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The adsorption of €hydrocarbons propylene, 1-iodopropane, and 1,3-diiodopropane is studied in ultrahigh
vacuum on a molybdenumaluminum alloy formed by molybdenum hexacarbonyl reaction with a planar
alumina film grown on a Mo(100) substrate. Carboodine bond scission occurs below200 K to deposit

iodine, and form propyl species from 1-iodopropane and; an€tallacycle from 1,3-diiodopropane. Propyl
species either undergihydride elimination to yield propylene or hydrogenate to form propane. Propylene
adsorbs as both- and dio-bonded species, and the @iform hydrogenates to yield propane, where the
addition of the first hydrogen to form propyl species is slower than the second hydrogenation step to yield
propane. Propylene also thermally decomposes on the surface to desorb hydrogen and deposit carbon where
the methylyne group is the most, and the methyl group the least reactive. The metallacyclic intermediate
reacts to give an allylic intermediate, which forms propylene, but also decomposes®yb@nd cleavage

to evolve ethylene and deposit methylene species on the surface. This is a key step in the mechanism proposed
for heterogeneously catalyzed olefin metathesis and this is the first time that this chemistry has been directly
identified in ultrahigh vacuum.

1. Introduction reverse of the insertion reaction forms metathesis products. Such
a mechanism was first proposed byridson and Chauvi??

and was recently confirmed in ultrahigh vacuum on model
molybdenum carbide catalystsAs a precursor to studying the
metathesis chemistry, we focus here on the surface chemistry
of propylene, l-iodopropane, and 1,3-diiodopropane (DIP) to

ated and hydroxylated alumitel®thin films at 700 K deposits investigate _the behavior of 3(Bpecies,_ as a prerequisite to
molybdenum carbide incorporating a small amount of oxygen. understandlng the metallacyclg formatlon pathway. i
Reaction of low exposures of Mo(COWith an alumina thin The format_lon and cha_ractenz_atlon of MoAl alloy films has
film results in the formation of small molybdenum carbide Peen extensively describédl.Briefly, they are formed by
particles on the surface, while higher exposuresq00 L of adsorbing 5000 L of Mo(CQJat 700 K onto a dehydroxylated
Mo(COY)) lead to a thin carbide film that completely covers &lumina film grown on a Mo(100) substrate to generate a
the surfacé® Annealing these films te~1500 K causes CO molybdenum carbide film. This is then annealed to 1500 K to

desorption through alumina reduction by the carbidic carbon, 9€nerate a surface MoAl alloy. Alloy formation is confirmed
and results in MoAl alloy film formatiod?—19 by X-ray photoelectron and Auger spectroscopies where it is

Recently, studies of the chemistry of @IH° CH,l»,2! and found.that the bi.nding' energy of the deposited molybdengm,
ethylene and @4s122 on the MoAI alloy surface in ultrahigh following annealing, is lower than that of_pure metallic
vacuum showed that besides hydrogenation, dehydrogenationMolybdenunt.’:#¢ The thickness of the alloy film, based on
and dissociation, extensive methylene migratory inseftigh ~ Auger electron probe depth analysis, is estimated to b4 3
and H-D exchange reactios22 occurred. It appears that the ~ atomic layer& with a Mo/Al atomic ratio of~1.6.
catalytic properties of the alloy are different from metallic
molybdenum, but rather similar to those of late transition metals. 2. Experimental Section
This has been rationalized by electronic effects where molyb-
denum gains electrons by alloying with aluminum.

Since MoAl alloy surfaces are extremely effective for
methylene insertion into surface-carbon single bonds to form
higher, singly bonded metahlkyl groups?%-21this implies that

Mo(CO) has been extensively used as a catalyst precatsor
and more recently to generate model catalysts grown on planar
alumina thin films in ultrahigh vacuum, where surface-sensitive
analytical techniques can be usgd!® Our recent studies have
shown that reacting Mo(C@vith aluminuni” and dehydroxyl-

Temperature-programmed desorption (TPD) data were col-
lected in an ultrahigh vacuum chamber operating at a base
pressure of 8< 10711 Torr that has been described in detail
elsewher&17.18where desorbing species were detected with a
they may also be similarly active for methylene insertion into DYcor quadrupole mass spectrometer placed in the line of sight
the carbon-surface bond of dibonded olefin species to yield ©f the sample. Temperature-programmed desorption spectra
metallacycles. Metallacycles have been proposed to be theWe'® collected at a heating rate of 10 deg/s. This chamber was

central intermediates in olefin metathesis catalysis, where the &S0 €duipped with a double-pass, cylindrical-mirror analyzer
for Auger spectroscopy, where the spectra are typically collected
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X-ray photoelectron spectra (XPS) were collected in another temperature decrease. At propylene exposurgd.and above,
chamber operating at a base pressure f 20710 Torr, which the H, yield saturates and the desorption temperature remains
was equipped with an X-ray source and double-pass cylindrical constant at~370 K. The hydrogen desorption profile following
mirror analyzer. Spectra were typically collected with an Mg hydrogen adsorption on the MoAl alloy resembles that shown
Ka X-ray power of 250 W and a pass energy of 50 eV. The in Figure 1b, indicating that propylene has decomposed at lower
alumina substrate was sufficiently thin that no charging effects temperatures. Note that the 2-amu signal below 200 K at
were found and the binding energies were calibrated by using propylene exposures @ L and above is due to fragmentation
the Mo 3d,. feature (at 227.4 eV binding energy) as a of molecular propylene. Shown in Figure 1lc, at propylene
standard.’18 Temperature-dependent XP and Auger spectra exposures from 2 to 7.5 L, weak yet detectable methane
were collected by heating the sample to the indicated temper-desorption is found at325 K and this increases te350 K at
ature for 5 s, allowing it to cool to 150 K, following which the & propylene exposure of 10 L. The 16-amu signal at low
spectrum was recorded. temperatures is due to fragmentation of molecular propylene

Infrared data were collected with a Bruker Equinox infrared and CO contaminant. Figure 1d plots the 29-amu (propane)
spectrometer equipped with a liquid nitrogen cooled, mercury desorption profiles, which is a very weak fragment of propylene
cadmium telluride detector operated at 4 ¢mesolution and  but the most intense for propane so that these traces represent
data were typically collected for 1000 scans. The complete light predominantly propane desorption. It is found, at propylene
path was enclosed and purged with dry, e airl>1° exposures of 0.5 and 1 L, that weak yet detectable desorption

The Mo(100) substrate (1 cm diameter, 0.2 mm thick) was appears at-250 K. At propylene exposures of 2 and 5 L, the
cleaned by using a standard procedure, which consisted of argorintensity of this desorption state increases and the desorption
ion bombardment (2 kV, LA/cm?), and any residual contami-  peak maximum also increases slightly+@70 K. Apparently,
nants were removed by briefly heating to 2000 K in vacuo. The this desorption state is due to propylene self-hydrogenation
resulting Auger spectrum showed no contaminants. Aluminum where surface hydrogen originates from propylene dissociation
was deposited onto Mo(100) from a small heated alumina tube, and background ki adsorption. Meanwhile, sharp features
which was enclosed in a stainless steel shroud to minimize appear below 200 K at propylene exposurés & and above.
contamination of other parts of the systéhihe alumina thin  Since the desorption temperature and line-shape of this state
film is formed by cycles of aluminum depositiefwater vapor resemble that of the 42 amu state (Figure 1a), it is assigned to
oxidation—annealing, until the Mo(100) XPS or Auger features fragmentation of the parent molecule. As will be shown below,
are completely obscurédyielding a film thickness of-2 nm. no propane formation occurs at this temperature.

