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Abstract

The adsorption of CFGCH, on the nearly stoichiometric @03 (1012) surface results in a 1,1-dihaloelimination reaction to produce
acetylene gas, HECH(q), and adsorbed chlorine and fluorine. Thermal desorption experiments reveal two acetylene desorption features. The
lower temperature acetylene channel is desorption limigg=f 92 kJ/mole), while the formation of fluorovinyl and/or vinylidene surface
intermediates is suggested by the occurrence of a higher temper&Eguel24 kJmole) reaction-limited acetylene desorption channel. The
deposition of halogen onto the sample surface by the €EBEl, decomposition reaction was found to initially increase the GRTH,
sticking coefficient and the activity for halogen coverages up to about one-third and then lead to deactivation at higher halogen coverages due
to site blocking of the surface cations. No evidence was seen for the replacement of surface lattice oxygen by halogen under the conditions
of this study. Surfaces that were preexposed 3d@site block surface cations with terminal chromyl oxygen were found not to react with
CFCI=CHj.
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1. Introduction tion of HX, combined with the exchange of halogen between
the HCFC molecules and the surface, results in a broad mix

Much of the literature concerning halocarbon chemistry Of saturated and unsaturated products. -
over CpO3 has been devoted to compounds that are inter- The chemistry observed over £ powders is similar
mediates or byproducts formed during the manufacture of t0 that found over Alg [7]. Kavanagh et al. used deuter-
alternative refrigerant compounds [1-4]. Unsaturated halo- @ted hydrofluoric acid, DF, to study both the addition of HF
carbons are used as feedstocks for the manufacture of indusl© trichloroethene (TCE) and the subsequent halogen ex-
trially important hydrochlorofluorocarbons (HCFCs) and are change reactions over a powderec:@y microcrystalline
often cited as both intermediates and nonselective reactionCatalyst pretreated with HF [8]. They reported that HX addi-
products [1,4]. tion/elimination reactions and direct halogen exchange with

Vecchio et al. [5] studied the fluorination (replacement the surface may both occur for HCFCs ovep@s. In deu-

of chlorine or hydrogen by fluorine) of a number of halo- terium labeling experiments using DF and TCE, the label
carbons over aluminum fluoride (AdF catalysts and ob- indicated that HX addition to TCE follows the Markovnikov

served many of the same reactions that were later reportedru'e' The incorporation of only a single deuterium label in

over CrOs3 and other fluorination catalysts [1,4,6]. They product molecules containing multiple fluorine atoms indi.-
observed that fluorination is the dominant reaction in the cated that haloalkanes must undergo F-for-Cl exchange with

presence of HF, but that HE and HCI abstraction from a halogen species on the catalyst surface. Multiple HF elim-

haloethanes occurs in the absence of HF. A build-up of HX ination/DF addition steps would have resulted in more deu-
(X = Cl or F) on the surface was found to. cause the subse_terium labels in the product. The addition of HF across the

- . C=C double bond was postulated to occur as a first step
quent readdition of HF and HCI to haloethenes. The readdi- in the reaction of HF and TCE. Subsequent fluorination is
though to occur via direct halogen exchange with the sur-

* Corresponding author. face. Hydrofluorination of TCE at 523 K was reported to
E-mail address: dfcox@vt.edu (D.F. Cox). yield about 90% CECH,CI (HCFC-133a). The cation oxi-
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dation state was reported as>€y but no specific informa-  interaction is predominantly sigma and that backbonding is

tion concerning the catalyst surface was offered. minimal on the nearly stoichiometric surface (S.C. York,
Kemnitz and co-workers [6,9] used deuterium labeled D.F. Cox, unpublished results).

HCI (DCI) to study CHRCHF, isomerization to CECHzF While a number of surface science studies of haloalkene

(HFC-134= HFC-134a). For microcrystalline D3 pre- adsorption and reaction have been reported for metal sur-

treated with HF, isomerization proceeds via HF elimination faces, this work is the first reported study of the reaction of
to form CR=CHF followed by readdition of HF, in accor-  an unsaturated halocarbon over single crystaOgr

dance with the Markovnikov rule, to form GEHyF. Inter-

estingly, if the catalyst was pretreated using DCl then a com-

plex set of reactions ensued that included HX elimination, 5 ¢ _cr,05 surfaces studied

and both Markovnikov and anti-Markovnikov HX addition.
The presence of Cl on the £D3 surface was found to pro-
mote the formation of a broad range of saturated and unsat-
urated products. This result echoes the earlier work of Vec-
chio and co-workers [5], who made similar observations for
AlFs.

Brunet et al. [4] have studied the reaction of4CIH,ClI
(HCFC-133a) over GIO3 powder and report HF elimination
both in the presence and in the absence of HF. Over
CrpO3 samples that were not prefluorinated and in the
absence of added HF, formation of £FCHCI (HCFC-
1122a) was reported as the primary reaction product. The
overall reaction was reported as

The CpO3 (1012) surface has been characterized in
previous work [14]. The ideal stoichiometric surface has
only one local coordination environment for the surface
cations and anions. A ball model representation of the ideal,
stoichiometric surface is shown in Fig. 1. The topmost
atomic layer of the ideal surface is composed entirely
of oxygen anions. The surface is nonpolar, and one full
stoichiometric repeating unit normal to the surface contains
five atomic layers arranged as [O, Cr, O, Cr, O]. The surface
has a rectangular (almost square) periodicity with a ratio of
sides ofa/b = 0.94. At the ideal(1012) surface, all G~
anions in the top atomic layer are three-coordinate with a
CRCH.Cl = CR=CHCI + HF. pyramidal local coordination, and the €r cations in the
second atomic layer are five-coordinate. Both ions have
one degree of coordinate unsaturation relative to their bulk
counterparts [15]. All ions below the top two atomic layers
are fully coordinated. A nearly stoichiometric surface can be

At equilibrium, approximately equal amounts of HCFC-
1122a and HCFC-133a were found in the reaction mix.
Brunet et al. report that no surface chlorine was observed
with XPS on the catalyst following HCFC-133a reaction in
the absence of HF. Direct exposure of the surface to HF at
280°C for 2 h was found to result in an XPSE€r ratio of
0.36.

