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Abstract: The presence of surface oxygen on Mo(110) is shown to increase the kinetic stability of surface phenoxide formed 
after saturation phenol exposure with respect to decomposition. Temperature-programmed reaction and X-ray photoelectron 
spectroscopies have been used to study the reactions of phenol (C6H5OH) on oxygen-precovered Mo(110) (80 = 0.33). At 
saturation coverage, surface phenoxide is formed from cleavage of the phenol O-H bond at temperatures below 400 K and 
is stable on the surface to 650 K, where it undergoes disproportionation to gaseous phenol (Ed = 42 kcal/mol) and the decomposition 
products gaseous water, gaseous dihydrogen, and surface carbon. A trace amount of benzene is also produced from decomposition 
of surface phenoxide. The hydrogen released by O-H bond cleavage in phenol at low temperature reacts with oxygen in the 
oxide overlayer to form gaseous water at temperatures below 400 K. Intact molecular phenol is also desorbed at temperatures 
below 350 K. The atomic oxygen overlayer dramatically stabilizes C-O and C-H bonds in the surface phenoxide species, 
which are cleaved at ~370 K on the clean Mo(110) surface. The stability of surface phenoxide on the oxygen-precovered 
surface is dependent on the coverage of phenol-derived surface species, with decomposition occurring at lower temperature 
for lower phenol exposures. No gaseous phenol is reformed from phenoxide for low phenol exposures. 

1. Introduction 
Phenol is a bifunctional molecule which may interact with a 

transition-metal surface through either the oxygen lone pair or 
the entire ir ring system. The reactivity of the surface species 
formed upon adsorption may be influenced by structure and the 
coverage of either the species itself or atomic species such as 
oxygen and carbon. Previously, we studied the reaction of phenol 
on clean Mo(11O)1 to investigate the nature of the interaction with 
the surface and the reactivity of surface species formed. Only 
decomposition to surface carbon, surface oxygen, and gaseous 
dihydrogen is observed on Mo(110) after desorption of multilayers 
of phenol and a weakly bound molecular species. Surface phe
noxide (C6H5O) forms at temperatures below 360 K; however, 
the phenoxide intermediate begins to irreversibly decompose by 
370 K, where both C-H and C-O bonds activate. The activation 
of C-H bonds in the same temperature region as C-O bonds and 
the depletion of surface hydrogen through H2 formation is thought 
to prevent hydrogenolysis of the phenoxide surface intermediate 
to benzene. 

Oxygen overlayers are known to affect the reactivity of Mo(IOO) 
and Mo(110). Studies of the adsorption of Lewis acids and bases 
on clean and oxygen-precovered Mo(IOO) show that while the 
clean Mo(IOO) surface dissociates many molecules upon adsorption 
at room temperature, the oxidized surface is much less reactive 
to dissociation.2 The presence of atomic oxygen on Mo(IOO) 
inhibits C-O bond scission in the formation reaction of gaseous 
methane from methoxy groups on the surface formed from 
methanol.3 The rate of CO dissociation on an oxygen-precovered 
Mo(110) surface has also been studied4 and found to be slower 
than that on the clean surface. Interestingly, in contrast to the 
case of oxygen, reaction on the sulfided Mo(110) surface exhibits 
the same CO dissociation kinetics as the clean surface. 

The motivation for study of the reaction of phenol on an oxygen 
overlayer is twofold. Understanding the effect of oxygen on surface 
kinetics in the reaction of oxygen atom-containing molecules is 
important since surface oxygen is a reaction product of deoxy-
genation and may influence further reaction. Secondly, pre-
treatment with oxygen is a common step in the binding of phenolic 
adhesives to metals; thus, it is important to determine the influence 
of oxygen on the reactivity of phenolic species. Temperature 
programmed reaction and X-ray photoelectron spectroscopies were 

(1) Serafin, J. G.; Friend, C. M. Surf. Sci. 1989, 209, L163-L175. 
(2) Walker, B. W.; Stair, P. C. Surf. Sci. 1980, 91, L40-L44. 
(3) Ko, E. I.; Madix, R. J. Surf. Sci. 1981, 112, 373-385. 
(4) Erickson, J. W.; Estrup, P. J. Surf. Sci. 1986, 167, 519-533. 

used in this study to examine the reactions of phenol on Mo(110), 
the closest packed face of molybdenum, which had been precovered 
with a 0.33 monolayer atomic oxygen overlayer. The presence 
of the oxygen overlayer is found to stabilize phenoxide groups on 
the surface with respect to decomposition to such an extent that 
recombination to form phenol occurs at temperatures over 600 
K. Water, dihydrogen, and trace amounts of benzene are evolved 
as decomposition products of the phenoxide groups present on the 
surface. Thus, the presence of atomic oxygen significantly alters 
the energetics for surface reactions on Mo(110), leading to slower 
kinetics for decomposition. The reaction of water on the oxy
gen-precovered Mo(IlO) surface was also studied to aid in the 
interpretation of the phenol results and will be discussed first. 

2. Experimental Section 
All experiments were performed in two ultrahigh vacuum chambers 

with base pressures of 1.5 x 10"10 Torr. The X-ray photoelectron and 
most of the temperature-programmed reaction experiments were per
formed in a chamber described previously.5 This chamber is equipped 
with a Physical Electronics 5300 X-ray photoelectron spectroscopy sys
tem, a UTI-100C quadrupole mass spectrometer surrounded by a liquid 
nitrogen cooled shield, and electron optics for Auger electron spectros
copy and low-energy electron diffraction. The mass spectrometer was 
interfaced with an IBM computer which allowed data collection for up 
to 10 masses in a single experiment. Auger electron spectroscopy and 
low-energy electron diffraction were used to monitor crystal cleanness 
and check surface order. X-ray photoelectron data were analyzed and 
curve-fitted by using the computer and software provided with the 
Physical Electronics system. The C(Is), O(ls), and Mo(3d) regions were 
monitored for collection times of 7, 7, and 2 min, respectively. Clean 
Mo(IlO) surface spectra were subtracted from the C(Is) region, since 
photoemission from molybdenum exhibited structure in this region. The 
Mo(3d) peak at 227.7 eV was used to calibrate the binding energies of 
the C(Is) and O(ls) regions. Binding energies are accurate to within 
±0.2 eV. For the temperature annealing experiments, a saturation dose 
of phenol was adsorbed on the crystal at 100 K, flashed to the temper
ature of interest twice at a heating rate of —15 K/s, and recooled to 100 
K before X-ray photoelectron data were collected. A new phenol dose 
was used for each X-ray photoelectron spectrum collected in order to 
minimize beam damage to surface species. There were no changes in the 
X-ray photoelectron spectra over time for the collection times used (16 
min), indicating that beam damage was not occurring. The second 
chamber, described previously,6 was used to perform isotopic labeling 
temperature programmed reaction experiments, to observe low-energy 
electron diffraction patterns, and to measure Auger peak ratios. 

