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Abstract. The photochemistry of molecules constrained within a confining
environment on surfaces has been studied. Orientation of methyl bromide could be
controlled methyl down or up by varying the pre-adsorbed oxygen coverage due to
electrostatic interactions on Ru(001) under UHV conditions. Irradiation of the
coadsorption system at 193 nm has shown that the resulting photochemical activity
is sensitive to the molecular orientation. Photodesorption and dissociation cross
sections were 1.0⋅10–19 cm–2 for methyl-down and 3.0⋅10–19 cm–2 for the methyl-up
configurations. This observation represents the first report of the steric effect in
electron–molecule interaction due to the dissociative electron attachment mecha-
nism of photochemical processes on surfaces.

A second system of CO
2
 molecules caged within ice has also been studied. Here

the trapped carbon dioxide molecules cannot leave the surface at their normal
desorption temperature near 100 K, but are explosively desorbing at the onset of ice
evaporation near 165 K. Upon UV irradiation, enhanced dissociation to adsorbed
CO and oxygen is recorded. In addition, a new reactivity channel is observed to form
H

2
CO, tentatively identified as formaldehyde. The relevance of photochemistry of

caged molecules within ice to interstellar hydrocarbon formation as a possible route
for the origin of life is discussed.

1. INTRODUCTION
Chemical reactivity of molecules at constrained envi-
ronment has been the focus of extensive research in
recent years. The role of solid and liquid surroundings in
orienting molecules, restricting some reactivity chan-
nels while enhancing others, is the basis for selectivity
that is particularly important in heterogeneous catalysis
and biology. Proper mutual orientation of reactants has
been realized to be almost as important as energetic
requirements for a successful reactive encounter. One
experimental approach to the study of molecular orien-
tation-dependent reactivity has been via molecular
beam studies in the gas phase, a focus of interest more
than a decade ago. In these studies, electrostatic hexa-
pole technology was employed to orient gas phase mol-
ecules in a beam and then let them collide with alkali
metals1–4 and other electron donor (reducing) atoms.5 In

cases such as those of methyl halides, the halogen side
was found to be more reactive than the methyl tail.2,5

Electron–molecule interactions (electron transfer
processes) have been the focus of basic science interest
in both chemistry and biology for decades. Studies in
this field have included inter- and intra-molecular elec-
tron transfer,6 transmission7–9 conduction within and
through molecular layers,10–11 and dissociative electron
attachment (DEA) processes.12–14 Recent interest in mo-
lecular electronics has brought the basic science in this
field closer to modern technology than ever before.8–10

Based on the extensive research discussed above, it is
interesting and surprising to note that in spite of the
tremendous importance of electron-induced processes
in chemical and biological systems, previous studies
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have not attempted to directly investigate molecular
orientation dependence or stereochemistry in electron–
molecule interactions.

Here we introduce and demonstrate the effect of
molecular orientation on electron–molecule interaction.
Specifically, by tuning the oxygen coverage on ruthe-
nium, the orientation of methyl bromide could be con-
trolled bromine down or methyl down on O/Ru(001).
Tuned electrostatic interactions by the surrounding oxy-
gen-covered surface were used to orient adsorbed mol-
ecules and consequently affect their (photo) reactivity.
Similar behavior was reported in the co-adsorption sys-
tem of potassium with water on Pt(111).15,16 The other
example of the effect of surrounding molecules on
(photo) reactivity will be that of caged CO2 within
amorphous solid water on clean Ru(001) – CO2@Ice.

2. EXPERIMENTAL

The photochemistry experiments described below were per-
formed in an ultra high vacuum (UHV) apparatus, described
elsewhere in detail.19 It is equipped with LEED/Auger, a qua-
drupole mass spectrometer (QMS) for temperature pro-
grammed desorption (TPD) and for real-time detection of
desorbing molecules during laser irradiation and electron
bombardment. Adsorbates orientation could be determined by
means of a Kelvin probe, operated in a differential ∆ϕ-TPD
mode, as explained elsewhere in detail.19 A mini excimer laser
was operated at 193 nm, 1 mJ/pulse, 10-ns pulse duration at a
variable repetition rate up to 100 Hz. Low energy electrons at
10 eV kinetic energy bombarded the adsorbate system via a
retarding grid that decreased the electrons’ energy from 100
eV at a typical sample current of 0.1 µA. The Ru(001) sample,
oriented to within 0.1 degree of the (001) plane, could be
cooled down to 82 K by pumping over a liquid nitrogen
reservoir attached to the sample, heated to 1650 K for anneal-
ing, temperature stabilized to 0.5 degrees, or ramp its tempera-
ture via a resistive heating ac coupled routine. The temperature
was monitored by means of a W5Re/W26Re thermocouple.

