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Abstract 

The adsorption of nitromethane (CH3NO 2 and CDaNO2) on Pt(111) surfaces has been investigated. Temperature programmed 
desorption (TPD) mass spectrometry, ultraviolet photoelectron spectroscopy (UPS) and high resolution electron energy loss 
spectroscopy (HREELS) were used to probe the adsorption bond strength and bonding geometry of the chemisorbed state, and 
also thermal decomposition reactions on the Pt( 111 ) surface. Nitromethane is weakly chemisorbed on Pt( 111 ) with an adsorption 
energy of ca 11 kcal tool- 1. Adsorption is mostly (> 75%) reversible, but some nitromethane decomposition on Pt(111 ) does occur 
at low coverages. HCN, HzO , NO and CO were the primary gas phase products that were detected in TPD as a result of this 
decomposition. The principal decomposition pathway is via cleavage of N-O bonds, mostly leaving the C-N bond intact, rather 
than the isomerization of nitromethane to methyl nitrite (CH3ONO) on the surface. Consistent with the small adsorption energy of 
molecular nitromethane, UPS and HREELS of the chemisorbed monolayer show only:small changes in the electronic structure and 
vibrational spectra of nitromethane compared to condensed phase results. HREELS data indicate that chemisorbed nitromethane 
adopts a 'pseudo-bidentate' bonding geometry with Cs(yz) symmetry in which the two oxygens are coordinated inequivalently to 
the surface with the molecular axis tilted within the molecular plane. © 1997 Elsevier Science B.V. 

Keywords: Electron energy loss spectroscopy; Low index single crystal surfaces; Nitrogen oxides; Nitromethane; Platinum; Thermal 
desorption; Vibrations of adsorbed molecules 

1. Introduction 

The detailed interact ions of  n i t romethane  

(CH3NO2) with solid surfaces has no t  been widely 
studied despite scientific interest in the chemistry 
of this molecule [1 ]. One aspect of  our  in teres t  in 
the surface chemistry of molecules conta in ing  the 
N O  2 funct ional  group over solid surfaces is because 
of  the impor tance  of  these compounds  as m o n o p r o -  
pellants in rocket thrusters [2]. One aspect of  our  
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work in this area is to examine n i t romethane  
a nd  other  molecules con ta in ing  c a r bon ,  n i t rogen 

and  oxygen that  serve as prototypes to study 
fundamen ta l  interfacial /heterogeneous issues in 
the decomposi t ion  a nd  combus t ion  of  solid pro-  

pellants and  explosives: Only  a few studies are 
available tha t  have carried out  surface science 
invest igat ions of  the adsorp t ion  and  react ion of  

CH3NO 2 with t rans i t ion  metals [3-5] .  This  is 
typical, however, of  a b roader  p rob lem that  rela- 
tively little is k n o w n  in general  abou t  the fo rmat ion  
and  react ion of C - N  and  N - O  bonds:  at metal  
surfaces. 

H w a n g  et al. [3] and  Benziger [4] previously 
studied the react ion of  n i t romethane  on  Pt(111)  
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and Ni(111) surfaces, respectively. On the Pt(111 ) 
surface, these authors found complete decomposi- 
tion of CH3NO2 and that the major decomposition 
path was via the dissociation of C-H and N-O 
bonds to leave adsorbed CN which desorbed as 
C2N2 in 85% yield between 750 and 1200 K. On 
Ni(111 ), it was also reported that CH3NO2 decom- 
posed completely by scission of the N-O bonds, 
forming primarily HCN, H2, adsorbed oxygen and  
no NO [4]. More recently, we have made a study 
of CH3NO 2 and methyl nitrite (CD3ONO) 
on A u ( l l l )  [5]. Both of these molecules are 
only weakly adsorbed O n this Au surface, with' 
desorption activation energies of ca  11 and 
8kcalmo1-1, respectively. Consistent with the 
weak interaction o f  these molecules with the 
Au(111) surface, the adsorption of both molecules 
is molecular and completely reversible; no dissoci- 
ation occurs. We also found that Au does not 
sufficiently activate nitromethane or methyl nitrite 
for isomerization Under ultra=high vacuum (UHV) 
conditions. 

In related work, the interactions of NO/ on 
Pt( 111 ) surfaces have been studied previously [6- 
8]. These studies serve as useful benchmarks in 
these nitromethane adsorption experiments. At 
100 K, NO/ is  adsorbed molecularly at all cover/ 
ages to form a Pt( 111 ) #-N,O-nitrito surface com- 
plex in which NOa is in an upright bridge-bonded 
configuration with Cs symmetry. The saturation 
coverage of chemisorbed NO/is ca 0.5 monolayers 
(ML). At low coverages, ONo2 < 0.25 ML, adsorp- 
tion is irreversible and NO2 dissociates completely 
by285 K to oxygen atoms and NO. However, for 
ONo 2 > 0.25 :ML, the adsorption is partially revers- 
ible and NO/desorbs molecularly with first-order 
kinetics and Ea = 19 kcal mo l -1  About 20% of 
the NO2 adsorbs reversibly at saturation coverage. 
With higher exposures of NO2, a condensed multi- 
layer of N204 can be formed. 

Preadsorbed oxygen atoms on P t ( t l  1) decrease 
the reactivity of the surface and cause a decrease 
in the amount of irreversible NOz adsorption and 
also a decrease in the amount of the P t ( l l l )  
#-N,O-nitrito surface complex (bridge-bonded 
NO2) such that at Oo--0.75 ML, the chemisorbed 
NO2 saturation coverage is only 0.15 ML and all 
NO2 adsorption is reversible having a chemisorp- 

tion bond energy of 11 kcal mol-  1. Coadsorption 
also causes the formation of a new, more weakly 
bound state for NO2 which is associated with ~ an 
NOz species bonded to platinum through the nitro- 
gen atom in a nitro configuration possessing Czv 
symmetry. 

In this paper, we have reinvestigated the adsorp- 
tion of nitromethane (CH3NO2 and CD3NO/) on 
Pt(111 ) by means of Auger electron spectroscopy 
(AES), temperature programmed desorption 
(TPD), ultraviolet photoelectron spectroscopy 
(UPS) and high resolution electron energy loss 
spectroscopy (HREELS). Our 'results are not con- 
sistent with the previous work of Hwang et al. [3]. 
Mainly we find that CH3NO 2 adsorption is mostly 
reversible, with only ca 25% decomposition, and 
HCN and H20 are the major gas phase products 
in TPD. In addition, we determine a chelating 
molecular bonding geometry for nitromethane che- 
misorbed on  P t ( l l l ) .  

