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Abstract

Electron energy loss vibrational spectra suggest that hydrogen first adsorbs on Fe(100) in four-fold hollows (B,) and converts to
sites of lower ligancy (B,) with increasing coverage. The f, state desorbs with pseudo first-order kinetics with an activation energy
of 14.1 kcal/mol. The B, state exhibits a vibrational frequency of 700 cm ™!, indicative of adsorption- in four-fold hollows. With
increasing coverage this mode is replaced by a vibration at 1000 cm ™!, indicative of conversion of adsorbed H to an asymmetric
position within the four-fold hollow. Adsorption of CO onto the H-covered surface causes an increase in the frequency of the mode
near 1000 cm ™! associated with movement to a position of lower ligancy within the four-fold hollow.

Keywords: Adsorption kinetics; Carbon monoxide; Catalysis; Chemisorption; Electron energy loss spectroscopy; Hydrogen; Iron;
Low index single crystal surfaces; Molecule—solid reactions; Thermal desorption; Thermal desorption spectroscopy; Vibrations of

adsorbed molecules

1. Introduction

Because carbon monoxide facilitates hydrogen
transfer reactions from Fe(100) to adsorbed alkyls
[1,2], we have studied further the adsorbed state
of hydrogen on Fe(100) and the effect of CO
thereon. Previous work shows that simple alkenes
adsorbed on a hydrogen-covered Fe(100) surface
undergo hydrogen addition to form alkyl ligands
upon heating, in competition with desorption of
the alkene [3]. Further heating yields only the
alkenes through a f-hydride elimination reaction,
followed by the desorption of the hydrogen to
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leave the surface unchanged; no alkanes are
formed. With coadsorbed CO, however, transfer of
hydrogen from the surface to the alkyl group
occurs upon heating to evolve the alkane into the
gas phase at 170K, a temperature lower than
that observed for p-hydride elimination [1].
Temperature-programmed . desorption (TPD)
experiments with coadsorbed CO and H [4] sug-
gest that CO induces. the reaction by weakening
the iron-hydrogen bond. In fact, this study demon-
strates that this perturbation occurs immediately
upon adsorption of CO onto hydrogen-saturated
Fe(100) at 100 K, far below the temperature at
which hydrogen transfer to adsorbed alkyls occurs.

The relationships between the state of CO
adsorption and its desorption states on Fe(100)
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has been studied extensively [4-91. CO sequen-
tially populates three adsorption states. Low expo-
sures yield a single adsorption state (x3;) which
demonstrates an unusually low CO stretching fre-
quency of 1200 cm ~!. Upon heating, desorption of
this CO(x;) species at 410 K competes with dissoci-
ation to C, and O,, which in turn recombinatively
desorb as CO(f) at 800 K. Saturation coverage of
this adsorption state at 100 K is 0.58 ML [4]. The
o5 adsorption state represents CO in the four-fold
hollows in a tilted binding configuration. Higher
CO exposures allow further adsorption into bridge
sites (o). The stretching frequency of this CO(x,)
species is 1900 cm ™!, and it desorbs at 300 K.
Saturation CO exposures allow additional popula-
tion of atop CO(«a,) with a stretching frequency of
2000 cm ~* which desorbs at 200 K.

Previous TPD [4] and EELS [9] experiments
demonstrate that H, strongly affects coadsorbed
CO,. On a hydrogen-presaturated surface, CO,
desorbs from strongly perturbed low temperature
states below 350 K. Higher temperature desorption
states appear unchanged, since hydrogen desorp-
tion is complete at 450 K. However, EELS demon-
strates that adsorbed hydrogen blocks CO(x;)
adsorption (into four-fold hollows) on a hydrogen-
presaturated Fe(100) surface at 100 K [9]; CO,
will not displace H, at 100 K. Further, no phase
separation of H, and CO, occurs upon coadsorp-
tion. Site conversion of CO from bridge and atop
to four-fold sites occurs upon initial H, desorption
from four-fold hollows. Desorption and dissoci-
ation of the CO(x3) at 450 K proceeds from the
four-fold hollows as observed on the clean surface.

" CO markedly affects the TPD spectrum of
hydrogen [4,10]. CO coadsorbed on the hydrogen-
presaturated surface induces low temperature H,(y)
desorption states with peak temperatures between
170 and 250K, compared to the H,(B;) peak
temperature from clean Fe(100) of 300 K. This
effect has been interpreted as evidence for weaken-
ing of the iron—hydrogen bond [4]. Additionally,
presence of the H,(y) states correlates with the
observed hydrogenation reactions of coadsorbed
alkyls [1]. In contrast, when CO is preadsorbed
before hydrogen- exposure, CO merely blocks
hydrogen adsorption. While CO will not displace
H, at 100 K, as previously noted, it is of interest

that H, will not displace CO, at 100 K either. Very
little perturbation of the iron-hydrogen bond is
observed with partial precoverages of CO, as evi-
denced by the lack of H,(y) desorption states;
attenuation of the yield in H,(8,) and H,(f5,) states
appears to be the only significant effect of pread-
sorbed CO [4]. For this reason, the effects of
preadsorbed CO will not be further discussed. We
have verified all significant conclusions of the
above studies in separate TPD and EELS experi-
ments of hydrogen and CO on Fe(100) as lone
adsorbates or upon coadsorption. Repetitious data
has not been presented in this paper; however,
minor deviations from the reported observations
are noted in the results section.

