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Abstract

The ionization energy of NpO2 was determined by the electron-transfer bracketing technique employing Fourier

transform ion cyclotron resonance mass spectrometry. Under thermoneutral conditions the NpOþ
2 ion was found to

abstract an electron from N,N,N 0,N 0-tetramethyl-1,4-phenylenediamine (IE = 6.20 ± 0.05 eV) but not from N,N-

dimethyl-1,4-phenylenediamine (IE = 6.46 ± 0.02 eV). Accordingly it is concluded that IE[NpO2] = 6.33 ± 0.18 eV. This

result contrasts with a previously reported value for IE[NpO2] of �5.0 eV. The new value for the ionization energy of

NpO2 from the present study is compared with those of UO2, PuO2 and AmO2. Literature values for the ionization

energies of actinide monoxides and dioxides are tabulated, and systematic trends are considered. The recently reported

second ionization energies for UO2, NpO2, PuO2 and AmO2 are also assessed. Comparisons of the various actinide

oxide ionization energies are made with ionization energies of actinide atoms and with values for other relevant

molecules.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

The ionization energy of NpO2 has been reported as

�5.0 eV by Ackermann et al. [1]. Somewhat surpris-

ingly, this value is substantially lower than IE[NpO] �
5.5 eV that was reported by the same authors [1]. These

neptunium monoxide and dioxide ionization energies
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were determined by electron ionization (EI) appearance

threshold measurements of high-temperature vapors.

Recent spectroscopic determinations of IE[UO] and

IE[UO2] by Heaven and co-workers [2] demonstrated

that the actual IEs are significantly larger than those

determined by the EI technique for these uranium oxide

molecules. Gagliardi et al. [3] had previously performed

ab intio calculations that indicated the EI values for

IE[UO2] were too low and �suggested that the possible

reason for this difference is that a low value for the first

ionization energy has been measured in electron impact

mass spectrometric experiments, which involve popula-

tion of neutral excited states under the high-temperature
ed.
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evaporation conditions used to prepare UO2 in the gas

phase� [3].
In view of the doubts associated with molecular ion-

ization energies determined by EI of high-temperature

molecular vapors, a re-determination of IE[NpO2] was

carried out in the present study using the more definitive

technique of electron-transfer bracketing, as described

by Zimmerman et al. [4]. A specific motivation for more

accurately determining this ionization energy was that

we have previously found discrepancies between the re-

ported IE[NpO2] [1] and other thermodynamic data

determined by us [5,6]. Along with NpOþ
2 , electron-

transfer experiments were also performed with PuOþ
2 ,

which had previously been examined in detail by this

technique [5]. Available first and second ionization ener-

gies for actinide monoxides and dioxides, AnO and

AnO2, are tabulated and evaluated in the context of

the nature of the bonding in these molecules. The ioniza-

tion energies of actinide monoxides are also assessed in

the context of the corresponding values that are avail-

able for lanthanide monoxides.
2. Experimental

The experimental procedures have been described in

detail elsewhere [5,6] and only a brief summary is in-

cluded here. The 237Np+ and 242Pu+ ions were produced

by laser desorption ionization (LDI) of dilute alloys of

the respective actinides (�5 at.%) in a platinum matrix.

Oxidation of the bare Np+ and Pu+ ions to NpOþ
2 and

PuOþ
2 was accomplished by pulsing O2 into the ICR cell

of a Fourier transform ion cyclotron resonance mass

spectrometer (FTICR-MS). The monopositive dioxide

ions were isolated by ejecting all other ions and were

then thermalized by collisional cooling with Ar gas

maintained in the cell at a static pressure of (1–5) ·
10�6 Torr. Effective thermalization was confirmed by

the linearity of the reactant ion signals versus time,

and by reproducibility of reaction kinetics for different

collisional periods or collision gas pressures. The

electron-transfer reagents were commercial products of

>99% purity and were used as received. Static

reagent pressures of �10�7 Torr were maintained in

the ICR cell; the base pressure in the ICR cell was

�10�8 Torr.
3. Results and discussion

3.1. Determination of the ionization energy of NpO2

The electron-transfer reagents and their correspond-

ing ionization energies [7] were as follows: N,N,N 0,N 0-

tetramethyl-1,4-phenylenediamine (TMPD)/IE = 6.20 ±

0.05 eV; N,N-dimethyl-1,4-phenylenediamine (DMPD)/
IE = 6.46 ± 0.02 eV; ferrocene/IE = 6.71 ± 0.08 eV; and