(5) Friend, C. M.; Serafin, J. G. J. Chem. Phys. 1988, 88, 4037-4045. 
(6) Roberts, J. T.; Friend, C. M. J. Am. Chem. Soc. 1986,108, 7204-7210. 
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Figure 1. Low-energy electron diffraction patterns observed at a beam 
voltage of 72 eV of (a) (top) clean Mo(IlO) and (b) (bottom) 0.33 
monolayer oxygen overlayer on Mo( 110) used for studies of the reaction 
of phenol and water. 

Preparation of the Mo(IIO) single crystal was performed in the 
manner described previously.6 Phenol was obtained from Mallinckrodt 
(Loose Crystals, ACS), degassed at 300 K repeatedly, and used without 
further purification. Deuterium-labeled phenol (phenol-rf6 and phenol-i^, 
98%) was obtained from Cambridge Isotope Laboratories and degassed 
in the same manner as phenol-/i6. Oxygen (Matheson, Extra Dry, 99.6%) 
was used to make atomic overlayers and to clean the crystal after tem
perature-programmed reaction. Oxygen exposure is expressed in units 
of Torr-s, which refer to the product of the backing pressure of the oxygen 
in the doser reservoir and the time in seconds the doser is open. Directed 
dosing was used in all cases so that the chamber pressure was never above 
3 X 10"'° Torr during phenol dosing. Phenol exposure is referenced to 
saturation exposure, which is defined as the exposure after which there 
is no further increase in the amount of product formation (water, di-
hydrogen). A crystal dosing temperature of 100 K was used in all 
experiments unless otherwise noted. 

The 0.33 monolayer oxide used in this study was formed by exposing 
the Mo(110) crystal to 60 Torr-s of oxygen at a crystal temperature of 
1200 K. After cooling to 100 K, the low-energy electron diffraction 
pattern shown in Figure Ib was observed. The coverage of oxygen in the 
overlayer formed in this manner was calibrated by measuring the area 
of the O(ls) X-ray photoelectron peak of the oxygen overlayer and 
comparing it to the total S(2p) area observed for the Mo(ll0)-p(2 X 
2)-S overlayer, which is known to have a coverage of 0.25 monolayers. 
After correcting for the relative atomic sensitivity factors, this mea
surement yields a coverage of 0.33 monolayer for the oxygen overlayer. 
The structure of oxygen overlayers on Mo(110) has been studied previ-
ously.'-8 The low-energy electron diffraction patterns reported for 0.25 
and 0.50 monolayer coverages of oxygen8 are similar to those observed 
here for the 0.33 monolayer oxygen overlayer and shown in Figure 1. 
The ratio of the O(KLL) to Mo(MNN) Auger peak-to-peak height is 
also consistent with those measured previously for this coverage. The 
oxygen overlayer used here could also be formed by exposing the crystal 
to oxygen at a temperature of 100 K and annealing to 1200 K. The oxide 

(7) Kennctt, H. M.; Lee. A. F.. Surf. Sci. 1975, 48. 591-605. 
(8) Bauer, E.; Poppa. H. Surf. Sci. 1983. 27. 243-254. 

Figure 2. Temperature programmed reaction spectra of water (18 amu) 
from adsorption of water on the 0.33 monolayer oxygcn-prccovcrcd 
Mo(110) surface at 100 K as a function of water exposure. Exposures 
are (a) 0.1. (b) 0.2. (c) 0.8 and (d) 1.0 of saturation. 

formed in this manner was found to have a low-energy electron diffrac
tion pattern and reactivity identical with that of the oxide formed at high 
temperature. The exact coverage of oxygen was found to have very little 
influence on the peak temperatures observed in temperature-programmed 
reaction within the range of 0.25-0.50 monolayer of oxygen, although the 
ratio of decomposition to phenol dcsorption at high temperature was 
found to be affected by the oxygen coverage. 

3. Results 
3.1. Water: Temperature Programmed Reaction and X-ray 

Photoelectron Studies. The reaction of water on Mo( 110) covered 
with a 0.33 monolayer oxygen overlayer was studied to aid in 
interpretation of the phenol data since water is evolved as a product 
from reaction of phenol. The oxygen overlayer was prepared as 
described in the F.xpcrimcntal Section and exhibited the low-energy 
electron diffraction pattern shown in Figure Ib. The temperature 
programmed reaction spectra of water (18 amu) adsorbed at 100 
K obtained as a function of water exposure arc shown in Figure 
2. Water and dihydrogen are the only gaseous products evolved 
during reaction. Water is produced in three separable peaks for 
exposures greater than saturation with maxima at 180, 240, and 
400 K. The sharp peak at 180 K is attributed to sublimation of 
water multilayers since this peak increases indefinitely in intensity 
with exposure (Figure 2d). Other workers have observed subli
mation of water multilayers from Ni(110).9 Ru(OOI).10 and Pt-
(111)" at 155, 170, and 160 K, respectively. The somewhat higher 
temperature observed in the data shown in Figure 2d is attributed 
to nonuniform heating of the Mo( 110) crystal in this temperature 
regime (when the filament is first turned on in the temperature 
programmed reaction experiment). If slower heating rates are 
used, the temperature of multilayer sublimation is observed to 
be around 160 K. 