Freund and co-workers [10,11] have studied the adsorp-
tion of ethene in ultrahigh vacuum (UHV) over stoichio-
metric and oxygen-exposed L3 (0001) films that were
epitaxially grown on Cr (110). Over the stoichiometric sur- [0221]
face they report that ethene formsracomplex at surface
cation sites that has a desorption temperature of 220 K.
This temperature corresponds to a first order activation en-
ergy for desorption of around 57 kahol using the Redhead
method [12]. Surfaces that were preexposed to oxygen were
found to adsorb ethene only at defect sites, strongly atten-
uating the ethane uptake for an oxygen-saturated surface.
Scarano et al. [13] reported similar findings oves@s mi-
crocrystals that contained predominartly12) faces. Both
groups [10,11,13] have suggested that the ethene molecule
is arranged with its molecular axis parallel to the G sur-
face. Both groups also suggest that surface/adsorbate bond
formation results in a small amount of charge transfer from
the molecule to the surface with minimal backbonding by
the CP*t cations. The lack of backbonding by cations on .
the nearly stoichiometric GO3 (1012) surface (the object Fig. 1. Ball model _iIIustration of the ideal, stoichiometricCr; (1012
of the present investigation) is also suggested by the low, surface. The top view _shows_ th@012) surface paralle_l tq _the plane of

. L the page. A surface unit cell is drawn to show the periodicity. The bottom
(195 K), desorption temperature of CO. The low activation jjystration shows a side view of one stoichiometric repeating layer. The
energy for desorption (50 Kihol [12]) for the well-known chromium cations are represented by small black spheres and oxygen
electron acceptor CO, indicates that the surface—adsorbatenions by the large gray spheres.

[0221]
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prepared by At ion bombardment and annealing in vacuum indicate a concentration of adsorbed oxygen corresponding
at 900 K [14]. to nearly one oxygen atom per surfacé Ccation [14]. The
In addition to the nearly stoichiometric surface, the sur- oxygen-saturated surface consists almost entirely of fully
face can be prepared with the cations capped with termi- coordinated chromium cations, capped by terminal oxide
nal chromyl oxygen (C&O). This oxygen-terminated sur- ions, Ce0.
face is prepared by repeated low-temperatuseeposures AES measurements were conducted at 800 K to avoid
on a nearly stoichiometric surface until nearly all surface sample charging. Because of overlap between the pri-
cations are capped with terminal oxygen [14]. The oxygen- mary oxygen and chromium Auger peaks, the surface
terminated surface exposes both three-coordin&te &h- chromium concentration was followed by measuring the Cr
ions and terminal chromyl oxygen (€0) [14]. L23M23M2 3 (490 eV) peak-to-peak height [14]. Atomic
Cl/Cr ratios were estimated with AES using appropriate
sensitivity factors for the Cl KLL signal [19] and the Cr
3. Experimental methods L2 3M2,3M> 3 signal [14].

The reaction of CFGECH, (HCFC-1131a) over stoi-
chiometric and oxygen-terminated x 1) Cr,Oz (1012 4, Results
surfaces was investigated using thermal desorption spec-
troscopy (TDS), Auger electron spectroscopy (AES), and CFCI=CH; was found to react readily with the ordered,
low-energy electron diffraction (LEED). Experiments were nearly stoichiometric GOs (1012) surface. Following a
conducted in an ion-pumped UHV chamber, equipped with product search that included all mass numhergz) from
a Physical Electronics Model 15-155 single-pass CMA for 2 to 200, acetylene (HECH) was determined to be the sin-
AES, an Inficon Quadrex 200 mass spectrometer for TDS gle gas-phase product formed. Specifically, no fluoroacety-
and a set of Vacuum Generators 3-grid reverse view LEED lene, chloroacetylene, HCI, or HF gas-phase reaction prod-
optics. The base operating pressure for this study was 1 ucts were observed during TDS. The HCH (g) product
1010 Torr. AES data were collected using an incident elec- identification was made by comparison of a measured mass
tron beam of 5 keV for all measurements. Spectra were col- spectrometer cracking pattern for an acetylene standard with
lected in N(E) mode and differentiated numerically. Elec- thermal desorption peak intensities. The relative intensities
tron stimulated reduction of the surface was not observed toof four m/z signals (27, 26, 25, 13) were used to posi-
occur during AES experiments. A broad-beam ion gun was tively identify acetylene. The measured acetylene cracking
used for sample cleaning (sputtering). pattern is in good agreement with published data for acety-

The crystal was oriented to withirf bf the (1012) sur- lene [20]. The primary mass peak for acetylene was found to
face using Laue backreflection and polished to a final mir- be m/z = 26, and this mass number was monitored when
ror finish with 0.25-um diamond paste. The sample was me- recording acetylene desorption signals. AES was used to
chanically clamped onto a tantalum stage that was fasteneddemonstrate that halogen removed from the reactant mole-
to LN2-cooled copper electrical conductors. A Type K ther- cule remains on the sample surface following reaction.
mocouple was attached through a hole in the stage to the
back of the single crystal using Aremco #569 ceramic ce- 4.1. CFClI=CH> thermal desorption from a nearly
ment. This arrangement allowed direct measurement of thestoichiometric surface
sample temperature.

