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Reactions of Methyl Fluoride with Atomic Transition-Metal and Main-Group Cations:
Gas-Phase Room-Temperature Kinetics and Periodicities in Reactivity
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Reactions of ChF have been surveyed systematically at room temperature with 46 different atomic cations
using an inductively coupled plasma/selected-ion flow tube tandem mass spectrometer. Rate coefficients and
product distributions were measured for the reactions of fourth-period atomic ions ffam 8¢", of fifth-

period atomic ions from Rbto Te" (excluding T¢), and of sixth-period atomic ions from Cgo Bi*.

Primary reaction channels were observed corresponding to F atom transgéra@tltion, HF elimination,

and H elimination. The early-transition-metal cations exhibit a much more active chemistry than the late-
transition-metal cations, and there are periodic features in the chemical activity and reaction efficiency that
maximize with Ti", As*, Y*, Hft, and Pt. F atom transfer appears to be thermodynamically controlled,
although a periodic variation in efficiency is observed within the early-transition-metal cations which maximizes
with Ti*, Y+, and Hf*. Addition of CHsF was observed exclusively ©9%) with the late-fourth-period cations

from Mn* to Ga', the fifth-period cations from Ruto Te", and the sixth-period cations from Hgo Bi* as

well as R€&. Periodic trends are observed in the effective bimolecular rate coefficient feff @#tlition, and

these are consistent with expected trends in the electrostatic binding energies of the adduct ions and measured
trends in the standard free energy of addition. HF elimination is the major reaction channel Wwitivhils
dehydrogenation dominates the reactions of,\Ws", Ir*, and Pt. Sequential F atom transfer is observed

with the early-transition-metal cations, with the number of F atoms transferred increasing across the periodic
table from two to four, maximizing at four for the group 5 cations'{§) and Ta (d®s!), and stopping at

two with V*(d%). Sequential CkF addition was observed with many atomic cations and all of the metal
mono- and multifluoride cations that were formed.

Introduction in the absen&and in the presené®f benzene, with hexafluo-
o ) ) robenzené? with benzené, with nitrous oxidel® with carbon
Methyl fluoride is a simple model molecule well suited for  joxide11 and with carbon disulfidé These surveys are driven
studies of C-F bond activation and the competition between in part by their fundamental importance, but also by the use of
C—F and C-H activation. Although selective activation of& molecules for the chemical resolution of isobaric interferences
bonds has been the subject of a recent feature article by Mazurek,, |cp mass spectromet’:14 Here we report results obtained
and Schwarz with a particular view to surface and gas-phasefor reactions of 46 different atomic cations with methyl fluoride.
react!onsl, experimental studies of €F bond activation by  \ethyl fluoride has been used recently as a selective reagent
atomic cations have not been extensive, particularly WithfFCH i, the resolution of th€’Rb™/87Sr+ isobaric interference in the
FT-ICR mass spectrometry, in which laser ablation/ionization dynamic reaction cell of an ICP-MS instrument used for the
serves as the source of atomic cations, has been used previously /s, age determination of magnetic roék&Ve have system-

to study F atom transfer from GH to Ti*,? from CHgF to Ca, atically surveyed reactions of GR with fourth-period atomic
Sct, Ti*, V¥, and Y*,2 and from CF, CHF;, CHsF, GoFg, 1,1- cations from K to Se", of fifth-period atomic cations from
CHaP, and GFs to six lanthanide monocations, Gér", S, Rb* to Te" (excluding T¢), and of sixth-period atomic cations
Ho™, Tm", and Yb'.* Only one theoretical investigation appears  from Cs to Bi*. The results of our recent ICP/SIFT measure-
to have been published so far, that of Harvey ef aihich ments of room-temperature reactions of 14 atomic lanthanide
points toward a “harpoon mechanism” for the F atom transfer aiions with methy! fluoride already have appeared in the
from CHsF to Ca'. literaturel®

The recent configuration of an inductively coupled plasma/
_selected-ion flow tube (ICI_:’/SIFT) tandem mass SpeCtromet_erExperimental Method
in our laboratory has provided the means to survey trends in
chemical kinetics for room-temperature reactions of atomic  The experimental results reported here were obtained using
cations with gaseous molecules across and down the periodicthe SIFT tandem mass spectrometer described in detail else-
table. Already we have surveyed reactions of atomic cations in where!314This instrument was recently modified to accept ions
the fourth, fifth, and sixth periods with molecular oxygen, both generated in an inductively coupled plasma (ICP) torch (ELAN
series, Perkin-Elmer SCIEX) through an atmosphere/vacuum
*To whom correspondence should be addressed. E-mail: dkbohme@ iNterface. The ICP ion source and interface also have been
yorku.ca. Phone: (416) 736-2100, ext 66188. Fax: (416) 736-5936. described previousl,;18as has the preparation of the solutions
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TABLE 1: Rate Coefficients (cm® molecule™! s™1), Reaction Efficiencies k/k.), and Product Distributions (PDs) for Reactions of
Atomic lons M* with Methyl Fluoride in Helium at 0.35 + 0.01 Torr and 295+ 2 K Ordered According to the Period in the
Periodic Table?

primary

M kb an/107°° k/ke product PD higher order product ions
K+ <1lx10%? 2.27 <4 x 104 none
Ca' 2.6x 10710 2.26 0.12 CaF 100 CaF(CHsF)i—2
Sct 1.1x 10°° 2.21 0.50 ScE 100  Sch*(CHsF)o 4
Tit 1.3x 107° 2.19 0.59 TiF 100 TiRg', TiF2"(CHsF)1-4, TiFsT(CH3F)1—3, CHF", CHst, CH3™(CH3F),

CH,F*(CH3F)
\Yas 1.7x 10710 2.15 0.079 VE 100 VF'(CHsF)i—s, VF;"(CHzF)o-4
crt 1.1x 10 213  53x10°%  CriCHF 98 Cr(CHsF)s

CHyF* 2

Mnt  60x 102 212  28x10°%  Mn*CHsF 100 Mn(CHsF),
Fe" 15x 10 210  7.1x 103  Fe'CHF 100 Fe&(CHsF)
Cot  18x10% 210  86x10% Co'CHsF 100 Cd(CHsF)s
Nit  23x10% 209  0.011 NICHsF 100  Nif(CHsF), 4
Cu"  87x102 208  42x10° Cu'CHF 100 Cu(CHsF)
Znt 46x102 208  22x10°  Zn"CHF 100  Zrf(CHsF)
Gat =<50x108 205 =<24x10% GaCHF 100 Ga(CHsF)

