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The metal ions, Cm+, U+, and Tb+, and their oxides, MO+, were reacted in the gas phase with alkenes,
acetonitrile, and hexafluoropropene. Product compositions and abundances provide a survey of essential aspects
of the gas-phase chemistry of the curium cation, now the heaviest element for which such systematic studies
have been carried out (U and Tb were included to provide comparisons). Of particular interest is the difference
in behavior between the 4f lanthanide and 5f actinide series and variations in chemistry across the actinide
series. The primary emphasis was on reactions with alkenes, particularly dehydrogenation, as indicative of
the ability of a M+ to activate C-H bonds (the extent of C-C activation was generally in parallel with that
of C-H activation). With acetonitrile and all of the alkenes (except ethene), the three M+ ions induced
dehydrogenation. Variations were evident for the different reactant substrates, but the overall qualitative ordering
of dehydrogenation efficiency was U+ > Tb+ > Cm+. This order is consistent with the variation in electronic
promotion energies (PE) required to provide two spin-unpaired, non-f valence electrons at the M+, i.e., a
[Rg]fn-2d1s1 configuration (“Rg”) Xe for the lanthanides and Rn for the actinides), to enable its insertion
into a C-H bond. The reduced reactivity of Cm+ relative to U+ and Tb+ suggests that the closed-shell 7s2

electrons of ground Cm+ (8S [Rn]5f7s2) are ineffective in enabling C-H activation and that promotion to the
10D [Rn]5f76d17s1 configuration is prerequisite. The PE[Cm+] (48 kJ mol-1) is only slightly greater than
PE[Tb+] (39 kJ mol-1) and the significantly greater reactivity of Tb+ vs Cm+ may reflect that the transition
to the prepared “divalent” state (d1s1) is parity forbidden for Cm+. The three MO+ were substantially less
reactive than the naked M+ but were comparably reactive to one another, consistent with a multicentered
activation process, which is less efficient than direct cleavage of a C-H bond by M+ insertion. With
hexafluoropropene, the primary reaction channel was F abstraction and the discrepant reactivities reflected
the propensity for U to oxidize to higher valence states compared to Cm or Tb. The terminal MFn

+ were
CmIIIF2

+, TbIIIF2
+, and UIVF4

+, and among the MO+, only UO+ induced F abstraction, producing UOFn
+

with n ) 1-3.

Introduction

Gas-phase reactions between naked and ligated metal ions
have developed into an effective tool for examining fundamental
aspects of organometallic chemistry and reaction mechanisms
under elementary conditions absent secondary effects encoun-
tered in the condensed phase. Most gas-phase investigations have
focused on the prevalent and technologically important first-
row transition elements, although the heavier d-block and inner
f-block transition elements are now receiving increased atten-
tion.1,2

The diverse gas-phase chemistry of the lanthanide (Ln)
elements is of particular interest in view of their similar
chemistries in the condensed phase. Several studies of reactions
of Ln+ with hydrocarbons have been carried out,3-5 and it has
been established4,5 that large variations in dehydrogenation and
cracking efficiencies correlate with the energies required to
excite the ground-state Ln+ to an electronic configuration with
two non-4f valence electrons. A 4fn-25d16s1 configuration is
evidently prerequisite for insertion of the Ln+ into a C-H bond
to produce the C-Ln+-H intermediate, which precedesâ-H
abstraction and H2 elimination. Cornehl, et al. examined
reactions of LnO+ with butadiene,6 discovering a striking effect
of oxoligation on the relative reactivities of the lanthanide ions,

which was attributed to a noninsertion mechanism involving
an electrostatically bonded, multicentered intermediate.

In contrast to the 4f Ln elements, the 5f electrons of the light
actinide (An) elements can participate in covalent bonding, as
a result of their greater spatial extension and energetic proximity
to the 6d/7s valence electron levels. Extension of gas-phase
reaction studies to An+ and AnO+ has the potential to illuminate
distinctions between the behavior of the Ln and An elements
and specifically the role of the 5f electrons in organometallic
bonding and reaction mechanistics. Early studies of reactions
of U+ with CD4, D2, and N2

7 were carried out by Armentrout
et al., and recent investigations with Th+, ThO+, U+, and UO+

have been reported.8-13 Both Th+ and U+ have ground electronic
configurations with two non-5f electrons and accordingly exhibit
high reaction efficiencies that do not illuminate explicitly the
role of their 5f electrons. In contrast, the ground states of some
heavier An+ have only one non-5f valence electron (e.g.,
[Rn]5fn-17s1). To extend gas-phase ion chemistry studies to
transuranium (TRU) actinide ions, the technique of laser ablation
with prompt reaction and detection (LAPRD) was developed
in our laboratory. Relative reaction efficiencies determined for
Np+, Pu+,14 and Am+,15 Np+ > Pu+ > Am+, established that
promotion to an electronic configuration comprising two non-
5f valence electrons (i.e., [Rn]5fn-26d17s1) is essential for
effective C-H activation, presumably via a covalently bonded* Corresponding author. E-mail: gibsonjk@ornl.gov.
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C-An+-H intermediate. As with the Ln+, oxoligation has been
found to have a profound effect on An+ reaction efficiencies.11-14

All of the AnO+ exhibit lower dehydrogenation efficiencies than
the naked An+, consistent with a relatively inefficient reaction
mechanism involving a multicentered intermediate. An intrigu-
ing observation was the greater reactivity of UO+ compared
with NdO+, an effect that might reflect participation of the 5f
electrons at the metal center of UO+.13 Both NpO+ and PuO+

were found to be appreciably less reactive than UO+,14 perhaps
indicating a transition from chemically active 5f electrons at
the metal center of UO+ to inert (localized) 5f electrons in TRU
AnO+.

