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The Kelvin vibrating capacitor method was used to mea~ure the work function changes of vacuum 
deposited thin palladium layers in propylene adsorption. The work function change found for the 
propylene-sa turated surface is, within the experimental error, identical with the change observed 
in the adsorption of cyclopropane and equal - 1'085 ± 0·07 eV. Propylene and cyclopropane ad­
sorption lead s in the region of higher surface coverages to simi lar difference UV photoelectron 
spectra, exhibiting emission bands located at 6'7, 8·2 and 9'3 eV below the Fermi level. It is ob­
vious from the results that at T ~ 300 K, the adsorption of propylene and cyclopropane leads at 
higher coverages with high probabil ity to similar ~lll'face complexes. 

Palladium catalysts exhibit high catalytic activity and selectivity in the hydrogenation 
of oJefins and other unsaturated hydrocarbons 1. The present study is aimed to 
compare the chemisorption of propylene and cyclopropane on clean pallagium 
surfaces. Both mentioned hydrocarbons have the same chemical composition and 
also their hydrogenation on palladium yields the same pIoduct - propane. One 
can ask whether also the surface complexes formed in the chemisorption of propylene 
or cyclopropane are similaJ, or even identical. 

In order to solve this problem, we have measured the work function changes of 
polycrystalline evaporated films caused by the chemisorption of propylene aEd cyclo­
propane, as well as, the changes occurring during the hydrogenation of corresponding 
surface complexes. The results of such measurements cannot solve unequivocally the 
above mentioned problem but they can contribute to its solution. Results of a study 
of the work function changes in cycloplopane adsorption on palladium were de­
scribed in a previous paper2. In the present communication, we have studied the 
adsorption and hydrogenation of propylene and the results are compared with the 
data obtained for the cyclopropane-palladium system. In an effort to get more in­
formation on the structure of the stable surface complexes we have applied in our 
study also a method of ultraviolet photoelectron spectroscopy (UPS). It should be 
mentioned that the results obtained by this technique do not always lead to unambi­
guous identification of the molecular surface complex, particularly in the case of poly­
crystalline surfaces where usually broad and unresolved bands appeal in the spectra_ 
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Let us note that even in the best case of successful identification of the surface 
complex, one cannot be SUI e that these complexes represent true intermediates o r 
a catalytic reaction . Taking into account the dynamic character of this reaction, it is 
no t very probable that the intermediates have always a well defined molecular struc­
ture. 

EXPERIMENTAL 

Allmeasuremcnt s were performed on pol ycry~talline thin layers prepared by vacuum deposition 
of pa lladium in situ at residual ga s pressure ~ 10 - 7 Pa. with the support kept at ~300 K. The 
work function changes caused by the ad sorption were mea sured at room tempera ture by mean s 
of the Kelvin vibrating capacitor method. The experimental arran gement and mea surement pro­
cedures were described in more detail in previous papers2

.3 • 

UPS stud ies were carried out in the ESCA 3Mk 11 (VG Scientific Ltd., UK) eleell'o n speell'o ­
meter. Initia I cleanliness of the used palladium surfaces was checked by X-ray phot oelectron spect­
roscopy (XI'S) . The angle between the collected el ectrons and a n ormal to the surfa ce of the sample 
was kept constant, equa l 45°. The electron dbtribution curves were mea sured using unpolarbed 
He I (ltv = 21·2 eV) radiation. For clean surfaces, the spectra were al so recorded with the He 11 
(ltv = 40· 8 eV) and X-ray AIKa (It,. ,= 1486'6 eV) lines. The energy anal yzer wa s operated in 
the FAT mode, with a 2% resolution determined from broadening of the Fermi edge of palladium. 
In each case, the spectra were accumulated in a multichannel analyzer for 10 minutes. The emissio n 
induced by the presence of the ad sorbate as well a s selecti ve attenuation of the substrate emission 
are presented in the fo rm of the difference spectra. These are obtained by subtracting the spectrum 
of clean wrface from that of the surface with the adsorbate . Propylene used in the experiment s 
(Fluka AG, Switzerland, A grade purity) wa s purified similarly as cycl opropane (lCI Ltd ., Great 
Britain, medic;nal purity), by vacuum distillation . 