The broad water dcsorption peak centered at 420 K after low 
exposure shifts to 400 K with increasing exposure and then 
broadens on the low-temperature side at high exposures (Figure 
2). Adsorption of [16O]water (18 amu) on an '8O overlayer shows 
dcsorption of both H2

16O (18 amu) and H2
18O (20 amu) masses 

in this peak, demonstrating that water dcsorbing in this peak arises 
from recombination of species on the surface (data not shown). 
As the water exposure is further increased (Figure 2), a sharp 
molecular peak appears at 240 K in the spectrum of water com
mencing at an exposure ~0 .2 of saturation. Saturation of this 

(9) Bcnndorf. C; Madcy, T. E. Surf. Sci. 1988, 194, 63-91. 
(10) Thiel, P. A.; Hoffman. F. M.; Weinberg. W. H. /, Chem. PHys. 1981. 

75, 5556-5572. 
(11) Rendulic. K. D.; Sexton. B. A. J. fatal. 1982. 78. 126-135. 
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Figure 3. O(ls) X-ray photoelectron spectra of water adsorbed on a 033 
monolayer oxygen precovered Mo(110) surface at 100 K for (a) multi
layer water exposure and (b) saturation water exposure annealed to 300 
K. 

peak is defined as saturation exposure (1.0). Sharp desorptions 
of hydrogen-bonded clusters of water have been observed at similar 
temperatures on oxygen-precovered Ni(11O)9 and other metals. 
Dihydrogen is also formed from the decomposition of water on 
Mo(IlO) in a peak centered at 475 K at low exposures, which 
shifts smoothly in temperature with exposure to 390 K at satu
ration exposure (data not shown). 

O(ls) X-ray photoelectron spectra collected for multilayers of 
water adsorbed at 100 K and after annealing a saturation ex-
poosure of water to 300 K are shown in Figure 3. The peak near 
530 eV is due to the atomic oxygen overlayer. Multilayers of water 
were found to have a binding energy of 533.6 eV (Figure 3a). The 
small peak centered at 531.4 eV is attributed to OH groups in 
the first monolayer or hydrogen-bonded layers of water on the 
surface. After annealing to 300 K, a temperature past multilayer 
sublimation and the sharp 240 K desorption (see Figure 2), two 
peaks are resolvable in the O(ls) X-ray photoelectron spectrum 
at 531.8 and 529.9 eV with an area ratio of - 2 : 3 . The 529.9-eV 
peak is due to the 0.33 monolayer oxygen overlayer as mentioned 
above. The peak at 531.8 eV is assigned to hydroxyl groups on 
the oxygen-precovered surface based on the temperature pro
grammed reaction isotopic exchange results presented above, and 
the agreement of the binding energy observed here with that 
observed for OH groups on other metals. A study of water 
adsorbed on Cu(111) assigned O(ls) values of 533.5 eV for water 
multilayers, 533.3 eV for adsorbed water, and 531.5 eV for hy
droxyl groups on the surface.12 Water adsorption on oxygen-
covered Ag(IlO) has also been studied previously by X-ray 
photoelectron spectroscopy;13 the O(ls) binding energy of hydroxyl 
groups on the surface was found to be 532 eV. 

3.2. Phenol: Reaction at Saturation Coverage. Temperature 
prorammed reaction and X-ray photoelectron spectroscopies were 
used to study the reaction of phenol adsorbed on a Mo(IlO) 
surface which was precovered with 0.33 monolayer of oxygen 
atoms. The temperature programmed reaction spectrum shown 
in Figure 4 is obtained after adsorbing a saturation exposure of 
phenol on the oxygen-precovered surface at a crystal temperature 
of 100 K. Four gas-phase products are evolved: dihydrogen, water, 
phenol, and benzene. All masses in the range of 2-150 amu were 
monitored for reaction products after exposing the oxide to a 
saturation dose of phenol, but no other gaseous products were 
detected. Consistent with results found for the clean surface,1 

phenol multilayers sublime from the surface at 210 K. In contrast 
to reaction on the clean surface where no molecular phenol de
sorption is observed above 240 K, molecular phenol is desorbed 
from the oxygen-precovered surface at 650 K. Additionally, 

(12) Au, C; Breza, J.; Roberts, M. W. Chem. Phys. Lett. 1979, 66, 
340-343. 

(13) Au, C; Singh-Boparai, S.; Roberts, M. W. J. Chem. Soc., Faraday 
Trans. 1 1983, 79, 1779-1791. 

400 500 600 
Temperature (K ) 

Figure 4. Temperature programmed reaction spectra after exposure of 
Mo(IlO) precovered with 0.33 monolayer of atomic oxygen to a satu
ration exposure of phenol. Four gaseous reaction products are observed: 
phenol (94 amu), dihydrogen (2 amu), water (18 amu), and benzene (78 
amu). 

high-temperature dihydrogen (/32) evolves at 725 K on the oxy
gen-precovered surface, almost 200 K higher than that observed 
from phenol reaction on the clean surface. H2 produced from 
recombination of hydrogen atoms, measured in a separate ex
periment after dosing the 0.33 monolayer oxygen overlayer with 
a saturation dose of H2 (data not shown), occurs at 450 K and 
produces the additional reaction product H2O at 400 K. Since 
the peak maximum of the /32-dihydrogen is well above 450 K, this 
dihydrogen must be evolved from decomposition of a stable surface 
intermediate. 

As on the clean surface, decomposition is a significant reaction 
pathway on the oxygen-precovered surface. Consistent with the 
observation of the decomposition products, dihydrogen and water 
(Figure 4), is the presence of atomic carbon after reaction to 850 
K in the Auger electron and X-ray photoelectron spectra. Al
though atomic carbon and oxygen are formed on the surface 
during temperature-programmed reaction, no desorption of CO 
arising from recombination of carbon and oxygen is observed 
during temperature-programmed reaction to 850 K, presumably 
because CO recombination and desorption do not occur until 
temperatures around 1000 K on Mo(IlO).14 Comparing the 
peak-to-peak height of the carbon(KLL) Auger transition to the 
molybdenum (LMM) Auger transitions for the clean and oxy
gen-precovered surfaces after reaction of a saturation exposure 
of phenol to 850 K reveals that only 45% as much phenol de
composes on the oxygen-precovered surface as on the clean surface. 

