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Infrared spectra are reported of copper/alumina catalysts in
various states of oxidation or reduction and exposed to carbon
monoxide, thiophene, sulphur dioxide, co-adsorbed carbon monox-
ide and thiophene, and co-adsorbed carbon monoxide and sulphur
dioxide. Available adsorption sites could be broadly divided into
four groups: Cu?*, Cu* in a matrix of Cu?*, Cu* in a matrix of
Cu*, and Cu®. Both site-blocking and electronic effects of thio-
phene on CO adsorption have been identified and are discussed
in terms of the nature of the surface—adsorbate interactions, the
oxidation state of the adsorption sites, and the specific effects of
thiophene on the adsorption sites for CO. Sulphur dioxide blocked
CO adsorption on Cu?* sites. Adsorption of CO on Cu* sites was
not inhibited by adsorption of sulphur dioxide, the latter having
an electronic effect on CO molecules at adjacent sites. Adsorption
of sulphur dioxide on a reduced Cu® surface caused surface oxida-
tion giving Cu* sites which were available for the subsequent
adsorption of CO. The pre-adsorption of CO impeded but did not
prevent the oxidative effects of sulphur dioxide chemisorption.
© 1994 Academic Press, Inc.

INTRODUCTION

Improved selectivity towards the formation of crotyl
alcohol from the hydrogenation of crotonaldehyde over
Cu/Al O, has been induced by predosing the catalyst with
small amounts of thiophene (1, 2) or sulphur dioxide (3).
Explanations of the influence of sulphur on the adsorptive
and catalytic properties of metal surfaces have invoked
geometric effects (4-7), electronic effects (8—12), and re-
constructions or surface morphology changes (13-15).
Sulphur has been shown to occupy high coordination sites
at low coverages on Cu(100), Cu(111), and Cu(110) sur-
faces (16-18). A ¢(2 X 2) LEED pattern was observed,
although further additions of sulphur gave more complex
surface structures. The adsorption of thiophene on copper
has been reported to be nondissociative up to 300 K (19,
20). Multilayer adsorption at 95 K gave way to a mono-
layer above 150 K with the molecules parallel to the sur-
face at low coverages but orientated in both parallel and

inclined structures at high coverages. Sulphur dioxide
is physisorbed at 100-193 K on polycrystalline (21) and
single-crystal (22, 23) copper surfaces. There are two re-
ports that sulphur dioxide does not adsorb on copper at
298 K (21, 22). However, EELS of Cu(100) exposed to
sulphur dioxide at 300 K contained evidence for adsorbed
sulphite species (23). It was suggested that sulphur dioxide
dissociated to SO and O on the Cu(100) surface and that
further reaction with sulphur dioxide generated adsorbed
sulphite and sulphur species. The sulphite decomposed
at 370 K to give adsorbed S and O atoms (23).

IR spectroscopy using CO as a probe molecule has
given information about the interactions between sulphur
compounds and the surfaces of platinum (24, 25) and
nickel (26). The present paper reports an IR study of
thiophene and sulphur dioxide adsorption and the effects
of thiophene and sulphur dioxide on CO adsorption for
alumina supported copper catalysts in which surface cop-
per was present as Cu®, Cu*, or Cu?* before exposure to
CO or thiophene. The reduced catalyst was identical to
that used in the studies of crotonaldehyde hydrogena-
tion (1-3).

EXPERIMENTAL

A dispersion of Condea SCF v-Al,O; (Puralox
SCFa-140, surface area 136 m> g™') in aqueous copper(1I)
nitrate was evaporated to dryness at ca. 353 K and dried
in air for 16 h at 383 K. The resulting catalyst precursor
was compressed at 20 MN m™2 into self-supporting discs
(100 mg, 25 mm diameter) which were mounted in an
infrared cell fitted with fluorite windows and glassblown to
a conventional glass vacuum apparatus fitted with grease-
free taps.

A disc in situ in the infrared cell was raised into the
furnace section of the cell at 403 K. A flow (100 cm® min~’,
0.1 MN m™?) of dry air was passed through the cell as
the temperature was raised to 583 K. After 16 h at 583 K
the air flow was discontinued and evacuation was started
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with the disc still at 583 K. One of three alternative treat-
ments then preceded the admission of adsorbate gases.
First, the disc was cooled to ambient temperature (ca. 295
K) after evacuation (583 K, 1 h) giving catalyst designated
“‘calcined catalyst.”” Second, the disc was subjected to a
sequence of treatments involving evacuation (583K, 1.5 h
then cooling to 323 K over 3 h, cooling to 295 K for
spectroscopic examination, heating at 368 K followed by
heating to 403 K over 45 min), reduction in a flow of
hydrogen (100 cm® min~!, 0.1 MN m™2) with the tempera-
ture raised to 483 K over 2 h and held at 483 K for 16 h,
and finally evacuation (483 K for 1 h) followed by cooling
to 295 K giving catalyst designated ‘‘reduced catalyst.”’
Third, a reduced copper catalyst disc was exposed to
nitrous oxide (4 kN m~2, 353 K, 15 min) before evacuation
(353 K, 15 min) and cooling to 295 K gave catalyst desig-
nated ‘‘Cu/ALO; (ex N,0)” with a surface layer of Cu*
ions on the copper component (27). The copper content
of the catalyst precursor was adjusted to give 5 wt.% Cu
in reduced Cu/Al, O, catalyst.

A TPR profile for calcined catalyst in hydrogen showed
that complete reduction to Cu/AlLO; was effected at
483 K. The Cu surface area (N,O adsorption at 353 K,
reactive frontal chromatography) was 22.4 m? (g cata-
lyst)~! for reduced catalyst.

Infrared spectra of discs at 295 K were recorded with
a Perkin-Elmer 1720X FTIR spectrometer linked to a
7700 Computer. The resolution was 4 cm™'. The spectra
for CO on Cu often showed small shifts with changing
conditions and band envelopes exhibited shoulders of var-
ying intensity and clarity. However, the present con-
densed summary of the data is derived from a vast number
of experiments involving different gas-phase pressures,
sequences of addition of gases, ratios of gas pressures,
and desorption conditions. The results were completely
reproducible in terms of both band positions which are
given here and relative band intensities.

RESULTS

Adsorption of Carbon Monoxide

Alumina. Carbon monoxide was adsorbed on calcined
and reduced alumina which had been pretreated using
identical procedures to those adopted for calcined and
reduced Cu/Al,O;. For calcined alumina at 295 K weak
bands slowly appeared at 1650, 1480, 1435, 1270 and 1230
cm™'. The results were similar for reduced alumina (Figs.
la—-1c) although the bands were more intense than for the
calcined oxide. The surface species responsible for the
bands were slowly desorbed by evacuation at ambient
temperature (Fig. 1d) and completely desorbed at 473 K
(Fig. le). The bands at 1650 and 1230 cm™! may be as-
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FIG. 1. Spectra of reduced alumina exposed at 295 K to CO (4 kN
m~?) for (a) ca. 1 min, (b) 30 min, (c) 120 min, followed by evacuation
at (d) 295 K for 60 min, and (e¢) 473 K for 10 min.

cribed (28-32) to the v,(OCO) and B(OH) vibrations of
a surface hydrogen carbonate although it is debatable
whether the band at 1480 (28-31) or at 1435 cm™! (32)
may be due to the corresponding v, (OCQO) vibration. The
band at 1435 cm™! is also in the expected spectral region
for the »,(CO,) vibration of uncoordinated carbonate ions
(30). The weak band at 1270 cm™' together with a very
weak band at 1710 cm™' (Fig. 1¢) may be ascribed to a
bridging surface carbonate (29).

