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Abstract 

Results of IR investigations are reported on several surface reactions over Pd and Ni catalysts supported on fumed silica 
(Cab-0-Sill. The catalysts were of low dispersion and were studied in: (a> double-bond isomerization of methylenecyclohex- 
ane (MCH), (b) ring opening of 1,l -dimethylcyclopropane (DMCP), and cc> ring opening of DMCP in the presence of D,. It 
was found that during double-bond isomerization of MCH, H-D exchange (and OH-OD exchange on the suppart) also took 
place and an appreciable amount of hydrocarbon-like species remained attached to the surface of the catalysts. When DMCP 
‘alone’ was introduced into the system, dissociative adsorption occurred (scission of one or more C-H bonds preceded C-C 
bond rupture). Strongly adsorbed hydrocarbon-like residues were also formed. When a DMCP + D, mixture was allowed to 
react on the catalysts, measurements indicated adsorption of a dissociative type over Pd/CS and Ni/CS. In the presence of 
D2 coking was slow, there was no sign of hydrocarbon-like residues in the IR spectra of Pd/CS, i.e., product precursors 
could be desorbed with the help and participation of D,. At 473 K Ni/CS probably underwent coking, however, these 
hydrogen-poor carbonaceous species were not detectable by IR spectroscopy. 

Keywords: H-D exchange; Methylenecyclohexane; l,l-Dimethylcyclopropane; I .I-Dimethylcyclopropane and D, mixture; Silica-sup- 
ported Pd and Ni catalysts; Surface IR spectroscopy 

1. Introduction 

In understanding the behavior of heteroge- 
neous catalysts, information concerning surface 
chemistry of various transformations is crucial. 
Since a catalytic reaction involves several, often 
not very easily resolvable steps, obtaining reli- 
able knowledge requires many, usually comple- 
mentary methods. Kinetic investigations give 
rate and selectivity data and frequently serve 
with indirect indications about the adsorbed 
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species as well. Acquiring direct information 
about the mode of adsorption is indispensable, 
though it is not easy by far. Surface sensitive 
instrumental methods, which see adsorbed 
species, have very poor time resolution at least 
in the timescale of surface chemical reactions, 
and even poorer resolution in that of the ele- 
mentary steps. In spite of this drawback, instru- 
mental methods are able to give valuable infor- 
mation about surface chemistry [ 11. The reliabil- 
ity of the observations is enhanced if knowledge 
obtained from instrumental methods is comple- 
mented with kinetic measurements, i.e., the cat- 
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alysts and the probe molecule(s) are studied 
together [2,3]. 

In this contribution we report on possible 
adsorption modes of various probe molecules 
over silica-supported Pd and Ni catalysts. The 
molecular probes were methylenecyclohexane, 
1, I-dimethylcyclopropane, and 1,l -dimethyl- 
cyclopropane in the presence of D,. 

The double-bond isomerization reactivity of 
methylenecyclohexane was observed before 
[4,51. 

Kinetically speaking, 1,l -dimethylcyclopro- 
pane did not react over these metals since they 
did not give a desorbed product. Neither was 
D-exchanged cyclopropane formed [6]. 

We have published a series of papers on the 
ring opening and occasionally isomerization ac- 
tivities of, among other substituted derivatives, 
1, l-dimethylcyclopropane in the presence of hy- 
drogen over silica-supported Pd [7] and Ni [S] 
catalysts. As part of the discussion, the main 
conclusions of these kinetic studies will also be 
summarized. 

2. Experimental 

2.1. Materials 

2. I. I. Support and catalysts 
Cab-0-Sil M.5 (CS) is a non-acidic fumed 

silica of BDH, which is widely used as a cata- 
lyst support when inertness is a requirement 
(BET surface area: 241.6 m* g-l, the number 
of surface OH groups after l-hour flow under 
dry N, at 673 K is 1.9 X 1018 m-*, determined 
with dimethylzinc tetrahydrofuranate following 
the method described in Ref. [9]>. It was used in 
the preparation of the catalysts in this study. 