Molybdenum hexacarbonyl (Aldrich, 99%), propylene (Mathe- It appears that two propylenic species form on the alloy
son, 99.5%),dg-propylene, CB=CH—CHs, CH;=CH-CDs  gyrface, one that desorbs at below 200 K, and another that
(Cambridge Isotope>99% D), 1-iodopropane, and 1,3-di-  nhersists to much higher temperatures (Figure 1a). To establish
iodopropane (Aldrich, 99%) were transferred to glass vials, ipe nature of these two species, reflecti@bsorption infrared
connected to the gas-handling line of the chamber, and purified spectroscopy (RAIRS) experiments were conducted and the
by repeated freezepump-thaw cycles, followed by distillation,  e5its are displayed in Figure 2, where 10 L of propylene was
and their purities were monitored by mass spectroscopy. These,gsorhed on the alloy surface at 80 K, and subsequently annealed
were dosed onto the surface via a capillary doser to minimize higher temperatures. Following each annealing step, the
background contamination. The exposures in Langmuirs (1 L g5 mnje was allowed to cool to 80 K before each spectrum was
=1 x 10°° Torr s) are corrected by using an enhancement aian 1t should be mentioned that propylene has a number of

factor determined by temperature-programmed desorption (Se§rared modes below 1000 crh especially the generally most
ref 13 for a more detailed description of this procedurey. H intenser(C—CH,) mode at~910 cnr. Unfortunately, these

and D, (Matheson=99.5%) were used without further purifica- are obscured by an intense alumina LO m&&.Following

tion. adsorption at 80 K, features at 3072, 3056, 2977, and 2940 cm
are found in the €H stretching region. In the low-frequency
3. Results region, relatively intense modes are detected at 1645, 1452, and

3.1. Propylene on a MoAl Alloy. The surface chemistry of ~ 1435 cnt’. Comparing these features with solid/gas-phase
propylene on a MoAl alloy surface was investigated with Propylene (Table %29 immediately suggests that at least a
temperature-programmed desorption (TPD). Figure 1 displays portion of the adsorbed propylene adopts-aonded conforma-

a number of TPD profiles as a function of propylene exposure, tion on the surface at 80 K. Annealing to 150 K causes the
monitoring desorption at 42 (Ble), 2 (Hy), 16 (CHy), and 29 disappearance of the 3072- and 3056-tfeatures and a drastic
(CsHg) amu. As shown in Figure 1a, essentially no propylene attenuation of the 2977-cmh peak, indicating the desorption
desorption is found at an exposure of 0.2 L, suggesting completeof 7-bonded propylene. The=€C vibrational mode at 1645
dissociation of adsorbed propylene. At a propylene exposurecm™* is still detectable, suggesting a portion atbonded

of 0.5 L, two weak desorption peaks are found~&10 and propylene still stays on the surface. In the meantime, the relative
~340 K, respectively. At an exposure of 1 L, the intensity of intensity of the 1435-cm! feature increases compared with that
both states increases, and the desorption temperature of the lowat 1452 cm 1. Annealing to 180 K substantially decreases the
temperature state decreases-tt05 K. Upon further increasing  intensity of the G=C vibrational mode, and results in a further
the exposure to 2 L, an extra low-temperature state develops aincrease in intensity of the 1435-cffeature compared to that
~175 K, and the desorption temperature maximum of the high- at 1452 cm®. On heating to 200 K, the only detectable features
temperature state also decreases. The intensity of the 175 Kare a C-H stretching mode at~2923 cm?! and a CH
state continues to increase at higher exposures and saturates aieformation mode at1433 cnt?, which are assigned to di-

a propylene exposure of7.5 L (not shown). Figure 1b depicts  o-bonded propylen&:3! No features are detected above the
the H, desorption profiles. At the lowest propylene exposure noise level at 220 K and higher. Experiments were also
(0.2 L), H; desorbs at~390 K. The H yield increases with performed by adsorbing propylene on the alloy surface at 300
increasing propylene exposure, accompanied by a desorptionK and no detectable features were found (not plotted), indicating
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Figure 1. Temperature-programmed desorption spectra of propylene adsorbed on a MoAl alloy at 150 K as a function of propylene exposure,
where the exposures are marked adjacent to the corresponding spectrum, monitoring (a) 42 (propylene), (b) 2 (hydrogen), (c) 16 (methane), and (d)
29 (propane) amu. The data were collected at a heating rate of 10 deg/s.

no propylidyne formation on the surface. The RAIRS results, adsorption on a Pd(111) single crysfalith use of identical
together with TPD data shown in Figure 1a, suggest that both experimental apparatus.

7- and dio-bonded propylene adsorb on the alloy surface and  Data shown in Figure 1d indicate thatabonded propylene
that the former desorbs below 200 K. Efforts were also made hydrogenates to form propane where surface hydrogen originates
to adsorb lower exposures of propylene on the alloy surface atfrom both propylene dissociation (self-hydrogenation) and
80 K to explore whether di~bonded propylene forms priorto  background Hadsorption. Since backgrouna Blways adsorbs
m-bonded propylene, as seen on other surfétgut no signal on the surface during sample cooling, and since it is relatively
above the noise level could be identified. In fact, even when difficult to choose the proper mass to monitor propane formation
10 L of propylene was adsorbed at 80 K where relatively strong (29 and 43 amu contain a contribution from molecular propyl-
features can be detected, the quality of the infrared data isene, at least at large propylene exposures, and 44 amu contains
substantially worse than that obtained following propylene a contribution from background G@dsorption), propylene self-



12558 J. Phys. Chem. B, Vol. 110, No. 25, 2006 Gao et al.

_
=]
~

10 L C_H, / MoAl / AL,O, / Mo(100) x L C,D,/ MoAl / ALO, / Mo(100)

72

5
0.0005 Temp. /K 5x10
250 5
AW ot At My LY d
- Exp./L
() 220 T EXp./L
£ Pt sy g 10.0
2 8 < ®
o N 200
D w
2 W% = 7.0
50 % 3 SR >
S Aali “_-f"— E
M.EWWW\ : © 4.0
wmf“*vww b ’ MMM
h : 2.0

30
3056

M% E o
3 ' ) MWMWWWWMW\M 1.0
" 1600 1400 1200 1000 WWWLWWWJ\MNM 0.5

/L
T &4

—— T
3200 3000 2800

Frequency / cm’”

Figure 2. Reflection-absorption infrared spectra (RAIRS) following

the adsorption of 10 L of propylene on a MoAl alloy as a function of

annealing temperature, where the annealing temperatures are displayed
adjacent to the corresponding spectrum. (b)
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TABLE 1: Comparison of the Vibrational Frequencies
(cm™1) of Propylene Adsorbed on a MoAl Alloy at 80 K with
the Vibrational Frequencies of Solid or Gas-Phase Propylene
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MoAI at 80 K& propylené assignmerit ©
3072 —/3081 va(CHy) <= | MY ST
3056 3064/3067 overtone c
2977 2970/2979 s (CHy) 'c% Exp./L
—/2960 Va (CH3) 1 0 0
2940 2934/2942 overtone 2 :
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hydrogenation and hydrogenation was explored by usiigs C

and D, and the results are displayed in Figure 3, where 1.0
desorption at 52 amu ¢Dg) was monitored. Figure 3a depicts 05
propane formation through self-hydrogenation. Almost gD4C ’
desorption is found at a D¢ exposure of 0.5 L, while at \

1646 1647/1647 v (C=C)
1452 1453/1448 0 (CHs) 7.0
1435 1437/1416 0 (CHp)
aThis work.? Taken from refs 26 and 27w, stretchingy, deforma- 4.0
tion; a, asymmetric; s, symmetric. M 20

