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Low energy electron induced chemistry: CH3CI on Ag(111) 
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The chemistry, induced by 50 eV electrons, of CH3C! on clean, O-covered and D-covered Ag(111) at 100 K has been studied 
using TPD, XPS, UPS and A4~. Electron induced dissociation (EID) occurs very efficiently with an initial total cross section of, at 
most, (5.5 _ 0.5) x 10 -16 cm 2 for 1 ML CH3CI coverage. For coverages up to 1 ML, CH 3 and C2H 5 radicals, some CH 4 and C2H 6 
and, perhaps, some C2H 4 molecules desorb during EID; very few Cl-containing species desorb. At the surface, the following are 
synthesized and retained: H and C! atoms; CHx (x = 2, 3), -C2H 5 and, possibly, --EriCH 3 and -CH--CH 2 fragments; and C2H4 
molecules. The relative concentrations of these species depend on electron fluence (EF) and CH 3C! coverage. In TPD, CH 3CI and 
C2H 4 desorb molecularly; H atoms and hydrocarbon fragments react to produce H 2, CH4, C2H4, C2H6, C3H6, C3H8, C4H8 and 
C4Hto below 300 K; the only higher temperature product is AgCI, which desorbs at 750 K. No dehydrogenation occurs during 
TPD. Preadsorbed C! has a dramatic influence; compared to 1 ML CH3C! on clean Ag(lll),  the production of saturated 
hydrocarbons, CH 4, C2H 6 and C3H s, is suppressed and the ~!csorption of olefins shifts to lower temperatures. When D is 
preadsorbed, EID leads to TPD of partially deuterated, saturated hydrocarbons CH3D, CH2D 2, C2H4D2, C2HsD, C3HsD 3, 
C3H6D 2 and C3H7D. For muitilayers (3-10 ML), desorption of H 2, CH 3, CH 4, C2H 4, C2H 5, C2H 6, CI, HC! and CH3C! is 
observed during EID. The TPD products appearing below 300 K are desorption-limited HCi, C2H 4, C3H~ and C4Hs, and 
reaction-limited H 2, CH 4, C2H 4, C2H ~, C3H~, and C3H ~. A strongly bound CxHr.CI: (x>  1) is formed during EID: it 
decomposes to form HCI, H 2 and surface carbon above 400 K. AgCI continues to appear at high temperatures but the amount 
drop: as the initial multilayer CH3C! coverage increases. 

1. Introduction 

As a part of our continuing investigation of 
photon- [1] and electron-driven [2-6] processes at 
adsorbate-metal interfaces, we studied the chem- 
istry, induced by 50 eV electrons, of submono- 
layer to multilayer alkyl chlorides (CH3Cl and 
C2H5CI) adsorbed on clean, Cl-covered and D- 
covered Ag(111) at 100 K. In this paper we survey 
the electron-induced decomposition (EID) of 
CHaCI; results for C2H5Cl/Ag(111) appear in 
,, , .  ,,.,,,,.,~,,.~ paper t,J. As v,~,.,,~,,.,,,,u, wc notc 
that when alkyl-halogen bonds of adsorbates are 
dissociated, either thermally [4,8,9] or photo- 
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chemically [5,10], alkyl fragments arc produced. 
These do not thermally decompose on Ag(ll l) ;  
they only undergo C-C bond formation to form 
higher hydrocarbons. Further, using low energy 
(<  50 eV) electrons, phenyl and vinyl fragments 
can be synthesized from adsorbed benzene [2] 
and ethylene [11], respectively, on Ag(l l l )  at low 
temperatures; they react during subsequent tem- 
perature programmed desorption (TPD) to pro- 
duce biphenyl and 1,3-butadiene, respectively. 

In this study, one of our aims was to synthesize 
different kinds of hydrocarbon fragments and to 
study their reactions on Ag(111). Unlike photon- 
driven chemist~' of CH3C!, where only C-C1 
bonds are broken, C-H bonds will be activated 
upon electron irradiation. Thus, we expect a vari- 
ety of CH x (x < 3) and CH:.CI (y < 2) fragments. 
While some of them may desorb during ~lectron 
irradiation, others will be retained at the surface 
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and react thermally during post-irradiation TPD, 
producing higher hydrocarbons. The data regard- 
ing thermal reactions among these fragments on 
Ag(111) will help to understand hydrocarbon for- 
mation on metal surfaces. 

On Ag(l l l ) ,  CH3CI adsorbs at 100 K and 
desorbs molecularly at 110 K (multilayer) and 126 
K (monolayer) with no detectable thermal de- 
composition [8]. EID of both submonolayer and 
multilayer CHsCI occurs vcry efficiently and re- 
sults in both retention and desorption of several 
species. We studied these electron-driven pro- 
cesses, and the thermal reactions of retained 
products, for several initial coverages and in the 
presence of either D or CI. As outlined in the 
abstract, there are very striking differences de- 
pending on the coverage and electron dose. These 
results are presented and discussed in sections 3 
and 4. The product distribution is complex, and 
depends on the initial CH3C! coverage and the 
electron dose. Rather than going deeply into 
quantitative details, it is our purpose here to 
demonstrate the complexity, selectivity and po- 
tential of using low energy electrons to activate 
adsorbates, and to assess prominent re.action 
pathways. Quantitative details await better con- 
trol and measurement of electron energies and 
fluxes. 

2. Experimental 

All experiments were performed in a UHV 
chamber, described previously [13]. The chamber 
was equipped with a double pass cylindrical mir- 
ror analyzer (CMA), a coaxial electron gun for 
Auger electron spectroscopy (AES), a differen- 
tially pumped He dischalge lamp for ultraviolet 
photoelect,on spectroscopy (UPS) and work func- 
tion change (A~b) measurements, a 1253.6 eV 
M g K a  source for X-ray photoelectron spec- 
troscopy (XPS), a quadrupoie mass sp~ctrometer 
(QMS) for temperature programmed desorption 
(TPD) measurement, and a sputter gun for sam- 
ple cleaning. The chamber (base pressure 5 x 
10-~"~ Torr)was ion-pumped and had auxiliary 
titanium sublimation and 170 #/s turbo~nolecular 
pumps. 

The mounting and cleaning procedures for the 
Ag( l l l )  crystal (~  0.8 cm 2) have been reported 
previously [14]. The sample was cooled to 100 K 
with liquid nitrogen and was heated resistively. 
TPD spectra were taken at a ramping rate of 2.5 
K/s.  The temperature was measured with a 
chromel-alumel thermocouple spot-welded to a 
Ta loop that was pressed into a hole drilled in the 
edge of the crystal, n~b's were determined from 
the secondary emission thresholds of He I UPS 
spectra. UPS and XPS were recorded using an 
analyzer band pass of 25 and 50 eV, respectively. 
UPS was referenced to the low binding energy 
inflection point of the Ag(4d) emission at - 3 .9  
eV [15]. XPS was referenced to the Ag(3ds/2) 
binding energy of 367.9 e'V [16]. The AES ratio, 
C1(181 eV)/Ag(356 eV), was used to monitor 
atomic CI coverages. A value of 0.3 corresponds 
to a surface CI /Ag atomic ratio of ~ 0.3 (see 
below). 

Methyl chloride (99.5%, Linde) was dosed, with 
the crystal at 100 K, through a multichannel array 
doser positioned about 7 mm away from the 
surface. To prepare for dosing, the crystal was 
turned away from the doser and the CH3C! pres- 
sure was increased to give Ap = 2 X 10-10 Torr 
at the ion gauge. To initiate the dose, the crystal 
was then turned to face the doser. While very 
reproducible, the exposures in Langmuir units 
are not known. 

Electrons from the QMS filament were used 
for EID. Their energy was 57 eV with a FWHM 
of 1.5 eV (measured using the CMA). The crystal 
was biased at - 7  eV to give an effective electron 
energy of 50 eV. The incident electron current 
(~ 1.9 × 10~3 electrons/s) was estimated by mea- 
suring the electron current from the crystal to 
ground. Since this measurement fails to account 
for scattered electrons (primary and secondary), 
the reported currents are lower limits and the 
cross-sections are upper limits. A key variable, 
the electron tluence (EF), is the product of this 
current and the irradiation time. The tempera- 
ture rise during electron irradiation was < 1 K. 

In TPD, the number of desorbing molecules is 
relatively large and the distributions change with 
coverage and with electron fluence. Thus, careful 
attention was given to ion source fragmentation 
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patterns and to thermal profiles in order to dis- 
tinguish these species. TPD spectra were multi- 
plexed so that 10 different masses were collected 
during each experiment. While we report molecu- 
lar assignments in TPD, the isothermal QMS 
measurements made during electron exposures 
are reported in terms of the positive ions ob- 
served after electron-ionization of the desorbing 
species and a discussion of the assignments is 
given in the text. 

3. Results and discusrion 

3.1. Varying electron fluences for 1 ML 
CH3CI /Ag( I 11) 

In this section, we describe electron induced 
chemistry of 1 ML CH3CI /Ag( l l  1); the goal is to 
identify the important mechanistic pathways. We 
use the nomenclature A / B / A g ( l l l )  to denote A 
dosed after B onto Ag( l l l ) .  1 ML CH3CI was 
prepared by dosing excess CH3CI at 100 K and 
then removing the multilayer by warming to 112 
K [8]. We first present XPS, UPS alld A~b as a 
function of EF. Then we present QMS results 
measured during irradiation. Finally, we describe 
the thermal reactions of species retained on the 
surface. Throughout, we assume that the incident 
electrons ionize adsorbates and that chemical re- 
actions then occur in competition with neutraliza- 
tion and thermal relaxation. We return to this 
matter in section 4. 

Because this system is relatively complex, we 
refer the reader to schemes I and II which relate 
to low and high electron fluences, respectively, 
incident on 1 ML of CH3C1 at 100 K. Scheme I 
gives an overview, for low doses of electrons 
(EF's that dissociate 50% or less of 1 ML), of the 
major pathways we have identified. Scheme II 
gives the same information for high doses of 
electrons (EF's that dissociate nearly ell of 1 ML 
CH 3CI). In both schemes, relatively stable species 
(i.e., native species a n d / o r  final products of fast 
reactions of labile precursors generated by elec- 
tron impact) accumulated at the surface are iden- 
tified within the ovals, and species desorbed dur- 

1 ML CH3CI/Ag(III) + low doses of electrons 

~ t t 3 ( : 1 \  " ~ " " " - - - ~  elect rons 

heat~- CH2 an2dl~3H; Kactivation 
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CH 3 activation 
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Desorbed during EID 

CH3(g), C2 Hs(g) 
CKl(gh C2 Halg) 
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CH3CI(g) 

Hz(g), CH4tg) 
C21lli(g) 

c,.~41g~ 
C4Hs(g) 

C3Ha(g) C4HI0(g I 
c3Hs(g) 

c:z~(g) 

AgCl(g) 

Scheme I. 

ing electron irradiation and subsequent TPD are 
enclosed by the rectangles. 