3. ADSORPTION OF CD
3
BR ON O/RU(001)

We found that by tuning the oxygen density above
0.25 ML, the orientation of adsorbed methyl bromide
could be controlled bromine down or methyl down.
Before discussing the interactions between CD3Br and
adsorbed oxygen, the adsorption of oxygen on Ru(001)
is briefly reviewed.

3.1 O/Ru(001)
Oxygen dissociates on the ruthenium surface, and

forms a strong chemical bond with the metal, as indi-
cated by its high temperature of desorption (Fig. 1b).
Since adsorbed oxygen hinders further oxygen dissocia-
tion, the sticking probability of oxygen decreases rap-
idly above 0.5 ML coverage. The plot of coverage vs.

exposure in Fig. 1a indicates that at 5 Langmuir
exposure the sticking probability (obtained by differen-
tiating the curve in Fig. 1a) is 6 times lower than the
initial sticking probability. Exposure to thousands of
Langmuirs at 600 K is required in order to achieve a
monolayer of oxygen.17,18

When an oxygen-covered surface with a coverage of
0.1–0.25 ML is annealed above 300 K, it forms an
ordered (2 × 2)O-Ru(001) structure, which can be ob-
served in LEED and was confirmed by STM measure-
ments. Our LEED apparatus is rather insensitive to the
coverage in this case (we are not able to monitor the spot
intensity), since already at 0.1 ML coverage, small
islands with the (2 × 2)O structure are formed. Above
0.25 ML coverage, domains of (2 × 1)O-Ru(001) are
formed,20, 21 but this structure results in a LEED pattern
similar to the (2 × 2)O because the domains do not have

Fig. 1. (a) Integrated area under O2 TPD peaks vs. exposure,
indicating the diminishing sticking probability above 5 L. (b)
∆P-TPD of O/Ru(001) following adsorption of 1.5–25 L oxy-
gen on Ru(001) at 600 K. (c) ∆φ vs. oxygen exposure at
surface temperatures between 100 K and 600 K. At tempera-
tures above 300 K, two distinct slopes are visible, before and
after the completion of the ordered (2 × 2)O layer structure.
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the same orientation. Therefore, another method was
needed in order to calibrate the coverage.

Figure 1c presents the measured work function
change during adsorption of oxygen at different tem-
peratures. Above a sample temperature of 300 K at an
exposure of about 2 L, a distinct change in slope is
observed. This change was associated with the satura-
tion of the (2 × 2)O structure by Madey et al.,22 but then
it was believed to occur at 0.5 ML coverage. There is no
such change at this exposure of the sticking probability
(Fig. 1a), hence this change in slope is due to a 3 times
larger dipole moment of the above-(2 × 2)O-adsorbed
oxygen. This change in dipole is probably due to the
significant structure changes in the ruthenium top layers
due to the adsorption of the first 0.25 ML of oxygen.20, 21

These changes in structure also change the surface’s
reactivity, as will be discussed below.

We used the break in the ∆φ slope as our coverage
calibration point, with 2 ± 0.2 L exposure resulting in
0.25 ML coverage, and the TPD peak area plot as cali-
bration to other oxygen exposures at 600 K.

3.2 The Interaction between CD
3
Br and Oxygen on

Ru(001)
Methyl bromide thermally dissociates on a clean

Ru(001),19 which results in adsorbed D atoms on the
surface; thus the desorption of D2 following CD3Br
adsorption can be used as an indication of its dissocia-
tion. D2 desorption in such an experiment, while gradu-
ally approaching an oxygen precoverage of (2 × 2)O, is
shown in Fig. 2. A coverage of 0.25 ML oxygen is
enough to passivate the ruthenium surface and block the
thermal dissociation channel of CD3Br.

