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The photochemistry of chemisorbed CH3 Br on Pt{ III} has been investigated using high 
resolution electron energy loss spectroscopy (HREELS) and thermal desorption. The primary 
photon-induced reaction involves the cleavage of the C-Br bond, giving rise to chemisorbed 
CH3 and Br, both of which can be identified in HREELS. From the angular dependence of the 
loss peaks, the symmetry of the CH3 surface complex is shown to be C3v ' HBr can also be 
identified in subsequent thermal desorption. Experiments performed directly with HBr on 
Pt{ Ill} indicate that molecular HBr adsorbs dissociatively on this surface. This result, in 
combination with observations of the C-H vibrational mode as a function of temperature, 
shows that the production of HBr arises from a secondary surface reaction between Br and 
CHx fragments. Based on the wavelength dependence of the fragmentation cross section and 
the photoemission spectrum of adsorbed CH3 Br the primary photon-induced reaction to a 
charge transfer excitation is ascribed. 

I. INTRODUCTION 

Gas-surface reactions induced by lasers in the visible 
and near ultraviolet (UV) spectral regions have gained in
creasing importance in recent years in the technologically 
relevant areas of photo-induced etching, photoablation, and 
photo-induced growth of metal and compound-semiconduc
tor thin films. A prerequisite for the optimization of such 
processes is the basic understanding of reaction pathways 
and mechanisms on well-characterized surfaces. Funda
mental research in this field evolved with the study of pho
toreactions of adsorbed molecules on semiconductor and in
sulator surfaces. 1-6 More recently, however, 
photon-induced processes on metal surfaces have received 
considerable attention. 

The photon-induced fragmentation of chemisorbed al
kyl halides has been investigated by several groups.3,4,7-12 In 
particular, White and co-workers have carried out a series of 
investigations on the adsorption, desorption, and decompo
sition of chloro-, bromo-, and iodo-methanes on Pt{ III}. 7-9 
These authors have shown that while CH3 I decomposes 
thermally, both CH3 Cl and CH3 Br dissociate only in the 
presence ofUV photons. Whereas the mechanism of photon
induced dissociation of these chemisorbed systems is still 
under discussion, a photochemical dissociation pathway, 
identical to that in gas phase, has been favored by White et al. 
for the dissociation ofCH3 Br on Pt{III}.9 For this system 
it has been suggested that UV absorption by the adsorbed 
CH3 Br molecule leads to formation of an electronically ex
cited state that is strongly repulsive with respect to the C-Br 
bond, resulting in direct dissociation. In work on coadsorbed 
CH3 Cl and CD3 Br,8 both a direct excitation model, as well 
as a mechanism involving absorption in the metal, have been 
discussed. In the latter, photoelectrons or hot electrons are 
produced that cause dissociation via electron attachment to 
the adsorbate. 

a) Present address: The Aerospace Corporation, MS M2-24l, P.O. Box 
92957, Los Angeles, California 90009. 

In the systems CH3Br and CH3Cl on Ni{lll},ll,12 
Marsh et al. have proposed a different fragmentation mecha
nism. For the dissociation of CH3 Br on Ni{ Ill} at 193 nm, 
charge transfer processes between the substrate and the mol
ecule have been suggested as the dominant step in the photo-
h · II T f . c emlstry. wo ragmentatlon processes, namely, direct 

photofragmentation and dissociative electron attachment 
were thought to be responsible for the dissociation ofCH3 CI 
with 193 nm light, while at 248 nm the dissociation was 
attributed only to electron attachment. 12 

In addition to the work on alkyl halides, several other 
chemisorbed molecules have been studied. Chuang and Do
men 13 have investigated the systems CH2 12 / Al2 0 3 and 
CH2 12/ Ag. Desorption associated with photon-induced 
fragmentation was monitored by x-ray photoemission, time
of-flight mass spectrometry, and thermal desorption. On 
both surfaces low quantum yields for dissociation were 
found indicating rapid electronic relaxation of the adsor
bate. The photochemistry of ketene adsorbed on Pt{ Ill} 
and also that of O2 on Pt{ Ill} have recently been investigat
ed. 14,15 In studies on the decomposition of Mo(CO)6 on 
Si{ lOO}, 16 and the decomposition and desorption of several 
metal carbonyls on Si{III},17 the UV dissociation of the 
metal carbonyls has been attributed to an electronic excita
tion in the carbonyl. Hasselbrink and co-workers l8 have re
ported the photodissociation ofN02 adsorbed on top of NO
saturated Pd{lll}. These authors have concluded from the 
polarization dependence of the incident light that the photo
dissociation is caused by excitation of metal electrons rather 
than direct absorption in the adsorbate. 