While the supporting evidence is detailed in 
the following sections, a short guiding summary, 
referenced to schemes I and II, is presented here. 
During the electron dose, there is evidence for 
desorption of CH 3 and C2H 5 fragments and 
C 2 H  4 and C 2 H  6 molecules (uppermost rectan- 
gles). For low doses, scheme I, we begin with 1 
ML of CH3CI and end with a clean Ag(ll~,) 
surface, in between, we observe, by TPD, p:o]- 
ucts desorbing within various temperature inter- 
vals (identified on the central horizontal lines). 
By inference, the observed TPD products (rectan- 
gles) are connected with surface species (ovals). 
In some cases, relative concentrations of surface 
species are also indicated. There is evidence for 
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large amounts of CH 3, lesser amounts of CH z 
and C2H5, and even smaller amounts of H, along 
with parent CH3CI and CI. In TPD, the parent is 
removed first (130 K). Then H activation occurs 
between 140 and 180 K; the result is hydrogena- 
tion and recombination until all the H is con- 
sumed. Between 210 and 230 K, CH 2 and CzH 5 
are activated and by various recombination reac- 
tions (no dehydrogenation is involved), these 
fragments are consumed, leaving only CH 3 and 
Cl. Between 240 and 260 K, CH 3 is activated, 
recombining to form ethane. The only remaining 
surface species other than Ag is Cl, and it des- 
orbs as AgCl near 750 K, leaving a clean surface. 

For high doses of electrons (scheme II), the 
evidence supports complete loss of C-CI bonds 
during the dose. Compared to low doses, TPD 
begins with a different distribution of species; 
there is more atomic H, some CEH 4 and C H y  In 
TPD, H and C EH 4 are activated first, between 
170 and 190 K; ethylene desorbs while H recom- 
bines to desorb H 2 and also hydrogenates surface 
species to desorb saturated hydrocarbons and 
form, probably, additional CH 3- Between 200 and 

230 K, some CH 2, the dominant hydrocarbon 
species, is activated and by recombination and 
reaction with CH 3 leads to ethylene and propy- 
lene desorption. The remaining CH 2 and CH 3 is 
either intrinsically more tightly bound or moves 
to more tightly bound sites. The remaining frag- 
ments are all activated between 240 and 300 K, 
and reactions between them lead to ethane, ethy- 
lene and propylene. As for low doses, the only 
remaining decomposition product is CI, which 
desorbs at 750 K. 

We now turn to presentation and discussion of 
the experimental evidence that supports schemes 
I and II. Where they are suggested by the results, 
additional minor pathways are also discussed. 

Fig. 1 shows the C(ls) and Cl(2p) XPS spectra. 
In the absence of electron irradiation (upper 
curves), the C(ls) peak is symmetric and centered 
at 286 eV, while Cl(2p) is asymmetric, due to the 
superposition of Cl(2pl/2) and C1(2p3/2), and lo- 
cated at 200.3 eV. With increasing electron flu- 
ence (EF), both C(ls) and Cl(2p) shift toward 
lower binding energies (BE) and broaden. For 
EF = 2.24 × 1015 e-,  TPD (see below) indicates 

t o t o 
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1 

] f ~ " "  • 
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285.3 
J 

284 

' . . . . .  • 
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200.3 
[ 

198.7 
I 

1 

, 91 .~ 33.7 
.. . ~ .  -. , 

0 0 

293 2 0 287 284 281 278 208 205 202 199 196 193 

B i n d i n g  energy  (eV) 

Fig. 1. C(ls) and Cl(2p) XPS spectra for I ML C H 3 C I / A g ( l l l )  dosed with 50 eV electrons. The electron fluences (EF) and the 
relative XPS areas are indicated on each curve. The electron irradiations and the XPS measurements were all done at 100 K. 
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that the surface contains both dissociated and 
undissociated CH3CI; the broadening is at- 
tributable to the superposition of these two states 
of C and CI. After irradiation with 3.37 × 10 ~ 
electrons, the Cl(2p) narrows and the BE is much 
lower (197.4 eV). This BE is due to CI atoms 
bonded to Ag [16]. At this stage no C-CI bonds 
remain, consistent with the absence of molecular 
CH 3El TPD (see below). The C(ls) peak at ~ 284 
eV is relatively broad and attributable to several 
kinds of surface hydrocarbon fragments. In fig. 1, 
the Cl(2p) area decreases very little with EF 
( <  10% for EF up to 3.37 × 10 t6 e-) ,  while there 
is considerable loss of C(ls) area (22% for EF = 
2.24 × 10 t5 e -  and 47% for EF = 3.37 × 10 ~a e - ) .  
Clearly, many C-containing species, but only a 
few Cl-containing species [11,17], desorb during 
electron irradiation. 

For CH3CI on A g ( l l l ) ,  the absolute coverage 
at 1 ML is 4.6 × 10 t4 molecules/cm 2, i.e., a sur- 
face CH3C1/Ag ratio of 0.33 [8]. Since, for EF = 
3.37 × 1016 e- ,  all CH3CI (1 ML) is dissociated, 
and since the Cl(2p) XPS area is 90% of that 
before dissociation, the CI coverage is 4.1 × 1014 

a toms/cm e, corresponding to a surface CI /Ag  
atomic ratio of 0.3. The C1(181)/Ag(356) AlES 
ratio measured after post-EID TPD (EF --= 3.37 × 
10 ~6 e - )  is 0.30 (see fig. 8A). Throughout this 
paper, we use this calibration and measured 
C1(181)/Ag(356) AES ratios to estimate atomic 
CI coverages. 

Fig. 2 shows He II UPS spectra which, as antic- 
ipated for a complex mixture of surface species, 
can be used only in complementary fashion. The 
spectrum of clean Ag(111) shows Ag(4d) emission 
between 4 and 8 eV. The features due to adsor- 
bates are best revealed in the difference spectra 
in panel B. Without electron irradiation (curve 
2a), there are three peaks - 5.9, 9.6 and 16.3 eV. 
Characteristic of molecular CH3CI, they are as- 
signed, respectively, to lone pair electrons local- 
ized on the CI atom, electrons centered on the 
CH 3 group and the C-CI bond, and C(2s) elec- 
trons [8]. 

Additional peaks appear after electron expo- 
sure (curves b and c). For a dose of 2.24 × 10 ~5 
e -  (EF), the key feature is the appearance of a 
peak at 10.4 eV, which we ascribe to CH 3 groups 
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Fig. 2. He II UPS spectra of clean Ag(ll 1) and of 1 ML CH3CI/Ag(II1) dosed with 50 eV electrons. The electron fluence is 
indicated on each curve. Panel A: original spectra. Panel B: difference spectra, with the clean Ag(111) spe~trtlm subtracted. 
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1 ML CH~Ci/Ag(IlI)  + high doses of electrons 
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I CH 2 and CH 3 activation 
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C3 H6(g) (small) 

AgCl(g) 

Scheme 11. 

bound to Ag, although the BE is slightly higher 
thm reported for other cases of CH ~CI dissocia- 
tion [19-21]. For EF = 3.37 × 10 ~' e-  (curve c), 
the parent peaks - 5.9, 9.6 and 16.3 eV - are 
eliminated, as expected. The peak at 3.7 eV is 
typical for CI atoms adsorbed on Ag(111) [ 18]. 
Since CI atoms also enhance photoemission at 
the high BE side of the d-band [18], we attribute 
the 7.5 eV peak mainly to surface-bound CI. The 
peaks at 8.6, 10.4 and 14.0 eV are consistent with 
C 2 H  4, which appears in TPD. UPS for C2H 4 on 
A g ( l l l )  [15] and P t ( l l l )  [22] show peaks at 13.6 
(O'cti2), 10.3 (rr~,112), 8.9 (o'cc , trot1:) , 7.0 (Tr~.ll ,) 
and 5-6 eV (fro, c). The huge 7.5 eV peak in fig.-2 
could easily obscure the ~ i i ,  and "#'<c emissions. 
R e m a i n i n g  C H  3 also contributes to the I0.~ eV 
peak. TPD (see below) indicates that other sur- 
fac,, species, such as H [17], C2H~, and CH~ [21], 
m c ~,lso produced by EID, but their signals are 
probably buried under the 9.3 and 7.5 eV peaks. 

Fig. 3 shows the work function change as a 
function of EF. 1 ML CH3CI lowers the work 
function of Ag(l l  1) by 0.85 eV, suggesting that 
CH3CI is oriented with the CI bound to the Ag. 
With increasing EF, A~b rises rapidly, +0.66 eV 
at EF = 6.5 × 1015 e- ,  a~d then increases slowl,, d 

and becomes constant, A4)= 0.88 eV, for EF > 
1~57 × 1016 e -  The work function increase re- 
flects the conversion of molecular CH3CI to sur- 
face-bound CI and hydrocarbon species [18]. The 
constant value reached at high EF is consistent 
with the complete dissociation of molecular 
CH3C! and suggests that the further electron-in- 
duced reactions of surface hydrocarbon species 
cause minimal work function change. To confirm 
this, we measured A~b after annealing surfaces 
that had been exposed to 1.12 × 1015 and 9 × 1015 
electrons; sizeable A~b (as much as +0.7 eV) 
accompanied molecular CH3CI desorption, but 
A~b accoml:anying desorption of hydrocarbon 
products was small (< + 0.2 eV). 

