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ABSTRACT: The ground and excited states of neutral and cationicaPdd”uQ@ have been studied
with multiconfigurational quantum chemical methods followed by second padtirbation theory, the
CASSCF/CASPT2 method. Scalar relativistic effects and syit-coupling have been included in the
treatment. As literature values for the ionization energy of,Ru® in the wide range of ~6.6 eV to
~10.1 eV, a central goal of the computations was to resolve thesepdiscies; the theoretical results
indicate that the ionization energy is near the lower end ofahger The calculated ionization energies

for PuO, PuOand Pu@" are in good agreement with the experimental values.
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INTRODUCTION

The spectroscopy and thermodynamics of actinide containing moleculegrpasehallenges to both
experimentalists and computational chemists. Among actinides, uraamgimthorium species are
certainly widely studied. Plutonium systems have also been the ssufjexxtended research. In
particular, thermodynamics of elementary plutonium oxide molecules ®,2) have been studied
experimentally by one of us (JKG and co-worké)s and also recently by F. Capone and co-workeérs.

The value of the first ionization energy (IE) of Pullas recently become an issue of particular
controversy. An early Knudsen effusion electron impact (El) $tpided IE(Pu@ = 9.4+0.5 eV; a
more recent El studyielded IE(Pu@) = 10.1+0.1 eV. These two values are remarkably some 3-4 eV
higher than the spectroscopically measured IE{06.128+0.003 eV.Also, they are in discord with
the recently determined bond energy of Fu@(OPU-0). In view of the anomalously high literature
values resulting from EI experiments, Santos étemhployed an electron-transfer bracketing approach
to establish that IE(Pufis in the range 6.91-7.14 eV, and thus assigned IE{)Rt®.03£0.12 eV; this
latter value is in full accord with the thermodynamics of newtnal ionized plutonium oxides. Given
the reduced propensity for transneptunium actinides to exist in oxica#itas above IV, particularly as
compared with uranium, and that plutonium is in the IV oxidation state in, Rug@ems reasonable that
IE(Pu®) should be somewhat higher than both IE(PuO) = 6.1+0%" evid IE(UQ) = 6.13 e\?
Furthermore, the following trend for the ionization energies actossséries of actinide dioxides,
IE(AnOy,)/eV, appears entirely reasonable, where the cited values (raagespt that for IE(UQ), were
obtained by Santos and co-workers using the electron-transfer bracketing method:

UO,/6.13 eV < NpGQ / 6.33+0.18eV < PuQ/7.03+0.12 eV < AmO,/ 7.23+0.15 e¥

Considering the substantial discrepancy between the value for Ig(Fe@rmined from their EI
measurements, 10.1 eV, and the range for IEfPwWObsequently established by electron-transfer
bracketing, Capone et al. carried out additional high-temperature Kneffssion experimenfsTo
arrive at IE(Pu®), approximate values for D(Pu-O) = 7.1 eV and IE(PuO) = 6.2 e¥ assumef this

latter value for IE(PuO) is close to the experimental valug1#0.2 eV determined by Santos et'ah



value for IE(Pu®) was then derived by presuming that equilibrium was achieved befwe&nand
PuQ" ions at high temperature in a Knudsen cell, and further that their equilibrium aatioastin the

cell could be measured by monitoring with a mass spectromet@&rthevhich were purported to be
effusing from the ceffl. From this so-called "new type of experimé&rt"was ultimately inferred that
IE(PuG,) = (IE(PuO) + 0.42+0.005 e\§ (6.2 eV + 0.42 eV¥ 6.6 eV, which is only 0.3 eV below the
lower limit of the previously established range of 6.91-7.14' é\he validity of the experiment
performed by Capone et dland particularly the evaluation by which IE(R)© 6.6 eV was obtained,

has been a matter of discussionOf particular concern is the necessary and novel assumption that
thermodynamic equilibrium between Puénd Pu@" was achieved and measured under the conditions
of the high-temperature Knudsen effusion experiniéntdn view of the uncertainties associated with
the assignment of IE(PuD= 6.6 eV, the somewhat higher experimental range, 6.91-7.14 eV, as
obtained from the well-established and demonstrated technique obeleetmsfer bracketirfigshould

