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An Investigation of the Reaction Pathway for Ethylene Hydrogenation on Pd(111)
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The hydrogenation of ethylene on Pd(111) is probed using a combination of temperature-programmed desorption
(TPD) and reflectior-absorption infrared spectroscopy (RAIRS). Ethylene adsorbs on clean Pd(111) in a
di-o configuration but converts ta-bonded species when the surface is presaturated by hydrogen. Ethane is
formed with an activation energy of 3:0 0.3 kcal/mol only when Pd(111) is pre-covered by hydrogen and

not when ethylene and hydrogen are co-dosed, indicating that ethylene blocks hydrogen adsorption. Experiments
performed by grafting ethyl species onto the surface by reaction with ethyl iodide indicate that ethyl species
hydrogenate much more rapidly than the overall rate of ethylene hydrogenation, demonstrating that the addition
of the first hydrogen atom to adsorbed ethylene to form an ethyl species is the rate-limiting step in the
hydrogenation reaction. The adsorption geometry of ethyl iodide is found to depend on dosing conditions.
When adsorbed at low exposures at 80 K, the mirror symmetry plane of ethyl iodide is oriented close to
parallel to the surface. At higher exposures, it adopts a geometry in which the symmetry plane is closer to
perpendicular to the surface.

Introduction resistively heated to 1200 K or cooled to 80 K using liquid

nitrogen. Infrared spectra were collected using a Bruker Equinox
. - . - infrared spectrometer and a liquid-nitrogen-cooled, mercury
double- and triple-bond hydrogenation reactions proceed in a .,qmium telluride detector. The complete light path was

stepwise fashion via the so-called. Horiuti-Polanyi mdde. enclosed and purged with dry, G®ee air. Data were typically
the case of acetylene hydrogenation to ethylene catalyzed bycollected for 1000 scans at 4 chresolution.

Pd(111), it was shown, by grafting vinyl intermediates onto the
surface using vinyl iodide, that the addition of the first hydrogen T L .
to acetylene to form the vinyl intermediate was rate-limiting in system comprising an 8-in.-diameter, stainless-steel vacuum

the overall reaction pathway and that the second hydrogenationfhambderdp#mped by means of a 6-in.-d(ijag15ec';el_r/, qul_Jrig_-nitro%_en-
step was fast.This result was in accord with the observation rapped diffusion pump (pumping spee s). This config-

that the rate of acetylene hydrogenation to ethylene monitored Uration was selected to maximize the pumping speed compared

using temperature-programmed desorption on Pd(111) wasto the chamber volume to minimize the background pressure

proportional to the coverage of hydrogen atoms on the sufface. mhetﬂ the Eeatm IS operat|fng. A d||ffu5||0nbpump also ptrowdﬁs
This methodology is extended in this work to examining € trougnput necessary for a molecuiar beam apparatus where

Pd(111)-catalyzed ethylene hydrogenation. Here, stepwise ad-93s is continually leaked into the system. The Pd(111) sample

dition of hydrogen to ethylene proceeds via an ethyl intermediate is mounted to a carousel geometry manipulator which allows

: : the sample to be moved in and out of the beam. The sample
which would then react with a second hydrogen to form ethane. e
The rate-limiting step is probed by forming ethyl species on can also be resistively heated to 1200 K and cooled to 80 K by

the surface by exposing it to ethyl iodide. The surface speciesthermal contact to a liquid-nitrogen-filled reservoir. The chamber
are characterized using reflectieabsorption infrared spectros- also houses a quadrupole mass spectrometer which is mounted

copy (RAIRS) and the surface reaction kinetics monitored using ?hn f\t:ange ona nlfple zatttaphedttp tlhe su;le.omh? tchhamberlso
temperature-programmed desorption (TPD). at the mass spectrometer is not in line of sight of the sample.

The quadrupole mass spectrometer is under computer control
and can sequentially monitor the intensity of up to five masses.
This is used for temperature-programmed desorption experi-

Experiments were carried out in three stainless steel ultrahighments and for measuring the background pressure during a
vacuum chambers operating at base pressures of less thanl Molecular beam experiment. Background pressures are also

10710 Torr following bakeout, and which have been described Monitored by a nude ionization gauge located in the chamber
in detail elsewheré-6 and all pressures are uncorrected for ionization gauge sensitivity.

Infrared data were collected from a palladium single crystal ~ Temperature-programmed desorption spectra were collected
sample mounted in a modified32-in. six-way cross equipped  in a third chamber operating at base pressure ofH - Torr
with infrared-transparent KBr windows. The sample could be following bakeout which is pumped by a combination of ion
and sublimation pumps. The sample is also mounted to a

* Author to whom correspondence should be addressed. Phone: (414) Carousel geometry manipulator and can be placed close to, and
229-5222. Fax: (414) 2295036. E-mail: wtt@uwm.edu. in line of site of, the ionizer of a Dichor quadrupole mass

It is now well established that transition-metal-catalyzed

Molecular beam experiments were carried out in a second
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Ethylene Hydrogenation on Pd(111)
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T t /K adsorbed on clean Pd(111) at 80 K ane-€) 5 L of ethylene adsorbed
emperature on a surface predosed Wi2 L H, and annealed to various temperatures.