Ge* 5.8x 10710 2.03 0.29 GeF 100 GeF(CHzF):2
As* 9.1x 10710 2.01 0.45 AsCH" 97 AsCH'(CHsF)
As"CH3F 3
Se" <1x10® 2.00 <5x 10* none
Rb" 1.3x 101 1.97 6.7x 104 Rb"CH3F 100 none
Srt 14x 1074 1.97 7.1x 1073 SrF" 96 SrP(CHsF). 2
Sr*CHsF 4 St(CHsF),
Y+ 1.7x 107° 1.96 0.86 YE 100 YR (CHsF)o-4
Zrt 1.2x 10°° 1.95 0.60 ZrF 100 Zer'3+, ZI'F3+(CH3F)173, CH3+, CH3+(CH3F)
Nb* 7.4x 10710 1.95 0.38 NbF 100 NbR-4", NbR (CHsF)y 2

Mo™* 2.8x 10712 1.94 1.4x 1073 MOTCHzF 100 MO (CH3F)—4
Ru™ 3.2x 10712 1.94 1.6x 1073 Ru™CHsF 100 RU(CHsF)23
Rh* 2.7x 10712 1.91 1.4x 1073 Rh™CHsF 100 RH(CHsF).3
Pd* 5.1x 10712 1.91 2.7x 1073 Pd CHsF 100 Pd(CHsF)23
Agt  31x10%  1.90 1.6x 10°  Ag'CHsF 100 Ag(CHsF)s
Cd" 1.4x 10712 1.89 7.4%x 1074 Cd"CHsF 100 Cd(CHsF),
In* 1.2x 10712 1.88 6.4x 1074 InNtCHsF 100 none

Sn” 1.9x 10712 1.88 1.0x 1073 S CHsF 100 Sr(CHsF),
Sb" 4.7 x 10712 1.88 2.5x 1073 Sb"CHsF 100 SB(CHsF),
Tet 5.6x 10713 1.87 3.0x 104 TetCHsF 100 none

Cst  =<5.0x101 1.87 <2.8x 10* Cs'CHsF 100 none

Ba* 6.4x 104 1.86 0.034 BaF 100 BaF(CH3F)i—3
La® 45x 10710 1.86 0.24 LaF 100 Lak", LaR"(CHsF)i-3
Hf* 1.1x10° 1.82 0.62 HfFE 100 HfR—3", HfF3"(CH3F)1 2 CHs", CH3"(CHsF), CHF', CHFF(CH3F)
Tat 7.0x 10710 1.82 0.38 TaF 100 Tak-4%, Taks,s"(CHsF)12
wt 1.9x 10710 1.82 0.10 WCHFE 95  W(CHF)"(CHzF)o-2
W+CHsF 5  WH(CHsF),
Re* 1.7x 10712 1.82 9.3x 10* RefCHzF 100 Ré(CHsF)3
Os* 1.8x 107 1.82 0.099 OsCHF 98 OSCHF(CHsF): 2
OsCH" 2 Os'(CH,)(CHF)1(CHsF)1 2
Irt 6.6 x 10710 1.82 0.36 IrCHE 97  IrCHF(CH3sF)1-3, Ir(CHF)2*(CH3sF)o-2, Ir(CH2)(CHF)1 2" (CH3F)1 2,
|r(CH2)2(CHF)+(CH3F)1,2
IrCHy" 3
Pt 1.4x10° 1.81 0.80 PtCHF 95 PtCHF(CHsF).3
PtCH," 5 PtCH"(CHsF).2

Au™ 8.9x 10712 1.80 49x 1073 AutCHsF 88 AU (CH3F),
AuCH,* 12 AUCH*(CHsF).2

Hg 25x 1072 1.80 1.4x 10  Hg'CHsF 100 Hg(CHsF)

TI* 5.2x 10713 1.80 2.9x 104 TITCHsF 100 none

Pb" <5.0x 10713 1.80 <2.8x 10*% Pb'CHsF 100 none

Bif 1.0x 10712 1.80 5.8x 104 BiTCHsF 100 none

2 Higher order product ions are also indicaté®easured reaction rate coefficient with an estimated accuragyd6#. The rate coefficient for
an addition reaction is an effective bimolecular rate coefficient ks[He], whereks is the rate coefficient for the corresponding termolecular
reaction. This rate coefficient will depend on the helium pressure (and the nature of the stabilizing third Badgylated collision rate coefficient
(see the text)d PD = product distribution expressed as a percentage with an estimated uncertainty of less than 5%. The minor gfssdb)ietse(
not due to impurities given the nature of the known impurities {8iffd (CH).O) and their amounts<(1%).

containing the metal salt of interest which were peristaltically Energy levels as high as 3.7 eV 310* cm™1) were included
pumped via a nebulizer into the plasita. in the calculations. The calculations show that excited states of
Atomic ions emerge from the ICP at a nominal ion temper- the main-group elemental cations except Bae high in energy
ature of 5500 K with corresponding Boltzmann state distribu- and contribute little (never more than 10%) to the total ion
tions. These distributions have been derived from available population at 5500 K. The grouri® state of Ba contributes
optical spectr¥-20 and reported by us previously for the two 44% and the excitedD state 55% at 5500 K. The state
electronic spin states with the highest population at 5500 K. distributions are more variable for the transition-metal cations.
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Excited states contribute 20% or less toward the populations of rate coefficients, and reaction molecularity. Rate coefficients
Crt, Mn*, Ni*, Cu*, Zn*, Rh*, Pd", Ag*, Cd" Re*, Au*, and for the primary bimolecular ionmolecule reactions are deter-

Hg* and 50% or more toward the populations of TY ™, Zr", mined from the rate of decay of the reactant ion intensity with
Nb*, La*, and Irf, with Sc", V*, Fe", Co", Mo™, Rut, Hf, an uncertainty estimated to be less the80%21314Often slow
Ta*, W+, and Pt having intermediate distributions with ©s  adduct formation is observed exclusively, and this can introduce
not known. curvature into the primary ion decay due to the occurrence of

