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Abstract

The adsorption of CFCl=CH2 on the nearly stoichiometric Cr2O3 (101̄2) surface results in a 1,1-dihaloelimination reaction to prod
acetylene gas, HC≡CH(g), and adsorbed chlorine and fluorine. Thermal desorption experiments reveal two acetylene desorption feat
lower temperature acetylene channel is desorption limited (Ea = 92 kJ/mole), while the formation of fluorovinyl and/or vinylidene surfa
intermediates is suggested by the occurrence of a higher temperature (Ea = 124 kJ/mole) reaction-limited acetylene desorption channel. T
deposition of halogen onto the sample surface by the CFCl=CH2 decomposition reaction was found to initially increase the CFCl=CH2
sticking coefficient and the activity for halogen coverages up to about one-third and then lead to deactivation at higher halogen cov
to site blocking of the surface cations. No evidence was seen for the replacement of surface lattice oxygen by halogen under the
of this study. Surfaces that were preexposed to O2 to site block surface cations with terminal chromyl oxygen were found not to react
CFCl=CH2.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Much of the literature concerning halocarbon chemis
over Cr2O3 has been devoted to compounds that are in
mediates or byproducts formed during the manufactur
alternative refrigerant compounds [1–4]. Unsaturated h
carbons are used as feedstocks for the manufacture of in
trially important hydrochlorofluorocarbons (HCFCs) and
often cited as both intermediates and nonselective rea
products [1,4].

Vecchio et al. [5] studied the fluorination (replacem
of chlorine or hydrogen by fluorine) of a number of ha
carbons over aluminum fluoride (AlF3) catalysts and ob
served many of the same reactions that were later repo
over Cr2O3 and other fluorination catalysts [1,4,6]. Th
observed that fluorination is the dominant reaction in
presence of HF, but that HF and HCl abstraction fr
haloethanes occurs in the absence of HF. A build-up of
(X = Cl or F) on the surface was found to cause the su
quent readdition of HF and HCl to haloethenes. The rea
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0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(02)00033-7
-

tion of HX, combined with the exchange of halogen betwe
the HCFC molecules and the surface, results in a broad
of saturated and unsaturated products.

The chemistry observed over Cr2O3 powders is similar
to that found over AlF3 [7]. Kavanagh et al. used deute
ated hydrofluoric acid, DF, to study both the addition of
to trichloroethene (TCE) and the subsequent halogen
change reactions over a powdered Cr2O3 microcrystalline
catalyst pretreated with HF [8]. They reported that HX ad
tion/elimination reactions and direct halogen exchange w
the surface may both occur for HCFCs over Cr2O3. In deu-
terium labeling experiments using DF and TCE, the la
indicated that HX addition to TCE follows the Markovniko
rule. The incorporation of only a single deuterium label
product molecules containing multiple fluorine atoms in
cated that haloalkanes must undergo F-for-Cl exchange
a halogen species on the catalyst surface. Multiple HF e
ination/DF addition steps would have resulted in more d
terium labels in the product. The addition of HF across
C=C double bond was postulated to occur as a first
in the reaction of HF and TCE. Subsequent fluorination
though to occur via direct halogen exchange with the
face. Hydrofluorination of TCE at 523 K was reported
yield about 90% CF3CH2Cl (HCFC-133a). The cation oxi
eserved.

http://www.elsevier.com/locate/jcat
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dation state was reported as Cr3+, but no specific informa
tion concerning the catalyst surface was offered.

Kemnitz and co-workers [6,9] used deuterium labe
HCl (DCl) to study CHF2CHF2 isomerization to CF3CH2F
(HFC-134� HFC-134a). For microcrystalline Cr2O3 pre-
treated with HF, isomerization proceeds via HF eliminat
to form CF2=CHF followed by readdition of HF, in acco
dance with the Markovnikov rule, to form CF3CH2F. Inter-
estingly, if the catalyst was pretreated using DCl then a c
plex set of reactions ensued that included HX eliminat
and both Markovnikov and anti-Markovnikov HX additio
The presence of Cl on the Cr2O3 surface was found to pro
mote the formation of a broad range of saturated and un
urated products. This result echoes the earlier work of V
chio and co-workers [5], who made similar observations
AlF3.

Brunet et al. [4] have studied the reaction of CF3CH2Cl
(HCFC-133a) over Cr2O3 powder and report HF eliminatio
both in the presence and in the absence of HF. O
Cr2O3 samples that were not prefluorinated and in
absence of added HF, formation of CF2=CHCl (HCFC-
1122a) was reported as the primary reaction product.
overall reaction was reported as

CF3CH2Cl � CF2=CHCl+ HF.

At equilibrium, approximately equal amounts of HCF
1122a and HCFC-133a were found in the reaction m
Brunet et al. report that no surface chlorine was obse
with XPS on the catalyst following HCFC-133a reaction
the absence of HF. Direct exposure of the surface to H
280 ◦C for 2 h was found to result in an XPS F/Cr ratio of
0.36.

Freund and co-workers [10,11] have studied the ads
tion of ethene in ultrahigh vacuum (UHV) over stoich
metric and oxygen-exposed Cr2O3 (0001) films that were
epitaxially grown on Cr (110). Over the stoichiometric s
face they report that ethene forms aπ -complex at surface
cation sites that has a desorption temperature of 22
This temperature corresponds to a first order activation
ergy for desorption of around 57 kJ/mol using the Redhea
method [12]. Surfaces that were preexposed to oxygen
found to adsorb ethene only at defect sites, strongly a
uating the ethane uptake for an oxygen-saturated sur
Scarano et al. [13] reported similar findings over Cr2O3 mi-
crocrystals that contained predominantly(101̄2) faces. Both
groups [10,11,13] have suggested that the ethene mol
is arranged with its molecular axis parallel to the Cr2O3 sur-
face. Both groups also suggest that surface/adsorbate
formation results in a small amount of charge transfer fr
the molecule to the surface with minimal backbonding
the Cr3+ cations. The lack of backbonding by cations
the nearly stoichiometric Cr2O3 (101̄2) surface (the objec
of the present investigation) is also suggested by the
(195 K), desorption temperature of CO. The low activat
energy for desorption (50 kJ/mol [12]) for the well-known
electron acceptor CO, indicates that the surface–adso
-

.

e

d

e

interaction is predominantly sigma and that backbondin
minimal on the nearly stoichiometric surface (S.C. Yo
D.F. Cox, unpublished results).