T T T T

T T L LB T
200 300 400 500 600 7OD 8OO

exposures ol L and above, €Dg desorbs at-260 K, a temp-
erature similar to that seen in Figure 1d. When the alloy surface Temperature / K
is predosed with 20 L of Pprior to GDg adsorption, the €Dg Figure 3. Temperature-programmed desorption spectra eDeC

yield is much larger (Figure 3b). Note that even at a propylene adsorbed on (a) a clean MoAl alloy surface and (b) an alloy surface
exposure of 0.5 L, where no propane desorption is found from Precovered by 20 L of B monitoring 52 amu (propane) as a function
the bare alloy surface, extensive propane desorption occurs fronﬁgr?;sDSoi)éjﬁ’r?;uerém%e éﬁ%ﬁﬁp;’;‘gﬁngg Qa; kpelgt %dfli‘ﬁgrgré%;:‘]g
the deuterium-covered surface,~aZ60 K. The relqtlve yields ield as a function of propylene exposure on the clean and deuterium-
of propane (measured by integrating the desorption peak areasiovered alloy surface.
are plotted as an inset to Figure 3b as a function of propylene
exposure to both bare and deuterium-covered surfaces. In botitemperature desorption at 29 and 30 amu is due to fragmentation
cases, the propane yield saturates at a propylene exposure of 4f molecular GHg (Figure 1d). These desorption profiles clearly
L, while the saturation yield of propane on the deuterium- indicate that H-D exchange does occur on the surface and that
covered surface is'3 times larger than that on the bare surface. the propane isotopomers desorb-@&60 K, indicating that only
Note also that no propane formation is found below 200 K.  di-o-bonded propylene undergoes-B exchanges, as suggested
H—D exchange reactions were conducted on the alloy surfacepreviously3? Figure 4b displays the corresponding spectra
with TPD to monitor the desorption of propylene and propane between 43 and 52 amu. Masses above 48 amu can be assigned
isotopomers. Figure 4a displays the desorption profiles betweenunambiguously to propane isotopomers; in particular the 51 and
29 and 32 amu following a 10 L 48ls exposure to a surface 52 amu signals are assigned tgHD, and GDsg, respectively.
precovered by 20 L of Pwhere these masses are due mainly However, the desorption profiles at from 43 to 48 amu may
to C, fragments of propane isotopomers. Note that the low- contain contributions from both propylene and propane isoto-
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Carbon deposition was detected by using Auger spectroscopy

(b) [10LCH,120L D,/ MoAI/ AL,O, / Mo(100) following propylene adsorption when the sample was heated
5 to above 750 K. The deposited carbon (as a carbide) is easily
110 removed by annealing the sample to above 1200 K, where it

reacts with the alumina substrate to form CO. This has been
described in detail recently for an analogous situation for
ethylene??

The data shown in Figure 2 reveal that no detectable infrared

Desorption Peak Area / a.u.

=}
R features persist on the surface after annealing the alloy above
& IEYmlRERE 220 K, nor following propylene exposure to the alloy surface
S amu atroom temperature. However, TPD experiments detect methane
2] amu formation (Figure 1c), although with rather low yields. This
g 43 indicates that some surface; Gpecies are generated during
M 44 propylene decomposition. To gain a better understanding of the
AM 45 dissociation process, TPD experiments were performed with
2? deuterium-labeled propylene including ¢EBCH—CH; and
———— 48 CH,=CH—CDj3 to monitor desorption of B} HD, and B. Note
e 49 first that adsorbing KHland D» on the alloy surface results in
Nm g? recombinative desorption at300 K at high exposures. Since
— T T 5D background H always adsorbs on the surface, this will
— T T T T T inevitably affect the desorption temperature of &hd HD; a
200 300 400 500 60O 700 10 L exposure of propylenes was used to eliminate this effect.
Temperature / K As seen in Figure 5, by adsorbing 10 L oftG on the
Figure 4. Temperature-programmed desorption spectra of 10 LLi§C ~ surface, H desorbs at @max of 373 K. This is essentially
adsorbed on an alloy surface precovered by 20 L giibnitoring (a) identical with the deuterium desorption temperature following
29to 32 amu and (b) 43 t0.52 amu. Shown as an inset is a plot of the adsorption of 10 L of gDe. This rules out any large kinetic
desorption yield as a function of mass. isotope effect on the desorption temperature. Following the

o ) ) ) adsorption of 10 L of CB=CH—CHjs, H, desorbs at 347 K,
pomers and this will be discussed in more detail below. Note yp desorbs at 360 K, while Ddesorbs at 379 K. In stark
that the low-temperature peak at 43 amu is due to propylene, contrast, the desorption temperatures of HD, and D are
and the high-temperature tail of the 44 amu signal is due to 326, 372, and 435 K, respectively, following the dissociation
some background COadsorption. More interestingly, the  of CH;=CH—CDs. These results provide some insights in the
relative yields of these masses (measured from the integrateddissociation of propylene and will be discussed in more detail
areas under the desorption peaks) display a U-shape distributiorbelow. Note finally that no ethylene formation has been detected
as shown in the inset to Figure 4b. Experiments were also by comparing the relative intensities of various masses during
performed by varying the propylene ang Bxposures (data  propylene desorption.
not shown). Although the relative yields of different masses 3.2, 1-lodopropane on a MoAl Alloy. Figure 6 displays
vary slightly in different cases, the U-shape distribution is always RAIRS data collected following the adsorption of various
maintained as long as the;[exposure is greater than the exposures of l-iodopropane to the alloy surface and subse-
propylene exposure. Note also that the desorption temperaturequently annealing to higher temperatures where the exposures
of the 49 to 52 amu features is also slightly higher than that for and annealing temperatures are marked adjacent to the corre-
the 43 to 48 amu signals. sponding spectrum. Adsorlgnl L of 1-iodopropane at 80 K
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Figure 6. Reflection-absorption infrared spectra (RAIRS) following Binding Energy / eV
the adsorption of 1-iodopropane on a MoAI alloy as a function of b
exposure and annealing temperature, where the exposures and annealing ( ) 11k 10 L 1-C.H,!/ MoAl / ALO, / Mo(100)

temperatures are displayed adjacent to the corresponding spectrum.

TABLE 2: Comparison of the Vibrational Frequencies
(cm™1) of 1-lodopropane Adsorbed on a MoAl Alloy at 80 K
with the Vibrational Frequencies of Liquid 1-lodopropane

liquid 4 L 1-iodopropane/
1-iodopropang MoAl at 80 KP assignmeist

2967 2967 va(CHs) E

2846, 2938 2933 v (CHy) 9

2876 2878 vs (CHa) -

1458 1460 0a (CHa) =

1435 s (CHy) 5

1380 1381 0s (CHg) b=
1270 v (CC)+ 6 (CCC) -

1185 1191, 1183 7(CHy), 0(CHy)a

1090 v (CC) orp (CH)

aTaken from refs 3335 P This work. ¢ v, stretching, deformation;
y, scissoring;zr, twisting; w, wagging; p, rocking; a, asymmetric; s,
symmetric; o, methylene bonded to ioding, methylene bonded to
methyl.

