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The production of ethane accompanying the thermal decomposition of ethylene 
on bare and hydrogen covered (llO), (loo), (112) and (111) tungsten surfaces has 
been studied. The fraction of ethylene converted to ethane is found to vary from 
face to face, but in no case does the amount of ethane produced correspond to hydro- 
genation of more than 1.5% of the chemisorbed ethylene; the remainder decomposes 
to a carbon residue and gaseous hydrogen. With no preadsorbed hydrogen (i.e., self- 
hydrogenation) the order of activity, as given by the fraction of ethylene converted 
to ethane, is as follows: 

(110) < (100) - (112) < (111). 

With preadeorbed hydrogen (hydrogenation) the order of activity is approximately 
the same. 

(110 < (100) < (111) < (112). 

The inversion in the order for the (112) and (111) planes is due to a concentration 
effect. The increase in the fraction of ethylene hydrogenated over the fraction self- 
hydrogenated increases as the ratio of chemisorbcd hydrogen to chemisorbed ethyl- 
ene increases, and in the case of the (112) plane this ratio is a factor of 7 larger 
than the same ratio for the (111) plane. When Dz is substituted for Hz in the hydro- 
gen predose, the extent of incorporation of D atoms in the ethane product, as in- 
dicated by the amount of d,- and clo-ethane relative to cl,-ethane, is ordered approxi- 
mately in the inverse of the self-hydrogenation activity. 

The amount of ethane produced is shown to be inconsistent with a Rideal-Eley 
mechanism, but consistent with the Horiuti-Polyani or half-hydrogenated state 
mechanism. 

CH,-CH, + H % CH,-CH,, (1, 
II II 
* * * * 

CH,-CH, + H + CHS-CHz(g). (2) 

The crystallographic dependence for hydrogenation and deuteration is a consequence 
of the reverse of Eq. (1). The probability of this step occurring decreases with in- 
creasing metal-metal spacing. A high density of short spacings as on the (110) plane 
would yield the observed small amounts of ethane but extensive incorporation of 
D atoms, while a high density of long spacings as on the (111) plane would yield 
the observed larger amounts of ethane with less extensive incorporation of D atoms. 

INTRODUCTION cussion of a geometric factor in catalysis 
The role played by surface structure in dates to before Balandin (1) in 1929, yet 

catalytic reactions is not well defined. Dis- little experimental evidence exists about 
88 

Copyright @ 1974 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



HYDROGENATION OF ETHYLENE ON CRYSTAL 89 

its effect. Although the geometric factor 
is usually associated with the lattice spacing 
of the surface atoms, Gwathmey and Cun- 
ningham (2) have pointed out that lattice 
spacing is only one aspect of the geometric 
factor and is by no means the only mea- 
sure of surface structure. But regardless of 
the question as to the specifics of a geo- 
metric factor, recent studies of the chemi- 
sorption of N, (5, 4), H, (5, 6) and C&H, 
(7) on the low index planes of tungsten 
have shown that the surface chemistry of 
these species is different on each of the 
single crystal planes, Thus, one way to 
probe a geometric factor in catalysis is to 
study a reaction catalyzed by a group of 
,different single crystal surfaces. This has 
been done for the decomposit,ion of NH, on 
W(llO), W(100) and W(111) (8). Each 
surface was found to follow the same de- 
composition mechanism, but with differing 
rates for each. Other studies of a catalytic 
react’ion on 2 or more single crystal faces 
of a fee metal include H, and C,H, on the 
(ill), (llO), (100) and (321) faces of 
Ni (9), the interaction of H, and 0, (IO) 
and the decomposition of formic acid (11) 
on copper single crystals, the decomposition 
of CO over Ni(ll1) and Ni(lOO) (IS), 
and a study of the dchydrocyclization of 
n-heptane on several platinum surfaces 
(13). None of t,he results of these studies 
were explained in terms of simple crystal 
geometry except for the general conclusion 
that open surfaces are the most reactive 
(8, 9, 131. 