PCR Inc. 1-chloro-1-fluoroethene (CESCHy) (97%), The top and bottom panels in Fig. 2 show desorption
Matheson acetylene (HECH) (99.6%), Matheson oxygen traces of reactant and product from CECIH, TDS exper-
(99.997%), and Matheson deuterium (99.997%) were usediments initiated on a nearly stoichiometrit x 1) Cr,O3
as received. The 1-chloro-1-fluoroethene was analyzed by(1012) surface. Consecutive doses of 0.06 and 0.03 L were
mass spectrometry for acetyleqe/z = 26) contamination selected to show the product and reactant, respectively. Both
and none was found. Gas dosing was accomplished byreactant and product desorption features undergo peak tem-
backfilling the chamber through a variable leak valve. All perature shifts and significant intensity changes. The dose
doses for CFGECH; and acetylene TDS experiments were sizes in the desorption traces shown were chosen in order to
conducted at 163 K. All dose sizes have been corrected forbest illustrate the changes observed for each peak.
ion gauge sensitivity, and desorption quantities have been
corrected for mass spectrometer sensitivity [16—18]. 4.1.1. CFCI=CHp> desorption

A nearly stoichiometric(1 x 1) surface was prepared The top panel of Fig. 2 follows desorption of the
by ion-bombardment followed by annealing to 900 K. The dosed molecule, CFEICH, (m/z = 80), during a TDS
oxygen-terminated surface was prepared by repeated 0.2-Lseries of consecutive 0.03 L doses initiated over a nearly
oxygen exposures at 163 K, following preparation of the stoichiometric(1 x 1) Cr,0O3 (1012) surface. The peak
stoichiometric(1 x 1) surface. Oxygen saturation of the desorption temperature is 180 K following the first dose
surface was confirmed using TDS and AES, which both and shifts upwards to 200 K by 0.10 L of total exposure.
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450

(470-K) feature remains relatively unchanged for total expo-
4004
_ sures below 0.19 L.
§ %07 Total Dose Following 0.19 L of total CFGECH, exposure, the
& 300 0oL low-temperature acetylene peak continues to shift to lower
% 250 6L temperatures, but gradually decreases in intensity with
@ 200+ ’ each successive TDS run. The high-temperature acetylene
%150_ 013L peak rapidly loses intensity for total exposures of 0.25 L
S ool 0.09L and greater. The 470 K desorption temperature for the
Q 501 0.06L h'igh'—t.emperature HECH feqture dpes not appear to changg
© 0.03L significantly as desorption intensity declines. AES experi-
0 - - o ' - - ments following various CFGtCH, exposures demonstrate
200 300 400 500 600 700 C e e . .. .
that the initial increase in activity and the eventual deactiva-
150- Total Dose tion of the surface are linked to the degree of halogenation
——— 044 1L of surface cation sites (see below).
140+ M/\\% 038 L In addition to the results shown in Fig. 2, TDS exper-
g 120+ M‘/\\\_"M‘ ’ iments (not shown) with CF&CH, were also performed
& 100- 0.31L following the preadsorption of Pin an attempt to com-
g 60 bine the active surface intermediate with surface D. In the
S 025L event of the reaction of the surface intermediate with pread-
8 7 0.19L sorbed D atoms, the possibility exists of determining the
% 404 M/\""‘\ 013L number of intermediate/surface bonds by the number of in-
5 201 ’ corporated D atoms. Specifically, the presence o=QE
ol MM 0.06 L as a desorption product could demonstrate that the reaction
- - , - . - mechanism proceeds through an acetylide=£GH) inter-
200 300 400 500 600 700 . .. . .
Temperature (K) mediate, recombining with surface hydrogen prior to desorp-

tion. No DC=CH was detected in either the low-temperature
Fig. 2. CFCECH, thermal desorption traces for consecutive runs with  or high-temperature states, suggesting that a recombination
fixed dose sizes beginning with a clean, stoichiometric surface. The top step is not involved. However, the results are not completely

panel showthe variation in desorption behavior of the GRH, reactgn_t _ conclusive because Dvas found to desorb at 285 K, well
for consecutive 0.03 L doses. The bottom panel shows the variation in

desorption behavior of the product EXCH product for consecutive 0.06 L below the 470-K feature for acetylene desorptlon.
doses. The relative intensities have been corrected for mass spectrometer )
sensitivity. 4.1.3. Chemisorbed acetylene

TDS was also used to investigate the desorption kinetics
In subsequent doses the intensity of the 200-K feature of chemisorbed acetylene. Fig. 3 shows acetylene desorption
increases and the 180-K feature reappears. As the total dose
reaches 0.16 L, the intensity of the 200-K feature decreases,
leaving the 180-K feature as the primary contribution in
the desorption spectrum. The initial upward shift in peak
desorption temperature of around 20 suggests that the@n
surface—adsorbate interaction is initially strengthened by §
CFCI=CH; exposure (initial surface halogenation), but this
effect is reversed for total exposures beyond about 0.16 L.
In TDS experiments conducted using larger dose sizesA
the upward shift in peak desorption temperature is missed I
because the majority of CFEICH, detected arises fromthe T
180-K feature. For dose sizes of 0.13 L or more, the feature T
at 200 K only appears as a small, high-temperature shoulder.

310K

ignal

esorpti

acetylene product

.
===-dosed acetylene

4.1.2. Product HC=CH desorption S T Y S —
For a series of consecutive 0.06 L doses, the acetylene 100 200 300 400 500 600 700
product desorption occurs in two temperature regions, as Temperature (K)

seen in the bottom panel of Fig. 2. Peak desorption temper- ' _ _ _
atures of 350 and 470 K are observed for acetylene on theF'g‘ 3. Comparison Qf the desorption behavior for dosed, chemls_orbed
s . acetylene (dashed line), and product acetylene from the reaction of
initial TDS run (0'06 L)' In the second and Fhlrd TDS_ runs, CFCIE=CH, (solid line). The traces demonstrate that the low-temperature
the low-temperature (350-K) peak grows in intensity and acetylene feature is desorption limited, while the high temperature feature
shifts down in temperature to 280 K. The high-temperature is reaction limited.
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following a 0.03 L dose of HECH at 163 K on a nearly  deposition of surface halogen. Hence, no evidence was seen
stoichiometric surface. Also shown for comparisonis a TDS for the replacement of lattice oxygen by halogen under these
trace for product acetylene formed from a 0.06 L dose thermal desorption conditions. Additionally, no evidence
of CFC=CH,. Small doses of acetylene yield a single was seen for the deposition of surface carbon.
desorption feature near 325 K. No reaction of acetylene with  Fig. 4 also shows the relative quantities (integrated
the surface is observed. Specifically, water, CO, ang CO desorption signals) of CFEICH, and HG=CH desorbed
were not observed as desorption products and AES showsrom the surface during a TDS series of consecutive 0.13-L
no surface carbon following acetylene TDS experiments.  doses of CFGECH,. The amounts of both reactant and
The desorption temperature of dosed acetylene coincidesproduct desorbed from the surface are observed to increase
with the lower temperature (350-270 K) feature from the initially and then to steadily decrease. Acetylene production
acetylene product. Similarities between the desorption tem-and chlorine deposition are observed to cease around 1.0 L
peratures and peak shapes of the acetylene product andf total exposure. Surfaces that have g @l ratio of 0.16
dosed acetylene indicate that the low-temperature=86 following CFC=CHy TDS experiments no longer produce
feature is desorption limited. The 470-K feature is not ob- acetylene product and are described as “deactivated.”
served following acetylene adsorption at 163 K, demonstrat-  The total (sum) of both desorbing species is also shown
ing that the higher temperature product feature is reaction-in Fig. 4. Changes in the total are indicative of changes in

