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The metal ions, Cry 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 activation was generally in parallel with that

of C—H activation). With acetonitrile and all of the alkenes (except ethene), the thre@ms induced
dehydrogenation. Variations were evident for the different reactant substrates, but the overall qualitative ordering
of dehydrogenation efficiency wasfy> Tbh* > 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.MVa
[Rg]f"2ds! configuration (“Rg”= Xe for the lanthanides and Rn for the actinides), to enable its insertion
into a C—H bond. The reduced reactivity of Cnrelative to U and Th™ suggests that the closed-shelf 7s
electrons of ground CMm(8S [Rn]5fs?) are ineffective in enabling €H activation and that promotion to the

10D [Rn]5f’6d'7st configuration is prerequisite. The PE[C(48 kJ mol?) is only slightly greater than
PE[Tb'] (39 kJ mol ) and the significantly greater reactivity of Tlys Cm"™ may reflect that the transition

to the prepared “divalent” state &) is parity forbidden for Cm. The three MO were substantially less
reactive than the naked Mbut were comparably reactive to one another, consistent with a multicentered
activation process, which is less efficient than direct cleavage of-& ®ond 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 Th. The termipaidFre
Cm'"F,*, Th'"F,*, and UYF,*, and among the M@Q only UO" induced F abstraction, producing UQF

with n = 1-3.

Introduction which was attributed to a noninsertion mechanism involving

Gas-phase reactions between naked and ligated metal iondn electrostatically bonded, multicentered intermediate.

have developed into an effective tool for examining fundamental N contrast to the 4f Ln elements, the 5f electrons of the light
aspects of organometallic chemistry and reaction mechanismsactinide (An) elements can participate in covalent bonding, as
under elementary conditions absent secondary effects encoun? result of their greater spatial extension and energetic proximity
tered in the condensed phase. Most gas-phase investigations ha@ the 6d/7s valence electron levels. Extension of gas-phase
focused on the prevalent and technologically important first- reaction studies to Anand AnO" has the potential to illuminate
row transition elements, although the heavier d-block and inner distinctions between the behavior of the Ln and An elements
f-block transition elements are now receiving increased atten- @nd specifically the role of the 5f electrons in organometallic
tion.1:2 bonding and reaction mechanistics. Early studies of reactions

The diverse gas-phase chemistry of the lanthanide (Ln) Of U* with CDs, Do, and N’ were carried out b)i Armentrout
elements is of particular interest in view of their similar etal., and recent investigations with THThO*, U, and UO"
chemistries in the condensed phase. Several studies of reaction§ave been reportéd:*Both Th" and U have ground electronic
of Ln* with hydrocarbons have been carried &ttand it has configurations with two non-5f electrons and accordingly exhibit
been establishédthat large variations in dehydrogenation and high reaction efficiencies that do not illuminate explicitly the
cracking efficiencies correlate with the energies required to role qf their 5f electrons. In contrast, the ground states of some
excite the ground-state L'rto an electronic configuration with ~ heavier 1ArI have only one non-5f valence electron (e.g.,
two non-4f valence electrons. A%P5d6st configuration is ~ [Rn]Sf"*7s). To extend gas-phase ion chemistry studies to
evidently prerequisite for insertion of the t.into a C-H bond transuranium (TRU) actinide ions, the technique of laser ablation
to produce the €ELn*—H intermediate, which precedgsH with prompt reaction and detection (LAPRD) was developed
abstraction and H elimination. Cornehl, et al. examined inour laboratory. Relative reaction efficiencies determined for
reactions of LnO with butadiend, discovering a striking effect ~ Np™, Pu,!* and Am",'> Np* > Pu” > Am*, established that

of oxoligation on the relative reactivities of the lanthanide ions, Promotion to an electronic configuration comprising two non-
5f valence electrons (i.e., [Rn]526d'7s") is essential for

* Corresponding author. E-mail: gibsonjk@ornl.gov. effective C-H activation, presumably via a covalently bonded
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C—An*—H intermediate. As with the LT oxoligation has been
found to have a profound effect on Ameaction efficiencie$! 14

All of the AnO™ exhibit lower dehydrogenation efficiencies than
the naked A, consistent with a relatively inefficient reaction
mechanism involving a multicentered intermediate. An intrigu-
ing observation was the greater reactivity of U@ompared
with NdO™, an effect that might reflect participation of the 5f
electrons at the metal center of @ Both NpO" and PuG
were found to be appreciably less reactive than"3@perhaps
indicating a transition from chemically active 5f electrons at
the metal center of UOto inert (localized) 5f electrons in TRU
AnO™.