This study of the reaction of H, and 
C&H, on tungsten single crystals to form 
ethane differs in method from those studies 
mentioned ab,ove. The ethane is not, pro- 
duccd in a flow system, but instead both 
reactants are sequentially adsorbed on the 
surface below the reaction temperature 
thereby establishing a known coverage of 
each species prior to reaction. The surface 
is then heated and the appearance of ethanc 
in the gas phase followed. The amount of 
ethane produced is small, on all surfaces 
199% of the chemisorbed ethylene decom- 
poses yielding H, in the gas phase. The rc- 
suits of the decomposition study have been 
reported elsewhere (14). The amount of 

ethane produced will be shown to depend 
on the reactivity of t,he surface, and the 
relative surface concentrations of H, and 
C,H,. 

EXPERIMENTAL METHODS 

The crystals, crystal mounting and ex- 
perimental system have been described 
previously (6, 7). The surfaces were nor- 
mally cleaned by flashing to temperatures 
>2400 K; however, each surface was 0, 
cleaned prior to the hydrogenation experi- 
ments. Hydrogen desorption spectra were 
used as a check of this cleaning procedure. 
As C&H, decomposes above 200K the 
crystals were flashed to -1700 K to re- 
move adsorbed gases and then cooled to 
below 150K in a vacuum of at least 5 x 
10-l” Torr prior to admission of C&H,. 
When hydrogen was predosed, the required 
cooling period was adequately supphed by 
the hydrogen dosing period. Temperatures 
were measured by a W 5% Re/W 26% 
Re thermocouple welded to the center of 
the crystal. 

The number of molecules of type 2, rz,, 
appearing in the gas phase in a thermal de- 
sorption experiment is proportional to the 
area mldcr the desorption spect.rum. 

,uY~A~,+ dt = A>,. (1) 

A&+ is the change in mass spectrometer ion 
current due to the molecular ion M of 
species Z, t is time and the value of the 
integral is obtained from A,, the area 
under the mass M thermal desorption 
spectrum (15). For ethylene the main reac- 
tions that occur during the flash are de- 
composition leading to production of gase- 
ous hydrogen and hydrogenat’ion yielding 
ethane (16). The numhcr of ethane mole- 
cules is proportional to A:,,, for among the 
C, and C? hydrocarbons a charge to mass 
ratio of 30 is unique to ethane. The number 
of hydrogen molecules produced is propor- 
tional to A,, but as 2 hydrogen molecules 
are produced for each ethylene decomposed 
the number of ethylene molecules is propor- 
tional to 0.5 A,. The ratio of the number 
of ethane molecules produced to the num- 
ber of ethylene molecules decomposed is 
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nCds KCIHs Am &I - = o.5 Az = K A2- 
nCzHd 

(2) 

To determine the exact value of the ratio, 
the factor KczH, must be known, but a com- 
parison of the relative amount of ethane 
produced from plane to plane can be ‘based 
only on A,,/A, ratios on each plane as K 
contains only ratios of pumping speeds and 
mass spectrometer sensitivities, factors 
which should vary little from plane to 
plane. 

In order to get an approximate idea 
of the amount of ethane produced a value 
of Kc~H~ can be estimated. Following 
Ref. (1’7), 

SC& zz - -. Kcaa = SHI z30 (3) 

fb2H6/Si12, the ratio of pumping speeds is 
assumed to be given by the ratio of the 
mean molecular speeds of C,H, and H,, 
(2/30) 1’2 ; this assumption was shown to 
be approximately valid for the hydrogen 
isotopes (17). We have no calibration for 
Z,/Z,, but we can estimate it from ion 
gauge sensitivities by assuming that differ- 
ences in mass spectrometer ion currents 
arise only in the ionization process. For 
ionization gauges the sensitivity, 2, is de- 
fined as follows: 

Ztd+ = i-(&o,,1)~, (4) 

i- is the current of ionizing electrons. The 
cracking pattern of ethane (18) shows that 
the total ion current is 27.7 i,,+. Inserting 
this for itotal+ in Eq. (4) leads to Z,, = 
(l/7.7) vkLdCpH,. Since mass 2 is the 
major ion from H,, 2, z (Ztotal)Hg. Thus, 
2d.L - 7.7 (&o+al) Hg/ (Total )02Hc,, and use 
of Young’s values of ionization gauge 
sensitivities (19) and the value for A%,/ 
S32HB in Eq. (3) yields KC2H6 = 0.3. 

