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Abstract

The gas-phase chemistry of Cfvas examined, this now being the heaviest element with which such studies have been
performed. The emphasis was on the efficiency of dehydrogenation of alkenes by ndkedir&@ft comparison was made
between the reactivities of Cfand those of Cm, Pr", and Tm'. The results with alkenes indicated that'ds inefficient
at G-H bond activation, in accord with a standard mechanistic model, and the reported electronic structure and predicted ener
levels for Cf". No participation of the quasivalencédectrons of Ct was indicated, and essentially lanthanidelike behavior
was manifested. Other types of reactions were studied, including those"aofi€f butryonitrile, butylamine, ethanedithiol,
dimethylether, and perfluorocarbons. Several new Cf complex ions were identified, and novel aspettshafraiftry were
assessed. (Int J Mass Spectrom 203 (2000) 127-142) © 2000 Elsevier Science B.V.
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1. Introduction transuranium actinides. Although a variety of inge-
nious microscale and tracer techniques have been
The study of gas-phase reactions of naked and developed to assess important features of transura-
ligated metal ions with various reactants has devel- nium chemistry [4], the application of these ap-
oped into an effective approach for examining funda- proaches becomes increasingly challenging upon pro-
mental aspects of transition metal chemistry, particu- gressing across the series; accordingly, it has often
larly gas-phase organometallic chemistry [1,2]. been impractical to investigate many elementary as-
Although prudence must be exercised in relating the pects of condensed phase chemistry for the transplu-
behavior of free gas-phase metal ions to that of metal tonium elements [5]. Even when compounds of radio-
species in solution or the solid state, a revealing active nuclides can be prepared, self-radiation damage
correspondence can often be established which en-frequently precludes sustained maintenance of struc-
ables prediction and illumination of key aspects of tural and chemical integrity for effective characteriza-
condensed phase chemistry [3]. tion by traditional techniques [6].
Gas-phase studies are particularly well-suited to  With the primary goal of enhancing the under-
examining radioactive and scarce metals such as thestanding of transuranic actinide chemistry, a laser
ablation time-of-flight technique, laser ablation with
prompt reaction and detection (LAPRD), is being
*Corresponding author. E-mail: gibsonjk@ornl.gov applied in our laboratory for the investigation of
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gas-phase chemistries of radioactive actinide (An) actinide series, the behavior of these metals is largely
positive ions, particularly Ah and AnQO" [7]. The reminiscent of that of the trivalent lanthanides, in
LAPRD technique differs from gas-phase metal ion accord with increasing stabilization/localization of the
chemistry studies performed in Fourier transform ion 5f electrons with increasing nuclear charge. However,
cyclotron resonance-mass spectrometry (FTICR-MS) manifestations of direct participation of &ectrons in
instruments, particularly with regard to the relative chemical bonding have been identified for transpluto-
reaction timescales: typically 10-1@G for LAPRD nium actinides, particularly under high pressure
vs. 0.01-1 s for FTICR-MS [8]. The LAPRD tech- which decreases interatomic distances [16]. Further-
nique was employed to investigate the gas-phasemore, the increasing significance of relativistic effects
chemistries of several lanthanide ions,"L{¥]; con- on electronic structure, energetics and chemistry with

currence with relative reactivities derived from jncreasing atomic number might result in novel prop-
FTICR-MS studies [9-11] has confirmed the utility of  grties for the heavier actinides [17].

LAPRD in deriving accurate relative metal ion reac- Following early guided ion beam studies of U

tivities, despite the short time scale, occurrence of gas-phase chemistry by Armentrout et al. [18], other

relatively few ion—molecule collisions, and the poten- 1icR-MS studies have been carried out off kind
tial role of electronically excited ablated metal ions, o+ chemistries for M= Th and U [19-22]. Our

M™*", in determining reaction pathways [9,12].-Al
though the basis for the evident insignificance of M
from a source of nascent laser-ablated ions is not
transparent, collisional cooling in the ablation plume
might be an important factor. Early guided ion beam
studies of reactions of selected Liwith hydrocar
bons by Sunderlin and Armentrout [13] suggested a
minor role for excited-state ions even under condi-
tions where significant concentrations of excited
metal ions should have been present in the reaction
zone.

The changing nature of the electronic structures of
the actinides upon progressing across the series is of
particular interest in illuminating both the distinctive
behavior of elements of this series and the general
relationships between the elements of the periodic
table. Whereas thef4lectrons of the homologous
lanthanide elements are essentially localized an

initial actinide LAPRD studies were also performed
with these two elements [23] and the results were in
accord with those from FTICR-MS. Subsequently, the
LAPRD approach was applied to sequentially inves-
tigate gas-phase chemistries of the first four transura-
nium actinide ionsgNp*, o,PU" [24], s AM™ [25],
and ¢¢Cm™ [26]. Rather than proceeding directly to
the next element in the serieg,Bk", the present
article reports on aspects of the gas-phase chemistry
of ¢gCf* (and CfO"). The chemistry of Cf was
assessed prior to that of the preceding element, Bk, to
avoid potential ambiguities in interpretation of mass
spectrometrical-based results for the latter, because
2498k decays to?*CH.

An emphasis of previous actinide LAPRD studies
has been on organometallic ion chemistry, focusing
gon reactions of Afi with alkenes. Based on studies

. 4 . 4
chemically inert under most conditions, the electrons With Ln™ and lighter A, it has been found that a
in the partially filled 5 orbitals of the lighter actin- particularly reliable indicator of-block element elec-

ides, notably U, Np, and Pu, are sufficiently spatially tronic structures, energy levels and resulting chemical
extended and energetically proximate to those in the activities is their comparative propensities to dehy-
valence @ and % orbitals that significant direct ~drogenate alkenes:
physical/chemical effects are evidenced [14]. A clas- M* + CH,, — MCH."
sic manifestation of thefZelectrons in bonding is in

the distinctive and complex nature of Pu metal, which These reactions evidently proceed via a rate-control-
exists in at least five crystalline allotropic forms ling step involving C—H bond activation by insertion
between 100°C and exhibits an anomalously low (oxidative addition) of the metal ion into the hydro-
melting point of 640°C [15]. Beyond Pu in the carbon to produce a transient intermediate:

m— 2+H2 (1)
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M* + R—H— R-M"—H (2) 300

Subsequent abstraction of a neighboring H-atom re-

sulting in H,-elimination is presumably relatively 2507

facile, and the efficiency of these reactions for differ-

ent M* is reflected in the mass-spectrometrically 200

measured abundance of the resulting organometallic

complex ions, depicted as M— {C H,,_,}. For the 150 - .