2. Experimental 

The experiments were carried out in a stainless 
steel UHV chamber equipped with a shielded 

quadruple mass spectrometer (QMS) for TPD, a 
double-pass cylindrical mirror analyzer (CMA) for 
AES, and directed beam gas dosers using micro- 
capillary arrays. The system base pressure was 
1.6 x 10-1°Torr during experiments. TPD meas- 
urements were made using the QMS in line-of- 
sight with the sample surface and using a linear 
sample heating rate of 4 K s - a. UPS spectra using 
He(II) photon energies were taken using the CMA 
in the retarding mode at constant pass energy with 
0AeV resolution. ~The HREELS spectra were 
recorded with a resolution typically 'of 60 cm-1 at 
a beam energy of 3 eV. The elastic peak had' an 
intensity of ca 1 x 105 counts s -1 for the clean 
Pt(111) surface. All of the spectra, including those 
in the warm-up experiments, were-taken with the 
crystal at 110 K: 

The Pt (111 ) crystal was suspended between two 
20 mil Ta wires and could be cooled down to 
100 K using liquid nitrogen or resistively heated 
to 1200 K. The temperature was measured by a 
chromel-alumel thermocouple spot-welded to the 
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side of  the crystal. The Pt(111) single crystal was 
cleaned in the UHV chamber by a combination 
of  A r -  sputtering, annealing in UHV, and oxygen 
treatments. Ion bombardment  of  the crystal was 
carried out using 1 kV Ar ~- (3 x 10 -5 Torr  Ar) for 
5-10 min with the sample at 800 K. After sputter- 
ing, the crystal was annealed to 1000 K in UHV 
to regain the surface order. Whenever the level of  
carbon was at submonolayer coverages, oxygen 
treatments at 2 x 10 .8 Torr  02 for 5-10 min with 
the crystal at 800-1000 K were used to remove 
surface carbon. 

High purity nitromethane (Fisher Scientific, 
99%) was degassed by freeze-thaw cycles carried 
out while pumping. The stainless steel gas manifold 
on the UHV system was passivated by charging 
and discharging the gas lines with CH3NO2 period- 
ically prior to dosing. The P t ( l l l )  surface was 
exposed to CH3NO2 by means of  a microcapillary 
array gas doser. All the exposures were done with 
the crystal at l l 0 K .  CH3NO2 exposures are 
reported in this paper in seconds (s). During dosing 
the pressure of the chamber was raised 
3.0 x 10-lo Torr  above background by introducing 
CH3NO2. 

3. Results 

3.1. TPD 

TPD spectra for molecular nitromethane desorp- 
tion from the Pt (111)  surface for increasing nitro- 
methane exposures are shown in Fig. 1.' No 
CH3NO2 desorption is observed for exposures 
below 5s  but a peak at 180 K assigned to the 
monolayer begins to grow at > 5 s until reaching 
saturation for exposure > 20 s. By using Redhead 
analysis [9] and assuming first 0rder kinetics, we 
can estimate a desorption activation energy of 

11 kcal m o l -  1 for the monolayer desorption at 
180K. For exposures >20s ,  a p e a k  a t  155K 
starts to grow and we assign it to the physisorbed 
multilayer. We can also estimate an activation 
energy of 9 kcal mol - 1 for desorption of  this phy= 
sisorbed state. 

TPD spectra for all  of  the gas phase products 
formed during TPD after an exposure of nitro- 
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Fig. I. CH3NO2 TPD spectra after CH3NO 2 adsorption on the 
Pt ( 111 ) surface at 1 l0 K. 

methane near monolayer saturation coverage are 
reported in Fig. 2. Thermal decomposition appa- 
rently causes dissociation of  N - O  bonds to yield 
two major products at 18 and 27 ainu, that is, 
H20  and HCN, while dissociation of the C - N  
bond produces a small amount  of CO a n d  NO. 
We did not detect t h e  desorption of  hydrogen 
(H2)  , methane (CH4)  o r  cyanogen (C2N2) as 

reported by Hwang et al. [3]. H C N  desorbs in two 
peaks at 307 and 392 K. I-'I20 ~ CO and NO desorb 
in peaks at 297, 460 and 380 K, respectively. We 
specifically carried out several TPD measurements 
by heating to 1100 K in order to insure that no 
C z N  2 desorption occurred. AES taken after each 
TPD experiment showed no carbon, nitrogen or 
oxygen remaining on the surface indicating the 
complete desorption of CH3NOz and all thermal 
decomposition products by 600 K.  

The yield in TPD of  CH3NO 2, H20, HCN, CO 
and NO versus CH3NOz exposure is shown in 
Fig. 3. in this CH3NO 2 up take  plot, we have 
determined the yields by integration of  the TPD 
peaks without any correction for,different sensitivi- 
ties to the various gases (thus the slopes of  the 
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Fig. 2. TPD spectra of  desorbed products after CH3NO 2 
adsorption and  reaction near monolayer  coverage (20 s dose). 
The large peak at 180 K in all of  these curves is due to 
CH3NO 2 cracking fractions. 
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Fig. 3. Desorption yields from Pt(lll) as a function of 
CH3NO2 exposure. The yields (uncorrected for QMS sensitiv- 
ity) were calculated by integration of the TPD respective 
spectra. Chemisorbed and physisorbed CHsNO z TPD peaks 
were analyzed separately to provide the CH3NO 2 coverage in 
each state. 

several curves in the figure are different). For 
exposures < 5 s, nitromethane irreversibly adsorbs 
on the surface; it decomposes into H20,  HCN, 
CO and NO. All of  these products are produced 
initially and all of  their yields saturate (remain 
constant) at > 5 s CH3NO 2 exposure. The revers- 
ible adsorpt ion of  CH3NOe, resulting in the peak 
at 180 K starts at > 5 s exposure and is saturated 
for exposures of  >20  s. The physisorbed multi- 
layer state of  CH3NO2 is populated only above 
20 s after completion of  the chemisorbed mono- 
layer. Because these uptake experiments were car- 
ried out at a substrate temperature of  110 K, under 
conditions that allow a condensed multilayer phase 
to be formed, we can insure a constant CH3NO/ 
sticking coefficient with coverage. Since the yield 
of  the decomposition products is saturated after 
5 s, and 20 s gives the time required to form the 
chemisorbed monolayer, the irreversibly adsorbed 
fraction of  CH3NO / is equal to 25% of  the chemi- 
sorbed layer. 