RESCLTS AND INTERPRETATION 

A. Hydrogenation and Self Hydrogenation 

Rapid heating of a monolayer of ethylene 
adsorbed on tungsten at ~135 K leads to 
decomposition as the major reaction with 
hydrogen as the principal gas phase prod- 
uct. Ethane in small amounts is the only 
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other gas phase product detected. Figures 
1 and 2 contain the spectra obtained on 
the (1101, (loo), (112), and (111) planes 
of tungsten. For each plane the sequence of 
curves is the same: curve a, hydrogenation, 
is the mass 30 spectrum resulting from a 
surface presaturated with hydrogen and 
then exposed to a saturation dose of ethyl- 
ene ; curve b, self-hydrogenation, is the 
mass 30 spectrum resulting from a surface 
saturated with ethylene; and curve c, de- 
composition, is the mass 2 spectrum re- 
sulting from a surface saturated with 
ethylene. 

TEMPEPATURE (K) 

TEMPERATURE (K) 

FIG. 1. Isotope spectra from W(112) and 
W(110) : (a) mass 30 (ethane partial pressure) 
spectra resulting from sequential adsorption of 
H, and CL&; (b) mass 30 spectra resulting from 
a monolayer of CLH,; (c) mass 2 (hydrogen 
partial pressure) resulting from a monolayer 
of C&H,. 
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135 227 312 381 460 552 641 

TEMPERATURE (K) 

FIG. 2. Isotope spectra from W(100) and 
W(ll1) : (a) mass 30 (ethane partial pressure) 
spectra resulting from sequential adsorptions of 
H, and C,H,; (b) mass 30 spectra resulting from 
a monolayer of CLHa; (c) mass 2 (hydrogen 
partial pressure) resulting from a monolayer 
of GH,. 

On all four planes, ethane production, 
with or without preadsorbed hydrogen, 
reaches its maximum rate at a temperature 
below the temperature of the peak maxi- 
mum for ethylene decomposition. As ethyl- 
ene must decompose at temperatures at or 
below that at which hydrogen appears in 
the gas phase, and undecomposed ethylene 
is required for hydrogenation, the upper 
limit for hydrogenation is determined by 
the st,ability of chemisorbed ethylene as 
reflected by the respective mass 2 spectra. 
While the upper limit for flash hydrogena- 
tion is determined by ethylene stability, the 
lower limit is apparently determined by the 
availability of hydrogen. With no pread- 
sorbed hydrogen the hydrogen for ethane 
production is furnished by ethylene decom- 

position. As a result production of ethane 
is constrained to occur in the temperature 
region corresponding to the initial portion 
of the ethylene decomposition spectra. With 
predosed hydrogen the lower limit for hy- 
drogenation would be governed by hydrogen 
mobility (17)) and in general the effect of 
predosed hydrogen is to increase the amount 
of ethane produced and shift this produc- 
tion to lower temperatures. 

On each plane the size of the mass 30 
spectrum is at least a fact’or of 75 ‘smaller 
than the mass 2 spectrum indicating that 
hydrogenation is a minor reaction compared 
to decomposition. For comparison from 
plane to plane consider the fraction, f, of 
adsorbed ethylene molecules that are con- 
verted to ethane. In terms of the area under 
the mass 2 spectrum, A,, from an ethylene 
monolayer, and the area under the mass 30 
spectrum, A,,, f is given by 

The factor S,+, must be included since 
different fractions of a monolayer of ethyl- 
ene adsorb on each plane when the surfaces 
are presaturated with hydrogen (141. Since 
K, as estimated in the experimental section, 
is approximately 0.6 and A,, < A,, the 
second term in the denominator can be ne- 
glected to yield 

KAso -. 
’ = &m~A~ (6) 

