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C—F and C—C Bond Activation by Transition
Metals in Low Energy Atomic lon/Surface
Collisions

Chris Evans, T. Pradeept, Jianwei Shen and R. Graham Cooks*
Department of Chemistry, Purdue University, West Lafayette, IN 47907, USA

The transition metal ions, Cr*", Mo*", W*" and Re", abstract one or more fluorine atoms or G,F,, groups
(m=1,2; n=1-5) in collisions with fluorocarbon self-assembled monolayers (F-SAMs). The number of
atoms abstracted increases with collision energy, and with W and Re" it is possible to maximize a specific
scattered product ion by selecting the appropriate collision energy. The collision energy dependence
suggests that dissociation of the products of multiple abstractions is not an important source of any of the
observed ion/surface reaction products. The ions W and Re" activate and insert into C-C as well as C—F
bonds. In Re" collisions, products of C—C bond activation are of comparable intensity to the C—F activation
products. The reactivity of the ions towards fluorine abstraction is observed to be
Cr"<Mo™ <W*% <Re'". The data are interpreted in terms of reaction at the surface and are
rationalized by considering three factors (i) the electronic structures of the ions, (ii) the thermochemistry of
fluorine abstraction, and (iii) the degree of orbital overlap of the metal ion and the F-SAM substrate.
Copyright © 1999 John Wiley & Sons, Ltd.
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The activation of the C—F bond is a topic of increasing hydrogen atom abstraction$.Generally, atomic ions are
interest, both in solution and the gas ph&stOne method found to be more reactive than their polyatomic counter-
of achieving this objective is through the use of gas-phase parts in C—F bond activation. The reactions in general are
ions, which is examined here in the case of fluorocarbon thermochemically controlled, in the simple sense that those
surfaces. Desorption of species from surfaces can beof lower energy requirement are preferred. Nevertheless,
accomplished using keV, as well as hyperthermal ion thermochemical control alone is inadequate to explain all
beams. Bombardment with keV beams causes both neutralghe experimental observatioh$such as the lack of multiple
and ions to desorb from the surfatenteractions of fluorine atom abstractions by™Cand its ready occurrence
hyperthermal €100 eV) ions with surfaces bearing reactive for B™ (unpublished results).
groups can lead to the formation of new chemical bonds in  There is valuable information in the intensity distribution
the scattered ions and/or in the surface, in processes knowrof the fluorine abstraction products. When using Vés the
as ion/surface (I/S) reactiofis:°These processes have been projectile ions at an appropriate collision energy, the mass
investigated for several yeats! the principal surfaces  spectrum forms a roughly Gaussian distribution with AWF
examined being well-defined self-assembled monolayers.and WR" as the most intense peaks.The intensity
Of the variety of I/S reactions studied so far, hydrogen and distribution changes substantially when the angle of
fluorine atom abstraction reactions are the best under-incidence of the primary beam is variédProducts with
stood*®*™* A large variety of atomic and polyatomic fewer fluorine atoms are enhanced by increasing the angle
projectile ions have been shown to abstract fluorine atoms of incidence. It is of interest to see how the distribution
from fluorocarbon surface’St” With most projectiles, changes with collision energy, since an evaluation of the
single fluorine atom abstraction is the only or the dominant collision energy dependence data and comparison with the
process which is observédhowever, transition metal ions  corresponding gas-phase data might provide additional
abstract multiple fluorine atoms. Tungsten ions, for information on the reaction mechanism, including whether
example, pick up as many as five fluorine atoms in a single the reaction occurs at the surface, as assumed in previous
collision event->*8Single collision events that can lead to  studies, or above the surface.
multiple abstraction processes are also known in the case of The latter possibility is considered because of the recent
proposal that in some specific cases, ion/surface reactions
*Correspondence to: R. G. Cooks, Department of Chemistry, Purdue are due to _coII|S|on—|nduced Qesorptlon of an ad§02rbate
University, West Lafayette, IN 47907, USA. followed by ion/molecule reactions in the gas ph&sé:
t Fulbright Scholar, on leave from the Department of Chemistry and Recent observations on specific ion/surface reactions show
Regional Sophisticated Instrumentation Centre, Indian Institute of that the product distributions reflect the adsorption geome-
EeCh“O'Ogyv Madras 600 036, India. o try of the species at the surface, and cannot be explained if
ontract/grant sponsor: National Science Foundation.; Contract/grant . -
number: Grant No. CHE-9732670. the processes occur in the gas phase (unpublished results).
Contract/grant sponsor: The Fulbright Fellowship. Nevertheless, it is of interest to see whether there is
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Figure 1. Scatteredon massspectrarecordeduponcollision of 2Crt" at a fluorocarbormonolayersurfaceat
variousincidentenergiesThe collision energiesandthe ion/surfacereactionproductsareindicated.

