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Abstract 

The initiai dissociative sticking coefficients, S:", of ethane (C,H,) and neopentane 
(C(CHJ,) on a Pt(l11) surface at 550 K have been investigated as a function of the translationai 
and vibrational energy content of the incident molecules using supersonic molecular beam 
methods. In the case of ethane, the new data are consistent with previously published data. In 
addition two new thresholds are observed at translationai energies of ca. 35 and 60 kJ mol". 
With neopentane, a threshold is observed at around 90 kJ mol-'. 
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Estudios dinámicos de la adsorción disociativa 
de algunos alcansos primarios sobre Pt(ll1) 

Resumen 

Los coeficientes iniciales de la adsorción disociactiva, S", de estano (C,HJ y neopentano 
(C(CHJ,) sobre una superficies de Pt(ll1) a 550 K se investigaron con la técnica de haces mole- 
culares supersónicos, en función de la energia trasnacional, y de la energia vibracionai de las 
moléculas incidentes. En el caso de etano, la nueva data es consistente con data previamente 
publicada. Adicionalmente se observaron dos nuevos umbrales a ca. 35 y 60 kJ mol-'. Con neo- 
petano el umbral se observó aproximadamente a 90 kJ mol-'. 

Palabras clave: Alcanos; adsorción disociativa, haz molecular, Pt (1 1 1). 

Introduction bonds would become cmcial to our unders- 

In most catalytic processes involving tanding of this deceptively simple process. 

primary alkanes (Le. alkanes with only pn- Such studies seek to address a simple ques- 

mary C-H entities) dissociative adsorption of tion. 1s the dissociation dynamical in natu- 

the alkane at the cataiyst surface is the re, i.e. does the nature of the potentiai 

rate-limiting step in the catalyhc reaction energy surface play a key role? Or is this 

sequence. It comes as  no surprise therefore simple reaction governed by the simple m- 

that with the marriage of supersonic mole- les of statisticai chernicai reactivity as exem- 

cular beam technology and surface science plified by transition state theory. 

in the late 1980's tharstudies of the nuclear At least with methane (CHJ, the combi- 
dynamics of the dissociation of pnmary C-H nation of expenment and theory has gone a 
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long way to answering this question. Studies 
of the dissociative adsorption of CH, on flat, 
single crystal surfaces abound (1 ).  However. 
these studies have only relatively recently 
turned to addressing the issue of vibrational 
promotion. Using back-seeding methods 
with heated supersonic beams. it is possible 
to deconvolute the translational promotion of 
dissociative adsorption from any vibrational 
promotion as we ourselves have demonstra- 
ted (2). Howwer. it is only with the coupling of 
laser-based vibrational mode specific infra- 
red-pumping methods that it has truly been 
possible to make detailed measurements on 
thevibrational promotion oí C-H dissociation 
in CH, (3). Such measurements now leave 
little doubt that the dissociation of CH., is a 
dvnamical Drocess. 

However. the doonvay remains open for 
the heavier primary alkanes. ethane (C,H,) 
and neopentane (C(CH,),). There are. in con- 
trast. only a limited number of studies of the 
dissociative adsorption of the heavier pn- 
mary alkanes. Some of these studies show 
no evidence for any vibrational promotion of 
the dissociative adsorption of C,H, (lc, 4). 
While our own work (2. 5) clearly indicates 
that vibrational promotion of the dissociati- 
ve adsorption of C,H, does occur. In this 
short communication, we revisit our pre- 
vious study of the dissociative adsorption of 
C,H, to c o n f i  our obsemations ofvibratio- 
nal promotion using an alternative metho- 
dology for the detection of accumulated sur- 
face carbon resulting from the dehydroge- 
nation of the primary reaction products. We 
also report for the first time, new observa- 
tions on the heaviest of the primary alkanes. 
C(CH,),, which build on our earlier study of 
this system (6) and report here to the obser- 
vation of vibrational enhancement. 