Whereas the 5fn-17s1 f 5fn-26d17s1 promotion energies
increase from zero for Np+ (5f46d17s1 ground state) to 104 kJ
mol-1 for Pu+ and then to 245 kJ mol-1 for Am+, the value
decreases to 48 kJ mol-1 for Cm+;16 accordingly, Cm+

represents a central member of the series of An+, which should
be quite reactive. In contrast to AmO+, CmO+ is a rather stable
molecular ion and can be produced in sufficient quantities to
assess its reactivity in comparison with lighter AnO+. The
primary goal of the present study was to extend the understand-
ing of hydrocarbon dehydrogenation efficiencies for An+ and
AnO+ to the next member of the actinide series, Cm. Laser-
ablated Cm+ and CmO+ were reacted with a variety of alkene
substrates, and the reaction efficiencies were compared directly
with those for U+, UO+, Tb+, and TbO+. Uranium was included
as a representative reactive light actinide that exhibits 5f bonding
under certain conditions; Tb+ was selected due to the similarity
of its fn-1s1 f fn-2d1s1 promotion energy (39 kJ mol-1 Tb+17)
to that for Cm+ (48 kJ mol-1 16).

Gas-phase reactions of transition metal ions with alkyl nitriles
have received attention as the CtN: functionality offers an
effective but relatively inert cation coordination site.18,19 De-
hydrogenation and other reactions involving the alkyl group have
been demonstrated with unusual selectivity effected by what
Schwarz and co-workers have termed “remote functionaliza-
tion”.16 Previously, selected Ln+ and An+ were reacted with
several nitriles in our laboratory,20 resulting in both adduct
formation, presumably by coordination to the N: moiety, and
alkyl dehydrogenation. Alkyl dehydrogenation was particularly
noteworthy in view of the inert behavior of Ln+ and An+ toward
unfunctionalized alkanes. Dehydrogenation of acetonitrile re-
sulted in complex ions which were presumed to be novel carbene
species, M+d(CH)-CtN. Acetonitrile was reacted with Cm+

and CmO+ in the present study.
The LAPRD technique has been employed previously to study

reactions of Ln+,21-23 An+, and AnO+ 24 with fluorocarbons,
CnFm. The primary reaction pathway was F abstraction to
produce MFn+ and MOFn

+, with the highest values ofn for a
given Ln or An reflecting the propensity to form higher
oxidation states. In contrast to the lanthanides, which exhibit
predominantly trivalent chemistry in the condensed phase, the
light actinides may exhibit a variety of oxidation states (e.g.,
III -VII for Np). In the present study, Cm+ was reacted with
C3F6 and the oxidation (F abstraction) behavior of Cm+ was
compared with that of U+.

Experimental Section

The LAPRD method and its application to TRU actinide ions
has been described elsewhere,5,11,14,15,20,23,24and only a summary
of essential features of the experiment is included here. The
output of a XeCl (308 nm) excimer laser was attenuated and
focused at normal incidence onto the ablation target to a spot
size of∼0.5 mm2 to produce a nominal irradiance in the range

of 107-108 W cm-2. The ablated material propagated∼3 cm
through a reactant gas, which was injected into the ablation
plume trajectory either through a continuous leak valve or a
pulsed solenoid valve. The local pressure was indeterminate,
but formation of bisnitrile adduct products under comparable
conditions20 indicated that most ablated ions underwent multiple
collisions with reactant molecules. After traveling∼3 cm into
the reflectron time-of-flight mass spectrometer (RTOF-MS) ion
source, the unreacted and product positive ions from a∼6 mm2

cylindrical cross section of the expanding ablation plume were
orthogonally injected into the RTOF-MS. The time delay,td,
between the laser pulse and injection into the RTOF-MS was
varied to obtain near optimal detection of product ions; although
absolute ion intensities varied substantially withtd, the compara-
tive reactivities of the M+ and MO+ were essentially invariant
with td. The employedtd varied from 35 to 60µs, with the longer
values used predominantly for the pulsed valve experiments.
The sampled ablated ions had approximate velocities ofVI ≈
{3 cm/td} (≈1 km s-1 for td ) 35 µs and 0.5 km s-1 for td )
60 µs). All of the reactions involved hyperthermal ions, and
the collisional energies (KECM) can be estimated from the ion
kinetic energy, KEI ) 1/2{MI}{VI}2 (MI ) ion mass), by
assuming a quasistationary target molecule, R, of massMR:
KECM ≈ KEI{MR/(MI + MR)}. Typical values of KECM ranged
from ∼5 kJ mol-1 (for Tb+ + C3H6 sampled attd ) 60 µs) to
∼30 kJ mol-1 (for Cm+ + C6H6 sampled attd ) 35 µs). For
248Cm+ and238U+, the KECM values were nearly identical for a
given reaction. The fact that the probed reactions apparently
involved ablated ions in or near their ground electronic states
has been discussed previously5 and is probably attributable to
the sampling of relatively slow ablated ions, an apparent
advantage of orthogonal, time-delayed ion sampling.