While no single mechanism for photo-induced dissocia
tion processes on surfaces has been uniquely established, sev
eral reaction mechanisms have been discussed, as mentioned 
above. The photochemistry of adsorbates is complicated, 
compared to that of free molecules, by the presence of sub
strate electrons. It is generally expected that the excitation in 
the adsorbate can be rapidly quenched by energy transfer 
into the continuum of electronic excitations in the substrate. 
Lifetimes of repulsive states in the adsorbate may, however, 
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still be long enough to cause reaction before being quenched. 
An additional dissipative channel at surfaces is provided by a 
very effective coupling to surface and bulk phonon excita
tions, which may strongly influence a reaction coordinate in 
comparison to gas phase measurements. In almost all pre
vious studies a comprehensive discussion of the mechanism 
of photon-induced processes in molecules chemisorbed on 
metal surfaces has been prevented by the lack of quantitative 
information in cross sections as well as by a severely restrict
ed wavelength range. 

In an earlier paper,19 we reported the results of quanti
tative measurements made over a range of wavelengths in 
the near ultraviolet, establishing the fragmentation cross 
section of chemisorbed CH3 Br on Pt{ Ill}. In this paper we 
focus primarily on understanding the chemical aspects of 
this system. In particular, high resolution electron energy 
loss spectroscopy (HREELS) has been used to characterize 
the vibrations of adsorbed species on the Pt{ Ill} surface 
both before and after UV illumination. These measurements 
are complemented by thermal desorption spectroscopy 
(TDS) to monitor the products of the photon-induced reac
tion. Not only the primary reaction involving the cleavage of 
the C-Br bond, but also the secondary surface reaction re
sulting in the production of HBr at high temperatures have 
been followed with EELS. Finally, we contribute some more 
thoughts on the nature of the excitation mechanism of the 
primary photon-induced reaction. 

II. EXPERIMENT 

All experiments were carried out in a UHV chamber 
with a base pressure of 2 X 10 - 10 Torr. A Pt{ Ill} crystal 
(area -1 cm2

) was mounted between a pair of tungsten 
wires that were connected via a copper rod directly to a liq
uid nitrogen reservoir. The temperature of the directly heat
ed crystal was measured with a chromel-alumel thermocou
ple welded to the back surface of the crystal. The sample 
surface was cleaned by cycles of Ar-ion bombardment 
(beam energy of 0.5 kV, 15 f..lA emission current) at room 
temperature and at 900 K. Following sputtering, the crystal 
was annealed at 1100 K for at least three minutes at a back
ground pressure in the 10 - 9 Torr range. 

Methyl bromide (99.5%, Linde) was used directly from 
a lecture bottle without further purification. Its purity was 
verified by the mass spectrometer. Two alternative methods, 
both yielding the same results, were used to prepare a mono
layer of CH3 Br. The first method involved cooling the 
Pt{ 11 I} crystal to 160 K and then exposing it to CH3 Br at a 
typical dosage of 10 - 7 Torr for 50 s. Alternatively, the pro
cedure suggested by White and co-workers was used. In this 
case, the sample was cooled to 148 K, which in our system 
was the lowest temperature attainable, followed by exposure 
to CH J Br and then heating to 160 K. Since multilayers of 
CHJ Br desorb at 130 K, condensation does not occur. The 
monolayer desorbs at 165 K. 

Irradiation of the Pt{11 I} crystal was performed in the 
upper level of the UHV chamber. The source ofUV photons 
was a 1000 W high-pressure Xe lamp (LTI, LPS 1000X). 
The spectral power density distribution of the output of the 

Xe lamp including the collimating optics was experimentally 
determined by passing the output through a one-fourth me
ter monochromator (AMPCO Metrospec) and measuring 
the power with a calibrated power meter (Scientech 362) 
positioned at the exit slit. Entrance and exit slits of the mono
chromator were 20 mm long and their widths were 1 and 5 
mm, respectively. The spectral bandpass under these condi
tions was 30 nm. Power measurements were made for a lamp 
input power of 760 W. These data were scaled accordingly 
for the appropriate lamp powers used during irradiation, as
suming a linear scaling of output and input powers. 

