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39.1INTRODUCTION

In this chapter we review the spectroscopic data for actinidecoies and the
reaction dynamics for atomic and molecular actinides that bege examined in the gas
phase or in inert cryogenic matrices. The motivation for {fpie bf investigation is that
physical properties and reactions can be studied in the absenderobkperturbations
(gas phase) or under minimally perturbing conditions (cryogenicices)r This
information can be compared directly with the results from high-leveldtiear models.

The interplay between experiment and theory is critically inapdfor advancing
our understanding of actinide chemistry. For example, elucidatidmeofole of the b
electrons in bonding and reactivity can only be achieved through theadjopl of
experimentally verified theoretical models. Theoreticédidations for the actinides are
challenging due the large numbers of electrons that must &edrexplicitly and the
presence of strong relativistic effects. This topic has besewed in depth in Chapter
17 of this series. One of the goals of the experimental workidedadn this chapter has
been to provide benchmark data that can be used to evaluate both erapdiedl initio
theoretical models.

While gas-phase data are the most suitable for comparistin tisoretical
calculations, there are technical difficulties entailed in geimgravorkable densities of
gas-phase actinide molecules that have limited the range okespbat have been
characterized. Many of the compounds of interest are refractrg problems
associated with the use of high temperature vapors have complivatsilirements of
spectra, ionization energies, and reactions. One approach that haktprbeesspecially
valuable in overcoming this difficulty has been the use of pulsed Hsation to
generate plumes of vapor from refractory actinide-containingemmatés. The vapor is
entrained in an inert gas, which can be used to cool the actpeees to room
temperature or below. For many spectroscopic measurementsergyeratures have
been achieved by co-condensing the actinide vapor in rare gas tomlecule host
matrices. Spectra recorded in matrices are usually coaditiebe minimally perturbed.
Trapping the products from gas-phase reactions that occur whenquaodéties of
reactants are added to the inert host gas has resulted in the isocbwveany new

actinide species. Selected aspects of the matrix isolatianwaae discussed in chapter



17. In the present chapter we review the spectroscopic mataximaerms of its
relationship to gas-phase measurements, and update the descriptiemeft reaction
products found in matrices to reflect the developments that have et during the past
two years. Spectra recorded in matrix environments are uscatflgidered to be
minimally perturbed, and this expectation is borne out for maoged shell actinide
molecules. However, there is growing evidence that signifiparturbations can occur
for open shell molecules, resulting in geometric distortions and/atra@héc state
reordering.

Studies of actinide reactions in the gas phase provide an oppottupitybe the
relationship between electronic structure and reactivity. Muchigfwork has focused
on the reactions of ionic species, as these may be selectembatrolled using various
forms of mass spectrometry. As an example of the type ghinderived from reaction
studies, it has been established that the reaction barriesfdons are determined by
the promotion energies required to achieve f@d3s configuration. Gas-phase reaction
studies also provide fundamental thermodynamic properties such as Ilssodiation
and ionization energies.

In recent years, an increased number of gas-phase ion chersdigs of bare
(atomic) and ligated (molecular) actinide ions have appeared, inhwievant
contributions to fundamental actinide chemistry have been made. Shaeles were
initiated in the 1970’s and carried out in an uninterrupted way over thisecofithe past
three decades. Initial studies unsurprisingly focused on natwediyrring U (and Th)
and were later extended (starting ten years ago) to Pa andlsaivihe more abundant
members of the transuranium series, Np through Es. The main purpthse rebction
dynamics section of this chapter is to summarize (up to late 2008york done in the
gas phase involving ionic species, with an emphasis on the kegnplishments. This
topic was recently reviewed in a comprehensive way (Gibson 2002a; Gibson andMarcal
2006). The small number of studies reported for gas-phase reactiorstadl actinide

species are also briefly summarized.



39.2 EXPERIMENTAL TECHNIQUES FOR GAS-PHASE AND MATRIX
ISOLATION SPECTROSCOPY, AND MATRIX REACTIONS

Conventional absorption and emission spectroscopy techniques have yielded a
considerable body of valuable data for actinide-containing molecules,thase
approaches are often limited by the extreme spectral sbogeencountered. For
refractory species this congestion arises from the extettstvenal population of low-
lying ro-vibronic states associated with the high temperatures needdddweeaworkable
vapor pressures. This problem is exacerbated by the circumdtaaic vaporization
usually produces a range of molecular species. In recerst yese problems have been
overcome by using laser ablation combined with supersonic expansilimgcm obtain
low-temperature gas-phase samples (with molecules cooled tonaintemperatures as
low as 20 K). Complications associated with the production of mulsipézies have
been resolved by using mass selected detection methods. Tygiealiyvolves pulsed
laser ionization combined with time-of-flight mass spectrometryhe laser-based
photoionization techniques that have been utilized for actinide spsmyosiave been
described in a recent review article (Heaven 2006). Thddatyres are briefly outlined
here to define terms used in the following sections.

The technique of resonantly enhanced multi-photon ionization (REMPI)desovi
a powerful and sensitive means for the recording of mass sekgmtetta for neutral
molecules. In the simplest variant, one photon promotes the moleculeexeited state
and a second photon ionizes the excited molecule. This can be donensinglor
excitation if the photon energy exceeds half the ionization energy (IE).

Two-photon excitation techniques that employ independently tunable lase
sources provide a means for recording accurate ionization enargilespectroscopic
data for molecular ions. Photoionization efficiency (PIE) cuaresrecorded by using
fixed-frequency excitation of a neutral molecule transition. fféguency of the second
photon is scanned to find the threshold energy at which ions are prodacaddition to
defining the ionization energy, these scans often reveal rich ésadbove the threshold
that are associated with autoionizing resonances.

A more detailed look at the energy levels of the moleculaorcatn be obtained

by using the pulsed field ionization — zero kinetic energy (FEHE) technique. This



resembles the PIE measurement, but there are two importéateddes. First, the
photoelectrons are detected, rather than the molecular ions. Sewbmdpst important,
the final ionization step is accomplished using a pulsed eldigtidc The second photon
is used to excite long-lived Rydberg states of the moleculdi¢hpist below a specific
ionization limit (i.e., a single ro-vibrational level of a moleculan). A weak pulsed
electric field is used to ionize the excited molecule. Bwydeg the application of this
field it is possible to bias the detection to observe only thetreles that have come from
the Rydberg states. A spectral resolution of about 1 can be achieved using this
approach.

The greater majority of spectroscopic studies of matrix tedlaactinide
molecules have relied on conventional IR absorption measurements. vétpwesre
have also been studies of IR inactive vibrational modes using rRauostering and
electronically excited states using absorption and laser indutesrescence
measurements. For the first generation of experiments, sampbeatien for refractory
materials involved vaporization in specialized furnaces such as Knoekgn Since the
early 1990’s most of the experimental work in this area has la@eadtout by Andrews
and co-workers using pulsed laser ablation to obtain the speciesresint@his group
has examined a multitude of reactions of Th and U in solid noble(ayaseactive)
matrices. Their matrix isolation infrared spectroscopy techngdescribed in detail in
the cited references; only a brief synopsis of the methodolaggligled here. Thorium
or uranium atoms were produced by focusing a pulsed Nd:YAG laseragmire metal
target and were co-deposited at temperatures in the rafgéodf2 K in a solid matrix
comprised of a dilute mixture of one or more reactive gases inmlegif, argon, krypton
and/or xenon; for some studies the entire bulk matrix was thevesapecies (e.g., 4br
N). Reactions that did not spontaneously occur under the deposition conclitidthde
induced by annealing the matrix to temperatures ranging from 40 tK, to promote
aggregation of the actinide atoms and the reactive moleculkksrn&ively, broadband
UV photolysis was used to induce some reactions, and some reautoatributed to

excited-state laser ablated metal atoms, M*, or reaction intermedMtgs, [



39.3 SPECTROSCOPIC STUDIES OF ACTINIDE OXIDES
39.3.1 Spectra and theoretical calculations for ThO and ThO

ThO is one of the few actinide oxides for which there are extemms-phase
spectroscopic data. As a consequence, this molecule has also beftugheof
theoretical studies (Mariagt al. 1988; Kuchleet al. 1994; Pauloviet al. 2003). Many
of the early electronic spectroscopy studies were carried yoldlinsson, Lagerqvist
and co-workers (Edvinsson and Lagerqvist 1984; Edvinsson and Lagerqvist 1985b;
Edvinsson and Lagergvist 1985a; Edvinsson and Lagerqvist 1987; Edvinsson and
Lagerqvist 1988; Edvinsson and Lagerqgvist 1990) using conventional absorption and
emission techniques. They confirmed that the ground stxf&iswhich was consistent
with the expected ground state configuratiof T#s°)O>.

Ground state vibrational constants have been derived from the gas-phase
electronic spectra and the IR absorption spectrum of ThO idalateolid Ar. These
measurements yielded values for the harmonic vibrational constdf®©fTof w=895.77
cm* (gas phase, (Edvinsson and Lagerqvist 1984)) and 883'§matrix, (Gabelniclet
al. 1974)), the difference between these being indicative of a mimturip&tion by the
matrix environment. A pure rotation spectrum for TKD(was reported recently
(Dewberry et al. 2007a; 2007b). This is the first example of the application of
microwave spectroscopy to a gas-phase actinide molecule.J=Dhel transition was
observed for several vibrational levels of ®, Th’O, and THO (wherelJ indicates the
rotational angular momentum). Analysis of these results yieligtly accurate
rotational constants and an isotope independent equilibrium bond length of
re=1.840186(2) A. Additional insights concerning the electronic structure alsained
from the TH’O data. Due to the non-zero spin of ti@ nucleus, line splittings were
observed that were caused by spin-rotation and nuclear quadrupole coupling.

Twenty-two electronically excited states of ThO have belaracterized by
emission spectroscopy. A further three states have beenfigtenti the REMPI
spectrum recorded using expansion cooling (Gonchatral. 2005). Table 39.1 lists the
states with2 =0 and 1 (where? is the projection of the electronic angular momentum
along the bond axis) that have been observed to date. Both ab initio @ineloligand

field theory (LFT) calculations indicate that the lowest enaxyited states are derived



from the TH'(7s6d)O* configuration. Seven of the twelve states that belong to this
configuration have been observed. Theoretical predictions for theenefdghese states
are also listed in Table 39.1. Note that the lowest energyeexsite is formallyA,.
ThOo@GA,) and the isoelectronic species T{R) have been identified as favorable
systems for investigation of the electric dipole moment oktbetron (Meyer and Bohn
2008). The determination of this quantity (or refinement of its upper baamdpe used

to test proposed Super-symmetry extensions of the Standard Model.

Assignments for the ThO states in the energy range 16000 - 31008remore
difficult to establish. Kaledinet al. (1994) and Goncharoet al. (2005) used LFT
calculations to assign fifteen of these states to the nwetatonfigurations 35f, 7s7p,
and &2 However, ab initio calculations indicate that the states frsbhand &7p will
not be found at energies below 32200"cm If this is correct, all states in the 16000-
30000 crit range should be assigned ©f.6 This configuration gives rise to sevéx1
states, but nine have been observed in the specified range. Theeviest span the
energy range 19539-28578 ¢nwhile the LFT predictions of Kalediet al. (1994) for
the (=1 states span the range 20397-36551.ci@onsequently, if these states do arise
from 6d% the LFT calculations have overestimated the ligand field ictieraparameters
B5(6d) and By (6d). The two remaining2=1 states must be derived frore5 and/or

7s7p, indicating that at least one of these configoraiis at a lower energy than the
existing ab initio calculations predict.

Six =0 states have been observed at energies abové® 1859 (c.f., Table
39.1). Goncharoet al. (2005) had assigned three of these states todtheofiguration.

In light of the above discussion it now seems likélat all six states should be assigned
to 6d°.

Spectroscopic determinations of the ionizationrgyndéor ThO have been made
using PIE, MATI and PFI-ZEKE techniques (Gonchasdval. 2005; Goncharov and
Heaven 2006). The data for all three measuremeets in good agreement, with the
PFI-ZEKE spectrum providing the most accurate tesdlhe value obtained,
IE=6.60268(2) eV, was 0.5 eV higher than that reggbpreviously from electron impact
ionization measurements (6.1(1) eV (Rauh and Ackert974)). The reason for this

large discrepancy was easily identified. In thecebn impact study, vapor phase ThO



was obtained by heating a sample of solid thoriuioxide to 2000 K. At this
temperature many vibrational levels of TiP(vould be populated, along with the low-
lying states at 5317 and 6128 tmHence the ThDappearance potential most probably
corresponded to the ionization of thermally excilétD. This problem was avoided in
the multi-photon ionization measurements. Notd jagcooling alone would not be
sufficient to ensure that ionization from the grdustate was observed. The laser
ablation process populates many excited levels, raathstable electronically excited
states can survive the jet-cooling process. Caresdty, single photon ionization
threshold measurements with jet-cooled samples mlag yield underestimated IE
values. With resonantly enhanced two-color iomatthe first laser is tuned to a
transition that is known to originate from the é&tenic ground state. This ensures that
the true IE is obtained, regardless of the preseheg&cited molecules.

When combined with the IE for atomic Th, the IE TthO yields the difference
between the dissociation energies of ThO and THE(ThO)-IE(Th)=Dy(ThO)-
Do(ThQ")). With the corrected IE for ThO it was appardrt the neutral molecule is
0.3 eV more tightly bound than the cation. Thiswaasurprising result as ionization was
expected to involve removal of one of the non-bogdk electrons, thereby reducing the
screening of the T ion core. Spectroscopic studies of Th@ere initiated to further
understand the effects of ionization on the bondiagd to establish methods for
obtaining spectra for gas-phase actinide ions. Tl@s chosen as an ideal prototype for
proof-of-principle experiments as the pattern ol-ging electronic states should be
relatively simple. The ionic TAO”structure has a single unpaired electron associated
with the closed shell TH ion core. Formally, the lowest energy configumatiis
expected to be TH(7s)0*, giving rise to aX?s* ground state. The low-lying
electronically excited states should B 21 and S derived from the TH(6d)O*
configuration.

Rotationally-resolved spectra for ThQuere obtained using the PFI-ZEKE
technique (Goncharov and Heaven 2006). As an ebearRjg. 39.1 shows the rotational
structure of thex =%, v=0 level. These data were obtained using two-cekmitation,
with the first laser set to excite a single rotasiblevel of the intermediate electronically
excited state. The “lines” in the PFI-ZEKE spedcually correspond to unresolved



groups of higm Rydberg levels that converge on a specific rotatidevel of the ion.
The vertical broken lines in Fig. 39.1 show theozieeld rotational energies that these
series are converging to. Note that the rangefattional states observed in each trace
increased with increasing angular momentum of thermediate electronically excited
state. Spectra such as those shown in Fig. 39.plsupur valuable pieces of
information. These are the term energy for theesthe rotational constant, tkigvalue,
and an indication of the angular momentum couptiasge (Brown and Carrington 2003).
The latter is obtained by fitting energy level eegmions to the rotational term series.
Levels characterized by integer quantum numbenespond to Hund’s cagecoupling
while half-integer quantum numbers indicate couptases or ¢ (intermediate coupling
cases may also be recognized by identifying thecgpiate energy level expression)
(Brown and Carrington 2003). The data shown in B@1 confirmed that the ground
state of ThOis X 22",

Vibrationally excited levels were readily observe&or example, ground state
levels ranging fronv=0 to 7 have been characterized. The observafibigbly excited
vibrational levels of the ion in these spectra wagxpected, given the details of the
excitation process. The intermediate electronjcakcited states used for these
measurements had equilibrium bond lengths and tidma frequencies that were similar
to those of the ThOstates that were accessed. Although the Franki@ofiactors
strongly favored the production @£0 ions, transitions to levels wit=5 and 6 were
observed. This indicated that the Franck-Condaofa play only a minor role in
determining the relative intensities of the PFI-ZEKands. In total sixteen vibronic
states of ThOhave been analyzed. The electronically excitatestfA(«2=3/2) (2934
cm?), 1°A(2=5/2) (5814 crit) and FI1(«2=1/2) (7404 cnt) were characterized. A
summary of the spectroscopic data obtained for Tis@resented in Table 39.2.

Relativistic ab initio calculations for THhave been reported by Tyagi (2005).
In this work the MCSCF method was used with a @tebn core potential for Th. Both
spin free and spin-orbit coupled results were oleti These calculations supported the
simple picture of the electronic structure presgntbove. The ground state
wavefunction was found to have 90% character. The theoretical energies for the two

components of théA state were in good agreement with the measuregesdkerrors of



332 and 38 cif). The energy fofll;, was greater than the measured value by 1763
cm?, but the correlation between the observed andilzéd energy level patterns was
unambiguous. The wavefunctions for fiieand?l1 states all possessed greater than 85%
6d character.

Tyagi (2005) also calculated the IE for ThO. Thsults were very sensitive to
the method used to treat dynamical correlation.e Tfilghest level method employed,
multi-reference configuration interaction with siegnd double excitations (MRCISD),
yielded a vertical IE of 6.45 eV, just 0.15 eV helthe experimental value.

The IE measurements had shown that ThO is moregyrdoound than ThO In
contrast, the molecular constants seemed to sh@wgposite trend. The bond length for
ThO'(X) was shorter R=1.807 vs. 1.840 A) and the vibration frequency Wagher
(0=955 vs. 896 cif). Goncharov and Heaven (2006) explored this appararadox
using density functional theory (DFT) calculatiamish relativistic core potentials. These
were successful in reproducing the molecular cotstmr ThO and ThOQ Spin-density
calculations for ThO were also consistent with the formal*f®* charge separation.
Scans of the potential energy curves provided iisigoncerning the lower dissociation
energy for ThO. While the structure near the equilibrium diseacorresponds to tightly
bound TH'O*, the ground state must correlate with the®(T$6d® “F)+OFP)
dissociation asymptote. Therefore, adiabatic distion of the molecule must involve
avoided crossings with states that correlate wign TH+O and TH+O dissociation
asymptotes. Due to these avoided crossings #sedation energy of ThQrelative to
that of ThO, is influenced by the magnitude of lador Th**,

It has since been shown that HfO, which has thdognas & metal ion
configuration, behaves similarly on ionization. IZEEKE spectra for HfO were recently
recorded by Merrittet al. (2009). The IE was found to be 7.91689(12) e\B{0eV
greater than the electron impact value), showirag the HfO(X) bond is weaker than
that of HfFOX) by 1.1 eV. However, the molecular constantstierion @.=1020.8(2),
B,=0.403(5) crit) indicate a shorter and stiffer bond. Hence thasual differences
between the ThQ{) and ThO(X) bonds do not appear to be associated with redtitiv
effects.

10



39.3.2 Spectra and theoretical calculations for UO and UD

Studies of the electronic transitions of UO haverbearried out using absorption
and emission spectroscopy (Kaledih al. 1986; Kaledinet al. 1989), REMPI of jet-
cooled samples (Heaveet al. 1985), and the application of wavelength selected
fluorescence excitation techniques to UO that wapoxized in a high temperature
furnace (T=2500 K) (Kalediret al. 1994; Kaledin and Heaven 1997). Thirty-three
electronic transitions have been examined at heglolution. Energy linkages between all
of the upper and lower states sampled by thesesiti@ms were established. A
compilation of the observed states f6fU°O is presented in Table 39.3. The ground
state of UO was found to be &4 component of the {5 7s, °1,)O* configuration.
Seven other states belonging to this configurati@ne identified. The lowest energy
excited state, als®@=4, was located just 294.1 nabove the ground state. This state did
not fit as a member of thef *7s group, and its molecular constants were consistiht
the configuration B"(5f27s?, *H,)O*. The interactions between the three lowest energy
=4 states were large enough to cause a signifipamtirbation of the first vibrational
interval for the ground state (Kaledin and Kulikd®89; Kaledinet al. 1994). A
deperturbation analysis was carried out for théses (separated by 294 and 1280'%tm
(Kaledinet al. 1994). The deperturbed ground state vibratiom@rval ofAG;,=841.9
was substantially smaller than the observed int&f/@82.4 cn.

