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Adsorption of 2C16Q, B3C160, and 2C®0 on CaO and MgO, pretreated at 1000 K, has been
studied at 40-300 K. A number of surface CO compounds have been detected, which differ in their
thermal stability or sensitivity with respect to oxygen. From the measured isotopic shifts and
frequencies the force constants of some compounds were calculated. The first product arising after
CO admission is the *‘carbonite” CO}™ ion, which is the result of CO interaction with a coor-
dinatively unsaturated oxygen ion. At temperatures higher than 100 K the carbonite ion reacts with
excess CO to produce the dioxoketene O=C=CO}" ion. Further reactions with CO give rise to
more complex compounds, both oxidized and reduced. In the presence of oxygen, carbonite ions
and reduced CO compounds are readily oxidized into carbonates; at low temperature, some inter-
mediate products of oxidation were registered. Reversible interaction of CO with the surface 02~
ions is responsible for the catalytic reaction of low-temperature homomolecular isotopic exchange
of CO on the surface of basic oxides. It is supposed that the established mechanism of CO
activation by oxygen ions is typical for other reactions on the surface of basic and alkali-promoted

catalysts. © 1990 Academic Press, Inc.

INTRODUCTION

The surface metal ions of CaO and MgO
exhibit very low electron-accepting ability
and cannot form strong coordinative bonds
with adsorbed molecules, as has been
shown earlier in experiments with ammo-
nia, pyridine, and benzonitrile as test mole-
cules (I, 2). Proton-donating properties of
the surface hydroxyl groups of these ox-
ides, estimated from the OH frequency
shifts on adsorption of basic molecules,
also turn out to be extremely poor (3). In
the same way, the results of low-tempera-
ture CO adsorption (4) on samples pre-
treated under mild conditions show the ab-
sence of strong adsorption sites on the
surfaces of alkali-earth oxides. However,
evacuation at high temperatures causes
dramatic changes in the adsorption proper-
ties. CO adsorption on samples thermally
activated in this way gives rise to rather

! Permanent address: Institute of Physics, Lenin-
grad State University, Leningrad, 198904, USSR.

complicated surface species, which have
strong absorption in the UV and visible
spectral region (5). Zecchina and co-work-
ers (6, 7) studied the IR spectra of such
systems at 300 K and came to the conclu-
sion that at the surface of thermally acti-
vated CaO and MgO at room temperature
CO disproportionation occurs, which leads
to the formation of negatively charged poly-
meric structures like (CO)%™ and carbonate
ions. However, because of the great num-
ber of structures arising and due to the
complexity of the spectra observed the pro-
posed assignments as well as the suggested
mechanism of the surface reactions ac-
counting for the formation of certain spe-
cies cannot be considered finally estab-
lished.

Preliminary results (4) have demon-
strated that the IR spectra of CO adsorbed
on CaO or MgO at liquid nitrogen tempera-
ture differ significantly from those observed
at 300 K. This means that by following the
changes in the spectra of adsorbed CO dur-
ing heating from low temperatures to 300 K
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we can hope to gain new information on the
mechanism of CO transformations on the
surface of alkali-earth oxides. Moreover,
the half-width of the bands registered at 77
K is usually comparatively low and more
detailed data on the composition and struc-
ture of surface species can be obtained from
the frequency shifts caused by isotopic sub-
stitution.

Thus the purpose of this work is the thor-
ough examination of CO adsorption at 40-
300 K on calcium and magnesium oxides.
The influence of the sample pretreatment
conditions, adsorption temperature, heat-
ing in the presence of the adsorbate, evacu-
ation, and treatment in oxygen or other
gases on the spectrum of adsorbed CO has
been investigated. To establish the struc-
ture of the species arising, experiments on
the adsorption of .isotopically substituted
BC160 and 2C'80 molecules, as well as the
adsorption on the 80-enriched CaO sur-
face, were performed, and the observed
isotopic shifts were compared with those
calculated for the hypothetical structures of
different geometry and force constants.

EXPERIMENTAL

The stainless-steel IR cell for liquid nitro-
gen temperature studies used in the present
work is shown in Fig. 1. By means of this
cell spectra of surface species could be reg-
istered at 77-300 K either in the presence of
gaseous phase or after evacuation. In those
cases when adsorption was studied at tem-
peratures below 77 K, or when the exact
temperature of adsorption was a subject of
a special interest, the previously described
cell for liquid helium temperature (8) was
employed. To eliminate the radiation ther-
mal exchange of the warm walls with the
cooled central part of the cell, the latter was
surrounded by a polished copper screen.
For better thermal contact of the sample
with the cooled environment, before taking
the spectra, 0.5-2 Torr (1 Torr = 133.3
N - m~?) of gaseous helium was usually ad-
mitted into the inner volume of the cells.
Special experiments with a thermocouple,
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Fi1G. 1. Stainless-steel IR cell for studying the spec-
tra of adsorbed molecules at 77 K. (1) sample, (2) sam-
ple holder, (3) anchor of magnetic stainless steel, (4)
quartz tube, (5) hook for fixing the holder in the upper
position, (6) furnace, (7) Viton O-ring, (8) cell body, (9)
cooled part of the cell, (10) BaF, windows, (11} NaCl
windows, (12) indium gaskets, (13) valve, (14) Teflon
gasket.

pressed directly into the sample, have
shown that with gaseous helium even for
highly absorbing samples the pellet temper-
ature is not more than 5° higher than that of
the cooled walls. However, on evacuation
or when the sample was heated, despite all
precautions, the accuracy of temperature
measurement was less, typically about +10
K. Not knowing the real sample tempera-
ture in every case, we write here 77 K,”
meaning that the cell was cooled with liquid
nitrogen.

To combine the spectroscopic and ad-
sorption measurements, both the cells were
equipped with deformation PMGD-1 pres-
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sure gauges. Knowing the gas pressure in a
special dosing volume before adsorption,
we obtained the surface coverage. For re-
versible forms of adsorption, band intensity
measurements at different pressures and
temperatures enabled us to find the iso-
steric heat of adsorption from the plot of log
P against 1/T.

