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Infrared spectra of benzene adsorbed on silica-supported nickel, copper, palladium, 
platinum and iron were studied. 

A broad band in the 2760-3060 cm” region was obtained for nickel and copper. 
From this it may be concluded that benzene is chemisorbed with loss of its aromatic 
character and not by formation of a r-complex as with organometallic complexes. 
Nor is it probable that, for geometric reasons, benzene is chemisorbed on the surface 
by a linking of six carbon to six metal atoms. The bonding of the molecule to the 
surface seems therefore more complex. 

No infrared absorption bands due to initially adsorbed species were observed for 
hydrogen-covered palladium and iron. This may indicate the presence of chemisorbed 
species of which a large number of the CH-bonds have been dissociated. On plat- 
inum, cyclohexane was formed during adsorption. 

INTRODUCTION 

Although the adsorption and catalytic 
hydrogenation of benzene have been ex- 
tensively investigated (I), the type of 
bonding of a benzene molecule to a catalyst 
surface is still unknown. In 1929, Balandin 
(2) suggested t,hat in the hydrogenation of 
benzene, the skeleton of this molecule 
would lie flat on the catalyst surface and 
argued that metals active in the hydro- 
genation react’ion would possess both the 
required lattice spacing and crystal sym- 
metry (2-4). The heats of adsorption of 
benzene on nickel and copper powders are 
reIatively low (5). The heat of adsorption 
of diethyl sulfide on platinum is roughly 
35 kcal/mole greater than that of thiophen 
(6). It is therefore generally accepted that. 
aromatic hydrocarbons lose their energy 
of resonance on adsorption. 

TBt&yi (7, 8) has reported experiments 
in which a certain part of 14C-labeled ben- 
zene chemisorbed on nickel could be de- 
sorbed by unlabeled benzene at 150°C. 
Another part of the adsorbed benzene 
could only be removed by hydrogen treat- 
ment at t,emperat,urcs exceeding 309°C. In 

view of this, a certain part of the chemi- 
sorption process is assumed to take place 
through dissociation of CH-bonds. Evi- 
dence in support of this assumption is the 
fact that some hydrogen is liberated after 
chemisorption of benzene on evaporated 
nickel, iron and platinum films at room 
temperat’ure. However, no decomposition is 
observed for copper and gold (9). Silvent 
and Selwood (10, 11) concluded from mag- 
netic measurements that up to a temper- 
ature of about 13O”C, benzene is associ- 
atively adsorbed on a nickel surface by 
the formation of about six bonds. The re- 
sults obtained by this method may not be 
quite correct, since no allowance was made 
for the benzene physically adsorbed on the 
catalyst support. Suhrmann, Wedler, and 
Kruger (12) concluded from resistance 
measurements on nickel films at -183°C 
that 6.3 electrons were involved per ad- 
sorhed henzene molecule, 

Since we were of the opinion that the 
infrared technique might, throw more light 
on the question how benzene is adsorbed on 
metal surface, we studied it,s adsorption on 
nickel, copper, palladium, platinum and 
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iron catalysts. To our knowledge, the spec- 
trum of benzene adsorbed on metals has 
not yet been published although there is a 
reference (11) to unpublished work by 
Eischens. Recently, Palazov, Andreev, and 
Shopov (15) reported that their attempts 
to record the spectrum of adsorbed ben- 
zene on a nickel on silica catalyst were un- 
successful. Infrared spectra of benzene and 
other aromatic compounds adsorbed on 
silica-with benzene in the gas phase- 
have been published by Galkin, Kiselev, 
and Lygin (14-16). The spectrum changes 
observed during adsorption were ascribed 
to the interact’ion between the x-electron 
system of the aromatic molecules and the 
hydroxyl groups on the silica surface. 
Similar work was reported by other authors 
(17, 18). Karagounis and Peter (19) 
studied the adsorption of some aromatic 
molecules on silver iodide and silica gel 
and their results indicate that the mole- 
cules were adsorbed with the plane of the 
aromatic ring parallel to the surface. A 
similar conclusion was drawn from the 
ultraviolet spectrum of adsorbed benzene 
(20). 

