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Abstract

The surface chemistry of iodomethane is studied in ultrahigh vacuum using X-ray and Auger spectroscopies and
temperature-programmed desorption, on a MoAl alloy film formed by reacting molybdenum hexacarbonyl with dehy-
droxylated alumina. The alloy is grown by reacting Mo(CO)g with a thin alumina film on a molybdenum substrate at
700 K and heating to 1500 K. A portion of the iodomethane dissociates following adsorption at ~150 K. Heating to
~220 K desorbs molecular iodomethane from the surface leaving adsorbed methyl species and iodine, where the iodine
appears to adsorb preferentially on the aluminum. The resulting methyl species can either decompose to deposit carbon
and evolve hydrogen, hydrogenate to yield methane or oligomerize yielding predominantly ethylene and propylene, and
a small amount of ethane is formed. Both methyl and ethyl radicals are found to desorb from the surface suggesting that
the ethylene is formed by methylene insertion into the methyl surface bond to form an ethyl intermediate, which forms
ethylene by B-hydride elimination, or hydrogenates to yield ethane. Propylene is likely to form by further methylene
insertion into the ethyl-surface bond.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Mo(CO)g has been extensively used to deposit
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model catalysts supported on planer alumina thin
films, where surface-sensitive spectroscopic probes
can be used to investigate the surfaces and cata-
lytic reactions [13-16]. Our recent studies have
shown that reacting Mo(CO)e with aluminum
[17] and dehydrogenated alumina [18] thin films
at 500 K and above forms molybdenum carbide
films incorporating a small amount of oxygen.
Efforts have been made to perform hydrocarbon
conversion reactions on these surfaces and it is
found that these surfaces are rather inert. Such
inertness has been found recently by Chen et al.
[19] by adsorbing O, on molybdenum carbide
and has been rationalized by site blocking rather
than electronic modification effects. Annealing
these films to temperatures higher than 1200 K
causes CO desorption through alumina reduction
by the carbidic carbon, and results in MoAl alloy
film formation [17,18].

In the following, the surface chemistry of
iodomethane is investigated on the MoAl alloy
film. Such a strategy has been extensively used to
examine the surface chemistry of hydrocarbons
on surfaces since organic iodides tend to decom-
pose by scission of the C-I bonds at relatively
low temperatures to deposit hydrocarbon frag-
ments on surfaces, along with chemisorbed iodine
[20,21].

It has been shown previously that reaction of
low exposures of Mo(CO)g with alumina films
above 500 K results in the formation of molybde-
num carbide nanoparticles on the surface, while
higher exposures (of ~5000 L of Mo(CO)e) forms
a thin film that completely covers the surface [18].
A MoAl alloy is formed by heating the carbide to
~1200 K. The chemistry of hydrogen and CO on
MoAl nanoparticles compared with thin films
has been investigated to explore particle size effects
in these systems [22]. This work explores the chem-
istry of iodomethane on a MoAl alloy formed by
exposing dehydroxylated alumina to 5000 L of
Mo(CO)g at 700 K and then annealing, to examine
the chemistry on the bulk alloy.

Iodomethane is selected for study for a number
of reasons. First, the thermal chemistry of methyl
species provides insight into understanding many
catalytic processes [20,21]. Second, the chemistry
on both components of the surface alloy, Mo

and Al, has been investigated previously, where it
was found that methyl species start to decompose
at ~135 K to form methylene species on Mo(100)
[23,24]. These persist on the surface to about 200
K and undergo further decomposition at higher
temperatures. The only gaseous products are
methane and hydrogen, which desorb at ~230
and ~380 K, respectively. No higher hydrocar-
bons are detected indicating that C—C bond forma-
tion reactions do not occur. The reaction of
Al(111) with iodomethane has been investigated
by Yates and co-workers [25,26] where CHj,),
CH, and I, but no CHy, were detected. No
gas-phase reaction products were reported. Al-I
bond formation was found following CHj;l
adsorption on aluminum at 150 K using high-res-
olution electron energy loss (HREELS), and the
depletion of I, from the surface by 650 K was ver-
ified by Auger electron spectroscopy (AES).