While a number of surface science studies of haloalk
adsorption and reaction have been reported for metal
faces, this work is the first reported study of the reactio
an unsaturated halocarbon over single crystal Cr2O3.

2. α-Cr2O3 surfaces studied

The Cr2O3 (101̄2) surface has been characterized
previous work [14]. The ideal stoichiometric surface h
only one local coordination environment for the surfa
cations and anions. A ball model representation of the id
stoichiometric surface is shown in Fig. 1. The topm
atomic layer of the ideal surface is composed enti
of oxygen anions. The surface is nonpolar, and one
stoichiometric repeating unit normal to the surface cont
five atomic layers arranged as [O, Cr, O, Cr, O]. The surf
has a rectangular (almost square) periodicity with a rati
sides ofa/b = 0.94. At the ideal(101̄2) surface, all O2−
anions in the top atomic layer are three-coordinate wi
pyramidal local coordination, and the Cr3+ cations in the
second atomic layer are five-coordinate. Both ions h
one degree of coordinate unsaturation relative to their
counterparts [15]. All ions below the top two atomic laye
are fully coordinated. A nearly stoichiometric surface can

Fig. 1. Ball model illustration of the ideal, stoichiometric Cr2O3 (101̄2)
surface. The top view shows the(101̄2) surface parallel to the plane o
the page. A surface unit cell is drawn to show the periodicity. The bo
illustration shows a side view of one stoichiometric repeating layer.
chromium cations are represented by small black spheres and o
anions by the large gray spheres.
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prepared by Ar+ ion bombardment and annealing in vacuu
at 900 K [14].

In addition to the nearly stoichiometric surface, the s
face can be prepared with the cations capped with te
nal chromyl oxygen (Cr=O). This oxygen-terminated su
face is prepared by repeated low-temperature O2 exposures
on a nearly stoichiometric surface until nearly all surfa
cations are capped with terminal oxygen [14]. The oxyg
terminated surface exposes both three-coordinate O2− an-
ions and terminal chromyl oxygen (Cr=O) [14].

3. Experimental methods

The reaction of CFCl=CH2 (HCFC-1131a) over stoi
chiometric and oxygen-terminated(1 × 1) Cr2O3 (101̄2)
surfaces was investigated using thermal desorption s
troscopy (TDS), Auger electron spectroscopy (AES),
low-energy electron diffraction (LEED). Experiments we
conducted in an ion-pumped UHV chamber, equipped w
a Physical Electronics Model 15-155 single-pass CMA
AES, an Inficon Quadrex 200 mass spectrometer for T
and a set of Vacuum Generators 3-grid reverse view LE
optics. The base operating pressure for this study was×
10−10 Torr. AES data were collected using an incident el
tron beam of 5 keV for all measurements. Spectra were
lected in N(E) mode and differentiated numerically. Ele
tron stimulated reduction of the surface was not observe
occur during AES experiments. A broad-beam ion gun w
used for sample cleaning (sputtering).

The crystal was oriented to within 1◦ of the (101̄2) sur-
face using Laue backreflection and polished to a final m
ror finish with 0.25-µm diamond paste. The sample was
chanically clamped onto a tantalum stage that was fast
to LN2-cooled copper electrical conductors. A Type K th
mocouple was attached through a hole in the stage to
back of the single crystal using Aremco #569 ceramic
ment. This arrangement allowed direct measurement o
sample temperature.

PCR Inc. 1-chloro-1-fluoroethene (CFCl=CH2) (97%),
Matheson acetylene (HC≡CH) (99.6%), Matheson oxyge
(99.997%), and Matheson deuterium (99.997%) were u
as received. The 1-chloro-1-fluoroethene was analyze
mass spectrometry for acetylene(m/z = 26) contamination
and none was found. Gas dosing was accomplished
backfilling the chamber through a variable leak valve.
doses for CFCl=CH2 and acetylene TDS experiments we
conducted at 163 K. All dose sizes have been corrected
ion gauge sensitivity, and desorption quantities have b
corrected for mass spectrometer sensitivity [16–18].

A nearly stoichiometric,(1 × 1) surface was prepare
by ion-bombardment followed by annealing to 900 K. T
oxygen-terminated surface was prepared by repeated 0
oxygen exposures at 163 K, following preparation of
stoichiometric(1 × 1) surface. Oxygen saturation of th
surface was confirmed using TDS and AES, which b
-

indicate a concentration of adsorbed oxygen correspon
to nearly one oxygen atom per surface Cr3+ cation [14]. The
oxygen-saturated surface consists almost entirely of f
coordinated chromium cations, capped by terminal ox
ions, Cr=O.

AES measurements were conducted at 800 K to a
sample charging. Because of overlap between the
mary oxygen and chromium Auger peaks, the surf
chromium concentration was followed by measuring the
L2,3M2,3M2,3 (490 eV) peak-to-peak height [14]. Atom
Cl/Cr ratios were estimated with AES using appropri
sensitivity factors for the Cl KLL signal [19] and the C
L2,3M2,3M2,3 signal [14].

4. Results

CFCl=CH2 was found to react readily with the ordere
nearly stoichiometric Cr2O3 (101̄2) surface. Following a
product search that included all mass numbers(m/z) from
2 to 200, acetylene (HC≡CH) was determined to be the si
gle gas-phase product formed. Specifically, no fluoroac
lene, chloroacetylene, HCl, or HF gas-phase reaction p
ucts were observed during TDS. The HC≡CH (g) product
identification was made by comparison of a measured m
spectrometer cracking pattern for an acetylene standard
thermal desorption peak intensities. The relative intens
of four m/z signals (27, 26, 25, 13) were used to po
tively identify acetylene. The measured acetylene crack
pattern is in good agreement with published data for ac
lene [20]. The primary mass peak for acetylene was foun
be m/z = 26, and this mass number was monitored wh
recording acetylene desorption signals. AES was use
demonstrate that halogen removed from the reactant m
cule remains on the sample surface following reaction.

