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Replacement of hydrogen with fluorine usually results in a mark- eLCFpCuT) med3 e 131
ed change in the physical and chemical properties of fluorocarbons. bt
Numerous studies have shown that fluorinated radicals and their '
metal complexes have structures and reactivities deviating from

their hydrocarbon counterpafts® Surface studies of adsorbed per-
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fluoroalkyl moieties beyond Cin comparison, remain largely un- o 040l

explored. Here we report a surface reaction study of the fluorine- s mes 9.-16L
substituted ethyl groups on Cu(111) that displays novel reaction s L o
pathways driven byi-elimination, instead of-elimination found Surface Temperature (K)

commonly in hydrocarbons. Figure 1. Left: Multiplex TPR/D spectra after the adsorption of 0.6 L of

. . CoFsl on Cu(111) at 110 K. Right: The trend afle 93 and 131 signals
Temperature-programmed reaction/desorption (TPR/D) and re- shows change of £F and GFs relative yields with increasing exposures.

flection absorption infrared spectroscopy (RAIRS) were conducted
in an in-house ultrahigh vacuum chamber. X-ray photoemission @) 0061 CF Cui1T){B) S5 Zbmataiofo) .08 GF ~3FICuTTE) 0301 G jicuioo]
spectra (XPS) were acquired in the wide-range spherical grating ] N o

monochromator beamline at NSRRC. The surface-bound perfluo-
roethyl moieties were prepared by the dissociative adsorption of
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As illustrated in Figure | (left), following the adsorption of 0.6 N J\“\;v"i%
L of CoFsl (98%, SynQuest) at 110 K, multiple-ion TPR/D survey e 85/ oy ]

e 162

showsfour desorptipn states with peak.maxima at 315, 350, 425, T e s e INCLIURRI.
and 880 K, respectively. TH880 K state is featured byve 82(3- Surface Temperature (K)

CuF) and 84CCuF) with a peak height ratio matching the natural F\’%{lfftm?h frgﬁRg) téaFCFS( kgﬁgng?éO%n‘lsrvs a?cd tlo?)Z)' Cfgfceéﬁng:ga?g
abundance of copper isotopes; hence, the substrate is etched througgbttom) CECCls adsorsb'ed on 40153(111) at 110 K. The exposhres are. kept

forming volatile copper fluoridé.Here the origin of the fluorine low enough to focus on the 425 K pathway. (d) TPR/D profiles after
atoms hints that some, if not all, of the-€ bonds in Ct+C,Fs exposing GFsl to Cu(100), indicating GFs is not formed on this surface.
must be ruptured. Th815 K state is primarily characterized by
m/e 181(GF1), 131(GFs*), 100(GF41), and 93(GFs™). Their rela-

tive abundance agrees with the measured cracking patternsef CF
CF=CFCR(C4Fg) .t inferring single F abstraction at thecarbon

in perfluoroethyll Cu—*“CF,CF; — Cu=CFCF; + Cu—F, followed

by a dimerization stepThe 350 K desorption state can be under-
stood in terms of product mixtures. First, the observatiomizf
100(GF4") and 119(GFs™) may arise from desorption of,Es rad-
icals® However, the lack ofn/e 81(GF;") rules out a possible
contribution from CE=CF,(nm/e 100), a direct result fron-F eli-
mination. This clear preference to-elimination, rather thar-
elimination, is rarely observable in hydrocarbon(;) systemg?
Second, a featureless tracende 169(GF;") ensures the absence
of perfluorobutane (¢10), and the concurrence afle 93(GFs*),
143(GFsh), and 162(GFs") signals is attributable to unsaturated
C4Fs compounds. The above three fragments are also found in the
pronouncedt25 Kdesorption state, however, with different relative
intensities. Logically, the intermediacy of €€,F; is invoked to
account for the observed,E recombinants at these temperatures;
in other wordstwo C—F bonds must be selegély actiatedin

the starting Cu-C,Fs. The coverage-dependent study, shown in
Figure I (right), manifests that at very low exposure the 425,&k;C

is the sole fluorocarbon product. At high coverage, a crossover of

yield from GFs to C4Fg is noted, consistent with the requirement
for more empty surface sites in the process of making the former
species.

