. We
have performed TDDFT/SAOP, CR-EOM-CCSD(T), and
RAS-PT2 calculations with standard polarized-diffused basis
sets and with added Rydberg functions (+Ry), in vacuum and
in a continuum dielectric solvent model (COSMO). The
results are compared with vacuum SAC-CI calculations' and
with experimental data for the crystals'® in Table 4.

For excitation energies up to 1—2 eV above the ionization
limit, the addition of extended basis sets is of minor influence.
Also, the COSMO** calculations simulating solvent embed-
ding showed little change. Obviously, the Rydberg orbitals in
MnO,™ are too high in energy to have an influence on the
lower valence spectra. Upon the valence excitations, the rather
symmetric ligand to metal charge transfer “inside” the molecule
is hardly affected by a continuous solvent. This might be
different if hydrogen bonding by water molecules would be
treated explicitly. Spin—orbit couplings in Mn are smaller than
the present reliability of the calculations and were not
accounted for.

As mentioned above, the occupied valence shell of MO,
comprises 7 nearly nonbonding (nb) O-lonepair orbitals of 1t;,
2t,, and la, type, and 5 O(2p,,) — M dative bonding (b)
orbitals of le and 1t, type. The S lowest virtual orbitals are
antibonding (*) and of d-2e and d-3t, type. The expected 4
lowest Rydberg orbitals of Mn(4s)-2a; and Mn(4p)-4t, type
turn out to be significantly higher in energy. One expects up to
8 spin- and dipole-allowed LMCT 'A; — 'T, excitations, §
ones of nb — * type and 3 ones of b — * type, several of them
below the ionization threshold. They will exhibit vibronic
Jahn—Teller progressions, and several ones are known to be
strongly configuration mixed.*®

There are four observed and calculated allowed transitions in
the energy range up to about 6 V. The excited terms 1'T, to
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Table 4. Vertical Singlet Excitations of MnO,™“

TDDFT CR-EOM-

SAOP AE  TDDFT SAOP +Ry SAOP +COSMO +Ry RAS-PT2 CCSD(T): SAC- CI*' AE expt'"®
term main config (10%) AE (10%) AE (10%) AE (10%) AE (10%) AE (D)
X'A, 0 0 0 0 0 0 0
1'T, 1t, — 2e 2.66 2.65 2.65 1.93 2.00 2.18
1'T, 1t; — 2e 3.08(7.4) 3.06(7.6) 3.07(7.5) [+0.7] 2.33(42) [-0.1] 250 [+0.1]  2.57(2.0) [+02]  2.4(S)
2'T, 2t, — 2e 391 3.90 3.91 3.39 3.49 3.33
21T, 1, = 3t, 2t, > 4.12(2.0) 4.11(24) 4.12(2.4) [+0.5] 3.53(1.5) [-0.1] 3.83 [+02]  3.58(4.5) [-0.0]  3.6(m)

2e
1'E 1t; — 3t, 4.50 4.48 4.49 3.90 3.80 3.41
2'E la, — 2e 4.70 4.71 4.70 423 3.97 3.54
3'T, 1t, — 3t, 4.44 442 4.43 3.93 4.10 4.12
3T, 2t - 2 1t — 5.01(9.1) 4.97(10) 4.99(10) [+0.9] 420(6.1) [+0.1] 403 [-0.1]  3.72(14) [-04]  4.1(S)
3t, 4.53(0.0)
1'A, 1t, - 3t, 431 429 431 3.89 413 4.46
Ionization Limit

4'T, 2t, — 3, 5.72 5.69 5.71 521 5.19¢ 5.30
2A, 2ty = 3t, 5.75 5.73 5.75 5.10 5.39 5.41
3'E 2t, — 3t, 5.66 5.64 5.66 522 5.46 5.47
2'A, le — 2e 592 591 591 5.09 5.84
4T,  la, = 3ty 2t, — 6.08(3.1) 6.06(5.1) 6.07(4.3) [+0.6] 5.62(0.0) 5.84 [+0.3] 5.82(2.2) [+0.3] ~5.5(m)

3t,, 1ty — 2e

5.72(1.7) [+0.2]

“Vertical excitation energies AE (in €V, deviation from experimental values in square brackets); and oscillator strength f or relative intensities I (in
parentheses in the same line; S = strong, m = medium, w = weak), from present TDDFT/SAOP, RAS(24e,170)-PT2, and CR-EOM-CCSD(T)
calculations (in vacuum, or in continuum solvent = +COSMO; with standard basis or with added Rydberg basis = +Ry) and comparison with SAC-

CI and experimental values from the literature.