4.1. CFCl=CH2 thermal desorption from a nearly
stoichiometric surface

The top and bottom panels in Fig. 2 show desorpt
traces of reactant and product from CFCl=CH2 TDS exper-
iments initiated on a nearly stoichiometric(1 × 1) Cr2O3
(101̄2) surface. Consecutive doses of 0.06 and 0.03 L w
selected to show the product and reactant, respectively.
reactant and product desorption features undergo peak
perature shifts and significant intensity changes. The d
sizes in the desorption traces shown were chosen in ord
best illustrate the changes observed for each peak.

4.1.1. CFCl=CH2 desorption
The top panel of Fig. 2 follows desorption of th

dosed molecule, CFCl=CH2 (m/z = 80), during a TDS
series of consecutive 0.03 L doses initiated over a ne
stoichiometric (1 × 1) Cr2O3 (101̄2) surface. The pea
desorption temperature is 180 K following the first do
and shifts upwards to 200 K by 0.10 L of total exposu
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Fig. 2. CFCl=CH2 thermal desorption traces for consecutive runs w
fixed dose sizes beginning with a clean, stoichiometric surface. The
panel shows the variation in desorption behavior of the CFCl=CH2 reactant
for consecutive 0.03 L doses. The bottom panel shows the variatio
desorption behavior of the product HC≡CH product for consecutive 0.06
doses. The relative intensities have been corrected for mass spectro
sensitivity.

In subsequent doses the intensity of the 200-K fea
increases and the 180-K feature reappears. As the total
reaches 0.16 L, the intensity of the 200-K feature decrea
leaving the 180-K feature as the primary contribution
the desorption spectrum. The initial upward shift in pe
desorption temperature of around 20 suggests that
surface–adsorbate interaction is initially strengthened
CFCl=CH2 exposure (initial surface halogenation), but t
effect is reversed for total exposures beyond about 0.16

In TDS experiments conducted using larger dose s
the upward shift in peak desorption temperature is mis
because the majority of CFCl=CH2 detected arises from th
180-K feature. For dose sizes of 0.13 L or more, the fea
at 200 K only appears as a small, high-temperature shou

4.1.2. Product HC≡CH desorption
For a series of consecutive 0.06 L doses, the acety

product desorption occurs in two temperature regions
seen in the bottom panel of Fig. 2. Peak desorption tem
atures of 350 and 470 K are observed for acetylene on
initial TDS run (0.06 L). In the second and third TDS ru
the low-temperature (350-K) peak grows in intensity a
shifts down in temperature to 280 K. The high-tempera
r

e
,

.

(470-K) feature remains relatively unchanged for total ex
sures below 0.19 L.

Following 0.19 L of total CFCl=CH2 exposure, the
low-temperature acetylene peak continues to shift to lo
temperatures, but gradually decreases in intensity
each successive TDS run. The high-temperature acet
peak rapidly loses intensity for total exposures of 0.2
and greater. The 470 K desorption temperature for
high-temperature HC≡CH feature does not appear to chan
significantly as desorption intensity declines. AES exp
ments following various CFCl=CH2 exposures demonstra
that the initial increase in activity and the eventual deact
tion of the surface are linked to the degree of halogena
of surface cation sites (see below).

In addition to the results shown in Fig. 2, TDS exp
iments (not shown) with CFCl=CH2 were also performe
following the preadsorption of D2 in an attempt to com
bine the active surface intermediate with surface D. In
event of the reaction of the surface intermediate with pre
sorbed D atoms, the possibility exists of determining
number of intermediate/surface bonds by the number o
corporated D atoms. Specifically, the presence of DC≡CH
as a desorption product could demonstrate that the rea
mechanism proceeds through an acetylide (–C≡CH) inter-
mediate, recombining with surface hydrogen prior to des
tion. No DC≡CH was detected in either the low-temperat
or high-temperature states, suggesting that a recombin
step is not involved. However, the results are not comple
conclusive because D2 was found to desorb at 285 K, we
below the 470-K feature for acetylene desorption.

4.1.3. Chemisorbed acetylene
TDS was also used to investigate the desorption kine

of chemisorbed acetylene. Fig. 3 shows acetylene desor

Fig. 3. Comparison of the desorption behavior for dosed, chemiso
acetylene (dashed line), and product acetylene from the reactio
CFCl=CH2 (solid line). The traces demonstrate that the low-tempera
acetylene feature is desorption limited, while the high temperature fe
is reaction limited.
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following a 0.03 L dose of HC≡CH at 163 K on a nearly
stoichiometric surface. Also shown for comparison is a T
trace for product acetylene formed from a 0.06 L do
of CFCl=CH2. Small doses of acetylene yield a sing
desorption feature near 325 K. No reaction of acetylene w
the surface is observed. Specifically, water, CO, and C2
were not observed as desorption products and AES sh
no surface carbon following acetylene TDS experiments

The desorption temperature of dosed acetylene coinc
with the lower temperature (350–270 K) feature from
acetylene product. Similarities between the desorption t
peratures and peak shapes of the acetylene produc
dosed acetylene indicate that the low-temperature HC≡CH
feature is desorption limited. The 470-K feature is not
served following acetylene adsorption at 163 K, demons
ing that the higher temperature product feature is react
limited.