Gradually increasing the annealed oxygen pre-cover-
age above 0.25 ML and then covering it by 1.5 ML of

CD3Br results in the ∆P-TPD and differential (d(∆φ)/
dT) ∆Φ-TPD spectra shown in Figs. 3 and 4. Three
distinct peaks appear, denoted β1, β2, and α. The rela-
tively high temperature of the β1 peak and its width were
found by line shape analysis (not shown) to imply a
binding energy of 17.8 kcal/mol of CD3Br molecules to
the partly oxygen-covered surface, and a significant
repulsive interaction among the adsorbates. The ∆Φ-
TPD spectrum indicates that the β1 molecules are
adsorbed with their bromine end down towards the
surface. The α peak at 120 K is due to molecules desorb-
ing from the second layer, at a binding energy of
7.7 kcal/mol. As previously discussed in detail,19 the
second layer of CD3Br on the clean Ru(001) is adsorbed
with its methyl end down. Increasing the oxygen cover-
age above 0.25 ML, towards local (2 × 1)O-Ru(001)

Fig. 2. ∆P-TPD of D2 recombinative desorption following
adsorption of 2 ML CD3Br on different pre-coverages of
annealed oxygen.

Fig. 3. (a) ∆P-TPD of 1.5 ML of CD3Br on different oxygen
pre-coverages over Ru(001). The heating rate was 2 K/s. As
the oxygen coverage increases, the CD3Br molecules at the β1

are shifted to the β2 site. For comparison, desorption of 1 ML
of CD3Br from the clean surface is shown as the dashed line.
(b) The amount of CD3Br at the β1 and β2 sites as a function of
oxygen coverage. The total coverage is constant.
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domains, creates a new adsorption site, β2, which des-
orbs at 160 K (binding energy of 9.6 kcal/mol).

The total peak area of the methyl bromide ∆P-TPD
spectra is invariant with oxygen coverage (indicating
that the sticking probability of methyl bromide is in-
sensitive to the oxygen coverage), as is the area of
β1 + β2, to within 5% of our experimental uncertainty.
The appearance of the β2 molecules suggests that as the
oxygen precoverage increases, CD3Br molecules are
displaced from the β1 adsorption sites into the β2 sites.
The interesting observation in Fig. 4 is that the orienta-
tion of the β2 molecules is sensitive to the local surface
density of adsorbed oxygen. This is inferred from the
opposite sign of the relevant ∆Φ-TPD peak at 160 K.
This is a justified interpretation of the work function
change spectrum as long as no molecular dissociation
takes place at this temperature. In fact, work function
change measurements in the differential mode are ex-
pected to be more sensitive and relevant for the determi-
nation of overall molecular orientation with respect to
the surface than, e.g., IR measurements. At oxygen
coverages above 0.25 ML the β2 molecules are arranged
with their methyl down, while at 0.6 ML oxygen they
are bromine down.

 These orientation changes do not occur due to the
heating ramp of the TPD, since the same orientations
were observed by monitoring ∆Φ changes upon adsorp-
tion at 80 K (not shown here). As mentioned above, the
first layer of CD3Br on the clean Ru(001) adsorbs in a
bromine-down orientation, which results in a decrease

of ∆φ of about –2eV. When adsorbed on 0.6 ML of
oxygen, two negative slopes are apparent, consistent
with population of the β1 (up to 0.6 L exposure) and
subsequently the β2 sites with bromine-down molecules.
Adsorption of CD3Br on 0.35 ML of oxygen results in a
decrease of ∆φ up to exposure of 1.4 L (bromine-down
β1), then an increase in ∆φ (methyl-down β2).

A qualitative explanation for the flip in β2 molecules
is based on two effects: Local electrostatic interactions
of the methyl bromide molecules with nearby adsorbed
oxygen, combined with strong dipole–dipole interaction
among neighboring β1 molecules. At an oxygen pre-
coverage of slightly more than 0.25 ML, when a β1

molecule is displaced to a β2 site, it becomes more
weakly bound to the metal (desorption at 160 K instead
of 240 K), and it is surrounded by neighboring β1 mol-
ecules, aligned bromine-down on average. These β1

neighbors induce the β2 molecules to flip to the methyl-
down configuration and lower the total energy of the
system via attractive dipole–dipole attraction.19 A simi-
lar hypothesis was proposed to explain the work func-
tion change data obtained from the coadsorption system
of K + H2O.15,16 As the oxygen coverage increases, there
are on average fewer β1 neighbor molecules for each β2

site, hence the β2 molecules no longer flip. As a result
of the presence of methyl-down molecules in the β2

sites, bromine-down molecules are found in the second
layer, as seen in the differential ∆Φ-TPD near 120 K
(Fig. 4). The α peak in the differential work function
spectrum is split between methyl-down (negative peak)
and bromine-down (positive peak) orientations. At
higher oxygen coverages, when no flipped β2 exist, this
α peak splitting is not detected anymore. These consid-
erations are summarized in Fig. 5, as a schematic repre-
sentation of the main interactions between the adsorbed
molecules.