Many complications commonly confront those
attempting to observe metal hydrogen losses with
EELS spectroscopy. A recent review summarizes
these issues [117]. Small cross-sections for dipole
scattering yield very weak losses; sometimes they
cannot be observed. This difficulty may arise from
small dynamic dipoles of the bonds due to similar
electronegativities of H and the transition metal,
or it may arise from relatively short M—H bond
lengths which may allow the hydrogen to sit deep
within the surface, so as to be almost completely
electrically screened. Electronic excitations of the
metal are possible which, if modified by adsorbed
hydrogen, can create confusion. Several authors
have reported maxima and minima in the electron
reflectivity as a function of primary energy due to
surface resonances [ 12—157. In these same systems,
the cross-section of M~H vibrational excitations
show maxima as a function of E, which correlate
with minima in the reflectivity curve. The result of
such phenomena can make the observation of a
M-H vibration quite elusive, particularly if the
spectrometer is tuned to maximize intensity of
elastically scattered electrons, as is common.

Our previous EELS results of coadsorbed H,
and CO demonstrate only the influence of H, upon
CO,. New TPRS and EELS studies, presented
here, are intended to emphasize the adsorption
states of hydrogen and the influence of CO thereon;
they represent the first vibrational observation of
hydrogen on the clean Fe(100) surface or in the
presence of coadsorbed CO.
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2. Experimental

Experiments were performed in a stainless steel
ultra-high vacuum chamber with a base pressure
of 3x 107 Torr capable of low-energy electron
diffraction (LEED), Auger electron spectroscopy
(AES), temperature-programmed reaction spectro-
scopy (TPRS) and high-resolution electron energy-
loss spectroscopy (HREELS) measurements. The
temperature of the Fe(100) crystal, mounted on a
rotatable manipulator with three degrees of free-
dom, could be controlled from 100 to over 1000 K.
The sample was cooled by thermal conduction
from a liquid nitrogen reservoir. Heating was done
resistively with current flow through the tantalum
support. Linear heating rates of 5-6 K s™! were
used for TPD experiments. Temperature was moni-
tored with a chromel-alumel thermocouple spot-
welded to the crystal. The UTI-100C quadrupole
mass spectrometer was computer-driven to allow
collection of up to 10 masses concurrently. For
example, with scan times of 25 ms for each mass
to be monitored, a complete scan of 10 masses
with a heating rate of 4 K s™* could be accom-
plished with a temperature resolution of 1 K. The
ionization cage of the mass spectrometer was
enclosed by a glass cap with a collimating orifice
approximately 5 mm in diameter in order to limit
analysis to products desorbing in line of sight from
the area of the crystal positioned directly in front
of the cap opening. HREELS was conducted
with a double-pass 127 cylindrical sector mono-
chrometer and a single-pass analyzer. The typical
full width at half maximum (FWHM) for elastically
scattered electrons was about 70 cm ™! but ranged
from 60 to 100 cm~!. These resolutions were uti-
lized to enhance the relatively weak M—H losses,
which never exceeded 40 Hz. The gases were used
as supplied from Matheson without further purifi-
cation; they included argon (prepurified, 99.998%
min.), ethylene (C.P., 99.5% min.), hydrogen (pre-
purified, 99.99% min.), deuterium (C.P., 99.7%
min.) and carbon monoxide (research grade,
99.99% min.). Two capillary array dosers were
utilized so that contamination of one gas by
another would not occur. CO was dosed indirectly
from the background at a pressure of 2 x 1072 Torr

to allow reproducible exposures. The exposures for
CO are expressed in Langmuirs (107° Torr-s).
Dosing of hydrogen, deuterium and ethylene was
directed from capillary array dosers at close dis-
tances; the saturation exposures were easily repro-
duced, and chamber pressures were kept to a
minimum. The hydrogen and deuterium exposures
stated in this work assume a doser enhancement
factor of 10 with direct exposure versus back-
ground exposure. Poor sticking probabilities of H,
and D, required 600 L exposures to saturate the
Fe(100) crystal.

