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Abstract

An assessment of the gas-phase energetics of neutral angl amagddoubly charged cationic
actinide monoxides and dioxides of thorium, protactinium, uranium, neptunium, plutonium
americium, and curium is presented. A consistent set of ‘meggen bond dissociation
enthalpies, ionization energies, and enthalpies of formatioluding new or revised values, is
proposed, mainly based on recent experimental data and on correlaiibnthe electronic
energetics of the atoms or cations and with condensed-phase thernstighem

Introduction

The thermodynamic properties of actinide (An) oxides arpapdmount importance to nuclear
science at both the fundamental and applied levels. In the sttty comprehensive overview
of the thermodynamics of actinides and actinide compounds [1], tleeyhedtthe field and the
most reliable current data can be found. As concerns the aabixidkes, that work appropriately
indicates that, while a significant number of studies of théd socbmpounds have been
undertaken, gas-phase data are still incomplete. An earlier letiopidevoted to the gas-phase
thermochemistry of the actinides [2], as well as others of a geaeral nature [3], are now more
than twenty years old and do not reflect the experimentalgddkeered since then. For instance,
recent high-quality spectroscopic studies of thorium and uranium oXitlehave afforded
exceedingly reliable values for the ionization energies IE[THEJQO], and IE[UQ], which
showed significant differences relative to the older acceptedsvaiaeided in the compilations.

In recent years, we have carried out a systematic study ajat@hase thermochemistry of
neutral and cationic actinide oxides from thorium to curium usmgiér transform ion cyclotron
resonance mass spectrometry (FTICR/MS) [5,6]. This expetahevork was based on the
observation of exothermic reactions of An metal or metal-oxadi®res with various inorganic
and organic molecules. Reactions of singly or doubly charged Aonsatiith oxidizing reagents
with a large range of oxygen dissociation energies providedl-matgen bond dissociation
enthalpies, D[A+O], D[OAN'-O], D[An?*-O], and D[OAr*-O]. Reactions of singly or doubly
charged An monoxide and dioxide cations, produced via the oxidationoreacyielded
ionization energies of the corresponding neutral and monopositive monaadeslioxides,
IE[AnQO], IE[AnO;], IE[AnO"], and IE[AnQ]. The values of D and IE determined by these
procedures were either unknown or could be used to verify or correculitevalues obtained by
other methods.

The gas-phase data acquired from these studies justifies aall @syessment of gas-phase
actinide oxide energetics. Besides evaluating the consistertty afata from our experimental
work [5,6], which were obtained in several stages, this assessoompares them with
corresponding values from the standard literature sources [IR8 assessment also tests the
evaluation of the bond dissociation energies of neutral and sihghged actinide monoxides



carried out not long ago by one of us [7], based on correlations withetteonic structures and
energetics of the isolated metal atoms and ions. Therefotiee ipresent work, we perform an
assessment of the gas-phase energetics of neutral, and sindlyudahdcharged cationic actinide
monoxides and dioxides from thorium to curium based on experimental data aodrelations
with the electronic energetics of the atoms or cations andcaittiensed-phase thermochemistry.
A prospective outcome of the assessment is the unravelwvayiations across the actinide series
that can be of value for evaluating or predicting the properties af attiaide oxides.

Methodology

The approach used in this assessment is the following:

1. Identification of the more reliable experimental data from existingces.

2. In the absence of data of confidence, selection of existimgagss as a starting point for the
analysis.

3. Evaluation of the data based on the Hess’s law equations (1) to (4).

D[An*-O] = D[An-O] + IE[An] - IE[AnO] (1)
D[OAN*-0] = D[OAN-O] + IE[AnO] - IE[AnO,] (2)
D[An?*-0] = D[An*-O] + IE[An'] - IE[ANO"] (3)
D[OAN?*-0] = D[OAN*-O] + IE[AnO'] - IE[AnO,"] (4)

4. Trial-and-error adjustment of the less reliable valusgdan experimental restraints and on
correlations with independent data.

5. Estimation of the uncertainties of the final values thaseexperimental restraints, and on the
uncertainties of the selected data.

A detailed explanation of each step of the procedure is mesbén the following sections;
additional data can be found in the Supporting Information.

Key data

The main sources of the An data selected as key for the evnlaae those indicated in the
Introduction [1-6]; other sources of An data are cited when needwdllaky thermodynamic
values are from the NIST Chemistry WebBook [8] (see Talkle Bhe source for condensed-
phase (solution and solid) thermodynamic data, used in correlatidhsthei gas-phase data
during the evaluation, was also Konings et al. [1]. 298.15 K valuesdesreused throughout the
work, with the exception of spectroscopically determined I&gkvcorrespond to 0 K values; no
thermal corrections were applied when combining 298.15 and 0 K valubs differences of a
few kJ mot* are significantly smaller than the uncertainties involved.

An metals The enthalpies of formation of the gaseous An metals reétieved from the review
of Konings et al. [1] (see Table S2). The first ionizationrgies of the An metals were obtained
from the review of Worden et al. [9] (see Table S2); withekeeption of Pa, all the values are
from highly reliable spectroscopic determinations.

For the second ionization energies of the An metals therem@am@mmonly accepted values.
There are scattered values obtained from spectroscopi¢lddthut more complete sets were
only derived from estimates [2,11] or theoretical calculat[@@% The estimates made by Sugar
(see Table S3), as cited by Hildenbrand et al. [2] and also by Morss [@3d¢o be reliable (as
typical of Sugar’s estimates) and we have used them in previousssfbdif].