T T T

T T T
results in the appearance of infrared modes assignable to 295 290 285 280
molecular 1-iodopropan®, 3° suggesting molecular adsorption Binding Energy / eV
(see Table 2). the that the_ m_Ode_ at 1270 trassigned to . Figure 7. (a) | 3dz and (b) C 1s photoelectron spectra of 10 L of
¥(CC) + 6(CCC) is absent, indicating that the molecules lie 1 jodopropane adsorbed on a MoAl surface at 150 K and heated to
rather flat on the surface. This mode becomes clear at exposuresarious temperatures, where the annealing temperatures are displayed
of 2 and 4 L, accompanied by an intensity increase of the other adjacent to the corresponding spectrum. Shown as an inset are the areas
features. Annealing to 140 K does not result in any detectable of the | 3dy, signals from 1-iodopropane (centered at 620.2 eV) and
change in infrared features but the intensities decrease on heatingtomic iodine (centered at 619.2 eV) plotted as a function of
to 160 K, indicating molecular desorption. By 180 K, a further emperature.
intensity decrease is found, while molecular modes are still change occurs at 200 K. Besides a substantial decrease in signal

detectable. By 200 K, all modes belonging to moleculart-C intensity, the binding energy also decreases substantially to
disappear and no strong features due to propyl or propyl-derived619.45 eV. This suggests that, together with desorption of
species could be detected. molecular 1-GH7I, extensive G-I bond cleavage occurs. An |

Figure 7a displays the narrow XPS scan data of thes,3d  3ds/2 binding energy of 619.2 eV was found after the sample
region following the adsorption of 10 L of 1587l on the alloy had been heated to 220 and 250 K and, in the meantime, no
surface at 150 K and subsequently annealing to higher temper-further signal intensity decrease was observed. On the basis of
atures. An | 3¢ binding energy is found at 620.2 eV at 150 RAIRS data shown in Figure 6 and TPD results presented below,
K. Annealing to 160 K caused the signal intensity to decrease the~620.2 eV | 3@, signal feature is due to iodine in molecular
slightly and the binding energy is shifted to 620.0 eV. Upon C3HIl, while the feature at 619.2 eV represents adsorbed iodine
heating the sample to 180 K, a further signal intensity decreaseformed by C-I bond cleavage. All features were therefore fitted
was found and the binding energy shifted to 619.8 eV. Drastic into two Gaussian curves centered at 620.2 and 619.2 eV,
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Figure 8. Temperature-programmed desorption spectra of 1-iodopropnae adsorbed on a MoAl alloy at 150 K as a function of 1-iodopropane

exposure, where the exposures are marked adjacent to the corresponding spectrum, monitoring (a) 170 (1-iodopropane) and (b) 127 (iodine) amu.
The data were collected at a heating rate of 10 deg/s. Shown in panel c is the difference between the 127 and 170 amu spectra.

respectively, each curve having a fwhm=o2 eV, where only The surface chemistry of 1587l on the alloy surface was
the amplitude and background were allowed to vary. The areafurther investigated with TPD. Figure 8a displays the desorption
under each curve is also plotted versus annealing temperatureprofile of the parent molecule (at 170 amu). No molecular
as an inset to Figure 7a. This clearly demonstrates that moleculadesorption is found at an exposure of 1 L, suggesting complete
desorption ceases at220 K and C-| bond cleavage com-  1-CgH;l dissociation. At an exposure of 2 L, very weak
mences as low as 160 K and by 200 K it is almost complete. desorption is found at220 K. The temperature of this state
Figure 7b displays the corresponding C 1s spectra where a Cdecreases t6-210 K with increasing 1-¢H-l exposure, while

1s binding energy was found at 284.5 eV at 150 K, which the desorption yield continues to increase. At the highest
decreased slightly to 284.4 eV at 160 K and 284.35 eV at 180 exposure (10 L), a sharp feature appears 890 K, assigned

K, together with a slight intensity decrease as the sample wasto multilayer desorption, while the 23220 K state is attributed
heated. Again, in accord with Figure 7a, the signal intensity to 1-GHyl desorption from the monolayer. Figure 7b depicts
decreases substantially at 200 K suggesting extensive moleculathe corresponding 127 amujldesorption features. These are
desorption. Due to low signal intensity, no efforts were made very similar to those at 170 amu suggesting that they are due
to fit these curves into different components. mainly to molecular fragmentation. However, there are subtle
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Figure 9. Temperature-programmed desorption spectra of 1-iodopropane adsorbed on a MoAl alloy at 150 K as a function of propylene exposure,

where the exposures are marked adjacent to the corresponding spectrum, monitoring (a) 2 (hydrogen), (b) 40 (propylene), and (c) 44 (propane)
amu. The data were collected at a heating rate of 10 deg/s.

differences. First, some extra desorption is found to high decreases. Note especially that at exposures of 2and 3.5 L, H
temperatures of the molecular desorption peak~2a60 K). desorbs at-350 K. The H yield saturates at 14El;l exposures
Second, weak yet detectable intensity appears-400 K, of 7.5 L and higher, and the peak temperature increase880
especially at high 1-¢H;l exposures. This is highlighted in K. Figure 9b depicts the 40 amu (propylene) desorption profiles
Figure 7c by performing a simple subtraction of the 127 and where this mass is selected because it contains the lowest
170 amu signals at an 13871 exposure of 8 L. The~250 K contribution from the parent molecule and thus more accurately
feature is tentatively assigned to HI desorption and-t4®0 represents propylene, even though the signal intensity is
K feature to iodine-containing organoaluminum compounds substantially lower than at 41 or 42 amu. At a -Gl exposure
(even though the chemical stoichiometry cannot be determined).of 0.5 L, essentially no propylene desorption is found, while a
Figure 9 plots the desorption of reaction products from weak feature centered at310 K is detected at an exposure of
adsorbed 1-gH7l. Figure 9a displays the +tesorption profiles 1 L. The desorption temperature decreases~800 K at
as a function of 1-gH;I exposure. At the lowest iodopropane exposures of 2 and 3.5 L. At higher exposures, besides the
exposure (0.5 L), bldesorbs at-410 K, while between 1 and  intensity increase of this desorption state, another high-temper-
3.5 L, the H yield increases and the desorption temperature ature state starts to developa880 K. The low-temperature
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Figure 10. Temperature-programmed desorption spectra of various exposures of 1-iodopropane adsorbed on an alloy surface precovered by 20 L

of Hz, monitoring (a) 2 (hydrogen), (b) 40 (propylene), and (c) 44 (propane) amu. The 1l-iodopropane exposures are marked adjacent to the
corresponding spectrum.

shoulder appearing at high 1-iodopropane exposures is due tostate develops at340 K at the highest 1-iodopropane exposure.
fragmentation of the parent molecule. Figure 9c plots the A number of other masses were also monitored and no other
corresponding 44 amu (propane) desorption profiles. Only very molecules, for instance oxygenates or methane, were observed.
weak propane desorption is found at 34zl exposures of 0.5 Following the dissociation of 1-E;l on the alloy surface,
and 1 L sathat the desorption temperature cannot be accurately atomic carbon and iodine are deposited. These desorb at high
determined. At higher 147l exposures, two propane desorp- temperatures in the form of CO and atomic iodine, respectively.
tion states are found: a sharp, low-temperature statel80 Analogous behavior has been reported previously following the
K independent of 1-gH; exposure and a broad, high- dissociation of CH, CHyl,, and GHsl on the same surfacé; 22
temperature state between 265 and 240 K, with a desorptionand will therefore not be discussed further.

temperature decreasing with increasing sH@ exposure. At Figure 10 displays a similar series of TPD profiles on an
the highest 1-gHI exposure (10 L), these two states contain alloy surface initially exposed to 20 L of i to further
some contribution from fragmentation of the parent molecule. investigate the hydrogenation of Li;l. Figure 10a plots the
Note, however, another high-temperature propane desorption2 amu () desorption profiles. At the lowest 1387l exposure,
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5L1-03H7|120LDZIMOAIIAI203IMO(100) 3.3. 1,3-Dii0d0pr0pane (DlP) on a MoAl A”Oy The
interaction between 1,3-diiodopropane (DIP) and the MoAl
surface was investigated with RAIRS. Figure 12a displays the
2x10° RAIRS spectra obtained following exposure of the alloy to 10
L of DIP at 80 K, where weak features are detected in theiC

I | | e stretching region at 2955, 2882, and 2832¢émAt lower
AT ds a e st frequencies, strong features are found at 1414, 1343, and 1275
cm1, where the most intense feature is at 1197 €rAnnealing
45 to 170 K causes the intensities in the-8 stretching region to
46 decrease drastically, while the features at 1414, 1343, 1275,
and 1197 cm?! attenuate slightly, and drastic changes occur

Desorption Peak Area / a.u

MS Signal / a.u.

