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Photoelectron spectroscopic studies of the adsorption of organic
molecules with lone pair orbitals on transition metal surfacest
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Abstract, Ultraviolet and x-ray photoelectron spectroscopy have been employed
to investigate the adsorption of methanol, ethanol, diethylether, acetaldehyde,
acetone, methyl acetate and methylamine on surfaces of Fe, Ni and Cu. All these
molecules adsorb molecularly at low temperatures (<100K). Lone pair orbitals
of these molecules are stabilized on these metal surfaces (by 0:4-1-0eV) due to
molecylar chemisorption. The molecules generally undergo transformations as
the temperature is raised to 120K or above, The new species produced seems to
depend on the metal surface. Some of the product species identified are methoxy
species, formaldehyde and carbon monoxide in the case of methanol and methyl
acetate, ethoxy species in the case of ethanol and 2-propanol in the case of acetone.

Keywords. Photoelectron Spectroscopy ; adsorption of organic molecules; uves
and xPsstudies of adsorption,

1. Introdaction

Adsorption of molecules on metal surfaces is fruitfully studied by techniques of
electron spectroscopy (Rao and Hegde 1981 ; Rao 1981 ; Thomas 1974), Ultra-
violet photoelectron spectroscopy (uves) has been found to be specially useful
in investigating electron states of adsorbed molecules and in characterizing
adsorbed species (Spicer et al 1975 ; Lloyd ef al 1977). In this laboratory, we
have investigated adsorption of CO, N, and O, on transition metal surfaces by
employing UVPs and related techniques (Kamath ef al 1982a ; Rao et al 1982 :
Jagannathan efal 1980). We considered it most worthwhile to systematically
investigate the adsorption of several organic molecules possessing lone-pair
orbitals on the surfaces of a few transition metals by employing UVPS. . This is
because such molecules would be expected to chemisorb on metals through their
lone-pair orbitals and uves should directly give information on the nature of
bonding (Luth ez al 1977). The molecules we have examined are methanol,
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ethanol, diethyl-ether, acetaldehyde, acetone, methyl acetate and methylamine
and the transition metals employed are Fe, Ni and Cu. It was our purpose to
compare the electron states of such a related series of adsorbate molecules on
the three metals and to study the thermal transformations of the adsorbate
molecules. We have obtained quantitative information on thestabilization of the
lone-pair orbitals of the different molecules due to chemisorption on metals by
matching the expetimental difference UV photoelectron spectra with the gas
phase spectra (Rao et @/ 1979 ; Turner et a/ 1970) of the free molecules. We
have employed x-ray photoelectron spectra in the C (1s), O (1s) and N (1s)
regions to study the nature of the adsorbed species, By means of the changes
observed in both UvPs and xps, we have attempted to characterize the species
Tesulting from the transformations of the adsorbed molecules. It has thus
been possible to show that all the molecules studied adsorb molecularly at low
temperatures, but undergo transformations at higher temperatures.

2. Experimental

All the spectra were recorded on the BScA spectrometer of va ScientificjLimited,
UKk, fitted with 2 sample preparation chamber and a gas handling manifold.
Specpure strips of Fe, Ni and Cu were used. The metals were etched with argon
ions under UHV (~ 5 x 10~ torr) conditions to obtain atomically clean surfaces
(Rao et al 1980 ; Jagannathan et al/ 1980). All the organic compounds were
purified by fractionation. The metals were exposed to the adsorbate vapours in
the sample preparation chamber to the desired extent, Exposures are referred
to in Langmuirs, L (1L = 108 torr sec). The temperature of the sample could
be varied by using a special probe designed for the purpose. uUv photoelectron
spectra were recorded with Hell radiation (40-81eV).

Difference spectra of adsorbed molecules were plotted with the aid of a DEC-
1090 computer system wherein the spectra of the metals were subtracted from the
observed spectra after multiplication with an appropriate attenuation factor.