Spectra were registered on a Specord 75
IR or on a UR-20 (Carl Zeiss, Jena) infrared
spectrometer with a typical slit width of 1-3
cm~! and an accuracy of band position and
isotopic shift determination for narrow
bands not worse than =1 cm~L, When regis-
tering spectra of CaO in the 800- to 700-
cm~! region, BaF, plates were inserted in
the reference beam to compensate for the
absorption of the cell windows and the sam-
ple background.

Thermoactivated samples of oxides were
prepared from pellets, preliminarily
pressed from commercial Ca(OH),,
MgCO;, or Mg(OH), powders by heating
them under vacuum at 1000-1100 K for
0.5~1 h. The initial thickness of the pellets
varied from 20 to 60 mg cm~2. The BET
surface area was about 40 and 100 m?/g for
CaO and excarbonate MgO samples, re-
spectively. When the dependence of the
sample properties on the pretreatment tem-
perature was studied, samples were
brought into contact with water vapour at
300 K and then evacuated at the desired
temperature. To prepare the '®0O-enriched
samples, CaO was saturated with H,'%0
with subsequent thermal decomposition in
vacuo. To achieve a higher 0 content the
procedure was repeated 2-3 times.

Commercial CO with natural isotopic
composition and 3CO containing 84.7% of
this species were used. 2C80 with an en-
richment of about 70% was prepared by
passing 2C180Q, over heated charcoal at
1200 K. Before admission into the cell,
gases were purified by passing through a
trap cooled with liquid nitrogen. If neces-
sary, traces of oxygen from commercial CO
were removed by contact with a metal so-
dium mirror.
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Calculations of the vibrational spectra
were carried out by use of the molecular
approach, i.e., the weak bonds between the
surface compound and the surrounding at-
oms of adsorbent were neglected. Control
estimations have shown that these interac-
tions only slightly affect the frequencies in
the 2000- to 800-cm~! region and have prac-
tically no influence on the isotopic shifts.
For postulating the bond lengths, the
known correlations between force con-
stants and lengths of the bonds were used.
The values of valence angles were varied
between wide limits.

The force constants were determined
from the condition of best coincidence of
the isotipic shifts in the calculated frequen-
cies with the observed shifts in the absorp-
tion bands, while the deviation of the calcu-
lated frequencies from those obtained from
the experiment should not exceed a certain
limit. The advantage of this method against
the ordinarily used method of fundamental
frequency reproduction is a lower uncer-
tainty in the obtained solutions as a conse-
quence of the narrower error limits for the
isotopic shift reproduction (1-2 cm™!) com-
pared with those of the fundamental fre-
quencies (10-20 cm™Y).

RESULTS
CO Adsorption on CaO

CO interaction with the surface of ther-
mally activated CaO has been studied in a
wide range of temperatures from 40 to 300
K. As can be seen from Fig. 2, the spectra
obtained after adsorption at 60, 130, and
300 K are quite different, and those regis-
tered at low temperatures contain narrow
bands suitable for isotope shift measure-
ments. As a rule, raising the temperature
produces irreversible changes in the spec-
trum and new bands arising on heating the
sample remain after subsequent cooling.
Effects caused by temperature lowering, on
the contrary, are completely reversible,
and bands of new species arising at inter-
mediate or room temperatures, such as



CO INTERACTION WITH ACTIVATED CaO AND MgO

Transmission —»—

399

2200 2100 1600

1400 1200 cm

Fi1c. 2. IR spectrum of CaO after treating in vacuo at 1000 K and cooling by liguid nitrogen (1),
adsorption of CO: 1.5 molec - nm~2 at 60 K (2), 5 Torr at 130 K (3), and 5 Torr at 300 K (4).

those which appear after CO adsorption at
130 K (curve 3), can be stabilised by cooling
the sample with liquid nitrogen.

Bands of adsorbed CO reveal different
sensitivities with respect to various kinds of
sample treatment. Figure 3 illustrates the
influence of thermoevacuation and admit-
ting oxygen on the spectrum of CO ad-
sorbed at 300 K. Some bands disappear im-
mediately after oxygen addition with the
concurrent growth of new bands of oxi-
dized species, while others remain intact in
the presence of oxygen, but disappear after
heating under vacuum.

Transmission —»—
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Fic. 3. Influence of thermoevacuation and oxygen
admissoin on the spectrum of CO adsorbed on CaO.
(1) CO (5 Torr), adsorbed at 300 K on CaO thermoac-
tivated at 1000 K. (2) After evacuation for 20 min at

470 K. (3) Spectrum 1 after addition of oxygen.

It was possible to distinguish at least nine
groups of several bands which appear and
vanish simultaneously and whose relative
intensities remain unchanged after all kinds
of sample treatments, In Figs. 2 and 3, and
in the text below, these groups of bands are
labled with different Roman numbers. We
believe that the bands of one group are due
to the same surface species; however, the
idea of simultaneous formation of two dif-
ferent substances as a result of one surface
reaction followed by their coherent de-
struction cannot be ruled out completely.

Data on band positions and their isotopic
shifts observed after 3C'*Q and 2C®Q ad-
sorption, as well as after adsorption on ¥O-
enriched CaO samples, are presented in Ta-
ble 1 for six main groups of bands. Isotopic
shifts were measured not only for the high-
est but also for medium isotope content
when for the structures containing several
substitutable atoms their exchange in differ-
ent positions results in the appearance of
several unequally shifted bands. In such
cases all the observed shifts with respect to
the initial band are given in Table 1. If the
isotopic splitting of the bands could not be
resolved, the shift values observed for the
highest isotope content are presented.