47 after heating to 200 K. The 2955-cthfeature shifts to 2947
48 cm™! and the signal intensity increases substantially and
49 additional intense features appear at 1302 and 1158.cine
50 intensity of the 1414-cm' peak increases and it shifts to 1423
cm !, and a detectable shoulder appears at 1435!cithe
51 intensities of features at 1343 and 1197 ¢mlso increase, while
52 a decrease is found for the 1275-chmode.
— —— 7 RAIRS spectra were also collected after exposorg2 t of
200 300 400 500 600 700 800 DIP (Figure 12b) to more clearly examine the chemistry of DIP
Temperature / K adsorbed on the alloy surface. Relatively intense features are
Figure 11. Temperature-programmed desorption specfra & of found at 1275 and 1199 crhfollowing DIP adsorption at 80

1-GH-l adsorbed on an alloy surface precovered by 20 L of D K. No features are detected in the-8 stretching region (not
monitoring 45 to 52 amu. Shown as an inset is a plot of the desorption shown). These features do not change dramatically upon
yield as a function of mass. annealing the sample to 180 K, but at 200 K, the intensity of
these peaks decreases substantially. Note that a new feature
H, desorbs at~286 K where the desorption temperature appears at-1190 cnrt at 200 K (as a shoulder of the 1199-
increases monotonically with increasing 3Hzl exposure, S0 ¢m-1 signal) and is still detectable at 230 K. No features are
that at the highest exposure (10 L), it reache370 K. This detectable by 250 K. DIP was also adsorbed on the alloy surface
behavior is different from that shown in Figure 9a and will be at room temperature (data not plotted) and no features were
discussed in more detail below. The propylene desorption getected.
profiles shown in Figure 10b appear to be similar to those seen  ypg experiments were performed by adsoghfnL of DIP
In Figure 9b, except that the310 K state at high 1-¢17l on the alloy surface at 150 K and subsequently annealing to
exposures is always more intense thanti880 K state, while  pigher temperatures to determine the-ICbond cleavage
this is not always true on the bare surface. Figure 10c plots thetemperature. Panels a and b of Figure 13 display the s &dd
corresponding 44 amu (propane) desorption profile where itis ¢ 15 regions, respectively, which are very similar to those for
found that the propane yields are substantially higher on a 1.c;H,l shown in Figure 7. The components of the spectra were
hydrogen-covered surface (note the different scale for Figuresjgentified in the same way as shown in Figure 7a and the inset
9c and 10c). Worthy of note is that, even at the lowest#-C demonstrates clearly that molecular desorption cease23®

exposure, propane is detectech&t90 K. K and C-1 bond cleavage is complete by200 K. Note that
Finally, H—D exchange reactions are explored by adsorbing DIP desorbs at slightly higher temperatures thans#-C
5L of 1-GgH7l on an alloy surface precovered with 20 L of D TPD experiments were conducted to determine the surface

and the results are plotted in Figure 11. Note first that the reaction products from DIP. Figure 14a displays desorption
desorption yield at 45 amu is substantially larger than that at profiles at 169 amu (§gl™), which represents exclusively
higher masses. The desorption line shape at this mass is rathemolecular desorption. Essentially no DIP desorption is found
similar to that seen in Figure 10c suggesting that this is due at exposures of 1 and 2 L. At an exposure of 4 L, a sharp
mainly to GH;D desorption. In contrast, for masses between desorption state is found at210 K with a high-temperature

46 and 48 amu, a single desorption state is detectec8@0 K shoulder (the desorption temperature of which is difficult to
with a desorption yield that decreases at higher masses. Foresolve). The high-temperature shoulder saturatessat. but
masses between 49 and 52 amu, again a single desorption statée low-temperature state continues to grow with exposure. The
is observed with a desorption yield that decreases at higher210 K state is thus assigned to multilayer desorption, and the
masses, but the desorption temperature decreaseg88 K. high-temperature state to desorption from the monolayer. Figure
The relative desorption yields between 46 and 52 amu are 14b plots the hydrogen desorption profiles where the hydrogen
plotted as an inset to Figure 11. Again, masses between 49 andyield is lower than that for propylene (Figure 1b) or 1-iodopro-
52 amu are readily assigned to propane isotopomers, namelypane (Figure 9a) at similar exposures.

CsH3Ds, CsH2Des, CsHD7, and GDg, although higher masses Figure 14c plots the 42 amu (propylene) desorption profiles
may have fragments contributing to the lower masses. The as a function of DIP exposures where at exposufésloand
features from 46 to 48 amu are harder to assign unambiguouslylower all spectra display two desorption regimes. The low-
since these might contain contributions from both propylene temperature regime is assigned to fragmentation of molecular
and propane isotopomers. However, tE7 K peak temperature  DIP, corresponding to molecular desorption shown in Figure
difference between these features and those due to the propang4a, although the line shapes are not identical at these two
isotopomers suggests that these are due mainly to propylenemasses. Presumably the mass spectrometer sensitivity drops
isotopomers, considering the fact that propylene (Figure 10b) substantially at high masses. Note, however, some desorption
desorbs at higher temperatures than propane (Figure 10c). does occur at 42 amu at below 200 K, which apparently is not
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Figure 12. Reflection—absorption infrared spectra (RAIRS) following the adsorption of (a) 10 and (bof 1,3-diiodopropane on a MoAl alloy
as a function of annealing temperature, where the annealing temperatures are displayed adjacent to the corresponding spectrum.

associated with molecular DIP. There could be two origins of desorption temperature. These data clearly indicate that ethylene
this desorption state. It could either be due to desorption of is formed.

contaminants (very likely 1-iodopropane) or to 1-iodopropane  Hydrogenation of DIP is investigated on a deuterium-covered
formed from DIP at below 200 K, where a small portion of surface. In this case, 46 amu desorption was monitored to avoid
DIP releases only one iodine atom and then hydrogenates.any overlap with fragments of DIP and any potential contami-
Nevertheless, this desorbs at rather low temperature so will notnants. It is found from Figure 16 that two desorption states
substantially affect high-temperature reactions on the surface.developed at every DIP exposure~a240 and~300 K and are
More interestingly, desorption occurs at320 K at DIP assigned, based on results shown below, to a hydrogenation
exposures 02 L and higher. By monitoring masses between product GHeD> and H-D exchange product 481,D,, respec-

38 and 42 amu (data not shown) and comparing these withtively. Again, this assignment is not completely unambiguous
standard cracking patterns o§ €ompounds measured with the because of possible overlap of propylene and propane isoto-
same spectrometer, this is assigned unambiguously to propylend?0mers.

desorption. Note in particular that this desorption is not due to  Finally, H—D exchange reactions are performed by adsorbing
cyclopropane since the latter molecule displays a stronger 423.5 L of DIP on an alloy surface precovered with 20 L of D
amu signal than that at 41 amu. Very little propane desorption (Figure 17). Similar to the behavior shown in Figure 11, the 43

(monitored at 29 amu) was found-aR50 K so that the spectra  t0 48 amu signals peak 300 K, and the 49 to 51 amu signals
are not displayed. at ~280 K. Note that no signal was detected at 52 amu. The

same behavior is found by varying the Bnd DIP exposures.

