An dte

Chemie

GDCh

N L Zuschriften

Deutsche Ausgabe: DOI: 10.1002/ange.201602196
Internationale Ausgabe: DOI: 10.1002/anie.201602196

Pentavalent Lanthanide Compounds: Formation and Characterization

of Praseodymium(V) Oxides

Qingnan Zhang', Shu-Xian Hu', Hui Qu, Jing Su, Guanjun Wang, Jun-Bo Lu, Mohua Chen,

Mingfei Zhou,* and Jun Li*

Abstract: The chemistry of lanthanides (Ln= La-Lu) is
dominated by the low-valent + 3 or + 2 oxidation state because
of the chemical inertness of the valence 4f electrons. The
highest known oxidation state of the whole lanthanide series is
+4 for Ce, Pr, Nd, Th, and Dy. We report the formation of the
lanthanide oxide species PrO, and PrO,* complexes in the gas
phase and in a solid noble-gas matrix. Combined infrared
spectroscopic and advanced quantum chemistry studies show
that these species have the unprecedented Pr" oxidation state,
thus demonstrating that the pentavalent state is viable for
lanthanide elements in a suitable coordination environment.

Oxidation state (OS) has become a central concept of
chemistry and a staple of chemistry textbooks.!"! The question
of just how high an OS of an element can be reached has long
piqued chemists’ interest.”) The discovery of novel species
with high OS helps to expand chemical understanding of the
behavior of elements and their compounds. Until fairly
recently, the highest observed OS had been +8, which
occurs only in a few compounds including RuO,, OsO,, IrO,,
and XeO,.””! Recently, the IrO," cation was successfully
formed in the gas phase, and was identified to contain the
highest reported Ir'™™ oxidation state.”®” For the light elements
in each row of the main group, transition metals, and
actinides, the highest OS often equals the number of available
valence electrons (e.g. + 3 to + 6 for Al-S, Sc—Cr, and Ac-U).

However, in lanthanides (Ln) the 4f orbitals are usually
extremely contracted in radial distribution and considerably
lower in energy because they penetrate the [Xe] core, thus
hardly participating in bonding. The chemistry of lanthanides
is thus generally dominated by the low-valent +3 or +2
oxidation state despite the fact that most lanthanides have
available valence 4f electrons.*'”! Besides the omnipresent
oxidation state + 3, the higher oxidation state Ln' is rather
common for Ce, and is encountered in Pr, Nd, Tb, and Dy as
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well,l'? as these lanthanides have the lowest fourth ionization
energies and also the lowest -4/ + 3 reduction potentials."!

The chemistry of pentavalent lanthanides has not been
explored to date.'’? A previous study presumed the presence
of pentavalent praseodymium in PrO;~ without bonding
analysis."”) However, recent density functional theory (DFT)
and ab initio multiconfigurational wavefunction theory
(WFT) calculations show that the Pr center in the PrO;~
anion is in oxidation state +4 rather than the anticipated
+ 5.8 Herein, we report a combined experimental and
theoretical study on the lanthanide oxide species PrO, in
solid noble-gas matrix as well as the PrO," ion in the gas phase
and in solid noble-gas matrix. Combined gas-phase infrared
photodissociation spectroscopy, matrix-isolation infrared
absorption spectroscopy, and high-level quantum chemistry
studies reveal that these species have the Pr¥ oxidation state.

The praseodymium oxide cation species were generated in
the gas phase by using a pulsed laser vaporization/supersonic-
expansion source and were studied by infrared photodissoci-
ation spectroscopy.'*'”! The mass spectra of the praseody-
mium oxide cations produced with O,-seeded helium at
different experimental conditions are shown in Figure 1.
Spectrum (a) was obtained under experimental conditions
that only those with relatively high thermodynamic stability
can survive. Peaks arising from mononuclear PrO* and PrO,*
species are the most intense in the mass spectrum, thus
indicating that these cations are formed preferentially with
high stability. Spectrum (b) consists of progressions of peaks
that can be assigned to [(PrO)*(0,),] and [(PrO,)*(0,),] (n=
1-7) complexes involving strongly bound PrO* and PrO,"
core ions and weakly bound molecular O, ligands. Such
complexes can be formed only under cold supersonic beam
conditions. Enhanced abundance in the mass spectrum was
found for the [(PrO,)*(0,),] cation complexes with n =35 and
6. These [(PrO,)"(0,),] (n=5, 6) cation complexes were
selected for infrared photodissociation. Both complexes are
able to dissociate by eliminating a dioxygen molecule with the
dissociation efficiency increases significantly fromn=5ton =
6. The infrared spectrum of [(PrO,)*(0O,)] (Figure 2) shows
two bands centered at 918 and 1560 cm . The 918 cm ™! band
is in the Pr=O0 stretching frequency region and is assigned to
the antisymmetric OPrO stretching mode of the linear PrO,"
core ion. The 1560 cm ' band can be attributed to the
vibrations of the weakly coordinated dioxygen molecules.