addtional evidenceon the location of the bond-forming
interaction from collision energy depenént studes of
fluorine atomabstration.

With this objectivein view, we conduded a study of the
collision enegy depenénce of the fluorine abstration
reactios of thetransiton metalions,Cr™, Mo*", W', and
Re'. Therestts showthat singe atomabstration is most
facile at low collision enegies andasthe collision enegy
increags, the product intensty shifts towards multiple
fluorine abstration. It is possibé to maximize the
abundace of any of the W' or Re" product ions by
apprriate selecton of enegy at a given incidert angke.

EXPERIMENTA L

The ion/surfa@ scattemg experimens were conduded
using a four-andyzer BEEQ massspectometerdescriked
previoudy.?®> A mass-and enegy- analyzedion beamis
directed at the surface held in an ultra-high vacuum
scatteing chambey and decekratedto the desiredenegy
prior to collision with the fluorinated sef-assemkb¢d
mondayer surface. The enegy and massdistribution of
the product ions is analyzed using the remainig EQ
analyzes. In the experimens descrited below, the angke of
inciderce was 55° relative to the surfacenormal and the
scatteing anglerelative to theincidert beamwassetat 90°,
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althoughthis parametercould be varied. The expeiments
were conductedat a basepressureof 5 x 10~° Torr, which
wasnot changel on introduction of the sanple into theion
soure. All dataarerecordedin Thomsonwhere 1 Th=1
Dalton/eletronic chage?* The collision energy range
investigatedin theseexperimens was 10-200eV. Primary
ions were generaéd by 70eV electon impact upon
Cr(CO)s, Mo(CO)s, W(CO)s and Re(CO)o (Aldrich
Chanmical Co.,Milwaukee, WI, USA) andCgF14 (Lancaster,
Windham,NH, USA).

The targetsurface a fluorocarbonself-asseibledmono-
layer, CF5(CF,);CH,CH,S-Au, was prepared®2® by ex-
posing a 1 mM solutionof the correspading thiol soluion
in ethanolto acleangold surfacefor atleast 24 hours After
sef-assemby, the mondayer surface was sonicatedin
ethanol for a minute andwashedrepeately in ethanoland
hexane then dried under a streamof nitrogen. The gold
surface was prepared by thermal evapoation of Au
(2000A) on a (111) polishal Si crygal face (with sputter-
deposied 5 nm buffer layer of Cr). X-ray diffraction of the
gold surfaceprepaedin this way showed (111) reflections
(Siemensdiffractometer).

RESULTS AND DISCUSSION

Figure 1 showsthe scatteedion massspectraecadedupon
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174 BOND ACTIVATION IN ATOMIC ION/SURFACE COLLISION

Table 1. Thermochemical data for formation of MF," products
from gas-phasaeactionsof Cr*™" and Mo with C,Fg?