Given the limited availability of248Cm, experiments with this
isotope were especially challenging, and only one Cm-containing
ablation target was studied. The Cm target was prepared by the
technique described previously14 where powders of the constitu-
ent metal oxides were blended with an excess of copper powder
and then pressed into a durable pellet at room temperature.
Whereas the targets comprising Np, Pu, and Am had been
prepared with a 3 mmdiameter pellet press, the Cm target was
fabricated using a 1.6 mm diameter die, given the smaller
quantity of Cm. The pellet constituents were 0.783 mg of
Cm7O12, 0.605 mg of UO2, 0.592 mg of Tb4O7, and 12.700 mg
of Cuo. This gave a composition (metals basis) of 1.4 atom %
Cm, 1.1 atom % U, 1.5 atom % Tb, and 96 atom % Cu. All
components except the Cm7O12 were commercial products of
g99.9% chemical purity. The Cm7O12 was of comparable
chemical purity, and the Cm was∼97% 248Cm and∼3% 246-
Cm; isotopically unspecified “Cm” in the text refers to248Cm,
with “246Cm” explicitly designated. Curium-248 was employed
because of its substantially longer half-life (t1/2 ) 3.5 × 105

years) and accordingly lower specific radioactivity than the more
plentiful 244Cm isotope (t1/2 ) 18 years). The U was depleted
to ∼0.4% 235U, and usage of “U” refers to the 99.6%238U
constituent. The only naturally occurring terbium isotope,159-
Tb, was used.

The organic reactants were commercial products in the form
of a gas or liquid used without further purification, except that
the liquids were subjected to at least two freeze-evacuate-
thaw cycles. The gases were admitted into the reaction zone
through a pulsed valve, resulting in greater transient pressures
compared with the vapors from the liquids, which were admitted
through a leak valve. The vendor-specified purities were as
follows: (gases) 99.99% ethene, C2H4; 99% propene, C3H6;
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>99% 1-butene, C4H8; 99% isobutene, C4H8; 99.5% hexafluo-
ropropene, C3F6; (liquids) 99% cyclohexene, C6H10; >99%
benzene, C6H6; 99% 1,5-cyclooctadiene (COD), C8H12; 98%
cyclooctatetraene (COT), C8H8; 99.9% acetonitrile, C2H3N.

Results and Discussion

Representative mass spectra are shown in Figures 1-4 and
the principal reactivity results are presented in Tables 1-4. The
tabulated product abundances,A, are defined as follows:
A[ML +] ) {I[ML +]/I[M+]} × 100, whereI[ML +] and I[M+]
are the mass spectral ion intensities (peak heights) for the
product and unreacted metal ions, respectively. An analogous
definition applies to product abundances for reactions of MO+.
These abundances correspond to the approximate percentage
of parent ions that reacted only in cases of minor net reactivity,
i.e.,∑{A[ML +]} < 10; in some cases, almost all of the ablated
M+ reacted and theA values cannot be regarded reasonably as
a percent of reacted parent ion.

In those instances where all of the significant reaction
products could be confidently assigned and their summed
intensities obtained, the aggregate absolute relative reaction cross
sections for all reaction channels,σrel, could be estimated,
because the reaction conditions (pressure and path length) were
identical for coablated M+: σrel[M+] ≡ -log{I[M+]/[ I[M+] +
∑(I[ML +])]}, whereI[M+] represents the quantity of unreacted
M+ and∑(I[ML +]) the total quantity of all significant product
ions. In general, it was impractical to obtain reliable aggregate
σrel values for reactions where cracking was significant; obstacles
included uncertain compositional assignments of complex
product ions, minuscule amounts of ablated/unreacted U+, and
isobaric interferences, such as of CmO+ with UC2H2

+. For some
reactant substrates, such as propene, dehydrogenation was the
sufficiently dominant reaction channel thatσrel[M+] ≈ -log-
{I[M+]/(I[M+] + I[MCnHm-2

+])} could be reliably determined,
and where such interpretation of the results is reasonable,σrel

values are provided. The inability to obtain comprehensive
reactivity information is intrinsic to the LAPRD technique where
several ions may simultaneously react with a complex substrate
to produce several reaction products. However, dehydrogenation
efficiencies generally can be reliably extracted to provide
comparative reaction efficiencies for that representative channel.

Vacuum Ablation of Cm7O12. Prior to carrying out the ion-
molecule reactions, ablation of the target was examined under
vacuum; a positive ion mass spectrum is shown in Figure 1.
Ablation of AnO2 has been shown to result in AnO+ abundances
that reflect the An-O dissociation energies,D°[AnO].25,26Thus,
Am+ is dominant and only a minuscule amount of AmO+ (D°-
[AmO] ≈ 550 kJ mol-1) is ablated from AmO2(s), whereas
copious NpO+ (D°[NpO] ) 740 kJ mol-1) is ablated from
NpO2(s). The correlation betweenD°[LnO] andD°[LnO+] has
been discussed by Chandrasekharaiah and Gingerich27 and
suggests that IE(Ln)≈ IE(LnO) for most Ln and that ionization
of most LnO proceeds by removal of an essentially nonbonding
electron localized at the metal center. Previous results for ablated
AnO+ abundances25 indicate that a corresponding correlation
exists betweenD[AnO] and D[AnO+].

