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Abstract: Collisions of Xe™ with a fluorinated self-assembled monolayer surface caus€ énd C-F bond
cleavage as evidenced by the reactively scattered ions XeGf€CF", and XeF. The projectile ion extracts
difluorocarbene from the fluorocarbon to form XeCFin a low-energy reaction, while simple fluorine
abstraction also occurs and yields Xel a higher energy but entropically favored process. The intact
trifluoromethyl iodide radical cation, IGF*, resulting from simple €C cleavage, is observed as a scattered
product whent is chosen as projectile, as are analogous iofis IEF™, and ICR*, resulting from C-F and

C—C bond cleavage with concomitantF and -C bond formation. Multiple F-atom abstraction occurs in

a single collision evidenced by the producty™F Density functional theory calculations confirm that the
reactions that lead to XéFand XeCF are more endothermic than Xegf formation. The experimental
observations and enthalpy calculations suggest that two reaction pathways contribute*téode&tion:
oxidative insertion at low collision energy and formation of a fluoronium iefF{—) at high collision energy.

The generation of XeGF* products is also accounted for through an oxidative insertion mechanism. Although
chemical sputtering, i.e., charge exchange with liberation of fluorocarbon cations from the surface, also occurs
even at very low collision energy, it does not appear to contribute to the formation of ion/surface reaction

products discussed.

Introduction

Activation of the C-F bond is an important issue in
chemistry:2 The G-F bond energy (130 kcal/mol in-FC,Fs)
is much higher than that of the-&C bond (97 kcal/mol in Cf—
CFRs) or the G-H bond (98 kcal/mol in HCyHs)® and

fluorocarbons are distinguished by their chemical inertdess.

attentiont?~16 jon/surface reactions are being explored in
increasing detail. These chemical reactions occur between the
projectile ion, or its fragments, and specific chemical functional
groups present on the surfade?* One of the best-studied ion/

surface reactions is the protonation or alkylation of incident
polyatomic projectiles, especially in the case of such radical

Numerous investigations on fluorine and fluorocarbons have cations as the molecular ions of pyraZinend benzeng' Alkyl

shaped an independent area in chemistrywhich C—F bond
activation is a core topic.

Low-energy (16-100 eV) ion/surface collisions are of
growing interest for the preparation of chemically modified

surface&™® and as a means of uncovering novel chemical Re

processes at interfac&st! While inelastic collisions which lead

transfer occurs upon collision at a surface bearing hydrocarbons,
including hydrocarbon thin films and alkylthiolate self-as-

(12) Cooks, R. G.; Ast, T.; Pradeep, T.; Wysocki, V. Mcc. Chem.
s.1994 27, 316.

(13) Dongre, A. R.; Somogyi, A.; Wysocki, V. Hl. Mass Spectrom.
1996 31, 339.

to surface-induced dissociation (SID) have been accorded most (14) Burroughs, J. A.; Wainhaus, S. B.; Hanley JLChem. Physl995

* To whom correspondence should be addressed.

(1) Burdeniuc, J.; Crabtree, R. $ciencel996 271, 340.

(2) Smart, B. EChem. Re. 1996 96, 1555.

(3) Lide, D. R., EdACRC Handbook of Chemistry and Physi¢Sth ed.;
CRC Press: Ann Arbor, MI, 1994.

(4) Banks, E.; Barlow, M. GFluorocarbon and Related Chemistry
Thanet Press: Margate, UK, 1971; Vol. 1.

(5) Banks, R. E.; Sharp, D. W. A,; Tatlow, J. C., Edduorine: the
First Hundred YearsLausanne: New York, 1986.

103 6706.

(15) Chorush, R. A;; Little, D. P.; Beu, S. C.; Wood, T. D.; McLafferty,
F. W. Anal. Chem1995 67, 1042.

(16) Hayward, M. J.; Park, F. D. S.; Manzella, L. M.; Bernasek, S. L.
Int. J. Mass Spectrom. lon Processk395 148 25.

(17) Mabud, M. A.; Ast, T.; Verma, S.; Jiang, Y.-X.; Cooks, R. &.
Am. Chem. Sod 987 109, 7597.

(18) Pradeep, T.; Riederer, D. E., Jr.; Hoke, S. H., II; Ast, T.; Cooks, R.
G.; Linford, M. R.J. Am. Chem. S0d.994 116, 8658.

(19) Miller, S. A.; Luo, H.; Jiang, X.; Rohrs, H. W.; Cooks, R. (Bt.

(6) Pradeep, T.; Feng, B.; Ast, T.; Patrick, J. S.; Cooks, R. G.; Pachuta, J. Mass Spectrom. lon Processk397 160, 83.

S. A.J. Am. Soc. Mass Spectrodf95 6, 187.

(7) Ada, T. A,; Hanley, L.; Etchin, S.; Melngilis, J.; Dressick, W. J.;
Chen, M.-S.; Calvert, J. MJ. Vac. Sci. Technol. B995 13, 2189.

(8) Kuttel, O. M.; Groening, P.; Agostino, R. G.; Schlapbach)LVac.
Sci. Technol. AL995 13, 2848.

(9) Kasi, S. R.; Kang, H.; Sass, C. S.; Rabalais, J.SAtf. Sci. Rep.
1989 10, 1.

(10) Pradeep, T.; Patrick, J. S.; Feng, B.; Miller, S. A.; Ast, T.; Cooks,
R. G.J. Phys. Cheml995 99, 2941.

(11) Somogyi, A.; Kane, T. E.; Ding, J.-M.; Wysocki, V. B..Am. Chem.
Soc.1993 115, 5275.

S0002-7863(97)03201-0 CCC: $15.00

(20) Hayward, M. J.; Park, F. D. S.; Phelan, L. M.; Bernasek, S. L.;
Somogyi, A.; Wysocki, V. HJ. Am. Chem. S0d.996 118 8375.

(21) Kane, T. E.; Wysocki, V. Hint. J. Mass. Spectrom. lon Processes
1994 140, 177.

(22) Williams, E. R.; Jones, G. C., Jr.; Fang, L.; Zare, R. N.; Garrison,
B. J.; Brenner, D. WJ. Am. Chem. S0d.992 114, 3207.

(23) Yang, M. C.; Lee, H. W.; Kang, H.. Chem. Physl995 103 5149.

(24) Beck, R. D.; St. John, P.; Alvarez, M. M.; Diederich, F.; Whetten,
R. L. J. Phys. Chem1991, 95, 8402.

(25) Winger, B. E.; Julian, R. J., Jr.; Cooks, R. G.; Chidsey, C. EL.D.
Am. Chem. Sod 991, 113 8967.

