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Dynamics of the Acetylene-d,, Ethylene-dv and Tetradeuteromethane vProducts
from the Reaction of D-Atoms with a Graphite Surface
L. A. Smoliar,” C. L. Berrie, and Y. T. Lee
Department of Chemistry, Univérsity of California, Berkeley
Chemical Sciences Division, Lawrence ;:ieley Laboratory, . Berkeley, CA 94720
Abstract
The dynamics of the reaction products produced by a supersonic beam of D-
atoms impinging on the basal plane of a graphite surface were investigated by
measuring the time-of-flight spectra of individual react_tion products evolving from
the surface at specific angles between the atomic beam and the surface plane (with
the source-to-detector angle fixed at 90°). Translational energy distributions
derived from the time-of-flight spectra indicate that there is a barrier in the exit
channel for the formation and subsequent desorption of acetylene-d,, ethylene-d,,
and tetradeuteromethane. In addition, by varying the angle; 0,, between the atomic
beam and the surface plane, khowledge of the surface reaction mechanism is
obtained, indicating that tetradeuteromethane is formed both via the Eley-Ridea.l
mechanism and the Langmuir-Hinshelwood mechanism while acetylene-d, and
ethylene-d, results from the Langmuir-Hinshelwood mechanism.
*Present address: No. 1, R&D Road VI, Hsinchu Science-Based Industrial

Park, Synchrotron Radiation Research Center SRRC,
Hsinchu, Taiwan 30077



Introduction

Thermodynamic and kinetic aspects of the reaction of hydrogen atoms with
graphite have been studied extensively. Early experiments were perférmed' ina
bulb by heating the graphite or by passing molecular hydrogen gas over a hot
graphite filament or rod to adsorb atomic hydrogen, and then measuring the
desorbing gases. The uptake and desorption of H, was studied! as well as
formation and desorption of hydrocarbon species such as CH, and C,H,.*> Later,
the kinetics of the reaction of hydrogen atoms with a graphite surface was studied
by dissociating molecular hydrogen in a radiofrequency discharge source. In the
" surface temperature range of 450-1200 K, the products found were molecular
hydrogen and methan_e.3 Using the technique of moduiated molecular beams,
Balooch et. al. studied the reaction of H-atoms with graphite where the H-atoms
were produced in a pyrolytic effusive source.* They found that for surface
terflperatures up to 800 K, methéme was the only product, but acet;rlene was seen at
temperatures above 1000 K. They proposed a model in which the methane was
formed by sequential addition of adsorbed H-atoms and the acetylene was formed
by surface recombination of CH groups. Theyrdid not see any other hydrocarbon
products, in particular ethylene, which differs from this work.

While the kinetics of the 1"eacion of H-atoms with graphite have been well
studied, the dynamics have not been directly explored. The dynamics in such
hydrogen-carbon systems are now of interest, particularly in the related area of '

diamond growth. In this work, a supersonic beam of D-atoms incident on the basal



plane of a graphite surface is used to generate reaction products whose individual
velocities are directly measured upon evolution from the surface. By varying the
angle, 6,, between the beam and the surface plane, while the beam-to-detection
angle remains fixed at 90°, a distribution of products giving insight into the reaction
mechanism is obtained. The dynamics of the deuterated acetylene, ethyléne, and
niethane products are examined.. Two reaction mechanisms occur: methane is
formed both through the Eley-Rideal and Langmuir-Hinshelwood mechanisms while
the acetylene and ethylene are formed through the Langmuir-Hinshelwood

mechanism.