The ions emerging from the ICP are injected through a the reverse reaction (the extent of curvature will depend on the

differentially pumped sampling interface into a quadrupole mass Strength of the adduct bond being formed). Weak adduct
spectrometer and, after mass analysis, introduced through arPonding can lead to early curvature in the ion decay and so
aspirator-like interface into flowing helium carrier gas at 0.35 Prevent the proper definition of the forward rate coefficient;
Torr and 295+ 2 K. The ions are allowed to react with added ©nly the determination of a lower limit to the rate coefficient is
CHsF a few milliseconds downstream of the flow tube. possible under such conditions. The approach to equilibrium

After extraction from the ICP, the plasma ions may experience can be monito_red with a plot of the rati_o of the_ concentration
both radiative electronic-state relaxation and collisional electronic- ?rf thedgdguct |c:n ct>v_le_ir1.that t.Of th.ﬁ bare ion ag%lnst the Tlgw of
state relaxation. The latter may occur already with argon as the. € added reactant. This ratio will curve upward as equitibrium

extracted plasma cools upon sampling and then by collisions is approached and increase linearly with flow when equilibrium

with He atoms in the flow tube (ca. # 1CF collisions with is achieved. Linearity in the ratio plot provides a measure of
He) prior to the reaction region, but the actual extent of the equilibrium constant, and so the standard free energy

electronic relaxation (either radiative or collisional) is not known change AG"r, for the addition reaction sincaG®r = —RTIn
and is difficult to assess. Almost all of the electronic states of "

the transition-metal ions have positive parity; electric dipole
transitions between states of the same parity are forbidden
(Laporte rule?! This means that radiative transitions between
different states in metal cations can be achieved only by either
magnetic dipole or electric quadrupole radiation. The prob-
abil'itigs fqr these transitions are very low, and the resulting Results and Discussion

radiative lifetimes are on the order of seconds or larger. The

time interval in the ICP/SIFT experiments between the exit of ~ The reactions of CgF were measured with 46 atomic cations,
the ICP source and the entrance in the reaction region is ca. 20ncluding 29 transition-metal and 17 main-group cations. Both
ms, and therefore, no major modification of state distributions the primary and higher order chemistries were monitored. Table
can occur in this time interval by forbidden radiative decay. 1 summarizes the measured rate coefficients, reaction efficien-
That having been said, there were no indications of excited- cies, observed primary products and product distributions, and
state effects in our previous measurements of reactions®f N observed higher order product ions. The reaction efficiency is
with atomic cations derived from the same ICP source operatedtaken to be equal to the ratidk, wherek is the experimentally

in the same manner, except with"P® The many collisions measured rate coefficient akglis the capture or collision rate
experienced by the atomic cations with the quite polarizable coefficient.k:was computed using the algorithm of the modified
Ar atoms as they emerge from the ICP and the ca 40P variational transition-state/classical trajectory theory developed
collisions with He atoms in the flow tube (the helium buffer Py Su and Chesnaviéhwith a polarizabilityo(CHsF) = 2.97

gas pressure was 0.35 0.01 Torr) appear to be sufficient to A% and a permanent dipole momenj(CHsF) = 1.85 D2
provide for the thermalization of the excited states and ensure ~ The primary reactions exhibit a wide range in reactivity with
that the atomic ions reach a translational temperature equal tomeasured rate coefficients in the range frevh0*3 to 1.5 x

the tube temperature of 2952 K prior to entering the reaction ~ 10~° cm®* molecule™* s™%. The five different channels indicated
region. However, the exact extent of electronic relaxation is In reaction 1

uncertain. Clues to the presence of excited electronic states of + .

the atomic ions in the reaction region can be found in the product M™ + CH;F — M"CH;F (1a)

ions observed and the shape of the semilogarithmic decay of

Methyl fluoride was introduced into the reaction region of
the SIFT as a dilute mixture in helium~@5%). The methyl
fluoride was obtained commercially and was of high purity
(Matheson Gas Products99%), with Sikz and (CH)20 being
the quoted impurities.

. +
the reacting atomic ion upon addition of neutral reactant. MF" + CH, (1b)
Curvature will appear in the measured atomic ion decay when . +
the ground state and excited state react at different rates even MCH," + HF (1c)
when they give the same product ions. An excited-state effect — MCHF" + H (1d)
cannot be seen when the products and reaction rates are the 2
same for both the ground and excited states, but in this case . CH2F+ + MH (le)

the measured atomic ion decay defines the ground-state kinetics.
Our growing experience has shown that excited states can revealyere observed in varying amounts with different atomic ions.
themselves when the ground state of the atomic ion reacts onlychannel 1a corresponds to molecular addition. ThesFCH
slowly by termolecular addition and excited states react rapidly aqdition is assumed to occur in a termolecular fashion under
in a bimolecular fashion. Our previous studies indicate that the gr experimental conditions, with He acting as the third bodly;
collisions with Ar and He ensure that most atomic ions reach a pg attempt was made to measure the pressure dependence of
translational and internal temperature equal to the tube temper-this channel since a |arge range in pressure was not experimen_
ature of 295+ 2 K prior to entering the reaction regién'2 tally accessible. The bimolecular channels correspond to F atom
Reactant and product ions were sampled still further down- transfer, channel 1b, HF elimination, channel 1c, dehydroge-
stream with a second quadrupole mass spectrometer and wer@ation, channel 1d, and hydride transfer to form the neutral metal
measured as a function of added reactant. The resulting profileshydride, channel 1e. No other bimolecular channels were
provide information about product ion distributions, reaction observed. Electron transfer is endothermic for all the atomic
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Figure 1. Periodic variations observed in the efficienciké; (represented as solid circles), for reactions of atomic cations with methyl fluoride.
k represents the measured reaction rate coefficientkaisdthe calculated collision rate coefficient (see Table 1). Also indicated are the observed
reaction channels and the electronic configurations of the atomic cations. The reactionsafdlPd were not investigated. The numbers in
parentheses indicate the number of sequential reactions of the same type. Trace agfi2#t)sqf MCH,* observed to be formed in the reactions
of Os', Irt, Pt", and Au" have not been included since these may be formed from excited M

