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Abstract

2-lodoethanol adsorbs on Ag(1 1 1) to form 2-hydroxyethyl species which rea@3K to eliminate water and ethylene
and to deposit species of stoichiometHZO. At high coverages, this forms predominantly oxametallacyclic species which
exhibit vibrational modes at 759, 972 and 1069¢nThe oxametallacycle thermally decomposes forming acetaldehyde. The
reflection-absorption infrared spectra of both ethylene and ethylene oxide adsorbed on oxygen-activated Ag(111) at 300K
under a pressure of 1 Torr show that they react to form both acetaldehyde and ethylene oxide species. Ethylene oxide adsorbs
at high pressures via the oxygen atom with the molecular plane tilted with respect to the (11 1) surface. All of the adsorbed
ethylene oxide and the majority of the acetaldehyde desorb on heating to 390 K, with the remainder of the acetaldehyde being
removed by heating to 450 K. These results are in accord with previous temperature-programmed desorption data which
showed the formation of acetaldehyde, ethylene oxide angi€€is temperature range. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction references therein [5,6]). Subsurface oxygen, which
is also present during the reaction, is also proposed
The pathway to the catalytic formation of ethylene to be a spectator species, although this has been
oxide from ethylene and oxygen has been extensively suggested to facilitate the nucleophilic addition of
investigated over the past 20 years [1-4]. This work ethylene to adsorbed oxygen [5]. It was proposed in
has shown that an Ag(111) single crystal provides this work that the initial reaction between ethylene
a good model for the supported catalyst since it cat- with adsorbed atomic oxygen formed total oxidation
alyzes the formation of ethylene oxide with kinetics products (CQ@ and HO) and a surface precursor to
that resemble those of supported catalysts [5—7]. ethylene oxide formation. The nature of the surface
It has also been demonstrated, using temperature-intermediate remains to be identified. There are two
programmed desorption, that the active form of ad- obvious candidates for this intermediate species. The
sorbed oxygen for both selective and total oxidation first forms when both p-orbitals of the ethylenic
is adsorbed atomic oxygen, not dioxygen species (seeorbital simultaneously interact with adsorbed oxy-
gen to form adsorbed ethylene oxide directly. This