Experimental

A continuous supersonic beam of D-atoms was directed towards the basal
plaﬁe of highly oriented pyrolitic graphite (HOPG) maintained at T,,,= 570 K or
T,.s= 705 K in a gas-surface scattering apparatus, described previously.> The
products of the surface reaction ére chopped by a cross-correlation wheel, mass
selected, and counted by a channeltron after travelling through a flight distance of
23.9cm.® The time-of-flight spectra of individual mass-selected reaction products
were measured for m/e= 32, 30, 28, 26, 20, 18, 16, and 14. In addition, the
reflected beam was monitored. |

The surface was mounted on a 3-axis rotatable manipulator equipped with a
resistive heater. The HOPG graphite sample was obtained from Union Carbide

(grade ZYH monochromator) and heated for at least 24 hours in vacuum (1 x 10 7
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torr) to Ty .= 720-770 K before running an experiment. Surface temperature was
limited to a narrow range because of concerns ébout absorption of background
gases and limits of the crystal heater. In the range studied, no surface temperature
dependence on the dynamics was clearly seén. Time-of-flight spectra were
measured as a function of 0,, the angle between the source and the surface plane,
with the source-to-detector angle fixed at 90°. In such a configuration, any
memory of the incident beam in the product dynamics is readily ascertained, but it
is not possible to measure a full flux angular distribution to determine energy
scaling. In addition, by using a D-atom source, differentiation between deuterium
from the beam and hydrogen from the bulk crystal* is poSsible.

A D-atom source with a flux of ~5 x 10" atoms cm? s, previously
described,” was used to prepare D-atoms by thermal pyrolysis of D,. D, does not
react with graphite,* so the atomic species is the true reactant species‘. Ina
previous experiment on.the H and D atom reactions with LiF(001) to make HF and
DF, respectively, an artifact in the time-of-flight spectra due to collisional
ionization was identified and discussed extensively.’ The same effect is observed
in some of the time-of-flight spectra for the D-atom reactions with graphite, and
similarly discounted. The collisional ionization arises from the fact that D*,
metastable D,, and Rydberg D-atoms are all produced in the electron bombardment
ionizer and can collisionally ionize other molecules in the region between the
ionizer and the quadrupole filter of the detector.*"' Because the collisional process

leads to broadening, which is dependent on 0, and the particular m/e setting of the



quadrupole, there is no systematic way to subtract this artifact from the data.
Thus, it is simply excluded from the fitting when analyzing the reaction product

data.

Results

Product time-of-fight spectra were taken for m/e= 32, 30, 28, 26, 20, 18,
- 16, and 14. Table I lists the assignments of the fragments detected. Signal was
“not observed above m/e= 32, indicating that C, is the longest chain hydrocarbon,
and no evidence for the evolution of radical species such as CD, CD,, or CD; was
found.* Radical species would be expected to evolve from the surface more slowly
than the stable molecular products observed. Additionally, because no time-of-
flight peak was observed at m/e= 36, ethane-d, is not a product. The three
hydrocarbon products observed were deuterated acetylene, ethylene, and methane. ,
- The products will hereafter be referred to by these names with the deuteration
understood. The fragmentation patterns for these products and ethane are listed in
Table I1.12

By considering the fragmentation patterns, two schemes for fitting the data
were devised and tested, one assuming the C, species is ethylene and the other
assuming it is ethane. The scheme involving ethane did not fit the data well,'* and
in addition, since m/e= 36 signal was not observed (which is unique to the ethane
product), this possibility can be ruled out. Thus, only one scheme, where the C,

species is ethylene, is discussed here.
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The first step of the fitting scheme comes from the fact that C,D, and C,D,
do not .frag'ment in the electron bombardment ionizer to m/e= 20. Thus, m/e= 20
data can be fit at all 6, to derive a single translational energy distribution describing
CD, evolution. In addition, the fit to the m/e= 18 time-of-flight peak should be
generated from the same translational energy distribution since m/e= 18 only
appears in the fragmentation pattern of CD,. Fig. 1 shows the time-of-flight data
for m/e= 20 and 18 taken at 8,= 30°, along with a fit derived from the
translational energy distribution in Fig. 2. The fit is a simulated time-of-flight
spectrum obtained by the forward convolution method, which includes the various
apparatus functions affecting the data.'*'® Fig. 3 shows how the translational
energy distribution of Fig. 2 fits the data at 6,= 20°, 45°, and 60° for two different
surface temperatures, T, = 570 K and T, = 705 K. In the 6,= 45° and 60° data,
the fast peak is discounted as an.artifact from collisional ionization.” There does
not seem to be an appreciable difference in the time-of-flight spectra with surface
temperature within the narrow range studied here. |