3.2. UPS 

He(I I )  UPS spectra for gas phase CH3NOz [ 10] 
and for physisorbed and chemisorbed layers of  
CH3NO2 on P t ( l l l )  are shown in Fig. 4. The 
multilayer spectra were obtained following dosing 
nitromethane to P t ( l l l )  at 110 K to form a thin 
film. The monolayer spectra were obtained by 
heating a nitromethane multilayer to 165 K. He( I )  
UPS spectra were also obtained but are not shown 
here. Assignment of  the condensed phase spectra 
can be simply made from a rigid shift and compari- 
son to gas phase spectra. The gas phase He( I I )  
spectrum is characterized by photoemission peaks 
due to the n + and no orbitals (lone pairs in the 
N O  2 plane) at 11.31 eV, rc z orbital (lone pair out 
of  the NO2 plane) at 11.81 eV, rCcn 3 orbitals 
(pseudo-~ orbitals associated with the methyl 
group) at 14.70 and 15.70 eV, flNo- +re1 orbitals 
(from the nitro-group) at 17.36 eV, a weak band 
attributed to flcN and flNo + orbitals at 19.21 eV, 
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Fig. 4. A comparison of the He(II) UPS spectra of CH3NO 2 
in the (top) gas phase, (middle) condensed multilayer phase and 
the (bottom) adsorbed monolayer phase. 
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Fig. 5. Warm-up series of UPS spectra obtained by sequentially 
heating a monolayer of CH3NO2 adsorbed on the Pt( 111 ) sur- 
fac e. Initially CH3NO 2 multilayer at 110 K was heated to 165 K. 

and the orbitals with 2s~ and 2s o character at 
20.39eV [10]. The spectral features of the 
adsorbed multilayer are considerably broadened 
as compared to the gas phase spectrum. However, 
an excellent match of the peak positions occurs in 
Fig. 4 by rigidly shifting the gas phase spectrum 
by + 3.99 eV in order to adjust the peak positions 
due to photoemission from 2sN and 2So levels to 
coincide in the two spectra. These levels are utilized 
here because they are assumed to be less involved 
in any condensed phase bond formation since 
bond formation in nitromethane complexes occurs 
mainly through the lone pair orbitals in the N O  2 

plane. Performing a similar energy scale adjust- 
ment where peaks in the gas phase are rigidly 
shifted by + 6.24 eV with the monolayer spectra 
reveals that, within +0.20 eV, the spectra match 
the observed gas phase binding energies. This 
monolayer UPS spectrum indicates molecular nit- 
romethane adsorption with no substantial chemical 
effect in the electronic structure. This is consistent 
with the weak adsorption energy of CH3NO 2 
observed in our TPD studies. 

Fig. 5 shows a series of UPS spectra taken 

sequentially after dosing a multilayer of CH3NO 2 
at 110 K and heating the surface gradually to 
various temperatures. The bottom curve (for 
165 K) is the same spectrum as shown in Fig. 4 as 
the monolayer. Upon heating further to 190 K, 
the molecular nitromethane peaks were greatly 
decreased and two small peaks at 9.80 and 11.95 eV 
were detected. These peaks can be attributed to 
the presence of small amounts of adsorbed NO 
and CO, respectively [11,1211 (HREELS shows 
that a small concentration of other intermediates 
are also present at 190K). After heating the 
surface to 600 K, the UPS spectrum reveals a clean 
Pt( 111 ) surface, consistent with our AES results. 

As a final consideration, using the onset of 
electron emission in He(I) UPS spectra, we can 
determine that formation of the chemisorbed nitro- 
methane monolayer is associated with a decrease 
of 1.1-1.6 eV in the work function of the sample. 

3.3. H R E E L S  

HREELS spectra of multilayers of C H 3 N O  2 

and C D 3 N O  2 adsorbed on the P t ( l l l )  surface at 
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110 K taken in the specular direction, are shown 
in Fig. 6. The thickness of these films is estimated 
to be ca 25 layers. Our observed vibrational fre- 
quencies for condensed nitromethane are summa- 
rized in Table 1, and are compared to previous 
measurements in the gas-phase [13] and solid 
phase [14]. The CH3NO 2 HREELS spectrum is 
characterized by: the NO 2 rocking mode 
( r (NO2))  at 470 cm-1; the N O  2 deformation mode 
(6,(NO2)) at 665 cm-1; the C-N stretching mode 
(v(CN)) at 931cm-1; the CH3 rocking mode 
(r(CHa)) at l l00cm-1;  the symmetric stretch 
o f  N O  2 (vs(NO2) , symmetric bend of CH3 
(6~(CH3)), and asymmetric bend of CH3 
(riCH3)) give rise to a combined (unresolved) loss 
peak at 1415cm-1; the asymmetric stretch of 
NO/ (vJNO2)) at 1565 cm-1; and the symmetric 
and asymmetric stretch of CH3 (v~(CH3) and 
riCH3)) at 3045cm- 1. Our Fourier transform 
infrared data, shown at the bottom of Fig. 6, 
obtained on a thick film of CH3NOz on 
O/Mo (100) shows clearly that the HREELS peak 
at 1415 should be principally due to the CH 3 
deformation modes. The CD3NO 2 multilayer 
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Fig. 6. Comparison between multilayer spectra of CH3NO z and 
CD3NO 2 on Pt( 111 ) at 110 K using HREELS. The FT-RAIRS 
spectrum of a thick layer of CH3NO2 adsorbed on an oxygen 
precovered surface of Mo(100) is also shown. 

shown in Fig. 6 provides confirmation of these 
assignments. Peaks are detected for: the symmetric 
bend ofNO2 (fis(NOz)) a t  630cm-1; the C-N 
stretching mode (vs(CN)) and the rocking mode 
of CD 3 (r(CD3)) give rise to overlapping peaks in 
a loss at 880 cm-1; the sum of three modes, the 
symmetric bend of CD 3 (CSs(CD3)), the asymmetric 
bend of CD3 (~a(CD3)) and the rocking mode 
of CD 3 (r(CD3)) forming a peak at 1050 cm-X; 
the symmetric stretching of NO2 (vs(NO2)) at 
1385cm-1; the asymmetric stretch of NO2 
(va(NOz)) at 1545 cm-1; and the symmetric and 
asymmetric stretch of CD3 (vs(CD3) and v,(CD3)) 
at 2255 cm-1. 

