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Abstract. Fully relativistic, four-component Dirac—Fock
calculations and quasirelativistic pseudopotential calcu-
lations at different ab initio levels are used to study the
bonding trends among the naked, triatomic [OAnO}*"
groups or the oxyfluorides [AnO,F,,]? with f° configu-
rations. The triatomic f° series is suggested to range
from the bent ThO, via the linear OPaO™ to at least
NpO%*, a possible new gas-phase species. The neutral
oxyfluoride molecules include the experimentally un-
known NpO,F; and PuO,F,. The latter is a candidate
for the so far unknown oxidation state Pu(VIII), which
is found to lie considerably above Pu(VI), but to be
locally stable Their all-oxygen isoelectronic analogues
are NpO:~, known in the solid state, and the unknown
PuO; . Further possible candidates for Pu(VIII) are
PuO4(D4h) and the cube-shaped Pqu(Oh) Isoelectronic
UF2 is calculated to be Dyy, in agreement with
experlment.

Key words: Actinyls — Neptunium(VII) —
Plutonium(VIII) — Structure chemistry — Relativistic
Quantum Chemistry

1 Introduction

Owing to their complicated hybridization, actinides are a
fascinating subject for theoretical studies. One purpose of
such calculations is to use complete maps of isoelectronic
series to identify so far unknown chemical species. As an
example, the uranyl analogue NUOT, predicted in
Ref. [1], was observed by mass spectroscopy and re-
ported in Ref. [2]. Later it was prepared in neon matrices
as well [3]. The trends of bond lengths or force constants
along such isoelectronic series will then give an indication
on the stability of the various species. A general review of
actinide chemistry, is given in Ref. [4]. The latest specific
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reviews on the structure and spectra of actinyl com-
pounds appear to be those by Denning [5, 6] and Glebov
[7]. The quantum chemical calculations on actinide
compounds have been recently reviewed [8-12]. The
original articles can be found from Refs. [13—15].

On the experimental side concerning the triatomic,
f%d° OAnOY, actinyl series, ThO, has been seen in both
molecular beams [16] and argon matrices [17, 18]. It was
shown to be bent. The protactinyl group PaO3 is known
in protactinium chemistry [19]. The uranyl group UO2
is one of the most common species in uranium chemis-
try. The bare uranyl ion has been seen in the gas phase
[20] and possibly in rare-gas matrices [21]. Recent work
has, however, reassigned this absorption to UO; [21b].
The green f 0 neptunyl(VII) species, with a number of
equatorial ligands, has been known since the late 1960s
[22]. No Pu(VIII) compounds in any form are known.

Our aim here is to see what possible new species
remain to be discovered; hence, the approach has to
be encyclopedic. A complete map of the possible
1°d°[AnO,F,]? actinyl fluoride species is shown in Fig. 1
and their general structures are shown in Fig. 2. Of
them, neutral UO,F, and also UOF,; have been seen
in matrices [23]. Of the charged complexes UO,F* is
known [24]. The entire [UO,F,]*" series for n=1—5
has been observed by NMR spectroscopy in aqueous
solutron [25]. The equatorially pentacoordinated
UOzF occurs in solids [26]. In addition, thermochro-
matographrc evidence has been presented for the f°
species UOF,4, UO,F,, NpF; and NpO;F by Fargeas
et al. [27].

On the theoretical side, starting with the actrnyls
various members of the dipositive OAnO*" series,
notably their optical spectra, have recently been theo-
retically studied [28, 29]. In this series, for An = U-Am,
the shortest bond length occurred at Am [28, 30]. For
tripositive  ONpO**, nonrelativistic scattered-wave
X —o calculatrons at a fixed bond length exist [31]. The
[U02X4] series was recently considered by Schrecken-
bach et al. [32]. Isoelectronic -N=U=N- analogues
were studied by Kaltsoyannis [33]. Triatomic uranium
XUY species (X, Y = C,N,O) were studied recently [34].
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Fig. 1. A map of possible f0 [AnO,F,]? species
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Fig. 2. Structures of species calculated in this work (at the B3LYP
level)

Beyond the f°d° maximum oxidation states we have
recently made the admittedly bold proposal of formally
oxidizing electrons from the 6p semicore shell. Ulti-
mately this would lead to an octahedral, high-energy

uranium(XII) hexoxide molecule [35]. It would also be
remarkable because so far the highest known oxidation
state of any element appears to be + VIII, which occurs
for example, in the d° species OsO4 or RuO4. Among
the known actinide compounds, those with the highest
known oxidation state appear to be the f° Np(VII)
compounds. Attempts to make Pu(VIII) compounds
have so far failed. Some entirely new chemical questions
to be addressed are

— Can plutonium(VIII) exist? Despite numerous exper-
iments, no ab initio calculations are available.

— Could the known neptunium(VII) exist in neutral,
highly symmetrical molecules, such as NpO,F3?

- What are the structures of experimentally known
NpO:~(s) and NpO;F(g) species?

- Is the observed Dy, structure of the UF2 anion in
(NO),(UFg) [36] of intramolecular orlgln? How
about the structure of isoelectronic PuFg?