limited. the sticking coefficient of CFGICHy. Initially, the total
increases, but, beyond around 0.25 L of total exposure,
4.2. Post-reaction AESanalysis the total amount of desorbing species declines, indicating
a decrease in the CFECH; sticking coefficient as the
Fig. 4 shows the increase in the surface AESGEl  chemistry shuts down. The maximum value of the sticking

ratio observed for a TDS series of consecutive 0.13-L dosescoefficient occurs at a surface/CIr ratio of 0.055.

of CFCI=CH; begun over a clean, nearly stoichiometric Consecutive TDS runs using various CECIH, dose
surface. The FCr is not shown because fluorine was found sizes (0.03-1.0 L) were carried out until acetylene produc-
to undergo rapid electron stimulated loss from the surface tion ceased and all were found to yield a final AES Qi1

and could not be quantified. (Note that small F AES ratio of 0.16, regardless of the dose size and total exposure.
signals have been observed in very short (1-2 s) scansAs demonstrated elsewhere (S.C. York, D.F. Cox, J. Phys.
of a narrow range of kinetic energy immediately upon Chem. B, in press), a @Cr ratio (or X/Cr ratio) of 0.32 rep-
sample introduction into the electron beam, but the F is resents essentially one adsorbed chlorine (halogen) atom per
removed before a sufficient signal-to-noise can be reachedsurface cation. A QICr ratio of 0.16 implies that approxi-

for quantitative analysis.) The (Cr ratio is observed to  mately half of the surface cations are capped by adsorbed
increase linearly following each CFECH, dose until a  chlorine. Fig. 5 shows an AES spectrum of a halogenated
total exposure of around 0.5 L. Between 0.5 and 1.0 L of sample surface having a @r ratio of 0.16, which corre-
total exposure, the CCr ratio levels off at a maximum
value of around 0.16. The surfacg Cr ratio was measured
before (nearly stoichiometric surface) and after CECH,
TDS experiments and found not to change due to the
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Fig. 4. Comparison of thermal desorption yields for consecutive doses to
the resulting surface @Cr ratio determined by AES. The AES r ratio Fig. 5. AES spectrum of a surface deactivated by the reaction of£EBp
is read from the right hand axis, while the integrated desorption intensities to HC=CH. A CI/Cr ratio of 0.16 is found for the surface deactivated by
are read from the left hand axis. The integrated desorption intensities havedeposited halogen atoms. Deposited F is not observed because it undergoes
been corrected for mass spectrometer sensitivity. See text for discussion. rapid electron-stimulated removal from the surface. See text for discussion.
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sponds to a surface deactivated by CGECH, under TDS 5. Discussion
conditions.

The reaction stoichiometry for forming HECH from The 1,1-dihaloelimination (decomposition) reaction of
CFCI=CH, decomposition requires that chlorine and fluo- CFCI=CH, to acetylene over GOz (1012) was found to
rine be removed from the reactant molecule in equal propor- occur readily over a nearly stoichiometrit x 1) surface.
tions. Therefore, assuming that all of the removed halogen The overall reaction may be represented as
remains on the surface, a surface that has been halogenated
by CFCE=CH, decomposition to form HECH is expected CIFC=CH; — HC=CHg) + Cl(s) + Fs)
to accumulate equal amounts of chlorine and fluorine, re- The deposition of halogen () and Fs)) on the surface is
gardless of the level of halogenation. As indicated above, coincident with changes in surface reactivity and the even-
a surface with a 1:1 @:Cr®* ratio has an AES GLCr ratio tual deactivation of the surface towards the decomposition
of 0.32. The AES CICr of 0.16 measured for surfaces deac- reaction. The occurrence of a 1-chloro, 1-fluoro elimina-
tivated by CFC=CH; TDS suggests that half of the cation tion reaction is somewhat unexpected because of its lack of
sites are covered by chlorine and half by fluorine. How- precedent in the catalysis literature. To our knowledge, this
ever, the fluorine cannot be seen using AES due to electron-is the first documentation of a dihaloelimination reaction for
stimulated loss from the surface. Deactivation of the sur- gas phase haloethenes oves@y under any conditions.
face is attributed to site blocking bydrand Cls), but only
chlorine may be seen using electron-stimulated AES. Nearly 5.1. Low-temperature (350-K) acetylene product
100% of the cations at the deactivated surface are expected
to be capped by halogen adatoms. The occurrence of two features for the acetylene prod-

