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Abstract
The adsorption and reaction of methyl nitrite (CH ONO, CD ONO) on Pt(111) was studied using HREELS, UPS, TPD, AES,
3
3
and LEED. Adsorption of methyl nitrite on Pt(111) at 105 K forms a chemisorbed monolayer with a coverage of 0.25 ML, a
physisorbed second layer with the same coverage that desorbs at 134 K, and a condensed multilayer that desorbs at 117 K. The
Pt(111) surface is very reactive towards chemisorbed methyl nitrite; adsorption in the monolayer is completely irreversible.
CH ONO dissociates to form NO and an intermediate which subsequently decomposes to yield CO and H at low coverages and
3
2
methanol for CH ONO coverages above one-half monolayer. We propose that a methoxy intermediate is formed. At least some
3
C–O bond breaking occurs during decomposition to leave carbon on the surface after TPD. UPS and HREELS show that some
methyl nitrite decomposition occurs below 110 K and all of the methyl nitrite in the monolayer is decomposed by 165 K. Intermediates
from methyl nitrite decomposition are also relatively unstable on the Pt(111) surface since coadsorbed NO, CO and H are formed
below 225 K. © 1998 Elsevier Science B.V. All rights reserved.
Keywords: Auger electron spectroscopy (AES ); Chemisorption; Low energy electron diffraction (LEED); Low index single crystal
surfaces; Methylnitrite; Platinum; Thermal desorption spectroscopy; Visible and ultraviolet photoelectron spectroscopy

1. Introduction
Methyl nitrite (CH ONO) is a very reactive
3
molecule in the gas phase because of the weak
O–NO bond (O–NO=42 kcal/mol [1]). Our interest in exploring the reactions of this molecule on
surfaces too comes from its potential importance
as an intermediate in the dissociation of adsorbed
CH NO [1–7] and the possibility that methyl
3
2
nitrite can be used as an adsorbed precursor for
preparing surface methoxy species.
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Only two previous studies have been made of
the chemistry of methyl nitrite on transition metal
surfaces, i.e. on Au(111) [8] and Ag(111) [9].
Both surfaces are too inert to activate bond dissociation in UHV and no thermal reaction was
observed in TPD. Pressley et al. [9] also investigated the electron induced dissociation ( EID) of
methyl nitrite adsorbed on Ag(111) and found
that reaction proceeds preferentially through cleavage of the O–N bond to yield formaldehyde, water
and methane. Recently, we also used TPD to
investigate the adsorption and reaction of methyl
nitrite on two Sn/Pt(111) surface alloys [10,11].
Adsorption was 30–40% reversible, and reaction
proceeded via dissociation of the O–NO bond to
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form NO and a large concentration of adsorbed
methoxy species which were stable up to ~300 K
on the Pt–Sn alloy surfaces.
In this paper, we report on studies of the adsorption and reaction of methyl nitrite on Pt(111). We
find that methyl nitrite is much more reactive on
Pt(111) than nitromethane [12], and Pt(111) completely irreversibly chemisorbs methyl nitrite.
CH ONO decomposes during TPD to form NO,
3
CO, H and CH OH. HREELS and UPS indicate
2
3
that some O–NO bond cleavage occurs at 110 K,
and subsequent intermediates are completely
decomposed below 225 K.

2. Experimental methods
The experiments were performed in two separate
stainless steel UHV chambers. Both were equipped
with instrumentation for Auger electron spectroscopy (AES), low energy electron diffraction
(LEED), Ar+ ion sputtering, and a shielded UTI
100C quadrupole mass spectrometer (QMS ) for
temperature programmed desorption ( TPD). The
system base pressure for the TPD studies was
5×10−11 Torr. Additionally, the second chamber
had instrumentation for high resolution electron
energy loss spectroscopy ( HREELS) and ultraviolet photoelectron spectroscopy ( UPS).
AES spectra were recorded using a Perkin-Elmer
(15-255G) double-pass cylindrical mirror analyzer
(CMA). UPS spectra using He( II ) (40.84 eV )
photon energies were taken using the CMA in a
retarding mode at 25 eV pass energy (0.40 eV
resolution). LEED was carried out using PerkinElmer (15-180) LEED optics. The McAllister
HREELS spectrometer was constructed of single
127° cylindrical sectors for both the monochromator and analyzer, and the control electronics utilized a stable, low noise design [13]. Spectra were
taken with the sample at 110–115 K, with a typical
resolution of ~75 cm−1, a count rate of 5–35 kcps,
and an incident beam energy of 3 eV. All TPD
measurements are made using the QMS ionizer in
line-of-sight to the sample surface with a linear
heating rate of ~4 K/s. The crystal was positioned
~1 mm from the entrance aperture of the QMS
shield to reduce contributions to the spectra from
the crystal back and edges [14]. A highly transpar-
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ent, fine Ni screen was placed over the end of the
ionizer grid (biased at −55 V ) on the QMS and
over the shield entrance (grounded ) to eliminate
possible damage to the adsorbed layer from low
energy electrons coming from the QMS ionizer
region [15].
The Pt(111) crystal was cooled to 95 K using
liquid nitrogen or resistively heated to 1200 K. The
temperature was recorded by a chromel–alumel
thermocouple spot welded to the side of the crystal.
The Pt(111) surface was cleaned by a combination
of Ar+ ion sputtering, annealing in vacuum, and
oxygen treatments. Ion bombardment of the crystal was carried out using 1 kV Ar+ (3×10−5 Torr
Ar) for 5–10 min with the sample at 800 K, and
then the crystal was annealed to 1000 K in UHV
to reorder the surface. Oxygen treatments at
2×10−8 Torr O for 5–10 min with the crystal at
2
800–1000 K, followed by flashing in vacuum to
1000 K, were used to remove submonolayer coverages of surface carbon.
Methyl nitrite was prepared from methanol-d ,
4
D O, D SO , and HSO ONO according to an
2
2 4
3
accepted procedure [16 ] and purified by three
successive distillations at −25°C under a nitrogen
flow through a standard glass distillation column.
The sample was further purified to remove gaseous
impurities using freeze–pump–thaw cycles. The
purity was checked using both IR [17] and in situ
mass spectrometry.
Gas exposures for the TPD studies were given
with the sample below 100 K, and for the HREELS
and UPS studies below 110 K. Exposures given in
this paper are in units of Langmuirs (10−6 Torr s)
after the measured values were multiplied by a
factor to account for the multicapillary array doser
enhancement. The doser correction factor was
obtained by comparing uptake curves from exposures produced by the directed beam doser with
those from background exposures.