2 Results and discussion
2.1 Actinyls

2.1.1 Bonds and bond lengths

Calculated structures for f 0 dioxoactinides from ThO;
to PuO; 4+ are summarized in Table 1. The next species,
Am02+, blows up at quasirelativistic Hartree—Fock
(QR-HF) and Dirac-Fock (DF) levels, and was not
studied in detail. At the lighter end, AcO, would be
bent, O-A-O = 112.8°, An—O 207.1 pm, frequencies
636(a1), 559(b2), 170(a;) at the B3LYP level. This was
also not studied in detail.

As seen from Table 1, the pseudopotential QR-HF
and the full DF calculations agree closely. The QR-HF
bond length deviates from the DF one by 2 pm or less,
while the relativistic small-core (RSC) effective core
potential (ECP) performs slightly better then the rela-
tivistic large-core (RLC) ECP. A problematic case is
PaO7, where both the RLC and the RSC calculations
differ by about 2 pm from the DF ones and the differ-
ence of 4.3 pm between them is alarming (for other
actinides the values agree within 1.2 pm). A possible
reason is the Pa ECP. A comparison with the correlated
four-component calculations on uranyl and the experi-
mental bond angle for thoryl shows reasonable agree-
ment, (Table 1, Fig. 3). As we move from Th to Pu the
An-O distance becomes shorter and shows a minimum
near Pu for the QR HF and DF methods, with an R of
158 pm for PuO , (Fig. 3, Table 1).

The 1nﬂuence of electron correlation effects on R in-
creases when going from ThO, to PuO%*, and is exag-
gerated at the MP2 level. The most fundamental method
here is CCSD(T) and the B3LYP results are close to it. A
closer analysis of the underlying reasons is interesting.
When moving from Th to Pu the virtual f and d shells
come down, closer to the occupied orbitals, which may
lead to the multiconfigurational character.

Thus, both the neptunyl and plutonyl systems be-
come increasingly multiconfigurational. If the static
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Table 1. Calculated An—O dis-

tances (pm) for AnO}" singlet Method ThO; PaO; uo3* NpO3* PuO;*
species. Series from Th to Pu. N
For the bent systems the RLC
An-O-An angle (degrees) HF 189.7 (122) 171.9 163.1 158.0 157.8 (161.8)
is given in parentheses B3LYP 190.4 (133) 175.2 168.4 166.5 (156.3) f
MP2 193.4 (116) 178.2 171.9 177.6 f
CCSD(T) 192.8 (121) 176.9 169.6 167.3 191.2¢
RSC®
HF 188.9 (120) 176.1 164.2 159.1' 157.3
B3LYP 190.0 (119) 180.0 169.5 166.8 (164) 171.2 (168.8)
mp2¢ 191.9 (113) 182.4 172.4 175.7 f
MP2° 191.6 (113) 182.1 172.8’ 175.8 f
CCSD(T) 191.5 (1225 181.2 170.2 168.2 _ 178.08
CASSCF 167.8", 168.5' f
All electron®
DF 189.8 (120) 174.2 165.0 159.8 158.4

“‘Bd51s set: An(RLC + 2g) + O(aug-cc-PVDZ)
®Basis set: An(RSC + 2g) + O(aug-cc-PVDZ)
¢ Basis set of aug-cc-PVDZ quality on both An and O

Oxygen ls not correlated

°Oxygen ls and An 5spd not correlated

No minimum found
& Forced to be linear
B CAS(12¢/120rb)
'CAS(12¢/160rb)

JThe 4-MP2 values is 173.9 pm and the 4-CCSD(T) value is 171.5 [58]
XThe experimental value is 122.5° [59]
'The calculated Np-O distance is 160 pm [41]

system. The CCSD(T) results may be irrelevant for

210 | QR.}DHF: — - PuO3" , while they still survive for NpO3" (with
El_“ RQE;{%% -_--_-é-: T1 = 0.022). For these reasons the MP2 distances

200 } QC'CSD(T\, - overshoot and the frequencies are underestimated.

= CAS12/12 O Hence the MP2 method probably does not give reliable
& 90t ‘ CAS12/i6 @ results beyond uranyl for the triatomic species. A mul-
2 tireference nature may also explain some bending ten-
o 180 | dencies which are seen for B3LYP calculations on
NpO3"™ and PuO3", (Table 1). All the problems men-

170 ¢ tioned are more pronounced for RLC calculations.
160 | Qualitatively the lowering of the “pure 51 levels from

