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which tend to leave open troughs of exposed nickel atoms.39 Since 
nickel sites are still available, the benzene can be more strongly 
bound to the partially oxidized surfaces than the sulfided surfaca, 
which explains the higher benzene desorption temperature for the 
oxidized surfaces. 

The passivation effect of sulfur and oxygen may be due to simple 
siteblocking effects where the presence of the coadsorbed adatoms 
limit the availability of adjacent sites for decomposition. An 
alternative explanation is that the passivation may result from 
subtle changes in the A bonding (and possibly r back-bonding) 
to the surfaces in the presence of surface sulfur or oxygen. 

S-ry 
The major conclusions which emerge from this study are that 

benzene chemisorption on Ni( 1 10) results in molecular adsorption 
below 300 K. The adsorbed benzene lies essentially parallel to 
the surface. Semiempirical molecular orbital calculations indicate 
that the most likely adsorption site is the atop site at a height of 
1.75 A or a short-bridge site at a height of 1.90 A. At saturation 
coverage, 0.2-0.25 ML, a ~ ( 4 x 2 )  LEED pattern was observed. 
Decomposition is competitive with molecular desorption above 
320 K and, at saturation, decomposition accounts for about 
7040% of the chemisorbed benzene. Carbon-hydrogen bond 
scission commences at about 320 K, resulting in reaction-limited 
hydrogen desorption. The formation of a stable partially disso- 
ciated fragment such as a phenyl or benzene species near 400 K 
was based on spectroscopic and isotopic mixing data. This 
fragment undergoes rehydrogenation to form benzene at 460 K. 
In addition to this fragment, benzene decomposition also results 

(39) Engel, T.; Rider, K. H.; Batra, I. P. SurJ Sci. 1984, 148, 321. 

in the formation of a surface carbide. Interestingly, heating the 
surface to 700 K results in the formation of a subsurface carbon, 
which is distinguishable from the surface carbide by its carbon 
1s core level binding energy and its Auger line shape. The 
coadsorption of oxygen or sulfur inhibits decomposition and 
weakens the bonding between benzene and the nickel surface. 

Note Added in Proof. Very recent angle-resolved ultraviolet 
photoelectron spectroscopy (ARUPS) studies by Huber et a1.40 
have shown that at low coverage the benzene molecule is oriented 
as predicted by the ASED calculations (shown in Figure 2b). 
Their data did not permit exact identification of the site along 
the [ IT01 direction but did distinguish the azimuthal orientation, 
which agreed with our modeling studies. Furthermore, as sug- 
gested by the high packing density of benzene on Ni( 110) at high 
coverages, lateral interactions cause a reorientation of the mol- 
ecules, which was detected by ARUPS. 
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Transmission infrared spectroscopy has been used to study the catalytic decomposition of l,l,l-trichloroethane, CH3CC13, 
on high surface area alumina, A1203, in the temperature range 300-600 K. At 300 K CH3CC13 is reversibly adsorbed on 
the isolated surface hydroxyl groups of M203 via hydrogen bonding. At T 2 400 K an &HC1 elimination occurs, forming 
CH2=CC12(g). A small amount of surface carboxylate was also formed by means of a minor reaction pathway. It was 
found that Lewis acid (A13+) surface sites were involved in causing the primary reaction. This was shown by the observation 
that irreversible adsorption of pyridine on the A13+ sites efficiently quenched the surface reaction. Conversely, surface A l 4 H  
groups are not involved in the CH3CC13 decomposition. 

I. Introduction 
Contamination of ground water and soil by various chlorinated 

hydrocarbons is a major environmental concern. The lifetimes 
in the environment of such compounds and the end decomposition 
products which are formed are two important factors in envi- 
ronmental control. Thus, studies have focused on the biotic1> and 
abiotic3" transformations, along with incinerati~n,~ of compounds 

(1) Vogel, T. M.; McCarty, P. L. Environ. Sci. Technol. 1987, 21, 1208. 
(2) Bouwer, E. J.; McCarty, P. L. Appl. Enuiron. Microbiol. 1983, 45, 

(3) Pearson, C. R.; Mdhnnell, G. Proc. R. Soc. London, B 1975,189,305. 
(4) Haag, W. R.; Mill, T. Enuiron. Sci. Technol. 1988, 22, 658. 
( 5 )  Graham, J. L.; Hall, D. L.; Dellinger, B. Enuiron. Sci. Technol. 1986, 

1286. 

20, 703. 

such as l,l,l-trichloroethane. As shown in other studies, the 
half-life of CH3CC13 may be rather long; for example, the half-life 
for the hydrolysis of CH3CC13 in Ocean water at 25 'C is 1 year.6 

A desirable method of environmental cleanup could involve the 
adsorption and/or reaction of undesirable substances on naturally 
occurring mineral surfaces in the ground such as alumina, A120!. 
A 1 2 0 3  is a good model material for research purposes because it 
contains a variety of chemical sites on its surface which can 
participate in chemical processes. These sites result because A 1 2 0 3  
has a defect spinel structure where A13+ can be in either the 
octahedral or tetrahedral holes of the oxygen lattice. Various 
transitional aluminas,' as classified by the ratio of octahedral and 

(6) Jeffers, P. M.; Wolfe, N. L. Science 1989, 246, 1638. 
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occurred, forming chloroethenes with stereoselectivity determined 
by the initial chlorine substitution and by the acid-base character 
of the oxide. Furthermore, these workers postulated that, on 
A1203, the reaction proceeded via a concerted E2 HC1 elimination 
mechanism. They later claimed to confirm an E2 concerted 
mechanism on A1203 based on the product distribution from four 
chloroalkane reactants relative to the product distributions on 
silica-alumina and potassium hydroxide supported silica gel.” A 
later study investigated the use of steam to regenerate sites for 
dehydrochlorinationI8 of 1,1,2-trichloroethane. By injecting water 
onto A1203 in a reactor at 723 K, HCl was liberated from the 
surface, thus maintaining the dehydrochlorination activity. 
Tribbeck found that CH3CC13, injected into a gas chromatograph 
with A1203 columns, produced 1,l-dichloroethene at temperatures 
above 353 K.I9 A final study carried out the copyrolysis of 
chloroethanes and methanol on A1203.20 CH3CC13 and CH30H 
vapors were passed through a Pyrex glass reactor tube packed with 
A1203 pellets. The products of this reaction, analyzed by gas 
chromatography, were CH2=CC12, CH3Cl, and H20.  