Heating the surface to 165 K causes complete 
desorption of the multilayer and retains the mono- 
layer at the surface. Figs. 7 and 8 compare the 
multilayer and the monolayer HREELS spectra. 
Only a decrease in intensitY is observed, with the 
bands remaining essentially at the same energy 
(_ 30 cm-1). This indicates weak molecular chemi- 
sorption. The decrease in the va(NOz)/vs(NO2), 
that is, 1545/1385cm -1, intensity ratio in the 
CD3NO2 monolayer spectrum compared to the 
multilayer spectrum leads us to believe that a 
change occurs in the molecular orientation at  the 
surface compared to that in the thick condensed 
film. Unfortunately, this comparison is less clear 
to make using the CH3NO2 spectrum since the 
peak ca 1400 cm -1 consists of three overlapping 
peaks due to vs(NO2) , ~s(CH3) and 6a(CH3) as 
mentioned earlier. 

3.3.1. Geometry o f  chemisorbed CH3N02 
The intensities of the loss peaks in the HREELS 

spectra of the CH3NO/and CD3NO z monolayers 
depend on the orientation of the molecule onthe  
surface. Specular scattering in HREELS is gov- 
erned by a surface dipole selection rule [15,16] 
which allows for only those vibrational modes that 
have a dynamic dipole perpendicular to the surface 
to be 'dipole active', that is enhanced at specular 
scattering angles. In Figs. 9 and 10 for CH3NO 2 
and CD3NOz, respectively, we show HREELS 
spectra obtained at specular and 15 ° off-specular 
scattering angles. Changing the scattering angle by 
15 ° practically eliminates the contribution to the 
loss peaks from dipole scattering (the elastic peak 
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Table 1 
Assignment of the observed vibrational frequencies for CH3NO2 and CD3NO2 a on Pt( 111 ) 

153 

Mode Sym b IR (gas) [ 13] IR (solid)[ 14] Multilayer on Pt( 111 ) Monolayer on Pt( 111 ) 

482 (430) r(NOz) B1 476 (424) 
r(NO2) B2 599 (5601 
6,(NO2) A~ 647 (632) 
v(CH) A~ 921 (879) 
r(CH3) B1 1097 (879) 

r(CH3) B 2 1153 (944) 
v,(NO2) Ax 1384 (1384) 

~s(CH3) Aa 1413 (10901 
~a(CH3) B a 1449 ( 1051 ) 

~a(CH3) B 2 1488 ( 1051 ) 
va(NO2) B1 1582 (15711 
v~(NO2) A1 2965 (2160) 

470 

662 (633) 665 (630) 
919 (897) 931 (880) 
1120 (883) 

1100 (880) ° 

1374 (13871 (1385) 
1415 ¢ 

1409 (10751 (1050) 
1426 (1040) 

1415 (1050) ° 

1561 (1548) 1565 (1545) 
2962 (23101 

3045 (2255) ° 
v.(CH3) B1 3048 (2290l 3072 (2442) 

470 (430) 

665 (615) 
900 (880) 

II00 (1010) ° 

(13851 
1415 ° 
(1050) 

1415 (1050) c 

1545 (1520) 

3045 (2255) c 

aValues for CD3NO 2 shown in parentheses. 
bRepresentation in C2v symmetry. 
CValues corresponding to overlapping peaks. 
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Fig. 7. Vibrational spectra from HREELS of monolayer and 
multilayer coverages of adsorbed CH3NO 2 on the Pt( 111 ) sur- 
face at 110 K. The center and top curve were obtained from 
condensed films with thicknesses of ca 2.5 and 25 layers, 
respectively. 
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Fig. 8. HREELS spectra of CD3NO 2 adsorbed on the Pt( 111 ) 
at 110 K to give monolayer and multilayer coverages. The con- 
densed multilayer film was ca 25 layers thick. 
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Fig. 9. Comparison between specular and off-specular (A0= 
15 °) HREELS spectra of a monolayer coverage of adsorbed 
CH3NO 2 on P t ( l l l )  at 110 K. 
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Fig. 10. Comparison between specular and off-specular (A0= 
15 °) HREELS spectra of  a monolayer coverage of adsorbed 
CD3NO2 on P t ( l l l )  at l l 0K .  

intensity decreases by a factor of 50 in this geome- 
try), and loss peaks are observed only due to 
vibrational excitation via an impact scattering 
mechanism. By identifying which modes are dipole 
active, we can determine the orientation of nitro- 
methane in the monolayer by using information 
about the symmetries of the modes. 

In Fig. 9, we can identify at least three 
dipole active modes in CH3NO2: r(NO2) (B2) at 
470 cm -t, cSs(NOz) (A0 at 630 cm -t  and va(NOz) 
(B2) at 1545cm -t. The peaks from the other 
modes are either so weak or arise from overlapping 
contributions and we cannot determine whether 
or not they are dipole active. Furthermore, we can 
use Fig. 10 to confirm this identification. We find 
four dipole active modes in the CD3NO2 spectra: 
r ( N O 2 )  (B2) at 430cm -t, 5s(NO2) (A1) at 
615 cm -t, vs(NO2) (At) at 1380 cm -t  and 
va(NO2) (B2) at 1520cm -t. Again overlapping 
contributions to many of the peaks and several 
weak losses hinder our ability to assign other 
modes as dipole active. 