Ac Th Pa U Np Pu
Actinide

Fig. 3. Actinide-oxygen distances for the f© OAnOY species

correlation is included at the complete- actlve space
(CAS) level (12electrons/12orbitals), NpO 3* survives
with an Np-O distance of 167.8 pm, which is close to the
CCSD(T) value of 168.2 pm. At the minimum geometry,
the ground state is contaminated by the 5/ orbitals. The
weight of the “pure 5/ lowest unoccupied molecular
orbitals (LUMO) becomes about 10%. An increase
of the correlation space for the CAS to 12electrons/
l6orbitals or 10electrons/16orbitals, or a further increase
of the basis set does not change the picture
(Fig. 3, Table 1). For the PuO; 4+ case, Pu is already too
“hungry for f electrons. Startlng from the HF mini-
mum of 158 pm, using CAS(12electrons/16orbitals or
smaller) the low-lying f* orbitals become strongly occu-
pied and the system disintegrates. The large Tl dlag-
nostic of 0.035 for a CCSD(T) calculation on PuO2 also
suggests the multireference nature of that theoretical

U to Np to Pu is reflected in the colors of these com—
pounds. Uranyl compounds are yellowish and NpO

compounds are green. Both transitions involve excita-
tions from the occupled MOs to the lowest pure f levels.
The f!' PuO; 3* compounds are blue-black [31, 37].
Owing to the complexity of the system, no attempt
was made to localize the transition state between the
Do, minimum of NpO%Jr and the Coulomb asymptotes.

2.1.2 Nature of bonding

A perennial question is that of the An hybridization, in
particular concerning the 6po hole. From Fig. 4 we see
that this hole increases along the An series and reaches a
maximum at about —0.5 around Np and Pu, using
Mulliken population analysis at the B3LYP minimum.
The 5f character in the covalent bonds steadily increases
from Th to Pu, while the 6d character stays almost
constant. Bending of the molecules increases the 6d
population, which is favorable for ThO,, but not for the
higher members of the series [30].

The four bonding MOs and two lowest empty MOs
of NpO2 are shown in Fig. 5. They entirely correspond
to one’s intuitive notion of the 6ds, and 6dn, or 5fc,
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and 5/, bonding. Figure 5 also shows the shape of the
59, LUMO and the next MO, 5f¢,, which was thought
to play a major role in equatorial bonding of the actinyls
(see later).

2.1.3 Frequencies

Calculated harmonic vibrational frequencies for the
OAnO? series are shown in Table 2. The trends of

Actinide

Fig. 4. The orbital occupations and Mulliken charge on An for the
¥ actinyls

Fig. 5. The valence bonding and lowest unoccupied orbitals in f°
actinyls

the symmetric and antisymmetric O-An—O stretching
vibrations are plotted in Figs. 6 and 7, respectively. The
o, value for ThO, agrees well with experiment, the o,
value less so. For calculated free UO3" the B3LYP and
CCSD(T) o, frequencies cluster above 1100cm~"!. The
symmetric stretching frequencies in Fig. 6 exhibit similar
trends as the antisymmetric ones. Now we can further
calibrate the QR-ECP calculations against fully relativ-
istic, four-component all-electron calculations at the
MP2 and CCSD(T) levels. We emphasize the role of
electron correlation effects in lengthening the actinyl
bonds and decreasing the vibrational frequencies. The
all-electron DF calculations are helpful in calibrating the
pseudopotential calculations, but can not be used to
claim the existence of PuO3", for instance. The HF/DF
agreement also suggests that spin—orbit effects are not
essential at the HF level.

The suggested gas-phase species NpO%Jr should have
similar ¢, and o, frequencies as UO%*, at the CCSD(T)
level, but a clearly smaller 7, frequency. As seen from
Table 3 the UO3™ and NpO3™ stretching frequencies are
indeed comparable with each other. For both species,
the values decrease from the free cation, when equatorial
ligands (discussed later) are added. The calculated

1500 F DF —+—
QR-HF —-X--
1400 | QR-MP2 --X--
QR-B3LYP -3
1300 | CCSD(T) — M-
Exp. —-O-—
o 1200 4-MP2 Z
4-CCSD(T) ---A--
<€ 1100 | @
1000 } ,,/.':'i‘"fi"a‘
900 | /E VRN
800 | é Ehe ™
700 Q

Th Pa U Np Pu
Actinide

Fig. 6. Symmetric stretching vibrational modes for the f° actinyls

1600 | DF —+—
QR-HF —-X--
QR-MP2 --X--
1400 [ QR-B3LYP -3+
ccsD(m) —-l—
_ o} Exp. —-©O-~— .
o
> 1000 | .
¥ O
800 |
600 | &

Ac Th Pa U Np Pu
Actinide

Fig. 7. Antisymmetric stretching vibrational modes for the f°
actinyls
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Method ThO, PaO; uos* NpO3* PuO3"
by aj aj Oy gy T, oy ay T, oy ay T, oy gy T,
RLC*
SCF 781 843 177 1055 1025 146 1285 1234 284 1420 1348 314 1364 1278 267
B3LYP 756 788 100 981 933 159 1124 1038 178 1085 987 170
MP2 719 768 162 927 866 111 1029 922 187 764 675 84
CCSD(T) 725 779 163 949 904 97 1095 1013 208 1097 982 154
RSC® _
SCF 798 863 179 1047 1022 214 1304 1242 277 1441 1354 302 1444 1337 261
B3LYP 766 820 156 967 907 115 1135 1042 176 1151 1034 135 876 791 73
MP2¢ 748 798 166 936 847 118 1052 941 164 879 900 106
MP2°¢ 742 791 169 930 840 135 1053 939" 172 871 878 115
CCSD(T) 748" 802" 166 945 882 141 1118 10217 201 1106 990 141
All electron®
DF 761 896 130 1158 1028 130 1294 1234 246 1429 1342 268 1407 1292 208