Recent work in our laboratories in which we have examined gdh®phase reactions of
hydrocarbons with L [14] have indicated that a correlation exists betweeratgregate rates
of electron transfer from hydrocarbons and the IE[Lthe same type of correlation was
observed in reactions of otheMons with different reagents (see Figures S1 and S2 folgjetai
However, our recent examination of the gas-phase reactionslafdaybons with Afi [15] has



shown that a poor correlation is obtained between the aggregeseof electron transfer from
hydrocarbons and the IE[Anestimated by Sugar (see Figure S3). Therefore, our firsestigg
here is that an adjustment of the set of IEJfestimated by Sugar be made. For this, an anchor
value within Sugar’s set is needed. Known systematics dbtlieation energies of the metallic
elements tells us that, depending on the ground-state configuoétioe M"*** and the electron
being removed, IE[M/IE[M] is in many instances close to 2 [16]. This is rattlear in the case
of the lanthanides and we suggest here that for the more “lateH#@” actinides the same
relationship applies. The more common ground state configuratiohe tdrithanides are "8&’

for the element, 46s" for the singly charged cation, and” 4br the doubly charged [17].
Considering Am and also Bk, Cf, and Es, which all have ground sim@ar to those of the more
typical lanthanides, and also very reliable IE[An] [9] (sebl& S4 for the IE[AN] for Bk, Cf, and
Es), we can multiply these IE[An] by 2, obtaining IE[Am 11.95 eV; extrapolating linearly the
values of IE[AA] for Bk, Cf, and Es back to Am, a value of IE[Ajw 12.05 eV is obtained. The
two values for IE[Ani] derived here average to 12.0 eV which is also the valumastl by
Sugar [2].

Summarizing, in the present work we propose an adjustmentgar's estimates of the IE[Ah
based on these considerations on the relationship between the dBfMihe IE[M], taking
IE[Am*] = 12.0 eV as an anchor value, and on the experimental reactatiélyobtained by us
[14,15]. In Table 1 we present the new values of IEJAwith our suggested uncertainty 0.3
eV, and in Figure 1 a graphical representation of the letioe of these new values with
electron-transfer reaction efficiencies of the”Alons with hydrocarbons [14,15] (see Figure S3
for the same representation when using Sugar’s values). It should be nbtad thew suggested
values for IE[AA] are in general accord with Sugar’'s values when our rdgénge assigned
uncertainty (i.e.,#0.3 eV) and the uncertainties in Sugar's values [2] (sddeT&3) are
considered. A comparison of our new IE[Amstimates with the high-level theoretical values
from Dolg and co-workers [12] shows that the computed valuesigher for Th, Pa, and U
(particularly in the case of Th, 0.5 eV), are lower for Pu amg and are identical for Np and
Cm. Similar trends can, however, be seen in a decreasefof |Efom Th to Np followed by an
increase from Pu to Cm. These differences clearly inditetenéed of reliable experimental
determinations of the IE[Ah

We use the new IE[Ah values (Table 1) in our assessment with the proviso thatiable
experimental values become available, a revision of this assessrhdyet mecessary; corrections
implied by new, reliable values of the IE[Arwould require adjustment to the IE[A’Qwhich
came out of this assessment with large uncertainties.

Other data pertaining to the An metals that will be usethig assessment are the promotion
energies from the ground levels of the An,"Aand Ari* species to relevant, low-lying excited
configurations; these data were retrieved from the standardeso{@¢lOa] (the values are
collected in Tables S5, S6, and S7). It should be noted that the engfrgfie excited levels of
the Arf*, other than for TH and U", have significant uncertainties.

Neutral An oxides The gas-phase thermodynamics of neutral An oxides has beenlyrecent
reviewed by Konings et al. [1] who present evaluated valuekeoEmthalpies of formation of
AnO for An =Th, U, Np, Pu, Cm and An@r An = Th, U, Np, Pu (see Table S8). The Th oxide
gas-phase thermodynamic data in Konings et al. [1] are virtiddintical to those in a very
recent, comprehensive compilation of the thermochemistry of Th [[18)e case of Pa, the sole
experimental study by Kleinschmidt and Ward [19] which provideldes for the enthalpies of
formation of gaseous PaO and Ra©cited (also included in Table S8). The value in reffdi]
AH°[CmO,g] relies on a previous evaluation of the thermodynamic properti€rofand its
oxides by Konings [20]. (See Table S9 for a compilation of tlevipusly available bond
dissociation enthalpies of neutral An oxides.)

Konings et al. [1] also discuss and adjust the model put forlakthire [21] for the D[An-O] in



which the energetics of the Bd configurations of the An atoms were used to assess and
estimate values along the An series. The D[An-O] valuegpted by Konings et al. in their Fig.
19.18 [1], following Haire’s work, apparently parallel the D[Ln-@&lues; among the
adjustments to these dissociation energies is our recenexgsvimentally-derived value for
D[Cm-QO] [5f], which suggests that D[Gd-O] is comparatie or somewhat higher than D[Cm-
O]. Konings et al. [1] appropriately indicate that more néagork by one of us [7] has shown
that a 6d configuration in the AnO (and also in the LnO) appears to be cumsstent with the
existing experimental data. This correlation of the D[An-@hwhe electronic energetics of the
An atoms was tested in the present assessment.