2. Experimental

Temperature-programmed desorption (TPD)
data were collected in an ultrahigh vacuum cham-
ber operating at a base pressure of ~8x 107 !!
Torr that has been described in detail elsewhere
[13,17,18] where desorbing species were detected
using a Dycor quadrupole mass spectrometer
placed in line of sight of the sample. This chamber
was also equipped with a double-pass, cylindrical-
mirror analyzer for collecting Auger spectra.

X-ray photoelectron spectra (XPS) were col-
lected in another chamber operating at a base pres-
sure of ~2 x 107" Torr, which was equipped with
Specs X-ray source and double-pass cylindrical
mirror analyzer [17,18]. Spectra were typically col-
lected with a Mg Ka X-ray power of 250 W and a
pass energy of 50 eV. The deposited film was suf-
ficiently thin that no charging effects were noted
and the binding energies were calibrated using
the Mo 3ds/, feature (at 227.4 eV binding energy)
as a standard.

Temperature-programmed desorption spectra
were collected at a heating rate of 10 or 15 K/s
as indicated. Temperature-dependent XP and Au-
ger spectra were collected by heating the sample to
the indicated temperature for 5 s, allowing the
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sample to cool to 150 K, following which the spec-
trum was recorded.

The Mo(100) substrate (1 cm diameter, 0.2 mm
thick) was cleaned using a standard procedure,
which consisted of argon ion bombardment (2
kV, 1 pA/ecm?) and any residual contaminants
were removed by briefly heating to 2000 K in
vacuo. The resulting Auger spectrum showed no
contaminants. Aluminum was deposited onto
Mo(100) from a small heated alumina tube, which
was enclosed in a stainless-steel shroud to mini-
mize contamination of other parts of the system
[27]. The aluminum is oxidized using water vapor
at ~650 K and subsequently annealed to 1300 K
to remove all the hydroxyl groups to form a dehy-
droxylated alumina thin film [18].

Molybdenum hexacarbonyl (Aldrich, 99%),
iodomethane and ds-iodomethane (Aldrich, 99.5%)
were transferred to glass vials, connected to the
gas-handling line of the chamber and purified by
repeated freeze-pump-thaw cycles, followed by dis-
tillation, and their purities were monitored using
mass spectroscopy. These were dosed onto the
surface via a capillary doser to minimize back-
ground contamination. The exposures in Langmu-
irs (1 L=1x107° Torrs) are corrected using an
enhancement factor determined using tempera-
ture-programmed desorption (see [13] for a more
detailed description of this procedure). H, and
D, (Matheson, >99.5%) were used without further
purification.

3. Results

MoAl film formation on dehydroxylated alu-
mina thin film has been described in detail else-
where [18]. Briefly, it is formed by reacting 5000
L of Mo(CO)s with dehydroxylated alumina at
700 K and then annealing to 1500 K. The reaction
at 700 K results in MoC, (where x lies between 0.5
and 1) formation. The resulting carbide film also
incorporates a small amount of oxygen. During
subsequent annealing, the alumina substrate is re-
duced by carbidic carbon, resulting in CO forma-
tion and desorption, and eventually a MoAl thin
film is formed. As shown in Fig. 1, Auger measure-
ment of the freshly formed alloy thin film reveals
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Fig. 1. A series of Auger spectra plotted as a function of
iodomethane exposure, where exposures are marked adjacent to
the corresponding spectrum collected following iodomethane
adsorption on a MoAl alloy film at 150 K and annealing to 750
K. The spectra were collected after allowing the sample to cool
to 150 K.