3. Results and discussion
3.1, Methanol

At Jow temperatures (~ 80 K), methanol is found to adsorb molecularly on Fe,
Ni and Cu surfaces. Thus, the Hell uv photoelectron spectra of methanol
adsorbed on these metal surfaces (figures 1-3) show features very similar to those
of methanol in gas phase. Difference spectra due to the adsorbed species are
also compared with the gas phase spectrum in figures 1-3. The binding energy
of the 64" + 14’ band in the gas phase could be matched with the third band in
the difference spectra to obtain satisfactory electron states of methanol molecularly
“adsorbed on the three metals. The energies and assignments are symmarized in
table 1. ‘We see that there is a shift of the lone-~pair orbital towards higher binding
energy by about 0-6eV due to chemisorption. In x-ray photoelectron spectra.
we see peaks at 286-0 and. 5330 eV respectively due to C (1s) and O (1s) levels of
molecularly adsorbed methanol (see figures 4 and 5 for typical spectra), .
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Figure 1. Hell spectra of methanol adsorbed on Fe at different temperatures and

exposures. Difference spectra are also shown in the figure along with the positions
of bands in the gas phase.

Significant changes occur both in the Hell spectra and the x-ray photoelectron
spectra on progressively heating the sample from 80 K to 300 K. The major
changes observed on the surfaces of the three metals are as follows :

3.1a. The Hell spectrum of methanol adsorbed on Fe at 223 K (figure 1) shows
only two bands correspon ding to 24" and 64" + 14' orbitals. The bands corres-
ponding to 7a’ and 5a’ orbitals of methanol are absent in the spectrum. We attri-
bute this to the formation of the methoxy species, CH,O. Methoxy species is
known to be formed on heating methanol on Ni surface (Kojima et af 1981 ;
- Rubloff and Demuth 1977 ; Demuth and Ibach 1979) and Cu (Bowker and
Madix 1980; Ryberg 1981; Sexton ef af 1981 ; Steinbach and Spenglet 1981:
Carlson et al 1981).  Both the C (ls) and O(ls) bands in xps shift towards
lower binding energies (figure 4). Such shifts have been observed on Cu
surface by Bowker and Madix (1980) when methoxy species is formed, ’
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Table 1. Electron state of molecularly adsorbed organic molecules.
Gas phase Fe Ni Cu Assignment :
Methanol
10'8 6-1(0'6) 5:8(0°6) 6'5(0°5) 24" (o)
12:7 7:6 7-0 81 Ta’ (ny)
15:2 10°1 9-8 10+6 6a” +1a (003 ”cna)
15- 6 11°1
17-7 124 123 12-8 5a’
Diethylether
961 6:2(0°€) 4-8 (0-0) 5:6 (0°0) n,
11-08 e .. .
81 7. 5% 7-7%
‘e 88
9:9 10-2 10-4
16°23 12-0 11°7 12-3
e 14:5 153 15:9
Acetaldehyde
10°3 5'5 a’ (n,)
13-24 8- 0* a" (ng)
14-15 a' (o)
15+ 34 a' (o)
156 10°5% a" (Mg,
1647 e
Acétone
9.7 4:6(0°5) 5-5(0+4) a’ (ny)
12:6 8 5% 9:1% a" ()
14:0 a”(CHa)
157 10°2 11-2 @’ (T)
1815 1265 13-7 a' (7igy,)
Methyl acetate
10-3 6-4(0'4) 5:8(0'3) 6-5(0°3) ny
113 M=o
12:9 84 7-7 85
14-05 . 10°1 9-4 10-3
14-9 ,
16+3 12:0 11-35 12-2
143 13-6 - 14-5
Methylamine ‘
9-6 6-0 (1-0) 58 (0°6) My
132 8:55 80 Tcxy
143
15-4 10-45 O’ T
16°8 12-4 *

¥ proad
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3.1b : In the case of Cu, warming to 123 K results in the appearance of two
bands at 5-3 and 9-3eV in the difference spectrum (figure 3). Formaldehyde
adsorbed on Cu gives a UV photoelectron spectrum (Kojima et al 1981) very
similar to that shown in figure 3 with bands at 5-4 €V and 85 eV (weak) as well
as a broad band extending between 8:9 and 11:0eV with the maximum around
10eV. The C(ls) and O (ls) bands in xps at 123 K are shifted towards lower
binding energies suggesting a decomposition of methanol (figure 5). It, therefore,
appears that methanol dissociates to give formaldehyde on the Cu surface studied
by us at 123 K. This observation differs from that of Bowker and Madix (1980)
who found the methoxy species on Cu (110) surface when methanol adsorbed
at 140 K was subsequently heated to 270 K ; these workers employed much
higher exposures than in the present study.