Figure 1. Temperature-programmed desorption spectra collected at 2 The annealing temperatures are displayed adjacent to the corresponding
amu (Hb), 26 amu (ethylene), and 30 amu (ethane) of (a) 10 L exposure SPECtrum.

?;I%Cvggug,ngliror?Zttﬁ;?eggeghglgg(elﬂg hydrogen, and(b of H, ~230 K in a profile that is essentially identical to that found in
' ' the absence of hydrogénn contrast, when the surface is first

i i 6
spectrometer, also interfaced to a computer and capable ofdosed wih 2 L of hydrogen (1 L (Langmuiry= 1 x 10" Torr

) . . . - s), and then dosed wit5 L of ethylene, a small amount of
Colll_icet'g%g’lelr;g;eslzﬁgugggigdl:];:g tgitd;s doa:f(;'?;;\:ﬁi?'eethane desorption is detected~&70 K. Note that the amount
which consists of heating at 1000 K in4 x 10-8 Torr of of ethane formed by ethylene hydrogenation is significantly less

. . han th rr ndin mperature-programm rption
oxygen and then annealing at 1200 K in vacuo to remove anyt an the corresponding temperature-programmed desorptio

- Si th bon KLL A feat . 7 yield of ethylene from the hydrogenation of acetylene on
remaining oxygen. since the carbon - AUgEr feature 1S Pd(111)® Hydrogen desorbs at330 K, again due to the
effectively obscured by a strong palladium peak, Auger

. . " recombination of hydrogen atoms on the surface. However,
spectroscopy is not particularly sensitive to the presence of smallOlespite the lower hydrogen exposure in the spectra of Figure
amounts of carbon on the surface. It was found that a more

" 1b compared to that in Figure 1a (2 L compared to 5 L), the
sensitive gauge of carbon coverage was to saturate the Surfac%lesorption yield of hydrogen is lower when ethylene and
with oxygen and to perform a temperature-programmed de-

hydrogen are co-dosed. This indicates that ethylene blocks

sorption experiment. The presence of surface carbon is manifesth drogen adsorption on Pd(111). A similar effect has been found
by the desorption of CO. As the surface becomes depleted ofoﬁ Pt(9111§ and gd/A&OdNiA(\I(ll)d).lo In addition, the ethylene

carbon, the .CO yi.elo.l decrgases and the yield of oxygen incre""Se%lesorption profile has been substantially modified by the
_co_rre_spondlngly In intensity. The complete absence of carbon presence of a hydrogen overlayer so that, in addition to
is indicated by the desorption of only,O consisting of a broad feature centered~&30 K, it also ex-
Ethylene (Matheson) and hydrogen (Gas Tech, CP Grad.e)hibits a small feature at~120 K. Temperature-programmed
were transferred to glass boitles and attached to the gas'ha'?q“n%esorption spectra were also collected for ethylene adsorbed
system of the vacuum chambers. Ethyleng was further purified on deuterium-precovered Pd(111) (not shown). These spectra
by §evera| freezepump-thaw cycle§. Ethyl iodide (AC“?S’ 98%  revealed the formation of ethane-a270 K with the maximum
purity) was transferred to a glass vial a_nd cleaned using several\ o< at 32 amu (corresponding tgHaD5) indicating that two
freeze-pump-thaw cycles. The deuterium (Linde, CP Grade) 4qorhed deuterium atoms add to the ethylene double bond in
Was.used as received. The_cleanllness of all reactants Was, ord with the Horiuti-Polanyi pathwdyand that the extent
monitored mass spectroscopically. of exchange between adsorbed hydrogen and ethylene is
negligible.
Results Surface science studies have shown that more open crystal
faces are generally more active for hydrogenation than close-
Shown in Figure 1 is a series of temperature-programmed packed surface.Sekitani et ak? found that a Pd(110) surface
desorption spectra obtained either by co-dosing ethylene andformed ethane by self-hydrogenation of ethylene and that the
ydrogen (Figure 1a) or by sequentially dosing hydrogen and ethane production increased with addition of hydrogen to the
hyd (Fi la)orb ially dosing hyd d eth duction i d with additi f hyd h
then ethylene (Figure 1b). When equimolar amounts of ethylene surface. In accord with this view, we found only ethane when
and hydrogen are co-dosed on the surface, no ethane desorpthe surface was first saturated with hydrogen on the close-packed
tion is detected and hydrogen desorbs~&60 K due to the (111) face of palladium.
recombination of hydrogen atoms on the Pd(111) surface.  Figure 2 shows the reflectisrabsorption infrared spectra for
Ethylene desorbs molecularly in a broad feature centered atethylene (5 L) adsorbed on clean Pd(111) at 80 K (Figure 2a).
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Figure 3. An Arrhenius plot of the leading edge region of the -1
temperature-programmed desorption data shown in Figurd)l ( Frequency /cm
compared with results obtained using molecular beah$of scattering . -
of ethylene from hydrogen-covered Pd(111). Figure 4. Infrared spectrum of ethyl iodide adsorbed on Pd(111) as a