From Figure 1, it is evident thatI[Tb+] ≈ I[TbO+], I[U+] <
I[UO+] andI[Cm+] > I[CmO+]. BecauseD°[TbO] ≈ D°[TbO+]
< D°[CmO], the smaller relative yield of CmO+ compared with
TbO+ suggests thatD°[CmO+] < D°[CmO] or, equivalently,
that IE[CmO]> IE[Cm] and that the ionization of CmO occurs
by removal of an electron from a bonding molecular orbital.
The ablation of substantial UO2+ exhibits the stability of the
UV oxidation state, and the absence of TbO2

+ and CmO2
+

reflects the difficulty in oxidizing Tb and Cm beyond the
trivalent state. This illustrates the trend toward lanthanide-like
redox behavior beyond Pu in the actinide series. The relatively
small ablation yield of U+ compared with Cm+ and Tb+ reflects
the oxophilicity of U and results in relatively small absolute
yields of products for U+ reactions (e.g., see the MC4H6

+ peak
intensities in Figure 2).

Reactions with Small Alkenes.Results for the principal
propene and butene reactions are presented in Table 1 and a
representative mass spectrum for reactions with 1-butene is
shown in Figure 2. The results for the small alkenes (C1-C4)
are discussed separately from those for the heavier alkenes given
the different injection methods used. Injection of the light
alkenes through the pulsed valve, rather than leak valve, resulted
in substantially greater transient pressures in the reaction zone,
and direct comparisons between apparent absolute reactivities
under such diverse conditions are less reliable. Specifically, it
is certain that the pulsed-valve experiments resulted in a
significantly greater average number of ion-molecule collisions;
these collisions offer greater opportunity for reaction and for
collisional cooling of ablated and complex product ions.

In addition to the results presented in Table 1, reactions were
also carried out with ethene. Both Cm+ and Tb+ were essentially
unreactive with C2H4; only a very small (A j 1) peak possibly
attributable to TbC2H2

+ was noted. The reactivity of U+ with
C2H4 could not be assessed because UC2H2

+ is isobaric with
CmO+. No ethene adducts were detected toA j 1 for the M+

and MO+.
The comparative dehydrogenation efficiencies are emphasized

in assessing the results, although reaction pathways involving
C-C cleavage were significant in some cases. The alkene
cracking efficiencies generally paralleled those for dehydroge-
nation, and it is reasonable to postulate that C-H bond
activation is generally the rate-limiting step for both types of
process,28 although cracking mechanistics were not probed
directly in the present LAPRD studies. In the case of propene,
a particularly notable result was the distinctive formation of a
significant amount of MC2+. A feasible mechanism for produc-
tion of C2 from propene would be dehydrogenation to propyne,
followed by a single-H transfer from theR-C to theγ-C, and
ultimately CH4 elimination. This process is endothermic by
∼800 kJ mol-1,29 but it is possible that some M+-C2 bond

Figure 1. Mass spectrum from laser ablation of the Cm-U-Tb target
in a vacuum (td ) 30 µs).
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energies are of this magnitude,27 and hyperthermal (and/or
electronically excited) M+ could be important in thermodynami-
cally enabling this process. For the more prevalent propene
dehydrogenation process, formation of propadiene rather than
propyne is slightly less endothermic27 and is mechanistically
more feasible, presuming relatively facile insertion of M+ into
the terminal allylic C-H bond followed byâ-H abstraction.
TheA[MC3H4

+] values in Table 1 indicate an order of propene
dehydrogenation efficiency of U+ > Tb+ > Cm+. Because
dehydrogenation was the dominant reaction pathway, the
following approximateσrel can be derived readily from the data
in Table 1, 0.8 for U+, 0.2 for Tb+, and 0.04 for Cm+. The
three MO+ were unreactive, each producing roughly comparable
yields of the MO+-propene adduct.

As with propene, the primary reaction channel for the M+

with 1-butene and isobutene was dehydrogenation, and again,
the order of reactivity was U+ > Tb+ > Cm+. Theσrel values
for dehydrogenation of 1-butene were 0.4 for U+, 0.3 for Tb+,
and 0.03 for Cm+. In contrast to propene, a minor degree of

dehydrogenation was effected by the MO+ with the butene
substrates, suggesting enhanced MO+-C4H8 coupling to form
a multicentered activation complex. With isobutene, cracking
by the M+, particularly C2H6 elimination (MC2H2

+ product),
and notably CH4 elimination (MC3H4

+ product) were significant
pathways. Because of isobaric interferences (e.g., UC2H2

+ is
isobaric with CmO+) and the significant degree of cracking,
reliable aggregateσrel values could not be derived for these
reactions, but the order of dehydrogenation efficiencies was
consistent with that for the 1-butene, U+ > Tb+ > Cm+.