1,4-phenylenediamine (PD)/IE = 6.87 ± 0.05 eV. In the

case of NpOþ
2 , electron transfer from TMPD was ob-

served, but electron transfer from DMPD, ferrocene

and PD was not observed. Accordingly, IE[NpO2] is

bracketed between IE[TMPD] = 6.20 ± 0.05 eV and

IE[DMPD] = 6.46 ± 0.02 eV. The probable value for

IE[NpO2] is taken as the average between 6.20 eV and

6.46 eV – i.e., 6.33 eV – and the uncertainty is taken

as the maximum possible limit – i.e., {6.33 eV �
6.15 eV} = 0.18 eV. The conclusion is that IE[NpO2] =

6.33 ± 0.18 eV, where this assigned uncertainty is con-

sidered a conservative upper limit. This revised value is

substantially greater than the previous value of

�5.0 eV [1] and is consistent with systematic trends, as

discussed below. The new value for IE[NpO2] is also

consistent with bond energy data obtained previously

by us [5,6].

For comparison with earlier results [5], the electron-

transfer reactions of PuOþ
2 with TMPD and DMPD

were also examined. In accord with the recently reported

IE[PuO2] = 7.03 ± 0.12 eV [5], electron transfer to PuOþ
2

was seen with both TMPD and DMPD. The compara-

tive results for PuOþ
2 confirm that IE[PuO2] > IE[NpO2],

in accord with the determined value for IE[NpO2].

In the case of TMPD with both NpOþ
2 and PuOþ

2 , the

only reactions other than electron transfer that were ob-

served were consecutive formation of the mono-adduct

and the bis-adduct, [AnO2 Æ TMPD]+ and [AnO2 Æ
2(TMPD)]+. It is apparent that neither of these AnOþ

2

efficiently activate bonds in TMPD. In accord with the

greater exothermicity for electron transfer in the case

of PuOþ
2 compared with NpOþ

2 , this pathway was dom-

inant (70%) for PuOþ
2 whereas adduct formation was

dominant for NpOþ
2 (85%) and electron transfer to

NpOþ
2 was a relatively minor (15%) though definitive

channel.

3.2. First ionization energies of actinide oxides

Reported actinide oxide ionization energies are given

in Table 1, including the new value for IE[NpO2] ob-

tained in this work. The IE[AnO] (An = Th, U, Np,

Pu) and IE[AnO2] (An = U, Np, Pu) in Table 1 are revisi-

ons to the previously accepted values that were based on

electron impact ionization threshold measurements of

high-temperature vapors [11]. The values for IE[NpO],

IE[PuO] and IE[AmO] given in Table 1 are based on an

earlier study [6] that employed a technique developed

for lanthanide monoxides by Schwarz and co-workers

[12]. From spectroscopic studies of low-temperature

UO molecules, Heaven and co-workers [2] have

recently reported a reliable value of IE[UO] = 6.0313 ±

0.0006 eV, which is 0.4 eV greater than the earlier EI

value of 5.6 eV [13]. In view of this revision to IE[UO],

the previously derived IE[NpO], IE[PuO] and



Table 1

First and second ionization energies of actinide oxides (eV)

An IE[AnO] IE[AnO2] IE[AnO+] IE[AnOþ
2 ]

Th 6.60a (8.7)d 612.8g –

U 6.03b 6.13b 12.7 ± 0.8g 14.6 ± 0.4g

Np 6.1 ± 0.2c 6.33 ± 0.18e 13.8 ± 0.6g 15.1 ± 0.4g

Pu 6.1 ± 0.2c 7.02 ± 0.12f 13.7 ± 0.8g 15.1 ± 0.4g

Am 6.2 ± 0.2c 7.23 ± 0.15c 13.7 ± 0.6g 15.7 ± 0.9g

a From Ref. [8].
b From Ref. [2]. The precise values are IE[UO] = 6.0313 ±

0.0006 eV and IE[UO2] = 6.128 ± 0.003 eV [2].
c From Ref. [6]; the values of IE[AnO] have been adjusted for

the revised IE[UO] from Han et al. [2].
d From Ref. [9]. The uncertainty associated with this electron

ionization value is unknown.
e This work.
f From Ref. [5].
g From Ref. [10].
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IE[AmO] [6] have been accordingly revised upward

– these three new IE[AnO] values are included in Table 1.

The electron-transfer bracketing technique was used

in an earlier FTICR-MS study to determine

IE[PuO2] = 7.02 ± 0.12 eV [5], this value being in sharp

contrast to the recent EI value of 10.1 ± 0.1 eV [13].