#Basis set: An(RLC + 2g) + O(aug-cc-PVDZ)

®Basis set: An(RSC + 2g) + O(aug-cc-PVDZ)

©Basis set of aug-cc-PVDZ quality on both An and O
Oxygen 1s not correlated

°Oxygen ls and An 5spd not correlated

"The 4-MP2 and 4-CCSD(T) 0, are 944 and 974 cm™', respectively [58]

2The Ar matrix spectroscopy o, was 952 cm™! [21]

B The Ar matrix spectroscopy data are b, = 787 and a; = 735cm™", respectively [17]

{The calculated g, is 1441 cm™! [41]

Table 3. A comparison of uranyl(VI) and neptunyl(VII) symmetric
and lasymmetric stretching frequencies ¢, and o,, respectively,
(cm™)

Systems ay oy Comments
Experimental

Uranyl salts (typical values) 840-890 930-960 [7]

NpO, (OH), - nH,0(s) 830 897 [39]

NpO;*(aq) 853 (25) [39]
Theoretical B3LYP (gas state)*

Uos* 1042 1135

NpO3* 1034 1151

UO,F5 853 921

NpO,F; 918 1024

UO,F3~ 799 860

NpO,F; 861 964

#Free ion B3LYP RSC values (see Tables 2, 7)

NpO,F, values are comparable with the available ex-
perimental data.

2.2 Oxyfluorides

The possible f© actinyl fluorides were enumerated in
Fig. 1. The experimentally known ones are framed. The
best chances for new species lie along the shoreline of
this “island of stability”. It should be added that the
absence of certain data could be caused by the low
desirability of the experiment, owing to toxicity, radio-
activity, short life time, or cost. Small-core B3LYP
structures of the actinyl oxyfluorides are shown in
Tables 4 and 5 and in Figs. 2, 8 and 9. The vibrational

frequencies are shown in Tables 6 and 7 and Figs. 10 and
11. The lowest curve in Fig. 8 corresponds to the
actinyls, with a minimum at Np. The successive addition
of one to five more equatorial fluorines to it, maintaining
the /0 electronic structure, leads to a relatively moderate
increase in the An—O distance. The An—F distances for
[AnO,F,)?, n=1-35, as function of n are shown in
Fig. 9. Again, higher An have shorter distances for the
same n. Increasing n will slightly lengthen the An—F
distance. The trends are very systematic and neither
encourage nor discourage the search for further species.
Such conclusions must rather be based on energies. The
g, frequencies in Fig. 11 show an equally systematic
behavior as the distances. Now some experimental
frequencies are available, (Tables 6, 7). The aqueous
frequencies are not directly comparable with our gas-
phase values; however, they show reasonable agreement.
The calculated frequencies and their trends, especially
for the two An—O stretching frequencies, should aid in
experimental identification of further species. Just as
ThO, has a lower symmetry than UO2", we here have C,
symmetry for ThO,F~, compared with C,, symmetry for
isoelectronic PaO,F or UO,F", (Table 4). Another
possible example of the effect of small 5f-level excitation
energies is the large deviation between B3LYP and MP2
for the a4 (o,) vibration of PuO,F4 (Table 7). The
possible new neutral species comprise here NpO,F;
(D3p) and PuO,F4 (D4j). Their high symmetry may
increase their chemical stability. The Pu(VIII) species is
discussed in more detail later. The Ds;, species, AmO;F5
in Table 5, would be a first candidate for an Am(IX)
species. The single imaginary frequency (bending of
fluorines) may be a density functional theory artifact. If
it is a real effect, it may indicate a lower symmetry or
fluorine elimination.
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Table 4. Calculated bond leng-