The 3.0% Pd/Cab-0-Sil (Pd/CS) and the 
3.0% Ni/Cab-0-Sil (Ni/CS) catalysts were 
prepared by impregnating the support with the 
aqueous solution of the appropriate metal salts 
(PdCl, and Ni(NO,), , respectively), followed 
by reduction in flowing hydrogen at 773 K for 
16 hours. The high-temperature hydrogen treat- 

ment diminished the chlorine content of the 
Pd/CS catalyst, as revealed by X-ray fluores- 
cence spectroscopy: for details, see Ref. [7]. The 
dispersion values (number of exposed metal 
atoms/number of total metal atoms) of the 
catalysts were 15.4% for Pd/CS and 6.8% for 
Ni/CS. The latter value was determined by H, 
chemisorption. Dispersion value of the Pd/CS 
catalyst was measured by CO chemisorption in 
a pulse system at room temperature. In all the 
calculations 1: 1 adsorption stoichiometry was 
assumed and applied. 

2. I .2. Compounds 
1,l -Dimethylcyclopropane (DMCP) was pre- 

pared and purified via published methods [lo]. 
The compounds were gas chromatographically 
pure and were used after several freeze-thaw- 
evacuate cycles (2.66 kPa for a run). 

Methylenecyclohexane (MCH) was a Fluka 
product with purity higher than 98%. It was 
used without further purification (1.33 kPa for a 
run). 

Oxygen-free D, was obtained from a Mathe- 
son 8326 generator, operating with a palladium 
membrane. 13.3 kPa of D, was used for a run 
and 79.8 kPa for pretreatment. 

2.2. Instrumentation and procedure 

2.2.1. Kinetic measurements 
Kinetic investigation was carried out in a 

conventional closed circulation apparatus. The 
volume of the reactor was 54 cm3, and the total 
volume of the system was 175 cm3. The reactor 
was heated with an air thermostat. The volume 
of the sampling capillary was 0.05 cm3, and the 
total sampling volume was 0.3 cm3. A Carlo 
Erba Fractovap 2150 gas chromatograph with a 
flame ionization detector was attached to the 
system. A 4-m-long all-glass column filled with 
5% bis(2-methoxyethyl)adipate on Chromosorb 
PAW SO/l00 mesh was used for analysis. 

Before the reaction the catalyst was activated 
for an hour under flowing hydrogen at the reac- 
tion temperature and the reactants (1.33 kPa of 
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DMCP and various amounts of hydrogen) were 
premixed in the circulation part of the system. 

At a certain hydrogen pressure, initial rates 
were determined always over a fresh sample of 
catalysts (10 mg). These rates were converted to 
turnover frequency (TOF: molecule exp. atom- ’ 
s-l ) data on the basis of exposed metal atoms, 
calculated from dispersion values. 

2.2.2. Infrared measurements 
Infrared (IR) spectroscopic studies were per- 

formed in a Specord 71 IR apparatus (Carl 
Zeiss, Jena) equipped with a static cell. Self- 
supporting wafers made from 24.0 f 0.5 mg of 
catalyst were used in the measurements. Evacu- 
ation after pretreatment was carried out to a 
residual pressure of low2 Pa before the spectra 
were registered. Spectra were taken in transmit- 
tance mode in the 4000-2000 cm-’ (though no 
bands were found between 2400 and 2000 
cm-‘). Under 2000 cm-’ the strong bands of 
silica largely covered the weak CH vibrations. 

The catalysts were pretreated in D, at 673 K 
for 2 hours. MCH was adsorbed at 423 K over 
each catalyst. The mass spectra of the recovered 
samples were taken on a Q 300 C (Atomki, 
Hungary) quadrupole mass spectrometer and 
isomerized and D-exchanged products were 
searched for. The temperature of DMCP adsorp- 
tion was 298 or 373 K over Pd/CS and 298 or 
473 K over Ni/CS. These temperatures were 
applied as well when the mixture of DMCP and 
D, was adsorbed over the catalysts. After ad- 
sorption, the system was evacuated and cooled 
to 298 K. Spectra were recorded at this tempera- 
ture. 