4'T, correspond to mixtures of singly substituted ground-state
configurations of nb — * character. Our RAS-PT2 and CR-
EOM-CCSD(T) energies and the SAC-CI values in the
literature deviate from the observed ones by +0.2 eV The
TDDFT/SAOP results deviate more, by +0.7 + 0.2 eV. The
calculated oscillator strengths are qualitatively reasonable.
Within an error range of +0.3 eV, also the dipole-forbidden
excitations have a consistent order in the four theoretical
methods.

TcO,~. Well-resolved UV absorption spectra of TcO,” in
crystals at He temperature were reported by Giidel and
Ballhausen in 1972." The experimental spectra display two
strong overlapping bands with distinct vibrational structures, at
maxima around 4.35 and 5.1 eV. A low-resolved electronic
spectrum of TcO,™ in the vapor phase showed a weak band at
6.6 eV in addition.’ The electronic excitations in TcO,” are
similar to those in MnO,”, yet the former have been less
intensively investigated by theory. Nakatsuji et al.'* determined
the 17 lowest excitations in the energy range up to 8.25 eV
using the SAC-CI approach and reproduced the three observed
transition energies within 0.4 eV. Stiickl et al.” also reproduced
them within an error range of 0.4 eV using the DFT transition
state approximation. Ziegler et al.'® determined only the first
two T, terms with TDDFT/LDA, within 0.25 eV.

We have calculated the electronic states of TcO,~ with the
TDDEFT (with B3LYP, CAMY-B3LYP, and SAOP functionals),
and the CR-EOM-CCSD(T) and RAS(24e,170 or 180 or 200)-
PT?2 approaches. Some of our results for the lowest terms up to
about 7 eV are listed in Table 5 and compared with the
reported SAC-CI'" and experimental data.®” The energies from
the different density functionals (including the range separated
CAMY and asymptotically correct SAOP ones, see the CAMY-
B3LYP results in the Supporting Information file) scatter
within +0.1 eV. Compared with the WFT results, the DFT
excitation energies tend to be 0.5 eV higher. The different WFT
energies also agree within about +0.15 eV, except that the
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higher excitations from the SAC-CI approach in the literature
tend to be higher than our present WFT results. The addition
of diffuse Rydberg basis functions has a negligible influence on
the excitation energies of O(2p) — Tc(4d) character, in
particular for solvent-embedded TcO,”. The oscillator
strengths vary between the methods by some 1-digit factors
and show rough qualitative agreement with each other and with
the qualitatively observed intensities.

Remarkably, when Rydberg basis functions are included in
the basis, a few excited states of Rydberg type of the isolated
TcO,” ion in vacuum appear in WFT calculations above the
ionization limit. The O(2p) — Tc(Ss Rydberg) excitations are
interlaced between the O(2p) — Tc(4d.«) and O(2p) —
Tc(4d,+) excitations. The diffuse outer parts of the wave

functions are weakly coupled to the inner-molecular valence
MO tails, leading to weak oscillator strengths. The excited
Rydberg type states of TcO, ion in vacuum disappeared in the
solvent model. That is, they will not show up in condensed
phase spectra and will hardly be visible in vacuum spectra.
Therefore, we performed most of the more accurate
calculations using standard extended basis sets and no solvent
embedding. The results should be comparable to real
experimental spectra. The two observed energies in the middle
UV region agree with the calculated ones of O(2p,nb) —
Tc(4d,+) type within +0.2 eV. The qualitative intensity ratio
agrees too. The observed weak band more than 1 eV above the
ionization limit may be due to excitations of local O(2p,nb) —
Tc(4d,+) type. The agreements give confidence in the other

excited state energies within about +0.2 eV.