3.1c i In the case of Ni, warming to 123 K results in drastic changes in the Hell
spectrum (figure 2). The C(1s) and O (ls) bands in xPS are shifted towards
lower binding energies indicating new species due to decomposition of methanol,
We attribute the complex Hell spectra to the presence of more than one type of
species, probably CH;O0, H,CO and other products ; such products are known
to be formed on Ni surface (Kojima et a/ 1981 ; Demuth and Ibach 1979).

3.1d ¢ On warming to 300 K or higher, we observe considerable changes in the
uves of the adsorbed species on all the three metal surfaces. The C (15) and
O (1) bands in xps are also further shifted to lower binding energies (figures 4
and 5) and appear around 284-0eV (282:7¢eV for Cu) and 5306 ¢V respectively.
These changes suggest the formation of CO and carbide species on the metal
surfaces due to the decomposition of the intermediate species observed at 123/
223 K.

Our observation of the occurrences of different types of transformations of
methanol on the three metal surfaces studied by us is interesting indeed. In table 2
we show the various adsorbed species formed on Fe, Ni and Cu surfaces at
different temperatures. We can understand the formation of CH,O and H,CO
from CH;OH on metal surfaces in terms of the sequences shown in chart 1. Thus,
the formation of methoxy species on Fe surface could occur as shown in sequence
(2) of chart 1. Formation of HyCO can occur either by sequence (b) or (c) in
chart 1. Sequence (c) has been noticed on Ag metal by Wachs and Madix (1978).
However, in the case of Cu, sequence (b) is more probable since the heat of chemi-
sorption of hydrogen (AH,) is somewhat low. In table 3 we have listed the
heats of chemisorption of hydrogen taken from Stevenson (1955). We see that
on Cu, AH, is lowest suggesting thereby that adsorption of hydrogen is not as
favoured. Formation of HyCO may therefore not occur by sequence (c) which
would require chemisorption of hydrogen on Cu.

3.2, Ethanol

Figure 6 shows the ultraviolet photoelectron spectrum of ethanol adsorbed - on
Feat273 K, The spectrumshows four distinctbands at5-5,7-8,9-2and 10-5¢V.
On comparison with the gas phase spectrum of ethanol, we see that bands due
ton (CH,) and o (CO) orbitals are missing. Itappears that the spectrum in figure 6
-is due to ethoxy species similar to that observed on Cu surface by Carlson ez q/
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Table 2. Products obtained from methanol, ethanol, diethylether, methyl acetate
and mthylamine adsorbed on metal surfaces,

Approximate
temperature Fe Ni Cu
(K)
Methanal
80 CH,OH CH;0H CH,0H
123/223 CH;0 Transformation H,CO
products
300 co COo COo
Ethanal
273 CH;O
Diethyléther
80 C.H,0CH; C,H,0C,H; C,H,0C,H;
(chemigorbed) (physisorbed) ‘(physisorbed)
223-~323 Transformation Transformation Transformation
products products products
Methyl acétate ‘
80 CH;COOCH, CH,;COOCH; CH,COOCHj,
123/173 CH;0 Transformation H,CO
‘ products
Meéthylaniine
80 L4 CHaNHg
123 .. Partial decomposition
173 CH.NH,; - decomposed
products ;
300 ‘Decomposition Decomposition
products products

(1981). Ethanol ié apparently adsorbed moleculatly o

as methanol.

