Available online at www.sciencedirect.com

SCIENCE(dDIRECT°

JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

HVINO3 10N

5 -; EEN4 G RN
ELSEVIER Journal of Molecular Catalysis A: Chemical 209 (2004) 135-144 —_—
www.elsevier.com/locate/molcata

The effect of electron beam irradiation on the chemistry of molybdenum
hexacarbonyl on thin alumina films in ultrahigh vacuum

Y. Wang?, F. Gad®, M. Kaltche\P, W.T. Tysoé**

@ Department of Chemistry and Laboratory for Surface Studies, University of Wisconsin at Milwaukee, Milwaukee, WI 53211, USA
b Department of Physics and Chemistry, Milwaukee School of Engineering, Milwaukee, W 53202, USA

Received 27 June 2003; received in revised form 14 August 2003; accepted 15 August 2003

Abstract

The interaction of incident electron beams with molybdenum hexacarbonyl (Mg@@9orbed on thin, dehydroxylated alumina films
grown on a molybdenum substrate is studied in ultrahigh vacuum using primarily temperature-programmed desorption (TPD) and reflection—
absorption infrared spectroscopies (RAIRS). It is found that electron beams induce decarbonylation, forming both subcarbonyls and a stable
surface oxalate species, where it is found that a Mog&Pgcies is the precursor to the formation of oxalate species. A similar oxalate species
is formed on dehydroxylated alumina by heating a Mo(g&€)vered surface to above205 K, but the amount formed by electron beam
irradiation is~3.5 times larger. It is shown that electron beam energiesl@feV or greater are required to cause extensive decarbonylation
and that the majority of the surface decomposition is caused by an electron de§eng¥/cnf.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction alate species, where the first peak, centered at 320K in the
TPD spectrum, is associated with the loss of one CO from
Catalysts synthesized by the reaction of molybdenum the surface oxalate species, and the high-temperature des-
hexacarbonyl (Mo(CQ@) with aluminum oxide are active  orption state at-430 K with the desorption of a second. This
for a number of reactions including alkene hydrogenation results in the two desorption states having approximately
and metathesid—4]. A number of studies have been carried equal area$24—-27] Unfortunately, because of the kinetic
out on high-surface area substrates, primarily using infrared competition between carbonyl desorption a250K and
spectroscopy, to understand the nature of the catalyticallydecomposition to form the surface species, only relatively
active surface speciefb—12] Thin alumina films have  small molybdenum coverage (a few percent of a monolayer)
been grown on refractory metal substrates to mimic thesecan be achieved in ultrahigh vacuum, even when dosing at
high-surface area oxided3-23] Molybdenum carbonyl  higher temperaturg®25]. This maximum coverage of these
on such thin alumina films desorbs from the surface below strongly bound species, which decompose to yield CO at
~250K and also reacts to form strongly bound species, 320 and 430K, depends on the degree of hydroxylation,
where these reaction pathways compete. The CO from thewith hydroxylated alumina having a molybdenum coverage
strongly bound surface species desorbs in two states inof ~2% of a monolayef25] and dehydroxylated alumina a
temperature-programmed desorption (TPD) with a profile coverage of~4% [27], where the coverages are referenced
that is very similar to that found on high-surface area sub- to the atom site density on the well-defined Mo(1 00) sub-
strates. This strongly bound species has been identified onstrate. Recent theoretical calculations have emphasized the
aluminas with various degrees of hydroxylation as an ox- difficulties associated with Mo(C@}Ylissociation on unreac-
tive surface$28]. Because of this low density of potentially
mspondmg author. Tels 1-414-229-5222: act?vg catalytic sites, it is difficult to measure the catalytic
fax: +1-414-229-5036. activity of these model systems and to be able to correlate
E-mail address: wtt@uwm.edu (W.T. Tysoe). the nature of the surface species that can be formed and
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characterized in ultrahigh vacuum with their catalytic activ- dows. It could be resistively heated to 2000K by electron
ities. In order to accomplish this, it is necessary to increase beam heating, or cooled to 80 K. Infrared spectra were col-
the coverage of strongly bound species without changing lected using a Bruker Equinox infrared spectrometer with a
their nature. It has been shown previously that the coverageliquid-nitrogen-cooled, mercury cadmium telluride detector.
of surface species can be increased by repeatedly adsorbinghe complete light path was enclosed and purged with dry,
Mo(CO) on the alumina film at 80 K and heatirig@5]. COy-free air. Data were typically collected for 1000 scans
Since each cycle of this procedure deposits a few percentat 4 cnt! resolution.
of a monolayer of molybdenum, repeating it a number of  Temperature-programmed desorption data were collected
times can, in principle, accumulate relatively high coverages in another ultrahigh vacuum chamber that has been described