Adsorption at Low Temperatures

A triplet of highly superimposed bands in
the region of the free CO molecule absorp-
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TABLE 1
Positions and Isotopic Shifts of IR Bands Arising after CO Adsorption on CaO
Compound v (cm™!) Av (cm™1) Proposed
structure
12C160 l3C160 12C180 IZCIGO IZCISO
on CaltQ on Ca'®Q on Cal®Q on Cal®0 on Ca’0
I 2163 48 52 0 — O
2155 48 52 0 — lJ,l
2145 48 52 0 — i
Ca
IIa 1485 32 324 0 — O\ -
890 20 102 — — 7
743 3 11 2 — ((?
o
IIb 1480 32 32 0 — ON -
850 17 0 9 — 7
717 8 4 — — C
|
O
114 1227 32 5 i6 — - -
865 15 8 — — /0
733 5 — — — C
I
O
v 1195 10; 29 12; 22 0 — -
982 12; 22 0 7 7 N O-
N 7
C—‘_—_—~._C
N S
A% 2038 4; 50; 56 26 0 — 9—
1356 —_ — — —
1339 15; 35 0 3 — O~
1300 10; 28; 37 10 2 — e
1137 5;20; 23 8 13 — 0=C=C\
760 — 4 4 — o-
VI 1403 38 9 0 9
1234 28 16 0 4; 19 (COY-
1135 10; 27 0 0 6

@ After several cycles of adsorption-desorption.

tion, which arise in the spectrum of ther-
moactivated CaO samples after CO adsorp-
tion at 40-150 K, represents the first group
of bands. The three components are not ac-
tually due to one surface structure, but to
three kinds of adsorbed molecules only
slightly differing from each other. The first
to arise at the coverage of about 0.1 molec
nm~2 are the side bands of the triplet at 2163
and 2145 cm™1, while as the coverage grows
the central band at 2155 c¢cm~! becomes

more intense. The bands attributed to group
I can be removed by prolonged evacuation
at 80 K or by heating the sample. Addition
of oxygen does not affect their intensity.
Shifts in the group I bands on carbon or
oxygen isotopic substitution are practically
the same as those for the free CO molecule,
and these bands do not move after surface
oxygen substitution.

The second compound, whose spectrum
is presented in Fig. 4, can be of at least two
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F1G. 4. IR spectrum of CaO, pretreated at 1000 K,
after adsorption of CO (0.2 molec nm~?) at 300 K (1),
cooling by liquid nitrogen (2), and subsequent addi-
tional adsorption of 3 (3) and 9 (4) molec nm~2 of CO at
77 K.

different kinds. One of them, denoted in
Table 1 as IIa, absorbs at 1485, 890, and 743
cm~! and arises after adsorption of the first
doses of CO (up to 0.2 molec nm %) at 77-300
K on thermoactivated CaO (curves 1 and
2). The bands of this compound disappear
after evacuation for 0.5 h at 300 K or imme-
diately on admitting oxygen at 77-300 K.

After adsorption of 2CO and *CO mix-
ture at 300 K the 1485-cm™! band is split
into two distinct peaks, one coinciding with
the initial band and the other shifted down-
ward by 32 cm~!. The same value of the
isotopic shift was observed after 2C80 ad-
sorption; however, in contrast with the
case of 1*CO, the intensity ratio of the split
band components does not at first reflect
the proportion between C'0 and C¥0O mol-
ecules in the adsorbed mixture, the band
due to the unsubstituted compounds being
more intense. Nevertheless, after several
cycles of adsorption and evacuation some
redistribution of intensity occurs which in-
dicates the elimination of this discrepancy
between the isotopic content of gaseous
and adsorbed species.

The isotopic shifts of the low-frequency
bands of the IIa compound at 890 and 743
cm™!, because of their higher half-width,
were measured only for the maximum con-
centrations of the heavy isotope.

If the sample with CO adsorbed at room
temperature is cooled to 77 K, the bands of
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compound Ila become more pronounced
and practically do not change their posi-
tion. However, when CO is adsorbed after
cooling the sample and the bands of com-
pound II appear together with those of
compound I, the former bands appear in-
stead at 1495, 865, and 733 cm™'. The same
shifted bands can be observed after addi-
tion of CO at 77 K to the sample with CO
preadsorbed at room temperature in the
form of the compound IIa. Removal of the
excess adsorbate by pumping at 77 K, re-
sulting in the disappearance of the group I
bands, restores the initial spectrum of the
Ila compound.

The bands of another kind of compound
II at 1480, 850, and 717 cm~! can be ob-
served only at 40-130 K (curve 4 in Fig. 4)
after adsorption of rather high amounts of
CO. The intensity of these bands reaches
its maximum at overall coverages of about
9 molec nm™~2. At 77 K this form of adsorp-
tion, denoted in Table 1 as IIb, exists only
in equilibrium with the gas phase and disap-
pears after short evacuation. The estimated
isosteric heat of adsorption for the 1Ib com-
pound was found to be about 30 kJ mol~.,

Heating to 300 K in the presence of gas-
eous CO results in the disappearace of both
the IIa and the IIb groups of bands; how-
ever, only the IIb structure can be restored
by subsequently lowering the temperature,
along with compound 1. The group II bands
also disappear after addition of oxygen with
simultaneous formation of bands due to ox-
idized compounds.

Adsorption of BC'%0 and 2C'0 mixtures
causes the splitting of both the 1480- and
the 850-cm™! bands of the IIb structure into
two components. After using a mixture of
2CB0O with 2C'%0 the 1480-cm~! band is
also divided into two maxima; however,
that at 850 cmm~! remains unshifted. On the
other hand, after 2C1%0 adsorption onto the
180-enriched samples, the band at 850 cm™!
is split into bands at 850 and 840 cm™!,
while the 1480-cm~! band does not display
any detectable shift.

A strong band attributed to compound III
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appears at 1227 cm™! after adsorption of the
first doses of CO at temperatures as low as
40 K, together with the bands of compound
I and II (Fig. 2). Raising the temperature to
130 K results in the destruction of this com-
pound accompanied by simultaneous for-
mation of species IV and V. Two other
bands assignable to the same compound
were detected at 865 and 733 cm~!. Com-
pound III is also very sensitive to oxygen
and disappears immediately after admitting
O, into the cell.