Carbon monoxide generally is adsorbed to only very
low maximum coverages on alumina surfaces via dative
ligation to uncoordinated surface AP* cation sites giving
infrared bands at ca. 2200-2245 cm™' (33, 34). No such
bands were observed here. However, in accordance with
the present results, the formation of hydrogen carbonate
from CO on alumina has been reported (35). Carbon diox-
ide may also be adsorbed on alumina (36) or boehmite
(37) via either ligation to unsaturated surface cations or
reaction with oxide or hydroxide ions to give carbonate
or hydrogen carbonate species. The extreme weakness
of the infrared bands observed here for CO on calcined
alumina showed that the majority of the oxide surface
would not adsorb CO (=4 kN m™?) at ambient tempera-
ture. Pretreatment in hydrogen at 483 K activated the
surface for a higher level of CO oxidation to adsorbed
hydrogen carbonate but failed to generate unsaturated
AP cations which could adsorb CO at ambient tempera-
ture. The enhanced ability of the surface to oxidise CO
after reduction is reminiscent of related effects reported
for the adsorption of acetone (38) and hexafluoroacetone
(39) on rutile which had been pretreated at high tempera-
ture in hydrogen.

Calcined Cu/Al,0,. The addition of CO to calcined
Cu/AlL, O, gave an infrared band envelope in the v spec-
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FIG. 2. Spectra of calcined Cu/AlLO, exposed at 295 K to CO at (a)
0.27 kN m-? (5 min), (b) 2.66 kN m~2 (5 min), (c) 4.00 kN m~? (5 min),
(d) 4.00 kN m~2 (90 min), (¢) 4.00 kN m~? (120 min), followed by (f)
evacuation (295 K, 45 min), and then (g) evacuation (473 K, 10 min)
and readmission of CO (295 K, 0.53 kN m~3).

tral region with a maximum at 2122 cm™', shoulders at
2110 and 2133 cm™!, and an additional weak band at 2191
cm™! (Fig. 2a). The intensities of these bands increased
with increasing pressure of carbon monoxide (Figs. 2b
and 2¢). However, there were also slow time-dependent
effects which enhanced the intensity of the broad band
envelope (Figs. 2d and 2e) (the final maximum was at
2120 cm™! with shoulders at 2110 and 2128 cm™'), but
conversely weakened the band at 2192 cm™!. Subsequent
evacuation completely removed the latter band (<1 min)
and after 45 min reduced the band envelope to ca. 50%
of its initial intensity (Fig. 2f). Complete removal of ad-
sorbed CO was achieved by evacuation at 473 K. Subse-
quent admission of CO gave a spectrum (Fig. 2g) which
was similar to that for CO adsorption on freshly calcined
Cu/AlL,O, although the low wavenumber shoulder ap-
peared at 2102 cm™', a band position charcteristic of CO
on Cu® (40). Some reduction to Cu® had probably occurred
during removal of CO at 473 K. Alumina alone gave no
bands in the vy region in the presence of CO under the
experimental conditions adopted here.

Calcined Cu/Al,O, exposed to CO gave infrared bands
in the 1800-1200 cm ™! spectral region which were charac-
teristic of hydrogen carbonate on the alumina support.
However, the bands appeared more rapidly and became
much more intense in the presence rather than the absence
of copper. Oxidised copper promoted the formation of
hydrogen carbonate from CO on alumina. Additional
broad bands for calcined Cu/Al,O,, not observed for alu-
mina alone, were recorded at ca. 1550 and ca. 1380 cm™!
and may have been due to surface carbonate species (41)
ligated to copper sites in the catalyst surface. These spe-
cies were more resistant to removal by evacuation at 295

PADLEY ET AL.

K than the hydrogen carbonate on alumina and were not
completely desorbed even at 473 K.

Reduced Cu/Al,0;. Addition of carbon monoxide to
reduced Cu/Al,O; gave infrared bands in the range
1800-1200 cm™! characteristic of CO adsorption on alu-
mina alone. However, bands also appeared due to the
nondissociative adsorption of CO on copper. Two domi-
nant bands were at 2094 and 2087 (sh) cm™! (Fig. 3a)
shifting to 2099 and 2090 cm™' (Fig. 3c) as the pressure
of CO and hence surface coverage was increased. Weak
shoulders were also present at 2140 and 2070 cm™!, the
latter particularly at high surface coverages. An additional
very weak shoulder appeared at 2117 cm™! after prolonged
contact between CO and reduced Cu/Al, O, at 295 K. The
carbonyl species could be nearly entirely removed (<1%
left) from the surface by evacuation at 295 K although
species giving the bands at 2140 and 2117 cm ™' desorbed
rather slowly. Readmission of CO at 295 K after a brief
{10 min) evacuation at 473 K gave a spectrum similar to
that for CO on freshly reduced Cu/Al,O, showing that the
CO adsorption/desorption experiment had not influenced
the Cu surface in any irreversible way.

Carbon monoxide was adsorbed on reduced Cu/Al,O,4
at much lower pressures than in the previous experiment
in an attempt to identify the most active sites for CO
adsorption. A gaseous mixture of 0.5% CO in argon was
used to dose the CO into the infrared cell. The dominant
band at the lowest CO pressure was at 2140 cm™! with
weaker maxima at 2125and 2100 cm ™! (Fig. 3d). However,
the band at 2140 cm™' did not increase much further in
intensity with increasing CO pressure, whereas the band
at 2100 cm™! grew until it became the dominant maximum
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FIG. 3. Spectra of reduced Cu/Al,O; exposed at 295 K to CO at (a)

0.27 kN m~2, (b) 0.80 kN m~2, and (c) 4.00 kN m~2. Further disc with
CO at pressures of (d) 1.3S N m~2(e) 2.65 N m~2(f) 4.00 N m2, (g)
5.30 N m~? (all recorded after 5 min contact) and (h) 5,30 Nm~?(1 h
contact). (i) Difference spectrum (h)—(g).
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(Fig. 3g). There was also a time-dependent effect whereby
the band at 2100 cm ! in particular underwent a reduction
in intensity which was accompanied by the concomitant
appearance of infrared bands ascribed to hydrogen car-
bonate species on alumina (Figs. 3h and 3i).

Cu/AlLO; (ex. N,;0O). The decomposition of N,O on
Cu® gives N,(g) and a surface stoichiometry of
Cu*t0?"Cu*. The modified surface therefore enables inter-
actions between CO and Cu™ sites to be characterised.
Carbonyl complexes of copper initially gave bands at 2110
and 2132(sh) cm™! (Fig. 4a). In addition a new band at
2098 cm~! slowly grew with time up to 15 min when it
attained its maximum intensity (Fig. 4b). Bands due to
hydrogen carbonate species on alumina also grew with
time, the rate of growth being faster than for CO on re-
duced Cu/Al O, for the first 15 min contact but with the
rate being slower and equal to that for reduced Cu/Al,O4
after 15 min. The results imply that reduction of Cu™ sites
to Cu® in the first 15 min of contact was accompanied by
carbon dioxide formation which promoted the appearance
of the adsorbed hydrogen carbonate.

Evacuation at 295 K reduced the intensities of all bands
in the v¢( region, the effect being greatest for the maxi-
mum at 2098 cm™! in accordance with the result for the
desorption of CO from Cu® in reduced Cu/Al,O,. Compar-
ison of the results for the three catalysts (calcined, re-
duced and ex. N,0) shows that the ease of desorption of
CO from surface sites was in the sequence Cu** > Cu’
> Cu*-in-a-Cu*-environment > Cu*-in-a-Cu?*-environ-
ment. Readmission of CO to Cu/AlL,O; (ex N,O) after
evacuation at 295 K gave a spectrum (Fig. 4d) similar to
that for fresh catalyst exposed to CO (Fig. 4a). However,
after complete desorption of CO by evacuation at 473 K
(Fig. 4e) and readmission of CO, the spectrum more
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FIG. 4. Spectra of Cu/ALO, (ex. N,0) exposed to CO at 295 K and
0.53 kN m~2for (a) ca. | min, (b) 10 min, and (c) 120 min, (d) evacuated
(295 K, 1 h) and CO (0.53 kN m~2) readmitted, (e) evacuated (473 K,
10 min), and (f) CO (0.53 kN m™?) readmitted.
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FIG. 5. Spectra of reduced alumina at 295 K exposed to thiophene
at (a) 0.27 kN m~? and (b) 1.33 kN m 2, before evacuation at 295 K for
(¢) 1 min, (d) 1S min, and (e) 60 min. and (f) further evacuation (473
K, 20 min).

closely resembled the result for CO on reduced Cu/Al,0,.
Desorption of CO at 473 K and evacuation at 473 K had
caused significant reduction of the partially oxidised
surface.