RESULTS AND DlSCUSSIO:-J 

Adsorption of the hydrocarbons was carried out with a series of individual doses. 
Adsorption of the first ~everal do ses ploceeded readily and did not yield measurable 
amounts of products ill the gas phase. In this region, the work function slightly ill­
creased with each of the doses. Aftel certain surface coverage was reached, any addi­
tional do~e led to an instantaneous drop of work fUllction value , followed by gradual 
increase until a stationary value was achieved. The pressure in the gas phase incI eased 
in this adsorption region proportionally to the number of the added propyle11e doses. 
Additional doses of propylene led only to a decrease of the work function value and 
inclease of the gas phase pressure. The work function changes observed during ad­
sorption of the propylene doses thus resemble changes found in the adsorption of 
ethylene4 and cyclopropane 2 on palladium. In a1] these cases, three regions were 
observed differing in the character of time-dependence of the work function changes. 
The dependence of the work function changes on relative surface coverage is shown 
in Fig. 1. Surface coverage Q is defined as Q = Qa/ Q*, where Qa denotes the amount 
adsorbed and Q* is the adsorbed amount corresponding to the stationary gas phase 
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pressure 3 . 10 - 3 Pa (i.e. the lowest pressure which can be detected with the applied 
thermal conductivity gauge). The maximum drop of work function value, corres­
ponding to surface saturation at a pressure of the gas phase 2 Pa was equal /l.¢ = 

= - 1 ·085 ± 0·074 eV. Saturation values of the work function are compared in 
Table I for the adsorption of propylene, cyclopropane and ethylene on palladium, 
molybdenum and nickel surfaces. It is evident from these results that, withll1 experi­
mental error, the saturation values of the work function for propylene and cyclopro­
pane adsorbed on palladium ,lie equal. As soon as full surface coverage was reached, 
the gas phase was pumped out which led only to a slight increase of the work function 
value, 35 meV. This shows that only a sma ll fraction of the adsorbed species is bound 
weakly to the surface, or, that the desorbing particles have little effect on the work 
function value. 

AfteJ the gas phase was pumped out, hyd rogen was introduced to the palladium 
surface and its reaction with surface complexes of the adsorbed propylene was studied . 

.. The work function value, at the end of the hydrogenation reaction, was only by 75 ± 
± 10 meV higher than that one of the clean palladium surface. This resuit seems to 
indicate that practically all hydrocarbon complexes can be removed from the surface 
by hydrogenation at room temperature. 

The obtained results demonstrate that the adsorption of propylene and cyclo­
propane lead both, to complexes affecting the work function in a same way. 
An exception is found for the first stages of the adsorption on a clean surface. The 
difference observed in the character of the dependence of work function change on 
surface coverage (Fig. 1) can be, for this region, explained by a more extensive 
partial dehydrogenation of propylene in adsorption. The time-dependence studies 
of the work function changes have also indicated that the adsorption rate is in this 
I egion higher with propylene than with cyclopropane. 
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FIG. 1 

Dependence of the work function of palla­
dium films ilI/J (eV), on surface coverage Q, 
in the region 0 < Q < 1·2. Curve 1: ad­
sorption of propylene; curve 2: adsorption 
of cyclopropane; quantity Q is defined in 
the text; T ~ 300 K. The presented re~ults 

were obtained with two different films. The 
curves were drawn through the experimental 
data using expression ilI/J = -aQ - bQ2 

0 0-6 a 
• (for propylene: a = -0'54, b = 0·78; for 

-t--"'---"'---"fT---'----'---...l....---'-7l4 cyclopropane: a = 0'18, b = 0'38) 
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UPS Results 

The clean surrace spectra are in agreement with the published data 5
-

7 (Fig. 2). 
The correspondence between the calculated densities or electronic states 8

.
9 and the 

experimental electron distribution curves is satisractory. 
Eastman 10 brought attention to the photoemission band located 7·5 eV below 

the Fermi level , which he assigned to surrace plasmon excitation. Probability of 
excitation or these plasmons is usually inc! eased by the surrace contamination or by 
the presence of chemisorbed species. The difference spectra in such cases can exhibit 
enhanced emission in this energy region which could be misinterpreted for emission 
from the levels of the sllJrace molecular complex. 

Adsorption of propylene at low temperature (- ]00 K) leads to a difl'erence spect­
rum (Fig. 3, curve 2) which closely resembles spectrum of gaseous propylene (Fig. 3, 
curve 1) shifted towards the lower values or binding energies (ionization potentials) 
by 5.2 eV. The magnitude of this shift is equal to the sum of the work function or the 

I I I 

14 

FIG. 2 

Photoelectron spectra of the valence band 
of clean palladium surface. Curve 1: AI Ko 
line used for excitation; curve 2: He II 
spectrum; curve 3: He I spectrum. Bars show 
the positions of the density of state peaks 
for palladium. EB (eV) is the binding energy 
measured from the Fermi level; I is the inten­
sity in arbitrary units 
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FIG. 