Adsorption of the 3C1%0 and 2C'O mix-
ture gives rise to two maxima correspond-
ing to the 1227-cm~! band with a shift of 32
c¢cm~!, while in the case of 2CB0 only a
distortion of the contour with a shift of the
maximum by 5 cm™! could be observed.
However, adsorption of 2C¥0 on the 30-
enriched surface results in the appearance
of a new component of this band shifted
down by 16 cm™!, and for 2C!80 the shift is
as high as 22 cm~!.

After CO adsorption on CaO at 77 K, in
addition to the bands due to the 1-1II com-
pounds, absorption in the 1550- to 1520-
cm™! region, which is not sensitive to the
addition of oxygen, but which diminishes
on heating the sample, arises.

Adsorption at Intermediate and Room
Temperatures

The bands of the other CO compounds
appear at temperatures higher than 77 K.
CO adsorption at 130-150 K results in the
absorption bands attributed to the I, IT, IV,
and V compounds. Two narrow bands of
compound IV arise at 1195 and 982 cm™!
after admitting CO at 130 K. Slight heating
of the sample, evacuation, or addition of
oxygen removes these bands. After adsorp-
tion of the BC"®0 and 2C!*0 mixture each
of the bands due to compound IV splits into
three components; admission of 2C'80O-
containing mixture also causes splitting of
the 1195-cm™! band into three constituents,
while the 982-cm~! band remains un-
touched.

The most numerous group of bands aris-
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ing as a result of a surface reaction of CO
on CaO is presented in Table 1 under Ro-
man number V. These bands appear at 130-
150 K together with those of compound 1V,
but unilke the latter do not vanish after
evacuation or admission of oxygen at low
temperature, but gradually diminish on
heating the sample to 300 K.

On CaO there exist perhaps two kinds of
compound V. Originally after CO addition
the band at 2033 cm™! appears among the
other bands of group V, which after re-
moval of the excess adsorbate (mainly com-
pound I), is shifted to 2038 cm~!. The posi-
tions and isotopic shifts for this very
low-temperature form in the spectra re-
corded at 77 K are presented in Table 1. As
the temperature is increased some redis-
tribution of intensities occurs in the spec-
trum of compound V, resulting in weaken-
ing of the 2038- and 1356-cm™! bands and
growing of the bands of another modifica-
tion of compound V at 2072 and 1324 cm™!,
The other bands of the compound in ques-
tion are, evidently, common for both the
modifications. The overall integrated inten-
sity of the compound V bands drops on
heating the sample (simultaneously with the
growth of the bands due to the high-temper-
ature compounds VI) and in the spectrum
registered at 300 K is rather low.

Changes in the position of the high-fre-
quency band at 2038 cm™! after adsorption
of mixtures of different isotopic content are
illustrated in Fig. 5. The position of this
band is characteristic for an isolated car-
bonyl group. Application of *C-containing
mixtures results in a splitting of the band
into two main components with a shift of
about 50 cm~!; however, at low 12C!0 con-
centrations the initial band turns out to be
shifted downward by 4 cm~!. In the spectra
registered with better resolution for the
mixtures of 3C!0 close to equimolar one
can see that each of the two components
really consists of two poorly resolved peaks
about 4 cm—! apart. 0 substitution in the
adsorbed molecules produces splitting of
the 2038-cm™! band into two components
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FiG. 5. The high-frequency band of compound V,
observed for different isotopic compositions of the ad-
sorbed gas. (1) 2C16Q, (2) BC10, and (3) *C*0, ad-
sorbed at 130 K on thermoactivated CaO.

with the distance about half that of the anal-
ogous splitting of the compound I bands.

The low-frequency bands of compound V
also reveal complex splitting on *C substi-
tution, giving three or four components. In-
troduction of 8Q gives rise to not more than
two constituents, the splitting distance be-
ing different for oxygen substitution in the
molecule and in the surface of the adsor-
bent.

At room temperature and high surface
coverages only the bands of groups VI and
VIII-IX can be seen. The bands of com-
pound VI appear after CO adsorption at 300
K or on heating the sample with CO pread-
sorbed at low temperature (77 K) simulta-
neously with the growth of the bands of
compounds VIII-IX and diminution of
those due to species V. Subsequent cooling
of the sample to 77 K in the absence of
gaseous CO does not affect the position of
the bands, but additional CO adsorption in
form 1 shifts the 1403- and 1135-cm ™! bands
to higher wavenumbers, up to 1416 and
1155 ¢cm~!. The bands of compound VI dis-
appear after evacuation at temperatures not
lower than 470 K or after oxygen treatment
at 300 K (see Fig. 3), in accordance with the
earlier results of Coluccia and co-workers
(7). If the sample has been brought into
contact with oxygen at 77 K after CO ad-
sorption, subsequent heating does not lead
to the formation of compound VI. The
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lemon-yellow colour of the CaO samples
observed after CO adsorption (5) arises and
disappears together with the bands of com-
pound VI.

Oxidation of Adsorbed CO

When oxygen is admitted to the CaO
sample with preadsorbed CO, strong ab-
sorption, which we attribute to the oxidized
compounds VII-IX, arises in the 1700- to
1500-, 1400- to 1200-, and 1050- to 950-cm~!
regions. The reaction leading to these spe-
cies takes place at 300 K as well as at 77 K
and is accompanied by vanishing of the
bands due to compounds II, II1, and IV. A
certain part of the oxidized compounds ap-
pears, perhaps, in the absence of oxygen,
since the absorption at 1650-1550 and
1350-1250 cm~! arises alongside compound
VI bands when the sample is heated after
CO adsorption at low temperatures.

It should be noted that the spectra of the
oxidized compounds are not quite the same
when they are obtained in different ways.
Thus, for instance, in the latter case above
when they are formed without oxygen ad-
mission, absorption in the 1050- to 950-
cm™! region was not registered. It seems
that the broad bands consist of a set of com-
ponents, each corresponding to a certain
structure in a definite environment.