One other recent study of interest was the interaction of a 
chloromethane with A1203. The reaction of CH3Cl with the 
surface hydroxyl groups on A1203 at T 2 380 K produced 
CH30(a).21 This reaction is entirely different from that reported 
here for CH3CC13. 

A first step in understanding how oxide materials can be used 
in environmental chemistry is understanding the fundamental 
adsorption/dmrption and reaction processes which occur on the 
surface. Infrared spectroscopy is especially suited for this use 
because of the ability to distinguish adsorbed species, adsorption 
geometries, and reaction sites by use of blocking molecules, along 
with the identification of reaction products. Thus, we have un- 
dertaken a study of the interaction of CH3CC13 with A 1 2 0 3 .  We 
find that it reversibly adsorbs on the surface at 300 K by hydrogen 
bonding with isolated OH groups. Furthermore, at higher tem- 
peratures, we have determined that A13+ sites are needed for the 
elimination reaction 

Ah03 
CH3CC13 - CHz=CC12 + HCl ( T  1 400 K) (1) 

whereas hydroxyl groups are not involved. We also show that 
a minor reaction channel, involving the formation of surface 
carboxylates, can be observed. 
II. Experimental Section 

The infrared cell used in these studies has been described in 
detail previously.22 It consists of a tungsten grid support held 
in the middle of a stainless steel cube-shaped cell containing KBr 
windows. The KBr windows are sealed with differentially pumped 
Won O-rings. The support grid containing the A1203 powder 
can be electrically heated using an electronic contr0ller,2~ which 
maintains the grid temperature within f l  K, as measured by a 
thermocouple spot-welded on the top-central region of the grid. 
The vacuum system used is made of stainless steel and is pumped 
by a 60 L/s turbomolecular pump and a 30 L/s ion pump, and 
reaches a base pressure of P I 1 X 1O-e Torr. The vacuum system 
also contains a quadrupole mass spectrometer and a MKS Bar- 
atron capacitance manometer. 

The A1203 used was Degussa aluminum oxide C (101 m2/g). 
The A1203 was pressed into the holes on half of the tungsten grid 
support” (5.2-cm2 total exposed grid area) by applying 12000-lb 
pressure via a hydraulic press. The other half of the grid was left 
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Figure 1. Diagram showing the OH stretching frequency for various 
types of AZO3 surface sites. The frequency of the isolated AI-OH groups 
is determined from the coordination of the underlying AI atom(s), ac- 
cording to KnBzinger and Ratnasamy.* 

tetrahedral A13+ coordinated ions and the oxygen lattice packing 
density,* exist, making surface chemistry on A1203 a rather 
complex subject. The surfaces of aluminum oxides are terminated 
with an oxygen layer, which, according to Pauhg’s electrostatic 
valence rule,g is covered with hydroxyl groups to neutralize the 
surface charge. 

There are different classes of chemical sites on the A1203 
surface, and there are differences within each class of site. For 
example, the hydroxyl groups on the A1203 surface can be divided 
into two classes: associated hydroxyl groups are those which are 
hydrogen-bonded to each other, while isolated hydroxyl groups 
are non-hydrogen-bonded groups. Within the isolated Al-OH 
group class, five different kinds of isolated hydroxyl groups have 
been observed by IR ~pectroscopy.~Q~~ Kn6zinger and Ratnasamf 
have assigned the differences in 0-H frequency to the underlying 
coordination of A1 atoms (hence affecting the electron density 
around the hydroxyl group). Figure 1 shows these assignments. 
Heating A1203 causes Al-OH groups to combine and to desorb 
as water, exposing AP+, Lewis acid sites, and 02- surface sites. 
Such sites can also have varying electron densities as shown in 
XPS studies performed during dehydroxylation.I2 

The range of different chemical groups that exist on the A1203 
surface can be probed effectively by infrared spectroscopy: AI-OH 
groups, considered Bronsted acids, can be monitored directly by 
the 0-H stretch; A13+, Lewis acid sites, and basic 02- sites can 
be measured indirectly by the adsorption of IR-absorbing probe 
molec~les.l~-’~ The control and measurement of such sites have 
been recently demonstrated in our laboratories. We observe an 
approximate linear correlation between the decreasing integrated 
absorbance of the AI-OH features with the increasing integrated 
absorbance of physisorbed A13+-C0 features at 2195 cm-I. This 
is observed as A1203 dehydroxylation occurs in the temperature 
range from 475 to 1200 K.I5 

Only a few studies have been published on the interaction 
between chloroethanes and A1203. The most extensive work has 
been conducted in a series of papers by Mochida and co-workers. 
Using a series of five chloroethanes, the reactivity order of the 
chloroethanes on various acidic and basic oxides was determined 
at 573 K using a pulse technique coupled with a gas chromato- 
graph for product analysis.I6 In all cases, a,B-HCl elimination 

(7) The term “transition alumina” is used to show that these forms of 
alumina are not true thermodynamical phases. Rather, they are to be con- 
sidered transitional stages in a continuous solid-state reordering process during 
the dehydration of aluminum hydroxides to a-AI2O3 (the only stable ther- 
modynamic phase). See: Wefers, K.; Misra, C. Oxides and Hydroxides of 
Aluminum. Alcoa Technical Paper No. 19, Revised; Alcoa Laboratories, 
1987. 