be considered the more reliable. A direct spectroscopic deteromnaftilE(PuQ) would definitively
resolve this issue. The accuracy of most current computationabdsemay not be fully adequate to
definitively resolve the 0.3 eV discrepancy between the two low-rangeerimental values for
IE(PuQy), 7.03+0.12 eV and ~6.6 ¥ but their accuracy is certainly adequate to resolve the ~3-4 eV
discrepancy between this lower range and the much higher values dbteone the earlier EI
experiments, 9.4 evand 10.1 eV,

Computationally, Archibong and R&have performed a study of the ground state and some excited
states of Pu@and PulN using the Coupled Cluster method CCSD(T) and the complete actiee spa
second-order perturbation theory method (CASPT2). They have predictpabtinel state of PuQo be
a°zy", the ground state of PyNo be a1y, and computed a vertical ionization energy of 9.92 eV for
PuG at the CCSD(T) level of theory; they did not report an adiabatization energy, but implied that
it should not be significantly lower than the vertical value. ClaéeaSarrio et dft have perfomed

Density Functional Theory (DFT) and CASPT2 calculations on . Puénd PuN and they have



predicted a3Hg ground state for PulNin disagreement with the ground state predicted by Archibong and
Ray'’.

It thus seems that many unresolved questions still exist for Pu-containilhigreregules, particularly
the elementary monoxide and dioxide molecules. We have thus decidedoronpaccurate quantum
chemical calculations on PuO and Buorder to explore the nature of their ground and lowest excited

states, and determine their first and second ionization energies.

COMPUTATIONAL METHODS

All the calculations were performed using the MOLCAS 7.1 packaBesis sets of atomic natural
type (ANO)Y*™ including relativistic corrections were employed. They were aoted to
9s8p6d5f2g1lh and 4s3p2d1lf on plutonium and oxygen, respectively. We performed densdpdlinc
theory (DFT) based calculations using the B3LYP functional and aldticonfigurational calculations
followed by second order perturbation theory, CASSCF/CASPT2. The complete space CASSCF
method® is used to generate wave functions for a predetermined setctforle states. Dynamic
correlation is added using second-order perturbation theory, CASESE2lar relativistic effects were
included using a Douglas-Kroll-Hess Hamiltonian. Spin-orbit couplingceffwere estimated using the
Complete Active Space State Interaction (CASSI) methad,which an effective one-electron spin-
orbit (SO) Hamiltonian, based on the atomic mean field approximatidheofwo-electron part, is
employed. All CASSCF wave functions of the appropriate symmetreesised as basis functions to set
up the SO Hamiltonian, and CASPT2 energies are used in the dia¢ggmahts. This approach has
been shown to work successfully in a number of earlier applicafidh#én the CASSCF calculations
the complete active space for PuO, Pudd Pu®’ contains 12, 11 and 10 electrons, respectively,
distributed into 16 orbitals, which are linear combinations of the #mréebitals coming from the 5f, 6d
and 7s shells of Plutonium, and the three 2p orbitals of Oxygen. In the PuQ®, PuQ?* cases the
ideal active space would contain again thirteen Pu orbitals anBpsotbitals from the two oxygen

atoms. This would yield a complete active space of 19 orbitalshGitblectrons (in case of PpO8



electrons from plutonium and the other 8 from the oxygen atoms. Suchianspace is too big, and
we thus decided to truncate the space by removingmgMoonding orbitals and the corresponding
antibonding orbitals,and ones* antibonding orbital.This gives a complete active space that contains
12, 11 and 10 electrons for Py@uQ’, PuGQ?®, respectively, distributed into 14 orbitals (see the
discussion below of the nature of the orbitals in details). In allesuient CASPT2 calculations the
orbitals up to and including the 5d on plutonium and 1s on oxygen have been kept White the
remaining valence orbitals have been correlabledbrder to be more definitive on the value of the
ionization energy of Puwe have also performed a series of CASSCF/CASPT2 calculatmRsiQ
with active spaces of increasing size: 4/10, 8/12, 12,14, 12,15 and 12/17 and 16/4%t ffred active
spaces represent increasing size truncations of the full valE#/@® active space (all the linear
combinations of U 5f, 6d and 7s with O 2p), which is unaffordable.