Adsorption of Thiophene

Alumina. The initial stage of adsorption of thiophene
on reduced alumina gave infrared bands at 1600, 1406,
1362 (vw), 1253, 1082, and 1032 cm~' (Fig. 5a) which
resemble similar bands in the spectrum of liquid thio-
phene. At higher contact pressures of thiophene weak
bands also appeared at 1685, 1650, 1435 (sh), and 1230
cm™! (Fig. 5b). The latter three bands may be ascribed
to hydrogen carbonate species which were resistant to
desorption by evacuation at 295 K (Figs. 5d and Se) but
were removed at 473 K (Fig. 5f). Reduction of titanium
dioxide in hydrogen is known to promote surface oxida-
tion of adsorbed organic molecules (38, 39). The present
result would be compatible with a similar effect for a small
number of surface sites on alumina. Nondissociatively
adsorbed thiophene molecules were rapidly desorbed by
evacuation at 295 K (Figs. 5c¢ and 5d).

The present sample of alumina scattered radiation badly
in the range 4000-2500 ¢cm~' and therefore meaningful
spectra in this spectral region could not be recorded. Brief
experiments were carried out with Degussa grade C -
Al,O, (area 150 m? g~') which scattered radiation to a
much lesser extent. The two samples of alumina gave
identical results in the 1800-1000 ¢cm ™! region for the
adsorption of thiophene although the appearance of bands
due to hydrogen carbonate did not occur for the Degussa
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alumina. However, the latter was evacuated at 873 K
(2 h) and not subjected to reduction in hydrogen before
exposure to thiophene. The reduction process promoted
the generation of hydrogen carbonate from CO and there-
fore it appears that a related promotional effect occurred
during thiophene adsorption.

The Degussa alumina was preheated at 873 K in order
to be able to monitor clearly the behaviour of surface
hydroxyl groups in the presence of thiophene. The hy-
droxyl groups gave infrared bands at 3794, 3735, and 3707
c¢cm~!. Decreases in the intensities of these bands with
increasing admitted pressure of thiophene were accompa-
nied by the concomitant appearance of a broad maximum
at 3582 cm ™. These effects were reversed by evacuation
at 295 K showing that adsorption involved the formation
of hydrogen bonds between surface hydroxyl groups and
thiophene molecules. Adsorbed thiophene also gave infra-
red bands due to CH-stretching vibrations at 3110 and
3077 cm™!, band positions closely similar to those for
liquid thiophene. However, additional weak bands also
appeared at 2981 and 2965 cm ™! and may be assigned to
CH-stretching vibrations of saturated alkyl species. The
adsorption of thiophene on a fully deuterated alumina
surface also led to the appearance of bands at 2981 and
2965 ¢cm~! with no bands which might be assigned to CO-
stretching vibrations. This result implies, contrary to a
previous suggestion (42), that the saturated alkyl species
were not generated by transfer to thiophene of hydrogen
atoms from surface hydroxyl groups. Similar saturated
alkyl species have been reported for thiophene adsorbed
on silica or reduced Cu/SiO, (26, 43), although the exact
nature of the species remains in doubt (44). In the present
context it appears unlikely that these products of thio-
phene adsorption on silica or alumina influence the behav-
iour of thiophene on the copper component of Cu/SiO,
and Cu/Al,O; catalysts. Proof of this surmise would re-
quire an infrared study of thiophene and CO adsorption
on unsupported copper. Results for thiophene alone are
compatible with the present conclusions (20).

Calcined Cu/ALO,. The adsorption of thiophene on
calcined Cu/AlL,O; gave an infrared spectrum (Fig. 6a)
which was primarily characteristic of thiophene on cal-
cined alumina. However, weak additional bands were de-
tected at 1397 (sh), 1312, and 1218 cm~' when copper
was present and are assigned to thiophene molecules in-
teracting with the Cu?* surface sites via their 7 electrons
(45). Carbon monoxide was then added as a probe mole-
cule to test the effects of thiophene adsorption on surface
sites. A band envelope due to linearly adsorbed CO had
a maximum at 2113 cm~' and a shoulder at 2130 ¢cm™!
(Fig. 6¢). The intensity of the band envelope was about
the same as that of the envelope with a maximum at
2122 cm~! for CO on calcined Cu/Al, O, in the absence
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FIG. 6. Spectra of calcined Cu/Al,O; at 295 K exposed to (a) thio-
phene (0.27 kN m~2), (b) thiophene (0.53 kN m~?), and (c) thiophene
(0.53kN m~?) + CO (0.53 kN m~?). Further sample exposed to (d) CO
(0.53 kN m™?), (e), (f) CO (0.53 kN m~2) + thiophene at (e) 0.27 kN
m~2, (f) 1.33 kN m~2, followed by (g) evacuation (295 K).

of thiophene. The band shift induced by co-adsorption of
thiophene occurred with the absence (Fig. 6¢) of the weak
band at 2191 cm™! observed when thiophene was not
present (Fig. 2). The addition of CO did not affect the
spectrum of adsorbed thiophene in the 1800-1200 cm ™!
spectral region although weak bands characteristic of CO
on calcined alumina did appear (Fig. 6¢).

The addition of thiophene to calcined Cu/Al, O, after
the preaddition of CO shifted the bands for CO alone
(2122, 2110 (sh), 2133 (sh)) to 2113 and 2130 (sh) cm™!
and removed the weak maximum at 2191 ¢cm ™! (Figs. 6d
and 6¢). The intensity of the band envelope due to vqq
vibrations was insensitive to the presence of thiophene,
to thiophene pressure (Fig. 6f), or to time of contact (<2
h) at 295 K. The bands at 1397 (sh), 1312, and 1218 cm ™!
due to thiophene interacting with Cu?* sites were also
observed when thiophene was added after CO to the cata-
lyst. Otherwise the lower spectral region was again char-
acteristic of thiophene and CO on alumina. Subsequent
evacuation at 295 K rapidly (>90% in <1 min) desorbed
thiophene from alumina. At the same time the v vibra-
tions of CO on copper reverted to give bands at 2122 and
2133 (sh) cm ! (Fig. 6g). Weak bands due to thiophene
on Cu?* sites became weaker but were still detectable in
spectra even after 1 h evacuation. The desorption of CO
was consistent with the result for a surface untreated with
thiophene (Fig. 2), although comparison of band intensit-
ies as a function of time showed that CO was slightly
more strongly adsorbed on catalysts which had been
treated with thiophene. Subsequent attempts to com-
pletely desorb material from the surface involved heat
treatment at 473 K in vacuum. A series of infrared bands
remained and could probably be ascribed to carboxylate
species on alumina. Despite this, the addition of CO gener-
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ated a typical vcq spectrum for CO on freshly calcined
Cu/Al,O, except that the band at 2191 cm~! was absent,
suggesting that the copper surface had been freed from
the effects of thiophene except for the sites giving the
maximum at 2191 cm™! in the presence of CO on an
unmodified surface.