that the alumina features are still detectable (at
~53 eV for A’ and ~520 eV for O KLL). Con-
sidering that the Auger probe depth is generally
~10 A [28], the thickness of the alloy film should
be three to four atomic layers thick, assuming a
uniform film. The alloy composition is estimated
from the peak-to-peak intensity ratios of the stron-
gest Mo Auger transition (at 186 eV) to that of Al°
(at 66 eV), corrected for the respective Auger
atomic sensitivity factors obtained from [28], to
give a Mo/Al ratio of ~1.6. Fig. 1 also displays
the Auger spectra of the MoAl alloy film exposed
to various amounts of CH;I at 150 K and subse-
quently annealed to 750 K. The carbon KLL Au-
ger signal at ~270 eV kinetic energy following
CH3;l adsorption and annealing, suggests that a
portion of the adsorbed CH3l decomposes. The
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low intensity of the carbon signal indicates that
decomposition does not occur extensively. How-
ever, the weak carbon Auger intensity does not al-
low the nature of the deposited carbon (whether it
is graphitic or carbidic) to be identified. It is found
that the intensity of the Al® signal at ~66 eV de-
creases with increasing CH3l exposure. This
strongly suggests that some metallic aluminum is
oxidized by iodine atoms adsorbed on the surface.
The iodine Auger signal appears at approximately
the same energy as oxygen (at ~520 e¢V) [28] and
the growth in the 520 eV signal with increasing
iodomethane exposure indicates that it had disso-
ciated to deposit methyl species and iodine on
the surface. In order to explore the dissociation
of iodomethane and the subsequent surface chem-
istry, XP spectra were collected following adsorp-
tion of 10 L of CH3l on the alloy surface, and
subsequently annealing to various temperatures,
and the results are displayed in Fig. 2 where each
spectrum is taken after the sample is cooled to
~150 K. Shown in Fig. 2(a) is the Al 2p signal.
The initially formed alloy has an Al 2p binding en-
ergy of 75.2 eV. This is higher than that of the stoi-
chiometric alumina thin film measured with the
same spectrometer (74.6 eV). This shift is induced
by an interfacial electrostatic potential caused by
electron donation from metallic aluminum [18].
The electron donation from aluminum also results
in a molybdenum 3d binding energy lower than
that of metallic molybdenum and this effect has
been discussed previously [17,18]. Metallic alumi-
num, since it donates electrons and is finely dis-
persed, displays a binding energy increase
compared to what would be expected for metallic
aluminum (~72 eV [18]), even though the existence
of metallic aluminum is evident from the Auger
spectra displayed in Fig. 1. The Al 2p binding en-
ergy shifts to 74.8 eV after exposure to 10 L CH;l
at 150 K, a value closer to that of stoichiometric
alumina [29]. This suggests, in accord with the Au-
ger results (Fig. 1), that some aluminum is oxi-
dized by iodine. After the sample is annealed to
above 1100 K, the Al 2p binding energy returns
to 75.2 eV.

Fig. 2(b) displays the corresponding C 1s re-
gion. Following CH;I adsorption at 150 K, a C
Is binding energy of 283.9 eV is found. The signal

intensity decreases at 200 K without apparent
chemical shift. The binding energy shifts to
283.3 eV at 250 K and further to 282.7 eV at
300 K and above. Note that all the spectra are
collected at 150 K and background CO inevitably
adsorbs on the surface at this temperature so that,
even after the sample has been heated to 1500 K,
a small amount of carbon is still detected.
Fig. 2(c) displays the I 3d region where, immedi-
ately following adsorption at 150 K, an I 3ds/,
binding energy is found at 620.0 eV. Molecular
iodomethane has an I 3ds;, binding energy of
620.3 eV on Pt(111) [30], 620.5 eV on Ni(110)
[31] and 620.8 £+ 0.1 eV on NiAl surfaces [32] so
that the slight shift from these values implies that
a portion of the CH3I has decomposed at 150 K.
Complete C-I bond dissociation occurs at 250 K
indicated by an I 3ds;, binding energy of 619.3
eV, a C 1s binding energy of 283.3 eV [30-32],
and the attenuation of the signal indicates that
some molecular iodomethane has desorbed. The
iodine signal disappears completely on heating
to 1200 K. Fig. 2(d) displays the I 3ds;, signal
area as a function of temperature. Also plotted
in Fig. 2(d) as an inset is the corresponding I
3ds/, binding energy as a function of temperature.
The rapid decrease between 150 and 200 K is as-
signed to desorption of molecular CH3I and an-
other sharp decrease between 900 and 1300 K is
ascribed to the desorption of iodine from the sur-
face (see below). The much slower decrease be-
tween these two regimes is more complicated
and this will be discussed in more detail below.
An inset to Fig. 2(d) shows that, between 250
and 500 K, the I 3ds,, binding energy remains
constant at ~619.3 eV, but increases to ~619.6
eV prior to complete desorption.