To obtain, if possible, one of these struc-
tures we performed experiments by oxidiz-
ing compound Ila at 77 K, when no other
forms of adsorbed CO were on the surface.
For this purpose, after adsorption of a small
amount of CO at 300 K on thermally acti-
vated CaO, the cell was cooled by liquid
nitrogen, gaseous helium was inserted for
stabilising sample temperature, and only
then was a portion of oxygen allowed into
the volume with CaO. The observed
changes in the spectrum caused by oxida-
tion and subsequent heating of the sample
are shown in Fig. 6.

As expected, low-temperature oxidation
leads to a set of new well-defined bands,
whose position and isotopic shifts could be
measured with satisfactory accuracy. Fig-
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F16. 6. IR spectrum of CaQ after pretreating at 1100 K (1), adsorption of 2C'$0 (0.2 molec nm~2) at

300 K and cooling to 77 K (2), adding oxygen at 77

ure 7 illustrates the influence of isotopic
substitution in the adsorbed CO on some of
the bands, and all the measured frequencies
and isotopic shifts for oxidized compounds
are presented in Table 2. Different behav-
iour of the bands with respect to heating the
sample provides the means to separate the
bands arising on oxidation of compound Ila
into three groups, denoted in Table 2 as
VII, VIlIa, and VIIIb,

The group VII bands arise immediately
after oxygen addition at 77 K and disappear
after heating the sample to 300 K. This
compound has unexpectedly high-fre-
quency bands in the 1840- to 1770-cm™! re-
gion. Compound VIlla appears together
with VII, but does not change when the
temperature is raised. Bands attributed to
compound VIIIb appear and grow when the
sample is heated, simultaneously with the
disappearance of those of group VII. The
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K (3), and raising the temperature to 300 K (4).

band positions, isotopic shifts, and thermal
stability of compounds VIIla and VIIIb are
very close to each other.

After CO adsorption at 77 K compounds
11 and III arise together. In this case, along
with the group VII and VIII bands, a new
set of bands appears after admission of oxy-
gen at 77 K, denoted in Table 2 as group 1X.
These bands grow when the temperature is
raised and belong, apparently, to the prod-
uct of compound III oxidation.

The bands of oxidized compounds VIII-
IX do not disappear after CaO treatment in
vacuum at 470 K when all the other com-
pounds are decomposed. The complete dis-
appearance of all the bands of adsorbed CO
may be achieved at temperatures not lower
than 900 K. If CO is adsorbed on CaO at 77
or 300 K in a mixture with O,, or if the CO
used has an impurity of oxygen, com-
pounds II-VI do not arise at all, and the

1

i

|
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Fi1G. 7. IR spectrum of CaO after admitting 0, at
molec nm~2) of 2C1%0 (1), 2CB0 (2), or BCH®0 (3),

1

1600 1560 1300 1260 cm”

77 K to the sample with small quantities (about 0.2
preadsorbed at 300 K.
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TABLE 2

Positions and Isotopic Shifts of IR Bands Due to the
Products of Oxidation of CO%™ Ions on CaQ

Compound v (cm™!) Ay (cm™Y)

150, on 160, on 160, on 120, on
12C160%— IBCISO%‘ lzclsog- 12C[60%‘

VII 1838, 1813 48 30 0

1777 55 — 32

1257 5 25, 50 0

798 14 18 6

781 22 — —

750 0 — 0

Viila 1630 45 13, 26 0

1299 27 16, 30 0

988 5 10 0

876 29 4 0

VIiib 1586 46 13 6

1278 21 — 0

965 3 10 0

856 27 4 0

X 1665 0 14 20

1554 0 — 14

1394 34 4 4

1346 41 6 11

1308 32 24 [{]

1249 27 10 10

762 5 7 7

only visible result of adsorption is the for-
mation of compounds VIII-IX, as well as
compound I, if the temperature is low
enough.

CO Adsorption on MgO

CO interaction with the surface of ther-
mally activated magnesium and calcium ox-
ides produces spectra which have much in
common. In accordance with our ecarlier
data (4) low temperature CO adsorption on
MgO pretreated with water vapour and
evacuated at temperatures below 650 K
results in the appearance of one absorption
band at 2150 cm~1. As the pretreatment
temperature is raised a more detailed pic-
ture in this region could be observed. In
agreement with recent work by Escalona
Platero and co-workers (9), after adsorption
of the first doses of CO a band at 2165 cm~!
appears, which moves with growing cover-

age toward lower wavenumbers. Another
band arises at 21462140 cm™!. The posi-
tion and isotopic shifts of these bands are
analogous to the group I bands of CaO. Af-
ter both 3C'%0 and 2C'0 adsorption (Fig.
9), the shift of these bands is about 50 cm~1.

If the pretreatment temperature is higher
than 700 K, new bands, whose intensities
reach a maximum for samples evacuated at
1000-1100 K, appear in the spectrum of ad-
sorbed CO. As can be seen from Fig. 8, the
spectrum of CO adsorbed on thermoacti-
vated MgO at low temperature also differs
from that observed after the sample has
been heated to 300 K, while the latter is
almost identical with the spectrum which
was described earlier for CO adsorbed at
room temperature (6).

The band at 1472 cm™!, which also arises
after CO adsorption at 77 K, displays a cer-
tain resemblance to the 1480-cm™! band of
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Fi1G. 8. IR spectrum of MgO after pretreatment at
1000 K (1), adsorption of CO (5 Torr) at 130 K (2), and
raising the temperature to 300 K and repeated cooling
in the presence of CO to 77 K (3).

compound IIb on CaO. It disappears after
oxygen treatment or evacuation at 77 K and
when the sample is heated to 300 K, but is

restored after the sample is repeatedly’

cooled in the presence of CO. However,
while the !3C substitution splits this band
into two maxima 37 ¢cm™! apart, admission
of a mixture of 2C'*¥Q and ?C¥0 produces
splitting into three peaks at 1471, 1459, and
1445 ¢cm~' (Fig. 9), in contrast with the
structure of the IIb band of CaQ, which on
120 substitution gives rise to no more than
two components. Moreover, we did not
succeed in the search for the other, low-
frequency bands of this compound on
MgO.