The IE[NpO2] = 6.33 ± 0.18 eV from the present study

contrasts with the earlier EI value of �5.0 eV [1]. The

discrepancy for NpO2 is consistent with EI of excited

state, high-temperature NpO2 molecules [3], which

would result in a lower EI ionization appearance thresh-

old than for ground-state NpO2. It should be remarked

that the very large discrepancy for IE[PuO2] is not read-

ily rationalized by the same considerations because the

EI value reported for PuO2 vapor molecules is �3 eV

larger, not smaller, than the revised value. The values

in Table 1 indicate a monotonic increase in IE[AnO2]

across the series from UO2 to AmO2. The largest in-

crease, �0.7 eV, occurs between IE[NpO2] and IE

[PuO2]. This is consistent with the decreasing stability

of oxidation states above An(IV) beyond Np [14].

Whereas IE[UO2] and IE[NpO2] are only �0.1–0.2 eV

greater than the corresponding IE[AnO], both IE[PuO2]

and IE[AmO2] are �1 eV greater than the corresponding

IE[AnO].

A value of IE[UO3] = 10.6 ± 0.1 eV has been re-

ported by Rauh and Ackermann [9] based on EI appear-

ance threshold measurements. Capone et al. [13] recently

reported a similar value of IE[UO3] = 10.8 eV, also using

the EI technique. As noted above, the possibility of ex-

cited state UO3 molecules from the high-temperature

vapor source sheds some doubt on the accuracy of these

values. However, a key point is that the previously re-

ported IE[PuO2] = 10.1 eV [13] is only �0.7 eV lower

than the IE[UO3] obtained by the same experimental

technique [13]. Uranium does not normally exhibit oxi-

dation states above U(VI), the oxidation state in UO3,
because hexavalent uranium has no free non-bonding

valence electrons outside of the closed Rn core. The

Pu(IV) oxidation state is particularly stable [14] but oxi-

dation states up to Pu(VI) – and perhaps Pu(VII) – are

known [14], as evidenced by the recent report of the

PuO3 molecule [15]. In view of the valence saturation

of UO3 it would be expected that its ionization energy

should be substantially greater than that of PuO2, for

which several valence electrons not involved in bonding

remain at the Pu metal center, and oxidation states

above Pu(IV) are stable. The ionization energy of

ThO2 has been reported as 8.7 eV [9] based on EI thresh-

old measurements. As expected in view of the valence

saturation of Th in ThO2, this value is substantially

greater than that of AmO2 (i.e., IE[ThO2]� 7 eV). It

would be expected that the ionization energy of ThO2

should be similar to that HfO2 as Th exhibits character-

istics of a group 4 d-block transition metal element [16].

Rauh and Ackermann [9] also reported IE[HfO2] �
9.4 eV based on EI measurements and their value of

8.7 eV for IE[ThO2] is indeed reasonably close to this

latter value.

It is desirable to compare the ionization energies of

the actinide monoxides with those of the lanthanide

monoxides, LnO. To the best of our knowledge, the only

determinations of the IE[LnO] are based on EI threshold

measurements of high-temperature vapors [7]. Acker-

mann et al. [17] have reported the first ionization ener-

gies for all of the lanthanide monoxides (except PmO)

based on EI measurements. With the exception of

LuO, it was found that all of the IE[LnO] are within

1 eV of the corresponding IE[Ln]. For the early lantha-

nides (La, Ce, Pr, Nd) and Gd, the IE[LnO] were

�0.5 eV lower than the corresponding IE[Ln]. Acker-

mann et al. [17] attributed these low IE[LnO] to removal

of an anti-bonding electron in the ionization process.

However, in view of the demonstrated uncertainties

associated with EI determinations of metal oxide ioniza-

tion energies [2] it is appropriate to evaluate the EI re-

sults of Ackermann et al. by comparing their results

for IE[TaO] [17] with those from a subsequent photo-

electron study by Dyke et al. [18]. In accord with the

tendency for EI measurements of molecular ionization

energies to result in somewhat low values (perhaps due

to excited-state neutral molecules [3]), the EI value for

IE[TaO] was 7.92 eV [17], nearly identical to IE[Ta] =

7.89 eV [7], whereas the photoelectron value was

0.7 eV greater: IE[TaO] = 8.61 ± 0.02 eV [18]. It is con-

cluded that the available IE[LnO] [7,17] determined by

the EI method are insufficiently accurate to enable de-

tailed comparisons. It should be a priority to re-deter-

mine lanthanide monoxide ionization energies using

more reliable techniques.