Whereas the 5f17sl — 5f"26d'7s! promotion energies
increase from zero for Np(5f*6d'7s! ground state) to 104 kJ
mol~! for Pu" and then to 245 kJ mot for Am™*, the value
decreases to 48 kJ mdl for Cm*;*® accordingly, Cm
represents a central member of the series of Avhich should
be quite reactive. In contrast to AMOCmQO" is a rather stable
molecular ion and can be produced in sufficient quantities to
assess its reactivity in comparison with lighter AhCThe
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of 10/—10° W cm~2 The ablated material propagate® 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
conditiong indicated that most ablated ions underwent multiple
collisions with reactant molecules. After travelingd cm into

the reflectron time-of-flight mass spectrometer (RTOF-MS) ion
source, the unreacted and product positive ions fron ann?
cylindrical cross section of the expanding ablation plume were
orthogonally injected into the RTOF-MS. The time delay,
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 wifhthe compara-
tive reactivities of the M and MO" were essentially invariant
with tg. The employedy varied from 35 to 6(s, with the longer
values used predominantly for the pulsed valve experiments.
The sampled ablated ions had approximate velocities of

{3 cmtg} (=1 km st for ty = 35us and 0.5 km s! for ty =

60 us). All of the reactions involved hyperthermal ions, and

primary goal of the present study was to extend the understand-the collisional energies (K& ) can be estimated from the ion

ing of hydrocarbon dehydrogenation efficiencies for‘Aand
AnO™ to the next member of the actinide series, Cm. Laser-
ablated Cm and CmO were reacted with a variety of alkene

kinetic energy, KE = L/ZM}{v}? (M, ion mass), by
assuming a quasistationary target molecule, R, of n&ss
KEem &~ KE{Mgr/(M; + MRg)}. Typical values of Ky ranged

substrates, and the reaction efficiencies were compared directlyfrom ~5 kJ mol? (for Th* + C3Hg sampled aty = 60 us) to

with those for U, UO™, Tb*, and ThO'. Uranium was included

~30 kJ mol? (for Cm* + CgHe sampled atq = 35 us). For

as a representative reactive light actinide that exhibits 5f bonding 246cmt and238U+, the Ky values were nearly identical for a

under certain conditions; Thwas selected due to the similarity
of its f~1s! — f—2d1s! promotion energy (39 kJ mot Th*17)
to that for Cnt (48 kJ mot119),

Gas-phase reactions of transition metal ions with alkyl nitriles
have received attention as the=®: functionality offers an
effective but relatively inert cation coordination ste'® De-

given reaction. The fact that the probed reactions apparently
involved ablated ions in or near their ground electronic states
has been discussed previoltsind is probably attributable to
the sampling of relatively slow ablated ions, an apparent
advantage of orthogonal, time-delayed ion sampling.

Given the limited availability of4€Cm, experiments with this

hydrogenation and othgr reactions involvir!g.the alkyl group have isotope were especially challenging, and only one Cm-containing
been demonstrated with unusual selectivity effected by what 4pation target was studied. The Cm target was prepared by the

Schwarz and co-workers have termed
tion”.16 Previously, selected L'lnand An~ were reacted with
several nitriles in our laboratodf, resulting in both adduct
formation, presumably by coordination to the Moiety, and
alkyl dehydrogenation. Alkyl dehydrogenation was particularly
noteworthy in view of the inert behavior of frand An" toward

unfunctionalized alkanes. Dehydrogenation of acetonitrile re-
sulted in complex ions which were presumed to be novel carbeneCm7olz

species, M=(CH)—C=N. Acetonitrile was reacted with Cim
and CmO in the present study.

“remote functionaliza-

technique described previouktwhere 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 wit a 3 mmdiameter pellet press, the Cm target was
fabricated using a 1.6 mm diameter die, given the smaller
guantity of Cm. The pellet constituents were 0.783 mg of
0.605 mg of UQ, 0.592 mg of ThO7, and 12.700 mg

of Cw°. This gave a composition (metals basis) of 1.4 atom %
Cm, 1.1 atom % U, 1.5 atom % Tb, and 96 atom % Cu. All

The LAPRD technique has been employed previously to study components except the GOy, were commercial products of

reactions of Li,21-23 An*, and AnO 24 with fluorocarbons,
CiFm. The primary reaction pathway was F abstraction to
produce MR and MOR™, with the highest values of for a
given Ln or An reflecting the propensity to form higher

>99.9% chemical purity. The Ci®;, was of comparable
chemical purity, and the Cm was97% 24Cm and~3% 246-
Cm; isotopically unspecified “Cm” in the text refers iCm,
with “246Cm” explicitly designated. Curium-248 was employed

oxidation states. In contrast to the lanthanides, which exhibit because of its substantially longer half-life/{t= 3.5 x 1CF

predominantly trivalent chemistry in the condensed phase, the

light actinides may exhibit a variety of oxidation states (e.g.,
[I1=VII for Np). In the present study, Cwas reacted with
CsFs and the oxidation (F abstraction) behavior of Cmas
compared with that of &,

Experimental Section

The LAPRD method and its application to TRU actinide ions
has been described elsewheté!41520.2324nd only a summary

years) and accordingly lower specific radioactivity than the more
plentiful 244Cm isotope 14, = 18 years). The U was depleted
to ~0.4% 23, and usage of “U” refers to the 99.6%8%U
constituent. The only naturally occurring terbium isoto}&,