ths (pm) and angles (degrees) Systems Method r(An-0) r(An-F) O-An-O  O-An-F F-An-F
for [AnO,F,]? species _
C; ThO,F B3LYP 197.0 228.2 116 109
MP2 198.6 227.1 113 109
Cy PaO,F B3LYP 185.2 213.8 159 100
MP2 186.7 213.9 160 100
UO,F™ B3LYP 173.1 200.0 170 95
MP2 176.0 199.6 174 93
PaO,F; B3LYP 190.6 221.7 148 107
MP2 191.0 221.6 153 110
UO,F; B3LYP 176.8 207.5 168 114
MP2 179.4 207.0 169 112
NpO,Ff B3LYP 171.3 197.5 180 180
MP2 173.9 198.5 180 111
Table 5. Calculated bond lengths (pm) and angles (degrees) for 200 ¢
[AnO,F,]¢ and [AnOs]? species X OF —+—
195 | \ o
Systems Method r(An-0) r(An—F)
190 |
D3, PaO,F%~ B3LYP 192.3 231.0 o
MP2 192.8 230.3 a 185 F
UO,F; B3LYP 179.0 216.1 T
MP2 181.1 215.6 j 180 |
NpO,F; B3LYP 173.1 205.9
MP2 174.7 205.8 1751
HF 164.7 205.9
NpO3~ HF 173.2, 198.0 170 1
PuO?” B3LYP 184.1, 195.8 165 . . . ! .
Day UO,F2~  B3LYP 181.9 2233 Th Pa U Np Pu
MP2 183.9 222.3 Actinide
NpO,F, B3LYP 175.9 211.0 . . .
MP2 176.2 211.4 Fig. 8. Tllle trends in calculated B3LYP An-O distances for the
PuO,F, B3LYP 172.6 202.4 [AnO,F,]* species
MP2 173.9 204.7
HF 162.4 200.3 235 ¢
PuO} HF 1723 190.0 35 IF —f—
Ds, NpO,FZ~  B3LYP 176.9 220.6 230 | xR
MP2 176.3 220.7 s | 4F -
PuO,Fy B3LYP 173.5 212.6 5F —- -
MP2 174.4 215.1 g 220}
AmO;Fs B3LYP 171.4 208.4 = ~
w215 | ~
#Counterion charges added 5 n_
210 \_.
2.2.1 The AnO? species 205 ¢
Starting with NpO,F3 and replacing the fluorine atoms 200 ¢
by O™ we arrive at NpO‘;*. This species is experimentally 195 P
u

known in the solid state as NpO,(OH), - nH»O [38]. Its
HF structure is shown in Table 5. Compared with the
neutral NpO,F3, the two axial Np-O distances are
lengthened by 8 pm. The equatorial Np—O distances are
shorter than the equatorial Np—F distances. Also the
stretching frequencies of axial oxygen bonding are
smaller for Npogf than for the NpO,F; analogues.
This may suggest a ‘“‘resonance” between axial and
equatorial Np—O bonds. No counterions were included
at this HF calculation. The predicted structure and
vibrational frequencies are new. The hypothetical
plutonium analogue is included in Tables 5 and 7.

2.2.2 Equatorial bonding

Coulson and Lester [39] suggested that the equatorial
bonding of UO,(NOs3); would take place between the U

Actinide

Fig. 9. The trends in calculated B3LYP An-F distances for the
[AnO,F,)? species

5f ¢ orbital and the nitrate oxygens. No evidence for this
was found at the HF ab initio level by Pyykko et al. [1].
The total 5f¢y — 2pr overlap populations were about
0.03, only. We now find examples of 5f ¢ involvement in
equatorial bonding. For UO,Fj, UOzFi_, NpO,Fs,
NpO,F, and NpOng’ the Mulliken overlap popula-
tions are 0.11, 0.03, 0.16, 0.24 and 0.21, respectively. A
closer look at the specific MOs in Fig. 12 makes this
covalent involvement quite evident. This suggests reha-
bilitation of Coulson’s idea but in different systems than
the uranyl trinitrate originally considered in 1956.



2.3 Pu(VII)?

In addition to PuO,F,4, we studied neutral PuO4 and
PuFs. Their calculated properties are shown in Table 8.
As seen here, the PuOy4 bond distance is longer than the
PuO‘z‘Jr one by about 5 pm at the QR-B3LYP level. There
are very large apparent correlation effects at the MP2
level for PuO,4 and the T1 diagnostic for CCSD(T) is
quite large (T1 = 0.06 at the minimum geometry), Also
at the B3LYP level, the Dy, system tends to slightly bend
to D,4, with minimal changes in energy, distance and
frequencies. The reasons are similar to those discussed
in Sect. 2.1. Owing to the strong multiconfigurational
character, the very existence of PuQO4 is somewhat
questionable, although good minima are found at
different levels. Parenthetically, the isoelectronic “anti-
uranyl” group UOLZ[ [40] and “antineptunyl” groups are
known and possess Déh symmetries in crystals (Fig. 4 in
Ref. [1]). For free UO; ™ in a vacuum, Bolvin et al. (to be
published) calculated a 7, structure, while free NpO,
was found to be Dy, like our PuOy,. They concluded that
it is the availability of f orbitals for bonding which
participate in covalent bonding of Np that drive NpO,
to the Dy, geometry.

The valence isoelectronic NpO;F has been observed
thermochromatographically [27] and its calculated Cy,
structure (quasi Dyy) resembles that of PuOy4 (Table 8).

For PuFg a cubic O, structure was found. The Dy,
alternative (tetragonal antiprism) was a transition state.
The Pu-F distance is surprisingly close to the experi-
mental An—F distance for UF4 (199.6 pm) [41] or PuFg
(197.1 pm) [41]. This suggests a sturdy structure. We are
unaware of earlier discussions of PuFs. The PuOsF,
system was unstable as Dj, or C,, systems, and we did
not study it in more detail.