RESULTS

In Table 1 the spectroscopic constants of the ground states of meutreationic PuO and Py@re
reported. PuO has’@ (Q = 0) ground state with bond distance of 1.82-1.83 A according to CASPT2
and B3LYP, respectively; PuiChas a°ll (@ = 0.5) ground state with a bond distance of 1.79 A,
according to CASPT2 and B3LYP, respectively. Ph@&s a52+g (Q = 1g) ground state. The molecule is
linear and the Pu-O bond distance is, according to our best estimate, ITisAompares with 1.77 A
previously obtained for the U-O distance in 4f&*" and with previous but less accurate calculations
which predicted the Pu-O bond distance to be longer than 1’8%#Q" has a*®, Q = 1.5u ground
state and a Pu-O bond distance of 1.70 A. PuBas a3Hg Q = 4g ground state and a Pu-O bond
distance of 1.68 A. In Table 2 and 3 the spin-orbit (SO) and spin$i€eekcitation energies of the
lowest electronic states of PuO and Pw®e reported, respectively. The ground st@te), is mainly
composed by thell spin-free state, which is dominated by the electronic configurati
(7s)(5fn) (55)?(5fp)>. The spectrum is very dense and in Table 2 we report only thetexwst up to
3800 cni. The ground state of P{i00=0.5, is mainly composed by thE spin-free state, which is
dominated by the electronic configuration fB¢5f5)%(5fp)2. In Table 4 and 5 the SO and SF
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excitations, respectively, of PuOPuQ* and Pu@* are reported. The ground state of Ru®=1,, is
mainly composed by théd, spin-free state, which is dominated by the electronic configuration
(7s)(5f8)%(5fp)*. This state is not the ground state in the spin-free spectrungrdtied state of Pud
Q=1.5, is mainly composed by thé&b, spin-free state, which is dominated by the electronic
configuration (5£)° (5f)’. The ground state of Put), Q=4 is mainly composed by thel, spin-free
state, which is dominated by the electronic configuratiod){@&fe)®. In Table 6 the vertical excitation
energies (cm-1) for Puf calculated at the CASPT2 level including the spin-orbit coupling are
reported, together with values obtained by previous theoretical studiesxperimentally. We notice
the overall better agreement of the present values with expdricwmnpared to previous theoretical
studies.Table 7 shows the calculated values for the first and second ioniztergies for PuO and
PuG. Comparisons with available experimental values and previous thabresitmations are also

presented there.

DISCUSSION

PuO, PuO" and Puc**

To our knowledge this is the first theoretical work that studieplil@®nium monoxide specieshe
first IE of PuO from CASPT2+S0O, 6.11 eV, in good agreement witkexperimental value of 6.1+0.2
eV obtained by Santos etZl. who employed a reactivity method developed and demonstrated by
Schwarz and co-workers for lanthanide oxide iSriEhe ground state of Pu@=0, is mainly composed
by two dominant spin-free electronic states, 44%béand 26% of=. The'Il state is characterized by
two electronic configurations: (7€5fr)*(5f5)%(5fp)* and (7s)5fo)'(55)'(5fr) (5fp)>. The electron
removed in the process of ionization in order to form Po€ongs to the Pu 7s orbitathich has only
little SO coupling.For this reason, the IE of PuUO does not change very much if one inshidesrbit
coupling in the calculation: the CASPT2-SF value is 6.17 eV and the CASPT2480s/8l11 eV. The

ground state of PUDQ=0.5, has a composition that resembles the neutral spéEig@4%) and 'S



(32%), with the only absence of the 7s electron. The Pu-O bond dissasieilar in the neutral and
ionic species, 1.820 A in PuO and 1.790 A in Pulhe IE of PuO computed at the SF-DFT/B3LYP is
equal to 6.31 eV, a value which is very close to the multi-refer8Re€ASPT2 result and well inside
the experimental uncertainty range, 5.9-6.38V.