UO provides an example of the complications enaraat when comparing
spectroscopic data with theoretical predictionss calculated vibrational constants are
usually derived from the second derivative of tleéeptial energy curve, they do not
include the effects of vibronic perturbations. Eernhe calculated vibrational constant
for UO reported by Krauss and Stevens (1982845 cni) did not seem consistent
with the measured gas-phase vibrational intervatlitowas in good agreement with the
deperturbed vibrational constanic£846.5 crit). UO also illustrates the complications
for spectra recorded in cryogenic rare gas matrites result from host-induced
electronic state mixing. The fundamental vibragiotransition was observed at 889.5
cm™ in solid Ne (Zhouet al. 2000) and 819.8 crin solid Ar (Gabelnicket al. 1973a;
Hunt and Andrews 1993). These anomalously largeixneffects are probably caused

11



by differences in the guest-host interactions tha@nge the energy intervals between the
5f37s and5f*7s’ states.

Kaledinet al. (1994) performed LFT calculations for neutral UQan attempt to
provide configurational assignments for the elattraransitions they observed. The
low-lying energy levels of UO were successfullytefit using a semi-empirical LFT
method where selected interaction parameters wesdetl as variables. Tentative
assignments for a sub-set of the observed statespweposed using the results from the
LFT analysis. Eight states were assigned{d7s and a further five were assigned to
5f?75°.

The LFT model is very successful in describingltve-lying states of lanthanide
oxides and halides. It works because theritals are compact and do not participate in
covalent bonding to a significant degree. As therbitals of the early actinides are less
compact, LFT may not be as successful in reprasgniie low-lying states of actinide
oxides and halides. If this is the case, empifiict@hg of energy levels to a LFT model
may yield physically meaningless ligand field paedens that have little or no predictive
capability. One indication of the validity of theFL approach for diatomic actinide
compounds can be obtained through measuremente afipole moments. This can be
used to see if the charge distributions in AnO mualles are comparable to those of their
LnO analogs. Furthermore, properties such as igedmoment and magnetisfactor
reflect the characteristics of the electronic wawnetion of a given state, and may be used
to identify states that are associated with a commetal ion electronic configuration.
In a study motivated by these considerations, Heateal. (2006) measured dipole
moments and magnetigfactors for UO using the optical Stark and Zeeratiects. For
the ground state they obtained a dipole moment=#.363(26) D and a@-factor of
2.562(12). The value for the dipole moment, whichswthe same as that of the
isoelectronic lanthanide oxide (NdQ(<2=4), x=3.369(13) D) (Lintonet al. 2008),
supports the notion that the degree of charge agparin the early actinide oxides is
suitable for the meaningful application of LFT mizdeKrauss and Stevens (2003)
reached a similar conclusion based on their coniparéheoretical study of NdO and
UO.

12



To interpret the magnetigfactor for UO, the mixing of low-lying states mus#
taken into account. The deperturbation analysigiferw2=4 states of UO indicated that
the ground state is 84.5% °7s, °I, with 15.4%5f 27s?, *H, (Kaledinet al. 1994). This
combination yields a magnetig-factor of 2.53, in reasonable agreement with the
observed value.

The two electronically excited states examined lBavéenet al. (2006) were
separated by less than 1 tnbut exhibited markedly different constanjs=2.68 D,
0=3.51 for [18403]5 and~=3.11 D,g=4.83 for [18404]5). This suggests that systematic
measurements of excited state dipole momentgydadtors might be used to deduce the
configurational assignments for the range of stétas are accessed in the visible and
near IR spectral ranges.

Electron impact measurements of the IE for UO mtedlia consistent value for
the IE of 5.6(1) eV (Rauh and Ackerman 1974; Capemnal. 1999). Allenet al. (1988)
obtained a low-resolution photoelectron spectrumU@® that exhibited a broad feature
(corresponding to ionization energies of 5.8-7.6 &Xhere the low-energy threshold
appeared to be consistent with the electron imftactRe-examination of the IE of UO
using multi-photon ionization techniques yieldedignificantly higher value for the IE
(6.03111(3) eV) (Haret al. 2003; Haret al. 2004; Goncharoet al. 2006). As for ThO,
the low IE obtained in the earlier measurements athsbuted to the ionization of
thermally excited molecules. The difference betwte IEs for UO and U shows that
UO" is 0.163 eV more tightly bound than neutral UChedretical calculations of the IE
for UO have predicted values of 6.17 (Malli 1989)/1 (Boudreaux and Baxter 2002),
6.05 (Paulovieet al.2005), and 5.59 eV (Tyagi 2005). It is noteworthgt the complete
active space state interaction — spin orbit cogpl(€CASSI-SOC) calculations of
Paulovic et al. (2005) yielded reliable values for the IE’s of bhdO and U atoms
(IE(U)=6.20 (calc) vs. 6.194 (obs) eV).

UQ" is of theoretical interest as it is small enouglbé amenable to high-level
treatments, but challenging as it possesses a targwer of low-lying excited states.
Several high-level relativistic calculations hacibearried out to predict the electronic
structure and properties of U@Krauss and Stevens 1983; Alleh al. 1988; Michels
1989; Paulovieet al.2005; Tyagi 2005). Krauss and Stevens (1983) pét one of the

13



earliest theoretical studies. They concluded lihaest energy configuration was’ {(6f
3*))0?%, giving rise to an2=4.5 ground state. They also predicted the enefgiesll 26
states derived from tH# configuration (with¢2 values ranging from 0.5 to 7.5). Kaledin
et al. (1994) used their empirically adjusted LFT mod®l O to predict the states of
UO* associated with the ¥(5f3(*l)) ion core, and obtained results that were
gualitatively in agreement with the calculationKoéuss and Stevens (1983).

UQ" is also of practical interest as it can be forrhgdhe associative ionization
reaction U+G>UQO" + € (Fite et al. 1974; Paulovicet al. 2005). Consequently,
spectroscopic data for UChave been sought for inclusion in atmospheric arack
models that are used to predict phenomena assbaeidtie nuclear explosions (Michels
1989).

Gas-phase spectroscopic data for'W@re obtained by Goncharet al. (2006),
who recorded rotationally resolved PFI-ZEKE speébrathirty-three vibronic bands of
UO*. Transitions to the ground state and nine eleatally excited states were
characterized within the energy range from 0 to0520i" (relative to UO(X, v=0)).
These results are summarized in Table 39.4. Inrdance with theoretical predictions,
the ground state wa@=4.5. Figure 39.2 shows the rotational structoretlie zero-point
level. As for ThO, the PFI-ZEKE spectra for UOshowed extensive vibrational
progressions for each electronic state. An adgentd PFI-ZEKE spectroscopy is that it
is not constrained by the usual optical selectidas (e.g.A42=0,£1 for a single photon
transition). The UOspectra included transitions to states withcalalues in the range
from ©2=0.5 to 5.5, using just the [19453}3 intermediate state of UO. Molecular
constants for the ground state of U@,=911.9(2), B=0.3467(7) crit) were larger than
those of neutral UO, consistent with ionization @moval of the non-bondings7
electron. The calculations of Krauss and Stever®83) yielded reasonably good
estimates for the ground state constants$25(30) crit, R=1.842 A Ry(exp)=1.801(5)
A)), while the CASSI-SOC calculations of Pauloeical. (2005) predicted constants that
were within the experimental error limitea£912 cmt, R=1.802 A).

The pattern of electronic states observed fof W@s readily understood using
LFT. The low-lying states correlate with tey 5 and Y55 spin-orbit levels of the

14



U*(5f°) ion. The atomic ion spin-orbit coupling strengths preserved in UQto the
extent that the atomic spin-orbit interval was reent in the energy level structure. For a
given value of the atomic ion core angular momentactor (,) the lowest energy state
corresponds to the maximum projectionJgfon the diatomic axis for the first and third
quarters of thenf"“shell (Kaledinet al. 1992) (e.g.,X(1)4.5 from 5f° (*l45). The
energies of the states increase as the vectoppedi away from the molecular axis.
Hence, the atomic iofi4score gives rise to states witB=4.5, 3.5, 2.5, 1.5, and 0.5 in
ascending energy order. Similarfifs s gives rise to states witt? from 5.5 to 0.5.
These patterns were apparent in the spectrum &t U&I five of the states fronflss
were observed, along with the four lowest energgestof’lss. The right hand side of
Fig. 39.3 shows the energy levels of Y@rranged in stacks that belong to a specific
value. The spin-orbit interval for the freé*(ﬁf %) ion is indicated on the left. THE s -
*l45 interval for B*(5f°) is estimated to be 4265 &nfCarnall and Crosswhite 1984),
while the corresponding2=5.5-4.5 interval for UO is 4178 crit. To a first

approximation it is expected that the states agisirom a particular atomic ion
configuration will have very similar vibrational @rrotational constants (Field 1982).
The vibrational intervals indicated in Fig. 39.8 this expectation, as did the rotational
constants. For th#, s states it can be seen that there was a sligheragsic decrease in
the vibrational frequency as the projectionJgfalong the diatomic axis decreased. This
trend is reasonable as the rotatiordpaway from the bond axis rotates the orbitals in a
way that increases the repulsive interaction betvitbe 5 electrons and the “Oligand
(the same effect that results in the observed gnardering of the states). Note that the
=35 state at 4982.4 ¢hndid not belong to thél group. This particular state was
identified as the lowest energy state of tH&(Bf 27s, “H3.5O* group (Goncharoet al.
2006).

Table 39.4 lists the results from LFT and ab intedculations for the excited
states of UO. The third and fourth columns list the energi€Koauss and Stevens
(1983) and Tyagi (2005), respectively. In compamnth the experimental data, it can be
seen that the calculations of Krauss and Steve®®3jlcorrectly predicted the energy
ordering of the'l, 5 states, but the energy intervals between thesstetee overestimated
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by a factor of almost two. This suggests thateleetrostatic perturbation of the*Uon
had been overestimated. In contrast, the intdygdlheen the2=4.5 and 5.5 states was
underestimated, which suggests that the spin-oduipling of the ion core was patrtially
guenched. This may also be a consequence of #gresiimation of the strength of the
ligand field. The more recent calculations of Ty&005) were in better quantitative
agreement with the experimental data, but thereeveerfew puzzling discrepancies.
States corresponding to (1)0.5, (2)3.5 and (3)ZBewot predicted in the 0-8800 ¢m
energy range. With the experimental data now abhl for U it is anticipated that

there will be further theoretical studies in thantiture.

39.3.3 Spectra and theoretical calculations for Ugand UO;

UO, and the cation&)O; andUO3" are species of considerable importance in the
chemistry of uranium, and these species have beesubjects of numerous theoretical
studies. A detailed account of the theoreticatliss of UO>" up to the year 2005 is
presented in chapter 17. From the perspective efddnsities of low-lying electronic
states, their complexity increases in the ordé®>'<UO;< UO, However, the
difficulties encountered in gas phase experimestiadlies of this series increase rather
steeply in the reverse order.

Gas-phase spectroscopic data have been obtainédiboand UO,. The bare
UOZ" ion has been detected in a mass spectrometerdl@nal. 1996; Gibsoret al.
2005b), but spectra have not been reported to taeever, there have been recent
reports of IR spectra fotJO>" complexed with anionic ligans and solvent molegule
(Groenewoldet al.2006b; 2008a; 2008b; 2008c) that are discusssddtion 39.6.4.

One of the first investigations of gas-phase;lifvolved electric field deflection
measurements, which provide information concerning permanent electric dipole
moment of the molecule. Kaufmaat al. (1967) noted only a weak deflection of YO
from a molecular beam, and concluded that the mtdegas linear and centrosymmetric
(the slight defection was attributed to the preseat molecules with bending mode
excitation). This result was in agreement withottye which has consistently predicted

linear symmetric equilibrium structures for LJOUO; and UO3". In contrast, both
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electric deflection measurements (Kaufnedral. 1967) and IR spectra for matrix isolated
ThO; (Gabelnicket al. 1974) indicate a bent equilibrium structure. B©3" and ThQ
are isoelectronic, this surprising difference hk® deen a point of theoretical interest
(Dyall 1999).

One of the first objectives in the spectroscopiclg of gas-phase UQwas to
determine the electronic assignment for the grastate. Ab initio calculations carried
out in the 1980’s predicted that the metal-cent&fearbitals were the highest occupied
molecular orbitals (HOMO'’s) (Woodt al. 1981; Michels and Hobbs 1983; Allet al.
1988; Pepper and Bursten 1991). Calculated enefgigbe 3¢, and 35, orbitals were
close enough to complicate the task of identifyting ground state configuration. Wood
et al. (1981) and Michels and Hobbs (1983) found th&pj5gave the lowest energy,
which would produce ézg' ground state. Alternatively, the calculationsAdien et al.
(1988) indicated that either (&) (5f5,) or (56,)° would be lowest in energy, yielding
either a®Hy or °Z4 ground state. More recent investigations (abdratid DFT) yielded a
3, ground state derived from thef¢®(7sog) configuration (Zhotet al. 2000; Gagliardi
et al. 2001; Chang 2002; Gagliardt al. 2005; Tyagi 2005; Fleigt al. 2006; Infanteet
al. 2007a). All of the published studies predictedipby occupied % orbitals that give
rise to manifolds of low-lying electronic stateshieh is consistent with the large heat
capacity of vapor phase YO

The first electronic spectra for gas-phase; W@re reported by (Haet al. 2003;
2004). These data were obtained using two-coldviREexcitation with mass selected
ion detection. Supersonic jet cooling was used dduce the spectral congestion.
Twenty-two vibronic bands of neutral JQvere observed in the range from 17400 —
32000 cnit. The vibronic selection rules deduced from thgsecsa indicated that the
molecule was linear and centrosymmetric for theugdostate and for most of the excited
states (progressions indicative of a bent excitatk svere not seen). lonization threshold
measurements were used to determine the absoletgies of the lower levels for these
transitions. The electronic states of {Jat have been observed to date are listed in
Table 39.5.

Deviations from thermal equilibrium distributioase often encountered with jet

cooling, and this permitted the detection of a teansitions that originated from low-
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lying excited states. Due to the low frequencyha ground state bending vibration (120
cm?) levels with v,=0-2 were significantly populated. In additionartsitions were
observed that originated from an electronicallyiextstate that was approximately 360
cm* above the ground state. The presence of thishiimg- state provided the key to
determining the lowest energy electronic configorat The ab initio calculations of
Chang (2002), Tyagi (2005), Gagliardi al. (2001) and Infantest al. (2007a) all
indicated that the angular momentum coupling fog tbw-lying states of U@ s
intermediate betweehS and Jj. Viewed from the latter perspective, the statés o
U(5f A 7s0y)O> are built on théF term arising from thefSlectron. Thek=5/2 and 7/2
components of this term are widely separated bysgie-orbit interaction. The lower
energyJi=5/2 component is split intd,=3, and 2 terms by the much weaker interaction
betweenJ; and the spin of thesrelectron. The two lowest energy states of,l#de
produced when the electronic angular momentum y®ctmave their maximum
projections along the molecular axis. The3,, =3, and J;=2,, Q=2, components
correlate with thé-Sterm symbolS®(3,) and*®(2,). Theoretical calculations (Gagliardi
et al. 2001; Chang 2002; Gagliardt al. 2005; Tyagi 2005; Fleigt al. 2006; Infanteet
al. 2007a) predict that these states are separateshdrgies in the range of 378 - 439
cm™. The next pair of states correspond¥als-1 (2, and 1) and they are approximately
2000 cmt* above the ground stat&{®(2,)). The pattern of low-lying states originating
from U(5@,5f0,)O, is markedly different. The two lowest energy esatfor this
configuration aréH(4g) and 3H(59), and they are separated by a relatively stromgr sp
orbit interaction (Fleiget al. 2006). Hence, the observation of a low-lying elmtc
state of UQ confirmed that the ground state is derived froe 3#,7soy configuration.
In this context it is of interest to note that tireund state predicted for the isoelectronic
PuG’ ion is 3H(4g), arising from the 4,5f&, configuration (Maronet al. 1999;
Clavaguera-Sarriet al.2004; Infanteet al. 2006).

Excited states of U along with oscillator strengths for transitionggmating
from X®(2,) were calculated by Chang (2002). Henal. (2004) used these data to
propose assignments for states in the 17800-31800emergy range. As the oscillator

strengths were not available for transitions fré@(3,), assignments for the bands
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associated with these states were advanced bas#te application of thel©2=0, +1
selection rule. It was proposed that the strobgeds in this energy range were formally
metal-centeredfBp«5f7s transitions. A pair of transitions was identifigcht appeared
to originate from th&>®(2,) and®®(3,) states, and terminate on a common upper level.
The interval between these bands was used to réfinestimate for the>®(2,) - *®(3,)
energy difference. Subsequent high-level caloutatinave shown that revisions of the
proposed assignments are needed (Gagliardal. 2005; Tyagi 2005; Infantet al.
2007a). Calculations of the oscillator strengthis tfansitions from bothx’*®(2,) and
% (3,) revealed an unexpected pattern. There were cur@nces of excited state levels
that had good oscillator strengths for transitiosn both lower states. This implied that
the transitions ascribed to a common upper statakyterminated on two nearby states.
Recent PFI-ZEKE measurements for JMerritt et al. 2008) have shown that, if two
upper states are involved, they cannot be sepabgtetbre than 2 cth

Electronic states in the 600-17000 tmange were not probed in the gas-phase
experiments, but low-lying states have been obsemvealispersed fluorescence spectra
for UO; isolated in solid Ar (Luest al.2004). Interpretation of these data is compldate
by the unusual interaction between J&hd the host matrix. This issue is discussed at
some length in chapter 17. To summarize briefy, dbsorption spectra for matrix
isolated UQ show the asymmetric stretch fundamental at 9147a6dcm’ for Ne and
Ar hosts, respectively (Hunt and Andrews 1993; Zletwal. 2000). Andrews, Bursten
and co-workers (Zhoet al. 2000; Liet al. 2004) have proposed that this exceptionally
large matrix effect indicates that the low-lyinge@tonic states are reordered by the
interaction with the Ar host. The ground statenges from s *®(2,) in Ne to 5°
3H(4g,) in Ar. These states were predicted to have Bogmtly different vibrational
constants for the asymmetric stretch (919 and 824in the gas phase) (lt al. 2004).
Electronic excitation spectra for Y@ an Ar matrix are difficult to reconcile withigh
model. If the proposed state re-ordering occurtteel ground state would change from
to g inversion symmetry. Excitation spectra for 1@ Ar would then access stateswof
symmetry, while the gas-phase REMPI spectra woubdvsexcited states @f symmetry.
Under these circumstances the electronic spectr@ifanatrix isolated and gas-phase

UO, would be expected to be markedly different, rdifiter transitions to mutually
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exclusive manifolds of excited states. However tial. (2004) found that there was a
good correlation between the two.

Another important issue for the state reorderirggeh is the separation between
the X’®(2,) and the®H(4,) states for the unperturbed molecule. Calculatiprior to
2007 had yielded an interval of 3000-4000 c(@hang 2002; Let al. 2004; Gagliardit
al. 2005; Fleiget al. 2006). A large differential matrix shift is neeld® reorder states
that are this far apart, but the calculations oktil. (2004) indicate that it is feasible.
However, the most recent theoretical study (Infaetteal. 2007a) finds an interval of
10914 cnt and a relatively high value of 911 ¢nfor the asymmetric stretch frequency
of 4, state. They also found low energy states assocvaité the 56d configuration, and
speculate that it may be the lowest energy statibisfgroup that becomes the ground
state in Ar and the heavier rare gas matricess irterpretion has the advantage that it
preserves the inversion symmetry for the groung sta

Lue et al. (2004) used the theoretical predictions of Ch&@p®) to assign the
dispersed fluorescence spectrum for likalated in an Ar matrix. Subsequent theoretical
work suggests that these assignments should bseeveven under the assumption that
there is no state reordering in the matrix. lateal(2004) correlated energy levels at
1094 and 1401 crhwith the 57s>A(1,) and®A(2,) states. Calculations by Gagliaetial.
(2005), Fleiget al. (2006), and Infantet al. (2007a) all find that the term energy for
3A(2,) exceeds 2000 cm and two of these studies also fiti{1,) above this energy. It
is evident from this range of discrepancies thatwaly of the dispersed fluorescence
spectrum of gas-phase Y@ needed to make further meaningful progress.