To the extent that the reported IE[LnO] can be con-

sidered qualitatively reasonable, it would appear that

IE[LnO] are rather similar to the corresponding IE[Ln]



Table 2

First and second ionization energies of actinide atoms (eV)

An IE[An] IE[An+]d

Th 6.307a 11.9 ± 0.1

U 6.194b 11.9 ± 0.5

Np 6.266a 11.7 ± 0.3

Pu 6.026c 11.7 ± 0.2

Am 5.974a 12.0 ± 0.2

a From Ref. [19].
b From Ref. [20].
c From Ref. [21].
d From J. Sugar, as cited in Ref. [11].

J.K. Gibson et al. / Journal of Nuclear Materials 344 (2005) 24–29 27
– e.g., typically within �1 eV. For comparison, the

IE[AnO] in Table 1 can be compared with the IE[An]

that are included in Table 2. For each of the five AnO,

the monoxide ionization energies are within �0.3 eV of

the atomic ionization energies. The IE[AnO] are similar

to the IE[An], to within the reported uncertainties, for

NpO, PuO and AmO. Whereas IE[ThO] is �0.3 eV

greater than IE[Th], IE[UO] is �0.2 eV less than

IE[U]. That the addition of an oxo-ligand to uranium re-

duces the ionization energy may be rationalized accord-

ing to the proposal by Ackermann et al. [17] for the

lanthanide monoxides that ionization of UO occurs by

removal of an electron from a molecular orbital

that possesses some anti-bonding character. In the

context of this model, an electron with some bonding

character is presumably removed during ionization of

ThO.

It is noteworthy that IE[UO2] is only �0.1 eV greater

than IE[UO] and is slightly smaller than IE[U]. The ion-

ization energy of UO2 can be compared with those of

uranium tetrahalides, in which uranium is in the same

formal valence state. Dyke et al. [22] determined IE-

[UF4] = 9.51 eV and IE[UCl4] = 9.18 eV by photoelec-

tron spectroscopy. The ionization energies of these

tetravalent uranium halide molecules are P3 eV larger

than IE[U]. A possible explanation for the large discrep-

ancy between the ionization energies of uranium(IV)

dioxide and uranium(IV) tetrahalides is the comparative

degrees of ionic character. The relatively large ionization

energies of the tetrahalides are consistent with a signifi-

cant degree of ionic character, such that the effective po-

sitive charge at the uranium metal center is substantial,

where it is presumed that ionization of these molecules

occurs by removal of an electron occupying a molecular

orbital of predominantly uranium character. Referring

to the second atomic ionization energies in Table 2, it

is evident that the uranium tetrahalide ionization ener-

gies are intermediate between IE[U] and IE[U+], suggest-

ing an effective charge d+ (0 < d < 1) at the metal center

and a significant degree of ionicity in the tetrahalides.

The contrasting observation that IE[UO2] � IE[U]

suggests that the bonding in the dioxide is essentially
covalent. Dyke et al. [22] also determined IE-

[ThF4] = 12.75 eV and IE[ThCl4] = 11.16 eV; these val-

ues are similar to IE[Th+] = 11.9 eV (Table 2). In the

case of tetravalent thorium compounds the large ioniza-

tion energies can be taken to reflect the fact that no free

valence electrons remain at the metal center outside of

the closed Rn core. The relatively large EI value for

IE[ThO2] included in Table 1 is consistent with tetrava-

lent thorium, regardless of the degree of ionic character

for this dioxide molecule.

3.3. Second ionization energies of actinide oxides

The second ionization energies of some AnO and

AnO2 were recently determined using FTICR-MS tech-

niques [10] – the values from these studies are included

in Table 1. The IE[AnO+] have rather large associated

uncertainties and only an upper limit is available for

IE[ThO+]. However, it is apparent the IE[AnO+]