Experimental 
AU experiments were performed in a 

stainless steel UHV chamber (Leisk Engi- 
neering) coupled to a triply differen- 
tially-pumped molecular beam system. The 
UHV chamber is equipped with a liquid ni- 

trogen trapped 9" oil diffusion pump 
(Edwards E09). a 250 mm liquid nitrogen 
trapped titanium sublimation pump and a 
6 oil diffusion pump in the differential 
chamber separated from the main chamber 
by a 4 mm collimating orifice. which in uni- 
son provide sufficient pumping capacity to 
achieve a base pressure of 1x 10 'O mbar and 
routine operating pressure with the conti- 
nuous molecular beam operating in the mid 
109mbar range. Themainchamber consists 
of two operating levels. The upper leve1 is 
equipped with a hemispherical electron 
energy analyser (CLAMIOO, VG Microtech) 
and electron gun for Auger electron spec- 
troscopy (AES). and an  ion-sputter gun 
(AG2 1. VG Microtech) for sample cleaning. 
The lower section houses the rear-view 
LEED optics (RVL640. VG Microtech). the 
inírared optics for reflection absorption in- 
frared spectroscopy M R S  and quadrupole 
mass  spectrometer (QMS. Micromass 
PC3OOD. VG Microtech) on a r o t q  table for 
temperature programmed desorption (TPD) 
experiments. Molecular beams formed from 
a variable temperature supersonic nozzle 
source enter the main chamber at this leve1 
through the 4 mm orifice described above. 

The Pt(l11). khickness 2 mm and dia- 
meter of 10 mm. ciystal was mounted on a 
rotatable XYZ sample manipulator and 
could be resistively heated to above 1300 K 
and cooled to 90 K with liquid nitrogen. The 
surface temperature of the Pt(1 l 1) crystal 
was measured by a chromel-alumel ther- 
mocouple inserted into a small hole spark 
eroded into its edge and secured with cera- 
mic adhesive (Aremco 516). Cleaning was 
afforded by cycles of argon-ion bombard- 
ment followed by anneaiing to 1000 K. On 
occasion. the Pt(l11) surface was heated in 
an  oxygen'environment to remove any ac- 
cumulative build u p  of surface and 
sub-surface carbon. AES and RAlR spectra 
of adsorbed CO monitored surface clean- 
ness. The latter is extremely sensitive to 
small levels of contamination. 
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Ethane (BOC 99.9% minimum stated 
purity) and neopentane (Aldrich. 99% mini- 
mum stated purity) hyperthermal molecu- 
lar beams were formed from a variable tem- 
perature alumina nozzle source having a n  
orifice of ca. 40 Km diameter. Nozzle tempe- 
ratures of between 300 and 1200 K can be 
achiwed by resistively heating a length of 
tungsten wire coiled around thc alumina 
tube and coated with a temperature-resis- 
tant ceramic adhesive (Aremco 552) to re- 
duce any heat loss and tungsten evapora- 
tion. The temperature is carefullv monito- 
red by a chromel-alumel thermocouple jn- 
serted into the ceramic adhesive. The maxi- 
mum nozzle temperature is restricted by 
the onset of hydrocarbon pyrolysis. which 
is monitored by the appearance of the 
known thermolysis products of C,H, and 
C(CH,), in the QMS. A conical nickel skim- 
mer (Beam Dynamics Inc.) skims the  
free-jet expansion from this source and the 
resul tant  molecular beam is directed 
through two stages of differential pumping 
before finally emerging into the main cham- 
ber through the 4 mm collimating orifice. 
Exposure times can be accurately contro- 
lled by a movable tantalum flag placed in 
front of the crystal face or viathe gate valve 
placed between the main chamber and the 
beam source. Beam flux measurements 
were performed using a modified mass 
spectrometer employed a s  a stagnation 
gauge and from knowledge of the pumping 
speed and volume of the UHV chamber. 