The number of oxygen atoms needed to shift one
CD3Br molecule from a β1 to a β2 site can be estimated
by plotting the total area of the β1 peak vs. the total
oxygen coverage (Fig. 3b). This plot indicates that ad-
sorption of 0.75 ± 0.05 ML of oxygen should shift all of
the CD3Br molecules. It was estimated that a full mono-
layer of CD3Br on the clean Ru(001) surface consists of
3.6 ± 0.3 × 1014 molecules/cm2, which is about a quarter
of the density of the ruthenium atoms. (1 ML of oxygen
has the same surface density as the Ru(001).21) There-
fore, while keeping 1 ML defined by the Ru(001) den-
sity, about a 0.5 ML of oxygen added to the 0.25 ML
that forms the (2 × 2)O structure shifts 0.25 ML of
CD3Br, suggesting that 2 oxygen atoms are necessary to
shift 1 CD3Br to a β2 site. Due to the small number of
experimental points, and the fact that the surface density
of CD3Br on the oxygen-covered surface may not be the

Fig. 4. Differential ∆Φ-TPD of 1.5 ML of CD3Br on different
oxygen precoverages over Ru(001). The heating rate was
2 K/s. As the oxygen coverage increases, the CD3Br molecules
at the β1 are shifted to the β2 site, and the β2 site molecules
change their orientation from methyl-down to bromine-down.
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same as on the clean Ru(001) surface, the possibility
that 3 oxygen atoms are needed cannot be ruled out.

Once the ability to control molecular orientation has
been confirmed, it becomes an ideal model system to
examine the sensitivity of electron–molecule interaction
to the molecular orientation by employing photo-medi-
ated and direct electron-induced desorption and disso-
ciation.

4. PHOTOCHEMISTRY OF CD
3
BR/O/RU(001)

Differential ∆Φ-TPD spectra following 6.4 eV photon
irradiation of 0.8 ML CD3Br adsorbed on 0.6 ML O/Ru
are shown in Fig. 6a, for different irradiation times. The
excimer laser power density at the sample was about
1 MW/cm2 or 2.4 × 1016 photons/s, a repetition rate of
50 Hz. The same experiments were performed at oxygen
coverage of 0.35 ML (Fig. 6b). Both the β1 and β2

molecules undergo photoreaction, desorption, and frag-
mentation, which lead to an exponential decay of the
relevant differential ∆Φ-TPD peak intensity. A plot of
the logarithm of the integrated area under the d(∆φ)/dT
spectra for both peaks vs. the number of photons should
result in a linear plot. The initial slope of such plots
determines the cross section for the photoreaction. In
Fig. 6c such plots are presented.

The cross sections obtained this way can clearly be

separated into two groups: The removal cross section of
the β1 molecules in both oxygen coverages and that of
the β2 molecules on top of 0.6 ML O/Ru coverage have a
cross section (σ) of (1.0 ± 0.2)⋅10–19 cm2. In contrast, the
β2 molecules that reside on top of 0.35 ML O/Ru, and
are oriented methyl down, are removed at σ = (3.0 ±
0.4)⋅10–19 cm2.

We find that molecules adsorbed at the same orienta-
tion (bromine down) but at different binding sites at
different adsorption energies (β1 and β2 over 0.6 ML
O/Ru, an 8.2 kcal/mol energy difference) possess the
same overall removal (desorption + DEA) cross section.
At the same time, the more weakly bound molecules
that are flipped to the methyl-down configuration are

Fig. 5. An illustration of the proposed interactions between
CD3Br and O/Ru(001), explaining the orientation changes of
the β2 molecules.