ions investigated since the ionization energy ofsEhk quite transition-metal cations). The reaction of #g? proceeds
high, IE(CHF) = 12.47+ 0.02 eV?5 Hydrogen atom transfer  primarily (97%) by HF elimination to establish AsGHand
to produce MH + CH;F is also endothermic because of the only in minor amounts (3%) by addition (see Figure 2). The

relatively low hydrogen atom affinities of ) HA(M ™). Known observation of an early rapid rise in the production of small
values for HA(M") are <66 kcal mof™ for the atomic cations ~ amounts of CHF" (by hydride transfer, channel 1le) in the

investigated her&28 while D(CHF—H) = 103 + 3 kcal experiments with Cr provided an indication of trace amounts

mol~1.25 (ca. 2%) of excited Cfrin the initial Cr" cation population (our

A total of 19 of the 46 reactions investigated exhibit one or previous calculations indicate that only 80% of the" Gons
two bimolecular channels. The remaining 27 reactions were produced within the ICP are in the electronic ground stete).
relatively slow. A total of 25 of these (Mn Fe", Co", Nit, K*(s) and Sé(p?) were observed to be nonreactikes 1 x
Cut, Zn™, Ga", Rb", Mo™, Ru", Rh*, Pdf, Ag*, Cd", InT, 10713 cm?® molecule’® s™1. The FT-ICR reaction efficiencies
Snt, Sk, Te*, Cs", W', Re", Hg", TIT, Pb", Bi™) were previously reported by Harvey et afor F atom transfer from
observed to proceed by addition, channel 1a, which is expectedCHsF to Ca (0.08), S¢ (0.47), Tit (0.40), and V (0.11)
to proceed in @ermolecularfashion, while the remaining 2  generally are in agreement, within experimental error, with our
(K* and Sé) showed no products at all in the flow regime values of 0.12, 0.50, 0.59, and 0.079, respectively.
investigated. The predominant addition reactions with &nrd Secondaryand tertiary fluoride formation according to
Au™ were seen to compete with minor bimolecular reactions, reactions 2 and 3, respectively, were observed with the early-
and these could be attributed to excited states. Minor addition transition-metal ions.
was observed to compete with major bimolecular channels in
the reactions of As, Srt, and W+. Finally, minor HF elimina- MF" + CH,F — MF," + CH, (M = Sc, Ti, and V)
tion, channel 1c, was observed to compete wittelimination, (2a)
channel 1d, in the reactions of Qslrt, and Pt. Again, the " !
minor channels could be attributed to excited stagt]es. — MF,+CH;" (M =Ti) (2b)

Figure 1 displays the data in Table 1 on a periodic table 4 . .
(excluding the minor competing channels attributed to excited MF," + CH;F —~MF;" + CH; (M = Scand Ti) (3a)
states) and shows the trends in overall reaction efficiencies and T
product distributions across this table for the reactions of all — MF;+ CH; (M =Ti) (3b)
46 cations with CHF. It is immediately obvious from a quick ) ) )
glance at this table that the early-transition-metal cations exhibit A hydride transfer reaction between MFand CHF to give
a much more active chemistry than the late-transition-metal CHzF" and presumably M according to reaction 4 was
cations and that there are also periodic features in the chemicaloPserved with M= Sc and Ti.
activity and reaction efficiency that maximize with*TiAs™,

Y+, Hf*, and Pt. MF," + CHF — CH,F" + MF,H 4)
Fourth-Period Atomic Cations. With some important
exceptions, the majgorimary reaction channel observed with Secondary and higher order gfHaddition was observed with

fourth-period cations was either F atom transfer (with the early- M+t = Mn*, Fe", Co", Cut, Zn", and G& (n = 1) and Ni"
transition-metal cations and Geor addition (with the late- and Cr (n = 1-3), MF" = CaF" and GeF (n = 0-1) and
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Figure 2. Composite of ICP/SIFT results for the reactions of the fourth-period atomic cation&di, Cut, and As” with CHsF in helium buffer
gas at 0.35t 0.01 Torr and 295t 2 K.

VF* (n = 0-4), MR+ = Sck*, TiF;*, and VR (n = 0-3), by Harvey et aP for F atom transfer from CkF to Y+ (0.86)
and MR™ = ScF3 and Tik" (n = 0—2) cations according to  is in exact agreement with our result of 0.86. £Haddition
reactions 5-8. was observed for the remaining 11 atomic ions in this period
(excluding T¢).
M*(CH,F), + CHF — M (CHF), ;. (5)

Secondary and higher order fluoride formation according to
reaction 9 was observed for the early-transition-metal ions of
MF*(CH,F), + CHsF — MF(CH,F), ., (6) M+ =Y+, Zrt, and Nb" with nup to 1, 2, and 4, respectively.

MF,"(CH,F), + CHF — MF, (CH4F), ., ) MF," + CH;F — MF, ;" + CH, 9)

+ +
MF;"(CH;F), + CHsF — MF; " (CH;F), 1 ®) Secondary and higher order gHaddition was observed for

" _ M* = Cd", Sr", and St (n = 1), Ruf, Rh", Pd", and Ag" (n
All of these addition reactions are expected to be termolecular, _ 1-2), and Md" (n = 1-3) and YR" (n = 0—2) cations

with He buffer gas atoms acting as the stabilizing third body. ding t tions-57 and NbE+ (n = 0—1 ding t
Figure 2 provides data for the chemistry of TFe", Cu*, and accorcing fo reactions--an B ) according to

reaction 10.
As™ that exhibit the occurrence of each of the reactions 2 I
above. I +
Fifth-Period Atomic Cations. Without exception, either F MF," (CH;F), + CH;F — MF, " (CHSF), 14 (10)

atom transfer or CgF addition was the observegrimary

product channel with atomic cations in the fifth period. F atom Again, all of these addition reactions are expected to be
transfer was observed for four atomic cations?,S¥+, Zrt, termolecular, with He buffer gas atoms acting as the stabilizing
and Nb. The FT-ICR reaction efficiency previously reported third body and are seen to operate with, Rh", Pd", and S
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Figure 3. Composite of ICP/SIFT results for the reactions of the fifth-period atomic cationg®R¥", Pd", and SB with CHsF in helium buffer

gas at 0.35t 0.01 Torr and 295t 2 K.

in Figure 3, which provides experimental data obtained for the in the ICP for Ir, Pt", and Au" (Os" could not be estimatedy.

chemistry of these cations.