function of exposure at 80 K {ad) and subsequently heated to various

Also shown are a series of spectra for ethylene (5 L) adsorbedtemperatures teh). The exposures and annealing temperatures are
on hydrogen precovered (2 LaHexposure) Pd(111) at 80 K, displayed adjacent to the corresponding spectrum.
and annealed to various temperatures. The annealing tempera-
tures are indicated adjacent to the corresponding spectrum. Thegood agreement and yield a value of the reaction activation
Spectra for ethy]ene on clean and hydrogen_covered Pd(lll)energy of 3.0t 0.3 kcal/mol. Note that this value is lower than
are significantly different, indicating that the presence of that found for catalytic ethylene hydrogenation on supported
preadsorbed hydrogen substantially affects the adsorption ofpalladium between 6.5 and 10.7 kcal/mdIThese values are
ethylene. Ethylene adsorbed on clean Pd(111) exhibits twoin good agreement with activation energy measurements for
features at 1100 and 2914 chwhile pre-covering the surface ~ ethylene hydrogenation catalyzed by a palladium foil at high
with hydrogen causes the 1100-chfieature to shift to 933 crt pressures, 0f-8.3 kcal/mol* A similar effect has been noted
and the 2914-cmtt feature to move to 3012 crh. The 933- for acetylene hydrogenation where the activation energy meas-
cm-! peak for ethylene on H/Pd(111) is relatively broad (Figure ured on the clean single crystal in temperature-programmed
2b—d) and expanded depictions of this feature are displayed desorption is much lower than that for catalytic acetylene
above the corresponding spectrum. This reveals that the 933-nydrogenatiort? and also for Pt(111)-catalyzed ethylene hy-
cm-! feature comprises a manifold of peaks at 933, 948, and drogenation where the activation energy is 10.8 kcal/mol at high
958 cnt! (Figure 2b). Heating to 100 K causes the 948=¢m pressure’$ but ~6 kcal/mol when measured using molecular
peak to decrease slightly in intensity while the 933- and 958- beams in ultrahigh vacuufh.
cm~1 peaks are unaffected. Both the 948- and 3012qmeaks According to the Horiuti-Polanyi modélthe formation of
disappear completely on heating to 170 K, while the 958- and ethane by reaction with hydrogen must necessarily proceed via
933-cnt? features are only minimally attenuated by heating to an intermediate ethyl species. The observations thbk; &
this temperature. This suggests the presence of two ethyleneformed by reaction of g, with adsorbedatomic hydrogen
derived species on H/Pd(111), one with frequencies at 3012 and(Figure 1) and that §44D- is formed on a deuterium-precovered
948 cnt! and the other with peaks at 933 and 958 ¢nAll surface are in accord with this view. To probe the addition of
features disappear completely on heating to 250 K. hydrogen with an adsorbed ethyl species, and to follow the

A reaction activation energy for ethylene hydrogenation can reaction pathway of this intermediate, we have followed a
be estimated from the leading-edge region of the ethane (30common strategy of grafting intermediates onto the surface using
amu) desorption profile in the spectrum of Figure 1. The an iodine-containing precursor, in this case, ethyl iodidEhe
advantage of this method is that it does not rely on any infrared spectra of ethyl iodide adsorbed on Pd(111) are
assumptions regarding the reaction order or the value of thedisplayed in Figure 4 as a function of exposure, and then after
preexponential factor. The value of(ta(C.Hs)) measured in annealing the sample to various temperatures, where the
this way is plotted versusTin Figure 3 @). The hydrogenation ~ annealing temperatures and exposures are marked adjacent to
of ethylene was also measured using a dc molecular beam fromthe corresponding spectra. Both the peak positions and relative
the initial rate of ethane formation when a hydrogen-covered intensities of the features change as a function of exposure, an
Pd(111) surface is exposed to a beam of ethylene at variouseffect that has been noted previously for ethyl iodide adsorption
temperatures. An activation energy can also be estimated foron Pt(111)t” Since the frequencies change only slightly from
this reaction and Inf{C;Hg)) is also shown plotted versusTl/  those of the multilayer, they can be assigned by comparison
in Figure 3 @). Note that the two sets of data have been with the pure compountf1°The assignments for the multilayer
normalized for reaction at 265 K where the ordinate was (after 10 L exposure at 80 K) are made in Table 1, where the
arbitrarily set to unity. The slopes of both sets of data are in agreement with the spectrum of the liquid is good.
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TABLE 1: Comparison of the Vibrational Frequencies Ethyl lodide / Pd(111)
(cm™1) for a Condensed Layer of Methyl lodide on Pd(111)