After we had finished our investigations 
we learned that similar work is being done 
by Prof. N. Sheppard of the University of 
East Anglia, Norwich, U. K. 

EXPERIMENTAL 

For most catalysts, Aerosil (Degussa) 
was used as support. Only in the case of 
palladium, was a wide-pore silica gel, 
“Wypo”, used (prepared according to Ref. 
21). Discs (diameter 15 mm, were prepared 
by pressing the impregnated silica samples 
at 12-15 tons for 2 min and subsequently 
reduced in the infrared cell for 16 hr in a 
stream of hydrogen (see Table 1). 

A full description of the infrared cell and 
the experimental procedure have been given 
in a previous paper on the subject (5%). 
The advantage of this cell is that the spec- 
trum of the gas phase can be obtained 
separately by removing the disc from the 
beam. At elevated temperatures, observa- 
tion of the spectrum of the adsorbed mole- 
cules was not possible. A blank experiment 
without adsorbent showed that desorption 

TABLE 1 
DATA ON DISCS OF SILICA-SUPPORTED 

METAL CATALYSTS 

Metal Reduction 
Weight content temperature 

Catalyst. (W 1%) (“C) 

Copper 17.6 21 350 
Nickel 19.4 10 350 
Irona 14.0 5 390 
Palladium 18.0 A 300 
Platinum 13.7 15 300 

a Prereduced at 600°C for 4 hr and subsequently 
passivated in a nitrogen/air flow before pressing. 

of benzene, probably from the glass wall of 
the cell, occurred when hydrogen was ad- 
mitted. It was therefore necessary to heat 
the cell and the connecting tubing when 
the gas phase was pumped off after ad- 
sorption. The catalyst was kept at. room 
temperature. 

All experiments were carried out at room 
temperature, unless otherwise stated; ben- 
zene and hydrogen pressures were about 
15 Torr. The spectra were recorded on a 
Grubb Parsons GS 4 double-beam spec- 
trometer. A beam attenuator was used in 
the reference beam since the transmission 
of the discs was only l&.20%. 

Benzene (Merck) was purified by distil- 
lation and stored over aluminum oxide. It 
was degassed by repeated freezing, pump- 
ing and thawing. Hydrogen was purified 
over a column of BTS-catalyst, (BASF) 
and dried over a column of molecular sieves 
(Linde 4 A) followed by a liquid air trap. 

RESULTS 

Adsorption on Nickel and Copper 

The IR-spectrum of benzene adsorbed 
on a hydrogen-covered nickel surface 
showed a broad band in the region 2760- 
3060 cm-l. This band was rat.her weak, 
even in the presence of gaseous benzene. 
Apart from bands in the 3000-3100 cm-l 
region (2s) , the spectrum of gaseous ben- 
zene also showed a weak band at about 
2833 cm-l-observed by other authors at 
2856 cm-l (d4)-which was found by cal- 
ibration to contribute to only a minor ex- 
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FIG. 1. IR-spectra of benzene adsorbed on a silica-supported nickel catalyst. a. . background, 
-- Wnsene admitted, b. . . . . background, -- adsorbed benzene, - - - - - 16 hr after hydrogen 
admission, - - . - . after 20 min pumping. 

tent to the broad band of the chemisorbed 
molecules. GLC-analysis of the gas phase 
showed the presence of 3% hexane and 1% 
cyclohexane, the remainder being benzene. 