* Corresponding author. Tek1-414-229-5222: was suggested to be the intermediate formed in the
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can interact with both adsorbed atomic oxygen and species detected using a Dycor quadrupole mass spec-
the silver surface forming an oxametallacycle [9,10]. trometer located in the main ultrahigh vacuum cham-
This would undergo a reductive elimination to form ber and interfaced to a PC allowing five masses to
ethylene oxide. In the reaction pathway proposed by be monitored sequentially during the same desorption
Grant and Lambert, the surface intermediate either sweep.
reacts to form ethylene oxide or undergoes further =~ The sample was cleaned using a standard proce-
oxidation to form CQ and HO. Such a double dure [14,15] which consisted of bombarding with
branching reaction pathway successfully accounts for Argon ions (1keV, 2LAcm—2) at 300K and the
the deuterium kinetics isotope effects found for this annealing to 1000K in vacuo to remove any remain-
reaction [5,11,12]. ing surface species. The ethylene oxide used for the
This reaction pathway was elucidated based on mea-experiments (Aldrich, 99% purity) was transferred
surements of the reaction kinetics and temperature-to glass vials, attached to the gas-handling line of
programmed desorption data following relatively large the vacuum system and further purified by repeated
ethylene exposures(0’1, 11 = 1x 108 Torrs). The freeze-pump-thaw cycles and its cleanliness moni-
salient points of this work will be summarized below. tored mass spectroscopically. Ethylene (Matheson)
In this work, the corresponding reflection-infrared was transferred from the cylinder to a glass bottle and
spectra are collected, allowing the nature of the further purified by bulb-bulb distillations and its purity
species present on the surface to be monitored and theverified mass spectroscopically. The 2-iodoethanol
reaction intermediates identified. used for the experiments (Aldrich, 99% purity) was
transferred to glass vials, attached to the gas-handling
line of the vacuum system and further purified by
2. Experimental repeated freeze-pump-thaw cycles and its cleanliness
monitored mass spectroscopically. Perdeuteroethy-
The experiments were carried out in a stainless-steel,lene (GD4) (Cambridge Isotopes, 98% D) was used
ultrahigh vacuum chamber operating at a base pres-as received. Normal oxyger®0,) (Gas Tech, Inc.)
sure of~8 x 10711 Torr following bakeout and which  was also transferred to a glass bottle and further puri-
has been described in detail elsewhere [13]. Infrared fied by several freeze-pump-thaw cycles. Isotopically
data were collected from an Ag(111) single crys- labeled oxygen 0,) (Cambridge Isotopes, 98%
tal sample mounted in a modified 2.75in. six-way 180) was used as received.
cross equipped with infrared-transparent, KBr win-
dows. The sample could be resistively heated to
1000K or cooled to 80 K using liquid nitrogen. Light 3. Results
from a Bruker Equinox infrared spectrometer passes
through a polarizer and is focused onto the sample 3.1. Formation of oxametallacycles on Ag(1 1 1)
at an incidence angle ef80° and the reflected light
steered onto the detector of a liquid-nitrogen-cooled, Fig. 1 shows a series of temperature-programmed
mercury—cadmium-—telluride detector. The complete desorption spectra collected following adsorption of
light path is enclosed and purged with dry, &@ee 2-iodoethanol (31, 1= 1 x 10°° Torrs) on Ag(111)
air. The spectrometer operated at 4¢nresolution at 80 K monitoring various masses. Exposures are not
and data were typically collected for 2000 scans. corrected for ionization gauge sensitivities. In addi-
The infrared cell was attached to the main 12in. tion, a series of experiments were performed with the
diameter, ultrahigh vacuum chamber and the sample sample biased te 100 V to prevent any electrons from
could be moved from the cell into the main chamber by the mass spectrometer ionizer (electron energy, 70 eV)
means of a transfer rod. This chamber was equipped from reaching the sample to test for electron-induced
with a single-pass, cylindrical-mirror analyzer which effects. The spectra collected in this way are identical
was used to collect Auger spectra of the sample. to those without biasing the sample. In contrast to
Temperature-programmed desorption data were col- the behavior found on Ag(110), npbutyrolactone
lected using a heating rate 63K s~ and desorbing  desorption is found [9,10]. Signals are found at all of
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(31 amu) desorption is detected since the 205K peak
in the spectrum collected at this mass is due to io-
doethanol fragmentation. Two 29 amu states are de-
tected at 260 and 315K where, at this exposure, the
260K feature is significantly more intense than that at
Mass/amu 315K. This contrasts the behavior on Ag(1 1 0) where
the 29 amu signal was detected simultaneously with
ethylene and water in two states-aB40 and 263K

[9]. Note that both ethylene oxide and acetaldehyde
have significant mass spectrometer ionizer fragments
at 29amu. However, the 29amu species was un-
27CH, equivocally identified as acetaldehyde, not ethylene
oxide, by carefully measuring the mass spectrometer
ionizer fragments for acetaldehyde and ethylene ox-
ide at various masses and comparing these with the

18 H,0

MS Signal/a.u.

%

29 CH,CHO temperature-programmed desorption spectra taken at

45 IEtOH these masses. Note that acetaldehyde desorbs from
31C,H,OH Ag(111) at substantially lower temperatures (160K,

e ———1A [16]) so that the desorption states measured here rep-
100 200 300 400 500 resent a reaction- rather than desorption-rate-limited
Temperature/K processes. Finally, no other higher molecular weight

species, in particular due tpbutyrolactone (Fig. 1),

F?i’QIJ- 1-dTer:leec;atl;reApriglrimmf% gisonzpt;Qtr‘ rS_EECtlfg OI;iOdoethanO' which was found on Ag(110) [9], were detected.
1(e]]] H H