Reduced Cu/ALO,. Results in the 1800-1200 cm ™'
spectral region for thiophene adsorption with and without
addition of CO as a probe molecule could largely be attrib-
uted to typical adsorption behaviour of thiophene or CO
onreduced alumina. The only exceptions were the appear-
ance of additional bands at 1588 cm ™!, previously attrib-
uted to thiophene coordinated to unsaturated AI’* sites
(46) and 1372 and 1191 cm ™!, attributed to thiophene ad-
sorbed on zerovalent copper (18).

The addition of carbon monoxide to reduced Cu/Al, O,
pretreated with thiophene gave a v band envelope which
more closely resembled the result for CO adsorption on
Cu/ALQ, (ex N,0) than that for reduced Cu/Al, O, (Fig.
7b). The maximum was at 2116 cm ! with just discernible
shoulders at 2134 and 2094 cm ~!. Figures 7c—7f show the
result of a reverse experiment in which CO was added
before thiophene. Exposure to thiophene resulted in the
disappearance of the maximum at 2094 cm~! due to CO
on Cu® and the appearance of the bands due to CO on
partially oxidised copper. The intensities of the latter
bands were enhanced as increasing pressures of thiophene
were admitted to the infrared cell. After prolonged reac-
tion (Fig. 7g) the spectral maximum was at 2110 cm™!
with a shoulder at 2098 cm~'. This result resembles that
in Fig. 4b although there the band at 2098 cm ™! was more
intense than that at 2110 cm ™.
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FIG. 7. Spectra of reduced Cu/AlLQ, at 295 K (a) exposed to thio-
phene (0.27 kN m~2, 30 min), followed by (b) (0.53 kN m~2, 10 min});
(c) exposed to CO (0.53 kN m~?) followed by (each for 20 min) (d) 0.27
KN m~2(e) 0.80 kN m~2(f) 1.33 kN m~? thiophene, and (g) 120 min
exposure at .33 kN m~2. (h)—(j) Subsequent evacuation for (h) 1 min,
(i) 5 min, and (j) 60 min, before (k) readmission of CO (0.53 kN m~2)
(1) exposed to CO (0.53 kN m~?), followed by thiophene (9.3 N m™2)
and left to stand for (m) 5 min (n) 10 min, and (0) 20 min.
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FIG. 8. Decrease with time of evacuation at 295 K of band maximum
intensity I (normalised to unity for the initial intensity 1) for CO adsorbed
on (a) calcined Cu/Al 05, (b) Cu/AlLO, (ex. N,0), and (c) reduced Cu/
Al,O;. Open and closed circles denote without and with thiophene treat-
ment, respectively.

Adsorbed CO was slowly desorbed from the thiophene-
treated reduced Cu/AlO, surface by evacuation (Figs.
7h-7j). The ease of removal of CO from this catalyst
resembled the corresponding result for CO desorption
from Cu/Al,O; (ex. N,0) (Fig. 8). Carbon monoxide was
much more easily desorbed from untreated reduced Cu/
Al,O;. After a large proportion of the CO had been de-
sorbed (Fig. 7g), CO was readmitted. The resulting spec-
trum was similar to that before desorption showing that
the effects of thiophene treatment had been retained by
the surface after thiophene and CO had been removed
from the gas phase.

Reduced Cu/AlLO, was exposed to CO and the time-
dependent effects of the subsequent addition of a low
pressure of thiophene were monitored (Figs. 71-70). The
spectrum before the addition of thiophene contained
bands at 2094, 2070(sh), and 2140(sh) cm™' (Fig. 71); after
the addition of thiophene the intensities of the bands at
2094 and 2070 (sh) cm ~' declined and a new band appeared
at 2120 cm ' (Fig. 7n). There was also evidence for a new
shoulder at 2102 cm~' (Fig. 70). The shoulder at 2140
cm™! appeared insensitive to the addition of thiophene.
Further additions of thiophene to the system resulted in
a band maximum shift from 2120 to 2116 cm ! and a shift
of the shoulder at 2102 cm~! to 2094 cm ~'.

Cul/Al,O5 (ex. N,0). Spectra in the 1800-1200 cm ™'
region of coadsorbed CO and thiophene on Cu/Al,O; (ex.
N,0) showed no features other than those characteristic
of the separate adsorption of CO and thiophene. The ad-
sorption of thiophene followed by CO gave v bands at
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FIG. 9. Spectra of Cu/ALO; (ex. N;0) exposed at 295 K to (a)
thiophene (0.53 kN m~2), followed by (b) CO (0.53 kN m~2). Further
disc exposed to (c) CO (0.53 kN m~2), followed by thiophene at (d)
0.27 kN m~2, (e) 1.06 kN m~2, and (f) 1.33 kN m~2, with subsequent
evacuation at 295 K for (g) 1 min, (h) 5 min, (i) 15 min, and (j) 60 min.

2115 and 2132 (sh) cm ™! (Fig. 9b). In reverse experiments
(Figs. 9¢-9f) the band maximum at 2110 cm ™! due to CO
alone on the catalyst was shifted to 2115 cm™! after the
subsequent addition of thiophene. Carbon monoxide
could be partially desorbed from the thiophene-treated
catalyst by evacuation at 295 K (Figs. 9g~9j). Quantitative
comparisons of the loss of absorption intensity at 2115
cm ! with time (Fig. 8) showed that the ease of desorption
of CO from thiophene-treated Cu/ALO; (ex. N,O) was
similar to that for both untreated Cu/AlL,O; (ex. N,O) and
reduced Cu/Al, O, which had been treated with thiophene.

Adsorption of Sulphur Dioxide

Alumina. Similar spectra were observed for calcined
alumina and reduced alumina in contact with sulphur diox-
ide. The addition of SO, to alumina initially gave a broad
band at ca. 1050 cm~! which may be ascribed to a uniden-
tate sulphur-bound sulphite species (47) and weak broad
shoulders at 1125 and 1180 cm™! (Fig. 10b) which have
been attributed to SO, ligated to unsaturated oxygen and
aluminium ions, respectively (47). The dominant infrared
bands at 1335 and 1149 cm ! (Figs. 10c and 10d) appeared
at high pressures of SO, and may be assigned to the
,(80,) and »(SO,) vibrations of SO, molecules physi-
cally adsorbed on surface hydroxyl groups (47-50) which
led to a concomitant decline in the intensities of infrared
bands due to hydroxyl groups (47, 48, 50). Bands at 1374
and 1360 cm~! (Fig. 10d) were due to vibrations of gas-
phase SO,.

Physically adsorbed SO, was rapidly desorbed by evac-
uation at 295 K (Fig. le) but the more strongly adsorbed
species giving bands at 1050, 1125 (vw), and 1180 (vw)
cm ™! were partially retained (Fig. 10e). The latter species
had disappeared after evacuation at 473 K (Fig. 10f).
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FIG. 10. Spectra of calcined alumina exposed to SO, at 295 K and
(@) 13.5Nm 2, (b) S3Nm2,(c) 319 Nm~2, and (d) 851 N m~2, followed
by evacuation at (¢) 295 K (15 min) and (f) 473 K (10 min).

Calcined Cu/Al,0,. Treatment of calcined Cu/Al,O;
with SO, at 295 K gave infrared spectra which were identi-
cal to the corresponding result for calcined alumina alone.
There were no additional bands which could be ascribed
to adsorbed species resulting from interactions between
SO, and the copper component of the catalyst. However,
spectra of subsequently adsorbed CO showed that expo-
sure to SO, had influenced the adsorptive properties of
oxidised copper. The admission of CO gave a single v¢q
infrared band at 2131 cm~! (Fig. 11b). This band was
narrower than the vg band envelope for adsorbed CO in
the absence of SO, and in particular did not show a shoul-
derat 2110 cm ™! or an additional weak band at 2191 cm ™.
Furthermore no bands due to hydrogen carbonate or car-
bonate species on alumina were observed in contrast to
the result for CO adsorption on calcined Cu/AlLO; in the
absence of SO, .