Details of the preparation and initial cleaning of
the Fe(100) crystal are given elsewhere [4].
Routine cleaning was accomplished with Ar ion
bombardment. First the crystal was heated to
923 K and sputtered for 10 min; the crystal was
then allowed to cool to 105 K before sputtering
for another 10 min. Following evacuation to
107! Torr, the crystal was then annealed at 723 K
for 5 min. AES and EELS were used to evaluate
surface cleanliness. A ¢(2x2) random C,+0,
overlayer resuiting from the dissociation of CO,
[16] was used for AES calibration; XPS studies
report dissociation of 0.24 ML of CO yield this
state [ 17]. This cleaning procedure very efficiently
eliminated surface carbon (0.00-0.01 ML by AES)
(none detected by EELS), but was not always
completely successful in removing oxygen as indi-
cated by M—O losses [18] detected by EELS.
Prolonged heating above 727 K will bring dis-
solved oxygen from the Fe(100) bulk to the surface
if any exists [187]. Excessive oxygen impurities
were removed with ethylene titrations, as was
necessary after exposure of the crystal to atmo-
spheric pressures for routine maintenance or in
cases where very large quantities of O, accumu-
lated on the surface and the routine sputtering
procedure yielded little progress. However residual
carbon, a product of the reaction, then needed to
be sputtered away. For minor oxygen impurities,
O, could be titrated off at the expense of C,. When
minor levels of impurities persisted, TPRS experi-
ments were performed to ensure that these impuri-
ties had no measurable effect on the CO-induced
hydrogen transfer reaction to the alkyl groups.
Upon heating, atomic oxygen reacted with ethylene
to form combustion products leaving behind
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residual carbon, but most of the ethylene cleanly
desorbed in the manner expected for an impurity-
free hydrogen-presaturated surface { 37]. With these
procedures, the O, impurities could be greatly
reduced (0.01-0.03 ML by AES). EELS of the
surface, however, demonstrated remarkable sensi-
tivity to these quantities of oxygen. While the
impurity could be controlled to a level where
reactivity was not affected, the M—O losses were

observed in many cases when detecting the weak
M-H losses.

The TPD and EELS data presented has been
smoothed with a standard nine-point averaging
algorithm. Care was taken to assure that the peak
shapes of the smoothed data represent both the
peak heights and widths of the raw data.
Temperature-programmed desorption collection
parameters were chosen to allow as much data as

B,
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Fig. 1. Hydrogen thermal desorption from Fe(100) as a function of increasing H, exposure. Heating rates are 6 K s™*.
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possible to be available for kinetic analysis. Signal-
to-noise ratios for the same experimental parame-
ters were better in the case of deuterium than
hydrogen due to smaller background levels.

Experiments were performed for a large range
of CO coverages (0.07—0.58 ML) on hydrogen pre-
exposed surfaces of varying coverage (0.7-1.0 ML).
For H,, TPD desorption traces could be collected
one after another with no cleaning necessary.
Exposures were not done exclusively in increasing
or decreasing order. However, collection of a single
EELS spectrum took over an hour, requiring peri-
odic cleaning of the surface. Where possible, the
initial surface was prepared, a spectrum was col-
lected, the crystal was removed from the spectrom-
eter for additional dosing, and then repositioned
in the spectrometer for further analysis. Successive
doses were examined until the surface showed signs
of contamination from background adsorption,
such as O-H losses near 1300 cm™! from water
adsorption [19] or carbonyl stretches at 1200 or
2000 cm ! from coadsorbed CO [7-9].

3. Results

3.1. Hydrogen on Fe(100): temperature
programmed desorption ( TPD)

The population of desorption states as a function
of coverage or exposure is similar for both H, and
D, (Figs. 1 and 2). Low exposures yield a single
desorption state at 450 K (f,). Higher exposures
produce desorption from an additional state at
300K (B,). In contrast to results reported pre-
viously [4], in these studies the B, state did
not saturate before population of f; began.
Additionally, the peak temperature of B, appears
to be 25K higher at the largest exposures than
previously reported. The saturation coverage was
previously determined:- to be 1.0 ML [4].
Coverages were determined by ratioing the integ-
rated areas under each TPD trace to that at
saturation.

The activation energy for desorption for the f,
state was determined with an isotherm—isostere
analysis [20]. Burke and Madix [4] determined
the E, and v by heating rate variation [21] to be

17 keal/mol and 3 x 10'? s~ for the H-saturated
Fe(100) surface, but did not consider partial cover-
ages. An isotherm—isostere analysis was applied to
TPD traces for the f, state for 0y >0.25 ML. For
H,, the activation energy was calculated to be
14.1 0.3 kcal/mol with an apparent reaction order
of 1.4+0.1. Analysis of the D, data yielded an E,
of 14.6+0.2 kcal/mol and an apparent reaction
order of 1.4+0.1 [22]. The near constancy of the
peak temperature of the f; state with coverage
suggests the reaction order for desorption is one
near saturation, but the kinetics are coverage
dependent and not simple. The isosteres were
nearly parallel and thus indicate that after initial
population of the §, desorption state, the activation
energy for desorption does not appear to signifi-
cantly differ from that of the saturated layer. No
further studies were performed to clarify these
details.