After passing through a water filter to eliminate un
wanted infrared radiation, the output from the lamp was 
collimated with a telescope system comprising of2 UV grade 
plano-convex lenses. All measurements reported here were 
made with the UV light at normal incidence. The collimated 
beam entered the UHV chamber through a port fitted with a 
MgF2 window and illuminated the entire area of the sample 
uniformly. A set of short wavelength cutoff filters (Schott, 
WG 280 through GG 395) with precisely known transmis
sion functions and with their short wavelength cutoffs rang
ing from 270 to 370 nm were used to perform wavelength 
selective UV irradiation. Typical irradiation times, starting 
at 148 K, were 40 min during which a 5-6 K increase in 
sample temperature is measured. This increase in tempera
ture during irradiation is, however, still well below the de
sorption temperature of the monolayer. Between consecu
tive runs, it was made certain that the liquid nitrogen in the 
manipulator reservoir was boiled off, so as to prevent any 
readsorption of methyl bromide onto the Pt substrate from 
the cooled tube. 

For TDS, the sample was resistively heated at a heating 
rate of 4 K/s from the lowest temperature of 148 K to as high 
as 1100 K. A Balzers (QMG 420) quadrupole mass spec
trometer, mounted in one of the ports in the upper level of 
the chamber and directly viewing the illuminated sample 
surface, was used for these measurements. Control experi
ments with the sample surface rotated away from the mass 
spectrometer head enabled the products desorbing from the 
surface to be assigned uniquely. 

The lower level of the chamber is equipped with a 
HREELS system, the design of which has been described 
elsewhere.2o All HREELS spectra reported in this paper 
were acquired at a primary energy of 1.3 e V and an incidence 
angle of 55° from the surface normal. The typical resolution 
was 10-11 meV. 

III. RESULTS AND DISCUSSION 

A. Time dependence of the photon-induced reaction 

In all our experiments both HBr (rnle 80) and Br (rnle 
79) were detected in TDS after irradiation. Although CH4 

(rnl e 16) was also detected, the detection of the higher 
masses 79 and 80 was preferred for the quantitative measure
ments, due to a large background of CH4 present in the 
chamber. No measurable signals corresponding to Br2 (rnle 
158 or PtBr + + (rnle 137) were observed. The dependence 
on UV illumination time has been studied both quantitative
ly with the thermal desorption spectra ofBr and HBr, as well 
as qualitatively with the EEL spectra. Figure I shows plots 
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FIG. 1. Time dependence offragmentation yields obtained from the Br and 
HBr signals in TDS. 

for the total areas of the Br and HBr thennal desorption 
peaks as a function of illumination time and indicates that 
after 40 min of illumination, the photolysis of a chemisorbed 
CH3 Br monolayer is nearly complete. 

Figure 2 shows a corresponding series of EEL spectra, 
in the specular direction, as a function of increasing illumi
nation time (0-80 min). The different loss peaks observed 
for the parent molecule (68, 115, 156, 173, and 361 meV) 
prior to UV illumination (time = 0) correspond to the dif
ferent C-H vibrations and are discussed in detail in Sec. 
III D. The important point to note is that these spectra give 
qualitatively the same infonnation as the thennal desorption 
spectra in Fig. 1. It can be clearly seen that after 10 min of 
illumination, the EEL spectrum still shows all the features 
characteristic of the parent molecule, although the loss 
peaks are significantly reduced in intensity. After 20 min of 
illumination the EEL spectrum begins to look markedly dif
ferent with the CH3 vibrations no longer observable. In ad
dition, it can be seen that as the illumination time is in
creased, the C-Br stretch frequency (68 meV) begins to 
disappear and is instead replaced by the Pt-C stretch fre
quency (61 meV). When the illumination time is doubled 
from 40 to 80 min, there are no further significant alterations 
in the spectra. A loss peak at 253 meV is also observed, espe
cially after 40 and 80 min of illumination, and is also dis
cussed in Sec. III D. 

B. Wavelength dependence of the photon-induced 
reaction 

For the evaluation of fragmentation cross sections of 
chemisorbed CH3Br on Pt{111}, a whole series of measure
ments was carried out, in which the sample was illuminated 
for 40 min with selected ranges ofUV light from the Xe lamp 
using a set of cutoff filters. In each of these experiments, the 
illumination was followed by TDS measurements of HBr 
(rnle 80) and Br (rnle 79), which both show rather broad 
temperature maxima at 540 and 860 K, respectively. These 
results are shown in Fig. 3. It can be easily observed that the 
measurement with the full-arc [Fig. 3 (a)] produces the lar
gest desorption signals for both HBr and Br and that these 

xl Pt(lll) + CH,Br 

o 
ENERGY LOSS (meV) 

FIG. 2. HREEL spectra of chemisorbed CH, Br as a function of illumina
tion time. The different vibrational losses in the spectrum of the unillumin
ated parent molecule (time = 0) are listed in Table I. All spectra are mea
sured in the specular direction and scaled with respect to the elastic peak 
(X 1). 

signals decrease monotonically in intensity [Figs. 3 (b)-
3(f)] as the shorter wavelengths are eliminated. 