(8) KnBzinger, H.; Ratnasamy, P. Carol. Rea-Sci. Eng. 1978, 17, 31. 
(9) Paulmg, L. The Nature of the Chemical Bond Cornell University 

(10) Zaki, M. I.; Knazinger, H. Mater. Chem. Phys. 1987, 17, 201. 
(11) Peri, J. B. J .  Phys. Chem. 1965,69, 211. 
(12) Datta, A. J .  Phys. Chem. 1989, 93, 7053. 
(13) Kung: M. C.; Kung, H. H. Caral. Rev.-Sci. Eng. 1985, 27, 425. 
(14) Knbzinger, H. Adu. Caral. 1976, 25, 184. 
(15) Ballinger, T. H.; Yates, Jr., J.  T. tongmuir, in press. 
(16) Mochida, I.; Take, J. I.; Saito, Y.; Yoneda, Y. J .  Org. Chem. 1967, 

Press: Ithaca, NY, 1960 Chapter 13. 

32, 3894. 
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Figure 2. Infrared spectra in the vOH region of A1203 at  300 K during 
adsorption of CH3CC13. (a) Spectrum before gas adsorption; (b) ad- 
sorption in 4.65 Torr of CHpCC13(g); (c) after evacuation of 
CH,CCl,(g). (b - a) is the difference spectrum of (b) - (a). 

empty for IR observation of gas-phase species. The grid was 
rigidly held between two nickel clamps in the center of the IR 
cell. After cell assembly, the A1203 was prepared for studies by 
outgassing in vacuum at 600 K for 36 h, unless otherwise stated. 

The infrared spectrometer used was a purged Perkin-Elmer 
Model 580B grating spectrometer, coupled with a Model 3500 
data station for data storage and manipulation. Infrared spectra, 
using a spectral resolution of 5.3 cm-', obtained through the A1203 
deposit, were signal averaged twice, collecting 1 data point/cm-'. 
The infrared spectra of gaseous species in the kinetic experiments 
were acquired by scanning the 825-685-cm-' region once through 
the bare tungsten grid with a collection of 2 data points/cm-I. 
The spectra were then subtracted from a background spectrum 
obtained in vacuum and smoothed with a 19-point smoothing 
function. 

The rates of decomposition plots shown here were obtained after 
calibration of the gas-phase IR intensities of the gases involved 
as reactants and products. A linear Beer-Lambert plot of moles 
of gas/cm3 vs intensity of the C-Cl antisymmetric stretch for both 
CH3CC13 (723 cm-') and CH2=CC12 (793 cm-I) was constructed 
in a blank cell from measured pressures (P I 7.54 Torr) of the 
gases at 308 K. Since our kinetic measurements were made at 
a substrate temperature of 550 K, the gas density in the IR cell 
will decrease due to the increased gas temperature. The measured 
factors for the temperature-related absorbance decrease are 
CH3CC13 (0.79 f 0.08) and CH2=CC12 (0.90 0.02), and these 
factors were applied to correct our calibrations made at 308 K. 

The l,l,l-trichloroethane and 1,l-dichloroethene used in these 
experiments were purchased from Aldrich with 99+% and 99% 
purity, respectively. The liquids were transferred under nitrogen 
into glass bulbs after being passed through an alumina column 
to remove the small amount of stabilizer present. The compounds 
were then further purified by several freeze-pumpthaw cycles. 
The pyridine was acquired from Aldrich with 99+% purity, 
transferred under nitrogen into a glass bulb, and purified with 
several freeze-pumpthaw cycles. The ethane was used as ob- 
tained from Matheson with 99.99% purity. Deuterated ethane 
(C2D6) was purchased from Cambridge Isotope Laboratories in 
a break-seal glass storage bulb with 98% purity and was used as 
received. 

III. Results and Discussion 
A. Reversible Adsorption of CH3CCI3 on A1203. The weak 

interaction of CH3CC13 on A1203 at 300 K can be demonstrated 
by the infrared spectra of the surface OH groups. Figure 2 shows 
this effect in the 0-H stretching region (3800-3200 cm-') of the 
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Figure 3. Infrared spectra in selected IR regions showing the depletion 
of CH3CC13(g) and the formation of CH2=CC12(g) on Al2O3 with 
changing temperature. The spectra were recorded at the indicated tem- 
peratures under an initial CH,CCl, pressure of 10 Torr. The spectra in 
the 1700-1300-~m-~ region were collected through both the A120, and 
the gaseous species, while spectra in the 1000-650-~m-~ region were 
collected through the gaseous species only. 

IR spectra. Spectrum a shows the A1203 catalyst before gas 
adsorption with isolated OH groups appearing as shoulders at 
-3738 and -3667 cm-' and the associated, or H-bonded, OH 
groups appearing as an unresolved set of bands centered at 3540 
cm-'. Upon the addition of 4.65 Torr of CH3CC13, the 3738-cm-' 
isolated OH band is attenuated, and a slight change of band shape 
occurs in the associated OH region (spectrum b). The red shift 
of the isolated OH group at 3738 cm-' and the increase in ab- 
sorbance below 3700 cm-' are indicative that hydrogen bonding 
of CH3CC13 is ~ ~ ~ ~ r r i n g , ~ ~  as has been demonstrated previously 
for a variety of reversibly OH-bound a d ~ o r b a t e s . * J ' , ~ ~ ~ ~  The 
original associated Al-OH groups below - 3600 cm-I appear to 
be unaffected, which is expected if they are initially hydrogen- 
bonded to each other. The changes between the spectra can be 
better seen in the difference'spectrum at the bottom of Figure 
2 (spectrum b - spectrum a). The negative feature observed at 
3738 cm-' indicates that these isolated Al-OH groups are the ones 
affected by CH3CC13 adsorption. The frequency of these bands 
appears to have shifted into a feature near 3650 cm-l. 