3. Results
3.1. Adsorption and reaction of methyl nitrite
Methyl nitrite TPD spectra following CH ONO
3
adsorption on the Pt(111) surface are shown in
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Fig. 1. Up to an exposure of 0.18 L, no methyl
nitrite desorption was observed. As the exposure
was increased a peak appeared at 134 K. This peak
saturated and a new peak grew in at 117 K as the
exposure was increased further. This lower temperature peak did not saturate with increased exposures and thus it is associated with desorption of
multilayers of physisorbed methyl nitrite. This
multilayer desorption temperature is identical to
that on the Ag(111) surface [9].
Signals at 58, 56, 54, 46, 44, 43, 32–27, 18, 17,
16, 12 and 2 AMU were monitored during TPD
to watch for gas phase products from methyl
nitrite decomposition. Signals at 32, 30 and
29 AMU were used to assess desorption of methanol (CH OH ), NO, and formaldehyde (CH O).
3
2
Mass 46 was used to detect a possible NO pro2

Fig. 1. CH ONO TPD spectra after CH ONO exposures on the
3
3
Pt(111) surface at 95 K. Exposures used were: 0.005, 0.010,
0.050, 0.10, 0.15, 0.20, 0.24, 0.30, 0.40, 0.50, 0.60, 0.80, and
1.0 L.

duct. Fig. 2 shows TPD data for the reaction
products of CH ONO on Pt(111). The two low
3
temperature desorption states of CH ONO at 134
3
and 117 K are seen in the 61, 30, 29, 28 and
2 AMU channels. A peak at 190 K was seen for
mass 32 (and 31, not shown) that we assign to
methanol. TPD at 30 AMU shows that NO
desorbs in peaks at 320 and 355 K. A small peak
was observed at ~240 K in the 30, 29 and 28 AMU
channels that we assign to formaldehyde. Finally,
CO desorbs in a sharp peak at 450 K and a broad
feature at 575 K, and H desorbs at 260 K. Later
2
in this section we discuss our rationale for these
assignments.
Adsorption kinetics (uptake) plots of methyl
nitrite and the major decomposition products were
constructed from TPD peak areas. Fig. 3 shows

Fig. 2. TPD spectra of products from the reaction of
CH ONO on Pt(111). CH ONO was dosed on the Pt(111)
3
3
surface to a coverage exceeding one monolayer.

J.W. Peck et al. / Surface Science 410 (1998) 214–227

217

Fig. 3. Uptake curve for CH ONO adsorption kinetics constructed from TPD results after adsorption of CH ONO on the Pt(111)
3
3
surface at 95 K. The amount of NO desorbed from the reaction of CH ONO is 0.25 ML, which represents 100% of the total monolayer
3
coverage of CH ONO.
3

that at low exposures, only H , CO, and NO
2
products desorb. Methanol desorption begins at
~0.1 L after the monolayer is about one-half
filled. All of these peaks saturate at ~0.2 L, and
CH ONO desorption is seen for the first time at
3
134 K. Increasing exposures saturate this peak at
~0.4 L and increase the size of the low temperature (multilayer) CH ONO peak at 117 K.
3
The coverages of NO and CH ONO correspond3
ing to the desorption peak areas are calibrated in
absolute units of CH ONO coverage. This was
3
done by first calibrating the NO desorption area
to the known coverage H =0.50 ML from NO
NO
exposure on Pt(111) [18], and then using a oneto-one correspondence for the amount of
CH ONO decomposition to NO yield. The
3
CH ONO area was calibrated to CH ONO cover3
3
age by forcing the uptake curve to have a constant
slope, i.e. constant sticking coefficient, for the
region at low coverage where the NO yield reflects
the CH ONO coverage since there is no CH ONO
3
3
desorption, and the region at high coverage where
CH ONO is the only desorbed species. The
3
CH OH, CO, and H yields in Fig. 3 are not
3
2