2.3.1 Thermochemistry

How high do these compact, sturdy Pu(VIII) species lie?
In order to have a thermochemical reference point, we
calculated the Pu(VI) system PuF4(0;) at the B3LYP
level. We assumed an 'Aj, state with two f electrons in
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the a, orbital, which is the ground state of the molecule.
According to Ref. [42], the order of the 5/ levels in PuF¢
1S ay, < t1, < to,. Then, for the following hypothetical
reactions, the B3LYP energies, without any vibrational
corrections, are

PuF + F, — PuFy  AE = 274kJ/mol (1)

AE = 514%kJ/mol (2)
PuF¢ — 3F, +20, — PuO; AE = 1243 kJ/mol (3)

The calculated gas-phase standard enthalpies are 281,
515 and 1239 kJ/mol, respectively. We repeat that
although ““‘uphill”, PuFg, PuO,F; and PuO, are local
minima with clearly positive vibrational frequencies.
Another reference point could be the PuO,F, molecule,
which was found to be triplet *B, in the ground state (at
the B3LYP level). Without any vibrational corrections,
the B3LYP energies are

PuO,F; + 3F, — O, — PuFg AE = —427 kJ/mol (4)
AE = —182kJ/mol (5)
AE = 547 kJ/mol (6)

PuF¢ — F> + O, — PuO,F,4

PuO,F, + F; — PuO,F4
PuO,F; — F, + O, — PuOq

The calculated gas-phase standard enthalpies are —413,
—179 and 544 kJ/mol, respectively. Thus, this would be
the order of the thermochemical accessibility of these
three species. This is confirmed by DF calculations on
the reactions

Pu + 2F, + O, — PuO,F, AE = —919kJ/mol (7)

Pu+20, — PuOy AE = 776kJ/mol (8)
One possibility to make PuO,F4 would be the neutron
irradiation of [3*UO,F,]*~ compounds.

238 +n 239 - 239 - 239
U— U— Np —

92 92 93 94 Pu (9)

This is the familiar nuclear reaction producing large
quantities 2*’Pu in normal power reactors [37]. Similarly,

Table 6. Calculated harmonic

vibrational modes (cm™") Systems Frequencies
for [AnO,F,]Yspeci
or [AnO,F,]?species c Method P
ThO,F~ B3LYP 742
MP2 724
Coy Method b,
PaO,F B3LYP 858
MP2 852
UO,F* B3LYP 1049
MP2 999
Cy Method by
PaO,F; B3LYP 760
MP2 771
UO,F; B3LYP 971%
MP2 942
NpO,F5 B3LYP 1071
MP2 1034

’” ’ ’ ’” ’

a a a a a

663 399 178 139 108
650 411 179 139 114

a a, a b2 bl

820 511 177 160 146
789 519 168 159 131
970 634 129 201 180
898 648 111 219 141

ap ap by by a ap by ap

756 443 429 186 170 147 160 87
750 450 439 190 176 163 162 87
903 559 544 240 220 213 203 81
849 568 555 212 218 182 205 90
961 597 640 302 271 197 211 85
1024 657 642 224 226 223 216 67

3The Ar matrix spectroscopy value is 940 cm™' [23]
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Table 7. Calculated harmonic vibrational modes (cm™") for [AnO-F,]? and [AnOs]? species

Systems Frequencies
Dsy, Method ay a aj e e e’ ay e
PaOng’ B3LYP 735 715 353 350 228 217 165 71
MP2 742 721 366 363 224 216 166 75
UO,F5 B3LYP 921 853 470 459 266 238 179 86
MP2 910 819 477 468 243 240 184 91
NpO,F; B3LYP 1024 918 563 552 285 234 175 63
MP2 1048 1036 578 561 251 229 175 69
NpO,F; B3LYP 1024 918 563 552 285 234 175 63
MP2 1048 1036 578 561 251 229 175 69
HF 1242 1166 592 575 386 278 204 110
Npog’ HF 982 863 579 452 378 347 302 140
PuO%’ B3LYP 768 739 522 551 305 282 239 55i
Dyy, Method any, ayg ayg ey b]g ey €y ay b2g b, €y
UOzFﬁ’ B3LYP 860* 799° 402° 382% 344 267 247 192 163 145 112
MP2 861 778 411 393 358 246 242 186 169 142 119
NpO,F, B3LYP 964 861 500 493 434 290 248 198 182 149 136
MP2 1020 996 507 498 427 261 237 188 181 144 137
PuO,F, B3LYP 1011 880 553 572 494 287 228 210 201 156 151
MP2 1142 1281 548 568 520 258 201 170 200 124 161
Ds, Method ay a aj e e e é e ay e e
NpOQFg’ B3LYP 934 826 437 385 319 302 272 252 191 176 68
MP2 1011 980 447 387 314 279 272 238 181 183 56
PuO,F5 B3LYP 989 855 495 451 387 306 286 241 195 169 32i
MP2 1146 1238 482 445 373 265 259 162 146 141 105¢
AmO,F5 B3LYP 1015 859 510 460 403 297 272 198 194 117 108