The cell was then evacuated at 300 K for 10 min before Figure 
2c was obtained. This spectrum is similar to that of the back- 
ground spectrum, with slight loss of intensity in the associated 
hydroxyl region, suggesting that CH3CC13 has not irreversibly 
chemisorbed on, nor reacted with, the isolated Al-OH groups on 
A1203. Reactions involving surface Al-OH cause permanent 
changes in the 0-H region of the ~ p e c t r u m . ~ ' - ~ ~  Furthermore, 

(25) Pimentel, G. C.; McClellan, A. L. The Hydrogen Bond; W. H. . -  
Freeman: San Francisco, 1960. 

(26) Beebe, Jr., T. P.; Gelin, P.; Yates, Jr., J. T. Surf. Sci. 1984, 148, 526. 
(27) Basu, P.; Ballinger, T. H.; Yates, Jr., J. T. Lungmuir 1989, 5, 502. 
(28) Chen, J. G.; Basu, P.; Ballinger, T. H.; Yates, Jr., J. T. Longmuir 

1989. 5. 532. 
(29).Peri, J. B. J .  Phys. Chem. 1965, 69, 231. 
(30) Little, L. H. Infrared Spectra of Adsorbed Species; Academic: New 

(31) Basu, P.; Panayotov, D.; Yates, Jr., J. T. J.  Phys. Chem. 1987, 91, 
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TABLE I: Gas-Pbase CHJCCll Vibrational Assignments and 
Frequencies (in cm-’) 

mode this work” ref 35 ref 36 

3013 3014 
2949 2951 
1457 1457 
1383 1386 
1087 1088 
1008 1009 
723 724 

526 

3013 
2951 
1455 
1386 
1088 
1010 
724 
526 

” Gas temperature is 300 K. 

the absence of any other IR absorbance features in any other 
region of the IR spectrum of A1203 after evacuation confkms that 
CH3CC13 is reversibly adsorbed at 300 K. 
B. Decompositioa of CH3CC13 over AZO3 at High Temperatures. 

Since CH3CC13 did not react with A1203 at 300 K, the effect of 
increasing the temperature was studied. Figure 3 shows the 
difference infrared spectra (background subtracted out) in selected 
IR absorbing regions. The spectra shown in Figure 3 (left panel) 
are a composite of the spectra of gas-phase species as well as new 
species produced on the A1203 surface. These will be separated 
in Figure 4. Figure 3a shows these absorbances at 300 K for a 
CH3CC13 pressure of 10 Torr. In the 1700-1300-~m-~ region, 
two absorbances are seen with peak maxima at 1453 and 1383 
cm-l, which have been assigned to the Q h n d  of the antisymmetric 
CH3 deformation (reported at 1457 cm-I) and the symmetric CH, 
deformation (reported at 1386 cm-’) of gas-phase CH3CC13.3e37 
Because of the strong oxide absorbance below - 1000 cm-I, IR 
spectra through the A1203 side of the grid support cannot be 
obtained in this region. Therefore, the IR beam is focused on the 
empty grid to obtain gas-phase spectra below lo00 cm-l. Between 
1000 and 650 cm-I a very sharp and intense absorbance feature 
can be seen at 723 cm-I. (Note that the peak has been multiplied 
by 1/7 on this absorbance scale.) This feature has been assigned 
to the antisymmetric C-Cl stretch in CH3CC13 (reported at 724 
cm-l). IR features for the C-H symmetric and antisymmetric 
stretch and CH, antisymmetric rock of CH3CC13 are also observed 
(spectra not shown). Table I lists all IR frequencies observed along 
with the known gas-phase frequencies and assignments. 

When the A1203 was heated with CH3CC13 in the cell, the 
infrared spectra began to change when the A1203 temperature 
reached -400 K, as can be seen in Figure 3b. The features due 
to CH3CC13 decrease in intensity, while several new features are 
observed. These new features become more prominent upon 
heating to 500 K (Figure 2c), while the CH3CC13 features continue 
to decrease. The features which develop at 1627,1613, and 1086 
cm-I (not shown) have been identified as those belonging to 
1,l-dichloroethene, CH2=CC12. These frequencies are similar 
to those a~s igned :~**~~  C = C  stretch (R, P bands) at 1622.5 and 
1610 cm-l; CH, rock at 1086 cm-l. No C-H stretching bands 
were observed due to the weak intensity of these bands.38 Ad- 
ditional bands at 869 and 793 cm-I were observed through the 
empty grid and have also been assigned to CH2==CC12(g) as the 
CH2 wag (reported at 868.6 cm-’) and the antisymmetric CC12 
stretch (reported at 795.8 cm-I). Several combination bands are 
also observed at 1578 and 1138 cm-l (not shown). Table I1 lists 
the comparison of frequencies and the assignments for CH2=CC12 
Upon heating to 600 K, the CH3CC13 bands have disappeared, 
leaving only those bands of CH2=CC12 and a new band which 
is evident at 1462 cm-I in Figure 3d. Furthermore, faint gas- 
related bands are observed in the 2900-2700-~m-~ region. These 

(33) Paul, D. K.; Ballinger, T. H.; Yates, Jr., J. T. J. Phys. Chem. 1990, 

(34) Venkateswarlu, P. J. Chem. Phys. 1951, 19, 298. 
(35) Venkateswarlu, P. J. Chem. Phys. 1952, 20, 1810. 
(36) Tanabe, K.; Saeki, S. Bull. Chem. SOC. Jpn. 1972,45, 32. 
(37) Smith, D. C.; Brown, G. M.; Nielsen, J. R.; Smith, R. M.; Liang, C. 