with the Infrared Spectrum of the Liquid
liquid multilayer
mode frequency®'®  frequency/Pd(111) (\
va(CHy); A" 3014 3018 |
va (CHy), va (CHg); A", A" 2972 2971 .
vs (CHg); A’ 2918 2910 3
204 (CHg); A’ 2862 2854 © - —  232L
0a(CHs),0(CHy); A", A" 1452, 1437 1441 —~
0s(CHz) + v(C—C); A’ 1377 1377 g ; 1.74L
(U(CHZ) + p(CHg), A’ 1203 1204 [®))
p(CHs) + v(C—C); A’ 952 951 i3 J
ag, wag; v, stretch;p, rock; 9, scissor. g - 116 L
TABLE 2: Frequencies (cnTt) and Relative Intensities for g 7._/\— 0.92L
Ethyl lodide Adsorbed on Pd(111) at Low Exposures (1 L) ~ ’/\
and after Annealing a Multilayer-Covered Surface to 150 K 0.69 L
CoHsl/Pd(111)
10L exposure, /\
C;Hsl/Pd(111) annealed to 0.46L
modé 1 L exposure 150 K (VN (2)P ‘ | ' | [ '
va (CH2); A" 100 200 300 400 500 600
Va (CHz), Va (CHB), A" A" 2951
vs (CHg); A’ 2910 0 Temperature K
20a(CHg); A’ 2854 0 Figure 5. Temperature-programmed desorption spectra of ethyl iodide
0a (CH3),0(CHy); A', A" 1433 1441 1.2 adsorbed on Pd(111) collected at 28 amu as a function of ethyl iodide
0s(CHs) + »(C—-C); A’ 1356 1377 0.125 exposure where the ethyl iodide exposures are marked adjacent to the
®(CHy) + p(CHg); A’ 1168 1204 0.84 corresponding spectra.

2w, wag; v, stretch;p, rock; 9, scissor? [(1)/1(2) is the intensity
ratio of the features fol L of ethyl iodide to that for a multilayer
annealed to 150 K.

1.16 L Ethyl lodide / 5 L D, / Pd(111)

It is striking that the spectrum of ethyl iodide adsorbed on
Pd(111) at low exposures is different to that after the sample
has been heated to 150 K to remove the multilayer (Figure 4).

The frequencies are slightly shifted from each other. However, /
the major differences are the very different relative intensities.

The frequencies and intensities are summarized in Table 2 and
will be discussed in greater detail below. The spectrum formed
by annealing the multilayer-covered sample persists as the
sample is heated to 200 K but changes substantially as the
sample is heated to 250 K where the 1377-&nfeature
disappears almost completely, and the K stretching modes

are significantly attenuated. Heating to 325 K causes all of the
surface features to disappear completely, connoting complete
thermal decomposition of surface molecular species.

The 28-amu temperature-programmed desorption spectra are
displayed in Figure 5 following ethyl iodide adsorption at 80
K. Ethyl iodide exposures are displayed adjacent to the
corresponding spectrum. A 28-amu feature is detected at low 700 200 300 200 500 600
exposures (0.46 L) centered at 270 K. This feature grows and
shifts slightly to lower temperatures (255 K) as the exposure Temperature / K
increases. Desorption spectra were also collected at 26 and 27Figure 6. Temperature-programmed desorption spectrum of ethyl
amu following an ethyl iodide exposure of 0.46 L and their iodide (1.16 L) adsorbed on a deuterium precovered surface (using a
desorption profiles exactly mirror the 28-amu signal. In addition, deuterium exposure of 5 L) collected at various masses. The mass is

. L L . ..’ displayed adjacent to the corresponding spectrum.
their relative intensities agree with the mass spectrometer ionizer
fragmentation pattern of ethylene measured using the same masspectroscopy (Figure 4, Table 2) and also with the annealing
spectrometer by back-filling the chamber with ethylene. From temperature at which it is removed (Figure 4). The other major
the ethylene desorption temperature of 270 K, and using the desorption product is hydrogen which desorbs-820 K.
experimental heating rate of 7 K/s, and assuming a preexpo- The desorption spectrum of ethyl iodide adsorbed on a
nential factor of 1x 10'3s71, yields a reaction activation energy ~ deuterium precovered surface monitored at 29, 30, 31, and 32
of 16.2 kcal/moR° At higher exposures, this feature is due to amu is shown in Figure 6 for a deuterium-saturated surface (5
the desorption of both ethylene and some unreacted ethylL exposure) and an ethyl iodide exposure of 1.16 L. This
iodide!” For ethyl iodide exposures of 1.74 L and greater, a displays a reasonably symmetric peak centered at 160 K. Note
sharp feature appears atl45 K. This corresponds to the that this temperature is significantly lower than that for the
exposure at which condensed layers are detected by infraredaddition of hydrogen to ethylene (Figure 1).

|

/ amu
I,
AN .
A .