2.3. Method of infrared measurements 

The basic method was as follows: (i) a self- 
supported wafer prereduced in H, was treated 
with D, at 673 K, (ii) reactions (the double-bond 
isomerization of methylenecyclohexane (MCH), 
the ring opening of 1,l -dimethylcyclopropane 
(DMCP), and the ring opening of DMCP in the 
presence of D2) were performed over the 

deuterated catalysts, and (iii) changes in the 
form and intensity of the OH band (3300-3700 
cm-‘) and those of the OD band (2500-2750 
cm-‘) were monitored. 

3. Results 

3.1. Efikct of D, treatment on the OH groups of 
the pure support and the catalysts 

The OH content of Cab-0-Sil is generally 
lower than that of Al,O,. Nevertheless, even a 
fumed silica support contains an appreciable 
amount of surface OH groups even after evacua- 
tion at 673 K. An appreciable amount of OH 
groups (broad band in the range of 3300-3700 
cm-‘) could be transformed with D, to OD 
groups (sharp band between 2500 and 2750 
cm-‘) only at temperature as high as 673 K. 

The presence of transition metal on the sup- 
port facilitated fast and near complete H-D 
exchange of surface OH groups (denoted as 
OH-OD exchange in the following) at room 
temperature. When deuterated catalysts were 
prepared, 673 K and 79.8 kPa were chosen as 
standard. Obviously, under these conditions the 
H-D exchange was complete. 

3.2. Adsorption and reactions of MCH 

Over acidic catalysts, MCH undergoes dou- 
ble-bond isomerization. However, the Cab-0-Sil 
support is not acidic enough for isomerization to 
occur. Neither did H-D exchange in the com- 
pound and, thus OH-OD exchange take place 
over the pure support. 

The results of mass spectrometric analysis 
revealed that over the Cab-0-Sil supported met- 
als, both double-bond isomerization and H-D 
exchange in the molecule proceeded. Infrared 
measurements could verify the latter observa- 
tion since OH-OD exchange in the hydroxyl 
groups of the catalyst could be detected. At 423 
K, over the D,-pretreated catalysts the OD band 
diminished, while the OH band reappeared (see, 
e.g., Fig. 1). A new band showed up over the 
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Fig. 1. IR spectra of Ni/CS pretreated with D, for 2 hours at 673 
K followed by evacuation for 2 hours (A), then contacted with 
MCH at 423 K for 30 min followed by evacuation for 2 hours (B). 

survived even high-vacuum evacuation. Moder- 
ate elevation of temperature did not change or 
just slightly increased the intensities of these 
bands over Pd/CS. However, when the contact 
time became significantly longer (from 0.5 hour 
to 16 hours) over Pd/CS, they increased appre- 
ciably (compare spectra C and D in Fig. 2). 
Interestingly, the intensity of this band was 
smaller at 473 K over Ni/CS than at 298 K. 

3.4. The behavior of a DMCP + D, mixture 
over the catalysts 

catalysts at around 3000 cm- ’ during the reac- 
tion, and it survived evacuation. 

3.3. Interactions of DMCP ‘alone’ with cat- 
alytic sugaces 

The support itself proved to be inactive in 
H-D exchange at 298 K: the OD band did not 
change measurably even after a 16-hour contact 
with the cyclopropane. 

Decrease in the intensities of the OD bands 
and concomitant increase in the OH bands were 
observed over the supported metal catalysts at 
the temperatures applied (Pd/CS: 298 or 373 K 
and Ni/CS: 298, 473 K) (see, e.g., Fig. 2). 