Heatof reactionkcal/mol

collision of >°Cr"" at a fluorocarba monolayer at different
collision energies. The spectraincludethefluorine abstrac-
tion products,CrF™ andCrF, ", aswell asfluorocarborions

Projectile Product C=C bondformation no C=C bond which are chaicteristic produds of chenical sputteing
. (whenapplicable formatiorf from a fluorocarbon SAM surface. Note that CrF" is
cr crF 56 56 observedevenat a collision energyaslow as20eV. Note
(érF2+ 132 1‘9‘3 alsothatat this collision energythe spectrum doesnot show
- rFﬁ anypeaksdueto chemial sputteing (i.e. to thedissociaive
Mo MoF 36 36 :
MoF,"" 9 62 chargeexchangeprocess that yields the SAI\/_I fragments,
MoF,* a1 90 CF', CFRs", etc.). These peaksonly appearin the mass
MoF,* 5 121 spectrumrecordedabove 30eV collision energy.This is
MoFs" 126 175 consistentvith thelow recanbinatian energyof 6.76eV for
. Cr', 2" which thereforemalkes fluorocarbonion formaion
2 Datafrom referene <. . ; . A
b . substantily endohermic. Referring to Fig. 1(b), note the
Calculged from the gas-phaseeaction i L . . .
occurrerce of CsF3™ which is a high-enegy speciesandis
M* + CoFg — MF + CoFon normally of lower abundace than C,Fs" in the Xe™
¢ Calculatedirom the gas-phaseeaction chemicalsputte_rirg spectrun of quoroca_rb(ln surface (Fhe
N . thresholdenergiesof C,Fs™ and CsF5" in Xe™ chemial
M+ GFs = NP = G tteri boutl8and40eV tivéy)*® Notethat
ME* 4+ GoFe — MES 4+ G, el spu erlrg areaboutl8and40eV, respectivéy) ". Notetha
2 no C,Fs" is obseved in Fig. 1(b). The formation of the
CsF5" in this spectrun is therefore believed to occur
8
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Figure 2. Thetoppaneldisplaysthescatteredon massspectrg 90 Th andabove)at90eV. Thebottompanel
displaysanenergyresolvedmassspectrun(ERMS)plot for theion/surfacereactionproductsproducedipon
collision of ®®Mo™" at a fluorocarbonmonolayersurfacein a collision energyrangefrom 20 to 200eV.
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BOND ACTIVATION IN ATOMIC ION/SURFACE COLLISION 175

throuch a low-energ ion/surface reaction,in which the
metal ion cause C-C cleavage and simultaneous F,
elimination. The lack of an observablechangein the
intensty of thision after extendedXe™*" chenical sputteriry
or surface atom/groyp abstraction experiments denon-
strakesthatit is the resultof a singe ion/surfacecollision
event.

Formation of CrF" in the gasphasefrom ground state
Crt and a typical fluorocarbonis 56 kcal/mol endother
mic.?’ The fact that this ion displays a threshotl of
apprximately 20eV in ion/surfacecollisions (Fig. 1(a))
suggess that the surface collision convets the required
56 kcal/mol (2.4eV, i.e. 12%) of translaional into internal
enegy. This enegy depositon in the coure of chage
exchangeat a surfacecanbe comparel with that deposied
into the scatteredon in inelagic surfacecollisions. In the
latter case the mostprobale T — V convesionefficiency
is approcimately 20%282°

Thedoublefluorine abstractiorprodud, CrF,*, is formed
at higher collision enegy. This is in accordane with
thermochemcal consderations since this reactionis more
endohermic than single fluorine abstraction. Howeve,
evenafter increasingthe collision energybeyond100eV,
noCrF;" is observedThereadion thermochemcal datafor
theformation of Cri, " (x = 1-3)havebeenestimaed’’ and
aredisplayedin Table 1. As one cansee,the formation of
CrF;* is highly endothemic, andthis resultemphasizethe
contol of thernrochemstry overion/surfae readions.