calibrated to CH ONO coverage, but do correlate
3
with the NO yield from CH ONO decomposition.
3
No CH ONO desorbs until the evolution of all
3
of the decomposition products has stopped. The
coverage of CH ONO that undergoes decomposi3
tion is 0.25 ML. This is the coverage of CH ONO
3
in the chemisorbed monolayer based on several
other observations. The reported monolayer coverage of methyl nitrite on Ag(111) is 0.3 ML [9]
and the monolayer coverage on two Pt–Sn surface
alloys that show partially reversible chemisorption
is 0.26 ML [11].
The methyl nitrite peak at 134 K was observed
in previous experiments for methyl nitrite adsorption on Ag(111) [9] and was associated with a
weakly chemisorbed state of methyl nitrite
adsorbed in the monolayer. The uptake curves
produced in this experiment, and on the Pt–Sn
surface alloys [11], show that this state of methyl
nitrite desorbing at 134 K has a coverage of
~0.25 ML, equal in coverage to the chemisorbed
monolayer, and so this state should be associated
with a second, physisorbed layer on top of the
monolayer on Pt(111).
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TPD spectra showing NO evolution from the
dissociation of methyl nitrite on Pt(111) for a
series of initial CH ONO coverages are shown in
3
Fig. 4. At low coverages, only the highest temperature NO state was present, however, near monolayer coverage the peak at 320 K appeared.
The NO desorption above 300 K in Fig. 4 agrees
well with the NO TPD spectra after NO exposures
from the work of Xu and Koel [18], indicating
NO desorption from the dissociation of methyl
nitrite is desorption rate-limited. NO peaks at 320
and 360 K can be assigned to desorption from
bridging and atop sites, respectively [18].
Fig. 5 provides coverage-dependent TPD
spectra for H , CO and CH OH desorption
2
3
from CH ONO decomposition on Pt(111). TPD
3
spectra, obtained at 2 AMU to monitor H for a
2
series of increasing CH ONO exposures, are shown
3

Fig. 5. TPD spectra obtained for 2, 28, and 32 AMU signals
after CH ONO exposures on the Pt(111) surface. These spectra
3
correspond primarily to desorption of H , CO, and CH OH
2
3
products, respectively. Exposures used were: 0.005, 0.010, 0.10,
0.20, 0.21, 0.30, 0.35 L.

Fig. 4. NO TPD spectra obtained at 30 AMU after CH ONO
3
exposures on the Pt(111) surface at 95 K. Exposures used were:
0.005, 0.010, 0.10, 0.20, 0.21, and 0.30 L.

at the top of Fig. 5. H TPD shows a single intense
2
desorption feature at the lowest exposures at
290 K, which shifts to lower temperature with
increasing coverage (the small features in the H
2
TPD spectra below 250 K and above 400 K are
assigned to cracking fractions of higher mass
species). Comparison of these spectra with the
H TPD spectra after H exposure on Pt(111) [19]
2
2
indicates that H desorption from the decomposi2
tion of CH ONO is desorption rate-limited. The
3
middle panel of Fig. 5 gives related TPD spectra
monitored at 28 AMU showing primarily CO
desorption. A decrease in CO desorption temperature from 460 K at the lowest exposures of
CH ONO to 448 K at high coverages is observed
3
(the low temperature features from 190 to 300 K
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are assigned to contributions from CH OH and
3
CH O cracking fractions, vide infra). Considering
2
CO TPD spectra after CO exposures on Pt(111)
[19] leads to the conclusion that CO desorption
from the decomposition of CH ONO is also
3
desorption rate-limited. A broad feature near
575 K in the CO TPD spectra for large
CH ONO coverages is assigned to a reaction rate3
limited process in the decomposition of hydrocarbon residues. The bottom panel of Fig. 5 shows
TPD spectra obtained from the 32 AMU signal to
monitor CH OH desorption after adsorption of
3
CH ONO. At the lowest CH ONO coverages, no
3
3
CH OH desorption is observed, but at higher
3
coverages a single peak was seen at 190 K. This
CH OH desorption temperature is very similar to
3
that in CH OH TPD spectra after CH OH adsorp3
3
tion on Pt(111) [20,21], indicating that the
primary CH OH desorption peak from decomposi3
tion of CH ONO is most likely desorption rate3
limited.
In these TPD spectra, CO and H evolution
2
occurs at the lowest initial coverages, while
CH OH only grows in at higher coverages, after
3
the largest yield of CO and H are observed. A
2
competitive process between the production of CO
and H and methanol may be responsible. At low
2
coverages, when the reactivity of the surface is
highest, decomposition forms exclusively CO and
H , while at higher coverages, coadsorbates inhibit
2
complete decomposition of intermediates. The low
temperature desorption of methanol strongly suggests that an important intermediate is methoxy,
and that hydrogenation of methoxy to form methanol is a facile process.
AES spectra taken following each TPD run
show significant carbon build up on the Pt(111)
surface indicating that complete dissociation to
carbon occurs for at least some of the methyl
nitrite. No nitrogen or oxygen was detected by
AES after TPD. We also used LEED in these
investigations. Exposing the surface at 105 K to
monolayer coverages of methyl nitrite, 0.18 L, only
caused an increase in the diffuse background intensity for the (1×1) LEED pattern associated with
the substrate, indicating that chemisorption of
methyl nitrite occurs into a disordered adlayer
phase.
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3.2. HREELS of CD ONO
3
The top HREELS curve in Fig. 6 was obtained
after an exposure of CD ONO that forms a mono3
layer coverage on the Pt(111) surface at 110 K.
The HREELS spectrum of a monolayer of physisorbed methyl nitrite on Au(111) at 115 K [8] is
shown for comparison in the bottom curve. In
order to help assign the spectra on Pt(111), the
vibrational assignments for CD ONO on Au(111)
3
and in the gas phase are shown in Table 1
[17,22,23]. The Au(111) surface adsorbs methyl
nitrite weakly (8 kcal/mol ) and reversibly [8].
Based on this comparison we find that the
HREELS spectra on Pt(111) at 110 K are not
consistent with solely molecular CD ONO adsorp3
tion. The principle differences in the two spectra
in Fig. 6 are the new peaks on Pt(111) at 1390
and 1595 cm−1, along with an apparent shift of