We can report here that our results for the reactions f Sr
and RU parallel those obtained in a dynamic reaction cell study
of the 8’Rb"/8’Sr" isobaric interferencé These two cations
react quite differently and with different rates: *Seacts only
by F atom transferk(= 1.4 x 10711 cm? molecule’! s™1), and
Rb"™ reacts only by ChF addition k = 1.3 x 10712 cm?®
molecule* s™1in He at 0.35 Torr). Itis precisely these attributes
that make CHF so attractive for the chemical resolution of this
isobaric interference.

Sixth-Period Atomic Cations. Dehydrogenation is a striking
feature of thgorimary chemistry exhibited by some of the sixth-

We do have previous evidence for the presence of excited Pt
in the reaction regiof?

Secondary and higher order fluoride formation was observed
with the transition-metal ions M= Hf* and Ta&. Higher order
fluoridation according to reaction 9 was observed with M
Hf* (n up to 2) and T& (n up to 4). Secondary and higher
order CHF addition was observed for V= Au™ and Hg" (n
= 1), Re" and O¢ (n = 1-2), and W (n = 1-3), MF*"
BaFt (n = 1-2), MRs* = HfFs™ (n = 0—1), and MR*
TaR" (n = 0—1) according to reactions 5, 6, 8, and 10. All of
these addition reactions are expected to be termolecular, with
He buffer gas atoms acting as the stabilizing third body. The

period atomic cations. In addition to F atom transfer (observed secondary and higher order chemistry withtHTa", Ir*, and

with Ba", La", Hf*, and Ta) and CHF addition (observed
with Cs", W*, Ref, Au*, Hg", TI*, Pb", and Bi"), dehydro-
genation, channel 1d, was observed witht(s 99%), Ir"
(97%), and Pt (95%). Some HF elimination to form MGH
cations was observed to compete in the reactions with=M
Os'™ (2%), Ir" (3%), Pt (5%), and AU (12%). The source of

Au™ is evident in Figure 4.

Efficiency and Mechanism of Fluorine Atom Transfer. F
atom transfer was observed with group 2 atomic ions (Ga',
Bat), with group 3 (S¢, YT, La"), group 4 (Tif, Zrt, HfY),
and group 5 (V, Nb*, Ta") transition-metal cations, and with
Ge'. The rate coefficients measured for F atom transfer are in

these minor product ions is not unambiguous; they may arise the range from 1.4x 10~ cm® molecule’® s (for Sr") to

from either ground-state or excited *Mcations given the
amounts of excited Mthat have been estimated to be formed

1.5 x 107° cm® molecule? s71 (for YT).
There is good agreement between our ICP/SIFT results and
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Figure 4. Composite of ICP/SIFT results for the reactions of the sixth-

gas at 0.35t 0.01 Torr and 295t 2 K.

those reported in a previous, albeit more limited, FT-ICR study
of reactions of M ions with CHF.# Fluorine atom transfer from

CH,F Flow/(lO17 molecules s‘])
period atomic cationsTHf, Ir™, and Au" with CHsF in helium buffer

TABLE 2: F atom Affinities (kcal mol ~1), FA(M*) =
Dr(M*—F), for Some Atomic Cations

CHsF was observed using FT-ICR for €aSct, Ti*, V*, and M* FAM™) TIK ref
Y* with efficiencies of 0.08, 0.47, 0.40, 0.11, and 0.86, Ca' 131.0 0 29
respectively, which agree, within experimental uncertainty, with 133.2+2 298 30, 31
our values of 0.12, 0.49, 0.59, 0.079, and 0.77, respectively. ~ 5S¢ 150.2 298 32
The earlier ICR value for Tiof 0.055 k= 1.2 x 10719 cm? .?lcf >i(2)3'2 ggg g’g
molecule’! s7%)? is about 10 times smaller than our value of 118+ 9 298 2
0.59 k = 1.3 x 107° cm® molecule’® s71). The precise origin crt 73 0 34
of this discrepancy is not clear, but these early ICR results may 71.54+7.3 298 35
have been influenced by a poor pressure calibration. Fe’ 100.9 0 36
The F atom transfer channel 1b is exothermi®{*—F) Cot gi'gi 75 298 gg’
> D(CH3—F) = 113 4+ 1 kcal mol12®> F atom affinities Ni+ <109 208 38
available for M" cations from either experiment or theory are cut 76.2 0 39
listed in Table 2. These values indicate that F atom transferis  Sr* 131.7 0 29
exothermic with C&, Sct, Ti*, Sr*, and La and endothermic La* 174.9 0 40
with Cr*, Fet, Ni*, Cu*, and Auf. Secondary F atom transfer Au® 18 0 41
to ScF is also exothermic. Our kinetic results indicate the T gg 29(5)3 g

occurrence of exclusive F atom transfer for all the exothermic

reactions and CHF adduct formation with all the endothermic  Figure 1 shows a periodic variation in efficiency for F atom
reactions. Therefore, the occurrence of F atom transfer appeargransfer observed with the early-transition-metal cations. On this
to be thermodynamically controlled (see Figure 5), although basis we can predict the F atom affinities of \Ge", YT, Zr™,
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Figure 5. Dependence of the reaction efficiendyk., on the F atom
affinity, FA, of the cation.k represents the measured reaction rate
coefficient, and is the calculated collision rate coefficient (see Table
1). Reactions on the right of the dashed line are exothermic for F atom
transfer, while those on the left are endothermic. Solid circles indicate
the observation of F atom transfer, while open circles indicate the
observation of CkF addition.

Nb*, Ba", Hff, and T4, all of which were observed to react
with CHsF exclusively by F atom transfer, also to bd 13 +

1 kcal mofl?, and those of Mh, Co", Zn*, Ga", Rb", Mo,
Ru*, Rh*, Pdf, Ag*, Cd", In*, Sn", Sb*, Te", Cs", W, Re",
Hg*, TI*, Pb*, and Bif, all of which were observed to react
exclusively by CHF adduct formation, to be<113 + 1 kcal
mol~2.