The thermodynamics for the more studied (for reasons of avdylabnd technological
relevance) oxides of Th, U, and Pu are to be the most redaldag the actinide oxides and were
selected as key values in the present assessment. In owuprstudies of Pa [5e] and Cm [5f]
we have already addressed the existing values for thesérivand suggested some changes
which we retain in the present work. In the case of Np, weecacross some inconsistencies in
the data, including in those from our previous work [5a-c] andettes, we have particularly
focused on evaluating the Np data in the present assessment.

Cationic An oxidesThe energetics of cationic An oxides is less well eistaddl. For singly
charged AnO and AnQOspecies, most of the available experimental ionization gn@E)
determinations of AnO and An(2,3a] are based on electron-impact measurements whose
reliability is known to be variable and unpredictable [22]. Higteliable spectroscopic data for
IEs are only available for ThO, UO, and U@®om recent determinations by Heaven and co-
workers [4] and their IEs are considered key values in oussseat. (See Table S9 for a
compilation of the previously available bond dissociation entbglpf singly charged An oxides,
and Table S10 for the previously available ionization energies of thieahAn oxides.)

In our previous experimental work, we have determined IE[AnQ] sdioreNp [5b,c], Pu [5b,c],
Am [5b,c], and Cm [5f], anchored on the IE[UO] value of Heaven andarkers [4c-e], and
these were also considered key values for the present &walua the case of Pa, we have
previously addressed the energetics of the'Ra®©[5e] and here we have retained the estimate of
IE[PaO] made therein.

In the case of IE[Ang), we have no doubt as to the validity of the value of IEfJf@dm Heaven
and co-workers [4c,d,f] indicated above; we additionally consitiat our experimental
determinations of IE[Ang) for Np [5c], Pu[5a], and Am [5b] are valid to within thes@med
uncertainties; furthermore, our estimate of IE[Eld6e] is also considered as reliable. It should
be noted that our IE[PypP= 7.03+ 0.12 eV was lower by ca. 2.5-3 eV than the previous
literature values [2,23]. The value for IE[Pd@reviously reported by Capone et al. [23] (18.1
0.1 eV) was recently redetermined by the same authors [B4 éV); their revised value is in
fair agreement with our value but this work [24] was theectbpf controversy related to the
experimental approach [25]. A contribution from a theoretical studywesasrecently added [26],

in which the experimental range ~6.6-7.0 eV for IE[RQu® confirmed as compared to the
previous range ~9-10 eV, although a value of 6.2 eV is considered theobgmited estimate.
The particular case of IE[PyDillustrates the challenges associated with obtainingbigi
thermodynamic data for transuranium actinides, and the need fohigbtilquality spectroscopic
measurements and the development of reliable theoreticdlodwbdgies for transuranium
actinide molecules. The commonly cited value of IE[J]H@,3a] was used as a starting point in
the evaluation, with the caveat that it was derived from imilgresuspect high-temperature
electron impact experiments.

A complementary contribution to the energetics of singly adthryn oxide ions came from the
D[An*-0O] and D[OAri-O] estimated in our studies of the reactions of And AnO with
oxidants with a large spectrum of oxidizing abilities [5a,b,edE ($able S11). In these type of
studies, if the reactant ions are properly thermalizedrehetions that are observed are either



exothermic or thermoneutral. Although the existence of kinbtcriers may prevent the
observation of some exothermic reactions, in carefully analgzsgs the comparative rate
constants can be used to improve the estimates of the bondiatisso@nthalpies. The
constraints imposed on the D[A@]and D[OArR-O] by the experimental observations were
taken into account throughout the present assessment (see Tablkgp8difially, observation of
an oxidation reaction establishes a lower limit for the actinide-oxipgad energy.

While the energetics of singly charged An oxides may be deresi to some extent established,
albeit in many cases tentatively, from previous work, thnae an almost complete lack of data
on doubly charged An oxides before our experimental studies ofspeses [5d-f]. (See Table
S9 for a compilation of the previously available bond dissociamihalpies of doubly charged
An oxides, and Table S10 for the previously available ionizatiorgerseof the singly charged
An oxides.)

In the present work, for the doubly charged An monoxides weorelgur revised values of the
IE[An*] described above (see Table 1), our estimates of the’D@I5d-f] (see Tables S11 and
S12), and our somewhat approximate estimates of the IEJAB@®], with the sole exception of
IE[CmQ’] which was the object of a more direct experimentalrdgtetion [5f]. Our previous
estimates for IE[An(, with the exception of IE[Cm(, were adjusted in this work.

The second ionization energies of the Arfi@ the cases of Pa@be] and UQ, NpG,, and Pu®@
[5d] were experimentally determined by us, and in the case @,Aam estimate was obtained in
our previous work [5d]; we have used all of these valué¢isdmpresent assessment. The IEfUO
had previously been the object of a rough experimental determing@idn It should be
highlighted that our experimental determination of IE[FPh@as accompanyied by a theoretical
study performed by R. M. Pitzer and R. Tyagi which, besides providsmghts into the nature of
the intriguing protactinyl species P&Q provided remarkably good agreement with the
experimental value of IE[PaQ [5e]. For the doubly charged An dioxides we relied on our
estimates of D[OAf-O] [5d,e] to carry out the evaluation (see Tables S11 and S12).

Evaluation of the energetics of actinide oxides

As stated in the section where we summarized our methodoleglgave evaluated the selected
key data by means of the equations (1) to (4), performed @amabérror adjustment of the less
reliable values based on experimental restraints and onatmnal with independent data, and
made estimates of the uncertainties of the final valuegalites 2 and 3 we present the results of
this analysis for the An monoxides and dioxides as evaluated boodidigm enthalpies (Table
2) and ionization energies (Table 3).

