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The first gas-phase ion chemistry studies of the transuranium actinides Np and Pu by Fourier Transform Ion
Cyclotron Resonance Mass Spectrometry (FTICR-MS) have been performed. Reactions of An+ and AnO+

(An ) Th, U, Np, and Pu) with N2O, C2H4O (ethylene oxide), H2O, O2, CO2, NO, and CH2O have been
studied, with a focus on the oxidation of transuranium ions. All the An+ ions formed AnO+ with all the
oxidants studied, with the exception of Pu+ with CH2O, in accord with the known bond dissociation energies,
BDE(An+-O). The reaction efficiencies appear to correlate with the magnitude of the promotion energies
from the ground states to reactive-state configurations of the An+ ions. Only N2O and C2H4O oxidized all
AnO+ to AnO2

+; CO2 and NO oxidized only UO+; H2O and O2 oxidized UO+, NpO+, and PuO+; and CH2O
was unreactive with all the AnO+ ions. The observed formation of PuO2

+ from the oxidants weaker than
N2O is in conflict with the literature values for BDE(OPu+-O), which we conclude are significantly too low.
Charge-transfer “bracketing” experiments to determine the ionization energy of PuO2 were performed, from
which a value of 7.03( 0.12 eV was obtained. This IE(PuO2) is 2-3 eV lower than the literature values, but
in accord with our observations for the oxidation thermodynamics.

Introduction

Reactivity studies of actinide (An) ions in the gas phase, based
on the use of Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry (FTICR-MS), have until now been limited to Th
and U,1-7 due to the highly radioactive nature of the other
members of the series. A special experimental setup installed
at Oak Ridge National Laboratory (ORNL), based on the Laser
Ablation with Prompt Reaction and Detection (LAPRD) tech-
nique, made possible the first gas-phase chemistry studies of
Np, Pu, Am, Cm, Bk, and Cf ions,8-17 and preliminary studies
with Pa and Es ions.18 These LAPRD gas-phase chemistry
studies of actinide ions, as well as earlier work, have been
recently reviewed.19 At Instituto Tecnolo´gico e Nuclear (ITN),
conditions for handling small amounts of highly radioactive
samples in the FTICR-MS lab have been recently established
to examine gas-phase chemistry of actinide ions other than Th
and U, to complement the considerable LAPRD work. Since
FTICR-MS is a more adequate technique to acquire information
on kinetics, mechanisms, and energetics, with these studies we
will try to obtain fundamental kinetic and thermodynamic data
on gaseous actinide ions, gain a better insight into the potential
5f electron contribution to reactivity in the first half of the An
series, and estimate energetic data for An species that may be
of interest for condensed-phase processes. Comprehensive
descriptions of FTICR-MS fundamentals20-22 and of applications
to gas-phase metal ion chemistry22-26 are available. In the
present work, we examine by FTICR-MS the reactions of An+

and AnO+ ions (An ) Th, U, Np, Pu) with N2O, C2H4O
(ethylene oxide), H2O, O2, CO2, NO, and CH2O, with a focus
on the oxidation of transuranium ions, expanding a previous
study of Np+ and Pu+ with C2H4O by the LAPRD technique.16

The latter effort revealed inconsistencies with the reported
thermochemistry of Pu oxides. Reactions of Th+ and U+ ions
with N2O, H2O, O2, and CO2 have been previously studied by
Schwarz and co-workers.6

Experimental Section

All experiments were performed in a Finnigan FT/MS 2001-
DT FTICR mass spectrometer, equipped with a 3 Tsupercon-
ducting magnet, a Spectra-Physics Quanta-Ray GCR-11 Nd:
YAG laser operated at the fundamental wavelength (1064 nm),
and a Finnigan Venus Odyssey data system.

The actinide samples consisted of alloys of∼5% of an
actinide metal in a Pt matrix, prepared by direct melting of the
An metal with Pt in arc-melting furnaces, using water-cooled
copper crucibles under Ti-gettered high-purity argon atmo-
spheres. The sample with natural Th was prepared at ITN, while
the samples containing natural U, Np-237, and Pu-242 were
prepared at ORNL.