nly at low temperatures just

3.3. Diethylether

Figures 7-9 show the UVP spectra of diethylether adsorbed at 80K on Fe, Ni
and Cu surfaces. Difference spectra and the gas phase spectrum are also shown
in these figures. In table 1 we have shown the positions and assignments of
chemisorbed diethylether, On matching the most intense band of the difference
spectra with the 17-2 ¢V gas phase band, we find that the lone~pair orbital shows
a shift of about 0-8 eV on Fe due to chemisorption ; no such shift is observed
on Cu and Ni surfaces. Thus, the spectra in figures 8 and 9 appear to be due to
physisorbed diethylether on Ni and Cu surfaces, It is not clear why we are
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Chart 1. Mechanism of formation of methoxy species and formaldehyde from
methanol adsorbed on metals,
Table 3. Heat of chemisorption of hydrogen (AH,) on metals and the products
formed by methanol on their surfaces,
Metal — AH* Product on warming
keal/mole to 123/223 K
Fe - 31:6 CH;O
Ni 289 CH;0/H,CO
Cu 256 H,CO

* From Stevenson (1955).

finding this difference in behaviour amongst the three metals ; errors in matching
the gas phase and difference spectra could partly contribute to this difficulty
since there are only three bands in the gas phase spectrum. Xp spectra in the
C (1s) and O (1s) regions of Fe and Ni surfaces are shown in figures 10 and 11.
The C (1s) region shows two distinctbands in thecase of Feat 286-5and 2896 eV
while in the case of Ni (and Cu, not shownin the figure) a single band at 285-9
is observed. The O (1s) band appears around 533:7 eV. xps and uves data
suggest that molecular diethylether interacts in a distinctly different way with Fe
as compared to Ni and Cu.

On warming, drastic changes are observed in the uve spectra (figures 7-9).
xps in the C (1s) and O (Ls) regions show bands at lower binding energies around
284 ¢V and 530 ¢V respectively, These suggest dissociation of diethylether, It
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Figure 6. Hell spectra of ethanol adsorbed on Fe at 273K.
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Figure 7. Hell spectra of diethyl ether adsorbed on Fe at different temperatures
and exposures. Difference spectra are also shown along with the positions of bands
in the gas phase, s :
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appears from the difference spectra at these temperatures (223-323 K), that
diethylether undergoes different transformations on these metal surfaces. We
are not able to assign the spectra to any definite species at this stage.

3.4. Acetone

Hell spectra of acetone adsorbed on Ni and Cu at 80 K are shown in figures 12
and 13. Difference spectra are also compared with the gas phase spectrum in
these figures. Itis clear that at 80 K acetone is molecularly adsorbed on both
Ni and Cu surfaces. The highest lying lone-pair orbital shows 2 chemisorption
shift towards higher binding energy by about 0-5eV. Electron states of mole-
cularly adsorbed acetone and their assignments are listed in table 1. The O (1s)
bands in xps (figures 14 and 15) appear around 532-5¢V in both the metals ;
the C (1s) spectrum shows two distinct bands on Ni at 285 and 288 eV corres-
ponding to the two types of carbons (methyl and carbonyl respectively). These
bands appear at 291:23 and 293-88 eV in the spectrum of acetone in the gas

cl1s)

(¢) {a)htto273K
{(b) (a)ht to 123K
| S
(a)  035L 80K "
i | I
783 288 293
s BE,eV
0(1s)

~~.1) (a)ht to273K’

b) () ht to 123K

(a) 0.35L BOK

| 1 1
530 535 540

BE.eV

Figure 14. Carbon 1s and oxygen 1s bands in XS of acetone adsorbed on Ni at
different temperatures and exposures.
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c(is)

(c) 4.0L 80K ht {0173K
(b) 2.5L 80K ht to 123K

(@)  1SL 80K

1 .
283 288 293 eV
¢ B E,ev

4L 80K ht to 173K

(c)

250 ht to 123K

15L 80K

530 ., 535 540
BE,eV

Figure 15. Carbon 1s and oxygen 1s bands in Xps of acetone adsorbed on Cu at
different temperatures and exposures.

Phase (Balc]ce et al 1980). On Cu, the two bands in the C(ls) spectrum are not
resolved (figure 15).

We notice several changes in Uvps of adsorbed acetone on warmmg The
resultant changes are noted below :

3.4a : In the case of Cu, on warming to 123 K, uves shows definitive changes
as shown in figure 13. The resulting spectrumis similar to the gas phase spectrum
of 2-propanol (figure 13) reported by Katsumata ez al (1973). The formation of
2-propanol implies surface reduction of acetone. The C (ls) and O (Is) bands
in xps show a shoulder on the lower binding energy side at 123 K.