Under electron irradiation, some C-containing 
species desorb. These are dominated by neutrals; 
ion desorption, if any, cannot be distinguished 
under our experimental conditions. During elec- 
tron irradiation, many masses were mo=itored 
with the QMS while irradiating 1 ML 
CH3CI/Ag(I 11). Fig. 4 shows the detectable hy- 
drocarbon species; unfortunately, background CO 
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" "  " " I ~ "  " " I . . . .  I . . . .  I " " " " I . . . .  I " " " " 
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* * , . I , , , , I . , , , I  . . . .  I . . , , I . , , , i . , , ,  
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Electron fluence (10Is e-) 

Fig. 3. Work function change, measured at 100 K, versus 
electron fluence for 1 ML Ctt3CI/Ag(I1 !). 
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signals at m/e = 28 overwhelmed any hydrocar- 
bon signals at this mass. Electron irradiation starts 
when the c_rysta! is positioned in line-of-sight with 

+ CH + C2 H+ the QMS; the signals for CH3, 4, 3, 
CzH~- and C2H ~ ri~e abruptly and then decay. 
As expected from the XPS data, CH3CI +, C! + 
and HCI + were not detectable. Other pertinent, 
but undetectable, species include H 2 and > C3 
hydrocarbons. In fig. 4, CH~ dominates and is 
assigned mainly to CH 3 radicals. This is not un- 
expected, since, within the first ML, CH3CI is 
highly oriented with CH 3 away from Ag, and 
since alkyl radicals desorb during photon-driven 
dissociation of monolayer C2H5C1 and CH3Br on 
Ag(111) [10]. However, laser-stimulated dissocia- 
tion of CH3CI on Ni surfaces does not produce 
detectable CH 3 ejection until multilayer cover- 
ages are reached [23]. 

The CH~- signal (fig. 4) is from two sources: 
(1) formation from reactions of CH 3 in the QMS 
ionizer and (2) electron-driven surface formation 
and desorption of CH4 (which will not adsorb on 
A g ( l l l )  at 100 K). The C2 H+3, C2 H+5 and C 2 H  ~" 
signals are ascribed to electron-driven C - C  
bond-forming reactions. We speculate that the 
reactions leading to C 2 fragments involve: (1) 
C-CI bond breaking to form excited CH3 groups 
that react with neighboring oriented CH3C1 
molecules to form C2Hc,(g), and (2) C - H  bond 
breaking to form CH 2C!, which promptly decom- 
poses and reacts with CH3CI to form either 
C2Hska or g) plus 2 Cl(a) or C2H4(a or g), Cl(a) 
plus HCI(a). Since no desorption-limited C2H 4 is 
found in TPD for small EF and no HCI desorbs 
for any EF (see below), we favor the reaction that 
forms C2Hs(g). Thus, the C 2 ions that desorb in 
fig. 4 can be accounted for as mainly C 2 H.s and a 
little C 2 H  6. Just as for e-beam dissociation of 
C2H5C1, [7] where many ethyl fragments and a 
few ethane molecules desorb, the (mass 27)/(mass 
29) signal is about 5, and the mass 30 signal is 
smaller than the mass 29 signal. If C 2 H  6 w e r e  
dominant, the mass 30 would exceed the mass 29 
signal. 

While XPS and isothermal QMS results show 
that C-containing species desorb during electron 
irradiation, both XPS and UPS show clearly that 
many C-contaiving species are retained. We 

Electron Irradiation Star~'s 
I 

! ML CH3CI/Ag(I 11) 

.4 

"~. . - 16 (CH4 ÷1 

0 30 60 90 120 ! 50 

Time (s) 

Fig. 4. Isothermal (100 K) QMS spectra of r'H~ CH~ 
C2HI-~, C2H~ and C2H ~- measured during electron dosing 
of 1 ML CH 3CI/Ag(111). Electron flux was 1.9 >,' 1013 c /s.  

looked for many possible products in TPD 
(specifically, H 2, HCI, CI 2, AgCI, CH3CI and C x 
(x = 1-6) hydrocarbons) after both low (1.1 × 10 t5 
e - )  and high EF's (9 × l015 e- ) .  We found H 2, 
HCI, AgCI, CH3CI, CH 4, C2H 4, C2H 6, C3H 6 
(propene), C3H s (propane), C4H s (butene) and 
C4Hm (butane). Recall that, without electron 
irradiation, only CHsC! is found in TPD. De- 
tailed descriptions follow. 

The TPD results are shown in figs. 5-7 and 
relative yields are summarized in fig. 8. The verti- 
cal bar (with a number) in each figure shows the 
relative scale. Without electron irradiation, 
CH3Cl desorbs at 123 K (dashed curve in fig. 
5A). With increasing EF, the CH3CI TPD peak 
broadens and shifts to higher temperature. The 
TPD area decreases monotonically (fig. 8A) and 
becomes almost undetectable after irradiation 
with EF >_ 2.25 × 10 t6 e-  (curves 5h-5i). 
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After heating the surface corresponding to 
curve d to 300 K, AES gave a surface CI /Ag 
atomic ratio of 0.23 (see section 2) and no surface 
C was detected. We cooled this surface to 100 K 
and adsorbed more CH3CI. The desorption 
(dotted curve in fig. 5A) extends to much higher 
temperatures than on clean Ag(l l l )  and we con- 
clude that the shift in the other curves is due to 
stabilization of undissociated CH3CI by submono- 
layer amounts of atomic CI derived from EID of 
CH3CI. This stabilization can be rationalized us- 
ing donor-acceptor concepts, which predict an 
attractive interaction between CH3CI, an elec- 
tron-donor, and CI, an electron-acceptor [24]. 

H 2 (fig. 5B) is detected, but only for EF > 1.12 
× 1015 e-.  The TPD peak shifts from 165 to 185 
K, and the peak area first increases and then 
decreases (fig. 8B) with electron fluence (EF). 
Since dosed H atoms recombine and desorb at 
these temperatures [17], this H 2 is the result of 
atomic recombination, clearly pointing to elec- 
tron-driven C-H bond breaking. The slow inten- 

sity decrease at high EF is probably due to a net 
slow loss of atomic H during electron irradiation 
(the difference between the retention rate from 
ruptured C - H  and the electron stimulated des- 
orption rate of Ag-H). 

Unlike H2, CH4 (fig. 5C) appears in TPD at 
low EF, 148 K for E F -  2.8 × 1014 e-. With in- 
creasing EF, the peak temperature increases to 
185 K; the TPD area initially increases and then 
decreases, rapidly at first, then slowly (fig. 8B). 
Since CH 4 molecules do not adsorb on Ag(111) 
at 100 K, this desorption is the result of CH 3 
and/or  CH 2 hydrogenation. This is confirmed by 
experiments with coadsorbed D (see below) and 
is consistent with CH 3 identified in UPS (fig. 2). 

Turning to C 2 products, fig. 6A shows C2H ~ 
signals corrected for contributions from frag- 
ments of C2H6 and higher hydrocarbons. We 
also monitored C2H~'; it follows the cracking 
pattern and the temperature dependence of 
C2H 4, leading us to conclude that acetylene is 
not a significant product. For 2.8 × 1014 e-  (curve 
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Fig. 5. TPD spectra of CH3CI (A), H 2 (B) and CH 4 (C) taken after exposing 1 ML CH3CI/Ag( l l  1) at 100 K to: (a) 2.8 × 1014, (b) 
5.6 x 1014, (c) 1.12 X 1015, (d) 2.24 × 1015, (e) 4.48 × 1015, (f) 9 x 1015, (g) 1.57 x 1016, (h) 2.25 x 1016, and (i) 3.37 x 1016 electrons. 
The broken and the dotted curves in panel A are for 1 ML CH 3C! on clean and Cl-covered Ag(111), respectively (without electron 

irradiation). 
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a), there is a C 2 H  4 peak at 220 K. With increas- 
ing fluence, it intensifies, broadens and shifts to 
higher temperatures. A low temperature peak 
appears  at 170 K when the fluence exceeds 9 × 
10 ~5 e -  and a third peak (222 K) appears  for 
EF  > 1.57 x 1016 e - ,  its intensity first rising and 
then falling. Above 9 x 1015 e - ,  the high temper-  
ature peak moves even higher but loses intensity. 
The total TPD area of C2H 4 increases up to 
9 × 1015 e - ,  is nearly constant between 9 x 1015 
e -  and 2.25 x 10 ~6 e - ,  and decreases at higher 
EF (fig. 8C). We attribute the 170 K peak to 
~--bonded molecular C2H 4 formed during elec- 
tron irradiation and stabilized by atomic CI 
[11,12]. The other C 2 H  4 peaks are attributed to a 
recomb;nation of surface CH 2 fragments during 
TPD. In this regard, we note that CICH2I on 
A g ( l l l )  produces C 2 H  4 between 220 and 300 K 
[4]. Since the CI coverage does not change for 
EF > 9 × 1015 e -  (fig. 8A), the small upward shift 
(curves f - i  in fig. 6A) must be due to some other 
change. We propose that  it is due to the influ- 
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Fig. 7. TPD spectra of C3H 6 (42 amu) and C3H 8 (44 amu) for 
the same condition as fig. 5: (a) 2.8× 1014, (b) 5.6X 1014, (c) 
1.12X1015, (d) 2.24x1015, (e) 4.48x1015, (f) 9×1015, (g) 
1.57x 1016, (h) 2.25x 1016, and (i) 3.37× 1016 electrons. The 
contributions to 42 ainu from Call s and higher hydrocarbon 

products have been subtracted. 
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Fig. 6. TPD spectra of C 2 H  4 (27 amu) and C2H 6 (30 amu) for 
the same condition as fig. 5: (a) 2.8x 1014, (b) 5.6× 1014, (c) 
1.12×1015, (d) 2.24×1015 , (e) 4.48x1015, (f) 9×1015, (g) 
1.57x 1016, (h) 2.25X 1016, and (i) 3.37x l0 ts electrons. Con- 
tributions to 27 amu from C2H 6 and other higher hydrocar- 

bon have been subtracted. 

ence of additional coadsorbed species, especially 
the C visible in AES and XPS for high EF. 
Surface C may increase the barrier for CH 2 diffu- 
sion and recombination. The 222 K peak (curves 
g- i )  is also attributed to thermal recombination 
of CH 2 fragments formed late in the overall 
process, and which, because of local crowding, 
bond to A g ( l l l )  less strongly than the CH 2 re- 
sponsible ' J r  the high temperature C2H 4. Reac- 
tion-limited C2H4 desorption is strong evidence 
for surface CH 2 fragments synthesized from elec- 
tron driven decomposition of CH 3C1. We propose 
that significant amounts of adsorbed CH3C1 ÷ 
decompose, perhaps via CH 2C1, into CH 2, H and 
CI and that, in a secondary reaction of CH 3 
bound to Ag, CH ~ decomposes into tgt-i 2 and H. 