Ln™ and An" (with the possible exceptions of'Uand
some lighter actinide ions), thdé and 5 electrons are
evidently chemically inert and two ndnvalence
electrons at the metal center are required for reaction
(2) to proceed [7,9-11]. Accordingly, the dehydroge-
nation activities of the studieftblock M™ closely
correlate with the energy necessary to achieve an 01
electronic configuration comprising two unpaired

non{ valence electrons, typically &'2d*s* valence ‘ ‘ ‘ ‘ : ‘
electron configuration with a few exceptions such as NpiPr Pu  Am  Gm Bk Gi/Tm
Pr* where the [Xe]#°5d” configuration, at 70 kJ Fig. 1. Promotion energies for Mfrom the ground electronic state
mol~* above ground, lies-24 kJ mol'* below the  to the qurlest-lying FIewil of thel Iowest-félfzrgé “(silivfaler;]t" configu-
(Xef ' configuration [27). The relevant pro o0l o e v seuenet oo e e
motion energies to achieve a prepared “divalent” state cjrcjes) are from Fred and Blaise [28], except for that fof Ghich
(PE[M™]) are plotted in Fig. 1for the An", Np* is an estimate from Brewer [29]; the values for Rind Tm" (solid
through Cf", with values for Pt and Tm' included ~ Sduares) are from Martin et al. [27].

for comparative purposes. The value in Fig. 1 for" Cf
(250 kJ mol'Y) is only an estimate [29] whereas the
other values were experimentally determined. The
ground state of Cf is [Rn]5f'°7s' and the lowest
lying prepared divalent state is [RifBd'7s". The

100 -

Promotion Energy (kJ mol‘1)

o
o
1

condensed phase [32], and ethanedithiol was em-
ployed to synthesize gaseous californium sulfide and
hydrosulfide complexes. Reactions with ethers were
] i e also investigated, to evaluate the *@hduced C-O

estimated PE[Cf] is sufficiently large conlpared 0 hond cleavage and prepare californium alkoxide com-
those °f1 reactive AN, such as Crh (PE[CM] =48 jexes. Metal ion-induced abstraction of F atoms from
kJmol™), that only minor dehydrogenation activity  perfjyorocarbons has been shown to reveal the pro-
is predicted for Cf, if the estimated PE[Cl is pensity for a giverf element to exist in high oxidation

accurate and the conventional mechanistic model is ¢4t and offers a promising means for postionization

applicable in this region of the actinide series. chemical separation for mass spectrometric analysis
In conjunction with the alkene reactions of central ¢ isobaric nuclides [33]; Cf was reacted with

interest, other reagents were employed to explore new hexafluoropropylene and perfluorophenanthrene.
aspects of californium chemistry. Whereas alkanes

are typically inert toward even the most reactive metal

ions, at least under LAPRD conditions, hydrocarbon 2. Experimental

functionalization can strikingly enhance or diminish

reactivity [30,31]; butyronitrile and butylamine were The LAPRD apparatus and experimental proce-
included here to assess this effect with"CPrevious dures used here have been described in detail else-
gas-phase metal ion reaction studies with thiols re- where [7,23-26] and only a summary of key features
vealed unique chemistry normally not apparent in the of the approach are included here; details pertaining to
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the californium experiments are provided. The atten-
uated 308 nm output of a XeCl excimer laser was
focused to a~0.5 mnt spot on a solid target
containing the metals (as oxides) of interest. The
nominal peak irradiance was-10° W cm 2, and
ablated neutrals and ions propagate8 cm through
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reactions are presumed to be nearly thermoneutral or
exothermic.

The?*°Cf used in this work was obtained by means
of B decay of**Bk produced in the High Flux Isotope
Reactor at Oak Ridge National Laboratory. Califor-
nium-249 undergoeg decay with a half-life of 351

a reactant gas injected either through a continuous Yr. and the rate of ingrowth of th&°Cm daughter is

leak valve (for liquid reagents) or a pulsed solenoid

0.20% per year. Thé*°Cf employed here had been

valve (for gaseous reagents). The pulsed valve wasChemically separated from it4*Cm daughter five

operated in synchronization with the laser at a repe-
tition rate of 10 Hz, with the nominal valve-open
interval typically set at 160us per pulse. Such
intermittent gas introduction in harmonization with
ion ablation is desirable because it provides much

higher transient reagent pressures in the ion trajectory,

and greater product yields. The quasisteady state”~" ) s .
pParison of the chemistry of Cfwith that of Cni" and

reagent pressure measured downstream in the io
flight tube was comparable for the leak and pulsed
valve experiments, and it is estimated that the pres-
sure in the reaction zone was roughly31mes

greater for those reactant gases introduced through the

pulsed valve. After a variable delay, typicatly= 35

us, positive ions present in the source region of the
reflectron time-of-flight mass spectrometer were in-
jected into the ion flight tube for mass analysis. For
ty = 35 wus, the approximate velocity of the sampled
ions was 1 kms! (i.e. ~3 cm/35 us); all ion—
molecule reactions were carried out under hyperther-
mal conditions, and the center of mass collisional
energies can be estimated from the ion velocity

assuming quasistationary reactant molecules. The ev-

idently minimal effects of the small hyperthermicity
on comparative reactivities, and that the collisional

years prior to the LAPRD experiments, ard. at. %

of the distinctive *°Cm isotope §-decay half-

life = 8500 yr) was present in the target, resulting in
detectable®**Cm" and 2**CmO" peaks in the mass
spectra; for some reactant gases, the reactivity of the
co-ablated and relatively reactive Cirould be as
sessed. This afforded an opportunity for direct com-

the 24°Cf target is referred to as “Cf(Cm).” An even
less intensé**Am™ peak was attributed to impurities
introduced by the previous use of relatively large
quantities of?**Am in the apparatus. A has been
shown to be quite unreactive toward the substrates
studied here [25], and with the exception of small
amounts of AmF and AmE", no significant prod
ucts from the reaction of A were identified in the
present study.