Speculating on possible isobutene cracking reaction mecha-
nisms, CH4 loss, for example, might reflect a relatively facile
transfer of the activated allylic H atom to the intact CH3 group;
in contrast, formation of propadiene from 1-butene would require
an additional intramolecular H migration from theâ-C to the
terminalγ-C. Isobutene was also distinguished by the formation
of products resulting from interaction of the M+ with two
reactant molecules; MC8H12

+ corresponds to net double dehy-
drogenation of two C4H8 molecules and MC8H14

+ to single
dehydrogenation of a C4H8 and complexation of a second C4H8.
Because MC4H4

+ was not a significant product, it can be
assumed that the MC8H12

+ resulted primarily from dehydroge-
nation of a second C4H8 by a predecessor MC4H6

+. This would
suggest that the metal center of the MC4H6

+ complexes
remained reactive and that the M+-C4H6 bonding is best
represented as an interaction of the metal center with the CdC
π system, as aσ-bonded metallocyclic complex would presum-
ably render the metal valence electrons inert toward subsequent
C-H activation. The comparative abundances of the MC8H12

+

and MC8H14
+ products suggest that U+-C4H6 is more efficient

at dehydrogenating a second C4H8 than are either Cm+-C4H6

TABLE 1: Results for Reactions with Propene, 1-Butene,
and Isobutenea,b

Propenec

A

I C2 C3H4 C3H6

Cm+ 122 7 10 <1
U+ 1.8 d 500 <60
Tb+ 94 3 55 0.7
CmO+ 77 2.1
UO+ 141 0.7
TbO+ 140 1.4

1-Butenee

A

I C4H6 C4H8

Cm+ 102 6.3
U+ 2.4 130
Tb+ 94 78
CmO+ 130 0.2 1.1
UO+ 130 0.4 <0.4
TbO+ 139 <0.1 1.4

Isobutenec,f

A

I C4H6 C4H8 C8H12 C8H14

Cm+ 39 130 10 14
U+ 1.8 360 39 23
Tb+ g 21 230 42 84
CmO+ 82 (0.4) 6
UO+ 88 <2 13
TbO+ 42 (2) 24

a The following definitions apply to all of the tabulated results.I )
intensity (peak height) of the specified reactant ion in millivolts
(corresponds to intensity scales in the figures).A ) abundance of the
ML+ or MOL+ for the specified L (of indeterminate structure):A[ML +]
/ {I[ML +]/I[M +]} × 100; A[MOL +]/{I[MOL +]/I[MO+]} × 100. The
reported abundances are uncertain to the greater of 10% or one digit
in the last recorded significant figure. Where appropriate, estimated
abundance limits are provided for undetected products. Abundances
presented in parentheses represent measurements close to the detection
limit. The following approximate aggregate relative reaction cross
sections,σrel[M+], could be derived: (propene) 0.8 for U+, 0.2 for Tb+,
and 0.04 for Cm+; (1-butene) 0.4 for U+, 0.3 for Tb+, and 0.03 for
Cm+. b Pulsed valve.ctd ) 60 µs. d UC2

+ is isobaric with246CmO+.e td
) 50 µs; A[TbC2H2

+] ) 12; mass spectrum shown in Figure 2.
f Dehydrogention was dominant but significant cracking was evident
(e.g., minor MC3H4

+). g A[TbC2H2
+] ) 210 (A[CmC2H2

+] < 10;
UC2H2

+ is isobaric with CmO+).

Figure 2. Mass spectrum from laser ablation of the Cm-U-Tb target
into 1-butene (td ) 50 µs).
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or Tb+-C4H6. This finding may constitute a manifestation of
the greater chemical activity of the uranium 5f electrons.

Reactions with C6 and C8 Cycloalkenes. Results for
reactions with cycloalkenes are compiled in Tables 2 and 3.
Representative LAPRD mass spectra for reactions with cyclo-

hexene and COD are shown in Figures 3 and 4, respectively.
The primary reaction pathway with C6H10 was double dehy-
drogenation to produce MC6H6

+, presumably a M+-benzene
complex, and MOC6H6

+, presumably a OdM+-benzene com-

TABLE 2: Results for Reactions with Cyclohexene and
Benzenea

Cyclohexeneb

I A[C6H6]

Cm+ 59 5
U+ 1.5 7
Tb+ 23 13
CmO+ 6.2 2
UO+ 5.6 2
TbO+ 10 <3

Benzenec

A

I C6H4 C6H6

Cm+ 614 0.03 0.05
U+ 4.7 2 <0.5
Tb+ 340 (0.07) 0.14

a See footnote a of Table 1.b td ) 55 µs. A mass spectrum
corresponding totd ) 35 µs is shown in Figure 3; the longertd allowed
detection of the MOC6H6

+ products.c td ) 35µs. No adducts or reaction
products were detected for the MO+. The following approximate relative
benzene dehydrogenation cross sections,σrel[M +], could be derived:
1 × 10-2 for U+, 3 × 10-4 for Tb+, and 1× 10-4 for Cm+.

Figure 3. Mass spectrum from laser ablation of the Cm-U-Tb target
into cyclohexene (td ) 35 µs). The off-scale peak intensities (in
millivolts) are as follows: I[Tb+] ) 292; I[TbO+] ) 63; I[Cm+] )
340; I[UO+] ) 34; I[CmO+] ) 38.

