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A trend in the C-O bond strength of CH30,4) on N1AI(100), FeAl(100)
and TiAI(010). Effect of the alloy Fermi level
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Research is presented that investigates the C—O bond stability of surface methoxy bound on Al-terminated NiAl(100),
FeAl(100), and TiAl(010). Temperature-programmed desorption suggests that a fraction of methoxy individually bound on the Al
component of all three surfaces undergoes C—O bond cleavage to evolve gaseous methyl radicals. The trend in the temperature of
maximum methyl ejection rate, T, is as follows: Ti,(NiAl)> T, (FeAl)> T,,(TiAl), suggesting that the nature of the transition
metal in the underlying layer affects of the C-O bond energy. Results are shown that suggest that the position of the Fermi level in
these materials plays a role in determining the C-O bond strength, consistent with the prediction of recent theory by Shiller and

Anderson.
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1. Introduction

The chemical bonding between dissimilar metals in
an alloy often leads to a unique surface reactivity, not
easily describable in terms of the reactivities of the indi-
vidual components. These unique chemical properties of
an alloy surface often benefit many technologically
important areas such as catalysis, electrochemistry and
microelectronics fabrication [1-4]. It is of fundamental
interest to determine and understand the geometric and
electronic properties of the alloy that determine its reac-
tivity.

In this contribution we investigate the stability of the
C-O bond of methoxy, CH30,q), on three bimetallic
surfaces: NiAl(100), FeAl(100), and TiAl(010). NiAl
and FeAl have a body-centered cubic CsCl structure and
the (100) surface of each of these alloys have Al as the
top layer with the transition metal lying in the layer
below [5,6]. TiAl has a face-centered tetragonal structure
and an ideal termination of (010) face would have alter-
nate layers of Ti and Al on the outermost layer. A recent
low energy electron diffraction (LEED) analysis of the
(010) surface, however, has shown that the clean surface
reconstructs such that the Ti atoms in the first layer are
exchanged with the Al atoms in the second layer [7]. The
important point for this study is that the stable
TiAI(010) structure, similar to NiAl(100) and
FeAl(100), has an outermost layer composed solely of
Al and a second layer composed of Ti. In contrast to
cubic NiAl and FeAl, however, the TiAl(010) surfaceis a
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rectangular mesh (one side is 4.0707 A and the other is
4.005 A) [8]. Methoxy groups can be prepared on all
three surfaces by adsorbing methanol at low tempera-
ture and then heating to 200-300 K to induce O-H bond
cleavage. A fraction of the methoxy prepared in this
manner is stable up to relatively high temperatures. We
present data in this contribution that shows that the acti-
vation energy, E,, for a methyl ejection process resulting
from the thermally induced cleavage of the C—O bond of
this methoxy on Al-terminated NiAl, FeAl, and TiAl
follows the trend: E,(NiAl) > E,(FeAl) > E,(TiAl).
Prior theoretical calculations by Shiller and Anderson
[9] suggest that the stability of the C—O bond of methoxy
should be a function of the substrate Fermi level, Ef.
Based on this theory, we contend that the trend in activa-
tion energies for methyl radical desorption from the alu-
minides can be correlated with the relative positions of
Ep, which is controlled by the transition metal compo-
nent. In effect, the transition metal is tuning the C-O
bond strength of methoxy residing on the outermost Al.

2. Experimental

All experiments were performed in a bakeable stain-
less-steel ultra-high vacuum (UHV) chamber with a base
pressure of 2 x 107! Torr. The details of this apparatus
are described elsewhere [10]. We only mention that all
samples were cleaned by 1 keV Ar" bombardment, fol-
lowed by annealing to 1173-1273 K. Oxygen and carbon
were the main impurities as determined by Auger elec-
tron spectroscopy (AES). Carbon was removed by heat-
ingin 1 x 10~° Torr oxygen. After cleaning, each crystal
gaveasharp1 x 1 LEED pattern.
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The samples were mounted on a liquid-nitrogen cryo-
stat by spot-welding three Ta wires to each side of the
sample. The sample mounted in this way had cooling
capabilities down to 120 K. A chromel-alumel thermo-
couple, spot-welded to the back of the sample, allowed
accurate temperature measurements. TPD experiments
were carried out by heating the sample at a rate of 7 K/s.
Mg K, (1253.6 eV) and He I (21.2 eV) radiation were
used in X-ray photoelectron spectroscopy (XPS) and
work function measurements, respectively. The pass
energy of the double pass cylindrical mirror analyzer
used in these experiments was set at 50 eV for XPS
experiments. The binding energy scale was calibrated by
aligning the 2ps/, level of a pure Fe sample to 706.8 eV
below the Fermi level (Eg). Work functions of the alumi-
nides were measured by irradiating the individual sam-
ples with He I radiation and acquiring photoelectron
energy distribution curves with an analyzer pass energy
of 25eV. The work function, ®, was then calculated from
the difference of 21.2 eV and the energy width of the elec-
tron energy distribution curve.