3.4b ¢ In the case of Ni, drastic changes are observed in the spectra on warming
to 123 K., The appearance of the spectrum is suggestive of the presence of more
than one surface species formed due to the dissociation of acetone. The C (1s)
and O (1s) bands in xpS show shoulders on the lower binding energy side. The
probable surface species are 2-propanol and propene beside acetone itself.
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Figare 16. (A) Diﬂ"elzence spectra of acetone adsorbed on Fe at different conditions,
(B) Carbon 1s bands in Xr8 and (C) Oxygen 1s bands of acetone adsorbed on Fe. .

On further warming to 300 K, we notice considerable changes in UVes ; the
C (15) and O (1s) bands are shifted to lower binding energies and suggest the
presence of adsorbed CO. -

3.4c ¢ Adsorption of acetone on Fe at 213 K shows broad features quite unlike
the gas phase acetone spectrum (figure 16). This and the appearance of C (1)
and O (15) bands in Xxps at lower binding energies (figure 16) indicate dissociative
adsorption of acetone at this temperature, Molecular adsorption occurs only
atlow temperatures ( ~100 K). Further heating to 300 K resultsin the appearance
of C (1s) and O (1s) at still lower binding energies; these along with the changes
observed in UVPs are indicative of the formation of CO species.

3.5. Acetaldehyde

Uy photoelectron difference spectra of acetaldehyde adsorbed on Fe are shown
in figure 17 along with the gas phase spectrum. Although we could match the
observed bands in the difference spectrum &against the gas phase spectrum of
acetaldehyde, we find that the bands in the difference spectra are much too broad
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(c) (b)ht to 323K
(b) (a)htto 223K

@ o5t 123K

GAS PHASE
1 | ’
8 2 g 16
5 12
BE,eV

-

Figure 17. Difference Hell spectra of acetaldehyde adsorbed on Fe at different
temperatures and exposures ; gas phase spectrum is also shown.

to be due to molecularly chemisorbed species alone. It is possible that there is
some decomposition over the entire range 123 K323 K. However, if we decide
tomatch the 13:2 eV gas phase band with the second band in the difference spectra,
we find a lone-pair shift of 0-4 ¢V due to the molecularly chemisorbed species.

3.6. Methyl acetate

Hell photoelectron spectta of methyl acetate adsorbed on Fe, Ni and Cuat 80 K
are shown in figures 18-20. Difference spectra are also compared with the gas
phase spectrum (Sweigart and Turner 1972) in these figures. The 12-9 eV band
in the gas phase spectrum could be matched with the second band in the difference
spectra. The difference spectra show a single band corresponding to the 10-5 eV
(1) and 11:3eV (m.,) bands in the gas phase. The highest energy band in the
region 13-5-14-5¢eV that we see in the spectra of the adsorbed species is not
found in the gas phase spectrum, since the latter was obtained with Hel excitation.
The lone-pair orbital (#,) shows a chemisorption shift towards higher binding
energy of ~0-3eV on all the three metal surfaces. In table 1 we have listed the
energies and some of the assignments of UVPS bands of chemisorbed methyl
acetate. We see that the lone-pair shift is much lower in methyl acetate than
in methanol or acetone.

XPs spectra (figures 21-23) in the C (1s) region show two bands around 285-7 eV
and 289-7eV (290-0 eV for Ni) ; the band at 285-7 eV is due to methyl carbons
while the carbonyl carbon is responsible for the band near 289:0 eV. The band
near 285-7 eV is about twice as intense as the 289-7 ¢V band as expected. This
is similar to the two bands observed in the C (1s) and O (1s) regions by Bowker
and Madix (1981) and Edwards (1976) in their studies on acetic acid. The O (Ls)
band appears around 533-1¢V on all the three metals ; this is a composite band
arising from the overlap of the two bands due to the two different kinds of oxygen
(C=0and C—0). This is evident from the large value of the fwhm (3:8-4-4¢V)
compared to that found in methanol or acetone (2:4-3-0¢V). Both the UvVPS