32

Mass Signal / a.u.
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TABLE 3: Infrared Frequencies (cm~1) of Ethylene
Adsorbed on Clean Pd(111) Compared with the Gas-Phase
Values and dio-Bonded Ethylene on Pt(111%:27
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TABLE 4: Infrared Frequencies (cm~?) of Ethylene
Adsorbed on Hydrogen-Covered Pd(111) Compared with the
Gas-Phase Values andr-Bonded Ethylene on Pt(111334

gas-phase CH4/Pd(111) di-o gas-phase  C;H4/H/Pd(111) m-bonded
mode frequency?! (this work) CoH4/Pt(111) mode frequency?! (this work) C,H4/Pt(111)
B1y, w-CH; 949 1100 993 B1y, w-CH, 949 933, 948, 958 954
Ag, ¥(C—C) 1343 1100 1047 Ag, v(C—C) 1343
Ag, 6-CH, 1623 1414 Ag, 6-CH, 1623
Ag, vs-CH> 3019 2914 2903, 2910 Ag, vsCHy 3019 3012 2995

a Gas-phas®,n, symmetry.” w, wag; v, stretch;p, rock; d, scissor.

aGas-phas®;, symmetry.? w, wag; v, stretch;p, rock; d, scissor.

vibrational frequencies are very close to those of gas-phase
L ethylene (Table 4) and are assigned to undistorted, very weakly
Ethyler_1e adsorbs on clean Pd(111)_and exhibits vibrational p5.nd ethylene. From the peak desorption temperature of 114
frequencies at 1100 and 2914 cth(Figure 2). Gas-phase  a Redhead analyyields a desorption activation energy
ethylene ha®;y symmetryz* Assuming that it adsorbs with it of 28 ka/mol. This is reasonably close to the value 0H4Q0
molecular plane parallel to the Pd(111) surfé&e the sym- kJ/mol for z-bonded ethylene on Pt(11%.
metry is lowered tdC,,. Note that this symmetry is maintained  The spectrum formed by heating to 170 K reveals two features
even if the carbons rehybridize from?io sp as long as the 4t 933 and 958 crit. These disappear on heating to 250 K
carbonr-carbon bonds remains parallel to the surface. In this sgincident with the broad-230 K ethylene desorption peak
case, the gas-phase; And By, irreducible representations in  (rigure 1). Ethane is also formed in the same temperature range,
Dag correlate with A in Cp, symmetry>* The gas-phase jngicating that the second ethylenic species hydrogenates by
frequencies for these modes are at 949.2, 1342.4, 1623.3, andeaction with adsorbed hydrogen. The most intense 933-cm
3019.3 cn*.2! The Byg and By, representations correlate with  neay is assigned to the-CH, mode. A similar structure in this
By, and the corresponding gas-phase frequencies are at 943jatyre has been detected for ethylene on svand ascribed
1443.5 and 2989.5 cm. Finally, By, correlates with B with to the appearance of the gas-phaggrBode (943 cm?).2 This
gas-phase frequencieg at 955 and 3105.51cmnlly que§ of correlates with a Bmode as the symmetry is reduceddg?*
Ay symmetry are active in RAIRS so that, in principle,  and transforms as (which is oriented along the €C axis?).
ethylene adsorbed witi,, symmetry should exhibit four peaks.  Thjs implies that ther-bonded ethylene might be slightly tilted
These are detected on Pt(111) and the assignments are displayegh that one carbon is somewhat farther away from the surface
in Table 3 for die-bonded ethylen&:*'The infrared spectrum  than the other. It is clear, however, that preadsorption of
for ethylene on Pd(111) (Figure 2) exhibits two fegtures at 1100 hydrogen on Pd(111) leads to the formation of relatively
and 2914 cm*. Thevs-CH, mode at 2914 cn¥ (shifted from ngistorted ethylenic species. A similar effect has been noted
3019 cntlin thel gas phase) is in reasonable agreement with ¢5, Fe(100¥ and Pd/AbO4/NiAl(110).1° These observations
the value for die-bonded ethylene on Pt(111) (Table 3). gyggest that the photoelectron spectroscopic and NEXAFS data