The reagent gases N2O, O2, CO2, and NO were obtained
commercially and used as purchased (purity> 99%). C2H4O,
obtained commercially (purity> 99%), was degassed prior to
use. The H2O was thoroughly deoxygenated by bubbling with
high-purity N2, and degassed prior to use. Dry, gaseous CH2O
was prepared from a commercial aqueous solution according
to a literature procedure.27 The reagents for the bracketing
experiments were commercial products (purity> 98%) and used
as acquired, except for the liquids, which were degassed prior
to use. The reagents were checked in situ for their purity through
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EI spectra. All the reagents were introduced into the spectrom-
eter through a leak valve, to pressures in the range of 3× 10-8

to 2 × 10-7 Torr.
The actinide metal ions were produced by direct laser

desorption/ionization (LDI) of small pieces of the alloys,
mounted on the solids probe of the instrument. Ion selection,
namely isolation of the actinide metal ions from the abundant
Pt ions formed in the LDI process and isolation of the actinide
oxide ions after an initial formation period, was achieved using
single-frequency, frequency-sweep, or SWIFT excitation.28 In
the “bracketing” experiments, PuO2

+ was produced by reaction
of Pu+ with O2 introduced into the instrument through pulsed
valves; the charge-exchange reagents were introduced through
a leak valve.

Neutral pressures, measured by a Bayard-Alpert type ioniza-
tion gauge, were calibrated using standard reactions of methane29

and acetone30 ions, and included corrections for the different
ionization efficiencies of the reagents, calculated according to
Bartmess and Georgiadis,31 based on experimental molecular
polarizabilities.32

Rate constants (k) were determined from the pseudo-first-
order decay of the relative signals of the reactant ions as a
function of time at constant neutral pressures; each decay was
followed until the consumption of the reagent ion had reached
less than one tenth of the sum of all ion intensities. The rate
constants are reported as fractions of the Average Dipole
Orientation collisional rates (kADO),33 that is, as reaction ef-
ficiencies, k/kADO. Collisional rates were calculated using
experimental molecular polarizabilities and dipole moments of
the neutral reagents.32 Due to uncertainties in the pressure
measurements, we estimate absolute errors of(50% in the
k/kADO values, but relative errors lower than 20%.

Thermalization of the reactant ions was performed for all the
reactions by collisions with argon, introduced in the instrument
through pulsed valves to pressures of ca. 10-5 Torr or through
a leak valve at a constant pressure in the range of (1-5) ×
10-6 Torr. Linearity of semilogarithmic plots of the reactant
ion signal magnitudes versus time was taken as the main
indication of the effectiveness of the thermalization of the
reactant ions. Effective thermalization was also indicated by
reproducibility of the reaction kinetics for different collisional
cooling periods or collision gas pressures; as well as by the
absence of changes in the product distributions in those cases
where there was more than one product ion.

For obvious reasons, special care was taken to minimize the
interference of reactions with residual water and oxygen in the
instrument. This was accomplished by allowing long pumping
times with the solids probe inside the high-vacuum chamber
before introducing the oxidizing reagents. Also, the validity of
the oxidation results was verified by comparison with reactions
which occurred under typical background conditions.

Results and Discussion

Reactions of An+ Ions with Oxidants. All four An+ ions,
Th+, U+, Np+, and Pu+, produced AnO+ ions with each oxidant
studied (N2O, C2H4O, H2O, O2, CO2, NO, and CH2O), except
in the case of Pu+ with CH2O, where no reaction was observed.
Other products besides AnO+ were observed in the reactions

with N2O (formation of AnN+ for An ) Th, U, and Np, with
50%, 40%, and 25% relative abundances, respectively) and with
H2O (formation of AnOH+ for An ) Th, with 35% relative
abundance; for An) U and Np, formation of AnOH+ was also
observed only under conditions where thermalization was not
effective). The results obtained in the cases of Th+ and U+ with
N2O, H2O, O2, and CO2 are in agreement with a previous work
of Schwarz and co-workers.6