© 1998 American Chemical Society

Published on Web 07/24/1998



8190 J. Am. Chem. Soc., Vol. 120, No. 32, 1998 Feng et al.

sembled monolayer (SAM) surfac&s.An analogous reaction,  energy of the projectile is converted into internal energy in the
atomic fluorine or fluorocarbon group abstraction, is observed course of inelastic collisions with an F-SAM surface, and this
when appropriate atomic or polyatomic projectile ions collide energy then leads to dissociation of the projecfl€-32 The
with fluorinated SAM surface’.27-29 efficiency of energy conversion depends on the type of surface

Self-assembled monolayer surfaces are particularly useful asused?43%3238 By varying the surface impact energy, the internal
targets for investigations of ion/surface collisions. Fluorinated energy deposited into the projectile ion can be finely controlled
SAM (F-SAM) surfaces, in particular, are (i) virtually free of and a breakdown curve for the ieme., the internal energy
adventitious hydrocarbons under relatively modest §Iorr) dependence of its fragmentationan be recordegf3%40 A
vacuum conditions, (ii) show a small degree of neutralization recent example is provided by the distinction in this fashion
of the projectile ion (the ionization energy forkg is 13.38 between isomeric 4™ ions32 In contrast to the situation
eV while that for GHg is 10.95 eV)3° and (iii) display very for inelastic collisions, just described, very little is known about
effective translational to internal energy transfer {¥ V the conversion from translational energy into internal energy
conversion factor is ca. 20%):3 in the course of ion/surface reactive collisions.

In studies of ion/surface reactions at low collision energy,  Turning to the third issue, the question of ion/surface reaction
three issues are of general concern: (i) the scope of this field mechanisms, one notes that at least four pathways have been
of chemistry, especially the possible existence of new reaction proposed to account for observed ion/surface reactions. They
types, (ii) the energetics of the ion/surface reactions, and (iii) are distinguished mainly by whether charge transfer is involved.
their reaction mechanisms and dynamics. The first interest is In the charge-transfer mechanism, the incoming projectile ion
being pursued in this and other laboratories by examining a wide undergoes charge exchange with the surface functional group
variety of reagent ions. Comparisons of experimental data for producing a surface-bound radical cation. Fragment ions arising
surface reactions with those for analogous ion/molecule reactionsfrom this species are attached to the neutralized projectile in a
is also a valuable means of discovering and understanding ion/subsequent ion/molecule reaction at the interf&é@é2> This
surface reactivity1:20.27.28.33.34progress has been made on the reaction pathway is believed to be responsible for hydrogen atom
second issue by examining reactions as a function of collision and alkyl group abstraction by aromatic and heteroaromatic
energy and utilizing experimental data from the corresponding radical cations. This includes attachment of £kfrom
gas-phase reactiol#$® or using theoretical calculatioHs*°to hydrocarbon surfaces) to the molecular ions of pyréZine
estimate reaction exo- or endothermicities. Molecular dynamics yielding methylated pyrazine, as well as £id CeHy, (n = 1—3)
simulations have also been used to study ion/surface reactionpickup by naphthalene molecular ioffs.Formation of GH7"
processes, and the results suggest that at least some reactioritom low-energy collisions of the benzene molecular ion at a
occur on the femto- to picosecond time sc&lé® Many hydrocarbon-covered surface has similarly been suggested to
observed ion/surface reactions are exothermic, but endothermicoccur by recombination of a charge-transfer product ion, such
reactions are also common and appear to be driven by usingas CH*' and GHs", with the neutralized projecti®. Abstrac-
the collision energy to overcome the thermochemical bar- tion of multiple hydrogen atoms by pyrazine and pyrene

rier 927.28,31.37 For example, collision of Clf* with an F-SAM molecular ions from H-SAMs is known to occur from the same
surface does not yield peaks corresponding taf¢Hn = 0—2) carbon chain, but the mechanism of this variant on the reaction
at 20 eV collision energy, but these reaction products are is not known?

abundant at 50 eV collision energ¥. Thermochemically, the A second ion/surface reaction mechanism exists which does
formation of CHF" products as a result of G collisions not involve charge exchange between the surface and the
with an F-SAM surface is estimated to be 108, 95, and 36 kcal/ projectile ion. Using low-energy Csons bombarding various
mol endothermic, fom = 0, 1, and 2, respectiveff. The Si(111) surfaces, Kang and co-workers showed that ions such
increase in collision energy to 50 eV facilitates these endo- as CsSi* and CsHO" were generated via a two-step process
thermic reactions. occurring without charge exchange. Instead, collision-induced

The dependence of ion/surface reactions on collision energydesorption of the neutrals from the surface was followed by a
invites comparison with the more thoroughly characterized gas-phase ion/molecule reactit?4 Such ion/neutral elec-
translational to internal energy (¥ V) conversion during trostatic recombination reactions are facilitated by extensive
inelastic ion/surface collisioré:32 Previous studies for several energy loss of the projectile to the surface and the efficient
systems showed that roughly 20% of the laboratory translational secondary neutral emission which occurs even at low impact
energies. A third mechanism, which combines features of the
first two, is that in which the projectile reacts with sputtered
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explanation for the alkyl transfer reaction to radical cations. The been documente®. In a recent study on Xe collisions at
overall thermochemistry of this process is identical to the charge F-SAM surfaces, the products Xe€Fand XeCEk™ were
exchange mechanism. observed,“8thus emphasizing the reactive nature of"Xet
Studies in this laboratory have revealed a fourth mechanismis worth mentioning that at low collision energies (ca—80
in which ion/surface reaction products are generated by frag- €V) xenon cations are often used as chemical sputtering agents,
mentation of intermediates formed via oxidative addition of the since they readily undergo charge exchange with surface
projectile ion, or its SID fragments, to groups present at the functionalities, allowing them to be ionized and so characterized.
F-SAM surface. Some of the reactions which occur by this Xenon radical cations have therefore been used frequently for
process are those which result in fluorine atom and fluorocarbon the purpose of monitoring surface chemical composition, rather
group additiorf:11.1819.2728 The experimental data provide than expressly as reactants for ion/surface reactighven
several reasons which suggest that charge exchange is nothough reactions of xenon with fluoriffeand other small
involved in this type of ion/surface reaction. First, fluorine pick- Organic moleculé$>! in a gas-phase mixture have been
up occurs at energies below those which lead to chemical thoroughly studied, the chemical reactivity of xenon radical
sputtering’® For a given surface, chemical sputtering depends cations at vacuum/surface interfaces (other than charge ex-
on the nature and collision energy of the projectile, i.e., its mass change) is almost completely unknown. Unlike the better
and recombination energy, as well as the ionization energy of Studied but more complex transition metal cations;"Xis
the surface group. For F-SAM surfacesf" ions are often isoelectronic with neutral iodine and has a simple outer shell
observed as chemically sputtered i6%. Transition metal ions, ~ €lectronic structure. In addition, the bonding in Xeffas been
such as 30 eV Fe, abstract fluorine atoms from F-SAM  studied theoreticallj2 Consideration of these factors led to
surfaces, but no chemical sputtering is observed under thesehe present investigation.