The IE for UQ was determined from multiphoton ionization measwarts. The
most accurate result was 6.127(1) eV from the FEHE spectrum (Goncharost al.
2006). The spectroscopic IE was 0.7 eV higher thanpreviously accepted value from
electron impact measurements (Rauh and Ackermad; X83poneet al. 1999), but in
excellent agreement with theoretical predictionZlodu et al. (2000) and Gagliardet al.
(2001). The fact that theory arrived at the corféctin advance of the experimental
results seemed to provide a strong endorsemenhdocurrent generation of relativistic
electronic structure calculations. Unfortunatelgiculations by Tyagi (2005) have raised
new concerns. Gagliardit al. (2001) obtained their results using spin-free CEBESr
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CASPT2 calculations with subsequent treatment ef gpin-orbit operator (a two-step
approach). Tyagi (2005) carried out MCSCF calcatetiwith explicit treatment of the
spin-orbit operator from the outset (one-step apgmp The basis sets for uranium were
of double zeta or triple zeta quality, with relatic core potentials that included 60 or 68
electrons in the core. Tyagi (2005) examined theeddence of the predicted IE on the
core size and basis set size. Calculations werlrpeed for vertical and adiabatic
ionization, with or without inclusion of the spimhit interaction. IE values close to 5.7
eV were obtained, with very little dependence anftictors examined. It was surprising
to find that such high-level calculations yieldexults that differed from the measured
value by about 0.4 eV. The relativistic coupledstdu calculations of Infantet al.
(2007a) yielded an adiabatic IE of 5.92 eV. Theegcslated that coupled cluster
methods might systematically underestimate theflB®, as an earlier coupled cluster
study (Majumdaet al.2002) yielded IE value of 6.01 eV.

The photoionization kinetics dJO; proved to be of interest in their own right.
At the energetic threshold the electrons were efedrom the molecule with a
characteristic decay time of 189 ns (Merett al. 2008). This value decreased with
increasing energy above the ionization limit. etk ionization of this kind has been
observed for metal clusters, but the case of id@he first example of this phenomenon
for a triatomic molecule. It occurs because thddEUO; is approximately 1 eV lower
than the OU-O bond dissociation energy. Due te tintcumstance, the zero-point level
of UO; is immersed in a dense manifold of the ro-vibroleieels of UQ. The slow
ionization kinetics is a consequence of mixinghe ton and neutral molecule states. In
essence, gas-phase d@xhibits thermionic emission of electrons at tle@ization
threshold.

The electronic ground state of thD; cation has been examined in the gas phase
using PFI-ZEKE spectroscopy (Merrit al. 2008). These measurements were carried
out at the level of vibrational resolution. Fi.8 shows the low-energy region of this
spectrum. In this trace a very harmonic progressiith a spacing of approximately 145
cm* is easily recognized. A second progression wihacing of 145 cthbegins at 919
cmi' above the origin of the first progression. Speot@orded for théJ'*0O} and U0}

isotopes confirmed assignment of the low frequemibyational progression to the
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bending mode, and the high frequency interval t® slgmmetric stretch. Data were
obtained for levels ofJO; that were up to 4700 ¢habove the ground state zero-point
level. The congestion of the spectrum increaseandtically with increasing energy.

Fortunately, the underlying structure of the speutwas straightforward. The greater
majority of the levels could be assigned as exdieulding vibrations, built on symmetric
stretch levels with the vibrational quantum numbeysO, 1, 2, 3, and 4. The first

electronically excited state was found at 2678 cnProgressions in the bending and
symmetric stretch levels of this state were alsseoked.

The only other spectroscopic data folO; have been obtained from matrix
isolation studies. Zhowet al. (2000) observed the asymmetric stretch fundamaeattal
980.1 cni for UO; isolated in solid Ne. The same transition wareul for Ar, Kr
and Xe matrices at 952.3, 941.6, and 930.6" caspectively (Wanget al. 2004). In
keeping with the prediction of a linear symmetrteusture for UO;, the symmetric
stretch was not observed in the IR spectra. Alghoilne bending mode is IR active, it
was outside the spectral range examined. Henoea& domparison of the gas phase and
matrix data is not possible.

Theoretical calculations foO, have consistently converged tol{5fg )0,
X2@ ground state. For the symmetric stretch, vibratidrequencies in the range of 858-
971 cm' have been predicted, with bending frequencies0dt191 crit. The results
were scattered around the experimental values tadFET calculations appeared to be
marginally more accurate that the ab initio treattador the levels of approximation that
have been employed so far. The spin-free DFT calioms of Zhouet al. (2000)
predicted that the first electronically excitedtstis U(5f5,)O; °A at 1760 crit. The ab
initio calculations of Infanteet al. (2007a), which included explicit treatment of spin
orbit interactions, yielded &(5fg, )0, 5<2cb(5/2u) ground state with the first excited
state, U(5f5,)0; °A(3/2,) at 2736 cit. The latter is in good agreement with the
experimental result, which finds the electronicaiicited state near 2678 ¢mNote that
the symmetric stretch and bend frequencies of to&esl state were close to those of the
ground state, as would be expected if the conftguna differed by just the details of the

occupation of the non-bondirigorbitals.
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UO; is isoelectronic withNpO3*, so it is of interest to compare the patterns of
low-lying states for the two ions. The ground dinst excited states oRNpO3" are also
predicted to be5fg, X?@(5/2,) and 515, 24(3/2,) (Matsika and Pitzer 2000). The
primary difference is the stronger ligand field pO5". The relativistic calculations of
Matsika and Pitzer (2000) predict a much smallergy separation between these states
(447 cm®) than that seen iVO;, despite the larger internal field. However, sduent
calculations by Infantet al. (2006) yielded results that are in accord witlatid field

theory expectations. They obtained energy spadiegseen thesfg, 5<2cb(5/2u) and
5§85, %A(3/2,) states of 2376 cinfor UO;, and 3544 cii for NpO?*.

39.3.4 Matrix isolation spectroscopy of Ug UO,(0O,), UO3(0O,) and plutonium
oxides

Gabelnick and co-workers used thermal vaporizatibaoranium dioxide to trap
UQOs in solid Ar (Gabelnicket al. 1973b; Gabelniclet al. 1973a; Gabelnickt al. 1973c;
Greenet al. 1980). Samples with?O enrichment vyielded spectroscopic data for all
%0/*%0 combinations. From these data they were abd@dwv that the molecule has a T-
shaped geometry with a near linear OUO sub-unit €gmmetry for four of the six
possible isotopomers). Fundamental vibrationafjdemcies were measured for five
modes for each £isotopomers, and for all six modes for tha€dtopomers.

Laser ablation of uranium in the presence efh@s also been used to produce
samples of U@ trapped in Ar and Ne matrices. Hunt and Andrew398) obtained
results for UQ in Ar that were in excellent agreement with thedgtby Gabelniclet al.
(1973b). Spectra for the high-frequency modes ©f h a Ne matrix were recorded by
Zhou et al. (2000). They noted a slight blue shift of the d&rrelative to the Ar matrix
results (12.8 and 14.8 ¢ Density functional theory calculations yielded G,
equilibrium structure with bond angles of 158.88 400.6°.

Oxide complexes were also formed in the lasertiabla— matrix isolation
experiments. Hunt and Andrews (1993) tentativelsicgased features in the Ar matrix

spectra to (0O;)(0O,) and UQ-O,. These assignments were deduced from isotopic
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substitution, photolysis and matrix annealing ekxpents. In the Ne matrix, Zhoet al.
(2000) identified bands ol{O;)(O;) and the anionic complex,AJO;,.

The IR absorption spectra for matrix isolated Run@d Pu@ were investigated by
Green and Reedy (1978). Vapor phase samples foosd®n were generated by
sputtering Pu metal from a hollow cathode. Ar &mdvere used as the host materials,
with a trace of @ present to form the oxides:®0 substitution was used to facilitate
assignment. Prior to annealing, several lines weserved for PuO due to the presence
of multiple trapping sites. On annealing, onehwse sites proved to be the most stable,
yielding a vibrational frequency for B{D of 822.2 cit. This frequency exhibited a
modest red shift to 817.3 ¢hwhen the host material was changed to Kr.

The antisymmetric stretch of Pu@as observed in both Ar and Kr matrices
(794.2 and 786.8 chrespectively for PYO,). As for PuO, the shift was consistent with
the physical change of the guest-host interactiesulting from the change in the
polarizability of the host. The symmetric stretclaswonly detected for thEOPU?O
isotopomer. These data clearly indicated that Fhe3 a linear symmetric equilibrium
structure. Green and Reedy (1978) searched forsbaduQ in their data, but could not
find evidence for the presence of this speciekeir samples.

39.4 SPECTROSCOPIC STUDIES OF ACTINIDE HALIDES
39.4.1 Vibrational spectroscopy of Uk, NpFs and PuF;

The actinide hexafluorides are particularly sugafor gas-phase spectroscopic
investigation as they have significant vapor pressat ambient temperatures (Frlec and
Claassen 1967). IR spectra have been reportetdFgr NpR and Puk. In addition,
Raman spectroscopy has been used to study theati®vie bands of UF From these
data it has been established that these molecaies dctahedral equilibrium structures.
The patterns of vibrational energy levels of theleooles are similar, which is a
consequence of having the heavy metal atom at enéeic of the structure (Kim and
Mulford 1990). This causes the An-F bonds to actewvhat like local mode oscillators
(Personet al. 1986). For Ank molecules there are three stretch vibrational rmode
(V1(A1g), V2(Eg) andvs(T1y)) and three bending modes({T1y), Vs(T2g) andvs(T2y)). The
stretch and bend frequencies cluster into two ggougor example, for UfRhe stretches
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are in the range 606451 ¢nand the bending frequencies span 174+23 ¢&im and
Mulford 1990). The frequency spread within the tgroups decrease with increasing
mass of the central atom. Only the and v4 modes are IR active, but all six
fundamentals for the three molecules have beeweatefrom observations of overtone
and combination bands. Rotational analyses havae bagied out for the stronger IR
bands, yielding rotational constants, Coriolis ¢ants and higher order rotation-
vibration interaction parameters. There have beanyntheoretical studies of actinide
hexafluorides and these have been discussed inéHap

As UF; is of technological importance (and relatively ye@as handle) it has
received the most attention. In part, this worls teeen motivated by the hope of
developing efficient laser-based isotope separasohemes that rely on selective
excitation (Takeuchiet al. 1989; Okadaet al. 1995; Baranovet al. 1999). IR
multiphoton dissociation of WFhas been observed in several studies and selective
excitation has been used to demonstf#tg/>*®U isotope enrichment via dissociation or
vibrationally mediated enhancement of reactivityaljihowitz et al. 1978; Tiee and
Wittig 1978; Korenet al. 1982; Averinet al. 1983; Oyamaet al. 1986; Takeuchet al.
1989; Okadaet al. 1995). Challenges in devising selective excitatsmhemes are
associated with the thermal population of vibratityn excited levels and the small
isotope shifts resulting from the central positafrihe U atom.

To put the thermal congestion problem into perspecit is estimated that 99.6%
of UFs molecules populate vibrationally excited levels aattemperature of 300 K
(Aldridge et al. 1985; Kim and Mulford 1990). Consequently, eadfrational band in
the room temperature spectrum of U& the result of multiple overlapping transitions.
To mitigate this problem, many of the earlier spesitopic studies utilized low
temperature cells. Due to the concomitant drofnénequilibrium vapor pressure, long-
path absorption techniques were required to achmeeasurable absorbances, and this
resulted in a practical lower limit for the celliperature of about 160K. A particularly
notable example of this kind of study is that of Mevell et al. (1974), where 44
vibrational bands were characterized using a coation of IR and Raman
measurements. Isotope shifts were measured, guoadratic harmonic force field was

derived from the full data set. The isotope slaiftthev; fundamental, which is the most
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intense absorption feature, was just 0.65'crA much larger isotope shift of 18 &rhas
been reported by Zhargg al.(1996) for the 8; overtone.

Further progress with YFwvas enabled by applying the technique of isentropi
expansion cooling (Baronoet al. 1981; Aldridgeet al. 1985; Yato and Yamaguchi
1992). Gas-phase samples with internal temperaagsdsw as 40 K were obtained by
this method, permitting the observation of speuthere transitions from the zero-point
vibrational level dominated. High-resolution spacfor both thermally and expansion
cooled Uk have been recorded using tunable diode lasersiaili rotationally resolved
spectra have been recorded for the fundamental FeU(Aldridge et al. 1985),
2%U(Aldridge et al. 1985), and®*®U(Yato and Yamaguchi 1992) isotopesh+vs
(McDowell et al. 1985), and 3y (Krohn et al. 1988). An extensive set of rotation-
vibration molecular constants have been developedJfs, and can be found in the
references given here.

IR and Raman spectra for matrix isolateds Wlave been reported (Paieé al.
1976; Holland and Maier 1983). For g Ar, Paineet al. (1976) observed five
fundamentals and six combination bands. The frecpeshifts caused by the matrix
were less than 1%. In situ photolysis, which peatlUF, was also investigated.

Moderate resolution IR spectra for Njpdhd Puk were very similar to the results
for UFs. Band contour analyses were used to derive beagoh® and Coriolis constants
from these data (Frlec and Claassen 1967; Pessah 1986; Kim and Mulford 1990).
In their analysis of the systematic trends forsages An=U, Np, Pu, (Persehal.1986)
noted that the IR transition intensities decreagi wmcreasing atomic number for the
metal.

High-resolution gas-phase IR spectra for Nafd Puk have been recorded using
thermal cooling to reduce the spectral congestimblpms. As compared to LJRhe
rotational structures for the bands of Nphd Puk are complicated by the partially
occupied 5orbitals of the metal atom. The ground state igométions are Hand 5° for
the Np and Pu hexafluorides, respectively. Thisyglcation is most significant for
NpFs, as the single unpaired electron results in hafger total angular momentum
states. Mulford and Kim (1996) have analyzed piytr@solved rotational structures for

the vz andv;+v; bands of Npk: Scalar molecular properties were derived froeséh
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data, but they did not attempt extract tensor pitogge Spectra and analyses for vhevs,
V,+vz and 33 bands have also been reported (Kim and Mulford®)1.98

Resolved rotational structure has been analyzethéov; fundamental of Puf-
In this study it was found that the P and R brasclodlowed the expected rotational
energy level pattern for an octahedral moleculetestdo a triply degenerate vibrational
state. However, the Q-branch lines deviated friois model, indicating mixing of the
level with excited bending levels{Kim, 1988 #98} ..

39.4.2 Electronic spectroscopy of actinide hexahalides

Electronic spectra have been recorded fog, WpFs and Puk in the gas phase
and for samples isolated in cryogenic rare gasiceatr As noted above, YI5 unique in
this group as the ¥ ion is closed shell. Consequently, the lowestgnéansitions of
UFs are formally metal-to-ligand charge transfer bandsle those of Npgand Puk are
metal-centeredH transitions.

The absorption spectrum of gas-phases WRows a series of broad bands
(Steindler and Gunther 1964; Lewet al. 1976; McDiarmid 1976; Buecher 1977;
Oldenborget al. 1978), starting at a transition energy of 3.03 elocal absorption
maxima are seen in the regions of 3.2-3.4, 3.8ahf,5.4-5.8 eV. The absorption cross-
section increases with increasing excitation eneagyl the features above 4 eV are far
stronger than the lower energy bands. Theoretakdulations (Koellinget al. 1976;
Boring and Hecht 1978; Boring and Wood 1979; Hag3)9indicate that the lower
energy bands belong t«g type transitions that are electric dipole forbidde.g.,
promotion of an electron from the fluorine y§2 orbital to the 4, 13y, or 5y, f-
orbitals). They are either magnetic dipole allowsdthe transition is facilitated by
vibronic interactions. The bands at energies aldobeV range are attributed to electric
dipole allowed transitions where the electron isnpoted from the highest energy
symmetry MO of the F atoms (flg}) to the metal 6orbitals. Vibronic structure could
not be resolved in the gas phase, but highly stradtspectra were obtained from dJF
isolated in solid Ar at temperatures below 15 Kwlseet al.(1976) used the results from
theoretical calculations to assign their matrixcsfze Five separate electronic transitions
were identified in the 3-4 eV range. Similar réswVere reported by Millegt al. (1979),
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who achieved slightly better resolution by usindpigher Ar/UFs dilution ratio. The
vibrational frequency changes resulting frpref electronic excitation show a systematic
decrease in the stretching frequencies. Due sethbanges, each electronic band system
exhibits long progressions of overtone and comknadiands.

Electronic states of WFat energies up to 28.5 eV were probed by Srivastaual.
(1976) using inelastic electron scattering. THew-resolution spectrum was in good
agreement with the optical absorption data at eeerfelow 6.3 eV, and revealed
numerous high-energy states that have large optioak sections. At energies above the
ionization limit (14.14 eV), the features in thelastic scattering spectrum correspond to
auto-ionizing resonances. A particularly intenaadin the 12-14 eV range observed by
Srivastaveet al. (1976) has been used to interpret the unusudileisvavelength multi-
photon processes that result in the ejection‘cdttl U* from UR.

Photoelectron spectra for gas-phase bive been examined for removal of both
valence and core electrons (Maartenssbral. 1984; Beachet al. 1986). The lower
energy region of this spectrum (electron bindingrgies of 14.14-17.5 eV) consists of
five features when recorded at a resolution of €// These bands are assigned to
removal of electrons from orbitals that are prinyaFi 2p, with some admixture of U%
and 3. Detailed discussions of this region of the phigicteon spectrum have been
presented (Onoeet al. 1994; de Jong and Nieuwpoort 1996; Peradtaal. 2005;
Kaltsoyanniset al. 2006). In agreement with earlier theoretical as@dy these studies
find that the HOMO for Uk is 4ys, t1,. However, in the analyses of their data, both
Beachet al. (1986) and Maartenssagt al. (1984) conclude that the HOMO is aft
symmetry. The question of the correct assignmemanes unresolved. Clearly,
reassignment to an orbital @f symmetry has implications for interpretation ot th
intensity patterns seen in the visible and nearad§orption spectra.

Higher energy photoelectron spectra show featooeesponding to removal of
the U 4, 4f, 5p, 5d, and F % electrons. Shifts in the energies of the metaitais,
relative to those of uranium metal, have been dsed in terms of configuration
interaction models (Maartenssenal.1984).

Miller et al. (1979) and Grzybowski and Andrews (1978) examithedemission
spectra resulting from pulsed laser excitation &%/Br matrices. Vibronic relaxation
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was found to be rapid and the emission spectra (f@r@ given matrix site) independent
of the excitation wavelength. A fluorescence delifiegime of 600us was observed,
indicative of an electric dipole forbidden tranmiti

The fluorescence decay kinetics of JUf the gas phase has also been examined
using pulsed laser excitation (Oldenbe&tgal. 1978; Wampleet al. 1978d; Wampleet
al. 1979c; Riceet al. 1980; Barano\et al. 1999). Oldenborgt al. (1978) found that the
relative fluorescence quantum yield decreased wnitteasing excitation energy over the
range 3.0-3.3 eV. For excitation at 3.15 eV thégesved non-linear self quenching
kinetics that extrapolated to a collision-free fiescence decay lifetime of 4. Taken
with the radiative lifetime from the matrix studhjs was consistent with an estimate for
the fluorescence quantum vyield of 0.07. Oldenbetr@l. (1978) proposed a two state
collision-induced electronic energy transfer mottelaccount for these observations.
Quenching of electronically excited kJBy foreign gas collision partners has also been
explored (Wampleet al. 1978b; Wampleet al. 1978a; Wampleet al. 1978c; Wampler
et al. 1979a; Wampleet al. 1979Db).