In the full-arc illumination, the short wavelength cutoff 
is taken as 200 nm, the convoluted limit imposed by the 
rapidly decreasing lamp output and the transmission of all 
the optics. In all other measurements, the short wavelength 
cutoff is detennined by the respective filter. The long wave
length cutoff was detennined experimentally. With the cut
off filter GG 400 having no transmission below 390 nm, no 
measurable signals ofHBr and Br were obtained in TDS, in 
spite of the fact that the total number of photons available 
from the lamp at A> 390 nm is much greater than that below 
390 nm. This clearly indicated that the absorption cross sec
tion of chemisorbed CH3 Br at A > 390 nm must be negligibly 
small and allows the long wavelength cutoff to be placed at 
~390nm. 

Complementary to the TDS data shown in Fig. 3, 
HREELS measurements also revealed a distinct dependence 
on the input photon wavelength. The loss peaks due to the 
resulting CH3 fragment will be discussed later. It suffices 
here to note that they also decrease monotonically in intensi
ty as the high energy photons are eliminated. 

c. Fragmentation cross sections 

Calculations offragmentation cross sections were made 
using TDS data obtained with several different cutoff filters 
(Fig. 3). Details of the method used have been described 
elsewhere. 19 Briefly, beginning with the Beer-Lambert 
equation analogous to the gas phase, it is possible to correlate 
the TDS areas Nd (j), obtained for each of the optical filters 
(j) in the wavelength interval i, to the dissociation or photo
fragmentation cross section O'd (i), the photon flux I;j, the 
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FIG. 3. TDS spectra ofHBr (m/e 80) and Br (m/e 79) obtained with a 
series of optical filters after UV illumination of a chemisorbed monolayer of 
CH;Br. (a) No filter, (b)-(f) cutoff wavelength A. at 290,310,320,340, 
and 360 nm, respectively. No measurable signal was obtained with a filter 
having a cutoff wavelength at 390 nm. 

TDS area obtained with the entire range of available photons 
No, and the area of the sample A. 

For purposes of the calculation it is assumed that the 
TDS area corresponding to 40 min of illumination without 
any filter [Fig. 3(a)] is proportional to the total number of 
dissociated molecules, and therefore to the total number of 
CH3 Br molecules initially adsorbed No. This assumption is 
justified, based on the time dependence studies described in 
Sec. III A. It has also been established that, for the exposures 
of CH3 Br used, the coverage is about one monolayer. This 
allows us to relate the density of CH3 Br molecules per unit 
area, p to No, the total number of dissociated molecules 
formed from one monolayer in the entire spectral range: 

No = C XpXA. (1) 

Because of this scaling, the absolute number of molecules at 
No coverage is irrelevant. In addition, it is important to note 
that we approximate p as being constant in time, which is 
valid due to the experimentally observed linearity in Fig. 1. 
The final result is 

(2) 

A direct analytical solution of (2) does not yield mean
ingful values for all the U d (i), which is due to the experimen
tal uncertainties in determining Nd (j) with filters that pro
duce the smallest TDS areas. A set of U d (i)'s from (2) was 
therefore empirically determined by an optimum set of 
U d (i) that gave the best fit to the experimental values of 
N d (j) 'so These data are plotted in Fig. 4. Also shown is a plot 
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FIG. 4. Fragmentation cross section of chemisorbed CH3Br calculated 
from the TDS data of m/ e 79 for Fig. 3. Also shown is the gas-phase absorp
tion cross section ofCH)Br taken from Ref. 21. The downward arrow on 
the cross section at 390 nm indicates that the value here represents our lower 
detection limit. The data point at 235 nm has been calculated for a rather 
large dA. (200-280 nm), due to lack of filters at A. < 280 nm (unlike all other 
data for which dA. is 10 or 20 nm). This uncertainty in wavelength is indicat
ed by a horizontal arrow. 

of the gas phase absorption cross section of CH3 Br in the 
wavelength range 180-250 nm.21

,22 As can be clearly seen by 
a comparison of these two curves, the fragmentation cross 
section obtained for chemisorbed CH3 Br is considerably 
broadened compared to the gas-phase absorption curve, and 
extends to nearly 400 nm. In addition, it displays a maxi
mum in the range of 330-340 nm with a value of about 
8 X 10 - 20 cm2

• The significance of these data of our under
standing of the fragmentation mechanism is taken up again 
in Sec. III E. 