-Next,‘ the m/e= 32 data, attributed solely to C,D,, is fit at all angles 0, to
generate a single translational energy distribution. This is the distribution
describing the dynamics of ethylene evolving from the surface. The fit for m/e=
32 at four angles 0, is shown in Fig. 4,"and the corresponding translational energy
distribution is iﬁ Fig. 5. The m/e= 26 data has two contributions, one from C,D,,
and the other from C,D,. Once the C,D, distribution has been determined from the

m/e= 32 data, the translational energy distribution of C,D, is adjusted to generate
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the best total fit to the m/e= 26 data at all angles 6;, while also finding the relative
contributions of the two channels. The fit for 6,= 20°, 45°, and 60° is shown for
two surface temperatures in Fig. 6. Once again, the time-of-flight data do not
show a dependence on T in the range s‘t.udied. The acetylene translational energy
distribution used to fit the m/e= 26 data is shown in Fig. 7.

The. time-of-flight spectra at m/e== 16 and 14 should be fit with a
combination of the translational energy distributions already derived for methane,
ethylene, and acetylene. In the case of m/e= 16, the data can be fit using a
combination of the distributions for ethylene and methane;v acetylene only gives a
small amount of m/e= 16 upon fragmentation in the ionizer. The m/e= 16 data is
shown in Fig. 8 with a fit generated from a combination of the translational energy
distributions for methane, Fig. 3, and ethylene, Fig. 5. Data for m/e= 14 is fit
using a combination of all three translational energy distributions found above, Fig.
9. The contribution from methane is negligible, which is at first surprising when
only considering the fragmentation pattern of the different products. It turns out
that methane is the minor product of the gas-surface reaction under the conditions
used, though, as will be discussed later. Therefore, it is reasonable that the
methane contribution is negligible comparéd to acetylene and ethylene in the m/e=
14 time-of-flight spectrum. Finally, data at m/e= 30 must be a result of ethylene
fragmenting in the electron bombardment ionizer. In Fig. 10, time-of-flight data
taken for m/e= 30 is shown for 6,= 20° with a fit generated from the ethylene

translational energy distribution in Fig. 5.



In Fig. 11, the three translational energy distributions used to fit the data
are plotted with a Maxwell-Boltzmann distribution for T, = 705 K. The
distributions for the products clearly peak at higher energies than the Maxwell-
Boltzmann distribution, indicating that there is a barrier to desorption of the
product molecules. For the product translational energy distributions, <E> =
3.1 kcal/mole.for ethylene, <E> = 4.1 kcal/mole for acetylene, and <E> ;=
3.9 kcal/mole for methane. The <E>; for acetylene and methane is nearly the
same, and the shapes of the distributions are similar, but the low-energy side of the
acetylene distribution vis shifted to higher energy as is the peak, by about 0.5
kcal/mole. It turns out that the methane distribution is reflecting the translational
energy release from two different surface reaction mechanisms, which will be
addressed in a discussion of the 6, product distributions. Since the mechanism of
acetylene and methane formation is different, as evidenced by the 6, distributions
(see below), the similafity of the two translational energy distributions is probably
just coincidental. Ethylene has E_,,~9 kcal/mole, which is lower than the common
 En~11 kcal/mole for acetylene and methane.!”

Qualitatively, the yield of the products under the conditions used indicates
that the major product is ethylene and the rhinor product is methane. However, the
relative yield of products is expected to be dependent on the D-atom flux and so no
attempt to quantify a branching ratio is made here. The flux of D-atoms used in
this experiment is about 100 times higher than in the modulated molecular beam

work of Balooch et. al. (where ethylene product was not observed),* suggesting that



ethylene formation is dependent on the availability of D-atoms.