Methanol (CH3;0H, HPLC grade, Fischer
Chemical) was purified by several freeze—pump-thaw
cycles and its purity was confirmed by the mass
spectrometer. Dosing was accomplished by backfilling
the chamber up to the desired pressure for a known per-
iod of time. All exposures quoted in this letter have not
been corrected for the cracking efficiencies of molecules
in the ion gauge used for pressure measurements.

3. Results and discussion

Figure 1 shows TPD results for the different aluminide
surfaces after exposure to 6.0 L of CH;0H at ~120 K.
The only gaseous reaction products that are evolved
from these Al-terminated surfaces during the thermal
decomposition of CH3;OH are methyl radicals and
hydrogen. Approximately 15, 50, and 45% of a saturated
monolayer of methoxy decomposes to form methyl radi-
cal on NiAl(100) [11], and FeAI(100) [12], and
TiAl(010), respectively. The remaining methoxy forms
surface bound oxygen and carbonaceous species. It is
suspected that decomposition product serves to block
sites so that a fraction of methoxy cannot dehydrogen-
ate, and instead remains intact until temperatures are
achieved where thermal homolysis of the C—O bond can
occur. Only the m/e = 15 (i.e., CHJ) trace is shown, and
we assign the peaks above 400 K for all three surfaces to
the desorption of CHj3. The rationale for this assignment
is presented in earlier publications from our laboratory
[11-13]. All three desorption traces show an additional
sharp feature near 145 K that is due to the sublimation of
CH;OH from the condensed layer formed during
adsorptionat 120 K.

For the purposes of this letter, the most important
aspect of these TPD data is that the temperature (7y,) of
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Figure 1. TPD of CH3;OH/NiAl(100), CH;0H/FeAl(100), and

CH3;OH/TiAl(010). The features in the desorption traces between 400

and 600 K are associated with the desorption of methyl radicals. The

features near 150 K are due to desorption of CH;OH from a multi-
layer.

maximum CHj3 desorption rate, is higher for NiAl(100)
(T = 575 K) than on FeAl(100) (T, = 540 K), and low-
est for TiA1(010) (7, = 450 K). For all three surfaces T},
is invariant with the initial methoxide coverage, suggest-
ing first-order desorption kinetics. We also suspect that
the CHj; desorption occurs in a concerted fashion with
the thermal homolysis of the C-O bond of methoxide.
Prior studies [11-13] in our laboratory using electron
energy loss spectroscopy (EELS), XPS, ultraviolet
photoelectron spectroscopy, and TPD suggest that C-O
bond cleavage and CHj desorption occur at similar tem-
peratures supporting such a mechanism. Furthermore,
decomposition of a mixed adlayer of CD3O,q) and
CH30aq) produces only CD3 and CHj consistent with a
mechanism that has methyl desorbing concurrently with
C-Obondcleavage.

Using the experimentally determined 73, for each alu-
minide in conjunction with a Redhead analysis [14]
(preexponential factor of 10'3 is assumed) the activation
energy for C-O bond cleavage on NiAl(100), FeAl(100),
and TiAl(010) are estimated to be 32, 30, and 28 kcal/
mol, respectively. A presumption of ours is that the C-O
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bond strength of the surface methoxy that undergoes
methyl radical ejection will show the same trend as the
activation energies. In other words, we infer from the
TPD data that the C-O bond strength of that fraction of
methoxy, which thermally decomposes to surface oxy-
gen and gaseous methyl radical, is stronger on NiAl(100)
than on FeAl(100), and weakest on TiA1(010).

