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Reactions of bare and ligated uranium ions with sulfur hexafluoride were studied in a quadrupole ion trap
mass spectrometer. Bare"Was found to react rather efficiently with §F/kapo ~ 0.4) to produce both
UFR"(n=1, 2, 3,4) and SE (n =1, 2, 3). Whereas the UFSFK; reaction rate was essentially the same as
that for Ut/SK;, both URt and UR' were inert; this is attributed to a repulsive interaction betweer UF

and Sk whenn exceeds 1. Reactions of URk/kapo ~ 0.2) and UE" (k/kapo ~ 0.05) with HO resulted in

both F— OH exchange and oxidation. In contrast, {JFeacted very efficiently with kO (k/kapo ~ 1),
exhibiting only F— OH exchange. The primary ion products of the USF; reaction k/kapo ~ 0.2) were

SF;* and UOR"; those of the UOH/SK; reaction k/kapo ~ 0.3) were SE* and UOF. The reaction results

are discussed in the context of a previously proposed reaction model, the distinctive chemistry of uranium,
and thermodynamic considerations. The results illuminate the nature of uranium as well as general aspects of
the interaction of bare and ligated transition-metal ions with. Besults for collision-induced dissociation
(CID) of selected uranium molecular ions support the concept of CID being a quasithermal process under
these experimental conditions, with rearrangements prior to fragmentation possible for certain ions.

Introduction to allow F-atom transfer to the metal center to occur prior to
dissociatiort.

The ground-state electronic configuration of s [Rn]-
5f57<, and the [Rn]5f6d7s configuration is only 3 kJ mol
higher in energy ([Rn] designates the closed radon core). As
U* has several empty valence 6d orbitals, the reaction model
of Jiao and Freisérpredicts that this actinide ion should be
able to activate Sf~Because the highest normal oxidation state
of scandium is Sc(lll), the highest fluoride produced by the
reaction of St with SF; is ScR™.4 In contrast, hexavalent
uranium is commonly observed in species such as the uranyl
ion, UG2", and uranium hexafluorideBecause of the acces-
sibility of high oxidation states, it might be anticipated that
additional reaction channels would be observed with U
rcompared with St. Uranium is also of interest as an actinide
element in which the quasivalence 5f electrons can play a role
in bonding under certain circumstances.

The primary goal of the studies reported here was to explore
the distinctive chemistry of uranium via reactions of bare and
ligated uranium cations with SFSulfur hexafluoride is an
appropriate reagent to extend understanding of the gas-phase
ion chemistry of uranium (and other actinide) ions because of

Sulfur hexafluoride is a rather remarkable molecule in that it
is chemically inert despite the high sulfur valence state and
relatively weak S-F bondst This is in distinct contrast to SF
which is highly reactive and is an effective fluorinating agent.
The inert nature of SHs attributed to a steric effect, whereby
the octahedrally coordinated sulfur center is effectively shielded
by the fluorine atoms. Sulfur hexafluoride is a good electrical
insulator, and its primary application is in high-voltage equip-
ment? It is also employed as a source of F atoms in plasma
etching of silicor?

As summarized by Jiao and Freiseseveral studies of gas-
phase reactions of highly electrophilic ions withs3fave been
performed, and the results have shown either (a) electron transfe
from Sk followed by F-atom loss from the unstable ¢SF
product or (b) F transfer to the reactant cation. Reactions of
Sk with cations by dissociative charge transfer have been
performed recently to obtain a better understanding and optimal
conditions for plasma etching with §f

Jiao and Freisércarried out the first systematic investigation
of reactions of metal cations with §fwith a particular emphasis
on Sc¢. Their primary goal was to understand better the nature its unique properties. Reactions of uranium ions with &0
of the bonding and reactivity of $By examining its interaction ,4vide a source of fluorinated primary product ions that can
with transition-metal ions. On the basis of the observations that e isojated for subsequent reactivity and CID studies. In addition
early-transition-metal ions display reactive character whereas;, the primary reactions of bare*Uwith SF;, reactions of
late-transition-metal ions display inert behavior withgSHao isolated UR* (n = 1, 2, 3) with Sk and HO and of UO" and
and Freiser proposed that at least one empty valence d orbital o+ with SFs were also studied. Collision induced dissocia-

with the proper symmetry is required for reaction to occur. It s (cID) was performed on selected product ions. The results
was postulated that these vacant d orbitals at the metal centefy minate the interactions of metal ions, particularly ligated

interact with molecular orbitals of $Rhat have a significant metal ions, with SE
contribution from the sulfur 3d orbitafs.The result is an '
[M---SF] ™ type of intermediate that is sufficiently long lived  gyperimental Section

* Author to whom correspondence may be addressed. E-mail: gibsonk@ 1 N€ present studies were carried out in a quadrupole ion trap
ornl.gov. mass spectrometer (QIT-MS) coupled with a pulsed glow
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discharge ion source. The apparatus and experimental technique$ABLE 1: Primary Products for the Reaction U* + SFs 2

have been described elsewh&r& Only a summary and certain branching AH,c
details for these particular experiments are included here. ion neutral ratio (kJ mol9)
Uranium ions were produced in the argon glow dlscha_rge source™ g+ Sk 5% 277+ 29
from a cathode of either pure uranium metal or uranium oxide  yg,+ Sk, 47% —605+ 33
embedded in indiuAt and extracted into the trap by a series of UFs* Sk 31% —789+ 18
ion lenses. UF;* Sk <1% —885+ 8

The ion trap bath gas was>6 104 Torr of helium. During (Slf:55+)e SSFF)Q ﬁ'll(?/; :;ggi ﬂ
the experiments, both the introduceds§Matheson, 99.99%) SK* UFi 7% —806+9
and background D were available for reaction with uranium Skt UF; 10% —574+ 11
ions. Prior to each experiment, the®ipressure in the absence (SK*)e (URy)e N.D. —24+16
of Sk was determined by measuring the reaction raté) (sf aThe measured reaction ratekis= 2.3 x 10-1 cn? molecule®
Art ions from the discharge and dividing by the "Ar,0 s L this corresponds ti/kapo = 0.37.P The neutral products were
reaction rate constark,= 1.8 x 107° cm® moleculel s71.12 A not determined and are inferrédThe thermodynamic data are from
typical value for the measured water pressure was<213~’ ref 17 for the UR, from ref 18 for the neutral UfFand from ref 4 for

Torr. Sulfur hexafluoride was then added, and the total reaction the Sf* and Sk. © Pr;d“Ct ion was observed just above the detection

: . . limit (e.g., see the UF peak in Figure 1)¢ The product ion was not
:ﬁtee :(]; dAér(; vé’;i;ﬁ?detﬁlrﬁnsg' d-rek;i(\e/ggaﬁ ?)(r)r? trr?;eir?(fjrmtgntal detected, but the thermochemical values are included for comparison.
incre_ase in thg _tqtal re_action rate, and the; Pressure was  Results and Discussion
obtained by dividing this value by the AiSK; reaction rate
constantk = 9.3 x 1071%cm? molecule’* s71.12 A typical value
for the sulfur hexafluoride pressure was X 1L.0~¢ Torr, which
was substantially greater than the water pressure.