Th, 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 freeegacuate-
thaw cycles. The gases were admitted into the reaction zone

of essential features of the experiment is included here. Thethrough a pulsed valve, resulting in greater transient pressures
output of a XeCl (308 nm) excimer laser was attenuated and compared with the vapors from the liquids, which were admitted

focused at normal incidence onto the ablation target to a spotthrough a leak valve. The vendor-specified purities were as

size of~0.5 mn? to produce a nominal irradiance in the range follows: (gases) 99.99% ethenepHZ; 99% propene, &Hg;
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>99% 1-butene, @Hs; 99% isobutene, §Hg; 99.5% hexafluo- m/iZ
ropropene, GFg; (liquids) 99% cyclohexene, ¢El10; >99% 160 180 200 220 240 260

benzene, gHg; 99% 1,5-cyclooctadiene (COD),sB12; 98% v =
cyclooctatetraene (COT),sls; 99.9% acetonitrile, gHsN. Wr r / v q
Th(OH),* u*

Results and Discussion
CmoO*

Representative mass spectra are shown in Figuresand Hocmt uos*
the principal reactivity results are presented in Tabled.IThe
tabulated product abundance&, are defined as follows:
AIML *] = {I[ML *)/I[M*]} x 100, wherel[ML *] and I[M ]
are the mass spectral ion intensities (peak heights) for the cm*
product and unreacted metal ions, respectively. An analogous {25 mV
definition applies to product abundances for reactions offMO
These abundances correspond to the approximate percentage uo*
of parent ions that reacted only in cases of minor net reactivity,
i.e., S{AIML *]} < 10; in some cases, almost all of the ablated Tb* Tbho*
M™ reacted and thé values cannot be regarded reasonably as ! : . .
a percent of reacted parent ion. 60 64 68‘ . 72 76 80
In those instances where all of the significant reaction Flight Time/ s
products could be confidently assigned and their summed Figure 1. Mass spectrum from laser ablation of the Ebi—Tb target
intensities obtained, the aggregate absolute relative reaction cros$ a vacuum g = 30 us).
sections for all reaction channels;e, could be estimated,
because the reaction conditions (pressure and path length) wereeflects the difficulty in oxidizing Tb and Cm beyond the
identical for coablated M: gre[M*] = —log{I[M T)/[I[M*] + trivalent state. This illustrates the trend toward lanthanide-like
S (IIML ']}, wherel[M *] represents the quantity of unreacted redox behavior beyond Pu in the actinide series. The relatively
M and Y (I[ML *]) the total quantity of all significant product ~ small ablation yield of & compared with Crhand Th" reflects
ions. In general, it was impractical to obtain reliable aggregate the oxophilicity of U and results in relatively small absolute
orel Values for reactions where cracking was significant; obstacles yields of products for U reactions (e.g., see the Migs" peak
included uncertain compositional assignments of complex intensities in Figure 2).
product ions, minuscule amounts of ablated/unreactedadd Reactions with Small Alkenes.Results for the principal
isobaric interferences, such as of Cin@ith UC,H,". For some propene and butene reactions are presented in Table 1 and a
reactant substrates, such as propene, dehydrogenation was thepresentative mass spectrum for reactions with 1-butene is
sufficiently dominant reaction channel that[M ] ~ —log- shown in Figure 2. The results for the small alkenesHC.)
{IMT(I[M*] + I[MCHmn-2"])} could be reliably determined,  are discussed separately from those for the heavier alkenes given
and where such interpretation of the results is reasonaRle, the different injection methods used. Injection of the light
values are provided. The inability to obtain comprehensive alkenes through the pulsed valve, rather than leak valve, resulted
reactivity information is intrinsic to the LAPRD technique where in substantially greater transient pressures in the reaction zone,
several ions may simultaneously react with a complex substrateand direct comparisons between apparent absolute reactivities
to produce several reaction products. However, dehydrogenationunder such diverse conditions are less reliable. Specifically, it
efficiencies generally can be reliably extracted to provide is certain that the pulsed-valve experiments resulted in a
comparative reaction efficiencies for that representative channel.significantly greater average number of iemolecule collisions;
Vacuum Ablation of Cm-Oj,. Prior to carrying out the ion these collisions offer greater opportunity for reaction and for
molecule reactions, ablation of the target was examined undercollisional cooling of ablated and complex product ions.
vacuum; a positive ion mass spectrum is shown in Figure 1. In addition to the results presented in Table 1, reactions were
Ablation of AnQ, has been shown to result in Af@bundances  also carried out with ethene. Both Crand Tb™ were essentially
that reflect the Ar-O dissociation energie®°[An0].2>26Thus, unreactive with GHg; only a very small A < 1) peak possibly
Am™ is dominant and only a minuscule amount of Afn(°- attributable to TbgH,™ was noted. The reactivity of Uwith
[AmO] ~ 550 kJ mot?) is ablated from Am@s), whereas C,H4 could not be assessed becauselIC is isobaric with
copious NpO (D°[NpO] = 740 kJ mot?) is ablated from CmO*. No ethene adducts were detectedites 1 for the M*
NpOx(s). The correlation betwedd’[LnO] and D°[LnO*] has and MO,
been discussed by Chandrasekharaiah and Gingérarid The comparative dehydrogenation efficiencies are emphasized
suggests that IE(Lr IE(LnO) for most Ln and that ionization  in assessing the results, although reaction pathways involving
of most LnO proceeds by removal of an essentially nonbonding C—C cleavage were significant in some cases. The alkene
electron localized at the metal center. Previous results for ablatedcracking efficiencies generally paralleled those for dehydroge-
AnO" abundance?’ indicate that a corresponding correlation nation, and it is reasonable to postulate thatHC bond
exists betwee[AnO] and D[ANO™]. activation is generally the rate-limiting step for both types of
From Figure 1, it is evident thafTb*] ~ I[TbO™], I[UT] < proces$® although cracking mechanistics were not probed
[[JUO*] andI[Cm™] > I[CmO"]. BecauseD°[TbO] ~ D°[TbO*] directly in the present LAPRD studies. In the case of propene,
< D°[CmO], the smaller relative yield of CmtOcompared with a particularly notable result was the distinctive formation of a
TbO* suggests thab°[CmO*] < D°[CmQ] or, equivalently, significant amount of Mg". A feasible mechanism for produc-
that IE[CmO]> IE[Cm] and that the ionization of CmO occurs tion of C, from propene would be dehydrogenation to propyne,
by removal of an electron from a bonding molecular orbital. followed by a single-H transfer from the-C to they-C, and
The ablation of substantial WO exhibits the stability of the ultimately CH;, elimination. This process is endothermic by
UV oxidation state, and the absence of Th@nd CmQ* ~800 kJ mot12° but it is possible that some ™-C, bond