Compared to ethylene, the ethane TPD signal 
is relatively weak (fig. 6B has a 4 × scale factor). 
The lowest fluence (2.8 × 1014 e- ,  curve a) yields 
a peak at 255 K that broadens and loses intensity 
as EF increases. A low temperature peak appears 
at 165 K for EF >_ 5.6 x 1014 e -  The total TPD 
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area of C 2 H 6 increases and then slowly decreases 
with fluence (fig. 8C). The high temperature (255 
K) peak is attributed to a recombination of sur- 
face CH 3 in light of known properties of methyl 
groups on Ag(ll 1) [8]. Since C:H 6 is not held on 
Ag( l l l )  at 100 K, the 165 K peak cannot be due 
to C2H~, molecules formed during electron irra- 
diation. Rather, it is attributed to hydrogenation, 
during TPD, of surface - C 2 H  5 and, perhaps, 
=CHCH3. This is supported by electron induced 
decomposition of C:HsCI on Ag(lll); there is a 
C2 He, TPD peak at 160 K [7]. Further support is 
provided by deuteration experiments described 
below. We have ruled out, but not unambigu- 
e,lsly, hydrogenation of -CH2CH 2- (i.e. di<r 
bonded ethylene) since, in another study, we 

found that it hydrogenated at a slightly higher 
temperature (200 K) [11]. 

The formation of C 3 and C 4 hydrocarbons (fig. 
7) from the C 1 species, CH 3C1, is both fascinating 
and complex. Based on the QMS fiagmentation 
pattern, we assign C3H 6 to propene rather than 
cyclopropane. The propene signal (fig. 7A), cor- 
rected for cracking of other hydrocarbons, is a 
single peak at 215 K that intensifies, broadens 
and shifts to higher temperatures with increasing 
EF. A shoulder appears at 210 K for 2.24 × 10 ~5 
e-  and becomes distinct and more intense for 
higher fluences. This is accompanied by lower 
intensity in the high temperature region. With 
increasing EF, the total C3H 6 TPD area in- 
creases up to 4.48 × 1015 e- ;  it then decreases 
slightly and reaches a nearly constant value at 
EF > 1.57 × 1016 e-  (fig. 8D). Since adsorption 
of propene gives a lower temperature TPD peak 
at 160 K that shifts, in the presence of CI, to 200 
K [25], we conclude that the high temperature 
peak in fig. 7 is reaction-limited. Since surface H 
has already desorbed, reaction-limited C 3 forma- 
tion requires a recombination of fragments. There 
are several possibilities: (1)=CH 2 insertion into 
C2H 5 accompanied by {3-hydride elimination, (2) 
=CH2 + =CHCH3, and (3) -CH3 + -CH=CH2. 
The first possibility is attractive since there is 
good evidence for significant concentrations of 
both reactants. While /3-hydride elimination is 
not observed for propyl fragments adsorbed on 
Ag(111) [4], the situation here may be different in 
that the newly formed propyl fragment might be 
activated. The released H atom either hydro- 
genates other fragments or, less likely, recom- 
bines to form H 2. The second and third reac- 
tions, while possible, depend on concentrations of 
species for which there is no other evidence. 
Especially at high EF's, the third may not be 
important because CH 3 recombines to form C2H 6 
at 255 K, while C3H 6 desorbs above 270 K. The 
low temperature peak in fig. 7, growing in at high 
EF where the surface is crowded with atomic CI 
and hydrocarbon fragments, may involve desorp- 
tion-limited C3H6, [25]. However, compared to 
dosed C3H 6 [25], the distribution in fig. 7 is 
shifted to higher temperatures, and likely involves 
a second reaction-limited channel, strongly influ- 
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enced by coadsorbed CI atoms. As discussed be- 
low, C3H8, which can only be reaction-limited, 
~l~n ~h~,s ~ Wo,,, t,, . . . . .  , . . . .  (200 K) peak at 
relatively high EF. 

For propane, which is much more intense than 
propene (fig. 7B), there is a sizeable peak at 208 
K for low electron fluence that intensifies, broad- 
ens and shifts upward with increasing EF. As for 
propene, a low temperature shoulder grows in at 
low EF. Both features decay sharply for high EF. 
The total C3H 8 TPD area rises to 2.24 × 10 t5 e -  
and then falls monotonically (fig. 8D). The ob- 
served C3H 8 is definitely formed during TPD 
(i.e., it is reaction-limited) because C3H s dosed 
on both clean and submonolayer Cl-covered 
A g ( l l l )  desorbs at a much lower temperature 
(120 K) [25]. The C - C  bond forming reactions 
involving two CH3's and one CH 2 nicely account 
for the relatively large propane peak at 208 K, a 
peak that shifts to higher temperature as EF 
increases. When H is very small, e.g., for low EF, 
the recombination of CH3CH2(a) with CH3(a) 
also contributes. If the H concentration is rela- 
tively large and if the CI concentration exceeds a 
certain local coverage, this channel may be minor 
because hydrogenation of C2H5(a) to C2H~, is 
known to occur at lower temperatures (165 K) 
[7,10]. The 200 K peak at high fluences is reac- 
tion-limited (forms during TPD) and is attributed 
to C - C  bond forming reactions, influenced by the 
relatively high coverage of the coadsorbed Ci. 
The complete absence of propane at high EF is 
attributed to preferential recombination of 
CH3(a) at lower temperature and to the electron 
induced decomposition of C2H5 groups previ- 
ously synthesized. 

Turning to temperature programmed desorp- 
tion of C4's, we observe only traces (not shown) 
of C.4H 8 (a single peak between 210 and 240 K) 
and C4HI0 (between 215 and 225 K) at low EF, 
and none at high EF's (fig. 8E). The low intensi- 
ties preclude distinctions among isomers, 1- or 
2-butene and n- or /-butane. We know that the 
butane is reaction-limited because, when dosed 
directly on either clean or Cl-covered Ag(111), it 
desorbs at lower temperature (151 K) [25]. Its 
formation must proceed through combination of 
C~, C z and C 3 fragments, but the pathway cannot 

be unambiguously identified from our data. Fol- 
lowing the proposal outlined above, one pathway 
for low concentrations of H, the only situation 
where butane forms, is recombination of ethyl 
groups. For electron decompostion of ethyl chlo- 
ride, there is an n-bu~tane peak at 215 K [7]. 
Another pathway involves a thermally activated 
fragment recombination sequence - CH 3 and 
two CH 2 followed by methylation. The observed 
butene at 240 K is most likely produced during 
TPD because the desorption peak temperature is 
above that (215 K) found for desorption of 1- 
butene adsorbed on CI /Ag( l l l ) [25] .  Its forma- 
tion is attributed to reactions involving C~, C 2 
and, probably, C 3 fragments. One possibility is 
fl-hydride elimination, which might occur if CH2 
inserts into C3H 7 fragments ( C H 3 + 2  CH 2--, 
Call  7) to form activated butyl fragments. Other 
possibilities would involve - C H - C H  2 or -CHCH 3 
reacting with other C~ and C2 fragments. Similar 
peaks for butene are found in the e-beam decom- 
position of C2H5C1 [7]. 

To sum up, there is good evidence that H and 
C! atoms, CH~ (x = 2, 3), C2H 5 fragments, and 
C2H 4 molecules can be synthesized and retained 
by electron induced decompositon of monolayer 
coverages of CH3CI on Ag( l l l ) .  These major 
products and their TPD reaction paths are sum- 
marized in schemes I and I I. There is less evi- 
dence for =CHCH 3 and -CH=CH 2 fragments. 

As seen from figs. 5-7, thermal desorption of 
the products (H 2 and hydrocarbons) which form 
via H - H ,  H - C  and C-C bond formation show a 
feature somewhat unique in kinetics: the desorp- 
tion peak temperatures increase with increasing 
electron dose or increasing coverage of the reac- 
tant species. Ideally, one would observe constant 
desorption temperatures for first order and peak 
temperatures decreasing with coverage for sec- 
ond order desorption processes. It appears that 
these ideal desorption processes do not hold on 
Ag( l l l )  because even for recombination-limited 
desorption (one would expect it to obey second 
order kinetics) involving only one kind of precur- 
sor (fragments or atoms [2,11,17]) on clean 
Ag( l l l )  the desorption temperatures shift to 
higher as the coverages increase. The reason for 
the increasing peak temperatures is not clear but 
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has been speculated to involve coverage depen- 
dent interaction energies (e.g., attractive interac- 
tion among the precursors) and orientational fac- 
tors [2]. The situation here is more complicated 
because various kinds of species co-exist on the 
surface after electron irradiation. Therefore, we 
do not discuss this issue here but rather point out 
variation of the electron dose influences not only 
the concentrations and kinds of surface species 
but also their reaction paths. 

In the summary, fig. 8, we also show the 
C1(181)/Ag(356) AES ratio, measured after TPD 
to 350 K. The ratio increases monotonically with 
electron fluence and becomes nearly constant for 
EF > 9 x 1015 e- ,  mirroring the loss of CHaCI. 
The Cl desorbs as AgCl at 750 K (see fig. 13). 
Regarding the retention of carbon after TPD to 
350 K, a careful comparison of AES spectra indi- 
cates that tiny amounts of carbon appear, but 
only for very high EF (>  2.25 x 1016 e-) .  Be- 
tween 350 and 950 K, no H-containing fragments 
desorb, indicating that the remaining carbon was 
fully dehydrogenated during EID. This result is 
consistent with the C(ls) XPS peak observed for 
high EF's, which extends to low BE's characteris- 
tic of atomic C (fig. 1). From XPS after very high 
electron fluences, a rough upper limit of 10% of 1 
ML CH3CI is completely decomposed into C(a). 
At lower EF's, XPS, AES and TPD all indicate 
that no C is retained above 350 K, a fact at- 
tributable to complete recombination and desorp- 
tion of all the CxH r species. To anticipate an 
interesting comparison, e-beam decomposition of 
multilayer CH3CI coverages leaves large amounts 
of C and CI above 350 K. 