of surface species. This, however, is clearly a tedious andin detail elsewher¢32] where desorbing species were de-
inefficient process. It has been shown that Mo(E€9n be tected using a Dycor quadrupole mass spectrometer placed
decarbonylated when illuminated with ultraviolet radiation in line of sight of the crystal.
[29-31] Since, at least, part of this effect is likely to be The Mo(100) sample was cleaned using a standard pro-
due to electrons photoemitted from the substrate, the work cedure, which consisted of argon ion bombardment (2 kV,
outlined in the following exploits the fact that our sample 1pA/cm?) and any residual contaminants were removed
is in ultrahigh vacuum and therefore allows us to irradiate by briefly heating to 2000 K in vacuo. The resulting Auger
it directly with electrons. This strategy has a number of ad- spectrum showed no contaminants. Alumina films were
vantages. First, electrons can easily be obtained in ultrahighdeposited onto the Mo(100) single crystal substrate by
vacuum from a heated filament. Second, the energy of thesequences of cycles of aluminum evaporation/water oxida-
electrons can easily be varied by accelerating them throughtion (with HO or H,180-enriched water]24,25] These
some potential and finally, the incident flux and electron cycles were necessary to ensure complete oxidation of the
dose can be monitored by measuring the current betweenaluminum, which may be difficult to achieve with thicker
the sample and ground. It is recognized that this strategy isaluminum layers. Oxidation was monitored using Auger
difficult to implement with real catalytic systems. In those electron spectroscopy (AES) and X-ray photoelectron spec-
cases, catalysts could be prepared by photoactivation rathetroscopy (XPS). Aluminum was evaporated from a small
than by using electrons and the information available from heated alumina tube, which was enclosed in a stainless
studies of the effect of electrons in ultrahigh vacuum can steel shroud to minimize contamination of other parts of
provide a basis for the design of photoactivation protocols the systen{33]. It was evaporated onto a Mo(100) single
for high-surface area substrates in air. crystal held at 300K for 40s and then oxidized by wa-
The alumina substrate is modeled in this work by evapo- ter vapor at 550K for 300s. This procedure was repeated
rating a thin aluminum film on a refractory metal substrate, three times. This resulted in the formation of hydroxylated
which is then oxidized using water to form hydroxylated alumina and the film is sufficiently thick that no molyb-
alumina[25,26] The degree of hydroxylation can then be denum signals from the substrate were detected by Auger
controlled merely by heating in vacuo. There are several ad-electron spectroscopy. Partially dehydroxylated alumina
vantages to this approach. First, the thin alumina sample al-was made by heating this sample in vacuo at 900K for
lows electron-based spectroscopies to be used to interrogatd0s, and dehydroxylated alumina was formed by heating
the surface since the film is sufficiently thin that it does not to 1200 K.
charge[13-23] Of course, other, non-electron-based tech- The sample was dosed with electrons from a heated fil-
nigues, such as reflection—absorption infrared spectroscopyament mounted on amotion drive that allowed it to be
(RAIRS) can also be used. Second, it is relatively easy to moved close to, or away from, the sample. The energy of
modify the oxide, for example by isotopic labeling, by form- the electrons was controlled by applying a positive bias to
ing the oxide with H180 or D,O. Finally, the activity of the sample and the electron flux measured by monitoring
the model catalyst can be measured without intervening ex-the current between the sample and ground using a Keithly
posure to air by moving it from ultrahigh vacuum into a picoammeter.
high-pressure reactor incorporated in an ultrahigh vacuum The deionized water (#0) and*80-labeled water (k180
system. This also allows any changes caused by the catalyticl0 at.%, Aldrich) used to grow the films were transferred
reaction to be monitored merely by moving the sample back to glass vials, which were connected to the gas-handling
into ultrahigh vacuum. line of the chamber. Normal, deionized {Bl) was gener-
ally used for surface oxidation. The water was purified using
repeated freeze pump—thaw cycles. Molybdenum hexacar-
2. Experimental bonyl (Aldrich, 99%) was transferred to a glass vial, con-
nected to the gas-handling line of the chamber and purified
Infrared data were collected using a system that has beerby repeated freeze pump-thaw cycles, followed by distilla-
described previousl[B2]. Briefly, the Mo(1 00) single crys-  tion, and its purity was monitored using mass and infrared
tal sample was mounted in a modified 2.75in.(6.985 cm) spectroscopies. This was also dosed onto the surface via a
six-way cross-equipped with infrared-transparent KBr win- capillary doser to minimize background contamination.
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3. Results