The integrated TDS data shown in Fig. 4 demonstrate anuct in CFCI=CH, thermal desorption spectra indicate that
increase in CFGECH, uptake and a coincident increase in two energetically different desorption processes occur. Com-
HC=CH product for low total exposures. The increase and parison of dosed acetylene and product acetylene desorp-
subsequent decrease in total desorption quantities shown irtion traces demonstrates that the low-temperature peak is
Fig. 4 demonstrates that the CEEQTH, sticking coefficient desorption-limited and the high-temperature peak is reac-
is a function of the degree of surface halogenation. The 20-K tion-limited. This suggests that the 350 K portion of the
increase in the CFECH, desorption temperature suggests product acetylene signal is the result of CECIH, that re-
that the strength of the CFECH,/surface interaction  acts to form acetylene at a lower temperature and then re-
is also a function of the degree of surface halogenation. mains adsorbed on the surface until the acetylene desorp-
For halogen coverage of up to approximately one-third of tion temperature is reached. Acetylene formation may occur
surface cations (¢Cr=0.055, and assuming an equivalent upon adsorption at 170 K, or at any intermediate tempera-
amount of surface F), the CFECH; sticking coefficient ture during a TDS run, up to 350 K. The rate limiting step for
increases. For higher coverages of surface halogen, theHC=CH desorption via the low-temperature reaction chan-
sticking coefficient declines, reaching approximately 20% of nel is attributed to the desorption of a molecular surface
the maximum value by 1.0 L of total CFECH; exposure  species. Assuming a preexponential of36~! an appar-
for a series of 0.13-L doses. The observed increase inent first-order activation energy for desorption of 9@kl
the amount of acetylene made for low total exposures is found for the desorption limited acetylene peak [12].

is attributed to an increase in the CEGIH, sticking During CFCECHy TDS, the peak desorption tempera-
coefficient. ture for the low-temperature HECH product peak under-
goes a significant shift to lower temperature (see Fig. 2).
4.3. CFCI=CH3 thermal desorption from an oxygenated The majority of this temperature shift occurs for total
surface CFCI=CH; exposures of 0.40 L and less (Fig. 2). The sur-

face AES CJCr ratio also changes rapidly throughout this

CFCI=CH, TDS over surfaces that were preexposed to range of CFCECH; exposure. The range of AES [r ra-
oxygen showed that the surface reaction is completely in- tios (0.0-0.08) for a series of 0.13-L doses up to a total ex-
hibited over an oxygen-terminated surface. TDS experi- posure of~ 0.4 L of CFCI=CH, in TDS corresponds to a
ments using successive 0.03 L doses of GFCH, over range of surface halogen coverage of approximately zero to
the oxygen-saturated surface yielded no=HCH or any 50% coverage of surface 8 cations. Therefore, the shift
other gas-phase product. Specifically, ng H>O, CO, or in the low-temperature acetylene feature from 350 to 270 K
COy, nor any carbon-, fluorine-, or chlorine-containing com- is attributed to a decrease in the activation energy of desorp-
pounds (other than CFEICH,) were observed during TDS  tion caused by the modification of the surface by F(s) and
experiments. Additionally, AES of the oxygenated surface CI(s).
following thermal desorption showed no indication of sur- The additional H&CH produced during initial CFG}
face chlorine or carbon. The TDS and AES data clearly CH, TDS runs is adsorbed almost entirely into the low-
demonstrate CF&CH, decomposition does not occur over temperature state. Fig. 4 shows that the maximum amount
an oxygen-saturated surface. of acetylene is produced over a surface having a total
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CFCIE=CH; exposure of around 0.25 L and a/Cr ra- Table 1

tio of 0.055. This level of surface chlorination corresponds Predicted bond dissociation energies for GECH,

to approximately one-third of surface cations being cov- Products Bond dissociation enerdies

ered by a 1:1 mixture of § and Cls). Comparison of CH,—=CF + Cl 403 kymol

the total integrated desorption area for reactant and prod-CH,=CCl + F 507 kymol

uct shows that the increase in desorption quantities areCFCECH +H 480 kymol
CHo=CFt +CI~ 900 k¥mol

attributable to an increase in the sticking coefficient for
CFCI=CH, over the CsO3 (1012) surface. The increase in
product HG=CH demonstrates that the surface is “activat-  CBS-Q energies from Gaussian 94 [26].
ed” toward CFCECH, decomposition due to an increase in
the CFCE=CH, sticking coefficient. The total of desorbing of CFCI=CH, deposits chlorine on the sample. It is, there-
species shows a sharp decline as more than one-third of surfore, reasonable to assume that the initial reaction step is the
face cations become halogenated. The decline in productdissociative adsorption of CFEICH, via carbon—chlorine
observed as the surface halogenation increases is attributetbond cleavage. In addition to the lower C—CI bond disso-
to cation site blocking by adsorbed halogen. ciation energy predicted for homolytic cleavage (Table 1),
There are no previous reports in the literature of acety- a homolytic bond breaking process is also expected by
lene or CFCE=CH; adsorption over GIOs single crystals in analogy to the studies of Gellman and co-workers [27,28].
UHYV, but both molecular and dissociative EXCH adsorp- They report homolytic carbon—chlorine bond cleavage for
tion has been reported over single-crystal metal and metalthe adsorption of several dichloroethane compounds over
oxide surfaces [21,22]. Vohs and Barteau [23] report that Pd (111). Cleavage of the C—Cl bond upon dissociative ad-
HC=CH is adsorbed over ZnO (0@Pin both molecularand  sorption is expected to result in the formation of a surface
dissociated forms. The molecularly bound state is reported fluorovinyl species and adsorbed chlorine.
to desorb at around 200 K. Dissociative adsorption resultsin  Following dissociative adsorption, the reaction is postu-
the formation of a surface acetylide (EC-) that is stable  lated to proceed via-fluorine elimination to a vinylidene
until decomposition to CO, C£) and water at 780 K. The  surface intermediate and adsorbed fluorine. The Group (VI)
thermal stability of this acetylide is much higher than ob- transition metals chromium, molybdenum, and tungsten are
served for the 270-350 K desorption-limited acetylene fea- known to form vinylidene complexes [29], aneelimination
ture. The lower thermal stability, the absence of surface car-of halogen from 1-haloolefins is a well-known method of
bonin AES experiments, and the lack of CO, £@nd water preparing these organometallic complexes [30,31]. Carbenes
in thermal desorption indicate that the adsorbed species ishave also been suggested as intermediates in hydrodehalo-
not an acetylide and suggests a simple molecular acetylenegenation reactions of haloalkanes [32—-34], the reaction of