Values of f/K along with the ethylene and 
hydrogen coverages from Ref. (14) are 
given in Table 1. fh, hydrogenation, and f8, 
self-hydrogenation, are used to distinguish 
between those cases where hydrogen is or 
is not preadsorbed. The relatively large 
error limits on the values of f are due t,o 
two factors: one is the small number of data 
points involved, only two for the (112) and 
(110)) and the second is the small amount 
of ethane involved. The latter is especially 
a problem for self-hydrogenation consider- 
ing the possibility of co-adsorption of hy- 
drogen produced by ethylene decomposition 
in the ion pump and at hot filaments. The 
largest conversion of ethylene to ethane 
occurs on the (112) plane and with K equal 
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TABLE 1 
HYDROGENATION DATA” 

Polycrys- 
(110) (100) (112) (111) talline 

OH2 0.98 0.67 0.96 0.36 0.86 
ecrEa 0.24 0.52 0.37 0.86 0.41 

2 (X 103) 0.4 +_ 0.1 4.5 * 0.9 3.8 + 1 7.5 * 2 1.5 

g (X 103) 3.4 rt 0.3 11.9 + 3.4 24.6 f 4.3 13.1 * 0.9 10.3 

nd%Ha 6.5 2.4 5.4 0.76 4.1 

a Hydrogen and ethylene coverages from Refs. (14) and (17), rows 1 and 2; fraction of chemisorbed 
ethylene self-hydrogenated and hydrogenated, rows 3 and 4; and the ratio of hydrogen to ethylene, row 5. 
The polycrystalline values are taken from dat’a present’ed in Ref. (17). 

to 0.6 corresponds to hydrogenation of 1.5% 
of the chemisorbed ethylene. 

As indicated by the values of f8, the 
(110) plane is the least active and the 
(111) plane the most active for self-hydro- 
genation. The order of activity is 

fs: (110) < (100) - (112) < (111). 

Comparison of the f8 and fh values in Table 
1 shows that the effect of preadsorbed hy- 
drogen on all four planes is to increase the 
fraction of ethylene converted to ethane. 
Direct comparison of hydrogenation ac- 
tivity as given by the fh values shows the 
(110) plane to still be the least active, but 
the order for the (112) and (111) planes 
is inverted 

f*: (110) < (100) - (111) < (112). 

Comparison of the hydrogenation results 
is complicated by differing ratios of hydro- 
gen molecules to ethylene molecules on the 
four planes. This ratio, ~H,/Q,~,, can be 
determined from the hydrogen and ethylene 
coverages and the areas under the mass 2 
spectra resulting from monolayers of hy- 
drogen and ethylene (14). Values for the 
four planes are given in the fifth row of 
Table 1, and the order is as follows: 

n,&/nCz&: (111) < (100) < (112) < (110). 

With the exception of the (112) plane the 
order of hydrogenation activity is the re- 
verse of the ratio of hydrogen to et’hylene. 
When this ratio is considered the inactivity 
of the (110) plane is especially pronounced; 

the (110) plane is the least active despite 
having the largest ratio of hydrogen to 
ethylene, indicating that the inactivity of 
the (110) plane is a property of the surface. 

Although the approximate ordering of 
the planes as to hydrogenation activity is 
a property of the surface, the increase in 
the amount of ethane produced by hydro- 
genation over self-hydrogenation shows a 
clear dependence on concentration. This 
enhancement is approximately given by 
(fh - fd/fs. These values are shown 
plotted in Fig. 3 vs the ratio of the number 
of hydrogen molecules to the number of 
ethylene molecules. In addition to the points 
for the four planes and polycrystalline 
tungsten (17) there is an additional point 
for the (112) that results from preadsorbing 
hydrogen in only the ,& state. With only the 
p2 state filled one is able to adsorb a full 
monolayer of ethylene so that OH., = 0.48, 
8 %% = 1, and nH,,/nc,H, = 1. Given these 
six data points the data can be approxi- 
mated by a linear relationship between the 
enhancement of hydrogenation over self- 
hydrogenation and the ratio of hydrogen to 
ethylene molecules on the surface. 