Fig. 6. ∆Φ-TPD of 0.8 ML of CD3Br adsorbed on 0.6 ML (a)
and 0.35 ML (b) of oxygen, following different irradiation
times by 193 nm UV laser irradiation. Photon flux was 2.4 ×
1016 photons/s at the sample. (c) The cross sections for deple-
tion of the β1 and β2 peaks for the two oxygen coverages
shown above. σBD = 1.0 ± 0.2 × 10–19 cm2 for all the CD3Br
molecules that are oriented bromine-down (both β1 and β2),
and σMD = 3.0 ± 0.4 × 10–19 cm2 for the methyl-down β2

molecules.
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removed at a cross section that is three times larger. It is
interesting to note that in spite of the different electronic
configurations of the surface dictated by different oxy-
gen coverage, the molecular orientations methyl-down
and bromine-down within the β2 sites are bound at ex-
actly the same energy to the surface, as indicated by the
TPD data in Fig. 3. This, we believe, emphasizes the
dominance of the molecular orientation in determining
the cross section for the (photo)-electron–molecule in-
teraction. We cannot rule out, however, the possibility
that the same factors that cause the molecular orienta-
tion changes, namely the dipolar interactions around the
β2 site, are also contributing to the difference in the cross
section.

Orientation-dependent (photo)-electron–molecule
interaction can be detected also by following the real-
time desorption of CD3Br molecules during the UV
irradiation. The QMS signal at mass 97 during continu-
ous irradiation is shown in Fig. 7 (left), for the oxygen

and CD3Br coverages discussed above. The cross sec-
tion is extracted from the expression I(t) = I(0)e–sFt,
where I(t) is the QMS signal, F is the photon flux in
photons/cm2, and σ is the photo-desorption cross section
in cm2. As before, only the initial 6 × 1018 photons are
considered. This is important in order to minimize the
influence of photo-fragments on the tail of the decay
curve.

The measured cross sections are σBr Down (σBD) = 2.0 ±
0.1 × 10–19 cm2 and σMethyl Down (σMD) = 2.9 ± 0.1 × 10–19 cm2

for the 0.6 ML and 0.35 ML O/Ru, respectively.
The QMS signal includes photo-desorption from

both β1 and β2 sites, but it is insensitive to photo-frag-
mentation (DEA). The identical cross sections obtained
by the real-time QMS detection and the work function
change measurements are explained assuming that
photo-electron mediated desorption is the dominant
process in the methyl-down configuration (0.35 ML
O/Ru). Dominance of electron-mediated dissociative

Fig. 7. QMS signal at mass 97 (open circles) during irradiation of 0.8 ML CD3Br on 0.35ML O/Ru(001) (top) and 0.6 ML
O/Ru(001) (bottom). Irradiation was photo-electron generated from 193 nm photons (left panels) and direct 10 eV electrons from
the gas phase, discussed in section 5, (right panels). The initial decay was fitted to an exponent (solid line) to extract the cross
section for desorption.
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channel in the methyl-down configuration of the β2

molecules would have resulted in smaller integrated
differential work function change near 160 K. This is
due to the negative work function change contribution
of both dissociation fragments, methyl and bromine,19 if
they adsorb on the surface. If fragments (e.g., methyl)
are ejected to the gas phase, the overall work functions
change and thus the measured cross sections are again
expected to be similar to the electron-mediated parent
molecular desorption. The fact that about 15 ± 5% of the
parent molecules dissociate and their methyl fragments
stay on the surface is established by the post-irradiation
TPD of D2 (and other products, see below), which is due
to several consecutive photo-generated dissociation
events of methyl and smaller fragments on the surface.

Post-irradiation stable molecular products that are
observed by TPD are CD4 (mass 20), C2D6 (mass 36), D2

(mass 4), and mass 32 (tentatively assigned as D2CO
based on comparison to ref 24). The yield of these

photoproducts depends on the initial CD3Br surface
coverage, as seen in Fig. 8.

The photoproducts that were produced after irradia-
tion by 6 × 1018 193 nm photons (on a pre-coverage of
0.4 ML oxygen) were determined by scanning through
masses 2–100 au during the TPD ramp. When the
CD3Br coverage is gradually increased, a signal at mass
20 appears, and at higher coverage also at 32 and 36.
This can be explained by considering the orientation and
local environment of the molecules at each CD3Br cov-
erage. Figure 9 shows a coverage-dependant TPD of
CD3Br on 0.4 ML oxygen, revealing the gradual popula-
tion of the β1, β2, and α peaks. Up to a CD3Br coverage
of 0.5 ML, only the β1 sites are populated. At coverages
below 1 ML both β1 and β2 sites are populated, and
above that coverage the α sites are also present. The
yield of the products after irradiation of 6 × 1018 photons
(as determined by the integrated ∆P-TPD peak area in
Fig. 8) is presented in Fig. 9. The remaining oxygen
coverage is shown as well.