Figure 2 showsthe scatteredon massspectrarecorded
uponcollisionof ®®Mo ™" atthefluorocarbonSAM at90eV
collision enegy, as well as an energy resolved mass
spectrun (ERMS) plot for collision energiesanging from
20to 190eV.Referringto the ERMSplot, at20 eV collision
enegy, no reaction produds are observal#, only the
projecile ion is seen.The productMoF" beginsto appea
in the massspectrumat a collision enegy betwea 20 and
25eV. As shownin Table 1, the formation of this ion is
36kcal/mol endohermic, 20kcal/md less than CrF"
formation. Howeve, the threshold collision energy for
formaton of CrF" was obseved to be lower than the
threshotl energyfor MoF*, 20 and 24eV, respedvely.
This stresgs the contibution of factors othe than
thermochemstry in controling these readive collisions.
The themochenical requiremats for subsguentfluorine
abstrationswereestimated’ andthesedataarealso shown
in Table 1. Uponincreasng the collision energyto 30 eV,
bothMoF,* andMoF; " areobseved,andonincreasinghe
collisionenegy by anadditional 10 eV, the productof four
fluorine abstration is observableThe relative abundaces
of the abstration products MoF™ and MoF,"" increag
rapidly at lower energybut above60eV collision enegy
their intensiies leve out. At this point, and for the
remanderof the collision energyrangeexamired MoF, ",
is the base peak. This is consstent with the small
endohermicity of MoF,"" formaion (with accompaying
C=C double-bondformation). Although not shownin the
ERMS plot, sputering produds are obsevablefrom 40eV
onwads.Againreferringto Fig. 2, it is alsoof interestto see
thatthe fractiond convesionof Mo ™" to produds (defined
as ¥ abundace of MoF,"/abundane of incident Mo™")
remans approximately constantas the collision enegy
increa®s. The fact that a maxmum of only four fluorine
atoms are abstractd rather than more, suggets that
thernochemcal factorsinhibit the abstration of more than
four atoms.

© 1999JohnWiley & Sons,Ltd.

Figure 3 shows the scatteredon massspectrarecorded
upan collision of W™ at the fluorocarbonsurface It is
interesting to seethat the produd ion distribution changs
subsantially towards higher abstaction productswith an
increasein collision energy.lt is possibleto make anyion,
from WF to WF;T, the major productof thereadion, just
by adjusting the collision enegy. The absege of a
subsantialamountof W+ andWF " beyond40eV suggets
that (i) thereis no substaritl fragmentation of the ion/
surfacereactionproduds and(ii) thatthesereadionsdo not
occurasaresultof asso@tion processesn thegasphase.n
the gas phasé® WF' is the major reaction peak under
singe- and multiple-collision condtions with fluorocar-
bors. If thereweresubsantial fragmentéion of ion/sufface
readion produds at high collision energy onewould expect
a reversalin the intensiy patten. Howeve, it hasto be
rememberedthat the fragmentation productscan undego
further abstactionandthe co-occurenceof both fragmen-
tation andreadion cannotbe ruled out.

As the collisionenenpy is increagd, additional processes
involving C—C bond cleavageand abstration of C,F,
(m=1,2;n=1-3)groupsoccur. Although the natue of the
bonding in theseionsis in questim, it is certainthat more
channés of interactionbecomeavaiable as the collision
enegy is increagd. Molecular dynanics studiesof ion/
surface interactions show that as the collision enegy
increasesthe ion is within the interacton region of the
surfacefor alonge periodof time 3! This is espedally true
of anorgaric mondayermatrix, whichis expededto havea
high compresibility. During suchan interection, a larger
volume of the matrix is accessibléo theion.