lon Intensity
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TABLE 1: ReSll)JltS for Reactions with Propene, 1-Butene, miz
and Isobutené 160 180 200 220 240 260
Propene . ; . : ' '
\ ; o
A /" ’Wﬂ
| Co CsH4 CsHsg ThCH,* TbOC,H,*
Cmt 122 7 10 <1 R
Ut 1.8 d 500 <60 Tb(CH),
Th* 94 3 55 0.7 +
Cmo* 77 21 ThCH,
uo* 141 0.7 .
TbO* 140 1.4 ™ cm*
20 mV
1-Butené I V[ePy
uo* |,
A 2z Tho* cmo
2 | | | |
| C4Hs C4Hg 2 60 64 68 72 76 80
cm" 102 6.3 e
O+ 24 130 5 270 280 290 300 310 320
Th* 94 78
cmo 130 0.2 11 iy ‘“""\r\f S
uo* 130 0.4 <0.4 "\f
ThO*™ 139 <0.1 1.4 .
UC4H5+ CmOC4Hs
Isobutenef
A CmO(OH)"
CmCH,"
| C4Hs C4Hs CgH12 CgH14 uo, Cm(OH), o
cmt 39 130 10 14
u* 18 360 39 23 Iz mv
Th* 9 21 230 42 84
Ccmo" 82 (0.4) 6
uo*t 88 <2 13 L L L
ThO* 42 o) 24 78 80 82 84 86

2 The following definitions apply to all of the tabulated results: Flight Time/ s

intensity (peak height) of the specified reactant ion in millivolts
(corresponds to intensity scales in the figurésy abundance of the
ML* or MOL™ for the specified L (of indeterminate structurefML *]

[{IIMLFJ/I[M*]} x 100; AIMOL *)/{I[MOL*}/I[MO*]} x 100. The : ;
reported abundances are uncertain to the greater of 10% or one digitdehydrogenatlon was effected by the M@ith the butene