conditions, suggesting that charge exchange is not invdfed. In parallel to xenon, its nearest neighbors in the periodic table,
Second, the difference between the recombination energy ofiodine and krypton, are investigated here too. Earlier work on
the projectiles and the ionization energy of the surfaeed I with F-SAM surfaces suggested a rich chemigtr$ yet,

not favor charge exchange. For example, in multiple fluorine reactions leading to various products need to be studied in more
atom abstraction from F-SAM surfaces by transition metals (e.g. detail, especially as a function of collision energy. Similarly,
TiFs™ generated from Ti, Cr*™ from Cr™, and WK™ from Kr* is of interest but, excluding charge exchange, ion/surface
W),18 the recombination energy of the metal ions is lower reactions are unknowi¥:>3 Reactions of krypton with fluo-
than that of the surface fluorocarbon group, suggesting that rine*®5tand metharfé are known in the gas phase. The current
fluorine atom abstraction takes place only from the neutral study of the ion/surface reactions of the title ions employs energy
species and that the process does not require energeticallyesolved mass spectrometry (ERMS) methtsdhis approach
unfavorable ion neutralization before reacti§nFurthermore, has been widely used in gas-phase CID and ion/molecule
in Cl-for-F transhalogenation experiments between the F-SAM studies, as well as in a few SID investigatic#§*% It is also
surface and SiGt* ions, the surface fluorine atom is exchanged expected that spectra recorded in the threshold energy regime
with a chlorine atom from the projectile, leaving a gl (between 15 and 30 eV lab collision energy) might help to
group bound to the surfae.This process is most readily establish qualitatively the energetics of the various reactions,
explained as the result of atom transfer without charge exchangeincluding single fluorine abstraction as well as the abstraction

Finally, for a different system, wheiC-labeled 3CH,* of CF and Ck groups. This information can be critical in the
projectile ions are reacted with an F-SAM surface, the formation elucidation of ion/surface reaction mechanisms by establishing
of 12CF" and 13CF" is observed in equal abundari®e.The energetic correlations between ion/surface reactions and chemi-

results of this study indicate that a symmetrical collision cal sputtering.

complex, such as a fluoronium ion, is a key reaction intermedi-  Theoretical calculations were used to obtain the geometry of
ate. some reaction products as well as reaction enthalpies. This
In addition to the mechanistic issues just noted, the sequenceinformation facilitated data interpretation, particularly in cases
of bond dissociation and bond forming steps in reactive where the necessary gas-phase thermochemical data were
collisions of polyatomic ions with surfaces is also of interest unavailable. Density functional theory (DFT) methods have
although it may be difficult to elucidate. In some cases there recently attracted considerable attention and have been applied
is good evidence that SID occurs prior to an ion/surface reaction to many complex organometallic spects>® This method is
and the actual reactants responsible for the formation of ion/
surface products are the SID fragments; examples are fluorine ~ (46) Vincenti, M.; Cooks, R. GOrg. Mass Spectron1.98§ 23, 317.
abstraction by bare transition metal ions generated from metal 27?32/'7".'6“ S A Luo, H.; Cooks, R. G.; Pachuta, S. Sciencel997
carbonyls'® ions of main group elements formed from corre-  (48) Luo, H.; Miller, S. A.; Pachuta, S. J.; Cooks, R. 8t. J. Mass
sponding chloride®® carbon radical cations generated from Spectrom. lon Processd997 174, 193.

a8 ; (49) Berkowitz, J.; Chupka, W. AChem. Phys. Lettl97Q 7, 447.
methane ion$® and pseudohalogen ions formed from small (50) Field, F. H. Frankiin, J. LJ. Am. Chem. Sod961 83, 4509.

polyatomic groups? In other cases, there is evidence that (51) Hovey, J. K.; McMahon, T. BJ. Am. Chem. Sod.986 108, 528.
dissociation follows or accompanies bond formation; one such  (52) MacDougall, P. J.; Schrobilgen, G. J.; Bader, R. FIWirg. Chem.
example is the formation of P& from the PC4t* adduct 1989 28, 763.

C o 53) Pradeep, T.; Miller, S. A.; Rohrs, H. W.; Feng, B.; Cooks, R. G.
PCkF".2” Because of these complications, it is advantageous Ma(ter.) Rreas.ese&. Sym[l).elgrdk995 38°Q r§3. eng 00KS

to investigate ion/surface reactions with use of monatomic rather  (54) Field, F. H.; Head, H. N.; Franklin, J. . Am. Chem. S0d.962

than polyatomic ions and this is undertaken in the present study.84 1118. ,
. .. . . (55) McLuckey, S. A,; Glish, G. L.; Cooks, R. Gt. J. Mass Spectrom.
Low-energy reactive collisions of monatomic projectile ions on processed981, 39, 219.

at F-SAM surfaces result in the addition off&, groups to the (56) Miller, S. A.; Riederer, D. E., Jr.; Cooks, R. G.; Cho, W. R.; Lee,
projectiles. Specific examples are the formation*&CF** H. W.; Kang, H.J. Phys. Cheml994 98, 245.
from 13C** 28 WCFs* from W+ 18 and IGFs* from I++27:29 (57) Bauschlicher, C. W., JChem. Phys. Lettl995 246 40.

) ) 23 : (58) Thummel, H. T.; Bauschlicher, C. W., J.Phys. Chem. A997,

The formation of IF* and XeF at F-SAM surfaces has also 101, 1188.
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therefore used for the estimation of the reaction thermodynamics

129 @)
in the current study. XeF*

Contamination (x)

/ 129eCF* CaF7" 129 +,
CoFet XeCF,

Experimental Section

Experiments were performed with a custom-built hybrid mass
spectrometer of BEEQ (B- magnetic sector, E electrostatic analyzer,
Q = quadrupole mass analyzer) configuratf®nProjectile ions were
generated in a 70 eV electron impact (El) ion source and were mass
selected and energy focused with the B and E analyzers. Prior to
collision, the 2 keV ion beam was decelerated to the desired translational
energy with respect to the F-SAM target surface, which was held in a
UHV chamber at a nominal pressure 0&210°° Torr. The nominal [ 132X aF+ ®)
laboratory collision energy was calculated as the difference in potential I
between the ion source and target. The measured potentials have a
+1 eV uncertainty. The ion beam was inclined at 4bth respect to
the surface normal while the lens used for extraction of scattered
secondary ions was held at 9Q@ith respect to the incoming beam.
Scattered product ions were extracted into the post-collision E and Q
analyzer system and were mass-analyzed with use of the quadrupole
mass filter. To ensure consistency of the data, the flux of the projectile
was kept constant, as measured by a moveable Faraday cup located " ) ) N ’ " A A
immgdiately 'after thg BE analyz_er section. Thg surfa;e current was 140 145 150 155 160 165 170 175 180 185
monitored with a Keithley 485 picoammeter. High-purity xenon and miz (Th)
krypton gases were obtained from Airco (Murry Hill, NJ), methyl iodide
was purchased from Aldrich (Milwakee, W1), and the F-SAM surfaces Figure 1. Partial mass spectrum displaying ions released as a result
were made and cleaned in-house, following literature procedtif@gt of 55 eV collisions of (af*Xe** and (b)'*2Xe** at an F-SAM surface.
In this study, the disulfide (GFCF,)7(CH,).S), was used to form the
self-assembled monolayer by exposure of the gold surface to the Results and Discussion
solution for 2 week$? Data are recorded in thomson, where 1 thomson . )
(Th) = 1 dalton per unit charg®. At low collision energies (1530 ~ Formation of XeF*, XeCF’, and XeCR'*. Figure 1
eV), spectra were collected at 1 eV intervals, while in the-30 eV illustrates the formation of XeF XeCF', and XeCk** as a
energy range, the collision energy increment was 5 eV. The results result of collisions of xenon projectile ions with an F-SAM
were repeated on different days with fresh F-SAM surfaces, and for surface at 55 eV laboratory collision energy. The spectra
most peaks in the spectra, only fewer than 20% intensity changes wereindicate clearly the occurrence of two types of processes:
observed. However, at xenon sputtering energies below 20 eV, intensity chemical sputtering and ion/surface reactions. Both isotopic
varlatlpns as large as 50% were observed c_jue t(_) the low SIgna|S,projecti|es,129xe+- (Figure 1a) and3Xe™ (Figure 1b), yield
traesgit(a;r:]lally for low abundance reaction products in their threshold energy chemically sputtered products®™ (150 Th) and GF;* (169