As in earlier actinide studies [23—-26], the targets
were copper pellets (99.999% Cu) into which the
metal oxides had been dispersed. The Cf(Cm) target
was prepared using 1.5 mg YfCf,0, (containing 15
ng of 2**Cm,0_,) and 16 mg of Cu, resulting in a
composition of 2.1 at. %*°Cf and 0.02 at. %*Cm,
relative to Cu. Substantial variations in ion yields with
translation of the target suggested compositional in-

energies were comparable for simultaneously studied homogeneities on the scale of the laser beam.

reactant ions have been discussed previously [7,23—

26,31]. The laboratory frame collisional energies for
the Cf'—molecule reactions were-125 kJ mol .
However, the center-of-mass -collisional energies
(KE[CM]) were in the range of~18 kJ mol* for
propylene to ~90 kJmol* for perfluorophenan
threne. The latter molecule is significantly more

A second ablation target, denoted as “PrTm” was
mounted adjacent to the Cf(Cm) target on 4naY
translation stage. This configuration allowed compar-
ing the chemistries of Pr(and Prd) and Tm" with
that of Cf" under virtually identical conditions. Al
though the co-ablated Timand Pi~ (and PrQ) were
not ablated concurrently with Cfand Cni’, this

massive than the other studied reagents and all otherexperimental arrangement allowed for in situ target

KE[CM] were below 50 kJ mol, most being sub
stantially lower. Accordingly, most of the observed

substitution, and sequential studies of the two targets
were carried out with minimal changes in experimen-
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tal conditions. The PrTm target was prepared using abundance distribution from the PrTm target was:
commercial oxide powders (L®_5, 99.9% purity). Prt/50; PrQO"/450; Tm"/300; TmO"/0.7; and
Both Pr and Tm exhibit a single naturally occurring Tm(OH)*/0.7. In addition, the following small cali
isotope and the composition of the PrTm target was fornium oxide cluster ions were ablated from the
2.1 at. %"*'Pr and 3.1 at. %°°Tm, with the balance  Cf(Cm) target: C§0*/0.9; C£O,"/2.7; C£O,(OH) "/
being Cu. 0.4; C£0,7/0.06; C£0,7/0.23. In contrast to the
The liquid reagents were subjected to at least two lighter actinides, U, Np,and Pu, no species comprising
freeze-evacuate-thaw cycles prior to use and the Cf in an oxidation state greater thar3 were identi-
gaseous reagents were used directly from cylinders. fied.
The vendor-specified purities of the commercial re- In an attempt to oxidize Ahto AnO", nitrous
agents were as follows. Liquids: 98% 1,3-cyclohexa- oxide was admitted into the reaction zone through the
diene (GHg); 99% cyclohexene (fH,0); 98% 1,3,57  pulsed gas valve. The amounts of directly ablated
cyclooctatetrene (§g, “COT"); 99.5% 1,5-cy AmO* and CmQJ precluded detection of any post-
clooctadiene (§H;, “COD"); 99% butyronitrile  apjation oxidation of Ani and Cni. In contrast,
(CsHN);  99%  butylamine  (QHy;N);  90+% directly blated CfO" was a minor constituent, but no
ethanedithiol (GH¢S,); and mass spectrometer eali  eyidence was obtained for the oxidation reaction,
bration grade perfluorophenanthreng f&,). Gases: ¢+ + N,O — CfO* + N,. Thermodynamic consid
99.999% nitrous oxide (§0); 99% propene (§He); erations suggest that Aln Cm*, and Cf should
99% 1-butene ((Hg); 95% trans-2-butene (Elg); abstract an O atom from JO to produce the AnO.
99.8% dimethylether (§4¢0); 99% methylvinylether g cifically, the enthalpy associated with the reaction,
(C5HgO); and 99.5 % hexafluoropropene;fg). N,O — N, + O, is only 165 kJ mol* [35] whereas

the association reactions, An O — AnO, have en-
thalpies ranging from-500 kJ mol * for Cf (estimat

ed) to —730 kJ mol* for Cm [36]. The dissociation
energies,D°, of the neutral and monopositive lan-
thanide monoxides, LnO and LnQare comparable

to one another for a given Ln [37], and a similar
Vacuum ablation of actinide oxides produces a correspondence is anticipated between the AnO and

qualitatively reproducible distribution of Ah AnO™ AnO™ dissociation energies. Accordingly, it is -ex
and, for some actinides, AnO and/or An(OHY) . It pected that the gas-phase oxidation reactions for the
has been well-established [24] that the relative abun- actinide ions, Af + N,O *A”Of + N, should be
dances of the directly ablated actinide molecular @Ppreciably exothermic. The kinetic inefficiency of
oxide ions reflects the stabilities of their oxides. The N2O at oxidation of Ct is consistent with results

formal valence state, M of a metal in an oxidE, obtained preViOUSly by other researchers, inClUding
hydroxide or oxide-hydroxide ion, M)y(OH);, is Armentrout et al., and Ritter and Weisshaar [38]. The

given by the relationship: \f = {2y + z+ 1}/x. Ura- barrier to oxidation is considered to be related to the
nium normally exists in high oxidation states (1), necessity for spin conservation betweepONand
and accordingly UO and UQ," are the prevalent {N,+ O}. Strong M"-O bonding can lower the
ablated species [34]. With the Cf(Cm) target, the activation barrier for NO decomposition. Such an
ablated ions and representative approximate intensi- effect was indicated by a FTICR-MS study of the
ties (in millivolts) were as follows: Cf/1500; CfO"/ oxidation of C& and Nd" to LnO" by N,O [39]

50; Cf(OH)"/50; Cm'/7; CmQ'/7; Am'/6; and which demonstrated the formation of CéO
AmO*/5. As expected, CfO is clearly less stable  (D° = 850 kJ moi* [37]) with approximately twice
than both CmO and AmQO'. Similarly, a typical the efficiency of that of NdO (D° = 750 kJ mol ™).

3. Results and discussion

3.1. Oxides and hydroxides
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3.2. Reactions with alkenes

The primary results for reactions of ablated ions
with alkenes are summarized in Table 1, and with
other reagents in Table 2. Representative product
mass spectra for reactions of GfCm", Pr", and
Tm™ with 1-butene are shown in Fig. b both of the
results Tables 1 and 2, the product yields are ex-

pressed as abundances relative to the remaining reac-

tant ion; most yields were minor (e.g.20%) relative

to the amount of unreacted ion. Where only an upper
limit is given for a product’s abundance, the complex
ion was not detected in the mass spectrum. Due to the
minor amount of Cm ablated, typically<5% rela

tive to Cf", only limited results are presented for
curium.