To clarify the procedure, we will now describe a few repretigat@xamples. In the simpler
cases of U and Pu, for which D[An-O] and IE[AnO] were keyga] the D[ARO] were easily
obtained from equation (1); as D[OAN-O] and IE[Ah@ere also key values, the D[OAD]
were therefore obtained through equation (2); with the Df@hand D[OAR-O] from above, the
IE[An*] from this work, and the key IE[An{], the D[Arf*-O], IE[AnO’], and D[OArf*-O] were
adjusted using as starting points the estimates from prewiorks(see Tables S9 and S10) and
the equations (3) and (4).

In the cases of Np and Am, the IE[AnO] and IE[Ah@ere the key values and, therefore, the
D[An-0O] and D[AN-O] were adjusted using equation (1) and the previously availR#n"-O]
(see Table S9) as starting points, together with the DJORand D[OAr-O] via equation (2)
and the previously available values (see Table S9) asngtaints; for the doubly charged
species, the procedure was the same as described above for U and Pu.

Differences to the previously available values (Tal88sand S10) of the adjusted D and IE
values (Tables 2 and 3) were typically around or below 30 k3.mol

Correlations with external data were used to assess déheaéxd D and IE values as described in
the sections below. The correlations of the more straightfdiywawvaluated bond dissociation
enthalpies of neutral and cationic An monoxides with the electengcgetics of the atoms and



cations were only used as consistency checks. For the An dioxides;otrelations with
condensed-phase data were also mainly used as consistency, eltbokgh in the cases where
less key data was available they were used in the adjustment of B aaldiés.

In the cases of Th, CmQ, CmQ,’, and CmG*, for the sake of completeness, we have made
rough estimates of the corresponding values, with accordingjg ssigned uncertainties. For
the estimates on the neutral and singly charged Cm dioxide weasomkeference available data
on MG, [28] for M = Sc, Y, and La, that like Cm are trivalent aiet For the most reliable case
of Y, the existing data lead to: D[OY-O] = 3321 kJ mof, D[OY*-0] = 170+ 15 kJ mot, and
IE[YO,] = 8.49+ 0.16 eV, and these were used as a primary basis for estimatingu&s. va

An monoxidesTo assess the consistency of our assigned bond dissociatiatpess of the An
monoxides we have followed the recent evaluation of neutral am®singly charged AnO
based on correlations with the electronic structures andeties of the isolated metal atoms and
ions [7], and have extended that analysis to the doubly chargetf Antbe present work. The
correlations are presented in Figures 2, 3, and 4 for the D[AR{h*-O], and D[Af"-O],
respectively, and in all three cases the fits are quite good.

It should be pointed out that in the case of thé"Athe promotion energies from the ground
levels to 64 and to 6d7s' configurations, besides displaying significant uncertaintes {Table
S7), follow a parallel trend (see Figure S4), and therdforevalidity of the specific pertinent
electronic configuration—6dor 6d7s'— in the model for the ARl cannot be ascertained.
Nevertheless, in terms of verifying the D[A+D] values proposed in this work there appears to
be reasonable consistency regardless of which electroniigaration is employed. Also of note
are the slight upward deviation of D[Th-O] and/or the slight mlward deviation of D[Pa-O]
from the fit in Figure 2, which may indicate that one or botthete values need to be adjusted
slightly, though in each case likely by < 25 kJ thele., < 3%).

An dioxides To use a model equivalent to the one used for the An monoxidest tthaes
consistency of the D[OAN-O], D[OARO], and D[OAR'-0] data would require knowledge of the
electronic structures and energetics of the AnO, Am@d AnG" species. Spectroscopic studies
of gaseous An monoxides have been limited to neutral and singly chigmgeetd U monoxides
[4]. A theoretical study of the electronic structure of Pa@ R. M. Pitzer and co-workers is also
available [28]. However, no generalized model can be tested wittageslricted set of data.

In the absence of the above test, we have first consideredetfue bond enthalpies of the An
dioxides which we present in Figure 5. There, not unexpectedly, éha brond enthalpy for the
AnO,", formally An(V), peaks at Pa, while for the AsfQ formally An(VI), the peak is at U.
Moreover, there are approximately linear decays for both the,’Am@ AnGQ®" when moving
from U onwards in the series. Interestingly, there is a pldtalih and Pa in the case of the
AnO,, formally An(1V), with PaQ perhaps being slightly higher. This may not be unanticipated
if we take into account the available corresponding datZrf@nd Nb [30], which show clear
similarities to the cases of Th and Pa, respectively: D[Zr-O] =£7BbkJ mof, D[OZr-O] = 633

+ 28 kJ mof, D[Nb-O] = 727+ 11 kJ mof, and D[ONb-O] = 724 24 kJ mof, leading to mean
bond enthalpies of 706 30 kJ mot for ZrO, and 725t 26 kJ mot for NbO,.. Another salient
feature of the An@mean bond enthalpies is the levelling off at Am and Cm.

In the overview of An thermodynamics by Konings et al. [1], éh@re significant amounts of
thermodynamic data for the solid An compounds and also for cationic An and An oxiokEsspe
aqueous solution. These condensed-phase data show remarkabl¢éiamsrelith each other, of
which clear examples are summarized by the authors in theit%Rfl [1], where parallel trends
in the enthalpies of formation of several solid An(IV) speaead also of aqueous Xrcan be
seen along the An series (see Figure S5 for a partial reconstruckan ©9.21 from ref. 1).