in the last recorded significant figure. Where appropriate, estimated SUbStr‘f’lteS' SqueSt,mg .enhanced*M{OL;Hg (,:OUp“ng to form .
abundance limits are provided for undetected products. Abundances@ Multicentered activation complex. With isobutene, cracking
presented in parentheses represent measurements close to the detectily the M, particularly GHs elimination (MGH," product),
limit. The following approximate aggregate relative reaction cross and notably Cljelimination (MGH4* product) were significant
sectionspre[M ], could be derived: (propene) 0.8 for{0.2 for Tbr, pathways. Because of isobaric interferences (e.gzHJCis
and 0.04 for Cm; (1-butene) 0.4 for U, 0.3 for T, and 0.03 for jsoparic with Cm3) and the significant degree of cracking,
Cnr'. © Pulsed valvetfy = 60s. *UC," is isobaric with?*CmO*.2t reliable aggregate values could not be derived for these
= 50 us; A[ITbC,H,"] = 12; mass spectrum shown in Figure 2. ! rel . SN
" Dehydrogention was dominant but significant cracking was evident "€actions, but the order of dehydrogenation efficiencies was
(e.g., minor MGH4*). 9 AlTbCzH,*] = 210 A[CMCH;T] < 10; consistent with that for the 1-butene;"& Th™ > Cm™.
UC,H" is isobaric with CmO). Speculating on possible isobutene cracking reaction mecha-
nisms, CH loss, for example, might reflect a relatively facile
energies are of this magnitudéand hyperthermal (and/or transfer of the activated allylic H atom to the intact Sifoup;
electronically excited) M could be important in thermodynami-  in contrast, formation of propadiene from 1-butene would require
cally enabling this process. For the more prevalent propenean additional intramolecular H migration from tiffeC to the
dehydrogenation process, formation of propadiene rather thanterminaly-C. Isobutene was also distinguished by the formation
propyne is slightly less endotherriicand is mechanistically ~ of products resulting from interaction of the Mwith two
more feasible, presuming relatively facile insertion of Mto reactant molecules; Mgl;;" corresponds to net double dehy-
the terminal allylic C-H bond followed bys—H abstraction. drogenation of two gHg molecules and MgH14" to single
The AIMC3H4 '] values in Table 1 indicate an order of propene dehydrogenation of afElg and complexation of a secondis.
dehydrogenation efficiency of U> Tbh* > Cm*. Because Because M@H4" was not a significant product, it can be
dehydrogenation was the dominant reaction pathway, the assumed that the M@E;," resulted primarily from dehydroge-
following approximates,e can be derived readily from the data  nation of a second £Eig by a predecessor MEls™. This would
in Table 1, 0.8 for U, 0.2 for Tk, and 0.04 for Cm. The suggest that the metal center of the Mig™ complexes
three MO" were unreactive, each producing roughly comparable remained reactive and that the "MC4Hg bonding is best
yields of the MO —propene adduct. represented as an interaction of the metal center with th€ C
As with propene, the primary reaction channel for the M 7z system, as a-bonded metallocyclic complex would presum-
with 1-butene and isobutene was dehydrogenation, and againably render the metal valence electrons inert toward subsequent
the order of reactivity was U > Th* > Cm". The gy values C—H activation. The comparative abundances of thegMiG"
for dehydrogenation of 1-butene were 0.4 fot,0.3 for Th', and MGH14" products suggest that'd-C4Hg is more efficient
and 0.03 for Cmi. In contrast to propene, a minor degree of at dehydrogenating a secongHg than are either Cri—CyHg

Figure 2. Mass spectrum from laser ablation of the €—Tb target
into 1-butenetg = 50 us).
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TABLE 2: Results for Reactions with Cyclohexene and
Benzené

Cyclohexene
| A[CeHe]
Cm* 59 5
ut 1.5 7
Th* 23 13
CmO* 6.2 2
uo* 5.6 2
ThO" 10 <3
Benzeneé
A
| CeHa CsHe
Ccm"* 614 0.03 0.05
Ut 4.7 2 <0.5
Tb* 340 (0.07) 0.14

a2See footnote a of Table 2ty = 55 us. A mass spectrum
corresponding t&y = 35us is shown in Figure 3; the longgrallowed
detection of the MO@Hs" products.© ty = 35us. No adducts or reaction
products were detected for the MOrhe following approximate relative
benzene dehydrogenation cross sectiongM *], could be derived:
1 x 1072 for U*, 3 x 10 for Tb*, and 1x 10 for Cm".

miZ
240 250 260 270 280
L L | L L
bt
uo,*
ThCHy
260m0" I‘ mv
>  26cm vo* cmO*
g v il Cm’ L |
g 73 75 77 79 81
E 310 320 330 340 350 360
| | | L | |
UG s miall
' il AP
UCH,
IO.2 mV
| [iemCeHg", .
84 86 88 90 92

Flight Time/ us

Figure 3. Mass spectrum from laser ablation of the Ebh—Tb target
into cyclohexene t{ = 35 us). The off-scale peak intensities (in
millivolts) are as follows: I[Tb*] = 292; I[TbO*] = 63; I[[Cm™] =
340; I[[UO*] = 34;1[CmO'] = 38.

or Th"—Cy4He. This finding may constitute a manifestation of
the greater chemical activity of the uranium 5f electrons.
Reactions with G and Cg Cycloalkenes. Results for

Gibson and Haire

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

corDr
A
| C2H2 CeHa C8H6 CSHS
Cm* 128 1.4 1.8 1.6 7
Ut 1.1 c <10 <10 (16)
Tb* 30 5 6 25 22
COT!
A
| CsHs CeHs
Cm* 7.4 34 24
U+ (0.4 <3 6)
Tb* 2.9 10 16
CmO*" 4.9 <3 <3
uot 2.8 <2 3
ThO" 3.8 <3 <3

aSee footnote a of Table 2ty = 45 us. Also, AlTbOCgH10"] =
2.9; A[CmOCngo+] =1.9; A[UOC3H10+] < 2; A[U02C3H12+] = 4.
Mass spectrum shown in Figure 4. The following approximate aggregate
relative reaction cross sectionge[M*], could be derived for COD:
0.13 for Tk and 0.05 for Crh. ¢ UC,H," is isobaric with CmO. 9ty
= 55 us. Also, significant amounts of various cracking products, e.g.,
A[CMCsH¢'] = 16, were observed.