Figure 4 presnts the scatteredion mass spectrun
recaded upon collision of *¥'Re" with the fluorocarbon
SAM. Many featuresare similar to the W*" data, but the
fluorocarbonabstration produds, ReCF~, ReCR" and
ReCF;™ arenow of comparableabundaceto the fluorine
abstactionproduds. It is appaentthathigh collisionenegy
favors Re—Cbond formation over Re—Fformation. While
theW™ fluorocarbonabstactionproduds arefirst observed
at 60eV, the first carbonaceus abstration product,
ReCF,", is obsewved at only 40eV. It is important to note
that fluorocarbon abstractbn produds are not observed
when usingCr" or Mo™*" asthe projecile. Unfortunatey,
there arenobondenegy valuesavailable in theliteratureto
allow thesecomparisonsto be takenfurther. Howeve the
C-Ccleavagewith newbondformation to the metalcenter
canhardlybeahigherenegy procesghanthe C-Fcleavage
process. The differencein threshold energy is therefore
ascibed to the fact that the C—F bondsare at the surface
while the C—C bondsarenot.

It is worth notingthattherelatve abundacesof ReCF,+
(n=1-4)donotcorrelateto thos of thechemial sputterirg
produds. Typical Xe™ chenical sputteing spectra of
fluorocarbonSAMs show an intensity of CF," peaksin
the order CF;* > CF" > CF,*. Howeve, ReCR*" and
ReCF;™ are roughly of the sameintensiy above50eV.
Moreover, we also see peaks correspading to ReCF, ™,
ReC,F;" andReGF, " in themass spectraaboves0eV, and
thes intensiies are not inconsistat with the intensites of
thefluorocarbonionswhile CF, " is notevenobsenedasa
chenmical sputeringprodud. Thesereslts areall consisent
with the suggetion that the reactionoccus at ratherthan
above the surface and that it does not involve charge
exchange.Instead mechanism suchasthe fluoroniumion

Rapid CommunMassSpectrom13, 172-178(1999)
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Figure 3. Scatteredion massspectra(180 Th and above) recordedupon collision of #4W*" at a
fluorocarbonmonolayersurfaceat variousincidentenergiesThe collision energiesandtheion/surface

reactionproductsareindicated.

mecanism and C—F insertion mechanism, recently pro-
posedn thecaseof Xe' reactivescatteing'® areindicated.
Focusing on the differences betweenthe scatteed ion
mas spectra for the different projectiles it becomes
appaent that C—C bond actvation (excluding chemical
sputering peaksin the form of C,F, ") are only obseved
with W andRe" asprojectiles. This suggess that of the
four projectiles ions investigatedonly W™ and Re" are
capalle of insering into and breaking C—C bonds.
Examining thesespectraeven more closely, we seethat
theintensty of the C—~Chondactivationprodudsin theRe"
spectraat high collision energie rival the intensity of the
C-Fbondacivation produds. While C-Cbondactivationis

Rapid CommunMassSpectrom13, 172-178(1999)

observedvith W™ asthe projectile, it doesnotoccurto the
sameextent.

Why shouldthesetransition metalions undego multiple
fluorine abstration reactons?Compaison with the chem-
istry of p-block elemants studiedpreviowsly®? suggets that
the electront strucure of theion is importantin detgmin-
ing the natureof the reactionprodud. We suggesthatthe
electront strucure shout be suchthat unpairedelectrons
mustbe availeble for anion to undego atomabstration in
the ion/surface collision event Although the collision
energymay be usedto circumventthe activation barrier,
theelectronic strucurehasto befavorable.Whenboththese
factors are favorabk, a third factor, the extent of spatid

© 1999JohnWiley & Sons,Ltd.
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Figure 4. Scatteredion massspectra(180 Th and above) recordedupon collision of ¥Re* at a
fluorocarbonmonolayersurfaceat variousincident energiesDue to low primary ion current,the 35eV
spectrumis noisy. The collision energiesandthe ion/surfacereactionproductsareindicated.

overlapbetweertheinteracting systens, mightbeimportant
in deternining the numkber of atomsabstacted.To illustrate
the point, considerthe cases of C* and TI". For C*™

(25°2p"), althoughmultiple fluorine abstactionsare ther-
mochemically favored,they are elecronically unfavorable
sinceC possesenly oneunparedelectron. Experimrental
restits showthe abstration of only onefluorine atom?? In

the caseof TI™ (5d'%6<%) neitherthe thermpchemstry nor
electonic strucure (no unparedelectrons)s favorableand
conseuentlyfluorine abstractioris not observed?