Fig. 6. HREELS spectra for near monolayer coverages of
CH ONO adsorbed on Pt(111) and Au(111) [8] surfaces at
3
110 K.
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Table 1
Assignment of the HREELS spectra for adsorbed methyl nitritea
Assignment

CD ONO IR (solid) [17,22]
3
cis

n (C–D)
as
n (C–D)
s
n(NNO)
d (CD )
as
3
d (CD )
s
3
n(C–O)
n(N–O)
d(ONO)

2275
2119b
1610
1091b
1045
897b
798
595

CD ONO on Pt(111)
3
monolayer

CD ONO on Au(111)
3
monolayer [8]

2190
2045

2275
2155
1635
1050

trans
(3031)
(2952)
(1613)
(1452)
(1406)
(985)
(838)
(625)

2180b
2038b
1664
1055b
1039b
950b
775
551

(2913)
(2823)
(1665)
(1444)
(1422)
(1043)
(806)
(565)

1080
920

945
790
585

a Values for CH ONO are shown in parentheses.
3
b Values from calculation.

the 2155 cm−1 peak to 2045 cm−1, and the missing
peaks at 310 and 790 cm−1. The peaks at 1390
and 1595 cm−1 are considerably lower than the
n(NNO) modes previously observed for either gas
phase or adsorbed methyl nitrite [8,9,17,22,23],
and so we assign these peaks to n(NNO) stretching
vibrations of coadsorbed NO molecules [formed
from the decomposition of CD ONO on Pt(111)].
3
These energy losses are 40–65 cm−1 lower than
the n(NNO) loss peaks for adsorbed molecular
NO obtained by dosing NO on Pt(111) [18], but
we attribute this to coadsorption effects. The other
peaks for Pt(111) arise from molecular
CD ONO on the surface. Several key features in
3
this spectrum are also consistent with an assignment of methoxy (CD O) as a hydrocarbon frag3
ment that accompanies NO formation from
CD ONO decomposition.
3
HREELS spectra for several coverages of
CD ONO on Pt(111) at 110 K are shown in Fig. 7.
3
The bottom curve is from a dose giving a submonolayer coverage (#0.25 ML) of CD ONO. This
3
spectrum is difficult to assign using CD ONO
3
modes. We can make an assignment based on the
formation of a coadsorbed layer containing NO,
methoxy (CD O), and CD ONO. Adsorbed NO
3
3
gives losses at 1390 and 1595 cm−1 from the
n(NNO) stretching mode in two states of NO. As
shown in Table 2 [24–29], d -methoxy on Ni(100)
3
[27] is characterized by n(CD ) at 2059 cm−1,
3
d (CD ) at 1096 cm−1, and n(CO) at 986 cm−1.
s
3
We can attribute five loss peaks to methoxy

Fig. 7. HREELS spectra following exposures of CD ONO that
3
form 0.25, 0.75, and 1.5 monolayers on the Pt(111) surface
at 110 K.

in Fig. 7: n(CD ) at 2045 cm−1, d(CD ) at
3
3
1080 cm−1, n(CO) at 920 cm−1, c(OCD ) at
3
815 cm−1, and n(PtO) at 310 cm−1. Methyl nitrite
contributes intensity between 700 and 1200 cm−1,
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Table 2
Vibrational bands (cm−1) of CDO, CD O, CD O and CD OD
2
3
3
Species

Signal

Reference

CDO/Ru(001)-g2
CD O(g)
2
CD O/Ru(001)-g1
2
CD O/Ru(001)-g2
2
CD O/Ni(100)
3
CD O/Cu(110)
3
CD OD/Ni(100)
3
CD OD/(2×1)Pt(110)
3