The pseudo-first-order reaction rate for” With the two
neutral reagents was then determined by repeating the reaction
using different reaction times and plottirgin(U™/U"—o) Vs
time, where " is the U" ion signal at timet and Uf— is the
initial U™ ion signal. Pseudo-first-order kinetics are exhibited
under these conditions because the concentrations of the neutr
reactants were constant and much greater than that of the
reactant uranium ions. The linearity of these pld®s ¥ 0.98)
confirmed that the reactions were pseudo first order and thus
that the products were from primary reactions of a uranium ion
with a single Sk or H,O molecule. The linearity of the rate
plots provide evidence that excited-state ions are not abundan
reactants as their population would diminish for long reaction
(and ion cooling) times. The overall reaction rates determined
from the slopes of these plots, along with the branching ratios
for the Sk and HO product ions, provided the individual
reaction rates for the two reactants. The product branching ratios
were determined from relative peak heights and did not vary
significantly with reaction time. The rate constants for With
Sk and HO were then established by dividing the two rates the neutral and charged uranium spedies.

by the corresponding number densities. Reactions of Bare U™ with SFe. The products from the

Reactions of primary products with §&nd HO were studied  reaction of U with a single SE molecule are given in Table
by allowing the bare U to react for a sufficiently long time to  1: the pseudo-first-order kinetics confirm that the reactions
achieve a substantial population of the primary product of correspond to interactions between a uranium ion and one
interest. This particular ion was then isolated by increasing the yeactant molecule. These products are referred to as primary
rf trapping amplitude to limit the low-mass cutoff of ions that products because they result from a Sing|e —arolecule
are stable in the trap and applying filtered noise fields to eject jnteraction, as evidenced by pseudo-first-order kinetics and a
unwanted iong? Following this procedure, the reaction of the  constant branching ratio with increasing time. These kinetics
isolated ion of interest with S§Fand HO was studied in @ are jllustrated by the linearity of the rate plot shown in Figure
manner similar to that employed for bare".U 1. The data in this figure correspond to the depletion bfasd

CID was performed for selected uranium molecular product a function of time; the first data point appears at 22 ms as this
ions. Product ions were isolated as described above and theris the shortest time required to scan the relatively magsfis
subjected to an on-resonance excitation voltage applied in afrom a position of low-energy trappingi{~ 0.2) to one of
dipolar fashion to the end caps of the ion tf4By use of an resonance ejectiong{ ~ 0.9). A uranium product ion mass
automated software program, it was possible to apply increas-spectrum for the W/SFK; reaction is shown in Figure 2. This
ingly larger excitation amplitudes to assess the effect of energeticspectrum was acquired after a reaction period of 34 ms, a short
collisions with the helium bath gas on the degree and nature of enough time that the spectrum is dominated by the primary
ion fragmentation. By use of the same software, the rf trapping reaction products. The relative ion signal of the off-scale
amplitude could also be varied at a fixed resonance excitation unreacted U peak is 100 and the low mass products! SR+
amplitude and frequency to establish optimum on-resonanceand Sk, appeared with intensities in accord with those reported
conditions. in Table 1. The two unlabeled peaks in Figure 2 correspond to

An emphasis was placed on the primary reaction of bare U
with SK. Reactions of the primary U product ions with both
Sk and HO were also studied, as were those of &fh UO™
and UOH" produced by the reaction of "Uwith H,O. The
émcertainties for the measured reaction rates are estimated as
%10%. The average dipole orientation mdfelas used to
estimate the limiting reaction rate constaktg,; the parameters
used to derive thkapo values are from ref 16. As an indication

f the measured rate constants relative to the theoretical limit,

e k/kapo ratios are considered accurate460%.

In all of the assessments of reaction thermochemistries, the
enthalpies of formation for neutral and ionic sulfur hexafluoride
species and the scandium species are from Jiao and Fteiser,
those for the charged uranium species are from Hildenbrand et
al.” those for neutral uranium species are from Mdfsand
‘those for all other species are from Lias et%l.o the extent
that entropy may play a role under these conditions, it should
be minor as almost all of the reactions correspond to the
formation of two product particles from two reacting particles;
accordingly, only the reaction enthalpies, not their free energies,
are considered. The uncertainties associated with the derived
enthalpies and molecular ion bond dissociation energies (BDES)
are dominated by the uncertainties in the thermodynamics for
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Figure 1. Plot of —In(U*/U%—o) as a function of time. The depletion offUs due to reactions with SFand HO, and the resulting rate is
deconvoluted to derive the contribution from each reaction. The good linear fit to the data indicate pseudo-first-order reactionihothg
neutrals. Data accumulation begins at 22 ms because, at a scan rate of 10 000,dmakes this long beforé*®U+ is ejected from the trap.
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Figure 2. Mass spectrum for the reaction of"With SK. The spectrum was acquired after a reaction period of 34 ms and the identified ions are
primary products. The unreacted ypeak is off scale, at a relative ion signal of 100. The 'U@sults from reaction of U with water. The
low-mass portion of the spectrum where the,'Sproducts appear is not shown.

UOH™ at m/z = 255 and UOHE" at m/z = 293. The major
UO™ product and the minor UOH product result from the
reaction of U™ with residual water, a reaction studied previously
using this instrument and the same general methoddfoglie
UOHR," is the product of a secondary reaction of Rvith
H.0, as discussed below.