Before possible reasons for this difference in C-O
bond stability are presented, complementary XPS data
and some prior results obtained in our laboratory are
presented that address the surface species involved in
this process. Figure 2 shows O 1s core level data obtained
after NiA1(100), FeAl(100), and TiAl(010) are individu-
ally exposed to 6 L of CH3OH at 120 K, which produces
a multilayer, heated to 300 K to form methoxy, and to
600 K to decompose the adsorbed intermediate.
Examination of the 600 K spectra indicates that the sur-
face oxygen remaining on the surface after methoxy
decomposes exhibits almost identical O 1s binding ener-
gies. EELS data of a methoxy overlayer on NiAl(100)
[11] and FeAl(100) [12] that has been heated to 600 K,
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Figure 2. Individual O 1s XPS of methoxy on NiAl(100), FeAl(100),

and TiAl(010) at 300 K. Also presented are O 1s XPS of methoxy over-

layers that have been heated to 600 K to completely decompose the

adlayer. The similarity of the O Is binding energies in this circumstance
suggest that O of methoxy is binding to Al
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shows that aluminum oxide is the end product, and thus,
the 531.6 eV features are taken to be representative of O,
presumably bound as an Al,O, product. This result is
not unexpected considering the high affinity of Al for
oxygen. Furthermore, surface oxygen on Fe [15] or Ti
[16] surfaces would be expected to exhibit an O 1s bind-
ing energy closer to 530 eV.

Examination of the 300 K spectra of figure 2, which
are associated with adsorbed methoxide, suggests that
there may be an O s binding energy trend, but it is pro-
posed that the relative constancy of the O 1s binding
energy of methoxide on the three aluminides, suggests
that this intermediate is interacting preferentially with
the Al component in the outermost layer. It is implicit in
any discussion of an alloy that its components have a dif-
ferent electronic structure than the respective individual
monometallic metals (how different, depends on the spe-
cific alloy). Nevertheless, it is mentioned that prior
research shows that the O 1s binding energy of methox-
ide on monometallic Al is ~ 532.7 [17], close to the O 1s
binding energies measured for methoxy on the Al-termi-
nated planes used in the current study. Further experi-
mental evidence to support a surface picture that has
methoxy binding preferentially (or exclusively) with Al
comes from EELS data of CH3;O/NiAl(100) and
CH;0/FeAl(100). Methoxy on NiAl(100) [11] exhibits a
metal-oxygen stretch of 640 cm™!, close to the same
mode of methoxy on Al(111) that resides at 655 cm™!
[18]. Recent research in our laboratory also shows that
the metal-oxygen stretch for methoxy on FeAl(100) [12]
resides at a position (i.e., 640 cm~!) that is indistinguish-
able within our experimental error from the analogous
mode on NiAlI(100). The position of this mode is in stark
contrast to the »(M-0O) mode of methoxy bound on
NiAl(110) or FeAl(110). These crystallographic planes
have both transition metal and Al in the outermost layer
and the »(M—0O) modes resides near 540 cm~!, suggest-
ing that transition metal in this circumstance partici-
pates more directly in the binding of methoxy.

Within the resolution of our experimental techniques,
the picture of the methoxy includes its binding almost
exclusively to the outermost Al layer. The small shift of
the O 1s binding energy of methoxy to lower binding
energy from CH30/NiAl(100) to CH30/TiAl(010) may
be consistent with the trend in methyl radical ejection.
One might expect the O 1s binding energy of methoxy to
shift toward the 531.6 ¢V limiting value as the C—O bond
weakens due to the increased interaction of the O with
Al It is postulated that methyl to be ejected into the gas
phase from any of the aluminides, a significant perturba-
tion of the C-O bond of methoxy must occur. TPD
results suggest that the activation energy of desorption
of methyl ranges between 25 and 32 kcal/mol, depending
on the aluminde surface. These values are considerably
less than the 85 kcal/mol bond strength of the C—O bond
of CH3OH. These values suggest that the C—O bond of
methoxy is considerably weaker than the analogous
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bond in CH30H. We point out that on all three surfaces
oxidation of the Al component has occurred to some
extent by the temperature of methyl ejection. Thus,
methyl ejection may be aided by the weakening of the C—
O bond due to oxide formation or by the presence of
coadsorbed oxide.