No kinetic isotope effect was observed for
desorption from the f; state. From the isotherm—
isostere analysis, differences between the desorp-
tion activation energies for the isotopes, as deter-
mined by the above analysis, did not deviate
significantly from experimental error. Fig. 3 shows
a composite TPD for a few coverages of H, and
D,. If their were a normal isotope effect, we would
expect a significant shift to higher temperature for
the spectra of the heavier isotope.

3.2. Hydrogen on Fe('100): electron energy loss
spectroscopy ( EELS)

The electron energy loss vibrational spectra
show the evolution of two features as the hydrogen
coverage is increased (Fig. 4). The energy loss at
400 cm ™! due to the impurity of O, does not
obscure the rest of the spectrum, nor does its
presence alter the observed H, losses, as confirmed
by separate -spectra without O, at isolated
hydrogen coverages. In particular, the presence of
two distinct losses is not an effect of the oxygen,
and the frequencies do not appear to be altered by
the presence of oxygen. The loss represents an
impurity of less than 0.03 ML O,, as determined
by AES. O, impurities of this level do not create
an observable effect upon the CO-promoted
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Mass Spectrometer Signal
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Fig. 2. Deuterium thermal desorption from Fe(100) as a function of increasing D, exposure. Heating rates are 6 K s ™1,

hydrogen transfer reaction to surface alkyl groups.
We thus conclude that the observed O, impurity
has no observable effect on the adsorbed hydrogen.

The evolution of the EELS features parallels the
occupation of the §, and f3, states. Low hydrogen
coverages demonstrate a low frequency loss at
700 cm ™!, which correlates with the high temper-
ature f§, desorption feature. Higher hydrogen cov-
erages show the appearance of an additional high
frequency loss at 1000 cm ™! which correlates with
the low temperature f§; desorption feature, which

dominates at saturation coverage. The high fre-
quency loss is only observed at coverages which
would also lead to f; desorption. Vibrational
spectra of deuterium on Fe(100) show a correlation
of the D,(8,) with a loss at 750 cm ™!, correspond-
ing to an isotopic shift, vy/vp, of 1.33 from the
H,(B,) loss, as is expected for a stretching frequency
of the isotopes [23]. A lower frequency loss, to
correlate to the D,(B,), was not observed or
resolved from the B, loss or elastic peak.

Over a 3.5-eV range the loss intensities for
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B

Mass Spectrometer Signal
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Fig. 3. Thermal desorption—isotope overlays. Curves were selected for hydrogen (Fig. 1) and deuterium (Fig. 2) of similar coverage
to demonstrate the lack of an observable isotope effect. A noticeable shift to higher temperature would be expected for the heavier

isotope in the event of tunneling assisted desorption.

adsorbed hydrogen demonstrated differing depend-
encies upon the primary electron energy. Within
this range, the loss intensity of the high frequency
feature remained relatively constant. However, the
ratio of intensities of the low frequency loss to the
high frequency loss ranged from nearly zero to
one. For this reason, care was taken throughout
this work to use the same primary energy in
obtaining all spectra. For a given primary energy,

the comparison of the intensities of the f; and B,
loss is meaningful, and relates to the relative quan-
tity of the species. However, for significantly
different primary energies, the intensity changes of
B, and p, cannot be easily related to coverage
changes. For this reason, sample biases were also
fixed, rather than adjusted to maximize elastic
signal at the onset of tuning, in order to prevent
changes in the primary energy.
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Fig. 4. EELS of H adsorbed on Fe(100) as a function of
increasing H coverage, as in Fig 1. The temperature of
adsorption was 100 K.

3.3. Coadsorption of hydrogen and carbon
monoxide on Fe(100): the influence of post-dosed
CO,upon H,

Vibrational spectra of the hydrogen adlayer at
110 K reveal a perturbation of the iron—hydrogen

bond by postdosed CO (Fig. 5). These effects were
reproducible. In this figure the H,(f,) and H,($,)
losses for a total coverage of 0.86 ML are clearly
visible at 700 and 1000 cm~! without the coads-
orbed CO (spectrum b). Upon initial exposure, CO
adsorbs into four-fold hollows (1200 cm 1) as well
as bridge and atop sites (near 2000 cm™!) on the
non-saturated hydrogen adlayer (spectrum c).
Further adsorption of CO shows additional pop-
ulation of the 2000-cm ™! feature as the four-fold
sites become saturated. A strong M—CO stretching
loss near 450 cm ™! accompanies the coadsorption
of CO. The high frequency H,(f,) loss near
1000 cm ™! is observed to shift to higher energy
with increasing CO coverage.

Several precoverages of hydrogen were studied;
this shift to higher frequency is observed for all
precoverages of hydrogen. Fig. 5 best demonstrates
the shift with the 1200-cm™! CO(a3) loss as a
benchmark. The results are summarized in Fig. 6.
Though slight differences exist for various precov-
erages due to difficulties in clearly defining the
peak energy for the broad peaks, the trend is clear.
The magnitude of the shift appears to be as great
as 150-200 cm™!, but at the highest values the
frequencies were difficult to determine accurately
due to interference from the CO(a3) loss.