T I
fors
]
U
£
[]
2
0
t b
bl
4
d
L2
c
1 1 L 1
2200 2100 2200 2100 2000

wavenumber /ocm

FIG. 11. Spectra of calcined Cu/Al O, exposed at 295 K to (a) SO,
(270 N m~%)and (b) SO, 270 N m~% + CO (530 N m~?). Further sample
exposed to (c) CO (530 Nm %) and (d) CO (530 Nm ™% + SO, (530N
m~2). (e) Difference spectrum (d)—(c).
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FIG. 12. Decrease with time of evacuation at 295 K of band maxi-
mum intensity I (normalised to unity for the initial intensity Iy) for CO
adsorbed on (a) calcined Cu/Al Oy, (b) Cu/AlLO; (ex. N;O), and (c)
reduced Cu/AlL,O;. Open and closed circles denote without and with
sulphur dioxide treatment, respectively.

Experiments in which CO was added before SO, to
calcined Cu/Al, O, confirmed the effects of SO, on surface
sites for the adsorption of CO. Carbon monoxide adsorp-
tion gave infrared bands at 2191, 2133 (sh), 2122, and 2110
cm~! (Fig. 11¢). Subsequent addition of SO, resulted in
the disappearance of the weak band at 2191 cm ™! (Fig.
11d) due to CO ligated to isolated Cu®* surface sites (51,
52). The main band maximum shifted from 2122 to 2131
c¢m~ . Difference spectra (Fig. 11e) showed that the shift
resulted from loss of absorption intensity at 2104 cm™!
and the growth of a band at 2134 cm ™. Further additions
of CO up to 1.33 kN m~? had no effect on the v, band
shape although the intensity increased by ca. 16%. Spec-
tra in the 1800-1000 cm ™! region were similar to those
for SO, adsorbed on calcined Cu/ALO; which had not
been exposed to CO.

Evacuation at 295 K caused the slow removal of ad-
sorbed CO from calcined Cu/Al,O; which had been ex-
posed to SO,. Comparison of the loss of band maximum
intensity as a function of time for untreated and SO,-
treated catalysts (Fig. 12a) suggested that adsorption of
SO, weakened the subsequent adsorption of CO which
was therefore easier to desorb by evacuation. Evacuation
also completely removed physically adsorbed SO, from
the alumina surface. However, readmission of CO regen-
erated the single narrow band maximum at 2131 cm™!
rather than the typical spectrum in the v¢q region for CO
on untreated catalyst. The effects of the SO, adsorption
on copper sites for adsorption of CO were therefore not
reversed by removal of gas-phase SO, at 295 K. Further-
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more, evacuation at 473 K followed by readmission of
CO also gave the characteristic veo band for SO,-
treated catalyst.

Reduced Cu/AlLO,. Bands in the 1800-1000 ¢m™!
spectral region for reduced Cu/Al, O, exposed to SO, were
identical to the bands resulting from SO, adsorption on
alumina alone. There were no detectable features attribut-
able to surface species on copper. In contrast to the result
for reduced Cu/AlLO; which had not been exposed to SO, ,
subsequent exposure to CO failed to generate surface
hydrogen carbonate or carbonate species on alumina,
showing that CO adsorption on the support was inhibited
by SO, adsorption. The spectrum of CO on copper sites
gave a single band at 2124 cm~! (Fig. 13b) for SO,-treated
catalyst. This result differs significantly from the corre-
sponding result for reduced Cu/Al, O, which had not been
exposed to SO,, showing indirectly that SO, was being
adsorbed on the copper component of the catalyst.

In a reverse experiment CO was initially added to re-
duced Cu/Al,O,, giving v¢q bands at 2140 (sh), 2094, and
2070 (sh) cm~! (Fig. 13c). Subsequent admission of SO,
caused a slow transformation in the spectrum resulting
in a band maximum shift to 2124 cm ™! (Figs. 13b-13e).
A difference spectrum (Fig. 13f) showed that the total
change involved the loss of bands at 2094 and 2070 (sh)
cm ™! due to CO adsorbed on Cu®sites and the appearance
of bands at 2124 and ca. 2150 cm ™' due to CO on Cu*
sites in two different environments. Further increase in
SO, pressure (<1.33 kN m™~?) did not alter the shape of
the vy band envelope although the band intensity was
increased to 157% of its value in the difference (Fig. 13f).
Adsorbed CO on Cu* sites was slowly desorbed by evacu-
ation at 295 K (Figs. 13h—13k). However, readmission of
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FIG. 13. Spectra of reduced Cu/Al,O; at 295 K (a) exposed to SO,
(270 N m2) followed by (b) CO (530 N m~?); (c) exposed to CO (530
N m~?) followed by (d)—(f) SO, (270 N m~2) for {(d) ca. | min, (e} S min,
and (f) 20 min. (g) Difference spectrum (f)-(c). (h) Spectra exposed to
CO (530 N m~2) + SO, (1.33 kN m~? followed by evacuation (295 K)
for (i) S min, (j) 15 min, and (k) 60 min, and subsequently (1) readmission
of CO (530 N m~3).
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CO regenerated the band maximum at 2124 cm~! (Fig.
131), showing that the effects of adsorption of SO, at 295
K were not reversed by evacuation at 295 K. Adsorbed
CO was more difficult to desorb from SO,-treated reduced
Cu/AlL O, than from reduced Cu/Al,O; which had not been
treated with SO, (Fig. 12¢).

In an attempt to gain more detailed information about
the effect of SO, on copper sites, a reduced Cu/Al, O, disc
was exposed to CO followed by a low pressure of SO,.
Slow interaction of the SO, with the Cu® surface resulted
in decreases in the intensities of the bands at 2094 and 2070
(sh) cm~! due to CO on Cu® and growth of a maximum at
2120 cm ™! due to CO on Cu* sites (Figs. 14a—14e). After
ca. 3 h reaction no further change in the spectrum occur-
red and therefore a further amount of SO, was added.
The band at 2120 cm ™! then continued to grow at the
expense of the maximum at 2098 cm ™! (Figs. 14e-14;j).
Again the spectrum became stable after ca. 3 h and a
further aliquot of SO, was added (Figs. 14j-141). The
final spectrum after SO,-induced changes were complete a
narrow maximum at 2120 cm ™! with a scarcely discernible
shoulder at 2140 cm ™! (Fig. 141).

A question which arises is whether the pre-adsorption
of CO in the above experiment impeded the interaction
between SO, and copper, thus accounting for the long
equilibration times. Reduced Cu/Al,O; was exposed to a
low pressure of SO, (cf. Figs. 14f-14j) for 5 min, evacu-
ated for 20 min, and exposed to CO. The resulting spec-
trum (Fig. 14n) showed that considerably more change
resulting from SO, treatment had occurred than after 5
min contact with SO, after adsorption of CO and closely
resembled the final spectrum after 3 h contact (Fig. 14j)
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FIG. 14. Spectra of reduced Cu/Al,O; exposed to (a) CO (530 N
m~2), and then CO (530 N m~%) + SO, (13.3 N m~?) for (b) ca. | min,
(c) 15 min, (d) 90 min, and (e) 180 min, and then CO (530 N m~2) +
SO, (26.6 N m~?) for (f) ca. 1 min, (g) 10 min, (h) 15 min, (i) 45 min,
and (j) 180 min, and then CO (530 N m~%) + S0, (40 N m~?) for (k)
ca. | min and (1) 90 min. (m) Further disc exposed to SO, (26.6 N m™?%)
for 5 min and evacuated (295 K, 20 min) before (n) admission of CO
(530 N m™.
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FIG. 15. Spectra of Cu/Al,0; (ex. N,0) exposed to (a) CO (530 N
m~?) followed by SO, at (b) 0.27 kN m~2 and (c) 1.33 kN m~2 (20 min),
followed by evacuation at 295 K for (d) 5 min, (¢} 15 min, (f) 60 min, and
then (g) readmission of CO (530 N m~2). (h) Difference spectrum (c)—(a).

when CO was also present. Adsorbed CO clearly impeded
the reaction of SO, with the copper surface.