Experiments were carried out with thin dehydroxylated
alumina films formed on Mo(1 00) by sequential evapora-
tion and water oxidation of aluminum on a Mo(1 0 0) single
crystal substrate. The alumina was dehydroxylated by heat-
ing to 1200K in ultrahigh vacuum and the resulting film
characterized using Auger and X-ray photoelectron spec-
troscopy as described previoud®5,26] Dehydroxylated I\
alumina was selected for these experiments since previous =
results have shown that larger coverages of stable surface <
species are formed on dehydroxylated alumina than on hy-
droxylated or partially dehydroxylated alumin@y].

Fig. 1 displays a TPD spectrum of a dehydroxylated =
alumina surface exposed to 0.72L (E1 x 10 6 Torrs)
of Mo(CO) at 160K collected at 97 amu, following elec-
tron beam irradiation with a total dose of 3mClknas a
function of incident electron beam energy. Exposures are
uncorrected for ionization gauge sensitivity. The spectrum
displays a feature at245K without electrons, which de-
creases in intensity and shifts te269 K with increasing
electron beam energy. It has been shown previously that this
feature is due to the desorption of molybdenum carbonyls
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Fig. 2. Temperature-programmed desorption spectra collected at 28 amu
following the adsorption of 0.72 L of Mo(C@)on dehydroxylated alumina
after electron irradiation at a current of 28 for 120s (3 mC/crA total

dose) as a function of the electron energy. The spectra were collected
using a heating rate of 10K/s.

from the surfacd25-27,34]and the decrease in intensity

as a function of electron dose clearly indicates that car-
bonyls have undergone reaction under the influence of the
electron beam. The corresponding series of 28amu (CO)

Voltage/ v desorption spectra are displayedFig. 2 In this case, the
0 sharp feature at245K is a fragment of the feature shown
in Fig. 1, which decreases in a similar manner as the 245K
10 feature in those spectra. The features-820 and 430K in
30 the absence of an electron dose are due to the thermal de-
composition of stable surface species formed by the surface
50 reaction of molybdenum hexacarborjglr]. These features
80 grow with increasing electron energy indicating that the
carbonyl removal shown ifrig. 1 results in the formation
r/zgg\m 100 of additional, more stable surface species.
The total integrated 97 amu yield is plotted versus elec-
T T T T T T tron beam energy ifrig. 3, which clearly indicates that the
200 400 600 800

Temperature / K

Fig. 1. Temperature-programmed desorption spectra collected at 97 amu
following the adsorption of 0.72 L of Mo(C@)n dehydroxylated alumina
after electron irradiation at a current of @8 for 120s (3 mC/crf total

electrons have a strong influence on the nature of the car-
bonyl species on the surface. The 97 amu desorption yield
decreases rapidly for an electron beam energy of 10eV and
subsequently changes only slowly. This suggests that an ul-
traviolet photon energy of a few electron volts is likely to be

dose) as a function of the electron energy. The spectra were collected Similarly effective in inducing decomposition of adsorbed

using a heating rate of 10K/s.

Mo(CO)s, and has been borne out experimentflg—31]
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Fig. 4. Temperature-programmed desorption spectra collected at 97 amu
Electron Energy / eV following the adsorption of 0.72L of Mo(C@)on dehydroxylated alu-
mina after electron irradiation at a beam energy of 80eV for 120s as a
Fig. 3. Plot of 97 amu yield as a function of electron beam energy (taken function of the incident current. The total doses are marked adjacent to
from the data ofFig. 1) for a 3mC/cr? total dose. the corresponding spectra, which were collected using a heating rate of
10K/s.