The 6, distributions for each product were méasured, and the results are |
plotted in Figs. 12-14 in polar form along with a cos(0) distribution, which is
scaled to the product intensity for 6,= 45°. For the 0, distribution, it is important
to remember that the beam-to-detector angle remains ﬁxed. at 90°, and thus the
normal component of the D-atom incident energy changes with 6,. The cos(0)
distribution shown here would be observed if the producf: 1) was in thermal
equilibrium with the surface at the surface temperature and 2) had no "memory" of
the incident beam. In Figs. 12-14 the beam is incident on the surface between 6,=
0-90°, and the products are detected from 6= 90-180° ‘as shown.. The angle 6; is
thus equal to the angle between the detector and the surface normal for each
measurement. The acetylene 6, distribution (Fig. 12) is most similar to a cbs(e)
distribution. The ethylene O, distribution is somewhat similar to a cos(0)
distribution, except the product intensity is more strongly peaked toward the
surface normal (Fig. 13). Methane, however, differs 'frqm the acetylene and
ethylene; part of its distribution is strongly peaked toward 45° and part looks like a
cos"(0) distribution (Fig. 14). .The 0, distributions show that‘ some of the methane
product has a "memory" of the incident beam, while all of the acetylene and
ethylene products do not. The important dynamical implications of this result wiil

be discussed in the following section.

Discussion
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Product Translational Energy

The translational energy and 9, distributions of the deuterated methane,
acetylene, and ethylene products reveal some dynamical and mechanistic aspects of
the gas-surface reaction. The importance of considering both the energy released
into translation and the angular distribution of products has been demonstrated.'®
Measuring an angular distribution gives insight into the reaction mechanism and
desorption dynamics, but can be misleading without an accompanying translational
energy distribution. This is particularly true when a cos(8) angular distribution is
observed, which is normally associated with thermal desorption but can also arise
simply from the way a molecule's energy is accommodated at the surface before
desorption (i.e. partitioned between the directions parallel ahd perpendicular to the
surface).

The translational energy distributions in Fig. 11 have been normalized to
have the same area. All three peak at higher energies than a Maxwell-Boltzmann
distribution for T, = 705 K (shown) and of course for T, = 570 K (not shown).
This is indicative of a barrier in the exit channel of each potential energy surface
governing the interactidn of individual products with the graphite surface.” If the
exit channels had no barrier, Maxwell—Boltzmann distributions would be expected.
| Deviations from Maxwell-Boltzmann behavior characteristic of T,,,.. have been
observed in many studies of desorption.?*? In fact, Comsa has pointed out that
there is really no general reason to expect to see Maxwell-Boltzmann distributions

for the desorption of molecules from a surface.” The distributions can be loosely
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characterized by a "temperature" (T g, = <E>/2kg, where k; is the Boltzmann
constant) to quantify the de\}iation from T, pe; Tegs = Taumce in the case of a
Maxwell-Boltzmann disu"ibu'tion.24 For ethy1¢ne, acetylene, and methane, T ¢, =
780, 1032, and 982 K, respectively. . |

The three product distributions are also wider than a Maxwell-Boltzmann
distribtution. As the newly formed product surmounts ;he barrier and leaves the
surface, potential energy is not only channelled into translation but also into
internal modes of the product, which is reflected in the width of the derived
translational energy distribution. Products with less translational energy are more
internally excited. The width can also ‘reﬂect reaction at different types of surface
sites, which will effectively change the total available energy to the departing
molecule. For the two products that desorb without a memory of the incident
beani, the width is larger for ethylene, which has more degrees of fréedom than
acetylene (i.e. more ways to partition internal energy). The methane is formed
through two mechanisms, a direct reaction and a surface recombination, and the
combination of the two mechanisms or reaction from different types of surface
sitess may broaden the distribution.