Comparison of MnO,~ and TcO, . The lower dipole-
excitable 'T, states of the two anions are compared in Table 6
at the RAS configuration-mixing perturbation-theory corrected
level. All states are heavily configuration-mixed (compare, e.g,,
refs 28 and 68). The RAS-PT2 approach gives good agreement
concerning the energies and intensities of both anions. The first
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- = ER] three observed (and calculated) singlet-excitations of TcO,~ are
o~ — —~ > . — .
B s < 3 g :§ about 2 eV higher than those of MnO,~, corresponding to the
94 3 3 3 S g stronger bonding occupied MOs and the stronger antibonding
ﬁ E virtual MOs of the former, heavier species (see Figure 3). Only
i =R 5 g o the first 3 excitations of MnO,~ and the first 2 ones of TcO,~
< = I 2 I %bj.? are below the ionization limit. For MnO,~ the calculated fourth
k=) =3 3 S and fifth 'T, terms with very small predicted oscillator
9T L% - T ww 4w o ‘I’I’—“; strengths have not been observed, but the sixth one with
2 2933 338838 F v g sufficiently high transition probability. In reality, it is a broad
&5 resonance in the continuum, of inner molecular localized type,
m — Té § and no Rydberg admixture is to be expected, in particular not in
g f = g % the crystal. The configuration mixing and transition dipoles of
5 L s 25 . he 'T f TcO,” differ from those of MnO,”, yieldi
+ R - = S92 g the "I, terms ot 1cO, difter from those of MnQ, , yielding
82 ’5 ’i\ £ 8 % different spectral shapes. Namely, the third and fourth
% $13¢g%8a gzbzzge 8 TT}:;G excitations of the Tc species just above the ionization limit
3 S . B -RCHCECEC N - have comparable medium intensities, giving rise to a broad
5 % E overlapped band, while the next two transitions are not
Y a2 ;% expected to be observable in the continuum due to their high
% . & g o energies and low transition moments.
%) Q S N ~ g
$ s g S g &2
;ﬁ LA L :% § £ 4. SUMMARY AND CONCLUSIONS
T QT+ Q O MmO Yt X ™ —~
Q owFE3RE LSEZ33C &2’ S L:? Electronic excitations and detachments of MnO,” and TcO,~
% é ° 3 have been calculated, applying DFT, CC, and RAS-PT2
= g g approaches. The comparison with the available experimental
- el 2 data for TcO,” and MnO,  gives us confidence in our
< :i c g predictions of the ionizations and excitations of TcO, . The
P~ =
& <= three highest MO levels of la;, 2t), and 1t; symmetry are of
o — By D 22 1 Sym ry
%Q = § w %‘)é ‘i basically nonbonding O(2por) type and will give detachment
8'22 3 % I8 22 energies below 7.5 eV (around 5.3, 5.9, and 7.1 eV,
0T 8%RERY £ ©8 288 ;0:’ % g respectively). The lower two MO levels of le and 1t, symmetry
3 ST T T ae e e %?_8 are of Tc(4d) < O(2p) bonding type and will give
S| g 8 7 electronically and vibrationally broadened detachment features
F = :% b8 around 9 eV. We did not find any indication of a “breakdown of
= =9 § the orbital picture” at the bottom of the O(2p)—M(d) valence
5 = § = band. The largest spin—orbit energy splitting of the heavier
gH o species occurs for the 2t, O(2p) MO, due to Tc(Sp) valence
— — - =Y )
EQ = a ] % o 5 E shell admixture. It is still as small as 0.15 eV, corresponding to
- F F 3 = —
mS - e = 8728 the 5% admixture of Tc-4p-core orbitals. Concerning MnO
Z O ® O A Wn S o ~ <+ o o B S & P . g 4
E oIS NS JJTLEE 5@ 2 where two experimental detachment energies are available, the
a P ETE presently applied CR-EOM-CCSD(T) approach leads to an
B0 (expected) improvement over the IP-EOM-CCSD(T) one.”
_; oi - As mentioned, both “closed shell” complexes have heavily
3 o ERS g configuration-mixed ground and excited states, and the
o % % =) Eg ‘é electronic ligand-to-metal charge transfer excitations are far
= =
%gg - = = &é - from single-electron excitation type. Therefore, TDDFT
3 = 2 g 3 SE g without proper correction of the self-interaction error (SIE)
'o<r 2 43828 333253 S g @) is not recommendable for the electronic excitations of such
o =R s =9 complexes, although one obtains reasonably small deviations
= '% =@ for TcO,~, probably due to fortuitous error cancellation. The
- . B a "‘g‘ observed absorption peaks in the electronic spectra of MnO,~
_§ . ", ; o e and TcO,~ (four and three peaks, respectively) are assigned to
;§ :7 ? ©Q 2 dipole-allowed 'A; — 'T, (nb — *) transitions on the basis of
) g . - Tga RAS-PT2 calculations. The fourth and fifth 'T, excitations of
o0 K S _ . .
E'j g - "f? o A w E E g MnO,” have not yet been observed owing to their low
o O
'96')0 g & & ? ‘? ‘? '; 8 8 @ calculated intensities. The observed fourth broad strong feature
g g TN TN T %‘)i = correlates well with the sixth !A; — 6'T, transition of RAS-
;: o 3 e T e PO S 82 PT2. Remarkably, refs 21, 22, 26, 27 had assigned the strong
3 AN ‘; @A s aaa g grl fourth absorption to the fourth or fifth 'T, term, despite the
b L L IN L - L L L L IN IN 2 gz low expected intensities for 'A; — 4,5'T,. The observed
>_ el B e A = highest absorption features of MnO,~ and TcO,~ are already in
l: E‘} &: 2 the continuum, and much more structure will hardly be
= ESFEFEEm FmiE<Em § g ] observable. Due to the negative charge of the species under
& el R R N ST discussion, the influence of Rydberg states is minor. In the case
, .
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Table 6. Dipole-Allowed 'A; — 'T, Excitations of MnO,~ and TcO,” in Condensed Phase, RAS-PT2,