However, rather than detecting two features for t#(€=C) may have been collected for ethylene adsorbed on a hydrogen-
andw-CH; modes (at 1047 and 993 cfon P(111)), only a8 contaminated surface. It should be noted that palladium, because
single feature is detepted. The 1414-rfeature for Pt(111) is of its ability to absorb large quantities of hydrogen, is
extremely weaK! It is, however, worthy of note that, for  paricularly susceptible to hydrogen contamination and great
m-bonded ethylene on silver adsorbed W|th_ the molecu_lar plane care must be taken to ensure that the background pressure is
parallel to the surface, only the-CH, mode is detected in this  gysficiently low, and the sample sufficiently carefully cleaned,
region in HREEL$#? and RAIRS*3! Note that this mode is {5 exclude all hydrogen.
also detected only on hydrogen-covered Pd(111) (Figure 2b  The data of Figure 1 indicate that ethylene can hydrogenate
d). This may imply that the 1100-crhpeak is due to the-CH, to ethane on Pd(111) when the surface has been precovered by
mode or that ther(_C—C) andw-CH; V|brat|on§ are accidentally hydrogen (Figure 1b) but not when ethylene and hydrogen are
degenerate. In either case, these results indicate that ethylengy_qosed (Figure 1a). The Arrhenius plot for the hydrogenation
is substantially rehybridized on adsorption on clean Pd(111). (5te as a function of temperature (Figure 3) shows that the
This conclusion appears to contradict previous HREELS,  activation energy for ethylene hydrogenation is 2.0.3 kcal/
photoelectron spectroscopitand near-edge X-ray absorption mol, a value that is substantially lower than the catalytic
fine structure (NEXAFS) datd which indicate that ethylene  hydrogenation activation energy found at higher presstiréés.
adsorbed on clean Pd(111) is not substantially distorted from A similar effect has been found for acetylene hydrogenation to
the gas-phase geometry. These results have also been questioneghylene on Pd(11%F Part of the origin of this discrepancy is
recently as a result of theoretical studfesrhich suggest a |ikely to be the fact that catalytic hydrogenation does not take
combination ofz- and div-adsorbed ethylene as the most stable place on a clean surface but on an ethylidyne-covered catalyst
surface composition. in the case of ethylene hydrogenatfoand a surface comprising
The results of Figure 2 indicate that the ethylene structure is a mixed ethylidynet vinylidene layer for acetylene hydrogena-
strongly affected by the presence of hydrogen on the surfacetion.3” The leading edge of the ethane desorption state depends
since features are detected at 933 and 30122@m hydrogen- on the activation energy and preexponential factor for the
covered Pd(111) (Figure 2). These values are close to thosereaction of atomic hydrogen with adsorbed ethylene. The trailing
found forz-bonded ethylene on Pt(12%$*and silver?®-31 The edge of the ethane (30 amu, Figure 1) desorption state is
data of Figure 2, however, show that the 933=énpeak coincident with the trailing edge of the ethylene (26 amu, Figure
comprises several features. The features at 948 and 3012 cm 1) desorption profile. Hydrogen continues to desorb at signifi-
disappear on heating to 170 K. This temperature coincides with cantly higher temperatures (where the onset of desorption is at
the sharp desorption state seen in temperature-programmed-~280 K), suggesting that the trailing edge of te¢hane
desorption of GH4/H/Pd(111) at~120 K (Figure 1). These  desorption state is due to the loss of ethylene from the surface.

