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The first investigation of the ion chemistry of Segnd Tek is presented. Using a selected ion flow tube, the
thermal rate coefficients and ion product distributions have been determined at 298 K for the reactions of 14
atomic and molecular cations, namely,®4, CR*t, CF", CR*, H,Ot, N,O', Ot, CO,F, COt, N, Ny, Art,

F*, and Né (in order of increasing recombination energy), with $akd Tek. The results are compared

with those from the reactions of these ions withs IBr which the reactions with CF CR", N,Ot, and F

are reported for the first time. Several distinct processes are observed among the large number of reactions
studied, including dissociative charge-transfer and s F,~, and K abstraction from the neutral reactant
molecule to the reagent ion. The dissociative charge-transfer channels are discussed in relation to vacuum
ultraviolet photoelectron and threshold photoelectrphotoion coincidence spectra of XEX = S, Se, or

Te). For reagent ions whose recombination energies lie between the first dissociative ionization lgnit (XF

XFst + F + e7) and the onset of ionization of the XMnolecule, the results suggest that if dissociative
charge-transfer occurs, it proceeds via an intimate encounter. For those reagent ions whose recombination
energies are greater than the onset of ionization, long-range electron transfer may occur depending on whether
certain physical factors apply, for example, nonzero Frai@éndon overlap. From the reaction kinetics,

limits for the heats of formation (in kJ mdl)) of SefR, Sek, TeF, and Tek at 298 K have been obtained:
AiH°(SeR) < —369, AH°(Sek) < —621, AH°(TeR,) > —570, andA:H°(Teks) < —822.

1. Introduction ease of comparison, the reactions of the other ions wity) SF
which have been previously studi&d, are presented here. Of
There have been a number of studies investigating the these, the reactions ofs@*, CR*, CO,*, CO*, N, Art, and
reactions of various cations with §F® These studies have  Ne" with SFKs have been reinvestigated in this study, and here
been explorations of fundamental ismolecule chemisty* there is good agreement in both the rate coefficients and the
and have addressed important questions in applied sciences, sucproduct ion branching ratios with those obtained in the other
as the possible effects of ion reactions on the atmosphericstudies.
lifetime of Sk and the use of SFin industrial plasma
processe&® In contrast, no information is available on the
positive-ion chemistry of the homologous molecules Safd

The large range of recombination energies of the reagent ions
used in this study ensures that varied and interesting reactions
: ol occur. For example, charge (electron) transfer will only be
TeFs. Here, we report the first study of the positive-ion  gnergetically possible for those ions having recombination

chemistry of Sefand Tek. An objective of this study is 10 gnergies greater than the first dissociative ionization limit of
explore the nature of the reaction ion chemistry as the central ihe Xf molecule (X= S, Se, or Te), XE— XFs* + F + e

atom in a hexafluoride molecule is changed. Differences in the e first dissociative ionization limit is used because threshold
reaction dynamics and kinetics may shed light on the ion yqi6electrorphotoion coincidence (TPEPICO) studies show
chemistry occurring in Sfcontaining plasmaSFurthermore, it the ground state of %F is not a stable ion and dissociates
this study is of fundamental interest in the interpretation and to XFs" + F.78 (Any bound region of the X§ potential energy

understanding of ionmolecule reactions. _ surface lies well outside that accessible from the neutra) XF
In this paper, the thermal (298 K) reactions of 14 ions ground state.) Even when (dissociative) charge-transfer is
spanning a range of recombination energies (62156 eV), energetically possible, this constraint does not necessarily
nanlely (Ln ordfr of Tcreas;lnngreconlbmatlon fnergyéOfl guarantee that it will occur. Other reaction processes might
CR", CF", CR K H,O", N;OF, OF, CQ;*, CO™, N, N, ,A( K explain the observed product ions, providing that an intimate
F*, and Ne, with Sefs and Tefs are presented. In addition,  encounter of the reagent ion with the neutral molecule takes
the reactions of CF, CR", N,O™, and F with Sis have been  jace. An intimate (short-range) encounter must take place for
investigated for the first time. Reaction rate coefficients and he reactions of those ions for which charge-transfer is energeti-
product ion distributions are reported. For completeness andcally impossible. Furthermore, chemical reactions in which
. . bonds are broken and formed might occur, such as fluorine
101 gomesponding author. E-mail: c.mayhew@bham.ac.uk. FaXd- gpstraction. Examples of all the reaction processes referred to
t School of Physics and Astronomy. above are evident in this study and will be discussed in section
* School of Chemistry. 3.
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2. Experiment H,O" + H,0 —H,0" + OH 1)

A selected ion flow tube (SIFT) was used to measure rate
coefficients and to record product ions of the reactions. The
SIFT apparatus and its mode of operation have been describe

in detail previoush\’1°so only a brief description is required Sy and Tek and of HO* and HO* with SeR, caused no

here. The reagent ions were generated in an enclosed eIectrod.ﬁ. Ity i ianing th duct i for th tion involvi
impact high-pressure ion source containing an appropriate gas Imeufty in assigning the product 1ons for the reaction involving

(Ne for Net, CF, for F¥, Ar for Art, N, for No* and N+, CO the parent reagent ion. Slightly more problematic in the data
for CO* Céz fo:COf a,md O N O’forZN O+2H O for H o+ analysis was the reaction of Nevith trace HO, which resulted
and H50’+ and GFe for CFy* ' C|2:+ and ZCEL) 2The re;gent in impurity ion signals of OH and HO™ in the flow tube at a

ions were mass selected using a quadrupole mass spectrometelldﬁiVeI O.f ?‘bOU‘ 3% ar(;q 3%.’ r_esper(]:twely, of tfhaF of Neia
injected into a 298 K helium carrier gas at a pressure-0f5 ssociative and nondissociative charge-transfer:

Torr, transported along the flow tube, and detected by a

downstream sampling orifice/mass spectrometer detection sys-
tem. Reactant neutral molecules were added in controlled

amounts to the ion swarm/carrier gas, and the loss of reagent
ions and the appearance of product ions were monitored by the . . .
downstream detection system. The reaction rate coefficients andIn addition o these two ion products, Hean were .formed
ion product distributions were then determined in the usual in the flow ‘“k?e from termolecular reactions of Nesith the

way? 11 and are considered to be accurated?0%. He buffer gas:

The high pressure of the gases in the ionization source is 4 +
expectedgto sF,)ignificantIy quen%h (metastable) electronically and Ne' + 2He—HeNe + He (3)
vibrationally excited states of many molecular ions prior to their s jed to a HeNé signal of about 2% of the Nesignal. For
injection into the flow tube, and it is assumed that the ions are the reasons given above, the reactions BH(from trace HO)
thermalized in the helium carrier gas. We have not made any ;i XFs (X = S, Se, or Te) do not need to be taken into
independent checks to confirm whether these assumptions are, ..o nt. We have not made any allowances for the reactions
correct, other than for ). For this reagent ion, we know from ¢ HaNe and OH with the neutral molecules of this study.

a previous study that a significant fraction of the"Nons in However, given the low percentage of these impurity ions, their

the flow tube was vibrationally excited-¢0% in v = 1).12 contributions to the vyields of the product ions for the Ne
Although it is possible that other reagent molecular ions have eaction can reasonably be neglected.

internal energies above thermal, no curvature was observed in - gamples of the three compounds investigated in this study
any of the pseudo-first-order kinetic plots (logarithm of the " \yere purchased from Fluorochem Limited, Derbyshire, U.K.,
reagent ion signal vs the reactant neutral concentration). Thisyith the following stated purities: sulfur hexafluoride §9%),
indicates that rate coefficients are the same for reactions sglenjum hexafluoride (99%), and tellurium hexafluorigd@©9%).

involving ground and any vibrationally excited states. This does They were used directly without additional purification.
not rule out reagent ion vibrational excitation influencing the

ion product distributions for those reactions which produce more 3. Results and Discussion
than one ion product.

Atomic ions are expected to be in their ground electronic
states prior to reaction with a neutral molecule. The And
Ne" ions should emerge from the high-pressure source in their
ground electronic statéPs,. Even if this were not the case,
the energy separation between e, and?Py, states is only
0.18 eV for Art and 0.10 eV for N&, and therefore differences

Fortunately, the reactions of @+ and HO™ with any of
&he three group 6B hexafluorides of this study are either
Insignificant or slow. In any case, the reactions of2¥ with

Ne" + H,0— OH" + H + Ne (2a)

—H,0" + Ne (2b)

The experimentally recorded reaction rate coefficiekis,
the product ions, and their branching ratios are given in Tables
1-3 for Sk, Sek, and Tek, respectively. The reagent ions
are listed (top to bottom) in order of decreasing recombination
energy (RE) in units of electronvolts (eV). Also presented in
the tables are the calculated collisional rate coefficiekgs,
determined according to the Langevin equation for nonpolar

in reactivities between the two spirbit states are not  qiecyled® Input data to these calculations include the polar-
expected. No evidence was found for differences in their reaction izability, o, of the neutral reactant moleculex(SF) = 6.54 x

rates. Whether differences in branching ratios result from 1024 a(SeR) = 7.33 x 1024 anda(TeR;) = 9.00 x 10724
reactions involving these two spitorbit states is more difficult Cms_li ’

to assess, but given the small differences in energy, none are e getermination of reaction pathways requires knowledge
expected. The ground state of 5 a closely spaced triplet with o the jon and neutral products and their associated thermo-
recombination energies of 17.4%P)), 17.47 tP1), and 17.48  cnemical data. Thus, an identification of both the ion and neutral
eV (°Po). Thus, for this ion there will be significant population  hroqycts is ideally required. In our experiments, this is not
in all three states. As for Arand Ne', no differences in the  possible because we can only measure the masses of the ion
reactivity of the F ion in its various spir-orbit states are to  products and their relative intensities. Nevertheless, we can
be expected. For the other two atomic ions used in this normally make some progress toward the above goal by
investigation, electronically excited states of Bind O have  jnyoking mass balance and thermochemical arguments. Con-
previously been shown not to be presént. sideration of the effects of enthalpy on the rate coefficients of
Water contamination in the flow tube resulted in electron reactions between thermalized reactants shows that, unless the
transfer from HO to those injected ions whose recombination reaction hag\;H® < 0, ke, Will be less thark.. Further, ifA;H®

energies are greater than the ionization potential € H2.61 > 20 kJ mot?, then at 298 K the reaction channel will be too
eV. The resulting HO* signal was always less than 3% of the slow for the ion product to be detected in our SIFT apparatus.
parent ion signal. Some of the;&* was converted to $O* in In generating a list of possible pathways to an observed ion

the flow tube via reaction pathway 1. product, we normally exclude any pathway for whifH® >
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TABLE 1: Measured 298 K Reaction Rate Coefficients and lon Product Branching Ratios for the Reactions of 0", CFz™,
CF*, CF,*, H,OF, N,OT, OF, CO,*, CO™, N*, Not, Art, F+, and Ne" with SFg9

reaction rate coefficient/

branching ratio (%) 10° cm?® moleculel st
reagent ion RE/eV ion products present previous present previous Langevin

SK* 88 9r

Net 21.56 Skt 2 3 0.69 0.78 14
SK* 10 6
SK* 10

+

F 17.42 SR+ 20 1.10 1.5

Art 15.76 SE*" 100 100¢° 0.91 0.931.% 11

No* 15.58 SE*" 100 100-¢d 1.03 1.221.3d 1.2

. SR* 2 a

N 14.53 SR* 982 100° 1.821.4 1.7

co* 14.01 SE" 100 106® 0.92 1.350.98 1.2

COo" 13.77 SkE" 100 100 0.09 0.0% 1.0

o* 13.62 SE* 100+ 1.5¢2.4 1.6

N.O* 12.89 SkE*" 100 0.003 1.0
(OSF4 +a

H,O" 12.61 (OHSR)*" 0.1% 1.5
(H.0SR)*

CR*t 11.42 SE" 100 0.79 0.98
SK* 95

+
CF 9.11 CR* 5 0.88 1.2
CR*t <8.8 Sk 100 100 0.22 0.28 0.87
+ . <0.008
HsO no reaction 20002 15

aWilliams et al. (ref 6).> Shul et al. (ref 4)°¢ Fehsenfeld (ref 1)? Babcock and Streit (ref 3§.Bowers and Chau (ref 2)Morris et al. (ref 5).
9 The recombination energies (RE) in electronvolts (eV) of the reagent ions are listed. The reactions,wdth N.O", and HO™ have not been
investigated by us, but data for these reactions are presented for completeness §)effht Langevin (collisional) rate coefficients have been
calculated (ref 13) and are shown for comparison with the experimental values. The estimated uncertainty in the measured rate coefficients and the
product ion branching ratios 20%.