In general, one might consider three possible 
geometries for adsorbed nitromethane: standing 
upright (oxygen end down) or slightly tilted away 
from upright; flat-lying with the N O  2 plane parallel 
to the surface; and adsorbed with the C-N bond 
parallel with the surface but with the NO2 plane 
perpendicular to the surface. We know that the 
NOz plane is not parallel to the surface, as in 
the second case, since strong modes like 
¢Ss(NO2) , vs(NO2) and va(NO2) would all have 
their dynamic dipole moments parallel to the sur- 
face plane and thus these would be heavily screened 
and not observed in the specular spectra. Likewise, 
we know that the N O  2 plane is not perpendicular 
to the surface as in the third case, since modes 
like 5~(NOz) and v~(NO2) would have their 
dynamic dipole moments parallel to the surface 
plane and thus these would be screened and not 
observed in the specular spectra. This leaves us to 
consider only upright adsorption geometries, but 
perhaps with a small tilt away from the surface 
normal. We can deduce that the tilt angle is not 
very large, since we know that the dynamic dipole 
for va(NO2)  is very much larger than that for 
v,(NO2) in the condensed phase, and yet these two 
loss peaks are of similar size in the monolayer 



N. Saliba et al. / Surface Science 389 (1997) 147-161 155 

spectrum. This must be due to a relative enhance- 
ment by the surface of the vs(NO2) mode, which 
has its dipole aligned along the C-N bond, versus 
the va(NOz) mode, which has a dipole perpendicu- 
lar t o  this axis, because of an orientation that 
aligns the molecular axis near the surface normal. 

We can assign more specifically the geometry of 
chemisorbed nitromethane by determining the 
highest symmetry that is required for the adsorbate 
to account for the dipole active modes we identified 
in Figs. 9 and 10. Table 2 provides a correlation 
table for the Surface subgroups of C2v symmetry. 
As the adsorption symmetry is reduced from C2v 
to Cs, additional totally symmetric vibrational 
modes of the molecule become dipole active (A1 
and A'). 

First, let us assume that the adsorption of 
CH3NOz on P t ( l l l )  does not break the C2~ sym- 
metry of the molecule and that the molecule stands 
upright with its C2 axis perpendicular to the sur- 
face (C2 axis parallel to the z direction). This 
adsorption geometry has C2, symmetry and is 
shown in Fig. 1 la. Tables 1 and 2 show that there 
are only five dipole allowed modes: 6s(NOz); 
v(CN); v~(NO2); &s(CH3); and v~(CH3) in this 
geometry. The intense loss peak due to va(NO2) at 
1545 (1520) cm -1 and the loss due to r(NO2) at 
470 (430) cm -1 can be used to rule out this 

, j i  ¸ o,xz  

,i i a(yz) 

=- 

__= 

1 
1 

i = 

z 

Table 2 
Correlation table for tile determination of the symmetry of 
adsorbed CH3NO 2 on Pt( 111 ) 

(b )  

Gas phase Adsorption symmetry Observed 
frequencies 

Modes Czv C,(~r(xz)) C,(cr(yz)) 

6s(NO2) A1 A1 A'  
v(CN) A1 A1 A' 
v,(NO2) A1 A1 A' 
6s(CH3) A 1 A x A' 
vs(CH3) A1 A1 A' 

r(NOz) B1 A' 
r(CH3) B 1 A' 

A '  665 (615) 
A' 900 (880) 
A' 1415 (1010) 
A ' 1415(1385) 
A' 3045 (2255) 

A'! 
A " .  

~(yz) 

r(NOz) Bz A" A' 
r(CH3) B z A" A' 
6a(CH3) B e A" A' 
va(NO2) B2 A" A' 
va(CH3) B 2 A" A '  

470 (430) 
1100 (880) 
1415 (1010) 
1545 (1520) 
3045 (2255~ 

( c )  ,, 
,, 

• i 

Fig. 11. Schematic drawings of the possible 'upright' adsorption 
geometries for CH3NO2 on P t ( l l l ) .  (a) C2v symmetry, (b) 
C,(~r(xz)) symmetry and (c) Cs(a(yz)). 
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geometry. Secondly, we consider adsorption with 
the molecule tilted by an angle 0 away from the 
surface normal, in the xz-plane, to give Cs(o-(xz)) 
symmetry, as shown in Fig. 1 lb. In this case, the 
B1 modes would become dipole active as A'  in 
addition to the A1 modes, and so additional losses 
should be observed from r(NOz) and r(CH3). 
Most importantly, no B2 modes should be 
observed since these become A". We can rule out 
this geometry because of  the intense loss peak due 
to va(NO2) at 1545 (1520) cm -1 and the loss due 
to r(NO2) at 470 (430) cm -1. Next, we consider 
an upright nitromethane molecules with a loss of 
symmetry in the xz-plane to give Cs(o-(yz)) symme- 
try as shown in Fig. 1 lc. In this case, both the B2 
and A~ modes of  the C2v symmetry transform to 
A' modes, but the B 1 modes are not dipole active 
since they are now A". Clearly, the number of  
observed dipole active loss peaks best corresponds 
to this point group, or to the lowest symmetry, 
C~, where all modes are dipole active. The difficulty 
in making this distinction is that the two B~ modes 
that could be used in principle to distinguish these 
cases give rise to very weak and overlapping losses 
that are difficult to identify in the multilayer 
spectra. However, w e p r o p o s e  that nitromethane 
chemisorbs with C~(o-(yz)) symmetry in which 
there is an asymmdtry in the oxygen-surface inter- 
action between the two oxygens. Such a bonding 
geometry has also been observed for formate 
(HCOO) adsorbed on Ni(110) [17]. One limiting 
geometry within Cs(o-(yz)) symmetry has the mole- 
cule bound to the surface through only one oxygen 
atom. Precedence for such a geometry comes 
from inorganic compounds where the O-nitrito- 
monodentate chelation has been observed, such 
as A1Br3(CH3NO2) [18], TiC14(CH3NO2)2 [19], 
CH(NO3)z(CH3NO2) [20] and Ni(py)4(OYO)2 
[21]. However, as we pointed out above, such a 
large tilt angle for the adsorbate is unlikely. 