The ethylene distribution has the lowest T, (780 K) and also has a lower
E, .« of ~9 kcal/mole. Such behavior is consistent with a lower barrier height with
-respect to the final product state in the exit channel for the ethylene product as
compared to the acetylene or methane. The fact that ethylene was found to be the

major product under the conditions used also suggests a lower barrier in the
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forward direction, from the reactants to the transition state. The ratio of products
ethylene: acetylene: methane is ~9:3:1. The barrier in the exit channel can result
from the geometric and configurational requirements of the transition state for a
particﬁlar product to form and evolve. In the case of ethylene, the carbon has the
same sp’ hybridization of the graphitic carbon on the surface. Perhaps this explains

- why ethylene evolution would have a lower barrier. _ :

Product 0, Distributions

The 6, distributions in Figs. 12-14 illustrate how the product flux changes
when the surface is rotated. In the rotating surface, fixed source-detector
arrangement, the normal component of the incident D-atom energy varies with ;.
Thus, 'the distribution observed cannot be properly fit to a cos®(0) distribution
unless thefe is no effect from the incidént beam. However, in the case of
acetylene the distribution clearly shows a loss of "memory" of the incident beam.
It is interesting to note, in fact, that the ang‘/le with the most p'roduct intensity here
is from the measurement where the D-atom has the least incident energy in the
normal direction. A mechanistic picture whereby two CD groups move around on
the surface, find each other, and join together to evolve as acetylene is consistent
with no "memory" of the beam, which is the Langmuir-Hinshelwood type
.mechanism.” The plotted cos(0) distribution, shown for comparison, is what
would be seen if a true thermal desorption were occurring with the product in

equilibrium with the surface. However, since the translational energy distribution
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clearly peaks at higher energy than a Maxwell-Boltzmann distribution, thermal
desorption is noi an appropriate description of the desorption dynamics. The
observed ; distribution must arise from the dynamics of the last formation step and
exit off the surface, reflecting the shape of the exit barrier in the potential energy
surface. While the CD groups are accomodated to the surface, the newly formed
acetylene is not, for there is no surface temperature dependence observed. The
acetylene product formation and desorption can be a concerted process, resulting in
a very short residence time for the acetylene on the surface. Thus the cos(0)
distribution reflects the way the acetylene's energy is divided in the directions
parallel and perpendicular to the surface as it moves through the exit channel of the
potgntial energy surface.

The 0, disiribution for ethylene, Fig. 13, also shows a loss of "memory" of
the beam. The distribution is more highly peaked toward the normal than a cos(6)
distribution, as shown. In fact, it can be fit to a cos*%(0) distribution, again based
on loss of "memory" of the incident beam. The translational ‘energy distribution
already indicatés that the ethylene evolution is not a simple thermal desorption.. A
microscopic picture of two accomodated CD, groups diffusing along the surface
until they find each other and form the product is consistent with the angular
distribution, which is again the Langmuir-Hinshelwood mechanism. However, the
strong peaking indicates that the exit channel barrier has a different shape than that
in the acgtylene case. This barrier is more significant along the normal direction.

The ethylene product, whose dynamics show no surface temperature dependence, is
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not accomodated to the surface. In addition, its enefgy must be partitioned more in
the direction perpendicular to the surface than parallel to the surface in order to
result in the cos®®(0) distribution. Peaked angular distributions have been
previously interpreted as resulting from excess energy in the desorbing molecule in
a study of CO, formed by reaction of CO and oxygen (O,” and O), on a Pt(111)
surface.? There may be a particular configuration of the transition state that leads
to more energy in the coordinate normal to the surface.