Methane desorption is also explored following DIP dissocia- W ) — ionb 4 d4 |
tion where Figure 15a plots the methane desorption as a function, e again assign desorption between 43 and 48 amu to propylene

of DIP exposure. Methane desorbs&80 K, detectable even !sotopomers and desorption from 49 to 51 amu to propane
at the lowest DIP exposure where the methane yield found herelsotopomers. Low-temperature shoulders«@_40 K appear .
. . between 43 and 46 amu, but are absent at higher masses. This
is much larger than that for propylene (Figure 1c), and the . ; .
desorption temperature is also substantially lower. This strongly 's due to hydrogenation without any +D exchange. The

. . S . desorption peak areas from 45 to 51 amu are also plotted as an
suggests that these originate from different surface mtermedlates1nset where for 45 and 46 amu, only the area under the high-
Figure 15b displays TPD spectra collected at 26, 27, and 41temperature peak is included. ’
amu following the adsorption of 1, 2, drb L of DIP on the
surface. For direct comparison, the desorption at these masse§r Discussion
following the adsorption ol L of propylene is also displayed. ’
Two key points should be noted. First, DIP dissociation results 4.1, Molecular Adsorption/Desorption of G Species.
in much larger 26 and 27 amu signals relative to that at 41 amu propylene adsorbs molecularly on the MoAl alloy surface at
when compared with propylene. Second, the 26 and 27 amugo K. RAIRS data (Figure 2) clearly demonstrate that this adopts
desorption temperature is also lower than that at 41 amu, a s-bonded conformation following a 10 L exposure. The
especially at a DIP exposuré®L where, at this exposure, the  presence of di-bonded propylene is suggested by the presence
desorption temperature at 41 amu~820 K, identical with of features at 1433 and 2923 chand dio-bonded propylene
that for pure propylene. However, the desorption temperature has been identified on a number of transition metal surfaéés
at 26 and 27 amu is at280 K, identical with the methane  wheres-bonded propylene desorbs below 200 K. The diminu-
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sw-bonded propylene vary as the sample is annealed from 80 to
180 K suggesting methyl groups are more perpendicular to the
surface at higher coverages.

RAIRS measurements show that 1-iodopropane also adsorbs
molecularly on the alloy at 80 K (Figure 6) but no conclusions
regarding C-1 bond scission and propyl group formation can
be drawn from RAIRS data. XPS results, however, provided a
clearer picture of when the @ bond cleaves where the
photoelectron spectra shown in Figure 7a demonstrate that
molecular desorption ceasesaf20 K and that €1 bonds
cleave as low as 160 K and this process is complete by 200 K.
This corresponds rather well with TPD data shown in Figure 8
where multilayer desorption occurs-afl90 K and monolayer
desorption occurs at between 210 and 220 K depending on

) " coverage. Low-temperature propane formation shown in Figures
. P e - 230 g p prop g
10k 4 b 9c and 10c proves that-& bonds cleave below 200 K (Figure
. ., 250 8), in accord with XPS data.

In the case of 1,3-diiodopropane (DIP), RAIRS reveals
significant structural information, particularly regarding con-
formational changes at low temperatures. Bulk DIP can adopt
three molecular conformations: anti-anti (AA), anti-gauche
(AG), and gauchegauche (GG), with the GG conformation
b having the lowest enerdgd. Upon adsorption, the interaction

between DIP and the surface also allows for the existence of a
( ) S L DIP/MoAl /A0, / Mo(100) so-called “standing up” conformatich.Comparing the absor-
bances at 80 K with solid DIP at 90 ¥;38it is straightforward
to assign these to GG conformation, as expected (Table 3). The
similarity between the spectra taken at 80 and 170 K suggests
that no drastic conformational changes occur within this
temperature range. However, the new features at 1304 and 1156
cm! detected when the sample is annealed to 200 K strongly
suggest that a portion of adsorbed DIP converts to an AA
conformation (Table 3). Since the 1197-ctinfeature still
dominates, the proportion of the AA conformer is not large.
More interestingly, the intensity increase of the 1197- and 1423-
cm! features, especially the drastic increase in 2947cm
signal, suggests that a portion of adsorbed DIP also adopts a
“standing up” conformation. Note that since the various modes
of GG and “standing up” conformations are essentially identi-
cal?’ it is impossible to unambiguously distinguish these, except
by comparing the relative intensities of various modes. Since
these conformation changes do not profoundly affect the surface
chemistry of adsorbed DIP, they will not be discussed further.
Nevertheless, it was found, in accord with a previous study,
o where a condensed layer of DIP (20 monolayers) adsorbed on
Binding Energy / eV Pt(111) displayed similar conformational changeand such

Figure 13. (a) | 3ds2 and (b) C 1s photoelectron spectra of 10 L of changes also occur on a solid surface at much lower film
1,3-diiodopropane adsorbed on a MoAl surface at 150 K and heated tothicknesses.

various temperatures, where the annealing temperatures are displayed —
adjacent to the corresponding spectrum. Shown as an inset are the areas, The XPS data shown in Figure 13 demonstrate thak ibnd

of the I 3d signals from 1,3-diiodopropane (centered at 620.2 ev) cléavage in DIP commences at175 K and is complete by
and atomic iodine (centered at 619.2 eV) plotted as a function of 200 K, and molecular desorption occurs below 230 K, consistent

temperature. with TPD results (Figure 14a).

4.2. Dehydrogenation and Reaction of € Species.By
tion of the C=C stretching mode at 1645 cth(Figure 2), as  analogy with the chemistry on many late-transition-metal
well as the TPD results shown in Figure 1a, provides evidence surfaces, the dissociation of propylene eventually results in
for az-bonded state that desorbs~a200 K. Thus only die- carbon deposition on the surface angd é¥olution. However,
bonded propylene is present on the alloy surface at 200 K andsubstantial differences are noted between the chemistry on a
above and from Figure 1a desorbs&00 K and is completely ~ MoAl alloy and close-packed, late transition met®3! It is
removed by~400 K. It should also be mentioned that the found that, for both normal and deuterium-substituted propylene
desorption temperature of dibonded propylene decreases (CzDe, CD;~CH—CHjz, and CH=CH—CD3) at various expo-
slightly with increasing propylene exposure, due to repulsive sures (Figures 1b and 5),,HHD, and I desorb as a single
interactions. Such intermolecular interactions are also reflectedbroad feature between250 and~550 K. This strongly suggests
in the RAIRS data where it is found that the relative intensities that no stable hydrocarbon intermediates form on the surface
of the 1435 ¢(CH,)) and 1452 cm! (64(CHs)) features for within this temperature range. This is in contrast to the chemistry
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Figure 14. Temperature-programmed desorption spectra of various exposures of 1,3-diiodopropane adsorbed on a MoAl alloy surface, monitoring

(a) 169 (1,3-diiodopropane), (b) 2 (hydrogen), and (c) 42 (propylene) amu. The 1,3-diiodopropane exposures are marked adjacent to thegorrespondin
spectrum.

on close-packed, late-transition metals where hydrogen desorbsactivation energy of~110 kJ/mol. Similarly, deuterium from