The resulting gas-phase products are monitored
using temperature-programmed desorption (TPD)
collected using a heating rate of 10 K/s in cases
where the sample is heated to 750 K, and 15 K/s
when the maximum temperature is 1300 K.
Fig. 3 displays 71 (CH5I*") and 63 amu (I*")
desorption profiles as a function of CH;3l expo-
sure. These m/e ratios are selected since the singly
ionized fragments are out of the range (1-100
amu) of the mass spectrometer. At low iodome-
thane exposures (<2 L, Fig. 3(a)), no molecular



Y. Wang et al. | Surface Science 590 (2005) 181-195

ok 10 L CH,I / MoAlI-5000 at 150 K then
anneal to higher temperatures
75.2
7k W/ 74.7 Temp. /K
Mﬂ/ 1500
M\
* W/ W 1100
& sk w\m// \MM 900
E‘ W“M//f‘”*\vww 500
@ N
S k- wﬂ/ \\,\VW 400
E M
k= M/ \\\MW 350
" /\,—/\/\\/‘/\// \\ﬂ,ww -
W/ \«\_wwﬁ 280
2k~ W//\W 250
1k AM/“\\NAWW 150
MoAl
T T T T T T T T T T T T T T T T
80 78 76 74 72 70 68 66 64
(a) Binding Energy / eV
13k
10L CH3I / MoAI-5000 at 150 K then
12k anneal to higher temperatures
A 620.1
11k
10k
E 619.5
g 9k Temp. /K
© 1 150
2 8kq 220
‘@
c 1 250
[0
1 300
6k 350
1 400
Sk 500
4k 1100
T A AN I A S s 1300
3k AP AANANAA s A~ 1500
6|35 ' 6(|50 ' 6|25 ' 6|20 ' 6;5 ' 6'|10 '
Binding Energy / eV
(c)

7 5k 0L CH3I / MoAI-5000 at 150 K then
anneal to higher temperatures
7.0k -
0 283.7
Temp. /K
6.5k 150
220
6.0k
g 250
O sk 280
P
b 300
3 5.0k
k= ’ 350
4.5k 400
500
4.0k 900
1100
3.5k H 1300
3.0k WWW\WWMMMWWW 1500
k T T T T T T T T T T
295 290 285 280 275
(b) Binding Energy / eV
6000
10L CH3I / MoAl/ DA / Mo(100)
620.2
[ o 620.0 .
5000 \ 2 61938 \
5619.6 . -
= §619.4 \ /'/
4000 4 \ & 6192 .V. B
| | 6190 200 400 600 800 1000 1200
3: ... -l ™ Temperature / K
[\]
§ 30004 \
;: | |
©
5
-(,—?\I 2000
<
[s2)
- |
1000
0 u ]
T T T T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600
(d) Temperature /K

185

Fig. 2. Narrow scan X-ray photoelectron spectra of (a) Al 2p, (b) C 1s, and (c) I 3d regions collected following the adsorption of 10 L
of iodomethane on a MoAl alloy film at 150 K and heating to various temperatures, where annealing temperatures are marked
adjacent to the corresponding spectrum. The spectra were collected after allowing the sample to cool to 150 K. Figure (d) plots the
integrated area of the I 3ds/, feature (taken from Fig. 2(c)) as a function of annealing temperature. Shown as an inset is the

corresponding I 3ds/, binding energy as a function of temperature.
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Fig. 3. (a) 71 (CH3I*") and (b) 63 amu (1*") temperature-programmed desorption spectra of iodomethane adsorbed on a MoAl film at
150 K collected using a heating rate of 10 K/s, as a function of CH3l exposure. [odomethane exposures are marked adjacent to the

corresponding spectrum.

CH;l desorbs from the surface, suggesting com-
plete cleavage of the C-I bond. At exposures of
2 L and above, a molecular desorption state is cen-
tered at 200-210 K in accord with the XPS data
plotted in Fig. 2(d). An additional state at ~175
K for exposures above 5 L grows indefinitely with
exposure and is therefore assigned to CH5I desorp-
tion from second and subsequent layers.

Fig. 3(b) displays the corresponding 63 (I*")
amu profiles. An enlarged TPD trace following a
1 L CHj;l exposure is plotted as an inset. This
shows that, while no molecular desorption is
found at exposures of 0.5 and 1 L (Fig. 3(a)), io-
dine desorption is observed in two states: one at
~220 K and a less intense one at ~400 K. With
increasing exposure, the intensities of both states
increase, but the low-temperature state intensifies
more rapidly. The difference between the 63- and
71-amu profiles suggests that other iodine-contain-
ing species may desorb from the surface besides
molecular CH;1.