In Figure 2a, the TPR/D profiles offe 93, 143, and 162 resulting
from C,Fsl/Cu(111) are compared with those (Figure 2b) from the
individually adsorbed hexafluoro-2-butyne, -cyclobutene, and -1,3-
butadiene (GFs isomers, 98%, SynQuest). On the basis of the
fragmentation ratios determined by our mass spectrometer, it is safe
to assign the 425 K major product to 2-butyne and the 350 K species
to cyclobutene. To further identify the postulated surfacesC
intermediate, we used the readily available perfluorgl iodide
(CF~=CFlI, 97%, Lancaster) as a direct route to form-iF;.

As displayed in Figure 2c (top), traces wie 93, 143, and 162,
characteristic of hexafluoro-2-butyne, are indeed observed, yet
appearonly at 425 K. Despite the essential difference between
perfluoroethyl and perfluorovinyl, the outcome of the same end
product at 425 K seems to suggest that perfluoroethyl undergoes
sequential fluoride elimination from the- andj-carbons to render
perfluorovinyl, namely, Ca*CF,CF; — Cu=CF’CF; — Cu—CF=

CF,. But, the question remains: why is,diene not observed,
considering the fact that copper would promote coupling of-Cu
CF=CF; (Ullman-type reaction)? By losing two fluorine atoms
from the a-carbon in Cu-CF,CF;, an alternative intermediate,
 National Sun Yat-Sen University. triﬂuoroethyliQyne (Cul=C—CHRy) certaiply d.e.ser.ves attention.

* National Synchrotron Radiation Research Center. Because d'ltri and co-workers reported identification of the surface
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=C—CF; species formed upon adsorption and dechlorination of
CCI;CF; on a Pdy-Al ,O3 catalyst! TPR/D spectra were measured
by exposing Cu(111) to CECFR; (99%, Aldrich). The data shown

in Figure 2c (bottom) also support the evolution of ;CECCR;

at 425 K. In principle, the controversy about the reaction interme-

diacy can be resolved by direct surface spectroscopic methods.

RAIR spectra taken after annealingfgl on Cu(111) showed

CCR; on Cu(111). This type of vinyl-to-ethylidyne rearrangement
was observed on a (111) surface of Pdltogether, we propose
the following mechanism:

CF. >325K
(.( 3 a,0-fluoride elimination
— CF, —_—

C —_— .
I EFE/N/NEE ™ &

K 2.2
low coverage p-n 0 —alkyne

waoox CF—C=C—CF;

3 desorption-limited

CyFl

3-fold hollow sites

Cu(111)

dramatic changes at 400 K (near the onset of 2-butyne desorption),

where only two absorption bands were present: 1410 and 1210
cm™1, but they did not match the signature vibrations of either a
surface=C—CFR;!2 or —CF=CF,!3 moiety. In fact, the spectrum
was identical with that produced by gE=CCF; adsorbed on Cu-
(111) and annealed to 400 K, where the 1410 ¢tband is, rather,
attributed to thevcc and the 1210 cmt band is ascribed to the
vs(CF3) mode. The large red-shift of the CC stretching mode indi-