The oxygen dissociation energies for the seven oxidants
studied are shown in Table 1, designated as R-O bond
dissociation energies (BDE(R-O)). Formation of AnO+ with
CH2O suggests that each BDE(An+-O) g BDE(H2C-O) )
751.5 kJ/mol, for An) Th, U, and Np, which is consistent
with the literature values reproduced in Table 2. The lower limit
obtained in our experiments for BDE(Np+-O) g 751.5 kJ/mol,
effectively narrows down the uncertainty of the only value found
in the literature (see Table 2). In the case of Pu+, observation
of PuO+ in the reaction with NO implies that BDE(Pu+-O) g
631.6 kJ/mol, in agreement with the literature values shown in
Table 2, if reported uncertainties are taken into account; the
nonobservation of PuO+ in the reaction with CH2O is in accord
with these data. Because of the possibility of a particular kinetic
hindrance in oxidation reactions of Pu+ due to its electronic
structure and energetics (see below), the evident inability of
CH2O to oxidize Pu+ under nearly thermoneutral conditions
cannot confidently be interpreted to indicate an upper limit for
BDE(Pu+-O). The new thermochemical results derived from
this work for NpO+ and PuO+ are included in Table 2.

In Table 3 we present the efficiencies,k/kADO, of the reactions
studied. For Th+ and U+ with N2O, H2O, O2, and CO2 the values
obtained are roughly in agreement with the previous work of
Schwarz et al.;6 specifically, the lowerk/kADO found in the
reaction with H2O as compared with the values obtained for
the other three oxidants. The reaction efficiencies for the
different An+ ions vary in nearly the same way with all the
oxidants: Th+ is slightly more efficient than U+ and Np+, and
Pu+ is clearly the least efficient of the An+ ions studied. These
differences appear to correlate with the magnitude of the
promotion energies from the ground state to an excited-state
configuration of the An+ ion, where two unpaired non-f
electrons are available, as shown in Table 4: Pu+ has a sizable
promotion energy of 1.08 eV, while Th+, U+, and Np+, have

TABLE 1: Bond Dissociation Energies (BDE) of the Oxidizing Reagents RO (in kJ/mol)a

RO N2O C2H4O H2O O2 CO2 NO CH2O

BDE(R-O) 167.1( 0.1 354.3( 0.6 491.0( 0.1 498.4( 0.1 532.2( 0.2 631.6( 0.4 751.5( 0.1

a Ref 34.

TABLE 2: Bond Dissociation Energies (BDE) of the AnO+

Ions (in kJ/mol)

AnO+ ThO+ UO+ NpO+ PuO+

BDE(An+-O) 875( 16a 807( 22a 773( 43a

866( 21b 803( 25b 683( 55b

801( 22c 618( 22c

this work: g751.5 g751.5 g751.5 g631.6

a Ref 35.b Ref 36.c Ref 37.

TABLE 3: Efficiencies (k/kADO) of the Reactions of An+ Ions
with Oxidizing Reagents

N2O C2H4O H2O O2 CO2 NO CH2O

Th+ 0.68 0.37 0.20 0.86 0.35 0.49 0.61
U+ 0.47 0.34 0.13 0.72 0.29 0.46 0.53
Np+ 0.48 0.32 0.10 0.68 0.30 0.45 0.28
Pu+ 0.02 0.21 0.004 0.27 0.003 0.17 <0.001
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zero or near-zero promotion energies. The validity of this model
in the elucidation of gas-phase actinide ion reactivity has been
amply demonstrated in previous studies, as discussed in a recent
review.19

Other factors definitely influence reaction efficiencies, namely,
the neutral reagent can introduce kinetic restrictions beyond the
exothermicity of the reactions. This is clearly the case for H2O,
which, as noted before by Schwarz and co-workers,6 requires a
considerable rearrangement to yield AnO+ and H2. It is
interesting to note that this type of factor appears to have a
more pronounced effect in the case Pu+, which showed
significantly lower reaction efficiencies with N2O, H2O, and
CO2. A similar diminution in reaction efficiency was previously
found for Nd+ when compared with Ce+, most notably in
reactions with CO2.6 Nd+, like Pu+, has a sizable promotion
energy, 1.41 eV, whereas Ce+, like the three other An+ studied
in the present work, has a negligible promotion energy.39 It
would appear that electronic excitation can play a significant
role in oxidation kinetics for actinide and lanthanide metal ions.
Accordingly, nonobservation of an oxidation reaction cannot
necessarily be interpreted in a thermodynamic context.