Fig. 4(a) presents the H, desorption profiles.
Several desorption states are found, where the

state at ~200 K is due to iodomethane fragmenta-
tion in the mass spectrometer ionizer and the
intensity at ~400 K is due to hydrogen adsorption
from the background, verified by performing a
blank experiment. The state at ~370 K, which ap-
pears as a shoulder at low iodomethane exposures,
is assigned to the thermal decomposition of ad-
sorbed methyl species.

Fig. 4(b) and (c) display the 15 (CHj3) and 16
(CHy4) amu signals respectively. The 15 amu signal
is a fragment of both iodomethane and methane,
but could also be due to a methyl radical. It is ob-
served that even at the lowest CH3l exposures,
methane desorption is apparent. The insert of
Fig. 4(c) compares the 15 and 16 amu desorption
profiles at a CH;I exposure of 1 L. The mass spec-
trometer ionizer fragmentation ratio for 15 and 16
amu for methane is ~0.9. This suggests that the
desorption state at ~220 K contains a contribution
from desorbing methyl radicals. Note that this
state is not due to molecular iodomethane desorp-
tion since essentially no molecular desorption is
found at an exposure of 1 L (Fig. 3(a)).
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Fig. 4. (a) 2 (H,), (b) 15 (CH3), and (c) 16 (CHy) amu temperature-programmed desorption spectra of iodomethane adsorbed on a
MoAl film at 150 K collected using a heating rate of 10 K/s, as a function of CH;I exposure. lodomethane exposures are marked
adjacent to the corresponding spectrum. The 15- and 16-amu spectra for a 1 L iodomethane exposure are compared to the inset in (c).

The formation of higher-molecular-weight
products is explored in the spectra shown in
Fig. 5. The data in Fig. 5(a) (at a CH;I exposure
of 5 L) show intense 26 and 27 amu signals at

~210 K indicating ethylene formation. The origin
of the sharp feature at 27 amu below 200 K is
not very clear. Since this commences at the same
temperature as multilayer CH3I desorption, it is
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Fig. 5. (b) 26 (C,H,) and (c) 29 amu temperature-programmed desorption spectra of iodomethane adsorbed on a MoAl film at 150 K
collected using a heating rate of 10 K/s, as a function of CH3I exposure. Iodomethane exposures are marked adjacent to the
corresponding spectrum. Fig. 5(a) display the spectra collected at various masses following 5 L iodomethane exposure, where the
monitored masses are marked adjacent to the corresponding spectrum.
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therefore assigned to species formed within the
mass spectrometer ionizer. A small 30-amu signal
is noted at ~210 K suggesting some ethane forma-
tion. Some propylene (41 amu) also desorbs over a
rather wide temperature range but no C4 species
(at 56 amu) are detected. No methanol desorption
(at 31 amu) is found. Fig. 5(b) displays the desorp-
tion profiles of ethylene (26 amu) as a function of
exposure. The peak maximum decreases from
~250 K to ~210 K, and the desorption peak arca
increases, with increasing CH;l exposure from 0.5
to 5 L, while almost no ethylene desorption is
found at a CH3l exposure of 10 L.

A 29 amu feature is found at ~350 K (Fig. 5(c)),
which grows with increasing iodomethane expo-
sure. Lack of desorption intensity at 30 or 31
amu at the same temperature allows the exclusion
of ethane and oxygenates such as HCHO or
CH;O0H as the origin for this state. Neither is this
species due to C,Hsl since this yields a rather
intense amu 27 signal (verified by introducing
C,Hsl into the chamber and measuring its frag-
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mentation pattern), so that this feature is ascribed
to ethyl radical desorption.