Figure 5 shows the variation of reaction efficiency with
available fluorine atom affinities, FA(N). The M cations for
which F atom transfer is endothermic react by £Eddition.
The reaction efficiency is seen to be high for the transition-
metal ions Ti(*F) and S¢(®D), but the exothermic F atom
transfer reactions with the alkaline-earfi$) cation C&, and
especially Sr, proceed with low efficiency (as do those with
Ba"(2S) for which the fluorine atom affinity is not known). Our
previous results with O atom transfer reactions of With N,O
suggest that low efficiencies for exothermic atom transfer can
arise from intrinsic kinetic barriers or curve crossings that are
required for the change in spin multiplicity that may be
necessary for the overall spin to be conservethe low
reactivity of Ca has been previously addressed with ab initio
computational studies of the potential energy surface for the
reaction of C& with CHsF for which the experimental reaction
efficiency suggests a small kinetic barrier lying in the vicinity
of the energy of the entrance chanfdDensity-functional
calculations led to an underestimate of the reaction barrier,
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Figure 6. Variation in the efficiencyk/k,, of F atom transfer from
CHsF to atomic cations with the second ionization energy of M, IE-
(M*). An uncertainty of 30% is assigned to the experimental value of
k/k.. lonization energies are taken from ref 45.

measurements (see Figure 6) as was also the case in our previous
systematic study of F atom transfer reactions of lanthanide
cations with CHF 16 Thus, our measurements of F atom transfer
reactions of atomic cations with GHindicate a preference for
the insertion/elimination mechanism commonly accepted for
bond-activation reactions with other related molecules such as
CHj.44

HF and H; Elimination. HF elimination was observed as
the major reaction channel with As(97%) and a minor
competing channel in the reaction with O&%), Ir* (3%),
Pt (5%), and AU (12%). As far as we are aware, there has
been no previous report of such a reaction channel for reactions
of atomic cations with CkF at 300 K. However, hydrogen
halide elimination has been observed previously for the reactions
of Au™ with CHzX (X = CI, Br, and 1}>46and for the reactions
of Cut(1S, °D) and Au(S, °D) with CH3Br.47

The high reactivity of A% is remarkable, especially in
comparison with the much lowee(00 times) and different
reactivity of S and Bi*, even though all three cations have a
d%s?p? electronic configuration with two p electrons available
for bonding. We do not have thermodynamic information on
the :CH affinities of these three cations, although we do know
that the O atom affinity decreases down this column on the
periodic table. Therefore, Asis the cation with perhaps the
highest :CH affinity of these three atomic cations (it has the
highest O atom affinity} and so may well be the only atomic
cation of these three for which W=CH, formation is exother-
mic (just as appears to be the case fofr#® formation in O
atom transfer with BO).1° Assuming that the observed HF
elimination reaction with AS is exothermic, we can recommend

whereas ACPF and CCSD(T) calculations with large basis setsthat D(As*—CH,) = D(HF—CH,) = 87 kcal mot1.25

provided good agreement with experiméfurther analysis of
the curve-crossing behavior of the potential energy surface in
the vicinity of the transition state using valence bond theory
indicated a tightly bonded transition state in which an electron
is transferred from calcium to GH before the ensuing bonding
of C&* with a fluoride anion (a so-called “structured harpoon”
mechanisn? similar to the harpoon-like mechanism suggested
previously for reactions of lanthanide atomic cations withgEH
The correlation of reaction efficiencies with IE(Y1expected

The dominant reaction channel for the reactions of the triad
Os' (98%), Ir" (97%), and Pt (95%) with CHsF is dehydro-
genation to produce MCHF This suggests thd@(M*—CHF)
> D(H,—CHF) = 85 & 3 kcal mol?! for these three transition
metals?® The dehydrogenation channel has not been observed
previously in studies of metal ions with alkyl halid®s'” but
has been reported for reactions of transition-metal ions with
various alkane$? 5!

CH3F Addition. Addition of CHsF was observed exclusively

from such a mechanistic scheme is not supported by our (>99%) with the late-fourth-period cations from Mo Ga',
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Figure 7. Variations observed in the effective bimolecular rate
coefficient (open circlesk, and the standard free energy change (solid
circles) for CHF addition with the electron configuration of the bare
atomic cations.

the fifth-period cations from Ruto Te", and the sixth-period
cations from Hd to Bi* as well as R&. All these addition
reactions were observed to proceed with relatively small
effective bimolecular rate coefficientss7.8 x 107 cm?®
molecule! s, and are presumed to occur by collisional
stabilization at 0.35 Torr of He, reaction 11,

M™ + CH;F + He— M (CH,F) + He (11)

rather than by radiative association (however, pressure-depend-
ent studies were not performed). Figure 7 shows the variation

in the magnitude of the effective bimolecular rate coefficients
across the three periods of the periodic table for thesfCH

addition reactions that were investigated. No reactions or

products were observed with™K(group 1), which has a rare-
gas electron configuration, or with Sewhich has a p half-
filled electron configuration. Failure to observe ¢Haddition

with these two ions can be attributed to the weaker bonding
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Figure 8. lon signal ratio plots showing the observed variation in the
ion signal ratios for MA(CHsF)/Mn*™ and Mn"(CHsF)/Mn*(CH3F)3

with the flow of CHsF. The first CHF addition exhibits equilibrium,
while the fourth CHF addition does not but exhibits an approach to
equilibrium (the straight line drawn through the last data point provides
a lower limit to the equilibrium constant).

in repulsion between the metal d orbitals and the occupied
orbitals of CHF. Therefore, minima in the binding energy in
the fourth period should appear for M{@dP4s!) and Ga (3d°-
424 with which the repulsion is largest. The increase ih-M
CHgF attraction due to decreasing size determines the trend in
increasing bond energy observed just beyond"Mnd Gd.
These minima give rise to the minima in the periodic variation
in the effective bimolecular rate coefficient for @Haddition
seen in Figure 7 and also the minima seen withimthe fifth
period and Tt in the sixth period.

We also have explored the variation in the binding energy
of the observed adduct ions by attempting to determine the
standard free energies of addition from measurements of
equilibrium constants. The variations in standard free energy
should be similar to variations in the binding energy or enthalpy
since large variations in the entropy change are not expected.
A typical standard entropy charfgdor addition of a ligand to
atomic ions of—20(%5) cal mol! K= would lead toAH® =
AG® — 6(+£1.5) kcal mot™.