The second ionization energy of PuO (or first ionization energy of Pu®Omputed at the SO-
CASPT2 level, is equal to 14.51 eV, which should be compared to the exmp@iimean value,
13.7(+/-0.8) eV, based on a thermodynamic evaludtidn.that evaluation, the P4O bond energy,
and therebyAH;(PuG™), were estimated from oxidation reactions of thé 'Han. The value for
IE(Pu0) was then obtained as the difference betwsgiPu0’) andAH;(PuG™). In the ionization of
PuCd, an electron is removed from a, 6fbital, which has a larger orbital angular momentum compared
to the 7s, from which the ionization of PuO occurkis gives a different spin-orbit coupling of the
valence electrons for the ground state of uQ=2. One would thus imagine that the SO effect is
larger in Pu®" than in PuO and PJ{OOnN the other hand, SO-CASPT2 predicts a IE of Pofd4.51
eV, which is only 0.06 eV lower than the value predicted by SF-CASPT2, BA/5@apparently
indicating a small SO contributiofio address this apparent inconsistency, one should consider the Pu-
O bond distance in the three species, 1.820 A in PuO, 1.790 A ihamad.727 A in Pu®. While the
distance does not change much upon ionization from PuO th Ru@dergoes a significant shortening
in going from PuOto PuG*. The vertical SF and SO IE of PliCat the Pu®bond distance), is equal
to 14.64 eV and 14.52 eV, respectively. The SO effect, 0.12 eV, is indeedlaygge but the
geometrical relaxation of the dication reduces these values to 15I4&b1 eV, respectively, giving
the impression of a small SO contribution.

The ground state of PG Q=2, is mainly composed by the spin-free stafesand’®. The " state
has a strong single-reference character and is dominated byrtigucation (58)%(5fe)*(5fx)™. It thus
seems appropriate to compute also the second IE of PuO at theTABE3D¥P level of theory. We

obtain a value of 14.52 eV, which is in agreement with the SF-CASPT2 value.



PuO,, PuQ;" and PuG,**

Our most accurate value, CASPT2-SO, for the first ionizationggrfer PuQ is equal to 6.36 eV,
and we are thus confident that the Knudsen effusion electron impacinesapial values in the ~9-10
eV rangé’ must be significantly too high; the actual value is almosaiteytin the region of the more
recent experimental values, 7.03+0.12'ednd ~6.6 e\. It would also appear that the vertical
ionization energies previously calculated by CCSD and CCSD(T), 9.B.8nelV° are substantially
higher than the actual (adiabatic) value. The IEUO6.36 eV computed by CASPT2+SO is in
reasonably good agreement with the value of about 6.6 eV estimateapbgeCet &l.1t is notable that
the higher of the two values obtained with B3LYP, 6.70 eV, is rathee tbothe range of 6.91-7.14 eV
established by Santos et'alhe value for IE(Pug) computed by CASPT2+SO is 0.2 eV below the
Capone et al. valug, and 0.5 eV below the lower end of the range established by the eleemesfer
bracketing technique. We have verified that the CASPT2+SO method did not substantially
underestimate IE(Pu by performing a series of calculations with an increasinyeagpace. The
results are summarized in Figure 1. The spin-free first IEvof different electronic states of PyO
namerE‘Zg+ and’®,, is reported as a function of the active space. The IE fosb:g’iestate converges to
the asymptotic limit of 6.5 eV without SO coupling, while the IE lé 10, state converges to the
asymptotic limit of 6.4 eV. We can state that our calculatioeanverged with the active spaces of
increasing size and we have no reason to believe that the valugqutdyiche CASPT2+SO method of
6.4 eV represents a significant underestimation of the IE 05.PuO

