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Abstract

Room temperature reactions of atomic lanthanide cations (excludiinywith CHzF have been surveyed systematically in the gas phase
using an inductively-coupled plasma/selected-ion flow tube (ICP/SIFT) tandem mass spectrometer to measure rate coefficients and product
distributions in He at 0.35 Torr and 295 K. F-atom transfer was the predominant reaction channel and exhibits increasing efficiency with
increasing exothermicity. Minor C} addition was observed with the late lanthanide cations that react slowly. The reaction efficiency for
F-atom transfer appears to be governed by the energy required to promote an electron to actsbescited electronic configuration
in which two non-f electrons are available for bonding: it decreases as the promotion energy increases and the periodic trend in reaction
efficiency along the lanthanide series matches the periodic trend in the corresponding electron-promotion energy. This behaviour is consistent
with a G-F bond insertion mechanism of the type proposed previously for insertion reactions ehtians with hydrocarbons. Direct
F-atom abstraction by a harpoon-like mechanism was excluded because of an observed non-correlation of reaction efficiency with IE(Ln
remarkable Arrhenius-like correlation is observed for the dependence of reactivity on promotion energy: the early and late lanthanide cations
exhibit characteristic temperatures of 18,000 and 4400 K, respectively. A rapid second F-atom transfer occurs withFEaEdF, ThF*
and LuF, but there was no evidence for a third fluorine-atom abstraction with any of th& tafons. Both LnFand Lnk* can add methyl
fluoride molecules under the experimental operating conditions of the ICP/SIFT tandem mass spectrometer.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction from the 4P6s! ground state to the &f15d'6s! excited state
was required for these cations to be effective mHCand
Chemical bond activation by atomic ions has become C-C bond activation and insertidé]. A plethora of inves-
a central theme in gas-phase ion chemistry. Investigationstigations into lanthanide ion chemistry followed, in part to
into this type of bond activation began in the early 1980s further characterize this requirement, but also motivated by
as soon as suitably versatile sources, in particular, lasergeneral interests in the gas phase and solution chemistry of
ablation/ionization sources, became available for atomic |anthanide§7]. Reactions of Lf cations now have been in-
transition-metal ion§l-5]. The measurements were quickly  vestigated systematically with various inorganic and organic
extended to lanthanide cations,Lrand early on in 1988,  molecules, including hydrogd8], oxygen[9], nitrous oxide
Schilling and Beauchamp proposed that electron promotion [9], alkanes and cycloalkang8,10,11] alkenes[6,12,13]
alcoholg[14-16] benzene and substituted benzei&s18],
* + Corresponding author. Tel.: +1 416 7362100x66188; phenol[19], orthoformate20], ferroceng17] and Fe pen-
fax: +1 416 7365936. tacarbonyl[21]. Generally, these studies show that the re-
E-mail addressdkbohme@yorku.ca (D.K. Bohme). activity of Ln* varies along the 4f series, both in terms of
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the ionic products formed and of the reaction efficiencies. In mately 20 ms duration before entry into the reaction region
some instances, the observed trends in reactivity appear tdn the flow tube. Energy degradation can occur by radiative
be determined by the accessibility, through electron promo- decay as well as by collisions with argon atoms and the 10
tion, of excited electronic configurations of the*Lnation collisions with He before entry into the reaction region. The
with two unpaired non-f electrons. The results witfNalso extentto which quenching of any electronically excited states
have revealed intriguing Arrhenius-like dependencies of the of the lanthanide cations that may be formed within the ICP
reactivity of the LA cation on the electron-promotion en- is complete is uncertain and could be inferred only indirectly
ergy which exhibit characteristic temperatures of 22,000 and from the observed decays of primary ion signals. The ob-
6100 K for the early and late lanthanide cations, respectively served semi-logarithmic decays of the reacting lanthanide
[9]. cations were invariably linear often over as much as four
C—F bond activation, has been the focus in a systematic decades of ion depletion and so were indicative of single-
study of the gas-phase reactivity of the fluorinated hydrocar- state populations. The many collisions with Ar and He be-
bons CR, CHFs, CHsF, GFg, 1,1-GH4F,, and GFg with tween the source and the reaction region should ensure that
the lanthanide cations CePr", Sni", Ho", Tm*, and Y the atomic ions reach a translational temperature equal to the
and the reactivity of gHsF with all the lanthanide cations  tube temperature of 2362 K prior to entering the reaction
except Prii by Fourier-transform ion cyclotron resonance region.
mass spectrometf22]. Empirical correlations with the sec- Reactant and product ions were sampled at the end of
ond ionization energy of Ln were presented in this study the flow tube with a second quadrupole mass filter and were
that suggest a “harpoon”-like mechanism for the F-atom ab- measured as a function of added reactant. The resulting pro-
straction process in which an electron is transferred from the files provide information about reaction rate coefficients and
lanthanide cation to the fluorinated substrate in the encounterproduct-ion distributions. Rate coefficients for primary reac-
complex to form LR*F~ [22,23] The F-atom abstraction tionswere determined with an uncertainty estimated to be less
mechanism has also been studied theoretically for the reacthan+30% from the semi-logarithmic decay of the reactant
tions with C& and Hd [24] and Cé&, Pr" and Yb' [25,26] ion intensity as a function of added reactant.
Although the calculations were somewhat restrictive, they  Methyl fluoride was introduced into the reaction region of
were interpreted to be consistent with the direct harpoon- the SIFT as a dilute mixture in helium-L0%). The methyl
type fluorine abstraction mechanism suggested on the basigdluoride was obtained commercially and was of high pu-
of the observed empirical correlation. rity (Matheson Gas Products, >99%). Separate measurements
Here, we have expanded the gfHreactivity studies to  with Ar* indicated impurity levels for SiFof <0.5% as re-
all the lanthanide cations except Pmsing an inductively- vealed by the production of SiF.
coupled plasma/selected-ion flow tube (ICP/SIFT) tandem
mass spectrometi{®,27,28] The experimental results that
were obtained have allowed a re-examination of the mecha-3. Results and discussion
nism of F-atom transfer with a particular view to the insertion
[6] and the “harpoon”-likg22] mechanisms that have been The reactions of 14 lanthanide cations were investigated
advanced previously. with CHsF. Both the primary and higher-order chemistries
were monitored. Results obtained for the reactions df, La
Gd*, Dy* and Lu" are shown irfrig. 1 Table Isummarizes the