550, 825, 980, 1160
986, 1096, 2059
1025, 1190, 1640–1660, 2200–2250
620, 865, 1020, 1190, 2225
986, 1096, 2059
300, 990, 1100, 1950, 2060, 2190
834, 983, 1125, 2073, 2218, 2446
560, 780, 990, 1100, 2070, 2235, 2410

[24,25]
[26 ]
[24,25]
[24,25]
[27]
[28]
[27]
[29]

and is solely responsible for the small peaks at 610
and 2190 cm−1. Table 2 also shows that other
possible surface species, such as CD OD, CD O,
3
2
and CDO, have overlapping vibrational modes,
and we cannot make a definitive assignment of the
composition of the adlayer given the complications
of such mixtures of species on the surface.
The spectra obtained at larger coverages are
consistent with adding more molecular methyl
nitrite on the surface. The n(CD ) peak at
3
2190 cm−1 becomes much stronger than the peak
at 2045 cm−1, the relative intensity of the n(NNO)
peaks decrease, and changes in the 700–1200 cm−1
loss region can be related to increases in peaks
that resemble the spectrum of methyl nitrite on
Au(111). Difference spectra reveal these changes
more clearly, but these are not reproduced here.
The partial decomposition of methyl nitrite under
our conditions and the rather complex coadsorbed
layer thus formed make it impossible for us to
conclude anything about the adsorption geometry
of molecularly adsorbed methyl nitrite on Pt(111).
It has been proposed that methyl nitrite adsorbs
on Au(111) [8] and Ag(111) [9] in a geometry in
which the O–NNO plane is parallel with the
surface.
The warm-up series of HREELS spectra shown
in Fig. 8 begins with a dose of methyl nitrite
corresponding to nearly monolayer coverage on
Pt(111) at 110 K. This curve is the same as that
shown in Fig. 6 and discussed above. Heating to
130 K causes desorption of any physisorbed methyl
nitrite, and the HREELS spectra show an overall
decrease in loss peak intensities other than those
for NO that is consistent with some methyl nitrite

Fig. 8. HREELS warm-up series after a dose of CD ONO
3
which forms 1.2 monolayers on the Pt(111) surface at 110 K.

desorption. The n(C–D) peak that we have
assigned to methoxy also decreases in relative
intensity and the higher energy loss peak shifts to
about 2250 cm−1. Warming the surface to 165 K
has very little effect on the spectrum except that
the high energy n(NNO) peak at 1595 cm−1 shifts
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to 1655 cm−1. We interpret this shift to indicate
that there is no longer any adsorbed methyl nitrite
on the surface. Methanol evolution occurs in TPD
at 190 K, and heating to 190 K causes large
changes in HREELS. The intensity in the
700–1200 cm−1 loss region is strongly reduced, the
NO loss peaks shift to 1460 and 1695 cm−1, and
the n(C–D) peaks disappear. In Fig. 8, we never
observe vibrational peaks that cleanly identify
adsorbed methoxy, and we conclude that methoxy
intermediates must be relatively unstable (reactive)
on the surface. The adsorbed layer at 190 K consists of coadsorbed NO, H, and some hydrocarbon,
either formaldehyde (H CO) or formyl (HCO).
2
No CO has yet been formed. Above 200 K a CO
peak grows in until 280 K concurrently with
desorption of H and a small amount of formalde2
hyde. The two small peaks at 285 and 445 cm−1
can be associated with low frequency modes of
bent NO on the Pt(111) surface [18]. At 280 K,
only CO and NO remain on the surface. The
adsorbed CO has a loss peak at 2080 cm−1.
Heating to 348 K desorbs most of the NO, leaving
only the most strongly bound NO that has
n(NNO) at 1460 cm−1, and heating to 425 K
effectively removes all of the NO. The CO product
is finally removed after heating to 480 K, leaving
a relatively clean surface (we did see a small
amount of surface carbon in AES, however).
3.3. UPS of CD ONO
3
He(II ) ultraviolet photoelectron ( UPS) spectra
for a coverage of CD ONO near one monolayer
3
on Pt(111) after various warm-up temperatures
are shown in Fig. 9. The vertical bars at the top
of Fig. 9 are the peak positions of gas phase
CH ONO [30] that have been uniformly shifted
3
by 4.2 eV to lower binding energy to account for
relaxation effects and to give the best alignment
with the condensed phase spectrum of CD ONO
3
on Ag(111) (top curve) [9]. The peak positions
and orbital assignments are listed in Table 3.
orbital apparently undergoes an
Oddly, the p
CH3
additional differential
shift of 0.3 eV between the
gas and condensed phase. The top curve in our
new data was obtained after dosing CD ONO on
3
Pt(111) at 110 K. In addition to the Pt d-band

Fig. 9. Warm-up series using He(II ) UPS after exposure of
CD ONO to form 1.2 monolayers on Pt(111) at 110 K. The
3
top spectra was obtained after dosing, without warming. The
dark bars at the top of the figure correspond to peaks obtained
from UPS spectra of gas phase CH ONO [24] uniformly shifted
3
down in energy by 4.2 eV to account for final state screening
effects.