TABLE 3: Results for Reactions with 1,5-Cyclooctadiene
(COD) and Cyclooctatetraene (COT)a

CODb

A

I C2H2 C6H6 C8H6 C8H8

Cm+ 128 1.4 1.8 1.6 7
U+ 1.1 c <10 <10 (16)
Tb+ 30 5 6 2.5 22

COTd

A

I C8H6 C8H8

Cm+ 7.4 34 24
U+ (0.4 <3 6)
Tb+ 2.9 10 16
CmO+ 4.9 <3 <3
UO+ 2.8 <2 3
TbO+ 3.8 <3 <3

a See footnote a of Table 1.b td ) 45 µs. Also, A[TbOC8H10
+] )

2.9; A[CmOC8H10
+] ) 1.9; A[UOC8H10

+] < 2; A[UO2C8H12
+] ) 4.

Mass spectrum shown in Figure 4. The following approximate aggregate
relative reaction cross sections,σrel[M +], could be derived for COD:
0.13 for Tb+ and 0.05 for Cm+. c UC2H2

+ is isobaric with CmO+. d td
) 55 µs. Also, significant amounts of various cracking products, e.g.,
A[CmC6H6

+] ) 16, were observed.

Figure 4. Mass spectrum from laser ablation of the Cm-U-Tb target
into 1,5-cyclooctadiene (td ) 45µs). The Tb+, TbO+, Cm+, and CmO+

peaks are off-scale at this detection sensitivity; intensities are given in
Table 3.
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plex. As noted above, the substantially smaller abundances of
the product ions compared with the corresponding propene and
butene reactions (Table 1) are considered to reflect the lower
pressures achieved with these less volatile reactants. In contrast
to the substantial variations in reactivities with propene and the
butenes, the dehydrogenation efficiencies of Cm+, U+, and Tb+

toward C6H12 were roughly comparable (i.e., within a factor of
3). This apparent reduction in the role of electronic excitation
to achieve a d1s1 configuration may be attributable to a deeper
energy well for the initial M+-C6H10 adduct on the dehydro-
genation reaction coordinate, which would facilitate “curve-
crossing” to produce the C-M+-H intermediate.4 Similarly,
the apparent greater relative efficiency of the MO+ at dehy-
drogenating C6H10, compared with the small alkenes, may reflect
stronger bonding in the MO+-C6H10 multicentered activation
complexes. Dehydrogenation of cyclohexene to benzene is also
facilitated by an endothermicity of only 88 kJ mol-1.29,30

As expected from the greater energy required to dehydroge-
nate benzene to benzyne (360 kJ mol-1), the dehydrogenation
efficiencies with benzene were relatively small, particularly for
Cm+ and Tb+ (both produced small amounts of MC6H6

+

adducts). As seen from the results in Table 2, U+ was relatively
effective at dehydrogenating benzene; this may also imply
unique participation of the 5f electrons in the reaction mecha-
nism and in the ultimate U+-C6H4 (presumably benzyne)
complex. Because dehydrogenation was the primary (minor)
reaction pathway, the followingσrel values for dehydrogenation
of benzene can be derived: 1× 10-2 for U+, 3 × 10-4 for
Tb+, and 1× 10-4 for Cm+. Given the energetic requirement
for benzene dehydrogenation, it is can be presumed that the
U+-C6H4 complex must exhibit unusually robust bonding. A
feasible structure is aσ-bonded metallocyclic moiety at the
dehydrogenated CdC site, with supplementary bonding of the
U+ to the benzyl ring, perhaps involving interaction of theπ
system with the 5f electrons and orbitals at the U metal center.

The mass spectrum shown in Figure 4 for reaction with COD
exhibits the greater diversity of reaction channels for this sub-
strate. In addition to the primary dehydrogenation channels,
cracking to C2H2 (presumably acetylene) and C6H6 (presumably
benzene) were also significant. Double dehydrogenation to
MC8H8

+, presumably a M+-COT complex, was dominant, and
the other reactions proceeded with roughly parallel relative
efficiencies (althoughI[U+] was too small to obtain precise com-
parisons). As with cyclohexene, the dehydrogention efficiencies
of Cm+, U+, and Tb+ were approximately comparable, with
Tb+ somewhat more reactive than Cm+. As indicated in Table
3, the results for U+ are incomplete but aggregateσrel values of
0.13 and 0.05 are obtained for Tb+ and Cm+, respectively.

With COT, I[U+] was very small, and only an approximate
adduct abundance is given in Table 3. A notable result for
uranium was the distinctive formation of the UO+-COT adduct;
this again may reflect bonding involving 5f electrons in a Od
U+-C8H8 complex. Assigning a nominal charge of-2 to the
COT ligand, this species would represent a MV organometallic
complex, which is implausible for Cm or Tb. In contrast to
results for the reactions of M+ with the other substrates, it
appears that Cm+ may be moderately more effective at
dehydrogenating COT than is Tb+. However, this effect was
small compared with the substantial reactivity discrepancies for
the smaller alkenes and it should be noted that significant
amounts of cracking products were produced (but not quanti-
tatively assessed) and their contribution to the overall reactivities
may have distorted the relative reactivity assessment based upon
the abundances of the dehydrogenation products. The main

significance of the COT results was the substantial yields of
the adducts, indicating strong M+-COT bonding. All of the
I[M+] values were small, andI[U+] was too small to obtain
quantitative results; depletion of the M+ is attributed to the high
degree of adduct formation and abundant reaction products,
including the dehydrogenation product specified in Table 3 and
the cracking products such as MC6H6

