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Gas-phase reactions of M+, M2+, MO+ (M ) Th and U), and UO2
+ with several arenes

(benzene, naphthalene, toluene, mesitylene, hexamethylbenzene, and 1,3,5-tri-tert-butyl-
benzene) have been studied by Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR/MS). For M+ ions C-H and/or C-C bond activation was observed in the primary
reactions for all of the arenes studied. MO+ and UO2

+ ions yielded the adduct species, with
the exceptions of the reactions of MO+ with hexamethylbenzene and 1,3,5-tri-tert-butylben-
zene, for which bond activation products also formed. In the M2+ reactions charge-transfer
products dominated, but formation of doubly charged bond activation products was also
observed with all the arenes. Product distributions and reaction rate constants are reported
and related to the electronic configurations of the reacting ions, the polarizabilities of the
arenes, and the energetics of the different reactions.

Introduction

The reactivity of lanthanide and actinide ions with
hydrocarbons and other organic molecules in the gas
phase has received considerable attention in recent
times, compared with the small number of reports in
the last two decades in which the reactivity of d
transition-metal ions was extensively studied.1-6 This
recent research involving the f-block ions has been
mainly due to efforts of our groups,7-11 of Schwarz and
co-workers,12-17 and more recently of Gibson,18,19 ex-

panding previous work from the groups of Beau-
champ,20-23 Freiser,24-27 Armentrout,28,29 and
Geribaldi.30-32 Concerning the reactivity of actinide
ions with organic molecules in particular, reports to date
include ion-beam studies of the reactions of U+ with
CD4,20,21 CH3F, CH3Cl, and CCl4,22 a preliminary Fou-
rier transform ion cyclotron resonance mass spectro-
metric (FT-ICR/MS) study of the reactivity of U+ with
1,3,5-tri-tert-butylbenzene and 2,4,6-tri-tert-butylphe-
nol,7 and very recent FT-ICR/MS studies of the reactions
of U+ 15 and Th+ 11 with alkanes and alkenes.
As we continue to probe various aspects of the gas-

phase reactivity of lanthanide and actinide ions, we
report in this paper an FT-ICR/MS33-35 study of the
reactions of thorium and uranium ions (M+, M2+, MO+,
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Organometallics 1995, 14, 992.

(15) Heinemann, C.; Cornehl, H. H.; Schwarz, H. J. Organomet.
Chem. 1995, 501, 201.

(16) Heinemann, C.; Cornehl, H. H.; Schröder, D.; Dolg, M.; Schwarz,
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and UO2
+) with several arenes (benzene, naphthalene,

toluene, mesitylene, hexamethylbenzene, and 1,3,5-tri-
tert-butylbenzene). While the results of the M+ reac-
tions expand recent work involving alkanes and alk-
enes11,15 and have been reported in preliminary form,7,9,36
the results corresponding to the oxide ions and to the
doubly charged cations constitute the first studies of the
reactivity of these ions with organic molecules; U2+ ions
have been recently used to produce, for the first time
in the gas phase, the “bare” uranyl cation UO2

2+, by
reaction with O2 and N2O.37

Experimental Section

The experiments were carried out by use of a Finnigan-FT/
MS (Madison, WI) 2001-DT FT-ICR mass spectrometer,
equipped with a 3 T superconducting magnet and interfaced
with a Spectra-Physics Quanta-Ray GCR-11 Nd:YAG laser
operated at the fundamental wavelength (1064 nm). Pure
thorium and uranium samples were prepared at the Institute
for Transuranium Elements-JRC (Karlsruhe, Germany) by the
splat technique38 and were used to produce the singly or doubly
charged metal ions by direct laser desorption/ionization of the
metal pieces mounted on the automatic solids probe of the
instrument. The metal oxide ions were produced by direct
laser desorption/ionization of the oxide layer on the surface of
the metal samples or by use of a formation period prior to
isolation, in which the oxophilic thorium and uranium ions
were oxidized by reaction with background water or oxygen.
Isolation of the desired ions was achieved with the SWIFT
technique.39,40

The organic reagents, obtained commercially, were intro-
duced in the spectrometer through an Andonian Cryogenics
Model 120 leak valve, to pressures in the range 5 × 10-8-5 ×
10-7 Torr on the “source” side of the dual ion trap of the
instrument, as measured by a calibrated ion gauge. Pressure
calibration was achieved using the reactions CH4

+ + CH4 f
CH5

+ + CH3
41 and CH3COCH3

+ + CH3COCH3 f products42
and included corrections for the different ionization efficiencies
of the arenes,43 with necessary estimates based on experimen-
tal or estimated molecular polarizabilities.44 Uncertainties in
this pressure calibration procedure may lead to errors in the
absolute rate constants, estimated to be (50%. The rate
constants were determined from the pseudo-first-order decay
of the reactant ion relative signal magnitude as a function of
time at constant organic reagent pressure and are reported
as reaction efficiencies, that is, as fractions of the Langevin,
kL (or average dipole orientation theory, kADO, in the case of
toluene), collisional rates.45