An electron beam energy of 80 eV was selected for subse- It has been shown previously that slowly heating a
guent experiments. Mo(CO)-covered alumina surface to250 K completely

Displayed inFig. 4 is the effect of increasing electron suppressed the formation of the stable surface species as
dose on the nature of the surface species, monitored by theevidenced by the absence of th@50 and 425 K desorption
97 amu carbonyl desorption signal. In this case, the dose wagpeaks[27]. This indicated that the stable surface species
varied by adjusting the current for a fixed time of 120 s. The were formed in kinetic competition with carbonyl desorp-
temperature-programmed desorption spectra show a similartion from the surface. In order to establish whether a similar
behavior as found ifig. 1with the sharp feature at245 K effect was occurring with the stable surface species formed
decreasing in intensity and shifting slightly 4269 K with after electron beam irradiation, a similar series of slow
increasing electron dose. The corresponding 28 amu spectrdneating rate experiments were performed and the results are
are displayed ifrig. 5and again show a decrease in intensity displayed inFig. 9. In this case, each sample was heated
of the 245K feature mirroring the effects shownHig. 4. slowly at 3K/s to some temperature and the 28 amu TPD
The integrated area of the high-temperature CO desorptionspectrum subsequently collected using a heating rate of
states increases up to a total electron dose of betwe&en  10K/s. The top spectrum is obtained following exposure of
and 16 mC/crf, and shows little change with higher elec- the dehydroxylated alumina sample to 0.72 L of Mo(gO)
tron doses. The integrated intensities of the 97 amu TPD without any further treatment. This displays a sharp fea-
signals are plotted versus doseHiy. 6, which shows that  ture at~245K due to carbonyl desorption and features at
the signal decreases rapidly up to a total electron dose350 and 425K due to decomposition of the stable surface
of ~5mClcnf. species as found previousl27]. The second spectrum

A similar series of experiments was carried out by varying shows the effect of irradiating with 3 mC/énof electrons
the exposure time at a fixed current of|2A to vary the total at a beam energy of 80eV. The sample was then heated
electron dose. The resulting 97 amu spectra are displayed inslowly (at 3K/s) to either 270 or 354K, and the resulting
Fig. 7, which exactly mirror the data shown Kig. 4. The TPD spectra (collected at 10 K/s) are also displayed, where
corresponding 28 amu spectra are displayedrim 8 and the annealing temperatures are displayed adjacent to the
show the same behavior as seerFig. 5 confirming that corresponding spectrum. Clearly the effect of annealing is
no further change is found after a dose~af0 mCi/cnf. to remove that portion of the spectrum up to the annealing
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Fig. 5. Temperature-programmed desorption spectra collected at 28 amu

following the adsorption of 0.72L of Mo(C@)on dehydroxylated alu- Fig. 6. Plot of 97 amu yield as a function of electron dose (taken from
mina after electron irradiation at a beam energy of 80eV for 120s as a pg gata ofFig. 4) using a beam energy of 80eV.

function of the incident current. The total doses are marked adjacent to
the corresponding spectra, which were collected using a heating rate of

10K/s. . .
s The RAIRS spectra showing the effect of electron ir-

radiation on the surface species are displayefigs. 11
temperature, while the shape of the spectrum above thatand 12 Fig. 11displays the carbonyl stretching region be-
temperature remains unaffected. This confirms that the sur-tween 1800 and 2200 cm. The bottom three spectra are for
face species have already been formed under the influencencreasing Mo(CQ) exposures, which, for low exposures,
of the electron beams. display features at 2028, 2002, and 1965¢rand repro-