intensity between 0 and 7 eV, this spectrum shows
evidence for the presence of molecularly adsorbed
methyl nitrite under these conditions, but we were
unable to give a good account of all of the positions
and intensities of the observed photoemission
peaks by utilizing small shifts of the molecular
CH ONO peaks. Primarily, we have additional
3
intensity at 5.7, 8.0, and 10.8 eV that is unaccounted for by CH ONO. This UPS spectrum
3
provides key supporting information to our assignment using HREELS that decomposition of
CD ONO occurs upon adsorption on Pt(111) at
3
110 K (because of large changes that can occur in
mode intensities and frequencies in HREELS due
to strong chemisorption and the dipole selection
rule). The formation of methoxy, and possibly
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Table 3
Orbital binding energies from UPS for CD ONOa
3
Orbital

BE (eV )
Gas phase [31]

10 ML on Ag(111)

1 ML on Pt(111)

n−
11.0
6.8
5.5
NO
p(n )
11.8
7.5
6.1
0
ns −n+
13.4
9.5
7.3
0
NO
s
14.8
10.5
8.6
CD3
p
15.3
11.4
9.3
NO
s
16.8
12.9
10.8
ONOCH
n+ +ns
18.4
14.1
12.1
NO
0
p
20.0
16.8
14.3
CH3
a Binding energies for the gas phase are referenced to E =0 and those for the adsorbed phase are referenced to E =0.
vac
F

methanol, would be consistent with this UPS
spectrum, as shown in Table 4 [31–39].
The UPS warm-up series also helps to define
the temperatures at which reactions occur. Heating
to 130 K causes a reduction in the coverage of
methyl nitrite as shown by the increase in the Pt
d-band intensity at the Fermi level (E ) and a large
F
reduction in the intensity of all peaks associated
with CD ONO. By 165 K, there are no features
3
attributable to CD ONO remaining, which agrees
3
well with the HREELS results. Adsorbed NO
causes a peak at 9.3 eV that arises from the NO
(1p) level [40], and some hydrocarbon intermediate must be responsible for additional intensity
including peaks at 11.7 and 5.0 eV. Annealing to
197 K sharpens the peak associated with the NO
(1p) level at 9.3 eV, and any other adsorbed interTable 4
Orbital binding energies (eV ) from UPS
Species

Signal

Reference

para-CH O/Cu(110)
2
CH O/Cu(110)
2
CH O/Pd(100)
3
CH O/Cu(110)
3

6.2, 9.3, 12.1, 15.4
5.7, 9.3, 11.2, 16.0
5.2, 9.1, —
5.5, 8.5, 15.5
5.5, 9.5, 15.5
5.3, 9.5, —
6.6, 10.7, 17.3
5.9, 7.7, 10.3, 12.7, —
5.2, 7.0, 9.5, 12.0, —
5.8, 7.6, 10.1, 12.3, —
4.9, 6.7, 9.2, 11.4, —
—, 6.6, 10.7, 17.3, —

[31]
[31]
[32]
[33]
[34]
[35]
[36 ]
[37]
[35]
[38]
[39]
[36 ]

CH O/Ni(111)
3
CH O/Cr(110)
3
CH OH/Pt(111)
3
CH OH/Ni(111)
3
CH OH(ads)/Cu(100)
3
CH OH(ads)/Pd(100)
3
CH OH(ads)/Cr(110)
3

mediates have only weak intensity in the Pt d-band
region. Heating to 345 K desorbs most of the NO,
and the broad feature at about 9 eV has some
contribution from the 1p and 5s states of CO [41].
Heating to 450 K forms a relatively clean
Pt(111) surface.
From the onset of secondary electrons in the
He(I ) data, we determined that the work function
of clean Pt(111) was 5.57 eV. Adsorbing a coverage of CD ONO near one monolayer on Pt(111)
3
at 110 K, corresponding to the top curve in Fig. 9,
reduces the work function by 1.65 eV.