Single ions formed by laser desorption/ionization may
exhibit a wide distribution of translational and electronic
energies.46 Collisional cooling of the reactant ions was per-
formed for representative reactions, and while no changes, in
relation to reactions where no thermalization events were
used, were observed in the product distributions or the rate
constants for the reactions of the singly and doubly charged
metal ions, for the metal oxide ions a few differences were
observed in the reaction products formed. The thermalization
procedure typically involved a 1 s collisional period with argon
introduced into the vacuum chamber through General Valve
Corp. Series 9 pulsed solenoid valves to pressures of ∼10-5

Torr.
Due to the oxophilicity of thorium and uranium, reactions

of the metal ions and some of its reaction products with
residual water and oxygen were observed for long reaction
periods; drying of the organic reagents by standard methods47
prior to use was found to reduce the formation of oxygenated
products. In the reactions of M+ and M2+ ions, formation of
oxygenated products was taken into account in the kinetics
calculations by considering that half of the MO+/2+ and
MOH+/2+ ions formed resulted from the reaction of the bare
metal ion with the background; all other products containing
both oxygen and a hydrocarbon fragment were considered to
result from the reaction of all of the products other than the
metal ions.

Results and Discussion

Reactivity of Th+ and U+ with Arenes. Table 1
summarizes the primary products and branching ratios
obtained in the reactions of Th+ and U+ with benzene,
benzene-d6, naphthalene, toluene, mesitylene, hexa-
methylbenzene, and 1,3,5-tri-tert-butylbenzene; in Table
2 we report the corresponding reaction efficiencies, and
Table 3 shows the secondary products obtained.
As seen in Table 1, Th+ and U+ are reactive with all

the arenes studied, inducing dehydrogenations and/or
losses of small hydrocarbon fragments, which in some
cases result from the cleavage of the aromatic rings.
In the case of benzene, dehydrogenation was the only

process observed for both metal ions (apart from a small
contribution of the adduct species in the case of U+),
most probably corresponding to the formation of anM+-
benzyne species; Sc+,48 Y+,48 Nb+,49 and Ta+ 49 also
dehydrogenate benzene, as do the lanthanide series ions
La+,9,19,48 Ce+,9,16,19 and Gd+.9,19 The formation of M+-
benzyne implies that D(M+-C6H4) g 363 kJ/mol, using
a recently determined value of 446.0 kJ/mol for ∆H°f-
(o-C6H4)50 and other thermochemical data taken from
standard sources.51-53 When benzene-d6 was used,
formation of the adduct ion MC6D6

+ in significant
amounts, in comparison to the reaction with benzene
(see Table 1), could be observed in conjunction with the
MC6D4

+ species; moreover, as seen in Table 2, an
increase in reaction efficiency was also observed. These
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results are in agreement with previous observations of
the effect of deuteration,54 which tends to increase
adduct lifetimes due to lower vibrational frequencies in
the adduct species. Another noticeable feature of the
reactions of Th+ and U+ with benzene (and benzene-
d6) is the formation of a species with the formulation
MC10H8

+ as a secondary product (see Table 3) in the
case of thorium. This species results from the reaction
of ThC6H4

+ with a benzene molecule and is formed in
60% yield together with 40% of Th(C6H4)(C6H6)+, with
an overall efficiency k/kL ) 0.08. The formation of
MC10H8

+ in conjunction with the adduct species M(C6H4)-
(C6H6)+ has been described previously for CrC6H4

+, 55
and apparently corresponds to the cycloaddition of
benzene to benzyne, with subsequent formation of
naphthalene and acetylene, a process that is exothermic
by 151 kJ/mol.51 It is interesting to note that for
UC6H4

+ only adduct formation is observed, as in the
case of ScC6H4

+.48
In the reactions of Th+ and U+ with naphthalene,

besides dehydrogenation (and adduct formation in the

case of uranium), cleavage of the aromatic rings with
elimination of C2H2 is observed, leading to MC8H6

+,
species which in the case of thorium is the major
primary product formed. For comparison, Ta+ ions
react with benzene with formation of TaC6H4

+ and
TaC4H4

+;49 in the case of Th+ and U+, the larger
polarizability of naphthalene compared to that of ben-
zene (see Table 4) facilitates the opening of the new
reaction channel corresponding to elimination of C2H2.
In the case of the methyl-substituted arenes toluene,

mesitylene, and hexamethylbenzene, single and mul-
tiple dehydrogenations are the major reaction pathways
observed (Table 1); for Th+ ions, additional reaction
channels where hydrocarbon losses occur could be
identified, as in the case of toluene, where elimination
of C2H2 implies cleavage of the aromatic ring. Again,
the greater polarizability of the substituted arenes
compared to that of benzene (Table 4) has the effect of
adding new channels to the reacting systems; another
factor that facilitates the reactivity is the presence of
weak C-H bonds in the methyl substituents (D(C6H5-
CH2-H) ) 368 kJ/mol in toluene52) compared to the
strong aromatic C-H bonds of benzene and naphthalene
(D(C6H5-H) ) 464 kJ/mol in benzene52).
The case of 1,3,5-tri-tert-butylbenzene is noteworthy