Fig. 9 is a semilogarithmic plot of the loss of 
CH 3C1 versus EF, where I 0 and If are TPD areas 
of CH3CI before and after electron irradiation. 
The initial slope of this distinctly non-linear curve 
yields an initial effective cross section of (5.5 + 
r~ x ~-16  v.5~ x ~v cm 2. As noted in section 2, this is an 
upper bound. Since negligible Cl-containing 
species desorb during EF, we interpret this as the 
total dissociation cross section, i.e., C-CI and /o r  
C - H  dissociation. The departure from linearity, 
in the direction of smaller cross sections, reflects 
rate suppression due to the accumulation of 
products, a property noted in the photodissocia- 
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Fig. 9. Ln( I f / l  o) versus electron fluence for 1 ML 
CH3CI/Ag(111). I o and If are CH3CI TPD areas before and 

after electron irradiation, respectively. 

tion of alkyl halides on A g ( l l l )  [10]. A plausible 
explanation is that, after some dissociation, the 
remaining CHaCI molecules, which are bound 
more strongly (fig. 5A), quench more rapidly than 
on the clean surface. 

3.2. 1 ML CH3CI on C I / A g ( l l l )  

We now turn to interesting changes caused by 
preadsorbed C1, the latter prepared by exposing 1 
ML CH3CI /Ag( l l l )  to 2.24 × 1015 e-  followed 
by heating to 350 K. The surface CI/Ag atomic 
ratio was 0.23. Fig. 10 compares TPD product 
intensities and distributions with and without 
preadsorbed C1. The AgCI TPD area (dashed 
curve in the inset) is only slightly smaller than the 
sum of two areas: (1) that corresponding to sur- 
face CI /Ag  =0.23 plus (2) that accumulated in 
the absence of preadsorbed CI. Thus, the pres- 
ence of submonolayer amounts of preadsorbed CI 
uoes not marKeuiy tnc cnangc tClIUClICy for addi- 
tional Cl to be retained. 

Parent TPD (one broad peak at 163 K in fig. 
10) changes, in the presence of predosed Cl, to a 
narrow peak at 155 K and a broad weak peak at 
~ 185 K. Dihydrogen, a narrow peak at 185 K, 
broadens, intensifies and shifts to 200 K when Cl 
is predosed. Methane, intense and narrow with a 
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peak at 185 K, is strongly suppressed (85%) to a 
very broad desorption, peaking around 200 K. 
Ethylene, with two broad peaks in fig. 10, the 
strongest at 280 K, redistributes into three re- 
solved peaks at 170, 185 and 203 K. Ethane, 
desorbing in two peaks at 165 and 255 K, is 
strongly suppressed and peaks broadly at 150 K. 
The unsaturated C 3, C3H6, which desorbs in two 
peaks at 225 and 270 K, shifts, without changing 
the total intensity, to a single peak at 225 K. The 
saturated C 3, C3H 8, peaking at 200 and 268 K, is 
strongly suppressed and peaks at 200 K when CI 
is preadsorbed. No Ca and higher hydrocarbons 
are detectable when Cl is preadsorbed. 

It is clear that, when Cl is coadsorbed, the 
formation of saturated hydrocarbons in post-EID 
TPD is strongly suppressed and the desorptions 
of unsaturated hydrocarbons shift to lower tem- 
peratures. The diminished sum over all the hy- 
drocarbon TPD areas underscores the impor- 
tance of site blocking/destabilization by Cl and 
the accompanying enhancement of hydrocarbon 
fragment desorption, particularly CH 3 during, 

electron irradiation. Unfortunately, we did not 
monitor the species desorbing during irradiation 
and, thus, any direct comparison with electron 
induced desorption for 1 ML CH3CI on clean 
A g ( l l l )  cannot be made. The lower desorption 
temperature of unsaturated hydrocarbons is at- 
tributed to destabilization and lower activation 
energies for C-C  bond formation in the presence 
of CI [4]. Thus, the effect of CI depends strongly 
on its coverage and the species with which it 
interacts. Low coverages of CI tend to stabilize 
some, but not all, coadsorbed fragments; high CI 
coverages tend to destabilize most coadsorbed 
fragments. 

Turning to dihydrogen, we attribute its upward 
shift in the presence of CI to two factors: (1) 
increased H coverage and (2) coadsorbed CI, both 
of which increase the TPD peak temperature 
[17]. Two possibilities will account for the higher 
H 2 TPD area in the presence of CI: (1) the 
coverage of hydrocarbon fragments drops, so less 
H is consumed in hydrogenation reactions, and 
(2) the EID cross section for C-H, relative to 
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C-CI, bond breaking may be enhanced. This 
would lead, as observed, to a greater fraction of 
unsaturated hydrocarbons. 

In conclusion, a submonolayer of CI modifies 
the chemical nature of Ag( l l l ) .  In terms of elec- 
tron induced decomposition of CH3CI, it de- 
creases the retention probability of hydrocarbon 
fragments, shifts the fraction retained toward 
species that form unsaturated hydrocabons in 
TPD, and lowers the reaction activation barriers 
of the retained hydrocarbon fragments. 

3.3. 1 ML CH3CI on D / A g ( l l l )  

To examine reactions of atomic hydrogen with 
fragments, we predosed atomic D, produced by 
decomposition of D 2 with the QMS filament [17], 
to 50% of saturation and then adsorbed 1 ML 
CH3CI. Fig. 11 summarizes TPD results taken 
after 9 × 10 ~5 e-. Here, because of isotopic sub- 
stitutions, we report QMS signals for various ions. 
Molecular D 2 and HD, which desorb at 187 K 
when D is adsorbed alone, shift to 196 and lose 

intensity ( x  2.5). Dihydrogen, H 2, detectable at 
177 K for CH3CI alone, is completely suppressed 
in the presence of D. Methane, peaking at 177 K 
in the absence of D, broadens, shifts to 196 K, 
intensifies, and includes contributions from 16 
(CH 4), 17 (CH 3 D) and 18 (CH 2 D2 ) amu. The 
presence of methanes with 1 or 2, but not more, 
D atoms suggests that CH3 and CH2, not CH or 
C, species are involved in hydrogenation reac- 
tions. 

Fig. 11B clearly shows D incorporation into C 2 
products. For 30 ainu, the two peaks at 165 and 
255 K in the absence of D are attributed to 
ethane desorption. All ethane, labelled and unla- 
belled, at 255 K is suppressed in the presence of 
D; only the broad, very weak desorption of 32 
amu, C2H~D 2, in this region can be attributed to 
ethane. T h e : 7  amu peak at 290 K is attributed to 
fully H-labeited ethylene since there is no role = 
29 signal accompanying it. Since it has no D- 
labelled counterpart, this ethylene involves 
species into which D atoms do not incorporate 
either during electron dosing or during subse- 
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quent TPD up to 200 K (where all atomic D 
desorbs). We conclude that isotope exchange into 
CH 2 is difficult. 

Turning to the low temperature region, we 
observed no C 2 products with m / e  >_ 33. Thus, 
no more than 2 D atoms are involved; 32 amu is 
attributed to C2H4D2; 31 amu to CEHsD and 
the C2H3D 2 fragment of C2H4D2; 30 amu to 
CEH 6 and fragments of CEH4D 2 and C2H5D; 
and 27 amu to fragments of higher mass C 2 
products, including ethylene. 

The CHaCI and C a TPD spectra are shown in 
fig. 11C. No C~4 hydrocarbons are observed. 
Residual methyl chloride, desorbing at 151 K, 
shifts to 139 K and intensifies slightly when D is 
coadsorbed. In the C a regime, 43-48 amu, the 
distributions differ markedly. There is no signal 
at 48 amu, i.e., no propane with more than 3 D's. 
In the presence of D, the two peaks (225 and 268 
K) for 43 amu are redistributed into three (268, 
225 and 183 K) and the 268 K peak is at tenuated.  
There is no 268 K peak for 45 or 46 amu, consis- 
tent with reaction-limited propane formation oc- 
curing without incorporation of D, i.e., occurring 
after D atom recombination at 196 K and occur- 
ring among fragments that have incorporated no 
D at lower temperatures.  Between 183 and 225 
K, the intensity distributions differ for 43-47 
amu, indicating different distributions of prod- 
ucts. We assign 47 amu to C3HsD 3, 46 amu to 
CaH6D 2 and 45 amu to C3H7D. Fragments from 
higher mass C a products determine the 43 amu 
intensity and contribute to 46 and 45 amu. 

To summarize, these results, as expected, re- 
flect reactions between D and CxH~.. The loss of 
D 2 and HD area, while partly due to electron- 
stimulated desorption, is mainly due to hydro- 
genation of CxHy fragments. No more than 2 D's 
appear  in the methanes and ethanes and no more 
than 3 in the propanes. Moreover, TPD to 350 K 
removes all the C unless the electron fluence is 
very high. We conclude that electron induced 
formation of CH 3 and CH 2 is relatively facile 
compared to CH and C. Thus, cross sections for 
electron-driven bond dissociation vary strongly 
with the structure of adsorbed species. 

It is noteworthy that the TPD peaks for the 
methanes and dihydrogens are the same (196 K). 

We take this as an indication that the mobility of 
atomic H (D) is rate-controlling. No H,  TPD is 
observed in the presence of D, fig. 11, even 
though there is ample evidence for C - H  bond 
breaking and multiple additions of D to hydrocar- 
bon fragments. Compared to D, the coverage of 
H is small so that the encounter probability for 
two H atoms is extremely small compared to 
D - D  and D - H .  

The isotope labelling of C2's is also limited to 
one or two D's. We can account for all of the 
products on the basis of electron induced forma- 
tion of CH 2, some of which may incorporate D at 
the moment  it is formed, and of CH 3 groups. 
Both fragments insert, hydrogenate and recom- 
bine but do not exchange isotopes. Above 200 K 
there is no D, so CH 2 recombination leads only 
to C2H 4 at 290 K. Below 150 K, CH 2 can deuter- 
ate to CH2D or insert into another CH 2 to form 
di-o" bonded ethylene, which can then deuterate 
to ethane (CzH4D2); alternatively, energetic CH 2 
can insert into CH 3 or CH2D as part of an 
electron stimulated event, and can then deuterate 
to C z H s D  or C2H4D 2. The slightly lower des- 
orption temperature (~  154 K) for C 2 products 
in the presence of high coverages of D (165 K) is 
attributed to a slightly lower reaction activation 
energy. The C 3 products contain up to 3 D's, and 
can also be understood in terms of the insertion 
and hydrogenation reactions described above. 

All of these D-incorporation results are consis- 
tent with the reactions depicted in schemes I and 
If. Furthermore,  they underscore the absence of 
isotope exchange and the difficulty of forming 
and hydrogenating CH and C in our system. 