(38) Winther, F.; Hummel, D. 0. Spectrochim. Acta 1967, 2 3 4  1839. 
(39) Joyner, P.; Glockler, G. J .  Chem. Phys. 1952, 20, 302. 

94, 4617. 

Y. J .  Chem. Phys. 1952, 20, 413. 

TABLE II: G a s - P b  CH2=CCl2 Vibrational Assignments and 
Frequencies (in cm-’) 

mode this work” ref 38 ref 39 

Vas(C-H) b 3130 (liquid) 
v,(C-H) 3045.8 3035 (liquid) 
u(C=C), R band 1627 1622.5 1620 
v(C=C), P band 1613 1609.9 
~aci%sor(CH,) b 1391 
rock(CH2) 1086 1086.1 1094 
wag(CH2) 869 868.6 872 
Vas(C-Cl) 793 795.8 794 

“All measurements made at  ALO, temwrature of 600 K which 
1 ,  . 

causes an unknown increase in average gas temperature. Weak. 
I I I I , ,  I I I I 
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Flgure 4. Infrared spectra collected at  600 K of the products of CH3CCl3 
decomposition on A1203. Spectrum a shows the surface + gas phase 
species, and spectrum b displays the absorption features of the adsorbed 
species after evacuation. 

bands appear to have vibrational-rotational structure. 
Figure 4 shows the difference IR spectra of reaction products. 

Spectrum a displays the bands due to HCl(g) in the 3100- 
2700-cm-’ region. The agreement with the known vibration- 
rotation lines of the HCl fundamental absorption band4 is within 
0.5 cm-’. The 1700-1300-~m-~ region of Figure 4a is identical 
to that in Figure 3d at 600 K, which contains features due to 
CH,=CCl,(g) plus a band at 1462 cm-I. 

To separate spectral features due to gas products from those 
due to adsorbed products, IR spectra were obtained through the 
A1203 side of the grid after a 30-min evacuation of the IR cell. 
Two bands due to surface species are observed at 1566 and 1462 
cm-’ in Figure 4b. These bands have previously been assigned 
as the u,(OCO) and u,(OCO) bands of carboxylate species on 
A1203 formed from or alcohol decompas i t i~n~~.~  as well 
as by acetic acid adsorption above 550 K.41 On the basis of the 
splitting between these modes, it is possible to determine the 
adsorption geometry of the carboxylate group on the surface.45 
In this case u,(OCO) - u,(OCO) = 104 cm-l, which indicates that 
the carboxylate species is bidentatebound to the surface; Le., both 
oxygens are equivalent. The mode of carbon bonding to a third 

(40) Plyler, E. K.; Danti, A.; Blaine, L. R.; Tidwell, E. D. J. Res. Natl. 
Bur. Stand., Sect. A 1960, 64, 29. 

(41) Najbar, J.; Eischens, R. P. Prof. Int. Congr. Coral., 9rh 1988.3, 1434. 
(42) Corado, A.; Kiss, A.; KnBzinger, H.; MGller, H. D. J. Carol. 1975, 

37, 68. 
(43) Greenler, R. G. J. Chem. Phys. 1962,37, 2094. 
(44) Hertl, W.; Cuenca, A. M. J .  Phys. Chem. 1973, 77, 1120. 
(45) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Co- 

ordination Compounds, 4th ed.; Wiley: New York, 1986; Chapter 3. 
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Figure 5. Plot of the rate of CH3CC13 decomposition and CH2=CC12 
production at 550 K as measured by IR spectroscopy. The dashed lies 
indicate the decomposition that occurs in the cell without A1203. The 
A1203 was dehydroxylated at 600 K for 36 h before reaction. 

moiety in the OCO- species is unknown at present. 
The HCl bands are no longer present in Figure 4b after 

evacuation. A spectrum obtained in the hydroxyl region (not 
shown) shows a small decrease of the isolated Al-OH intensity 
with a small increase in the associated Al-OH intensity. This 
may be due to a small amount of HCl adsorbed on the surface4 
or to the involvement of Al-OH groups in the carboxylate for- 
mation.42.44 

The infrared spectra obtained during this study indicate that 
two reaction pathways exist for the decomposition of CH3CC13 
over A 1 2 0 3 .  The major reaction pathway is the elimination re- 
action 

(2) 
which begins at -400 K. Others have indicated that this elim- 
ination reaction follows an E2 mechani~m.'~J~ E2 mechanisms 
are characterized by having a concerted @-hydrogen removal by 
a base and a-C-X bond breakage and C=C bond formation. The 
kinetics of reaction in solution for these eliminations is second 
order-first order each in the base and the reactant-and is 
dependent on the nature of the leaving group (X ~ubstituent).~' 
It is obvious that an a,@-elimination reaction occurs for CH3CC13 
on A1203, and the effect of increasing decomposition rate with 
oxide basicity has recently been demonstrated? 

The minor reaction pathway in this experiment involves 
breaking all the bonds in CH3CC13 to leave carboxylates on the 
surface, beginning at 450 K. Further evidence for the complete 
decomposition of CH3CC13 comes upon visual inspection of the 
A1203 after several 600 K decompositions. The A1203 became 
light brown in color instead of the usual white color. 