0. This analysis is restricted to considerations of enthalpy, and By contrast, there is less information about the thermochem-
we have ignored possible entropic effett€Entropic factors istry and ion energetics of Seland Tek. Potts et al. have
will oppose the endothermicity for reactions in which there is recorded the vacuum ultraviolet photoelectron spectra (VUV
an increase in the number of species between reactants andPES) of Sefand Tek,2° and Addison et al. the VUV PES of
products, and we note that for most of the reactions in this study Sef.2! From these PES, the ionization potentials of various ionic
there is either no change or an increase of 1 or 2 species.states of Sefand Tek can be determined. However, such
However, entropy effects are likely to be significant only if the information is of limited use to analyze the ion chemistry of
enthalpy change of a reaction is close to zero. In the text, errorsthese molecules. Adiabatic ionization potentials, dissociative
in the enthalpies of reaction are given only for those which are ionization limits, details on the decay mechanisms of the various
close to thermoneutral. ionic states, and enthalpies of formation of the fragment ions

SFs is an important molecule, used in industrial plasmas and are all needed. To help with the analysis of this-ionolecule
as an insulator to inhibit high-voltage electrical breakdown. investigation, we have recently recorded TPEPICO spectra of
Thus, the thermochemistry of this molecule and its fragments Sefs and Tek.2 From the data, dissociative ionization limits
in both neutral and cationic forms is reasonably well estab- have been determined. Furthermore, heats of formation af SeF
lished26 The one exception is the enthalpy of formation ofSF ~ Sek™, Sek", TeRs", TeR*, and Tek" have been derived to
for which a huge range of values spanning over 100 kJ- ol be 368+ 28, 426+ 36, 166+ 52, 380+ 28, 428+ 36, and
exists in the literaturé” We use a value foAH°(SFst) of 52 4 + 62 kJ mot?, respectively. Together withhiH°(Sefs) =
kJ mol%, corresponding to a dissociative ionization energy for —1117+ 21 andAH°(TeFs) = —1318+ 21 kJ mol!, 2 these
Sk — SR" + F + e of 14.0 eV, for reasons explained heats of formation have been used to calculate the enthalpies
elsewheré:18 Our value is 41 kJ mot higher than that quoted ~ Of various reaction pathways reported in this study. Dissociative
in the NIST websité® This difference, however, is not sufficient ~ ionization limits are used to determine if charge-transfer is
to change the sign of,H° for reactions producing SF as the ~ energetically possible.
product ion. In other words, our interpretation of the mechanisms TPEPICO data are useful not only for determining thermo-
of reactions which form Sf is not dependent on which value  dynamic information for the analysis of positive-ion charge-
of AfH°(SK") is used. The heats of formation of the reagent transfer data but also for comparing product ion branching ratios
ions are well established except for £F The value of the at energies consistent with the recombination energy of the
ionization energy of the Gfradical, and hencé:H°(CF:"), reagent ion. Differences observed in the product ion branching
was reviewed recentif, and we use the value proposed there ratios may indicate that a short-range iamolecule reaction
for AfH°(CR™) of +386 kJ mofl. With these two caveats, we  involving an intimate encounter, rather than a long-range
can therefore calculate the enthalpy changes of all reactionselectron jump, has occurred. The recent studies of the charge-
involving Sk. transfer reactions of C¢and SK° and of several saturated and
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TABLE 2: Measured 298 K Reaction Rate Coefficients and TABLE 3: Measured 298 K Reaction Rate Coefficients and

lon Product Branching Ratios for the Reactions of HO™, lon Product Branching Ratios for the Reactions of O™,
CF3*, CF*, CF,', HO™, N,OT, OF, CO,*, CO™, N*, N,t, CF3*, CF, CF,', H,O™, N,OT, OF, CO,*, CO™, N*, Nat,
Ar T, Ff, and Ne" with SeFg? Art, FT, and Ne" with TeFg?
Sek Teks
reaction rate coefficient/ reaction rate coefficient/
reagent RE/ ion branching 10°° cm® molecule™s™ reagent RE/ ion branching 10°° cm® molecule™ s™
ion eV products  ratio (%) present Langevin ion eV products ratio (%)  present Langevin
SeR" 92 TeR" 84
n
Net 2156 gops 8 1.2 L5 Net 2156 TeR' 4 1.0 16
TeR" 12
. Sek*t 4
F 17.42 Sek* 9 14 15 ) TeRs* 3
F 17.42 TeR* 97 1.7 1.7
Art 1576 Sef 100 1.2 1.1 e
N+ 15.58 SeF" 100 16 1.3 Art 15.76 Tek' 100 11 12
N* 1453 SeF" 100 1.6 1.8 N+ 15.58 Tekt 100 1.3 14
FCO 52 N+ 1453 Tekt 100 1.7 1.9
CO" 14.01 SeR* 14 1.1 1.3 FCO* 55
+ +
Seks 34 cot 1401 J°F, o 13 1.4
CO,t  13.77 SeF" 100 <0.01 11 Te 4 29
ot 13.62 SeF" 100 15 16 efs
N,Ot  12.89 SeF" 100 <0.01 11 CO,*  13.77 no reaction 1.2
H,O" 12.61 SeF" 100 <0.05 1.6 o 13.62 Tek' 100 1.8 1.8
. CRs* 52 N,O" 12.89 no reaction 1.2
+ +
Ck 11.42 Sek* 28 0.93 1.0 H,0O 12.61 (HOTekR) 1.7
CR* 66
CR* 74
+ +
CF 911 gop+ 26 0.64 1.2 CR* 1142 EE} 19 0.91 11
CR* <89 Sek" 100 0.44 0.89 TeR™ 18
+ ?
HO ? (see text) <0.001 L5 CF* 9.11 no reaction 1.3
aThe recombination energies (RE) in electronvolts (eV) of the CR* <89 no reaction 0.96
reagent ions are listed. The Langevin (collisional) rate coefficients have H;O" no reaction 1.7

been calculated (ref 13) and are shown for comparison with the

2 _— . .
experimental values. The estimated uncertainty in the measured raterea E:ﬁ i(r)igo;r]:ll?s?ggnTﬁgel_rgfse\/(iﬁI%():ollﬂsieolr?glt)r?;t\:e Otlztgef(f?éi/()anct); r:g(\a/e
coefficients and the product ion branching ratiostig0%. 9 ’ 9

been calculated (ref 13) and are shown for comparison with the

. experimental values. The estimated uncertainty in the measured rate
unsaturated perfluorocarb@show how the comparison of  coefficients and the product ion branching ratiost20%.