4.2. Post-reaction AES analysis

Fig. 4 shows the increase in the surface AES Cl/Cr
ratio observed for a TDS series of consecutive 0.13-L do
of CFCl=CH2 begun over a clean, nearly stoichiomet
surface. The F/Cr is not shown because fluorine was fou
to undergo rapid electron stimulated loss from the surf
and could not be quantified. (Note that small F A
signals have been observed in very short (1–2 s) s
of a narrow range of kinetic energy immediately up
sample introduction into the electron beam, but the F
removed before a sufficient signal-to-noise can be reac
for quantitative analysis.) The Cl/Cr ratio is observed to
increase linearly following each CFCl=CH2 dose until a
total exposure of around 0.5 L. Between 0.5 and 1.0 L
total exposure, the Cl/Cr ratio levels off at a maximum
value of around 0.16. The surface O/Cr ratio was measure
before (nearly stoichiometric surface) and after CFCl=CH2
TDS experiments and found not to change due to

Fig. 4. Comparison of thermal desorption yields for consecutive dose
the resulting surface Cl/Cr ratio determined by AES. The AES Cl/Cr ratio
is read from the right hand axis, while the integrated desorption intens
are read from the left hand axis. The integrated desorption intensities
been corrected for mass spectrometer sensitivity. See text for discussi
d

deposition of surface halogen. Hence, no evidence was
for the replacement of lattice oxygen by halogen under th
thermal desorption conditions. Additionally, no eviden
was seen for the deposition of surface carbon.

Fig. 4 also shows the relative quantities (integra
desorption signals) of CFCl=CH2 and HC≡CH desorbed
from the surface during a TDS series of consecutive 0.1
doses of CFCl=CH2. The amounts of both reactant a
product desorbed from the surface are observed to incr
initially and then to steadily decrease. Acetylene produc
and chlorine deposition are observed to cease around 1
of total exposure. Surfaces that have a Cl/Cr ratio of 0.16
following CFCl=CH2 TDS experiments no longer produ
acetylene product and are described as “deactivated.”

The total (sum) of both desorbing species is also sh
in Fig. 4. Changes in the total are indicative of change
the sticking coefficient of CFCl=CH2. Initially, the total
increases, but, beyond around 0.25 L of total expos
the total amount of desorbing species declines, indica
a decrease in the CFCl=CH2 sticking coefficient as the
chemistry shuts down. The maximum value of the stick
coefficient occurs at a surface Cl/Cr ratio of 0.055.

Consecutive TDS runs using various CFCl=CH2 dose
sizes (0.03–1.0 L) were carried out until acetylene prod
tion ceased and all were found to yield a final AES Cl/Cr
ratio of 0.16, regardless of the dose size and total expo
As demonstrated elsewhere (S.C. York, D.F. Cox, J. P
Chem. B, in press), a Cl/Cr ratio (or X/Cr ratio) of 0.32 rep-
resents essentially one adsorbed chlorine (halogen) atom
surface cation. A Cl/Cr ratio of 0.16 implies that approx
mately half of the surface cations are capped by adso
chlorine. Fig. 5 shows an AES spectrum of a halogena
sample surface having a Cl/Cr ratio of 0.16, which corre

Fig. 5. AES spectrum of a surface deactivated by the reaction of CFCl=CH2
to HC≡CH. A Cl/Cr ratio of 0.16 is found for the surface deactivated
deposited halogen atoms. Deposited F is not observed because it und
rapid electron-stimulated removal from the surface. See text for discus
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sponds to a surface deactivated by CFCl=CH2 under TDS
conditions.

The reaction stoichiometry for forming HC≡CH from
CFCl=CH2 decomposition requires that chlorine and flu
rine be removed from the reactant molecule in equal pro
tions. Therefore, assuming that all of the removed halo
remains on the surface, a surface that has been haloge
by CFCl=CH2 decomposition to form HC≡CH is expected
to accumulate equal amounts of chlorine and fluorine,
gardless of the level of halogenation. As indicated ab
a surface with a 1:1 Cl(s):Cr3+ ratio has an AES Cl/Cr ratio
of 0.32. The AES Cl/Cr of 0.16 measured for surfaces de
tivated by CFCl=CH2 TDS suggests that half of the catio
sites are covered by chlorine and half by fluorine. Ho
ever, the fluorine cannot be seen using AES due to elec
stimulated loss from the surface. Deactivation of the
face is attributed to site blocking by F(s) and Cl(s), but only
chlorine may be seen using electron-stimulated AES. Ne
100% of the cations at the deactivated surface are expe
to be capped by halogen adatoms.

The integrated TDS data shown in Fig. 4 demonstrat
increase in CFCl=CH2 uptake and a coincident increase
HC≡CH product for low total exposures. The increase
subsequent decrease in total desorption quantities sho
Fig. 4 demonstrates that the CFCl=CH2 sticking coefficient
is a function of the degree of surface halogenation. The 2
increase in the CFCl=CH2 desorption temperature sugge
that the strength of the CFCl=CH2/surface interaction
is also a function of the degree of surface halogena
For halogen coverage of up to approximately one-third
surface cations (Cl/Cr=0.055, and assuming an equivale
amount of surface F), the CFCl=CH2 sticking coefficient
increases. For higher coverages of surface halogen
sticking coefficient declines, reaching approximately 20%
the maximum value by 1.0 L of total CFCl=CH2 exposure
for a series of 0.13-L doses. The observed increas
the amount of acetylene made for low total exposu
is attributed to an increase in the CFCl=CH2 sticking
coefficient.

4.3. CFCl=CH2 thermal desorption from an oxygenated
surface

CFCl=CH2 TDS over surfaces that were preexposed
oxygen showed that the surface reaction is completely
hibited over an oxygen-terminated surface. TDS exp
ments using successive 0.03 L doses of CFCl=CH2 over
the oxygen-saturated surface yielded no HC≡CH or any
other gas-phase product. Specifically, no H2, H2O, CO, or
CO2, nor any carbon-, fluorine-, or chlorine-containing co
pounds (other than CFCl=CH2) were observed during TD
experiments. Additionally, AES of the oxygenated surf
following thermal desorption showed no indication of s
face chlorine or carbon. The TDS and AES data cle
demonstrate CFCl=CH2 decomposition does not occur ov
an oxygen-saturated surface.
d

-

d

5. Discussion

The 1,1-dihaloelimination (decomposition) reaction
CFCl=CH2 to acetylene over Cr2O3 (101̄2) was found to
occur readily over a nearly stoichiometric(1 × 1) surface.
The overall reaction may be represented as

ClFC=CH2 → HC≡CH(g) + Cl(s) + F(s).