Fig. 14 shows the 0, distribution for the methane product. Methane differs
from acetylene and ethylene: it appears that two mechanisms, Eley-Rideal and
Langmuir-Hinshelwood, are operating simultaneously. One part of the distribution
is highly peaked toward 45°, indicating that there is a "memory"” of the incident
beam. This part of the angular picture is consistent with D-atom addition from the
beam to radical species adsorbed on the surface: first to CDy,,,, then to CD, ),
and finally to CDj,,, constituting an Eley-Rideal mechanism. Sequential additions
from adsorbed D-atoms or D-atoms that have suffered a few collisions with the
surface before reaction (and therefor lost information about their incident
coordinates) contribute to the other part of the angular distribution, which haé a
cos>4(@) distribution. The cos>*(0) contribution is from reactions of the Langmuir-
Hinshelwood type mechanism. Thus, both the Eley-Rideal and Langmuir-
Hinshelwood ‘mechanisms are occuring simultaneoﬁsly. Unfortunately, it is not
possible to deconvolute the translational energy distribution (Fig. 2) to reflect the

individual contributions from the two mechanisms. Reports of the Eley-Rideal
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mechanism are quite rare, and so the observation of such a mechanism in this case
is of particular interes't.z"29 From kinetic studies,* the addition to CD, is expected
to be the rate-determining step while the addition to CD; is very fast. Thus, if
there is a competition between D-atom addition to CD, and two CD, groups finding
each other on the surface fo form ethane, the D-atom addition would be favored.

Perhaps this is why no evidence for ethane formation has been observed.

Microscopic Picture
. In the present study, thé observed products were methane, acetylene, and
ethylene. While methane and acetylene were reported previously in a modulated
molecular beam study,* ethylene was not.- Possiblé explanations for this
discrepancy are that the flux of D-atoms is two orders of magnitude higher here,
and the D-atoms are produced in a supersonic expansion with E, ...~ 7.5
Kcal/mole. Previously, acetylene formation . was only seen at high surfécé
temperatures (above 1000 K), and methane was the only hydrocarbon product at
lower temperatures (up to 800 K). This suggests that the surface temperz;lture had
“to be high enough to insure mobility of the CD.4, species on the surface so that
they could find each other with a reasonable frequency. The incident beam energy
of ~7.5 kcal/mole is well above kBTsu,f‘at 1000 K (kyT, = 1.99 kcal/mole), so
there may be ample energy available for mobility of newly formed species,
depending on how much energy is consumed in the initial reaction. Thus, the

incident energy from the D-atom can be partially accommodated by CD and CD,
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mobility at the surface, which is necessary for recombination reactions to form
acetylene and ethylene.

In further considering thev mobility of the radical species at the surface, it
becomes clear why ethane formation is not favored. The graphitic carbon atom
starts as an sp’ carbon, covalently bound to three other carbon atoms. As.D-atom
addition occurs, one C-C bond is broken and a D-atom is attached. However, a
CD species is still anchored to the surface by two other C-C bonds if the sp®
hybridization is maintained. Likewise, a CD, species is anchored by one C-C
bond. A CD, species loses its anchor, though, if sp* hybridization is maintained,
and thﬁs may not remain on the surface long enough to recombine with another
CD; group. The final D-atom addition quickly forms CD,, and thus CD; may be a
very short-lived species under conditions of high D-atom flux. This would explain
the absence of ethane product. In addition, radical species evolution would

probably be unfavorable.

Comparison with other Molecular Beam Etching Studies

The dynamics of only a few etching reactions have been studied using
molecular beam-surface scattering. Some are mentioned here for the sake of
comparison in order to gain a better understanding of the dynamics observed in the
"D-atom/graphite system. Of particular interest is why some systems show
barrierless thermal desorption behavior and others do not.