C. MCS of CH3CC13 Decomposition on A203. A study of 
the rate of decomposition of CH3CC13 was undertaken in an 
attempt to understand the role of surface sites involved in the 
reaction mechanism. The rate was monitored via IR measurement 
of the antisymmetric C-Cl stretch intensity of CH3CC13 (depletion 
at 723 cm-I )  and CH2=CC12 (production at 793 cm-l) through 
the blank side of the grid support. The CH3CC13 decomposition 
was carried out at 550 K in order to conveniently monitor the 
reaction. An initial pressure of 4.65 Torr of CH3CC13(g) was put 
into the cell with A 1 2 0 3  at 550 K, and the cell was closed off from 
the nst of the vacuum system. The behavior of the gaseous species 
above the A1203 catalyst is shown in Figure 5 .  The first point 
obtained occurs 1 min into the reaction, due to a time gap between 
filling the cell with gas and beginning an IR scan. As seen by 
the open symbols in F i i  5,  the formation of CHyCC12 mirrors 
the depletion of CH3CC13. The reaction occurs rapidly, with most 

CHpCC13 + CH24C12 + HCl 

~~ ~ 

(46) Peri, J. B. J .  Phys. Chem. 1966, 70, 1482. 
(47) Saunders, Jr., W. H.; Cockerill, A. F. Mechanisms of Elimination 

(48) Ballinger, T. H.; Wong, J. C. S.; Yates, Jr., J. T. Manuscript in 
Reactions; Wiley: New York, 1973; Chapter 1 .  
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Figure 6. Plot of the decrease in Al,O, activity for sequential CH3CCI, 
decomposition experiments at 550 K. The concentration of CH,CCl,(g) 
was measured by IR spectroscopy. Experiment 1 was performed after 
a 36 h, 600 K vacuum treatment. Experiments 2 and 3 were performed 
after a 12 h evacuation at 550 K of the reaction gases. 

of the CH3CC13(g) being depleted in the first 20 min. Blank 
experiments carried out in the cell without A1203 are shown by 
dashed lines. The CH3CC13 decomposition on the hot W grid is 
slow compared to the rate on A1z03?9 

The expected 1:l stoichiometry of CH3CC13 reacting to produce 
CH2=CC12 is clearly observed in Figure 5 .  Overall, we measure 
that 6.77 X lC5 mol of CH3CC13 converts to 6.71 X lC5 mol of 
CH2=CC12 in this reaction, over an A1203 deposit (5.8 mg) 
exposing 0.59 mz of surface area. The nearly stoichiometric 
conversion of CH3CC13 to CH2=CC12 suggests that the carbox- 
ylate formation reaction channel is relatively minor. The extent 
of reaction compared to the number of available surface sites on 
A1203 indicates that a catalytic process is occurring in which site 
regeneration must occur. 
D. Decrerse in A1203 Activity for CH3cc13 Demmpodtion. The 

continual performance of the Alz03 catalyst at 550 K was 
evaluated by running several decomposition reactions over the same 
catalyst, as shown in F i  6. The plot displays only the depletion 
of CH3CC13 for simplicity-the production of CH2<C12 mirrors 
the CH3CC13 depletion rates, as was seen in Figure 5. Experiment 
1 was carried out over the clean M2O3 catalyst as shown in Figure 
5. After a 124 evacuation at an A 1 2 0 3  temperature of 550 K, 
the reaction was repeated (experiment 2). The decomposition of 
CH3CC13, shown as experiment 2 in Figure 6, occurs at a slower 
rate than 5 experiment 1. After another 124 evacuation at 550 
K, the reaction was carried out again (experiment 3) with the 
result that the decomposition rate was further retarded. 

The reduced performance of the A1203 catalyst can most likely 
be explained by blockage of active surface sites. The formation 
of carboxylate species on the surface may be one example of this. 
After evacuation in each of the abate experiments, infrared spectra 
obtained through the AZO3 showed an increase of the carboxylate 
feature intensity. Another possibility could be due to gradual 
chlorination or carburization of the A1203 surface, as will be 
discussed below. 
E. Active AZO3 Surface Sites for CH3CC13 Decomposition. As 

stated in the Introduction, the A1203 surface contains a variety 
of chemical sites: both hydrogen-bonded and non-hydrogen- 
bonded Al-OH groups, oxide sites, and A13+ (Lewis acid) sites. 
The experiments described below have determined which of these 

(49) The possibility of a gas-phase radical mechanism for CH3CClJ con- 
version to C H 2 4 C 1 2  in these experiments was checked. The radical 
mechanism is initiated by production of a C1 radical which then attacks C-H 
bonds to produce HCI(g). An experiment conducted with a mixture of 10 Torr 
of CD3CD3 and 10 Torr of CH3CC13 showed that DCl(g) was not produced, 
as measured by IR spectroscopy. While these experiments are of low sensi- 
tivity, coupled with other experiments to be described, it is clear that the route 
involving a gas-phase radical mechanism is not significant in this work. For 
studies of gas-phase pyrolysis, see: Barton, D. H. R.; Onyon, P. F. 1. Am. 
Chem. Soc. 1950, 72, 988. Huybrechts, G.; Hubin, Y.; Van Mele, B. Int. J .  
Chem. Kiner. 1989, 21,, 575. 
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Figure 7. Effect Al,03 dehydroxylation on CHoCC13 decomposition at  
550 K. The plot shows CH3CClo decomposition and CH2=CC12 for- 
mation after two dehydroxylation treatments. The partially dehydrox- 
ylated A 1 2 0 3  experiment was performed after a 600 K vacuum treatment. 
The highly dehydroxylated A 1 2 0 3  experiment was performed after a lo00 
K vacuum treatment. 

sites plays an active role in the reaction. 
The first study was the effect of hydroxyl groups on the rate 

of decomposition. The coverage of Al-OH groups on the A1203 
surface can be c o n t r 0 l l e d ~ J ~ * ~ ~ 9 ~ ~  by simply heating the A 1 2 0 3  to 
cause Al-OH groups to combine and desorb as water. Figure 
7 shows the effect on the CH3CC13 reaction rate for two cases 
of A1203 dehydroxylation. The open symbols show the rate after 
a 600 K A1203 outgassing, which represents a partially dehy- 
droxylated A1203 surface. These are the same data points as those 
in Figure 5. The closed symbols show the rate after a 1000 K 
dehydroxylation. Such a surface is highly, but not completely, 
dehydr~xylated.'~ The decomposition rate after this pretreatment 
temperature is much faster than for the 600 K dehydroxylated 
A120p Although the highly dehydroxylated AZO3 leads to a faster 
rate of decomposition of CH3CC13, the final amount of CH2=CC12 
produced is less than that of the partially dehydroxylated A1203. 
Correspondingly, the intensities of the carboxylate features in the 
IR spectra taken after evacuation are greater for the highly 
dehydroxylated A1203. 