+ (see Figure 4).
Reactions with Acetonitrile. The results obtained with

acetonitrile as the reactant are recorded in Table 4. All three
M+ formed adducts with acetonitrile, presumably involving
coordination to the CtN: moiety and particularly its lone pair
of electrons. All three M+ also dehydrogenated acetonitrile,
presumably via “side-on” (rather than the usual end-on)
coordination of the M+ to the CtN: functionality.32 The MC2-
HN+ dehydrogenation products are surmised to be the distinctive
M+d(CH)-CtN carbene complexes proposed for the corre-
sponding reactions of Sc+ and Y+ with acetonitrile.31 Dehy-
drogenation was the primary reaction pathway for all three M+

and the followingσrel were derived from the results: 8× 10-2

for U+, 3 × 10-3 for Tb+, and 3× 10-4 for Cm+. The typical
discrepancies between dehydrogenation efficiencies, U+ > Tb+

> Cm+, was clearly evident with this substrate. Each of the
MO+ ions complexed to CH3CN, with the abundance being the
greatest for UO+. Furthermore, among the oxoligated ions, only
UO+ effected detectable dehydrogenation, again suggesting
distinctive chemical activity of the 5f electrons at the metal
center of UO+.

Interpretation of Dehydrogenation Reactions.On the basis
of the energies for the fn-1s1 to fn-2d1s1 promotions of U+, Cm+,
and Tb+ (vide supra), it would be anticipated that U+ should
be more effective at dehydrogenating alkenes and nitriles than
the two other M+, a prediction corroborated by our results. The
fn-1s1 to fn-2d1s1 promotion energy for Cm+ is only slightly
greater than that of Tb+ (∆[PE] ) 9 kJ mol-1), and a greater
chemical activity of the actinide’s 6d vs the lanthanide’s 5d
electrons could diminish the effect of this discrepancy. Accord-
ingly, it was anticipated that the dehydrogenation efficiencies
of Cm+ and Tb+ would be virtually identical within the
discrimination capabilities of the LAPRD technique, and the

TABLE 4: Results for Reactions with Acetonitrile and
Hexafluoropropenea

Acetonitrileb

A

I CHCN CH3CN

Cm+ 1260 0.07 0.27
U+ 3.1 21 6
Tb+ 470 0.6 0.4
CmO+ 88 <0.3 1.8
UO+ 47 0.5 8
TbO+ 165 <0.2 2.1

Hexafluoropropenec

A

I F F2 F3 F4

Cm+ 118 5 6 <0.1 <0.1
U+ 19 40 25 15 3.4
Tb+ 82 10 13 <0.2 <0.2
CmO+ 45 <0.3 <0.3 <0.1 <0.1
UO+ 153 2 0.9 0.12 <0.1
TbO+ 62 <1 <0.2 <0.2 <0.2

a See footnote a of Table 1.b Leak valve; td ) 50 µs. Also,
A[UO2CH3CN+] ) 8. The following approximate aggregate relative
reaction cross sections for acetonitrile,σrel[M +], could be derived: 8
× 10-2 for U+, 3 × 10-3 for Tb+, and 3× 10-4 for Cm+. c Pulsed
valve; td ) 60 µs.
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significantly greater dehydrogenation efficiency of Tb+ vs Cm+,
particularly with the propene, butene, and acetonitrile substrates,
was unexpected in the context of the simple fn-1s1 f fn-2d1s1

mechanistic model. The greater reactivity of Tb+ can be
rationalized by more closely considering the requisite electronic
transitions for achieving the activated intermediate. Specifically,
the transition from the odd7H 4f96s1 ground state of Tb+ to
the even9G 4f85d16s1 configuration is parity-allowed, whereas
the odd8S 5f77s2 to odd 10D 5f76d17s1 transition for Cm+ is
parity forbidden. It is reasonable that the effects of the
discrepancy in transition probabilities should be most pro-
nounced with those small alkene substrates where the energy
well of the initial adduct intermediate is relatively shallow and
the weaker M+-alkene interaction does not relax effectively
the transition selection rules. Both the Tb+ 9G and Cm+ 10D
prepared “divalent” configurations are high-spin states with spin-
unpaired d and s valence electrons; however, it is plausible that
different effects due to spin nonconservation between lan-
thanides and actinides with regard to the insertion process may
alter their relative reaction efficiencies.