The reaction rate of Uwith SR is k = 2.3 x 10719 cm?
molecule’! s71, which corresponds to a collisional reaction
efficiency k/lkapo = 0.37. This substantial reaction efficiency
is in accord with the model of Jiao and Freisierwhich it was
proposed that the availability of empty valence d orbitals for
the early-transition-metal ions enables an efficient bonding
interaction of the metal ion with SFand a long-lived [M:-
SK]* complex. The measured reaction rate df With SF; is
essentially the same as that of 'ScThe model for these

reactions is that an F atom transfers from the sulfur center to

the uranium center to produce a,\[F--SFk-n] ™ complex prior

to dissociation into the charged and neutral products. In general,
the lower energy exit channel for a given intermediate complex
is expected to be favored because reaction barriers should b

smaller for the lower energy products as a result of a lowering
of the potential energy surfaée-or example, this is the case
for the [RU---SK]* intermediate, where UF predominates
over SK™ (see Table 1). An anomaly would seem to be the

apparent dissociation of jB-+-SF,] " into predominantly SF,

with UF,4* barely above the detection limit. As discussed below,

this evident inconsistency can be rationalized by considering
the possibility of prompt autofragmentation of high-energy

product ions, fragmentation of UF in this particular case.

It is feasible that a significant contribution to some of the
observed products is a result of prompt autofragmentation of
primary products absent collision with a secong 8®lecule.
Such processes that occur on a time scale of lessi#nms
would appear as pseudo-first-order reactions in these experi-
ments. All of the observed reaction products can be directly
produced by the exothermic reactions indicated in Table 1.
However, the ICR-MS studies of the reaction oftSeith Sk
suggest that autofragmentation of high-energy nascent products
can also occur. In the ICR-MS studies of the reaction of Sc
with SK;,* fragmentation of the primary $F product to
SK* + F was found to proceed efficiently. The two relevant
reactions and their associated enthalpies are given in egs 1 and

é

Sc" + SF,— Sck, + SF," = —650 kI mol* (1)

)

AH,

SE*—SE"+F  AH,=387kJmol®
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The net enthalpy for eqs-t 2 is —263 kJ mot?. It is apparent

from these results that under the low-pressure conditions of the

ICR experiments, intrinsically endothermic fragmentation of
excited nascent products occurred before collisional cooling
could occur. It is also noted that the creation of two particles

J. Phys. Chem. A, Vol. 108, No. 6, 2004045

Sc¢" + SF,— Sck," + SF,— ScF' + F + SF,
AH,=—13 kI mol* (4)

On the basis of this very small exothermicity of the process

from one in the fragmentation process might be enhanced by agiven by eq 4, this would not be expected to be a significant

favorable entropy change. In the ICR studje Sk appeared

pathway, consistent with the substantial yield of Schs a

as a primary product. From Table 1, it is seen that the reaction Pfimary product.

of U™ with SR to produce Uk and Sk is exothermic by 574

kJ mol~t. Because reaction 2 is endothermic by 387 kJ ol

it is not known whether some of the observed,SE derived
from autofragmentation of the $F primary product prior to
collisional de-excitation or whether it is formed directly as a
product along with UE: Similar thermodynamic considerations
indicate that the small amount of SRletected could have
resulted from the formation of URand subsequent fragmenta-
tion of the SE™ product ion AH[SF,™ — SF" + F] = 369 kJ
mol™2). It is emphasized that the observed reactions are subjec
to both thermodynamic and kinetic constraints. Only where a
reaction can be definitively identified as resulting from an
exothermic process is it feasible to derive thermodynamic
information; for the U/SFK reactions, all of the observed
products are in accord with established thermochemistry;
unknown kinetic factors determine the product distributions. In
all cases, the product distributions are clearly subject to

t

Reactions of lanthanide ions with pentamethylcyclopentadiene
(HCp*, Cy0H16) were studied using a QIT-MS under very similar
conditions to those employed in the present studdirect
comparison was made with low-pressure ICR-MS studies of
the same reactiorf8It was concluded that when relatively high
bath gas pressures were employed in the QIT, the nascent
product ions were collisionally cooled to such an extent that
autofragmentation did not occur. The HCp* products have many
more degrees of freedom compared with the small fluoride ions
produced in the reactions studied here. It would thus be expected
that the HCp* products would be less prone to promptly
fragment because there are many more vibrational modes over
which the reaction energy can be distributed. In the HCp*
studies, sufficiently low pressures could be employed in the QIT
such that autofragmentation became significant. It is not known
whether the pressure regime of the presenteSperiments was
sufficiently high to suppress fragmentation.

Fragmentation processes that occur on a time scatel6f

indeterminate kinetic control; further experimental studies are ms or less would not be manifested in the QIT experimental
required to directly address the possible role of the postulated (agits. Babcock and Stréiexamined the reaction of Havith
phenomenon of prompt autofragmentation on the observedgrg, and found that SE and SE* fragmentation products

distributions.

Because the formation of UF + SF, is exothermic by 885
kJ mol* (Table 1) and the dissociation of WFto UR™ and F
is endothermic by 381 kJ mol, the reaction sequence 3 is
exothermic by 504 kJ mot

U"+SF,— UF," + SF,—~ UF," + F+ SF,
AH; = —504 kJ mol* (3)

appeared at a rate at least as fast as that of the @fmary
product, k = 2 x 1072 cm® molecule! s™1. This rate is
approximately 1 order of magnitude greater than the rate of
reaction of U with SFs; such rapid autofragmentation that
occurs on a time scale much shorter than the formation of the
initial products would not be discernible, and the fragmentation
species would appear as a pseudo-first-order reaction product
in the U"/SK; experiments. To ascertain the effects of collisional
de-excitation of high-energy UYFE products, it would be of
interest to carry out reactions oftUnith SF; at substantially

The corresponding autofragmentation processes for primaryhigher pressures (e.gz,0.1 Torr) than can be employed in the

UFR;* to URT and UR™ to UF™ are also exothermic, by 266
and 53 kJ mol?, respectively. Accordingly, it is thermodynami-
cally possible that some of the observed,Uproducts result
from autofragmentation of a YF,* primary product, where
n=1, 2, and 3. The particularly favorable thermodynamics for
the fragmentation of nascent WFmight account for its low
abundance.

In contrast to the minuscule yield of YF, Jiao and Freisér
found that Nbg™ and Tak™ were significant products of the
reactions of the bare metal ions with SHowever, it is not
clear that these tetrafluoride product ions resulted from primary
reactions. This is because in the same context thayNafd
TaF," were reported as products,SRvas reported as a product
for the reaction of Stwith SFKs. The more comprehensive study
with Sc* 4 then revealed that $F was produced only upon
reaction of either primary ScFor Sch* with a second S§
molecule.

Because autofragmentation of {JFis considered as a
possibility, comparison is made with the scandium results of
Jiao and Freisetlt was shown there that SgFwas a primary
product of the reaction of Scwith SF;, and no autofragmen-
tation of Sck+ was reported. The sequence that would result
in ScF" from autofragmentation of primary SgFis shown in
eq 4

QIT. Under such relatively high-pressure conditions, it may be
possible to produce UF in abundance and perhaps even some
UFs™.