D. Identification of parent and product vibrations using 
HREELS 

1. CH3Br 

In Fig. 5 we present the HREEL spectra for monolayer 
CH3 Br measured in the specular and off-specular direction. 
Table I lists the vibrational frequencies corresponding to all 
the loss peaks observed in these spectra and the correspond
ing gas phase values.23 These results are in agreement with 
those reported by Zhou et al.24 The observation that the 
C-Br stretch frequency is decreased by nearly 10 meV from 
its gas phase value, but that the C-H vibrational frequencies 
are not significantly altered supports the conclusion that 
CH3 Br is bonded to the Pt substrate through the Br and not 
through the hydrogens. Additional loss peaks at 118 and 179 
meV (CH3 bending modes) are observed in the specular 
direction, although these vibrational modes would be dipole 
forbidden in C3v symmetry and only seen in the case of 
strong impact scattering. The observation that they are due 
to dipole scattering leads to the conclusion that the symme
try of the molecule is lower than C3v • As Zhou et al.24 have 
already suggested, this can be interpreted as an adsorption 
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FIG. 5. HREEL spectra of monolayer CH3 Br (top) specular and (bottom) 
15" olf-specular. 

geometry with the CH3 -Br axis tilted with respect to the 
surface normal. 

2.CH3 

Shown in Figs. 6(b)-6(d) are HREEL spectra follow
ing illumination of chemisorbed CH3 Br. Figure 6(b) shows 
the spectrum of an unannea1ed sample, measured at the 

TABLE I. Vibrational frequencies of CH3 Br and CH3. 

Vibrational CH3Br CH3Br CH3 
modes of gas phase" on Pt{lll}b on Pt{ll1}b 
CH3Br/CH3 E, meV (em -I) E,meV(cm- l

) E,meV(cm-') 

V3 (AI) 

C-Br stretch 76 (611) 68 (548) 
v. (E) 
CH3 rock 118 (955) 115 (927) 91 (734) 
V2 (AI) 

CH3 sdeform 162 (1306) 156 (1258) 143 (1153) 
v, (E) 

CH3 d deform 179 (1443) 173 (1395) 169 (1363) 
VI (AI) 

CH3 s stretch 364 (2935) 352 (2839) 
v. (E) 
CH, d stretch 379 (3056) 361 (2911) 357 (2879) 

v 
Pt-CH3 stretch '" 61 (492) 

• Reference 20 (IR). 
bThis work (HREELS). 

xl 
Pt(lll) + CH,Br 

'<il' .-::: 
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Z ..... 

100 200 3 a 4 

ENERGY LOSS (meV) 

FIG. 6. HREEL spectra of (a) chemisorbed CH3Br, specular, (b) after 40 
min ofUV irradiation, specular, and (c) and (d) both measured after an
nealing to 255 K; (c) specular and (d) olf-specular. 

specular angle directly after 40 min illumination, as in Fig. 2. 
Figures 6 (c) and 6 (d) show HREEL spectra after annealing 
the sample at 255 K to remove any readsorbed CH3 Br. The 
spectrum (c) that was measured at the specular angle shows 
distinct loss peaks at 61 meV, 143 meV, and a broad peak 
around 352 meV. In addition, there is an indistinct shoulder 
in the elastic peak at ~ 23 me V. The HREEL spectrum (d) 
measured 15° off-specular has, in addition to all the loss fea
tures observed through dipole scattering at the specular an
gIe, three additional loss peaks at 91, 169, and 357 meV. 
Noting the work of Ceyer et al. 25 on the dissociative chemi
sorption of CH4 on Ni{ Ill}, we can assign the loss features 
at 61 and 143 meV, seen in dipole scattering, to the Pt-CH3 

stretch and the CH3 symmetric deformation, or umbrella 
mode, respectively. The broad peak at 352 meV may be as
signed to the CH3 symmetric stretch. The loss peak at 91 
meVis most likely due to the low-frequency CH3 rock, while 
the peaks at 169 meV and the broad peak at 357 meV are 
assigned to the CH3 degenerate deformation and the CH3 

asymmetric stretch, respectively. All of the above loss fre
quencies are listed in Table I. The barely apparent feature at 
~ 23 meV is due to the Pt-Br stretch of atomic bromine. The 
HREELS detection of the symmetric CH3 vibrations in di
pole scattering and the asymmetric CH3 vibrations only in 
impact scattering indicate that the configuration of the CH3 

species produced through UV photon-induced fragmenta
tion of chemisorbed CH3 Br on the Pt{ Ill} is C3v , i.e. the 
metal-C axis is perpendicular to the surface. Our results are 
to be contrasted with those of Costello et al.,9 who observe 
the same spectrum in specular and off-specular and conclude 
that the symmetry of the CH3 species is lower than C3v • 
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3.HBr 