The computed value of IE(PuO= 6.4 eV is not in full agreement with the range of 6.91-7.14 eV
previously established by electron transfer bracketing experirhéhtsrucial requirement for such
“pracketing” experiments is that the reactant ion, in this €ag®", be thermalized prior to electron
transfer reactions. The presence of excited state,’Pio@s could result in otherwise endothermic
abstraction of an electron from a neutral molecule, which would givapparent ionization energy
higher than the actual value. Although the validity of the “bracketagieriments was carefully

confirmed by accurately determining IE[VM¢ it is feasible that molecular PyOions, in contrast to



atomic Mo ions, were not completely thermalized under the conditions of thérosletransfer
experiments. This possibility was explicitly acknowledged by &aet af': “Doubts could arise
concerning the possibility of an ineffective thermalization of t®,P ions in the charge-transfer
reactions, but, if this was the case, it would mean that IE{(Pw@s even lower than the ‘bracketed’
value.” The key point made by Santos et ahs that IE(Pug) is approximately 2-3 eV lower than the
previously reported values, which are in the range of 9-10’éRhis conclusion is clearly validated by
the present theoretical results. It should be noted that the disgyedah® eV between the computed
value of 6.4 eV and the lower limit of 6.9 tdetermined from the electron transfer reactions is minor

relative to the large correction, >2 eV, to previously reported experiméatal theoreticaf values.

Another aspect that requires some consideration is the largeeddé about 0.30 eV, between the SF
and SO values of the IE of Pu(rhis difference is almost ten times larger than the one fourféluior
Like in the PuO case, also for Pute electron released in the ionization process belongs to the 7s
shell, but in this case the SO effect seems to be considerably more significaderito understand this
feature, we have to analyze the ground state o6& 1u, which is mainly formed by tHe, spin-
free state, (735f5)%(5fp). This state is not the ground state, according to the spin-fragatidn, but
the second state, lying about 0.3 eV above the ground-&g,te;omposed by (5J%(5fp)>. When we
compute the spin-free ionization energy, we are thus not consideengnization from the true ground
state of the neutral speci€g),, but the ionization from thézg state of Pu@to the ground state of
PuQ’, a*®, state, mainly composed of §1(5fe). This happens becau3g, state does not couple
with spin-orbit terms and remains substantially unaffected, winél&d, mixes with other states and is
further stabilized by Shis analysis is confirmed by considehagthe energy difference between
the PuQ@ °®, state and the Pyb’®, state is equal to 6.36 eV. Such a value is very close to the SO IE of
6.36 eV, indicating that the actual loss of a 7s electrons leadSQ@oedfect on IE of 0.03 eV, very close

to the one computed for PuO.


John  Gibson
It appears that the two IEs are the same at 6.36 eV and it is not clear (to me) how the 0.03 eV ﬁeffectﬂ is obtainhed.


The SF-DFT/B3LYP method predicts a vertical IE(Ru6f 6.28 eV for thed, to “®, ionization, a
value just 0.08 eV different from the one obtained at the SF-CASRER dé theory. The agreement
between the two methods is not surprising because bofidtH{®u®) and*®, (PuQ") ground states
have a strong single reference character.

Inspection of Table 7 shows that the CASPT2+SO value for the IEIOf P15.17 eV, is in very
good agreement with the experimental value, 15.1+0.4 eV. The SO affebe IE, 0.3 eV, is rather
large. In this case the difference between the SF and the 8€svaldue to the fact that the ionized
electron belongs to a Sbrbital. The ground state of PefOhas indeed a large total angular moment,
Q=4, as compared t@=1.5 for PuQ". This alters the result when the IE is computed including the SO
coupling and is also one of the reasons why the SF-DFT/B3LYP overestimates th@&IE(P

The PuG® ion has been the subject of earlier theoretical studies due tavdikbility of
experimental absorption spectra measured in water solution and fdr thiei first excited states seem
unaffected by the presence of the environment. Our study represeattia idiprovement not only in
detection of the correct ordering of the experimental bands, butratke kevaluation of the transition
energies. If we compare our data to the values obtained with tH®CEFnethod? we notice that