New bands at 3000 cm- ’ species could also 
be recorded over each catalyst. These bands 

3.4.1. Kinetic measurements 
At 373 K over Pd/CS and 473 K over 

Ni/CS, DMCP underwent hydrogenative ring 
opening in the presence of H,, giving neopen- 
tane (2,3 C-C bond rupture) as major and 
isopentane as minor products. Hydrogenative 
ring opening was the predominant (Ni/CS) or 
the exclusive (Pd/CS) transformation pathway 
at these temperatures. Hydrogen pressure 
severely influenced the rate of product forma- 
tion: the accumulation of both products can be 
described by maximum curves as the hydrogen 
pressure rises over both catalysts (Fig. 3 and 
Fig. 4). 

3.4.2. Infrared measurements 
When a mixture of D, and DMCP was ad- 

mitted into the IR cell, onto the deuterated 

1 
3900 3400 2900 

Fig. 2. IR spectra of Pd/CS pretreated with D, for 2 hours at 673 
K followed by evacuation for 2 hours (A), then contacted with 
DMCP at 298 K for 30 min (Bl or at 373 K for 30 min (0, at 373 
K 16 hours (D), each step followed by evacuation for 2 hours. 

TOF110-3 
I 

10 20 30 50 p&/kPO 

Fig. 3. Formation of the ring-opening products vs. H, pressure for 
DMCP over Pd/CS at 373 K (TOF: molecule exp. atom-’ s-‘1. 
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Fig. 4. Formation of the ring-opening productsvs. H, pressure for 
DMCP over Ni/CS at 473 K (TOE molecule exp. atom-’ s- ’ ). 

catalysts, the OD band remained intact over 
Pd/CS, but decreased somewhat over Ni/CS. 
The bands around 3000 cm- ‘, detected when 
DMCP was adsorbed without hydrogen, did not 
show up over Pd/CS. Over Ni/CS, however, it 
could be registered at 298 K, but not at 473 K 
(compare spectra B and C in Fig. 5). 

Over Pd/CS, the OH band reappeared at 298 
K (Fig. 6, spectrum B). The intensity increase 
could be measured at 373 K after 30 min con- 
tact time (Fig. 6, spectrum C). After 16 hours, 
decrease in OH band intensity was observed 
(Fig. 6, spectrum D). 

Over Ni/CS, a large OH band was registered 
after a 30 min contact with the reaction mixture 
at 298 K (Fig. 5, spectrum B). The band re- 

3900 3400 2900 2400 
v’lcm-’ 

Fig. 5. IR spectra of Ni/CS pretreated with D, for 2 hours at 673 
K followed by evacuation for 2 hours (A), then contacted with 
DMCP + D, at 298 K for 30 min (B) or for 30 min at 473 K (C), 
each step followed by evacuation for 2 hours. 

I 1 
3900 3400 2900 

v’lem” 
2400 

Fig. 6. IR spectra of Pd/CS pretreated with I)? for 2 hours at 673 
K followed by evacuation for 2 hours (A), then contacted with 
DMCP + D, at 298 K for 30 min (B) or for 30 min at 373 K (C) 
and for 16 hours at 373 K (D), each step followed by evacuation 
for 2 hours. 

mained measurable at 473 K, but with consider- 
ably smaller intensity (Fig. 5, spectrum Cl. 

4. Discussion 

Interpretation of results obtained with MCH 
is relatively straightforward. Double-bond iso- 
merization occurred upon adsorption. The ele- 
mentary steps include the scission as well as the 
formation of C-C and C-H bonds (cracking 
was not observed). OH-OD exchange on the 
support of the catalysts indicated that the pro- 
cess was not monomolecular. Hydrogen dissoci- 
ated from the molecule did not undergo 1,3 shift 
(at least not in significant extent). It became 
part of the hydrogen pool of relatively strongly 
adsorbed hydrocarbon-like species and/or sim- 
ply adsorbed on surface metal atoms, and took 
part in the exchange of surface OD groups as 
well. The amount of hydrogen-containing car- 
bonaceous species was appreciable (the band 
around 3000 cm-’ is assigned to hydrocarbon- 
like species after refs. [ 1 l- 131) and they proba- 
bly participated in H-D exchange reactions with 
surface OH groups as well. Thus, deuterium 
observed in the recovered isomerization product 
should have come directly from surface OD 
groups and/ or indirectly from the 
hydrocarbon-like layer. 
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Before entering the discussion of catalysts 
DMCP ‘alone’ or catalysts DMCP plus D, in- 
teractions, results and interpretation of kinetic 
measurements are summarized briefly. 