Ethyl (—CH,CH,) on transition-metal surfaces is dominated by
the H-elimination from thegs3-position!® On the other hand3-F
elimination is favored by a semifluorinated ethytCH,CF3) on
Ag(111) to yield CH=CF,.2° Here we have established a different
pathway available for the perfluorinated ethyt@F,CF;) where
a-elimination prevails, and thus two-& bonds adjacent to the
surface are selectively activated. We believe this difference is ini-

cates that the symmetric alkyne is strongly perturbed upon adsorp-tiated by the exceptionally labile-CF bonds in the fluorocarbon

tion, leading to a reduced bond order of itssC group!* The
strongly chemisorbed GE=CCHR; may adopt a«—#?? binding
geometry discovered in metadlkyne complexes, in which the
ligand is bonded to two metal centers, with the € axis perpen-
dicular to the metatmetal axis as a tetrahedral foffnin C1s XPS,

group (CRR) bound to a metal center or surface (M), comprehen-
sible by resonance such as\F,R < M*=CFR + F~, or the
back-donation of metal /d electrons into the €F antibonding
orbital?* The removal of the second F atom from thecarbon
(M=¢CF—FCF) is usually hindered by the relative difficulty in

we expected that the exact number of F atoms bonded to C atombréaking a &-F bond for compounds with two or more F atoms
for the surface-bound fluorocarbon species can be discerned becausattached to the same carbBr-urther, on Cu(111) the available

of a significant core-level shift exerted by the highly electronegative
fluorine. Although only one type of €F bonding environment,
CFR5(C1s binding energy at 291.3 eV), was observed between 350
and 400 K for GFsl/Cu(111), it was not obvious whether the spectra
represent 2-butyne (end product) or ethylidyne (intermediate).
Itis generally accepted that ethylidyne is the favored intermediate
against vinyl on close-packed fcc(111) surfaces whe@-CHj;
prefers to sit at thehreefold hollow siteby forming three bonds
with the metal surfacé If the generation of CEE=CCFR; and the
intermediacy of CeeC—CF; on Cu(111) do correlate, we anticipate
that the 425 K pathway will not occur on a more open surface
devoid of threefold hollow sites, such as Cu(100). In this vein, we
measured the TPR/D spectra by dosing=4C on Cu(100). As
illustrated in Figure 2d, only one desorption state arise3atK
and CRC=CCHR; is indeed absent because of the lackroé 143
and 162 signals. Instead, &F—CFCF; accounts best for the
relative peak intensities afVe 181, 131, and 98.This observed
end product suggests that €GF,CF; is susceptible to ther-F
elimination step onlyonceon Cu(100), yielding surfacee*CF—
CF; specie$ that couple to form a perfluoroalkene at lower
temperature$’ The surface-specific result should lend strong
support to thea,a-fluoride elimination imperative for &s/Cu-
(111). While the fate 0o&=C—CHjs intermediate is high-temperature
decomposition in conjunction with a surface carbon buildup, it
might be hard to maintain the metatarbon bond integrity fo=C—
CF; on a metal surface. The electronegative; @Foup weakens
the orbital overlap between the metal amaarbon in CeeCCF.
Thus, on Cu(111) an unusual CC bond formation step becomes
possible, 2C&CCF; — Cu=Cu + CFRC=CCFs(aq) reminiscent
of a reverse metathesis-type reaction involving metaétal
multiple bonds to give alkylidyne complexes (Chauvin-like mech-
anism)!8 This coupling process can be relatively facile; therefore,
as successive,a-fluoride elimination of Cu-CF,CF; takes place,
the resulting CeeCCF; readily converts to a tightly surface-bound
(u-n%m?)-Cq-alkyne (the only IR recognizable species). The overall
reaction path is rate-limited by the product desorption step,
following first-order kinetics (see the unchanged peak temperature
with increasing exposure in Figure 1). The last puzzle about the
pathway from Ct-CF=CF, to CRRC=CCHF; (Figure 2c, top) must
be explained by the rapid isomerization from-80F=CF, to Cu=

threefold hollow sites are beneficial to the consecutiv& ab-
straction to affordrifluoroethylidyne resulting in the final coupling
product. We foresee that pathways involviagelimination steps
may prove to be quite general for fluorine-substituted alkyl groups
bound to metal surfaces.
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