3.4. Varying CH~CI coverage with a fixed electron 
fluence 

To this point, the initial CH3C1 coverage has 
been 1 ML. We now examine, but only in cursory. 
fashion, product variations with initial coverage 
while keeping EF constant (9 × 10 ~~ c ) at a 
value nearly sufficient to decompose 1 ML. Com- 
pared to the monolayer case, most of the interest- 
ing differences occur for multilayers: thus, wc 
treat the 10 ML results in more detail. 
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3.4.1. Post-EID TPD results for different CHsCl 
coverages 

The variations with initial coverage are pre- 
sented, molecule by molecule, in the following 
paragraphs and, as an aid to the reader, in table 1 
and fig. 12. 

CH3CI desorption. For 0.35 ML, there is no 
parent desorption, indicating that all adsorbed 
CHsCl dissociates (fig. 12A). For higher cover- 
ages the parent intensity increases monotonically. 
The peak temperature is 174 K for 0.65 ML and 
125 K for 10 ML (table 1). Above 6.5 ML, there is 
a second CHsCI peak at 110 K just where multi- 
layer desorbs (110-113 K) [8]. 

H e desorption. For H a, the TPD area increases 
with CH3CI coverage up to 1 ML; it may drop 
slightly from 1 to 1.7 ML, but then increases (fig. 
12B). Its peak temperature increases with cover- 
age from 167 K at 0.35 ML to 195 K for > 6.5 
I',IL (see table 1). 

CH 4 desorption. Methane desorption (fig. 12B) 
depends strongly on CH3CI coverage, increasing 
sharply to 0.65 ML, then decreasing sharply with 
only traces appearing above 4 ML. Its peak tem- 
perature increases from 167 K at 0.35 ML to 180 
K at 1.7 ML (table 1). 

C2H 4 desorption. Ethylene desorption rises 
steadily with CH3CI (fig. 12C) and above 1 ML, it 
dominates (fig. 12 is scaled by ½). There are two 
peaks, 170 and 220 K, for CH3CI 0.35 ML (table 
1). The 170 K peak intensity increases monotoni- 
cally with CH3CI coverage while the peak tem- 
perature remains constant. Up to 1 ML, the 
higher temperature peak intensifies and shifts 
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Fig. 12. As a function of CH3CI coverage, the TPD areas 
(between 100 and 350 K) of CH3CI, H2, CH4, C2H4, C2H6, 
C3H 6, C31-I 8 and C4H s taken after irradiating the surface 

with EF = 9 x  1015 e - .  

Table ! 

Summary of post-EID TPD results for different CH 3C1 coverages irradiated with 9 × 1015 electrons 

Oc,H~t. I Desorption p~ak temperatures (K) 
. . . . . . . .  , ,  _ 

(ML) CH 3C! ~ 2 CH4 C2H4 C2H 6 'C3H 6 C3H 8 Ca l l s  
0.35 - 167 16"7 17o~',,,~ o'mr,,,~ t~cr. .a ,~¢et.~."x . . . . . . . . . . . . . . . . . . . . .  .... . . . . . . . . . . . . . . . . . . .  , ,-,-,,,-, ,u.,x,,,,, --ao~w, ;z.~wj, zSbun,, zomsa/, 235(s) 238 
(I.65 174 170 170 170(w), 255(m) 165(m), 255(m) 223(w), 255(s) 208(m), 263(s) 258 
1.0 153 176 176 170(w), 275(s) 165(s), 255(s) 223(m), 275(s) 208(m), 270(s) - 
1.7 141 ;';3 180 i70(m), 220(m), 270(s) 165(s), 255(m) 205(s), 255(s) 208(w), 263(m) - 
3.5 135 I90 180 170(s), 187(sd), 232(m), 165 205(s), 255(m) 195(m), 263(w) 218 

270(w) 
195 ~S0 170(s), 187(m), 232(w) 
195 180 170(s), 187(s), 232(w) 

6.5 11 l(w), 128(s) 165 205(s), 255(sd) 195 218 
10 11 l(s), 125(s) 165 205(s), 255(sd) 195 218 

, ,  

Relative peak intensity: s = strong, m = medium, w = weak, and sd = shoulder. 
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upward (275 K at 1 ML). It then loses intensity, 
disappearing for coverages > 6.5 ML. For inter- 
mediate coverages, 1.7 ML, a third peak appears 
( ~  220 K) like that for 1 ML with high doses of 
electrons (fig. 6A). With increasing coverage, it 
shifts to 232 K, intensifies slightly up to 3.5 ML 
and then decays. Attending these intensity losses 
is the emergence of a peak at 187 K, first as a 
shoulder of the 170 K peak at 3.5 ML (table 1). It 
intensifies and becomes a discernible peak above 
6.5 ML (fig. 15). The 170 K peak is certainly 
desorption-limited, while the others are probably 
reaction-limited. The total C2H 4 TPD area in- 
creases rapidly below, and slowly above, 1.7 ML 
(fig. 12C). 

C2H 6 desorption. For ethanes there are two 
peaks at 165 and 255 K (table 1). The intensity of 
the former becomes nearly constant above 1 ML, 
while the latter loses intensity and disappears 
above 3.5 ML. The total ethane desorbed in- 
creases with CH3CI coverage, maximizes at 1 
ML, then decreases afterwards and becomes 
nearly constant above 3.5 ML (fig. 12C). 

C3 H6 desorption. There are two propene peaks, 
223 and 255 K, at 0.35 ML (table 1). Up to 1 ML, 
both intensify; the 223 K peak remains fixed 
while the other shifts to 275 K. For higher cover- 
ages, both shift down, reaching 205 and 255 K at 
1.7 ML. The 255 K peak loses intensity and the 
205 K peak intensifies so that above 6.5 ML, the 
former is obscured by the latter. While the peaks 
above 223 K are certainly reaction-limited, the 
lower temperature peaks can be attributed to 
desorption-limited C3H 6 [26]. As shown in fig. 
12D, the total C3H 6 TPI) area increases rela- 
tively rapidly below 1 ML CH3CI and slowly 
thereafter. 

C3H s desorption. Propane shows a peak at 235 
K with a shoulder at ~ 200 K for 0.35 ML (table 
1). Fwo peaks, 208 and 263 K, appear at 0.65 ML. 
Both lose intensity between 1 and 1.7 ML CH 3Ci. 
At higher coverages, there is a single peak at 195 
K (fig. 15). All C3H 8 peaks are reaction-limited 
since adsorbed Cal l  8 on Ag(111) desorbs at much 
lower temperature (120 K) [25]. As shown in fig. 
12D, the total C3H ~ TPD area increases initially, 
decreases above 1 ML, and becomes nearly the 
constant above 3.5 ML CHaCI. 

C4Hs desorption. A tiny amount of C4H s de- 
sorbs at 238 K for 0.35 ML, shifting to 258 K at 
0.65 ML, and becoming undetectable at 1 ML 
CH3CI. It reappears for higher coverages, peak- 
ing at 218 K and intensifying with coverage. The 
high coverage desorption peak is attributed to 
Cal l  8 formed during electron in'adiation. The 
other peaks are likely reaction-limited. For multi- 
layers, no C4H~0 was observed. 

While a detailed mechanistic picture would 
require a much more thorough examination of 
the product variations with electron dose, it is 
quite clear from the above presentation (fig. 12 
and table 1, in particular) that the initial coverage 
is an important variable. Qualitatively, many of 
the variations below 1.7 ML in fig. 12 mimic 
those found when 1 ML of CH3CI is irradiated 
with various electron fluences (EF) in fig. 8, i.e., 
compare CH 4, C2H 4, C3H 6 and C3H 8. This is 
easily understood because the coverages of CI 
and CxHy species increase with EF (fig. 8) and 
with CH3CI coverage (fig. 12). Thus, broadly 
speaking, we interpret the product distributions 
in fig. 12 and table 1, using the ideas of scheme II 
(and the discussion surrounding it). Above 1.7 
ML, this picture must be revised. 

One of the major differences found at high 
coverage is shown in fig. 13 where, above 1.7 ML, 
HCI begins to appear in desorption. There are 
two peaks, 110 K and 545 K, and both intensify 
with CH3CI coverage. Interestingly, under these 
conditions, H 2 is also observed at quite high 
temperatures (above 800 K with no peak up to 
950 K) and C is retained. Because of the low 
melting point of Ag, we did not go tc higher 
temperatures. As figs. 13 and 14 show, AgCI 
(peaking at 750-775 K) continues to desorb for 
CH3CI coverages higher than 3.5 ML, but its 
intensity drops slowly as the CH3CI coverage 
increases. The amount of C1 left on the surface 
after TPD to 350 K is shown as Ci/Ag AES ratio 
in the lower panel of fig. 14. The ratio increases 
rapidly to 0.38 at 1.7 ML and then slowly to 0.5 at 
10 ML. The AES data indicates that the decreas- 
ing AgCI area at high coverages is compensated 
by an increasing HCI area. 

Consistent with direct dosing of HCI [26], the 
110 K HCI peak is attributed to the desorption of 
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Fig. 13. For various CH3CI coverages and fixed EF = 9× 1015 
e - ,  the TPD spectra of HCI (dashed curves), AgCI (solid 
curves) and H 2 (dotted curves) in the temperature range frt, m 
350 to 100(I K. The inset shows the TPD of HCI at low 
temperatures. The CH3CI coverage is (a) 0.35, (b) 9.65, (c) 

1.0, (d) 1.7, (e) 3.5, (f) 6.0 and (g) 10.0 ML. 

HCI formed and retained during electron irradia- 
tion. We attribute the high temperature HCI and 
H 2 and the C retained to thermal C - H  bond 
breaking and reaction within a very stable hydro- 
gen-deficient species, CxHvCI: ( x >  1), formed, 
within multilayers, during electron irradiation. Its 
presence suppresses the AgC! peak area because 
there is now a pathway for removing CI at lower 
temperatures. Similar results have been reported 

,lrl for 1 M,~ " " "-" r ~6HS~I  15J and I0 " "  H "-" . tVlL C 2 5k...1 Oil 
Ag( 111 ) [7]. 

3.4.2. 10 ML CH3CI 
Using TPD, XPS, and UPS, we now examine 

the 10 ML case in more detail. Fig. 15 shows 
TPD spectra, from 100 to 350 K, of CH3CI , H2, 
CH4, C2H4, C2H6, C3H 6, C3H s and C4H s taken 

after irradiating 10 ML CH3CI with 9 × 10 ~5 e- .  
Comparing these with spectra from 1 ML CH3CI 
on C i / A g ( l l l ) ,  we find, as indicated above, some 
similarities. The H 2 peaks are broad, very little 
C H  4 desorbs, and there are no high T peaks for 
C2's and C3's. These similarities may reflect high 
concentrations of coadsorbed Cl-containing 
species, particularly Cl and C xHyclz for multi- 
layers and CI for 1 ML. 