Theoretical calculations were first carried out at the Hartifeeck Tmhals \tNef” asa SL;rface ;th?_rr?lrllagt’l p&efum'&ilbly tf;)e Ublqgltous
level for geometry optimization of XeGF, XeCR ™, XeCF", XeF", phthalate fragment ion ( . , labeled *). 'S0 ODSErved, as
ICFs*, ICF,*, ICF™, IF**, CsFs, CoFs, CoFe, and GFs, using the expected, but not sho_vvn in the mass range displayed are other
LANL2DZ basis sef®s4 To treat the effects of electron correlation, Commonly seen chemically sputtered species, such g @id
all calculations were then repeated by using density functional theory CFs*, which also arise from ion/surface charge exchéifge.
(DFT), with the Becke-3-LYP exchange correlation functf®ff At the same time, the spectra provide evidence for the
Analytical second-derivative calculations were carried out to check for occurrence of ion/surface reactions which lead to the formation
true minima on the potential energy surfaces and corrections for zero- of new bonds, as represented in the scattered ion$ XeFCF",
point vibrational energies (ZPVE) were also made. All calculations and XeCk**. The relative abundances of XeR148 Th and
were carried out with use of the_ Gaussian 94/DFT program patkage 151 Th, in Figure 1, parts a and b, respectively), XéCF60
ic;]n Igl(\allnlt?esr/sooo RISC workstations at the Purdue University Comput- Th and 163 Th), and XeGF* (179 Th and 182 Th) are identical

9 ' for the two xenon isotopes. Thus, the products ef@bond
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M. J. Am. Chem. S0d.99Q 112, 4301. ; ;

(62) Cooks, R. G.: Rockwood. A. [Rapid Commun. Mass Spectrom. normgllzed to that for XeFat 35 ey, as a function of I.aboratory
1991 5, 93. collision energy. All three species are observed in the range
(63) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 284. ' of 25 to 80 eV collision energy. Due to the generally low signal
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Schaefer, H. F., lll, Ed.; Plenum: New York, 1976. K . .

(65) Becke, A. D.J. Chem. Phys1993 98, 1372. magnitude lower than the GFbase peak in the scattered ion

(66) Becke, A. D.J. Chem. Phys1993 98, 5648. mass spectra), the signal is noisy. Nevertheless, a common trend
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V. G.: Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.. Maxima, and then decrease gradually. Differences in the ERMS
Nanayakkara, A.;fChaIlacombe, IM.;I Peng, C. W.; Ayala, P. Y.; Chen, W.; data are noticeable for these three species. The broad maxima
Wong, M. W.; Anfres, J. L.; Replogle, E. S.; Gonperts, R.; Martin, R. L.; + +e [ i

Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- for XiF and XeCE . lie between 35. and 55 eV, Whlle for
Gordon, M.; Gonzalez, C.: Pople, J. faussian 94(Revision D. 1): XeCF" the maximum is some 15 eV higher. In the region from

Gaussian, Inc.: Pittsburgh, PA, 1995. ca. 20 to 40 eV, the abundance of XeBhows a sharp rise
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Clearly, compared to ion/surface reactions, xenon chemical
sputtering of the F-SAM is the dominant process attXe
collision energies above 25 eV. The increase in chemical
sputtering and the associated increase in projectile ion neutral-
ization (decrease of Xe intensity) indicate that charge transfer
between X&* and F-SAM is increasingly favorable as the
projectile ions carry more energy. This is consistent with the
fact that this is an endothermic reaction (see below). These
observations on the energy dependence of chemical sputtering
agree well with recent results on ion/surface reactions with
OCNCO" and OCNCS.1? In these cases, the abundance of
chemical sputtering products gradually increases with collision

Relative Abundance
w
o
T

T , XeCF* — energy, while the abundance of the SID products first increases
015 20 25 30 35 40 45 50 55 60 65 70 75 80 and then decreases at high collision energy due to competing
Collision Energy (V) charge exchange and ion/surface reaction procésgesturning
Figure 2. Collision energy dependence of the products XefeCF", to the Xe* system, one notes that as the collision energy is
and XeCEk* scattered from an F-SAM surface upon*Xémpact. increased, the excess energy supplied is transferred into internal
energy of the chemical sputtering products, generating more
100 ° fragmentation. In fact, at collision energies above ca. 60 eV,

o]
o

- Chemical the ab_undance_ for GF, wh_ic_h is the_dominant chemical
Sputtering sputtering species at low collision energies, gradually decreases
while those of the further fragmentation products,*Cénd
CR™, increase rapidly. The observed correlation in the
abundances of ion/surface reaction products with those of charge
exchange product ions suggests, but does not demand, that
charge exchange is involved in the ion/surface reactions at these
energies. This issue is considered further below.
Thermochemical Considerations: Formation of XeF,
XeCFt, and XeCR,™. Thermochemical data for surface-bound
fluorinated compounds are not available; however, estimates
can be obtained with use of data for analogous gas-phase
reactions. For example, reactions gFgcan be considered in
lieu of those of the F-SAM, as suggested in previous stidigs.