The loss feature at 253 meV that appears in all the spec
tra after long illumination times still has to be assigned. A 
peak near 255 meV in such a situation is likely to be due to 
the C-O stretching frequency. This would be consistent with 
the HREELS data presented in Fig. 2, where it can be seen 
that, although the peak at 253 meV is hardly visible at short 
illumination times (up to 20 min), after longer illumination 
times of 40 and 80 min, corresponding to the almost com
plete removal of CH3 Br from the Pt surface, its intensity 
increases considerably. However, since HBr is observed in 
the TDS measurements following UV illumination, it was 
possible that this peak might result from the H-Br stretch, 
shifted to a considerably lower frequency in comparison to 
its value to the solid (- 300 meV) (Ref. 26) and the gas 
phase (-317 meV)Y Direct adsorption experiments with 
HBr were thus carried out. 

The Pt{ Ill} sample was first exposed to increasing con
centrations of HBr at room temperature. HREEL spectra 
measured after various exposures to HBr showed no indica
tion of any loss peak that could be identified with the H-Br 
stretch. The only feature observable is an unresolved shoul
der in the elastic peak due to the Pt-Br stretch. These obser
vations are indicative of dissocative adsorption of HBr and 
are similar to the results of Wagner and Moylan28 in their 
HREELS study ofHCl on Pt{111}. In addition, it is worth 
noting that no loss peak is observed at 253 or 255 meV, 
which suggests that the loss peak at 253 meV was not due to 
HBr, but in fact to CO. A peak of this intensity corresponds, 
however, to a CO coverage of considerably less than a tenth 
of a monolayer. 

Since hydrogen is known to desorb at around room tem
perature on this surface, HREEL spectra were measured at 
ISO K in the specular and off-specular (15°) directions for 
the Pt{ Ill} sample exposed to 60 L HBr. In both spectra, an 
unresolved shoulder at 23 meV due to the Pt-Br stretch is 
observed. In addition, the HREEL spectrum in the specular 
direction shows two broad losses at 54 and 136 meV. In the 
off-specular direction, loss peaks at 64 and 136 me V with 
intensities comparable to those of the losses in the specular 
direction are observed. Comparison with the HREEL spec
tra of pure hydrogen on Pt{ Ill} shows that the features are 
very similar. The fact that H has a very low scattering cross 
section explains the similar intensities oflosses in the specu
lar and off-specular directions. The loss peak at 136 meV is 
attributed to the perpendicular mode of H against the 
Pt{111} surface, which is also the dipole active mode. In 
addition, there are two degenerate modes ofH parallel to the 
surface when it is adsorbed in a threefold site. The loss peaks 
at 54 and 64 me V are attributed to these parallel modes 
whose degeneracy may be lifted due to H-H or H-Br inter
actions. These spectra clearly indicate that at low tempera
tures HBr also adsorbs dissociatively, similar to the situation 
at room temperature, but with the difference that below the 
desorption temperature ofH2 the Pt-H modes can clearly be 
observed. 

To determine whether there is any reaction at all be
tween Br and H coadsorbed on the surface, a predominantly 
Br covered surface was first prepared by exposing the 

Pt{ Ill} surface to 60 L HBr at 150 K, followed by heating to 
540 K, where thermal desorption of HBr in the CH3 Br ex
periments was observed, and then cooling to 150 K again. 
Cooling to 150 K appears to result in some H2 readsorption. 
This surface was then exposed at 150 K to 2000 L of H2 and 
HREEL spectra measured both in the specular and off
specular directions. Spectra identical to those in Fig. 7 were 
obtained, with no indications of any new loss features. These 
experiments show that Br and H do not react on the Pt{ Ill} 
surface at temperatures lower than room temperature, even 
in the presence of excess H2 • The formation of HBr in the 
photon-induced reaction seems to be due to the secondary 
reaction of Br with CHx species from the CH3 Br, rather 
than the reaction of Br with surface or gas phase H atoms. 