Cu/A,04 (ex. N,0). Adsorption of CO on Cu/AlLO,
(ex. N,0) gave v bands at 2110 and 2132 (sh) cm ! due
to CO adsorbed on Cu* in two different environments
and a weak shoulder at 2098 cm ~! due to CO on Cu® sites
generated by surface reduction of Cu™ to Cu® by CO
(Fig. 15a). Subsequent addition of SO, shifted the band
maximum from 2110 to 2125 cm ™! with a weak shoulder
to higher wavenumber (Figs. 15b and 15¢). A difference
spectrum (Fig. 15h) showed that loss of the bands and
2110 and 2098 (sh) was accompanied by the growth of a
narrow maximum at 2125 cm~!. Carbon monoxide was
slowly desorbed from the SO,-treated catalyst by evacua-
tion at 295 K (Figs. 15d-15f). The ease of desorption
of CO from SO,-treated Cu/ALO; (ex. N,O) was nearly
identical to the ease of desorption from reduced Cu/AlL,O,
which had been treated with SO, (Fig. 12). Subsequent
readmission of CO (Fig. 15g) regenerated the band maxi-
mum at 2125 cm !, showing that the effects of SO, adsorp-
tion on Cu/Al,O; (ex. N,) were not reversed by evacuation
at 295 K. The result in Fig. 13n is also consistent with
this conclusion. There were no bands in the the 18001000
cm ™! spectral region which could be ascribed to SO, spe-
cies on copper in Cu/Al,O; (ex. N,0). However, the addi-
tion of SO, impeded the subsequent generation of hydro-
gen carbonate from interaction between CO and the
alumina support.

DISCUSSION

Table 1 gives a summary of the v, band positions for
three types of Cu/ALQ, catalyst exposed to CO either
before or after exposure to thiophene or SO,. Figures 8
and 12 compare the relative ease of desorption of CO at
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TABLE 1

Infrared Band Positions (vcg/cm™?) for CO on Cu/ALQ, Catalysts either Untreated with an S-Compound or with
Coadsorbed Thiophene or Sulphur Dioxide

Catalyst Co-adsorbate vep (cm™Y)
Calcined None 2191 2133 (sh) 2122 2110 (sh)
Calcined Thiophene 2130 (sh) 2113
Calcined Sulphur dioxide 2131
Ex. N,O None 2132 (sh) 2110 2098
Ex. N,O Thiophene 2132 (sh) 2115
Ex. N;O Sulphur dioxide 2125
Reduced None 2140 2099, 2090 (sh), 2070 (sh)
Reduced Thiophene 2134 (sh) 2116 2094 (sh)
Reduced Thiophene 2134 (sh) 2110 2098 (sh)
Reduced Sulphur dioxide 2140 (sh) 2124
Adsorption sites Cu?* Cu* Cu* Cu* Cu”* Cu® Cu® Cuf

595 K from catalysts with and without coadsorption of
thiophene or SO, with CO.

CO Adsorption on Calcined Cul/ALQO,

The band at 2191 cm™~! for CO on calcined Cu/Al,O,
is like a similar band for a copper(Il) zeolite (51) and is
indicative of CO ligated to Cu?* surface sites (52). The
band was not observed for CO adsorption on copper(Il)
oxide (41, 53) suggesting that it was due to CO bound to
a Cu?* site isolated in the alumina support matrix (54).

Bands at 2133 (sh), 2122, and 2110 (sh) for CO on cal-
cined Cu/Al,O; may be ascribed to CO ligated to Cu*
surface sites (41, 51, 52, 54, 55). The exact v band
position is considered to be dependent on the environment
of the Cu* ion to which the CO is bound. An increase
from 2100 to 2140 cm™! was suggested as indicating a
greater concentration of Cu?* ions in positions surround-
ing the Cu* adsorption site (53, 56). On this basis the
shoulder at 2110 cm ™' (Table 1) would be attributable to
CO on a Cu* site in a more reduced environment than
that around the Cu™ site adsorbing CO to give the band
at 2133 cm~'. The presence of at least three v, bands
suggests the presence of at least three different environ-
ments of Cu* ions on the surface of calcined Cu/AlLQ;.
The generation of Cu* sites would have occurred during
the high-termperature (583 K) evacuation of catalyst after
calcination and before exposure to CO (52-54, 57, 58).

With increasing pressures of CO, and in particular with
longer contact times, the band envelope due to vq bands
showed enhanced intensity of the band at 2110 cm ™! rela-
tive to the bands at 2122 cm ™' and more particularly 2133
cm~'. This implies that some CO-induced reduction of
the oxidised surface copper cations (Cu®>* — Cu*) was
slowly occurring, giving a higher preponderance of CO
adsorption sites surrounded by Cu* rather than Cu** ions.
Supporting this suggestion was the enhancing effect of

oxidised copper on the formation of hydrogen carbonate
species on the ALO, surface. Surface reduction by CO
led to the formation of carbon dioxide which was subse-
quently chemisorbed on the alumina support. Surface re-
duction by CO also led to the appearance of additional
infrared bands at 1550 and 1380 cm~! ascribed to carbon-
ate species on the copper component of the catalyst,
Davydov (41) reported similar bands resulting from oxida-
tion of CO to carbon dioxide and subsequent adsorption
as carbonate on copper(Il} oxide.

CO/Thiophene on Calcined Cu/AlLO,

The absence of the band at 2191 cm ™! for CO adsorbed
on thiophene-treated calcined Cu/Al,O, suggests that the
adsorption of thiophene at isolated Cu* sites blocks the
adsorption of CO at these sites. The downward shift of
the dominant v¢o band maximum from 2122 to 2113 cm ™!
may be attributed to a lessening of the effect of Cu?*
cations in the vicinity of the Cu* sites on the adsorption
of CO. Thiophene is adsorbed at Cu’* sites, resulting
in electron donation to the Cu?* surface and thereby a
strengthening of the interactions between CO and Cu*
sites. The conclusion that thiophene (on Cu?*) and CO
(on Cu*) are predominantly adsorbed on different but
adjacent sites is consistent with the similar overall v
band envelope intensities for the thiophene-treated and
untreated catalyst. Thiophene does not impede CO ad-
sorption but does influence the strength of interaction
between CO and Cu* sites. This influence was reversed
by evacuation at 295 K, showing that thiophene was de-
sorbed from Cu?* sites at 295 K but CO was retained at
Cu™ sites with a strength of adsorption similar to that for
calcined Cu/Al, O, which had not been treated with thio-
phene.

The infrared bands at 1397, 1312, and 1218 cm~! for
thiophene on calcined Cu/AlL,O; resemble bands pre-
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viously reported (45) for thiophene adsorbed on a Cu?*/
montmorillonite. Cloos et al. (45) proposed the occur-
rence of electron donation from the 7 system of the thio-
phene ring to Cu?* cations, an explanation which would
be compatible with the present results. Electron transfer
from a 7 electron system of adsorbate to copper(Il) sur-
face has also been suggested for benzene (59) and pro-
pene (60).

CO/80, on Calcined Cu/Al,0,

The absence of a band at 2191 cm ™! for CO on calcined
Cu/AlLO; which had been exposed to SO, shows that the
adsorption of SO, either displaces CO from isolated Cu®*
sites (51, 52) or poisons the sites for the subsequent ad-
sorption of CO. Baxter et al. (22) reported the formation
of a sulphite species on a copper(1l) surface after exposure
to SO, at ambient temperature. A unidentate O-bound
sulphite complex would give infrared bands below 1000
cm ™! which would not have been detectable here because
of the strong background absorption of the alumina sup-
port. Bands for unidentate S-bound species would be ex-
pected between 1130 and 1000 cm ™! (61). However, possi-
ble bands due to SO%~ species here would have been
obscured by bands in the spectrum of SO, adsorbed on
alumina and therefore the formation of sulphite species
on oxidised copper is not precluded by the present data.
Kent et al. (62) reported that sulphur dioxide was chemi-
sorbed on copper(I]) oxide and gave sulphite and sulphate
species, one product of chemisorption involving ligation
to copper sites via both S and O atoms. These results are
in accord with the present observation that SO, blocks
CO adsorption on Cu?* sites.