To provide a more detailed comparison, we 
monitored species desorbing during EID and also 
measured XPS and UPS after 10 ML CH3CI was 
dosed with 9 x 10 t5 e-.  Fig. 16 shows CH + CH~ 3 '  

C2H ~ and C2H~, also detected for 1 ML CHaCI 
(fig. 4), and H~,  Cl +, HCI + and parent CH3CI +, 
which are only found for multilayers. With the 
exception of HCI +, all the ~on signals rise 
promptly and then decay, as expected for a non- 
thermal process. Since the bulk temperature rose 
less than 1 K, we expect no thermal effects, 
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Fig. 14. Upper panel: as a function of CH3CI coverage, the 
TPD areas of HCI, desorbed at low temperatures (circles) and 
at high temperature.,; (squares), and AgC! (triangles) (from fig. 
13). Lower panel: C1(181)/Ag(356) AES ratio. The AES ratio 

was measured after TPD to 350 K. 
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C3H6, C3H 8 and C4H s taken after exposing 10 ML CH3C! 

to 9 × 10 ~5 e- .  

except for HCI which desorbs very near the base 
temperature (see below). If thermal effects were 
important, they would be characterized by an 
increasing slope with time as the local tempera- 
ture rose and, thus, a maximum clearly delayed 
from the onset of electron dosing. 

In fig. 16, the H~- may be due either to elec- 
tron-induced formation and desorption of H z or 
to an ion-molecule reaction in the QMS ionizer. 
As for the monolayer case (fig. 4), the most 
~ 1~.~ 4b J,~ 11,~ ~ " ~,,...,. I t  I 3 ~k. L 1 1  lh,,, I . . , u  11  lb I I o Ig& Ig 1 ~,..311 .Ik I ~,-$11 i I I  tttt,.,,~S~ iO11 is t "L l+  t,l~ . . . .  ,~;I~,,~;~,, 9r~ f r3g-  

mentation of CH3CI has been subtracted), indi- 
cating that desorption of CH 3 radicals dominates. 
Ct-I~- tracks CH+3 and is ascribed mainly to a 
reaction of CH 3 in the QMS ionizer. The CzH~ 
intensity is much stronger than can be accounted 
for by fragmentation of CzH~,; the most likely 
additional source is C 2 H  4 fragmentation. The 

observation of CI + (the HC! and CH3CI fragmen- 
tations have been subtracted) irdicates that 
atomic C! is driven to desorb from multilaycrs. 
The shape of the HCI + signal is unique in that it 
reaches a maximum only after a 100 s electron 
dose. Since its desorption occurs even below 100 
K, albeit slowly [26], we picture the behavior of 
HCI as follows: with increasing electron fluence, 
the concentration of retained HCi increases and 
the surface temperature also rises slightly (<  1 
K). Slow thermal desorption follows. When the 
surface temperature stabilizes and the HCi for- 
mation rate slows, the desorption rate of HCI 
decreases. 
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Fig. 17 shows C(ls) and Cl(2p) XPS spectra for 
10 ML CH 3CI/Ag(111). Without electron irradi- 
ation, the BE is 286.2 eV for C(ls) and 200.5 eV 
for Cl(2p), quite close to values for the 1 ML case 
(fig. 1). After irradiation with 9 × 10 ~s e- ,  both 
peaks broaden and shift to lower BE; C(ls) peaks 
at 284.1 eV with a shoulder at 286 eV, and Cl(2p) 
is centered at 198.5 eV. The broadening is at- 
tributed to the presence of multiple chemical 
environments for C and C1. As expected; and 
unlike the 1 ML case where only C(ls) decreases, 
both decrease here - C(ls) by 22% and Cl(2p) by 
43%. Thermal changes after electron dosing were 
examined by heating the sample briefly to various 
temperatures, recooling to 100 K and taking XPS. 
Heating to 350 K desorbs molecular CH3CI, HCI 
and hydrocarbons; the C(ls) peak loses additional 
intensity (40%) and narrows, but the BE remains 
nearly the same. The Cl(2p) peak also loses addi- 
tional intensity (25%) and narrows, and there are 
two peaks (199.3 and 197.5 eV). After heating to 
630 K to desorb HCI (fig. 13), the Cl(2p) intensity 
drops an additional 14% and the higher BE peak 
disappears, suggesting that it is associated with 
surface CxHyCI z species. The lower BE peak is 
attributed to chemisorbed CI atoms; it disappears 
after heating to 950 K as AgCI dest~rbs. The C(ls) 
signal behaves differently; consistent with the fact 
that no C-containing species desorb between 350 
and 950 K, the peak shape, intensity and BE all 
remain constant. 

Fig. 18 shows He II UPS spectra (difference 
spectra in the right-hand panel) for the same 
experimental conditions as the XPS of fig. 17. 
Before electron irradiation, there are three 
CH3Cl-related peaks at 6.2, 10.2 and 16.9 eV. 
For 9 × 10 t5 e- ,  these shift to 5.8, 9.3 and 16.3 
eV (fig. 18b). The new peak at 3.6 eV is at- 
tributed to chemisorbed atomic CI and the new 
peaks at 14.1 and 7.7 eV are assigned, in part, to 
m ~ l ~ e . n l ~ r  C 2  4. ~ . . . . . . . .  '~ . . . . . . . . .  , . . o  . . . .  . . . . . . . . . . .  H q , t r f . . r , r . .  C I a l s o  o~n t r ; h , , t oe  t n  

the 7.7 eV peak [18]. After beating the surface to 
350 K, the 9.3 eV peak corrcsponding to molecu- 
lar CH3CI is gone. However, and unlike the 1 ML 
case of fig. 2, the peaks at 5.8 and 16.3 eV are 
still present. The former is attributed to ioniza- 
tion of a C-CI orbital in CxHyCI: (x > 1) - not 
to CHxCI (x < 2), because CH2-CI dissociates 

below 200 K [4]. The 16.3 eV peak is attributed to 
C(2s) in CxHyCI :. After heating to 630 K to 
desorb HC1, the result of CxH,.CI: decomposi- 
tion, the peaks at 5.8 and 16.5 eV are gone. The 
atomic CI peak at 3.6 eV remains, and peaks 
identified with CxHr appear at 6.6, 7.7, 10.0, 11.6 
and 14.1 eV. Heating to 950 K desorbs AgCI and 
some H 2 (see fig. 13); all the UPS peaks lose 
intensity, but the remaining peaks (fig. 18e), are 
consistent with a hydrogen-deficient polymer con- 
taining C=C, C~-C and/or  C-Ag  bonds [2]. 

Compared to the 1 ML case, fig. 2, the major 
difference is the persistence of adsorbates to very 
high temperatures. 

4. Commentary 

The results presented above, and for mono- 
layer coverages summarized in schemes I and II, 
demonstrate very efficient low energy electron- 
driven decomposition of both submonolayer and 
multilayer CH3CI on Ag(111). Electron induced 
decomposition (EID) is an intrinsically interesting 
process deserving, in our opinion, much more 
detailed study as a tool for bond-specific chem- 
istry at adsorbate-substrate interfaces. The study 
undertaken here, limited to 50 eV electrons, 
demonstrates that low energy electrons break, 
with widely varying probabilities, different bonds 
in adsorbates. Although not surprising, this sub- 
ject has received very little attention in the sur- 
face chemistry literature. 

While excitation mechanisms cannot be estab- 
lished using our data, 50 eV is sufficient to ionize 
any valence electron, adsorbate or substrate, in 
the system [27]. Assuming direct ionization, we 
expect, on the basis of mass spectral fragmenta- 
tion patterns, the decomposition of CH3C1 to 
various kinds of fragments that involve breaking 
both C-CI and C-H bonds. As for photon-driven 
dissociation [1,10], we also expect indirect ioniza- 
tion, i.e. dissociative electron attachment (DEA), 
which proceeds using secondary electrons formed 
in the silver substrate. In the gas phase, the DEA 
cross section of CH3CI peaks near zero eV and 
leads to C-CI dissociativn [28]. Thus, we expect, 
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as observed, to find both C-CI and C - H  bond 
breaking. 

More interesting, as noted above, is the speci- 
ficity observed. It is even more pronounced for 
C2HsCI where there is no evidence for electron- 
induced C-C bond breaking [7]. Specificity, i.e., 
strong variations of the cross-section for various 
bonds, reveals itself in the present work mainly 
through evidence that only one C-H bond, not 
two or three, is readily cleaved in CH3CI. The 
incident electron energy is certainly capable of 
direct ionization, and low energy secondaries, 
suitable for attachment, are certainly present. 
Thus, there is no energetic reason to expect sup- 
pression of the excitation cross section. Dissocia- 
tion must be suppressed, either because the ions 
formed are particularly stable or because quench- 
ing i~ faster once one or two bonds are broken. 
Both may be important. As an example of the 
former, CH~ and CH~- are both well-known, 
relatively stable, fragments formed by ionization 
of hydrocarbons. Quenching may be important, 
particularly in cases where the product forms a 
strong adsorbate-metal bond, as do CH 3 and 
CH 2. Strong adsorbate-metal bonding implies 
overlap of electron orbitals and relatively easy 
transfer of charge between the adsorbate and 

+ formed by direct metal. Thus, adsorbed CH 3 
ionization can acquire an electron from silver on 
a time scale that is short compared to the time 
required for breaking the C - H  bond. Thi:, bond 
"healing" or neutralization also appears to be 
relevant in the electron-driven dissociation of 
benzene, C6H6, on Ag where one C-H bond is 
easily broken to form adsorbed phenyl, C6H5, 
and the latter resists C-C or further C - H  bond 
breaking [2]. 

Upon electron stimulation, excited species may 
desorb, a process known as electron stimulated 
desorption (ESD) and one that produces positive, 
negative and neutral (usually dominant) species 
[29]. For coverages up to monoiayer, CH3Ci is 
oriented, i.e., it bonds to Ag(l l l )  through the 
lone pair electrons on CI with CH 3 pointing 
outward [8]. Thus, the desorption of CH 3 is fa- 
vored by momentum transfer to a relatively light 
fragment, just as for photon-driven bond breaking 
[10]. The negligible loss of CI is probably due to 

strong attractive interactions forming a thermody- 
namically favorable precursor to ionic AgCl. Be- 
cause of their alignment with respect to the sur- 
face and each other, these monolayer molecules 
are expected to have distinctive reaction charac- 
teristics, e.g., surface-aligned photoreactions 
[30,31]. 