The dissociation energy for the process UFUFs + F is estimated to be 3.0 eV,
so all of the electronically excited states haves thossibility of undergoing
predissociation (Armstrongt al. 1994). Vibronic structure has not been reportedtie
states above 4.0 eV, and this may be a consequdncapid predissociation and/or
excitation to states that undergo direct dissammati It has been shown that photolysis
occurs at all absorption wavelengths below 407 8/ ¢V) (Baranowet al. 1999). The
photodissociation dynamics associated with 4.66egdtation have been characterized
by measuring the recoil velocity of the ejectedténas under collision free conditions
(Kroger et al. 1978). The fragments were produced with a notrapec angular
distribution, indicative of rapid dissociation froenstate with lowered symmetry (e.g.,
Jahn-Teller distortion). The F atom velocity distition was bimodal, which suggests
that two dissociation channels were operative.

There have been relatively few studies of thetedaac spectrum of gas-phase or
matrix isolated Npk Gas-phase spectra covering the range from @.%e¥. were
reported by Steindler and Gerding (1966). Two psowf structured bands were
observed near 0.94 and 1.18 eV. Both had smatirptisn cross-sections. At energies
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above these features the spectrum did not showessweibronic structures. A broad,

weak absorption in the 2.1-3.0 eV range was foltblwg a steady climb in the absorption
strength from 3.0 eV onward. Intense absorptiorima were located at 4.8 and 5.6 eV.
This pattern reflects electric dipole forbiddehtransitions at low energies followed by
allowed ligand to metal charge transfer bandsgtidr energies.

Beitz et al. (1982) used pulsed laser excitation at 1.16 eVexamine the
fluorescence decay lifetime and quantum vyield far bbwest excited states in the gas
phase. They reported a lower limit of 3.5 ms foe tifetime and estimated that the
guantum yield was near unity.

Mulford et al. (1991) subsequently investigated the low energucsired
transitions of Npkisolated in solid Ar. The band systems were attarezed using both
absorption and laser induced fluorescence techsidlige lowest energy transition was
assigned to they4,—13ys, electron promotion. In addition to the origin Harall
fundamentals with the exception @ were active in the spectrum. The changes in
vibrational frequencies that accompanied electr@xicitation were small, as would be
expected for ari-f transition. The fluorescence decay lifetime & I3, state was 4.6
ms. The second electronic band system, ascrib#tetd;,—5y;, promotion, consisted
of the origin band and the andvs fundamentals. All of these transitions were dedbl
by a matrix site effect that produced a splittifigapproximately 20 cih Mulford et al.
(1991) noted that it was surprising that only tighlr energy transition was subject to a
site splitting, but the cause for the selectivitiget could not be determined.

Survey absorption spectra for Ruiwere reported by Steindler and Gunther
(1964), and Walters and Briesmeister (1984). Sdweeak vibronic band systems were
found in the 0.5-2.3 eV range, corresponding terées off-f transitions. Above 3.0 eV
the absorption strength increases dramatically has allowed charge transfer bands
become accessible. These higher energy bands tdshow structure, but have broad
local maximum at 3.93, 4.96, 5.51, and 5.93 eV. féksNpFs;, most of the subsequent
spectroscopic work has been focused on the stedfdiband systems.

In the near IR and visible spectral ranges, vibnal resolved spectra for gas-
phase and matrix isolated Ru¥e quite similar, but there are some intriguirftetences
in detail for the lowest energy band systems. Tétemal calculations show that
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transitions in the 0.5-0.7 eV range (often denatedthe 2.3um band) are associated with
the 4/7,—13ys, electron promotion (Koellingt al. 1976; Boring and Hecht 1978). The
(4y7)* configuration gives rise to a {1y, ground state while (4,)'(13ys,)" yields states
of ()3 (1) ag, and (1)'sq symmetry (the numbers in parentheses indicatestieegy
ordering for states of a given symmetry). The ditgon from I'1g4 to I'4g iS magnetic
dipole allowed, but transitions to thigy andI'sy states are both electric and magnetic
dipole forbidden. Vibrationally excited levels dfe latter can be observed due to
vibronic mixing. In their analysis of the gas-phaspectrum, David and Kim (1988)
concluded that (I)gis lowest in energy, separated fromlgh)and (1) sq by intervals of
0.03 and 0.15 eV, respectively. Transitions td'{Jand (1)sq were enabled by the;
andvsmodes. For Pufsolated in solid Ar, Dewegt al.(1986) proposed an assignment
scheme where (I} lies below (144, and the bands of the (k)< (1)I'14 transition are
red-shifted relative to those of the gas phaseppyaximately 690 cim. In light of the
anomalous matrix shifts that have since been enecethfor UQ and CUO (Zhou et al.
2000), these differences suggest that th€sglX1) 4 and (1)sq States are perturbed
and possibly re-ordered by the Ar matrix host.

The second group, known as the {uf bands, is associated with thed>5y7,
electron promotion. This excited configuration gwoes states of (R)g and (2) 14
symmetry, with the (2)44 state lower in energy. The gas-phase (David ainu ¥088)
and matrix (Deweyet al. 1986) data for these transitions are in reasongolyd
agreement and confirm the theoretical predictiohbe matrix bands show red-shifts of
just 10-15 crit. In the gas phase the {2y« (1)'14 transition is enabled by the
vibrational mode.

The third group of bands (048m) has been assigned to asltg—(1)['1q and
(2)I3«—(1)I14 transitions, both enabled by tiigandvs vibrational modes. Again there
was good agreement between the gas-phase and mmpéckra for this spectral range.
Based on the calculations of Boring and Hecht (JL.9h@ upper states are assigned to the
two-electron excited §5,)? configuration. The 0.8m bands were found to be the only
features that exhibited clearly discernabl®u/*%Pu isotope shifts (0.3 to 1.2 &nin
spectra recorded at a resolution of 0.05'cfi{ugel et al. 1976). Doppler limited,
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rotationally resolved spectra have been recordeth® (2] 34+vs<—(1)'1g band (Kimet
al. 1987). A partial assignment of these data waseaed and it appeared that the
excited state structure was consistent with corsenv of the octahedral equilibrium
geometry.

Moving to still higher energies, the matrix spacthow well-resolved vibronic
band systems at 2.0-2.3 eV (Dewatyal. 1986). The first few bands in this range have
been attributed to the @B)«(1)['14 transition, and the remaining features are
unassigned.

The fluorescence decay kinetics of electronicahgited Puk are complex, and
have been the subject of several studies (EBxitd. 1982; Barefielcet al. 1983; Rice and
Barefield 1985a; Rice and Barefield 1985b; Patlkl. 1986). The radiative decay rates
have been estimated from the absorption crossossatibtained for matrix isolated RuF
Lifetimes of 190 ms, 6.4 ms and 4 ms were calcdl&te the upper states of the 2.3, 1.0,
and 0.8um bands, respectively (Dewey al. 1986). The measured fluorescence decay
lifetimes were much shorter, indicative of both rfameous and collision induced
electronic energy transfer. In the gas phase|dwepressure lifetime for the 2.8m
emission was 0.218 ms (Beiet al. 1982), corresponding to a fluorescence quantum
yield of 10°. Excitation of Pukin the 0.8um region results in short-lived emissions
from bands at 1.0, and 1,8n, along with much slower emission from the g8 band.
The kinetics of these processes have been exanmratail by Paclet al. (1986), who
were able to show that electronic relaxation octyrdirect parallel processes rather than
sequential cascade. In addition to work on theds=ctivation kinetics, there have been
a few studies of fluorescence quenching inducedatlisions with HF, H, D,, rare gases
and a range of other small molecules (Barefadlél. 1985; Riceet al. 1985; Riceet al.
1986). Quenching of the 2/n fluorescence was found to be mediated by physical
processes, rather than reactive removal.

UCls is the only other actinide hexahalide for whicls-ghase spectra have been
published. The visible and UV absorption bands wevestigated at a temperature of
380 K to achieve an adequate vapor pressure (HastWilson 1971). The spectrum
consists of a broad, weak feature in the 2.4-2.Taa\ge. Above 2.9 eV a much stronger

absorption begins, and this has not reach a maximyr8.1 eV, where the reported
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spectrum ends. Apart from being shifted down iaergy by about 0.75 eV, the spectrum
of UClg strongly resembles that of kIF Photoelectron spectra for the valence electrons
of UClg (Thorntonet al. 1979) also have a marked qualitative similaritytte results for
UFes. The ionization energy for the hexachloride is28leV and there are five bands in
the 11-14 eV range. Thornt@at al. (1979) used scattered wave: Xalculations to guide
their interpretation of the spectrum. As expectid, valence orbitals are primarily
constructed from the Clp3orbitals. The HOMO was identified agg tig. This
assignment has been supported by more recent yiémsdtional calculations, but, as is
the case for U§ it poses a problem for the interpretation of #esorption spectrum.
The weakness of the lowest energy ligand to megakter band is difficult to explain if
the transition is not symmetry forbidden.

39.4.3 Vibrational and electronic spectra of actinide tetrahalides

The tetrahalides are model systems for studiescbhides in the +4 oxidation
state. Experimental studies have focused on thg éé¥pounds with M=Th and U and
X=F, Cl, and Br. One of the interesting differesideetween these compounds is that
Th*" is closed shell while ¥ has two electrons in thef Brbital. Gas-phase electron
diffraction measurements, IR spectra and theotett@dculations all support the
conclusion that the ThXcompounds have tetrahedral equilibrium structkemnings
and Hildenbrand 1998). For UXhe open shell ground state may be subject to a
significant Jahn-Teller distortion, and there hasrbsome disagreement concerning the
equilibrium structures. The earlier studies seetneslipport structures with symmetries
lower than T. Evidence of distortion was derived from electraiiffraction
measurements, matrix IR spectra and calculatiorgasfdard entropies using estimated
spectroscopic constants. For example, it was gesdlithat the entropies for WRnd
UCI, were too low when calculated under the assumpifofiy geometry (which has a
symmetry number of 12), but this discrepancy cob& removed assuming axC
symmetry, which has a symmetry number of 2. Sulpsely investigations have
concluded that deviations fromy Bymmetry for the UX compounds are very slight or
non-existent. Re-analyses of the electron diffoactdata for both UfFand UC} are
consistent with the Tlgeometry, details of the matrix IR spectra thdidated symmetry

33



lowering have been shown to be site splitting é¢ffeand the entropy calculations have
been corrected by the use of more accurate vilr@tivequencies (Haalaret al. 1995;
Konings and Hildenbrand 1998).

Systematic studies of the photoelectron spectrthioM=Th and U and X=F, ClI,
and Br tetrahalides have been carried out by Dyl @-workers (Dykeet al. 1980;
Dyke et al. 1981; Boerrigteet al. 1988; Beechingt al.2001). The results show that the
spectra for all of these molecules are closelylamnand that the general features of these
spectra can be understood in terms of a fairly Emmlecular orbital model. Spectra for
all six molecules are shown in Fig. 39.5, whicladapted from Beechingt al. (2001).
The most obvious difference between the TlaXd UX, spectra is the occurrence of a
low energy peak for the latter, which corresporal¢he removal of afselectron. This
peak appears at 10.32, 9.97, and 9.65 eV for Far@@l,Br, respectively. The next group
of features, which is common to both the Thetd UX, spectra, is assigned to removal
of electrons from orbitals that are primarily consted from X p (n=2, 3, and 4 for F,
Cl and Br). These atomic orbitals combined to poedmolecular orbitals that transform
asa; andt; (radial orbitals) anc, t; andt, (tangential orbitals) in the 4qTpoint group.
These are partially mixed with the metad &nd 3 orbitals, which transform as and
aH+t,.  Taking this mixing into account, Beechiagal. (2001) predicted that these X
np valence orbitals have the energy orderimg<3t,<le<lt;<4t,. As indicated in Fig.
39.5, the first five features of ThXand those above thd Heak for UX have been
assigned accordingly.

All of the theoretical studies carried out in neceyears have vyielded 4T
equilibrium structures for the MXspecies (Dykeet al. 1980; Boerrigteret al. 1988;
Pierloot et al. 1991; Gagliardiet al. 2000; Beechinget al. 2001; Peralteet al. 2005).
Studies aimed at interpretation of the photoeledpactra have noted two important
details that must be taken into account in ordexctieve satisfactory agreement with the
experimental data. First, although the metaloébital is quite deeply bound, it mixes
with the valence orbitals and must be includechadctive space (mixing withd3s also
significant, but to a lesser degree). Secondlyn-spbit coupling is important in
determining the orbitals. One manifestation of thke of spin-orbit coupling is the

evolution of structure in the p&/alance bands seen in going from /MWhich shows five
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resolvable peaks, to MBmwhere eight peaks are observed. This is ascribethe
increasing magnitude of the spin-orbit couplingstant with increasing atomic number
of the halogen (Beechingt al. 2001). The spin-orbit interaction for thé &ectrons
yields uz;2, and ey, spinors from § and %,. For t, us» is lower in energy, while the
reverse is true for,. Based on this ordering, and the fact that, dpecies have open-
shell ground states, Boerrigtetr al. (1988) assign thef HHOMO as %, ug.

Additional spectroscopic data for the Th3pecies are rather limited in scope. IR
absorption spectra have been observed for matiatesd Thi (Bukhmarinaet al. 1992),
ThCl, (Beattieet al. 1988), and ThBr(Beechinget al. 2001). Gas-phase data have been
obtained for the fluoride and chloride (Buchlet al. 1961; Konings 1996). In 4T
symmetry MX, molecules have vibrations af(v1), &v.), and two modes df symmetry.
The t;, modes are IR active and correspond to stretgh @hd bending ;) modes.
Lowering the symmetry breaks the degeneracies asdlts in the presence more IR
active modes. Spectra for Thisolated in rare gas solids (Bukhmaretaal. 1992) and
in the gas phase obeyed the selection rules expdoteTy symmetry. Gas-phase
vibrational frequencies 0f=520 (Buchleret al. 1961) andv,=116 cnm" (Konings 1996)
were reported.

Data for thevs fundamental ThGlisolated in solid Ne are also consistent with a
tetrahedral geometry, but Beatw al. (1988) found that the symmetry was lowered
when Ar, or Kr was used as the matrix host. Thersgtny information was derived by
using **CI/*’Cl isotope substitution to create distinguishabletdpomers. For Th&in
Kr, Beattie et al. (1988) speculate that two Kr atoms may coordirtatéhe metal,
producing a highly distorted octahedral-like stanet The gas-phase frequency forhe
fundamental is 335 cm(Buchleret al. 1961), whilev, has not yet been characterized.
The only IR data available for ThBis a measurement of thrgfundamental (229.8 ci)
in an Ar matrix by Beechingt al.(2001).

Gas-phase IR spectra and electron diffraction #atdJF, were recorded and
analyzed by Koningst al. (1996). Rotational band contours were obtainedéih the
vz (539 cm') andv, (114 cm') modes, with the former showing a clear P/Q/R type
envelope. The electron diffraction data, which paelviously been used as evidence for

a distorted equilibrium structure, were shown tacbesistent with a Jstructure. Matrix
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spectra for U show complex splitting patterns that were inteiguteby Bukhmarinaet

al. (1987; 1990) as evidence for a significant Jahiteeeffect, while Kunzeet al.
(1977) ascribed the same splittings to matrix sffects. The gas-phase data clearly
favor the latter interpretation.

UCl, is the most extensively studied molecule in tkises. Gas-phase IR spectra
yielded bands at 338 ¢h{vs) and 72 crit (v4). No other IR active modes were detected.
Haalandet al. (1995), who obtained these results, also extetigedetlectron diffraction
characterization and were the first to show that lditter indicates a qTequilibrium
geometry for UCG). This work inspired the reanalysis of the jUf#iffraction data
mentioned above. The electronic transitions of J@#re observed throughout the near
IR and visible spectral ranges (Morrey al. 1967). Well-resolved spectra for UCI
isolated in solid nitrogen at 4 K were obtainedlifton et al. (1969). More than 30
sharp bands were observed in the 0.5-3.1 eV (4800@cnt) range, and these were all
attributed to transitions between the states ayiiom the % metal ion configuration. A
LFT model was constructed for these states andntbeaction parameters were refined
by fitting to the observed energy levels. Surpgdy, this assignment scheme did not
identify any vibronically excited levels. Spectm the 3.7-5.7 eV were considerably less
structured. These bands were tentatively assignedetalf—d and ligand to metal
charge transfer transitions. Following this stu@ylber and Hecht (1973) obtained gas-
phase spectra for ULkt the level of vibronic resolution. They ider@d the first
electronic state just 710 c¢habove the ground state, and all bands below 3.ehé
again ascribed tbf bands. Gruber and Hecht (1973) also used a LFRdehto interpret
their data. Some discrepancies between their naukthat of Cliftoret al. (1969) were
noted, but the overall level of agreement was detxde.

Apart from the photoelectron data, spectroscopita dor UBJ, consist of a gas-
phase measurement of thefundamental (233 ctt) (Ezhovet al. 1989), an Ar matrix
observation of the same band (239.4%fBeechinget al. 2001), and a nitrogen matrix
isolation study of the electronic absorption bamdghe 0.5-6.2 eV range. Cliftoet al.
(1969) found that the spectra for UBnd UC}, were quite similar in both the visible and
near UV spectral ranges. As for Ydbands in the 0.5-3.1 eV range were assigndd as

transitions and analyzed using a LFT model for Hffe configuration. The LFT
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parameters obtained were reasonably close to tlhes/predicted from a simple point
charge model. The success of this approach comfinat the Horbitals retain much of

their atomic character in Ugand UB#.

39.5 MATRIX STABILIZED REACTION PRODUCTS
Matrix reactions of actinide atoms and molecuhed tvere studied through 2005,
many of which were discussed recently in chapteai& summarized in Table 39.6. The
observation of bonding interactions between actirsdmplexes and noble gas matrix
atoms (Ng = Ne, Ar, Kr, and/or Xe), are not incldde Table 39.6 as they are not
necessarily considered to represent conventioredctions”. Major developments in
matrix reactions reported since the review of ceiafiZ are described below. The new
compounds observed can be broadly classified akiglks, hydrides, organometallics,
and species with actinide-nitrogen or actinide-phosus bonds. The experimental
techniques are as described above in section 3%ikess noted otherwise, the products

from the reactions discussed below were trappadlid argon matrices.

39.5.1 Thorium and uranium hydroxides

In view of the importance of thorium hydroxide sigsdn aqueous chemistry, and
the nonexistence of solid crystalline Th(QHhe synthesis and characterization of the
Th(OH), molecule by Wang and Andrews (2005) is a partitplasignificant
accomplishment; Th(OH)was also identified there as a minor species. rEf@vant
reactions are as follows:

Th + HO, — Th(OH), (39.1)

Th(OH), + H,0, — Th(OH), (39.2)
Both of these reactions are highly exothermic. TigOH), molecule is somewhat
distorted from linear and Th(OKl)is nearly tetrahedral. The evident instability of
crystalline Th(OH) is attributed to the extraordinary stability of(is).

By reacting U atoms with #,, Wang et al. (2006) synthesized and
characterized three uranium hydroxide moleculegOHY),, UO,(OH), and UQ(OH)..
The assigned reaction mechanisms are as follows:

U + H,O, — U(OH), (39.3)
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U(OH), + H,O, — [U(OH)4* — UO,(OH), + Hy (39.4a)
— UO,(OH) + OH + K (39.4b)
The decomposition of excited state transient wranietrahydroxide (eqns. 39.4a
and 39.4b) contrasts with the stability of Th(QIdihd is attributed to the accessibility of
the higher U(V) and U(VI) oxidation states. Thactllated structures are line@s, for
U(OH),; C; for UG, (OH),, in which the uranyl moiety is nearly linear ahé HO-U-OH
bond angle is 108%andCs for UO,(OH), an approximately T-shaped uranyl derivative.
It was also found that (divalent) U(OHdearranges to the hexavalent uranyl dihydride,
H,UO,, which was previously found in the reaction of WhaH,O (Lianget al.2005).