This latter conclusion is supported by the HREEL spec
tra shown in Fig. 8. These were measured as a function of 
annealing temperature in order to monitor the vibrations of 
species remaining on the Pt surface during sequential de
sorption. The first two spectra from the top show once again 
the parent CH3 Br molecule before and after 40 min of illu
mination, both at 148 K. On sequential annealing to higher 
temperatures, several interesting observations may be made. 
The loss peak at 143 meV corresponding to a CH3 bending 
mode, seen at 255 K, disappears on annealing to 325 K. This 
seems to correlate with the detection of CH4 in TDS at 275 
K in our experiment and with the suggestion of White et al. 
in their study9 that CH4 is formed through the dehydroge
nation of two CH3 groups on the Pt surface. In addition, it 
should be noted that, even after removal of CH3 as CH4 at 
325 K, the loss peak at 357 meV corresponding to a C-H 
stretch still remains, indicating the added presence of either 
CH2 or CH on the surface. This peak is seen in EELS until a 
temperature of 600 K is reached. However, beyond 600 K, 
no C-H stretch is observed, and finally on annealing to 700 
K, no loss peaks can be seen apart from an unresolved shoul-

xl 

Pt(lll) + 60 L HBr, 150K 

specular 

x30 

o 100 200 300 400 

ENERGY LOSS (meY) 

FIG. 7. HREEL spectra of 60 L HBr adsorbed at 150 K on Pt{ 11 J} mea

sured in both specular and 15° off-specular directions. 
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o 100 200 300 400 
ENERGY LOSS (meV) 

FIG. 8. HREEL spectra measured as a function of annealing temperature in 
order to monitor secondary reaction products on the surface. From top to 
bottom: chemisorbed CH3 Br before and after 40 min of UV irradiation, 
both measured at 148 K in the specular direction. Subsequent annealing to 
255,325,500, and 700 K measured IS' off-specular. 

der in the primary peak corresponding to the Pt-Br stretch. 
Since HBr desorbs at 540 K, the disappearance of the C-H 
stretching frequency above 600 K suggests that the forma
tion of HBr occurs at these high temperatures through a 
secondary reaction of Br with CH2 and CH. 

E. Fragmentation mechanisms 

The absorption spectrum of CH3 Br in the gas phase is 
continuous in the region 180-285 nm, with a maximum at 
205 nm (6.05 eV).21 This absorption is attributed to an 
np 1T ..... cr* transition of the nonbonding electrons localized on 
the Br atom into the lowest antibonding 0' orbital associated 
with the C-Br bond. There is no reported absorption at 
wavelengths longer than 285 nm. While the photolysis of 
CH3 Br in the gas phase has been studied at 185 nm, produc
ingCH3 and Brwith unit quantum efficiency,29 no measure
ments appear to have been made at other wavelengths. Since 
unit quantum efficiency in the free molecule is a reasonable 
assumption over the whole spectral range investigated, we 
are justified in comparing the two curves in Fig. 4. In con
trast to the gas-phase absorption curve, which does not ex
tend beyond 285 nm, the fragmentation curve for chemis
orbed CH3 Br is quite broad, and extends up to nearly 400 
nm. The fragmentation curve of chemisorbed CH3 Br shows 
a maximum around 330-340 nm (~3.7 eV), also red-shift
ed by about 130 nm ( ~ 2 eV) from the gas-phase maximum. 
Additionally, the cross section at the maximum in our exper
iment is about an order of magnitude lower than the absorp
tion cross section at the gas-phase maximum of 205 nm.22 

Following recent discussions in the literature there are 
two possible mechanisms, both of which can explain the ob
served red-shift. The first is a direct electronic excitation in 

the chemisorbed CH3 Br to a repulsive state CH3 Br* that 
can undergo nuclear motion leading to dissociation. The 
chemisorptive interaction between the CH3 Br* and the Pt 
could result in a lowering of the energy of the optical excita
tion, leading to the red-shift. The second possibility involves 
photon absorption by the Pt substrate, leading to the produc
tion of primary and secondary electrons. Subsequent capture 
of such a "hot" electron by the 0'* orbital gives rise to disso
ciation. A red-shift would arise from the fact that the thresh
old for such an excitation is given by the difference in energy 
between the Fermi level and the cr* orbital, which is neces
sarily smaller than the optical excitation energy in the mole
cule. 