TPEPICO and flow-tube data can lead to a better fundamental
understanding of the reactions. Photoionization studies are 6
conducted at much lower pressures than flow-tube investigations

of charge-transfer reactions. Differences can arise between SF,
product ion branching ratios from these two approaches when AN
the unimolecular fragmentation of the initially formed parent
ion is fast compared to the time scale of the experiment but :
slow compared to the rate of collisional stabilization. Evidence
for this has been found in recent studies of charge-transfer
reactions of benzeRtand naphthalen®. Both of these mol-
ecules have stable, bound parent molecular ions, and the rat

units)
n

rb
I

{y (a

of fragmentation above the dissociation threshold is well 2 2

described by statistical theories. In contrast, there is no evidenceg 4 SF,"

for the existence _of stgble %FE ions_; once formed, th_ese ions_ 14 momo \ SF OH'
are expected to dissociate very rapidly over a repulsive potential s
energy surface. The product ion branching ratios for charge- / /
transfer reactions of X§are thus not expected to be sensitive L A = .
to the buffer gas or the time scale of the experiment, and instead, 0 20 40 60 8 100 120 140 160

differences compared to photoionization studies reflect the
?:;ggsntoifotr?e dynamics of the encounter between fd the Figure 1. A typical mass spectrum obtained from the reaction of F
) . . . with SK. Two product ions are observed, SFdominant) and S§.

3.1. Sk Reactions. The rate coefficients and product ion  The jon identified as SPOH* results from reactions of the impurity
distributions for the reactions of§@*, CR*, CF, CR*, H,0O™, ion H,O*, formed in the flow tube from reaction ofRwith trace HO,
N,O*, OF, CO,", CO™, N*, No©, Art, F, and N& with SF; with SK. SROHT must be the dominant ion in this reaction, although
are shown in Table 1. With the exception of the reactions of Other product ions have been observed from the reaction®f Mith
H,O* and Né, the dominant product ion is §F This is Sk, for which no branching ratios are listed (ref 6).
illustrated in Figure 1 for the reaction of Rvith SFs, for which
two ion products are observed, SH10%) and SE" (90%). Therefore, all reagent ions with recombination energies greater
The dissociative ionization limit to form S$F from Sk (SK than this value, that is, CQO N™, No*, Art, F, and N€, can
— SK' + F + €7) has been determined to be 14:0.1 eV18 energetically dissociatively charge-transfer tg.3fowever, the

Mass (/amu)
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photoionization cross section for §I5 negligible at 14.0 eV. In agreement with this proposed mechanism, we note that only
It is only at 15.33 eV that the photoionization cross section SFs" is observed in the TPEPICO spectrum at photon energies
becomes significant, leading to an observed sigf@his means  corresponding to the recombination energies gf And Art.”

that for the reactions involving CQand N, dissociative charge- The recombination energy of §17.42 eV) lies on the high-
transfer (if it occurs) can do so only by a short-range rather energy shoulder of the /8 photoelectron band of $£3 We
than a long-range mechanis!22%2630 A long-range mech-  may expect that when nonzero Frardkondon factors are
anism requires energy resonance with nonzero Fra@cndon involved, a long-range (dissociative) charge-transfer may take

factors and no distortion of the potential energy curves, with yace However, this is not conclusive in itself because other
all the available energy going into fragmentation. For a Short- ¢5.1ors, such as the type of molecular orbital from which the
range charge-transfer, an intimate complex is formed within actron is ejected, can inhibit long-range charge-trardfir.

‘t’)"hi%h chemti)calb resction g?thwa)és be%ome avaiclark:le, that' is, these circumstances, comparisons between TPEPICO and ion
onds may be broken and formed. In the case of the reactions, g a¢le branching ratios are useful to decide if long-range

with CO.+ and N, these chemical pathways would involve F charge-transfer is occurring. For theé Feaction, two product
abstraction from Sfto form the observed SF product: ions are observed, SF(90%) and SF* (10%). By comparison,
the TPEPICO data show that only SHs produced at a photon
energy of 17.42 eV. Thus, if dissociative charge-transfer does
N N . 1 occur, the results suggest that it occurs via an intimate complex.
N"+SF—SK"+NF AH°=-354kJmol" (5) Within such a complex, the formation of §F90%) and SE*
(10%) can result from a short-range dissociative charge-transfer
In agreement with the proposed short-range interaction, the channel (reaction pathway 13) and/or through a chemical
minor product SE* (2%) observed for the reaction with'N  channel in which bonds are broken and formed (reaction
requires an intimate interaction to make the overall reaction pathway 14).
exothermic, involving the formation of either,Fand NF
(Williams et al®) or NFs:

CO"+SKR,—SFK"+FCO AH°=-140kImol" (4)

Ff+SR,—SR"+2F AH°=-329kImol* (13a)
+ + o 1
N*+SF,—SFK"+F, +NF  AH°=-119kJ mo(TG) —SF,"+F,+2F AH°=—95kJmol*

r

13b)
N"+SF—SR"+NF;  AH°=-500kimol’ (7)  F*4SER—SR'+F, AH°=-488kimal® (14a)

We note that the dissociative charge-transfer channel leading — SF3+ + 2F, AH° = —254kJ mor? (14b)
to SK* is endothermic:

NT + SF,— SF3+ +F, +F+N . Th_ere is no means o_f determining which reactipn pathways
ominate. A dissociative charge-transfer reaction pathway
AH° =+184 kI mal* (8) involving the reagent ion Fleading to SE' is exothermic,
providing R, is eliminated from the transiently formed (S
Reaction pathways 9 and 10 involving F abstraction, although
exothermic, are not observed. Ft+ SF,— SF4+ +F,+F AH°=—66kJ mor? (15)

+ i+ o 1
CO" +Sk,—FCO + Sk AH®=-184kJmol" (9) However, this product ion is not observed.