39.5.2 Uranium and thorium polyhydrides

The several uranium hydrides previously producechatrices by the reactions of
uranium atoms with H((Souteret al. 1996; Souteret al. 1997a)—Table 39.6) were
recently reproduced by Raal al. (2007). Among the most important of these hydride
first identified in the earlier work are ;H, and UH, in solid neon, which were
considered to represent the first examples of #inide-actinide bond. A striking new
result of the recent study was evidence in solidrbgen matrices for new uranium
polyhydrides, UH(H2)x with x <6. The report of the large UHH,)s complex is
particularly significant due to the extraordinamynmber of hydrogen atoms bound to the
uranium metal center. The calculated binding enefgeach of the six FHmolecules to
UH, is ~10 kJ/mol.

The ThH and ThH molecules previously reported by Soustral. (1997b)—
Table 39.6) were again produced by reactions okfims with H in solid neon, and
characterized in greater detail, both spectrosetlgiand theoretically (Wanget al.
2008a). In addition to the ThHnolecules, in this recent work;ldducts with Thidin
solid hydrogen were also identified, Tk{H2)1234 Whereas Uklicoordinates up to six
H, molecules, the largest polyhydride of ThHas four H molecules, each with a
calculated binding energy of ~16 kJ/mol, whichigngicantly greater than that for each
of the six B molecules in Uk(H2)s. Bonding analysis revealed somewhat different
bonding in the uranium and thorium tetrahydrideyplairides, with ThiH being highly

polarized. In view of the previous report of HUURH, which there is U-U bonding
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(Souteret al. 1996; Souteet al. 1997a), the HThThH dimer was sought by Wanal.
(2008a), but to no avail.

39.5.3 Thorium and uranium organometallic complexes

The several recent matrix isolation studies of dfid U organometallics are
significant extensions of these types of studiesht actinides, and have resulted in
important advances in fundamental organoactinideemistry. Many matrix
organometallic studies af-block transition metal atoms have been reportedl tarse
new actinide results shed important light on tmailsirities and, more so, the differences
between thel- andf-elements. Such comparisons are presented in rhthet ceferenced
studies, and often point to a (surprisingly) sigiht role for the Horbitals, even in the
case of Th, which is often considered as a grodiybkbck element but quite clearly is not
such.

Thorium and uranium methylidene complexes havenbeeepared and
characterized. The elementaryG$ThH, and HC=UH, methylidene metal dihydrides
were prepared by Andrews and Cho (2005) and Lstaal. (2007a), respectively. These
complexes were synthesized by reacting the matat@tvith methane to form the;&-
MH insertion product, which then rearranges & transfer to give the }=MH,
product, equation 39.5 (M = Th, U); for M = U, th&C-UH intermediate insertion
product was also identified.

M + CH; — H3C-MH — H,C=MH, (39.5)

U is less efficient than Th at such methane atiima An intriguing aspect of
these species is the agostic interaction betweenobthe CH hydrogen atoms and the
actinide metal center, as indicated by structuistiodions and particularly the reduced
so-called agostic H-C-M angle which results frdme H’-M agostic bonding interaction.
In the case of lTh=CH,, this angle is similar to that in,Hf=CHy; for H,U=CH, the H’-
C-U angle is significantly smaller. Lyoet al. (2007a) calculated the structures for both
H,C=ThH, and HC=UH, using different levels of theory and consisterftyind a
significantly greater agostic interaction in thenium methylidene. Based on bonding
analysis, these authors attributed the greatertiagmderaction to a more favorable
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interaction with the U® versus Th(@) orbitals. Rooset al. (2007) theoretically
analyzed the agostic interaction in severgMHCH, complexes (M =Y, Zr, Nb, Mo, Ru,
Th, U) and similarly concluded that the particufastrong interaction in the case of M =
U is due to the distinctive character of the singtgupied 5orbitals. Andrews and Cho
(2006) have reviewed the methylidene results, ardpared the actinide ardiblock
transition metal methylidenes.

Lyon and Andrews (2005; 2006) synthesized the wheltne metal hydride
halides, HC=ThHX and HC=UHX (X = F, ClI, Br). These were formed by ingant of
the metal into the C-X bond, followed layH transfer to the metal center as in equation
39.6 (M =Th, U; X=F, Cl, Br).

M + CHsX — H3C-MX — H,C=MHX (39.6)

The HC-UF intermediate was also observed; the presum@&iHCI and HC-
UBr intermediates would not be seen in these ssudgethe U-Cl and U-Br stretching
modes should be below the low-energy cutoff of #pectrometer. As with the
corresponding BC=MH, complexes (M = Th, U), these monohalogenated niiddne
complexes exhibit significant agostic interactions.

Lyon et al. (2008) employed the reaction scheme analogoubkatbin equation
39.6 (M = U), but using as the reactant moleculeshgiene dihalides, Ciff,, CHFCI
and CHCI,. The expected three new uranium methylidene cexesl were synthesized,
H,C=UF,, H,C=UFCI and HC=UCL. For all three complexes the agostic distorti@sw
substantial; structural comparisons were made wih-agostic HC=WF, and other
H,C=MX,. The bonding analysis reveals the particular irgmee of the Borbitals in
the chemistry of uranium complexes. Using,E€l as the reagent molecule, &i al.
(2007) prepared the methylidenesG2ThFCI and HC=UFCI. A significant agostic
interaction was identified for both complexes, wiitle effect again somewhat greater for
the uranium complex. A particularly intriguing apdtentially significant result is that
the C; symmetry of these #&=MFCI molecules renders them chiral, with the tpdical
isomers at equal energy.

Reactions of Th atoms with several di-, tri-, atetra-fluoro, -chloro, and -
flurorochloro methanes were studied by Lyon and rang (2008), with the results

summarized in equations 39.7 — 39.16.
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Th + CHF, — H,.C=ThR (39.7)

Th + CHCl, — H,C=ThCb (39.8)

Th + CHFCl — H,C=ThFClI (39.9)
Th + CHR — HC=ThF; (39.10)
Th + CHC} — HC=ThCl; (39.11)
Th + CHRCl — HC=ThF.ClI (39.12)
Th + CHFC} — HC=ThFC (39.13)
Th + CR — FC=ThF; (39.14)
Th + CRCl — CIC=ThF; + FG=ThRCI (39.15)
Th + CRCl, — CIC=ThRCI + FG=ThFCh (39.16)

With the dihalomethane reagents, the most stabtelusts are the singlet
methylidenes (egns. 39.7-39.9). With tri- andaletdlomethane reactants (egns. 39.10-
39.16), the very strong bonding between thorium Hrel halogen atoms renders the
observed triplet methylidynes, designated assHEX3 or XC=ThX3 (X = F or Cl), more
stable. For reactions 39.15 and 39.16, the firshe indicated two observed products,
which corresponds to the maximum the number of THeids, is the more stable and is
accordingly dominant. The bonding analysis for thethylidynes indicates electron
transfer from the carbon atom to the metal cemibrch augments the weakbonding in
these electron deficient species. This electramsfier is enhanced by replacing F with Cl
on the metal and/or carbon atoms(s). There iseatiyl significant participation of the
Th 5 orbitals in thet-bonding orbitals.

The reactions of Th and U atoms with ethylene watuglied in argon matrices
(Andrewset al.2006). The thorium reaction is given by

Th éF) + GH, — Th(GH,) °A, (39.17)
The conclusion that the Tif-(C2H,) thorium cyclopropene product is a triplet corsas

with the theoretical prediction that the groundtestaf the gas-phase species is almost
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certainly singlet, and the discrepancy is attridute stabilization of the triplet state by
the argon matrix. Additional thorium moleculesulgbt to have been formed include Th-
n*(C:Ha)z (Cavw A1), Tha™-(CoH»)*, and Th-GCH, thorium ethynyl.  Uranium
cyclopropene, Uy-(C:H,) A1, was produced in the association reaction ana®gou
39.17. Also reported were the corresponding®y€,H-),, Un*(C,H,)*, and U-GCH,
uranium ethynyl. In the case of uranium, the itigerproduct, HUCCH, was also
reported. In a comparison with otherijfH{C,H,), Andrewset al. (2006) concluded that
the interaction between U and acetylene is thengast of those so far studied, and that
this interaction is almost as strong in the Th-gdeee complex. For these species, the
greater bonding interaction for U and Th, as corgavith Pd and Pt, for example, is not
attributed to significant participation of theif &rbitals but rather to the suitability of
their & orbitals for this bonding.

The reactions of excited state Th* and U* atomthwedthane Chet al. (2008)

produced new organometallic complexes accordirggt@tions 39.18 - 39.20.

Th* + C,Hg — CHsCH,-ThH () — CHs(H)C=ThH, (6) — CH,=CH-ThH; (t)  (39.18)
Th* + C;Hg — CH3CH,-ThH (i) — (CHy),-ThH; (d) (39.19)
U* + C,Hg — CHsCHx-UH (i) — CHg(H)C=UH; () (39.20)

Th was more reactive with ethane than U, as wasdke for methane. For U, only the
ethylidene dihydrided) was produced, whereas for Th the vinyl methylyride ¢) and
metallocyclopropane dihydrided) were produced. From the intermediate insertion
complex (), only a-H transfer occurs for U, whilf-H transfer additionally occurs for
Th; this is consistent with the calculated eneggeti The agostic interactions in the
actinide ethylidene dihydrides were greater thavipusly found for the corresponding
methylidene dihdrides, and the distortion was agagater for U than Th.

Lyon et al. (2007b) took advantage of the high affinity of nitan for halogen
atoms to prepare uranium methylidynes which coreptie elusive HC triple bond,
which had previously been reported by Zhatual. (1999b) in the CUO molecule The
five observed reactions, which proceed by halogamster from carbon to uranium, are

summarized by equations 39.21 - 39.23.
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U + CHX; — [XU-CHX3]* — [XU=CHX]* — X3U=CH (39.21)

U + Ckh — [FU-CRK]* — [FU=CRJ* — RU=CF (39.22)

U + CHCIR, — [FU-CHCIF]* — [F,U=CHCI]* — CIF,U=CH (39.23)
The three XU=CH (X = F, Cl, Br) and BU=CF are all stable hexavalent uranium singlet
species withCs, symmetry. DFT calculations confirmed that the Ub&@hd lengths and
orders accord with a triple bond. The bonding ysialindicates that thesC triple bond
is comprised of one-bond between Ulfe and Cspr hybrid orbitals, and twa-bonds
between Udfz and C pz orbitals; the uranium f5orbitals are clearly substantially
involved in the bonding.

The two actinide benzene complexes, $HE and Th(GHe), were prepared by
the reactions of U and Th atoms with benzene (tefan al. 2007b). The bonding in
these species was examined in detail by theorye ddlculated U-benzene binding
energy is 167 kJ/mol, with transfer of 0.17 elestrérom U to GHg; the bonding energy
in Th-benzene is larger and the charge transfemialler, this latter effect attributed to
the reduced availability of valence electrons facksdonation to the benzene ring. It
was predicted by theory that Ufds), (CsHs)U(CsHe), (CsHe)U2(CsHs), Th(CGsHe),
(CeHs)Th(CsHe), and (GHe)Tha(CeHs) should also all be formed exothermically by the
reactions of the metal atoms with benzene. Thesrobton of only the elementary
M(CeHe) (M = Th, U) complexes was attributed to limitatsoin reagent concentrations
which precludes aggregation to form the larger dewgs.

39.5.4 Species with actinide-nitrogen or actinide-phosphorus bonds
The strong inductive effect of the fluorine emmdyto stabilize the first uranium

methylidyne complex, F&JF; (see section 39.5.3) was employed by Andrewsl.
(2008) to produce the NUF; and RUF; molecules, these being examples efiNand
P=U triple bonds not accessible in condensed phasglexes. The reaction mechanisms
by which these new species were produced are @y@&guations 39.24 and 39.25.

U + Nk — FN-UF — FN=UF, —» N=UF3 (39.24)

U + PR — FP-UF— FP=UR, — P=UF; (39.25)
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These reactions are enabled by the formation afemdly strong U-F bonds at the
expense of the weaker N-F and P-F bonds. Thela&dcubond orders are 2.78 foelM
and 2.4 for BU, which are consistent with the respective catedldond lengths, 1.76
and 2.404, and energies, 460 and 176 kJ/mol. The enharukty af N to form a much
stronger triple bond than P with U is attributedtlyato the greater ability of the smaller
nitrogen atom to bond with thé &rbitals of uranium.

Wanget al. (2007) reported that Th atoms readily activate ammaccording to
the highly exothermic reaction pathway

Th + NH; — Th:NH;z — HoN-ThH — HN=ThH, (39.26)

The N=Th bond in the thorimine product is very skard strong, exhibiting some triple
bond character. The calculated electron configomati for Th is
[core] 7245 2%d? "*7p° %2 When the Borbitals were removed from the Th basis set, the
Th=N bond was elongated by 0.110 A and weakenetiBtiykJ/mol. It is thus apparent
that the b orbitals of Th substantially participate in theosg Th=N bond.

The reaction of U with Nglwas also studied by Wareg al. (2008b). In close
analogy with Th, the reaction sequence in equa&®87 was identified.

U + NH; — U:NH3z — H,N-UH — HN=UH, (39.27)

The high-energy BMUH3; isomeric nitride complex comprising hexavalentnimen was
absent. Of the four possible UNHsomers, calculations indicate thapNHUH and
HN=UH, are of approximately comparable stability, and significantly more stable
than the U:NH adduct and the 8 UH3 nitride. Bonding analysis of the uranium and
thorium amines and imines indicates that tiieofbitals substantially enhance the
bonding, more so in the case of U than Th. Intamdito the two intermediates and the
ultimate uranimine complex, the bis-ammonia compléi®NHs),, was also observed.

39.6 REACTIONS OF ACTINIDE ATOMIC AND MOLECULAR I®S AND
NEUTRALS IN THE GAS PHASE

39.6.1 Background and experimental methodologies
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Studies of gas-phase reactions are greatly fagtitby the ability to exert control
over a sub-set of the reactants and products. dgoestly the presence of charged
species is of great advantage and, therefore, wfodte research has involved ionic
species and the use of a variety of mass spectrpn(lS) techniques, either with
commercial or specially designed instruments.

Three main types of instruments have been empléyetn chemistry studies:
flow/drift tubes, ion traps, and ion beams. Flowtdechniques, e.g. flowing afterglow
(FA) or selected-ion flow tubes (SIFT), and iorpsae.g. ion cyclotron resonance (ICR)
and its more recent form Fourier transform ion eoyrdn resonance (FTICR) or
guadrupole ion traps (QIT), are best suited fodists of ion/molecule reactions at room
temperature, including kinetics measurements, waitdbeam or guided ion beam (GIB)
techniques permit studies of ion/molecule reactiomsr a broad range of collision
energies, due to a refined control over the kinetiergy of the reactant ions. The two
groups of techniques are essentially complemeraa in conjunction they provide
detailed kinetic, mechanistic, and thermochemictdrmation. At the fundamental level,
reactivity correlates directly with the electrorsituctures of the reactants and with the
energetics of the reaction processes.

The underlying principles, experimental techniqaesl methodologies for the
study of gas-phase ion/molecule reactions have lhdgndescribed in the literature:
theory of gas-phase processes (Armentrout 2003mmeAtrout 2004); instrumentation -
mass analyzers (McLuckey and Wells 2001; Arment2@@3b), ion sources (Vestal
2001; Armentrout 2003b); ion activation and disation (Armentrout 2003a; McLuckey
and Goeringer 1997; Sleno and Volmer 2004); ionrntdoehemistry (Ervin 2001;
Armentrout 2003b). Theoretical methods play an irtgod role in the elucidation of gas-
phase reactions and a comprehensive review of éhealr methods as related to gas-
phase ion chemistry studies has recently appeddedcéroet al. 2005). Experimental
studies of the gas-phase chemistry of bare antetigaetal ions have been the subject of
several excellent reviews (Russell 1989; Eller &odwarz 1991; Roth and Freiser 1991,
Weisshaar 1993; Schroder and Schwarz 1995; FréB@sa; Freiser 1996b; Schrdder
and Schwarz 1999; Schrédet al. 2000; Stace 2002; Armentrout 2003a; Operti and
Rabezzana 2003; Schwarz 2003; Nibbering 2004; BadimdeSchwarz 2005; Operti and
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Rabezzana 2006; Roithova and Schroder 2007; Boloo®) 2

In gas-phase actinide ion chemistry studies, ththads indicated above have all
been employed during almost four decades of reseavith an emphasis in the last
decade, when the studies were extended to the radi@active members of the series,
using a special MS technique designated laser iablavith prompt reaction and
detection (LAPRD (Gibson 2002a)) and FTICR/MS. Tk has encompassed a large
number of reactivity studies that have increasedoawledge of the chemical properties
of the actinides from Th to Es, and have produdéguifscant data for the thermodynamic

properties of actinide species, particularly oxides

39.6.2 Reactivity of neutral actinide species and ion chemistry of volatile actie
compounds

Many of the initial gas-phase chemistry studiesiving the actinides dealt with
volatile uranium compounds, particularly uraniunxdféuoride. The purpose of this
research was of a fundamental nature, but withicapbns for contemporary research on
uranium enrichment processes. The ionization otrabWFR; was studied in detail, as
well as the reactions of some the ionic produatséml with neutral Ugitself.

Negative ion formation in UFmolecules was studied by Stockdeteal. (1970),
who observed the formation of YHy charge exchange with §fand Uk produced
directly from electron attachment to bJF

McAskill (1975) studied the clustering reactioridid¢ in a medium-pressure ion
source coupled to a MS, and identified the formmatd U,F;;" from UR", U.Fio" from
UF;" and UWFs from UFyo'.

ICR was used by Beauchamp (1976a) to investidgegddrmation and reactions
of both positive and negative ions derived fromgUFhe processes observed included
clustering of UR" (n=3-5) with UF, formation of Uk by electron attachment and by
electron transfer from UF SK, and Cl, and detection of UE This work was followed
(Beauchamp 1976b) by a study of the endothermicticees of UF, generated by
surface ionization, with U BFs, and Sk, in which values for the electron affinity (EA)
of UFs and the first U-F bond dissociation energy (DVUiRs and UF were deduced.
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Compton (1977) performed a detailed study of pasitand negative ion
formation in Uk. Cross sections were determined for positive amétion by electron
impact ionization, and for negative ion formationddectron attachment and by reaction
with alkali atoms in crossed beams. From these dageriments, a lower limit for
EA[UF¢] and values for EA[U§] and D[RkU-F] were obtained.

Crossed beams were also used by Ma#tual. (1977) to study the ionization
reactions of UF with alkali atoms and dimers. Lower limits for B#fs] and EA[UR]
were reported.

The FA technique was used by Streit and NewtoB{L8 examine the process
of electron transfer from negative ions (halides &%) to UFR. This work included
measurements for the rate coefficients.

The same technique was later employed by StrdiBaicock (1987) to study the
reactions of UF with a variety of positive ions (rare gases, atorand molecular
nitrogen and oxygen) that produced ions of the ty#g" with n = 3-5; these ions
subsequently reacted with k)6 produce cluster ions,B,". The authors also reported
the first gas-phase hetero-ligand uranium ion YJQérmed in the reactions of,.8" and
HsO" with UFs. Oxo-fluoride uranium anions, Ug@Fand UOKF, were observed as
products of the reactions of @d Q with UF.

Another volatile uranium compound, uranium tetddoyporate, was also
examined. Armentrout and Beauchamp (1979) used tGRstudy some of the
thermodynamic properties of U(BH that included the determination of its IE and
enthalpy of formation, as well as several bondatigdion energies for the parent neutral
and its positive fragment ions. The formation @& tholecular anion by thermal electron
attachment was observed. An upper limit for EA[U¢RHwas inferred from the absence
of reactivity of neutral U(Bk), with F and NQ'. The reactions of both positive and
negative ions in U(Bk), alone were studied and several clustering reactioare
identified. Based on the thermodynamics results, athors noted that the use of
U(BH,)4 as a source of atomic uranium was justified whanpared with UE:

Babcocket al. (1984a) studied the ionization-fragmentation oBHf), in a FA
apparatus and identified the positive ions formgddactions with Heand N/N,", and

the negative ions formed by attachment of therrteadteons. Fluoride transfer with §F
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BF4, and UFR (n = 5-7) and reactions with other small ions, @, NO,, F, CI, ;")
were described.