Evacuation of calcined Cu/Al,O, at 583 K for 1 h before
the admission of adsorbate molecules causes partial re-
duction of the surface and the generation of Cu™ sites.
The dominant band maximum at 2122 cm ™! in spectra of
calcined Cu/Al, 0, exposed CO is ascribed to CO ligated
to Cu* sites in an environment containing both Cu* and
Cu?* vicinal sites (51-56). The exact »(CO) band position
is considered to be dependent on the environment of the
Cu* ion to which the CO is bound. An increase from
2110 to 2140 cm ™! was suggested as indicating a greater
concentration of Cu’* ions in positions surrounding the
Cu* adsorption site (51). The shift of the band to 2131
cm™! for CO on sulphided calcined Cu/ALO, suggests a
loss of electron density from vicinal sites (53, 56) via
electron donation to adsorbed sulphur species. The easier
removal of CO from Cu™ sites on SO,-treated rather than
untreated catalyst supports this conclusion. Comparison
of integrated band envelope intensities in Figs. 11c and
11d suggest that no Cu* sites available for CO adsorption
were poisoned by the pre-adsorption of SQO,, although
this conclusion requires the assumption that the extinction
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coefficient for CO on the SO,-treated surface was not
much greater than the extinction coefficient for CO on
untreated calcined Cu/Al,O;. Overall there was a slight
growth in absorption intensity (Fig. 11e) on exposure to
S0,. Thus, as for thiophene adsorption, it appears that
S50, and CO are primarily adsorbed on different surface
sites on oxidised copper but that the adsorption of CO
influenced electronically by the adsorption of SO, on adja-
cent sites. Sulphur dioxide is predominantly adsorbed at
Cu’* cations and CO is predominantly adsorbed at ex-
posed Cu* cations in the oxidised copper surface.

CO/Thiophene on Cu/Al,O, (ex N,0O)

The dominant maximum at 2110 cm ™! for CO on Cu/
Al,O; (ex. N,0) is as expected for CO on Cu* sites in a
Cu*0? Cu* environment (53, 56). The subsequent in situ
reduction by CO of a limited proportion of Cu* sites to
Cu® at 295 K has also been reported for Cu/SiO, (ex.
N,O) catalyst (63) treated in exactly the same way as the
procedures adopted here for Cu/Al,O;. The present band
at 2132 (sh) for Cu/AlLO; (ex. N,0), although weak, was
present in spectra of adsorbed CO in all the spectra of
thiophene-treated and untreated catalyst reported here
(Table 1) and compares with a similar band 2125 ¢cm ™!
for untreated Cu/Si0O, (ex. N,0) (63). The latter was tenta-
tively ascribed to CO on sites equivalent to those on high-
index planes of Cu,0.

The addition of thiophene to Cu/Al, O, (ex. N,O) gave
an upward shift of 5 cm~! in the v band position. The
sulphur compound apparently induced electron transfer
from the Cu*O?> Cu* surface to adsorbed thiophene mol-
ecules. By analogy, results for propene adsorption on
copper catalysts led Efremov et al. (64) to propose that
electron transfer from the catlayst surface to the 7* orbit-
als of propene had occurred. The enhanced cationic char-
acter of Cu™ sites interacting with thiophene then gives
an upward shift in the position of the infrared vy band
due to CO molecules co-adsorbed on adjacent Cu* sites,
in accordance with the proposal that an increase in the
band position (in cm ~') reflects a higher degree of cationic
character of Cu"* ions adjacent to the Cu* CO-adsorption
site (53, 56). The small decrease in absorption intensity
of the vy band in the presence of thiophene suggests
that there may be some competition between CO and
thiophene for a small proportion of the available adsorp-
tion sites. Otherwise thiophene adsorption has an elec-
tronic rather than a blocking effect on surface Cu* sites
available for the adsorption of CO.

Coadsorption on Reduced Cu/Al,O,

Spectra of CO on reduced Cu/Al,O; were in broad
agreement with previous data (40, 54, 65—68). The main
band maxima at 2087-2099 c¢cm~! are comparable with
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bands for CO adsorbed on high-index single-crystal Cu®
surfaces (40). The reduced Cu/Al,O; apparently con-
tained, as concluded before (40, 56, 69, 70), Cu® sites
characteristic of corresponding sites in high-index planes
of crystalline copper. The small coverage-dependent
shifts to 2099 and 2090 cm ~! were similar to shifts for CO
on single-crystal surfaces and are ascribed to the balanc-
ing of dipole—dipole coupling shifts with a changing elec-
tronic distribution (71, 72). The band at 2070 cm ! is also
ascribed to CO at CuCsites, possibly similar to sites on low
index planes of copper (63, 73). However, an alternative
proposal is that the CO is bound to highly uncoordinated
Cu® atoms, for example, at borderline (i.e., boundary)
sites (56, 69, 70). The possible existence of Cu* ions
at highly uncoordinated sites in reduced Cu/Al, 0,4 could
account for the appearance of the weak v shoulder at
2140 cm ™! (70). In accordance both with this suggestion
and with the desorption characteristics of CO from Cu®
and Cu* sites (Fig. 8), the adsorption of CO at borderline
Cu* sites in reduced Cu/Al, O, was stronger than adsorp-
tion at Cu’ sites in the same catalyst. Previous work has
shown that CO adsorbs more strongly on Cu* than Cu®
surface sites (70, 74, 75). The adsorption and desorption
(Fig. 8) characteristics for CO on the present Cu/Al,0;
catalysts confirm that the strength of interaction between
CO and copper adsorption sites is in decreasing order
of strength Cu* (in a Cu?* matrix) > Cu* (in a Cu*
matrix) > Cu®.

CO/Thiophene on Reduced CulAl,O4

The adsorption of CO on a thiophene-treated reduced
Cu/Al,O; catalyst was predominantly characteristic of CO
on Cu® rather than Cu® sites. The sulphur compound
induced electron transfer from surface copper atoms to
adsorbed thiophene molecules. Similar electron transfer
involving a metal surface and adsorbed sulphur species
has been reported before (44, 76). Electron transfer be-
tween a Cu(110) surface and the #* orbitals of adsorbed
ethyne has also been observed (77). Molecular thiophene
exists on copper at 300 K (19, 20). Thus electron transfer
may occur from the copper surface to the sulphur atoms
if thiophene rings are perpendicular to the copper surface.
Alternatively, electron transfer from copper to the =*
orbitals of thiophene may occur if the thiophene rings are
parallel to the surface.

The dramatic decline in v band intensity when thio-
phene was added (Fig. 7) suggests that thiophene was
displacing and thence blocking sites for CO adsorption.
However, the subsequent increase in v¢o band intensity
with increasing thiophene adsorption suggests that the
mode of adsorption of thiophene was changing with in-
creasing surface coverage. A plausible explanation is that
thiophene rings lie parallel to the copper surface at low
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coverages thus blocking the access of CO to potential
adsorption sites. As the pressure of thiophene is increased
the orientation of the thiophene rings changes to being
perpendicular to the surface and hence makes more of
the surface sites accessible to CO molecules. This sugges-
tion is in broad agreement with proposals of Sexton (20)
who observed that the orientation of thiophene on a
Cu(100) surface was pressure dependent. The present in-
frared bands at 1372 and 1191 cm ™! may be ascribed (20)
to in-plane vibrations of intact thiophene rings, suggesting
from the metal-surface selection rule that the rings are
orientated perpendicular to the copper surface. The exis-
tence of thiophene paraliel to the copper surface could
not be confirmed since the out-of-plane vibrations which
would confirm from the metal-surface selection rule, the
existence of thiophene parallel to the copper surface, are
below 1000 cm ! (20). This low region could not be moni-
tored because of intense absorption by the alumina
support.