Water produced during reaction of phenol on oxygen-precovered 
Mo(110) arises from recombination of hydrogen with oxygen in 
the oxygen overlayer at low temperature and decomposition of 
a stable surface intermediate at high temperature. The origin 
of the low-temperature water is revealed by reaction of phenol 
on an 18O overlayer (data not shown). The water desorbed at low 
temperature from reaction of phenol on the 18O overlayer contains 
predominantly 18O, although small amounts of 160-containing 
water were also detected.15 If phenol-/j6 is adsorbed on oxy
gen-precovered Mo(110) followed by deuterium atom adsorption, 
no deuterium is incorporated into the low-temperature water 
desorption peaks. Thus, low-temperature water is formed from 
a hydrogen in phenol (which is shown below to be the alcoholic 
hydrogen) and oxygen in the overlayer. Also, note that the sharp 
peak in the water desorption from a multilayer exposure of phenol 
(Figure 4) at 210 K appears from cracking of phenol in the mass 
spectrometer to 18 amu. 

(14) Gillet, E.; Chiarena, J. C; Gillet, M. Surf. Sci. 1977, 66, 596. 
(15) The [160]water arises from very small amounts of oxygen always 

present on the clean Mo(110) crystal. This was demonstrated by varying the 
length of time for the ~ 1900 K anneal used to remove oxygen from the crystal 
after cleaning and measuring the difference in the ratio of 18 to 20 amu 
desorption after 18O overlayer formation and phenol reaction. As expected, 
the shorter the annealing time, the greater the 18:20 amu ratio. 
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Table I. X-ray Photoelectron Curve-Fitting Parameters for Phenol 
on Mo(IlO) + 0.33 oxygen 
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Figure 5. Temperature programmed reaction spectra OfH2 (2 amu), HD 
(3 amu), D2 (4 amu), phenol-rfs (99 amu), phenol-d6 (100 amu), H2O 
(18 amu), HDO (19 amu), and D2O (20 amu) evolved after a saturation 
exposure of phenol-^ (C6D5OH) to the 0.33 monolayer oxygen-preco-
vered Mo(110) surface at 100 K. 

The water desorbed at high temperature after saturation phenol 
exposure must be associated with reaction of a surface species that 
arises only from phenol. Comparison of the temperature-pro
grammed reaction of water produced in the reaction of phenol 
(Figure 4) and that from reaction of water (Figure 2d) shows that 
water alone produces no high-temperature desorption (>500 K) 
on the 0.33 monolayer oxygen overlayer. The water formed at 
high temperature from reaction of phenol-ft6 on an 18O overlayer 
incorporated both 16O and 18O, consistent with decomposition of 
a surface species containing an intact C-O bond that decomposes 
to release hydrogen to react with surface oxygen to form [18O]-
water or with the 16O present in the C-O bond. 

To ensure that the observed water formation arises from re
action of phenol on the oxide surface and not from water impurity 
in the phenol sample, H2

18O was adsorbed at 100 K before and 
after dosing phenol on the 16O overlayer (data not shown). In 
neither case did the characteristic water desorption from phenol 
appear at 20 amu—only desorption similar to that observed from 
dosing water on the oxygen-precovered surface was observed at 
20 amu. Additionally, no water desorption is observed from 
reaction of phenol on clean Mo(IlO),1 making it unlikely that 
water is present as a sample impurity. 

Unlike reaction of phenol on the clean surface, there is an 
additional reaction pathway on the 0.33 oxygen overlayer surface 
to desorb phenol and trace amounts of benzene at very high 
temperature (Figure 4). This reaction occurs only at high coverage 
(>0.67 of saturation) and is associated with the production of 
high-temperature dihydrogen and water, suggesting that a stable 
surface species forms phenol and benzene in competition with 
nonselective decomposition. Benzene is evolved only in trace 
amounts from saturation exposures of phenol in a single peak 
centered at 660 K, a temperature sufficiently different from that 
of phenol desorption to preclude the assignment of this peak as 
a cracking fraction of phenol. In addition to the formation of 
phenol at high temperature, a broad phenol desorption coincident 
with the desorption of water is observed in the range of ~210-325 
K after saturation phenol exposures. 

The temperature programmed reaction spectrum of a saturation 
exposure of phenol-d5 (C6D5OH) on the 0.33 oxygen-precovered 
surface (Figure 5) shows that the phenol evolved at high tem
perature arises from recombination of phenoxide groups on the 
surface and deuterium atoms. The prevalence of phenol-rf6 in the 
phenol desorption at 650 K demonstrates that C6D5O groups on 
the surface disproportionate to form phenol-rf6, D2O, D2, and 
surface carbon. X-ray photoelectron results presented below show 
that carbon-oxygen bonds are present to temperatures up to 650 
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K, supporting the identification of the surface species as phenoxide. 
This assertion is further supported by labeling experiments in 
which a saturation exposure of phenol-A6 is reacted on the 0.33 
monolayer 18O overlayer (data not shown). These experiments 
demonstrate that no 18O is incorporated into the phenol desorbing 
from the surface at high or low temperature, showing that C-O 
bond cleavage does not occur in the surface species leading to these 
desorptions. 

The low-temperature desorption of phenol arises from intact 
molecular phenol. Reaction on the oxygen-precovered crystal after 
dosing a saturation amount of phenol-/j6 at 100 K, followed by 
a saturation exposure of D2, evidences no incorporation of deu
terium into molecular phenol desorbed below 350 K (data not 
shown). This assignment is further supported by the results of 
the phenol/18O overlayer experiment presented above, which 
demonstrate that no C-O bond cleavage occurs in the low-tem
perature molecular desorption. 