P(A)—2
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and xpS studies at 80 K clearly establish the presence of molecularly adsorbed
methyl acetate on the three metals. We, however, notice significant changes in
the spectra on warming the samples.
The main results of thermal effects are as follows :

3.6a : On the Fe surface, heating to 173 K causes drastic chan ges in the Uvps
(figure 18). The resulting spectrum is identical to that of the methoxy species
obtained on adsorbing methanol at 223 K. The C (1s) region in xPSs shows a
band at 284-8 eV while in the O (15) region we see 2 band at 531-3 eV. In the case
of methanol, we found the C (Is)and O (1s) bands at284-7 and 531-1eV respec-
tively. It therefore appears that methyl acetate decomposes to give methoxy
species on Fe when warmed to 173 K.

3.6b : On the Ni surface, warming to 173 K results in diffuse bands with features
similar to the 80 K spectra in the uves (figure 19). In the C(ls) region, we see
bands at 285-7 and 2890 eV and a new band on the low erergy side at 284-0¢V,
The O (Ls) region shows bands at 5305 and 532-6eV. These suggest that part
of the adsorbed methyl acetate has undergone decomposition.

3.6¢c : On warming to 123 K, the uves of methyl acetate adsorbed on Cu
shows drastic changes (figure 20). We see only two bands in the difference
spectrum. The difference spectrum is similar to that obtained on warmin g
methanol adsorbed on Cu from 80 K to 123 K wherein we found formation of
formaldehyde on the surface. The C (1s) band in xps appears at 284-6 ¢V at
this temperature and the O (1s) band is broad with the maximum at 530-6eV
and a shoulder at 532-4eV. At 123 K, methanol adsorbed on Cu shows the
C(1s) band at 284-5eV ; the O (1s) band is broad with a maximum at 532-3 eV
and a distinct shoulder at 530-6eV. The C (1s)and O (15) bands are as expected
of methyl acetate adsorbed at 123 K except that in the latter case the 530:6¢eV
band is more intense indicating decomposition of methyl acetate. Based on these
XPS and UVPS results, we suggest that formaldehyde is formed on warmin g
methyl acetate adsorbed on Cu just as in the case of methanol. Itis interesting
that adsorption of methyl formate (HCOOCH,) on Cu at 295K also yields
formaldehyde (Kojima et al 1981).

In the adsorption of methyl acetate, only the lone-pair orbital, #,, shows a
relatively small chemisorption shift, but the orbital, z, is unaffected. Methyl
acetate, therefore, seems to interact with the metal through the lone-pair orbital
of the ether-type oxygen rather than the carbonyl oxygen as shown in chart 2.
The sequence of reactions taking place onmetal surfaces is also shown in this
chart. Formaldehyde could be formed as per sequence (a) on Cu, while methoxy
species could be produced as per sequence (b) on Fe. It is interesting that the
transformations found in methyl acetate are exactly the same as those found with
methanol. In view of this observation (and also because of the small shift of
the carbonyl lone-pair orbital en ergy), we seem to be justif ed in suggesting bonding
through the ether-type oxygen of the ester to the meta] in chart 2,

3.7. Ammonia

Ammonia adsorbed on Fe at 80 K shows a broad band around 7 eV and another
around 12 eV at 80 K in the Hell spectra (figure 24). These two peaks corregs
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pond tothe twobands at 10-2 and 14-9 eV in the gas phase spectrum of ammonia.
On warming to 298 K, we notice significant changes in the spectrum similar to
those reported by Kishi and Roberts (1977) suggesting dissociation of ammonia.
The N (1s) signal of molecularly adsorbed species appears around 400 eV (figure
25). On warming this to 298 K, we see a weak band around 397eV corres-
ponding to a nitrogen species (N ot NH) formed due to dissociation of ammonia,