The reaction with Néis surprisingly efficient Kexy/ke =~ 0.5)
given that the recombination energy of NE1.56 eV) lies in
) a region of the SEFPES which is void of any structure, falling
We note that the products of reactions 4 and 9 for the' CO  paryeen the Dand Eionic states of SE This implies that a
+ Sks reaction differ only in where the positive charge resides. long-range charge-transfer mechanism is not operating. Instead,

The absence of reaction pathway 9 is surprising. Reaction 9 is s ciative charge-transfer, leading to the three product ions
more exothermic than reaction 4 because the ionization energy(SF3+ (88%), SR* (2%), and SE" (10%)) as illustrated in

of FCO is less than that of $Fyet all the reactive flux goes Figure 2, must occur via a short-range interaction, for which

through the less exothermic channel. For the-NSK; reaction .
. . ) ', Franck-Condon factors and energy resonances are unimportant:
the absence of the N+ SFs exit channel is easier to explain 9y P

on energetic grounds. n "
Of the four other reagent ions reported in this study which N&" + SF,—SF," + F, + F+ Ne

N"+SF,—NF" +SF  AH°=-131kImol"' (10)

can exothermically charge-transfer witheSthe recombination AH° = —495kJ mol* (16a)
energies of N™ and Art are resonant with the Yonic state of

SKs. From this and the high efficiency of the;Nand Ar —SF,"+3F+Ne AH°=-336kJmal’
reactions Kex/k: ~ 1), Williams et al® conclude that these two (16b)

reactions occur via a long-range dissociative charge-transfer

s + o __ __ 1
mechanism, resulting in the only observed ion product"SF SK +FR+Ne  AH®=-465kJmol

(16¢)
N," + SR, —SR"+F+N, AH°=-151kJmol" —SF"+2F+Ne AH°=-307kImol*
(11) (16d)

Art+SE—SR"+F+Ar AH°=-169kJmal’ —SR"+F+Ne AH°=-729kJmol*

(12) (16e)
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Figure 3. A high-resolution mass spectrum recording of the SeF
product ion (recorded here from the reaction of With SeF),
identifying the selenium isotopes. The peak heights agree well with
the relative abundance of these isotopes (ref 14).

Mass (famu)

Figure 2. A typical mass spectrum obtained from the reaction of Ne
with Sk, illustrating the greater degree of fragmentation as a result of
the high recombination energy of N€21.56 eV) compared to the other
reagent ions used in this study. Three product ions are observed: SF

(dominant), Sk*, and SE". reaction pathways 9, 10, and 20, and Bbstraction reactions,

. . . . for example, reaction pathways 21 and 22.
Reactions of S§with reagent ions whose recombination

energies are<15.33 eV must proceed via an intimate ton CF; + SF,— CF3+ + Sk, AH® = —224 kJ mol*
molecule complex in which bonds are broken and formed. With ' (20)
the exceptions of O™ and HO™, the dominant product ion

for all of these reactions is SF, formed by abstraction of F cot + SF,— SF3+ +F+CFO0 AH°=-294kJ mol*
from Sk to the reagent ion within the complex: (21a)

—SF,"+CF0 AH°=-265kJmol”

M* 4+ SF,— SK," + MF (17) 4 2 ' (21b)
AH° = —182, —120, —44, and—47 kJ mot! for M = O, CF,"+SK,—SF"+F+CF, AMH°=-269kJmol"
CF,, CF, and CE, respectively. Ignoring entropic effects and (22a)
knowing thatA;H° must be negative for a reaction to proceed —SE* 4+ °o— _ 1
at close to the Langevin rate, we note that the" GFSK — SFy CF, AH 240 kJ mol (22b)
SK* + CF, reaction shows that the value for the first
dissociative ionization limit of S&— Sk + F 4+ e must be However, none of these channels are observed. As is
<14.45 eV. The reaction rate coefficients for # CO, and commonly observed in ioamolecule reactions, this illustrates

N,O are substantially below collisional. This is interpreted to that exothermicity alone does not drive a reaction pathway, and
be a result of a weak MF bond, leading to these reactions other factors, such as potential energy barriers due to atomic
being slightly endothermic. rearrangements, may dominate the dynamics of an-ion

The reaction of HO™ with SF; has been reported by Wiliams ~ molecule reaction. _
et al® and is clearly intimate in nature, requiring bond breaking ~ HsO™ (the recombination energy of which corresponds to
and making; the product ions observed were FSPHSR, H3O™ + e~ — Hz0 + H) is unreactive with S in agreement
and HOSK*, but we note that no branching ratios were reported with the two previous studléé and the the_rmochemlstry_. For
by Williams et al. This is the first report of an ion reacting ©€x@mple, the following reaction pathway is endothermic:
with SFs to give a product ion other than of the type,SFIn " n
this study, we have also observed one other reaction which did HO" + Sk, — Sk~ + HF+ H,0
not result in a SF product, namely, the reaction of Ckvith AH° = 4160 kJ mol* (23)
SF; leading to the CE" product with a branching ratio of 5%:

3.2. Sek Reactions.The reactions of the ions with Sg&re
CE™ + SF,— c;|:3+ +SF, AH°=-291kJ morl? (18) similar to those of S§ in that the majority result in SgF being
the dominant product ion (Table 2). Atomic selenium has more
isotopes than sulfur. A high-resolution mass spectrum of the
SeR™ product ion is illustrated in Figure 3, which identifies
the various isotopes in their correct abundatfc&his un-
ambiguously identifies the peak in the mass spectrum. Only
forthe reactions of Ne CO*, CR", and CE" with Sek is
and is not observed. For reactions involving the other ions with Sels™ not the dominant product ion.
recombination energies14.0 eV, in addition to the observed Using TPEPICO time-of-flight spectroscopy to determine
reaction pathway 17, other more exothermic reaction pathwaysthe kinetic energy released in fragmentation over a range of
are available. These include F-atom abstraction, for example,energies, a value of 14.% 0.5 eV for the first dissociative

The corresponding & abstraction channel is endothermic

CF'+SFK,—SF,"+CF, AH°=+11kImol" (19)

r



10772 J. Phys. Chem. A, Vol. 104, No. 46, 2000

40

N,* Art F Ne*
100 — -~ g vy

= : T !