The dihydrogen desorption arising from decomposition of the 
phenoxide groups present on the oxygen-precovered surface until 
high temperature (650 K) is generated by the cleavage of C-H 
bonds. The temperature programmed reaction spectrum of an 
approximately 1:1 mixture of phenol-fc6 and phenol-</6 coadsorbed 
to saturation at 100 K on the Mo(110)—0.33 O surface evidences 
an isotope effect in the temperature of the /32-peak maxima of D2, 
HD, and H2. D2 formation peaks ~ 5 K higher than HD, and 
HD at ~ 5 K higher than H2. No isotope effect is observed in 
the leading edge of the /3] desorption peaks for H2, HD, and D2 

after reaction of the mixture on the oxygen-precovered crystal 
consistent with the rate of ft-dihydrogen formation being limited 
by recombination of hydrogen atoms on the surface. Also, there 
is no isotope effect in hydrogen and deuterium desorption from 
clean Mo(11O).'6 The observed isotope effect in the /J2 P

e a ^ ' s 

indicative of the cleavage of C-D and C-H bonds to form di
hydrogen arising from the decomposition of a phenoxide inter
mediate. 

Carbon (Is) and oxygen (Is) X-ray photoelectron spectra ob
tained after saturation exposure of phenol to the 0.33 oxygen 
monolayer Mo(IlO) surface show that the C-O bond remains 
intact to temperatures above 525 K, consistent with formation 
of surface phenoxide. Data collected after annealing to 525, 675, 
and 850 K are shown in Figure 6 and summarized in Table I. The 
C(Is) spectrum obtained after annealing to 525 K [Figure 6a(i)], 
a temperature below that of the high-temperature phenol, di
hydrogen, and water desorptions, can be fit with two peaks cor
responding to the inequivalent carbons in the phenyl ring of a 
phenoxide species. The relative intensity of the two peaks is ~ 1:4, 
not 1:5 as expected, when only two peaks are used to fit the data. 
An alternate fit with three peaks (data not shown) gives the 
expected intensity ratio since the carbons ortho to the oxygen 
substituent position are shifted by a small amount from the meta 
and para carbons. The results of X-ray photoelectron experiments 
on multilayers of phenol, presented elsewhere,1 show the splitting 
of the carbon bound to oxygen and those at other positions in the 
ring to be 1.7 eV, in close agreement with that of 1.5 eV observed 

(16) Roberts, J. T.; Friend, C. M. J. Am. Chem. Soc. 1986, 108, 7205. 
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here (Table I). The presence of carbon with a binding energy 
of 285.1 eV indicates that C-O bonds are still intact at 525 K, 
in agreement with the labeling experiments discussed above. The 
combination of X-ray photoelectron data and temperature pro
grammed reaction data show that the predominant species on the 
surface up to and after annealing to 525 K is phenoxide. 

At temperatures less than 525 K, the C(Is) spectrum is es
sentially identical with that shown in Figure 6a(i) (data not 
shown). After annealing to 675 K, where high-temperature phenol 
desorption has commenced, a lower binding energy peak at 283.0 
eV appears, attributed to the presence of atomic carbon or CH 
groups on the surface. Thus, C-C bonds are cleaved between 525 
and 675 K, consistent with disproportionation of a phenoxide 
surface species to desorbing phenol and decomposition products. 
Annealing to 850 K, a temperature where dihydrogen evolution 
is complete, yields one C(Is) peak at a binding energy of 282.7 
eV, attributed to atomic carbon [Figure 6a(iii)]. From Table I, 
the areas of the curve-fitted C(Is) peaks at 525 and 850 K indicate 
that ~72% of the carbon present on the surface desorbs between 
525 and 850 K. 

Figure 6 also shows the corresponding oxygen (Is) X-ray 
photoelectron spectra obtained from a saturation exposure of 
phenol on the oxygen-precovered surface. The peak present in 
all three spectra at 530.0 eV is due to atomic oxygen present in 
the overlayer. After annealing to 675 and 850 K [Figure 6b(ii) 
and (iii)], only atomic oxygen is present on the surface. The peak 
detected at 531.4 eV in these two spectra is attributed to a 
shake-up of the 530.0-eV atomic oxygen peak, since it is always 
observed when atomic oxygen is present on the Mo(110) surface, 
even after annealing to 1000 K.1 Thus hydroxyl groups on the 
surface cannot be the origin of this peak since all hydrogen-
containing species desorb at temperatures well below 1000 K. 
Furthermore, readsorption of hydrogen-containing species after 
annealing and cooling can be ruled out based on the fact that no 
H2 or H2O is desorbed during temperature-programmed reaction 
performed after X-ray photoelectron data collection. The tail to 
high binding energy observed here is found to be present on all 
O(ls) peaks studied on Mo(IlO) and is attributed to core-hole 
lifetimes, electron-hole pairs, or phonon creation which asym
metrically broaden core peaks on the high binding energy side.17 

At lower annealing temperatures (525 K and lower) another peak 
at 531.6 eV is detected [Figure 6b(i)]. The ratio of the areas of 
the peak centered at 531.6 eV to that of the atomic overlayer peak 
was found to change on annealing from 225 to 350 to 525 K (data 
not shown) with the higher binding energy peak decreasing in 
relative intensity and loss of intensity in the high binding energy 
side of the 531.6 eV peak tail. The peak at 531.6 eV is attributed 
to surface phenoxidde since it disappears in the range of 650-700 
K, the same temperature at which phenol formation is observed 
(Figure 4). Recall that reaction of phenoW5 shows that all O-H 
bonds are broken by 525 K, ruling out intact phenol as a possible 
surface intermediate. However, the binding energy of 531.6 eV 
observed here for phenoxide is significantly shifted from that 
proposed for phenoxide on the clean surface (530.8 eV)1 and 
measured previously for alkoxide groups on Cu(110): 530.7-531.0 
eV.18 The higher binding energy is attributed to a shift induced 
by the oxygen overlayer. Previous X-ray photoelectron studies 
of molecular CO adsorbed on oxygen-precovered Mo(110) showed 
a shift of the 0 ( 1 s) peak attributed to CO by ~ 1 eV higher from 
that on the clean surface.4 The physical origin of this shift is 
unknown, but may be due to an increase in the acidity of Mo atoms 
caused by the presence of the electronegative oxygen overlayer 
leading to a more positive charge on oxygen in phenoxide and 
hence a higher oxygen binding energy. 