Figure 3. Collision energy dependence of chemical sputtering;’Xe  g1-¢ are expected to cancel since the change in the target is
scattering, and ion/surface reactions. Note that the relative abundance . -
for the ion/surface reactions is shown expanded by a factor of 10. analogous in gas and surface processes. The gas-phase reaction

1 between X&* and GFg leading to XeF is estimated to be
3.2 eV endothermic and the xenefiuorine bond energy in
XeF" is calculated to be 2.0 eV, based on literature vafiés:
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with collisional energy, while XeCF* and XeCF have similar,
and relatively small, slopes compared to that of Xefn the
very low collision energy regime, XeGF first appears in the
spectra around 17 eV collision energy: this threshold value is
a few electronvolts lower than that for Xé&Fwhich occurs
around 20 eV. The threshold collision energy for X¢OB For reactions leading to the formation of XeCé&nd XeCEk*,

considerably higher than that for the other two products, and €ven gas-phase data are unavailable. However, density func-
occurs above 25 eV collision energy. tional theory (DFT) theoretical calculations show that 0.52 eV

is needed to generate XegFE

Xe" + C,fg— XeF + CF,  AH=32eV (1)

The chemical sputtering products, including ‘CFCR*,
CFRs*, GFs', CoFs*, and GFs*, also show a strong collision " -
energy dependence. The threshold energy for the characteristick®  + CsFg—~XeCR," + CF;  AH=0.52eV  (2)
CRTionat 69 This 16 eV, close to the threshold for XeCF
and it is ca. 18 and 27 eV forg&s™ (119 Th) and GFs* (131 The observed lower threshold energy for XeCRormation
Th), respectively. Charge exchange between the xenon radicavs XeF" (Figure 2) is consistent with these calculated results.
cation and the terminatCF; and—C,Fs groups of the F-SAM Quantitative interpretation of the collision energy differences
clearly occurs at very low collision energies, and its collision is not practical because of the existence of competing fragmen-
energy threshold is lower than those for the observed ion/surfacetations, the different entropic factors involved, and the quality
reactions. Figure 3 is an ERMS plot that illustrates the collision of the threshold data due to the weak ion signals. However,
energy dependence, over a large range, of the three main groupsomparison of the reactions leading to XeCFand XeF
of scattered products: those due to chemical sputtering, ion/suggests that the former has a tighter activated complex since
surface reactions, and simple scattering of the projectile ion bond formation in the neutral product is proposed. Such a
itself. For chemical sputtering, data were recorded by adding reaction is not expected to compete favorably with the simpler
the abundances of CFCR*t*, CRst, CF,+, CoFst, and GFs™ process leading to XeF This, too, is consistent with the energy
at each collision energy (between 16 and 70 eV) and normalizing resolved data (Figure 2) which show a much more rapid increase
this total abundance to 100% at 70 eV, at which energy chemical Of XeF" with energy. A more detailed mechanism will be
sputtering is the dominant process. The total abundances fordiscussed later.
the ion/surface reaction products and the scatterett ¥ee (68) Dymov, B. P.; Skorobogatov, G. A.; Khripun, V. Russ. J. Phys.
simply plotted relative to this value. Chem.1991, 65, 1107.
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A conceivable alternative pathway for forming XeCfF
during a collision involves the interaction of a second*ien IF+
with the radical, GF;*, generated in reaction 1. The calculated
reaction enthalpy is

Xe™ + CJF —XeCR,™" + CF;, AH=057eV (3)

Contamination ICI:2+

However, the observations show that XeCFfoccurs at a lower
threshold energy than XeF Furthermore, the primary ion dose
of 0.01% monolayer/second makes the chance for tiie*C
radical site at the surface to interact with another xenon ion
appear to be negligible, even ignoring the presence of radical
scavengers in the vacuum environment. Moreover, if the radical sl
is an intermediate in XeGFE* formation, prolonged ion bom- ; . : . : . : | :
bardment would leave more radical sites available; thus, the 449 150 160 170 180 190
intensity for XeCEL™ should increase with time at a constant miz (Th)
collision energy. For both XeGF* and XeCF, time and beam
flux dependences were not observed. It is therefore concluded
that reaction 3 does not contribute significantly to the generation
of XeCR™.

The third major ion/surface reaction product, XeCknay
arise in a direct surface process or by gas-phase dissociation of

Relative Abundance

Figure 4. Partial mass spectrum displaying ions released as a result
of 40 eV collisions of T at an F-SAM surface.

CFRs™ in the following ways:

+ —
internally excited XeCF™ ions. The calculated reaction Xe+CF,"—~XeF' +CF, AH=47eV  (6)
enthalpy, again using 4Eg to represent the surface species, is
as follows: Xe+ CF,"—XeCR,"+F AH=46eV (7)

Xe™ + C,fg— XeCF" + C,F,+F  AH=35eV (4) . .
Xe+ C,F," —XeCF"+CF, AH=1l1leV (8)
XeCF,”" —XeCF +F AH=3.0eV (5)
As thermochemical dat (reaction 6) and DFT calculations

Reaction 4 indicates that the direct process requires only (reaction 7) show, these reactions are energetically unfavorable.
slightly more energy than formation of XéKreaction 1) and The initial charge-transfer process is estimated to be further 1.3
XeCR*™* (reaction 2), but the unimolecular fragmentation eV endothermic (the difference between the ionization energy
(reaction 5) of XeCEF"™ to XeCF" requires an additional 3.0 of CF; and the recombination energy of X¥e13.4— 12.1=
eV to induce G-F bond cleavage in XeGF*. This additional 1.3 eV), making the overall reactions considerably less favorable
internal energy can be made available by increasing the originalthan noncharge exchange processes (reactions 1 and 2) at the
xenon collision energy, leaving the resulting XeCHproduct same Xé* collision energy. Reaction of neutral Xe with the
vibrationally excited. Figure 2 shows that there is roughly a other charge exchange products, e.gE/C (reaction 8), could
15 eV difference in the maxima of XeGF and XeCF, and also form the ion/surface reaction products. However, further
this shift suggests that at higher collision energy, the ion/surface dissociation of XeCE to XeF" or XeCR*'* appears to be
product XeCE"™, which presumably has increasingly more unfavorable. Even if one allows that the incoming xenon cation
internal energy, fragments to XeCF It is possible that in the  could gain some 4 eV (20% of 20 eV at threshold collision
threshold energy region, XeCHs formed by direct reaction  energies assuming the translational to internal energy conversion
with the F-SAM. at the F-SAM is 20%}228:31.3%the processes are inaccessible.

Note that the shift in the abundance maxima of XgCR&nd When allowing for ions generated in the 70 eV EIl source with
XeCF' is about 15 eV and thatH for XeCFR,** fragmentation higher than average internal energies and considering the width
to XeCF" is 3.0 eV (reaction 5). Assuming the same 20% of the distribution in T— V values, it becomes energetically
translational to internal energy (* V) conversion factor for possible but still unlikely for them to undergo the above
these ion/surface reactions as measured for inelastic collisionsendothermic processes. The charge exchange mechanism cannot
from SID data?®3132the two values fit nicely: 20% of 15 eV  be ruled out simply on the basis of energetics, but it does seem
is 3 eV. (The energy partitioning factor is here applied to the unlikely.

ion/surface reaction product Xeg€, rather than the projectile Comparison with I and Kr ** Reactions. Figure 4 shows
itself as is done in SID.) Much more work will be needed to the scattered ion mass spectrumoféaction with the F-SAM
determine whether this is a representative value. surface at a collision energy of 40 eV. Just like™Xd™ reacts