Unlike photon-driven dissociation of alkyl 
halides [10], 50 eV electrons also drive C-H bond 
dissociation, presumably because of the higher 
energies involved. Dissociation of one C-H  bond 
will result in H and CH2CJ.. Any CH2CI formed 
probably dissociates to CH 2 and Cl since XPS 
shows no evidence for C-CI bonds after interme- 
diate electron exposure. While many fragments 
are retained, others desorb and still others un- 
dergo reactions with neighboring species to pro- 
duce ethane and ethyl, some of which desorb 
directly, and ethylene. 

Not surpr:~singly, the relative coverages of the 
retained products depend on electron fluence 
(EF). One example follows from the propensity to 
retain atomic Cl and its known alteration of the 
properties of Ag. Moreover, site occupancy and 
blocking are, as always, important considerations 
where the number of surface reaction sites is 
limited and the species occupying them cannot be 
considered a 2D gas. The changing distribution of 
surface species with EF is also important. While 
these factors make it impossible to extract a sim- 
ple kinetic description of the chemistry observed 
here, some general observations can be made. 
Due to electron induced dissociation of C - H  
bonds, the H / C  ratio of all adsorbed hydrocar- 
bon fragments decreases with increasing EF (fig. 
8). Beyond 2.5 × 1015 e- ,  the TPD areas of the 
saturated hydrocarbons decrease, more or less 
reflecting the coverage of CH 3(a) which is slowly 
lost through C - H  dissociation. For unsaturated 
hydrocarbons and H 2, however, decreases set in 
at much higher EF, reflecting the low probability 
of C -H  bond breaking in CH 2. 

The relative concentrations of these surface 
fragments also depend on CH3CI coverage. The 
post-EID TPD results at submonolayer coverages 
are interesting; the desorption products are dom- 
inated by CH4, C2H 6 and C3H 8 (fig. 12), sug- 
gesting that the relative concentration of surface 
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CH 3 is high. This probably reflects a slightly 
higher relative cross section for C-CI, compared 
to C-H,  dissociation. From intermediate sub- 
monolayer coverage to 1 ML, the desorption in- 
tensities of H 2 and C2H 6 increase while those of 
CH 4 and C3H 8 decrease (fig. 12). The increase 
of C2H 6 desorption intensity can be partially 
attributed to enhanced CH3-recombination, but 
many puzzles remain, e.g., why the intensity of 
CH 4 decreases even though its formation occurs 
at lower temperature than C2H 6. 

Unlike the saturated hydrocarbons, the C 2 H  4 

and C 3 H  6 TPD areas increase monotonically with 
CH 3C1 coverage below 1.7 ML. This suggests that 
the CH x (x < 2) /CH 3 ratio increases with CH3CI 
coverage. 

The multilayer EID results are particularly 
interesting because Cl-containing species desorb 
during electron exposure and because there is 
high temperature desorption of H 2 and HCI. The 
desorption of CH3CI during irradiation is a non- 
thermal process that can result from direct ion- 
ization and quenching [32] or indirectly as a result 
of collisions with energetic fragments, as in pho- 
tolysis of methyl halides [33]. 

For multilayers most of the molecules are not 
in direct contact with the silver and the orienta- 
tion is probably more random than for a mono- 
layer. We anticipate, therefore, that substrate in- 
fluences arid orientational effects will be lost as 
the overlayer thickens. For example, a CI atom 
formed by multilayer ionization is born with ex- 
cess energy and rrmy collide with numerous CH 3CI 
species. Thermodynamically, abstraction of H to 
form HCI is favorable and may account for the 
HCI observed during EID and in TPD at 110 K. 
Upon H abstraction, CH2CI is formed within a 
matrix of CH3CI and can participate in a short 
chain of reactions leading to olefins and eventu- 
ally, CxHrCI z. But it is not necessary, for the CI 
to react; its translational energy is sufficient to 
lead to desorption. 

For multilayers, fragment displacement at the 
metal surface must be considered, i.e., a reactive 
species formed within the multilayer has the 
chemical potential to displace CH3C1 held in the 
first monolayer. While all radical fragments are 
thermodynamically capable of displacing the par- 
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Fig. 19. Thermoche~istry of hydrocarbon fragments on 
Ag(lll). 

ent, H atoms, which are small, may do so more 
readily than larger radical fragments, e.g., CH 3 
and CH 2. Under such circumstances, the larger 
fragments will have a relatively longer lifetime in 
the parent multilayer matrix - long enough to 
react with another fragment to form CH 4, C 2 H  4 
or C zH6. Ethylene and larger saturated and un- 
saturated hydrocarbons can also be retained at 
the surface and lead to desorption-limited peaks 
in TPD (fig. 13). 

We turn now to a brief presentation of the 
thermochemistry of the C x H J A g ( l l l )  system. 
Recently, Carter and Koet [34] have proposed a 
method for estimating surface reaction energetics 
and have applied it successfully to ethylene de- 
composition on Pt( l l l ) .  We have used the same 
methodology and, except for the Ag-C and Ag-H 
bond energies, the same data, to develop fig. 19 
for hydrocarbon fragments on Ag(111). We have 
used a A g - C  bond energy of 38 kcal/mol [35] 
and a A g - H  bond energy of 54 kcal/mol [36]. To 
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include C 2 hydrocarbons, the diagram has been 
constructed assuming 2 carbon and 6 hydrogen 
atoms. 

One important general observation can be 
made: because the C-Ag and H-Ag bonds are 
relatively weak, the thermochemistry favors for- 
mation, not cleavage, of the relatively strong C-C  
and C - H  bonds. For example, insertion of CH 2 
into CH 3 (loss of one C-Ag  bond and gain of one 
C-C bond) is exothermic by 21.9 kcal/mol. But 
conversion of CH 3 to CH 2 + H (loss of one C - H  
bond and gain of one H - A g  bond) is endother- 
mic by 17.2 kcal/mol. 

To connect the predictions of fig. 19 to our 
experiments, we assume that electron induced 
decomposition (EID) leads non-thermally to rela- 
tively large concentrations of CH 2 and CH 3- From 
this point (the rectangle in fig. 19), CH 2 insertion 
to form CEH5(a), hydrogenations to form CH4(g) 
or 2CH3, and concerted rearrangements to form 
CEH4(g or a ) o r  CHaCH(a) are all exothermic. 
The formation of C2H6(g) from CEH5(a) and 
H(a) is also exothermic. Assuming that C2Hs(a) 
is also synthesized during EID, fig. 19 indicates 
that its only exothermic path to C~ or C 2 prod- 
ucts is hydrogenation to ethane. Recombination 
to form butane (not shown) is also exothermic. 
Generally speaking, C-C and C-H bond forming 
reactions, at the expense of C-Ag and H - A g  
bonds, will always be exothermic. Thus, this ther- 
mochemical diagram, based in part on quantum 
calculations [34,35], is consistent with our results. 

This methodology gives no insight into reac- 
tion barriers or the influence of local concentra- 
tions, including coadsorbates. Our data suggests 
that activation energies for atomic H reactions lie 
below those for CH 2 which, in turn, lie below 
those for CH 3. Thus, hydrogenation and H atom 
recombination occur at lower temperatures than 
CH 2 insertion and recombination; CH3 recombi- 
nation occurs at even higher temperatures. 

5. Summary and conclusions 

Electron (50 eV) induced dissociation of both 
monolayer and multilayer CH3CI adsorbed on 
Ag( l l l )  at 100 K occurs with high probability. 

For 1 ML, the initial total EID cross section is, at 
most, (5.5 + 0.5) × 10-16 cm 2. As summarized in 
schemes I and If, CH 3 and CEH 5 radicals and 
CH4, C2H 6 and, perhaps, C2H 4 molecules de- 
sorb during EID. The desorption of Cl-containing 
species is negligible; more than 90% of the initial 
Cl remains after an extended electron irradiation. 
At the surface, species are retained which pro- 
vide evidence for electron stimulated C-CI and 
C-H  bond cleavage and for C - C  bond formation 
i.e., atoms (H and Cl); polyatomic fragments 
(CH2,3, C2H 5, and, perhaps, =CHCH 3 and 
-CH--CH2); and molecules (C2H4). For the most 

part, these can be understood in terms of ioniza- 
tion of CHaCI followed by C-C1 or C -H  bond 
cleavage. The resulting CH 3 decomposes upon 
further electron stimulation, while CH 2C1 decom- 
poses thermally, both giving CH 2. Only for very 
high electron fluence (EF) does decomposition 
proceed beyond CH 2. 

Preadsorbed submonolayer Cl suppresses for- 
mation of saturated hydrocarbons (CH4, C2H 6 
and Call 8) and lowers the desorption tempera- 
ture of the olefins (CzH 4 and C3H6). The results 
are explained by assuming that Cl decreases the 
retention probability of fragments, especially 
CH3, and lowers reaction activation barriers for 
the retairted C, Hy fragments. 

In the presence of D, the EID iragments react 
with coadsorbed D atoms to produce saturated 
and unsaturated hydrocarbons with limited D 
content. Methane and ethane contain no more 
than 2 D's, and the C3's have no more than 3 D's. 
While some D incorporation may occur during 
electron do~ing, most of it is readily understood 
in terms of irreversible thermal hydrogenation 
during TPD. 

For thick multileyers, C!-containing fragments 
(i.e., C1, HCI, and CH3C1) and H 2 desorb during 
electron dosing; otherwise, the products are the 
same as found for lower coverages. Compared to 
1 ML, post-EID TPD of reaction-limited satu- 
rated hydrocarbons (CH4, C2H 6 and C3H s) is 
significantly attenuatea, a fact interpreted in 
terms of less retention of CH 3. The desorption- 
limited unsaturated hydrocarbons (C2H4, C3H8, 
and Call 8) are more intense. Unlike the mono- 
layer case, HCI desorbs (110 K), indicating its 
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formation during electron dosing. There is also 
high temperature desorption of HCI (545 K) and 
H 2 (>  800 K), and surface carbon is retained 
after TPD to 950 K. These results are explained 
in terms of decomposition of a strongly bound 
hydrogen-deficient species (CxHyCIz(a), x >  1) 
formed during electron irradiation of multilayers. 
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