Substantial differences in screening of the
hydrogen losses by coadsorbed CO is observed.
The intensity of the loss at 1000 cm ™! is greatly
attenuated with sequential exposures of CO, while
at the same time undergoing a shift to higher
frequency. Adsorption of CO molecules in the
bridge and atop positions may -electrostatically
shield the low lying hydrogen atoms. However,
with attention to beam energies to assure observa-
tion of the low frequency loss near 700 cm ™1, no
attenuation of the low frequency mode is observed.
Rather, with coadsorption of CO, the M—-CO
stretch eventually overwhelms the low frequency
loss. The differences in screening may indicate that
the two modes are due to hydrogen atoms of
different local environments.

A minor loss was observed here at 1600 cm™
on both the clean and hydrogen-covered surfaces.
Fig. 5 (spectrum d) demonstrates the intensity satu-
rates with low CO coverage. This loss has pre-
viously been reported on the Fe(100) surface by

1
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Fig. 5. EELS of CO and H coadsorbed on Fe(100): (a) Fe(100) surface with 0.03 ML oxygen impurity; (b) initial 6;=0.86 ML;
(c—g) +increments of CO at exposures of 0.125, 0.25, 0.375, 0.5 and 1 L. The shift of f,vy g is clearly seen with increasing CO

coverage. CO was adsorbed on the hydrogen adlayer at 100 K.

Benndorf et al. [ 87]; they attributed the loss to CO
adsorbed at step sites of the Fe(100) crystal [24].
Initially, we observed no 1600-cm™! loss on the
clean or hydrogen-presaturated Fe(100) surface
[97 as was the case with Moon et al. [7] on the
clean surface. However, with repeated experiments,
this state became noticeable. At saturation expo-
sures, the loss amounted to less than 1% of the
area of the 2000-cm ! loss. The appearance of this
mode was not accompanied by any effect on

the TPRS, EELS or surface reactivity for alkyl
hydrogenation.

4. Discussion

4.1. Hydrogen species at low and high coverages

Three possibilities were considered to explain
the EELS and TPD of the hydrogen overlayer:
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Fig. 6. Metal-hydrogen stretch versus CO coverage. The plot summarizes results from several experiments with different initial
hydrogen precoverages. All exhibit the shift to higher frequency.

(1) two distinct species coexist above Oy=0.75,
each possessing different local geometries; (2) a
species present at low coverage converts to another
at higher coverage; (3) a single species exists which
possesses the same local geometry at all coverages.

The existence of a single hydrogen species
throughout the entire coverage range on Fe(100)
is inconsistent with the data. Certainly, evolution
of multiple temperature-programmed desorption
states in recombinative desorption with increasing
coverage may occur as next nearest neighbor sites
are occupied at coverages above half a monolayer.

In such a case the binding site symmetry and
coordination are the same, but the desorption
energetics change due to the lower differential

"energy of adsorption at the higher coverage. An

example of such a case is nitrogen desorption from
W(100), for which two desorption states evolve
sequentially with increasing coverage [25]. In this
case, however, the vibrational frequency of the
adsorbed nitrogen atoms shifts from 525 to
274 cm ™' as the binding energy decreases [26], in
contrast to the behavior observed here. Generally,
for such a case it is expected that the vibrational
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spectrum would convert smoothly from one loss
at a high frequency to another at a lower frequency
as the surface coverage increases. Another relevant
example is H on W(100), for which a phase
transition occurs with increasing H coverage giving
rise to two desorption features much like those
observed here. However, in that case the vibra-
tional spectrum is characteristic of a single bridging
species over the entire coverage range, accom-
panied by a continuous shift in loss energy
[16,27-29].

Also of note is that the high (,) and low (,)
frequency losses do not fill in simultaneously as
would be expected for a single adsorbate possessing
a symmetry which allowed two observable modes.
A pathological condition, in which one of two
vibrational modes allowed for a single site symme-
try becomes observable only as coverage increases
is, however, consistent with the observations. A
reasonable source of such behavior is the depen-
dence of the loss intensity of one mode on beam
energy which may vary slightly with coverage due
to a change in the work function. Indeed, we do
observe that the presence of the loss at lower
energy depends on electron beam energy.

Though we have not studied the energy depen-
dence in detail, we believe that this effect does not
account for the appearance of the lower energy
loss with increasing coverage. In this case, appre-
ciable variations in intensity occurred only over a
3.5-eV change in primary energy. We are aware of
only one report which demonstrates for a single
adsorbed species a difference in the sensitivities of
two modes upon the primary energy [30]. Over a
range of 3 eV, the maximum intensity of one loss
diminished to zero while. others approached a
maximum. For H on Fe(100) the work function
changes less than 0.1 eV between 0.25 and 1.0 ML
[31]. These changes are too small to account for
the gradual appearance of the loss at 700 cm™!.
More importantly, the high frequency loss, which
is absent at low coverages, appears insensitive to
primary energy over the range studied; thus, its
absence cannot be due to such an effect.