The average translational energy of the 
hydrocarbon molecules incident on the sur- 
face from the molecular beam has been de- 
termined by the TOF technique using a fmed 
QMS (Q7. VG Microtech) housed inside the 
UHV chamber in the direct flight path of the 
beam. At source stagnation pressures of 
between 1000 and 1800 mbar, theTOF mea- 
surements indicate substantial acceleration 
ofthe hydrocarbon molecules and the resul- 
tant gaussian-like velocity distributions are 
characterised by velocity spreads (Av/v) of 
the order 15 to 30 %. Equation 1 can be used 

to calculate the average velocity of the 
hydrocarbon molecules in admixture with 
light carxier gases. 

where ( v ,  ) , and ( v ,  ), are the terminal velo- 

cities of the light (He) and heavy (C,H, or 
C(CH,),) particles respectively. is the mean 
specific heat ratio and is the mean molecu- 
lar mass. Table 1 gives a comparison of the 
measured translational energies for C,H, in 
admixturewith He at  a ratio of 5:95 with cal- 
culations based on Equation 1. As can be 
seen. and in contrast to our earlier studies 
on CH, ( l h ,  2). there is significant disagree- 
ment between the experimental and calcula- 
ted translational energies indicative of sub- 
stantial velocity slip in the expansion. This 
clearly reflects the importante of empincal 
determination of the translational energy of 
the components in the supersonic beam rat- 
her than assuming purely theoretical ex- 
pansion behaviour. 

A consequence of achieving the range 
of E, by increasing the nozzle temperature is 
to increase the amount of energy contained 
within the interna1 degrees of freedom. Ho- 
wever, many spectroscopic studies have 
shown that the supersonic expansion re- 
sults in a significant cooling of the low 
energy rotational degrees of freedom Typi- 
cally. in such studies, it is found that the ro- 
tational temperature is of the order of 10% of 
nozzle temperature. In contrast, the larger 
separations between vibrational energy le- 
vels mean that the extent of vibrational coo- 
ling is considered to be insignificant and it 
therefore assumed that the vibrational tem- 
perature of the molecules issuing from the 
nozzle is in accord with the nozzle tempera- 
ture. In the case of shnple hydrocarbons. the 
cooling of rotational populations and the 
sudden freezing of vibrational populations 
following free-jet expansion from hot nozzles 
has been c o n f i e d  by infrared laser ab- 
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Table 1 
A comparison of the variation of experimental translational energy with nozzle temperature 
for mixtures of 5% ethane in helium with calculations based on the simple model presented 

by Equation 1 in the text. 

Nozzle Temperature / K Observed Translational Calculated Translational 
~ -. Energy / kJ mol' ~ Ener~!  / k J m o l ' ~ . ~ .  

650 28.1 80.1 

750 32.8 92.4 

sorption measurements (7). There is an ob- 
vious exception to this. however. in vibratio- 
nal degrees of freedom possessing low (typi- 
cally <500 cm~ ' )  vibrational frequencies 
such a s  unrestricted torsions. Such lower 
frequency vibrations are expectecl to cool to 
a similar extent to the externa1 rotations of 
the molecule. 

The initial dissociative sticking coeffi- 
cients. S:". of C,H, and C(CH,), were deter- 
mined by exposing the Pt(l11) crystal surfa- 
ce a t  a temperature of 550 K to the hydrocar- 
bon containing supersonic beam for a mea- 
sured time and then determining the 
build-up ofatomic carbon on the metal sur- 
face. In contrast to our previous studies of 
C,H, ( lh .  2. 5). where we utilised calibrated 
AES measurements of the surface concen- 
tration of atomic carbon. and of C(CH J, (61, 
where we used the well-known King and 
Wells method (8). the measurements repor- 
ted herein have adopted the oxygen titration 
method of Valden e&l. (9). In this technique, 
the hydmcarbon beam exposed crystal is ra- 
pidly heated to 650 K and tben exposed to a 
molecular beam of pure oxygen. The atomic 
carbon on the surface is oxidised producing 
gaseous carbon monoxide (COI and carbon 
dioxide (COJ. which can be detected mass 
spectrometrically. Figure 1 shows a typical 
set of CO and CO, traces obtained from ex- 
posure of the Pt(ll1) crystal to ethene at a 
surface temperature of 320 K. Ethene is 
known to adsorb on the Pt( l l1)  substrate a t  
this temperature a s  the ethylidyne (CCH,) 
moiety with a saturation coverage of 0.25 