B. Deuteration 

When D, is substituted for HZ in the 
hydrogen predose, the complete range of 
deuterated ethanes up to &-ethane is ob- 
tained. As an example Fig. 4 contains the 
isotope spectra for masses 32 through 36 
obtained from the (100) plane. These were 
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FIG. 3. Enhancement in the fraction of ethylene 
hydrogenated due to an increase in the ratio of 
the number of chemisorbed hydrogen molecules 
to the number of chemisorbed ethylene molecules. 

obtained by recording that portion of the 
mass spectrum containing masses 32 through 
36 at, a rate of four scans a second and 
then replotting the amplitudes as a func- 
tion of time. On all four planes the same 
general trend is observed; there is a gen- 
eral decrease in size with increasing extent 
of deuteration with a sharp break in the 
size of the spect,ra occurring between the 
mass 32 and 33 spectra. This break might 
indicate, as found by Kemball (,W) for 
deuteration of ethylene over tungsten films, 
the production of a large amount of d,- 
ethanc. However, as the 70 eV ionizing 
electrons used in this study lead to exten- 
sive fragmentation of ethane, all the higher 
deuteroethanes yield ions with a charge to 
mass ratio of 32. As a result the area under 
the mass 32 spectrum can only be taken 
as proportional to an upper limit for the 
amount of d,-ethane produced. This is not 
the case for the areas under the mass 36 
and 35 spectra, for their only contributions 
are from the d,- and d,-ethane molecular 
ions. 

Table 2 contains a summary of the areas 

FIG. 4. Deuteration: mass 32 through 36 isotope 
spectra resulting from sequential adsorption of 
D, and C,Ha on W(100). Spectra from the remain- 
ing three planes are similar in shape. The areas 
under the isotope spectra from the four planes 
are given in Table 2. 

under the isotope spectra relative to the 
area under the mass 32 spectra for the four 
planes and for polycrystalline tungsten 
(17). If the relative amount of mass 35 

TABLE 2 
I)EXJTERATION: THE .~REAS UNDER THE ISOTOPE 

SPECTRA FOE MASSES 33 THROUGH 36 RELATIVE 
TO THE Artsa UNDER THE Mass 32 SPECTRUMS 

Poly- 
crys- 

(111) (100) talline (112) (110) 

A36 
A, 0 0.03 0.05 0.06 0.05 

-45 
0.06 0.07 0.13 0.08 

A32 
0.11 

A34 
A, 0.20 0.17 0.21 0.14 0.22 

A33 
A, 0.40 0.32 0.29 0.17 0.39 

a The polycrystalline values are from dat,a par- 
tially presented in Ref. (17). 



94 CARTIER AND RYE 

and 36 from this table is compared with 
the ratio of hydrogen to ethylene in Table 
1, it appears that the amount of d,- and 
d,-ethane increases as this ratio increases. 
However, it is possible that this trend is 
only apparent since t.he values in Table 2 
are based on the amount of mass 32 not 
the amount of d,-ethane. As the amount 
of mass 32 depends both on the amount of 
d,-ethane and contributions from higher 
deuteroethanes there is the possibility that 
differing isotopic distributions on each 
plane are responsible for the trend. To ex- 
plore this possibility we have calculated 
the contribution (expressed a,s a fraction 
of the parent amount) t.hat each deutero- 
ethane makes to mass 32 in a manner iden- 
tical to that used by Kemball (20). These 
fractions are calculated using a reported 
cracking pattern (18) for d,-ethane and 
assuming that the loss of one and two hy- 
drogen atoms occurs to the same extent in 
all the deuterated species, but that the 
probability for loss of an H-atom is 1.17 
times that of a D-atom. Subtraction of the 
contributions of the higher deuteroethanes 
from the observed amount of mass 32 gives 
the amount of mass 32 directly proportional 
to d,-ethane. Figure 5 shows a plot of the 
calculated d,/d2 and d,/d, ratios vs the 
ratio of D, to C&H, on the surface. Figure 
5 shows that production of d,- and d,- 
ethane increases as the D, to C,H, ratio 
increases, so correction applied to the mass 
32 data leaves the trends unchanged. This 
is of course dependent on the cracking pat- 
tern, but independent variation of the mass 
peaks corresponding to the loss of one and 
two hydrogens relative to the parent by 
+25% did not reverse any of the trends. 