due to the large number of primary products formed in
the reactions with both Th+ and U+ ions, corresponding
mainly to multiple neutral losses (Table 1). The rather
large polarizability of 1,3,5-tri-tert-butylbenzene (Table
4) and the availability of weak C-C bonds (D(C6H5C-
(CH3)2-CH3) ) 308 kJ/mol in tert-butylbenzene52), in
addition to the presence of aliphatic C-H bonds of
moderate strength (D(C6H5C(CH3)2CH2-H) ≈ 420 kJ/
mol assumed to be equal to D(i-C4H9-H) in butane52) in
the tert-butyl substituents, are certainly important
factors contributing to the multitude of products ob-

(54) Stöckigt, D.; Hrusák, J.; Schwarz, H. Int. J. Mass Spectrom.
Ion Processes 1995, 149/150, 1.

(55) Wittneben, D.; Grützmacher, H.-F.; Butenschön, H.; Wey, H.
G. Organometallics 1992, 11, 3111.

Table 1. Product Distributions in the Primary Reactions of Th+ and U+ with Arenes
product ion and rel abundance (%)

Th+ U+
arene (L)

benzene Th(L - H2)+ 100 UL+ 9
U(L - H2)+ 91

benzene-d6 ThL+ 12 UL+ 33
Th(L - D2)+ 88 U(L - D2)+ 67

naphthalene Th(L - H2)+ 15 UL+ 36
Th(L - C2H2)+ 85 U(L - H2)+ 46

U(L - C2H2)+ 18

toluene Th(L - H2)+ 87 U(L - H2)+ 91
Th(L - C2H2)+ 13 U(L - 2H2)+ 9

mesitylene Th(L - H2)+ 100 U(L - H2)+ 100

hexamethylbenzene Th(L - H2)+ 25 U(L - H2)+ 54
Th(L - 2H2)+ 63 U(L - 2H2)+ 38
Th(L - C2H6)+ 12 U(L - 3H2)+ 8

1,3,5-tri-tert-butylbenzene ThL+ 2 UL+ 18
Th(L - H2)+ 6 U(L - H2)+ 3
Th(L - 2H2)+ 3 U(L - 2H2)+ 3
Th(L - CH4, H2)+ 24 U(L - CH4)+ 37
Th(L - CH4, 2H2)+ 11 U(L - CH4, H2)+ 3
Th(L - CH4, 3H2)+ 5 U(L - CH4, 2H2)+ 4
Th(L - 2CH4)+ 10 U(L - 2CH4)+ 12
Th(L - 2CH4, H2)+ 11 U(L - 2CH4, H2)+ 5
Th(L - 2CH4, 2H2)+ 3 U(L - C4H10)+ 11
Th(L - 3CH4)+ 10 U(L - C5H12, H2)+ 4
Th(L - C4H10)+ 3
Th(L - C4H10, H2)+ 2
Th(L - C5H12, H2)+ 2
Th(L - C5H12, 2H2)+ 8

Table 2. Efficiencies (k/kL) of the Reactions of Th+

and U+ with Arenes
reacn efficiency (k/kL)

arene Th+ U+

benzene 0.26 0.11
benzene-d6 0.51 0.27
naphthalene 0.78 0.51
toluenea 0.38 0.30
mesitylene 0.94 0.46
hexamethylbenzene 1.01 0.69
1,3,5-tri-tert-butylbenzene 2.67 1.15
a k/kADO.
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served. The reactivity of Th+ and U+ ions with this
particular arene can be compared with previous results
from our laboratories on the reactivity of lanthanide
series ions with the same substrate, where multiple
neutral losses were also observed, especially for the
more reactive lanthanide cations.8 As seen in Table 2,
the experimental rate constants exceed the collisional
rate constants for both Th+ and U+ reactions, an
observation that deserves further comment. Apart from
the uncertainties in the pressure calibration procedure
indicated in the Experimental Section, an underestima-
tion of the Langevin rate constants is undoubtedly
occurring due to the large anisotropic polarizability and
the presence of a quadrupole moment in the neutral
reagent;44,56-62 these effects, which are valid for all the

arenes studied, become particularly important in the
case of the large, highly polarizable, 1,3,5-tri-tert-
butylbenzene molecule. Relevant to this problem is
some very recent work on the limitations of polarization
models of ion-molecule collisions.63,64

In summary, Th+ and U+ ions are able to activate,
with high kinetic efficiencies, a variety of arenes. As
in the case of alkanes and alkenes,11,15 Th+ ions are
more reactive than U+ ions. In terms of both product
formation and reaction efficiencies, the reactivity ap-
pears to be closely related to the polarizabilities and the
energies of the C-H and C-C bonds of the different
arenes studied. As discussed in the previous studies of
the reactivity of Th+ and U+ ions with alkanes and
alkenes,11,15 the electronic configurations of the reacting
ions,65 ground state 6d27s in the case of Th+ and 5f37s2
in the case of U+ (with the low-lying configuration 5f3-
6d7s at 0.04 eV), are appropriate to bring about activa-
tion of C-H and/or C-C bonds.
Reactivity of ThO+, UO+, and UO2