3.3.2. Thermal decomposition 
Figs. 12 and 13 show HREELS spectra recorded 

after heating to various temperatures following the 
adsorption of a multilayer film of  nitromethane 
on Pt(111) at 110 K. Heating the surface to 165 K 
desorbs the multilayer to give the monolayer 
spectra that we have discussed. Heating to 250 K 

m 

x2 C H 3 N O  2 / Pt(111) 
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Fig. 12. Warm-up series of HREELS spectra beginning with a 
multilaYer of CH3NO 2 adsorbed on the Pt(lll) surface at 
ll0K. 
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Fig. 13. Warm-up series of HREELS spectra beginning with a 
multilayer of CD3NO 2 adsorbed on the Pt(lll) surface 
adsorbed at 110 K. 
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desorbs all nitromethane and the low intensity of  
the remaining peaks is consistent with the low 
coverages expected from the TPD and UPS results 
that indicate that only ~25% of the monolayer 
decomposes. The peaks at 2955 and 1440 cm -1 in 
Fig. 12 are assigned to surface species containing 
C - H  bonds, and this is confirmed by the shift of 
these modes to 2160 and 990 cm -1 in the spectra 
from CD3NO2. The frequency of the C - H ( C - D )  
bending mode suggests a species containing sp 3 
hybridized CH2 or CH3 groups. The loss features 
at 1590 cm -1 are attributed to v(NO) due to N - - O  
in some intermediate or NO(a)  [22,6]. The peak 
at 445 cm-a is assigned to some molecule-surface 
stretching frequency, and the peak at 2160 cm -a 
is due to the CO(a) product and some background 
CO contamination. There is a weak peak around 
1150 cm-  t in both spectra that can be attributed 
to a C N single bond stretching frequency [23,24] 
due to the presence of  some intermediate, possibly 
CH3NO(a). Heating to 480 K removes all adsor- 
bates from the surface and produces a clean 
Pt( 111 ) surface. This is consistent with AES, TPD 
and UPS results. 

4. Discussion 

Nitromethane is weakly chemisorbed on Pt( 111 ) 
with an adsorption energy of  ca 11 kcal mot-1  
UPS and HREELS show that nitromethane is 
molecularly adsorbed below 165 K. Only small 
changes exist in the electronic structure and vibra- 
tional spectra of  the chemisorbed nitromethane 
monolayer compared to condensed phase results, 
consistent with the small chemisorption bond 
energy. HREELS data indicate that chemisorbed 
nitromethane bonds to the surface through the 
two oxygen atoms of the NO2 group, but the 
molecular axis is tilted within the molecular plane 
such that the adsorbed complex has Cs(o-(yz)) 
symmetry. The monolayer is mostly (>75%) 
reversibly adsorbed, desorbing as nitromethane 
during TPD, but some decomposition does occur 
at low coverages. We now discuss the nature of  
the chemisorption bond for nitromethane on 
Pt( 111 ) and the thermal decomposition 
mechanism. 

4.1. Bonding of chemisorbed CH3NO 2 to Pt(1.11) 

Fig. 14a shows a schematic of the bonding in 
free nitromethane from a generalized valence bond 
(GVB) [25] point of view. We find this pictorial 
description very helpful to predict and understand 
the structure and bonding geometry of  adsorbates 
on surfaces. The nitrogen atom in nitromethane 
has sp z hybridization, and three sigma bonds can 
be made to the carbon atom and both oxygen 
atoms, leaving an unpaired electron in a p orbital 
perpendicular to the molecular plane. This electron 
forms 'a rc bond using an unpaired electron in the 
singly occupied p orbital of the neutral oxygen 
(either oxygen can be used by symmetry). As usual, 
this GVB picture gives a very insightful view of 
the bonding mode of the molecule to the surface 
and the bonding geometry of  the  molecule. A s  
shown in Fig. 14b-d, several bonding modes may 
be possible for chemisorbed nitromethane on 
Pt (111 ). In this diagram we only consider adsorp- 
tion geometries in which the NO2 g r o u p  is more  
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OH 3 OH 3 
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/ N \  
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Fig. 14. Schematic GVB drawings of the possible bonding 
modes of chemisorbed CH3NO z in 'upright' geometries on the 
Pt( 111 ) surface. 
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or less perpendicular to the surface. We do not 
show the several possible interactions of  the p 
orbital of  the NO 2 group that could occur in flat- 
lying-geometries with the  molecular plane parallel 
with t h e  surface, because of  our experimental 
results. Also, no information is available about 
the adsorption site, and so we have schematically 
indicated bonding to a single metal atom for. 
simplicity, but obviously coordination to more 
than one surface atom at bridging or hollow sites 
ispossible. In Fig. 14b, the adsorbed nitromethane 
is bound to the surface by  two dative bonds formed 
by delocalizirtg electron density from, the lone pair 
orhitals on the two oxygen atoms into vacant 
metal orbitats. This weak coordination leaves the 
nitromethane essentially unperturbed from the gas 
phase structure. Forming one covalent bond to the 
surface using one of  the oxygen atoms removes 
the equivalence of  the two oxygen atoms, as shown 
in Fig,  14c. The N atom can retain sp 2 hybridiza- 
tion, but the NO bond order using the oxygen not 
covalently bonded t o  the surface is reduced by 
one-half since there are now three electrons in the 
N and O p orbitals perpendicular to the molecular 
plane (as in NO gas). The adsorption energetics 
are driven by forming a strong P t - O  covalent 
bond balanced by the cost of  weakening the N = O  
bonding. As depicted in Fig. 14 d, if the energetics 
are favorable for the format ion of  two covalent 
bonds to the surface using both O atoms, or if 
significant charge transfer from the surface into 
the molecule occurs, then the N atom rehybridizes 
to sp 3. This leaves only N - O  single bonds and 
forces a loss of planarity in the molecule due to 
tetrahedral bonding arrangement at the N atom, 
which now has a lone pair of electrons (like in N 
H3). o 

Based on our HREELS results, we propose that 
chemisorbed CH3NO2 on P t ( l l l )  is an O,O'- 
chelating ligand, like that shown in Fig. 14b, but 
with Cs(o-(yz)) symmetry. The nature of the chemi- 
sorption bond is two dative bonds using the two 
oxygen atoms of  the molecule, but the two oxygen 
atoms are located inequivalently on the surface 
and the molecular axis is tilted away from the 
surface normal. The bonding of  CH3NO2 on 
Pt(1 i 1 )us ing two dative bond s explains the weak 
chemisorption of nitromethane (Ea = 11 kcat 

mot -1) compared to N O  2 (Ea=19kca lmo1-1)  
[ 6 ] .  N O  2 is more strongly adsorbed on the plati- 
num surface in a bridge-bonded configuration with 
Cs symmetry in an upright  position through a 
dative bond to an O atom and a covalent bond to 
the N atom. One would expect that the adsorption 
energy of .CH3NO 2 on P t ( l l l )  would then be 
similar to that of  NOz on Au( 111 ) where an O,O'- 
Chelating NO2 species with Czv symmetry is also 
formed [16,26]. This is born out roughly since an 
adsorption energy of  14kcalmo1-1 for N O  2 o n  

Au(111 ) was observed. The reduced chemisorption 
bond strength for CH3NO 2 on P t ( l l l )  compared 
to NOz on A u ( l l l )  can be attributed to the 
inductive effect of  the methyl group in CH3NO z 
which donates charge to the NO2 group, reducing 
charge transfer from the surface, and weakening 
the bonding to the surface. 