In order to try the same type of correlation with equivalentdensed-phase data, we have



calculated the enthalpies of formation of the gaseous namtabnic An dioxides. These can be
derived from the bond dissociation enthalpy values in Table 2 arehthalpies of formation of
the gaseous neutral and cationic An (see Table S2) via equatiamsi(().

AHO[ANOY 2" g] = AHO[ANOY"?* g] + AH?[O,g] — D[OA*#*-O] (5)
AfHO[AnOOI+/2+,g] =AfHO[An0/+/2+,g] +AfHO[O,g] _ D[An0/+/2+_o] (6)

In Table 4 we present the calculated enthalpies of foomatf the gaseous dioxides, as well as
those of the gaseous monoxides.

In terms of relative stabilities for each oxidation stalong the An series, relative to the metallic
element, we can see from the values in Table 4 thaf Fafe most stable An(V) species, while
UO,”" is the most stable An(VI) species, with the stabilitiebath oxidation states decreasing
upon advancing across the series. Another issue that can be evaluated fxgth tadues for the
gaseous actinyls AndJ is their stability relative to “Coulombic explosion” [31], ths, to their
dissociation to two monopositive ions, Ah® O" or An" + O,". We have previously addressed
this issue for the cases of Pa [5e], and U, Np, Pu and Amd&ai¢juding that the corresponding
actinyls are all stable towards Coulombic explosion, although d¢bnclusion is somewhat
doubtful in the case of Am because of uncertainties in the entbélfyymation and potential
entropic factors [5d]. The same conclusions still hold withstightly modified AiH[ANO,* g]
values obtained in the present work. The cases of*Tls®d Cm@, not evaluated previously,
are disparate: while “Cm@”, if formed, would be unstable and would exothermically dissociate
to CmJd + O and Cri + O, “ThO,”™, if formed, would most probably be stable towards
Coulombic explosion, but might spontaneously dissociate to®ThQD, as indicated by our
estimated D[OTH-O] ~ 0 (see Table S13 for an analysis of Coulombic explosion 0;An0O

With the AH° for the An dioxides from Table 4, we obtained the correlatiitis condensed
phase thermochemistry that we present in Figures 6, 7, and 8,ah whican see reasonable
correlations of the\H[AnO,,g] with AHO[AN*",aq], AH[ANO,",g] with AH°[AnO,",aq], and
AHO[ANO,?*,g] with AHC[ANO,**,aq], respectively (see Table S12 fafH° values from
condensed phases). Although not covering all the gas-phasearatatirto Cm, we used these
relationships to adjust our evaluated D and IE values. Aciairelation was also obtained
betweenAH°[ANO,,g] andAH°[ANO,,c], which could be expected because, as indicated above,
AHP[AN* ,aq] andAH[ANO,,c] show a good correlation [1]. Intriguingly, thgH°[ThO,,g],
which we retained from Konings et al. [1] although with a laggsigned uncertainty, is clearly
out of the fit in Figure 6 (this data point&H°[ThO,,g] = -456 kJ mot, AH°[Th**,aq ] = -769 kJ
mol™* does not appear in Figure 6). The remarkably high stabiliyootiensed-phase Th(IV)
species, which is evidently a special case in condensed-pbtisiele chemistry, is also clearly
seen in other correlations, such as is evident in Figure 19.21coémeé [1] (see Figure S5). If
the formation enthalpy for Thgy is valid, it would appear that effects which result in arsual
stability of Th(IV) species in the condensed phase—specifigalignic solids and as an ion in
aqueous solutions—are not similarly manifested in the thorium dioridéecule, which
presumably exhibits more covalent character. It should be nloéédnt Figure 7 the Pa point
corresponds not to PaCaqg but rather to the Pa(V) species that is stable in aquehti®Iso
PaOOH" [1].

Other correlations of the data obtained for the An dioxideshén pgresent assessment were
attempted with fair results, namely D[OA®] vs. D[OAN-O] and D[OA/*O] vs. IE[AnG,] (see
Figures S6 and S7). The correlation between D[GBhand IE[AnQ] may reflect the relative
stabilities of the An(V). The significance of the cortigia between D[OARO] and D[OAN-O]

is not clear but it was also helpful in estimating the thermanhic properties of curium dioxide
(incidentally, a good correlation also exists between Di@hand D[An-O], see Figure S8). A
fairly good correlation was also found between D[OAN-O] and the promenergy from the



ground level to a 6dconfiguration of the Afi atomic ions from Pa to Am (see Figure S9). This
correlation suggests that the An in AnO can be considered apptteknas an Afi ion, and the
bonding to the second O atom in OANn-O involves adgahfiguration at the An metal center. The
several correlations we have identified evidently réfeegeneralized gradual variation of the
intrinsic properties of the An(1V) to An(VI) from Pa to Cm; Th is clgan outlier.

Comparisons with theoretical calculatian&s a final part of this section, we should mention that
several recent theoretical calculations have examined thmdbgnamics of a few An oxide
species. As a first example of note, agreement of our vidu#ése AH°[AnO,** g] in the cases of
U and Pu with the calculated ones [32H%[UO,**,g] = 1527+ 42 kJ mof andAH’[PuQ,**,g]

= 1749+ 63 kJ mol, is evident. Recent theoretical studies of the solvaticactifiyls by water
[33] have also showed a fair agreement between calculaedefrergies of hydration and the
ones that can be derived from the enthalpies of formation fogakeous actinyl ions from the
present work (Table 4), in conjunction with the known enthalpidermation of these species in
aqueous phase (see Table S14), as performed in our previoussdpr®ther recent theoretical
studies have led to disparate values for several An oxide Hmsdciation enthalpies and
ionization energies [12a,26,34], some of them showing reasonable aegtewsith the data
evaluated in the present work.