2. Experimental measured rate coefficients, reaction efficiencies and product
distributions. The reaction efficiency is taken to be equal to

The experiments were performed with the ICP/SIFT tan- the ratiok/k;, wherek is the experimentally measured rate
dem mass spectrometer that has been described in detail precoefficient and is the capture or collision rate coefficiekd.
viously [9,27,28] The atomic ions were generated within was computed using the algorithm of the modified variational
an atmospheric-pressure argon plasma at 5500 K fed with atransition-state/classical trajectory theory developed by Su
vaporized solution containing the lanthanide salt. The ions and Chesnavicf29] with a(CH3F) =2.97x 10-24cm? [30]
emerging from the ICP were injected through a differen- andup(CHsF)=1.858 D[31].
tially pumped sampling interface into a quadrupole mass fil-  Only F-atom transfer, reactidftia), and adduct formation,
ter and, after mass analysis, introduced through an aspiratorreaction(1b), were observed as primary reaction channels.
like interface into flowing helium carrier gas at 0.35 Torr and . "
205+ 2 K. After experiencing about Bcollisions with He LN +CHsF — LnF" +CHg (1a)
atoms, the ions were allowed to react with §fHadded into LnT 4+ CHgF — Ln*(CHgF) (1b)
the flow tube.

The lanthanide ions emerging from the plasma initially Adduct formation is a minor channek0%) and was ob-
have a Boltzmann internal energy distribution characteristic served to compete only with the late Ligations in reac-
of the plasma temperature. However, these emerging popu-tions with low overall reaction efficiencies: those with Dy
lations are expected to be down-graded during the approxi-Ho*, Erf, Tm*, and YIi". Reactions with the early lanthanide
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Fig. 1. Composite of ICP/SIFT results for the reactions of the lanthanide metal ibn&tg Dy* and Lu" with CHgF in helium buffer gas at 0.35 0.01 Torr

and 295+ 2 K.

cations exhibited<1% adduct formation. As expected from

the much lower first ionization energy of the lanthanides,

IE(Ln), all <6.3eV, than that for CkF (12.47+0.02eV)
[32], electron transfer was not observed with any of thé Ln
cations.

A fast (k>6x10%cm*molecule!s) second
fluorine-atom abstraction, reactid@), was observed with
LaF" (6.3), CeF (7.4), GdF (11), TbF (18) and LuF
(17).