The deposition of halogen (Cl(s) and F(s)) on the surface is
coincident with changes in surface reactivity and the ev
tual deactivation of the surface towards the decompos
reaction. The occurrence of a 1-chloro, 1-fluoro elimi
tion reaction is somewhat unexpected because of its lac
precedent in the catalysis literature. To our knowledge,
is the first documentation of a dihaloelimination reaction
gas phase haloethenes over Cr2O3 under any conditions.

5.1. Low-temperature (350-K) acetylene product

The occurrence of two features for the acetylene p
uct in CFCl=CH2 thermal desorption spectra indicate th
two energetically different desorption processes occur. C
parison of dosed acetylene and product acetylene de
tion traces demonstrates that the low-temperature pe
desorption-limited and the high-temperature peak is r
tion-limited. This suggests that the 350 K portion of t
product acetylene signal is the result of CFCl=CH2 that re-
acts to form acetylene at a lower temperature and the
mains adsorbed on the surface until the acetylene de
tion temperature is reached. Acetylene formation may o
upon adsorption at 170 K, or at any intermediate temp
ture during a TDS run, up to 350 K. The rate limiting step
HC≡CH desorption via the low-temperature reaction ch
nel is attributed to the desorption of a molecular surf
species. Assuming a preexponential of 1013 s−1 an appar-
ent first-order activation energy for desorption of 90 kJ/mol
is found for the desorption limited acetylene peak [12].

During CFCl=CH2 TDS, the peak desorption temper
ture for the low-temperature HC≡CH product peak under
goes a significant shift to lower temperature (see Fig.
The majority of this temperature shift occurs for to
CFCl=CH2 exposures of 0.40 L and less (Fig. 2). The s
face AES Cl/Cr ratio also changes rapidly throughout t
range of CFCl=CH2 exposure. The range of AES Cl/Cr ra-
tios (0.0–0.08) for a series of 0.13-L doses up to a total
posure of∼ 0.4 L of CFCl=CH2 in TDS corresponds to
range of surface halogen coverage of approximately ze
50% coverage of surface Cr3+ cations. Therefore, the shi
in the low-temperature acetylene feature from 350 to 27
is attributed to a decrease in the activation energy of des
tion caused by the modification of the surface by F(s)
Cl(s).

The additional HC≡CH produced during initial CFCl=
CH2 TDS runs is adsorbed almost entirely into the lo
temperature state. Fig. 4 shows that the maximum am
of acetylene is produced over a surface having a t
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CFCl=CH2 exposure of around 0.25 L and a Cl/Cr ra-
tio of 0.055. This level of surface chlorination correspon
to approximately one-third of surface cations being c
ered by a 1:1 mixture of F(s) and Cl(s). Comparison of
the total integrated desorption area for reactant and p
uct shows that the increase in desorption quantities
attributable to an increase in the sticking coefficient
CFCl=CH2 over the Cr2O3 (101̄2) surface. The increase i
product HC≡CH demonstrates that the surface is “activ
ed” toward CFCl=CH2 decomposition due to an increase
the CFCl=CH2 sticking coefficient. The total of desorbin
species shows a sharp decline as more than one-third o
face cations become halogenated. The decline in prod
observed as the surface halogenation increases is attri
to cation site blocking by adsorbed halogen.

There are no previous reports in the literature of ac
lene or CFCl=CH2 adsorption over Cr2O3 single crystals in
UHV, but both molecular and dissociative HC≡CH adsorp-
tion has been reported over single-crystal metal and m
oxide surfaces [21,22]. Vohs and Barteau [23] report
HC≡CH is adsorbed over ZnO (0001̄) in both molecular and
dissociated forms. The molecularly bound state is repo
to desorb at around 200 K. Dissociative adsorption resul
the formation of a surface acetylide (HC≡C–) that is stable
until decomposition to CO, CO2, and water at 780 K. Th
thermal stability of this acetylide is much higher than o
served for the 270–350 K desorption-limited acetylene
ture. The lower thermal stability, the absence of surface
bon in AES experiments, and the lack of CO, CO2, and water
in thermal desorption indicate that the adsorbed specie
not an acetylide and suggests a simple molecular acety
adsorbate.

5.2. High-temperature (470-K) acetylene product

The absence of a 470-K feature in the TDS spe
of dosed acetylene demonstrates that this high-temper
channel is reaction-limited. As the intensity of the 470
feature declines during surface deactivation, no signific
change in peak desorption temperature is observed. The
stant peak temperature is characteristic of first-order des
tion kinetics. The first-order activation energy for desorpt
from this state is about 125 kJ/mole [12] assuming a norma
first-order preexponential of 1013 s−1.

The surface intermediate associated with the react
limited production of acetylene cannot be identified de
itively with only TDS and AES data. However, the molec
lar properties of CFCl=CH2, along with precedents from th
organometallic literature [24,25,29,30,32] can provide so
insight into possible reaction pathways, surface interm
ates, and rate limiting steps. Table 1 shows the bond
sociation energies for CFCl=CH2, predicted from CBS-Q
calculations with Gaussian 94 [26]. The weakest bond
CFCl=CH2 is the C–Cl bond, regardless of whether h
molytic or heterolytic bond breaking is considered. Also
has been demonstrated using AES that the decompos
-

d

e

-

Table 1
Predicted bond dissociation energies for CFCl=CH2

Products Bond dissociation energiea

CH2=CF+ Cl 403 kJ/mol
CH2=CCl + F 507 kJ/mol
CFCl=CH + H 480 kJ/mol
CH2=CF+ + Cl− 900 kJ/mol
CH2=CCl+ + F− 965 kJ/mol

a CBS-Q energies from Gaussian 94 [26].

of CFCl=CH2 deposits chlorine on the sample. It is, the
fore, reasonable to assume that the initial reaction step i
dissociative adsorption of CFCl=CH2 via carbon–chlorine
bond cleavage. In addition to the lower C–Cl bond dis
ciation energy predicted for homolytic cleavage (Table
a homolytic bond breaking process is also expected
analogy to the studies of Gellman and co-workers [27,
They report homolytic carbon–chlorine bond cleavage
the adsorption of several dichloroethane compounds
Pd (111). Cleavage of the C–Cl bond upon dissociative
sorption is expected to result in the formation of a surf
fluorovinyl species and adsorbed chlorine.