The formation of C2D6 becomes possible due to the
presence of α molecules. Based on the scheme describ-
ing the adsorption sites (Fig. 9), the C2D6 formation is
facilitated by the presence of neighbor methyl groups in
the first and second layers that are oriented toward each
other. The formation of CD4, produced via surface
recombinative desorption process of CD3 + D, does not
occur before population of the β2 sites takes place.
Photo-fragmentation of the β1 molecules should lead to
ejection to the gas phase of a methyl group, as indicated
in the scheme of Fig. 9. Similar arguments suggest that
dissociation of β2 molecules should lead to the ejection
of a bromine atom or negative ion, while the methyl
group remains on the surface. Further photo-fragmenta-
tion of the methyl is the source of adsorbed D atoms,
which thereafter lead to the formation of CD4 upon
ramping the surface temperature. Additional increase of
the initial CD3Br coverage to populate the second layer
(α) decreases CD4 production rate in spite of the fact
that molecules are oriented methyl down. This is prob-
ably because it is not possible for the methyl from the
second layer to stick and adsorb on the fully covered
(β1 + β2) surface.

Methyl groups that are oriented toward the surface
and thus strike it as a result of the DEA event can also
react with the underlying oxygen atoms, as suggested
both by the production of D2CO, and by the depletion of
the surface oxygen. This is observed starting at methyl
bromide coverage of 0.7 ML. It is not fully understood
yet why the oxygen abstraction reactions do not start
right at the population onset of the β2 site. Populating the
second layer, however, does not seem to enhance or
hinder the production of D2CO.

Fig. 8. ∆P-TPD of masses 20, 32, and 36, following adsorption
of different amounts of CD3Br on 0.4 ML oxygen pre-covered
Ru(001) and irradiation by 6 × 1018 193-nm photons. The
CD3Br coverages are indicated on the graph in units of mono-
layers (ML).
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4.1 Photo Hydro-Dehalogenation of CD
3
Br

The hydrodehalogenation25 of halogenated aliphatic
compounds is important as a way to clean hazardous
solvents in industry, such as CCl4. Both homogeneous25

and heterogeneous26 catalysis were employed for
hydrodehalogenation, as was irradiation by UV light.
The molecular details of these reactions are seldom
understood. The photoreaction described above can be
discussed as a model system for a simple hydro-
dehalogenation reaction28 :

CD
3
Br + D —hv→  CD

4
 + Br

By utilizing the isothermal desorption analysis
method discussed in detail in ref 27, we were able to
extract for the first time the activation energy for the
final step in the reaction, where adsorbed methyl photo-
fragments and deuterium atoms recombine and desorb
as methane.

The isothermal desorption signal of CD4 following
adsorption of 0.7 ML CD3Br on 0.4 ML O/Ru and
irradiation by 6 × 1018 193-nm photons is shown in
Fig. 10b for several temperatures. Briefly, plotting

1/  QMS  vs. time for a second-order process results in a
straight line (Fig. 10c) with a slope k′. This slope is
proportional to the desorption rate, thus plotting ln k′ vs.
1/T should result in a linear plot (Fig. 10d).

Activation energy for the recombinative desorption
reaction: CD3(ad) + D(ad) → CD4(g) (Edes ) was deter-
mined from this plot to be 5.6 kcal/mol. This number
most probably reflects the barrier for surface reaction. In
contrast, activation barriers for the diffusion of methyl
or deuterium fragments on a smooth surface such as
Ru(001) are often smaller. In other words, if this had
been a diffusion-limited surface reaction, it would have
been detected at temperatures lower than 200 K.28

5. IRRADIATION BY 10 eV ELECTRONS
Real time desorption was measured also for irradiation
with 10 eV electrons, as explained in the experimental
section and demonstrated in Fig. 7 (right panels).

The cross sections for the electron-stimulated des-
orption (ESD) are four orders of magnitude larger than
those for the photon-stimulated desorption (PSD). This

Fig. 9. The yields of the photoproducts and remaining oxygen after the irradiation conditions shown in Fig. 8, as a function of
initial CD3Br coverage. To the right: ∆P-TPD of CD3Br showing the gradual population of the β1, β2, and α peaks with a scheme
of these adsorption sites.
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large difference in magnitude was reported before for
other systems, e.g., NF3/Pt(111).23 As in the PSD case,
different cross sections are obtained for the different
molecular orientations. The difference, however, has
the opposite trend, namely the removal cross section of
the methyl-down molecules is smaller than that of the
bromine-down molecules. As in the PSD case discussed
above, also here the difference in the cross section is
attributed to electron–molecule steric effect, where the
reaction CD3Br + e– has a larger cross section when the
electron approaches the molecule from the methyl end.