LnF* +CH3F — LnF>" + CHs (2)

The remaining LnF cations react with CgF with rate co-

tion reactions are expected to be termolecular with He buffer-
gas atoms acting as the stabilizing third body.

LnF,, T(CHzF), + CH3F — LnF, " (CH3F),;1

(m= 0-2) 3
Secondary and higher-order @IH addition was observed
for LnF* =HoFf (m=1,n=0), YbF" (m=1,n=0-1), PrF,
NdF* (m=1, n=0-2), SmF, EuF, DyF", HoF", ErF,
TmF" (m=1, n=0-3), and Lng" =LaR", CeR* (m=2,
n=0-2), Gdi*, TbR*, HoR*, ErR*, TmR*, LuR*
(m=2,n=0-3).Table lincludes a listing of all the higher-

efficients equal to or less than that measured for the first order product ions that were observed. The higher-order

abstraction and with the exception of Hand Ef (for which
LnF,* formation was predominant) react primarity §0%)
by CHsF addition. No third fluorine-atom abstraction was
observed with any of the Lnf cations.

CHgsF addition according to reacti@8) also was observed

for almost all of the lanthanide fluoride cations. These addi-

chemistry initiated by L4, Gd*, Dy* and Lu" can be tracked
in Fig. 1

The possible role of impurity SiF(determined to be
<0.5% from our chemical ionization measurement witfi)Ar
as a source of F in a possible F-atom transfer reaction
with SiF4 can be excluded on the basis of the very strong
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Primary reaction rate coefficients (in 1% cm® molecule ! s™1), reaction efficienciesk(k.), primary product distributions and higher-order product ions
measured for reactions of atomic cations lwith CH3F in helium at 0.35: 0.01 Torr and 293 2K

M* k2 keP k/ke Primary products PD Higher-order product ions

La* 45 186 024 LaF 100 Lak*, LaR*(CHzF)1_3

Ce' 38 186 0.20 CeFP 100 Cek*, CeF(CHsF), CeR*(CHaF)1_3

Prt 1.4 186 0.075 Pret 100 Priz*, PrEf(CHzF)1_3

Nd* 1.4 186 0073 NdF 100 NdF (CHaF)1_3

Smt 0.56 185 0.030 Smp 100 SmP (CHzF)1_4

Eu’ 0.35 184 0.019 Eur 100 EuR (CH3F)14

Gd* 6.9 184 037 GdF 100 GdR*, GdR*(CH3F)14

Tb* 1.9 184 010 ThF 100 TbR*, TbR*(CH3F)14

Dy* 0.070 183 38x10°3 DyF* ~95 DyF(CHsF)1_4
Dy*CHsF ~5 Dy*(CHaF),

Ho* 0.075 183 41x1073 HoF* ~95 HoR*, HoF"(CHsF), HoR* (CHaF)1_s
Ho"CHsF ~5 Ho" (CHzF),

Ert 0.094 183 51x 1073 ErF* ~90 Erk*, ErR*(CHsF)14
Er*CHsF ~10 Eff(CH3F),

Tm* <0.01 183 <5.0x 10°* TmF ~80 TmR*, TmFy 2" (CH3F)1_4
Tm*CHsF ~20 Tm*(CH3F)2

Yb* <0.01 182 <5.0x 10°* YbF* ~90 YbFf(CHsF)1_»
Yb*CHsF ~10

Lu* 6.7 182 037 LuF* 100 LuR™*, LUF*(CH3F)1_4

Also included are calculated collision rate coefficiekts(in 10-1° cm? molecule’! s~1) and reaction efficiencief/k. (see text).
2 Measured reaction rate coefficient with an estimated accura¢36%b.
b Calculated capture rate coefficient (see text).
¢ PD =product distribution expressed as a percentage.