The data suggest that a single species dominates
at low coverage, but another species dominates at
high coverage. The most reasonable explanation
of the observations is that two species coexist at

the higher coverages, one of which also exists in
the lower coverage regime.

The species existent at high coverage possesses
both a lower activation energy for desorption and
a higher vibrational frequency. At saturation cover-
age the low desorption energy-high frequency state
appears to dominate [ 32].

4.2. Site assignment of H,( 1)

All existing evidence suggests that adsorbed
hydrogen atoms occupy the four-fold hollow sites
at saturation coverage. The most direct evidence
is that adsorbed hydrogen blocks CO(x;), which
is known to occupy the four-fold hollow
[17,33,34]. Furthermore, the saturation coverage
of 1.0 ML [4] suggests either four-fold or atop
binding sites. Atop sites are not expected to be
favorable binding sites due to the higher ligancy
of bridge and four-fold sites. Terminally bound
hydrogen on single crystals is limited to semicon-
ductor surfaces, where covalent bonds best describe
the species [ 117]. Furthermore, on W(100), where
hydrogen occupies two-fold bridge positions, the
saturation coverage is 2.0 ML, twice that on
Fe(100).

The exact position of hydrogen within the four-
fold hollow is not known. MINDO calculations
[35] simulating adsorption of hydrogen on
Fe(100) with an Fe;,H cluster indicate the most
stable binding site is off center in the four-fold
hollow with three-fold coordination. It is reason-
able to expect CO adsorption in the hollow to be
blocked if hydrogen occupies this asymmetric site.
The binding energy of the hydrogen atom was
calculated as it was moved from the bridge center
site to the four-fold center while at an equilibrium
distance from the surface at each step. The calcu-
lated ‘binding energies were 60 kcal/mol at the
bridge center, 56.7 kcal/mol at the hollow center,
and 60.7 kcal/mol in between at a pseudo three-
fold binding site. Additional features of this calcula-
tion demonstrate an inverse relationship between
the ligancy and the perpendicular M—H stretching
frequency for the four-fold (1151 cm™1), bridge
(1343 cm™!) and atop (1953 cm™1) sites. Given
that 1000 cm ™! is characteristic of hydrogen in the
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four-fold hollow, the frequency observed here for
the 8, state clearly indicates high ligancy [11,36].

Fig. 7 shows hydrogen bound in either the bridge
center, asymmetric three-fold or four-fold centered
sites of the hollow on the Fe(100) surface. The
positions of hydrogen for these representations
were taken from the aforementioned Fe,,H cluster
calculations [35] where the Fe-H distances were
calculated. This representation shows that indeed
it is reasonable to assume that the hydrogen atom
may access several bonding geometries within the
four-fold hollow. In fact, a continuum of bonding
geometries exists between the four-fold hollow
center and bridge center. The Fe,,H cluster calcula-
tions with hydrogen centered in the hollow yielded
nearly equivalent diatomic energies (and bond
orders) of the hydrogen with the five nearest iron
atoms [35]. This represents a ligancy of five. At
the bridge center, bond orders and diatomic ener-
gies of hydrogen in the 12-metal atom cluster
indicate a ligancy of two. Bond order information
was not provided for the asymmetric binding
within the hollow, but a ligancy of three seems
reasonable. This provides a decrease in ligancy
from the center of the hollow to the asymmetric
three-fold site and then to the bridge center site.
We expect movement of the hydrogen from the
asymmetric position towards the center of the
hollow would decrease the frequency of the Fe—H
stretch; while movement away from the center
would increase the frequency, as we observe.

In general, vibrational frequencies of H on
metals decrease with increasing ligancy for vibra-
tional motion perpendicular to the surface [36].
Terminal bonding (ligancy of one) on single crystals
yielded very high frequencies (1980 to 2100 cm™1);
they are thus far observed only on semiconductor
surfaces such as silicon, gallium arsenide, germa-
nium, indium, etc. [11]. Vibrational frequencies
do not differ significantly enough for sites with
ligancy of two or three to differentiate these solely
upon their values. However, these frequencies tend
to be larger than for adsorption involving ligancy
of four. Hydrogen on W(100) [29] occupies a
bridge site with perpendicular frequency ranging
from 1250 to 1010 cm ™! with increasing coverage
[16,28]. A bending mode exists at 640 cm ! and
is observable off-specular. An asymmetric or paral-