IS- 

16- 

,a- 
da-ethane 

12- 

“2 IO- 

FIQ. 5. The amount of d,- and ds-ethanes rela- 
tive to the amount of d,-ethane plotted vs the 
ratio of the number of chemisorbed D, to the 
number of chemisorbed C,H,. 

a monolayer of hydrogen (n& is propor- 
tional to the area under the mass spectrum 
divided by the area under the mass 2 spec- 
trum from a monolayer of hydrogen (AHZ). 

AH2 is introduced to facilitate comparison 
between planes as the relative hydrogen 
densities from plane to plane have been 
reported (5, 6). The ratio of the number 
of density of ethane molecules on any plane 
x: to the number produced on the (100) 
plane is equal to 

C. Comparison with Polycrystalline 
Tungsten 

hxrs)z 
@CC~H~) (100) 

For comparison with the flash hydro- Table 3 lists values of number of mole- 
genation observed on polycrystalline tung- cules of hydrogen per square centimeter 
sten a better measure of the hydrogenation on each plane relative to the number of 
would be the number of ethane molecules W(100) determined by us and others from 
produced per square centimeter. The ratio the areas under fla#sh desorption curves 
of the number of ethane molecules produced and the geometric areas of the cry,stals 
per square centimeter (a.CZH,J to the num- studied. Our results are in good agreement 
ber of molecules per square centimeter in with the published values except for 



TABLE 3 
SURFACE DENSITIFX (No./cm2) OF HYDKOGEN 

ON EACH PLANE RE:LATIVX TO W(100) 

W(110) W(100) W(ll2) W(111) 

This work 0.76 1 0.79 1.1 
Tamm and 0.70 1 1.75 

Schmidt (5) 
Othera 0.80 0 .6 

a Absolute densities obtained from chemical evi- 
dence, W(112) (6), and from the area under the 
desorption spectra and knowledge of the pumping 
speed, W(ll1) (22), relative t,o the absolute density 
reported for the (100) plane reported by Madey (21). 

W (111)) where our value is low compared 
to that of Tamm and Schmidt (5) and high 
compared to the values given by Madey 
(!B). In evaluation of Eq. (8) we have 
used our values, since W( 111) is assumed 
to make only a small contribution to poly- 
crystalline tungsten the choice is not a 
critical one. 

In a study of the sequential adsorption 
of D, and C,H, on the same four planes of T (“K) 

tungsten we were able to synthesize the FIG. 6. Flash hydrogenation and self-hydrogena- 

D, and C&H, coverages for sequential ad- tion from the four planes scaled according to the 

sorption of D, and C&H, on polycrystalline number of ethane molecules produced per square 

tungsten (17) from the coverages obtained centimeter and the percentage contribution of 

on the single crystal surfaces by assuming each plane to polycrystalline tungsten as given 

the polycrystalline surface to be composed 
in Ref. (14). The polycrystalline results are in- 

of reasonable, but not unique, percentages 
cluded for comparison. 

of these four planes: 40% (llO), 35% 
(loo), 20% (112) and 5% (111) (141. The the polycrystalline results cannot be under- 
single crystal self-hydrogenation and hy- stood as simply a composite of results 
drogenation spectra given in Figs. 1 and from this simple set of planes even though 
2 were scaled to those for the (100) plane the fh and f8 values, Table 1, for polycrys- 
using t8he,se assumed percentages for the talline fall inside the extremes of the single 
various planes, and the ratio of ethane den- crystal values. The major features in the 
sities given by Eq. (8). The results are polycrystalline spectra to be understood 
shown plotted on a linear temperature scale are the enhancement of hydrogenation over 
in Fig. 6. Included for reference are spectra self-hydrogenation and the observation 
obtained on polycrystalline tungsten (17). that this enhancement occurs predominantly 
The (112) and (100) planes make the in a peak at +160K while self-hydrogena- 
largest contribution to flash hydrogenation tion occurs predominantly in a peak at 
on polycrystalline tungsten. This is ob- 2230 K. Direct comparison of temperatures 
viously true for our assumed composition for t,he polycrystalline results with temper- 
of polycrystalline tungsten, but the con- aturcs for the single crystal results can 
clusion would still be valid unless one as- not be made due to the different methods 
sumed a very large fraction of (110) or used for temperature measurement in t,he 
(111) planes. two cases, but temperatures between the 