The same authors (Babcoek al. 1984b) used the FA technique to study the
ionization-fragmentation of the archetypal actinidgganometallic molecule bis-
cyclooctatetraene uranium(lV), Uf8s),, or uranocene. The reaction with 'Heoduced
U(CgHs)" and U(GHe)" as the most intense ions, while witd/N," the only uranium
containing ions observed were WH;)," and U(GHs)". As for the negative ions, non-
dissociative electron attachment was observednbuteactions were detected with, O
O.,, F, CI, SK/, or U

Finally, a few experimental studies of the reawiof atomic uranium have been
described involving oxidants. Langt al. (1980) used crossed molecular-beams to
examine UO production in the reactions of U with RO, NG, N,O, CQ,, and SQ, and
measured the respective cross sections. JohnseBiandi (1972) reported the chemi-
ionization of uranium by the association reaction with ® form UQ" in a drift
mobility-tube MS apparatus. The same type of poaeas described by this group for
the case of thorium (Johnsenh al. 1974). The chemi-ionization reactions of U with O

and NO were also studied by Dylet al. (1988) using electron spectroscopy.

39.6.3 Reactivity of atomic and molecular actinide ions in the gas phase
39.6.3.1 Reactions with hydrocarbons

Hydrocarbons, alkanes and alkenes in particula, canvenient substrates to
establish correlations between the electronic goméitions of the reactant ions and the
reaction products and mechanisms, as extensivehpnstrated in the past two decades
(Eller and Schwarz 1991; Schréder and Schwarz 199frti and Rabezzana 2006).
Hydrocarbon activation by metal ions generally pexts by oxidative insertion into a C-
H or C-C bond, which requires two chemically activedence electrons at the metal
center, such as in {C-MH} or {C-M *-C} intermediates. Early examinations of reactions
of lanthanide ions (LY) with hydrocarbons in the gas phase, by the graip&reiser
(Huang et al. 1987), Beauchamp (Schiling and Beauchamp 1983meftrout
(Sunderlin and Armentrout 1989), and Schwarz (Cadreeal. 1995), have demonstrated

the utility of this type of chemical reactivity @lucidating the role of electronic structures
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of 4f-element ions in inducing bond activation. Therefoproduct distributions and
efficiencies of the reactions of actinide ions watlkanes and alkenes were also studied
and interpreted in the context of the electronmafigurations of the ground state and low-
lying excited states of the ions, in order to edate the role of thef%lectrons at the
actinide metal center.

The first studies of actinide ion/hydrocarbon tedty in the gas phase, by
Armentroutet al. (1977a; 1977b), examined in an ion beam instrurtiemtreaction of
translationally excited Uions with CQy to produce UD, which was characterized
thermodynamically.

Subsequent studies of actinide ion/hydrocarbowticaes focused on reactions
under low-energy conditions, where only inherenthermoneutral or exothermic
reactions are observed. The initial low-energy issidemployed FTICR/MS to
characterize reactions of UTh", and the corresponding oxides with hydrocarbamshé
first report of this type of experiment (Liareg al. 1990), preliminary results for the
activation of 1,3,5-tri-butylbenzene by Uwere described. Another preliminary account
from the same group (Lealt al. 1993) described the reactions of E@nd TH with
benzene and substituted benzenes.

Heinemanret al. (1995) carried out the first detailed study of thactions of U
with alkanes and alkenes. A variety of C-H and ®d@hd activation processes were
identified, which occurred at higher kinetic eféiocies compared with Ndthe congener
from the Ln series. The cyclotrimerization of ettig mediated by Uto form the
uranium-benzene ion was also described.

That U does not react with methane or ethane, in conccerewith the
observations of Heinemarmat al. (1995), was reported by Marcadd al. (1995) who also
described the activation of the same alkanes By ilfitlicating an increased reactivity of
this ion as compared to*UThe same authors (Marcadd al. 1996) later extended the
work with Th'" to larger alkanes and to alkenes, confirming ilgl heactivity of this ion,
and also presented a preview dfrbetal ion reactivity based on comparisons of the
available data on lanthanide, thorium, and uranmms.

Cornehlet al. (1997a) performed a study of the activation of rogdrbons by
mono- and dioxocations MGind MQ" of Th, U, and their counterparts in the lanthanide
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series, Ce and Nd, as compared with the bare rnetal thereby providing the first
detailed study of the effects of oxo ligands inrade ion reactivity. The monoxides and
UO," proved to be rather unreactive while, in contra&3Q" and ThQ" reacted
efficiently with different substrates by abstraaotiof a hydrogen atom or by oxygen atom
transfer to unsaturated hydrocarbons.

The reactions of A An**, AnO" (An = Th, U), and U@ with several arenes
were studied by Marcalet al. (1997a) which gave a new comparison of the reiytof
bare and oxo-ligated Arions, again showing a decrease of reactivity asffatt of the
oxo ligation. This work constituted the first examaiion of the reactivity of doubly
charged actinide cations, An and revealed a significant reactivity of thesasian
activation of the arene bonds, beyond the expeddtsdron-transfer reaction channels.

FTICR/MS was also used by the group of Srzic andsklc to investigate the
ligation of U™ by polycyclic aromatic hydrocarbons (Srat al. 1997a; Srzicet al.
1997b; Kazaziet al.2006; Kazaziet al. 2005).

Another ion trapping technique, QIT/MS, was usgdJhcksonret al. (2002) to
explore the differences of the technique relatovETICR/MS, in a study of the reactivity
of Th', U', ThO', UO", and UQ" with 1,2,3,4,5-pentamethylcyclopentadiene.
Representative L'nand LnO ions were studied for comparison with the actinioies,
and with a previous FTICR/MS study of the Ln catigMarcaloet al. 1997b). Based on
several experimental observations, it was concludatithe different pressure regimes of
the two ion traps were responsible for the obsedrtferences in reactivity.

Following the initial FTICR/MS studies that inveld the naturally occurring and
low radioactivity members of the actinide seriesaftd U, the special LAPRD technique
came into play and was systematically employedxteral the reactivity studies of An
and AnQ ions to Pa and the transuranium actinides, NpsoThe least radioactive
isotope available in sufficient quantities for eabment was employed in the LAPRD
studies, as follows**'Pa, 2'Np, ?*Pu, **3Am, 2*Cm, 2Bk, 2*°Cf, and***Es; the last
being the shortest-lived isotope studied, with I&lifa of 20 days.

The LAPRD setup was first tested by Gibson (198@eactivity studies of Lh
cations with cyclic hydrocarbons, which by compamisvith previous FTICR/MS studies

of the same systems, validated the experimentabapp. Following this success, Gibson
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(1997b) applied the LAPRD technique to the reastioh Th and U metal and metal
oxide cations with gand G cyclic hydrocarbons.

In the first study involving other actinides, Gilns(1998c) examined the reactions
with alkenes of Ahand AnO for An = Th, U, Np, and Pu. Key findings of thisomk
were that U and NP were comparably reactive whereas' Rvas significantly less
reactive, while all the monoxide cations showedearélased reactivity compared with
metal ions.

Similar experiments for Ain(Gibson 1998d) and Cnmand CmO (Gibson and
Haire 1998) soon followed. Alkenes, benzene, ardicyolyenes were the substrates
that revealed that Aimhad a rather low reactivity when compared with galier
actinides in the series. Crshowed a moderate reactivity with alkenes whileGCrwas
less reactive.

The remaining three transcurium actinide ions istlidby the LAPRD technique
in their reactions with alkenes, BkGibson and Haire 2000b; Gibson and Haire 2001b),
Cf" (Gibson and Haire 2000a), and'H&ibson and Haire 2003), all showed reduced
reactivities, with Cfand ES$ being totally inert with the alkenes examined.

The reactions of 1,2,3,4,5-pentamethylcyclopeetagliwith Np, Pu’, Am*, Cnt,
Bk*, Cf", and ES were also examined by LAPRD (Gibson 2000; Gibsnd Haire
2001b; Gibson and Haire 2005). With this more ligacsubstrate, even the more inert
actinide ions Cfand ESwere able to induce activation, and several orgaatalfic ions
could be identified for all the actinides. Thesedsts effectively constituted a further
probing of the electronic structures of the tramsen actinides.

Protactinium completed the group of actinide ishglied for their reactions with
hydrocarbons by LAPRD (Gibson and Haire 2002). Hswdemonstrated, in direct
comparisons with §J Np" and the corresponding monoxide ions, that Was a very
reactive actinide ion, inducing oligomerizationatkenes, PaOalso had an exceptional
reactivity, inducing efficient dehydrogenationstbé alkenes, attributed to participation
of the 5 electrons in PaDin the activation process, either directly or tigb
promotion/hybridization.

The studies carried out with the LAPRD techniqystematically probed the

reactivity of An ions from TH to ES with alkenes as substrates (with

51



pentamethylcyclopentadiene a special case). Althouwgction kinetics could not be
measured with LAPRD, which would place the relatieactivity of A ions on a
guantitative base, all the experiments involve@daticomparisons of pairs or triplets of
An” ions (as well as comparisons with selected ibns), thereby allowing a qualitative
appraisal of the relative reactivity of Afrom Th' to ES. Based on the LAPRD results
and the previous FTICR/MS results for'Tand U, the following ordering of reactivities
has been established:

Th*>Pa >U"~Np">Cm >Pu >Bk >Am'~ Cf > ES’

As shown by the studies summarized above, andildedcin detail in the two
existing review papers on gas-phase actinide i@mastry (Gibson 2002a; Gibson and
Marcalo 2006), the reactivity of Arions towards hydrocarbons can be interpreted via a
bond-insertion mechanism. The reactivity generatlyrrelates inversely with the
promotion energies necessary to excite the ions fiteeir ground states to “divalent”
electronic configurations with two unpaired nbelectrons, of the type [Rrij526d7s
(where [Rn] represent the closed radon electroore)c Figure 39.6 shows a plot of the
relevant promotion energies. It is immediatelyaept that the Ahreactivity correlates
inversely with the promotion energy.

The addition of an oxo-ligand to an actinide ideacly altered the reactivity with
hydrocarbons. Both the FTICR/MS and QIT/MS studigth ThO" and UO and the
comparative assessments of the Am@nctivities using the LAPRD technique for An =
Th, Pa, U, Np, Pu, and Cm revealed a substantiicteon of the reactivity compared
with the bare Afh, with the notable exception of PAdhese results were consistent with
the involvement of chemically active valence eleasr at the actinide metal centers in the
An*-O bonding, but lack of knowledge of the electrosteuctures of the AnDions
precluded any further interpretation of the results

Recently, FTICR/MS was used to study the reactiohé\n® and AnG with
alkanes and alkenes, for An from Th to Cm, in danapt to obtain more sensitive and
guantitative measurements of product distributiand reaction kinetics. The objective
was to provide a more detailed picture of variagionreactivity across the series (Santos
et al. 2006b; Gibsoret al. 2007b). These new studies basically confirmedUABRD
results for both Ah and AnO ions and were able to fine-tune the relative® An
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reactivities, especially for the early Amons from Th to Np. A revised ordering of
reactivities from Thto Cm’ could be established:

Th*>Pd >U" >Np >Cm’ >Pu >Am’

In conjunction with these experimental studiesctetmic structure calculations were
performed for PaQ which enabled an effective evaluation of the ugidpehavior of
Pad.

The overall picture that emerged from this stuolgsides confirming the bond
activation model outlined above, indicated, acawgdo the authors, that (see Fig. 39.6):
the high reactivity of Th could be attributed to its quartet@s ground state
configuration which produced a behavior typicalaaf-block metal ion; the reactivities
of Cm', Pu and Ani correlated with the promotion energies fd"%d7s states suitable
for bond insertion; the markedly different readias of P4, U, and Ng, with ground
states or very low-energy\E < 0.1 eV) 5 "%6d7s configurations, could be ascribed to a
decrease infJarticipation from Pato U to Np'.

For the AnO ions, the authors claimed that: the low to moderagctivity of
ThO" was indicative of radical-like behavior, as expecfrom its electronic structure,
Th*(7s)0%; the low reactivity of UO resulted from a ground state and low-lying states
corresponding to &(5f *)O*, with a marginal participation of thef Blectrons in bond
activation; the absence of reactivity of the tramsic AnO was presumed to reflect
An**(5f O* ground and low-lying states and ineftddectrons; the high reactivity of
Pad resulted from a F&5f6d)O* ground state and, given the substantialt&racter of
the ground and low-lying excited states (all extistates up to 1.8 eV were found to
have a Borbital occupation of 0.8 electrons), indicated significant participatiof the
5f electrons of the oxo-ligated protactinium metahtee in oxidative insertion. The
authors argued that the reactivities of” Pand PaO constituted the first clear
experimental evidence, supported by theory, ofttieve role of $electrons in gas-phase
organoactinide chemistry, and suggested that elgutve¥ participation might also
appear for Pa in the condensed phase, in conards$t &nd U.

The same group has used FTICR/MS to extend thativity studies of actinide
ions to other hydrocarbon substrates, and withriadewas verified that all the Arand
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AnO" (An = Th, U, Np, Pu, Am) species examined werg/veactive, ultimately leading
to the formation of An-bis(indenyl) species (Sargbal.2003b).

In another effort to probe the involvement of Bfeslectrons in bond activation
for the early actinides, the reactions of doublgrged actinide ions, Af (An = Th, Pa,
U, Np, Pu, Am, Cm), with alkanes and alkenes wardied by FTICR/MS (Gibsost al.
2007a). The reaction products observed consistekubly charged organometallic ions
and singly charged ions that resulted from electiomride, and methide transfers. By
comparing the products of the Zrreactions with those observed in reactions of Ln
(Marcalo et al. 2008) and in reactions aFtransition metal dications (Roth and Freiser
1991; Hill et al. 1997), it was argued that Pa, here a&,Raas again a contender for
participation of the Belectrons in the observed chemistry?*Tand P& reacted similarly
to transition metal ions witl® or d® ground states, whereas”Uand NB* reacted
similarly to Lrf* ions which have only one nori-#alence electron, and to dipositive
group 3 transition metal ions which hadé ground states, equally lacking low-lying
excited states with more than one valence elecBoth U and N§* have 5" ground
states, 5"%6d or 5 "'7s states at low to moderate energies (0.03 to ~1 @) 5 "%60"
states only at rather high energies (>2 eV) (Blaisa Wyart 1992). Conversely, Zthas
a §6d ground state and albstate at a very low energy (0.01 eV), whilé'Hes a 6°6d
ground state, f5°7s and 5 * states at moderate energies (~0.5 eV), antbdf State at
higher energy (1.2+0.7 eV) (Blaise and Wyart 1992) authors claimed that while the
low-energy @ state most likely accounted for the observed* Fhactivity, PA" could
have a state or states with only one nbriBctron determining the observed reactivity,
indicating, however, that the large uncertaintytlie promotion energy to thefés
configuration for P& prevented an unambiguous answer to the question.

A recent gas-phase photodissociation study ofoegti uranium and uranium
oxide benzene complexes (Pilii al. (2005)) reported on the dissociation induced by
ultraviolet laser light of U(gHe)n™ (n = 1-3) and UQ(CsHe)™ (m = 1, 2) complexes
produced by laser vaporization; ligand eliminatenmd ligand decomposition channels
were identified and the photodissociation trendsewempared with previous reaction

studies of uranium cations.
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39.6.3.2 Reactions with oxidants

Another group of reagents that were studied inentatail in the gas phase were
oxidant molecules, which besides allowing for aseasment of the chemical properties
of the actinide ions, provided information on theermodynamics of such important
species as the actinide oxides.

Early studies by Biondi and co-workers using & dube instrument revealed that
U™ was oxidized to UOby O, in a exothermic process (Johnsen and Biondi 19vidje
for Th* exothermic oxidation to ThOoccurred with both ©@and NO (Johnseet al.
1974); in this last work, the presumably endothermxidation of ThO to ThG" by NO
was also described.

In another early study, Armentrout and Beauchaff8@a) used an ion-beam
apparatus to investigate the reactions dfabd UO with O,, CO, CQ, COS, and BO,
and observed exothermic oxidations of &ahd UO with all the reagents except CO, in
agreement with the currently known thermochemisiinya complementary study, the
same authors (Armentrout and Beauchamp 1980b) eea@mthe collision-induced
dissociation (CID) of UO and UQ" ions colliding with argon and verified that the
thresholds for dissociation agreed with the knoatues for D[U-O] and D[OU-O].

Oxidation of TH and U was more thoroughly examined years later by the
Schwarz’s group. A first report (Heinemann and Satani995) depicted the oxidation of
U* to UO" by N;O and of UN (also formed in the previous reaction) to NU& G,. A
more comprehensive study (Cornehlal. 1997a) revealed that the oxidation of Emd
U" to the monoxide ions was afforded by, @O, N,O, or HO, while the formation of
the dioxide ions from ThDand UG occurred with all the reagents in the case of U bu
only with N;O in the case of Th.

LAPRD was also used to probe the oxidation of And AnO ions, this time
with ethylene oxide. U Np', Pu’, and Ani all reacted to form the AnOons, which,
with the exception of AmOthat only produced minor amounts of the dioxida, io
efficiently yielded the An@ ions (Gibson 2001). This study indicated that DiGP]
was substantially greater than the literature \al&a and PaO were also studied, with
both ions efficiently oxidizing. A comparison witlranium provided the first known
estimates for D[Pa0] and D[OP& O] (Gibson and Haire 2002).
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Systematic studies, using FTICR/MS, of the oxmlatf An” and AnO cations
(An = Th, Pa, U, Np, Pu, Am, Cm) with oxidizing geats having a large range of
thermodynamic oxidizing ability 0 > GH4O [ethylene oxide] > D > G, > CQ, >
NO > CHO), were reported in the last few years. Beside¥imoing the results of
previous studies summarized above, this work preduseveral new and revised
thermodynamic data for the actinide oxides.

The initial study examined Th, U, Np, and Pu (8amt al. 2002), followed by
Am (Santoset al. 2003a), and more recently by Pa (Samtibal. 2006¢) and Cm (Gibson
et al. 2008). The overall picture of the reactivity oetdifferent Ad indicated that a
correlation existed with the promotion energiesrirthe ground states to configurations
5f "26d7s (see Fig. 39.6), orf3%6d 2 which follow the same general trend (Blaise and
Wyart 1992), and, based on the measured kineticer@ering of reactivities similar to
the one found by the same authors in the casedsbhgrbons (see previous section) was
established. For the monoxide cations, a genekdse in reactivity as compared with
the metal cations was observed, and the orderimgaativities corresponding to the ease
of formation of the An@ ions was as follows:

Pad > UQ" >> NpO > Pud >> ThO > AmO’ >> CmO = 0
As pointed out by the authors, this trend is prdpab reflection of the gas-phase
thermodynamic stability of the formal oxidation tstaV of the different actinides,
although kinetic effects may also play a role, ipatarly in the cases of Th and Am.

The oxidation of doubly charged actinide ions w® studied with FTICR/MS.
In a ground-breaking study, Cornedlal. (1996) observed the oxidation of lby N,O,

O,, and CQ, and subsequently, the oxidation of Yy N,O and Q to form the
ubiquitous uranyl ion Ug" for the first time in the gas phase.

Later, systematic studies of the reactions of*Afand the An®" produced
therein) with oxidants by FTICR/MS were performedging the same set of seven
oxidants as used before for the singly chargeachidetications. The first of these studies
examined Th, U, Np, Pu, and Am (Gibsenal. 2005b), followed by Pa (Santes al.
2006¢) and Cm (Gibsoet al. 2008). Other reaction channels, like electrongi@m were
observed for the reactantHZO, CHO, and NO, due to the fact that the second
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ionization energies of the actinides are highentthe ionization energies of the neutral
reagents. The reactivity ordering observed forAh& was the following:

Th** ~ P&* > U >> N > PE* > Am?* > Cnf?

Of note was the observation of CAiOformally a tetravalent Cm species, formed
exclusively in the reation of Cthwith N,O. The authors did not establish any direct
correlation of the oxidation efficiencies with tledectronic structures and promotion
energies of the A ions, in contrast to the case of the" Aons (see above).