Fig. 7. Conceptual pictures: hydrogen bound on the Fe(100)
hollow at the (top) bridge center, (middle) asymmetric three-
fold hollow and (bottom) center of four-fold hollow. Covalent
radii are shown for Fe atoms (1.24 A) and H atom (0.37 A)
[64]. Distances are equilibrium values as calculated for an
Fe,H cluster, after Blyholder et al. [35].
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lel mode (overtone of v,,) is observable off-specular
which ranges from 970 to 1290 cm ™! with increas-
ing coverage. Bridge bonding has also been
observed for hydrogen on W(110) [37,38] and
Mo(100)[39,40]. On Ni(111)[41], Pd(111)[14],
Ru(0001) [13,42], Rh(111) [30,437] and Pt(111)
[12] hydrogen adsorbs symmetrically in the three-
fold hollows. The general vibrational features are
one dipole active mode (500-850 cm~*) and one
impact scattered mode (950-1250cm™!). The
Fe(110) surface shows hydrogen losses at
1060 cm ™' (specular) and 880 cm™* (off-specular)
[44]. Based upon a single dipole mode, it was
concluded that the features represented symmetric
and asymmetric stretches of a two-fold bound
species across the short bridge. More recent low
energy electron diffraction studies assert a three-
fold species and point to a possible misinterpreta-
tion of the vibrational data [45]. An R-factor
analysis of the I/V curves rule out atop and short
bridge sites; the R factors significantly favor the
assignment to the three-fold site rather than the
long bridge. “Quasi” three-fold hollow species have
been proposed for Ni(110) [46-50], Rh(110) [51]
and Ru(1010) [527]. A principle dipole active mode
(650-800 cm™1) along with two non-degenerate
parallel modes (800-1300 cm™?!) are reported for
these surfaces. The symmetric four-fold hollow
(C,4y) binding site is reported for Ni(100) [53,54],
Rh(100) [55] and Pd(100) [56,57] with a single
dipole active mode at about 500700 cm ™ *.

For the H/Fe(100) system, the relevant literature
would suggest that a ligancy of two or three is
most consistent with the 1000-cm ! loss, because
this frequency is high for a hydrogen bound with
a ligancy of four. Symmetry arguments based upon
the number of modes observed in the specular or
off-specular directions do not help with the
H/Fe(100) system. Count rates were so low that
off-specular data was of no use. Additionally, as
was the case with Rh(111) [43], allowed modes
may not be observed with an adsorbate such as
hydrogen with its many complications. Combined
with the fact that H,(f,) blocks CO adsorption in
the four-fold hollow, we assign the binding site of
H,(B;) to pseudo three-fold sites within the four-
fold hollow on Fe(100).

4.3. Site assignment of H,( f,)

Since the high (f,) frequency loss grows in at
the expense of the low (f,) frequency loss, it
appears that the f, state is converted to the f;
state as coverage is increased. At saturation cover-
age the f; state dominates. In addition, the TPD
show in these studies that, at saturation coverage,
40% of the hydrogen desorbs through the j, state.
The high coverage in the §, desorption state sug-
gests that desorption from this state is not associ-
ated with surface defects. We take the single, intense
vibrational loss feature at 700 cm™! exhibited by
the f, state to be indicative of motion perpendicu-
lar to the surface by atoms bonded in the center
of four-fold hollows, in accord with assignments
on other surfaces. The conversion of hydrogen
from a ligancy of four to three that appears
to occur may be accompanied by structural
rearrangement of iron atoms at the surface, but we
have no other evidence to corroborate this. The
independent kinetic parameters of desorption
before and after such a phase transition could
easily differ to yield unique desorption states;
hydrogen desorbing from Mo(100) experiences
several phase transitions which demonstrate this
behavior [58]. In that system, hydrogen resides in
bridge positions through many phases, while the
underlying structure of Mo chains change, yielding
unique desorption parameters for each phase.

The TPD results indicate that the higher fre-
quency species () desorbs at lower temperature,
implying a lower binding energy and a lower Fe-H
bond strength. However, the frequency for motion
perpendicular to the surface is not a good measure
of the metal-hydrogen bond strength [ 36]. Indeed,
for atoms adsorbed on metals, the frequency of the
mode perpendicular to the plane of the atoms to
which it is immediately bound decreases with
increasing ligancy for identical binding energies to
the surface. Mate et al. [30] considered heats of
adsorption and M-H vibrational frequencies for
hydrogen systems where both have been reported;
it seems clear that the frequency is more sensitive
to the coordination number of the adsorbed H
than to the M-H bond strength. If the binding
geometries were different, higher ligancy could
significantly lower the stretching frequency of the
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B, species, while at the same time represent a
higher binding energy.