It would be of interest to use geometrical models of
adsorption to test the present proposals for the co-adsorp-
tion of thiophene and CO on copper. However, this is
unlikely to be profitable in the present context for very
small clusters of copper atoms (ca. 15 A particle diameter
estimated from N,O adsorption) because of uncertainties
about particle shape and possible reconstruction effects
on adsorption. Also such small clusters would have no
exposed surfaces which would give properties typical of
those expected for a well defined single crystal plane. One
possibility would be that a high proportion of edge and
apex sites in the particles and the close proximity of Cu
atoms in different ‘‘faces’’ of the particles may favour
electronic interactions between co-adsorbed thiophene
and CO via copper atoms without imposing steric restric-
tions on their co-adsorption.

CO/S0, On CulAL,O; (ex N,0) and Reduced Cu/AlLLO,

Despite the differences between the infrared data for
CO adsorbed on Cu/Al,O; (ex. N,0) and reduced Cu/
Al,O; which had not been exposed to SO,, the results for
the two catalysts after treatment with SO, were nearly
identical both from the point of view of band positions
for v (Figs. 13b and 15¢) and the ease of desorption of
CO (Fig. 12). The upward Ay shift of 15 cm~! for CO
on SO,-treated Cu/Al,O; (ex. N,0) (Table 1) suggests that
the bonding of SO, to the partially oxidised copper surface
involves electron transfer from the Cu(l) surface to ad-
sorbed sulphur species. The Cu* sites for CO adsorption
are therefore surrounded by a more electron-deficient en-
vironment than for catalyst in the absence of co-adsorbed
SO, and this leads to weaker bonding between CO and
the Cu™ sites (53, 56). CO was more readily desorbed from
SO,-treated rather than untreated Cu/AlLO; (ex. N,0).
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Ocxidation of reduced Cu/ZnO in the presence of CO
resulted in a shift in the »co band from 2070 to 2140 cm ™!
(56, 70). By analogy it may be proposed here that the
present oxidative effect of SO, on the Cu® surface of
reduced Cu/Al,O; was to shift the bands at 2070 (sh) and
2094 cm~! to 2140 (sh) and 2124 cm ™!, respectively. The
two bands at 2140 and 2124 cm ™! for reduced Cu/Al, O,
treated with SO, and exposed to CO may therefore be due
to copper sites either interacting with the same adsorbed
sulphur species in different coordination geometries or
interacting with different products of chemisorption of
SO,. The influence of electronic effects of one adsorbate
on another has been demonstrated by Sarkany and Barték
(78, 74), who observed larger shifts in v as the electron
donating power of a co-adsorbate was increased but the
molecular size remained constant. The upward shift in
veo after SO, adsorption is hence indicative of electron
transfer from the copper surface to the adsorbed species
formed from SO,. The changing electronic environment
induces a greater donation of electrons from the 5o orgital
of CO to the copper adsorption sites and this causes the
upward shift in v (80). Electron transfer is known to
occur from metal sites to sulphur ad-atoms (44, 76, 81).

The present results do not support the contention that
SO, does not adsorb on reduced copper at 298 K (21, 22)
but are consistent with EELS results which suggested
that SO, was chemisorbed at least on Cu(100) at 300 K
(23). The proposed generation of sulphite by dissociative
adsorption of SO, followed by reaction of further SO,
with O ad-atoms would explain the similarity between the
results for CO adsorption on reduced Cu/Al, O, which had
been exposed to SO, and on reduced Cu/Al,0; which had
been covered in O adatoms by pretreatment with N,O.
The band at 2124 cm ™! is therefore ascribed to CO ad-
sorbed on Cu* sites which are influenced electronically
by sulphite species at adjacent sites. The CO adsorption
sites in their reduced state are equivalent to sites for CO
adsorption in high-index planes of copper. The chemi-
sorbed sulphur-containing species were unaffected by
evacuation at 295 K since subsequent readmission of CO
gave the characteristic spectrum for an SO,-treated sur-
face. Evacuation at 473 K followed by readmission of CO
also gave a spectrum which was more typical of a partially
oxidised surface which had been treated with SO, than
a reduced surface, although the v, band envelope was
broader than that for reduced Cu/Al,O, plus coadsorbed
SO, and CO. High-temperature evacuation had not re-
moved the effects of SO, adsorption but had changed their
nature to some extent. In accordance with this result
Leung et al. (23) suggested that sulphite species formed
on copper at 300 K decomposed to adsorbed S and O
adatoms at 350 K.

Recent results (43) for the co-adsorption of SO, and
CO on Cu/SiO, support the contention that SO, chemi-
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sorbs on copper and prove that the present results could
not have arisen because of SO, adsorbed on the alumina
support influencing the behaviour of the copper compo-
nent of the catalyst. Results for the alumina support pre-
sented here were only recorded as background data for
the study of Cu/Al,O, and are not believed to be relevant
to the catalytic or adsorptive behaviour of the copper
component of the catalysts.

CONCLUSIONS

(a) The v infrared band positions and adsorption and
desorption behaviour of CO on Cu/Al,O; catalysts shows
that the relative strength of CO-adsorption sites are Cu”
(ina Cu?* matrix) > Cu* (in a Cu* matrix) > Cu’. Some
Cu?* sites on calcined copper are reduced to Cu* either
by evacuation at high temperature or by contact with CO
at 295 K. Some Cu" sites on a Cu*O? Cu* surface are
reduced to Cu® by CO at 295 K.

(b) The adsorption of thiophene blocks CO adsorption
on isolated Cu?* sites but not on Cu* sites. However,
thiophene on Cu?* sites has an electronic strengthening
effect on the adsorption of CO on vicinal Cu* sites. This
relies on electron transfer from the w-electrons of the
thiophene ring to Cu®* surface cations.

(c) Thiophene on a CutO* Cu* surface has predomi-
nantly an electronic rather than a site-blocking effect on
CO adsorption.

(d) Thiophene adsorbs at low pressures on a Cu’ surface
in a parallel orientation to the surface which blocks CO
adsorption. At higher pressures the thiophene rings adopt
a perpendicular configuration which renders the copper
surface sites more accessible to CO. Electron transfer
from copper to the w-electron systems (parallel orienta-
tion) or the sulphur atoms (perpendicular orientation) of
thiophene molecules generates surface atoms which be-
have in a way which is more typical of Cu™ rather than
Cu® towards CO adsorption.

(e) Surface complexes of thiophene with Cu® and Cu*
surface sites are more stable than adsorbed thiophene-
Cu’* complexes.

(f) Sulphur dioxide poisons alumina and isolated Cu?*
sites in oxidised Cu/Al,O, for the subsequent adsorption
of CO.

{g) CO adsorbed on Cu~ sites on a partially oxidised
copper surface is influenced electronically by sulphur di-
oxide adsorbed on adjacent surface sites. Electron trans-
fer from the copper surface to adsorbed species formed
from SO, strengthens the C-O and weakens the Cu-C
bonds in the adjacent carbonyl complex.

(h) SO, is dissociatively adsorbed on Cu® with resulting
oxidation of copper sites and the generation of surface
anions derived from SO,. The SO, adsorption does not
inhibit the adsorption of CO which interacts with the oxi-
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dised copper sites in a way which is typical of CO adsorp-
tion on Cu/AlLO; which had been partially oxidised by
pretreatment with N,O exposed to SO,.
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