Bands at 1670 and 1570 cm™! in the MgO
spectrum are, apparently, analogous to the
absorption in the 1550- to 1520-cm™! range
of CO adsorbed on CaQ, since they were
observed under similar conditions.

In the spectrum of CO adsorbed on MgO
there is a group of bands which corre-
sponds to those of compound V on CaO.
Intensity variations on heating the sample
enable us to distinguish three kinds of these
species with bands at 2099, 1378; 2084,
1367; and 2109, 1355 cm~!. The bands at
1320 and 1166 cm~! are, evidently, common
to all kinds of this structure. Unlike those
of compound V on CaO, these bands do not
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disappear after the sample is heated to 300
K, although they significantly diminish and
can be completely removed by evacuation
at 450 K. Oxygen admission at low temper-
atures does not affect their intensity. The
isotopic shifts in the bands of this group are
very close to those observed after adsorp-
tion of *C and ®O-containing mixtures on
CaO.

At room temperature along with these
bands a group of comparatively weak max-
ima is present at 1455, 1278, and 1200 cm ™!,
and more intense bands at 1740, 1655, 1325,
and 1015 cm~!. After the oxygen treatment
at 300 K the 1455-, 1278-, and 1200-cm™!
bands disappear, just like the group VI
bands of CaQO, while the remaining four
bands become enhanced, in a manner simi-
lar to those of the oxidized compound VIII
on CaO.

In addition to the above-mentioned fea-
tures, in the spectrum of CO adsorbed at
low temperatures on MgO a number of
bands arise which have no apparent analogs
in the CaO spectrum. Thus there are bands
produced at 1785 and 1260 cm™~! which are
absent in the spectrum recorded at 300 K.
Evacuation at 100 K for 0.5 h eliminates
their intensity, while the addition of oxygen
does not influence them. After adsorption
of BC!%0 and C'0 mixtures each of these
bands becomes split into two maxima with
shift values of 45 and 17 cm~!, respectively.

In order to discover the nature of the ac-
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F16. 9. IR spectrum of MgO after evacuation at 1000

K (1) and adsorption of 2C'Q (2), 2C!0 (3), or BCSO

(4) at 5 Torr and 77 K.
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F1G. 10. IR spectrum of MgO after evacuation at 1000 K ( 1), adsorption of NH; at 300 K, removing
the excess of gas and cooling to 77 K (2), subsequent addition of 5 Torr CO (3), and heating the sample

to 300 K (4).

tive sites on these basic oxides it seemed
attractive to use poisoning of some sites by
other molecules. It was shown earlier (10)
that on the surface of thermoactivated MgO
adsorbed ammonia partly dissociates to
form surface OH and NH, groups. Our at-
tempt to adsorb CO on a MgO sample with
preadsorbed ammonia after pumping off the
excess NH; at 300 K showed that all the CO
compounds described above, with the ex-
ception of the compound I, do not arise on
such a surface, but a new group of bands
appears at 3470, 3440, 2820, 1610, 1410,
1360, 1170, and 1150 cm™! (Fig. 10). The
bands are enhanced after heating to 300 K
and may be removed by pumping at ele-
vated temperatures.

DISCUSSION
Molecular Adsorption (Compound I )

The isotopic shifts of the group I bands
on BC and 80 substitution, like the fre-
quencies themselves, are close to those of a
free CO molecule in the gas phase. Taking
into account also that these bands can be
removed by evacuation at 77 K, we assign
them to CO molecules weakly bound to the
surface. The bands in the 2150- to 2140-

cm~! range may be attributed to the vibra-
tions of unspecifically adsorbed molecules,
and those which are shifted to higher
wavenumbers compared with the free mol-
ecule can be assigned to molecules which
form a weak coordinative bond to the sur-
face metal ions. For MgO the frequency of
such molecules (2165 cm™) is somewhat
higher than that for CaO (2163 cm!). In
both cases, however, it is much lower than
values characteristic of CO adsorption on
strong Lewis sites. These results support
the concept of the weak electron-accepting
power of Ca?* and Mg?*, which is a little
higher for surface magnesium ions. The
shift of the band toward lower frequencies
on coverage growth for MgO or increase of
the 2157-cm~! band in the case of CaQ
could be the result of lateral interaction be-
tween the adsorbed molecules (9, /1 ).

Compound II: Dioxocarbene (Carbonite)
CO3%™ Formation

Taking into account the proximity of the
band positions and isotopic shift values of
the 1la and 1Ib compounds, we suppose
them to have a similar structure. Inasmuch
as after adsorption of both 3C- and 80-la-
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beled molecules each band is split into two
maxima, the compound in question should
contain one C and one O atom from the
adsorbed molecule. In addition, the shift of
the 890- to 850-cm™~! band for the 0-en-
riched samples points to the fact that sur-
face oxygen is also incorporated in the
structure of this compound. The character
of the isotopic splitting of the bands due to
compound II enables us to state that it con-
sists of one C and two nonequivalent oxy-
gen atoms, one of the latter originating from
the molecule, and the other from the sur-
face of the adsorbent. There is no evidence
for the existence of two carbon atoms in
this compound, as was supposed in Ref.
(7), where the bands arising at 1485 and 890
cm™! after adsorption of CO on CaO at 300
K were assigned to the dimers (CO);™, con-
taining no surface oxygen.

The presence of three bands in the spec-
trum of compound II is in accordance with
the proposed three-atom structure which
should have three normal modes. Calcula-
tion of the normal vibrations for the O-C-
O and M-0-C-0-M models, where M is a
surface metal atom, confirmed the possibil-
ity of assignment of the bands at about
1480, 890-850, and 740-720 cm™* to the
OCO group, the high frequency band corre-
sponding to the stretching mode of the
stronger C-0O bond, and the other two to
the coupled stretching and bending vibra-
tions of the weak C-O bond and the O-C-
O angle. (Note: O signifies an oxygen atom
of the oxide adsorbent).