Reactions of AnO+ Ions with Oxidants. In the reactions of
AnO+ ions (An ) Th, U, Np, and Pu) with the oxidizing
reagents, formation of AnO2+ occurred with N2O and C2H4O
for all AnO+ ions; with H2O and O2 for UO+, NpO+, and PuO+;
and with CO2 and NO for UO+. ThO+ formed only ThO2H+ in
the reaction with H2O. All the AnO+ ions were unreactive with
CH2O. The efficienciesk/kADO of the reactions are presented in
Table 5. For ThO+ and UO+ with N2O, H2O, O2, and CO2,
there is again a fair agreement with the previous work of
Schwarz and co-workers.6 Compared with the actinide metal
ions, there is a general decrease in reactivity for all the monoxide
ions, particularly in the cases where the reactions are thermo-
dynamically favorable (see discussion below), revealing im-
portant kinetic restrictions. This decrease in reactivity is a
general feature of the early actinides that has been seen in
previous studies, as discussed in a recent review.19 The strong
An+-O bonds (see Table 2), the accessible oxidation states of
the actinide elements, and the electronic structures of the AnO+

ions all appear to be influential.
In Table 6 we show the available literature data for BDE-

(OAn+-O). Taking into account the BDE(R-O) values of
Table 1, we can see a reasonable agreement of our results with
the thermochemical data in the cases of Th and U (ThO2

+

forming only with N2O and C2H4O, UO2
+ forming with all

oxidants except CH2O). It should be noted that in view of a

potential kinetic limitation, the nonobservance of UO2
+ from

the reaction of UO+ with CH2O cannot necessarily be taken to
indicate an upper limit of 751.5 kJ/mol for BDE(OU+-O).

The formation of NpO2+ from the reaction of NpO+ with O2

indicates that BDE(ONp+-O) exceeds 498.4 kJ/mol, but there
is only limited literature data available for comparison in this
case. From the data reported in a study of neutral NpO2,40 a
value of BDE(ONp-O) ) 666( 41 kJ/mol can be estimated,
which, together with the ionization energies (IE) of NpO and
NpO2 from the literature,36 and using eq 1:

leads to BDE(ONp+-O) ) 733( 64 kJ/mol. This value seems
rather high and in a previous work16 an estimate for BDE-
(ONp+-O) ) 600 ( 100 kJ/mol was made, built on experi-
mental evidence. From the results obtained in the present work,
we believe that we can go beyond the established lower
thermodynamic bound of 498.4 kJ/mol and the crude estimates
indicated above. Based on the very inefficient oxidation of UO+

by CO2 (see Table 5), the absence of detectable NpO2
+ from

the reaction of NpO+ with CO2 is not interpreted to establish
an upper limit of BDE(ONp+-O) of 532.2 kJ/mol. It is entirely
feasible, if not probable, that kinetic effects result in the
nonobservance of oxidation of NpO+ by CO2. Oxidation of
AnO+ by NO is evidently rather more efficient than by CO2,
as observed in the case of UO+ (see Table 5), and an upper
limit for BDE(ONp+-O) in the vicinity of BDE(N-O) ) 631.6
kJ/mol is tentatively inferred on the basis of the nonobservation
of NpO2

+ from the reaction of NpO+ with NO. From these
considerations, we arrive at an estimated BDE(ONp+-O) of
580( 70 kJ/mol. This value is in accord with the rather efficient
oxidation of NpO+ by O2 and it should be noted that the lower
limit of the uncertainty range for this estimated value (∼510
kJ/mol) is close to the thermodynamically established lower limit
of 498.4 kJ/mol.

In the case of Pu, formation of PuO2
+ with O2 also indicates

that BDE(OPu+-O) exceeds 498.4 kJ/mol, in distinct conflict
with the literature values (Table 6), but confirming and
extending the observations of a previous work,16 where an
estimate of BDE(OPu+-O) ) 450 ( 100 kJ/mol was made.
We believe that the low values cited for BDE(OPu+-O) in the
literature (see Table 6) can be traced to the anomalously high
ionization energy of PuO2 reported in the same sources; this
interpretation derives from the relationship given in eq 1.