Following dissociative adsorption, the reaction is pos
lated to proceed viaα-fluorine elimination to a vinylidene
surface intermediate and adsorbed fluorine. The Group
transition metals chromium, molybdenum, and tungsten
known to form vinylidene complexes [29], andα-elimination
of halogen from 1-haloolefins is a well-known method
preparing these organometallic complexes [30,31]. Carb
have also been suggested as intermediates in hydrode
genation reactions of haloalkanes [32–34], the reactio
CH3CCl2CH3 on Cu (100) [35], and for adsorption o
1,1-dichloroethane [36] over palladium catalysts. Chlo
vinylidene has also been suggested as one of a numb
possible surface intermediates in the decomposition of T
over PdCu (110) [37]. The final reaction step to acetyl
over Cr2O3 (101̄2) requires the isomerization of vinyliden
to acetylene via a 2,1 hydrogen shift.

The acetylene product in both the desorption-limited
reaction-limited states is thought to be produced via
same overall surface mechanism, though the rate-limi
steps are different. For the low-temperature reaction chan
the desorption of molecular acetylene is the rate-limit
step; hence the hydrogen rearrangement must occu
the surface. In the high-temperature channel, whether
surface vinylidene desorbs as a carbene (H2C=C:) and
isomerizes to HC≡CH in the gas phase, or a 2,1-hydrog
shift occurs on the surface is uncertain. The proposed ov
mechanism for CFCl=CH2 decomposition is represented
Scheme 1.

The rate-limiting step for the 470-K reaction chann
must be a step prior to the formation of molecular ace
lene, which would be expected to desorb at around 350 K
the pathway described in Scheme 1, bothα-elimination and
hydrogen rearrangement (vinylidene isomerization) are
sible rate-limiting steps for the high-temperature channe
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Scheme 1. Proposed reaction sequence involving fluorovinyl and vinyli
surface intermediates. The initial dehalogenation step is Cl elimina
during dissociative adsorption, with the final removal of F byα elimination
from the fluorovinyl to form surface vinylidene.

the loss of fluorine from theα-carbon of the adsorbed fluo
rovinyl is rate-limiting, then the process will have first-ord
desorption kinetics, as seen in the 470-K acetylene pea
the rearrangement/desorptionprocess is rate-limiting, th
netics are expected to depend on the details of the eleme
steps involved. The rearrangement/desorption step migh
cur by three pathways to form gas-phase acetylene,
pathway containing possible first order rate-limiting ste
as shown in Scheme 2.

From the proposed vinylidene intermediate, a hyd
gen rearrangement (vinylidene isomerization) must occu
form the acetylene molecule (HC≡CH). Gas-phase isome
ization and surface rearrangement mechanisms may b
visioned to achieve the hydrogen shift. While the obse
tion of a desorption-limited acetylene peak at 350 K imp
that hydrogen rearrangement can occur on the surface
possibility of gas-phase rearrangement at 470 K canno
disregarded. First order desorption kinetics are expecte
vinylidene desorption and gas-phase isomerization to ac
lene. Vinylidene desorption followed by gas-phase isom
ization is represented in the top pathway in Scheme 2.

Assuming rearrangement of the vinylidene occurs
the surface at 470 K, two possibilities can be conside
(1) β-hydride elimination (acetylide formation) followed b
hydrogen addition to theα-carbon to form HC≡CH, and
(2) an intramolecular 2,1-hydrogen shift to form HC≡CH,
which desorbs immediately. The two possible surface
arrangements are represented as lower and middle path
respectively, in Scheme 2. Each possible pathway is
dressed below.

An intermolecular rearrangement to acetylene via sur
acetylide (1) is shown in the lower pathway in Scheme
TDS data indicates that the rate-limiting step is first ord
Therefore, since the reaction of acetylide with surface
drogen should be a second order process,β-hydride elimi-
nation would be rate-limiting if the isomerization were
y
-

-

e

-

s,

Scheme 2. Possible routes from vinylidene to gas-phase acetylene. T
route represents the desorption and gas-phase isomerization of vinyl
while the middle and bottom routes represent possible surface rout
acetylene. The three initial first-order reactions from vinylidene are pos
rate limiting steps for the high-temperature acetylene production chan

termolecular. Vohs and Barteau [25] report the formation
an acetylide species following acetylene adsorption at 16
on ZnO (0001). However, the acetylide intermediate on Z
reacts at 780 K, a temperature significantly higher than
served in the present case, to form CO, CO2, and H2O. Addi-
tionally, our TDS experiments with CFCl=CH2 and pread-
sorbed D2 produced no DC≡CH, which would demonstrat
that the reaction mechanism proceeds through an acet
intermediate. However, as mentioned above, the result
not conclusive because D2 was found to desorb at 285 K
well below the 470-K reaction temperature. Because no
composition products (CO, CO2, H2, or surface carbon) ar
observed and because no DC≡CH was observed, acetylid
formation (i.e., intermolecular rearrangement) is conside
less likely than intramolecular rearrangement.

The reverse of the intramolecular hydrogen shift [2] p
posed above has been observed to occur on the metal
ladium, and platinum via adsorption of acetylene gas a
1,2 hydrogen shift to form surface vinylidene [38–40]. Wh
vinylidene species have been identified on metal surfa
they are consistently reported to decompose rather than
orb [38,41–43]. Ormerod et al. [38] report that vinylide
formed from the adsorption of acetylene on Pd (111)
composes at 480 K, nearly identical to the 470-K p
desorption temperature observed for the high-tempera
acetylene feature. If the surface reaction proceeds via a
tramolecular rearrangement, as shown in the middle p
way, then the rate-limiting step could be either intramo
ular rearrangement of vinylidene to acetylene or the in
α-fluorine elimination from a surface fluorovinyl intermed
ate to produce vinylidene.