Several important conclusions can be made regardless of the
possibility of prompt autofragmentation. On the basis of the
appearance of a small amount of JJFand a more substantial
amount of SE", it is apparent that a Uion is able to abstract
four F atoms from Sgduring the lifetime of a [U--SkK]*
encounter complex. This observation is particularly intriguing
in view of the secondary reactions that are described below.
Before dissociating into the ion and neutral fragments, the
complex that results in U can be represented ag(F:-SR]*,
in which four F atoms are bonded to the uranium metal center.
Although the more exothermic dissociation channel for this
complex should be to U and Sk, the UR™ peak was barely
above the detection limit whereas the,;Speak was present at
7% abundance. One explanation for this result is that"Wiras
produced in greater yield but promptly fragmented to the
abundant UE" product, as discussed above.

The appearance of a very small amount of $Rder single-
collision conditions for the W/SF; reaction might be taken to
indicate transfer of five F atoms. However, the dissociation of
Sk to SF requires 369 kJ mol, and the formation of SF
and UFR is exothermic by 806 kJ motl. Accordingly, the
observed SFmay have resulted from prompt autofragmentation
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TABLE 2: Products for the Reaction UF™ + SF#

branching AH°

ion neutra ratio (kJ mol?)
UR," Sk 5% —161+ 44
URs* Sk 43% —460+ 34
UF,* Sk 2% —502+ 30
(UFs™)¢ (SR N.DJ —460+ 33
(SF)d (UFg)? N.DJd —475+ 29
SK* UFs 3% —555+ 32
SK* UF, 45% —525+ 30
(SFH)e (UF3)? N.DJ 37+31

a2The measured reaction rateks= 2.8 x 1071° cm® molecule!
s this corresponds tté/kapo = 0.45.° The neutral products were
not determined and are inferrédThe thermodynamic data are from
ref 17 for the URH, from ref 18 for the neutral Uf-and from ref 4 for
the SR and SK. 9The product ion was not detected, but the
thermochemical values are included for comparison.

of some of the primary SF. It is the appearance of YFthat
provides definitive evidence for the transfer of four F atoms.
In this regard, it should be noted that the absence gf'ldlées
not exclude the possibility of transfer of five F atoms.
Abstraction of F atoms from fluorocarbons by monopositive

Jackson et al.

intermediate evidently produces primarilySknd only a small
amount of UR'. Although the formation of S is slightly
more thermodynamically favored over WFaccording to the
values given in Table 2 (note the large uncertainties), both are
substantially exothermic and the very low yield of J3Fs
notable. One possible explanation for the dearth of'UF its
autodissociation to U + F, which requires 381 kJ mol. A
related explanation is that the kinetics for the observed dominant
channel are more favorable. The ionization energy of &F
9.30 eV is slightly lower than that of URIE = 9.51 eV).
Therefore, the SF fragmentation channel should be favored
according to Stevenson’s rule, whereby an excited-state mo-
lecular ion is predicted to dissociate into ap"Ron and an R
neutral, with IE[R] < IE[R].22 However, it is surprising that
such a small difference in ionization energies should so
substantially favor the only slightly lower energy channel. It
should be noted that this interpretation in the context of
Stevenson'’s rule is essentially equivalent to the thermodynamic
considerations given above, whereby the slightly more exother-
mic exit channel is favored. In a case such as this, where the
exothermicities of the two exit channels are nearly the same, it
might be expected that other aspects of the reaction energy

cations of electropositive metals (such as U and Sc) evidently surface would determine the dominant product ion.

occurs by a so-called “harpoon” mechani&iccording to this
description, the M does not activate a-€F bond but rather
abstracts an F atom through an ‘fMF---C—]* type of inter-
mediate. The postulated [FMSF,—1]" intermediaté is long

The number of F atoms transferred in th&/8k and UF/
SKs reactions can be compared. As with barg, it would
appear that the maximum number of F atoms transferred from
SFsto UFT is four, producing a small amount of S8FHowever,

lived because of the bonding between the metal center andthe reaction that produces the dominants'SFroduct is

sulfur. In contrast, the bonding between the fluorine and the
carbon atom in the [M-F---C—]* intermediate in the final stage

exothermic by 525 kJ mol, and the dissociation of $F to
Sk and F requires only 387 kJ mdl Accordingly, the

of the “harpoon” process should be weak because a strongobserved SF may be a result of autofragmentation of the

metal-fluorine bond has been formed. As a result, prompt
dissociation to the MF ion and the Cradical ion would be
expected. In accord with this, the primary products of the
reaction of lanthanide ions, tnare the monofluorides, LnE22
for the “harpoon” mechanism, it would appear that after transfer
of a single F atom to a L the ionic and neutral products
promptly separate prior to further F atom transfer. In accord
with the model proposed by Jiao and Freiser,long-lived
[U---SK]* intermediate apparently enables the transfer of up
to at least four F atoms from sulfur to uranium. Evidently, two
very different types of mechanisms occur in the reactions of
metal cations with fluorocarbons and SF

Reactions of UF, UF,*, and UF;™ with SFe. The UF" ion
was found to be as reactive with §&s is bare U, exhibiting
a reaction ratk = 2.8 x 10719 cm® molecule® s71, which
corresponds to an efficiencikapo = 0.45. The product
distributions and reaction enthalpies for reactions of Wkth
SKs are given in Table 2. The high reaction efficiency of UF
implies that a long-lived [F&-SK]"™ complex is formed,
presumably involving an interaction of the uranium metal center
with the Sk molecule in a manner similar to that between bare
Ut and Sk.4

All of the reactions with UF shown in Table 2 are
exothermic, and the reactivity pattern is qualitatively similar to

that of U'. In both cases, the two dominant processes correspond

to the transfer of two or three F atoms frome3& the uranium
metal center. The transfer of two F atoms producestUfom

the reaction with & and produces UF from the reaction with
UF*; both of these uranium fluoride ions are the thermodynami-
cally favored products (SF is not). As expected from

primary SkE* product. If the transfer of four F atoms does indeed
occur, the SF" exit channel is thermodynamically more
favorable than the UF channel so that the absence ofdJF
does not indicate the absence of aUF-SF,]* intermediate.
Although the transfer of five F atoms to give SH UFg is
substantially exothermic, this product ion was not detected,
suggesting that the transfer of five F atoms does not proceed
efficiently. The formation of Ug would require transfer of
another F atom in an Fg---SK)]* intermediate prior to
dissociation. As uranium can form only six covalent bonds, such
a process would seem unlikely.