As shown in the insert to Figures 2 and 3, chemical sputtering readily with the F-SAM surface to form fluorine atom or CF
occurs at a lower collision energy than the bond-forming ion/ group abstraction products. The relative abundance of the major
surface reactions, indicating that charge exchange must at leasproduct ion IF is about 40% of the base peak £F It is
be energetically accessible in the collision energy range studied.interesting to note the occurrence of a multiple fluorine atom
At low collision energies, only C& and GFst are observed, abstraction product, ¥, which is not observed in the case of
suggesting the occurrence of simple- C bond cleavage of the ~ Xe™* as the projectile ion. The difference can be attributed to
F-SAM chain after charge exchange with*Xe Previous studies ~ the number of valence electrons available for bond formation.
of hydrocarbon surfaces have also shown that charge exchangérevious studies showed that\eind Sir, with 5 and 3 valence
is responsible for hydrogen atom abstraction as mentioned inelectrons, respectively, can abstract multiple fluorine atoms to
the Introduction. Hence, the ion/surface reaction productsfXeF form WFs™ and Sik™.1827 As expected, the onset of 4F
and XeCRk*', might be formed between neutralized xenon and formation appears at higher collision energy (ca. 30 eV) than
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Figure 5. Collision energy dependence of the ion/surface reaction
products IF*, ICF™, and ICR" scattered from an F-SAM surface upon
I* collision.

that of IF*, indicating that the process involving multiple-€
cleavage is more endothermic.

Reactions of T with F-SAM surfaces were also studied over
a collision energy range of ¥%0 eV, the focus being on the
formation of the corresponding 15 ICF™, and ICR* species.

J. Am. Chem. Soc., Vol. 120, No. 32, 198295
enthalpies are as follows:

I"+CF"—IF"+CF, AH=23eV (13)

I'+CFR"—ICF,"+F AH=1.8eV (14)
Once again, these reactions are energetically unfavorable as
thermochemical dat& (reaction 13) and DFT calculation
(reaction 14) show, when compared to noncharge exchange
processes.

The intact C-C cleavage product, IGF, occurs in the
collision energy range 17 to 45 eV, although its abundance is
very low. The ICE™ ion appears to be stable to dissociation
only at relatively low energies compared to the other reaction
products. The energetics of its formation and dissociation are
shown in reactions 15 and 16. The absence of the corresponding
methylated xenon ion is easily explained in light of the
calculated thermochemistry, which shows that it dissociates even
more readily (reaction 17):

I"+ CFfg— ICF,”"+C,F; AH=17eV (15)

ICF,”" —CF,"+1° AH=14eV (16)

XeCR,”"—~CF,"+Xe AH=05eV  (17)

The energy dependence of the relative abundances of these ion¥he minimum 1.4 eV requirement for the fragmentation of

is shown in Figure 5, taking [F at 30 eV collision energy as
100%. Similarities exist between the behavior of the projectiles
Xe™* and I similarly to XeF", IF** is the dominant product
and the intensity maxima for * and ICR™ occur at a lower
collision energy than that for ICE. From 15 to 40 eV collision

ICFs*™ allows it to be observed with low abundance, but the
less stable XeGF is not detected. Note that a related ion,
XeCHs*, was observed in a previous gas-phase stidy.

Like I*, Brt ions showed BrE*, BrCF™, and BrCk' reaction
products upon collision with F-SAM surfacés.No reactions

energy, the overall intensity of the ion/surface reaction products of ionized krypton were observed at any collision energy studied,

is roughly half of that for chemical sputtering by.| As the

collision energy increases, chemical sputtering becomes domi-

only chemical sputtering of the F-SAM occurred, and Xwvas
observed as a scattered ion. The absence of krypton ions in

nant as also observed in the xenon case. The thermochemistrjhe scattered ion mass spectra, also found in earlier stéifies,
calculated by DFT for the Corresponding gas_phase reactionsindicates that Virtually all Kr* ions are neutralized as a result

is as follows:
1"+ CFg—IF"+CF AH=25eV  (9)
"+ C,/g—ICF," +C,F;, AH=-05eV (10)
"+ CFg—ICF"+CF;+F AH=38eV  (11)
ICF,”—ICF"+F AH=4.4eV (12)

The exothermic reaction 10, which leads to the formation of
ICF;*, is observed to have a slightly higher threshold energy
than that of IF* (reaction 9). This is in contrast to the
corresponding Xe reactions. However, unlike XgCFICF,™

of ion/surface collisions, a result that is consistent with the near
resonance of electron transfer to the F-SAM surface. Charge
exchange for eithertl or Brt (recombination energy is 11.8
eV)35 is less favorable than that for Kx.

Theoretical calculations of the structures of the observed ion/
surface reaction products are presented in Figure 6. For Xe or
| containing species, Hartred-ock geometry optimization with
the LANL2DZ basis set fails to give reasonable bond lengths
and bond angles. The Becke-3-LYP density functional method
was therefore used to optimize the ion structures. The calculated
Xe—F* bond length of 2.006 A is close to the value of 1.947
A, reported in a previous calculatiéh. The positive charge in
XeCF" and XeCEk*™ is almost equally shared between xenon
and carbon, while for the IGF (n = 1—3) species iodine retains
at least 75% of the charge.

Xe™** Reaction Mechanisms. (1) G-F Bond Cleavage and
Formation of XeF™. The net endothermicity of breaking a

is a closed-shell species, and a barrier along the reactionC—F bond and forming a %eF bond is roughly 3 eV, as shown
coordinate associated with the formation of closed-shell productsin reaction 1. Scheme 1 illustrates four possible reaction

may be assumed. Chemical sputtering ofsCBy IT has a
threshold as low as 15 eV collision energy, at which energy

only IF** is observed, and the predominant scattered ion is the

reflected 1 ion.

pathways which might lead to XeFn the course of ion/surface
collisions.

In route 1, the xenon radical cation binds to a fluorine atom
at the surface, generating a fluoronium ion intermediate.

When considering the charge exchange route, neutralizationSubsequent cleavage of the bond between fluorine and carbon

of IT at an F-SAM surface is 2.9 eV endothermic (the difference
between the ionization energy of €&nd the recombination
energy of , 13.4— 10.5= 2.9 eV), and the subsequent reaction

yields XeF. This endothermic reaction appears to require the

(69) Tanaka, S.; Sugimoto, M.; Takashima, H.; Hada, M.; Nakatsuji, H.
Bull. Chem. Soc. Jprl996 69, 953.
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Figure 6. Calculated DFT geometries for XeFXeCF", XeCRk*,
IFt+, ICF*, ICF,", and ICK**. Bond lengths are in A; Mulliken charges
are labeled at each atom.

Scheme 1.Possible Mechanisms for the Formation of XeF
in Collisions with an F-SAM Surfacde
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a2 Route 1 involves a fluoronium ion intermediate, route 2 involves
oxidative insertion, route 3 involves fluoride intermediate, and route 4
involves charge exchange.

smallest entropy change and so might be favored under high
energy conditions. It was proposed earlier that fluoronium ion
intermediates are involved in ion fluorine atom abstraction by
metal ions from F-SAM surfacé$and in the pickup of fluorine
atoms from F-SAM surfaces by methane-derived projectile ions
such as Chi".28 Transhalogenation between the incoming Cl-,
Br-, and I-containing ions and the F-SAM surfécend
exchange reactions involving NCO and NCS groups and fluorine
atoms at F-SAM surfaces may also occur by this mechanism,
which involves formal electron donation from the highly
electronegative fluorine atofd.