In order to ascertain whether any of the CO evolved from duce results found previous[R7]. After a 2.7 L dose, the
the decomposition of the stable surface species derives fromspectrum consists of a broad feature with discernible peaks
the alumina substrate, an alumina surface was grown us-at 2026, 2010, 1995, 1975, and 1957 dmlirradiating with
ing water containing 10% 180 to make isotopically la- 6.0 mC/cn? of electrons with 80 eV in energy yields a broad
beled, dehydroxylated alumina. This was then exposed toprofile centered at-1981 cnt, but without significant at-
0.72L of Mo(CO) and irradiated with 3 mC/cfnof elec- tenuation in intensity. Further irradiation with a total dose
trons at an incident energy of 80eV, and a TPD spectrum of 15 mC/cnt produces little further discernible change in
collected monitoring 28 (£%0) and 30 (¢%0)amu. There-  accord with the results displayedfig. 6. Interestingly, the
sulting spectra are shown Fig. 10 which reveal that the 97 amu TPD spectra following a similar treatmehigs. 4
desorbing CO contains some oxygen from the substrate. Theand 7 show that the amount of carbonyl on the surface has
30 amu signal has been multiplied by a factor of 10 so that been substantially diminished, while the integrated infrared
a completely random distribution would yield a 30 amu fea- absorbance appears to increase. It may be that, as CO is lost
ture identical to that at 28 amu. In fact, the 28 amu signal from the surface, this results a lowering in symmetry, render-
has been divided by a factor of 20 so that the majority of ing more CO vibrations infrared active. Warming the surface
the CO derives from the original carbonyl with only a small to 205K causes the features to become better defined hav-
proportion (a few percent) deriving from the oxide support. ing discernible peaks at 2007, 1996, 1976, and 1957cm
This is in contrast to the behavior for species formed ther- Heating to~235K causes all of the carbonyl modes to dis-
mally where the oxygen was incorporated equally from the appear coincident with carbonyl desorption in THEQE. 4
substrate and the carborf7]. and 7.
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Fig. 8. Temperature-programmed desorption spectra collected at 28 amu

Fig. 7. Temperature-programmed desorption spectra collected at 97 amufollowing the adsorption of 0.72 L of Mo(C@)n dehydroxylated alumina
following the adsorption of 0.72 L of Mo(C@)on dehydroxylated alumina after electron irradiation at a beam energy of 80eV with a current of
after electron irradiation at a beam energy of 80eV with a current of 25pA as a function of time. The total doses are marked adjacent to the
25uA, as a function of time. The total doses are marked adjacent to corresponding spectra, which were collected using a heating rate of 10 K/s.
the corresponding spectra, which were collected using a heating rate of

10K/s. ing vibrational modes at 1725, 1460, and 1288 éniThe
1725 and 1288 cmt modes decrease substantially in inten-
) _ sity on warming to 325K coincident with the onset of CO

The corresponding spectra displayed between 1200 anddesorption Eigs. 5 and ® The intensity of the 1466 cnt

l . .
1800 cnt= are shown inFig. 12 No features are detected e giso decreases, but less than that seen for the other
in t.h's region fo'llowmg exposure o up t0 2.7L of Mo(GD) 5 modes. This suggests that the 1466¢nmode may
indicating that it adsorbs as a carbonyl and forms no other e b4 ially due to another surface species. Further heating
stable surface species. This adlsorptlon is accompanied by, 350 K continues to reduce the 1466chmode intensity
a negative excursion at875cm - (not shown). Since the 54 the surface shows no additional vibrational modes after
spectra were collected using the alumina film as a back- aa4ing to 425 K, indicative of total decomposition of all sur-
ground, and since alumina itself has a strong lattice mode ¢, - species, consistent with the TPD dataé. 5 and R

at this frequency, this indica}tes that the alumir.\a'lattic':e IS The presence of molybdenum on the surface following this
affected by carbonyl adsorption. As the surface is irradiated .o otment is confirmed using Auger electron spectroscopy,

by 3mClcn? of electrons, features appear at 1725, 1465, \hich shows a Mo Auger signal that is significantly larger
gnd 1288.cn.’11. Further |rrad|a.1t.|on causes these features _to than that found on hydroxylatel®5] and dehydroxylated
increase in intensity. No additional changes are noted With 571 5jyminas indicating that additional molybdenum has
anmonaI irradiation in accord with the data displayed in poqon deposited onto the surface by the electron beam treat-
Fig. & ment. Note that the alumina layer is sufficiently thick that

The effect of heating this surface is displayedHig. 13 no signal due to the molybdenum substrate is detected.
which shows that the intensities of the 1725, 1460, and

1288 cnmt! modes remain constant as the sample is heated

to 275 K. Note that the carbonyl stretching modes disappears piscussion

over this temperature range, which indicates that all of the

carbonyls are lost by desorption and little, if any, appear to  Molybdenum hexacarbonyl adsorbed on alumina de-
contribute to the thermal formation of the species exhibit- composes under the influence of an incident electron flux
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Fig. 9. Temperature-programmed desorption spectra collected at 28 amu following the adsorption of 0.72L of sMw{GRydroxylated alumina
after irradiation with 3mC/cr of electrons at a beam energy of 80eV and then heated slowly (at 3K/s) to various temperatures following which the
temperature-programmed desorption spectrum was collected using heating rate of 10K/s.