In addition to the gas-phase study, the praseodymium
oxide species were also prepared by the reactions of pulsed-
laser-evaporated metal atoms and dioxygen in solid argon and
were investigated using Fourier transform infrared absorption
spectroscopy as described in detail elsewhere."®! A previous
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Figure 1. Mass spectra of the praseodymium oxide cationic complexes.
The complexes were produced by pulsed laser vaporization of a praseo-
dymium metal target in an expansion of helium seeded by dioxygen.
Spectrum (a) was obtained from experiments with a long time delay
between pulsed valve and vaporization laser, and spectrum (b) was
obtained from experiments with a short time delay between pulsed
valve and vaporization laser.
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Figure 2. Experimental and simulated IR spectra of the [(PrO,) " (O,)¢]
cationic complex. The experimental infrared photodissociation spec-
trum (a) is measured by monitoring the O, dissociation channel. The
simulated spectrum (b) is obtained from the scaled (scale factor:
0.95) harmonic vibrational frequencies and intensities of the C;
structure calculated at the B3LYP level using a Lorentzian line shape
with an 8 cm™' full width at half-maximum.

matrix-isolation study focusing on the lanthanide mono- and
dioxide species provided some preliminary indication for the
formation of the PrO," species, but without addressing the
bonding and oxidation state.'"” The present experiments were
carried out using low O, concentrations (0.05-0.1 % in argon)
and a relatively low laser energy to minimize the formation of
multinuclear cluster species. The infrared spectra in the O—O
and Pr=0 stretching frequency regions from co-deposition of
laser-evaporated praseodymium atoms with 0.1 % O, in argon
are shown in Figure 3. Besides the known O,~, O,*, and O;
absorptions that are common in the experiments on the
reactions of laser-evaporated metal atoms with dioxygen,!!
the as-deposited sample exhibits three praseodymium-depen-
dent absorption bands at 817.0, 730.3, and 914.2 cm™'. These
bands have previously been identified to arise from the
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Figure 3. Infrared absorption spectra in the 1180-660 cm ™' region of

praseodymium oxide species obtained from co-deposition of laser-
evaporated Pr atoms with 0.1% O, in argon. a) 1 h of sample
deposition at 4 K, b) after 25 K annealing, c) after 15 min of UV light
irradiation, and d) after 30 K annealing.

diatomic PrO, the linear PrO,, and PrO," (v;-mode) spe-
cies."” When the sample was annealed to high temperatures
(20-30K), a group of absorptions at 1141.6, 827.0, and
6953 cm™! were formed after the PrO, absorption. These
absorptions decreased together with the increase of the PrO,
absorption under UV irradiation. In addition, a set of six
bands at the low-frequency side of the 914.2 cm ' band was
produced on annealing. The lowest band in the progression
(907.0 cm™") is the strongest after high-temperature annealing
(See Figure S2 in the Supporting Information). The experi-
ments were repeated under the same conditions using the
180,, %0, + *0,, and 0, + '*0"0 4 "*0, isotopic samples to
help the product identification. The isotopic spectra in
selected regions are shown in Figure S3, and the product
absorptions are listed in Table S1.