Conclusions

We have performed an assessment of the gas-phase enesfetedral and singly and doubly
charged cationic actinide monoxides and dioxides from thoriumrioneased on experimental
data and on correlations with the electronic energetics ofatbms or cations and with
condensed-phase thermochemistry, and provide a consistent set afr mevised values of
metal-oxygen bond dissociation enthalpies, ionization energies, amalpees of formation for
these species. The assessment highlights the need for additighalccuracy experimental
measurements for elementary actinide molecules and even afartsularly for the
transuranium actinides, and the development of advanced theloappraaches to more reliably
compute key thermodynamic properties of actinide molecules.

Acknowledgment

The contributions from the co-workers, whose names are listbé ireferences, to our studies of
the actinide oxides in the gas phase are gratefully acknovde@e joint work has benefited

from the continued financial support from Fundacé@o para a Ciéneialecnologia and the

Director, Office of Science, Office of Basic Energy ®ckes, Division of Chemical Sciences,
Geosciences and Biosciences of the U.S. Department of Energy.

Supporting Information Available: Tables S1-S14 and Figures S1-S9 provide thermodynamic
data and correlations of data supplementary to the data in the mipnuBhis material is
available free of charge via the Internet at http://pubs.acs.org

References and notes

(1) Konings, R. J. M.; Morss, L. R.; Fuger, JTihe Chemistry of the Actinide and Transactinide
Elements3rd Ed.; Morss, L. R.; Edelstein, N. M.; Fuger, J., Edgrirfger: Dordrecht, 2006, Ch.
19.

(2) Hildenbrand, D. L.; Gurvich, L. V.; Yungman, V. $he Chemical Thermodynamics of
Actinide Elements and Compounds. Part 13: The Gaseous ActinideA&rs Vienna, 1985.

(3) (a) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Hgltheks.; Levin, R. D.; Mallard, W. G.
Gas-Phase lon and Neutral Thermochemis&ZS: Washington, DC, 1988. (b) Pedley, J. B.;
Marshall, E. MJ. Phys. Chem. Ref. Dat®83 12, 967.

(4) (a) Goncharov, V.; Han, J.; Kaledin, L. A.; Heaven, MJQChem. Phy2005 122 204311



[ThO]. (b) Goncharov, V.; Heaven, M. G. Chem. Phy2006 124, 064312 [ThQ]. (c) Han, J.
D.; Kaledin, L. A.; Goncharov, V.; Komissarov, A. V.; Heaven, MJCAmM. Chem. So2003
125 7176 [UO, UQ]. (d) Han, J. D.; Goncharov, V.; Kaledin, L. A.; Komissarov, A. Neaven,

M. C. J. Chem. Phy2004 120 5155 [UO, UQ]. (e) Goncharov, V.; Kaledin, L. A.; Heaven, M.
C. J. Chem. Phy2006 125 133202 [UO]. (f) Merritt, J. M.; Han, J.; Heaven, M. X.Chem.
Phys.2008 128 084304 [UQ]. (g) Heaven, M. CPhys. Chem. Chem. PhyZ00§ 8, 4497
[Summary of the work].

(5) Original publications: (a) Santos, M.; Marcalo, JiePide Matos, A.; Gibson, J. K.; Haire, R.
G. J. Phys. Chem. 2002 106, 7190 [Th, U, Np, Pu]. (b) Santos, M.; Marcalo, J.; Leal, J. P.
Pires de Matos, A.; Gibson, J. K.; Haire, R.I®. J. Mass Spectron2003 228 457 [Np, Pu,
Am]. (c) Gibson, J. K.; Haire, R. G.; Marcalo, J.; Santos, MesPde Matos, A.; Leal, J. B.
Nucl. Mat.2005 344, 24 [Np, Pu, Am]. (d) Gibson, J. K.; Haire, R. G.; MarcalpSantos, M.;
Pires de Matos, Al. Phys. Chem. 2005 109 2768 [Th, U, Np, Pu, Am]. (e) Santos, M.; Pires
de Matos, A.; Marcalo, J.; Gibson, J. K.; Haire, R. G.;giyR.; Pitzer, R. MJ. Phys. Chem. A
2006 110 5751 [Pa]. (f) Gibson, J. K.; Haire, R. G.; Santos, Me®te Matos, A.; Marcalo, J.
J. Phys. Chem. 2008 112 11373 [Cm].

(6) Reviews of the work: (a) Gibson, J. K.; MargaloCdéord. Chem Rex2006 250, 776. (b)
Gibson, J. K.; Haire, R. G.; Marcalo, J.; Santos, M.; Leal, JPiRes de Matos, A.; Tyaqgi, R.;
Mrozik, M. K.; Pitzer, R. M.; Bursten, B. Eur. Phys. J. 2007, 45, 133.

(7) Gibson, J. KJ. Phys. Chem. 2003 107, 7891.

(8) Linstrom, P. J.; Mallard, W.G., EdBIST Chemistry WebBook, NIST Standard Reference
Database Number 6NIST: Gaithersburg, MD; http://webbook.nist.gov (accessed X0

(9) Worden, E. F.; Blaise, J.; Fred, M.; Trautmann, N.; Wyart, ltH'he Chemistry of the
Actinide and Transactinide Elemeng&d Ed.; Morss, L. R.; Edelstein, N. M.; Fuger, J., Eds.;
Springer: Dordrecht, 2006, Ch. 16.