(27l\r;?us(oethiller?e), Z%(amu)(:cetaldehy(c)je),o45%mu jiogg(e}t’r;anol), . Fig. 2 ShOW§ the evolution of the 29 amu desorp—
3lamu (ethanol) and 86 amy-butyrolactone). The masses and tion Spe_Ctra with eXposur.e where the eXposures_ In
the desorbing species are marked adjacent to the correspondingl@ngmuirs are marked adjacent to the corresponding
spectrum. spectra. Note that the sharp peak at 205K for ex-

posures larger than 21 are due to the desorption of
the other masses (18, 27, 29, 45 and 31 amu). All of iodoethanol multilayers as discussed above. At low
the spectra (except that at 18 amu) exhibit a relatively exposures~{11), both the low- and high-temperature
sharp peak at 205K. This peak increases in intensity acetaldehyde desorption states are evident with rela-
with increasing iodoethanol exposure without saturat- tively equal intensities. The high-temperature (315K)
ing and is assigned to multilayer desorption. Similar state saturates at an exposure-~af | whereas the
multilayer desorption was found at a slightly higher low-temperature (235-260 K) state continues to grow
temperature (225K) on Ag(110) [9]. In addition, the with increasing exposure. In addition, the peak tem-
relative intensities at each mass correspond well to perature of the low-temperature state increases slightly
the mass spectrometer ionizer fragmentation patternwith increasing exposure so that at low exposures
of iodoethanol in agreement with this conclusion. (0.51) it is centered at-235K and shifts monotoni-
Both water and ethylene desorb simultaneously in a cally to higher values with increasing temperature, so
relatively broad peak centered at230K suggest- is at~260K for exposures of 21 and greater. This ef-
ing that they are formed by the same reaction. The fect may be due to the influence of some co-adsorbed
water desorption peak is slightly broader than that iodoethanol and has been observed by others [17].
for ethylene which may reflect the slower pumping The corresponding exposure effect on the ethylene
speed for the former molecule. A small amount of (27 amu) desorption profile is shown in Fig. 3 where
iodoethanol (45 amu) desorbs from the adsorbed over- again the 205 K feature that appears at larger exposures
layer at 245K, in contrast to the behavior on Ag(110) is due to multilayer iodoethanol desorption. Two peaks
where no molecular desorption was detected, exceptare seen at low exposures (0.51) at 205 and 225K.
when multilayers had formed. Essentially no ethanol The high-temperature peak of a similar two-peaked
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spectra collected as a function of iodoethanol exposure at 80 K. The 100 200 300 400 500
exposures (in Langmuirs) are marked adjacent to the corresponding
spectra.
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Fig. 3. Ethylene (27 amu) temperature-programmed desorption
spectrum on Ag(110) was ascribed to the effect of spectra collected as a function of iodoethanol exposure at 80K.
surface defects [8]. The ethylene desorption yield The exposures (in Langmuirs) are marked adjacent to the corre-

. L . sponding spectra.

and peak temperature increase with increasing expo-
sure, the peak temperature varying from 205K at low
exposures (0.51) to 230K at high (31). spectra (29 amu for acetaldehyde, 27 amu for ethylene

The desorption spectra for iodoethanol (45 amu) are and 18 amu for water) for known pressures of each of
displayed as a function of exposure in Fig. 4 where these gases. These pressures were corrected for ion-
the growth of the multilayer (205 K) feature is clearly ization gauge sensitivities. It is clear from these data
evident. A peak also appears at 245K due to the that essentially equimolar amounts of ethylene, water
desorption of iodoethanol adsorbed on the (111) sur- and acetaldehyde are evolved for all iodoethanol ex-
face. A Redhead analysis of the desorption state [18], posures. Similar results were obtained for iodoethanol

assuming a pre-exponential factor ofx110¥s™1, adsorbed on Ag(110) where equimolar amounts of
yields a desorption activation energy for this state of water and ethylene desorbed both in the 263 and
~63 kJ mot L. 340K desorption states [9]. However, in contrast to

The relative molar desorption yields for ethylene, the results obtained here on Ag(111), approximately
water and acetaldehyde are plotted as a function of 2mol of acetaldehyde were formed for each mole of
iodoethanol exposure in Fig. 5. In this case, desorp- water or ethylene on Ag(110).
tion yields are calculated from the integrated intensity = The RAIRS spectra associated with these des-
under the desorption profile. This yield is converted orption data have been collected and the results are
to relative molar quantities by measuring the inten- summarized in Table 1. Their assignments have been
sity at each of the masses detected in the desorptiondiscussed in greater detail elsewhere [19].
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Fig. 5. Plot of the relative molar desorption yield of water, ethy-
lene and acetaldehyde in temperature-programmed desorption as
a function of iodoethanol exposure.

spectra collected as a function of iodoethanol exposure at 80K. The 3 2 Reaction of ethylene and ethylene oxide on

exposures (in Langmuirs) are marked adjacent to the corresponding

spectra.