Reactions with Hexafluoropropene.The product abundance
distributions for reactions with hexafluoropropene are included
in Table 4. The primary reaction pathway for reactions of Ln+,
An+, LnO+, and AnO+ is F abstraction via a noninsertion
mechanism,21-24 and the product compositions and abundances
reflect the elementary oxidation-reduction behavior of the
metal. With regard to fluorine abstraction, Cm+ and Tb+

behaved similarly, producing the divalent MF+ and trivalent
MF2

+ species. In contrast, U+ abstracted up to four F atoms,
producing UF+, UF2

+, UF3
+, and pentavalent UF4+. As has been

discussed elsewhere,24 the thermochemical propensity for
formation of MFn

+ by F abstraction from fluorocarbons can be
considered in the context of ionic, covalent, or intermediate
bonding models, with the degree of covalency increasing with
increasing oxidation state of the metal. The behavior observed
here is consistent with the greater M3+ f M4+ ionization
energies for Cm3+ (IE ) 3550 kJ mol-1 33) and Tb3+ (3840 kJ
mol-1 17) as compared to that of U3+ (3140 kJ mol-1). The
bonding is likely to be substantially covalent in MF3

+ and the
promotion energies to provide a non-f valence electron are also
consistent with the distinctive formation of UF3

+ (and UF4
+);

the PE[M3+{fn} f M3+{fn-1d1}] values have been estimated
by Brewer34 as∼360,∼820, and∼720 kJ mol-1 for U3+, Cm3+,
and Tb3+, respectively. In accord with the oxidation limit of
Cm and Tb being at the trivalent state, among the MO+, only
UO+ abstracted fluorine, to produce UOF+, UOF2

+, and even
the hexavalent species, UOF3

+. Gas-phase fluorination reactions,
such as those achieved by F abstraction from gaseous CnFm,
reflect the essential oxidation-reduction chemistry exhibited
in the condensed phase. Thus, whereas the hexavalent state is
prevalent for uranium, the trivalent state dominates for curium
in the region of the actinide series where lanthanide-like
behavior is manifested.35

Summary and Conclusions

The first systematic gas-phase studies exploring the chemistry
of curium were performed employing elementary reaction
substrates that had been studied previously with lighter actinides.
Uranium and terbium were studied concurrently with curium
to permit assessing directly relative reactivities. Vacuum ablation
of curium oxide produced a smaller yield of CmO+ than
anticipated based upon the knownD°[CmO], and this result is
interpreted as IE[CmO]> IE[Cm]. Reactions with alkenes
focused on dehydrogenation efficiencies, although cracking

efficiencies were generally in correspondence. The key conclu-
sion was that Cm+ is substantially less effective than U+ and
somewhat less effective than Tb+ at alkene dehydrogenation.
The lower reactivity of Cm+ vs U+ is consistent with C-H
activation via a C-An+-H insertion intermediate that requires
two non-5f electrons at the metal center for covalent bonding.
The reduced reactivity of ground-state Cm+ indicates that its
spin-paired 7s2 electrons are chemically inert, like the 6s2

electrons of Lu+, the 3s2 electrons of Mgo, and presumably the
7s2 electrons of ground-state U+, and that decoupling by
excitation to a 6d17s1 configuration is requisite for effective
insertion. The reduced reactivity of Cm+ compared with Tb+

was somewhat greater than anticipated based upon their similar
promotion energies; it should be emphasized that this effect was
secondary to the primary finding of significantly reduced
reactivity of Cm+ compared with U+, which demonstrated the
necessity for excitation from the s2 ground-state configuration
of Cm+. Assuming that the Cm+ electronic energy level
assignments are correct, its unanticipated degree of diminished
reactivity compared with Tb+ might be attributed to the parity-
forbidden nature of the essential odd 5f77s2 f odd 5f76d17s1

transition. Other factors might be involved in this diminished
reactivity, such as indistinct spin-conservation effects, contrac-
tion of the chemically relevant M+ valence orbitals, variable
M+ polarizabilities, and indeterminate relativistic effects. It is
hoped that these experimental results will motivate further
elucidation of relevant effects employing theoretical models.
The MO+ were substantially less reactive than the naked M+

but comparably reactive to one another, consistent with a
mechanism involving a multicentered activation complex, as
suggested previously.14 Certain peculiarities of UO+, such as
its distinctive formation of an adduct with COT, were consistent
with previous indications of chemically active 5f electrons at
the uranium metal center. Evidence was not obtained for
involvement of curium’s 5f electrons in bonding.

All three M+ dehydrogenated acetonitrile, with efficiencies
in accord with the insertion requirements inferred for the alkenes.
The dehydrogenation products are presumed to be novel
carbenes, including Cm+dCD-CtN:. Among the oxide ions,
only UO+ effectively dehydrogenated acetonitrile, exhibiting
the unique chemistry of uranium, which is presumably related
to more chemically active 5f-electrons. Attesting to the strongly
coordinating nature of the CtN: functionality, all of the M+

and MO+ species formed adducts with acetonitrile.
The reaction product compositions and abundance distribu-

tions for reactions of M+ and MO+ with hexafluoropropene
reflected the essential oxidation behaviors of the elements
studied. Oxidation of Cm and Tb terminated at the trivalent
state as MF2+ and MO+, despite the fact that both are known
to form tetravalent compounds under strongly oxidizing condi-
tions. In contrast, uranium was oxidized to pentavalent UF4

+

and hexavalent UOF3+. As has been discussed before,23 such
discrepancies in the propensities of An+ and AnO+ to abstract
F atoms from simple fluorocarbons may be applicable to
separating isobaric elements for mass analysis or possibly even
for separations processes. There was no indication of mecha-
nistic constraints, and fluoride abstraction is presumed to have
proceeded by a noninsertion (“harpoon”) process.
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