Based upon the preceding discussion, an intramol
lar 2,1 hydrogen shift in surface vinylidene to form ace
lene is considered the most likely pathway for the hyd
gen rearrangement. A limited capacity for backbonding
chromium cations on the stoichiometric Cr2O3 (101̄2) sur-
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face has been indicated by TDS experiments using d
CO. The low activation energy for desorption (50 kJ/mol)
for the well-known electron acceptor CO indicates that
surface–adsorbate interaction is predominantly sigma
that backbonding is minimal on the stoichiometric surfa
The literature [22,44] clearly demonstrates that electron d
sity donated to an adsorbed vinylidene through backbon
with metal centers tends to weaken the C=C bond, as evi-
denced by an increase in the C=C bond distance. It is sug
gested that the lack of backbonding from Cr3+ cations on
Cr2O3 (101̄2) may favor the rearrangement/desorption of
adsorbed vinylidene over the complete decomposition th
observed on metal surfaces.

5.3. CFCl=CH2 desorption

The low peak desorption temperature (180–200 K)
CFCl=CH2 suggests that this desorption feature is as
ciated with a molecular surface species. Freund and
workers [10,11] have studied the adsorption of ethen
UHV on Cr2O3 (0001) films. Following doses of 0.1 L the
reported an ethene peak desorption temperature of 22
Freund and co-workers used RAIRS, EELS, and XPS to
gue that molecular ethene is bound via aπ -complex to stoi-
chiometric Cr2O3 (0001) films at five-coordinate Cr3+ sites.
Based upon the similarity in desorption temperatures,
suggested that CFCl=CH2 forms a similar molecular surfac
species at cation sites on Cr2O3 (101̄2). The first-order ac-
tivation energy for desorption for this adsorbate is appro
mately 46 kJ/mol, as calculated by the Redhead method [
assuming a normal first-order preexponential of 1013 s−1.

Following initial doses of 0.03 L over a(1× 1) stoichio-
metric surface, molecular CFCl=CH2 is observed to des
orb at around 180 K. Following a total exposure of 0.10
the CFCl=CH2 peak desorption temperature shifts to 200
while the amounts of both reactant and acetylene pro
are observed to increase. It is apparent that the incr
in the amount of CFCl=CH2 desorption is the result o
an increased sticking coefficient. The 20-K upward shif
CFCl=CH2 peak desorption temperature indicates an
crease in theHads. Both of these effects are attributed
the deposition of a favorable amount of halogen (appr
mately one-third cation coverage) on the sample surface

Interestingly, Freund and co-workers found that s
monolayer coverages of sodium on Cr2O3 (0001) films can
strengthen of the chromium/ethene interaction “slightly.”
They suggested that charge redistribution at the sur
caused by the presence of sodium induces a change i
ethene bonding mode from theπ -complex suggested ove
a stoichiometric surface to a di-σ complex at a single sur
face cation [10]. The stronger binding in the presence
sodium was attributed to a through-surface effect beca
it was found that sodium coverage of a monolayer or m
would block all ethene adsorption, except at defects.

Several comparisons may be drawn between the wor
Freund and co-workers [10,11] and the effect of halogen
.

e

position upon CFCl=CH2 desorption. The molecularly ad
sorbed states of ethene and CFCl=CH2 at Cr3+ sites are pro-
posed to be similarπ -complexes having approximately th
same molecular orientation and surface bond strength
a stoichiometric surface. In addition, when approximat
one-third of surface Cr3+ cation sites are capped by adsorb
halogen, a slight stabilization of CFCl=CH2 at neighboring
Cr3+ cation sites occurs. TDS experiments demonstrate
stabilizing effect by the increase (20 K) in the peak deso
tion temperature for CFCl=CH2 and the observed increa
in the CFCl=CH2 sticking coefficient. It is suggested th
this effect is due to the redistribution of charge at the Cr2O3
(101̄2) surface caused by halogen deposition, as prop
by Freund and co-workers [10] for the adsorption of sodi
over the (0001) surface. The difference in ionic charges
pected for sodium and chlorine adatoms make their sim
effect upon the surface–adsorbate interaction surprising.
nature of this through-surface effect is not understood.

After TDS experiments reach about 1.0 L of total CFC=
CH2 exposure, the surface is completely deactivated
the CFCl=CH2 molecular feature at 180 K no longer co
tains any significant contribution from the 200-K should
observed for lower total exposures. AES experiments s
gest that site blocking by both chlorine and fluorine is
sponsible for the eventual deactivation of the surface du
CFCl=CH2 TDS. Site blocking was also reported by Freu
and co-workers as the reason for the attenuation of et
adsorption at monolayer coverages of chlorine and sod
on Cr2O3 (0001) [10,11]. The decrease in the amount of
sorbed CFCl=CH2 over a halogen-saturated surface rela
to the nearly stoichiometric surface is an indication of s
blocking by the halogen adatoms.

5.4. Activity of Cr2O3 (101̄2)

The amount of product HC≡CH formed during a TDS
series of consecutive CFCl=CH2 doses (0.03–0.13 L) i
observed to increase initially and then to steadily decl
For the series of 0.06-L CFCl=CH2 doses shown in Fig. 2
the production of HC≡CH is maximized for a total dos
of around 0.19 L, and the increase is associated with
desorption-limited acetylene peak. This maximum is
sociated with an approximate one-third coverage of
face cations by adsorbed halogen. The “activating” effec
surface halogen for CFCl=CH2 decomposition can be ex
plained as a through-surface effect that increases the stre
of the Cr3+/CFCl=CH2 interaction at neighboring cation
sites. These results suggests the existence of an optima
face ensemble consisting of bare Cr3+ sites in combination
with neighboring halogenated cations in approximately a
ratio at the surface. Halogenation of the surface beyond
optimal halogen coverage blocks available cations sites
eventually causes surface deactivation.