4. Discussion
Methyl nitrite (CH ONO) is a very reactive
3
molecule on the Pt(111) surface. Some dissociation
occurs even at 110 K. The chemisorbed monolayer
undergoes complete dissociation at very low temperatures (below 165 K ); no molecular desorption
is observed from the chemisorbed state. Thus,
methyl nitrite is more reactive on Pt(111) than
NO [42] or CH NO [12]. This is due to the
2
3
2
weak CH O–NO bond in methyl nitrite, where
3
D(O–NO)=42 kcal/mol in the gas phase [7]. The
bond dissociation energy is greatly reduced in the
chemisorbed layer since the dissociation products
CH O and NO are both strongly chemisorbed,
3
and only small (perhaps intrinsic) barriers to reaction inhibit cleavage of the O–NO bond. Reaction
of adsorbed methyl nitrite on Pt(111) leads pri-
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marily to production of NO, CO, and H in TPD.
2
Some methanol desorption is also seen, and it is
likely that this product arises from the hydrogenation of a methoxy (CH O) intermediate. The
3
dependence of the amounts of CO, NO, and
CH OH evolved as a function of CH ONO initial
3
3
coverage indicates that competitive processes are
at work at all but the lowest coverages. In the
uptake plot shown in Fig. 3, NO production steadily increases with increasing exposures of methyl
nitrite, but CO and H production peak at low
2
CH ONO coverage (H
~0.15 ML). This
3
CH ONO
maximum in the CO and H3 yield is correlated to
2
methanol desorption. In the absence of a sufficiently large concentration of coadsorbates when
H
<0.15 ML, methoxy and any subsequent
CH3ONO
intermediates
present after O–NO bond cleavage
completely dissociate on Pt(111) to yield CO and
H . As the initial CH ONO coverage increases and
2
3
coadsorbed CO, H, and unreacted CH ONO
3
inhibit reactions on the surface, the barrier to
decomposition of methoxy increases and hydrogenation to form methanol becomes a competitive
reaction channel. Methanol produced in this
manner desorbs in a desorption rate-limited peak
at low temperatures (190 K ) [20]. The H and CO
2
products desorb at 300 and 400 K, respectively, in
desorption rate-limited peaks [19].
Both HREELS and UPS confirm a high reactivity of methyl nitrite and methoxy species. HREELS
and UPS show that by 165 K there is no longer
any CD ONO on the surface. The NO loss inten3
sity in HREELS increases by 80% at 130 K and
reaches its maximum value by 165 K. This loss
intensity indicates that #25% of the CD ONO
3
initially decomposed upon adsorption at 110 K
and that decomposition of CD ONO is complete
3
at 165 K. Methyl nitrite dissociates to form chemisorbed NO on the surface and cleavage of the
O–NO bond forms at least a transient methoxy
intermediate, and probably a stable adsorbed
methoxy species. This would be consistent with
the HREELS spectra at low coverage. In UPS, the
12.2 eV peak that arises after heating to 130 K is
consistent with a methoxy intermediate or chemisorbed methanol [36 ], and the weak feature at
11.4 eV BE after heating to 160 K can be assigned
to a small concentration of some other hydro-

carbon intermediate (H CO or HCO) [31] that is
2
fairly cleanly converted to CO and H at higher
2
temperatures. No features in either HREELS or
UPS can be assigned to methoxy species at 190 K,
and so any surface bound methoxy has decomposed by this temperature.
A few other details of the decomposition mechanism emerge from further consideration of the
HREELS warm-up spectra. Desorption of methanol at 190 K is probably responsible for the shift
of the n(NNO) peaks to 1460 and 1695 cm−1,
which are the same values obtained for NO
adsorbed on the Pt(111) surface after NO exposure
[18]. Our picture is that dissociation of methyl
nitrite yields chemisorbed NO in two sites and by
200 K methoxy has either decomposed to form
H CO and/or HCO or has hydrogenated and
2
desorbed as methanol. At this temperature, some
of the hydrocarbon fragments have been removed
from the surface as methanol, but what remains
decomposes to form CO on the surface. HREELS
shows that some hydrocarbon intermediate (that
is not methoxy) exists on the surface up to at least
280 K. By 280 K, the loss peaks between 800 and
1200 cm−1 disappeared and a small loss peak at
2080 cm−1 appeared that is a signature for
adsorbed CO [43]. It would be helpful to assign
the surface species formed from methoxy decomposition, but this is complicated by the low coverage, the presence of potentially overlapping
n(NNO) peaks, and the possibility for rehybridization of the carbonyl group. Previous HREELS
experiments involving formaldehyde (H CO) on
2
Ag(111) [29] assigned a n (OCO) stretch at
s
965 cm−1 and a n (OCO) stretch at 1120 cm−1 for
as
formaldehyde polymerized (paraformaldehyde) on
the surface, and this is inconsistent with our
spectra. Even though only a small formaldehyde
product was observed in TPD at ~250 K, we
would expect formaldehyde to decompose to CO
and H on Pt(111) [44,45] rather than desorb if
2
it were a product of the reaction. In any event, the
loss peaks between 800 and 1200 cm−1 in HREELS
disappear at approximately the same temperature
that desorption of formaldehyde occurs. As the
temperature increases further, NO desorbs from
the surface, first from the more weakly bound atop
sites [18] by 350 K, and then from the more
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strongly bound three-fold hollow sites at 425 K.
Essentially only CO remains on the surface at
425 K, and then CO desorbs by 480 K which is
consistent with the TPD results.
We can utilize the desorption energies and reaction activation energies from TPD and our understanding of the reaction mechanism to develop
some insight into the thermochemistry of the reactions of methyl nitrite adsorbed on Pt(111). Fig. 10
shows a schematic diagram of our proposed energetics. The energy zero is the heat of formation
of the elements in their standard states, i.e.
DH° (H )=DH° (Pt )=0. Mass balance
f,300 2(g)
f,300 (s)
requires that we consider the heats of formation
of the coadsorbed products required by stoichiometry. For the stable gas phase molecules,
DH° (CH ONO )=−16.9 kcal/mol,
DH°
f,300
3
(g)
f,300
(CO )=−26.4 kcal/mol, and DH° (NO )=
(g)
f,300
(g)
21.6 kcal/mol [46 ]. Known heats of adsorption for
CO (32 kcal/mol [47]), NO (19 kcal/mol [48]),
and H (19 kcal/mol [49]) allow us to calculate
2
for the adsorbed species DH° (CO )=
f,300
(a)
−58.4 kcal/mol,
DH° (NO )=2.6 kcal/mol,
f,300
(a)
and DH° ( H )=−10 kcal/mol [50]. To finish
f,300 (a)
constructing the diagram, we need to know heats
of formation for adsorbed CH ONO and any
3
hydrocarbon intermediates formed. We can place
an upper limit of DH° (CH ONO )=
f,300
3
(a)
−33.2 kcal/mol because we know that molecular
desorption occurs at 267 K with a desorption
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activation energy of 16.3 kcal/mol on a Pt–Sn
alloy which is less reactive than Pt(111) [10,11].
We estimate the value of DH° (CH O )=
f,300
3 (a)
−39.0 kcal/mol by subtracting the methoxy
adsorption energy, taken as 42.5 kcal/mol by using
one-half the bond energy of adsorbed oxygen
atoms on Pt(111) where D(Pt–O)=85 kcal/mol
[51], from DH° (CH O )=3.5 kcal/mol [50].
f,300
3 (g)
We also concluded that some other hydrocarbon
intermediate was formed on the surface prior to
the formation of CO, but we are unable to reliably
estimate the formation energy of this species at
this time (primarily due to a lack of information
on the energetics of free radical excited states
[50]). The overall reaction that yields the major
gas phase products depicted here is endothermic
by 12.1 kcal/mol. The barrier to decompose
adsorbed CH ONO is about 7 kcal/mol because
3
some decomposition occurs upon adsorption at
110 K. An upper limit for the barrier to decompose
methoxy is 11 kcal/mol because of the desorption
rate-limited appearance of methanol in TPD,
which can only be formed if dehydrogenation of
methoxy occurs. The other hydrocarbon intermediate is more stable than methoxy because CO is
not observed in HREELS annealing studies until
about 225 K. We estimate a barrier of about
17 kcal/mol for this process. Obviously the reaction is most exothermic to form the adsorbed
products, and this indeed is the driving force for