Table 1

Comparison of the frequencies assigned to a metallacycle on
Ag(110) measured using high-resolution electron energy loss
spectroscopy [10] with those formed by adsorbing iodoethanol
on Ag(111) and heating to 240K measured using infrared

spectroscogy

Assignment Frequency (cth)
Oxametallacycle/ Species formed
Ag(110) [10] from iodoethanol

on Ag(111) [19]

vs(OCC) 793 795

va(OCC) 996 972

va(OCC) 1052 1069

tw(CHy) 1218 -

W(CHy) 1273 -

CHy sciss 1446 -

asciss: scissory: stretch, tw: twist, w: wag.

oxygen-covered Ag(1 1 1)

Shown in Fig. 6 are the infrared spectra obtained
after pressurizing an oxygen-saturated surface with
ethylene (1 Torr). The oxygen-covered surface was
prepared by an activation process reported in the lite-
rature [5—7]. In order to ensure that the spectra are
not due to species displaced from the walls of the
chamber, control experiments were carried out by
pressurizing the cell with 100 Torr of Nand collect-
ing RAIR spectra of the oxygen-activated surface.
No adsorbate features were detected. The presence of
both adsorbed and subsurface oxygen was confirmed
using temperature-programmed desorption. Fig. 6(a)
shows the spectrum of the surface in the presence of
1Torr of ethylene. Very intense gas-phase features
are detected at2000,~1400 and~1000cnT? and
are indicated by horizontal lines at the bottom of the
spectrum. Additional peaks are detected that are not
assignable to gas-phase features and which are due
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Table 2
RAIRS of 1 Torr C,H, / O/ Ag(111) Infrared frequencies of the surface species formed by pressurizing
an oxygen-activated Ag(111) surface with ethylene (1 Torr) and
0.00025 T/K evacuating
e) 550 K Frequency (cm?), Frequency (cm?), v(*0)v(180)
CoH4/1%0/Ag(111) CoH4/180/Ag(111)
752 717 1.049
0] 1004 972 1.033
) 450 K 1327 1303 1.018
@®© 1389 1384 1.004
Q 1689 1589 1.063
8 2808 2810 1.00
a |9 390 K 2885 2878 1.002
< N~
238 > 88 ¢ o
&& 8 ", & F
b)ﬂ.l.| et \. 300 K Langmuirs) results in the desorption of ethylene with
AR B BA A no reactions occurring at the surface [21]. This is
u entirely in accord with the work of Grant and Lam-
3) ) 300 K bert who showed that large ethylene exposures were
9 9 9 required to induce a chemical reaction at the surface

3000 2500 2000 1500 1000 500 [5]. Itis also interesting to note that ethylene adsorbed
-1 at high pressures (several hundred Torr) on clean
Frequency /cm Ag(111) at 300K, desorbs completely reversibly
Fig. 6. Reflection-absorption infrared spectra of an oxygen- [21]' The. maJ_O”ty of the infrared features d!mInISh
activated Ag(1 1 1) surface also containing subsurface oxygen pres- Substantially in temperature as the sample is heated
surized with 1 Torr of ethylene at 300 K. The infrared cell was then to ~390K (Fig. 6(c)) where weak features persist at
evacuated and the spectrum collected at 300K. The sample was 1689 and 1389 cmt and all of the peaks, except for
then annealed to various temperatures in ultrahigh vacuum and that at 1004 le' are completely removed by anneal-

allowed to cool to 300K and the infrared spectrum recorded. The . 450K. Th l ob . broadl|

annealing temperatures are marked adjacent to the corresponding!ng to : ese spectral observations are broadly

spectra. in accord with the temperature-programmed desorp-
tion data of Grant and Lambert [5] where arstate

was detected at360K due to the desorption of ac-

to surface species. These exhibit peaks at 752, 1327 €taldehyde and ethylene oxide, as well as the forma-
2808 and 2885 crmi-. These persist when the ethylene 10N 0f COy. The onset of this feature is at 300K, the
is evacuated with the sample held at 300K (Fig. 6(b)) starting temperature of the temperature-programmed
but with an intensity that is attenuated by about 40%.