The 914.2cm ™' band was previously attributed to the
linear PrO,™ cation in solid argon.!'"”! Because of the relatively
strong interaction between the cation and the argon matrix,
this species should be assigned as an argon-coordinated
[(PrO,)*(Ar),] complex. According to our DFT calculations,
the linear PrO," cation is able to coordinate five argon atoms
in forming the [(PrO,)"(Ar)s] complex (Figure S4), which was
predicted to have a Dy, structure with the five argon atoms
coordinated equatorially to the metal center (Figure S5).
Some actinide and transition-metal oxide species (including
analogous UO,") were previously determined to be able to
coordinate five argon atoms when forming similar noble-gas
complexes.?”?!I The coordinated argon atoms can be replaced
by the more strongly bound dioxygen molecules on annealing.
As shown in Figure S2, at the low-frequency side of the
914.2 cm ™! absorption, six signals at 912.9, 911.8, 910.8, 909.6,
908.3, and 907.0 cm ™' appeared upon sample annealing to
high temperatures. These absorption signals arise from the
argon-oxygen mixed [(PrO,)"(Ar),,(O,),] complexes (m =1-
5, n=1-6) formed by successive replacement of coordinated
Ar atoms in [(PrO,)*(Ar)s] by molecular oxygen. The
observation of six absorption signals indicates that PrO,"
can be coordinated by six dioxygen molecules in forming
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the [(PrO,)*(0,)s] complex, which is observed at 907.0 cm ™.
This behavior is consistent with the gas-phase value of
918 cm ! determined by infrared photodissociation spectros-
copy for this [(PrO,)"(0,)] complex. The observed 11 cm™'
gas phase-to-argon red-shift is common and arises from the
matrix effect.?? The [(PrO,)"(O,)s] complex was predicted to
have a C; structure (Figure S5).

The 1141.6, 827.0, and 695.3 cm™! bands are assigned to
different vibrational modes of the side-on-bonded (0>
0,)PrO, molecule (Table 1), where the first two bands were

Table 1: Observed (argon matrix) and calculated vibrational frequencies

(cm™) and isotopic '*O/"™0 frequency ratios of PrO,, PrO," and

(n*-0,)PrO,.

Zuschriften

Species Mode Expt. B3LYP CCSD(T)
v Ris0/180 Vi Risopso Vv
Pro, as 730.3  1.0487 744.0(630) 1.0488 766.4
ssl 6942 1.0565 694.3(0) 1.0608 723.5
PrO," as 969.9(326) 1.0487 986.4
ss 837.9(00)  1.0608 837.7
[(PrO)*(Ar)] as 9142 1.0482 948.0(267) 1.0487
[(PrO,)*(0,) as  907.0 1.0483 939.6(287) 1.0487
(918)°
-0,)PrO, O-O 1141.6 1.0595 1145.7(195) 1.0608 1112.5
as 827.0 1.0480 867.2(435) 1.0485 893.8
ss 695.3 1.0600 733.4(73) 1.0608 753.8

[a] Determined from (v,4v;)—Vs, see the Supporting Information.

as = asymmetric stretch, ss=symmetric stretch. [b] Value from gas-
phase infrared photodissociation spectroscopy. [c] The B3LYP vibrational
frequencies are scaled by a factor of 0.95. The IR intensities in km mol™
are listed in parentheses.

attributed to this species previously."? The isotopic shifts and
splitting clearly indicate that the 827.0cm™! band is an
antisymmetric OPrO stretching mode and that the
1141.6 cm™ band is an O—O stretching mode with each
mode involving two equivalent O atoms. An additional weak
band at 695.3 cm ! showed identical behavior after irradiation
and annealing. The band position and isotopic frequency ratio
(1.0600) is appropriate for the symmetric OPrO stretching
vibration of the (1-0,)PrO, complex. The observed O—O
stretching frequency falls in the range expected for a super-
oxide;®? The band position of the antisymmetric OPrO
stretching mode is about 100 cm™" higher than that of the
linear Pr'YO, molecule, indicating that the two oxygen atoms
in the PrO, fragment of (n>-0,)PrO, are both (O)*".
Accordingly, a Pr¥ oxidation state can be assigned in PrO,,
which is formed by the electron-transfer from PrO, to O,.
To elucidate their structure and bonding, the praseody-
mium oxide species were investigated by using DFT and more
sophisticated ab initio single- and multireference WFT meth-
ods: namely, the coupled-cluster method with single and
double excitations and a perturbative estimate of the effect of
triple excitations (CCSD(T)) and multiconfigurational meth-
ods of the complete active space self-consistent field
(CASSCF), and of restricted active space (RAS) second-
order perturbation theory based on RAS self-consistent
orbitals (RASPT2/RASSCF), as well as density matrix
renormalization group (DMRG) with huge active space (see
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the Supporting Information for computational details). The
multiconfigurational C/RASSCF and DMRG calculations
reveal that the PrO, and PrO," species do not have significant
multireference features. Therefore, the methods of DFT and
CCSD(T) are reliable for these systems, and were used to
optimize the geometric structures and calculate the harmonic
vibrational frequencies. The calculated CCSD T, values and
amplitudes (Table S2) also show that there is no significant
multireference feature for these species.