+ with Arenes.
In the reactions of thorium and uranium oxide ions
ThO+, UO+, and UO2

+ with benzene, naphthalene,
toluene, mesitylene, hexamethylbenzene, and 1,3,5-tri-
tert-butylbenzene, adduct formation is the main process
observed. In the case of hexamethylbenzene and 1,3,5-
tri-tert-butylbenzene, and as shown in Table 5, dehy-
drogenation and demethanation channels, respectively,
could also be observed for ThO+ and UO+. In Table 6
we present the efficiencies k/kL of the reactions studied.
In secondary reactions of the adduct species formed,
attachment of a second intact arene molecule was
observed in all cases, with kinetic efficiencies 2-6 times
lower than the ones determined for the primary reac-
tions. Attachment of an intact arene molecule was also
observed in secondary reactions of the activation prod-
ucts formed in the cases of ThO+ and UO+ with
hexamethylbenzene and 1,3,5-tri-tert-butylbenzene.
From these results it is apparent that the presence

of the oxo ligands causes a pronounced decrease in the
reactivity relative to the metal ions, and only in the case
of the more polarizable arenes hexamethylbenzene and
1,3,5-tri-tert-butylbenzene, which also contain weak
C-H and C-C bonds, respectively, are activation
products formed. In a recent study of the ion-molecule
reactions of first-row transition-metal oxide cations MO+

with benzene,66 Schwarz and co-workers observed that
the early-transition-metal oxides ScO+, TiO+, and VO+

exclusively underwent adduct formation. In a compre-
hensive review of the gas-phase chemistry of transition-
metal oxide ions by Schröder and Schwarz,67 it can be
seen that one of the major driving forces in the reactivity

(56) Smith, S. C.; Troe, J. J. Chem. Phys. 1992, 97, 5451.
(57) Chesnavich, W. J.; Su, T.; Bowers, M. T. J. Chem. Phys. 1980,

72, 2641.
(58) Bhowmik, P. K.; Su, T. J. Chem. Phys. 1986, 84, 1432.
(59) Bhowmik, P. K.; Su, T. J. Chem. Phys. 1991, 94, 6444.

(60) Dennis, G. R.; Ritchie, G. L. D. J. Chem. Phys. 1991, 95, 656.
(61) Vrbancich, J.; Ritchie, G. L. D. J. Chem. Soc., Faraday Trans.

2 1990, 76, 648.
(62) Miller, K. J. J. Am. Chem. Soc. 1990, 112, 8543.
(63) Xu, M.; Li, W.; Guan, S.; Marshall, A. G.; Dougherty, R. C.

Proceedings of the 44th ASMS Conference on Mass Spectrometry and
Allied Topics; American Society for Mass Spectrometry: Santa Fe, NM,
1996; p 112.

(64) Xu, M.; Dougherty, R. C. Proceedings of the 44th ASMS
Conference on Mass Spectrometry and Allied Topics; American Society
for Mass Spectrometry: Santa Fe, NM, 1996; p 113.

(65) Fred, M. S.; Blaise, J. In The Chemistry of the Actinide
Elements, 2nd ed.; Katz; J. J., Seaborg, G. T., Morss, L. R., Eds.;
Chapman and Hall: London, 1986; Vol. 2, p 1196.

(66) Ryan, M. F.; Stöckigt, D.; Schwarz, H. J. Am. Chem. Soc. 1994,
116, 9565.

(67) Schröder, D.; Schwarz, H. Angew. Chem., Int. Ed. Engl. 1995,
34, 1973.

Table 3. Products of the Secondary Reactions of
Th+ and U+ with Arenes

product ion

arene (L) Th+ U+

benzene Th(L2 - H2)+ UL2+

Th(L2 - H2, C2H2)+ U(L2 - H2)+

benzene-d6 ThL2+ UL2+

Th(L2 - D2)+ U(L2 - D2)+
Th(L2 - D2, C2D2)+

naphthalene Th(L2 - H2)+ UL2+

Th(L2 - C2H2)+ U(L2 - H2)+
U(L2 - C2H2)+

toluene Th(L2 - H2)+ U(L2 - H2)+
Th(L2 - 2H2)+ U(L2 - 2H2)+
Th(L2 - H2, C2H2)+ U(L2 - 3H2)+

mesitylene Th(L2 - H2)+ U(L2 - H2)+
Th(L2 - 2H2)+ U(L2 - 2H2)+

hexamethylbenzene Th(L2 - H2)+ U(L2 - H2)+
Th(L2 - 2H2)+ U(L2 - 2H2)+
Th(L2 - 3H2)+ U(L2 - 3H2)+
Th(L2 - H2, C2H6)+
Th(L2 - 2H2, C2H6)+