F—SiFs bond, FA(SiR) = 166+ 5 kcal mot! [32]. Table 2
shows that the F-atom affinities of the Liations (Dy,
Ho*, Er) that react by F-atom abstraction with efficien-
cies of ca. 0.5% are all at least 23 kcal mbllower (tak-

Table 2

Fluorine atom affinities, FA (in kcal mol), and selected electronic proper-
ties (in kcal mot 1) for lanthanide cations

Ln* FA(Ln*)  Ln* ground Ln* term Promotion energy
species state valence symbof to first 5dt6st
configuration configuratiod
La* 174.9 502 3F, 45+ 3.0
ce 151.Z 4152 4H720 46+ 57
Prt 138.% 41365t 9/2,1/2)° 22.3+0.8
Nd* 143+ 79 4f'est 617/ 348+ 8.3
Pm 456! TH,0 46.44+ 7.2
Sl 130479 4f%6s 8Fy) 62.1+ 5.8
Eu* 4f76st 95,0 92.8+ 5.0
Gd* 4f75d'6s 10pyg,,0 0.0
Tb* 41965t (15/2,1/2)° 9.3+ 8.1
Dy* 125+ 79 4fl06s (8,1/2y7,  36.0+6.1
Ho* 129.8 4ft1gg (15/2,1/2)° 37.8+5.4
127+ 74

Ert 131+ 79 4fl%s (6,1/253,  345x3.1
Tm* 41134t (7/2,1/2° 555+ 7.4
Yb* 123.6 4f146g! 251, 79.4+ 4.0
Lu* 411468 15, 36.6+ 3.6

a Seef9].

b See[25].

¢ See26].

d Segf22].

€ Seg[33].

ing into account uncertainties) than FA(gjBut higher than
FA(CHz) = 113 kcal mot 1 [32].

3.1. Periodicities in reaction efficiencies

The primary reaction efficiencies of the 14 *Lnations
with CHsF change dramatically along the 4f row. The effi-
ciencies of the reactions of L40.24), Cé& (0.20), Gd (0.37),

Tb* (0.10) and Ld (0.37) are all higher than 0.10 and it is
interesting to note that these cations (except) ave two
non-f electrons in their electronic ground state. In contrast,
the efficiencies of the reactions of the early lanthanide cations
Pr* (0.075), Nd (0.073), Snii (0.030), and Et1(0.019) are all
<0.075 and those of the late lanthanide cation$ [@y0038),

Ho* (0.0041), Ef (0.0051), Tni (0.0007), and Yb(0.0054)

are all<0.005, near the detection limit. An overview of the
variation in reaction efficiency across the lanthanide series is
included inFig. 2

3.2. Thermodynamics of F-atom abstraction

F-atom abstraction was observed with all the lanthanide
cations. Rate coefficients measured for F-atom abstraction
are in the range<1.0 x 10~ 2cm® moleculet s~ (for Tm*
and YB') to 6.9x 10~ %cm® moleculet s~1 (for Gd*). As-
suming that only exothermic or thermoneutral reaction can
be observed under our experimental operating conditions, we
estimate that the fluorine-atom affinity, FA(Dn is higher
than FA(CH) =113 kcalmot?! [32] for all the lanthanide
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Fig. 2. Reaction efficiency (open circles and left ordinate axis) and the en-
ergy required to promote an electron and leave thé tation in a dst
configuration (solid squares and right ordinate axis) plotted along the lan-
thanide row of elements. There is an apparent correlation between reaction
efficiency and electron-promotion energy.

cations investigated. The nine F-atom affinities available ei-
ther from theory or from experiment are includedleble 2

All of these values are >113 kcal mdl and so the F-atom
abstraction reactions with all of these lanthanide cations are
exothermic (by >10 kcal mot). Fig. 3 shows how the re-
action efficiency for F-atom transfer varies with the F-atom
affinity for the nine lanthanide cations with known values
of FA(Ln*). There appears to be a shift of ca. 10 kcal ol

in the onset of exothermic F-atom transfer which exhibits
increasing efficiency with increasing exothermicity.

3.3. Mechanism for F-atom abstraction by*Ln

193

e Mechanism I: insertion-elimination, E¢4).
In this mechanism, a three-membered cyclic ion complex
is initially formed and then transformed through a three-
centre transition state into a complex in which'Lis in-
serted into the RF bond. The inserted complex can then
eliminate the LnF and R species. R bond insertion in
the reaction with Pr has been viewed to occur via an
“avoided crossing” of two hypersurfaces corresponding
to the P¥ ground state and an excited state of a valence
configuration with two non-f electrons to yield-Pr*—R
which eliminates an R radicg84]. It has been shown pre-
viously that this mechanism applies to hydrocarbon acti-
vation by Lri [10].

’ N\ ,
, N
’ Ny

Ln* + R-F — F\
Ln Ln

R— E R}-F—’ LnF*+R

(4)

e Mechanism II: a “harpoon”-like mechanism, H§).