CHy=CCIt + F~ 965 kJymol

adsorbate. CH3CCIlLCH3z on Cu (100) [35], and for adsorption of
1,1-dichloroethane [36] over palladium catalysts. Chloro-
5.2. High-temperature (470-K) acetylene product vinylidene has also been suggested as one of a number of

possible surface intermediates in the decomposition of TCE

The absence of a 470-K feature in the TDS spectra over PdCu (110) [37]. The final reaction step to acetylene
of dosed acetylene demonstrates that this high-temperatur@ver CpO3 (1012) requires the isomerization of vinylidene
channel is reaction-limited. As the intensity of the 470-K to acetylene via a 2,1 hydrogen shift.
feature declines during surface deactivation, no significant  The acetylene product in both the desorption-limited and
change in peak desorption temperature is observed. The confreaction-limited states is thought to be produced via the
stant peak temperature is characteristic of first-order desorp-same overall surface mechanism, though the rate-limiting
tion kinetics. The first-order activation energy for desorption steps are different. For the low-temperature reaction channel,
from this state is about 125 kdole [12] assuming a normal  the desorption of molecular acetylene is the rate-limiting
first-order preexponential of #®s-1. step; hence the hydrogen rearrangement must occur on

The surface intermediate associated with the reaction-the surface. In the high-temperature channel, whether the
limited production of acetylene cannot be identified defin- surface vinylidene desorbs as a carbeneGHC:) and
itively with only TDS and AES data. However, the molecu- isomerizes to H&ECH in the gas phase, or a 2,1-hydrogen
lar properties of CFGECHy, along with precedents fromthe  shift occurs on the surface is uncertain. The proposed overall
organometallic literature [24,25,29,30,32] can provide some mechanism for CFGtCH, decomposition is represented in
insight into possible reaction pathways, surface intermedi- Scheme 1.
ates, and rate limiting steps. Table 1 shows the bond dis- The rate-limiting step for the 470-K reaction channel
sociation energies for CFEICH,, predicted from CBS-Q  must be a step prior to the formation of molecular acety-
calculations with Gaussian 94 [26]. The weakest bond in lene, which would be expected to desorb at around 350 K. In
CFCE=CH; is the C-CI bond, regardless of whether ho- the pathway described in Scheme 1, bethlimination and
molytic or heterolytic bond breaking is considered. Also, it hydrogen rearrangement (vinylidene isomerization) are pos-
has been demonstrated using AES that the decompositiorsible rate-limiting steps for the high-temperature channel. If
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Scheme 2. Possible routes from vinylidene to gas-phase acetylene. The top
route represents the desorption and gas-phase isomerization of vinylidene,
while the middle and bottom routes represent possible surface routes to
acetylene. The three initial first-order reactions from vinylidene are possible
rate limiting steps for the high-temperature acetylene production channel.

Scheme 1. Proposed reaction sequence involving fluorovinyl and vinylidene
surface intermediates. The initial dehalogenation step is Cl elimination
during dissociative adsorption, with the final removal of Febglimination

from the fluorovinyl to form surface vinylidene.

the loss of fluorine from the-carbon of the adsorbed fluo-  {ermolecular. Vohs and Barteau [25] report the formation of
rovinyl is rate-limiting, then the process will have first-order g, acetylide species following acetylene adsorption at 160 K
desorption kinetics, as seen in the 470-K acetylene peak. If 5, zno (0001). However, the acetylide intermediate on ZnO
the rearrangement/desorption process is rate-limiting, the ki- reacts at 780 K, a temperature significantly higher than ob-
netics are expected to depend on the details of the elementargerved in the present case, to form CO ,Céhd HO. Addi-
steps involved. The rearrangement/desorption step might OC+ionally, our TDS experiments with CFEICH, and pread-
cur by three pathways to form gas-phase acetylene, eachsorhed B produced no DECH, which would demonstrate
pathway containing possible first order rate-limiting steps, that the reaction mechanism proceeds through an acetylide
as shown in Scheme 2. intermediate. However, as mentioned above, the results are
From the proposed vinylidene intermediate, a hydro- not conclusive because;Bvas found to desorb at 285 K,
gen rearrangement (vinylidene isomerization) must occur to well below the 470-K reaction temperature. Because no de-
form the acetylene molecule (H€CH). Gas-phase isomer-  composition products (CO, GOH,, or surface carbon) are
ization and surface rearrangement mechanisms may be enpbserved and because no BCH was observed, acetylide
visioned to achieve the hydrogen shift. While the observa- formation (i.e., intermolecular rearrangement) is considered
tion of a desorption-limited acetylene peak at 350 K implies  |ess likely than intramolecular rearrangement.
that hydrogen rearrangement can occur on the surface, the The reverse of the intramolecular hydrogen shift [2] pro-
possibility of gas-phase rearrangement at 470 K cannot beposed above has been observed to occur on the metals pal-
disregarded. First order desorption kinetics are expected forjadium, and platinum via adsorption of acetylene gas and a
vinylidene desorption and gas-phase isomerization to acety-1,2 hydrogen shift to form surface vinylidene [38—40]. While
lene. Vinylidene desorption followed by gas-phase isomer- vinylidene species have been identified on metal surfaces,
ization is represented in the top pathway in Scheme 2. they are consistently reported to decompose rather than des-
Assuming rearrangement of the vinylidene occurs on orb [38,41-43]. Ormerod et al. [38] report that vinylidene
the surface at 470 K, two possibilities can be considered: formed from the adsorption of acetylene on Pd (111) de-
(1) B-hydride elimination (acetylide formation) followed by composes at 480 K, nearly identical to the 470-K peak
hydrogen addition to the-carbon to form H&CH, and desorption temperature observed for the high-temperature
(2) an intramolecular 2,1-hydrogen shift to form HCH, acetylene feature. If the surface reaction proceeds via an in-
which desorbs immediately. The two possible surface re- tramolecular rearrangement, as shown in the middle path-
arrangements are represented as lower and middle pathwaysway, then the rate-limiting step could be either intramolec-
respectively, in Scheme 2. Each possible pathway is ad-ular rearrangement of vinylidene to acetylene or the initial
dressed below. a-fluorine elimination from a surface fluorovinyl intermedi-
An intermolecular rearrangement to acetylene via surface ate to produce vinylidene.
acetylide (1) is shown in the lower pathway in Scheme 2.  Based upon the preceding discussion, an intramolecu-
TDS data indicates that the rate-limiting step is first order. lar 2,1 hydrogen shift in surface vinylidene to form acety-
Therefore, since the reaction of acetylide with surface hy- lene is considered the most likely pathway for the hydro-
drogen should be a second order proc@gshydride elimi- gen rearrangement. A limited capacity for backbonding by
nation would be rate-limiting if the isomerization were in- chromium cations on the stoichiometricOs (1012) sur-
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face has been indicated by TDS experiments using dosedposition upon CFGECH, desorption. The molecularly ad-
CO. The low activation energy for desorption (50 iabl) sorbed states of ethene and CECH, at Cr* sites are pro-