(10) (a) Blaise, J.; Wyart, J.-FSelected Constants, Energy Levels and Atomic Spectra of
Actinides http://www.lac.u-psud.fr/Database/Contents.html (access@008) [Contains values
of IE[U"]]. (b) Sansonetti, J. E.; Martin, W. Elandbook of Basic Atomic Spectroscopic Data
http://physics.nist.gov/PhysRefData/Handbook/index.html| (access#@D9) [Contains values of
IE[An"] for An = Th, U, Pul.

(11) Bratsch, S. G.; Lagowski, J.JJ.Phys. Chenl986 90, 307.

(12) (a) Cao, X.; Dolg, M.; Stoll, Hl. Chem. Phy2003 118 487. (b) Cao, X.; Dolg, MMol.
Phys.2003 101, 961.

(13) Morss, L. R. InHandbook on the Physics and Chemistry of Rare Earths. Vol. 18 —
Lanthanides/Actinides: Chemistrégschneidner, Jr., K. A.; Eyring, L.; Choppin, G. R.; Lander,
G. H., Eds.; Elsevier: Amsterdam, 1994, Ch. 122.

(14) Marcalo, J.; Santos, M.; Pires de Matos, A.; Gibson,.;JH&ire, R. GJ. Phys. Chem. A
2008 112 12647.

(15) Di Santo, E.; Michelini, M. C.; Marcalo, J.; Santbk; Pires de Matos, A.; Haire, R. G.;
Gibson, J. K.; Russo, N., manuscript in preparation; forelinpinary account of the results of
this work see ref. 6b.

(16) Ahrens, L. H.lonization Potentials — Some Variations, Implications and Appboati
Pergamon Press: Oxford, 1983.

(17) Martin, W. C.; Zalubas, R.; Hagan, Atomic Energy Levels—The Rare Earth Elements
U.S. Department of Commerce: Washington, D.C., 1978.

(18) Rand, M.; Fuger, J.; Grenthe, I.; Neck, V.; Raibemical Thermodynamics of Thorium.
OECD Nuclear Energy Agency Data Bank — Chemical Thermodynamics V,olOBCD
Publications: Paris, 2008.

(19) Kleinschmidt, P. D.; Ward, J. W. Less Common Met986 121, 61.

(20) Konings, R.J.MJ. Nucl. Mat.2001, 298 255.

(21) Haire, R.GJ. Alloys Compdl1995 223 185.



(22) Ervin, K. M.Chem. Rev2001, 101, 391.

(23) Capone, F.; Colle, Y.; Hiernaut, J. P.; Ronchi.®hys. Chem. 2999 103 10899.

(24) Capone, F.; Colle, Y.; Hiernaut, J. P.; Ronchi).®hys. Chem. 2005 109 12054.

(25) Gibson, J. K.; Santos, M.; Marcalo, J.; Leal, J. P.; lieelatos, A.; Haire, R. Gl. Phys.
Chem. A2006 110 4131.

(26) La Macchia, G.; Infante, I.; Raab, J.; Gibson, J. K.; Gatylia. Phys. Chem. Chem. Phys.
2008 10, 7278.

(27) Cornehl, H. H.; Heinemann, C.; Marcalo, J.; Pires de Mato§chwarz, HAngew. Chem.
Int. Ed. Engl.1996 35, 891.

(28) (a) Clemmer, D. E.; Dalleska, N. F.; Armentrout, PCBem. Phys. Letl.992 190 259 [Sc,
Y, La]. (b) Linton, C.; Simard, B.; Loock, H. P.; Wallin, S.; Rothsch@pfK.; Gunion, R. F.;
Morse, M. D.; Armentrout, P. Bl. Chem. Physl999 111, 5017 [Y].

(29) Gibson, J. K.; Haire, R. G.; Marcalo, J.; Santos, Mesde Matos, A.; Mrozik, M. K;
Pitzer, R. M.; Bursten, B. EDrganometallic2007, 26, 3947.

(30) (a) Harvey, J. N.; Diefenbach, M.; Schréder, D.; Schwdrint. J. Mass Spectroni999
182/183 85 [Zr, Nb]. (b) Loock, H.-P.; Simard, B.; Wallin, S.; Linton, £.Chem. Phys1998
109, 8980 [Zr, Nb]. (c) Sievers, M. R.; Armentrout, P. Bit. J. Mass Spectroml999
185/186/187 117 [Zr]. (d) Sievers, M. R.; Chen, Y.-M.; Armentrout,B2.J. Chem. Physl996
105 6322 [Zr, Nb].

(31) Schroder, D.; Schwarz, B.. Phys. Chem. A999 103 7385.

(32) (a) Moskaleva, L. V.; Matveev, A. V.; Kruger, S.; RoschCQlem. Eur. J2006 12, 629
[UO,*"]. (b) Moskaleva, L. V.; Matveev, A. V.: Dengler, J.; RésshPhys. Chem. Chem. Phys.
2006 8, 3767 [Pu@].

(33) (a) Moskaleva, L. V.; Krlger, S.; Sporl, A.; Réschmbarg. Chem2004 43, 4080 [U]. (b)
Cao, Z.; Balasubramanian, K. J. Chem. Phys. 2005, 123, 114309 [U, P8hafmpv, G. A.;
Schreckenbach, @. Phys. Chem. 2005 109, 10961;J. Phys. Chem. 2006 110 12072 [U,
Np, Pu]. (d) Gutowski, K. E.; Dixon, D. Al. Phys. Chem. 2006 110, 8840 [U].