Consequently, it appears that atoms adsorbed
in four-fold hollows at lower coverage desorb with
approximately second-order kinetics and an activa-
tion energy of 23 kcal/mol [4], whereas those
atoms adsorbed in the three-fold coordination sites
desorb with pseudo first-order kinetics and an
activation energy of 14.1 kcal/mol. The desorption
energy of the f, state is nearly the same as that
observed for hydrogen desorption from Ni(100)
[59-617, Ni(111) [60,62] and Pd(100) [63] for
which second-order kinetics have been docu-
mented. The lower value of the desorption energy
at high coverages and the pseudo first-order beha-
vior is suggestive of the formation of islands of
three-fold coordinated hydrogen in which neigh-
boring hydrogen atoms are geometrically predis-
posed to recombine. The relaxation of iron atoms
into energetically more favorable positions during
desorption may contribute to the lowered desorp-
tion energy. Again, the H/Mo(100) system demon-
strates such an effect where the hydrogen coverage-
dependent phase transitions are well documented

[587.

4.4. Influence of CO, upon H,: perturbation of the
iron-hydrogen bond

Coadsorbed CO clearly perturbs the iron-
hydrogen bond, as evidenced by both the TPD
and EELS experiments; both low temperature
hydrogen desorption states and a shift of iron—
hydrogen stretching frequency with coadsorbed
CO are observed. We propose that CO, promotes
a binding geometry change of hydrogen within the
four-fold hollow.

The frequency shift cannot represent Fe~H bond
strengthening. Low temperature H,(y) desorption
states in the TPD experiments clearly indicate that
the Fe—H bond is weakened by the coadsorbed
CO. BELS also shows that desorption of H, from
the y-states leads to CO conversion from bridge
and atop to four-fold hollows. This demonstrates
that the H,(y) desorption states are associated with
the four-fold hollows. Thus the CO is inducing a
frequency shift of the hydrogen within the hollows

which is not indicative of an increase in bond
strength.

The frequency shift is thus attributed to a site
or geometry change of the hydrogen binding within
the four-fold hollow. As noted in the above discus-
sion of hydrogen on clean transition metals,
stretching frequencies are extremely sensitive to
binding geometry. Further, the ability of hydrogen
to block the hollow site for CO(wx;) adsorption
need not be affected by movement of hydrogen to
an asymmetric position within the hollow, since
the side-on bonding of CO must involve several
iron atoms within the four-fold hollow. We suggest
that the observed shift of the vy y loss to higher
energy and weakened M—-H bond with increased
coverage of coadsorbed CO represenis the move-
ment of hydrogen from the asymmetric three-fold
site of the hollow, further towards the two-fold
bridge position.

4.5. CO-promoted hydrogen transfer reactions

The behavior of coadsorbed CO, and H, as
observed in this work contributes to our under-
standing of CO-promoted hydrogenation of
surface alkyl groups. Modification of the iron—
hydrogen bond has been clearly demonstrated even
at temperatures far below the reaction conditions.
The role of CO cannot be as simple as moving
into the vacated hydrogen site in a concerted
fashion as the reaction proceeds. However, the
ability to do so along with the strong bonding of
the “lying down” species may contribute to reduc-
ing the enthalpy of the overall reaction. The coads-
orbed CO, weakens the Fe—H bond and “pushes”
the hydrogen further away from the center of the
hollow. When surface alkyl groups are coadsorbed
with the H, and CO,, hydrogen transfer to form
gas phase alkanes occurs upon heating. Without
the CO, the hydrogen transfer is not facilitated;
rather the alkyl groups remain until S-hydride
elimination removes them from the surface as
ethylene. It is important to emphasize however,
that the perturbation of the Fe-H bond occurs
upon the coadsorption of CO, and H, with
or without surface alkyl groups, even at low
temperatures.
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5. Summary

Vibrational spectroscopy has been utilized to
investigate the adsorption of hydrogen on Fe(100)
and the perturbation of the Fe~H bond by coads-
orbed CO. A correlation has been made between
the vibrational features of the adsorbed species
and the desorption states of hydrogen on the clean
surface. Hydrogen initially adsorbs symmetrically
in four-fold hollows (f,); higher coverages lead to
the conversion of hydrogen to asymmetric three-
fold sites (B;) within the hollow. At saturation
coverages, both species coexist with the asymmetric
moiety dominating. Vibrational spectra demon-
strate the expected isotope shifts for deuterium
solely due to differences in zero-point vibrational
energies. Desorption from the asymmetric three-
fold bound species demonstrates psuedo first-order
kinetics with an activation energy of 14.1 kcal/mol.
Desorption of the isotope shows no kinetic isotope
effect. Coadsorption of CO into the four-fold hol-
lows is blocked by the preadsorbed hydrogen,
limiting adsorption to bridge and atop species;
desorption and vibrational data indicate this
hydrogen adatom is bound in a position of lower
ligancy within the four-fold hollow. While the
perturbed species exhibits a weakened Fe—H bond,
the vibrational frequency is shifted nearly 200 cm ~*
higher, representative of the new binding geometry.
Site conversion of CO into the four-fold hollows
occurs only upon initial desorption of H, from the
surface. The demonstration that CO weakens the
Fe-H bond upon coadsorption and alters the
binding geometry is consistent with its role in
promoting the novel hydrogen transfer reaction
for adsorbed alkyl groups.
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