Although the present data cannot unequivocally prove 
the dominance of one or the other mechanism, the observa
tion of a maximum in the measured fragmentation curve 
strongly suggests a specific electronic excitation. If the 
mechanism were to involve substrate excitation of hot elec
trons, one would instead expect a monotonic increase in the 
fragmentation cross section with decreasing wavelength, 
since the increasing number of secondary electrons would 
lead to a corresponding increase in the probability of elec
tron attachment. The only possibility of obtaining a maxi
mum within the framework of a hot electron mechanism 
would be from some specific wavelength-dependent struc
ture in the substrate absorption spectrum. This can, how
ever, be ruled out by calculating the fraction of incident ener
gy absorbed using the Fresnel formulas in conjunction with 
literature data30 for the dielectric function. The resulting 
curve increases almost linearly with photon energy (Fig. 9) 
and hence cannot cause any structure in the fragmentation 
cross section. 

This latter result would seem to favor the direct excita
tion mechanism. We can, however, obtain some indirect in
formation on the energy of this transition by measuring the 
photoelectron spectrum of CH3 Br adsorbed on Pt{ Ill}. 
The gas-phase photoelectron spectrum of CH3 Br has been 
recorded by Brogli and Heilbronner31 and shows the two 
spin-orbit split non bonding states at binding energies of 
10.53 and 10.85 eV. In the corresponding spectrum of the 
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FIG. 9. Transmission, T, of a Pt surface as a function of photon energy at 
normal incidence. T = 1 - R, where R is the reflectivity. 
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adsorbed species in Fig. 10 these orbitals are found (unre
solved) at a binding energy of about 5 eV with respect to the 
Fermi level. The reported electron affinity of CH3 Br in the 
gas phase is 0.4 eV,32 which gives some indication of the 
position of the u* (C-Br) antibonding level in the free mole
cule. On chemisorption this level will be broadened and 
shifted toward the Fermi level. Unfortunately, no experi
mental data from inverse photoemission are available to give 
a more precise characterization of the spectral density above 
the Fermi level. We can, however, draw some conclusions 
already from the photoemission results if we consider the 
final state in this experiment to be fully relaxed. Even on the 
assumption that the affinity level in chemisorbed CH3 Br ex
tends down to the Fermi level the intramolecular excitation 
energy cannot be lower than the binding energy of the lone 
pair orbitals, as measured in photoemission. Since both the 
onset (-3.2eV) and the maximum (3.7 eV) ofthefragmen
tation curve (Fig. 4) are clearly below this limit we must 
exclude the nplT -> u* transition in the chemisorbed molecule 
as the origin of the photon-induced dissociation. We suggest 
instead a charge transfer process as the primary step in 
which electrons from the dbands ofPt are excited into the u* 
(C-Br) orbital above the Fermi level. The dissociating spe
cies will then be a negatively charged CH3 Br molecule creat
ed via this electron attachment process. Such a dipole excita
tion can become possible through mixing of the unoccupied 
u and metal states due to the chemisorption interaction. The 
transition probability depends on both the density of the oc
cupied d band (initial states) and the u* final state as well as 
on the transition matrix element. The density of d states is 
already strongly modulated, as is evident from the UV pho
toemission spectra (Fig. 10), which alone could account for 
the observed structure in the fragmentation curve. In this 
model we can identify the onset of dissociation with excita
tions of electrons from the Fermi edge and can tentatively 
place the u* orbital of the adsorbed CH3 Br molecule about 3 

12 8 4 o E.. [eVl 

FIG. 10. He I photoemission spectra of the adsorption of CH3Br on 
Pt{ III}. Adsorbate-induced features are observed at binding energies of 
5.0,7.3, and 9.2 eV, corresponding to the np. (Br), u(C-Br), and 1T(CH3 ) 

orbitals, respectively. 

eV above the Fermi level. Inverse photoemission experi
ments would clearly be useful for comparison. 

IV. SUMMARY AND CONCLUSIONS 

The results ofthis study of the photon-induced reactions 
of chemisorbed CH3 Br on Pt{ Ill} may be summarized as 
follows: 

A quantitative measurement of the fragmentation cross 
section of chemisorbed CH3 Br has been made. The long
wavelength limit of this curve as well as the maximum at 
- 3.7 eVis redshifted by about2eV with respect to thecorre
sponding gas-phase absorption limit. The shape of the frag
mentation curve is suggestive of dissociation induced by 
electron attachment via charge transfer excitations. 

Both primary and secondary reactions have been identi
fied. The primary photoreaction initiated by UV results in 
the production of CH3 and Br. A secondary surface reaction 
occurs between Br and CH2 and/or CH at higher tempera
tures, resulting in the production ofHBr. 

The CH3 species has been characterized by HREELS 
and is found to have C3v symmetry. 
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