We can rule out the bonding modes depicted in 
Fig. 14cFig. 14d in the chemisorbed state since 
either of  these would cause two large changes in 
the UPS and the HREELS spectra. First, forming 
one or two covalent P t ' O  bonds utilizes the oxygen 
electrons that formerly was used to form the N - O  
~z bond, reducing the N - O  bond order to 1.5 or 1. 
This should cause a large splitting between the 
NO2 lone pairs (n + + n o )  and the ~2 orbital in the 
UPS spectrum and a change in the frequencies of  
the N - O  stretching vibrations. Rehybridizing the 
N atom to sp 3, as shown in Fig. 14d would force 
the N atom to have a pyramidal geometry and the 
molecule would no longer be planar. The Czv 
symmetry would be lost and Cs(o-(xz) ) symmetry 
could be used to describe the chemisorbed com- 
plex. This is 'not what we observed. 

4.2~ Thermal decomposition of  CH3N02 on 
pt( iI1)  

Even though 75% of  the nitromethane mono- 
layer is reversibly adsorbed, 25% of the monolayer 
thermally decomposes during TPD. A schematic 
description o f  possible CH3NO2 decomposition 
pathways on Pt( 111 ) is shown in Scheme 1. 

The  thermal decomposition of  CH3NO 2 in 
homogeneous gas phase reactions occurs via C - N  
bond scission leading to the formation of  CH3 
and N O  2 in the first step, as shown in Eq. (1). 
This pathway was widely accepted as the dominant  
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CH3N02 CHs+N02 - ~ 0  CHs+O 

CHaN02 :,,' CH30 N 0 --~h=O C1"180 

--~H( CH,NO W HCN 
a)" O(a) 

CH3N ~ H C N 
O(a) 

O(a) + 2Na) ~ H20 

cH2N=O(a J" H20 + NO + CO 

CO + H20 (1) 

:= CO+H 2 (2) 

~HCN (3) 

Scheme 1. 

(4) 

(5) 

channel and the cleavage of  the C - N  bond is the  
rate  limiting step of  the reaction [27]. This is 
supported by measurements of  the activation 
energy for  the decomposition lying very close to 
the value of  the C - N  bond energy 
(60 kcal mol -1) [28]. If this reaction were to occur 
on the Pt(111) surface, one would expect subse- 
quent dissociation of  NO2 to form O ( a ) + N O ( a )  
[81 and dehydrogenation of CH3(a) [29] and com- 
bustion of  CH3(a) or CH2(a) to ultimately form 
H20 + CO~ We can rule out an important  role for  
Eq. (1) on P t ( l l l )  because we see such small 
amounts of the CO and NO products formed. 

Another important reaction channel in the gas 
phase was proposed by Dewar et al. [30] to involve 
the isomerization of  nitromethane to methyl nit- 
rite, as shown in Eq. (2). Theory predicted that 
the activation for this rearrangement was ca 
13 kcal tool - ~ lower than for C - N  bond homolysis 
[ 30, 31 ]. Molecular beam experiments by Wodtke 
and Lee [32,33], however, found only a small 
difference to  the activation energies for these two 
processes and a branching ratio o f  ca 0.6, only 
slightly favoring isomerization. Eq .  (2) suggests a 
pathway for this channel on Pt(111) based on our  
studies of  the surface chemistry of  methyl nitrite 
chemisorbed on Pt(111) [34]. Even though a stable 
methyl nitrite intermediate [34] was definitely not 
observed in any o f  o u r  HREELS annealing 
spectra, this species could be formed as a transient 
precursor to  dissociation. :Methyl nitrite is a very 
reactive molecule on P t ( l l t ) '  and decomposes at  
110 K to form coadsorbed methoxy (CH30)  and 
NO. NO desorbs while • C H 3 0 ( a )  either 

decomposes to yield CO and H 2 or combines with 
H(a) to desorb CH3OH at higher coverages. While 
the presence of  O(a) from other competing decom- 
position pathways may alter the products. Of 
CHaO(a ) decomposition, primarily to produce 
water, we rule out a substantial contribution from 
this pathway on Pt( 111 ) since no large,NO desorp- 
tion occurs. NO desorption is the key to evaluating 
the pathways of Eqs. (1) and (2); since the 
C O + N O  reaction does not have a large rate 
<400 K [35], and in any event we did not detect 
the N2 and CO2 products' of  this reaction either. 

Based upon our observations u s i n g T P D  of  a 
large amount  of  an H C N  product of  nitromethane 
decomposition, we find that the dominant mecha- 
nism for this  thermal decomposition on P t ( l l l )  
involves N - O  b o n d  breaking and largely leaves 
the C - N  bond :intact throughout,  as shown in Eq. 
(3). Several precedents exist for such pathway. In 
studies of  gas phase reactions of  seven late trans- 
ition metal ions wi th  ni t romethane [28], even 
though the majority of  products were accounted 
for by a mechanism involving isomerization to 
methyl nitrite, H C N  and several other products 
(MO*;  MOH*,- - - ) .were  observed for Fe* and 
Co* that were not present in reactions of  these 
metal ions with methyl  nitrite. These authors  pro- 
posed the formation of  intermediates that involved 
breaking one o r  both-of  the N - O  bonds. HWang 
et al: [3] on Pt(111) and Benziger [4] o n  Ni(111) 
also-previously Suggested N - O  bond breaking as 
the initial s tep  in t h e  decomposition o f  CHINO2 
on these two metal surfaces. • • 