The fate of the carbon and iodine adsorbed onto
the surface after product desorption (Figs. 3-5) is
explored in Fig. 6 by carrying out TPD experiments
at a heating rate of 15 K/s following iodomethane
adsorption and after annealing to ~750 K, where
Fig. 6(a) presents the 28 amu (CO) desorption
profiles and Fig. 6(b) the 63 amu (I*") spectra.
CO desorbs at ~1200 K and it has been demon-
strated previously that this is due to a reaction
between deposited carbon and the alumina sub-
strate [17,18]. The desorption peak area is plotted
as a function of CHsl exposure as an inset of
Fig. 6(a). The desorption yield increases almost lin-
early from 0.5 to 4 L, reaches a maximum at 4 L,
and then decreases at an exposure of 10 L.
Fig. 6(b) shows that iodine desorbs between 800
and 1150 K and the integrated desorption peak
area versus iodomethane exposure is plotted as an
inset showing that the iodine coverage increases
up to an exposure of 5 L and then saturates.
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Fig. 6. (a) 28 (CO) and (b) 63 (I*") amu temperature-programmed desorption spectra of iodomethane adsorbed on a MoAl film at 150
K and then annealed to 750 K, collected using a heating rate of 15 K/s, as a function of CH;I exposure. lodomethane exposures are
marked adjacent to the corresponding spectrum. Shown as insets in both spectra are the integrated desorption yields as a function of

iodomethane exposure.



190 Y. Wang et al. | Surface Science 590 (2005) 181-195
x L CH,l / D, / MoAI-5000 / DA / Mo(100) x L CH,l / D, / MoAI-5000 / DA / Mo(100)
2x107 2x107
=] S
®© ®©
© ©
c c
2 2
n n
%) %)
= =
% Exposure / L %
o~ 5 ™ Exposure / L
4 5
3 4
3
2 2
1
0.5 0.5
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
200 300 400 500 600 700 800 200 300 400 500 600 700 800
(a) Temperature / K (b) Temperature / K

x L CH,l /D, / MoAI-5000 / DA / Mo(100)

5x107

Exposure / L

4 amu MS Signal / a.u.

0.5
1
2
3
4
5
' 260 ' 360 ' 460 ' 560 ' 660 ' 760 ' 860
(c) Temperature / K

Fig. 7. (a) 2 (Hy), (b) 3 (HD) and (c) 4 (D,) amu temperature-programmed desorption spectra of iodomethane adsorbed on a
deuterium-saturated MoAl film at 150 K collected using a heating rate of 10 K/s, as a function of CH;I exposure.
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where exposures are marked adjacent to the corresponding spectrum.
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Fig. 7 displays desorption profiles of H,
(Fig. 7(a)), HD (Fig. 7(b) and D, (Fig. 7 (c)) for
various exposures of iodomethane to a deute-
rium-saturated (>20 L) MoAl film. These results
show that background H, adsorption is reduced,
indicated by the reduced signal intensity of the
H, desorption state at ~410 K compared with that
shown in Fig. 4(a). Note that the signal at ~210 K
is due to fragmentation of CH;I in the mass spec-
trometer ionizer. Lack of such a low-temperature
signal at 3 amu indicates that there is no H-D ex-
change between CHsI and D atoms. With increas-
ing CH;1 adsorption, the D, desorption peak area
decreases and the temperature range narrows. The
surface D atoms are consumed by HD formation
displayed in Fig. 7(b) and, as will be shown below,
also by methyl hydrogenation.

Fig. 8(a) displays the corresponding amu 17
(CH3D) desorption profiles as a function of
CH;I exposure. For comparison, the l6-amu
(CHy) profiles from CHsI + H, and the 20-amu
(CDy) spectra from CDsl + D, are also displayed
in Fig. 8(b) and (c) respectively. Features in
Fig. 8(b) at ~220 K, and the sharp, low-tempera-
ture peak at high iodomethane exposures, are
likely to be due to species formed inside the mass
spectrometer ionizer, and the spectra collected
using deuterium (Fig. 8(a) and (c)) allow the meth-
ane desorption state to be more easily identified,
where methane forms at both ~220 and 320 K.
The low-temperature state is more pronounced
than the high-temperature state. The desorption
temperature of CDy is slightly higher than that
of CH4 and CH;D, presumably due to a kinetic
isotope effect [31].