1,3,5-tri-tert-butyl- ThL2+ UL2+

benzene Th(L2 - H2)+ U(L2 - H2)+
Th(L2 - 2H2)+ U(L2 - 2H2)+
Th(L2 - CH4, H2)+ U(L2 - CH4)+
Th(L2 - CH4, 2H2)+ U(L2 - CH4, H2)+
Th(L2 - CH4, 3H2)+ U(L2 - CH4, 2H2)+
Th(L2 - 2CH4)+ U(L2 - 2CH4)+
Th(L2 - 2CH4, H2)+ U(L2 - 2CH4, H2)+
Th(L2 - 2CH4, 2H2)+ U(L2 - C4H10)+
Th(L2 - 3CH4)+ U(L2 - C5H12)+
Th(L2 - C4H10, H2)+ U(L2 - C5H12, 2H2)+
Th(L2 - C4H10, 2H2)+
Th(L2 - C5H12, H2)+
Th(L2 - C5H12, 2H2)+
Th(L2 - C5H12, 3H2)+
Th(L2 - C6H14, H2)+
Th(L2 - C6H14, 2H2)+

Table 4. Polarizabilities (r) of the Arenes Studied
arene R (Å3)a

benzene 10.32
naphthalene 17.48
toluene 12.26
mesitylene 15.38
hexamethylbenzene 20.81
1,3,5-tri-tert-butylbenzene 32.45

a Experimental or estimated values from ref 44.
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of these species is the strength of the M+-O bond. In
the case of thorium and uranium, very strong metal
ion-oxygen bonds are present (D(Th+-O) ) 876 kJ/mol,
D(U+-O) ) 807 kJ/mol, and D(UO+-O) ) 764 kJ/
mol),51,68 in agreement with our observations of adduct
formation as the main reaction pathway of these ions
with benzene and other arenes.
The dehydrogenation and demethanation processes

observed in the reactions of ThO+ and UO+ with
hexamethylbenzene and 1,3,5-tri-tert-butylbenzene raise
some questions in relation to their possible mechanisms.
Although, at this point, we are not able to provide a
description of the electronic structures of these oxide
ions, it is rather plausible that the M+-O bonds can be
described as double bonds, leaving, respectively, one and
two electrons available for thorium and uranium ions
to form new bonds; if in the case of uranium an insertion
mechanism can still be envisioned, it is not the case for
thorium, for which a multicentered concerted or a
“direct” mechanism could be operative. In any case,
these reactions have important driving forces in the
large amount of energy available in the collision com-
plexes, due to the high polarizability of the arenes, and
in the reduced barriers arising from the weakness of
the C-H and C-C bonds.
Not unexpectedly, the reaction efficiencies in Table 6

follow the same trend as the polarizabilities of the
arenes (Table 4) and, as already observed in the case of
the metal ions (see Table 2), the reactions with the
larger, more polarizable arenes have efficiencies sig-
nificantly larger than 1, again showing the limitations
of the Langevin model in dealing with these molecules,
as discussed at the end of the previous section. Another
interesting aspect of the values in Table 6 is their
relative magnitude relative to the oxide ions: UO+ <
UO2

+ ≈ ThO+; while the greater efficiency of the ThO+

reactions compared to those of UO+ is in keeping with
the greater reactivity of Th+ compared to U+, the
observation that UO2

+ is more efficient than UO+ in
adduct formation could be a consequence of the presence
of two U-O bonds with a larger number of vibrational

modes available for the radiative stabilization of the
collision complexes.69
Reactivity of Th2+ and U2+ with Arenes. The

reactions of the doubly charged cations Th2+ and U2+

with benzene, benzene-d6, naphthalene, toluene, mesit-
ylene, hexamethylbenzene, and 1,3,5-tri-tert-butylben-
zene showed a predominance of charge-transfer chan-
nels: M2+ + arene f M+ + arene+. Formation of doubly
charged bond activation products, basically with the
same single and multiple eliminations of H2 and/or
small hydrocarbons and the same relative abundances
as in the case of the singly charged cations, was also
observed with all the arenes. In some cases, hydride
or/and methide ion transfer reactions also occurred: M2+

+ arene f MH+ + (arene - H)+ or M2+ + arene f
MCH3

+ + (arene - CH3)+. In Table 7, the relative
importance of the three main reaction channels for the
various arenes studied is presented, while in Table 8
we show the corresponding reaction efficiencies.
Tonkyn and Weisshaar first,4,70 and later Freiser and

co-workers,26,71-73 were able to show that the reactivity
of doubly charged early-transition-metal cations with
hydrocarbons was not limited to charge exchange, the
only reaction pathway expected due to the fact that the
second ionization energies of metals are generally higher
than the first ionization energies of organic molecules.
In those studies, formation of doubly charged bond
activation products, as well as H- or CH3