A rough estimate of the saturation coverage of phenoxide on 
the 0.33 oxygen-precovered surface may be made by comparing 
the 525 K O(ls) X-ray photoelectron intensities of the phenoxide 

(17) Rhodin, T. N.; Gadzuk, J. W. In The Nature of the Surface Chemical 
Bond; Rhodin, T. N., Ertl, G., Eds.; North Holland: Amsterdam, The 
Netherlands, 1979; Chapter 3. 

(18) Bowker, M.; Madix, R. J. Surf. Sci. 1982, 116, 549-572. 

and atomic oxygen peaks. The presence of oxygen shake-ups on 
the atomic oxygen and phenoxide oxygen peaks makes this de
termination inaccurate; however if we ignore intensity from the 
shake-ups on both peaks, a rough estimate of the coverage can 
be made. The intensity of the 531.6-eV phenoxide peak is in
creased by the atomic oxygen shake-up, but the shake-up from 
the 531.6-eV peak has not been included in the curve fit shown 
[Figure 6b(i)] causing a decrease in the measured area of the 
531.6-eV peak. The increase caused by the atomic oxygen 
shake-up is expected to be larger than the decrease caused by the 
531.6-eVshake-up, so our estimate is likely to be an upper limit. 
Comparison of the areas of the two peaks gives a phenoxide 
coverage of ~0.2 monolayer at 525 K. 

In addition to formation of phenoxide groups on the surface 
that decompose at high temperature, there is also evidence for 
a minor amount of competing decomposition after saturation 
phenol exposure on oxygen-precovered Mo(110). The temperature 
programmed reaction spectrum of phenol-^ on the oxygen-pre
covered surface (Figure 5) shows that some D2 and HD are formed 
at temperatures around 450 K, indicative of some cleavage of ring 
C-D bonds. The amounts of these isotopes produced are small 
(«10%), so the predominant reaction pathway at saturation 
exposure is formation of phenoxide groups on the surface. X-ray 
photoelectron results presented above show no evidence of de
composition below 525 K, confirming that decomposition at low 
temperature is a very minor reaction pathway. There is also 
evidence for a small amount of reversible C-D bond activation 
in the temperature-programmed reaction data: some phenol-rf5 

is produced in the high-temperature phenol desorption after re
action of phenol-^ (Figure 5). Since this phenol arises from 
phenoxide reaction at a temperature above that of desorption of 
recombined surface hydrogen, a small amount of reversible C-H 
bond activation must be occurring at low temperature. 

3.3. Phenol: Reaction at Subsaturation Coverages. The stability 
of phenoxide is strongly dependent on phenol coverage. Impor
tantly, no gaseous products (phenol, water, dihydrogen, or benzene) 
are formed in the disproportionation reaction at high temperature 
for phenol exposures less than 0.25 of saturation. Figure 7a shows 
the evolution of the decomposition product, dihydrogen, from 
reaction as a function of phenol exposurS. At saturation coverage 
[Figure 7a(vi)], dihydrogen is formed in two peaks centered at 
450 and 740 K, labeled /?, and P2, respectively. As a function 
of exposure, (S1 remains constant with respect to temperature; 
however, /?2 shifts from ~550 K at an exposure 0.08 of saturation 
[Figure 7a(i)] to 740 K at saturation. The shift in the temperature 
of maximum desorption in the /S2 peak with exposure indicates 
that the surface intermediate that decomposes to produce /S2-
dihydrogen and has been identified as phenoxide for saturation 
exposure is stabilized at high phenol exposures. As mentioned 
previously, dihydrogen evolved from recombination of H atoms 
on the oxygen-precovered surface has been found to desorb at 
~450 K. High-temperature water and phenol desorption (Figure 
7, parts b and c) are found only for initial phenol exposures >0.33 
and 0.67 of saturation, respectively, suggesting that surface 
phenoxide is only stabilized with respect to decomposition at phenol 
coverages at least 0.33 of saturation. 

C(Is) and O(ls) X-ray photoelectron data were collected for 
an exposure 0.25 of saturation, an exposure where no high-tem
perature phenol is produced [Figure 7(iii)]. The data are not 
shown here since the signal-to-noise ratio was low at this low 
coverage, allowing only qualitative interpretation. Both the C(Is) 
and 0( 1 s) spectra were identical with those obtained for saturation 
exposures up to 300 K; however, decomposition to atomic oxygen 
and carbon with a binding energy of 283.0 eV attributable to 
atomic carbon or CH groups on the surface occurs by 475 K. 
Thus, the stability of the surface phenoxide species on the oxy
gen-precovered surface is affected significantly by coverage, with 
faster decomposition kinetics being observed at low phenol ex
posures. 
4. Discussion 

Surface phenoxide is stabilized to ~300 K higher (A£a ~ 20 
kcal/mol)19 than on clean Mo(IlO) by the presence of oxygen 
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atoms after saturation phenol exposure. Based on the temperature 
programmed reaction and X-ray photoelectron data presented 
above, we propose the scheme shown in Figure 8 for the reaction 
of phenol at saturation coverage on the 0.33 monolayer oxygen 
covered Mo(110). After adsorption of phenol on oxygen-preco-
vered Mo(110) at 100 K, the O-H bond cleaves to form surface 
phenoxide (C6H5O) at low temperature. Competing with phen
oxide formation is desorption of intact molecular phenol. Hy
drogen released by O-H bond cleavage reacts with oxygen in the 
oxygen overlayer to form gaseous water at temperatures below 
400 K. Dihydrogen is also formed at around 450 K. Surface 
phenoxide is stable with respect to decomposition up to ~600 K, 
where it undergoes disproportionation to the decomposition 
products dihydrogen, water, and surface carbon or reacts with 
hydrogen released by C-H bond cleavage in other phenoxides to 
reform gaseous phenol. 