The UR* and UR™ primary products were also isolated and
reacted with SE In both cases, no reaction was observed to
within the detection limit ofk/kapo < 0.01.

Whereas both Band UF reacted with Sgwith efficiencies
kikapo ~ 0.4, UR*T was comparatively inert. In analogy with
UF*", the two most thermodynamically favorable reaction
channels for UEF" are the transfer of two or three F atoms from
SK; these reactions are given by eqs 5 and 6, where “X” denotes
that these reactions do not occur

UF," + SR, » UF," + SF, AH;=—289+ 34 kJmol* (5)
# UF; + SF,"  AHg= —390+ 35 kI mol* (6)

By comparison of the enthalpies for eqs 5 and 6 with those for
the analogous formation of YFand of SE™ from the reaction
with UF* (Table 2), it is seen that the corresponding reactions
for transfer of the same number of F atoms to,URre less
exothermic by~171 and~135 kJ mot?, respectively. As the

thermodynamic considerations (Table 1), the transfer of three degree of fluorination of the Uion increases, the thermody-

F atoms to U, in a presumed [fJ:+-SK] " intermediate, results
in mostly UR™ and a smaller amount of $F In the case of
UF*, the transfer of three F atoms to give a[F-SK]™*

namic driving force for transfer of additional F atoms fromgSF
to the uranium metal center diminishes. This is illustrated by
comparison of the enthalpies in Tables 1 and 2 for the transfer
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of a given number of F atoms and essentially reflects the beginning with a partially fluorinated uranium metal ion, the
decrease in sequentialtF bond energies with increasing driving force for transfer of one or more F atoms fromgSF
uranium oxidation state, e.g., BDE{Y-F] = 668 kJ mot?! vs diminishes. The key to efficient fluorination is to begin with
BDE[FUT—F] = 552 kJ mof?. bare U™ or UF', as both the kinetics and thermodynamics
Reactions 5 and 6 are sufficiently exothermic that their become unfavorable when starting with JFor UR™. It can
nonappearance indicates kinetic barriers. It would appear thatPe presumed that both YFand UF* would be inert toward
a long-lived [RU---SKs]" complex, in which F-atom transfer .
can occur, is not formed. Whereas the metal center-tJE Reactions of UF, UF;*, and UFs* with H 0. As the results
can evidently efficiently complex with SFthat in F-U*—F for the reaction of U with H,O concur with those recently
cannot. The addition of the second fluorine atom to the uranium carried out in this laboratory under similar conditiofishey
metal center would seem to prevent its facile complexation to are not discussed in detail here. Thée/H;0 reaction ratek =
SFe. It was reportetithat Sci* rather efficiently reacted with 9 x 100 cm? moleculgl Sﬁl,_ corresponds td/kapo = 0.5,
Sk to produce ScFand SE*. However, this reaction of SeF and the product branching ratio was 90% tU&nhd 10% UOH.
with SFs is endothermic by 113 kJ miol. As there is not a Three products were pbserved for the reaction of Wkth
significant entropic thermodynamic driving force for this H20, as shown by reactions 7, 8, and 9
reaction (two reactant and two product particles), it can be

assumed that this reaction occurred only because the primary UF" + H,O— UOH" + HF @)
Schk™ reactant ion was in an excited state. Accordingly, direct
comparison of the Seff secondary reaction with that of the — UOF" + H, (8)

reactions of isolated and collisionally cooled Jfs not valid.
Two possible effects could account for the inert character of

UF,". The first is that the uranium center cannot approach the . . .
L : The rate of reaction of UF with H,O is 2.9 x 10710 cm?®
sulfur center due to the repulsive interaction between the F atoms_ 1 culel 51 (Kkaoo = 0.17), and the branching ratio is 13%

on a P~—U®*—F~ jon ({20+} — {20—} = +1) and the F
= 0 = 0,
atoms on SE Whereas the uranium center infB]* should for 7 (ki/kziapo _ 0.02), 57% for 8 kg/keiano = 0.10), and 31%
o ; . for 9 (ke'kesapo = 0.05). Reaction 7 is particularly intriguing as
be able to approach the SHolecule with little interaction . .
it corresponds to exchanging a hydroxyl group for an F atom

between its sole F atom and the F atoms of,Sfich an {F—OH) exchangé? The similarity of these two ligands has
approach between the two reactants would not be the case fo . ) .
been demonstrated in many types of chemigtrfor this

an [F~U—F]" ion that can be assumed to be approximately exchange reaction to be exothermic, thAR{UOH*] <
linear due to the repulsive interaction between the electro- o0 50" 5 101t and BDE[U—OH] > 5984 29 kJ motL:
negative fluoride ligands. A plausible, but perhaps less likely, for comparison, BDE[U—F] = 668 29 kJ mot 1 Armentrodt
explanation for the inert character of WFis that the second and Beaucharr,?-ﬁ determined thatH[UOH"] is in the range
— i —+
U F bond upon proceed_lng from_ URo U.Fz employs the of 372-661 kJ mot?; the present results reduce the upper limit
particular valence 6d orbital that is of suitable symmetry for 205 |5\ 10tL Reactions 8 and 9 are directly analogous to
interaction with the Sgmolecule. i the reported reactions of Uwith H,O to produce UO and
As expected, F-atom-transfer reactions become even lessyoH+ 10 A notable difference betweentand UF is the much
thermodynamically favorable for YF reacting with SE. The lower oxidation reaction efficiency for the latter; also, the
most exothermic reaction is the transfer of three F atoms and pyqroxide product is more prevalent for Uompared with
an electron to produce $Fand U, for which AHx, = —156 U*. Both of these differences can be attributed to the higher

kJ molL. Although significantly exothermic, the thermochem- oyjdation state of uranium in the UFreactant compared with
istry for this reaction is less favorable than for other observed the U+ reactant.