The neutral PrO, molecule is predicted to have a linear
doublet (*A,) ground state (Table S2). It is a Pr'" species with
the unpaired electron located in the metal center (Pr 4f') with
an electron configuration of (core) (1x,)* (10,)* (2m,)* (20,)°
(18,~4f)". The PrO," cation has a linear 'S, ground state with
a (core) (1m,)*(10,)*(2m,)*(20,)*(18,~4f)° configuration, which
can be regarded as being formed by ionization of the unpaired
Pr (4f)" electron of neutral PrO,. As shown in Figure 4, the
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Figure 4. Frontier canonical Kohn-Sham valence MO envelopes of the
linear singlet PrO," cation and the doublet (*-0,)PrO, neutral with
C,, symmetry. Value of contour envelopes is 0.05 a.u.

Pr-O interactions are dominated by O2p and Pr4f/5d
orbitals. The 1w, and 1o, MOs are the bonding orbitals
between Pr 5d and O 2p atomic orbitals, while the 2m, and 20,
MOs are weak bonding orbitals formed by Pr 4f and O 2p
atomic orbitals. These wavefunction analyses clearly indicate
that the Pr center has a (f’d") configuration. Following the
general rules for the determination of formal oxidation states,
the linear PrO," cation can be classified as a Pr" species.
Similar to the well-known uranyl ion (UO,*"), the PrO,*
cation prefers the linear structure to optimize the overlap of
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the d and f orbitals of metal with oxygen. The Pr=O bond has
a significant covalent character, with a predicted bond length
of 168.8 pm at the B3LYP level or 169.9 pm at the CCSD(T)
level, which is about 11 pm smaller than the sum of the triple-
bond covalent radii of Pr and O reported by Pyykko et al.*!
and is around 12 pm shorter than the Pr-O distance of neutral
PrO, because of reduced ionic radii and increased electro-
static interaction in the cation. The calculated Mayer bond
order of 2.10 is consistent with polarized-covalent Pr=0O
triple-bonding interactions in PrO,*. Natural bond orbital
(NBO) analyses confirm the Pr=O triple bonding with two
sets of localized o*t* bonds. The ¢ bond is composed of
38.4% Pr and 61.6% O character, with a Pr 5d/4f contribu-
tion of 48:50. The mbond is composed of 18.2% Pr and
81.8% O character, with a Pr 5d:4f contribution of 50:49. The
significant covalent character of the Pr 5d/4f bonding in
PrO," underscores the importance of the less contracted early
lanthanide 5d/4f orbitals in stabilizing the high-valent oxides,
which partially compensates the high fifth ionization energy
for Pr".

The structure and bonding of the PrO,” core ion in the
weak van der Waals complexes [(PrO,)"(Ar)s] and [(PrO,)*-
(O,)4] are essentially the same as those of the free PrO,"
cation. A linear °A, excited state with longer PrO bond
distance is predicted to be 22.9kJmol' (B3LYP) or
113.0kJmol' (CCSD(T)) less stable than the singlet
ground state (Table S2). This A, state of the PrO," cation
has a Pr(f') configuration with an electron hole on oxygen and
an oxidation state of +4. Another linear *H, state with a Pr
() configuration and an oxidation state of + 3 is predicted to
be 218.1 kJmol™" (B3LYP) or 271.3 kJmol™' (CCSD(T)) less
stable than the ground state. Only the vibrational frequencies
of the singlet Pr¥ state match the experimental values,
whereas the calculated frequencies for Pr'Y and Pr'" are
much too low to match the experimental values (Table S2).
These energetic and spectroscopic results show that the
ground states of PrO," and its complexes all have the Pr"
oxidation state.