Equilibrium analyses performed on the kinetic results indicate
that equilibrium is attained in some of the M addition
reactions. These analyses are based on plots of product-to-
reactant ion signal ratios as a function of §&Hlow. Equilib-

rium is achieved when this plot achieves linearity, viz., when
[M*(CHzF)n+1)/[M T(CH3F),] = K[CH3F]. Some ion signal ratio
plots were nicely linear, whereas others only approached
linearity. The latter provide only lower limits t§ (see Figure

with CHsF expected from these electronic configurations. Weak =/

bonding will decrease the rate of addition by decreasing the

Higher Order F Atom Transfer. Two or more sequential

lifetime of the intermediate adduct ion and also may lead to F atom transfer reactions were observed with the early-transition-
adduct dissociation upon sampling. Indeed, the periodic trendsmetal cations (groups-35). The number of sequential F atom

in effective bimolecular rate coefficients apparent in Figure 7

transfer reactions increases across the periodic table from two

are consistent with expected trends in the binding energies ofto four, maximizing at four for the group 5 cations Ni)
the adduct ions. Since the degrees of freedom of the intermediateand Ta (ds"). These results can be understood simply in terms
adduct ions are the same for this family of reactions, the relative Of electron pairing, although ¥(d*), which was observed to

lifetimes of the intermediates and therefore the effective
bimolecular rate coefficients for addition will be sensitiwely

to the binding energiesWe saw this recently for addition
reactions of these same atomic ions with&@d C$.1112The
bonding with these two molecules, as well as with :EHis
expected to be primarily electrostatic so that variations in

add only two F atoms in succession, appears to be anomalous.
Table 4 lists the rate coefficients for primary and higher order
F atom transfer that could be measured, and Figure 9 shows
graphically how they vary with the number of F atoms
transferred for reactions of GH with group 3-5 atomic metal
cations. With the exception of the reaction of VRhe rate

binding energy should follow the trend in ion size and the trend coefficients for the second F atom transfer are all somewhat
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Figure 9. Observed variation of the rate coefficient with the number
of F atoms transferred for reactions of @Hwith group 3-5 atomic
metal cations. The rate coefficients for the reactions with TiErF,",
and HfR" are the total rate coefficients for MF CH,F', and CH*
formation. The rate coefficient for the reaction with ¥I5 the total
rate coefficient for formation of VE and VF(CHsF).

higher, but not more than 2.6 times, than that for the first F
atom transfer.

MF3* formation by reaction 2a was observed exclusively with
NbFR* and Tak* and competed with C}F", CHz*, and MR-
(CHgF) formation in the reactions with TiF, ZrF,*, and HfR™.
MF,+ formation was restricted to Nb and Ta; NgyFand Tak™
reacted further with CEF by addition with effective bimolecular
rate coefficients ok = 6.4 x 1071° and 7.4x 10710 cm?
molecule! s71, respectively (see Figure 4).

The internal energy distributions of the reacting MREn >
0) ions are not known since they are formed in exothermic
reactions within the reaction region and may not be totally
relaxed by collisions with the helium buffer gas atoms prior to
their further reaction.

Higher Order CH sF Addition. At least two CHF molecules

were observed to add sequentially to the fourth-period cations

Crt (1.0), Mn* (1.1), Fe (8.9), Ca', Ni* (5.9), Cuf (3.3), Zn"
(0.34), and G, the fifth-period cations M6 (0.87), Ru (0.89),
Rh* (0.97), Pd (0.90), Ag", Cd* (0.18), Srf (0.19), and Sb,
and the sixth-period cations ¥M0.19), R€, and Hg", where

Zhao et al.

in Table 3 are generally unknown from previous measurements
or calculations, as far as we are aware. There is not much to be
discussed about trends in these data since many of the measured
equilibrium constants simply are lower limits and the standard
free energies derived from them are upper limits. In one case
(Mnt) there is a definite increase iRAG® for the addition of

a second ligand and in another (Pca definite decrease in
—AG?® for the addition of a third ligand.

CHsF addition was also observed with all of the metal mono-
and multifluoride ions that were formed (see Table 1). For these
ions, higher order chemistry was observed under our operating
conditions involving multistep (up to four) sequential addition
of CHsF to their mono- or multifluoride cations.

Higher Order Hydride and Fluoride Transfer. Unexpected
and unusual higher order reactions were observed with the group
4 transition-metal cations T{d?s!), Zr*(d%s!), and Hf(d's?)
upon a careful inspection of the product ratio plots. The third F
atom transfer was observed to compete with hydride transfer,
reaction 12a, and fluoride transfer, reaction 12b,

MF," + CH;F — CH,F" + HMF, (12a)

— CH," + MF, (12b)
to form neutral, almost fully oxidized metal halides. This
chemistry initiated by Ti is summarized in Scheme 1 for
illustration, along with the extensive clustering with methyl
fluoride that ensues. The early ICR study of Uppal and Staley
indicated the occurrence of the reaction sequence leading to
the formation of CHF™ from Ti™ via the formation of TiF

and TiR".2

Table 1 includes the tertiary products and theirsElddducts
observed with Zt and Hff. ZrF," did not seem to undergo
reaction 12a.

Higher Order HF and H , Elimination. The observed higher
order chemical reactions initiated by the sixth-period catidn Ir
and to a lesser extent Wand Og, and expressed in reactions
13-17,

WCHF" + CH,F — W(CHF)," + H, (13)

OsCHF/OsCH," + CH;F — Os(CH)(CHF)" + HF/H,
(14)

the number in parentheses is the measured effective bimolecular

rate coefficient for the second addition in units of 3bcm?®
molecule! s71. Most of these rate coefficients are up to 4 times
higher,k = 1.8 x 10712 cm?® molecule® s71, than the primary

ones, and this can be attributed to the increased number of

IFCHF" + CH,F — If(CHF)," + H, (15)

IFCHF/IrCH," + CH,F — Ir(CH,)(CHF)" + HF/H% )
16

degrees of freedom in the secondary reaction intermediate, which

leads to longer intermediate lifetimes and so higher rates of
collisional stabilization. Similar behavior also has been observed

in our laboratory for other related systef3:>*Exceptions are
seen for Ct (1.1> 1.0), Zn" (0.46> 0.34), Sri (0.19=0.19),
and WF (0.95> 0.19), and these may point to the influence of