This indicates that a portion of the species present Table 3

after pressurizing the surface tel Torr with ethy- Ratio of the infrared intensities of modes formed by the adsorption
lene desorb at 300 K. Once the ethylene is removed of ethylene oxide and of ethylene adsorption on oxygen-activated

additional surface species become evident so that the\Ag(lll)a

spectrum collected at 300K in ultrahigh vacuum ex- Frequency(cm?) I(ethylene oxide)/
hibits peaks at 752, 1004, 1327, 1389, 1689, 2808 and |(ethylene)
2885cnTl. It is clear that the reaction of ethylene 752 (759) 0.6+ 0.1

with an oxygen-covered s_ilver surface results in the ggé ggggg (1):4% 8:;
formation of surface species that are stable at 300K. 1689 (1681) 12502

None of the features evident in this spectrum can be 2808 (2808) 0.5+ 0.1
assigned to adsorbed ethylene which adsorbs weakly2885 (2885) 0.4 0.1

on Ag(111) [20]. In addition, adsorbing ethylene on aFrequencies in parentheses are those measured for ethylene
oxygen-covered Ag(111) at low exposures (a few oxide on oxygen-activated Ag(111).
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Table 4
Assignments of the modes assigned to ethylene oxide found following adsorption of ethylene oxide and ethylene on oxygen-activated
Ag(111) (1Torr at 300K)

Mode Ired. Rep  Frequency (cth)

CoHiO  CoH40/Ag, CoH4/O/Ag CoD4/*%0/Ag,  v(H)/v(D)

[26] UHV 140K [21]  C,H40/O/Ag, 1 Torr 1 Torr C2H(D)4/*%0/Ag
va(CH(D))2 by 3065 - 2885 2021 1.42
vs(CH(D))2 a 3006 - 2808 1997 141
Ring stretching mode 18 1271 1265 1331, 1327 999 1.33
Ring deformation mode ja 877 852 752, 759 -

aFrequencies for ethylene oxide adsorption on oxygen-activated Ag(111).

Table 5
Assignments of the modes assigned to acetaldehyde found following adsorption of ethylene oxide and ethylene on oxygen-activated
Ag(111) (1 Torr at 300Ky

Mode Symmetry Frequency(cth)

Crystalline CHsCHO/Ag(111), C2H4/*%0/Ag CoH4/*80/

CH3CHO UHYV [16] C2H40/*%0/Ag, 1 Torr Ag, 1Torr
v(C=0) d 1722 1670 1689, 1681 1589
3a(CHz) d 1431, 1422 - - -
3(CH) d 1389 - - -
3s(CHs) d 1347 1400 1389, 1389 1384
va(OCO) 4 - - - -
v5(OCO) 4 - 1034 - -
v(C-C) 4 1118 - - -

aFrequencies for ethylene oxide adsorption on oxide-activated Ag(1&t teformation.

desorption spectrum. The diminution in intensity of Table 1). The infrared spectra observed following
the infrared features in the presence of 1 Torr of ethy- initial adsorption are consistent with the removal of
lene (Fig. 6(a)) and after evacuation (Fig. 6(b)) sug- iodine from iodoethanol to form a hydroxy ethyl
gests that the desorption state, in fact, extends belowspecies [19]. Subsequent reaction of this species
300K and the feature detected-aB60K represents  yields equimolar amounts of ethylene and water in a
the trailing-edge portion of the whole desorption simultaneous reaction and is illustrated in Scheme 1
state. Similar experiments were carried out by pres- below.
surizing an oxygen-activated surface prepared using This reaction also deposits species of molecular
180 with ethylene (GH4). The resulting frequencies  formula GH4O on the surface which subsequently
are summarized in Table 2. Experiments were also desorb as acetaldehyde at 260 and 315K (Figs. 1 and
carried out by pressurizing #0-activated surface  2). The equimolar amount of acetaldehyde produced
with C,D4 and ethylene oxide and these results are as ethylene and water is in accord with this scheme
presented in Tables 3, 4 and 5. (Fig. 5). Broadly similar reaction products are found
on Ag(110) except that ethylene, water and acetalde-
hyde all desorb simultaneously [9] so that subsequent
4. Discussion reaction of the species of stoichiometry>HzO
appears to be rather rapid on Ag(110). Almost
lodoethanol adsorbs at 80K on Ag(111) to form equimolar amounts of water and ethylene desorb
a condensed layer that desorbs~a205K (Fig. 1, from Ag(110). However, the amount of acetaldehyde
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H\ H\ H,0 + C,Hy
O\ O\
CH, CH CH;CHO
N / 3
CH, CH, C,H,0
Scheme 1.