From the observed frequencies and iso-
topic shift values the force constants of
compound ITa were calculated to be 8.8 and
3.2 mdyn A-! for K(C-O) and k(C-O), re-
spectively, and 2.0 mdyn A rad-2 for k(O-
C-0), while the valence angle could vary in
the range 90~150°, and the force constant of
bond interaction A(O-C-0) was 0.3-0.7

mdyn A-!. Such low frequencies and force,

constant values for compound II, compared
with those of free CO and CO, molecules,
can be explained only by a high negative
charge of the CO, group, identifying com-
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pound I with the CO~ ion which arises as
a result of the CO molecule attaching itself
to a coordinatively unsaturated surface O~
ion (I12-14). This assignment is borne out
by the spectra of M3"CO3~ compounds sta-
bilised in argon or nitrogen low-tempera-
ture matrices (15, 16). Stretching C-O fre-
quencies of such complexes which have
two nonequivalent C-O bonds fall in the
regions of 1450-1330 and 1190-980 cm™!,
and force constants of C-O bonds for the
compound K,CO, were found to be 7.5 and
4.2 mdyn A-! while /(O-C-0) was 0.65
mdyn A-1, all the values being close enough
to those found for the Ila compound. To
compare with this, the k(C-O) values for
the single-charged CO; anion are about 12
and 9.1 mdyn A-! (I5, 16) and for the neu-
tral CO, molecule even 15.5 mdyn A1,

The formation of the CO3~ ion may be
illustrated by the scheme

o O\?~
C/ C/
wo ] |
-0 — -0 = > -0O- ,

where the CO molecule participates in the
role of a Lewis acid, just as in the cases of
CO; or SO; adsorption with the formation
of surface carbonate or sulphate ions. By
analogy with nitrites, sulphites, phosphites,
and other anions with the valence of the
central atom two units lower than its high-
est value, the CO}~ compound can be re-
ferred to as a ‘‘carbonite’’ anion (13). The
possible reaction of surface basic oxygen
ions with CO molecules leading to the for-
mation of CO}™ ions was proposed also by
Lamotte and co-workers to explain the IR
spectra of CO adsorbed on thoria (/7).
The 1472-cm~! band which arises in the
low-temperature spectrum of CO adsorbed
on MgO, in its position and behaviour, is
very much like one of the bands of com-
pound IIb in the spectrum of CaO (1480
cm™1). The results of isotopic substitution,
presented in Fig. 9, point to the same com-
position, despite the fact that the other
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bands of this compound on MgO were not
registered. In fact, splitting of this band into
two maxima on 3C substitution reveals the
presence of one C atom participating in this
vibration. Appearance of three bands with
almost equal shifts between them and the
intensity of the central maximum approxi-
mately twice as high as that of the side
bands after adsorption of the equimolar
mixture of C%0 and CBO corresponds to
the case when two oxygen atoms occupy
equivalent or almost equivalent positions.
Normal vibration analysis reveals that only
the band of the antisymmetrical stretching
mode of O—C-0O with a valence angle be-
tween 120 and 130° can have such isotopic
shifts. From the observed frequency value
the combination of the force constants k(O—
0) — A(0O-C-0) can only be calculated and
turns out to be about 6.8 mdyn A~!. For the
most probable values of the interaction
force constant % in the 0.5- to 2-mdyn A~
region the constant k should be about 7-9
mdyn A-!, which is typical for CO3™ ions.
Thus, the 1472-cm~! band can also be as-
signed to the same COj3~ structure, but, in
contrast with those arising on CaQ, with
equivalent C-O bonds.

Reactivity of CO}™ Ions and Isotopic
Exchange

The CO%™ ion can be regarded as a prod-
uct of removing two protons from the for-
mic acid molecule. It could therefore be ex-
pected that the ion has a high proton affinity
and after capture of a proton will turn into
the formate ion CHO;. To check this sup-
position we have studied the influence of
the addition of small amounts of water va-
pour on the spectrum of compound ITa on
CaO. The results are presented in Fig. 11.
Admission of water results in the disap-
pearance of the Ila bands at 1485 and 890
cm~! and in the appearance of new bands at
2820, 1605, and 1370 cm™!, which in accor-
dance with Ref. (1) should be attributed to
formate ions. The latter bands do not arise
if the bands due to compound II are absent
from the initial spectrum, even in the pres-
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FiG. 11. IR spectrum of CaQ after pretreatment at
1000 K (1), adsorption of CO (about 0.2 molec nm~?)
(2), and addition of water vapour (3).

ence of other forms of adsorbed CO, e.g.,
compound VI. They also do not appear af-
ter CO adsorption on the hydrated sample.
This means that formate ions do not arise as
a result of CO interaction with surface OH
groups, at least at 300 K.

The high sensitivity of the CO3™~ species
to oxygen trcatment implies that the ions
can readily be oxidized with formation of
carbonate-like species. Subsequent re-
moval of oxygen and repeated CO adsorp-
tion at 77 K do not lead to the formation of
CO?™ ions; however, the ability of the sam-
ple to form the low-temperature (IIb) car-
bonite structure can be restored by heating
the sample to 300 K followed by cooling to
77 K. This result enables us to consider the
CO3™ ions as intermediates in the reaction
of catalytic CO oxidation and the coor-
dinatively unsaturated oxygen ions respon-
sible for the formation of the group II com-
pounds as active sites for this reaction.

The presence of two equivalent oxygen
atoms in the CO;~ structure is possible
when the formation of the bond between
the carbon atom and surface oxygen ion is
accompanied by attachment of the oxygen
atom of the CO molecule to one or several
surface metal ions in such a way that the
coordinations of both the oxygen atoms be-
come equal. If the adsorption in carbonite-
like form is reversible, then in the case of
equivalent oxygen atoms the CO molecule
can desorb containing the oxygen atom
which initially belonged to the surface. This
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implies the possibility of isotopic exchange
with the surface oxygen. For MgO, where
the carbonite ions with the band at 1472
cm~! contain two equivalent oxygen atoms,
appearance of the band at 1445 cm~! due to
the compound 2C1®03~ with two substi-
tuted oxygen atoms after C'®0 adsorption
may be considered as evidence for such
exchange. The presented data therefore
enable us to explain the mechanism of
low-temperature homomolecular isotopic
exchange of CO, which is known to occur
on MgO (18).