This mechanism involves the transfer of an electron within
the encounter complex LnFRperhaps at long range, from
the lanthanide cation to the fluorinated substrate. This
favours the homolytic cleavage of the-E bond to form

LnF*.
Lnt + R—F - [LnT--- R
— Ln**—F~...R] > LnF" +R (5)

While the two mechanisms are unlikely to be distinguish-
able on the basis of rate measurements alone, they do differ in
the expected correlations of reaction efficiencies with specific
physical properties of the [ncations. Thus, mechanism Il

Two possible mechanisms have been advanced for F-atommight exhibit a correlation of reaction efficiency with the sec-

abstraction reactions of frcations with fluorinated hydro-
carbond22]:

1094 FA(CH,) =113 keal mol ™!
M *+ CHsF -MF *+ CH,
fCe+ i"f
10775 Pr’E Fd*‘
o SmH
s e
2
10—2_
Er*
Dyi-fio'b
10-3_
svb*
T N - T —T T
100 120 140 160 180

FA /{kcal mol ™)

Fig. 3. Dependence of the reaction efficiency for F-atom trankfiey, on
the F-atom affinity, FA, of the lanthanide cation, FA()nk represents the
measured reaction rate coefficient ardis the calculated collision rate
coefficient (sedable J). All reactions (on the right of the dashed line) are
exothermic for F-atom abstraction.

ond ionization energy of Ln, IE(LY), as has been proposed
by Cornehl etalf22] in their attempt to account for their mea-
sured reaction rates with fluoromethane, 1,1-difluoroethane,
fluorobenzene, and hexafluorobenzene. Their measurements
with CHsF showed this expected correlation but were re-
stricted to a set of only six lanthanide cations?¥(Jer*, Sni",
Ho*, Tm*, and YU

However, our experimental results show that the ability
of Ln* to abstract a fluorine atom from methy! fluoride does
not correlate well with the second IE of the lanthanide (see
Fig. 4); IE(Ln") (eV) =La" (11.06), Cé& (10.85), Pt (10.55),
Nd* (10.72), Smi (11.07), Ed (11.25), Gd (12.10) TH
(11.52), Dy (11.67), Hd (11.80), Ef (11.93), Tnt (12.05),
Yb* (12.17), and Lt (13.9)[35]. So we cannot assign mech-
anism |l to these reactions with GH on the basis of such
a correlation. The assertion by Cornehl et[aR] that this
mechanism applies is based on too limited a database (their
data points are included ig. 4). Of course, this does notim-
ply that the harpoon mechanism might not apply to the other
F-atom abstraction reactions reported by these authors, espe-
cially with fluorobenzene for which a strong correlation with
IE(Ln*) was found overall the lanthanide cations (except
Pm") [22]. We propose here that the mechanism for F-atom



194 G.K. Koyanagi et al. / International Journal of Mass Spectrometry 241 (2005) 189-196

0.4 0.5 17
o o |
d* >
G Lu 04 ot
0.3 PGd*
\
03] |\
o © \fla*
+ x
§° 0.2] B ':a 2 51
e - Cer
5 9 Tb* 0.1 ,_};b* Pr+
: Nd
011 pr*ngt O N Sm* Eur
£ sm* Er*Tm* 0wl i Hot = 1 _____ i
®o Dy / Er*: Dy* ITm+ IYb+
0.0 Eut OPO8ype T ' T y y
Ho™v v 0 20 40 60 80 100
10 " 12 13 14 Promotion Energy/(kcal mol™)
IE(Ln*)/eV

Fig. 5. Correlation of reaction efficiency for F-atom abstraction fromEH
with the energyE, required to promote an electron and leave thé Ln
cation in a ds' configuration. The dashed curve represents a fit with
kik;=0.016 +0.36 exp{0.13Ep).