A second consequcncr of Fig. 6 is that, individual single crystal planes should be 
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comparable. Comparison of the four sets 
of single crystal results can not lead to a 
synthesis of the main features in the poly- 
crystalline results. Such a synthesis might 
be possible if we assumed, for example, 
that the temperatures recorded for the 
spectra obtained on the (112) plane were 
in error by approximately 100 K relative 
to the temperatures for the other planes. 
But, as this is highly unlikely, we must 
conclude that the hydrogenation activity 
observed on polycrystalline tungsten can 
not be understood simply as a composite of 
results obtained on these four planes. 

DISCUSSION 

There have been many mechanisms pro- 
posed for the hydrogenation of ethylene. 
These belong to one of two groups: either 
Langmuir-Hinshelwood mechanisms where 
the reaction occurs between chemisorbed 
ethylene and chemisorbed hydrogen; or 
Rideal-Eley mechanisms where one reac- 
tant is chemisorbed and the second is either 
physically adsorbed or in the gas phase. 
Gardner and Hansen (.%S) have proposed 
a Rideal-Eley mechanism for hydrogenation 
of ethylene on tungsten in which gas phase 
ethylene collides with LLtTuna-diadsorbed” 
et,hylene, captures two hydrogen atom#s and 
is converted to ethane. The amount of 
ethane observed during the flash is such 
that its production by impact of gaseous 
ethylene is highly unlikely. Although we 
close the ethylene supply valve and pump 
for 1 min before flashing, the ethylene pres- 
sure at the time of flash is 25 X lo+ Torr. 
This pressure of ethylene gives a rate of 
impact per ethylene on the surface such 
that slightly more than one ethane per in- 
cident ethylene would have to be produced 
on some surfaces. This does not take into 
account the fact that ethylene molecules 
are decomposing at the same time. In addi- 
tion, their mechanism could in no way pro- 
duce the extensive incorporation of D atoms 
that we observe in our deuteration 
experiments. 

One widely accepted mechanism for hy- 
drogenation is the Horiuti-Polanyi mecha- 
nism proposed in 1.934 (24). 

H + CHz-CH2 it CHS-CH3, (9) 
I I I k-1 I 
* * * * 

ka 
CH2-CH, + H --t CHa-CHa(g). (10) 
I I * * 

The ast,erisks in these expressions represent 
bonds to the surface. The crystallographic 
dependence for flash hydrogenation and 
flash deuteration that we have observed is 
in agreement with such a mechanism. The 
step of major importance is the reverse of 
Reaction 9, the conversion of the half- 
hydrogenated state ,back to a chemisorbed 
ethylene. This reaction should occur 
through a transition state of the form 

with the probability of formation of this 
transition state decreasing with increasing 
tungsten-tungsten distance, r (25). As a 
result of a lower probability for formation 
of this transition state leading to the re- 
verse reaction, the lifetime of the half- 
hydrogenated state will be longer and there 
will be a greater chance for production of 
ethane via Reaction 10. This dependence 
on tungsten-tungsten distance is clearly 
evident from a comparison of self-hy- 
drogenated activity. On both the most ac- 
tive plane, W(lll), and the least active, 
W (110)) each surface tungsten atom is 
surrounded by six nearby tungsten atoms, 
but on the (111) plane the tungsten-tung- 
sten distance is 4.47 A, and on the (110) 
plane four are at 2.78 A and two are at 
3.14A. Thus in agreement with our obser- 
vation there should be a larger amount of 
ethane produced on the (111) plane as a 
consequence of a slow reverse step in Eq. 
(9). The (100) and (112) planes with 
spacings intermediate between these two 
extremes produce an intermediate amount 
of ethane. 