Fig. 10. Energetics for the reaction of methyl nitrite on Pt(111).
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the high reactivity of CH ONO on Pt(111) that
3
we observe. The endothermic processes that lead
to desorption of the small molecule products in
TPD are driven by entropic effects.
Our results lead naturally to some conclusions
about the reactivity of methoxy species on Pt(111),
which in the past have been impossible to obtain
without surface defects or coadsorbed O adatoms
because CH OH does not dissociatively chemisorb
3
on Pt(111) [20,52]. We conclude that methoxy is
quite reactive, with a barrier to decomposition
below 11 kcal/mol, and decomposition leads
almost exclusively to CO and H . This chemistry
2
is similar to that in previous studies of methanol
on defective Pt(111) substrates [21,53–56 ], where
TPD of submonolayer coverages of methanol
desorbed only CO and H . We also conclude that
2
hydrogenation of methoxy is a facile process, with
a barrier less than 11 kcal/mol, since CH OH is
3
produced below 190 K.
Finally, we mention that we have proposed
using methyl nitrite as an adsorbed precursor to
cleanly form methoxy at relatively low temperature
on reactive metal surfaces [10]. Studies of the
chemistry of CH ONO on the two Sn/Pt(111)
3
surface alloys have been carried out [11]. About
60–70% of the chemisorbed monolayer of methyl
nitrite undergoes decomposition depending on
which surface alloy is used, but CO and H do
2
not appear as gas phase products from methyl
nitrite reaction. Instead, these alloys have a high
selectivity for desorbing methanol and formaldehyde. We observe that the stability of surface
methoxy is enhanced on the Sn/Pt(111) surface
alloys compared to that on Pt(111).

5. Conclusion
Methyl nitrite undergoes facile dissociation on
Pt(111). The chemisorbed monolayer completely
decomposes during TPD, and HREELS and UPS
show that some dissociation of methyl nitrite
occurs upon adsorption on Pt(111) at 110 K. At
low CD ONO coverages, when the surface reactiv3
ity is highest, reactions during TPD only produce
gas phase NO, CO and H , while at higher cover2
ages, as the concentrations of coadsorbates

increase and deactivate the surface, gas phase
methanol is an important product. Adsorbed NO
is formed from nascent CD ONO dissociation,
3
and we propose that an adsorbed methoxy intermediate is also formed. Dehydrogenation of
methoxy forms a hydrocarbon species which ultimately produces CO and H desorption and hydro2
genation forms methanol which desorbs. Methyl
nitrite adsorption allows us to make several new
observations about the reactivity of methoxy on
defect-free Pt(111) surfaces. Dehydrogenation and
hydrogenation to form methanol are both relatively facile processes with barriers below
11 kcal/mol.
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