is approximately twice that predicted by Scheme 1. lene that does not require the presence of subsurface
This implies that there may be an additional dehydro- oxygen and produced am-CO, desorption state at
genation pathway available on Ag(110) not seen on ~360K. The second pathway involves the further
Ag(111). oxidation of ethylene oxide and requires the presence
The nature of the species of stoichiometryHzO of subsurface oxygen and appears to proceed via
formed on the surface as a result of the reaction CH3CHO, CHCOOH and (COOH) and gives rise
depicted in Scheme 1 have been identified using to a B-CO, desorption state at450K. The kinetic
reflection-absorption infrared spectroscopy [19]. In deuterium isotope effects indicate that C—H bond
particular, a species exhibiting infrared frequencies at scission is rate-determining in both total oxidation
795, 972 and 1069 cnt is assigned to an oxamet- pathways [11,12]. The infrared measurements are in
allacycle and compared to the frequencies of an ox- broad agreement with these observations since the
ametallacycle on Ag(110) [10] in Table 1, where the majority of the infrared features disappear~&890 K
higher frequency Chl modes are not detected since corresponding to ethylene oxide/acetaldehyde desorp-
they are relatively weak. The agreement between tion and thex-CO; state and a feature at1004 cntt
the two sets of data are reasonably good. The major persists at this temperature but disappears on heating
discrepancy is that the 996 crh peak is the most  to above 450K corresponding to tieeCO, desorp-
intense in the electron energy loss data for Ag(11 0) tion state (Fig. 6).
[10] while the 1069 cm? peak is the most intense in Ethylene adsorbs only weakly and reversibly on
the infrared spectra for Ag(111). There may be two clean Ag(111) and is only slightly perturbed by the
possible causes for these intensity differences. First, presence of co-adsorbed oxygen when exposed at a
the HREELS data may also contain contributions sample temperature of 80K [21]. Ethylene adsorbed
from impact scattering and second, the oxametallo- on Ag(111) exhibits a sharp feature at 950¢m
cycle structure on Ag(111) may be different to that which shifts to~970cnt? in the presence of ad-
on Ag(110). This species thermally decomposes at sorbed oxygen [21]. No features are detected at these
260K to yield acetaldehyde suggesting that an oxam- frequencies after pressurizing the surface (Fig. 6)
etallacycle, if it forms on Ag(1 1 1) from a reaction of indicating that no ethylene appears to be bonded di-
ethylene and adsorbed atomic oxygen, does not leadrectly to the silver surface under these circumstances,
to ethylene oxide formation. but that all products are formed by reaction with
The work of Grant and Lambert on the chemistry adsorbed atomic oxygen. This reaction also appears
of ethylene on oxygen-covered Ag(1 1 1) suggests that to be activated. Similar species also appear to be
the presence of both adsorbed and subsurface oxygerformed following the adsorption of both ethylene and
are required for the formation of ethylene oxide [5]. ethylene oxide on oxygen-covered silver (Table 4).
Adsorbed atomic oxygen is responsible for both total It was found that the frequencies of features formed
oxidation to form CQ and water as well as ethylene by pressurizing oxygen-activated Ag(1 1 1) with ethy-
oxide. Two total oxidation pathways were identified. lene or ethylene oxide were identical. Their relative
The first was a direct combustion of adsorbed ethy- intensities were, however, different and their relative
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intensities are displayed in Table 3. This allows the
modes to be classified into two groups, one with
frequencies at 752, 1327, 2808 and 2885 ¢rdes-
ignated species A in Fig. 6) the other with frequen-
cies at 1389 and 1681 cth (designated species B in
Fig. 6). The 1330 and 752 cmh modes involve the
participation of oxygen (Table 2) while the 2808 and
2885 cnT! modes are due to C—H stretches (Table 4).
The frequencies of species A are consistent with the .
presence of an epoxide ring and the assignments are The remaining features (at 1389 and 1681¢m