In route 2, xenon is oxidatively inserted into the-E bond,
whereupon cleavage of the weak-X€ bond results in identical
products to those which occur in route 1. The surface reaction

Feng et al.

the Xe-C bond in XeCE™ is calculated to be only 1.4 eV
while an experimental value for the %€ bond in XeCH™,

as mentioned earlier, is 2 é¥. This reaction pathway is thus
energetically less demanding than route 1 and may be the
dominant process at very low collision energies. Initial
coordination of the ion at fluorirfé may be involved in route

2.

In route 3, an electron is transferred from *Xeto the
fluorocarbon chain to form a fluoride intermediate, EXe-
“FCR—R], formally a xenon dication complexed to a negatively
charged fluoride anion. Cleavage of the-FC bond leads to
the formation of XeF. Recently, Schwarz and co-workers have
proposed that €F bond cleavage in gas-phase ionic reactions
can proceed by a similar fluoride mechani&mTheir experi-
mental and theoretical evidence suggest that the reaction of
lanthanide with fluorocarbons involves charge exchange for-
mally to give a metal dication and a fluoride anion. Charge
exchange occurs from the metal ion" b the fluorine, followed
by cleavage of the €F bond and the formation of the MF
species. The high reactivity of the lanthanide cations with
fluorocarbons appears to be a simple consequence of the very
low second ionization energy of the metal ions, which are in
the range of 1612 eV, e.g. La (IE=5.6 eV) to L&™ (IE =
11.1 eV) requires only 5.5 eV. A mechanism of this type has
also been shown to apply to CaRFormation from Cd*, a
conclusion supported by high-level calculatidAsConsidering
that xenon has a very high second ionization energy (21.2 eV),
even when allowing for the high electron affinity of the fluorine
atom (EA= 3.5 eV), the formation of XeFvia [Xe?"+--F—
CFR—R] would require 17.7 eV to drive the reaction. Note that
for calcium (second IE= 11.9 eV), the corresponding value is
lower by 9.3 eV, which is the difference between their second
IEs. The difference in energetics is striking. Thus, this pathway
is believed to be energetically unfavorable and the least probable
mechanism of €F cleavage for the projectiles employed in
these low-energy ion/surface collisions.

In the fourth route, the incoming Xe undergoes charge
exchange with the fluorocarbon, producing a surface-bound
radical cation. In a process which is similar to that involved in
the reactions of hydrocarbon radical cations with hydrocarbon
surfaced}-2433.41the fragments of dissociation of the surface-
bound cation, including Gf, then react with the now-
neutralized xenon to form XeRwith expulsion of CE neutral.

This process requires more energy than the processes in routes
1 and 2 that do not require charge exchange [compare reactions
1 and 6], since X& must first charge exchange with the surface
(1.3 eV endothermic) and then react to form X€&n additional

4.7 eV endothermic (reaction 6)), making the overall process 6
eV endothermic. The XeFthreshold collision energy is 20
eV, barely enough for this reaction to occur through this route.
Morever, the formation of XeCFfrom Xe™* requires a total

of only 3.5 eV (reaction 4) and its threshold collision energy is
at 25 eV. If charge exchange is responsible for Xé&¥mation,
considering the energetics, its threshold collision energy should
be higher than that for XeCF But the reverse is observed.
Furthermore, consider as already noted that the recombination
energy of Kr* is 14 eV, its neutralization at the surface (IE
estimated at 13.4 eV) is a resonance process and exothermic
by 0.6 eV. Krypton neutralization was observed at all energies

intermediate is a xenonium ion and may be quite unstable since
the Xe—F and Xe-C bonds are both weak. Oxidative insertion
of Fe™ into the C-F bond in fluorobenzene has been reported
in gas-phase experimers’! In these studies, loss of HF was
observed due to the strong—HF bonding and the stability of
the Fe-CgH4 bond, estimated to be 3.6 €V.In comparison,

(70) Dietz, T. G.; Chatellier, D. S.; Ridge, D. £.Am. Chem. Sod978
100, 4905.

(71) Bjarnason, A.; Taylor, J. WOrganometallics1989 8, 2020.

(72) Cornehl, H. H.; Hornung, G.; Schwarz, #.Am. Chem. S04996
118 9960.

(73) Harvey, J. N.; Schroder, D.; Koch, W.; Danovich, D.; Shaik, S.;
Schwarz, HChem. Phys. Lettl997, 278 391.
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Scheme 2.Possible Mechanisms for the Formation of known from these studies that oxidative addition can be a low-
XeCFR*e in Collisions with an F-SAM Surface energy proceg$ and prior neighboring €H bond activation
Y is not necessarily required. It is therefore expected that Xe
CFbond F, / Nr will insert into the first C-C bond of the SAM chain, especially
insertion F/CQ ) at low collision energies, and that this process will be competi-
| F;"C|\F \ tive with the xenon €F bond insertion pathway. Both
RF reactions lead to the same products by F migration and neutral
C-C bond Fu 'c/\ . fluorine atom loss without new -€F bond formation may be a
F insertion F Fo, + high-energy variant of both processes. It is worth pointing out
Bl o | 2 XK ) - R/C\F e that G,—Xe bond cleavage in the insertion product yieldsCF
-C . . . .
P, < NF SINF Based simply on the observation of £Hons, this process is
RO OF Charge R v / indistinguishable from chemical sputtering.
exchange NS P Route 3 considers charge exchange betweett ¥ad the
N B CGTTE surface Ckgroup. The neutralized xenon may be loosely bound
R Np X to the charged terminal GF group through ion-induced dipole
A interactions favored by its high polarizibility. Subsequent 1,2-
3b Fod  rxe —= oo+ [CR+Xel fluorine migration and Xe C bond formation lead to the final
Fo, /N R/C\F products (route 3a). The similarity of threshold energies for
R/C\ F XeCR"™ (17 eV) and chemically sputtered €H16 eV) shows

aRoute 1 involves oxidative insertion of the-& bond, route 2 that this mechanism is energetically accessible, as discussed
involves oxidative insertion of the -€C bond, and routes 3a and 3b ~ €arlier. Similarly to routes 1 and 2, route 3a is a low-energy
involve charge exchange followed by reaction. process due to the formation of a new E bond, while a higher