— UOHF" +H ©)

reactions. Perhaps more importantly, as,UBoes not form a The UR™ ion reacted with HO at a ratek = 9.1 x 1011
long-lived intermediate complex with ght would be expected ¢ molecule' s~2, which corresponds telkapo = 0.05. The
that the more protected metal center in JUFvould very  relative contributions of the three reactions 10, 11, and 12 were
inefficiently associate with Sfto form a long-lived [RU:-+ 45% (k1o/kio/apo = 0.02), 27% Ki1/k11/ap0 = 0.01), and 28%

SK|" intermediate. As with UF, the repulsive interaction  (k;,/k;»apo = 0.01)
between the F atoms on GFand those on SfFwould seem

the most likely explanation for nonreactivity of the trifluoride + .

o y exp y UF," 4+ H,0 — UOHF" + HF (10)
The enthalpy for the reaction of YFwith SFs to produce — UOF," + H, (11)

UF," and Sk is 10+ 19 kJ mot%; this nearly thermoneutral

reaction would probably not be observed at moderate temper- - UOHF2+ +H (12)

atures even in the absence of a kinetic barrier. In contrast, the

formation of UR™ from the reaction of U with SF is The results are entirely analogous to those for"UReaction

exothermic by 885 kJ mot. The bond energies (in kJ md) 10 corresponds to the exchange of the fluoride and hydroxyl

for the uranium fluoride ions are as follows: BDE[UF] = group, as occurs with UF The F— OH exchange efficiencies

668 + 29; BDE[FU'—F] = 552 4+ 44; BDE[RUT—F] = (k/kapo) are essentially the same for UBnd UR*. A secondary

523 4+ 38; BDE[RUT—F] = 381 £+ 19; BDE[RUT—F] = reaction of UOHF with H,O at long reaction times produces

243+ 17; and BDE[EUT—F] = 26 & 11. The substantial net ~ U(OH),* in which complete substitution of hydroxyl groups

exothemicity of the formation of UF from the reaction of U for fluorine atoms has occurred. The exothermic occurrence of

with SKs is a result of the formation of the initial strong—F 10 indicates thatAH{UOHF"] < 97 4+ 29 kJ mot?! and
bonds. In contrast to UF, the BDE[RS—F] vary relatively BDE[FUT™—OH] > 482 £ 29 kJ mof?; this compares with
little and irregularly forn = 1—-6, from a minimum of 224 kJ BDE[FU™—F] = 552 + 44 kJ mot . As with both bare U
mol~1 for n = 4 to a maximum of 391 kJ mot for n = 5. By and UF, UFR," reacts with water to produce an oxide and a
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hydroxide according to egs 11 and 12. The very low efficiencies  The reaction of UO with SF; proceeded at a rate= 1.2 x
of these two processes and the equality between the two10-1°cm? molecule’l s~1, which corresponds tk'lkapo = 0.19.
branching ratios (vs 90% UOand 10% UOH from the As expected, a [OY-SK]* intermediate is sufficiently long
reaction of U with H,O) can be taken to reflect the greater lived that extensive atom transfer between the uranium and
difficulty in further oxidizing UR*, as compared with Uand sulfur centers occurs prior to dissociation. The seven ion/neutral
UF*. products and their branching ratios are as follows: F&8ks"
Only one reaction was observed betweensUBnd HO, + UOR}; 25% {UOR," + SK}; 8% {UOF" + Sks}; 7%
producing UOHE" and HF. This reaction occurred at a rate {UF2" + SOR}; 3% {UFs* 4+ SOR}; <1%{SK* + UOF4};
k= 1.9 x 102 cm® molecule? s, which corresponds to ~ and <1%{SOF" + UFs}. Enthalpies cannot be derived for the
klkapo = 1.15. This exchange reaction indicates tiAdt;- observed reactions as in each case the thermochemistry is
[UOHF,"] < —347 + 18 kJ mol! and BDE[RUt—OH] > unknown for one of the two products. The prevalent reactions
453 + 38 kJ mol L. This latter value compares with BDE-  involve the transfer of F atoms (and an electron in some cases)
[F,UT—F] = 523 + 38 kJ mofL. At longer reaction times, a  from Sk to UO". In close analogy with the behavior of both
secondary product, U(ObR, indicates exchange of a second Ut and UF, the two dominant processes involved the transfer
F atom for a hydroxyl group. The reaction betweesOHand of either two or three F atomg{UOFR,* + Sk} and{SK" +
UFst proceeds at essentially the collision limit, in contrast to UOFs}. The minor reaction channel§,UF," + SOFR},
the much less efficient reactions of URNd UK with H20. {UFs" + SOFR}, and{SOF" + UFs} are notable in that the
Because the thermodynamic driving force forFOH exchange ~ strong uranium-oxygen bond is cleaved and the O atom is
would not be expected to be appreciably greater in the case ofevidently transferred to the nonmetal sulfur center. With"JO
UF3*, the faster reaction rate is attributed to a kinetic effect. it would appear that up to five F atoms transferred frong ®F
As the number of F atoms around the uranium metal center the uranium metal center, with a concomitant transfer of the O
increases, the efficiency for exchange might generally be atom to the sulfur to producgSOF" + UFs}. Although no
expected to increase, if only as a result of statistical consider- SOR" was detected, it is feasible that the small amount of SOF
ations. However, the low exchange efficiency is essentially the instead derived from efficient autodissociation of an excited-
same for UF and UR" (kKkkapo = 0.02) and then increases to  State SOF" primary product.
k/kapo ~ 1 for URs™. It would appear that the association of an ~ The reaction of UOH with SF; proceeded at a ratie =
H and F atom and subsequent elimination of HF in the 2.1 x 10719 cm® molecule! s™1, which corresponds to
[FsU---OH,]* complex is greatly enhanced by the addition of ki/kapo = 0.33. The two main product channels were 59%
the third F atom to the system. The greater propensity for {UOF" + (HSF)} and 41%{SFR" + UOHFs}; the neutral
exchange in the case of YFmay be due to the closer approach “HSFs” product could reasonably be eithgF + SFj} or the
between an H and F atom in thes{J---OH,] " intermediate, ~ SHF; molecule. Very small £1%) yields of UOE* and SE*
which would enhance the HF elimination process. Another product ions were also detected. Hi&R" + UOHF;} reaction
consideration may be that the greater positive charge in the channel is analogous to the formation{@R* + UF4} from
higher fluoride favors this particular reaction pathway. It is the reaction of UE with SFs; again, the similarity of the
notable that UF is highly reactive with Sfwhile UR;* is inert. hydroxide and fluoride ligands is manifested. The dominant
In contrast, UE" is ~5 times more reactive with D than is {UOF" + (HSF;)} reaction channel is unique and can be
UF*. It would appear that the oxygen atom can complex to the rationalized on thermodynamic grounds. If the neutral products
uranium metal center in WF, whereas steric hindrance are Sk and HF, then the net bonding in theE—U—O} * product
precludes association of the metal center isUte the sulfur would have to be at least 185 kJ mblstronger than in the
center in Sk. {U—O—H} " reactant for this process to be exothermic (the
The nonobservation of oxidation of Fby H,O to UOR™ formation of two neutral molecules should be entropically
or U(OH)R™, can be attributed to two factors. First, theF favorable for this reaction, although this factor is not quanti-
OH exchange reaction occurs so rapidly that oxidation cannot tatively included in the present discussion). This is almost
effectively compete. Second, as the valence state of uranium incertainly the case, according to the following reasoning. It can
UF3" is greater than in the lower fluorides, oxidation would be be assumed that thetDH and U—F bonds are of comparable
expected to be intrinsically less efficient. This latter effect was strength and essentially cancel one another in the reactant vs
seen in the decreasing oxidation reaction rates b® Hpon product net bonding. It can be confidently assumed that the
proceeding from U to UF" to UR™. formed U=0 double bond is>200 kJ mot? stronger than the
Reactions of UO™ and UOH* with SFe. Like UF*, both ~ broken UG-H bond; for comparison, BDE[U-O] = 796 kJ
UO* and U(OHY have only one ligand bonded to the metal Mol vs BDE[O—H] = 428 kJ mot* (i.e., ABDE = 368 kJ
center, where a hydroxide structure is assumed for the lattermol™* > 200 kJ mot™). If the SHF; neutral product is a more
ion. As UF* exhibited substantial reactivity with $ft might exothermic exit channel than i§HF + SFj}, then the
also be expected that UCand UOH" would be reactive, as  thermodynamics would be even more favorable.
was found to be the case. It is also noted thattUend UOF CID. In contrast to dissociation induced by a single high-
were inert toward SEwithin the detection limit ofk/kapo < energy ion-molecule collision, CID in the QIT corresponds to
0.01; this is analogous to the inert character ofUWhere the relatively gradual “heating” of a molecular ion during the course
addition of a second ligand evidently precludes formation of a of many sequential collisions, and can accordingly be modeled
long-lived intermediate complex ion with &FThe reactive as a quasithermal proce¥sit has been demonstrated that
nature of UOH and inert character of UOFare consistent  excitation of a molecular ion in a QIT using small excitation
with the presumed structures as a hydroxigdg,—OH} *, and amplitudes (“threshold resonance excitation”) generally results
an oxide fluoride{O—U—F}*. The similarly inert behaviors  in fragmentation by the lowest energy dissociation channel
of UF,;*, UO,", and UOF support the hypothesis that it is a absent substantial kinetic barri@By increasing the excitation
repulsive interaction between the electronegative ligands bondedvoltage applied to the parent ion, higher-energy fragmentation
to uranium that prevents association and reaction with SF channels can be accesséd.
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Figure 3. CID of the isolated UF" product. The UE" ion comes into resonant excitation at a secular frequency of 216 kHz. This CID plot
corresponds to a relatively large excitation amplitude so that almost complete dissociation occurs on resonance, where the highet-energy UF
dissociation channel is observed. Off-resonance excitation represents lower-energy excitation conditions, whereby the only CID channel is the
lower-energy single F loss to give WF(e.g., at 222 kHz).