3.8. Methylamine

Hell spectra of methylamine adsorbed on Cu at 80 K and Fe at 173 K are shown
in figures 26 and 27. The difference spectra are compared with the Hel gas phase
spectrum in these figures., The gas phase spectrum was shifted by ~ 4:4¢V
(for Cu) and ~ 4-6 ¢V (for Fe) so as to obtain the best matching of all the bands
between the gas phase and the difference spectra. The highest occupied orbital
(lone-pair orbital of nitrogen) on methylamine is shifted towards higher binding
energy by 1:0 eV on adsorption on Fe surface and by 0-6eV on Cu surface,
Electron states of adsorbed CH;NH, are tabulated in table 1. xp spectra in the
C (1s) region at low temperatures show bands at 286-0 eV (for Cu) and 285-0eV
(for Fe) ; in the N (1s) region, bands are found at 399-6eV (for Cu), 399-1¢V
(for Fe) as shown in figures 28 and 29. The relatively lower binding energy of
the C (Ls) peak on Fe could be due to partial decomposition of methylamine at
173 K on this surface. Such decomposition is also indicated by the broad maxima
~in the uvp difference spectra.

N (1s)

/'\_____/ 10L 80K htto298K

5L 80K
2L 80K

1 ! 1
395 400 %05 =
- BE,eV '

Figure 25. Nitrogen 15 spectra of ammonia adsorbed on Fe at different tempe-
ratures and exposyres, ' ‘
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Figure 26, Hell spectra of methylamine adsorbed on Fe at different temperatures
and exposures. Difference spectra are also shown along with the positions of bands
in the gas phase,

uves of Cu + CH,NH, show considerable changes on warming to 123K ,

and C(1s) and N (Is) bands in xps are shifted towards lower binding energies
appearing at 285-0 eV and 399-1e¢V. These observations suggest occurrence
of decomposition of CH;NH, to a nitrogenous species on the metal surface (just
as in the case of NHy). On warming to 300 K, drastic changes are seen in the
UveS on both Cu and Fe surfaces with almost complete disappearance of the
bands due to molecular methylamine. The C (1s) band in xeS is shifted to
284:0 ¢V and the N (15) band shows little or no shift, but the intensity is appre-
ciably lowered.

4. Concluding remarks

(a) All the organic molecules con taihing lone-pair orbitals that we have examined
in the present study adsorb molecularly (associatively) on Fe, Ni and Cu surfaces
at low temperatures (g 100 K). ‘

@
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(d) - (a)
(c) ~{a)

(b= (a)
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Figure 27. Hell spectra of methylamine adsorbed on Cu at different temperatures

and exposures. Difference spectra are also shown along with the positions of bands
in the gas phase.

(b) We are able to estimate the stabjlization of the lone-pair ortitals due to
chemisorption in terms of the increase in its binding energy. These data are
presented in table 4 where we have listed the molecules in the order of increasing
ionization energy of the lone~pair orbital. The data suggest that the shift generally
shows an increasing trend with the decreasing first jonization energy as expected.
Furthermore, the stabilization of the lone pair seems to vary as Fe > Ni > Cu,
decreasing with increasing number of d~electrons, a trend that is not readily under-
standable.

(¢) Chemisorption of molecules gives rise to variation in the core level binding
energy of the atom containing the lone pair (Ls binding energy of oXygen or
nitrogen in the present study would be expected to vary just as in coordination
compounds). After accounting for extramolecular relaxation/polatization shifis
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Figure 28. Carbon 1s and nitrogen 1s bands in xpS of methylamine adsorbed on
Cu at different temperatures and exposures.

Table 4. Stabilization of the lone-pair orbitals (ir eV) on molecular chemisorption.

Lone- Lone-pair shifts on
Molecule pair
1E Fe Ni Cu
Methanol 10-8 06 0-6 0-5
Mothyl acetate. 10-5% 0-4 0-3 0-3
Acetone 9:6 05 .04
Diethylether 9:6 08 . ..

Methylamine 9:6 1:0 . .. 06

* The shifts are of the ether ty;ie oxygen which is involved in chemisorption bonding.

i
s
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" N(1s)
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Figure 29. Carbon 1s and nitrogen 1s bands in XPs of methylamine adsorbed on
Fe at different temperatures and exposures.

(by matching C (1s) binding energies of adsorbates with those of free molecules),
we find the O (1s) binding energy increases by about 0:6 + 0-2 eV in the case
of methanol and acetone adsorbed on the three metal surfaces studied.