4. Discussion

The surface chemistry of CH;3I on transition
metal surfaces is, in many cases, rather com-
plicated [21]. The first step, which is generally
accepted to be C-I bond cleavage, occurs easily
due to the relatively small C-I bond strength.
The fate of the resulting methyl species, however,
depends greatly on the nature of the surface and
coverage. For surfaces that are inactive for dehy-
drogenation, for example, silver, methyl groups

couple at ~250 K to generate ethane [33]. For sur-
faces that weakly dissociate a small portion of the
methyl groups, while the majority of these are
thermal stable to high temperatures, for example,
copper [34], surface hydrogen and methylene for-
mation are the rate-determining steps. These are
quickly consumed by intact methyl groups to form
methane, ethylene and ethane at rather high tem-
peratures (400 K). Surfaces that readily dissociate
methyl species can be separated into two catego-
ries. Metals such as tungsten [35] completely disso-
ciate methyl groups resulting in carbon deposition
and only hydrogen is found to desorb. Metals like
Ni [31,36,37], Pt [38], Pd [39] and Mo [23,24] disso-
ciate a portion of methyl groups, while the rest re-
mains intact at low temperatures. In these cases,
methane and H, are the major gaseous products,
and the methane evolution temperature is substan-
tially lower than for copper. Methylene species are
detected in these systems. However, these easily
undergo further hydrogenation or decomposi-
tion so that carbon insertion reactions are either
very minor or nonexistent. Consequently, higher
hydrocarbons, even if they are formed, comprise
a very small proportion of the gaseous products
[20,21,31]. If these metals are modified, for exam-
ple by oxygen, the reactive properties become clo-
ser to copper in terms of methyl dissociation so
that higher hydrocarbons are more readily formed
[40,41].

The chemistry of adsorbed methyl species on
the MoAl alloy is richer than on either the individ-
ual molybdenum or aluminum surfaces. The only
gaseous products formed following iodomethane
on molybdenum single crystals [23,24] are methane
and H,. Carbon and iodine deposition are found
due to complete thermal decomposition and no
higher hydrocarbons are detected. Methyl and
methylidyne species are formed on aluminum,
but no methylene species are found [25,26] and a
small amount of carbon and iodine deposition is
detected using Auger spectroscopy and scanning
tunneling microscopy (STM).

Iodomethane dissociates relatively rapidly on
the MoAl alloy film, where a portion dissociates
even at 150 K, and dissociation is complete on
heating to 250 K (Fig. 2(c)) with the remainder
desorbing molecularly below 220 K (Fig. 3). Re-
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moval of iodine from iodomethane is accompanied
by the formation of metal-iodine bonds. While io-
dine could adsorb on molybdenum [23], iodine
appears to bond preferentially to Al. Auger data
(Fig. 1) provide direct evidence for this since the
Al signal intensity decreases following CHj;l
adsorption.

It is found that, at low CH3I exposures, two io-
dine desorption states are evident at ~220 and
~400 K (inset, Fig. 3(b)). The first state has the
same desorption temperature as CH3l adsorbed
on the alloy and is therefore assigned to cracking
of molecular CH;I in the mass spectrometer ion-
izer. Note, however, that no molecular desorption
is found at CHsI exposures below 2 L (Fig. 2(a))
and this may be due to the lower sensitivity of
the mass spectrometer at higher masses. The
~400 K state, however, is due to iodine containing
species other than CH;l. Fig. 2(d) reveals that the
iodine coverage decreases slightly between 250 and
800 K, consistent with the TPD results (Fig. 3(b)).
Hare et al. [42] have studied the thermal chemistry
of CH,I, on Al(111) and found that All; desorbs
from the surface between 380 and 420 K, and io-
dine-containing organoaluminum compounds des-
orb at even higher temperatures. This state is
therefore tentatively ascribed to All; desorption
or evolution of iodine containing organoaluminum
compounds. Note, however, this assignment is not
unambiguous since the reactivity of aluminum
within the alloy may be drastically different from
pure aluminum.

Heating the surface up to ~400 K causes several
surface reactions of the adsorbed methyl species
including radical ejection, hydrogenation, oligo-
merization and dehdydrogenation, the latter reac-
tion giving rise to carbon deposition onto the
surface (Figs. 1 and 2(b)). Carbon is removed as
CO at ~1200 K due to reaction between deposited
carbon and the alumina substrate [14,18].

Adsorbed methyl groups self-hydrogenate
to yield methane between ~200 and 350 K
(Fig. 4(c)), while presaturating the surface with
hydrogen substantially increases the methane yield
(Fig. 8), and the peak temperature increases with
increasing iodomethane exposures and therefore
methyl coverage. This implies that the hydrogena-
tion activation energy increases with coverage. It

would be anticipated that a second-order reaction
such as methyl plus hydrogen recombination
should decrease in desorption temperature with
increasing methyl coverage [43]. A change in
methyl adsorption geometry has been found on
Pd(111) as a function of methyl coverage [39]
and this effect may be due to methyl groups that
are tilted at low coverages being easier to hydroge-
nate than more perpendicular methyl species that
may form at higher coverages.