resulting in a decrease in carbonyl desorptiéigé. 1, 4 (Fig. 11), with features at 2028, 2002, and 1965dnis

and 7 and a corresponding increase in high-temperature assigned, by comparison with previous work by Reddy and
CO desorption due to the decomposition of stable surface Brown [9], to Mo(CO)ady. Irradiation by electrons with
species Figs. 2, 5 and B The electron-induced reaction is a dose of~15mC/cn? leads to a broad feature centered at
complete after a dose of6 mC/cnt (Fig. 6), correspond- ~1981 cnt!, with a shoulder at~2028 cnt 1. Heating this

ing to ~3.7 x 106 electrons/crhincident onto the surface.  surface to 205K results in an envelope containing identifi-
A rapid decrease in the amount of carbonyl desorbing at able features at 2007, 1996, 1976 and 1957 trReddy and
~250K is found under the influence of an incident electron Brown [9] have assigned vibrational modes at 2008, 1997,
beam with an energy of 10 eV, with a much lower rate of de- and 1955cm?! to Mo(CO)gadg. These vibrational fre-
crease at higher energies. There is a corresponding increasguencies are identical to those formed by heating MogCO)
in the amount of CO desorbing from the surface due to the on dehydroxylated alumina te205K, and the carbonyls
thermal decomposition of stable surface species formed bydesorb to yield a feature at245K in TPD[27]. Presum-

the incident electron flux where the maximum CO desorp- ably the residual feature in the 97 amu TPD spectrum after
tion yield for electron energies greater thatb0 eV, and electron beam irradiatior~{gs. 1 and % arises from these
electron doses above 10 mCA;ris approximately 3.2 times ~ species. In addition, intense vibrations are noted at 1725,
larger than the CO yield from a dehydroxylated alumina sur- 1466, and 1288 cmt due to stable species formed under
face not dosed with electronBi@s. 2, 5 and B It is evident the influence of electrons. These features are identical to
from RAIRS that the adsorbed carbonyl is modified by the those found by thermally decomposing Mo(G@n dehy-
incident electron fluxKig. 11) and results in the formation  droxylated alumingd27]. This suggests that similar surface
of a stable surface species with features at 1725, 1466, andspecies are formed in both cases and that either thermal or
1288cnt! (Fig. 12. The species initially formed by the electron-induced decarbonylation results in the same species
adsorption of 0.9 L of Mo(CQ)on dehydroxylated alumina  even when decarbonylation is carried out using electrons at
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TPD of CO and C20O RAIRS of Mo(CO), / DA at 160K with E-beam
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Fig. 11. Reflection—absorption infrared spectrum of Mo(E&jsorbed on

Fig. 10. Comparison of the temperature-programmed desorption spectradehydroxylated alumina at 160K collected between 1800 and 2208 cm

obtained following the adsorption of 0.72L of Mo(C£9n dehydroxy- as a function of exposure up to a maximum of 2.7 L where the exposures
lated alumina prepared using water containing 109488 following ir- are displayed adjacent to the corresponding spectra. The sample was then

radiation with 3mC/crh of electrons at a beam energy of 80 eV collected irradiated with electrons at a current of 2B at an energy of 80eV for
at 28 and 30amu, using a heating rate of 10K/s. various times, and the doses are displayed adjacent to the corresponding

spectra. The sample was then annealed to various temperatures for 5s
and the infrared spectrum recorded.

a sample temperature of 160K. Indeed, if the experiment

is carried out at a sample temperature of 80K (data not porated into the surface species when formed by electron
shown), this results in exactly identical vibrational frequen- irradiation. The origin of this difference is not clear but may
cies, although the 1466 cth peak is relatively somewhat imply that some of the CO dissociates to supply the addi-
less intense than the 1725 and 1288 érfeatures. Heating  tional oxygen, or that the structure of the oxalate species is
the sample to 205K does not detectably change the inten-somewhat different when formed by electron beam irradia-
sity of these features. This implies that the rate-limiting step tion. The 1466 cm? feature persists to slightly higher tem-