In Figure 3 are shown the results for QIT CID of YJF At energy decomposition channel that presumably involves the
low excitation voltages, or slightly off-resonance excitation (e.g., cleavage of two bonds and formation of a neutral molecule is
212 kHz), loss of a single F atom to give kfAs the dominant dominant. For purposes of estimating the thermochemistry for
process, with a negligible contribution from loss of two F atoms reaction 13, it is considered that the rupture of a F(OHYF
to give UF". As the excitation voltage becomes on resonant and a BUT™—OH bond each requires520 kJ/mol, the same as
with the UR™ parent ion at~216 kHz, the latter high-energy ~ the RUT—F bond energy; for comparison, BDE[FrOH] =
channel becomes increasingly significant though still minor. 473 kJ mot™1.31 The net enthalpy for reaction 13 is then esti-
Similarly, CID of UR" using on-resonance low excitation mated as:AH;3 ~ {BDE[F(OH)U™F] ~ 520 kJ mot1} +
voltages results in almost exclusively URwhile increasingthe ~ {BDE[F,U™—OH] ~ 520 kJ mot!} + {BDE[O—H] =
voltage enhances the amount of the high-enerdyptbduct. 428 kJ mof1]} — {BDE[U™=O0] ~ 800 kJ moll} —

In the case of the loss of two fluorine atoms, the formation of {BDE[H—F] = 570 kJ mof1} ~ 100 kJ/mol. It is evident that

F, as the neutral product would be the lowest-energy pathway. the decomposition according to reaction 13 is expected to be
Because the +F bond energy is only 158 kJ mdl whereas lower in energy than would be the loss of any individual ligand.
BDE[FUT™—F] ~ 552 kJ mot! and BDE[U'—F] ~ 668 kJ The loss of HF is in accord with the presumed hydroxide, rather
mol~1, the loss of a single F atom should be the lowest-energy than oxide hydride, structure as BDE[H] is only 284 kJ
channel for both UF and UR*, as was observed. mol~1,32 and H loss might be expected to be a low-energy

The enhancement of higher energy CID processes with fragmentation channel for a hydride.
increasing excitation voltage can be used to qualitatively assess The UOH" product ion was also subjected to CID. The low-
relative bond strengths of different ligands bonded to a metal energy fragmentation channel corresponded to H elimination
center. In UOE', for example, the 8O double bond is to give UO'. At higher excitation energies, loss of OH was an
expected to be significantly stronger than the®single bonds. increasingly significant minor secondary fragmentation channel.
Accordingly, it was observed that low-energy QIT CID of The structure of UOH might initially be assumed to correspond
UOR," results primarily in UOF. (Because BDE[&F] is only to a hydroxide, U—OH; the alternative structure is the oxide
219 kJ mot?, OF elimination is not a low-energy fragmentation hydride, G=U™—H. The observed H elimination would certainly
pathway.) An increase in the excitation energy results in a be the lowest-energy fragmentation channel for the oxide
significant contribution of O loss to give the high-energy,UF  hydride because BDE[tU-H] = 284 kJ mof1.32 The enthalpy
product. of fragmentation of J—OH to {[U™=0] + H} can be