and UV-Spectroscopic

Results”
MnO,~ TcO,~

term 1 main configs AE (10%) AE,,, (I) main configs AE (10%) AE,,, (I)

'T, It, — 2e, 2t, > 2e 233 (4.2) 24 (S) 1t; = 2e, 2t, — 2e 4.19 (4.7) 4.3 (m)
2'T, 2t, = 2e, 1t; — 3t, 3.53 (1.5) 3.6 (m) It, = 2e, 2t, — 2e 5.08 (9.3) 5.1 (S)
3'T, 1t, = 3ty 2t, — 2e, 2t, — 3t,, It; — 2e 420 (6.1) 4.1 (S) 1t; = 3ty, 2t, — 3t, 6.07 (4.3) 6.6 (w)
4T, 1t; — 3ty 2t, — 2e 4.53 (0.0) n.o. 2t, = 3ty It, — 2e, la; — 3t, 7.33 (3.0)

5'T, la; = 3t 2t, — 3t, 5.62 (0.0) n.o.

6'T, 1t, — 2e, la; — 3t, 5.72 (1.7) 5.5 (m)

“At CCSD(T) ground-state geometry: Mn—O = 160.29 pm, Tc—O = 173.76 pm; AE is the vertical excitation energy in eV (in parentheses; f is the
oscillator strength, I the qualitative intensity; S = strong, m = medium, w = weak). Main configs = leading singly substituted configuration(s). The

ionization limit is indicated by a heavy line.

of Mn, the Rydberg states are shifted too high into the
continuum. In the case of Tc, the lowest Ss Rydberg level is
near zero-energy above the bound Tc(4d,+) level and below the
Tc(4d,+) continuum-resonance level. However, in the crystal or
in solution the Rydberg admixture to molecule-localized
valence-excited states is suppressed.

We have presented the first study of the excited states of
MnO,” and TcO,  using the CR-EOM-CCSD(T) and
RASPT2 methods. Our results show that both dynamic and
nondynamic electron correlations are very important in the
ground and excited states of MnO,~ and TcO,™. Especially, the
nondynamic electron correlation of MnO,~ can already be well
recovered at the quadruple substitution level based on our
RASSCF calculations. Remarkably, larger active spaces and
higher electronic substitutions are needed for reliable excitation
energy predictions of the heavier homologue TcO,~, which is
also bound more strongly.
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Calculated vertical singlet excitations (energies and oscillator
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