In addition, computational geometry optimizations were
also performed on various isomers of PrO, with different OS
and spin multiplicities, and the results are summarized in
Tables S5 and S6. The lowest-energy structure is verified to be
a praseodymium dioxide/superoxide complex in a doublet
ground state with C,, symmetry (Figure S5), consistent with
the experimentally observed (1’-O,)PrO, structure. This (1’
0,)PrO, isomer lies not only lower in energy than all the
other isomers with reduced OS (+2, + 3, +4), but also lower
in energy than the ground states of PrO, and O, reactants
(13.5 kJmol " at CCSD(T) and 45.3 kI mol ! at B3LYP), thus
indicating that O, can oxidize PrO, by removing the f'
electron to form PrO, with a Pr¥ center. The calculated
vibrational frequencies and isotopic ratios are in agreement
with the experimental values (Table 1). The OPrO subunit is
close to linearity (B3LYP: 170.0°, CCSD(T): 164.4°) with
a bond length of around 174 pm, intermediate between that of
the PrO," cation and the PrO, neutral molecule (Tables S2
and S6). The O, ligand has a typical superoxide bond length,
which is loosely coordinated in the equatorial plane with a Pr—
O distance of 235.8 (B3LYP) or 239.2 pm (CCSD(T)).
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Bonding analysis indicates that the unpaired spin is
located on the m,” MO of the O, superoxide ligand with
a Pr (f°d°) center (Figure 4). Thus, the (1*-O,)PrO, complex
can be described as [(Pr'V0,)"(0,)7], a neutral praseody-
mium oxide/superoxide species with Pr in oxidation state + 5.
The structure and bonding of [(Pr"V0O,)"(0,) ] are reminis-
cent of those of actinide tetroxides (UO, and PuO,), which
were computed to be a [(An*VO,)"(0,)7] species as well.?
As shown in Figures 4 and S6, the bonding between PrO, and
O, is dominated by the orbital interaction between the empty
d; and also the higher d, orbitals of PrO, and the in-plane 7 *
orbital of O,, which results in increased O—O bond length and
decreased O—O stretching frequency. Population analysis
indicates that the PrO, fragment transfers about 0.56 e™ to the
O, fragment. This charge transfer interaction strengthens the
Pr=0 bonds of the PrO, fragment and causes a blue-shift of
the OPrO stretching frequency of PrO, with respect to that of
PrO,. We note that despite the difficulty in the assignment of
oxidation states of some organometallic or lanthanide spe-
cies,”” the present assignment of Pr" oxidation state in PrO,"
and PrO, is supported by the spectroscopic data and
theoretical calculations. Lack of significant multireference
features of these species also make the assignment of Pr" less
vague.

The observation of above-mentioned praseodymium
oxide species in oxidation state +5 is quite surprising,
especially because solid PrO, is an unstable material with
respect to Pr,O;, and no pentavalent species had been
observed before in solid state, solution and gas phase.
However, as far as the five valence electrons are concerned,
praseodymium has comparable fifth ionization energies (IE)
to the transition-metal atoms capable of forming high OS
compounds in the gas phase (IEs of Pr, V and Cr are 57.45,
65.23 and 69.3 eV, respectively).”® The ionization energy of
neutral PrO, is calculated to be only 7.4 eV at the CCSD(T)
level, which is lower than some dioxide molecules such as the
Group 5 and 6 species that can react with dioxygen to form
stable higher-OS dioxide/superoxide complexes.””! Apart
from the relatively lower ionization potentials, the strong
covalent character in PrO," and PrO, apparently facilitates
the stabilization of the PrY oxidation state analogous to other
well-established high-OS transition metal oxides.

To explore whether other lanthanides can also form Ln"
complexes, matrix isolation experiments were performed on
the Ce, Nd, Tb, and Dy systems, which were previously
reported to be able to form + 4 oxidation state compounds.
None of these LnO, species except Pr contain Ln" oxidation
state under the same conditions, which makes Pr unique in
forming pentavalent neutral lanthanide species. Note that Pr
has the lowest fifth ionization energy as well as the sum of the
experimental first to fifth ionization energies among the
whole lanthanide series (Ln=La-Lu, Table S10 and Fig-
ure S8) because of the lanthanide contraction and screening
effect.

In conclusion, matrix-isolation infrared spectroscopic
experiments and infrared photodissociation spectroscopic
experiments with mass-selected [(PrO,)"(0,),] cations in
the gas phase have shown that cationic complexes with
a linear PrO," core ion and the (n>-0,)PrO, complex are
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formed. The experimental observations are consistent with
high-level quantum-chemical calculations showing that the
PrO," cation and the (1>-O,)PrO, neutral both have a [Xe]f’d"
electron configuration for Pr. Thus, the formal oxidation state
+ 5 for lanthanides can be assigned, which is the first report to
date of an OS higher than + 4 for lanthanide elements. Future
macroscopic synthesis of such high-OS oxides will be
interesting to obtain the crystallographic and magnetic data
to validate the Pr' oxidation state assignment in the
condensed phase. This finding demonstrates that transcend-
ing the current highest oxidation state +4 for lanthanide
elements is viable in an appropriate coordination environ-
ment. The existence of the pentavalent Pr in oxides points to
new lanthanide chemistry involving substantial covalent
bonding of the 5d/4f orbitals. New materials with such
a high oxidation state may provide unique properties differ-
ent from the ubiquitous di-, tri-, and tetravalent lanthanide
compounds.
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