Photoel ectron difference spectra of palladium 
surfaces after their exposure to 100 L of 
propylene at T ~ 100 K (curve 2), 50 L of 
propylene at T ~ 300 K (curve 3) and 100 L 
of cyclopropane at T . ~ 300 K (curve 4; 
A 1/1 = - O· S eV) . Curve 1 represents a shifted 
gas phase photoelectron spectrum of propy­
lene (I L = 1.33 . 10- 4 Pa.s) 
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surface with adsorbed propylene and the relaxation energy. The spectrum corresponds 
to emission of electrons flOm the propylene molecules bOUEd weakly (condensed) 
on a layer of chemisorbed molecules. As one can ~ee from the spectra, this propylene 
is adsorbed without dissociation of the C-C or C- H bonds. 

Adsorption of propylene at room temperature leads to photoemission bands which 
are centered approximately at 6'7, 8·2 and 9·3 eV below the Fermi level (Fig. 3 
curve 3). Position of these bands agrees well with the values observed II for the pro­
pylene chemisorbed on platinum (100) single crystal surfaces. It is interesting that 
the adsorption of cyclopropane on palladium leads nearly to the same ionization 
features (Fig. 3, curve 4) as the adsorption of propylene. From this result it may be 
concluded that at given exposures, similar surface complexes are present on the 
surface. 

The obtained experimental data do not allow to identify unambiguously the mole­
cular structure of the surface complexes. From the similarity of the spectra shown in 
Fig. 3 one can postulate that the structure of the wrface species is not very different 
from that of the propylene molecule. It is qUIte probable that the discussed complex 
has a structure of propylidyne type which is described in literature 14 as forming 
a stable complex in the adsorption of ethylene on platinum (111) surfaces. One cannot 
also exclude a presence of propylene complexes bonded to the surface by n-d inter­
action. In order to remove the ambiguity in assIgnment of the UPS spectra of surface 
complexes, one would have to study systematically the spectra of organometallic 
complexes of palladium with the alkanes. 

The adsorption of the studied hydrocarbor.s results in considerable attenuation of 
emiEsion from the d-band of palladium, especially from the states which are located 
just below the Fermi level. This reduction of emission can be accounted to: 1) The 
existence of localized electron sm face states which are strongly influenced by chemi­
sorption. 2) Formation of a new level due to the back-bonding effect (for n-d bond 

TABLE I 

Work function changes achieved at surface saturation, for the adsorption of propylene, cyclo­
propane and ethylene on palladium, molybdenum and nickel ~urfaces at T ~ 300 K 

Gas 

C3 H6 

c-C 3 H 6 

C2 H4 

Pd 

- 1'085 ± 0·07 
-0,98 ± O'lOb 

-1'5d 

Mo Ni 

-0'08 ± 0'07 a 

- 0·10 ± 0'02c -0'62 ± O·l a 

-0'42d 

Experimental data taken from: a reL 13, b [eL 2
, c reL 3 , d reL4. 
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o f the adsorbed propylene) which has lower ph otoioniza tion cross-section in co m­

parison with the palladium c/-states. 3) Inela stic losses - the emi ssIOn of lIl elastica lly 
sca ttered electrons is cn hanced by the presence of the adsorba te. Inelas tic losses 

resu lt also in broadeni ng of thc pho toemission bands and , in thi s way, also in partia l 

supression of the electron d is tribution curve structure . 

On the basis of the obtaincd resu lt s, it is possible to conclude tha t at room tempe­
rature and at higher surface COVCI agcs, propylcne and cyclopropane very probably fOl m 

on pa lladium surfaces similar surface complexes. Comparison of the obtained result s 
with the results o f ana logica l measurement s carri ed o ut on mo lybd enum and nickel 
surfaces3 .12. 13 support s o ur carlier suggcstion concern ing the relation between the 

work function of the given meta l SUI face and it s ab ility to dissociate intra mo lecula r 

bonds of the adso rbing hydrocarbon mo leculcs. In accordance with thi s concept we 
can see, in Table J, that the most cxtcnsivc fragmentation (thc lowest d ecrease in 

work function va lu e) is fo und in the adsorption of propy lene or cycloplOpane, on 
molybd enum , which has the lowest work functi o n value from all the listed metals . 
The rela tive ly large decrease o f work function o bserved in the adsorption on palla­

dium fits well with the high work functi on value o f thi s metal and, consequently, 
with the low splitti ng efficiency o f thi s meta l toward s C- H bonds of the hydrocarbons 

during the adsorption. 

The author wishes to express his gra tilllde to Dr Z. KilOI' for reading carefully tltis manuscript 
and for his valli able comments. 
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