(An = U, Np, Pu, Am) are rather similar to – perhaps

�1–2 eV greater than – the corresponding IE[An+] (see

Tables 1 and 2). Based on the upper limit, it would ap-

pear that IE[ThO+] is within 1 eV of IE[Th+]. These

observations indicate that just as for the AnO, the

bonding in these AnO+ is largely covalent with the re-

sult that the ionization energies of the bare and oxo-

ligated An+ are similar. Whereas the neutral tetrahalide

ionization energies were employed as a basis to evalu-

ate IE[AnO2] (An = U, Th) no such basis for compar-

ison is available for the monopositive AnO+ and

AnOþ
2 ions. That the IE[AnO+] are evidently �1–2 eV

greater than the IE[An+] (An = U, Np, Pu, Am) might

initially be taken to suggest that the oxo-ligand with-

draws some additional charge from the metal center

so that the effective net charge there is slightly greater

than +1. However, it should be noted that the addition

of the oxo-ligand to An+ might involve the highest-

energy valence electrons at the metal ion center in co-

valent bonding, thereby resulting in the necessity for

removal of a lower-energy electron for ionization and a

higher ionization energy. It is noted that the third ioniza-

tion energies of these actinide atoms, IE[An2+], are in the

range of 20–22 eV [20], so it can be inferred that the de-

gree of charge withdrawal by the oxo-ligand is minor –

i.e., that the effective charge at the metal centers in the

AnO+ are close to +1 and much less than +2.

The recently determined [10] approximate values for

IE[UOþ
2 ], IE[NpOþ

2 ] and IE[PuOþ
2 ], as well as an esti-

mate for IE[AmOþ
2 ] [10], are included in Table 1. These

IE[AnOþ
2 ] are �2.5–3.5 eV greater than the correspond-

ing IE[An+]. In contrast, IE[UO2] and IE[NpO2] are

within �0.1 eV of IE[U] and IE[Np], respectively,

whereas IE[PuO2] and IE[AmO2] are only �1 eV greater

than IE[Pu] and IE[Am], respectively (see Tables 1 and

2). These comparisons might tentatively be taken to sug-

gest that the net effective charges on the metal center for
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these four AnOþ
2 are somewhat greater than +1. How-

ever, in analogy with the AnO+, the addition of a second

oxygen ligand might employ high-energy metal-based

electrons in the additional covalent bonding, resulting

in an elevated ionization energy absent any significant

increase in net charge at the metal center. Ab initio

theory on the electronic structures of the actinide oxide

neutrals and ions is needed to understand the observed

trends in the experimental ionization energies.
4. Summary

The ionization energy of neptunium dioxide has been

determined by the electron-transfer bracketing method

employing FTICR-MS, with the result: IE[NpO2]

= 6.33 ± 0.18 eV. This value is substantially greater than

the previous experimental value of �5.0 eV [1] but is in

accord with the ionization energy trends for the early

actinide dioxides, including the revised values recently

reported for UO2 [2] and PuO2 [5], as well as with other

thermodynamic quantities for the neptunium–oxygen

system [5,6].

The ionization energies of ThO, UO, NpO, PuO,

AmO, UO2 and NpO2 are all close – within �0.3 eV –

to those of the corresponding bare actinide atoms. This

is taken to indicate that ionization of these oxides occurs

by removal of an electron with little bonding character

and that the bonding is primarily covalent so that the

net effective charges at the actinide metal centers are

close to zero. The ionization energies of PuO2 and

AmO2 are �1 eV greater than IE[Pu] and IE[Am],

respectively, which is taken to indicate that ionization

occurs by removal of an electron with some bonding

character and/or that there is a slight effective positive

charge at the metal center. Similarities between the sec-

ond ionization energies of actinide monoxides and those

of the corresponding bare metal ions suggest a minor de-

gree of electron withdrawal as a result of addition of a

single oxygen ligand to an An+ ion. In contrast, the ion-

ization energies of UOþ
2 , NpOþ

2 and PuOþ
2 , as well as the

estimate for IE[AmOþ
2 ], are �3 eV greater than those of

the corresponding An+. Theoretical studies of the neu-

tral, monopositive and dipositive actinide oxide mole-

cules are needed to understand the nature of the

ionization processes.
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[6] M. Santos, J. Marçalo, J.P. Leal, A. Pires de Matos, J.K.

Gibson, R.G. Haire, Int. J. Mass Spectrom. 228 (2003)

457.

[7] NIST Chemistry WebBook – NIST Standard Reference

Database Number 69 – March, 2003 Release, Ionization

Energetics data compiled by S.G. Lias, H.M. Rosenstock,

K. Draxl, B.W. Steiner, J.T. Herron, J.L. Holmes, R.D.

Levin, J.F. Liebman, S.A. Kafafi, US Department of

Commerce: Washington, DC, 2003. Available from:

<http://webbook.nist.gov/chemistry/>.

[8] V. Goncharov, J. Han, L.A. Kaledin, M.C. Heaven, J.

Chem. Phys., in press.

[9] E.G. Rauh, R.J. Ackermann, J. Chem. Phys. 60 (1974)

1396.

[10] J.K. Gibson, R.G. Haire, M. Santos, J. Marçalo, A. Pires
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