ES \

S 80 1‘

£ \ .
% 60 —| \Jl SeF4
£ Y —A-— SeF,"
=

=3

g

oA

ot
o
S

1

o IN WV /ﬁm/\,-x——\
|

4

=N @
1=} =3
1 1

Branching Ratio (%)
o
<
|

20

Recombination Energy / Photon Energy (/eV)

Figure 4. TPEPICO breakdown diagram for Se€ompared to the
cation product branching ratios obtained from the reactions 0f N
Art, Ft, and Né with Sek.

ionization energy (SefF— Sekt + F + €) has been
determined. However, the first onset of signal in the threshold
photoelectron spectrum occurs at 15.3 eV. Thus, although all
ions having recombination energied4.1 eV can exothermi-
cally dissociatively charge-transfer with SgbBnly those with
recombination energies15.3 eV are capable of doing so by a
long-range mechanism. The recombination energiesof Ar *,

F*, and Ne all lie in regions of the SefPES in which
resonances are obsen®d?that is, nonzero FranekCondon
factors connect the ground electronic state ofg3elis various

Jarvis et al.

Ne" + SeR, — SeR" + F+ Ne

AH° = =720k mol* (27a)
—SeR"+F,+F+Ne

AH° =—522kJmol* (27b)
— SeR" + 3F+ Ne

AH° = —363 kJ mol* (27c)

That a short-range charge-transfer is suggested for reaction
pathways 26 and 27 illustrates that energy resonance is a
necessary but not sufficient criterion for long-range charge-
transfer to occur. A recent study by us investigating charge-
transfer from neutral perfluorocarbons to various cations
suggests that the electron involved in an efficient long-range
charge-transfer must be removed from a molecular orbital that
is not shielded from the approaching reagent cation by other
molecular orbitals of the reactant molecgtdt is possible that
this is the case for molecular orbitals where electron removal
results in the Cand Eionic states of SeFat 17.42 and 21.56
eV, respectively.

Because the uncertainty in the first dissociative ionization
energy of SeF— Sek" + F+ e is as large as- 0.5 eV, Nf,
CO', CG;*, and O reagent ions may also have enough energy
to lead to charge-transfer with SefSeRk™)* — Sek* + F.
Given that the recombination energies of these reagent ions are
significantly below the observed onset of ionization (15.3 eV),
we suggest that if charge-transfer does occur, it will take place
within an ion—molecule complex. Within such a complex,
charge-transfer can compete with chemical reaction pathways
in which new bonds are formed, leading not only to Selfut
to the other observed ion products. For the reactions of those
ions whose recombination energies are less than the first
dissociative ionization energy,.®*, H,O", CR", CF", and
CR*, the Sek" product ion must result from an intimate
interaction in which a fluorine anion is abstracted from &eF
and forms a bond with the reagent ion, identical to reaction
pathway 17 for SE

ionic states at the recombination energies of these ions, a
necessary condition for long-range charge-transfer to occur. The
branching ratios obtained in the iemolecule study are

identical to those obtained in our TPEPICO measurements at

M + Sek,— SeR" + MF (28)

the recombination energies of the™Nand Ar" reagent ion§.
At the recombination energies of'fland Ne', however, small
differences in the branching ratios are observed (Figure 4).

We note thatA\H® = —345,-131,-173, 111, —35 + 56,
and—38+ 56 kJ motlfor M =N, CO, O, CFk, CF, and CE,
respectively. We also note that the rate coefficient for reaction

Although small, these differences are significant, that is, changes28 is significantly less than collisional for M CO; and N.O.

from zero in the TPEPICO results to a few percent in the-ion
molecule results. Together with the observation that for these
reactionskexp ~ k;, these observations imply a long-range
dissociative charge-transfer mechanism for the reactions with
N,™ and Ar" and an efficient short-range dissociative charge-
transfer mechanism for the reactions with &d Ne, leading

to the observed product ions:

N," +Sef,—SeR"+F +N, AH°=-143kImol"
(24)

Art + Sef,—SeR"+F + Ar  AH°=—160 kJ mol*
(25)

F"+Sef,—SekR"+2F AH°=—-321kImol" (26a)
—SeR"+F, +2F AH°=-122kImol"

(26b)

—SeR"+4F AH°=+37+35kImol*

(26¢)

As before, this probably indicates that the bond strengths of
CO,—F and NO—F are too weak to make the Fabstraction
exothermic or, in the case of the reaction with £0that
dissociative charge-transfer is slightly endothermig{® = +31

kJ moiY). Similarly, the slow reaction with JD* implies that

the reaction channel leading to SgFis endothermic, in
agreement with the thermochemistry; for example,

H,0" + Sek,— Sek" + OH + HF
AH° =+4+71kImol* (29)

In addition to SeF, other ion products are observed for the
reactions of Sefwith CO*, CR", and CF. For the reaction
of CO", the dominant product ion is FC@52%), which results
from neutral fluorine abstraction:

CO" + SeR, — FCO' + Sek,
AH°® = AH°(SeR) + 621 kJ mol* (30)
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implying that AsH°(Seks) < —621 kJ mot?. This value is H3O™ reacts with Se§; but it does so with a reaction rate
consistent with the bond dissociation enerby(Sek—F), of coefficient significantly below the collisional value. We were
3.15 eV3233 from which a value forAsH°(SeF) of —890 kJ unable to unambiguously determine the product ion, being

mol~! is obtained. Fluorine abstraction is also observed in the unwilling to use a limited Sefsample for a slow reaction.
reaction of CE" with SeR, resulting in CE™ being the Therefore, we cannot guarantee thafOM was not reacting

dominant product ion with a branching ratio of 52%: efficiently with some unknown impurity in the SeBample.
Thus, the rate coefficient obtainedx110712 cm? s74, represents
CF2+ + SeR,— CF3+ + Sek an upper limit.