One should consider alternative mechanisms to ex-
plain the enhanced probability for both photo-induced
and electron-induced desorption of methyl bromide
from the O/Ru(001) surface when the methyl group
faces the direction of approach of the electrons. One
such explanation is the enhanced quenching rate at the
bromine-down configuration. Such a mechanism may
be justified if we consider that most of the negative
charge resides on the bromine side of the adsorbed
molecule following electron attachment. In this case,
the larger charge density on the bromine side should

overlap higher electron density of the metal when the
bromine faces the surface, since it is closer to the surface
than when it is in the methyl-down configuration.
Larger charge density overlap often results in shorter
excited-state lifetime or faster quenching back to the
ground state. Shorter lifetime results, therefore, in a
smaller probability for electron-induced desorption, as
preliminary wave packet dynamical simulations indi-
cate.29 While this argument qualitatively explains the
steric effect found in the photo-induced substrate-medi-
ated desorption of methyl bromide at a photon energy of
6.4 eV, it cannot simultaneously rationalize the opposite
steric effect found in the enhanced electron-stimulated
desorption data. While it will be inaccurate to com-
pletely ignore the role of quenching, we tend to believe
that kinematic (mass) effects lead to the larger photo-
electron-induced desorption of the parent methyl
bromide molecule when the methyl faces the substrate’s
surface.29 The initial electron attachment step is prob-
ably also sensitive to the molecular orientation dis-
cussed in this work; however, its exact contribution is
difficult to estimate.

Fig. 10. Second-order isothermal desorption analysis of formation of CD4. 0.7 ML CD3Br was adsorbed on 0.4 ML O/Ru and
irradiated by 6 × 1018 193-nm photons. Temperatures of 224 K, 233 K, 241 K, and 248 K are shown. An activation energy of
5.6 kcal/mol was obtained by an Arrhenius plot.
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6. PHOTOCHEMISTRY OF CAGED MOLECULES:
CO

2
@ICE

In the previous parts of this work the effect of local
electrostatics among neighbor molecules on reorienta-
tion of adsorbates has been discussed. The photochemi-
cal consequences that result in the observation of steric
effect in electron–molecule interaction were presented.41

In this section we shall present another type of neighbor
or environment effect on the organization and chemistry
of molecules on surfaces. Here, the confinement of CO2

molecules within a matrix of ice will be described,
together with the resulting photo-excitation of such
system.

As was demonstrated in several other molecular
systems, N2@Ice,30 CCl4@Ice,31 CH3Cl@Ice,32 CO2 is
also compressed by post-adsorbed water molecules and
eventually, as the water coverage increases beyond
25 bilayers (BL), this molecule becomes caged within
the ice matrix—CO2@Ice. This is demonstrated in
Fig. 11, where the desorption temperature of CO2 gradu-
ally shifts from 100 K when adsorbed in the absence of
water to the typical explosive desorption that peaks at
165 K, 2 K in width, which coincides with the onset of
H2O desorption from the “ice” layer.

A fraction of 0.18 of the full first layer of CO2

thermally dissociates on clean Ru(001). This is deter-

mined from the ratio of the integrated TPD signal of
13CO at mass 29 divided by the sum of integrated areas
under the TPD signals at masses 29 and 45 (13CO2).
Cage formation decreases the dissociation probability
down to about half its value on the clean ruthenium
surface. This is demonstrated in Fig. 12 by the decreas-
ing TPD signal at mass 29. This observation may be
rationalized by a shortage in vacant adsorption sites
necessary to accommodate the dissociation products
within the cage.

Exposing a monolayer of CO2 adsorbed on clean
Ru(001) to excimer laser irradiation at 193 nm results in
photo-desorption and in enhanced dissociation. The dis-
sociation channel is indicated by the gradual increase of
mass 29 TPD signal at desorption temperature near
460 K, as a function of irradiation time. This is ex-
plained by an indirect substrate-mediated dissociative
electron attachment (DEA) mechanism of CO2. An ex-
cited (CO2)– is momentarily formed following the laser
irradiation, which subsequently dissociates to COad +
Oad or it may undergo molecular desorption. The photo-
desorption cross section for the parent carbon dioxide
(σ = 8⋅10–21 cm2) was measured by monitoring the mass
45 signal during irradiation, as shown in Fig. 13. The
cross section for the competing photo-dissociation was
determined to be five times smaller. Long irradiation
times, however, result in the accumulation of more 13CO
products. 0.56 and 0.64 of the original 1 ML 13CO2 has
dissociated within the cage following 10 and 20 minutes
irradiation times, respectively.