In addition to the alkenes specified in Table 1, the
four studied metal ions were reacted with COD. In
accord with results for other alkenes, a significantly
reduced reactivity of Cf was indicated as compared
with Pr* and Tm", specifically, no Cf-L products
were detected whereas both “PCgHg and
Tm"—CgHg were produced. Reaction products from
the minor amount of ablated Chnwere not discern
able with COD. In accord with previous results for
LnO™" and AnQO", no reaction products resulted from
reactions of oxo-ligated metal monopositive ions with
alkenes. It is not energetically feasible to achieve an
electronic configuration at the metal center in these
MO™ comprising two norf- valence electrons and
evidently noninsertion, multicentered hydrocarbon
dehydrogenation processes proceed only very ineffi-
ciently.

For each of the three small (normally gaseous)
alkenes, Cm and PP induced dehydrogenation
whereas Cf and Tm" were inert within the detection
limits. It was found that Cmfi was at least 400 times
more reactive than Cf and Pi" at least 40 times
more reactive than Tin A qualitative comparison of
the results for Cm and PP suggests a somewhat
greater reactivity for the actinide ion. These results are in
accord with the €H activation/H-elimination model
outlined previously and the energies indicated in Fig. 1,
which are required to achieve divalent configurations of
thef-element ions prior to insertion into a-8 bond; the
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Table 1
Product distributions for alkene reagéhts

Propylené IM*] AIMCgH,] (+Hy)
Cf* 920 <0.01
Cm* 5.9 4.1
prt 720 0.8
Tm" 440 <0.02
1-Butené& IM*] AIMCHg] (+Hp)
Cf* 1630 <0.003

u 4.7 19
Prt 310 2.0
Tm* 290 <0.05
Trans-2-buterfe IM*] AIMC Hg] (+Hp)
Cf* 1890 <0.005
cm* 6 18
Prt 500 11
Tm* 530 <0.02
1,3-Cyclohexadierfe IM*] AIMCeHg] (+Hp)
Cf* 1200 0.0f
Prt 360 0.13
Tm* 490 0.08
Cyclohexeng IM™] AIMCcHg] (+2H,)
Cf* 850 <0.01
prt 380 0.4
Tm* 480 <0.01
1,3,5,7-Cyclooctatetraeh@ IIM~] AIMCgHg] (adduct)
Cf* 1200 0.2
Prt 140 0.1
Tm* 430 0.6

2Peak heights], are for unreacted ions, in mV; results are
similar using peak areas. The product abundaAcés the amount
of product ion, M"—L*, relative to the total amount of unreacted
and product ions, M-L: AIM *—L*] = {I[M"=L*/(I[M*] +
S{I[M*-L]})} X 100. No adducts/products were identified for any
MO™. Cm™ results are included whed¢Cm™] was sufficient to
produce detectable products. Some minor or indeterminate products
are excluded.

b pulsed-value reagent (cylinder gas).

¢ Leak-value reagent (liquid).

9 Product ion intensity close to detection limit.

€ty = 40 us; ty = 35 us for all other alkenes.

ordering is: Cf/250 kJ mol'* (estimated)> Tm*/199
kJ mol * > Pr*/70 kJ mol'* > Cm*/48 kJ mol *. The
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Table 2

Product distributions for nonalkene reagénts

Butyronitrile IIM*] A[M "—C,H,N] (adduct)
Cf* 600 0.5

Prt 130 1.1

Tm™* 290 6.2

cfo* 4 23

Pro* 350 11

TmO™ 1.0 <20

Butylamine IM*] AM "—C,H,;,N] AM *—C4H8,9N]° AM "—C,H,N]
Cf* 2600 0.36 0.17 <0.05

Prt 96 0.2 <0.1 0.9

Tm™* 390 0.7 0.13 <0.03

pro*d 750 0.8 0.07 0.05
Ethanedithiol 1M ] AMS*] AMSH*] AIMS;] AM(SH)3]
Cf* 1200 0.5 0.4 0.11 0.23
Prt 73 4.7 0.8 1.8 <0.3

Tm* 330 1.1 0.5 1.7 0.8
Dimethylether IM*] AIM "—CH,;OCH;,] AIM *—OCH,] AIM "—(OCHy),]
Cf* 890 0.02 0.06 <0.05

Cm* 5.2 <0.05 45 3.3

Prt 190 <0.05 1.9 0.4

Tm* 410 0.05 0.5 <0.05
Hexafluoroproperfe IM*] AIMF*] AIMF3]
Cf" 310 2.2 0.13
cm* 6.2 13 45
Am™ 6.5 11 2.6
Prt 290 2.7 1.1
Tm* 210 1.6 0.4
Perfluorophenanthrefe IM*] AIMF*] AIMF3]
Cf* 210 15 0.24
cm* 10 29 3

Prt 160 60 1.9
Tm* 310 0.9 0.08

2Peak heightd, are for unreacted ions, in millivolts. The product abundaAces the amount of product ion, M-L* (or MO *—L), relative
to the total amount of unreacted and product ions—-M (MO*—L): AIM *—L*] = {I[M *=L*)/(1[M ] + S{I[M"=L]})} X 100. Results for
Cm* are included only whergCm™] (or I[CmO™"]) was sufficient to produce detectable products. Some minor or indeterminate products are
not included. Where products of reactions with M@re included, the “M™ in “I[M *]” and “ AIM *]” should be taken to designate MO

P For Pr, an A[C,HgN] = 0.7 peak was additionally evident.

SM*—C,HgN for M = PrO; M"—C,HgN for M = Cf and Tm; neither product detected for ¥ Pr.

9 No products detected for CfO(I = 17 mV) or TmO" (I = 0.5 mV).

¢No MOF" or MOF; were detected.

low reactivity of Cf* indicates that excited state Cf The results for the four liquid alkenes, the three
ions were minor participants and, more significantly, included in Table 1 and COD, also indicated a
that the quasivalencef ®lectrons of Cf are chemi particularly low reactivity for Ct. Presumably due to
cally inert and do not participate directly in—& the relatively low reagent pressures achieved under
activation. constant flow conditions, no Chreaction products
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m/Z Cf" + CgHg reaction is indeed an adduct rather than
190 200 210 220 230 a product requiring €C activation, such as
s : Y - {benzeneCf'-acetylene}. The results with cyclo
. hexadiene and cyclohexene (as well as COD) again
s gt Yy g
‘} o \ * T indicated a greater dehydrogenation activity fof Pr
" e as compared with T The results with cyclohexa
mC4He

diene suggest, somewhat more qualitatively, a greater

C-H activation efficiency for Tm as compared with
Cf*, consistent with a PE[Cf greater than 200

I‘ mv kJ mol™*, in accord with the estimated value 6250

kJ mol"* from Brewer [29]. The M—-COT adduct

abundances for Cf Pr", and Tm" were sufficiently
PICyHe" . . similar that definitive quantitative comparisons could
65 67 69 71 73 not be asserted.
280 290 300 310 320

The only crystallographically characterized organo-

330
WMWWWWWWVMMWWWWW californium compound is the-bonded ionic compound,
'MWWWWMM‘VM WWWWWTAWWWW californium-tris-cyclopentadienyl [Cf(§s)s], which

<«—— |on Intensity

comprises nominally trivalent Cf and reflects the lan-
thanidelike character of Cf [40—43]. In the present work,

(CiC4Hg") two 7-bonded organocalifornium complexes have been
identified: [CECOT]" (formally C£7~COT?") and, with
less certainty, [Clbenzene] (formally Cf"—benzend.