monolayers (10) and it has been previously 
well established that no carbon containing 
species are lost from the surface during 
dehydrogenation (1 1) as  the layer is heated 
to 650 K yielding a carbon overlayer with a 
coverage of 0.5 monolayers. As such. ethene 
is an ideal calibrant for surface carbon cove- 
rage. However, it is clearfrom Figure 1 that. 
at'iow carbon exposures, both &l and CO, 
signals may be useful for carbon quantiica- 
tion. However. as the carbon coverage in- 
creases. the CO signal broadens and is in- 
creasingly lost in a large background CO sig- 
nal arising from partial oxidation of carbon 
on other hot surfaces in the sample holder 
assembly cf. Figure llc). The CO, signal is 
therefore likely to be the most reliable mea- 
sure of carbon coverage and was therefore 
used in these measurements. 

The values of S" for C,H, and C(CHJ, 
could then be readily determined from the 
initial gradient of plots of calibrated carbon 
uptake uersus the calibrated flux of C,H, 
and C(CH3, to which the surface was expo- 
sed a s  in Figure 2. For each point in this fi- 
gure at least four measurements of carbon 
coverage were made following independent 
beam exposures and we are confident that 
the resulting coverages. and hence the va- 
lues of S". are accurate to a t  least + 10%. 

Results and Discussion 

Dissociative Adsorpiion of Ethane 

We have previously reported vibratio- 
nal enhancement of the dissociative adsorp- 
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Figure 1. CO (black) and Coi (grey) traces from oxygen titration of the Pt(ll1) surface at a surface tem- 
peratureof 650 K as exposed to (a) 0.02L, (b) 0.2 Land (c) a saturationexposure of ethene a t  320 
K. 

tion of C,H, on M(111) based on Al?? measu- deformation modes of the CH, group play a 
rements of carbon uptake (2.5). Figure 3 signlficant role ln the dissociativc adsorp- 
presents the results from our current mea- tlon of C,H. (2. 51. 
iurements using the oxygen titration met- 
hodand compares them with those previous 
results. The comparison behveen the mea- 
surements made a t a  fxed nozzle tempera- 
ture of 823 K and utilising back seeding to 
control the translational energy of the C,H, 
is remarkable. The reproduction of the 
behaviour of S" with C,H, translational 
energy using independent approaches to the 
analysis of surface carbon accumulatlon gi- 
ves confidente to the contention presented 
in our previous work that the clissociative 
sticking of C,H, is significantly enhanced for 
C,H, molecules which are vibrationally exci- 
ted. Indeed. further analysis of that data. as 
previously presented (2. 5). would support 
the contention that C,H, molecules posses- 
sing multiple quanta of vibrational energy in 

- " 

The data in Figure 3 also reveal strong 
evidence for two new energetic thresholds ln 
the dissociative adsorption of C,H, that we 
have previously not observed. As the trans- 
lation energy is increased at  a fxed nozzle 
temperature of 294 K (filled circles) steps in 
the variation of S,"" are clearly observed at  
around 35 kJ mol' and 60 kJ m01 '. Back 
seeding measurements made at other fxed 
nozzlc temperatures (650 K. 750 K and 800 
K), but not reproduced here, also show evi- 
dence for these thresholds. These thres- 
holds correspond to vibrational energies of 
ca. 2930 and 5030 cm ' and may represent 
enhancement of the dissociatlve sticking of 
C$, through population of the C-H stretch 
and combinations of the stretch with multi- 
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Figure 2. Typical uptake curves for GHn see- 
ded in mixtures of hydrogen, helium, 
argon and krypton expanded 
through a nozzle at a temperature of 
294 K and incident on a Pt(111) surfa- 
ce at 550 K. The figure legend prr- 
sents the experimentally determined 
translational energy of the CzHamoie- 
ties in the molecular beam. For clarity 
only some of the data sets have the 
initial gradients (Le. Cod'<') plotted. 

ple quanta of vibrational energy in the defor- 
mation modes. 