CASPT2-SO performs very well with differences of the order of only 100-200 cm

CONCLUSIONS

The results of the present computational study confirm that IE§Hs@n the general region of the
recent experimental values, ~6.6-7.0 eV, and not in the ~9-10 eV ramyauphg reported. While the
B3LYP value for IE(Pu@) is in good agreement with the currently most reliable exmariah value,
7.031£0.12 eV, the corresponding CASPT2+SO value of 6.4 eV is evidently I¢werthe other three
calculated ionization energies, IE(PuO), IE(Py@nd IE(Pu@), the CASPT2+SO method gives good
agreement with available experimental values. The CASPT2+8thoch employed here provides
ionization energies for small actinide molecules which are dilgiaccurate to within ~0.2 eV. The
discrepancy of ~0.5 eV between the currently best available exgeemand theoretical values for

1



IE(PuG,) (present work) remains unresolved. Refinement of both experimenthaondy tfor such
elementary molecules, as well as application to additional tfpgsecies, should remain a key focus of

actinide science.
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Table 1. Pu-O bond distance (&) and harmonic vibrational frequency'Ydor the ground state of
neutral and cationic PuO and Pu@lculated with different methods.

Species State Method R(Pu-O) o
PuO mQ=0 B3LYP 1.834 820
CASPT2(12,16) 1.818 767
CASPT2-SO 1.820 858
PuO | mQ=05 B3LYP 1.788 899
CASPT2(11,16) 1.791 1352
CASPT2-SO 1.790 1180
PUG* | rQ=05 B3LYP 1.720 961
CASPT2(10,16) 1.724 872
CASPT2-SO 1.727 899
PUQ, | Y Q=19 HF’ 1.883 -
B3LYP 1.818/1.751 773/997
ccst® 1.866 769
ccsD(Ty’ 1.870 792
CASSCF(8,8Y° 1.866 751
CASPT2(8,8Y 1.846 -
CASPT2(12,14) 1.792 812
CASPT2-SO 1.744 837
PuG’ ‘D, Q= B3LYP
1.5u 1.718 949
CASPT2(11,14) 1.703 957
CASPT2-SO 1.704 962
PUuQ”™ | “HyQ = 4g B3LYP 1.678 1004
CASSCF(2,4 1.6084 -
CASSCF(8,10)'! 1.6394 1110
CASPT2(2,47 ™ 1.6849 -
CASPT2(2,4) ™ 1.697 1074
CASPT2-SG' 1.699 1065
IHFSCC® 1.644 1144
CASPT2(10,14) 1.675 1017
CASPT2-SO 1.675 1019




Table 2. Spin-orbit vertical excitation energies (&rfor PuO, Pu® and Pu®', and composition of
each spin-state in terms of spin-free states. The andigsidbeen performed at the equilibrium bond
distance (in parentheses) of the ground state for each species.

PuO (1.820 A) PuO (1.790 A) PuG’ (1.727 A)

Q Composition (%) AE Q Composition (%) AE Composition (%) AE
'TI(44),'2(26),'A(12),'A(10) °T1(44),’%(32),’A(8),’A(7) °['(25)°T'(25) >0 (32) >A(

0 0 0.5 0 14) 0
TI(41),’2(23),/A(12),/A(9) °T1(32) °2(18) ’A(11) ’A(10) °['(25)7T(24)2®(21) °H

1 209 | 15 694 (22) 665
T1(30),’A(25),/2(15),/®(9) ®d(32) PA(13) PA(12) T1(9) T1(26) °A(18)°A(17) 2D

2 868 | 2.5 1939 (25) 819
'®(36),/A(21),/A(16),T1(9) ®D(36)°A(19)°A(16)/T1(12) 5%(30) 7T1(26) °A(12) °A(

0 1264 | 0.5 2284 12) 1092

1 | ®(28)/A(12)/TI(10),T(10) | 1474 | 1.5| “®(24)%2(21) 1 (14)fT(14) | 2349 ST(43)°H(28)°d(16) | 2653
'®(26),A(14),/A(12),T1(21 ®d(38)°A(13)°A(12) T (10) SA(27)°T'(16),°T'(16) °T1(

3 ) 2029 | 3.5 3709 26) 3220

2 | =(19)/T(13)/T(11)/®(20) | 2276 | 2.5| ‘TI(30)°2(16)T(14)fT(14) | 4220 SA(34)°A(32)°11(32) | 3658

0 | ‘®(60)/(13)/A(6),/A4) | 2622 | 0.5| "®(34)°A(16)FA(14)TI(14) | 4356 5%(31)50(34)°T1(30) | 3774

Table 3. Spin-free vertical excitation energies (mfor PuO, Pu® and Pu®’, and dominating
electronic configuration for each spin-free state. The anahagsbeen performed at the equilibrium
bond distance (in parentheses) of the ground state for each species.