m/Z
160 180 200 220 240 260
1 | L | 1 I

\Tb(OH)z / v Uog| SmCH
TbCH"
TbCZH;
24GCm"’
L Cm® /[CmO*
TbCH;
2
g L L L L
..2 60 64 68 72 76 80
c
o 2?0 28|0 31I 0 31|l0 37|0 Iz mv
UCgH;"
\ /+ CgHg
CmCH¢
Uos \ TbOCH¢ CmOCH,¢
CmCgH¢'
CcmCH, CeHe
CmCHy"
CmO* .
UO,Cehy;
1 1 1 1
75 79 83 87 9 95

Flight Time/ us

Figure 4. Mass spectrum from laser ablation of the €—Tb target

into 1,5-cyclooctadiengd{= 45us). The Th, TbhO", Cm*, and CmG
peaks are off-scale at this detection sensitivity; intensities are given in
Table 3.

hexene and COD are shown in Figures 3 and 4, respectively.
The primary reaction pathway withgHio was double dehy-

reactions with cycloalkenes are compiled in Tables 2 and 3. drogenation to produce MEs", presumably a M—benzene
Representative LAPRD mass spectra for reactions with cyclo- complex, and MOgHg", presumably a &M —benzene com-
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plex. As noted above, the substantially smaller abundances of TABLE 4: Results for Reactions with Acetonitrile and
the product ions compared with the corresponding propene andHexafluoropropene* o

butene reactions (Table 1) are considered to reflect the lower Acetonitrile

pressures achieved with these less volatile reactants. In contrast A

to the substantial variations in reactivities with propene and the I CHCN CHCN

butenes, the dehydrogenation efficiencigs of*Clhdlf, and Th cm 1260 007 027

toward GHa1» were roughly comparable (i.e., within a factor of u+ 31 21 6

3). This apparent reduction in the role of electronic excitation Th* 470 0.6 0.4

to achieve a &' configuration may be attributable to a deeper CmO* 88 <0.3 1.8

energy well for the initial M'—CgH10 adduct on the dehydro- uo* 47 0.5 8

genation reaction coordinate, which would facilitate “curve- Tbo* 165 <0.2 21

crossing” to produce the -€@M*—H intermediatée. Similarly, Hexafluoroproperfe

the apparent greater relative efficiency of the M@ dehy- A

drogenating €H1o, compared with the small alkenes, may reflect | = 5 = =

stronger bonding in the MO-CgH1o multicentered activation ® !

complexes. Dehydrogenation of cyclohexene to benzene is also €M 118 5 6 <01 <01

facilitated by an endothermicity of only 88 kJ mépe.30 1L.Jb+ ég ‘118 ig <%)§2 <0?é4
As expected from the greater energy required to dehydroge- cmo* 45 <0.3 <0.3 <0.1 <0.1

nate benzene to benzyne (360 kJ niplthe dehydrogenation uo* 153 2 0.9 0.12 <0.1

ThO" 62 <1 <0.2 <0.2 <0.2

efficiencies with benzene were relatively small, particularly for

Cm* and Tb" (both produced small amounts of Mds* aSee footnote a of Table ®Leak valve;ty = 50 us. Also,
adducts). As seen from the results in Table 2,Whs relatively AJUO,CH;CN'] = 8. The following approximate aggregate relative
effective at dehydrogenating benzene; this may also imply reaction cross sections for acetonitrites[M *], could be derived: 8
unique participation of the 5f electrons in the reaction mecha- * 1072 for U%, 3> 107 for Tb”, and 3x 107 for Cm". ¢ Pulsed
nism and in the ultimate t-CgHa (presumably benzyne) —YaVeila=60us.

complex. Because dehydrogenation was the primary (minor)
reaction pathway, the following;e values for dehydrogenation

of benzene can be derived: 1 1072 for U*, 3 x 104 for
Tb*, and 1x 104 for Cm*. Given the energetic requirement
for benzene dehydrogenation, it is can be presumed that the
Ut—CgH4 complex must exhibit unusually robust bonding. A
feasible structure is a-bonded metallocyclic moiety at the
dehydrogenated=€C site, with supplementary bonding of the

T ) : Lo .
U™ o the_ benzyl ring, perhaps |nvoI_V|ng interaction of tne acetonitrile as the reactant are recorded in Table 4. All three
system with the 5f electrons and orbitals at the U metal center. " . S . .