1 3.3. Tek Reactions.Compared to Sfand Sek, fewer of
AH® = AH°(Sef) + 581 kJ mol ~ (31) the reagent ions react with TgFbut those that do generally
show a richer ion chemistry than that observed for the
Surprisingly, the fluorine abstraction channel was not observed corresponding reactions with S&nd Sek, as is illustrated in
for the reactions of CO and CR* with Sk, although the Table 3. For ions whose recombination energies>atd.5 eV,
reaction pathways 9 and 20 are extremely exothermic. the dominant product ion (with the exception of the *Ne
One other ion product observed from the reaction offCO reaction) is TeF". Our recent TPEPICO study indicates that
with SeFs is SeRt (14%), which results from £ abstraction the dissociative ionization limit of TefFleading to TeE™ + F

and F elimination: + e, occurs at 14.5- 0.6 eV® However, the cross section for
photodissociative ionization at this energy is zero; the onset of
co' + Sek, — SeF3+ +F+CF0 signal in the TPES occurs at 15# 0.2 eV. Therefore,

dissociative charge-transfer from"Nreaction pathway 37, is
AH° = —321kImol* (32) unlikely to take place by a long-range mechanism, which as
mentioned previously requires energy resonance with non-
The corresponding Fabstraction and Felimination channel ~ zero Franck-Condon factors. It seems more likely that dis-

is endothermic: sociative charge-transfer takes place via an—iomwlecule
complex in which competition with a chemical pathway, reaction
CO' + SeE — SeE™ + FCO+ F pathway 38, might occur, leading to the observedsTefFoduct
6 3 2 ;
ion.

AH° =467 kImol* (33)
N*+TeR,—TeR"+F+N AH°=-3+65kJmol’
The R~ abstraction channel leading to S&Falthough exo- (37)

thermic, i t ob d:
ermic, 1S not observe N* + TeF,—TeR," + NF A H° = —306 kJ moT1(38)
CO" + SeR,— SeF," + CF,0
o_ 1 It is not usually possible to determine whether dissoci-
AH®=—341kImol" (34) ative charge-transfer has occurred or not, because no informa-

tion on the neutral product(s) is obtained in the SIFT experi-

Energetically allowed pathways for the reaction oECHith ments.
Sefs also involve K~ abstraction with (reaction pathway 35a) The recombination energies obNand Art lie in regions of
or without (reaction pathway 35b) fluorine elimination. the Tel PES and TPES in which resonances are obsetfed.
Furthermore, the reactions of Tgwith these two ions occur
CF," + Sef,— SeR" + F+ CF, with unit efficiencies Kexp = k). Therefore, long-range dis-

sociative charge-transfer is the proposed mechanism leading to

o 1
AH®=—296 kImol" (35a)  {he ghserved ion products:

—SeR"+CF, AH°=-316kJmol"
4 4 r (35b) N," + TeR,—~TeR" +F +N,
AH° = —104 kJ mol* (39)
However, although these two reactions are highly exothermic,
neither Seg" nor Selt are observed ion products from the Ar™ + TeF.— TeE." + F + Ar
. . 6 5
reaction of Ci* with Sek. o 1
F, abstraction occurs in the reaction of Cith SeFs (as is AH®=—121 kI mol " (40)
also found for the reaction of CRwith SFs, reaction pathway

18), leading to the observed gFproduct ion: The recombination energy offFalso lies in a region of the

PES and TPES of TegRn which signal is observed. There-
i fore, long-range dissociative charge-transfer is suggested
CF' + Sefy — CF;” + Sek given that the reaction occurs with unit efficiency. However-
AH°® = AH°(SeR) + 369 kJ morlt (36) ,altt:jough dissociative charge-transfer can explain thesTeF
product ion,

We note that a much larger branching ratio is associated with o TeF, — TeF5+ 4 oF AH° = —282 K] mor?

the CR" ion for this reaction pathway, 74%, compared to the (41a)
reaction with Sk, 5%. The observation of GF also suggests

that AsH°(SeR) < —369 kJ motl. Again, this value is  this mechanism cannot produce the minor Feproduct ion:
consistent with the bond dissociation ener@y(SeR—F) of

2.8 eV323 from which AH°(SeR) = — 699 kJ mot? is F'+ TeR,— TeR," +F, + 2F A H°=-+90kJ mol'*

obtained. (41b)
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TeRs* can occur only via an intimate reaction in which 5
transferred to the Freagent ion:

F'+ TeR,— TeR," +2F, AH°=—-69kJmol*

(41c)

Ne' reacts with TeFvia dissociative charge-transfer, result-

ing in more product ions than are observed for the other reagent

ions which are energetically capable of dissociative charge-
transfer to Tek The observed ion products are FER84%),
TeR' (4%), and TeE" (12%):

Ne* + TeR,— TeR," + F+ Ne
AH° =—682 kI mol' (42a)

— TeF," + 2F+ Ne
AH°

—180 kJ molt (42b)

—TeF," +F,+ Ne
AH°

—339 kJ mol* (42c)
—TeR," +F,+F+ Ne
AH° = —310 kI mol* (42d)

—TeR," + 3F+ Ne
AH° =—151 kI mol* (42e)

The recombination energy of Ndies in a structureless region
of the PES and TPES of TgFbetween the Eand Fionic
state€28Thus, there are no energy resonances connecting TeF

to an ionic state at this energy, and therefore long-range charge-

transfer must be inhibited. Although the reaction efficiency is
less than unityKex/ke &~ 0.63),Kexpis still a significant fraction

Jarvis et al.
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Figure 5. TPEPICO breakdown diagram for TeEompared to the
cation product branching ratios obtained from the reactions 0f N
Art, Ff, and N€ with TeF.

The reactions of CO and CR* with TeFs result in four
product ions, the dominant ion being MFrom F abstraction:

CO" + TeR,— FCO" + TeF,
AH°® = AH°(TeR) + 822 kI mol* (44)

CF," + TeR,— CF," + TeR;

of the collisional value. We therefore assume that a reasonably AH° = AH°(TeR) + 782 kJ mol * (45)

efficient short-range dissociative charge-transfer mechanism is

occurring. That reaction pathway 44 is observed indicates B (TeFs)

- 1 ) ;
In confirmation of the proposed long-range (reactions with = 8.22 kJ mot, The O'Ter_lon products resulting from the
N,™ and Ar") and short-range (reactions with" Fand Ne") reac'ﬂons OZCO and CE with TeFs are the same, namely,
charge-transfer mechanisms, the TPEPICO branching ratios of 1€k’ _TeF4 ,_and Tek", and these are formed with §|m|lar
branching ratios (see Table 3). The only exothermic route

TeFs at the various reagent ion recombination energies are
identical to those obtained in the iemolecule reactions with
N, and Ar8 and slightly but significantly different from those
obtained in the reactions with*Fand Ne (Figure 5). At the
recombination energies of'fand Né", only one product ion is
observed in the TPEPICO spectra, §efat 17.4 eV) and Teft

(at 21.6 eV). Such differences in the ion branching ratios may
imply that a short-range charge-transfer pathway (an intimate
pathway) has taken place for that reacttéa.