Only restricted sets of reactions of AfiOvere studied due to experimental
limitations and the following reactivity ordering iterms of oxidation ability of the
AnO?* was obtained:

UO?* > Np&** > PuG* > PaG" > AmO* = ThO* = CmG* ~ 0
It was remarkable that from the reactions of Ah@ith N,O for An = Pa, Np, and Pu,
and with Q for An = Np, it was possible to produce for thestfitime the bare gas-phase
actinyl dipositive ions, Ang"*; the production of bare uranyl by this approachs wa
confirmed. The case of “protactinyl” deserves acgglemention as it was the first time
this species, formally of Pa(VI), was shown to exis

An interesting observation made in these studias tivat both Cm® (Gibsonet
al. 2008) and Pag' (Santoset al.2006c) were active in the catalytic oxidation & Gy
N>O (Bohme and Schwarz 2005).

Another facet of the FTICR/MS technique explored these studies is its
capability to afford quantitative information onmi@nd neutral thermodynamics (Ervin
2001). If the reactant ions are properly thermalizbe reactions that are observed are
either exothermic or athermic, although the existenf kinetic barriers may prevent their
observation. If the ion/neutral pairs are cautipushosen, and the thermodynamic
properties of some of the reactant partners arevknpestimates can be obtained for the
energies of bonds being formed and/or broken, aterohinations can be made of other
thermodynamic properties such as the ionizatiomgée® of ionic and neutral species.

In these studies, the use of oxidizing reagentd witlarge array of oxygen
dissociation energies allowed estimates of unkn®idn*-0], D[OAn*-0], D[An**-O],
and D[OArf*-0], and verification or correction of literaturelues obtained by other
methods for Th (Santat al. 2002; Gibsoret al. 2005a; Santost al. 2004), Pa (Santos
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et al. 2006¢), U (Santost al.2002; Santogt al. 2004; Gibsoret al. 2005b), Np (Santos
et al. 2002; Gibsoret al. 2005a; Santost al. 2004; Gibsoret al. 2003), Pu (Santost al.
2002; Gibsoret al. 2005a; Santost al. 2004; Gibsoret al. 2003), Am (Santogt al.
2003Db; Gibsoret al. 2005a; Santost al. 2004; Gibsoret al. 2003), and Cm (Gibsoet
al. 2008). A particularly notable result was the caswn that the literature values for
D[OPU"-O] of 250-260 kJ mdl (Hildenbrandet al. 1985; Caponet al. 1999) were too
low by at least ca. 250 kJ rio[Santoset al. 2002). In Table 39.7, a summary of the
bond dissociation energy estimates obtained ircited studies is presented.

In the same studies, further experiments with shngly and doubly charged
actinide monoxide and dioxide cations produced thie oxidation reactions provided
several ionization energies of the correspondingraband monopositive monoxides and
dioxides, IE[AnO], IE[AnQ], IE[AnO"], and IE[AnNGQ].

From the study of the reactions of Ah@vith dienes, following a model
developed by Cornelet al. (1997b) for the lanthanide monoxides, and using@urate
spectroscopic measurement of IE[UO] by Haml. (2003) as a reference, new values for
IE[NpO] (Santoset al. 2003a; Gibsoret al. 2005a) and IE[PuOQ] (Santet al. 2003a;
Gibsonet al.2005a) were obtained, and values for IE[AMO] (8aat al.2003a; Gibson
et al.2005a) and IE[CmO] (Gibsast al.2008) were obtained for the first time.

In the study of reactions of AnDions with neutral organic compounds having
well-known IE’s using a “bracketing” approach (Ern2001), these same authors were
able to make the first determination of IE[Agj@dSantoset al. 2003a), establish a new
value for IE[NpQ] (Gibsonet al.2005a), more than 1 eV higher than the literatatae
(Hildenbrandet al. 1985), and determine a new value for IE[Fu@antoset al. 2002),
lower by ca. 2.5-3 eV than the literature valueddghbrandet al. 1985; Caponet al.
1999) but consistent with the observed Pu oxidateattions for the derived oxide bond
energies (see above). One of the literature vdluedE[PuQ,] (Caponeet al. 1999) was
recently redetermined (Capoee al. 2005) but this last work was the object of debate
(Gibson et al. 2006); a contribution to this issue from a theioedtstudy was very
recently added (La Macchét al.2008).

The estimation of the ionization energies of An@nknown in all cases, was

addressed by the authors mainly by elaborating hentbhermodynamics of observed

58



oxidation reactions. With this approach, the IE[Ah@r An = U, Np, Pu, and Am
(Gibsonet al.2005b) could be determined, while in the caseBhofGibsonet al.2005b)
and Pa (Santost al. 2006c) only upper limits were obtained. A differapproach was
used in the estimation of IE[CMD(Gibson et al. 2008) that involved the study of
electron transfer reactions of CAiGand an adaptation of the “bracketing” technique to
the particularity of two positively charged spechesng formed in these reactions that
generate energy barriers due to the repulsive @Gthiminteractions.

This last method was also used to obtain estinetasknown IE[AnQ"] for An
= Pa (Santo®t al. 2006c), U (Gibsoret al. 2005b), Np (Gibsoret al. 2005b), and Pu
(Gibson et al. 2005b). The IE[Am®@] could also be obtained from a comparative
analysis of known aqueous phase thermodynamic grepen conjunction with the
estimated IE[An@'] for An = U, Np, and Pu (Gibsoet al. 2005b). Theoretical studies
performed for Pa@ and Pa@"* provided a value for IE[Paf] in very close agreement
with the experimental estimate (San&tsl.2006c).

A summary of the ionization energies obtainechim ¢ited studies is presented in
Table 39.8. The bond dissociation energies andzation energies of several neutral,
monopositive and dipositive AnO and An€pecies yielded values for their enthalpies of
formation. For uranyl and plutonyl, the experimdigteerived valuespH(UO,?*(g)) =
152463 kJ mot* and AH°(PuG?(g)) = 172266 kJ motf', are in good agreement with
recent theoretical calculationaiH%(UO,**(g)) = 152%42 kJ mof' (Moskalevaet al.
2006b) and\H %(PuQ?*(g)) = 174963 kJ mol* (Moskalevaet al. 2006a).

The enthalpies of formation for the bare uranydl @iutonyl ions were used in
conjunction with the known aqueous thermochemigifythese species to derive
“experimental” enthalpies of hydration (Gibson &t 2005b). These were found to be
approximately constant for these two actinyls,qH°(AnO,*") = -1670 kJ met or
AnydG°(AnO,*") = -1790 kJ mat, and showed agreement with recent theoreticaiestud
of the solvation of actinyls by wates,,(G°(UO,*") = -1795 kJ mct (Moskalevaet al.
2004); AnydG°(UO,*) = -1773 kJ mét and AnydG°(PuQ™") = -1663 kJ mot (Cao and
Balasubramanian 2005%p,qG°(UO,**) = -1730 kJ mot, AndG°(NpO,”") = -1726 kJ
mol™, andAn,G°(PuG™) = -1713 kJ mét (Shamov and Schreckenbach 2005; Shamov
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and Schreckenbach 200635deO(U022 = -171521 kJ mot* (Gutowski and Dixon
2006).

The large amount of gas-phase thermodynamic Hatarmas gathered from these
studies of actinide oxides from thorium to curiuwnllected in Tables 39.7 and 39.8) may
already justify an overall reassessment of gaselesinide oxide thermodynamics.
Besides evaluating the data from standard liteeataurces (Hildenbranet al. 1985;
Lias et al. 1988; Pedley and Marshall 1983; Green 1980; Kaneigal. 2006), it could
also test (and eventually expand) the assessmein¢ édhown bond dissociation energies
of neutral and singly-charged actinide monoxidesi@a out not long ago by Gibson
(Gibson 2003), based on correlations with the edeat structures and energetics of the
isolated metal atoms and ions.

To complete this section on the reactions withdarts, it should be mentioned
that QIT/MS was also used to study the reactions’ofind U* with oxygen and water
(Jacksonet al. 2002b; 2004a), with the results showing generaé@gent with those
from FTICR/MS studies. The few differences encoredein the reactions with water
have been attributed to the different pressuremegiof the two ion trap techniques.

The reactions of Uand U* (Michelini et al. 2006), UG and UG* (Michelini et
al. 2007), and Thand THK* (Mazzoneet al. 2008) with water were the object of
theoretical studies aimed at unraveling the comedimg mechanisms. The reactions of
U* and U* with N,O were also recently examined by the same grouj{ai et al.
2008).

39.6.3.3 Reactions with assorted organic and inarganolecules

In this section, a brief overview of the reacinstudies with molecules other than
hydrocarbons and oxidants is presented; some ofethgudies have provided
complementary information to the more extensiveistidescribed above.

Probably the earliest reported study of gas-phasetions of actinide ions
involved the observation of endothermic formatidriuéi®, UD", PuH, and PuD after
addition of B, D,, H,O, D,O, or HO to the ion source of the mass spectrometer where
isotopic analysis of U and Pu was being perfornMadrélandet al. 1970).
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Other early work, performed by Armentrout and Bdwmp using an ion-beam
instrument, consisted of a study of the endotheredctions of Uwith N, and B from
which D[U"-N] and D[U"-D] were obtained (Armentrowgt al. 1977b); a study of the
exothermic reaction of Uwith CS to give US (Armentrout and Beauchamp 1980a);
and a study of the formation of uranium halide iongxothermic reactions of ‘Uwith
CHsF, CHCI, and CCJ, and in the endothermic reaction of With SiF, this last
reaction providing a value for D[WF] (Armentrout and Beauchamp 1981).

Later studies by LAPRD explored the reactivitidsddferent An’, AnO", and
AnO," ions with a plethora of organic reagents, prolilrggformation of actinide halide
ions with perfluorocarbons and dihaloethanes for=Afh, U, Np, Pu, and Am (Gibson
1999a), Cm (Gibson and Haire 1998), Bk (Gibson Hadte 2001b), Cf (Gibson and
Haire 2000a), and Es (Gibson and Haire 2003); obipg the effect on reactivity of the
presence of functional groups in the organic retgevith nitriles and butylamine for An
=Th, U, Np, Pu, and Am (Gibson 1999a), Cm (Giband Haire 1998), Bk (Gibson and
Haire 2001b), Cf (Gibson and Haire 2000a), and@&bqon and Haire 2003), and with
alcohols, ethers, and thiols for An = U, Np, Puj &m (Gibson 1999b; Gibson 2002a),
Cm (Gibson and Haire 1998), Bk (Gibson and Hair@12), Cf (Gibson and Haire
2000a), and Es (Gibson and Haire 2003).

Additional studies by LAPRD included the fluoriiwat reactions of Pawith SF;
(Gibson and Haire 2002), and the reactions of amd AnO ions with silane, disilane,
and germane for An = Th, U, Np, Pu, and Am (Gib&f®2b) which lead to the
formation of silylenes, germylenes, and in a fesesagermanides.

A few studies employed ion trapping techniqueseti@mine reactions with
different inorganic, organic, and even organomietatiolecules. Jacksoet al. (2004)
studied the reactions of bare and ligated uranions iwith Sk in a QIT/MS: U
produced UR species (n = 1, 2, 3, 4) rather efficiently anel tbactions of UQ UOH',
and several UF ions formed in the primary reactions were alsalistil

Reactions of Uwith a substituted phenol (Liargg al. 1990) and of Thand U
with alcohols (Carretast al. 1997), both performed by FTICR/MS, were the sutbjgc

preliminary reports.
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FTICR/MS was also used to examine the reaction¥hdf U*, and Th and U
oxide and hydroxide cations with the organometaltmpounds Fe(C@and Fe(GHs):
(Vieira et al. 2001). In the case of Fe(Cf}he observed primary products of the®An
were of the type AnFe(C¢) with x = 2 and 3, and evidence was obtained fer th
presence of direct An-Fe bonds. With ferrocene, Amé cations reacted by metal
exchange, yielding An(§Eis)," ions.

One final point of interest for this section i texperimental observation of the
unusual species UEby charge-stripping mass spectrometry in a muiteseinstrument,
and the associated theoretical prediction of thist is the first diatomic trication that is
thermochemically stable towards Coulomb explosioa t the unusually low third IE of
uranium (Schrodeet al. 1999).

39.6.4 Miscellaneous studies of actinide ion chemistry
In this section, brief mention is made of speci@ates of gas-phase reactions of

actinide ions that occur in diversified systemsoiming mass spectrometers.

39.6.4.1 Reactions in atmospheric pressure iooizatiass spectrometers

Atmospheric pressure ionization in its electrogpamization (ESI) variant is the
most widely used ionization method coupled to nspestrometry, mainly because of its
ability to probe ions directly from solution. Theaee a growing number of studies that
apply this technique to the actinides, uranium artipular, that constitute relevant
contributions to actinide chemistry.

Van Stipdonk, Groenewold, and co-workers initiakedystematic study of the
solvation properties of uranyl using ESI-QIT/MS. time first study of this kind, Van
Stipdonk et al. (2003) used CID to examine complexes composed@efuranyl ion,
nitrate or hydroxide, and water or alcohol, witte tdissociation pathways ultimately
leading to species formally composed of uranyl andanion— hydroxide, nitrate or
alkoxide. This work was later extended to similgistems involving halide and
perchlorate anions (Anbalagat al. 2004). In another CID study, Van Stipdoekal.
(2004b) observed the oxidation of 2-propanol innyracomplexed by nitrate and the
alcohol.
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Chienet al. (2004) investigated the hydration of uranyl-anamplexes of the
type UQA" (A = acetate, nitrate, hydroxide) and found thw telative rates for the
formation of the monohydrates followed the trendtate > nitrate >> hydroxide. In a
related study, Greshamt al. (2003) used a sputtering ionization method (nok) BSd
also a QIT/MS to produce UO(OHUQO,", and UQ(OH)" ions from UQ and study the
kinetics of hydration.

Van Stipdonket al. (2004a) were able to produce uranyl complexesasetvonly
by neutral ligands, specifically acetone, and aolditeactions with water or acetone were
also investigated. Using nitriles in place of acet@lso led to the formation of doubly
charged species involving uranyl and the nitridar( Stipdonket al. 2006); with water
as reagent, addition and charge reduction pathways observed.

An intriguing observation reported by Groenewat al. (2006a) was the
coordination of molecular £to complexes of U@ with two or three acetone ligands.
The mode of ligation of ®in the complex was the object of a very recenoitbigcal
study that described the system as a superoxo eampith G in a side-on 1(%)
configuration (Bryantseet al.2008).

A recent major advance in understanding uranyl pleration has come from
spectroscopic studies in which a tunable free mlactaser was employed to obtain
infrared vibrational spectra of gas-phase uranyhglexes. The uranyl complexes were
produced by ESI and trapped in an FTICR/MS. Theatibnal spectra of mass-selected
complexes were obtained by variable-wavelengthareft multiphoton dissociation
(IRMPD) that revealed aspects of bonding and airecfor the uranyl complexes. Initial
studies involved uranyl coordinated by acetone andtonitrile (Groenewolcdet al.
2006b). More recent studies involved complexes vgémeral formula [UA(S)]",
where A = hydroxide, methoxide, or acetate, S =ewatammonia, acetone, or
acetonitrile, and n = 0-3 (Groenewadd al. 2008a); and [UGROH)]" complexes with
ROH being water, methanol, ethanol, or n-propaf&ioénewoldet al. 2008b), and
anionic nitrate complexes of Y& (Groenewoldet al.2008c).

The solvation studies of uranyl just describedrk@eapecial importance for the
field of speciation of uranium (and other actinidesthe environment, in various stages

of the nuclear fuel cycle, and in radiotoxicologipeoblems.
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A preliminary study of uranyl perchlorate solusomy ESI-FTICR/MS was
reported by Pires de Mates$ al. (2000). Moulin and co-workers used ESI-MS to study
the solution speciation of uranium (Mouke al. 2000) and thorium (Mouliet al.2001).
Moulin and co-workers also used ESI-MS to study ititeraction of uranyl with 1-
hydroxyethane-1,1-diphosphonic acid, a compounat tshows promise for the
decorporation of uranium (Jacophal.2003).

Other examples of ESI-MS studies of the complexatf uranyl, this time by
compounds of significance in natural environmeotsnprise work by Groenewokt al.
(2004) with desferrioxamine siderophore, and by Bamon and co-workers (Pasilis and
Pemberton 2003; Somogwt al. 2007) with citric acid. The more recent work by
Pemberton and co-workers involved the use of QI@ BMICR techniques to explore
CID and reactions of uranyl-citrate cations anaasi

In a very recent, intriguing study by Ha al. (2008), the reaction of an anionic
uranyl species, (CHIO,OH) with water to eliminate methane was described.

39.6.4.2 Reactions in elemental mass spectrometers

An area to which fundamental gas-phase actinidediet have recently
contributed is the analytical chemistry of actirsdesing elemental mass spectrometers.
The generalization of the use of collision/reacta®ils in inductively coupled plasma
mass spectrometers (ICP-MS), with the purpose sblveng or eliminating isobaric
interferences through chemical reactions (Tamex. 2002; Bandura et al. 2006; Olesik
and Jones 2006), has led to the exploration oémdiffces in reactivity of the Arions
with various substrates as described in gas-plusehiemistry studies (Vaet al. 2003;
2004a; Tanneet al. 2004; Vaiset al. 2004b; Baranov et al. 2005). Other work in the
field of actinide elemental analysis, with ICP-MBaftendorf and Gunther 2001) and
thermal ionization mass spectrometry (TIMS) (Alamet al. 2004), has confirmed the
importance of the fundamental ion-chemistry studeekelp explain reactions occurring
in the ion sources. It is interesting to recaltras point that the earliest reported study of
gas-phase reactions of actinide ions, referrednt@ iprevious section, involved the
observation of endothermic formation of JRD", PuH, and PuD after addition of H,
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D,, H,0, D,O, or HO to the ion source of the mass spectrometer whetepic analysis
of U and Pu was being performed (Morelatal.1970).

39.6.4.3 Reactions in laser ablation plumes

lon/atom or ion/molecule reactions are omnipreggntesses in laser ablation
plumes and therefore a brief reference to the ssuttivolving actinides in which new
chemical species were produced directly and deltbbr from laser ablation is justified.

Gibson (1997a) initially studied by MS the iongnfied in laser ablation of
dispersions of Th and U inorganic compounds in ipule (PI) and
polytetrafluoroethylene (PTFE): for PI, the produstere AnGH," with c =2 or 4 and h
= 0 or 1, while for PTFE, the main products wereagally Ank," with n = 1 or 2; the
products formed were accounted for on the basisenf thermodynamic stabilities.

In subsequent studies, these laser ablation empets, using Pl as matrix, were
extended to transuranium actinides and producedonganometallic AngHy" ions from
NpO, and Pu@ (Gibson 1998b), and ArEyN," from AmO, (Gibson 1998a), Cyd;,
(Gibson and Haire 1999), BR; (Gibson and Haire 2001c), and,Of (Gibson and Haire
2001c). In all cases, species incorporating oxygere also observed and more notably
small actinide oxide cluster ions could be deteckemrmation of actinide oxide cluster
cations from actinide oxide targets was also oleskim a LAPRD study involving Th
and U (Gibson 1997b).

Other systems were studied by this approach, nadiklte mixtures of An@
(An = U, Np, Pu) in selenium which yielded actinisielenide, oxide and oxide-selenide
molecular and cluster cations (Gibson 1999c).

The formation of plutonium oxide cluster ions dese special attention and
several plutonium oxide, oxide-hydroxide and hydblexcluster ions, R@,(OH),” were
synthesized by laser ablation of hydrated plutonaxalate (Gibsoret al. 2000; Gibson
and Haire 2001a); the diversity of compositionsentsd was related to the availability
of several oxidation states of Pu. Gas-phase iogactwith dimethylether were also
investigated. In an additional study (Gibson andréi2004), ternary plutonium oxide
cluster ions, MPuO,", where M was Ce, La, U, Sr, and Zr were produced the

oxidation behavior of Pu explored.
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Several new actinide species were obtained inffareint setup involving laser
ionization coupled to FTICR/MS. In a preliminarypoet, formation of Th and U oxide
cluster cations was described, using surface ceabdinetal pieces as targets (Pires de
Matos et al. 1995). Recently, the same setup yielded abundanbmand polymetallic
uranium oxide anions from uranium oxide samples sehstructures were probed by
reactivity studies with methanol and by theoretatulations (Michelinet al.2008).