in the formation of the more stable surface species is eitherperatures than the other two modes, which may suggest that
thermal or electron-induced decarbonylation of the adsorbedthis is also due to a different species formed on the surface.
molybdenum carbonyl and, once the appropriate subcar-Certainly, this view is in accord with the observation that this
bonyl is formed, it reacts rapidly to form the stable surface feature is relatively less intense when the adsorbed Mo{CO)
species yielding vibrational frequencies at 1727, 1465, andis irradiated with electrons at a sample temperature at 80 K.
1293 cntl. These features have been previously associated The detection of a stable Mo(C&J)ds Species by RAIRS
with a surface oxalate species where the best agreement wasnplies that this is not the precursor to oxalate formation,
found with a bidentate chelated species with the oxygen of and suggests that the precursor is a Mo(C§pecies where
two cis CO groups being coordinated to a single metal atom x < 2. It should be mentioned that it has been found that
[27]. It was found, however, for thermally formed oxalates removal of the last three CO ligands is difficult for Mo(GO)
on hydroxylated alumina made witO-enriched water,  adsorbed on metal surfaci8]. Since the resulting oxalate
that the desorbing CO incorporated a statistical amount of species contains two carbons, it seems reasonable to assume
oxygen from the alumina substrate, while the results of thatx = 2.

the isotope-labeling experiment shown kig. 10 indicate The absorbance of the 1725 thfeature is approximately
that relatively small amounts of substrate oxygen are incor- 3.5 times larger for the electron-irradiated surface than for
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Fig. 12. Reflection—absorption infrared spectrum of Mo(E&jsorbed on

dehydroxylated alumina at 160K collected between 1200 and 1808cm  Fig. 13. Reflection-absorption infrared spectrum of 2.7L of Mo(O)

as a function of exposure up to a maximum of 2.7 L where the exposures adsorbed on dehydroxylated alumina at 180K collected between 1200 and

are displayed adjacent to the corresponding spectra. The sample was then 800 cnt? following exposure then irradiated with electrons at a current

irradiated with electrons at a current of 2B at an energy of 80eV for of 25pA at an energy of 80eV for 120s (resulting in a total dose of

various times, and the doses are displayed adjacent to the correspondingd mC/cnt). The sample was then annealed to various temperatures for 5s

spectra. and the infrared spectrum recorded and the annealing temperatures are
displayed adjacent to the corresponding spectrum.

the thermally formed species in accord with the relative 5. Conclusions
CO yield in TPD Figs. 2, 5 and B This indicates that
electron beam irradiation provides a useful method for in-  Molybdenum hexacarbonyl adsorbed on dehydroxylated
creasing the number of stable species on the surface andillumina at~160 K decomposes under the influence of inci-
for potentially increasing the catalytic activity. Preliminary dent electrons, where electron energies larger tha@ eV
experiments comparing thermally and ultraviolet activated and doses larger thané mC/cnf are required to cause the
Mo(CO)s on high-surface area alumina using a mercury arc majority of the adsorbed carbonyls to decompose. Incident
source indicate that the sample activated by ultraviolet radi- electrons decrease the carbonyl desorption yield and cause
ation is more active for olefin metathesis than one that hadthe CO vyield, due to the decomposition of stable surface
been activated thermally. It has been shown that forming ox- species, to increase correspondingly. Subcarbonyls are found
alate species thermally on dehydroxylated alumina leads tousing infrared spectroscopy, as well as a more stable surface
the deposition 0f~4% of a monolayef27]. The RAIRS and species consisting of a surface oxalate species. The RAIRS
TPD data suggest therefore that the oxalate coverage formedpectrum of this surface species formed by incident electrons
by electron beam irradiation is14% of a monolayer. is identical to that formed thermally on dehydroxylated alu-
Auger spectra collected after electron beam irradiating mina, indicating that similar surface species are formed in
Mo(CO)-covered dehydroxylated alumina revealed the either case. Both the CO desorption yield and the absorbance
presence of molybdenum on the surface, where the molyb-of the infrared features due to the stable surface species are
denum signal is larger for the electron beam-irradiated approximately 3.5 times larger than when these species are
sample than for one that has been thermally activated, informed thermally on dehydroxylated alumina. The oxalate
accord with the larger coverage of oxalate species found in coverage on dehydroxylated alumina formed by the thermal
RAIRS and TPD. The state of the surface molybdenum is decomposition of Mo(CQ)was measured from the CO des-
not known from these experiments, although it has recently orption yield to be~4% of a monolayer. This indicates that
been shown that MeMo bonding occurs when Mo(CQ) the corresponding coverage of the electron beam-induced
species are present on the surffs. oxalate is~14% of a monolayer.
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