Thus, as the concentration of surface Al-OH groups decreases, 
the rate of CH3CC13 decomposition increases. As previously 
mentioned, IR spectra obtained in the OH stretching region after 
reaction and evacuation of the gases at 550 K show only a small 
increase in the associated Al-OH group intensity and a very small 
decrease in the isolated A l 4 H  frequency intensities. These small 
effects can be attributed to a small amount of HC1 adsorption 
on the surface.& Therefore, the A l 4 H  surface groups are not 
involved in the main dehydrochlorination reaction of CH3CC13. 

The dehydroxylation procedure described above increases the 
coverage of Lewis acid sites exposed on the surface since the 
removal of a H 2 0  molecule leaves Oz- and A13+ sites on the 
surface. The Lewis acid sites can be indirectly monitored by using 
IR absorbing probe molecules which coordinate to A13+ sites. 
Pyridine is a good probe molecule because it is well-known to 
selectively chemisorb onto Lewis acid sites via the nitrogen 
lone-pair electrons. 13~14*s2 

We have employed pyridine as a Lewis acid site blocker for 
the CH3CC13 decomposition reaction to determine whether A13+ 
sites are involved in this reaction. A lo00 K dehydroxylated A1203 
catalyst was used for these studies in order to eliminate any 
possibility of Al*H/pyridine hydrogen bonding and to maximize 
the rate of CH3CC13 decomposition prior to site blocking. Since 
pyridine begins to desorb from A 1 2 0 3  above 475 K,53 the kinetics 
of CH3CC13 decomposition were measured at 450 K. The open 

(50) Ballinger, T. H.; Yates, Jr., J. T. J.  Phys. Chem. 1991, 95, 1694. 
(51) Solymosi, F.; Pasztor, M. J .  Phys. Chem. 1985.89, 4789. 
(52) Parry, E. P. J .  Catal. 1963, 2, 371. 
(53) Kirina, 0. F.; Antipina, T. V.; Chukin, G. D. Russ. J .  Phys. Chem. 

(Engl. Trawl.) 1973, 47, 248. 
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Figure 8. Inhibition of CH3CC13 decomposition on A1203 by using 
preadsorbed pyridine to block A13+ sites. The open symbols indicate the 
reaction kinetics at 450 K on a clean A1203 catalyst. The c l a d  symbols 
indicate the decomposition kinetics on A1203 containing preadsorbed 
pyridine. The A1203 catalyst was initially outgassed in vacuum at 1000 
K. 

symbols in Figure 8 show the initial rate of CH3CC13 decompo- 
sition over A1203 before pyridine was adsorbed. After a 90-min 
evacuation of the gaseous products, 4.8 Torr of pyridine gas was 
expanded into the cell at an A1203 temperature of 450 K for 30 
min. The cell was then evacuated at 450 K for 12 h. IR spectra 
obtained after evacuation verified that pyridine had indeed ad- 
sorbed onto the A13+ sites. The CH3CC13 reaction was then 
performed in the same manner as before. The closed symbols in 
Figure 8 show that the CH3CC13 decomposition reaction has been 
almost completely quenched. 

The strong inhibition of CH3CC13 decomposition over a pyr- 
idine-covered A1203 surface demonstrates the importance of the 
A13+ sites in this reaction. It is likely that a first step in CH3CC13 
decomposition involves the abstraction of C1 from the parent 
molecule by a A13+ site in a concerted fashion with H abstraction. 
If the abstracted C1 remains bound to A13+, this could eventually 
lead to the observed deterioration of the catalyst performance. 
Previous studies of the chlorination of Alz03 surfaces have found 
that chlorination with C C 4  occurs from 343 to 800 K.5esa The 
mechanism for the chlorination of A1203 by CC14 is the re- 
placement of the lattice 0 with C1 and the formation of C0C12 
and C02.  Above 650 K, volatile AlC13 species are formed, re- 
moving A1 from the lattice.56q57 Since the reaction temperature 
in this work is below 650 K, it is unlikely that such species are 
forming. Also, no IR evidence for the formation of CW12 (ChO 
stretch at 1827 cm-I 

Furthermore, it is interesting to note that recent studies have 
shown that the dehydrochlorination of CH3CC13 over AlClJ9 or 
CCb- and COC12ch10rinated A120360 occurs at room temperature. 
AlC13 is a strong Lewis acid, while chlorination of N203 promota 
Lewis a ~ i d i t y . ~ ~ , ~  Two hypotheses may explain why our exper- 
iments do not show an increase in the rate of CH3CC13 decom- 
position on used catalysts. The first is that CH3CC13 does not 
react and replace the surface oxygen. If C1 bonds to A13+ without 
breaking any A 1 4  bonds, the Lewis acidity probably does not 
change very much. Thus, C1 is acting only as a blocking agent 
on the surface instead of enhancing the acidity. Second, the 
formation of HCl(g) could be a more favorable process compared 

or COz was found. 