In order to illustrate thes factorsin the casesof the
transtion metalions studed here,considertheir electonic
strucures more closely.*® The ions Cr* (3s?3p°3d°) and
Mo"" (454p°4d®) both exist in ®Sg, electronic ground

© 1999JohnWiley & Sons,Ltd.

staes, while W (55°5p°5d'6s') and Re" (55°5p°5d°6s")
have electonic groundstates,’ Dy and ®Ss),, respectively.
The ionization energie of Cr (6.76eV) andMo (7.10eV)
arehigherthanthatof W (7.98eV) which s close to that of
Re (7.87eV). In both Crt" andMo™" thefirst excited stae
lies 1.47eV higherthanthegroundstate In thecaseof W,
the lowestexcited statehasa configurtion, 5¢° (°Ss,), and
is only 0.92eV higherin enegy while Re" hasa closedS-
shel lowest excited state(5d°6s? (°Dg)) which is 1.71eV
highe in enegy. This electonic picture suggets thatall of
thes transition metak can undergo multiple abstration
readions— up to five (for W™, Mo™*" andCr*) or six (for
Re") —if themochemigry andotheraspets arefavorable.

Althougha theoreti@al maximum of five or six fluorine

Rapid CommunMassSpectrom13, 172-178(1999)
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atomscanbeabstrated,fewerabstractionsireobsewedfor
Cr", Mo andRe", evenathigh collisionenegies.Thisis
mog likely due to the spatial extension of the orbitals
concened.Thed-orbitaloccupacy anddimensonsof W
andRe" are similar. Although thernochemcal valuesfor
Refluorides are not avaiable, one assunes that they are
similar to thoseof W. Sinceexcitationenegiesarenothigh,
involvementof the excited statedn thereadivity cannotbe
ruled out for Cr™", Mo™" andRe", andthey areevenmore
likely to partidpate in the caseof W*". The bond enegy
valuesfor thevariousmetal-fuoridebondsarein the order,
W-F (130.9kcalmol) > Mo—F (111.0kcal/mol) > Cr-F
(206.2kcal/mol).

The resdts presented above sugges that ion/sufface
reacgions occur at the surface, on a short time-sale. No
metal ions are obsewed in the subsguent chemical
sputering event, suggesing that reactionsoccur in the
cour® of singe scatteringeventsThe factthatit is possibe
to comgetely avoid certain produds just by varying
collision enegy further supportsthe argunent that all of
the readion produds are formed in singe ion/surface
collision encoutters. Had there beenassocition reactions
betwea the ions and the neutals in the gas phasethere
would be no rea®n why certain produds would not be
produed. In fact, in the gas-phaseollision experirments,
theproductpatternremaindargely the sameoverarangeof
collision energis3* If 1/S reactbns occur as a result of
gaseois asso@tion processes, for one to explain the
absee of certainreactionproductsit is necessarto argue
that the ions undergomultiple collisionsandthat readion
produds undergosubsequenteactivecollisions.This does
not seemlik ely in the smallinteracton regionwithin 5A of
the surface Partiaularly notevorthy is that Ret at low
collision energis produes a gread deal more C-C
acivation and cleavageproductsthan W' does, while
both metals have apprimately the samemas. With a
groundstateconfiguration 55° 5p° 5d° 6s', Re" hasa large
numter of unpared electronswhich is surelya factorin its
ability to cleaveC—ChbondsmorereadilythanW ™. Thus,in
orderto accuratey predict abstractionreadions, one must
conster threefactors;the electronicstrucure of the ions
the thermrochemstry of the reaction,andfinally the degree
of orbitd overlap betwea the projectile and the surface
species
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