- transfer
reactions, could be observed along with electron trans-
fer; a simple one-dimensional potential energy curve-
crossing model was satisfactorily used by the authors
to explain the observed reactivity patterns. In brief, at
long range, the reactants, M2+ + RH follow attractive
ion-induced dipole potential energy curves, whereas the
charged products of electron transfer, M+ + RH+, or
hydride transfer, MH+ + R+, follow repulsive Coulombic
potential energy curves. The exothermicities of the
reactions determine the curve crossing points and the
products observed: for instance, if the crossing distance
is too large for the transfer of an electron or a hydride
to be possible, M2+ ions may survive the crossing points,
attain short distances, and be involved in the formation
of doubly charged products.
The dominance of charge transfer in the reactions of

Th2+ and U2+ ions is consistent with the second ioniza-
tion energies of the metals (11.9 eV for both thorium
and uranium68) being significantly higher than the first
ionization energies of the arenes (compiled in Table 9).
In Table 10 we present the calculated exothermicities
and curve-crossing distances for the electron transfer
reactions, as indicated by the model outlined above.

(68) Hildebrand, D. L., Gurvich, L. V., Yungman, V. S., Eds. The
Chemical Thermodynamics of Actinide Elements and Compounds;
International Atomic Energy Agency: Vienna, Austria, 1985; Part 13
(The Gaseous Actinide Ions).

(69) Dunbar, R. C. Mass Spectrom. Rev. 1992, 11, 309.
(70) Tonkyn, R.; Weisshaar, J. C. J. Am. Chem. Soc. 1986, 108, 7128.
(71) Gord. J. R.; Freiser, B. S. J. Chem. Phys. 1989, 91, 7530.
(72) Ranasinghe, Y. A.; MacMahon, T. J.; Freiser, B. J. Am. Chem.

Soc. 1991, 95, 7721.
(73) Roth, L. M.; Freiser, B. S. Mass Spectrom. Rev. 1991, 10, 303.

Table 5. Product Distributions in the Primary Reactions of ThO+ and UO+ with Hexamethylbenzene and
1,3,5-Tri-tert-butylbenzene

product ion and rel abundances (%)

ThO+ UO+
arene (L)

hexamethylbenzene ThOL+ 66 UOL+ 52
ThO(L - H2)+ 34 UO(L - H2)+ 48

1,3,5-tri-tert-butylbenzene ThOL+ 8 UOL+ 17
ThO(L - CH4)+ 92 UO(L - CH4)+ 83

Table 6. Efficiencies (k/kL) of the Reactions of
ThO+, UO+, and UO2

+ with Arenes
reacn efficiency (k/kL)

arene ThO+ UO+ UO2
+

benzene 0.05 0.02 0.02
naphthalene 0.40 0.16 0.42
toluenea 0.13 0.03 0.10
mesitylene 0.37 0.19 0.45
hexamethylbenzene 1.58 0.48 1.41
1,3,5-tri-tert-butylbenzene 2.02 0.82 1.63
a k/kADO.
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The observation of H- and CH3
- transfer channels

for the substituted arenes (see Table 7) can also be
accounted for by the model, although, due to the lack
of thermochemical data, exothermicities and curve-

crossing points can only be calculated for hydride
transfer in the case of U2+ with benzene and tolu-
ene.21,51-53,68 For benzene, the exothermicity -∆H )
0.98 eV and the curve-crossing distance r ) 14.78 Å can
be calculated, while for toluene we obtain -∆H ) 3.00
eV and r ) 5.50 Å, in agreement with the experimental
results, that is, absence of hydride transfer in the case
of benzene. For the other arenes, on the basis of known
C-H bond dissociation enthalpies,51-53 we could predict
the absence of this reaction channel for naphthalene,
as observed experimentally. In what concerns the CH3

-

transfer pathway, we can perform an estimate of the
exothermicity and curve-crossing point for the system
U2+/toluene, considering that D(U+- CH3) is similar to
D(U+- H),21,51 which leads to -∆H ) 1.37 eV and r )
10.72 Å, apparently in accordance with the absence of
this transfer channel in the case of toluene. The fact
that CH3

- transfer is observed only for hexamethylben-
zene and 1,3,5-tri-tert-butylbenzene could arise from the
presence of weak C-CH3 bonds in the tert-butyl sub-
stituents of 1,3,5-tri-tert-butylbenzene52 and from a
weakening of C-CH3 bonds in hexamethylbenzene, as
compared to toluene. In the case of thorium, a small
increase in the strength of the bonds to the singly
charged cation, as compared to uranium, is not expected
to cause any significant changes in the relative impor-
tance of H- and CH3

- transfer channels, as observed
experimentally.
The formation of an appreciable amount of doubly

charged bond activation products (between 10 and 30%,
as seen in Table 7) means that, according to the
potential energy curve-crossing model, an important
fraction of M2+ ions surpass the crossing points and
reach the potential well that corresponds to the forma-
tion of the collision complexes, which can then proceed
to the products. The elimination of H2 and other small
neutrals indicates that bond insertion mechanisms

Table 7. Product Distributions in the Primary Reactions of Th2+ and U2+ with Arenes
product ion and rel abundance (%)