IO'Z m The apparent stability of the @EOT “half-sand-
wich” complex is noteworthy in view of the seminal

CmC,Hg* preparation of them-bonded sandwich compound

80 a5 o P a8 uranocene, formally COT-U*"-COT?", by Streit
lon Flight Time (us) weiser and Muller-Westerhoff [44]. The latter accom-

plishment accelerated the development of organome-
Fig. 2. Mass spectra for ablation of the Pr/Tm (top) and Cf(Cm) ; ; i ;
(bottom) targets into 1-butene,, 85 the two spectra shown for ta”“,: chemistry ,Of actinides, espemally ,that of
each target are for the pulsed valve closed (top scan) and open thorium and uranium. The preparation described here
(bottom scan). The intensities (in millivolts) of some peaks not of what is presumed to be the half-sandwich complex,
shown are: Pt/310; PrO'/800; Tm"/290; Cm'/4.7; CmO'/3.5; Cf3—COT2 suggests that it may be feasible to

Cf*/1630; CfO"/3.2. The asterisked peak at 209 Da was evident in .. . .

most Pr/Tm ablation spectra, with or without a reactant gas, and prepare solid, ionic californium compounds such as

may be due to a Bi impurity in this target. Species cited in CfCICgHg (CI"—Cf**~COT?"). However, it is noted

parentheses were not detected. that no such analogous lanthanide compounds have
been reported.

were evident. A very minor degree of cyclohexadiene

dehydrogenation to produce Gfids" (probably a 3.3. Reactions with butyronitrile and butylamine

Cf*-benzene complex in view of the low cracking

activity of Cf") may have occurred, although the The primary results for reactions with butyroni-

abundance was barely above the detection limit. trile, CH;-CH,-CH,-C=N, and butylamine,

Otherwise, Cf was inert toward dehydrogenation CH;—CH,~CH,~CH,—NH,, are included in Table 2,

and only the Cf—-COT adduct was detected. In view and representative product mass spectra for ablation

of this inert character of Cf, it is reasonable to  of both the Cf(Cm) and PrTm targets into butylamine

conclude that the Cf@g™ product from the are shown in Fig. 3. When butyronitrile was used, the
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Fig. 3. Mass spectra for ablation of the Pr/Tm (top) and Cf(Cm)
(bottom) targets into butylamine, ,8,,N. The simultaneously
measured unreacted parent ion intensities (millivolts) were as
follows: Prt/96; PrO"/750; Tm*/390; TmQO"/0.5; Cm'/6.9;
CmO*'/7.4; Cf"/2600; CfO'/18. No products derived from TmO
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ality which precedes insertion may involve thee
m-bonding system, rather than the terminal N: lone
pair of electrons; such a M-n>-C=N configuration
would place the metal ion in proximity to the target
CH, group adjacent to the nitrile group and enable
insertion into a neighboring 4 bond. In analogy
with our COT results, it appears that Tnis some
what more effective at coordinating butyronitrile than
is Cf*. This difference may reflect that the effective
ionic radius of TnT is probably smaller than that of
Cf*, as a result of two effects: actinide cations exhibit
greater radii than the homologous lanthanide cations;
and lanthanide/actinide radii contraction occurs upon
progressing across each series [45]. The terminal N:
functionality is a relatively hard electron donor and
may coordinate more effectively with the Tmgiven
its smaller charge-to-size ratio. As discussed previ-
ously [31], the greater propensity for MQcompared
to naked M, to coordinate to a nitrile probably
reflects the greater effective positive charge at the
metal center in MO. As with alkenes, the absence of
dehydrogenation activity for the MQ despite appre
ciable adduct formation, is attributed to the dearth of
non{ valence electrons, or easily promotalblelec-
trons, at the metal center in the MQor participation
in C—H activation via an oxidative insertion process.
Greater reactivity of ablated ions was evidenced
with butylamine compared with butyronitrile, in ac-
cord with previous results for other actinides [31].
The three bare metal ions, GfPr", and Tm'", as well
as the abundant oxide ion, PfQeach formed adducts
with butylamine. Double-dehydrogenation to produce

were detected. The small asterisked peak in the bottom spectrum C,HN presumably butyronitrile was induced by*Pr

can be assigned to CmiB,N*, CfC,HgN*, or some indetermi
nate species. The intensity of the GFG ;N ™ peak, off-scale in this
spectrum, was approximately twice that of the neighboring
CfC,HgN ™ peak.

primary complex ions were what are presumed to be
adducts, having the compositions MENT. As
indicated in footnote b of Table 2, only with Pwas

a dehydrogenation product, PN ", detected; this
accords with the relatively small PE[Frand the
ability of Pr* to insert into a €H bond, following its
coordination to the terminal £IN: functionality. The
mode of metal ion coordination to the nitrile function-

and PrO. The single-H-loss product also appeared
with PrO": PrOC,HgN ™. The dehydrogenation mech
anism for the oxide ion likely involves a multi-
centered intermediate [31]. It is assumed that insuffi-
cient CfO" and TmO" were ablated to result in
detectable dehydrogenation. A contrasting mecha-
nism involving insertion of P, electrostatically co
ordinated to the N: lone electron pair, into akCor
N-H bond is consistent with the greater dehydroge-
nation activity of Pi compared to Cf (and Tm").