After the adsorbed species had been al- 
lowed to react for 16 hr with admitted hy- 
drogen, two bands occurred at 2849 and 
2928 cm-l due to the symmetric and asym- 
metric CH,-vibrations respectively. A weak 
band due to the asymmetric CH,-vibration 
was observed as well. After evacuation for 
20 min, the CH,-bands had disappeared 
but the broad band in the 2760-3060 cm-l 
region was still present, although its in- 
tensity had decreased. The gas phase now 
consisted of 15% cyclohexane, 33% hexane 
and 52% benzene (GLC). Fig. 1 shows the 
spect,ra observed. The presence of hexane 

obviously indicates a cleavage of some 
C-C-bonds. 

In a blank experiment with an Aerosil 
disc, no IR-spectrum due to physically 
adsorbed benzene was obtained after 
evacuation. 

When benzene was adsorbed on a re- 
duced silica-supported copper catalyst, a 
broad band due to chemisorbed benzene 
was again observed in the 2760-3060 cm-l 
region (Fig. 2). After admission of hydro- 
gen (25 Torr), weak bands appeared due 
to CH, and aromatic CH-stretching vibra- 
tions. No infrared bands were observed in 
the spectrum of the gas phase when the 
disc was removed from the beam. When 
the disc had been heated at 180°C in hy- 
drogen for 15 min, the spectrum of the 
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adsorbed species and gas phase clearly to adsorbed material was observed in the 
showed weak bands at 3091, 3062 and 3038 IR-spectrum after evacuation of the gase- 
cm-l due to adsorbed or gaseous benzene, ous benzene. When hydrogen was admitted, 
or possibly to a chemisorbed CsH,-group, weak bands due to aromatic CH-stretching 
at 2857 and 2933 cm-l due to CH,-groups, vibrations and weak CH,-bands were ob- 
and at 2889 cm-l caused by the tertiary served in the spectrum of the gas phase. 
CH-group. After the disc had been heated When benzene was adsorbed on a bare 
at 350°C in hydrogen for another 25 min, palladium surface, which had been evacu- 
the CH,-bands disappeared and the broad ated at 250% for 2.5 hr, CHs and CH, 
band was formed again instead, obviously absorption bands were observed in the 
caused by dehydrogenation of saturated spectrum of the gas phase while, after 
products. The bands due to aromatic CH- evacuation, weak CHz-bands were still ob- 
stretching vibrations were still present. served in the spectrum of the surface spe- 
GLC-analysis carried out at the end of the ties. GLC-analysis of the gas phase showed 
experiments showed that about 1% of cy- the presence of a number of non-aromatic 
clohexane was present. products which were not further identified. 

Adsorption on Iron, Palladium 
After admission of hydrogen, the spectrum 

and Platinum 
of the adsorbed species showed bands due 
to the aromatic CH-stretching vibrations 

When benzene was admitted to hydro- in addition to the CH,-bands. All adsorp- 
gen-covered, silica-supported iron and pal- tion bands gradually appeared in the spec- 
ladium catalysts, no absorption band due trum of the gas phase. After 20 hr, GLC- 
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FIG. 2. IR-spectra of benzene adsorbed on a silica-supported copper catalyst. a. . . background, 
adsorbed benzene, b. . . . background, -heated in hydrogen at 180°C for 15 min, c. . . . 

background, - heating for additional 25 min at 350°C. 
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analysis of the gas phase showed the 
presence of 3% cyclohexane and traces of 
lower hydrocarbons in addition to benzene. 

A platinum on silica catalyst-hydrogen- 
covered or bare (achieved by evacuating 
the cell at 275°C for 2.5 hr)-showed a 
somewhat different behaviour. During the 
adsorption of benzene for 2.5 hr, CH,- 
bands were formed, the intensity of which 
increased linearly as a function of time. 
After removal of the gas phase, a weak 
band caused by aromatic CH-stretching 
vibration and bands due to CH,-groups 
were present. GLC-analysis showed the 
presence of about 2% cyclohexane. After 
admission of hydrogen, the int,ensity of the 
CH,-bands, which appeared in the spec- 
trum of the gas phase, increased during a 
reaction time of 1 hour. After removal of 
the gas phase, which contained 17% cyclo- 
hexane, CH,-bands were still observed in 
t,he spectrum of the adsorbed species. 