The data of Fig. 5 show that higher hydrocar-
bons are formed on the alloy surface. Ethylene
desorption is detected at ~240 to 260 K depending
on initial methyl coverage (Fig. 5(b)). A small
amount of ethane evolves at approximately the
same temperature. Two reaction pathways may ac-
count for ethylene formation. First, ethylene could
be formed by an initial methyl dehydrogenation
reaction to yield methylene species that insert into
the C-Mo bond of the methyl group forming an
adsorbed ethyl species. Such a reaction pathway,
relevant to chain propagation in Fischer—Tropsch
synthesis, has been proposed previously [20,21].
The resulting ethyl species can hydrogenate to
yield ethane (30 amu, Fig. 5(c)), or undergo [-
hydride elimination to produce ethylene (Fig. 5(a)).
Second, ethylene could form by coupling of meth-
ylene species without involving an ethyl inter-
mediate. The similar desorption temperature of
ethylene and ethane, however, suggests that a com-
mon intermediate is involved. Ethyl radicals are
also found to desorb at ~350 K (Fig. 5(b)) suggest-
ing that an ethyl group is a common intermediate.
Note that ethane could also originate from a direct
coupling of methyl groups. This is not likely
though, because of the similarity between the
kinetics of ethylene and ethane formation, and
the higher ethylene yield [31]. In addition to these
reactions, a small portion of ethyl species can un-
dergo further methylene insertion to yield propyl-
ene, while the chain propagation probability is
not sufficiently large for any C4 products to be de-
tected. It is worth pointing out that ethylene for-
mation is found within a narrow temperature
(~250 K), while methane production proceeds
within a wide temperature range up to ~350 K.
This indicates that, within the temperature range
where these species are formed, methyl species
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dominate on the surface. Methylene species can be
formed at rather low temperatures, while this
undergoes rapid insertion followed by B-hydride
elimination or hydrogenation reactions to form
higher hydrocarbons. The proposed higher hydro-
carbonformation pathways are summarized in
Scheme 1.

The unique reactivity of the MoAl for higher
hydrocarbon formation may be due to two effects,
either electronic or geometric. In the first effect,
molybdenum can gain electrons by alloying with
aluminum, causing a larger d-band occupancy, to
become electronically more like a noble metal. It
is well known that transition metals with filled d
bands such as copper efficiently catalyze carbon
insertion reactions. Second, it could also be due
to the blocking of reactive sites on the surface by

co-ordination to aluminum and the resulting io-
dine, which inhibits the complete dehydrogenation
of the resulting surface methyl species allowing
intermediate methylene species to be stabilized
for a sufficient time to allow insertion into the
methyl-surface bond. It should be mentioned that
iodine adsorption does have some effect on the fi-
nal product distribution. While this does not affect
ethyl group formation (Fig. 5(c)), B-hydride elimi-
nation is diminished at the highest CH;I exposures
(Fig. 5(b)).

5. Conclusions

Iodomethane adsorbs both dissociatively and
molecularly at 150 K on a MoAl alloy film formed
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by reacting Mo(CO)e with dehydroxylated alu-
mina at 700 K and heating to 1500 K. Dissociation
into methyl species and adsorbed iodide is
complete by ~200 K, and is accompanied by
desorption of molecular iodomethane. The iodine
appears to adsorb preferentially on aluminum.
The resulting adsorbed methyl species can either
thermally decompose to yield hydrogen and ad-
sorbed carbon, desorb as methyl radicals, or
hydrogenate to methane. Oligomerization to ethyl-
ene and propylene is found as well as the forma-
tion of a small amount of ethane. This reaction
appears to proceed via the insertion of a methylene
species into the methyl-surface bond to form an
adsorbed ethyl species, which can either desorb di-
rectly as a radical, form ethylene by B-hydride
elimination, or hydrogenate to ethane. Additional
insertion of a methylene species into the ethyl-sur-
face bond forms a propyl species, which also reacts
by B-hydride elimination to yield propylene. No
higher oligomers are detected.
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