M™ formed adducts with acetonitrile, presumably involving

The mass spectrum shown in Figure 4 for reaction with COD ¢4odination to the &N: moiety and particularly its lone pair
exhibits the greater diversity of reaction channels for this sub- ¢ ajectrons. All three M also dehydrogenated acetonitrile,
strate. In addition to the primary dehydrogenation channels, presumably via “side-on” (rather than the usual end-on)
cracking to GHz (presumably acetylene) andids (presumably — cqordination of the M to the G=N: functionality32 The MCy-
benzene) were also significant. Double dehydrogenation to LN+ dehydrogenation products are surmised to be the distinctive
MCgHs", presumably a M—COT complex, was dominant, and  \1+—(CH)—C=N carbene complexes proposed for the corre-
the other reactions proceeded with roughly parallel relative sponding reactions of Scand Y+ with acetonitrile3! Dehy-
efficiencies (although/U*] was too small to obtain precise com- drogenation was the primary reaction pathway for all three M
parisons). As with cyclohexene, the dehydrogention efficiencies 5nq the followingore were derived from the results: 8 102
of Cm*, U*, and Th" were approximately comparable, with {5 U+ 3 x 1073 for Tb™, and 3x 104 for Cm*. The typical
Tb™ somewhat more reactive than CrAs indicated in Table discrepancies between dehydrogenation efficiencigs; Tb*

3, the results for U are incomplete but aggregate, values of >~ cmi, was clearly evident with this substrate. Each of the
0.13 and 0.05 are obtained for Tland Cnt, respectively. MO™ ions complexed to CKCN, with the abundance being the

With COT, I[U*] was very small, and only an approximate greatest for UO. Furthermore, among the oxoligated ions, only
adduct abundance is given in Table 3. A notable result for UO* effected detectable dehydrogenation, again suggesting
uranium was the distinctive formation of the WGCOT adduct; distinctive chemical activity of the 5f electrons at the metal
this again may reflect bonding involving 5f electrons in&O  center of UJ.

U*—CgHg complex. Assigning a nominal charge o2 to the Interpretation of Dehydrogenation Reactions.On the basis
COT ligand, this species would represent & dtganometallic of the energies for the'fis! to f"~2dls! promotions of U, Cm",
complex, which is implausible for Cm or Tb. In contrast to and Tb" (vide supra), it would be anticipated that"$hould
results for the reactions of Mwith the other substrates, it be more effective at dehydrogenating alkenes and nitriles than
appears that Cm may be moderately more effective at the two other M, a prediction corroborated by our results. The
dehydrogenating COT than is ThHowever, this effect was  f"1s! to f"~2dls! promotion energy for Crhis only slightly
small compared with the substantial reactivity discrepancies for greater than that of Th(A[PE] = 9 kJ mol?), and a greater
the smaller alkenes and it should be noted that significant chemical activity of the actinide’s 6d vs the lanthanide’s 5d
amounts of cracking products were produced (but not quanti- electrons could diminish the effect of this discrepancy. Accord-
tatively assessed) and their contribution to the overall reactivities ingly, it was anticipated that the dehydrogenation efficiencies
may have distorted the relative reactivity assessment based upof Cmt and Tb™ would be virtually identical within the
the abundances of the dehydrogenation products. The maindiscrimination capabilities of the LAPRD technique, and the

significance of the COT results was the substantial yields of
the adducts, indicating strong™-COT bonding. All of the
[[M*] values were small, anfU*] was too small to obtain
guantitative results; depletion of the™Nk 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 MG+ (see Figure 4).

Reactions with Acetonitrile. The results obtained with
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significantly greater dehydrogenation efficiency of Tis Cnt', efficiencies were generally in correspondence. The key conclu-
particularly with the propene, butene, and acetonitrile substrates,sion was that Crhis substantially less effective thanland
was unexpected in the context of the simptel§t — f1—2dls! somewhat less effective than Tlat alkene dehydrogenation.