Th+ U+
arene (L)

benzene Th+, L+ 80 U+, L+ 83
Th(L - H2)2+ 20 U(L - H2)2+ 17

benzene-d6 Th+, L+ 77 U+, L+ 85
Th(L - D2)2+ 23 U(L - D2)2+ 15

naphthalene Th+, L+ 80 U+, L+ 77
Th(L - H2)2+ 12 U(L - H2)2+ 23
Th(L - C2H2)2+ 8

toluene Th+, L+ 67 U+, L+ 74
ThH+, (L - H)+ 3 UH+, (L - H)+ 4
Th(L - H2)2+ 16 U(L - H2)2+ 17
Th(L - 2H2)2+ 6 U(L - 2H2)2+ 5
Th(L - C2H2)2+ 8

mesitylene Th+, L+ 74 U+, L+ 76
ThH+, (L - H)+ 4 UH+, (L - H)+ 5
Th(L - H2)2+ 13 U(L - H2)2+ 12
Th(L - 2H2)2+ 6 U(L - 2H2)2+ 5
Th(L - C2H6)2+ 3 U(L - C2H6)2+ 2

hexamethylbenzene Th+, L+ 75 U+, L+ 79
ThH+, (L - H)+ 4 UH+, (L - H)+ 3
ThCH3

+, (L - CH3)+ 3 UCH3
+, (L - CH3)+ 2

Th(L - 2H2)2+ 10 U(L - 2H2)2+ 14
Th(L - C2H6)2+ 8 U(L - C2H6)2+ 2

1,3,5-tri-tert-butylbenzene Th+, L+ 80 U+, L+ 81
ThH+, (L - H)+ 2 UH+, (L - H)+ 2
ThCH3

+, (L - CH3)+ 6 UCH3
+, (L - CH3)+ 7

Th(L - ...)2+ 12 U(L - ...)2+ 10

Table 8. Efficiencies (k/kL) of the Reactions of
Th2+ and U2+ with Arenes

reaction efficiency (k/kL)

arene Th2+ U2+

benzene 0.66 0.44
benzene-d6 0.59 0.46
naphthalene 0.90 1.36
toluenea 0.51 0.77
mesitylene 0.80 1.39
hexamethylbenzene 0.96 1.38
1,3,5-tri-tert-butylbenzene 1.02 0.78
a k/kADO.

Table 9. Ionization Energies (IE) of the Arenes
Studied

arene IE (eV)a

benzene 9.24
naphthalene 8.14
toluene 8.82
mesitylene 8.41
hexamethylbenzene 7.85
1,3,5-tri-tert-butylbenzene 8.19

a Values from ref 51.

Table 10. Calculated Exothermicities and
Curve-Crossing Distances for Electron-Transfer

Reactions of Th2+ or U2+ with Arenes
arene ∆Hreacn (eV)a r (Å)

benzene -2.66 6.0
naphthalene -3.76 4.9
toluene -3.08 5.4
mesitylene -3.49 5.1
hexamethylbenzene -4.05 4.9
1,3,5-tri-tert-butylbenzene -3.71 5.4
a Calculated from values in refs 51 and 68.
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might be operative. Th2+ has two unpaired electrons
in its ground-state electron configuration 5f6d and also
in the configurations 6d2, 5f7s, and 6d7s at 0.008, 0.31,
and 0.68 eV, respectively;65 the ground-state configu-
ration of U2+ is 5f4, with configurations 5f36d, 5f37s, and
5f26d2 at 0.03, 0.46, and 2.41 eV, respectively.65 The
inspection of these electronic configurations raises the
question of direct f-electron participation in the bonding,
particularly in the case of U2+, where the first electronic
configuration with two unpaired non-f electrons is at a
rather high energy above the ground state and argues
in favor of a different bond activation mechanism.
Another important aspect of the electron-transfer

reactions of doubly charged cations is the energy deposi-
tion in the charged products. Freiser et al. have con-
ducted studies of the kinetic energy release in single
charge transfer reactions of group 5 doubly charged
cations with benzene, drawing conclusions on the kinetic
and internal energy partitioning and showing that the
product ions possessed significant kinetic energies.74,75
In our study, evidence for the excess energy (kinetic and/
or internal) deposited in the M+ ions formed in the
electron-transfer process can be obtained by comparing
the data in Table 11, which shows product distributions
for the reactions with arenes of the Th+ and U+ ions
that resulted from the primary charge transfer path-
ways, with the data in Table 1, which contains the
product distributions for the reactions with (in principle)
thermalized Th+ and U+ ions formed by laser desorp-
tion/ionization. In almost all of the cases, the M+ ions
formed in the electron transfer reactions give rise to
several products that correspond to multiple neutral

losses, which is an indication of the existence of excess
energy in the reactant ions.
As a final comment on the reactions of doubly charged

thorium and uranium cations with arenes, we wish to
discuss briefly the kinetic efficiencies presented in Table
8. Due to the predominance of the electron-transfer
channels, reaction efficiencies apparently show a greater
dependence on the ionization energies (Table 9) than
on the polarizabilities of the arenes (Table 4). Whereas
in the case of the singly charged ions the reactions
necessarily proceed through the formation of encounter
complexes, in the case of the doubly charged ions the
dominant electron-transfer process most probably pro-
ceeds through a long-range mechanism, as discussed
above. This difference is also evident in the case of
benzene-d6, for which we found reaction efficiencies
similar to those of benzene for both Th2+ and U2+, while
for Th+ and U+ deuteration caused a doubling of the
reaction efficiency (see Table 2).