The same dependence on spacing must 
also exist in the case of hydrogenation. And 
aga’in the (110) plane is the most inactive, 
but the order for the (112) and (111) planes 
have been reversed due to a concentration 
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dependence. As seen in Fig. 3 the increase 
in hydrogenation over self-hydrogenation 
increases with increasing ratio of hydrogen 
to ethylene. Production of ethane by the 
Horiuti-Polanyi mechanism requires re- 
action of two successive hydrogen atoms 
wit,11 the same ethylene molecule. On a 
given plane the probability of this occur- 
ring will increase as the ratio of hydrogen 
to ethylene increases, i.e., the most favor- 
able case for hydrogenation on a given 
plane would occur when that surface was 
rich in hydrogen and poor in ethylene. In 
the case of hydrogenation the (112) plane 
is relatively rich in hydrogen while the 
(111) plane is relatively rich in ethylene. 
Thus, the reversal in the activity of the 
(112) and (111) planes is simply due to 
this concentration effect being a greater 
factor on the (112) plane than on the 
(111) plane. 

Extensive incorporation of deuterium in 
the product ethane molecule depends on the 
reverse step in IQ. (9). And we observe 
the most extensive incorporation of deu- 
tcrium occurs on the (110) plane where 
this rwewe step should be most rapid, and 
the least incorporation occurs on the (111) 
plane where the reverse step should be the 
slowest. However, in this case it is not pos- 
Fiblc to separate the effect of spacings 
from the concentration effects (26) indi- 
cated by Fig. 5. But it should be possible 
by choice of proper ethylene exposures to 
produce the same ratio of deuterium to 
cthylcnc on each plant. Any resulting dif- 
fckrences in the distribution of deuterat’ed 
ethanes would then be due to differences in 
the rate of the rwerse step of Eq. (9). 

Kemball (20,, in an investigation of the 
deutcration of ethylene on evaporated 
tungst,cn films at 174 K, reported a d,:d, 
ratio of 0 and a d’,:d, ratio of 0.003 for the 
initial distribution of deuterated ethanes. 
Only slightly higher ratios were observed 
for the final distributions. On all surfaces 
except the (111) plane the relative amount 
of d,- and d,-ethane produced is at, least 
an order of magnitude greater than that 
reported by Kemball even for his final dis- 
tribution. We have noted before that the 
difference between our results and Kernball’s 

probably results from a differing ratio of 
deuterium to ethylene (17). Since ethylene 
is observed to block the adsorption of deu- 
terium (14, 17), the surface in Kcmball’s 
case would rapidly become rich in ethylene 
and poor in deuterium yielding a low avcr- 
age deuterium content given that his first 
data point was not taken until approxi- 
mately 3 min after the start of the reaction. 
Given that hydrogenation decreases as the 
ratio of hydrogen t’o ethylene decreases, 
blocking of hydrogen adsorption by et,hyl- 
enc would partially explain the low activity 
of tungsten for hydrogenation (27). In a 
normal hydrogenation reaction the surface 
would rapidly become rich in ethylene and 
poor in hydrogen. However, since hydro- 
genation reactions arc normally run at 
temperatures above room temperature 
where the decomposition reaction is rapid 
(161, the major cause of the low reactivity 
is the rapid ethylene decomposition which 
rapidly converts chemisorbed ethylene to 
a carbon residue. Kernball (,??0) has re- 
ported that at 1.73 K, n-here we know the 
decomposition reaction to bc slow, tungsten 
is relatively a much better catalyst for 
ethylcne hydrogenation. 

Although Tve can understand the hydro- 
genat’ion activity observed on the single 
crystal surfaces in terms of the structural 
implicnt,ions in the IToriuti-Polanyi mecha- 
nism, the hydrogenation observed on poly- 
crystalline tungsten apparently can not be 
described in terms of the single crystal re- 
sults. It may hc possible that a major con- 
tribution to hydrogenation on polycrystal- 
line tungsten comes from either stepped 
surfaces, or from imperfections such as dis- 
locations or prain bountlaries. .Joyner, Lang, 
and Somorjai has observed on platinum sur- 
faces that high catalytic activity occurs 
on stepped surfaces. 
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