for the well-known electron acceptor CO indicates that the posed to be similatr-complexes having approximately the
surface—adsorbate interaction is predominantly sigma andsame molecular orientation and surface bond strength over
that backbonding is minimal on the stoichiometric surface. a stoichiometric surface. In addition, when approximately
The literature [22,44] clearly demonstrates that electron den- one-third of surface Gt cation sites are capped by adsorbed
sity donated to an adsorbed vinylidene through backbondinghalogen, a slight stabilization of CFECH, at neighboring
with metal centers tends to weaken the-C bond, as evi- Cr3t cation sites occurs. TDS experiments demonstrate this
denced by an increase in the=C bond distance. It is sug- stabilizing effect by the increase (20 K) in the peak desorp-
gested that the lack of backbonding from®Crcations on tion temperature for CFEICH, and the observed increase
Cr,03 (1012) may favor the rearrangement/desorption of an in the CFCE=CH; sticking coefficient. It is suggested that
adsorbed vinylidene over the complete decomposition that isthis effect is due to the redistribution of charge at the@r

observed on metal surfaces. (1012) surface caused by halogen deposition, as proposed
by Freund and co-workers [10] for the adsorption of sodium
5.3. CFCI=CH desorption over the (0001) surface. The difference in ionic charges ex-

pected for sodium and chlorine adatoms make their similar
The low peak desorption temperature (180-200 K) for effect upon the surface—adsorbate interaction surprising. The
CFCI=CH; suggests that this desorption feature is asso- nature of this through-surface effect is not understood.
ciated with a molecular surface species. Freund and co- After TDS experiments reach about 1.0 L of total CECI
workers [10,11] have studied the adsorption of ethene in CH, exposure, the surface is completely deactivated and
UHV on CrO3 (0001) films. Following doses of 0.1 L they the CFCECH, molecular feature at 180 K no longer con-
reported an ethene peak desorption temperature of 220 Ktains any significant contribution from the 200-K shoulder
Freund and co-workers used RAIRS, EELS, and XPS to ar- observed for lower total exposures. AES experiments sug-
gue that molecular ethene is bound via-@omplex to stoi- gest that site blocking by both chlorine and fluorine is re-
chiometric CpOs (0001) films at five-coordinate €r sites. sponsible for the eventual deactivation of the surface during
Based upon the similarity in desorption temperatures, it is CFCI=CHy TDS. Site blocking was also reported by Freund
suggested that CFEICH, forms a similar molecular surface  and co-workers as the reason for the attenuation of ethene
species at cation sites ong0; (1012). The first-order ac-  adsorption at monolayer coverages of chlorine and sodium
tivation energy for desorption for this adsorbate is approxi- on CrO3 (0001) [10,11]. The decrease in the amount of ad-
mately 46 kJmol, as calculated by the Redhead method [12] sorbed CFCECH> over a halogen-saturated surface relative
assuming a normal first-order preexponential of19 L. to the nearly stoichiometric surface is an indication of site
Following initial doses of 0.03 L over él x 1) stoichio- blocking by the halogen adatoms.
metric surface, molecular CFELCH; is observed to des-
orb at around 180 K. Following a total exposure of 0.10 L 5.4. Activity of CroO3 (1012)
the CFCECH; peak desorption temperature shifts to 200 K
while the amounts of both reactant and acetylene product The amount of product HECH formed during a TDS
are observed to increase. It is apparent that the increaseseries of consecutive CFECH, doses (0.03-0.13 L) is
in the amount of CFGECH, desorption is the result of observed to increase initially and then to steadily decline.
an increased sticking coefficient. The 20-K upward shift in For the series of 0.06-L CFEICH, doses shown in Fig. 2,
CFCI=CH; peak desorption temperature indicates an in- the production of H&CH is maximized for a total dose
crease in theA Hygs Both of these effects are attributed to of around 0.19 L, and the increase is associated with the
the deposition of a favorable amount of halogen (approxi- desorption-limited acetylene peak. This maximum is as-
mately one-third cation coverage) on the sample surface.  sociated with an approximate one-third coverage of sur-
Interestingly, Freund and co-workers found that sub- face cations by adsorbed halogen. The “activating” effect of
monolayer coverages of sodium onpOg (0001) films can surface halogen for CFEICH, decomposition can be ex-
strengthen of the chromiufethene interaction “slightly.”  plained as a through-surface effect that increases the strength
They suggested that charge redistribution at the surfaceof the CPt/CFCI=CHj; interaction at neighboring cations
caused by the presence of sodium induces a change in theites. These results suggests the existence of an optimal sur-
ethene bonding mode from the-complex suggested over face ensemble consisting of bare*Cisites in combination
a stoichiometric surface to a di-complex at a single sur-  with neighboring halogenated cations in approximately a 2:1
face cation [10]. The stronger binding in the presence of ratio at the surface. Halogenation of the surface beyond the
sodium was attributed to a through-surface effect becauseoptimal halogen coverage blocks available cations sites and
it was found that sodium coverage of a monolayer or more eventually causes surface deactivation.
would block all ethene adsorption, except at defects. The necessity of a surface activation period beforgr
Several comparisons may be drawn between the work of microcrystalline powders become active for halogen exchan-
Freund and co-workers [10,11] and the effect of halogen de- ge has been well documented in the literature [3,4,45,46].
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Activation of the CpOg3 catalyst in these cases has been at- surface sites for fluorination contain fluorinatedCcations
tributed to the reduction of high-valent chromium species that are coordinately unsaturated and are strong Lewis acids.
to Crt followed by the formation of chromium halides The halogenated @03 (1012) surface would not be ex-