The necessity of a surface activation period before Cr2O3
microcrystalline powders become active for halogen exch
ge has been well documented in the literature [3,4,45,
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Activation of the Cr2O3 catalyst in these cases has been
tributed to the reduction of high-valent chromium spec
to Cr3+ followed by the formation of chromium halide
at the surface via oxidation of the HCFC gas. Coul
and co-workers [46] have reported that the reduction
high-valent chromium ions to produce coordinately un
urated Cr3+ centers is the initial step in the catalyst activ
tion process. The lack of activity observed for the oxyg
saturated Cr2O3 (101̄2) surface in this work is in agreeme
with the suggestion of Coulson and co-workers [46] a
demonstrates that coordinately unsaturated Cr3+ centers are
also a prerequisite for CFCl=CH2 decomposition to acety
lene. CFCl=CH2 exposures under the thermal desorpt
conditions of this study are not capable of reducing o
genated surface cations on the Cr2O3 (101̄2) surface.

Coulson and co-workers [46] have studied the dispro
tionation of CHF2Cl over microcrystalline Cr2O3 catalyst.
They reported that coordinately unsaturated Cr3+ cations
formed during the initial reduction step were active for
oxidation of CHF3 and CHF2Cl to CO, CO2, HF, and H2O.
They also observed the simultaneous uptake of haloge
the surface during oxidation and suggest that the repl
ment of surface lattice oxygen by halogen makes the sur
active for CHF3 and CHF2Cl disproportionation [46]. Kem
nitz and co-workers [3] have reported similar results follo
ing CF2Cl and CHF2Cl exposures overα-Cr2O3 powders.
No evidence for the replacement of lattice oxygen by ch
rine or fluorine was observed over the Cr2O3 (101̄2) surface
under the conditions of this study.

Coulson and co-workers [46] also demonstrated that
disproportionation of CHF2Cl was inhibited over catalyst
that were preexposed to the Lewis base dimethyl ether. T
found that the uptake of dimethyl ether is directly prop
tional to the activity of the catalyst for disproportionatio
suggesting that an increase in Lewis acidity is coincid
with the onset of catalytic activity. They also report th
Lewis acidity is greatest for cation sites that had been flu
nated and remained coordinately unsaturated. An increa
site Lewis acidity as a result of surface halogenation is
indicated over the Cr2O3 (101̄2) surface studied in this wor
by the 20-K increase in CFCl=CH2 desorption temperatur
observed following partial halogenation of a nearly stoich
metric surface. If the Cr3+/CFCl=CH2 bonding interaction
is predominantly a sigma donation, as described above,
the increase in CFCl=CH2 desorption temperature can
attributed to an increase in Lewis acidity at neighboring
halogenated Cr3+ sites. In this work, the increase in acti
site Lewis acidity is limited to the “through-surface” e
fect because once halogenated, a Cr3+ cation on the Cr2O3
(101̄2) surface is fully coordinated, and is no longer act
for CFCl=CH2 decomposition into acetylene.

Kemnitz and co-workers [3] studied chlorine/fluorine e
change reactions for various two-carbon HCFC compou
over powdered Cr2O3 and attribute the onset of activity
the formation of an active crystalline phase at the sur
which resemblesβ-CrF3 in structure. They proposed activ
-

surface sites for fluorination contain fluorinated Cr3+ cations
that are coordinately unsaturated and are strong Lewis a
The halogenated Cr2O3 (101̄2) surface would not be ex
pected to demonstrate activity based upon analogy to
work of Kemnitz and co-workers [3] because the ha
genated Cr3+ sites are fully coordinated and inaccessible
adsorbing HCFC molecules.

While the reactions involved during the “activatio
treatments are ill-defined in the literature, most work
in the area agree that Cr2O3 powders are only activ
toward HCFC fluorine-for-chlorine exchange (fluorinatio
reactions over fluorinated cation sites [3,6,47]. It see
likely that the reactivity of CFCl=CH2 observed over th
nearly stoichiometric Cr2O3 (101̄2) surface is due to th
presence of five-coordinate Cr3+ cations. It is suggeste
that the decomposition CFCl=CH2 and similar HCFC
compounds may play a role in the deposition of halogen
the Cr2O3 surface during the “activation” of Cr2O3 catalysts
for halogen exchange reactions [3,4,6,46].

Surface deactivation has also received much atten
in the literature in studies of halogen exchange react
over Cr2O3 powders. Deactivation of powdered cataly
has been attributed to carbon deposition [1] and to
formation of inactive crystalline phases at the surface
sterically isolate cations from the surface [3]. In this wo
it is apparent from the AES data that deactivation of
Cr2O3 (101̄2) surface toward CFCl=CH2 decomposition
occurs due to site blocking because nearly 100% of sur
cations are coordinated to adsorbed halogen on a deacti
Cr2O3 (101̄2) surface. No carbon was detected on surfa
that were deactivated by CFCl=CH2 exposure under an
conditions.

6. Conclusions

The 1,1-dihalo-elimination reaction of CFCl=CH2 over
Cr2O3 (101̄2) has been investigated under UHV conditio
The products are acetylene gas and adsorbed chlorine
fluorine. Thermal desorption experiments reveal two ac
lene desorption features. The lower temperature feature
desorption-limited acetylene peak (Ea = 92 kJ/mole), while
the formation of a stable fluorovinyl or vinylidene surfa
intermediate is suggested by the occurrence of a higher
perature (Ea = 124 kJ/mole) reaction-limited acetylene de
orption peak. The deposition of halogen onto the sample
face by the CFCl=CH2 decomposition reaction was foun
to initially increase the CFCl=CH2 sticking coefficient and
then lead to deactivation of the surface at near satura
halogen coverage of surface cations due to site blocking

The Cr2O3 (101̄2) surface was found to cease CFC=
CH2 decomposition at a Cl/Cr AES ratio of around 0.16
from CFCl=CH2 exposures under TDS conditions. The s
ichiometry of the reaction suggests that chlorine and fluo
are deposited at an equal rate during TDS experiments
evidence was seen for the replacement of surface lattice
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gen by halogen. Surfaces that were preexposed to ox
were found not to react with CFCl=CH2.
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