An unanticipated result was the appearance of the
3H-loss channel distinctly for Cf and Tm"; this
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pathway was not apparent in previous LAPRD studies
with butylamine, including for its reaction with Tm
[31]. The mass resolution of the T# butylamine
spectrum was rather poor [Fig. 3(bottom)]. However,
the dominant peak is confidently assigned as the
adduct, CfGH,;N*. The mass separation between
this and the preceding large peak is confidently
assigned adm/z= 3 (not 2 or 4) and accordingly the
assignment of CfgHgN ™, rather than the presumably
more plausible CfgH,N™ (Am/z= 2) or CfC,H,N™
(Am/z= 4), is virtually certain. Evidently, insertion
into a N-H (or G-H) bond of the Pf metal center
coordinated to the single-Hoss complex, PrgH N ™
(Pr*<{:NH=CH-C3H-}) was sufficiently facile that
double dehydrogenation was the dominant pathway.
Whereas Pt can evidently achieve the requisite
prepared divalent configuration, 70 kJ mblabove
ground, to enable the second insertion, coordination of
higher promotion energy ions, such as"@hd Tni
(PE=200 kJ mol'%), to the G:N: funtionality of butyli-
mine, CH~CH,—CH,~CH=NH, may result in atomic

H loss from the nitrogen and formation etbonded
complexes: M—N=CH-C;H,. The ground state cen
figurations of Cf ([Rn]5f'°7s) and Tm'
([Xe]4f*36s') both include a lone electron in the
valences orbital, which should effectively participate
in formation of a single M—N o-type bond. These
species may be stabilized by allylic character in the
M*-N=C portion of the complex. The somewhat
hyperthermal nature of the observed processes pre-
cludes assessment of the"MN bond strength in the
postulated complexes but the requisite-HN bond
cleavage should require at leastt00 kJ mol * (e.g.
NH; + 455 kJ mol'* — NH, + H [35]). In compar
ison, D°[Sc"™-NH,] ~ 350 kJmol* [1]; Sc is a
guasilanthanide element and roughly similar dissoci-
ation energies might be anticipated for N and
An*-N single bonds.

3.4. Reactions with ethanedithiol and ethers

The results for reactions of ablated ions with
ethanedithiol are included in Table 2, and product ion
mass spectra for ablation of the Cf(Cm) and PrTm
targets into this reagent are shown in Fig. 4. The
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Fig. 4. Mass spectra for ablation of the Pr/Tm (top) and Cf(Cm)
(bottom) targets into ethanedithiol ,i&.S,. The intensities (milki
volts) of some peaks not shown are:*Pt3; PrO"/~600; Tm"/
330; TmO/1.5; TMOH'/1.8; PrS/3.7; PrSH /0.5; Pr(SH)*/2.4;
Cm*/4; CmQO'/6; Cf'/1200. The asterisked peaks in the top
spectrum correspond to Py&,N* at 210 Da and PrOgi,;N* at

230 Da, probably resulting from reaction with residual butylamine
which was the reagent admitted immediately prior to the ethanedi-
thiol studies.

primary products appear to have resulted from ab-
straction of one or two S atoms or SH ligands by the
naked metal ions. As discussed in greater detail
elsewhere [32], concerted loss of 8om a single
C,HgS, molecule, leaving an ethane residual, requires
only 50 kJ mol'%, and the loss of two SH moieties,
leaving an ethene residual, requires 340 kJThol
Although thermodynamically favorable, concerted
loss of S from ethanedithiol may be kinetically
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unreasonable. An alternative pathway is formation of
{C,H, + H, + S,}, a process requiring 186 kJ mot
[32,35]. The product distribution is thermodynami-
cally plausible (even neglecting the hyperthermicity
of the reaction conditions) for these unimolecular
processes, if 50 kJ mot or 186 kJ mol* (depending
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contrast to more highly ionic metal-oxygen bonding.
The absence of detectable Pr(SH)might be attribut
able to a relatively high stability of the monosulfide,
Pr'=S, in direct analogy to the stability of the corre
sponding monoxide. Relevant dissociation energies (in
kiJmol'Y) are as folows [37] D°[PrS]= 470;

on the mechanism) can be recouped by formation of a D°[P~0] = 790; D°[Pr"—Q] = 750; D°[Tm-O] = 510;

M*-S, persulfide bond (M-n*~{S-S}), and 340
kJmol* in the formation of the two hydrosulfide
bonds in HSM *—SH. Abstraction of a single S atom,
leaving an ethanethiol residual, requires 240 kJ-
mol~%, and M*=S bonds are sufficiently strong to

D°[Tm*-Q] = 480; andD°[Cf-O] ~ 500, the last as
estimated by Haire [36]. The CfS CfS,", CfSH",

and Cf(SH)" complexes synthesized here represent
the first such gaseous sulfide and hydrosulfide molec-
ular species of Cf. The hydrosulfide species are

enable this process. Finally, abstraction of a single SH particularly unusual and are of special interest for

moiety from ethandedithiol probably requires at least
~300 kJ mol * [32]. Although very little thermody

namic information is available on metal hydrosulfide
molecular thermodynamics, Barsch et al. recently

analogy with prevalent hydroxide vapor species; in
this regard, CfOH was a prominent directly ablated
ion.

The results for reactions of ablated ions with

investigated the iron hydrosulfide system and deter- dimethylether are included in Table 2 and product

mined D°[Fe"-SH] = 276(11) kJmol? [46]. Al-
though hydroxide bonding is likely somewhat stron-
ger than hydrosulfide bondin®°[Sc"-(OH)] ~ 500
kJmol* [1] and it is certainly feasible that
D°[Cf*—(SH)] is greater than 300 kJ mol. Although

mass spectra for the Cf(Cm) and PrTm targets are
shown in Fig. 5. The results for methylvinylether,
CH;-O-CH=CH,, are not tabulated but were in-ac
cord with those for dimethylether. In particular, only
the divalent californium mono-alkoxide, Cf(OGH,

the bonding between an electropositive metal and was identified whereas the trivalent curium hydroxide
sulfur should generally be weaker than that between alkoxide, Cm(OH)(OCH)*, was a significant prod
the metal and oxygen, the decrease is not expected touct. Some other, complex and indeterminate products
be so great as to preclude (SH) abstraction. For were detected with methylvinylether [32] but these did

exampleD°[Mg=S] = 278 kJ mol * is only ~20%
less tharD°[Mg=0] [47]. Whereas the abundances of
the divalent species, MSH were comparable for
M = Cf, Pr, and Tm, the yields of the trivalent
species, MS and MS,* (the latter is presumed to

not provide conclusive additional insights into distinc-
tive chemical behavior of Cf Whereas both Cf and
Tm™ produced measurable amounts of the condensation
product with dimethylether, M—{CH ;OCH,} (which

is presumed to be a simple adduct), Crand Pi"

incorporate a metallacyclic persulfido structure and a were evidently so reactive that detectable amounts of

nominally trivalent metal center [32]) were smaller
for Cf than for Pr and Tm. This is consistent with the
greater propensity for Cf to exist in the divalent state

the intact ether molecule coordinated to these metal
ions were not retained. In addition to the condensation
products, Cf and Tm" reacted to give small amounts