In prior theoretical research Shiller and Anderson [9]
have calculated the C—O bond strength of a methoxy
anion (CH307) created by binding CH; with adsorbed
02~ on Mo(110). Their calculations suggest that the
resultant C—O bond of the methoxy anion is approxi-
mately 32 kcal/mol, significantly weaker than the 85
kcal/mol C-O bond of methanol. The calculated value
agrees well with the experimental observation that
methyl ejection resulting from the decomposition of
methoxide on O/Mo(110) occurs near 590 K [19].
Figure 3a exhibits the essence of the interaction diagram
(specific energies for the CH30/Mo(110) system are
omitted) used by Shiller and Anderson to illustrate the
relevant interactions. The C-O ¢ bond forms between

a

b NiAl FeAl TiAl

Figure 3. (a) Interaction diagram between CH; and O*~, after Shiller

and Anderson [9]. The C-O bond of the CH3O™ anion is weakened due

to the loss of electron transfer stabilization. (b) The C—O bond of meth-

oxy is progressively weakened with decreased Fermi level stability in

the order NiAl(100)>FeAl(100)>TiAl(010) due to the increasing

potential of the electron that is transferred to the surface. Note that
levels below EF are filled.

the HOMO of the methyl radical and the p, orbital of the
surface O?~ and a charge transfer energy due to putting
an electron into the conduction band (c.b.) contributes.

The bond forming reaction between CH; and the surface
Oisthen

CH;(g) + O%g) — CH3O(q) + ¢ (c.b.)

It is argued that the strength of the C—O bond should be
a function of the position of Ef; as Er moves in the direc-
tion of decreasing stability (i.e., increases in energy) the
C-0O bond becomes weaker, because of destabilization
of the conduction band electron.

We are not aware of calculated values for the energy
positions of Eg for the three aluminides used in this
study. Relative positions, however, may be estimated
from comparing the experimentally determined work
functions for each surface. It is emphasized that the work
function is a strong function of surface structure [20].
The similarity of the surface structures of NiAl(100) and
FeAl(100) minimizes this concern to some extent, but
due to the different crystal structure of TiAl(010) more
error may be involved in any quantitative comparison.
We have experimentally determined (see experimental
for method) the work function of clean NiAl(100),
FeAl(100), and TiAI(010) to be 4.6, 4.2, and 4.0 eV,
respectively !. It is inferred from this result that Ep
exhibits decreasing stability in going from NiAl to TiAl
This trend is schematically shown in figure 3b and it is
contended here that the C—-O bond of methoxy becomes
weaker as Ep decreases in stability in going from NiAl to
TiAl due to the increased potential of the electron that is
transferred to the surface.

The trend in EF is then consistent with the TPD results
from which it is inferred that the strength of the C-O
bond of the fraction of methoxy that decomposes to
form methyl radical is strongest on NiAl(100) and weak-
est on TiAl(010). We believe then that the transition
metal in these materials is controlling the relative posi-
tion of Ef and is in effect tuning the C—-O bond strength
of the methoxy binding to the outermost Al atoms.

While we believe that the Ef trend for the aluminides
contains the essential features for the explanation of our
desorption results, it is worth mentioning that it is pre-
sumed that a strong substrate oxygen bond is a facilita-
tor of the methyl ejection process. We suspect that the
high affinity of Alfor O facilitates methyl ejection on the
aluminides due to some compensation of C—O bond loss
by formation of the final ‘“Al-oxide” product.
Formation of this latter product may also require the
rupture of transition metal-Al bonds. Hence, it might be
argued that aluminide surfaces with weaker transition

metal-Al bonds may facilitate C-O bond cleavage. With
1" We do not have experimental work function measurements for
these surfaces with adsorbed oxygen that may offer more relevant
data for the model. It is expected, however, that the same trend as
the clean surface would be present, except that absolute values
would be different.
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regard to this point it is mentioned that heat of forma-
tion [21,22] (cohesive energy [23]) of NiAl and FeAl are
—14 (98 kcal/mol) and —6 (93 kcal/mol), respectively.
The heat of formation of TiAlis —9 kcal/mol, but we are
unaware of published values for its cohesive strength.
These data suggest that the Ni-Al bond is stronger than
either the Fe—Al or Ti—Al bond, consistent with methyl
ejection occurring at the highest temperature on this
material. This line of reasoning based on the transition
metal-Al bond strengths, however, would suggest that
the C-O bond should be thermally more stable on TiAl
than on FeAl, which is contrary to our experimental
results. Therefore, we believe the location of Ef in these
materials is more consistent with our experimental
observations.