Upon irradiation of the caged CO2 molecules by the
193-nm photons, however, a new reactivity channel
opens up. In addition to photo-dissociation and photo-
desorption of carbon dioxide, also water molecules par-
tially dissociate. As a result, a new peak appears in the
multi-mass TPD scan shown in Fig. 14. At mass 31, the
desorption of formaldehyde is detected as a result of hot
chemistry between CO2 and water photo-fragments. It is
impossible to determine at this point whether H2

13CO
forms during a single excimer laser pulse or if this is the
result of accumulated photo-products. Only 0.1 of the
photo-dissociated carbon dioxide molecules undergo
the reactivity channel of formaldehyde formation,
which is about 0.01 of the initial parent molecule popu-
lation. This product, however, is a unique consequence
of the caged CO2 in ice and cannot be formed otherwise.

7. CONCLUSIONS
In conclusion, we have discussed two cases of photo-
chemistry of molecules constrained by their neighbor
adsorbates. Steric effect has been identified and mea-
sured, for the first time, in the interaction of collimated
(photo)-electrons with pre-oriented molecules. Control

Fig. 11. TPD at mass 45 demonstrating the gradual caging of
13CO2 under the indicated number of water bilayers (BL).
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Fig. 13. Real-time detection and cross section extraction of
photo-desorbing mass 45 during irradiation of 13CO2/Ru(001)
system by an excimer laser at 193 nm.

Fig. 14. A TPD taken simultaneously at all masses between 0–
80 amu in a 3-D representation. The blow-up reveals the signal
at mass 31 (H2

13CO), which is the result of photochemistry of
CO2@Ice.

Fig. 12. TPD of 13CO as a result of thermal dissociation of 13CO2 on Ru(001). The decreasing signal is demonstrated as a function
of the water layer thickness at thick (A) and thin (B) layers.
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over the molecular orientation of adsorbed CD3Br was
achieved by varying oxygen pre-coverage on Ru(001).
When a flux of photo-electrons generated at the bulk
metal strikes adsorbed methyl bromide from the methyl
end, the overall electron-mediated reactivity has a cross
section of σ = 3.0⋅10–19 cm2, which is three times larger
than the cross section determined for the BD-down
configuration. Qualitatively similar results were ob-
tained by direct bombardment with 10 eV electrons
from the gas phase, but at cross sections that are four
orders of magnitude larger.

The steric effect reported here is central to our basic
understanding of electron transfer processes, which are
among the most fundamental concepts in chemical reac-
tivity.33 Many biological systems function via a cascade
of electron transfer processes, e.g., photosynthesis.
Only in recent years has the detailed mutual structure of
the complex molecular elements of photosystem-I been
scrutinized by means of X-ray diffraction analysis of the
relevant proteins.34 Steric effects in such complex sys-
tems, if studied, may reveal some of the evolutionary
steps that have led to a given structure over the others in
plants and living organisms.

In the second example, CO2 molecules were found to
be trapped or caged within ice layers on Ru(001),
CO2@Ice. Caging has decreased thermal dissociation of
carbon dioxide on the one hand, but also has produced
new photochemical products upon irradiation at 193 nm.
Formaldehyde at mass 31 (H2

13CO) has been found as a
new product, reported also to be formed in interstellar
space, possibly under similar caging conditions of CO2

within ice on solid grains.35–40 The study of caged mol-
ecules under or within layers of ice under controlled
experiments at UHV conditions is considered as a con-
venient and proper model for the formation of hydrocar-
bons in interstellar space. In space, layers of ice are
known to accumulate on top of solid particles or grains
together with other small molecules abundant in this
low-temperature environment, such as carbon dioxide,
ammonia, and CO, and then are exposed to UV and
VUV light.35–40 Integrated over a long time, new photo-
chemical products (e.g., formaldehyde and other hydro-
carbons) can be released if the grains are warmed up to
the ice desorption temperature.
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