[41], even to a greater degree than Tm, and is also of the methoxide, M—OCH,, in which the metal

consistent with the M promotion energies cited

center is formally divalent. In comparison, Cnand

above and in Fig. 1. Because the ionization energies Pr” were substantially more reactive, with the abun

of Cf** [48] and Tnt" [27] are virtually identical
(~2280 kJ mol'Y) the evidently greater stabilities of
the trivalent Tm sulfide, TmS and particularly
TmS,", and hydrosulfide, Tm(SH), complexes

dance of the mono-methoxide complex ion being
almost 16 times greater for Crh than Cf". Because
both Cni" and Cf" possess the requisite single non-
valence electron in their ground state to form a-ND

compared to the corresponding trivalent Cf complexes covalent bond and have essentially identical ioniza-

suggests appreciable covalent metalfur bonding, in

tion energies (1200 kJ mot [48]), the bonding
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Fig. 5. Mass spectra for ablation of the Pr/Tm(top) and Cf(Cm)
(bottom) targets into dimethyl ether,,i8;0; the two spectra for
each target are for the pulsed valve off (top scan) and on (bottom
scan). The intensities (millivolts) of some peaks not shown are:
Prt/190; PrO'/840; PrOCH"/4.7; Tm'/410; Tm(OCH),"/
<0.05 (not detected); Chi5.2; CmQ'/5.1; Cf*/890; CfO'/3.6.

The asterisked peak was pervasive and corresponds to 209 Da
perhaps &°%Bi* impurity.

thermodynamics in Ai-OCH, should be similar for
both An' regardless of the degree of ionicity. Ac
cordingly, differences in their behaviors are attributed
to mechanistic effects. As with & (and G-C)
activation, it can be inferred that dimethylether cleav-
age proceeds most effectively by insertion of a metal
center, M", into a GO bond to produce a
H;C-M "—OCH, intermediate, which then eliminates
a methyl radical to produce the methoxide product
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ion. The stability of the latter product is attributed to
the high oxophilicity of the electropositive actinide
(and lanthanide) metals. That neither'Qfior Tm"
produced detectable amounts of the bis-methoxide
products, M (OCH,),, can be attributed to the dearth
of the mono-methoxide precursor, and the resistance
of theses two particuldrelements toward oxidation to
the trivalent state. Both the promotion energies (lead-
ing to covalent bonding) and third ionization energies
(ionic bonding) are relatively unfavorable for forma-
tion of these trivalent bis-methoxides. In contrast,
both Cm" and P produced significant amounts of
M*—(OCHa),. Although both of these metal ions have
sufficiently small promotion energies that their triva-
lent species should be more accessible, the above-
postulated insertion mechanism is precluded for the
M*—(OCH;) precursor complex where only a single
valence electron is accessible at the metal center as a
result of relatively low-energy electronic excitation.
Insertion of the M—(OCH,) precursor into a €0
bond to form the bis-methoxide product accordingly
is not feasible. It may be that abstraction of an QCH
moiety from a second dimethylether molecule occurs
via an alternative mechanism, but another possible
scenario involves a concerted, multicentered fragmen-
tation or coordination of a single J&-O-CH; mole-
cule by MO". Ablated CmO and PrO were both
abundant and the “MOCH,),” may actually cor
respond to MO—(CH;OCH;) adducts. Regarding the
chemistry of Cf, the central conclusion is that forma-
tion of even the mono-alkoxide is inefficient, and the
trivalent bis-methoxide was not detectable. Among
the few californium compounds whose volatility have
‘been investigated is the homoleptic chelate-type com-
plex in which three organic moieties are coordinated to
Cf through GO~ functionalities [41,49], californium
tris-dipivaloylmethanato [Cf(dpmg), the formal fully
ionic representation of the two resonance structures of
which are: Ct*[(CH;);CCO CHCOC(CHy)4]sCR*
[(CH3);CCOCHCO C(CHy)4]l5. The composition  of
this complex was only inferred from tracer-level studies
and it was concluded that the volatility of Cf(dpm3

less than that of the preceding An(dpnf#9]. Based
upon the LAPRD results, it appears that, in comparison
with preceding actinides, it will prove be more difficult
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Table 3
lonization energies (kJ mot) [27, 48]

IE[M *] IE[M2*] IE[M3*]
Am 1160 2130 3490
cm 1200 2020 3550
cf 1200 2270 3600
Pr 1020 2080 3760
m 1160 2280 4120

to synthesize volatile (trivalent) californium alkoxides;
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tively large fourth ionization energies of the studfed
elements. Compare the IEfM] in Table 3 with
IE[U®"] = 3140 kJmol* [48] in the context that
both UR,* and UOF were produced upon ablation of
a uranium target into hexafluoropropene [26]. For the
actinide ions, the monofluoride abundances did not
differ greatly. As seen in Table 3, the IE[Ah for
Am, Cm, and Cf are similar and accordingly only a
relatively small difference in the AnfFabundances
were discerned. In contrast, the abundance of,CfF

furthermore, the vapor pressures of such species mightWas substanﬁially below that of CraF (and below
be at least somewhat lower than those of lighter actinide that of AmF,™ upon reaction with GFg). This latter

tris-alkoxides, in accord with the dpm results.

3.5. Reactions with fluorocarbons

Reactions of electropositive metals with fluori-
nated hydrocarbons to produce metal fluorides is
considered to proceed via a “harpoon” mechanism,
whereby charge transfer to the highly electronegative
fluorine atom (EF>~~M®*?¥) precedes its abstrac
tion by the metal ion, and no insertion (directfc
bond activation) is involved [50]. According to this
mechanistic scenario, the propensity for a metal ion,
M™, to abstract a F atom from a fluorocarbon should
correlate with its ionization energy, 1E[M; the
propensity for a ME (~M?"F) to abstract a second
F atom to produce M§ should correlate with
IE[M?*]; etc. Relevant ionization energies are given
in Table 3.