DISCUSSION 

The principal result of our investigations 
is the broad band observed in the 2760- 
3060 cm-l region for benzene adsorbed on 
nickel or copper. This band is in the range 
of the CH-stretching vibrations at. a satu- 
rated carbon atom. Benzene obviously loses 
its aromatic character during adsorption 
on these two metals, which is in agreement 
with literature data (5,6). 

The posit’ion of the band due to adsorbed 
benzene has also been compared with those 
of some benzene-met.al complexes, using 
the data collected by Fritz (25’). Benzene- 
metal n-complexes, such as (C,H,),M (in 
which M is Cr, MO, W and V) and 
(C,H,) M” (CO) 3 (in which M’ is Cr and 
MO), all have a band above 3000 cm1 and 
some have also a band in the 2900-2930 
cm-l region. From the absence of a band 
above 3000 cm-l in the spectrum of benzene 
adsorbed on nickel or copper, it may be 
concluded that the adsorbed benzene mole- 
cule does not form such a x-complex. 

The extreme broadness of t’he adsorption 
band observed points to a mixture of ad- 
sorbed species differing widely as regards 
CH-stretching vibrations. Bonding of the six 
carbon atoms of benzene to six transition 

metal or copper atoms on the hexagonal 
plane by an associative mechanism is 
hardly possible since the interatomic dis- 
tances concerned do not favour such a con- 
figuration. A less defined type of bonding 
to the surface would be more probable. The 
interatomic dist,ances on a nickel or copper 
surface, for instance, allow each carbon 
atom of the benzene ring to interact 
equally with three metal atoms. It is, how- 
ever, hardly to be expect’ed that the fre- 
quency of the CH-stretching vibration 
would be greatly influenced by differences 
in the way of bonding of t’he carbon atom 
to the surface. 

In t’he adsorbed molecule, rupture of 
some CH-bonds may occur and therefore 
the bonding character of t.he molecule may 
be changed. This might influence the fre- 
quencies of the CH-stretching vibrations. 

The presence of weak bands caused by 
aromatic CH-stretching vibrations ob- 
served in some experiments in t.he spectrum 
of the adsorbed species obviously points to 
the presence of benzene, possibly physically 
adsorbed on the support. 

The band due to benzene chemisorbed 
on nickel or copper was not observed in 
the case of iron, platinum or palladium. 
Although it is dangerous t’o draw any con- 
clusions from the absence of absorption 
bands, it may be possible that on hydrogen- 
covered iron and palladium, an ext.ensive 
dissociation of CH-bonds occurs. This 
could give rise to an adsorbed product hav- 
ing the structure of the carbon skeleton of 
benzene, which cannot be observed in the 
infrared spectrum in the region investi- 
gated. This suggestion is in agreement with 
t,he fact that u-hen hydrogen was admitted 
t,o the adsorbed species, mainly benzene 
was present in the gas phase. 

The reaction of benzene on platinum, 
yielding cyclohexane, may be due to a 
strong dissociation of the CH-bonds, giving 
rise to self-hydrogenation. It is also pas- 

sible that benzene reacts with adsorbed 
hydrogen, which was still present after 
evacuation at elevated temperature for 
several hours. Literature data (26) indeed 
indicate that even at temperatures of 
300°C or higher, part of the hydrogen is 
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irreversibly adsorbed on platinum surfaces. Compt. Rend. Akad. Bulgare Sci. IS, 1145 

For bare palladium, the formation of (1965). 

various gaseous products, including those 14. GALKIN, G. A., KISELEV, A. V., AND LYQIN, V., 

with Cl$-groups, points to a cleavage of Russ. J. Phys. Chem. (English Transl.) 36, 

the ring. 951 (1962). 
15. GALKIN, G. A., KISELEV, A. V., AND LYGIN. V.. 
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