Reported values of IE(AnO2) are given in Table 7. Although
it is predictable from experimental evidence that IE(PuO2)
should be larger than IE(UO2) and IE(NpO2),41 it is intriguing
that the reported IE(PuO2) is larger than IE(ThO2) in view of
the accessible oxidation states of Th (+4) and Pu (+6). It is
also rather surprising to see, from our experimental results, that
PuO2

+ is, with such a low reported BDE(OPu+-O), inert toward

TABLE 4: Promotion Energies from the Ground-State
Configurations to Reactive- State Configurations of the An+
Ions (with terms in parentheses)38

An+
ground-state
configuration

promotion
lenergy (eV)

reactive state
configuration

Th+ 6d27s (4F3/2) 0.00 6d27s (4F3/2)
U+ 5f37s2 (4IO

9/2) 0.04 5f36d7s (6LO
11/2)

Np+ 5f46d7s (7L5) 0.00 5f46d7s (7L5)
Pu+ 5f67s (8F1/2) 1.08 5f56d7s (8KO

7/2)

a Ref 38.

TABLE 5: Efficiencies (k/kADO) of the Reactions of AnO+

with Oxidizing Reagents

N2O C2H4O H2O O2 CO2 NO CH2O

ThO+ 0.31 0.34 0.11 <0.001 <0.001 <0.001 <0.001
UO+ 0.08 0.30 0.009 0.45 0.004 0.11<0.001
NpO+ 0.07 0.28 0.004 0.28 <0.001 <0.001 <0.001
PuO+ 0.003 0.15 0.002 0.07 <0.001 <0.001 <0.001

TABLE 6: Bond Dissociation Energies (BDE) of the AnO2
+

Ions (in kJ/mol)

AnO2
+ ThO2

+ UO2
+ NpO2

+ PuO2
+

BDE(OAn+-O) 465( 21a 764( 24a

433( 30b 772( 56b 253( 77b

772( 22c 261( 22c

this work: g354.3 g631.6 g498.4 g498.4
580( 70 520( 20

(est.) (est.)

a Ref 35.b Ref 36.c Ref 37.

BDE(OAn+-O) )
BDE(OAn-O) + IE(AnO) - IE(AnO2) (1)
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substrates such as H2O and C2H4O (and the organic reagents
used in the “bracketing” experiments described below), while
ThO2

+ readily abstracts a hydrogen from H2O and C2H4O (and
other organic substrates6) to form ThO2H+. The larger BDE-
(OPu+-O) derived from the present results is in better accord
with the general chemical behavior of PuO2

+.
Schwarz and co-workers have addressed several issues which

can be relevant for the present discussion, including the bonding
schemes in metal dioxide cations and their relations to IE of
the neutral species and the reactivity toward hydrocarbons. Of
particular note are a very interesting study of the oxidation
properties of early transition-metal dioxide cations in the gas
phase,42 a detailed study of the CeO2+ cation,43 and their
comparative study of oxo-ligand effects in lanthanide and
actinide gas-phase ion chemistry.6

Ionization Energy of PuO2. In view of the substantial
inconsistencies found for the thermochemistry of PuO2

+, and
our proposition that this derives primarily from the abnormally
large literature values for the plutonium dioxide ionization
energy, we undertook to independently obtain an accurate
value for IE(PuO2) from charge-transfer “bracketing” experi-
ments25,26,43-45 with PuO2

+. The occurrence or nonoccurrence
of charge transfer, when reacting PuO2

+ with compounds with
well-known IEs, gives us lower and upper bounds for IE(PuO2).
For this study we used the compounds listed in Table 8.

Charge transfer with PuO2+ was observed forN,N-dimethyl-
p-toluidine, 1,4-phenylenediamine, and ferrocene, while it was
not for N,N-dimethylaniline, diphenylamine, triethylamine,
p-cresol, and toluene. If charge-transfer reactions have to
compete with other reactions pathways, the accuracy of the
“bracketing” procedure can be influenced, since the relative
efficiencies of the reactions may depend on other than thermo-
dynamic factors.43-44 However, in our case, due to the low
reactivity of PuO2

+, we only observed slow adduct formation
besides charge transfer with all the compounds studied. Thus,
we arrive at IE(PuO2) ) 7.03( 0.12 eV, based on the observed
charge transfer withN,N-dimethyl-p-toluidine and the nonob-
servation of that process withN,N-dimethylaniline.