3 Experimental aqueous IR values are 920 cm™' for the a,, asymmetric U-O stretch and 370 cm™ for the U-F stretching frequency
® Experimental solid state Raman values are 940 cm™! for the aiy symmetric U-O stretching and 370 em™! for the U-F stretching
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Fig. 10. The trends in calculated B3LYP symmetric stretching
vibrational modes of the An—O bond for [AnO,F,]? species

the neutron irradiation of an ‘“‘antiuranyl” compound
such as NayUOj5 could, in principle, yield PuOy. In other
words, we suggest carrying out the chemical reaction
before the nuclear reaction. In matrix spectroscopy, if
the molecule PuY'OF, could be produced first, the
reaction with an O atom might afford PuO,F,. Note
that PuOF, was observed in Ref. [27]. The observation
of Pu(VIII) might take place through spectroscopy or
through heating or sputtering and subsequent mass-
spectroscopy, or by thermochromatography.

There are several other possibilities for making these
compounds. One is direct fluorination of PuFg or
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Fig. 11. The trends in calculated B3LYP asymmetric stretching
vibrational modes of the An—O bond for [AnO,F,]? species

PuO,F, to produce PuFg and PuO,F4, and perhaps
O-atom or ion bombardment of plutonium oxides to
generate PuO4. Another interesting possibility which
would initially produce Pu(VII) is negative ion photo-
electron spectroscopy. Here the ions PuFg, PuO,F, or
PuO, would be generated in the gas phase, ion-selected
in a mass spectrometer and then neutralized by photo-
detachment or otherwise. The photoelectron spectrum
would give information about oxidation state VIII: a
discrete spectrum would indicate a stable neutral species.
Experimental thermochromatographic studies give
evidence for volatile PuY'OF, and Pu""O;F [27].



2.3.2 Cubic versus antiprism structures

PuFs was found here to be cubic, O;. Experimentally,
Hwang and Seppelt [37] found that isoelectronic UF;~
in crystalline (NO),(UFg) has an antiprism, Dy, struc-
ture with U-F(av) = 210.2 pm. Our calculated RSC
B3LYP value is 213 pm for the Dy4; structure. All

/ L-' S J
bl T

Fig. 12. Selected molecular orbitals of a UO,F; and b NpO,F%-
HOMO-7 and HOMO-10, respectively
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frequencies are positive. The Oy, structure is a transition
state with one imaginary double degenerate frequency
(ey), which corresponds to rotation from the cube to an
antiprism. The NpF; was found to be cubic, like PuFs.
The antiprism NpFy and PuFg have one imaginary
frequency (b)), corresponding to rotation of the antip-
rism to a cube. The energy difference E(O0;) — E(Day) is
19, —7 and —26kJ/mol for UFZ~, NpFg, and PuFs,
respectively. Note the shortening of the An—F distance
along the series in Table 8.

2.3.3 A symmetry trend

In addition to the symmetry change from ThO,F~(C)
to PaO,F (C,,), we notice the systematic trend in
Table 10. On each row the calculated symmetry of the
molecule changes. Left of the vertical line the inversion
symmetry is missing; right of the vertical line it exists.
The driving force behind this change must be left to
future investigation. A possible mechanism could be
the constant 64 orbital energies as contrasted to the
increasingly stabilized S5f orbital energies along the
actinide series (Th—Am) [43].

3 Conclusions

1. Geometries and vibrational spectra for a number of
novel, experimentally unknown f°d° gas-phase acti-
nyl fluoride species were calculated. For most of the
known species, the geometries and vibrational spectra
were reported for the first time.

2. The gas-phase species ONpO** is likely to exist. It
should have a slightly shorter bond length and similar
vibrational frequencies, compared with free UO%*. Its
neutral derivative, NpO,Fj is a possible new neutral
species.

Table 8. Bond lengths (pm) and selected frequencies (cm™") for Pu(VIII) systems and some related cases

System Symm Method r(Pu-0) r(Pu-F)  Pu-O stretching Pu-F stretching
PuOy4 Dy, DF 172.3 1014 (e,) 974 (a1y) 733 (byy)
Dy, HF 169.5 1060 (e,) 1046 (a1y) 833 (biy)
Dy, B3LYP 176.6 920 (e,) 873 (aiy) 735 (biy)
Dy* B3LYP 176.6 912 (e) 862 (a;) 728 (by)
Dy, MP2 175.4 1026 (e,) 1140 (a1y) 1050 (b1y)
Dy, CCSD(T) 177.7
NpO;F  ,° B3LYP 176.2, 180.5 204.6 954 (d") 893 (d') 796 (d') 526 (d)
PuO,Fs Dy DF 164.1 199.3 1232 (az,) 1122 (ayy) 631 (e,) 610 (aiy) 504 (biy)
Dy, HF 162.4 200.3 1284 (az,) 1165 (aiy) 618 (e,) 615 (aiy) 495 (byy)
Dy, B3LYP 172.6 202.4 1011 (a2,) 880 (aiy) 287 (ey) 553 (aig) 494 (byy)
PuFy Oy HF 192.9 702 (aiy) 671 (1) 458 (tay) 522 (b2)
B3LYP 200.9 589 (aiy) 567 (t1,) 454 (ty) 434 (b2)
Dy B3LYP 202.4 593 (a1) 544 (by) 535(ey) 463 (er)
446 (e2)
NpFg Oy B3LYP 206.0 581 (aig) 525 (t1,) 425 (tay) 395 (b2)
Dy B3LYP 206.6 587 (a1) 509 (by) 508 (e2) 433 (e2)
420 (Cz)
UF;~ Oy B3LYP 213.1 544 (aiy) 450 (t1,) 366 (tay) 323 (b2)
Dy B3LYP 213.3 550 (a;) 442 (by) 446 (ex) 375 (er)
358 (e2)