Spin-Free
PuO (1.818 A) PuC (1.791 A) Pud’ (1.724 A)
sl (7s)(5fn)*(58)%(5fp)? 0 | ° | (5fn)(518)%(5fp)? 0 (5r)*(5f5)%(5fp)* 0
B> (7s)(5fc)(518)%(5fp)? 67 | °= | (5f0)}(5f5)%(5t)? 940 | °r | (5fm)(5f8)%(5fp)" 86
75 (7s)(5fr)%(58) (5fp)? 50 (5fr)*(5f5)%(5fp)* 55 (5f0)(518)"(5fp)*  +
715 1097 (5fn)*(518)%(5fp)* 1234
0 (7s)(5fr)%(58)*(5fp)* 6 (5fr)*(5f8) (5fp)? 50 (5f0)*(5f8)*(5fp)1  +
885 1171 (5r)*(5f5) (5fp)? 1273
A (7s)(5fr)%(5f8) (5fp)? 67 (5r)*(5f8) (5fp)? 55 (5f0)(518)"(5fp)* +
1467 1767 (5tn)*(518)%(5fp)* 1284
T | (7s)(5f0) (5fn) (55)%(5f)* ° | (5fn)%(5f5)%(5fp)t  + % | (5fn)%(5t)? +
1890 (5f0)*(5fm) " (518) (5fp)* | 2870 (5£8)?(5fp)? 1620
T | (75)(5f0) (5tn) (5f5)%(5fp)* °T | (5fc)Y(5fn) (55)%(5fp)" | (5fm) ' (518) (5fp)?
2922 2996 | I1 2007
) (7s)(5fc) (513)%(5fp)* 2954 | °T | (5f0)Y(5fn) (565)%(5fp)" | 3431 | °H | (5fr)%(5£5)Y(5fp)* 3373




Table 4. Spin-orbit vertical excitation energies (&rfor Pu@, Pu@* and Pu@”*, and composition of
each spin-state in terms of spin-free states. The andigsidbeen performed at the equilibrium bond

distance (in parentheses) of the ground state for each species.

PuO, (1.744 A)

PuQ’ (1.704 A)

PuQ” (1.675 A)

Q Composition (%) AE Q Composition (%) AE Q Composition (%) AE
value
1, *D4(96),°Au(2),’Au(2) 1.6, | “©,(86),%,(11) A2 4y °Hy(98), T¢(2)
0 ) 0 0
2, | "04(88)"Ay(5),’0u(7) 2.3, | "0,(89)11,(5),’E.(4) 0y °24(58),
447 1708 '3,(16)114(26) 3177
2 >0,(89),°A(3),’Dy(8) 3 | '0y(69)2,(27) 11,(1 14 *T14(50),’%4(31),
623 ) 4531 'T14(18) 5251
0q °24(86),°Ay(13) 1.2, 4(71), 5, °Hy(99)
1794 *0y(15)2A(9)A1,(2) | 6252 6920
3, *®,(85),’D(7),’D,(2) 2.2, Z(70), Og *T14(99)
AW3)°AU(2) 2133 0 (24) 211,(2) 7241 10390
1, °24(88),°Ay(11) 4.3, | *0y(94)'24(2),"2.(1), 14 %24(65),
“Au(1) T1y(21),T1g(11)75(2
2315 8216 ) 11100
2, °x4(100) 3.7, | Tu(38)®0,(23)z,(1 0y | *T1y(66),=4(26),’24(7)
4131 1),2A, (9),A114(6) 14325 12052
4, °®,(86),’Dy(5),"Au(5) 3.2, | “®y(58).T(24),"5,(9 6q *Hy(92),24(7)
4491 ),2A0 (3),"24(2) 15771 12450




Table 5. Spin-free vertical excitation energies (§rfor Pu@, Pu@' and Pu@*, and dominating
electronic configuration for each spin-free state. The anahagsbeen performed at the equilibrium
bond distance (in parentheses) of the ground for each species.