4.Summary

TPD results have been presented in this letter that sug-
gest that the decomposition of methoxy on NiAl(100),
FeAl(100), and TiA1(010) leads in part to the desorption
of methyl radical. T}, for this process follows the trend;
Tm[NiAL(100)]> Ti[FeAl(100)]> T:,[TiAL(010)]. This
trend is consistent with prior theoretical studies that sug-
gest that the C-O bond of methoxy should increase as a
function of increased Ef stability. This theoretical model
for methyl ejection is consistent with our experimental
results, since it is inferred from work function measure-
ments that in order of decreasing stability of Ef:
NiAI(100)>FeAl(100)>TiAl(010). It is argued that even
though methoxy binds preferentially to Al, the nature of
the transition metal controls the relative position of Ep
for the different alloys, and in turn the relative strength
of the C-O bond of that methoxy that decomposes to
yield methyl radical.

Acknowledgement
Support of this research by the National Science

Foundation (DMR #9258544) is gratefully appre-
ciated.

References

[11 J.H. Sinfelt, Bimetallic Catalysis — Discoveries, Concepts, and
Applications (Wiley, New York, 1983).
[2] C.T. Liu, in: Mater. Res. Soc. Symp. Proc., Vol. 288 (Material
Research Society, Pittsburgh, 1993) p. 3.
[3] J.A. Rodriguez and D.W. Goodman, J. Phys. Chem. 95 (1991)
4196.
[4] C.T.Campbell, Annu. Rev. Phys. Chem. 41 (1990) 775.
[5] H.L. Davis and J.R. Noonan, in: Physical and Chemical
Properties of Thin Metal Overlayers and Alloy Surfaces, Mater.
Res. Soc. Symp. Proc., Vol. 83, eds. D.M. Zehner and
D.W. Goodman, (Material Research Society, Pittsburgh, 1987)
p. 3.
[6] C.P. Wang, F. Jona, N.R. Gleason, D.R. Strongin and
P.M. Marcus, Surf. Sci. 298 (1993) 114.
[71 C.P. Wang, S.K. Kim, F. Jona, B. Sheu, D.R. Strongin and
P.M. Marcus, Surf. Rev. Lett. 2 (1995) 183.
[8] W.B. Pearson, 4 Handbook of Lattice Spacings and Structures
of Metals and Alloys (Pergamon Press, Oxford, 1967).
[9] P.Shillerand A.B. Anderson, J. Phys. Chem. 95(1991) 1396.
[10] B.-R. Sheu, S. Chaturvedi and D.R. Strongin, J. Phys. Chem. 98
(1994) 10258.
B. Sheuand D.R. Strongin, J. Catal. 154 (1995) 379.
B.R. Sheu, PhD thesis, State University of New York — Stony
Brook, USA (1996).

(1]
(12]

[13] B.SheuandD.R. Strongin, Langmuir 10 (1994) 1801.

[14] P.A.Redhead, Vacuum 12 (1962) 203.

[15] D.W. Moon, D.J. Dwyer and S.L. Bernasek, Surf. Sci. 163
(1985) 215.

[16] Y. Fukuda, F.M. Lancaster, R. Honda and J.W. Rabalais, J.
Chem. Phys. 69 (1978) 3447.

[17] J.W. Rogers, R.L. Hance Jr. and J.M. White, Surf. Sci. 100
(1980) 388.

[18] J.G. Chen, P. Basu, L. Ng and J.T. Yates Jr., Surf. Sci. 194
(1988) 397.

[19] J.G. Serafin and C.M. Friend, J. Am. Chem. Soc. 111 (1989)
8967.

[20] G.A. Somorjai, Introduction to Surface Chemistry and Catalysis
(Wiley Interscience, New York, 1994).

[21] A. Pasturel, D.N. Manh and D. Mayou, J. Phys. Chem. Solids
47(1986) 325.

[22] R. Hultgen, P.D. Desai, D.T. Hawkins, M. Gleiser and
K.K. Kelley, Selected Values of the Thermodynamic Properties of
Binary Alloys (American Society of Metals, Metals Park, 1973).

[23] P.D.Desai, J. Phys. Chem. Ref. Data 16 (1987) 109.