With hexafluoropropene (&) and perfluore
phenanthrene (GF,,, with which AmF," ions were not

result is in accord with the significantly larger value of
IE[Cf?*] compared with IE[CA"] (and IE[AM? ™))
and is consistent with the known stability of the
divalent state of Cf [41]. The results for the PrTm
target were notable in that the abundance distributions
were rather discrepant between thg=Cand C ,F,,
reagents. Presuming that formation of MFproceeds
primarily by discrete abstraction of a second F atom
by a MF" precursor (concerted abstraction of two F
atoms from a single molecule would result primarily
in MF," products), the relatively low yield of TmF
from C,,F,, is attributed to both the dearth of TMF
precursor and the larger IE[Trh]. The basis for the
evidently very large discrepancy betweegFg and
C,4F», in single-F-atom abstraction by Pand Tni"
warrants further consideration. Cornehl, et al. [50]
found a very low F-abstraction efficiency(%) for
Tm* compared with P with a variety of fluorocar
bons. Thus, although the formation of the monofluo-
ride ions, MF", may be thermodynamically favorable
for both Tm" and Pf, the reaction rate is substan

detected, presumably due to the low vapor pressure oftially lower for Tm", presumably reflecting a lesser

the reactant), the orderings of fluoride product abun-
dances (Table 2) for the two targets were as follows
“=" indicates abundances within a factor of 2>™
indicates abundances within a factor of 10; apg-™

facility of charge transfer from T, with its larger
ionization energy, and resulting lower efficiency of
the harpoon-abstraction process. In the LAPRD ex-
periments, the pressure ofkg was much greater than

indicates abundances differing by greater than a factor of that of C ,JF,, and such mechanistic limitations to

10). Cf(Cm) GFg and G, CmF" (=AmF") > CfF"
CmRk," (=AmF,") > CfF," (AmF," only for CFy).
PrTm GFs PrF" = TmF" Pr&," > TmFR,". C .4
PrF" > TmF" Pr&," >TmF,". In contrast to actinides

achieving the thermochemically stable products were
evidently manifested to a much greater degree under
conditions where fewer ion-molecule collisions oc-
curred, i.e. with G,F,, Because IE[Cf] and

such as uranium, no tetravalent products such asIE[Cm™] are nearly identical, the degree of formation

MOF" or MF;* were detected, reflecting the rela

of CfF™ and CmF are evidently more similar regard
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less of the average number of ion—molecule colli-
sions; only in the inefficient formation of C§F does
the difference appear because IE[Qfis substan
tially greater than IE[Ci"]. These results provide an
illustration how kinetic effects can be employed to

control the extent of gas-phase reactions and poten-

tially achieve postionization chemical separation by
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Cf* and Tm" of the 3H-loss product, M-C,HgN;
the loss of H + H from butylamine should be quite
endothermic and this reaction channel is postulated to
result in complexes comprising strong metal-nitrogen
o-type bonds, M—N=CH-C;H-.

Ethanedithiol was studied here primarily because
intriguing species had resulted from its reaction with

the selection of appropriate reaction conditions, such lighter actinide ions. The primary species found here

as reaction duration and reagent pressure.

4. Summary

With all of the alkenes studied, the dehydrogena-
tion (and cracking) activity of Cf was minimal; only
with cyclohexadiene was a very minor amount of the
dehyrogenation product, Cfbenzene, detected. Di
rect comparison between the results for Cand Cf*
indicated a relative €@ activation efficiency K/
Kapo) for Cf™ of <1% that of Cni. The results for
Cf* are consistent with a-@ activation mechanism
requiring insertion of the metal center into atC
bond, GCf"—H, and the estimated large promotion
energy,>200 kJ mol %, required to achieve an elec
tronic configuration of Cf with two non-5 valence
electrons at the metal center. It is apparent that the 5
electrons of Cf are insufficiently delocalized to
participate directly in organometallie-bond forma-
tion. With cyclooctatetraene, the GFCOT conden

were the divalent hydrosulfide, Cf(SH) and the
trivalent monosulfide, CfS; disulfide (presumably
persulfide complex), CfS; and the bis-hydrosulfide,
Cf(SH),". These novel species offer a distinctive
comparison with the corresponding oxide and hydrox-
ide species; hydrosulfide synthesis enables particu-
larly intriguing chemistry.

Reactions with ethers, particularly dimethyl ether,
were consistent with the relatively low reactivity,
presumably €0 activation in this instance, of Cf In
addition to a detectable Cfether adduct, a minor
amount of californium monomethoxide, GfOCH;,
was also produced. In distinct contrast, the yield of
Cm"™-OCH, was nearly 18&times that of Ct—OCH;,
and a significant amount of trivalent Cm(OCH),
[and/or CmO —(CH,OCH,)] was additionally pre
duced. No trivalent Cf—~(OCH;), was detected and it
is predicted that the formation of volatile californium
alkoxides should require relatively rigorous oxidation
conditions.

Fluorine atom abstraction was investigated using

sation adduct was produced, suggesting the feasibility hexafluoropropene and perfluorophenanthrene as re-
of preparing condensed phase compounds comprisedagents. Based on the IE[N and IE[M?*] of the

of a trivalent Cf metal siter-bonded to COT.
Reactions of the metal ions with butryonitrile
produced the adducts, Mhbutryonitrile and
MO —butryonitrile for M = Cf, Pr, and Tm; only for
Pr* was a minor degree of dehydrogenation induced,
reflecting the relative ease of-8 activation by this
ion. The CfO'—butyronitrile complex was the only
species where bonding of CfOwas manifested;
attempts to oxidize Cf to CfO" with N,O, and
thereby obtain larger amounts of Cf@eactant, were
unsuccessful. Reflecting the ineffective insertion of
Cf" into N-H and G-H bonds, the primary product
with butylamine was the adduct, GfC,H;N. A
remarkable result was the apparent formation with

studiedf elements, it is expected that under conditions
of sufficiently long reaction times and/or high reagent
pressures, ME should be the ultimate product in all
cases. However, relatively small differences in IEs
were manifested as large discrepancies in product
yields under LAPRD conditions. Furthermore, sub-
stantial differences were obtained depending on the
reagent pressure, which were higher for hexafluoro-
propene than perfluorophenanthrene. With regard to
the specific chemistry of Cf, its propensity to exist in
a divalent state was clearly manifested by the minor
yield of CfF," compared with that of CmF (<10%
relative abundance) with both reagents. More con-
trolled reaction conditions could result in an even
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greater differentiation between Cf and Cm (as well as
other actinides). A potential application of this effect
is for the mass-spectrometric analysis of isobaric
2498k and its?*°Cf daughter. The former is expected
to oxidize more readily to the trivalent state
(IE[Bk?*'] = 2150 kJmol?* [48]), and may even
produce tetravalent species, such as BKOBr
BkF,", under suitable reaction conditions
(IE[Bk®**] = 3430 kJ mol* [48]).
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