Conclusions

In the present study we were able to contribute with
additional data to the barely explored gas-phase chem-
istry of actinide ions, namely by showing that thorium
and uraniummonoxide and uranium dioxide cations are
fairly unreactive species, due to the strong metal ion-
oxygen bonds and that doubly charged thorium and
uranium cations have an interesting chemistry, being
able to activate aromatic hydrocarbons. The results
obtained with the singly charged cations expand previ-
ous studies with alkanes and alkenes,11,15 confirming
the high reactivity of these metal ions and the finding
that Th+ is more reactive than U+.

(74) Gord. J. R.; Freiser, B. S. J. Chem. Phys. 1991, 94, 4282.
(75) Gord. J. R.; Freiser, B. S. J. Chem. Phys. 1991, 95, 8274.

Table 11. Product Distributions in the Reactions of Th+ and U+ Formed by Charge Transfer from Th2+ and
U2+ to Arenes

product ion and rel abundances (%)

Th+ U+
arene (L)

benzene Th(L - H2)+ 48 U(L - H2)+ 100
Th(L - 2H2)+ 10
Th(L - C2H2)+ 5
Th(L - C2H4)+ 24
Th(L - C4H4)+ 5

benzene-d6 Th(L - D2)+ 57 UL+ 9
Th(L - 2D2)+ 10 U(L - D2)+ 87
Th(L - C2D2)+ 5 U(L - C2D4)+ 4
Th(L - C2D4)+ 24
Th(L - C4D4)+ 5

naphthalene Th(L - H2)+ 22 UL+ 17
Th(L - 2H2)+ 30 U(L - H2)+ 66
Th(L - C2H2)+ 15 U(L - C2H2)+ 17
Th(L - C2H4)+ 6
Th(L - C4H4)+ 12
Th(L - C4H6)+ 6
Th(L - C6H6)+ 9

toluene Th(L - H2)+ 72 U(L - H2)+ 77
Th(L - 2H2)+ 14 U(L - 2H2)+ 19
Th(L - C6H4)+ 14 U(L - C2H4)+ 4

mesitylene Th(L - H2)+ 26 U(L - H2)+ 57
Th(L - 2H2)+ 22 U(L - 2H2)+ 20
Th(L - C2H6)+ 52 U(L - C2H4)+ 6

U(L - C2H6)+ 17

hexamethylbenzene Th(L - H2)+ 5 U(L - H2)+ 25
Th(L - 2H2)+ 27 U(L - 2H2)+ 39
Th(L - 3H2)+ 9 U(L - 3H2)+ 19
Th(L - C2H6)+ 54 U(L - C2H6)+ 8
Th(L - C2H6, H2)+ 5 U(L - C2H6, H2)+ 8
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As in our previous study of the reactivity of Th+ with
alkanes and alkenes,11 the results obtained herein allow
us to make a few tentative predictions of the reactivity
along the actinide series. In what concerns the singly
charged cations, the ground-state electronic configura-
tions65,76 point toward reactivities close to those of Th+

and U+ in the first half of the series for Ac+, Pa+, Np+,
and Cm+. The reactivity of the metal oxide ions is more
difficult to predict, as there are only D(M+-O) values
available for M ) Th, U, Np, Pu.51,68 Recent work on
the neutral monoxides77,78 can give some clues on how
D(M+-O) could vary along the actinide series. Con-
cerning the doubly charged cations, two aspects can be
considered: there is a small and rather regular increase

in the second ionization energy along the series,68,76
indicating that a small increase in the relative impor-
tance of charge transfer (to organic molecules) could
occur on moving toward the end of the series; the data
available on the electronic configurations of the doubly
charged actinide ions are scarce and point to a domi-
nance of 5fn ground states beyond uranium,65,76 which
indicates that activation of hydrocarbons or other
organic molecules will probably be difficult to observe.
Clearly, experimental work done with protactinium and
the transuranium elements would be desirable to try
to complete the picture of the actinide series ion
chemistry, based until now on thorium and uranium.
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(76) Morss, L. R. InHandbook on the Physics and Chemistry of Rare
Earths; Gschneidner, K. A., Jr., Eyring, L., Choppin, G. R., Lander,
G. H., Eds.; Elsevier: Amsterdam, 1994; Vol. 18 (Lanthanides/
Actinides: Chemistry), p 239.

(77) Haire, R. G. J. Alloys Comp. 1994, 213/214, 185.
(78) Haire, R. G. J. Alloys Comp. 1995, 225, 142.
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D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 3
0,

 2
00

9
Pu

bl
is

he
d 

on
 O

ct
ob

er
 1

4,
 1

99
7 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

97
02

06
h