in several well-resolved states due to the formation and CD,=CH—CHs; desorbs at-379 K, corresponding to a slightly
decomposition of propylidyne, a species that is stable even abovelower activation energy for methylene dehydrogenatiorn®6
room temperaturé’-3:Nevertheless, the breadth of the hydrogen kJ/mol. The lower temperature hydrogen (2 amu) desorption
desorption state indicates that this is due to slightly different state implies that the hydrogen in thkeCH— group cleaves
dehydrogenation kinetics of the various £groups. This is below ~326 K, with an activation energy of less than 75 kJ/
explored by using different propylene isotopomers (Figure 5). mol. The ordering of these energies is completely different from
First note, as emphasized above, that the hydrogen (deuterium}he C—H bond strength in gas-phase propyléhelowever, the
desorption profiles for gHg and GDg are almost identical decomposing propylene is dibonded on the alloy surface and
indicating that the shift in peak position due to kinetic isotope the methylene €H bonds are weaker than those in the methyl
effects is only~6 K. Deuterium desorbs from GHCH—CD3 groups in propylene (412 versus 423 kJ/fApIThe additional
at~435 K indicating that methyl group dehydrogenation occurs stability of the methyl groups is likely to be due to steric effects
at approximately this temperature. A simple Redhead anaf¥sis, since it is farther away from the surface. Note also that small
assuming that dehydrogenation occurs as a first-order procesamounts of methane form at325—-350 K following propylene
with a preexponential factor of10'2s71, yields a corresponding  adsorption (Figure 1c) but no ethylene formation is detected
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(Figure 15b, right column). These results are consistent with 200 300 400 500 600 700
the following reaction pathway: first hydrogen in the CH and Temperature / K
CH, groups is released and the resulting intermediate undergoesrigure 17. Temperature-programmed desorption spectra of 3.5 L of
carbon-carbon bond cleavage, accompanied by additioraHC 1,3-diiodopropane adsorbed on an alloy surface precovered by 20 L of
bond scission to generate surface,Gidecies. Further decom- D2 monitoring 43 to 52 amu. Shown as an inset is a plot of the
position of the latter species results in the formation of atomic desorption yield as a function of mass.
carbon or they can hydrogenate to yield small amounts of . )
methane. The slightly higher desorption temperature of methane/<: & témperature similar to desorption of pure propylene from
at the highest propylene exposure (Figure 1c) suggests that afh® surface (Figure 1a). Presumably propylene desorption in this
low exposures propylene bonds stronger with the surface soCaS€ is desorp.tlon-rat.e I|m!teq, vyhere the propyl .|ntermed|ate
that CH, species are generated at lower temperatures. undergoes raplﬂ-hydnde el|m|nat|on to generate di-bonded '
The first reaction step in 1-iodopropane decompositionis C ~ Propylene below its desorption temperatures. Second, at high
bond cleavage. This has been observed repeatedly on varioud-iodopropane exposures .5 L), in addition to this desorption
surfaces, due to the much lower bond strength of th¢ ibnd state, another high-temperature reaction channel develops on
compared to €C or C—H bonds*42Even though no informa-  the surface also leading to propylene desorption-a80 K.
tion regarding the formation of propyl species can be obtained The low-temperature shoulder (Figure 9b) at high 1-iodopropane
from RAIRS experiments (Figure 6), XPS results indicate that exposures is likely to be due to fragmentation of the parent
this process is complete by200 K (Figure 7). The main £ molecule suggesting the surface has become crowded. It is
reaction product from the resulting propyl species is propylene reasonable to suggest that, at low iodopropane exposures,
(Figure 9b), formed by-hydride elimination. Some additional  sufficient vacant sites are present on the surface to allow facile
comments concerning propylene desorption are warranted. First8-hydride elimination reactions to occur. In contrast, on a
at low 1-iodopropane exposures, propylene desorbs3i0 crowded surface, thé-hydride elimination reaction requires the
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TABLE 3: Assignments of the RAIRS Spectra Obtained
Following the Adsorption of DIP on MoAl Alloy Surfaces

solid DIP DIP under 10 L DIP/ 10 L DIP/
at90 K 20 kbaf alloy at 80 K alloy at 200 K assignmerit

1418 1414 1419 GGy(a-CH,)
1338 1343 1342 GGy(B-CHy)
1270 1275 1270 GGy(a-CHy)
1197 1197 1196 GG(a-CHy)
1435 1435 AAy(B-CHy)
1424 1423 AAy(0-CHy)
1415 AA, y(a-CH;)
1304 1304 AAy(0-CHy)
1231 1238 AAw(B-CHy)
1204 AA, »(0-CHy)
1154 1155 AAT(0-CH,)

aTaken from ref 38° This work. ¢y, scissoring;w, wagging;z,
twisting; o, end methylenef, center methylene.

desorption of propylene to create vacant sites for hydrogen,
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form #3-allylic species and the latter species hydrogenate to form
di-o-bonded propylene. However, another decomposition path-
way is found for G metallacycle species on the MoAl alloy.
The data shown in Figure 15a reveal methane formatior280

K where the methane yield in this case is substantially higher
than that from either propylene (Figure 1c) or ethyléhén
addition, the desorption temperature is also substantially lower
than that in the latter cases (Figure 1c). In fact, this methane
desorption temperature is rather close to that due to methylene
hydrogenation when formed from GH on the same surfacé.
Figure 15b compares the desorption profiles at 26, 27, and 41
amu following DIP adsorption and those for propylene at these
masses. The much higher yields of 26 and 27 amu following
DIP dissociation immediately suggest that ethylene is formed.
Note especially that at a DIP exposure of 5 L, ethylene desorbs
at ~280 K, lower than the propylene desorption temperature,
yet identical with the desorption temperature of methane. These
results provide rather strong evidence fog @etallacycle

resulting in the additional high-temperature propylene desorption formation from DIP and furthermore indicate that thg C

state.

metallacycle dissociates by-«€C bond scission, to form surface

On a H-precovered surface, subtle differences regarding thesemethylene species and ethylene at 280 K or below, and that
two desorption states are observed (Figure 10b). First surfacethe methylene species hydrogenate rapidly to form methane at

hydrogen may modify the geometry of surface propyl species
to some extent and thexldesorption profiles presented in Figure
9a provide evidence in support of this suggestion. At 1-iodopro-

~280 K. The remaining €metallacycles undergg-hydride
elimination to form surface3-allylic species, which eventually
hydrogenate to propylene and desorb~&20 K. To the best

pane exposures between 0.5 and 3.5 L, the hydrogen desorptionf our knowledge, this is the first direct experimental evidence
temperature decreases and the yield increases suggesting thagr the decomposition of £ metallacycle species to form

the B-hydride elimination step is not hindered. At higher
iodopropane exposures (5 L and above), theddsorption
profiles become sharper at temperatures close to the high

temperature desorption state of propylene. This clearly indicates

rapid hydrogen combination immediately followighydride
elimination, which then becomes the rate-limiting step for
hydrogen formation on a crowded surface. It should be pointe
out that no methane or ethylene formation has been detecte
following 1-iodopropane adsorption.

Carbon is deposited onto the alloy surface following 1-io-
dopropane adsorption at low temperatures and after annealin
to ~750 K. Due to the low XPS cross-section for carbon, this

is not detected spectroscopically (Figure 7b). However, Auger
measurements after heating to 750 K clearly detected carbon,
suggesting a portion of propyl-derived species decomposes

completely.
XPS measurements indicate that-ICbond cleavage of

adsorbed DIP occurs below 220 K (Figure 13), at a temperature

similar to that for 1-iodopropane (Figure 7). It is impossible to
determine, however, whether—C bonds cleave concurrently
or sequentially for DIP molecules from the XPS data. However,

the low-temperature desorption signal at 42 amu shown in Figure
14c, likely due to fragmentation of 1-iodopropane, suggests that

C—I bonds may cleave sequentiaffyAgain, although RAIRS
results provide no strong evidence for the formation af C
metallacycle species on the surface followingl®ond scission
(although a shoulder at 1190 cfat 200 K (Figure 12b) may
be due to a methylene twisting mode of @etallacycle), the
fact that DIP adopts a GG conformation on the surface, at leas
at low exposures, and that—C bonds cleave at rather low
temperatures (Figure 13), strongly suggests thah€tallacycle

methylene and ethylene on a surface in ultrahigh vacuum.

4.3. Hydrogenation of G Species.Self-hydrogenation of
ropylene occurs at-260 K (Figure 1d) where hydrogen
originates from background adsorption and propylene dissocia-
tion. Sincesx-bonded propylene desorbs belev200 K, it is
rather clear that the 260 K propane desorption state originates
rom the hydrogenation of di~bonded propylene. However, a

d
JOW-temperature 29 amu state is detected at high propylene

exposures. It appears that this is due completely to fragmentation
of 7-bonded propylene as evidenced by the data shown in Figure

, Where no low-temperature propane formation was found.
Figure 3 also demonstrates that propane formation is limited
by the availability of surface hydrogen (deuterium).