DMCP ‘alone’ but even in the presence of 
H, (or D2) adsorbed irreversibly over these 
transition metal surfaces. In the absence of H, 
(or D2) product desorption could not be ob- 
served. Hydrogen (or deuterium) facilitated 
product desorption, which were saturated hydro- 
carbons over Pd/CS and Ni/CS reduced at 
high temperature. Product formation rate vs. 
hydrogen pressure functions yield mechanistic 
information. On the basis of the curve shapes, 
dissociative adsorption was proposed for hydro- 
genative ring opening over Pd/CS at 373 and 
Ni/CS at 473 K. The observed shape might 
have been due to a competition between DMCP 
and hydrogen, in which excess hydrogen sweeps 
the reactant off the surface. However, cyclo- 
propane and its derivatives are known to be 
irreversibly adsorbed over these metal surfaces 
[6], thus, maximum curve reflects the chemistry 
of the surface reaction. 

IR spectroscopic measurements revealed that 
DMCP ‘alone’ adsorbed dissociatively over the 
catalysts. The appearance of the new band at 
3000 cm-’ was assigned to carbonaceous de- 
posits [ 1 l- 131, which were strongly bound, rel- 
atively hydrogen-rich species. Over Pd/CS they 
were bound strongly, since they survived evacu- 
ation. They were hydrogen-rich because they 
were not observed when D, was also present, 
i.e., they were ring-opening product precursors 
and could be hydrogenated off the surface at 
low temperature. These hydrocarbon-like species 
could be detected over Ni/CS at 298 K, but 
their hydrogen content rapidly diminished at 
473 K forming coke-like species. These coke 
deposits were no longer product precursors of 
the ring opening, i.e., they could not be re- 
moved with D,. 

The presence of deuterium altered the surface 
reactions, occasionally profound changes could 
be observed. One important change was the lack 
of the band around 3000 cm-‘. It should be 

noted that in this respect Ni/CS was an excep- 
tion. At 298 K the band remained detectable 
even in the presence of D,. It should also be 
noted that the OD band intensity decreased at a 
temperature as low as 298 K, but there was no 
further decrease at 473 K. The reason for this 
behavior is not quite clear yet. A possible rea- 
son, which is supported by the kinetic measure- 
ments, might be that there was no kinetically 
detectable (i.e., measurable by gas chromatogra- 
phy) ring opening at low temperature. Neverthe- 
less, surface reactions occurred: very intense 
OH band appeared indicating dissociative ad- 
sorption and the carbonaceous deposits still rich 
in hydrogen at this temperature might have 
collected more deuterium from the surface OD 
groups. Perhaps the reverse reaction of OH-OD 
exchange is also slower at 298 K. 

The appearance of the OH band during the 
reaction of DMCP + D, mixture over pre- 
deuterated catalysts is clear evidence of disso- 
ciative adsorption, since there were no hydrogen 
atoms in the system other than those of the 
hydrocarbon. This means that C-H bond rup- 
ture occurred over Pd/CS and Ni/CS. These 
dissociatively adsorbed species could be dead- 
ends, however. Nevertheless, when the interpre- 
tation deduced from kinetic measurements and 
IR results coincide as they do over these two 
metals, one is tempted to state that hydrogena- 
tive ring opening of DMCP proceeds through 
dissociatively adsorbed species. 

5. Conclusion 

The results of combined kinetic and surface 
infrared measurements revealed that DMCP and 
MCH undergo hydrogenative ring opening and 
double-bond isomerization via dissociatively ad- 
sorbed species. It was also found that in the 
absence of hydrogen (or deuterium) DMCP ad- 
sorbs irreversibly and dissociatively as well, 
however, product desorption only occurs when 
added hydrogen (or deuterium) is present. 
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