Ir(CH,)(CHF)" 4+ CH3F — Ir(CH,),(CHF)" + HF an

are a repetition of the primary hydrogen and hydrogen fluoride
elimination reactions seen with these cations. The internal energy

the relative binding energy of the adducts on the intermediate distributions of the reacting secondary and tertiary ions are not

lifetime. It is not possible to be more definitive.
A large number of the higher order GHaddition reactions

were also observed to approach and attain equilibrium under
the flow tube conditions that were employed. Table 3 lists the
absolute and limiting values for equilibrium constants that were

measured for the addition of up to four molecules of:EHDb

various M ions. Also included are the standard free energies

of association derived frodG° = —RTIn K at 295+ 2 K.
The standard free energies for gfHaddition that are reported

known since they are formed in exothermic reactions within
the reaction region and may not be totally relaxed by collisions
with the helium buffer gas atoms prior to their further reaction.
None of this chemistry appears to have been reported previously.

Conclusions

The room-temperature reactions of atomic transition-metal
and main-group cations with GH exhibit a range of channels
and efficiencies that show a periodic variation across the periodic
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TABLE 3: Equilibrium Constants, K (Standard State= 1 atm), Measured for Formation of M*T(CHzF), lons from Sequential

CHsF Addition to Atomic Cations at 295 + 2 K2

K (AG®)
M+ M*(CHsF) M*(CH3F), M*(CHzF); M*(CH3F),
Crt >1.3x 10°(<—8.4) 1.3x 10 (—9.7)
Mn* 1.3x 10°(—8.3) 2.8x 10°(—8.8)
Fet >1.3x 10°(<—8.4) >1.3x 107 (2—9.7) >6.0x 107 (<—10.6) 1.5x 10°(—8.4)
Co* 2.7 x 10°(<—8.8) 4.0x 107(—10.4)
Ni+ >3.7 x 10°(<—8.9) >3.0x 107(<—10.2) >1.2x 107 (<—9.6) 1.4x 10°(—7.0)
cu >1.2x 10°(<—8.3) 3.8x 107(—10.3)
zZnt >4.8x 10°(<—7.7) >3.2x 10°(<—8.9)
Ga 1.0x 10°(—6.8)
Rb* 4.3 x 10/(—6.3)
Mo* >4.0x 10°(<—7.6) 1.0x 107(—9.5)
Ru* >4.0x 10°(<—7.6) 1.0x 107(—9.5)
Rht >7.5x 10°(<—8.0) 4.2x 10°(—9.0)
Pd" >6.0x 10°(<—7.9) 7.0x 10°(—9.3) 1.4x 10°(—7.0)
Ag* >4.0x 10°(=—7.6)
cd* >2.0x 10°(<—7.2) 7.1x 10°(—8.0)
In* 8.4x 104(—6.7)
sn >2.9x 10°(<—7.5) 6.0x 10°(—7.9)
Sb* 7.3x 10°(—8.0)
Tet 4.2 x 10/(—6.3)
Cs 2.8x 104(—6.1)
Ret >1.2x 10°(<—6.9)
Aut >1.3x 10°(=—8.3) 1.0x 107(—9.6)
Hg* >2.8x 10°(=—7.4)
TI* 3.2x 104(—6.1)
Pbt 4.9x 10°(—6.4)
Bit 6.5x 10*(—6.6)

aThe standard free energy changa&§°(kcal molY) = —RT In K, are given in parentheses and have an uncertainty estimated to be no more

than 0.3 kcal mot*.
TABLE 4: Rate Coefficients (cm® molecule ! s™1) Measured SCHEME 1
for Sequential F Atom Transfer Tit
first second third fourth +CH,F| -CH,

Scf 1.1x10° 1.7x10°

Tit  1.3x10° 1.8x10° 1.3x 10792 TiF*
VJr 1.7 x l(flo 1.3 x l(TlOb +CH;F| -CH;
Y+ 1.7x 10°° 2.7x10°

Zrt 1.2x 10°° 2.4x10° 2.0x 10792 TiF,*
Nb*  7.4x101° 1.9x10° 2.0x 10° 2.1x10° 2
Lat 7.1x10 1.0x10° +CH;F

Hf+ 1.1x 10°° 1.8x 107° 1.8x 107°2

Ta" 7.0x10% 1.7x10° 1.3x10° 9.9x 10710 59% 23%] -HTiF, 10% | -TiF; 8% [ -CH;

aTotal reaction rate coefficients for MF, CH,F*, CHs", and y
M*(CHsF) formation.” The branching ratio for VF/VF*(CHsF) TiF,"(CH;F) CH,F* CH,* TiFs*
formation was determined to be 3/7.
table that maximizes with Ti As*, Y*, Hf*, and Pt. Primary +CH;F +CH;F +CH;F +CH;F
reaction channels include F atom transfer,sEkddition, HF , ¥ ¥ ¥
elimination, and H elimination. The early-transition-metal TiF,*(CHyF), (CH,F*)(CH;F) (CH;")/(CHyF) TiFs (CH;F)
cations exhibit a much more active chemistry than the late-
transition-metal cations. F atom transfer appears to be thermo- +CH3F +CH;3F
dynamically controlled but exhibits a periodic variation in ) |
efficiency with the early-transition-metal cations that maximizes  pp +CH.F -

. . - . TiF;"(CH;F
with Ti*, Y*, and Hff. Addition of CHsF occurs exclusively 2 (CHsDs i3 (CHsF):
(>99%) with the late-fourth-period cations from Mo Ga', +CH;F +CH;F
the fifth-period cations from Ruto Te", and the sixth-period '

. 5 - .
cations from Hg to Bi* as well as Ré. Periodic trends in the TiF;*(CH,F), TiF;(CH, ),

effective bimolecular rate coefficient for GH addition are
consistent with expected trends in the electrostatic binding
energies of the adduct ions and measured trends in the standar
free energy of addition. HF elimination is the major reaction
channel with A3, while dehydrogenation dominates the reac-

CHaF addition occurs with many atomic cations and all of the
¢hetal mono- and multifluoride cations that were formed.
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