at the surface via oxidation of the HCFC gas. Coulson pected to demonstrate activity based upon analogy to the
and co-workers [46] have reported that the reduction of work of Kemnitz and co-workers [3] because the halo-
high-valent chromium ions to produce coordinately unsat- genated Ct* sites are fully coordinated and inaccessible to
urated CP+ centers is the initial step in the catalyst activa- adsorbing HCFC molecules.

tion process. The lack of activity observed for the oxygen-  While the reactions involved during the “activation”
saturated GiOs (1012) surface in this work is in agreement  treatments are ill-defined in the literature, most workers
with the suggestion of Coulson and co-workers [46] as it in the area agree that £D3 powders are only active
demonstrates that coordinately unsaturatett @enters are  toward HCFC fluorine-for-chlorine exchange (fluorination)
also a prerequisite for CFEICH, decomposition to acety- reactions over fluorinated cation sites [3,6,47]. It seems
lene. CFCECH; exposures under the thermal desorption likely that the reactivity of CFGECH, observed over the
conditions of this study are not capable of reducing oxy- nearly stoichiometric GOz (1012) surface is due to the

genated surface cations on theOg (1012) surface. presence of five-coordinate ¥r cations. It is suggested
Coulson and co-workers [46] have studied the dispropor- that the decomposition CFEICH, and similar HCFC
tionation of CHRCI over microcrystalline GiOs catalyst. compounds may play a role in the deposition of halogen on

They reported that coordinately unsaturated*Ccations the CrOg surface during the “activation” of GOz catalysts
formed during the initial reduction step were active for the for halogen exchange reactions [3,4,6,46].
oxidation of CHR and CHRCI to CO, CQ, HF, and BO. Surface deactivation has also received much attention
They also observed the simultaneous uptake of halogen byin the literature in studies of halogen exchange reactions
the surface during oxidation and suggest that the replace-over CrO3 powders. Deactivation of powdered catalysts
ment of surface lattice oxygen by halogen makes the surfacehas been attributed to carbon deposition [1] and to the
active for CHR and CHRCI disproportionation [46]. Kem-  formation of inactive crystalline phases at the surface that
nitz and co-workers [3] have reported similar results follow- sterically isolate cations from the surface [3]. In this work,
ing CRCl and CHRCI exposures oves-Cr,O3 powders. it is apparent from the AES data that deactivation of the
No evidence for the replacement of lattice oxygen by chlo- Cr,Oz (1012) surface toward CFGCH, decomposition
rine or fluorine was observed over the;Og (1012) surface occurs due to site blocking because nearly 100% of surface
under the conditions of this study. cations are coordinated to adsorbed halogen on a deactivated
Coulson and co-workers [46] also demonstrated that the Cr,O3 (1012) surface. No carbon was detected on surfaces
disproportionation of CHECI was inhibited over catalysts that were deactivated by CFECH, exposure under any
that were preexposed to the Lewis base dimethyl ether. Theyconditions.
found that the uptake of dimethyl ether is directly propor-
tional to the activity of the catalyst for disproportionation,
suggesting that an increase in Lewis acidity is coincident 6. Conclusions
with the onset of catalytic activity. They also report that
Lewis acidity is greatest for cation sites that had been fluori-  The 1,1-dihalo-elimination reaction of CFECH, over
nated and remained coordinately unsaturated. An increase irCr,Oz (1012) has been investigated under UHV conditions.
site Lewis acidity as a result of surface halogenation is also The products are acetylene gas and adsorbed chlorine and
indicated over the GOs (1012) surface studied in thiswork  fluorine. Thermal desorption experiments reveal two acety-
by the 20-K increase in CFEICH, desorption temperature lene desorption features. The lower temperature feature is a
observed following partial halogenation of a nearly stoichio- desorption-limited acetylene peak{= 92 kJ/mole), while
metric surface. If the G /CFCI=CH, bonding interaction  the formation of a stable fluorovinyl or vinylidene surface
is predominantly a sigma donation, as described above, thernintermediate is suggested by the occurrence of a higher tem-
the increase in CFEGICH, desorption temperature can be perature £5= 124 kJmole) reaction-limited acetylene des-
attributed to an increase in Lewis acidity at neighboring un- orption peak. The deposition of halogen onto the sample sur-
halogenated Gr sites. In this work, the increase in active face by the CFG:CH, decomposition reaction was found
site Lewis acidity is limited to the “through-surface” ef- to initially increase the CFGCH> sticking coefficient and

fect because once halogenated, &tQration on the GIOs then lead to deactivation of the surface at near saturation
(1012) surface is fully coordinated, and is no longer active halogen coverage of surface cations due to site blocking.
for CFCI=CH, decomposition into acetylene. The CpO3 (1012 surface was found to cease CECI

Kemnitz and co-workers [3] studied chlorine/fluorine ex- CH2 decomposition at a CCr AES ratio of around 0.16,
change reactions for various two-carbon HCFC compoundsfrom CFCECH, exposures under TDS conditions. The sto-
over powdered GIO3 and attribute the onset of activity to  ichiometry of the reaction suggests that chlorine and fluorine
the formation of an active crystalline phase at the surface are deposited at an equal rate during TDS experiments. No
which resembleg-CrFs in structure. They proposed active evidence was seen for the replacement of surface lattice oxy-
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gen by halogen. Surfaces that were preexposed to oxyger20] Royal Society of Chemistry, Eight Peak Index of Mass Spectra, 3rd

were found not to react with CFEICH,.
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