Discussion
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A similar effect has been observed previously for the hydro- the mode of Asymmetry is relatively weak (Figure 4; Table
genation of acetylene to ethylene in temperature-programmed2). This implies that the normal to the mirror symmetry plane
desorptior? where, in this case, the trailing edge of the ethylene of ethyl iodide is oriented normal to the Pd(111) surface. That
desorption state was due to the loss of adsorbed acetylene whiclis, the symmetry plane is oriented substantially parallel to the
converts into unreactive vinylidene speciédn the case of surface. Note that there is some residual intensity for this species
ethylene adsorbed on Pd(111), the corresponding conversiomat 1356 cm?, suggesting that the mirror plane axis may be
of adsorbed ethylene into ethylidyne species is much slower slightly tilted with respect to the surface. This adsorption
than the rate of ethylene desorption and the infrared spectra ofgeometry is confirmed by the methyl stretching modes also with
ethylene adsorbed both on hydrogen-precovered and cleanA’ symmetry (Figure 4; Table 2). In contrast, the relatively high
Pd(111) show no evidence for ethylene-to-ethylidyne conversion intensity of the modes of Asymmetry for adsorbed ethyl iodide
since the presence of ethylidyne would be clearly indicated by formed by desorbing the multilayer (Figure 4; Table 2) indicates
an intense infrared feature at 1329 ¢rf This behavior is in that the ethyl iodide mirror plane is oriented more nearly
contrast to that found on Pt(111) where ethylidyne is dete®ted, perpendicularly to the surface. Again, the relative intensities of
indicating that the rate of ethylidyne formation on palladium is the methyl stretching modes are in accord with this proposal.
much slower than that on platinum. Singebonded ethylene ~ These conclusions are in accord with the geometries found on
is exclusively detected by infrared spectroscopy on hydrogen- Pt(111)
precovered Pd(111) (Figure 2), this suggests thatbmnded Further spectroscopic changes occur on heating the sample
ethylene species hydrogenates to form ethane. It has been showio 250 K where the 1377-cm feature diminishes significantly
previously that, on Pt(111)7-bonded ethylene hydrogenates in intensity and the stretching modes at 2854 and 2910'cm
to ethane while the dir species is inactivé® The results also decrease. @ bond scission was found using X-ray
presented here are in accord with this observation. photoelectron spectroscopy and temperature-programmed de-
To probe the rate-limiting step in the hydrogenation of sorption between 150 and 200 “k#? This conclusion is
ethylene to ethane, we have investigated the adsorption of ethylcorroborated by the temperature-programmed desorption data
iodide on Pd(111). The data of Figure 6 indicate that adsorbing of Figure 5 which show the appearance of a sharp 28-amu
ethyl iodide onto a deuterium pre-covered Pd(111) surface yieldsfeature with a peak desorption temperature of 270 K. Measure-
a maximum mass at 31 amu corresponding to the formation of ment of the intensities at other masses for an ethyl iodide
di-ethane, suggesting that a single adsorbed deuterium reactgxposure of 0.46 L indicates that the peak is due to the
with an adsorbed ethyl group to form ethane, where this reaction desorption of ethylene. At higher exposures, a portion of the
occurs at 160 K. If this reaction indeed takes place, this suggestfeature is due to the desorption of unreacted ethyl iodide which
that the rate of ethyl hydrogenation is faster than the rate of desorbs between 200 and 250 K at saturation. A trend has been
formation of ethane by the hydrogenation of ethylene (Figure Proposed in the ethylene desorption temperature where it desorbs
1), so that the rate at which adsorbed ethylene reacts to format 160 K on Ni(100), 180 K on Pd(100), 180 K on Pt(111), and
an ethyl species is the rate-limiting step in the stepwise addition 307 K on Au(111y® The desorption temperature of 270 K found

of hydrogen. This conclusion is in accord with theoretical work here is consistent with this trend since ethylene forms more
on Pt(111)0 rapidly than on gold but slower than on more open palladium

The surface properties of adsorbed ethyl iodide on Pd(111) Surfaces or close-packed platinum.
are summarized in Figures 4 and 5. The infrared data of Figure An additional feature is found at 145 K for ethyl iodide
4 indicate that a condensed layer of ethyl iodide forms after an €xposures of 1.74 L and larger. This peak continues to grow
exposure of 10 L and the assignments for the multilayer are With increasing ethyl iodide exposure and its desorption
disp|ayed in Table 11 showing good agreement with the spectrumtemperature coincides with the loss of multilayer ethyl iodide
of liquid ethyl iodide!819The infrared spectrum of ethyl iodide  in the infrared spectrum (Figure 4) and is therefore assigned to
adsorbed on clean Pd(111) at 80 K with an exposure of 1 L the desorption of multilayers of ethyl iodide (Table 1).
(Figure 4a), and that formed by heating a condensed layer to The formation of ethylene following ethyl iodide adsorption
150 K to remove the multilayer (Figure 4e), have similar on Pt(111) has been interpreted as being due fehgdride
vibrational frequencies, but very different relative intensities. elimination reaction from the adsorbed ethyl spetidshe onset
This is shown in the data summarized in Table 2 where the of ethylene desorption is at250 K, while the infrared data of
intensity ratio designatet{1)/1(2) for the 6, (CHs) mode (at Figure 4 show that the formation of surface ethyl species is
1433 cnt! for a 1 L exposure at 80 K and at 1441 chafter complete by 250 K indicating th#@-hydride elimination is the
desorbing the multilayer) is 1.2, but ig0.13 for theds(CHsz) rate-limiting step in the formation of ethylene.
mode (at 1356 crmt for the low-exposure surface, and at 1377 The effect of preadsorbing deuterium on the surface is shown
cm ! after desorbing the multilayer). This implies that ethyl in the data of Figure 6. It shows-@&thane formation in a peak
iodide adopts different adsorption geometries when adsorbedcentered at~170 K. The incorporation of a single deuterium
under these different conditions. A similar conclusion has been species into the product confirms that the ethane is formed by
arrived at for ethyl iodide adsorbed on Pt(111Yhe gas-phase  the addition of atomic deuterium to an ethyl species. The onset
point group of ethyl iodide isCs where thex—y plane is the of ethane desorption, in this case, is very close to the temperature
symmetry plane of the molecuté.In this case, modes of ‘A at which substantial amounts of ethyl species are formed on
symmetry transform asandy, vectors oriented in the symmetry  the surface (Figure 4). It is therefore not clear whether this
plane of ethyl iodide, and modes of' Aymmetry transform as  desorption state is limited by the rate of hydrogen addition to
z, oriented perpendicularly to this plaf€The surface selection  the surface ethyl species or by the rate of ethyl formation on
rule for RAIRS indicates that only modes that transform as a the surface. In either case, the rate of hydrogen (deuterium)
vector oriented perpendicularly to the surface are infrared addition to the ethyl species occurs at or below 170 K, a
active®® and can be used to indicate adsorbate orientations. Intemperature that is much lower than the rate of ethylene
the case of ethyl iodide adsorbed at low exposures at 80 K, thehydrogenation on Pd(111) in temperature-programmed desorp-
methyl bending mode of Asymmetry is the most intense while tion (Figure 1). This indicates that the addition of the first