(d) Warming the substrate to temperatures above 120 K generally results in the

transformation of the adsorbate molecules in all the cases. The nature of the
species produced appears to depend on the metal surface and temperature as can
be seen from table 2. Methanol gives methoxy species or formaldehyde depending
on metal. These transformations are not only reflected in changes in the valence
band region (in UVeSs) but also in the C (1s) and O (Is) binding energies in xps.
It is interesting that methyl acetate gives the same transformation products on
metal surfaces as methanol (table 2). In the case of methylamine we find formation
of a nitrogenous species as in ammonia.
+ (e) The results of ourstudies on the adsorption of organic molecules find support
from Auger studies carried out for the first time in this laboratory (Kams th et af
1982b). Thus, Auger spectra also show the transformation of methan ol to
formaldehyde on Cu surface,

Acknowledgement

The authors thank the Department of Science and Technology, Government of
India, for support of this research,




128 S Yashonath et al
References

Bakke A A, Chen H W and Jolly W L 1980 J. Electron Spectrosc. Rel. Pherom, 20 333
Bowker M and Madix R J 1980 Surf. Sci. 95 190
Bowker M and Madix R J 1981 Appl. Surface Sci. 8 299

Carlson T A, Agron P A, Thomas T M and Grimm F A 1981 J. Electron Spectrosc. Rel.
Phenom. 23 13

Demuth ¥ E and Ibach H 1979 Chem. Phys. Lett. 60 395
Edwards D 1976 Inorg. Chim. Acta 18 65
Jagannathan X, Srinivasan A, Hegde M S and Rao C N R 1980 Surf. Sci. 99 309

Kamath P V, Yashonath S, Srinivasan A, Basu P K and Rao C N R 1982a J. Indian Chem,
Soc. 59 153

Kamath P V, Yashonath S, Srinivasan A and Rao C N R 1982b Appl. Surf. Sci. (in print)
Katsumata S, Iwai T and Kimura K 1973 Bull. Chem. Soc. (Jpn.) 46 3391
Kishi K and Roberts M W 1977 Surf. Sci. 62 252

Kojima I, Sugihara H, Miyazaki E and Yasumori I 1981 J. Chem. Soc. Faraday Trans. 1 77
1315

Lloyd D R, Quinn C M and Richardson N V 1977 in Surface and defect properties of solids
(eds) M W Roberts and J M Thomas Specialist Periodic Reports, Chem. Soc. London 6
179227

Luth M, Rubloff G W and Grobman W D 1977 Surf. Sci. 63 325
Rao C N R 1981 Proc. Indian Nat. Sci. Acad. A47 111
Rao C N R, Basu P K and Hegde M S 1979 Appl. Spec. Rev. 15 1

Rao C N R and Hegde M S, 1981 in Preparation and characterization of materials (eds) J M
Honig and C N R Rao (New York : Academic Press)

Rao C N R, Kamath P V and Yashonath S 1982 Chem. Phys. Lett. 88 13

Rao C N R, Sarma D D and Hegde M S 1980 Proc. R. Soc. (London) A370 269

Rubloff G W and Demuth J E 1977 J. Vacuum Sci. Technol. 14 419

Ryberg R 1981 Chem. Phys. Lett. 83 423

Sexton B A 1981 Surf. Sci. 102 271

Spicer W B, Yu K Y, LindauI, Pianettu P and Collins D M 1975 in Surface and defect properties
of solids (eds) M W Raberts and J M Thomas Specialist Periodic Reports Chem. Soc. London
5103-161

Steinbach F and Spengler H J 1981 Surf. Sci. 104 318

Stevenson D P 1955 J. Chem. Phys. 23 203

Sweigart D A and Turner D W 1972 J. Am. Chem. Soc. 94 5592

Thomas J M 1974 in Progress in surface and membrane science (eds) J F Danielli and
D A Cadenhead (New York : Academic Press) 8 49

Turner D W, Baker C, Baker A D and Brundle CR 1970 Molecular photoelectron spectroscopy
(New York : Wiley Interscience)

Wachs I E and Madix R J 1978 Surf. Sci, 76 531