A more complex fragmentation process was observed for estimated as{BDE[UT—(OH)] ~ BDE[UT™—F] ~ 670 kJ
UOHFR,*. The structure of this ion is presumed to be a fluoride mol~1} + {BDE[O—H] = 428 kJ mof!} — {BDE[U™=Q] ~
hydroxide, U(OH)E*, rather than a fluoride hydride, UGH, 800 kJ mof1} ~ 300 kJ mot?. This thermodynamic assessment
based on analogy with OH bonding to other electropositive metal suggests that H loss from the two feasible structures should both
ions such as Ti. Clemmer et af* presented a convincing  require~300 kJ mot?® and that this would be the lowest-energy

argument for a Ti—OH structure rather than a-HTli*=0 dissociation channel for both the hydride oxide and hydroxide
structure, and this conclusion has been substantiated by tffeory. atomic connectivities. For this species, the CID results do not
High-energy single-collision CID of U(OHY¥ might be illuminate the structure. However, as noted above, the HOH

expected to result in loss of a single ligand. Under QIT CID hydroxide structure is assumed based on analogy with other
conditions, it was found that the dominant low-energy channel systems*
produced UOF, which corresponds to elimination of HF

according to eq 13 Summary
. The bare U ion reacted with S§with a reaction rate
U(OH)F," — UOF" + HF (13) efficiencyk/kapo = 0.37. This substantial reactivity is in accord

with the model for Sk activation by transition-metal ions put
This illustrates the thermal nature of QIT CID whereby a low- forth by Jiao and Freiséand the availability of several vacant
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valence 6d orbitals for & The two dominant products, YF In summary, the reaction of bare"Wvith SR suggests that
and UR*, correspond to the transfer of two and three F atoms uranium is behaving as a typical d-block transition element that
from the sulfur center to uranium in the proposed-fSF]* has readily accessible high valence states. The reactions of

reaction intermediate. The third most abundant product ion was ligated uranium ions with SFhave served to illuminate such
Sk:* and all of the observed products can be formed by effects as the drastic inhibition of reactivity upon proceeding
exothermic processes. The small yield of JJFprovided from one to two ligands attached to the metal center, this can
evidence for the transfer of up to four F atoms. The possibility be presumed to be a general phenomenon. The reactionsof UF
of autofragmentation of primary products on the millisecond With HO was particularly interesting as a demonstration of
time scale of the experiments implies that the measured facile F— OH exchange. Finally, QIT CID of selected uranium
branching ratios may not accurately reflect the initial product molecular ions illustrated this as a quasithermal process that
distributions. The present experiments provide no direct evidencecan result in either simple bond cleavage or more complex
for such prompt autofragmentation, but the results are presentedragmentation processes.

with this caveat.

It was found that UF is as reactive with SfFas is bare U
and exhibits a similar reactivity pattern, i.e., transfer of two or
three F atoms to ). The main difference was that $F rather
than UR™, was the primary product from the three F atom
transfer; this apparent discrepancy can be rationalized based o
the thermodynamics of the system. Both iland UR* are
inert toward SEkto within the detection limit. This is attributed
to repulsion between the electronegative ligands and SF (1) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistyybth

Whereas UE can form a stable intermediate complex, ©9- é;’hge\\’/\ﬂ:i‘zs& Sc_’”éhe'\rﬁ‘;" Lofkl':aliis'R_ Romano. R. Uiman's
[FU---SK]*, the addition of a second F atom to the uranium Encyclopedia of Industrial Chemistrgth ed.: Wiley-VCH: Weinheim,

metal center evidently prevents effective association with SF  2003; pp 428-430.

In accord with this interpretation, neither JOnor UOF" (3) Williams, T. L.; Babcock, L. M.; Adams, N. Glnt. J. Mass
reacted with SE Spectrom1999 185-187, 759-772.

) ) (4) Jiao, C. Q.; Freiser, B. §. Am. Chem. S0od.993 115, 6268~
Both UF" and UR" reacted with HO with moderate 6276.
efficiencies. The two channels were-F OH exchange and (5) Blaise, J.; Wyart, J.-FEnergy Leels and Atomic Spectra of

S . - . . Actinides Tables Internationales de Constants: Paris, 1992 (http://
oxidation by addition of either OH or O to the uranium fluoride ;.\ 1ac"y-psud.fr/Database/Contents. htm).

cation. In contrast, Ufreacted with HO near the collisional (6) Weigel, F. InThe Chemistry of the Actinide Elemengd ed.:
limit and the sole channel was-+ OH exchange to produce Katz, J. J., Seaborg, G. T., Morss, L. R., Eds.; Chapman and Hall: New

the hydroxide fluoride, UOHE (+ neutral HF). The efficient Yorlz})ligai;zvfljl-' ﬁgg"ste[ 5?{ - Seaborg, G. T.The Chemistry of the
exchange for UE indicates that KO, unlike Sk, can complex Actinide Eler’ne'nt§’2nd ed.;’ K;atz:YJ. J., Sea’bor'g, G T., Morss, L. R., Eds,;

to this ion. Also, the presence of three, rather than one or two, Chapman and Hall: New York, 1986; Vol. 2, Chapter 14.
F atoms evidently greatly enhances the probability for associa-  (8) Goeringer, D. E.; Asano, K. G.; McLuckey, S. At. J. Mass
tion of an H and F atom in the reaction intermediate, SPECtrom1999 182183 275-288.

L. . 9) Jackson, G. P.; Gibson, J. K.; Duckworth, D. 1@t. J. Mass
[F3U"'OH2]+1 and SUbsequent HF elimination. Spes:tl)’OmZOOZ 220, 419-441. -

In an analogous manner to WFUO" reacted with Sk (10) Jackson, G. P.; King, F. L.; Goeringer, D. E.; Duckworth, DJC.
(Ckapo = 0.19) primarily by transfer of two or three F atoms, - % 50 T D8 LNELSE o o anal. avomic
UOR," from UO" corresponds to Uff from UFt; Sk was a Spectrom2003 18, 665-669.
major product for both the UDand UF reactions. Minor (12) Shul, R. J.; Upschulte, B. L.; Passarella, R.; Keesee, R. G.;
channels with UO correspond to the cleavage of the strong Castleman, A. W., JJ. Phys. Chem1987 91, 2556-2562.
uranium-oxygen bond and transfer of the O atom to the sulfur Sm(éf) S(T’?/s.rg\‘g;rl' lcjheEn'q; _,ngzngéKéngi?':/l'%F“Ckey' S. A Hoekman, D.;
center. In accord with the similarities of the F and OH ligands, (14') Louris, J. N.: Cooks, R. G.: Syka, J. E. P.; Kelley, P. E.; Stafford,

UOHT reacted with SEwith a roughly comparable efficiency ~ G. C.; Todd, J. F. JAnal. Chem1987, 59, 1677-1685.
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