mechanistic model. The greater reactivity of “Tlzan be The lower reactivity of Cmi vs U" is consistent with GH
rationalized by more closely considering the requisite electronic activation via a G-An*—H insertion intermediate that requires
transitions for achieving the activated intermediate. Specifically, two non-5f electrons at the metal center for covalent bonding.
the transition from the oddH 4f°6s! ground state of Tb to The reduced reactivity of ground-state Cnmdicates that its
the everPG 4f5dl6s' configuration is parity-allowed, whereas spin-paired 75 electrons are chemically inert, like the?26s
the odd?®S 5f7< to odd 1°D 5f’6d'7<! transition for CnT is electrons of Ld, the 38 electrons of M§, and presumably the
parity forbidden. It is reasonable that the effects of the 7 electrons of ground-state ') and that decoupling by
discrepancy in transition probabilities should be most pro- excitation to a 6&7st configuration is requisite for effective
nounced with those small alkene substrates where the energyinsertion. The reduced reactivity of Cncompared with Th
well of the initial adduct intermediate is relatively shallow and was somewhat greater than anticipated based upon their similar
the weaker M—alkene interaction does not relax effectively promotion energies; it should be emphasized that this effect was
the transition selection rules. Both the TPG and Cni 1D secondary to the primary finding of significantly reduced
prepared “divalent” configurations are high-spin states with spin- reactivity of Cm"™ compared with U, which demonstrated the
unpaired d and s valence electrons; however, it is plausible thatnecessity for excitation from thé ground-state configuration
different effects due to spin nonconservation between lan- of Cm". Assuming that the Cm electronic energy level
thanides and actinides with regard to the insertion process mayassignments are correct, its unanticipated degree of diminished
alter their relative reaction efficiencies. reactivity compared with Thmight be attributed to the parity-
Reactions with Hexafluoropropene The product abundance  forbidden nature of the essential odd&? — odd 5f6d'7s!
distributions for reactions with hexafluoropropene are included transition. Other factors might be involved in this diminished
in Table 4. The primary reaction pathway for reactions of Ln  reactivity, such as indistinct spin-conservation effects, contrac-
An*, LnO*, and AnO is F abstraction via a noninsertion tion of the chemically relevant Mvalence orbitals, variable
mechanisn#~24 and the product compositions and abundances M* polarizabilities, and indeterminate relativistic effects. It is
reflect the elementary oxidatiemmeduction behavior of the  hoped that these experimental results will motivate further
metal. With regard to fluorine abstraction, Cnand Tb elucidation of relevant effects employing theoretical models.
behaved similarly, producing the divalent MfRnd trivalent The MOt were substantially less reactive than the naked M
MF," species. In contrast, Uabstracted up to four F atoms, but comparably reactive to one another, consistent with a
producing UF, UR,*, UR™, and pentavalent UFE. As has been  mechanism involving a multicentered activation complex, as
discussed elsewhefé, the thermochemical propensity for suggested previoush.Certain peculiarities of U, such as
formation of MF;* by F abstraction from fluorocarbons can be its distinctive formation of an adduct with COT, were consistent
considered in the context of ionic, covalent, or intermediate with previous indications of chemically active 5f electrons at
bonding models, with the degree of covalency increasing with the uranium metal center. Evidence was not obtained for
increasing oxidation state of the metal. The behavior observedinvolvement of curium’s 5f electrons in bonding.

here is consistent with the greater®™M— M#*" ionization All three M* dehydrogenated acetonitrile, with efficiencies
energies for C#i (IE = 3550 kJ mot?!33) and T (3840 kJ in accord with the insertion requirements inferred for the alkenes.
mol~11%) as compared to that of ¥ (3140 kJ mof?). The The dehydrogenation products are presumed to be novel

bonding is likely to be substantially covalent in MFand the carbenes, including Chr/=CD—C=N:. Among the oxide ions,
promotion energies to provide a non-f valence electron are alsoonly UO" effectively dehydrogenated acetonitrile, exhibiting

consistent with the distinctive formation of YF(and UR™); the unique chemistry of uranium, which is presumably related
the PE[MH{f"} — M3*{f"~1d'}] values have been estimated to more chemically active 5f-electrons. Attesting to the strongly
by Brewe?f* as~360,~820, anc~~720 kJ mot? for U3, Cnét, coordinating nature of the=N: functionality, all of the M

and TB*, respectively. In accord with the oxidation limit of and MO" species formed adducts with acetonitrile.

Cm and Tb being at the trivalent state, among the*M@nly The reaction product compositions and abundance distribu-

UO™ abstracted fluorine, to produce UORUOR,*, and even tions for reactions of M and MO" with hexafluoropropene
the hexavalent species, UgFGas-phase fluorination reactions, reflected the essential oxidation behaviors of the elements
such as those achieved by F abstraction from gaseqkis, C  studied. Oxidation of Cm and Tb terminated at the trivalent
reflect the essential oxidatierreduction chemistry exhibited  state as ME™ and MO, despite the fact that both are known
in the condensed phase. Thus, whereas the hexavalent state i% form tetravalent compounds under strongly oxidizing condi-
prevalent for uranium, the trivalent state dominates for curium tions. In contrast, uranium was oxidized to pentavalenf'UF

in the region of the actinide series where lanthanide-like and hexavalent UQF. As has been discussed beféfesuch

behavior is manifeste®. discrepancies in the propensities of Aand AnO" to abstract
F atoms from simple fluorocarbons may be applicable to
Summary and Conclusions separating isobaric elements for mass analysis or possibly even

] . ) ) ~ for separations processes. There was no indication of mecha-
The first systematic gas-phase studies exploring the chemistrynistic constraints, and fluoride abstraction is presumed to have

of curium were performed employing elementary reaction proceeded by a noninsertion (“harpoon”) process.
substrates that had been studied previously with lighter actinides.

Uranium and terbium were studied concurrently with curium  Acknowledgment. This work was sponsored by the Division
to permit assessing directly relative reactivities. Vacuum ablation of Chemical Sciences, Office of Basic Energy Sciences, U. S.
of curium oxide produced a smaller yield of CmQhan Department of Energy, under Contract DE-AC05960R22464
anticipated based upon the kno®A[CmO], and this result is at the Oak Ridge National Laboratory with Lockheed Martin
interpreted as IE[CmO} IE[Cm]. Reactions with alkenes Energy Research Corp. THé8Cm used in this study was
focused on dehydrogenation efficiencies, although cracking supplied by the Division of Chemical Sciences, Office of Energy
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