In contrast to the hydrogenation of propylene, two propane
formation states are found for l-iodopropane hydrogenation
(Figures 9c and 10c). A sharp propane desorption state is found
at below 200 K on both bare and+grecovered surfaces where
the propane yield is higher on theyddrecovered surface. It
could be argued that this low-temperature desorption state could
be due to the fragmentation of 1-iodopropane or,€ntami-
nants, but a similar feature at 45 amu (due D) from a
D,-precovered surface (Figure 11) immediately excludes these
possibilities. A second propane desorption state is centered at
~250 K and the yield of this state is also much higher on
hydrogen-precovered surfaces. On a crowded surface, some
propane also forms at even higher temperature (Figures 9c and
10c) and this is likely to be due to hydrogenation of the portion
tof intact propyl species that had not yet dehydrogenated because

of surface crowding.

The hydrogenation of surface propyl species provides a

species are formed on the surface at above 200 K. As will be clearer picture of the propylene hydrogenation pathway. It

shown below, this is well supported by other evidence.

appears that initial addition of hydrogen to propylene to form

The data shown in Figure 14c demonstrate that propylene @ surface propyl intermediate is the rate-limiting step in the

forms at~320 K following the formation of @ metallacycles.
The conversion of € metallacycles to propylene has been
suggested previously by Zaera et*alto involve »3-allylic
intermediates, where {0netallacycle first dehydrogenates to

propane formation reaction. Once the propyl species has been

formed, the second hydrogen addition proceeds rapidly.
Surface G metallacycle species also hydrogenate to form

propane. Unlike in the case of 1l-iodopropane, where facile
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p-hydride elimination of propyl species provides the requisite of all terminal hydrogen atoms, but does not explain exchange
hydrogen, only a small amount of propane is formed on a bare of the hydrogen at the 2-position and allows the formation of
surface from DIP. One possibility is that; @etallacycles do propane isotopomers with at most 7 deuterium atoms as found
not easily undergg-hydride elimination, or that DIP adsorption  for DIP (Figure 17). In cases of propylene (Figure 4) and
effectively blocks hydrogen adsorption. This argument is partly 1-iodopropane (Figure 11), sinces;[ is formed, propyt
proved by smaller klyield from DIP dissociation (Figure 14b)  propylene-propyl interconversion steps must be involved. In
than from propylene (Figure 1b) and 1-iodopropane (Figure 9a). the case of DIP, the situation is more complicated. First, the
Nevertheless, on a deuterium-covered surface, propahk[Dg) dehydrogenation of £metallacycle £3-allylic species forma-
desorption is indeed found at temperatures slightly below 250 tion) appears to be irreversible, since hydrogenation products
K (Figure 16). Again, this provides additional strong evidence only up to 46 amu (gHsD>) are formed at~240 K (Figure

for the existence of €metallacycle species on the surface. The 17). This notion is corroborated by previous findings on Pt-
likely reaction pathway is the initial addition of hydrogen to (111)#3 This indicates that HD exchange reactions do not
the G metallacycle to form propyl species, which then rapidly involve G metallacycle species. Second, the lack aDg

hydrogenate to form propane. As will be shown below, 390 formation in the DIP case (Figure 17) may suggest[H
K desorption state at 46 amu is assigned to desorption of theexchange proceeds through atigropylene-allyl interconver-
H—D-exchanged product,#8,Da. sions. However, it is rather difficult to rule out the involvement

4.4. H-D Exchange of G SpeciesH—D exchange is closely of propyl species, considering the close similarity in desorption
related to hydrogenation and, in many cases, provides uniquetémperature and relative yields of propylene and propane
and useful information on hydrocarbon conversion reacfiffs46 isotopomers for 1-iodopropane (Figure 11) and DIP (Figure 17).
Results shown in Figure 4a demonstrate that deuterium- Since all these reactions occur within a rather narrow temper-
substituted propane desorbs~a60 K and this result correlates ~ ature range, a conclusive picture cannot be drawn.
rather well with Figure 4b. Unfortunately in Figure 4b, it is not .
possible to unambiguously assign the desorption states betweery- Conclusions

43 and 48 amu (that is, whether these are due to propylene or The chemistry of @ hydrocarbons, namely propylene, 1-io-
propane isotopomers), because no apparent desorption tempeiopropane, and 1,3-diiodopropane, has been studied in ultrahigh
ature differences are evident. However, desorption at 52 amuyacuum on a thin MoAl alloy film grown by reaction between
(CsDg) clearly indicates all propylene isotopomers up 4D Mo(CO) and an alumina layer grown on a Mo(100) single-
are formed on the surface. The desorption temperature ofcrystal substrate. XPS shows that-Cbond cleavage is
propylene and propane isotopomers also suggests that only dicomplete by~200 K, depositing the corresponding hydrocarbon
o-bonded propylene undergoes-B exchanges, in accord with  fragment. Propylene adopts eitherraor di-o-bonded config-
previous studies on Pt(113). uration where the former desorbs-a200 K and the latter at

In contrast to propylene, the assignments efHexchange ~300 K. The methylene and methylyne-€l bonds cleave prior
products with 1-iodopropane (Figure 11) and DIP (Figure 17) to the methyl G-H bonds where the resulting intermediates
are relatively straightforward. The desorption temperature for decompose to yield carbon, and evolve hydrogen and a small
masses between 49 and 52 amu (due to propane isotopomersamount of methane. Propylene hydrogenates to form propane
is ~20 K lower than that for masses at 48 amu and below. This via a propyl intermediate, where the addition of hydrogen to
allows masses at 48 amu and below to be assigned mainly toform propyl species is slower than the subsequent hydrogenation
propylene isotopomers, considering the fact that propylene step to yield propane. In addition to hydrogenating, the propyl
desorbs at higher temperatures than for propane from 1-io- intermediate can decompose vig-aydride elimination reaction
dopropane (Figure 9) and DIP (Figures 14c and 16), and thatto form propylene.
H—D exchange steps are generally fast. The metallacyclic intermediate formed from 1,3-diiodopro-

A U-shaped isotope distribution is found following—D pane can also hydrogenate to propane via a propyl species or
exchange of propylene (Figure 4b). It is expected that the yields decompose to form propylene via an allylic intermediate.
of the final products should display an exponential decrease asHowever, itis also found to decompose by C bond cleavage
the degree of substitution increagéghis is not the case for ~ t0 desorb ethylene and form methylene species on the surface,
propylene but true for 1l-iodopropane (Figure 11) and DIP yvhich hydrogenate to yield methane. This i:"? one of the steps
(Figure 17). Such a situation is relatively rare. However, similar in the reaction pathway proposed for olefin metathesis by
behavior has been found previously following exchange of Hérisson and Chauviii where the metallacycle is formed by
methyl species with deuterium in UHVand ethane exchange ~Methylene insertion into the Gmetal bond of ethylene and
reaction with deuterium at high pressuféénother issue with ~ Metathesis products are formed by the reverse of this reaction.
H—D exchange reactions is tha$[@ is formed from propylene This is the first time, to our knowledge, that this pathway has
and 1-iodopropane, but not from DIP. been directly identified on a surface.

In principle, two mechanisms could explain the observed
H—D exchange products. In the case of propylene, #H
exchange is initiated by a hydrogenation step, exchange will
proceed by fast propylpropylene-propyl interconversion steps,
as proposed by Zaera et3t*3 This process allows for the
formation of all possible propylene and propane isotopomers
as found experimentally for propylene (Figure 4) and 1-io-
dopropane (Figure 11). Alternatively, reaction could be initiated
by a dehydrogenation step (so involves allylic intermediates) (1) Brenner, AJ. Mol. Catal.1979 5, 157.
and therefore would proceed by akypropylene-allyl steps. gg g;‘l’t'ﬁ JE_';; X‘c’) TQ’Q?;W‘E%@& Z‘]]_' gaatt;'_'llgf ??i' 12512
As emphasized previous# interconversion between adsorbed (4) Thomas, R.; Moulijn, J. AJ. Mol. Catal 1982 15, 157.
propylene and allylic species could account for the exchange  (5) Brenner, A.; Burwell, R. L., JJ. Am. Chem. S0d975 97, 2565.
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