We conclude that the primary step in the dedom'~ 
position of  C H 3 N O  2 o n  P t f l l l )  is,'N~O boi~d 
cleavage to form a nitrosomethane (CH~NO)itlter- 
mediate and O(a). We expect that~CH3:NO(a) is 
quitereactive, andco,uldmndergo further reactions 
at low temperatures. Several paths a r e  ~pdssible" 
isomerizati0n to formaldoxime ' (CH~N-~OH), 
dehydrogenation to f o r m  CIt~NO; or  ~decomposi- 
t i on  into methyl ~nitrine (CH3-N~) :by break ing  
another N=O-bond.  The important point.,is .that 
dehydrogenation: along an~y of:these paths ~ leads 
eventually to  the desorption of H 2 0  and:;HCN 
productsl The water fordaafion reactiofi;  (and 
H 2 0  desorpti0n)-from the O(a) produced from 
N'-O bond breaking and any, coadsorbed H (a); as 
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shown in Eq. (4),: is a very facile reaction on 
P t ( l l l )  at any temperature >180K.  This has 
even lead Zhou and White [36] to propose using 
H20 desorption as a sensitive probe for C-H bond 
breaking in adsorbed hydrocarbons on Pt( 111 ) in 
the presence of small amounts of coadsorbed 
oxygen adatoms. Thus, we can see that some N-O 
bond breaking along with C-H bond :cleavage 
occurs prior to 180 K where we observe a desorp- 
tion rate limited HzO desorption peak in TPD. 
HREELS also showed that decomposition of 
CH3NO2 occurs between 165 and 190 K. HREELS 
gives some information about the decomposition 
intermediates between 190 and 250 K, consistent 
with Eq. (3). We observe C-H bending and stretch- 
ing modes consistent with CH2 or CH3 functional 
groups, and weak losses possibly due to N- -O 
stretching and C-N stretching. The H20 desorp- 
tion peak in TPD also shows continuous evolution 
of HeO, and thus continuous dehydrogenation of 
surface bound hydrocarbons, over the range 
180-297 K. Two 27 ainu peaks at 307 and 395 K 
were observed and assigned to the desorption of 
HCN. The high temperature peak is desorption 
rate limited since HCN desorbs at 470 and 510 K 
on clean P t ( l l l )  after dosing HCN [37]. The low 
temperature peak is either due to  a strongly desta- 
bilized HCN(al species because of coadsorption 
or due to a cracking fraction from some small 
yield of a higher molecular weight product (how- 
ever,, it is not CH3NH2 since this molecule is 
irreversibly adsorbed [38]). We also observed small 
amounts of CO and NO desorption in our TPD 
studies as desorption rate limited peaks [39,40]. 
These products could come from several reaction 
channels, either Eqs. (1) or (2), or combustion of 
the intermediates of Eq. (3). for example, as shown 
in Eq. (4) due to the appreciable coverage of 
adsorbed oxygen. 

Our results are in sharp contrast with previously 
measurements of the reactivity of CH3NO2 with 
P t ( l l  1 ). Hwang et al. [3] reported the total decom- 
position of the first CH3NO/ monolayer, in con- 
trast to our~estimate of 25%. In their work, C2N2 
was the major product, and only a small amount 
of HCN desorbed, while we saw no C2N2 and a 
large HCN yield. We also saw no C or N on the 
surface using AES after heating to 600 K, while 

C2N2 desorbs only >750 K. They also found 
extensive desorption of Hz, CO, and NO, along 
with some CO2 and CH4: We observed none of 
these products, except for a small amount of CO 
and NO. They also saw very little H/O desorption, 
which is different from us. 

On N i ( l l l )  [4] and P t ( l l l )  surfaces, the rate 
limiting step in the decomposition reaction appears 
to be the scission of one of the N-O bonds and 
HCN is the primary desorption product. The 
adsorption of nitromethane onto the Pt and Ni 
surfaces leads to N-O bond activation by weaken- 
ing the N-O bonds. This is supported by the 
HREELS spectra of nitromethane on P t ( l l l )  
(Fig. 7) where a clown shift of the N-O asymmetric 
stretch by 40 cm- 1 from the gas phase is observed 
indicating a reduction in the N-O bond order. On 
Rh( 111 ) [41] it has been reported that all the C-N 
bonds are completely cleaved at < 400 K produc- 
ing CO, N2, H2, CO2 and leaving CHx species that 
dehydrogenate to surface carbon. Pt(111) and 
N i ( l l l ) ,  on the other hand, are either unable to 
activate the majority of the C - N  bonds or the 
chemistry is driven b y  a stronger bonding to 
oxygen over nitrogen. Finally, A u ( l l l )  surfaces 
[5] are  completely unreactive, since no decomposi- 
tion of CH3NO2 was observed. 

5.: Conclusion 

CH3NO2 is molecularly adsorbed on the Pt(111) 
surface at temperatures < 160 K .  TPD measure- 
ments show that it is weakly bound to the surface, 
with a desorption activation energy o f  
11 kcal mol-1.  We propose that CH3NO2 adsorbs 
in the chemisorbed monolayer via dative bonding 
through the two oxygen atoms; no Pt-O covalent 
bond is formed: Nitromethane bonds to the surface 
retaining a planar structure and the molecular 
plane perpendicular to the surface, but with the 
C-N bond tilted with respect to the surface normal 
producing C~(o-(yz)) symmetry for the adsorbed 
complex. This tilt is produced by the location of 
the two oxygen atoms at non-equivalent sites. 
CH3NO2 is mostly reversibly adsorbed, but ther- 
mal decomposition of 25% of the monolayer pro- 
duces primarily HCN and H20 as desorbed 
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products  in TPD,  a long with a small a m o u n t  of 
CO and  NO.  Even  though  the thermal  decomposi-  
t ion  of  CH3NO 2 in  the gas phase occurs in two 
parallel  p a t h w a y s -  homolyt ic  C - N  b o n d  cleavage 
and  isomerizat ion to methyl  n i t r i t e -  we find that  
on  P t ( l l l )  nei ther  of  these two channels  are 
impor tan t .  N i t rome thane  decomposes pr imari ly  by 
N - O  b o n d  breaking  and  Pt (111)  does no t  activate 
C - N  b o n d  cleavage in any  of  the intermediates  in 
this reaction. The stabili ty of the C - N  b o n d  affects 
the products  formed in  the decompos i t ion  of  n i t ro-  
me thane  on  metal  surfaces, and  using this criteria 
we can const ruct  a reactivity sequence as 
Au(111 )  < P t ( 1 1 1 )  < N i ( 1 1 1 )  < R h ( 1 1 1 ) .  
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