The dynamics of Cl, etching of GaAs have been studied. In one
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_ experiment, the etching of the GaAs(110) surface to form GaCl, was reported,®
with GaCl, evolution wéll described by a Maxwell-Boltzmann distribution with a
temperatufe below T, ... and a cosine angular distribution. These results were

-attributed to an absence of an activation barrier for desorptiqn. In another
e:xperir.nent,31 time-of-flight spectra of the GaCl from Cl, reacting with GaAs(100)
‘were measured. A cosine distribution for GaCl was obserQed, and the authors
mention that an even bétter fit was found for cos'*(0), i.e. more peaked towards
the surface normal than cos(0). The time-of-flight spectrum was wider than a
Maxwell-Boltzmann distribution (the width was dependent on T, .. with slower
products appearing at lower surface témperatures) except at a high surface
temperature of 550 °C. Attempts to fit the time-of-flight distribution for GaCl by
including a factor accounting for a surface residence time were unsuccessful. It
was postulated, however, that GaCl comes from different types of defect sites,
giving rise to different residence times and thus broadens the time-of-flight
distribution.

The velocities of SiCl, (n= 2, 3 and 4) reaction products from the reaction
 of Cl, with Si(111) were measured.” The product time-of-flight distributions were
~well fit with- Maxwell-Boltzmann distributions with temperatures 9.0% higher than
Toumce- In addition, the angular distribution was a bit peaked toward the normal, fit
by cos'**(0). The SiCl, results were explained in terms of a low potential barrier
in the exit channel resulting in translational heating of the newly formed products

~ upon desorption.
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The results presented here show broader product distributions than expected
for a Maxwell-Boltzmann distribution as in the GaCl work, which could arise for
similar reasons, i.e. reaction and desorption from different types of surface sites.
In addition, the ethylene 0, distribution is more highly peaked towards the normal
than a cos(B) distribution as observed for the SiCl, and also the GaCl. The
acetylene distribution follows cos(0) well, but the translational energy distribution
shows that thermal desorption is not taking place. As in.the case of SiCl,
formation and désorption, there is a barrier in the exit channel for each product,
indicated by the translational energy distribution peaking at higher energy than a

Maxwell-Boltzmann distribution for the surface temperature.

Conclusioil

The dynamics of three hydtocarbon reaction products in the reaction of D-
atoms with a graphite surface have been explored. Time-of-flight measurements of
individual products coupled with variation of the beam-surface angle allow for
determination of the translational energy imparted to each product and the role of
the incident beam in each product's formation on the surface. Unlike some other
etching reactions reported in the liferatlire, the products do not evolve By a simple
thermal desorption process. In fact, there is a barrier in the exit channel for each
product, and thus the translational energy distribution is shifted to higher energies
than a Maxwell-Boltzmann distribution for the surface temperature. Additionally,

the distributions do not have the functional form of a Maxwell-Boltzmann
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distribution. By examining the influence of the incident D-atom beam, it was
determined that the methane was formed both by sequential addition of D-atoms
from the beam to radical species on the surface (Eley-Rideal mechanism) and also
through a Langmuir-Hinshelwood type mechanism, while acetylene and ethylene
were formed by recombination of accommodated CD and CD, species on the
surface, respectively (Langmuir-Hinshelwood). The accommodation of the incident
energy allows for surface mobility and the radical species lose "memory” of the
incident D-atom velocity. The major product was ethylene under the conditions of
D—atorﬁ flux and incident energy used. A study of the branching ratio of products
by varying the D-atom flux would be interesting and would allow for a greater
understanding of the competition between the pathways leading to the three

observed products.
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Figure Captions
Fig. 1 Time-of-flight data (circles)taken at 8;=30° for (a) m/e=20 and (b)
m/e=18. The fit (solid line) is a simulated time-of-flight generated from the

translational energy distribution in Fig. 2 for both (a) and (b).

Fig. 2 Translational energy distribution for tetradeuteromethane obtained by fitting

m/e=20 data at all angles 0, (some fits are shown in Fig. 3).

Fig. 3 Data (circles) taken for m/e=20 at different angles 8;,. The left side (a, c,
and e) were measured with T, =570 K. The right side (b, d, f)

were measured with T,,=705 K. The collisional ionization component is

shown (dotted line) in (c)-(f) (not a fit) and is off the scale of the graph. The
simulated time-of-flight (solid line) is generated from the translétional energy .
distribution in Fig. 2. The same translational energy distribution is used to fit all

the data (a)-(f), for both surface temperatures.