(54) Melchor, A.; Garbowski, E.; Mathieu, M. V.; Primet, M. J .  Chem. 

( 5 5 )  Tereschenko, N. S.; Arendarskii, D. A.; Ismagilov, 2. R.; Simonova, 

(56) Pap, I. S.; Bertbti, I.; Mink, Gy. Thermochim. Acta 1984, 79, 69. 
(57) Podcr, B.; Bertbti, I. Thermochim. Acta 1982, 56, 209. 
(58) Hopper, M. J.; Russell, J. W.; Overend, J. J .  Chem. Phys. 1968,48, 

(59) McBeth, D. G.; Winfield, J. M.; Cook, B. W.; Winterton, N. J .  Chem. 

(60) Thomson, J.; Webb, G.; Winfield, J. M. J.  Chem. Soc., Chem. Com- 

Soc., Faraday Trans. I 1986,82, 1893. 

N. F. React. Kinet. Catal. Lett. 1986, 31, 321. 
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to Al-O bond breaking. The production of HCl(g), as seen in 
the IR spectra, would remove C1 from the surface, regenerating 
most A13+ sites for further reactions without increasing the Lewis 
acidity of the site. Residual unreactive C1 and possibly adsorbed 
HCI would eventually block sites active in the decomposition. 

As mentioned previously, another reason for the degradation 
of catalyst performance could be a result of carbon and carboxylate 
buildup on the surface. Such a process indicates the possible 
involvement of 0” sites in the reaction. Furthermore, E2 elim- 
ination reactions occur with the H abstraction by a b a ~ e . 4 ~  Un- 
fortunately, there are no good site-blocking molecules which can 
be adsorbed on 02- sites at the reaction temperatures to test such 
a theory. 

On the basis of the knowledge that the decomposition of 
CH3CC13 on A1203 forms CH2=CC12 and HCl, that A13+ sites 
are involved in the reaction, and that H abstraction must occur 
via a base, it can be surmised that a concerted elimination reaction 
on A1203 occurs. In this postulated mechanism, the C-Cl bond 
of CH3CC13 is attracted to an A13+ site, while the C-H bond of 
the molecule associates with an 02- site. Further studies are 
needed to clarify such an hypothesis. 

IV. Conclusions 
The following results have been obtained for the decomposition 

of CH3CC13 over A1203 surfaces in the temperature range 450-600 
K. 

1. The decomposition reaction 
AI203 

CHjCClS - CH2=CC12 + HCl 

is the predominant reaction pathway. Neither CH3CC13 nor 
CH2=CC12 is irreversibly adsorbed on the A1203 surface. 

2. A secondary, minor pathway is the formation of carboxylate 
species on the A1203 surface. 

3. Surface Al-OH group are not involved in the decomposition 
reaction. 

4. Lewis acid sites, A13+, are involved in the CH3CC13 de- 
composition, as found by increasing the concentration of exposed 
AP+ sites via dehydroxylation or by blocking the sites by pread- 
sorbing pyridine. 

5 .  The CH2=CC12 formed is relatively unreactive on A1203 
below 550 K. 

6. The role of Lewis acid surface sites in the environmental 
destruction of saturated chloroalkanes may be of importance. 
However, under aqueous conditions these sites may be deactivated 
by OH formation. 
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Photosensitization of Large-Bandgap Semiconductors. Charge Injection from Triplet 
Excited Thionine into ZnO Colloidst 
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The kinetics and mechanism of a diffusion-controlled interfacial charge transfer between excited triplet thionine and ZnO 
colloids in ethanol have been elucidated with laser flash photolysis. The singlet excited state of thionine, which has a lifetime 
of 450 ps in ethanol, did not participate in the charge injection process. However, the triplet excited state of thionine was 
quenched by ZnO colloids. The triplet lifetime (TT) decreased from 88 to 15 1.1s with increasing ZnO colloid concentration. 
The maximum charge injection efficiency (&H.2+) which was measured from the yield of dye cation radical was 0.1. The 
increase in the rate constant for reverse electron transfer (k,) at high ZnO concentration resulted in a small decrease in 
charge-transfer efficiency. The dependence of rT, dTH.2+, and k,  on the concentration of ZnO is described. 

Introduction 
Photosensitization of a stable, large-bandgap semiconductor 

has important applications in imaging science and photoelectro- 
chemid conversion of solar energy. This phenomenon often serves 
the purpose of selectively extending the absorptive range of the 
semiconductor materials. The principle of a dye sensitization 
process is illustrated in Figure l.1*2 Control of interfacial 
chargetransfer processes, viz., charge injection (k .  .) and reverse 
electron transfer (k , ) ,  is essential in designing efYcient photo- 
sensitization systems. 

One of the intriguing aspects of the photosensitization process 
is the poor efficiency (often less than 1%) of net charge transfer, 
although some recent reports have indicated efficiencies of 
30-80%.34 Advances have recently been made by employing 
electrodes with high surface area, e.&, TiO, electrodes with fractal 
 surface^,^ and modified sensitizer systems such as antenna-sen- 
sitizer molecular devicess or short-bandgap semiconductor col- 
loids.+12 Not only does coupling with a short-bandgap semi- 

+Part 17 of the series Photoelectrochemistry in Semiconductor Particulate 

Address correspondence to this author. 
Systems. 

conductor extend the photoresponse of the large-bandgap semi- 
conductor, but also the difference in the energy levels of two 
semiconductor systems improves the efficiency of charge sepa- 
ration.12-14 The dye sensitization of a coupled semiconductor 

(1) Gerischer, H.; Willig, F. Top. Curr. Chem. 1976, 61, 31. 
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(3) Brachnou, E.; Vlachopoulos, N.; Gritzel, M. J.  Chem. Soc., Chem. 
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