PuO, (1.792 A) PuQ’ (1.703 A) PuQ” (1.675 A)

%, (55)?(5fp)> 0 || (5f8)%5fp)" 0 |°Hg| (5%)'5fe)* | ©
D, | (7s)(5f8)%(5fp)t | 1800 | ‘@ (513)%(5fp)* 1368 | %4 | (5f5)%+(5fp)? | 1830
*Au | (7s)(515) (5e)? | 4797 | “Tu | (5fr)'(5f5)(5fp)t | 2663 | Ty | (5f5)'(5fe)t | 4879
Ay | (7)(515) (5tp)? | 8548 | ‘@, (518)%(5fp)* 117:;3 %y | (5%5)%+(5fp)? | 6069
0, | (75)(5f5)%(5fp)t | 8843 | Ty (513)%(5fp)* 117;3 T, | (5f5)'(5fe)* | 9465
*Hy | (6d5)Y(5f5)%(5fp)! | 1091 | “A, (513)*(5fp)? %y | (58)%+(5fp)? | 1251
9 1311 1

7
Mg | (7)(5f0) (5fp)? | 1169 | PAy | (5f5) (5fp)>? Ty (5%5)° 1333
9 1320 2

8
I, | (6d8)'(55)%(5fp)t | 1267 | “Su | (5fm)'(5fs) (5fp)* T, (513)° 1388
0 1353 8

8




Table 6. Vertical excitation energies(¢h for PuQ?* calculated at the CASPT2 level including the
spin-orbit coupling. The computed energies are evaluated at 1.675 Alggguilibond length). For
comparison, results obtained at different level of theory as well as expeliceathave been included.

SDCI+Q+SO CASPT2+SO IHFSCC This work Experiment™
Maron et al.®® | Clavaguera-Sarrio | Infante et al. 33?3
etal
State| E(cm') | State| E(cm') | State| E (cnt) | State | E (cm') | State E (cm)

44 0 4y 0 4y 0 4y 0 4y 0
Oy 4295 Q 4190 Q 2530 Q 3177 Q ---
5q 6593 i 6065 i 4870 % 5251 % ---
14 7044 5 8034 5 6700 9 6920 9 ---
Oy 7393 Q 12874 qQ 10334 qQ 10390 Q 10185
64 7848 i 12906 ! 10983 ! 1110 14 10500
Oy 9415 ) 14326 qQ 11225 qQ 12052 qQ 10700
14 12874 qQ 14606 Q 11651 Q 12450 9 ---




Table 7. Vertical lonization energies (eV): this work unless otherwise specified.

Species IE (eV) Method
Knudsen effusion /
PuO | 6.6+0.1
Electron impact
Knudsen effusion /
5.8+0.5
Electron impact
FTICR-MS /
6.1+0.23
“Schwarz method”
6.31 DFT(B3LYP)
6.17 CASPT2(12,16)
6.11 CASPT2(12,16)+SO

PuO | 13.7+0.8 Thermodynamic evaluation

14.52 DFT(B3LYP)

14.57 CASPT2(11,16)

14.51 CASPT2(11,16)+SO

PuG 9.4 Knudsen effusion /
' Electron impact

10.140.F Knudsen.effusion /
Electron impact

7032013 | FTICR-MS/ .
Electron transfer bracketing

6.6 Knudsen effusion /
lon equilibrium

6.70 B3LYP (%, to“®,)

6.28 B3LYP (d, to“®,)

9.72° CCSD

9.92 CCSD(T)

6.63 CASPT2(12,14)%€, to “®,)

' CASPT2(12,14) %D, to *®y)
6.36
6.36 CASPT2(12,14)+S0O
PUO | 151404 |FTIORMS/

Electron transfer kinetics

16.3 B3LYP

15.47 CASPT2(11,14)

15.17 CASPT2(11,14)+SO
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