As a final reference to interesting species fornmedaser ablation plumes,
mention is due to the formation of a series of lvatlie actinide-transition metal cations
in the same experimental setup (Sarbal. 2006a). AnPtions for An = Th, Pa, U, Np,
Pu, Am, and Cm where produced from dilute AnPtyaljand also Ufrand UAU from
the corresponding U-transition metal alloy. Thectizity of the three UM cations with
oxidants and ethane was studied and the resuttassied in the context of a theoretical
prediction (Gagliardi and Pyykkd 2004) that Ir, &id Au would, respectively, behave as
pseudo-pnictide, -chalcogenide, and -halide whetméd to U.
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CASPT2

CASSI-SOC

CID
D

DFT

EA

ESI

FA
FTICR
GIB
HOMO
ICP

ICR

IE

IR
IRMPD
LAPRD
LFT
MATI
MCSCF
MRCISD
MS
Nd:YAG
PFI-ZEKE
PI

PIE

QIT
REMPI
SIFT
TIMS
uv

LIST OF ABBREVIATIONS

complete active space plus second-ordeaurpatton theory
complete active space state interactpin-orbit coupling
collision-induced dissociation

bond dissociation energy

density functional theory

electron affinity

electrospray ionization

flowing afterglow

Fourier transform ion cyclotron resonance
guided ion beam

highest occupied molecular orbital

inductively coupled plasma

ion cyclotron resonance

ionization energy

infrared

infrared multiphoton dissociation

laser ablation with prompt reaction and detec
ligand field theory
mass analyzed threshold ionization
multi-configurational self-consistent field
multi-reference configuration interactionthvsingle and double excitations
mass spectrometry

Neodymium doped Yittrium Aluminium Garnet
pulsed field ionized - zero kinetic energy
polyimide

photoionization efficiency

guadrupole ion trap

resonantly enhanced multiphoton ionization
selected ion flow tube

thermal ionization mass spectrometry
ultraviolet
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Table 39.1 Experimentally determined electronic term energied comparison with the

results

of LFT calculations for th@ = 1 and.(2 = 0 states of ThO.

0=1 02=0
Conf? | State| Calculated | Observetl| A | State| Calculated | Observell| A
78 X 0 0 0
6d7s | H 5501 5317 184 10 580*
B 10 937 11129 192 A 10 814 10 601 213
C 14 461 14 490 29 15 571%
D 15794 15 946 152 E 16 476 16 320 156
5f7s I 21 028 19539 | 1489 22 772*
K 23 169 22 636 533 P 23 162 23 156 §
L 26 174 24 857 | 1317 26 580*
N 27 185 27 719 534 A 27 716 2802¢ 313
7sip | M 21734 21734 0 R 19 028% 19 050* 2P
33073 20 560
41 103 33 740*
44 617
60° 20 398 F 18 337 18 337 0
U 24 241 25136 895 23 615%
cC 25939 28578 | 2639 25101
E' 30 037 29 073 964 26 469
B' 31 686 30313 | 1378 F 28 876 30718 | 190p
33577 30 256*
36 581 G' 33 145 30960 2185
36 153
40 903
a. Formal outer electronic configuration of the’Tton.

Calculated energies (¢thfrom (Kaledinet al. 1994). This table includes all of
the (2=0 and 1 states arising from the specified conéigans.

Energies (cil) are from references (Von Bornstesital. 1979; Edvinsson and
Lagerqvist 1984; Edvinsson and Lagergvist 1985hbvitsson and Lagerqvist
1985a; Edvinsson and Lagerqvist 1987; Edvinsson aaderqgvist 1988;
Edvinsson and Lagergvist 1990; Gonchagval. 2005)

The asterisk (*) denotes &h= 0 state.
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Table 39.2.Molecular constants for the 3¢", 12435, 1°4s, and £11, states of ThOQ

T, /cm*™

T, /cm*,

State | v Theory Experiment B,/cm* oelecm?t | oeXe lomt
0, _
0| ye=s300g | O (IE=53253.8(2)}| 0.3450(6)
e |1 - 950.0(1) 034396) | o asy
2 - 1895.3(1) 0.3434(5)] % :
6 - 5627.0(1) 0.3409(10
7 N 6547.2(5) -
0] 2602 2933.7(1) 0.3374(7)
Pave |31 ses60() | oasrery 9796 | 25500
4 - 6554(1) -
0] 550 5814.4(1 0.3410(2
PAsz [ - 6729.98 0.340((1)) 915.5(2) -
0| 9167 7404.1(1) 0.3365(11
1 _ 8303.6(1) 0.3354(10
12, |2 N 9198.5(2) 0.3334(6)| 904.22(2)| 2.339(3)
3 - 10088.7(2) 0.3330(7)
5 - 11855.0(2) 0.333(2)

@ Tyagi (2005)
P Goncharov and Heaven (2006)

* AGy, value.
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Table 39.3 Summary of constanfer 238U160 derived from laser absorption, laser

excitation and thermal emission spectra (grd

State v T B Metho#
[21.079]5 21 079.493 (7) 0.344 1 (1) LE
[20.807]5 20 807.445 (4) 0.325 3 (1) EL
[20.726]5 20 726.226 (5) 0.330 8 (1) EL
[20.491]6 O 20 491.39 (30) 0.334 47 (5) LE
[19.950]4 O 19 950.005 (8) 0.328 55 (5) FJ
[19.906]4 19 906.755 (3) 0.326 80 (4) LE
[19.479]4 O 19 478.575 (15) 0.3333 (3) FJ
[19.470]3 O 19 469.994 (3) 0.324 65 (4) 1:5]
[19.453]3 0 19 452.967 (3) 0.339 97 (3) 1:5]
[19.217]5 2 19 217.415 (4) 0.327 70 (7) LE
[18.430]5 1 18 430.067 (3) 0.332 58 (3) LE
[18.404]5 O 18 404.167 (2) 0.339 11 (3) LE
[18.403]5 O 18 403.841 (3) 0.330 96 (3) LE
[17.653]5 1 17 653.710 (17 0.332 6 (4) LE
[17.613]5 O 17 613.965 (4) 0.332 38 (3) FJ
[16 940]5 O 16 940.081 (11) 0.3212 (1) FJ
[16.845]5 O 16 845.129 (7) 0.3316 (2) 1:5}
[16.563]5 O 16 563.827 (18) 0.3334 (2) FJ
[16.561]5 O 16 560.987 (16) 0.338 6 (2) FJ
[14.016]4 O 14 016.591 (3) 0.340 957 (4) TE
57?) O z+15423.375(5)  0.338 76 (7) TE
57?) O z 0.334 89 (7) TE
(16 0 4469(5) 0.330(5) TE
22 0 2118(10) TE
33 0 1941.48 0.327 TE
15 0 1043.00(3) 0.3297(2) TE
12 o0 958.664(5) 0.32452(4) TE
(13 0 651.125(4) 0.327949(8) TE
24 0 294.119(2) 0.346188(36) TE
X(1)4 0 0.0 0.333325(29) TE, LE, FJ
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Table 39.3 (continued)

a. Data compiled from (Kalediat al. 1994; Kaledin and Heaven 1997). Error limits in
parentheses are one standard deviation in the afrtite last digit reported.

b. Technique used to observe transtion. LE - laseitaion; FJ - free-jet expansion;

TE - thermal emission
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Table 39.4 Experimental and theoretical term energies (¥1ior the low energy states

of UO".
MCSCF/VCI,| MCSCF/CI, | LFT, 1994 | LFT, 2006
State Measured 1983 200%°
(Config) term energy
X(1)4.5 (5°) 0, 0 0 0 0/0
(1)3.5 (8% | 764.93(20) 1319 582 633 767
(1)2.5 (53 | 1132.42(20) 1895 856 696 1131
(1)1.5 (53 | 1284.5(3) 2094 1076 580 1270
(1)0.5 (5% | 1324.9(3) 3296 _ 695 1309
(1)5.5 (53 | 4177.83(20) 2563 3744 3991 4150
(2)4.5 (53 | 4758.46(20) 3599 4180 4601 4767
(2)3.5 (5% | 5161.96(20) 4045 - 4770 5110
(3)2.5 (5% | 5219.37(20) - — 4744 5293
(3)3.5 (5 °79) | 4982.44(20) - 4287 _ _

a. (Krauss and Stevens 198B) (Tyagi 2005) c. (Kaledinet al.1994)

d. (Goncharowt al. 2006). The interaction parameters were treatecgaables and fit to
the experimental data in this semi-empirical LFTdelo
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Table 39.5 Electronic transition and ionization energies foOk}

Transition Lower Upper

Energy (crit)®  State V" State Vo' IEC
17406 3u 2 49 2 48825
17447 3u 1 49 1 48940
17499 3u 0 49 0 49070
17621 3u 1 49 3 -
17664 3u 0 49 2 -
18096 2u 1 1g 1 -
18159 2u 0 1g 0 49425
18227 3u 0 - 0 49080
18423 2u 0 1g 0 -
27259 2u 0 29 0 -
28667 - - - - -
28695 - - - - -
28722 - - - - -
28745 - - - - -
28782 - - - - -
28805 - - - - -
29654 2u 1 - 1 -
29700 2u 0 - 0 49430
31419 3u 1 29 1 48935
31478 3u 0 29 0 49070
31788 2u 1 29 1 49300
31838 2u 0 29 0 49420

a. Hanet al.(2003)
b. Band centers. The error limits &% cni'. v, is the bending vibrational quantum
number.
c. lonization energy for the lower level of the triéia®. The error limits are
+20 cni,
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Table 39.6 Summary of actinide reactions in cryogenic matrftes

Initial
Reactantg

Reactions and Products

References

U, G

U+, —-UO0+0
U+0—- UG,
uo,+0, - UO;+ 0O
Uoz; + O — UO;—0s
UO; + 0, — (UQ;")(0y)
U + 20, — (UO,")(0%)
(UO*)(0) > UOs + O

(Hunt and Andrews 1993
(Huntet al.1994a)

U, G

U* + O, — [OUO]* > UO + O
U+0— UG,
UO + O, — UOs
uo, + 0o, — (Oz)UOz
U+ 0, -»UO,"
Uo, +e — UOy

(Zhou et al.2000)

U+N,— UN+N
UN + xN; — (N2)xUN
U + N>— NUN
NUN + XN, — (No)x(NUN)
UN> + Nb — UN—N>
UN> + 2N, — UNz—(Nz)z
UO, + N; — (UOZ")(NZ)
U+N,— UN+N
UN, + U — U(u-N),U
UN + UN, — NU(@u-N),U
NU(u-N)2U + XNo — (N2)x(NU(u-N)2U)
U+ N, - U-n*-N,
U-n"Naz + XNo — (No)(Un*Ny)

(Huntet al.1993)
(Huntet al.1994a)
(Kushtoet al.1998)

Th, N

Th+N,— ThN+N
ThN + XN, — (N2)xThN
Th + N, — NThN
NThN + xN, — (N2)x(NThN)
ThN; + Th— Th(u-N),Th
Th + N, — Th-N-N
ThN; + N; — N-N-Th-N-N
Th + N, —» Th-*-N,

(Kushtoet al.1998)

U+H,— UH + H
U+ H, — UH>»
UH + H, —» UH;3
UH, + H, — UH,4
2(UH) — UxH,
2(UH2) — U2H4

(Souteret al.1996)
(Souteret al.1997a)
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Table 39. 6 (continued)

Th, H

Th+H,— ThH +H
Th + H, — ThH,
ThH + H, — ThH;3
ThH; + H, — ThH,

(Souteret al. 1997b)

U, HO

U+HO—->UO+H
U + H,O — HUO
Uo + O — UO, + H,
UO + H,0 — HUO(OH) + HUO;
H,UO; + H,O — H2UO(OH)2

(Liang et al.2005)

Th, H,O

Th + O — ThO + h
Th + H,O — HThOH
Th + HO — H,ThO
Th + H,O — HThO + H
ThO + HO — ThO, + H,
ThO + HO — HThO(OH)
ThO, + H,O — OTh(OH),
HTHO(OH) + HO — HTh(OH);

(Liang et al.2002)

U, NG,

U+ NG —-UN+O
UN+ NG, - UN2 + O,

(Green and Reedy 1976)

U, NO,
NOz, N.O

U+ NO— NUO
U+ NO— UNO
U + NO— NUO'
NUO + NO— (NUO")(NO)
U+ N,O— NUN+ O
NUO + NO— NUO, + N
2(NUO)— (NUO),
U+ NO—- UO+ N,
UO + NbO — UO, + Ny
UO, + N O — UOs3 + Ny

(Kushtoet al.1997)
(Zhou and Andrews 1999

Th, NO

Th + NO— NThO
NThO + NO— (N2)ThO,
Th + NO— ThO + N
ThO + NO— ThO, + N
Th + (NO) — OThN,N4>-N,O

(Kushto and Andrews 199¢
(Zhou and Andrews 1999

)

Uo, UG,
NO, NG,

UO; + NO; — (UO,")(NO?)

UO + NG, — (UO;))(NO)
UO + NG — UO, + NO

U0, + NO— (UO;")(NO)

(Greenet al.1976)
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Table 39.

6 (continued)

U, CO

U + CO— UCO
UCO + (x-1)CO— U(CO) (x = 2-6)
U* + CO— CUO
CUO +CO— OUCCO
U(CO) — OUCCO
U(CO) — (CO).,0UCCO
OUCCO— (n*-C,)UO,
CUO + é —» CUO
U(CO) + € — U(CO), (x = 1-5)

(Tagueet al.1993)
(Zhou et al.1999b)

Th, CO

Th + CO> ThCO
ThCO + (x-1)CO— Th(CO), (x = 2-6)
Th* + CO— CThO
ThCO* — CThO
CThO +CO— OThCCO
Th(CO) — OThCCO
OThCCO— OTh?-CCO)
CThO + é— CThO
Th(CO) + € — Th(CO)

(Zhouet al.1999a)
(Li et al.2001)

U, CO

U+ COo — OUCO
OUCO + CQ — O,U(CO),
OUCO + CG — O,UCO +CO
O.U(CO) + € — O,U(CO),
O,U(CO), — Q,U(CO), + e
U"+CO,— OUCO

(Tagueet al.1993)
(Andrewset al.2000)

Th, CO

Th + CQ, — OThCO
OThCO + CQ — O,Th(CO),
O,Th(CO), + € — O,Th(CO),

Th* + CO, — OThCO

(Andrewset al.2000)

UFs

UFs > U+ F

(Paineet al.1976)

UFs

UFs - UFs + F
UFs + F— UFs

(Jones and Ekberg 197

UFs, R

UF+ R — URs+F
UFs + R — UFs + F

(Kunzeet al.1976)
(Kunzeet al.1977)

Uk

U+th—UF+F
UF + F— UR,
UF, + F— UR;
UFs+ F— UR,
UF,+ F— UK
UFs + F— UFs

(Huntet al.1994Db)

U, Ch

U+ Clh — UChL

UCI, + Cb —-UCl,

(Huntet al.1994Db)
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Table 39. 6 (continued)

U, 0, R°

?— UOF;
?— UOFK,

(Souter and Andrews 199

UFs, HO

UK + H,O — UF—OH>
UFs + H,0 — UOF, + 2HF
UOF; + H,O — UO,F + 2HF

(Sherrow and Hunt 1992

UF, M, MF
M = alkali metal

M + UF; — MUF,
M + UFs — MUFg
MF + UF; — MUFs
2MF + UR, — MyUFg
MF + UF; — MUF;

(Kunzeet al.1978)

@ Recently reported reactions are not included Hmrerather discussed in the text. The
identified reactions proceed under varying condgiof excitation or photolysis, and are
not necessarily intrinsically energetically or Kioeally favorable.
® The mechanisms for these reactions are indetetenina
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Table 39.7Bond dissociation energies (in kJ mpbf ionic actinide oxides from the
studies of Gibson, Marcalo, and co-workers

An D[An*-0] D[OANn*-0] D[An**-0] D[OAN**-0]
Th > 751 > 354 > 757 -

Pa 80Q+50F 80Qt5(F > 751 > 167

U > 757 > 637 690+60° 560+30°
Np > 757 580+7C 53030 52020
Pu > 637 520£20° 460+50° 410:100°
Am 560+3(F 390+4(F 400+50° 260+100°
Cm 670r40° - 342t55° -

3(Santoset al.2002).° (Gibsonet al.2005b).° (Santoset al. 2006¢)  (Santoset al. 2003a) ¢ (Gibsonet al.
2008).
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Table 39.8First and second ionization energies (in eV) ofrade oxides from the
studies of Gibson, Marcalo, and co-workers

An IE[AnO]  IE[AnO ;] IE[AnO "] IE[ANO ]
Th - - <12.8 -

Pa 5.9+0.5° 5.9+0.5° <13.P 16.6+0.4°
U - - 12.#0.8  14.6:0.4
Np 6.1+0.%  6.330.1& 13.8:0.60 15.1+0.4
Pu 6.1+0.%  7.030.17 13.#0.8  15.10.4
Am 6.2:0.F  7.230.15 13.#0.6 15.740.9
Cm 6.4+0.2 - 15.8+0.4 -

3(Gibsonet al.2005b).” (Santoset al.2006¢).° (Gibsonet al. 2005a) ! (Santoset al.2002).° (Santoset al.
2003a)! (Gibsonet al.2008).

100



[\. )‘\ /\ ot -

53250 53260 53270 53280 53290 533(1) 53310 53320 53330
Total Energy /cm™

Figure 39.1PFI-ZEKE spectra for ThOrecorded via specific rotational levels (J' = 0,
1,2,35 7,9, 11) of the intermediate state O. The speategplotted against total
energy of the transition from the ThO(X) v=0, Jzats.
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Figure 39.2 PFI-ZEKE spectra for UOrecorded via specific rotational levels (J'=8,

8, 11) of the intermediate state [193}3. The spectra show the rotational structure for
the UO X(1)45 v =0 level. The spectra are plotted against totalrgyeof the transition
from the UO X(1)4 v=0, J=0 state.
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Figure 39.30bserved low-lying electronic states (v=0 and lydfdr the J*(5f *)O*
configuration of UO, arranged according to energy atd For comparison, the spin-

orbit splitting for U*(5¢2, %) is shown on the left hand side of the diagram.
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Figure 39.4 PFI-ZEKE spectrum ob)**0; recorded up to ~1100 chabove the ground
state of the cation. The regularly spaced peaksassegned to the bending progression
of UO,. At 918 crit above the ground state, a second series of peakohbserved that
are assigned to a bending progression built upoe #xcitation of one quanta of
symmetric stretch. The peaks marked with an agtexsrespond to atomic uranium
PFI-ZEKE transitions.
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Figure 39.5 Photoelectron spectra for ApXpecies (adapted from (Beeching et al.
2001))
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Figure 39.6 Promotion energies of the Aibns from the ground states to configurations
with two unpaired non-f electrons [R3f]%6d7s. The ground states are: Ae [Rn]7s%;
Th' - [Rn]6d°7s; Pa - [Rn]5f27s% U* - [Rn]5f7s% Np'© - [Rn]5f*6d7s; Pu - [Rn]5f°7s;
Anmi’ - [Rn]5f'7s; Cni - [Rn]5f77¢% BK" - [Rn]5f°7s; Cf - [Rn]5f'%7s; ES - [Rn]5f7s;
Fm' - [Rn]5f*?7s; Md" - [Rn]5f*7s; NO™ - [Rn]5f“7s; LI - [Rn]5f*7<". The data are
from Blaise and Wyart (1992) except fof Q¥1d", No', and Li that are estimates from
Brewer (191).

106