Fig. 4 Data (circles) taken at m/e=32 for different angles 0, and T, ,=570K. The
fit (solid line) is a simulated time-of-flight spectrum generated from the

translational energy distribution in Fig. 5.

Fig. 5 Translational energy distribution for ethylene-d, obtained by fitting m/e=32

data at all angles 0, (some fits are shown in Fig. 4).
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Fig. 6 Data (circles) taken at m/e=26 for different angles 6, and two surface
temperatures: T ,=570K (a, c, and e) and T, ;=705 K (b, d,

and f). The collisional ionization component (off the scale of the graph) is shown
in (c)-(f) (dotted line) (not a fit). The simulated time-of-flight spectra

used to fit the product time-of-flight peaks are generated from the

translational energy distributions of Fig. 5 (ethylene-d,, solid line) and Fig. 7

(acetylene-d,, dashed line). The total fit is also shown( thick line ).

Fig. 7 Translational energy distribution for acetylene-d, obtained by fitting

m/e=26 data at all angles 0, (some fits are shown in Fig. 6).

Fig. 8 Data (circles) taken at m/e=16 for different angles 6;. The fit is generated
from the translational energy distributions for ethylene-d, (solid line) (Fig. 5) and
acetylene-d, (déshed line) (Fig. 7). T,=570 K for v(a), (c), and (d) and
Twt=705 K for (b). In (d) the collisional ionization component (off the scale of

the graph) is shown (dotted line) (not a fit).

Fig. 9 Data (circles) taken at m/e=14 and 0,=25° for T,,=705 K. The ethylene-
d, component (dotted line), the acetylene-d, component (solid line), and the
tetradeuteromethane component (dashed line ), which is negligible, are shown.
The translational energy distributions of Figs. 2, 5, and 7 were used for

tetradeuteromethane, ethylene-d,, and acetylene-dz,' respectively, in fitting.
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Fig. 10 Data (circles) taken for m/e=30, 6,=20°, and T, =570 K. The

fit (solid line) is a simulated time-of-flight spectrum generated from the

translational energy distribution in Fig. 5.

Fig. 11 The translational energy distributions of Figs. 2
(tetradeuteromethane, dotted line); 5 (ethylene—d4, dashed line), and 7 (acetylene-d,
dash-dot line) are plotted with a Maxwell-Boltzmann distribution for T, ,=705K

(solid line).

Fig. 12 The measured O, distribution for acetylene-d, (®) is plotted in polar

form with a cos(9) distribution (®) for comparison. T =705 K.

Fig. 13 The measured 8; distribution for ethylene-d, (W) is pldtted in polar
form with a cos(0) distribution (@) for comparison. T, =705 K. The data is best

-

fit with a cos®®(@) distribution, also shown (solid line).

Fig. 14 The measured 6, distribution for tetradeuteromethane (®) is plotted in
polar form with a cos(8) distribution (@) for comparison. T, =705 K. Part of the
tetradeuteromethane product shows a "memory" of the beam vby peaking near

0,=45°,



Table I. Assignment of Detected

Ions from Reaction
- ]

m/e parent ion
assignment

32 C,D,*

30 C,D,”

28 C,D,*
C2D2+
C,D,*

20 CDh,*

18 . CD,*

16 CD,*
C2D2+

14 C,D,*
CD,*
C,D,”




Table II. Fragmentation Patterns®

m/e Ethane-d, Ethylene-d, | Acetylene- | Tetra-
C,Dq C,D, d, deutero-
C,D, methane
CD,
36 185
34 146
32 1000 - -1000
30 273 618
28 209 640 406
27 807
26 106 1000
24 32 286
20 1000
18 830
16 54 | 110 13 125
14 24 64 136 72
12 194
2 30

“‘Data from Ref. 12.
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