#Slight distortion O—Pu—O bends to 175°
Calculated as a Cy system
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Table 9. Calculated bond lengths (pm) and frequencies (cm™") for Pu(VI) systems

System Symmetry State Method r(Pu-0) r(Pu-F) Pu-O stretching Pu—F stretching
PuF Oy, YAl B3LYP 197.4 640 (a1y)) 612 (t1,) 523 (ey)
PuF Oy 'Aly Exp.? 197.1 628 (aig) 617 (t1,) 503 (e,)
PuOF, Cyp YAl B3LYP 176.8 200.8 864 (a1) 585 (a1) 576 (e) 507 (b2)
PuO,F, Cy, YAl B3LYP 172.4 204.0 988 (by) 901 (b2) 564 (a1) 543 (by)
PuO,F, Cy, 3B, B3LYP 173.7 206.2 977 (b7) 875 (b2) 557 (a1) 540 (by)
PuOF3~ Dy, YAl B3LYP 177.0 220.5 886 (a2) 797 (arg) 401 (a1y) 381 (ew) 339 (biy)
PuO; Cyp TAly B3LYP 181.1, 175.2 912 (b7) 880 (a1)

776 (a1)
4 Ref. [41]

Table 10. Examples of symmetry change

Class < No inversion Inversion =
AnO} ThO, PaO; UO3"
NpO3*

Cyy Do

AnO} uoi- NpO; PuOy
Tu Dy,

AnF} UF2- NpFy PuFy
Dyqy Oy

3. In actinyl systems with equatorial ligands, the exper-
imental ¢, and ¢, An-O stretching vibrations are
comparable for UY'O,L, and NpY"O,L, systems.
This trend is supported by the present calculation.

4. The structures of the experimentally known Npog_
and NpO;F were calculated.

5. PuFg(0;), PuO,F4(Dy4y) and possibly PuOy (D) are
new high-energy species. All of them contain the so
far unknown Pu(VIII).

6. The D4y geometry of solid-state UF%’ seems to be
internally driven; it was calculated to be Dy, in the gas
phase. In contrast, NpFg and PuFg are cubic (Oy)
systems. PuFg is an interesting molecule because it
might be the first Pu(VIII) species and the first neutral
cubic (0y) XYg molecule at the same time.

4 Methodology

Several studies on the methodology for actinide species
calculations can be found in the literature [32, 44—48].
Our indicative calibration of the QR pseudopotential
(ECP) treatment is available [49]. There we calculated
the UFg, UOze,UO§+ and ThO, molecules, for which
experimental and high-level calculation results exist. In
our calculations, we tested small core (RSC) and large
core (RLC) pseudopotentials [50] on the structures and
harmonic vibrational frequencies using methods from
HF to CCSD(T). Furthermore we varied the basis sets
for O and F and studied the importance of g functions
on An. An illustrative part is in Sect. 2.1, where we
compared large core (RLC) and small core (RSC)
pseudopotentials [50], and the methods from HF to
CCSD(T).

For dioxoactinide calculations the aug-cc-PVDZ ba-
sis set on O was used. In oxyfluoride calculations the

small core ECPs [50] (RSC) for actinides, augmented by
two g functions with exponents o) = 1.524, o, = 0.375,
were used and the aug-cc-PVDZ basis set was taken
for O and F atoms. Both MP2 and density functional
B3LYP methods were chosen for the production work as
the deviation between these two should better indicate
the reliability of the calculation. Recall that our systems
are closed-shell 0 species, so MP2 and B3LYP should
both be relatively reliable and comparable, except in
cases with very small highest occupied MO-LUMO
gaps. For thermochemical estimates the aug-cc-PVTZ
basis set for O and F was also tested, but the changes
were minimal. QR calculations were done with the
Gaussian 98 [57], Molcas-4 [52] and Turbomole [53]
packages.

The DF calculations were carried out using the
program suite DREAMS.! The basis set for O was the
aug-cc-pVDZ basis [56] and the basis set for U was a
double-zeta-quality basis set used previously for calcu-
lations on dioxoactinide species [30]. The O atoms were
treated nonrelativistically according to the model pro-
posed by Dyall and Enevoldsen [57]. Geometries and
harmonic frequencies were obtained from numerical
fits to data obtained at a range of points. The fitting
functions included at least the lowest anharmonic
terms.
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Dirac-HF program methods are described in Ref. [54] and the MP2
program methods are described in Ref. [55].
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