Dissodative adsorption of neopentane 

The results for a n  investigation of the 
effect o í  vihrational a n d  t ransla t ional  
energy on the  dissociative adsorption of 
C[CHJ, are shown in  Figure 4. The sticking 

Figure 3. Comparicon of the variation of S+ 
with GHs translational energy obtai- 
ned in the present experiments for 
nozzle temperatura of 823 and 294 K, 
rapectively (open and filled cirdes) 
with those obtained previously and re- 
ported in the referentes 2 and 5 (open 
and fiUed s q u m ) .  Only the data set 
represented by the o p n  squares can be 
directly compared as these were obtai- 
ned using identical ba&-seeding met- 
hods to those employed heein at fixed 
nozzle temperature. The data set pre- 
sented by the filled sqiiares used a fi- 
xed beam composition and nozzle tem- 
perature variation to achieve the varia- 
tion in GH6 translational energy. 

probabilities obtained in this study for high 
translational energies (e.g. SO" = 0.12 a t  
1 13  kJ mol') are similar t o  those obtained 
using the King and Wells technique and re- 
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ported in our previous communication (6). 
The agreement is not quite a s  good a s  was 
found when comparing the present data for 
C,H, with that obtained previously using 
AES to measure carbon build up on the 
Pt( l l1)  surface discussed above. This pro- 
bably reflects the Hmitation of thr King and 
Wells method in determining sticking coef- 
ficients around 0.1 and lower. 

For each nozzle temperature. SOU" re- 
mains fairly constant. until a threshold is 
reached. at which point the sticking probabi- 
lity increases significantly for a small increa- 
se in translational energy. The stic!dng pro- 
bability then begins to plateau out. The 
threshold energies for the two different nozz- 
le temperatures are at 100 - 110 kJ m01 ' for 
the 294 K nozzle. and 70 - 80 kJ m01 ' for the 
673 K nozzle. For translational energies bet- 
ween these two threshold energies there is 
clearly an enhancement of the st icking pro- 
bability due to vibrational excitement of the 
neopentane molecules. The energy range 
where this vibrational enhancement can be 
seen (80 - 100 k J  m01 ') is below the lowest 
energies probed in previous studies of the 
dissociative adsorption of C(CHJ, 112,131. 
Energetically, this threshold Ica 7500 cm ') 
may well correspond to a t  least double exci- 
tation of the C-H stretching modes and mul- 
tiple excitation of the bending modes. 

Conclusions 
New data are presented for the dissocia- 

tive adsorption of ethane and neopentane on 
a Pt(ll1) surface at 550 K. There is clear evi- 
dence in the variation of initial dissociative 
sticking coefficient. S". with the translatio- 
nal and vibrational ene ra  content of the mo- 
lecules for vibrational promotion of dlssocia- 
tive adsorption. Clearthreshold are observed 
in these variation in both molecules that may 
point to the participation of both C-H stret- 
ching modes and combinations of CH, defor- 
mation modes in enhancing the rate of disso- 
ciative adsorption of these simple prirnary al- 
kanes. We leave further interpretation of the 

Figure 4. Variation of Cod'= with C(CH?)a trans- 
lational energy obtained in the pre- 
sent experiments for nozzle tempera- 
tures of 673 K (open symbols) and 294 
K (filled symbols), respectively. 

origin of these thresholds until more exten- 
sive data sets are available. 
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