The results of isotopic labeling experiments show that low-
temperature water desorption arises from hydrogen evolved from 
O-H bond cleavage and oxygen in the oxygen overlayer. However, 
the mechanism by which water is formed at low temperature is 
not known in detail. In particular, it is not known whether OH 
groups are formed on the surface as intermediates in the water 
formation reaction. Oxygen (Is) X-ray photoelectron results 
suggest that OH may be present at low temperature. On annealing 
from 350 to 525 K, the relative intensity of the high binding energy 
oxygen (Is) peak attributed to phenoxide (531.6 eV) to that of 
the atomic overlayer peak decreases. This decrease could be due 
to formation of water from surface OH groups, which were 
measured in separate experiments on water to have a binding 
energy of 531.8 eV on the oxygen-precovered surface. 

The coverage of surface species derived from the reaction of 
phenol on the oxygen-precovered Mo(110) surface is found to have 
a significant effect on the kinetic stability of the phenoxide in
termediate. Temperature programmed reaction and X-ray pho
toelectron results for subsaturation phenol exposures demonstrate 
that although phenoxide is probably still formed at lower coverage, 
it begins to decompose by 475 K for exposures 0.25 of saturation. 
Thus, slower decomposition kinetics are observed at saturation 
coverage due to stabilization by other phenoxide intermediates. 
Similarly, surface phenoxide was also found to be stabilized with 
respect to decomposition at high coverage after reaction of phenol 
on Mo(11O).1 Either electronic effects caused by the modification 
of the surface electronic structure on adsorption of phenoxide or 
geometric constraints on the surface sites available for decom
position reactions at high coverage may be responsible for the 
observed stabilization. The second possibility may be explored 
further if the geometry of phenoxide on the surface can be de
termined. We have estimated the saturation coverage of phenoxide 
to be ~0.2 monolayer based on the ratio of the intensities of the 
525 K O(ls) peaks of phenoxide and atomic oxygen. At this 
coverage it would be difficult for phenoxide species to fit onto the 
surface with the ring parallel to the metal surface unless the layer 
were azimuthally ordered, assuming van der Waals atomic radii 
and standard bond lengths for phenyl and C-O bonds. Thus, a 
different geometry of phenoxide on the surface at high and low 
coverage could play a role in the observed stabilization at high 
coverage. The orientation of the phenoxide species on the oxy
gen-precovered surface is not known; however, near-edge X-ray 
absorption fine-structure measurements (NEXAFS) are planned 
that may provide this information. 

On both the clean Mo(110) and oxygen-precovered surfaces 
O-H bond cleavage to form phenoxide is the first step in reaction 
of phenol. On the clean surface O-H bond cleavage occurs at 
temperatures below 360 K.1 The results of temperature pro
grammed reaction experiments on phenol-rf5 (C6D5OH) presented 
here show that hydrogen from the O-H bond is evolved primarily 
at low temperature in H2O desorption, consistent with cleavage 

(19) The assumptions used here are that the activation energy for phenol 
desorption is an upper bound on the activation energy for the phenoxide 
disproportionation reaction; the disproportionation reaction is a first-order 
process; the preexponential factor is 1013 s"1. 

of the O-H bond between 100 and 400 K on the oxygen-preco
vered surface. Therefore, in both cases, phenoxide is formed at 
temperatures below 400 K. In addition, phenoxide is present with 
other species on the surface for both the clean and oxygen-pre
covered surface. X-ray photoelectron results for phenol on the 
clean surface show that, at 300 K, at least two species are present 
on the Mo(IlO) surface after reaction of phenol, one of which 
can be identified as phenoxide. The other species is thought to 
be either molecular phenol or a second absorption state of phe
noxide. On the oxygen-precovered surface, the desorption of intact 
molecular phenol does not conclude until approximately 350 K, 
indicating that adsorbed phenol is undergoing competing de
sorption and formation of surface phenoxide at temperatures lower 
than 350 K. Additionally, OH groups and/or atomic hydrogen 
may be present on the oxygen-precovered surface at low tem
perature. 

The reactivity of phenoxide on the two surfaces dramatically 
differs at temperatures above 350 K. The cleavage of C-H and 
C-O bonds commences at this temperature on the clean Mo(110) 
surface, leading to irreversible decomposition to dihydrogen, 
surface carbon, and oxygen. However, on the oxygen-precovered 
surface we find that surface phenoxide is stabilized with respect 
to C-O and C-H bond cleavage to temperatures above 600 K. 
This corresponds to an increase in the activation energy for de
composition of ~20 kcal/mol. The enhanced stability of phen
oxide on the oxygen-precovered surface also results in a change 
in the product distribution. Specifically, phenol and trace amounts 
of the hydrogenolysis product, benzene, are formed along with 
the decomposition product water from reaction on the oxygen-
precovered surface. 

The presence of atomic oxygen may exhibit several different 
effects on the reactivity of adsorbed molecules on metal surfaces. 
Oxygen may act as a Bronsted base by abstracting hydrogen. This 
effect has been observed in the reaction of higher alcohols to alkoxy 
surface species on Cu(11O),20 Ag(11O),21 and Pd(I H),22 and for 
methanol on Ni(I H),23 Pt(I H),24 '25 Pd(I H),22 Pd(IOO),26 and 
Rh(IIl).27 The formation of water from the abstracted hydroxyl 
hydrogen and the oxygen in the overlayer is thought to enhance 
the yield of adsorbed alkoxy on the surface. Oxygen may also 
withdraw negative charge from metal atoms, increasing the Lewis 
acidity of the metal atoms. This effect should increase the sur-
face-adsorbate bond energy of species bound to the surface via 
a Lewis base type interaction. Finally, molecular CO and alkoxy 
species have been observed to be stabilized with respect to de
composition when oxygen is present, as mentioned previously.3,18 

This effect could be due to either electronic changes arising from 
the presence of the atomic oxygen or the blocking of surface sites 
necessary for reaction. 