For the other reagent ions {§8*, CR*, CF", CR", H,O™,
N,O*, O*, CO,*, and CQO), charge-transfer is energetically
impossible. These ions may then react with JeRly via a
complex, within which bonds may be broken and formed leading

to products such as those obtained in reaction pathway 38. Of

these ions, only CQ O*, and CK* are found to react efficiently
with TeFs, with kex, being close to the calculated collisional
value.

For the O reaction, only one product ion is observed, J'eF
resulting from F abstraction from Te§

135 kJ mor!
(43)

O "+ TeR,— TeR," + FO AH°=—

r

available for the production of TgF and TeRg™ is via R~
abstraction to the COor CR,* reagent ion:

CO' + TeR,— TeR," + F+ CF,0
AH°

—109 kJ mol* (46a)

—138 kJ mol?!

—TeF," + CF,0 ey
46

AH°

CF," + TeR,— TeF,” + F + CF,
AH°

—84 kJ mol't (47a)

—TeF,"+CF, AH°

r

—113 kI mol?
(47b)

The F abstraction pathways, with the elimination ef(Feaction
pathways 48a and 49a) or the elimination of F (reaction
pathways 48b and 49b) leading to the product ions;Tefd

TeF,™, respectively, are highly endothermic and therefore cannot

occur.
Although the B~ abstraction pathways are also energetically
allowed for the reactions of COand CRk* with SF; (reaction
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CO' + TeR,— TeR," + F, + FCO
AH° =+279 kI mol* (48a)

—TeF," + F+ FCO
AH° = +409 kJ mol* (48b)

CF," + TeR,— TeR," + F, + CF,
AH° = +299 kI mol* (49a)

—TeF," + F+CF,
AH° = +429 kI mol* (49b)

pathways 21 and 22) and with Sgfeaction pathways 32, 34,
and 35), they also are not observed.

The Tek™ product ion resulting from the reactions of €O
and CR™ with TeFs occurs by F abstraction from Tefto these
reagent ions in an ioAmolecule complex:

CO" +TeF,—TeR,"+FCO AH°=-93kJmol*

(50)
AH° = —72kJ mol'*
(51)

That the reagent ions GO®and NO* show no reaction with
Teks suggests that the Fabstraction channel is endothermic
(again presumably because the £6 and NO—F bond

CF," + TeR,— TeR," + CF,

J. Phys. Chem. A, Vol. 104, No. 46, 20000775

and product ion distributions are reported for the reactions of
14 atomic and molecular reagent cations. These reactions have
been compared with those of &providing a better understand-

ing of the cation chemistry of SFan important additive in
reactive plasmas. A wide variety of reaction processes are
evident, including dissociative charge-transfer and notably
various abstraction routes. Although there are many similarities
in the reaction rate coefficients and product ion branching ratios
for the reactions of the various reagent ions withs,SEeks,

and Tek, there are noticeable differences. Vacuum ultraviolet
photoelectron and threshold photoelectr@hotoion coinci-
dence spectra have been used to help interpret the results. For
the reagent ions whose recombination energies are greater than
the ionization potentials of the neutral group 6B molecules, rate
coefficients and branching ratios are governed by the acces-
sibility of ionic states. If there is no resonance feature in the
PES of the neutral molecule, then (dissociative) charge-transfer
reactions proceed via a short-range mechanism. Differences in
the ion branching ratios between those obtained in this-ion
molecule study and those obtained from the TPEPICO measure-
ments, at the recombination energy of the reagent ion, may then
be apparent. We suggest that for those reagent ions whose
recombination energies are greater than the lowest dissociative
ionization limit of the reactant molecule (§F XFs* + F +

€7) but less than the observed onset of ionization, dissociative
charge-transfer can take place only via an intimate encounter.

strengths are too weak to drive the reaction). The absence ofWithin the ion—molecule complex formed, other (chemical)

reaction of CF and CR" with TeRs may imply that the
pathways observed in the reactions of the ions witlh &fd
Sek, namely, F (reaction pathway 52a) and Fabstraction

reaction channels, in which bonds are broken and formed, may
compete with the dissociative charge-transfer channel. For
reagent ions whose recombination energies are less than the

(reaction pathways 52b and 53), are not energetically available.lowest dissociative ionization limit of the reactant molecule,

CF" + TeR,— CF," + TeF,
AH° = AH°(TeF,)) + 570 kI mol* (52a)

—TeR," + CF,
AH° =44+ 65 kI mol* (52b)

CF," + TeR,— TeR," + CF,
AH° =41+ 65kImol* (53)

The lack of observation of reaction pathway 52a may imply
that AsH°(TeR,) > —570 kJ motL. However, care must be taken
in assigning heats of formation through unobserved—ion

only chemical reaction pathways are energetically favorable.
Notably, F, F, i, and R, abstraction pathways have been
observed.

This study represents only an initial investigation of the ion
chemistry of Sef and Tek. We are extending this study,
investigating other ion reactions including cations and anions.
Recently, we have studied the reactions ef @D~, OH™, F~,
and CR~ with SF;, Sef, and Tel, the results of which will
be the subject of a forthcoming paper.
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potential energy barrier inhibiting the efficiency of that pathway.

For the BO™ and HO™' reagent ions, no bimolecular
reactions with TefFwere observed. This is because any obvious
reaction pathways are endothermic; for example,

H,O" + TeF,— TeR," + OH + HF
AH°

+110 kd mol* (54)

H,O" + TeR,— TeR," + H,O0 + HF
AH° =+207 kI mol* (55)

An association product ion was observed with the reaction of
H,O", (H.OTeR)™, for which no termolecular rate coefficient

was determined because of the need to conserve the TeF

sample.

4. Concluding Remarks
The first study of the gas-phase reactions of ions withsSeF
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