shown in Table 4. The 752 cm peak is assigned to a ;I;]able 3) due tof sp()jeciebs 5’ (Fi%' Ig) r?rg aSSigntEd to
ring deformation mode gasymmetry) and is shifted € presence ot adsorbed acelaidenyde an € as-

by ~125cm L from the corresponding gas-phase signments are summarized in Table 5. The 1689tm

value. This shift is larger than that for ethylene oxide feature is assigned to the=0 stretching mode and

chemisorbed on oxygen-covered Ag(111) at 160K the isotopic Shiﬁ. with'®0 s cpnsiste_nt with this as-
where the shift is-25 cnt [21]. This implies that the signment and this frequency is relatively close to that

L . ; found for acetaldehyde adsorbed in ultrahigh vacuum
e e e ® an PeL1 123, RUOO (2] and Cott 1.1 25
signed to a ring stretching mode, @mmetry) which Notg that these modes are also the most intense for
appears at 1271cm in the gas-phase and is thus, the infrared spectrum of acetaldehyde adsorbed on
shifted by ~60cnT L. The observed isotopic shifts Ag(111) at 80K [16].
found with 180 (Table 2) and D (Table 4) substitu-
tion are consistent with this assignment. The peaks at
2885 (b symmetry) and 2808 cmt (a1, symmetry) 5. Conclusions
are assigned to C—H stretching modes. Again the iso-
topic shifts are consistent with this assignment and  2-lodoethanol adsorbs on Ag(111) at 80K and
the shifts compared to the gas-phase values (180 andis proposed to react at relatively low temperatures
198 cnTl, respectively) are also consistent with con- to form 2-hydroxyethyl species and deposit iodine
siderably rehybridized carbons in the epoxide ring. onto the surface. These react to eliminate water and
The appearance of an intense C—H stretching mode simultaneously desorb ethylene to leave a surface
with b, symmetry (at 2885 cmt) suggests that the  fragment of stoichiometry §440. Surface infrared
epoxide is not oriented with the principle symmetry data suggest that an oxametallacycle is formed which
axis of the adsorbed ethylene oxide perpendicular thermally decomposes at260K to desorb acetalde-
to the surface since this would result in the appear- hyde. Both ethylene oxide and ethylene adsorb and
ance of modes with justiassymmetry [22]. Note that  react on oxygen-activated Ag(11 1) at high pressures
the adsorption of ethylene oxide on Ag(111) at low to form adsorbed acetaldehyde and ethylene oxide.
pressures displays only modes with aymmetry Adsorbed ethylene oxide is substantially distorted
implying perpendicular adsorption in that case [21]. from its gas-phase geometry as judged by the shifts in
Modes of b symmetry transform as a vector oriented its vibrational frequencies and appears to be adsorbed
along thex direction (perpendicular to the epoxide via the oxygen atom to the surface with its mole-
ring). The appearance of modes with this symmetry cular plane tilted to the (11 1) plane. The adsorbed
suggests that the epoxide ring is oriented in such a ethylene oxide coverage is larger when the surface is
way that a component of this vector is normal to pressurized by 1 Torr of ethylene at 300 K than when
the surface. There is no evidence for the appearancethe surface is subsequently evacuated suggesting that
of modes with b symmetry implying that the C—C  a portion of the ethylene oxide desorbs even at 300 K.
bond of the epoxide ring remains oriented parallel to All of the adsorbed ethylene oxide is removed by
the surface. This suggest a molecular orientation as annealing in vacuo to 390K while a portion of the
depicted below. adsorbed acetaldehyde persists at this temperature.
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This is completely removed on heating to 450K. [9] G.S. Jones, M.A. Barteau, J. Vac. Sci. Technol. A 15 (1997)
These observations are consistent with previous 1667.

temperature-programmed desorption data for ethylene [1! Shse mJog‘;z '\1"2'0'\"(31"&;";";9'\2'/* Barteau, J.M. Vohs, J. Am.
and ethylene oxide on oxygen-covered Ag(111). [11] N.W. Cant, WK, Hall, J. Catal. 52 (1978) 81.
[12] R.A. van Santen, J. Moolhuysen, W.M.H. Sachtler, J. Catal.
65 (1980) 478.
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