(34) (a) Michelini, M. C.; Russo, N.; Sicilia, B. Am. Chem. SoQ007, 129 4229 [U]. (b)
Mazzone, G.; Michelini, M. C.; Russo, N.; Sicilia, Borg. Chem.2008 47, 2083 [Th]. (c)
Bryantsev, V. S.; de Jong, W. A.; Cossel, K. C.; Diallo, M. S.; Godilard/. A.; Groenwold,
G. S.; Chien, W.; Van Stipdonk, M. J. Phys. Chem. 2008 112 5777 [U]. (d) Kovacs, A
Konings, R. J. M.; Raab, J.; Gagliardi,Rhys. Chem. Chem. Phy€08 10, 1114 [Am, Cm].

10



Table 1. Second ionization energies of An elemerits

An IE[An "]
Th 11.65+ 0.3
Pa 11.6+0.3
U 11.7+ 0.3
Np 11.55+ 0.3
Pu 11.8+0.3
Am 12.0£ 0.3
Cm 12.4+£ 0.3

2 This work; in eV.

Table 2. Bond dissociation enthalpies of An oxidés

An D[ANn-O] D[An *-O] D[An*-0O] D[OAn-O] D[OAn *-O] D[OANn?*-O]
Th 872+ 25 843+ 25 829+ 80 684+ 14 462+ 36 0+170°
Pa 801+ 59 800+ 50 781+ 30 780+ 48 780+ 29 317+ 110
U 758+ 13 774+ 13 706+ 45 750+ 14 741+ 14 529+ 31
Np 744+ 21 760+ 10 524+ 26 632+ 43 610+ 22 504+ 10
Pu 658+ 10 651+ 19 439+ 49 599+ 22 509+ 38 403+ 95
Am 582+ 34 560+ 28 367+ 13 509+ 65 410+ 56 256+ 129
Cm 709+ 43 670+ 38 342+ 12 405+ 70 202+ 60 0+ 150°

2 The values are from the evaluation in this worB825 K, in kJ mol. See Table S9 for previously
available values and referencBRough estimate.

Table 3. lonization energies of An oxide%

An IE[ANO] IE[ANO *] IE[ANO ,] IE[ANO ']
Th 6.60242+ 11.8+ 0.7 8.9+ 0.4 16.6+1°
0.00002
Pa 5.9+0.2 11.8+ 0.7 5.9+ 0.2 16.6+ 0.4
U 6.0313+ 0.0006 12.4- 0.6 6.128+ 0.003 14.6: 0.4
Np 6.1+0.2 14.0t 0.6 6.33+0.18 15.1+ 0.4
Pu 6.1+ 0.2 14.0+ 0.6 7.03+0.12 15.1+ 0.4
Am 6.2+ 0.2 14.0+ 0.6 7.23+0.15 15.7+ 0.6
Cm 6.4+ 0.2 15.8+ 0.4 8.5+ 1 17.9+1°

2 The values are from the evaluation in this workeV. See Table S10 for previously available vahmed
references’ Rough estimate.
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Table 4. Enthalpies of formation of gaseous An oxidés

An  AHANO,g]  AHANO*g] AHANO*g] AHYANO,g]  AHYANO, gl AHANO,* g]
Th 21+ 26 617+ 26 1775+ 85 -456+ 19 404+ 38 2004+ 190
Pa 18+ 60 587+ 52 1726+ 44 -513+ 77 57+ 60 1658+ 119
U 24+ 15 606+ 15 1803+ 54 477+ 21 114+ 21 1523+ 62
Np -30+ 21 559+ 10 1909+ 39 -413+ 48 198+ 24 1654+ 40
Pu -60+ 10 529+ 19 1879+ 57 -410+ 24 269+ 43 1725+ 111
Am -49+ 34 549+ 28 1900+ 32 -309+ 73 389+ 63 1903+ 133
Cm -76+ 44 541+ 39 2066+ 33 -232+ 83 588+ 72 2315+ 154

2 The values are derived from the bond dissociaitthalpies evaluated in this work; 298.15 K, irmdl™.
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Figure 1. Plot of the normalized sum of the fraction of the reaction eficy /kcol)
corresponding to electron transfer in reactions of*Amith hydrocarbons [15], as a
function of the IE[AA] estimated in this work (sum normalized to €mhich had the
greatest electron-transfer efficiency [15]; for detailsttid procedure as applied to the
case of the lanthanides see [14]). (The linear fit Has ?®994.)
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Figure 2. Plot of the D[An-O] obtained in this work (Table 2) as a functdrthe
promotion energy K,) of the An atoms from the ground level to the lowest 6d
configuration (Table S3). (The linear fit haR0.977.)
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Figure 3. Plot of the D[AR-O] obtained in this work (Table 2) as a function of the
promotion energy H,) of the A cations from the ground level to the lowest 6d
configuration (Table S4). (The linear fit ha$-R0.982.)
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Figure 4. Plot of the D[AR*-O] obtained in this work (Table 2) as a function of the
promotion energy Ky) of the Arf* cations from the ground level to the lowest 6d
configuration (Table S5). (The linear fit ha$-R0.967.)
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Figure 6. Plot of theAsH°[AnO,,g] obtained in this work (Table 4) as a function of the
AHO[AN* aq] (Table S12). (The linear fit hag R 0.964; the point for Th{y/Th",aq is
not included in the plot, as discussed in the text.)
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