To confirm the validity of our working conditions in these
“bracketing” experiments, we performed a determination of IE-
(Mo), using Mo+ formed by LDI of a pure piece of Mo metal
and thermalized by collisions with argon. IE(Mo) was “brack-
eted” betweenN,N-dimethyl-p-toluidine and diphenylamine (the
reaction withN,N-dimethylaniline was inconclusive due to the

fact that charge transfer is very sensitive to thermalization, and
represents a minor channel when compared to bond activation),
leading to a value of 7.06( 0.18 eV, in agreement with the
literature value of 7.09243( 0.00004 eV.34

The value obtained in the present work for IE(PuO2), although
substantially lower than the literature values, is intermediate
between IE(UO2) and IE(ThO2), as expected (see Table 7 and
the discussion above). Using eq 1, our new value for IE(PuO2)
) 7.03 eV, and BDE(OPu-O) ) 6.2( 0.2 eV and IE(PuO))
6.6 ( 0.1 eV from Capone et al.37 gives an approximate value
for BDE(OPu+-O) ) 557( 23 kJ/mol. This value is in accord
with the observations made in the oxidation reactions, BDE-
(OPu+-O) g 498.4 kJ/mol, but is probably too high; it places
BDE(OPu+-O) very close to BDE(ONp+-O), which does not
seem consistent with the relative reaction efficiencies of NpO+

and PuO+ with O2, if reasoning similar to the one used above
when we estimated BDE(ONp+-O) is employed. With these
considerations in mind, we tentatively estimate a BDE(OPu+-
O) ) 520 ( 20 kJ/mol and include it in Table 6.

The independent measurements in this work of the minimum
bond dissociation energy OPu+-O and ionization energy for
PuO2 have provided interconsistent and, we expect, convincing
new results, which differ substantially from those previously
reported in the literature. We do not have any explanation for
the values of IE(PuO2) in the literature, particularly the one
determined recently by Capone et al.,37 to be 2-3 eV higher
than ours. Doubts could arise concerning the possibility of an
ineffective thermalization of the PuO2+ ions in the charge-
transfer reactions, but, if this was the case, it would mean that
IE(PuO2) was even lower than the “bracketed” value. Electron
impact (EI) ionization threshold methods have been recently
reviewed45,46 and it was pointed out that, for molecules that
change geometries upon ionization, EI methods could lead to
either the adiabatic or the vertical ionization energy; clearly,
this is a question which deserves further study, both experi-
mental and theoretical.

Conclusions

With this work, we have further demonstrated that FTICR-
MS is an important technique in studying gas-phase actinide
ion chemistry, and have extended this line of inquiry to
transuranium actinides. The results of the present study have
made contributions to characterization of actinide ion oxidation
reaction kinetics and thermodynamics. Particularly noteworthy
is the contribution to the thermodynamics of the scientifically
and technologically important plutonium oxide system. We
believe having demonstrated that the existing literature values
for both BDE(OPu+-O) and IE(PuO2) are inaccurate, and have
obtained a new lower limit for the former and a refined value
for the latter. Such fundamental information is crucial to
extending our understanding of plutonium chemistry, as well
as that of the actinides in general. Soon, we intend to pursue
these gas-phase oxidation studies with other actinides, and also
to study different aspects of actinide ion reactivity with organic
molecules. The overall goal is to further improve our under-
standing of the chemistry along the actinide series, and
particularly the distinctive role of the actinide 5f electrons.
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TABLE 7: Ionization Energies (IE) of AnO 2

AnO2 ThO2 UO2 NpO2 PuO2

IE (eV) 8.7( 0.15a 5.4( 0.1a

8.7( 0.2b 5.5( 0.5b 5.0( 0.5b 9.4( 0.5b

5.4( 0.1c 10.1( 0.1c

7.03( 0.12d

a Ref 35.b Ref 36.c Ref 37.d This work.

TABLE 8: Ionization Energies (IE) of the Reagents Used in
the Bracketing Experimentsa

IE (eV)

toluene 8.828( 0.001
p-cresol 8.34( 0.03
triethylamine 7.53( 0.01
diphenylamine 7.19( 0.05
N,N-dimethylaniline 7.12( 0.02
N,N-dimethyl-p-toluidine 6.93( 0.02
1,4-phenylenediamine 6.87( 0.05
ferrocene 6.71( 0.08

a Ref 34.
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