Fig. 4. The dependence of the efficiencies for F-atom abstraction in reactions
of Ln* with CH3F on the second ionization energy of Ln, IE{)nThe open
squares refer to this work and the solid circles are the results reported by
Cornehl et al[10] adjusted to the same collision rate coefficidqtrather
thankapo).- Cornehletalf10], Fig. 3for reactions of L cations with sat-
urated and unsaturated hydrocarbons for which mechanism
transfer actually depends on the nature of the fluorocarbonl also has been advanced. The small amounts 6{CH3F)
and that the harpoon mechanism is more favourable with flu- adduct ions observed with the late lanthanide cations may
orobenzene because of the possibility of charge transfer frombe collisionally-stabilized remnants of the inserted reaction
thew system of the phenyl ring to the incoming Loation. intermediate.
Such a transfer of charge will partially neutralize the lamd Lu* is an exception since it has al46s configuration
so reduce the energy required to release the electron harpooand a high s to d promotion energy (36.6 kcal mglbut
from Ln* to the F atom to a value closer to the first ioniza- nevertheless is quite reactivillf; =0.37). We suggest that
tion energy of Ln, IE(Ln), which is significantly smaller than this apparent anomaly may be explained by the overlap of
IE(Ln*). This reduces the energy change associated with thethe 6 orbital with the antibonding orbital of methyl fluoride.
electron transfer from the lanthanide cation to the fluorinated This will weaken the FCH3 bond sulfficiently to enable F-
substrate and so enhances the probability of electron har-atom transfer without the need for s to d promotion
pooning. Charge transfer from the methyl substituent to the  Fig. 6 demonstrates, in an Arrhenius-like plot, that the
incoming L™ cation, and therefore the harpoon mechanism, reaction efficiency of the Lh reactions with CHF, here
is expected to be much less favourable with methyl fluoride. measured at constant temperature (295K), exhibits an ex-
Our experimental results suggest that*Qdf’5d'6s')
with two non-f valence electrons exhibits the highest effi-
ciency for F-atom abstraction followed closely by'L@&d?),
Ce" (4f15d°) and Lu (4f146<%) all of which also have two
non-fvalence electrons. The reactivities of the remaining Ln
cations, all of which have available only one non-f electron 107 5
(sh), are all less and decrease along the early and late lan-
thanide series. So apparently the s electron at most plays a
small role in determining these reactivities. Indeed, as shown 1024
in Figs. 2 and 5these decreasing reactivities correlate well
with the variation in the electron-promotion energy of"Ln
required to achieve a &f15d'6s! configuration. Thus, f to
d electron promotion appears crucial for the efficient occur- 10724
rence of F-atom transfer. Also, the relatively high efficiencies
of the reactions with La(5d%) and Cé (4f15c°) arelower

10°

Kk,

than that of the reaction with Gd4f’5d'6s!) and this sug- 0 20 40 60 80 100

gests a further correlation with the d to s promotion energy Promotion Energy/(kcal mol-!)

for these two lanthanide cations. Taken together, these cor-

relations indicate that two non-f electrons in ]Esjdconﬁg_ Fig. 6. Arrhenius-like correlation of reaction efficiency for F-atom abstrac-

uration are required for F-atom abstraction from4EHthe tion from CHF with the energy required to promote an electron and leave
the Ln" cation in a ds! configuration in the reactions of early and late'Ln

rga_ctlon OC_CurS _Vla meChamsm_l' We note that the trend ex- ions with CH;F. Lu* clearly is an exception to the trend observed for the
hibited inFig. 5is remarkably similar to that presented by |ate Lt ions.
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ponential dependence on the promotion energy according tobe excluded on the basis of an observed non-correlation of re-

Eq. (6). action efficiency with IE(L). A remarkable Arrhenius-like

K correlation is observed for the dependence of reactivity on

o= exp—XEp) (6) promotion energy: the early and late lanthanide cations ex-
C

hibit characteristic temperatures of 18,000 K and 4400 K, re-
A remarkable aspect of these results is the distinct differencespectively. A rapid second F-atom transfer occurs with*,.aF
inthis dependence between the early and late lanthanide ionsCeF", GdF", TbF" and LuF but there was no evidence for a
Itis interpreted as HTe, the slopes of the semi-logarithmic  third fluorine-atom abstraction with any of the LyfFeations.
plots in Fig. 6 indicate characteristic temperatures of BothLnF" and Lnk* can add methyl fluoride molecules un-
18,000+ 2400 and 4408-200K for F-atom abstraction der the experimental operating conditions of the ICP/SIFT
with the early and late lanthanide cations, respectively. Lu tandem mass spectrometer.
again appears anomalous in that its reactivity is abnormally
high. We postulate, as we have done before for reactions
of Ln* with N,O [9], that the dif_“ference in characteristic _Acknowledgments
temperature possibly can be attributed to the energy associ-
ated with the electron promotion. Electron promaotion in the
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