) o ) ) energy version (route 3b) in which no new-€ bond is formed
without yielding any ion/surface reaction products. The-Kr  may also occur. As in route 4, Scheme 1, Xe ands'CF
F* and Kr—C* (in KrCH3") bonds are not weak (1.6 éVand  recombine in an ion/molecule reaction fashion (route 3b) to
0.9 eV) compared to the bonds in the corresponding xenon generate the final product XeG# with the loss of a fluorine
species which were observed over a wide collision energy range.atom, an endothermic process comparable toXfefmation
The absence of krypton reaction products is also consistent withjn the same fashion. However, this possible process is not
the suggestion that charge exchange, a favorable process foeonsidered favorable for reasons explained earlier.
Krt*, is not essential for fluorine abstraction ion/surface reactions  The reaction generating Xéfand XeCK*+* may also proceed
to occur. (One recognizes that other factors, such as polariz-yia formation of XeCE*, which subsequently fragments to
ability, may limit the reactivity of kryton.) The above analysis generate these species. Although XgC®as not observed,
strongly indicates that charge exchange does not play aits Jow dissociation energy (see above) makes it impossible to
significant role in forming the ion/surface reaction products excjude this possibility.
observed in this study. _ . I+ Reaction Mechanisms. Oxidative insertion may also be

(2) C—C Bond Cleavage and Formation of XeCE". The responsible for the formation of IGF since an electronically
thermochemlcal requirement for generating XeCin the gas- more stable FI*—C (I* has six outer shell electrons) group
phase reaction between Xeand GFgis ca.+0.5 eV (reaction 5y yndergo homolytic €C bond cleavage, leading to the
2), i.e., itis slightly endothermic. Bgt this process is energetl- observed product IGE*. lodine has a lower recombination
cally more favorable than XeLFfor.rr.latlon. As shown in Figure energy (RE= 10.5 eV) than xenon and chemical sputtering is
2, XeCR'™ has the lowest collision energy threshold of the 4t a5'facile. The abundance of chemically sputteregt @fhs
various ion/surface reactions. Scheme 2 illustrates four possible;g typically only a factor of 2 greater than that of‘tFions, the
pathways which might lead to XeGFformation. major ion/surface reaction product, whehis the projectile

In route 1, oxidative insertion of Xe into the C-F bond ion. However, chemical sputtering is still evident at™1F
followed by homolytic C-C bond cleavage generates the hreshold energies, which indicates that charge exchange does
products XeCEF"™ and a neutral surface-bound fluorocarbon. .cur. If IF* and ICR* are generated aftet tharge exchange
This is similar to the proposed oxidative insertion mechanism \yith the surface ICF ions are expected to be observed first
for XeF* formation (Scheme 1, route 2), the difference lying gjnce this reaction is less endothermic thart*IFormation
in the proposed fluorine atom migration ane-C bond, instead (reactions 13 and 14). But the opposite was observed. This
of C—Xe bond cleavage. The formation of a strongEbond again suggests that charge exchange does not contribute to the
while breaking weak €C and Xe-F bonds is energetically  generation of ion/surface reaction products. The lowest
favorable, even though entropically demanding. At higher ¢ ashold charge exchange productsCFwas first observed
energies a_neutral quo_rlne atom is probably lost after oxidative ¢ virtually identical projectile collision energies for Xeand
insertion without form!ng the new €F bond at thg@ carbon. I+, but the subsequent reaction leading to Xéfeaction 6) is
In th|s+case, homolytic €C bond cleavage again generates 5 4 e\ more endothermic than that leading td*Ifreaction
XeCR"™ but also a surface-bound radical, and the energy 13y However, there is opla 5 eVdifference in the observed
requirements rise correspondingly. _ threshold collision energies, a value which is inconsistent with

In route 2, xenon is oxidatively inserted into the-C bond  {he T— v/ partitioning data already cited. These considerations
and fluorine migration followed by, or concerted with;-€Xe once more indicate that charge exchange is unlikely to be
bond cleavage generates the same final products as route 1. I0pegponsible for ion/surface reactions in the current study.
Insertion into G-C bonds h"’.‘s been observed in |60n _beam The two-step reactive scattering model proposed by Kang
experiments with bare transition metals, such a$.8d® It is and co-worker@ is worth mentioning here. In their study, low-

(74) Holtz, D.; Beauchamp, J. ISciencel971, 173 1237. energy collisions of Csion with H,O-adsorbed Si(111) surface

(75) Armentrout, P. B.; Beauchamp, J.1..Am. Chem. S0d98Q 102,
1736. (76) Karrass, S.; Schwarz, rganometallics199Q 9, 2034.
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lead to observation of Cs@®)*, Cs(OH)", Cs(SiOY, and enthalpy is lowest among the three. The three products are
CsSir. It was proposed that the reactive scattering process formed directly from ion/surface collisions at undamaged
involves the physical desorption of neutral adsorbates due toterminal groups of the fluorinated alkylthiolate chain. Frag-
ion/surface collisions, and subsequent association reaction ofmentation of XeCF"™ contributes to the abundance of XeCF
Cst and the desorbed neutrals. Both OH anDHre believed  at high collision energies, when the XefFions formed have

to be present on the surface and to be desorbed during theexcess internal energy available for further fragmentation.
collision in their origin state. We suggest that the formation of Chemical sputtering of F-SAM surfaces by Xend I occurs
fluorine atom or Ckgroup & = 1-3) abstraction products by  at the lowest collision energy investigated, suggesting that
Xe™™ and I" ions does not follow this two-step model. The charge exchange has a lower threshold than ion/surface reactions
similarity of energy dependence of product ion abundances for both projectiles, and it is also the dominant process forXe
suggests that the reactions proceed via a similar mechanism foat all collision energies.

Xe™ and I*. The observation of the multiple F-atom abstraction Several reaction pathways are discussed in the light of

product, I, appears not to support the post-collision gas-phase ¢.5|cjated reaction enthalpies, previous thermochemical data,

association reaction mechanlsmf which requires many-bodyand the experimental observations. These results indicate that
collisions to proceed. The formation ofjFis consistent with for C—F bond activation leading to XeéE a fluoronium

our previous results of multiple F-atom pick-up reactions by intermediate is favored at high collision energies and that

atomic and polyatomic ions, in which the_ ma_ximum number of oxidative insertion is the favored pathway at low energy.
F atoms that can be added to the projectile depends on theridative insertion appears also to lead teCcleavage. The
availability of valence electrons, and the abstraction reactions ion/surface reactions leading to Xe£Foccur with T — V
occur at the surface. o , ading o .
partitioning efficiency which is similar to that for SID processes
Conclusion at F-SA_M surfaces. Al_though ch_argq exchange is en_ergetically
) accessible at all collision energies, it appears that it does not
Products of G-C and C-F cleavage in self-assembled cqntribute to the ion/surface reactions investigated. This is also
fluorfarbon monolayers (XeGF and XeCF, along with consistent with previous studies of metal and nonmetal ions on
XeF") are generated during collisions of Xeover a wide F-SAM surfaced82728yhere experimental observations indicate
collision energy range (1380 eV). A comparable study wWith  {h4; charge exchange is often not involved in ion/surface
It shows that its behavior is similar to Xein terms of the reactions.

generation and the collision energy dependence of IEF™,

and ICR™ species, but that the intact<C cleavage adduct,
ICFs*, as well as the multiple F-atom abstraction product|F
are also observed. Threshold energy measurements for eac
ion/surface reaction product indicate that XeCHs formed at

the lowest laboratory collision energy, ca. 17 eV, consistent with
the estimated thermochemistry which suggests its reactionJA973201K
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