In comparing the reaction of phenol on the clean and oxy
gen-precovered surfaces of Mo(110) we find evidence for several 
of the effects mentioned above. Water is produced at low tem
perature as phenol is converted to phenoxide on the oxygen-
precovered surface, in a process similar to that observed in the 
reaction of alcohols on oxygen-covered group VIII and IB tran
sition metals. It is interesting to note that this reaction is not 
observed for methanol on oxygen-precovered Mo(IOO),3 suggesting 
that this reaction may have a strong crystallographic dependence 
for molybdenum. 

The presence of atomic oxygen overlayers strongly affects the 
kinetics for decomposition in the reaction of phenol on the oxy
gen-precovered Mo(110) surface compared to reaction on the clean 
surface. However, over the limited oxygen-precoverage range 
investigated (0.25-0.50 monolayer), the exact oxygen precoverage 

(20) Bowker, M.; Madix, R. J. Surf. Sci. 1980, 95, 190-206. 
(21) Wachs, I. E.; Madix, R. J. Appl. Surf. Sci. 1978, 1, 303. 
(22) Davis, J. L.; Barteau, M. A. Surf. Sci. 1988, 197, 123-152. 
(23) Gates, S. M.; Russell, J. N.; Yates, J. T. Surf. Sci. 1985, 159, 

233-255. 
(24) Sexton, B. A. Surf. Sci. 1981, 102, 271-281. 
(25) Akhter, S.; White, J. M. Surf. Sci. 1986, 167, 101-126. 
(26) Jorgenson, S. W.; Madix, R. J. Surf. Sci. 1987, 183, 27-43. 
(27) Solymosi, F.; Tarnoczi, T. I.; Berko, A. J. Phys. Chem. 1984, 88, 

6170-6174.. 
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Figure 6. X-ray photoelectron spectra of phenol adsorbed on 0.33 
monolayer oxygen-precovered Mo(110) surface at 100 K and annealed 
to (i) 525, (ii) 675, and (iii) 850 K. C(Is) data are shown in (a) and the 
corresponding O(ls) data in (b). 
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Figure 7. Temperature programmed reaction spectra of (a) dihydrogen 
(2 amu), (b) water (18 amu), and (c) phenol (94 amu) evolved during 
reaction of phenol on 0.33 monolayer oxygen-precovered Mo(110) after 
adsorption at 100 K as a function of phenol exposure. The phenol ex
posures shown are the following: (i) 0.08, (ii) 0.17, (iii) 0.25, (iv) 0.33 
(v) 0.67, and (vi) 1.00 of saturation. 

was not found to affect the temperature to which the phenoxide 
species was stabilized before decomposing for saturation phenol 
exposures. Thus, the presence of only a small amount of surface 
oxygen induces the significant stabilization with respect to de
composition observed for high phenol coverages. It is not likely 
that differences in phenoxide coverage on the clean and oxygen-
precovered surface are responsible for this stabilization, since X-ray 
photoelectron results suggest that the saturation coverage after 
desorption of molecular phenol at low temperature is similar on 
both surfaces. 

It is difficult to determine whether the disproportionation re
action observed at high temperature on the oxygen-precovered 
surface is initiated by C-O or C-H bond cleavage in surface 
phenoxide. Although the results of the phenol-/!6/phenol-rf6 

mixture experiment show that the evolution of high-temperature 
dihydrogen arising from decomposition of the phenoxide surface 
species exhibits an isotope effect, demonstrating that dihydrogen 
evolution arises from C-H bond cleavage, no information re
garding whether C-H or C-O bond cleavage initiates dispro-
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Figure 8. Reaction scheme for phenol on 0.33 monolayer oxide Mo(110) 
surface after adsorption at 100 K at saturation phenol exposure. 

portionation is provided by this experiment. Previous studies of 
the C1 through C3 alcohols on clean and oxygen-precovered Cu-
(HO)18 show that the decomposition temperature of surface al-
koxides can be correlated with the C-H bond strength for hy
drogens on the carbon bonded directly to oxygen, suggesting that 
C-H bond cleavage controls alkoxide decomposition. In the case 
of phenol on oxygen-precovered Mo(110), the fact that phenol 
desorption is observed in significant amounts rather than only 
nonselective decomposition suggests that selective cleavage of one 
C-H bond occurs first, leading to phenol formation. However, 
decomposition of some surface phenoxides via either C-H or C-O 
bond activation could modify the surface kinetics sufficiently to 
favor phenol formation and desorption. 

Further studies leading to a better understanding of the effect 
of oxygen overlayers on the reactivity of Mo(110) are planned. 
Both electronic and geometric effects, such as the structure of 
surface species, may play a role in the increased stability of surface 
phenoxide in the presence of surface oxygen. Near-edge X-ray 
absorption fine-structure measurements of surface phenoxide wiil 
provide important information about the structure of the species 
on the surface and the effect of structure on the observed reactivity. 
Finally, a comparison of the reaction of other alcohols on the same 
surface may provide insight into the relationship between C-O 
and C-H bond strength and reactivity of the oxygen-precovered 
surface. In particular, it will be interesting to see if the production 
of water at low temperature is unique to the reaction of phenol, 
which is known to be a relatively strong Bransted acid in com
parison to other alcohols. 

5. Conclusions 
Surface phenoxide is stabilized to temperatures ~300 K higher 

than on the clean Mo(IlO) surface by the presence of 0.33 
monolayer of atomic oxygen. At low-temperature and saturation 
coverage, phenol undergoes competing molecular desorption and 
formation of surface phenoxide. Water is produced at low tem
perature from the hydrogen released in cleavage of the O-H bond 
and the oxygen in the oxide. Surface phenoxide disproportionates 
to gaseous phenol and the decomposition products water, di
hydrogen, and surface atomic carbon at temperatures above 600 
K. Reaction on the oxygen-precovered surface exhibits much 
slower kinetics for C-O and C-H bond activation than reaction 
on the clean surface. Furthermore, decomposition kinetics are 
found to be much faster at lower phenol coverages, with no for
mation of gaseous phenol observed, indicating self-stabilization 
of phenoxide at high coverage. 
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