Reaction Pathway for £, Hydrogenation on Pd(111)

hydrogen to an adsorbedbonded ethylene to form an ethyl
species is much slower than the rate of subsequent hydrogen

tion to form ethane. The surface reaction pathway on clean 145

Pd(111) can be summarized as follows:

H

CH,
HpgH h

CH,

N

H\ -
- C=CS slow fast

CH3—CH;

pi-bonded ethylene

Conclusions

Ethylene rehybridizes following adsorption on clean Pd(111).

The presence of preadsorbed hydrogen on the surface affect

the ethylene adsorption geometry so that it becombsnded.

A small amount of ethane desorption is found in temperature-
programmed desorption when the surface is precovered by
hydrogen, but not when hydrogen and ethylene are co-dosed,
indicating that ethylene blocks the adsorption of hydrogen on

J. Phys. Chem. B, Vol. 105, No. 45, 20011239

(5) Stacchiola, D.; Wu, G.; Kaltchev, M.; Tysoe, W.X .Chem Phys

52001, 115 3315.

(6) Kaltchev, M.; Thompson, A.; Tysoe, W. Burf Sci 1997 391,
(7) Conrad, H.; Ertl, G.; Latta, E. EBSurf Sci 1974 41, 435.
(8) Tysoe, W. T.; Nyberg, G. L.; Lambert, R. M.Phys Chem 1984
8, 1960.

(9) Ofner, H.; Zaera, FJ. Phys Chem 1992 B101, 396.

(10) Shaikhutdinov, S.; Heemeier, M.; &mer, M.; Lear, T.; Lennon,
D.; Oldman, R. J.; Jackson, S. D.; Freund,JCatal. 2001, 200, 330.

(11) Somorjai, G. A. InElementary Reaction Steps in Heterogeneous
Catalysis Joyner, R. W., Van Santen, R. A., Eds.; Kluwer: Dordrecht,
1993; p 3.

(12) Sekitani, T.; Tabooka, T.; Fujisawa, M.; Nishijima, Nl. Phys
Chem 1992 96, 8462.

(13) Schuit, C. G. A,; Reijen, L. LAdv. Catal. 1958 10, 242.

(14) Molero, H.; Stacchiola, D.; Tysoe, W. T. In preparation.

< (15) Molero, H.; Bartlett, B. F.; Tysoe, W. Ti. Catal 1999 181, 49.

(16) Zaera, F.; Somorjai, G. Al. Am Chem Soc 1984 106, 2288.

(17) Hoffmann, H.; Griffiths, P. R.; Zaera, Burf Sci 1992 262, 141.

(18) Crowder, G. AJ. Mol. Spectrosc1973 48, 467.

(19) During, J. R.; Thompson, J. W.; Thyagesan. J. W.; Witt, JJ.D.
Mol. Struct 1975 24, 41.

(20) Redhead, P. Avacuum1962 12, 203.

(21) Herzberg, Glnfrared and Raman Spectr&an Nostrand Reinhold

the surface. The amount of ethane formed during a temperatureCompany: New York, 1945.

sweep is limited due to the loss of ethylene from the surface by
desorption. Grafting ethyl species onto Pd(111) by reaction of

(22) Tysoe, W. T.; Nyberg, G. L.; Lambert. R. Nl.Phys Chem 1984
88, 1960.
(23) Wang, L. P.; Tysoe, W. T.; Hoffmann, H.; Zaera, F.; Ormerod, R.

ethyl iodide with the surface reveals that ethyl groups hydro- M.; Lambert, R. M.Surf Sci 1999 94, 4236.

genate much more rapidly than the overall rate of ethylene

hydrogenation, indicating that the addition of the first hydrogen

to adsorbed ethylene is the rate-limiting step in ethylene

hydrogenation. As part of this work, two ethyl iodide adsorption

geometries were found. One forms at low exposures at 80 K in

which the mirror symmetry plane of ethyl iodide is oriented

close to parallel to the surface, and the other forms at high
coverages where the mirror symmetry plane is oriented more

closely to normal to the surface.
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