The possibility of the isotopic exchange
reaction on the CaO surface, where the
asymmetrical carbonite ions occur with two
unequivalent C~0O bonds, is evidently lim-
ited by the process of intramolecular trans-
formation: °0-C=80 — !$0=C-180.
The isotopic exchange at 77 K with surface
oxygen on CaO does not take place, since
both the oxygen atoms in the II structures
can be substituted separately for the 20
isotope. At room temperature, however,
spectral data testify for the existence of
such an exchange.

In fact, after allowing small amounts of
C80 into contact with CaO at 300 K, ini-
tially only the bands due to unsubstituted
C'$0% ions arise, identical with those pro-
duced by adsorption of normal C*0. It is
not until after several cycles of adsorption
and evacuation that the isotopic content of
B0 in the carbonite ions, estimated from
the intensity ratio of components in the
split 1485-cm~! band, approaches the value
for the gaseous mixture. Meanwhile, the
low-frequency 890-cm™~! band, correspond-
ing to the vibration of C against the surface
oxygen atoms, proves also to be shifted by
10 cm~!. At low temperatures the analo-
gous shift can only be observed after CO
adsorption on the surface preliminarily en-
riched with the O isotope. Thus, the car-
bonite CO3™ ion with unequivalent oxygen
atoms can also be the intermediate in the
CO isotope exchange reaction, but not at
low temperatures.

The fact that there is isotopic exchange
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of CO with surface oxygen was confirmed
by mass-spectrometric analysis of gaseous
CO over CaQ sample (19). Measurement of
the 8O content in the adsorbate before ad-
sorption and after reaching equilibrium
with the surface oxygen at 300 K for known
quantities of gas and adsorbent provides a
means for estimating the surface concentra-
tion of the oxygen ions which are capable of
exchange under these conditions. Thus, the
obtained value of about 0.3 site nm™2 is
close to the concentration of sites responsi-
ble for the formation of structure I1a (about
0.2 site nm~2%). We should therefore exclude
the possible supposition that the exchange
occurs on some other sites prior to carbon-
ite formation, and this supports the conclu-
sion that these are the CO3™ ions which
account for the exchange and are the inter-
mediates in this reaction.

Compound IIT

According to the isotopic substitution
data for the 1227-cm~! band, compound III
must also have in its composition one car-
bon and two oxygen atoms, one of the latter
originating from the sample surface. The
mean wavenumber values of the two high-
est frequency bands of this compound falls
in the region 1300-1000 cm~!, which is
characteristic of the stretching vibrations of
CF, or O; molecules or the NO; ion which
is isoelectronic with CO3™ (17). That is why
we attribute this band to one more kind of
carbonite ion.

Calculations for such three-atom struc-
tures have shown that the observed fre-
quency shifts of the 1227-cm~! band may be
obtained for the antisymmetrical stretching
vibration of a O-C=0 group with a va-
lence angle of 120-150° and two nonequiva-
lent bonds, whose force constants differ by
about 1.5 mdyn A-1, the more strong bond
being that with the surface oxygen atom O.
The symmetric vibration frequency falls in
the 1000- to 750-cm~! region, a considerable
part of which is obscured by the intense
bands of the compounds I1. The lack of reli-
able spectral data on the isotopic shifts of
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low-frequency vibrations does not permit
us to obtain unequivocally the force con-
stants of the bonds, which turn out to de-
pend on the unknown interaction bond con-
stant A(O-C-0). For the most probable 4
values from the 0- to 1-mdyn A-~! region,
kKC-0) and k&(C-0O) should be 3.5-5 and 5—
6.3 mdyn A1, respectively.

Compound IV

There are only two bands in the CaO
spectrum, at 1195 and 982 cm™!, which
could be attributed to compound IV. How-
ever, after both oxygen and carbon atom
substitution the high-frequency band splits
into three almost equally separated compo-
nents, thus implying that at least two car-
bon and two oxygen atoms participate in
the corresponding vibration of this com-
pound. These atoms apparently occupy
equivalent or almost equivalent positions,
since otherwise not three but four compo-
nents should be observed.

In the low-frequency vibration (the 982-
cm™! band) mainly carbon atoms take part,
because after C'80 adsorption the 982-cm~!
band remains unshifted. After substitution
of surface oxygen, however, this band dis-
plays a detectable shift, pointing to the
presence of a surface oxygen atom in the
structure of this compound. A possible
structure accounting for the band observed
is a CO dimer bound to a surface oxygen
atom:

0 0\2~

C==C
A4
- 0 -

Bands of other fundamental vibrations for
this structure are evidently less intense and
are obscured by strong bands of compound
V and bulk absorption. On MgO such a
form of adsorption was not found.

Compound V: Dioxoketene C,0%™ ion

Compound V, judging from the great
number of its absorption bands, has a rather
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complicated structure. The position of the
most high-frequency band is characteristic
for the uncoupled C-O bond in carbonyl-
like compounds. Nevertheless, either on
BC or 8O substitution the change in the re-
duced mass of the CO group is practically
the same and for frequencies near 2000
cm™! corresponds to a shift of about 50
cm~!, while the shift in the 2038-cm~! band
after C180 adsorption is twice as low. This
fact can be regarded as an indication of a
collective vibration of several adjacent
bonds. In fact, after adsorption of 2CO and
BCO mixture the bands due to compounds
of intermediate isotopic composition were
detected, which although slightly (4-6
cm™!) shifted against the bands of the initial
or completely substituted compounds are
distinctly observable. It is natural to con-
clude that the compound in question con-
tains two nonequivalent carbon atoms and
that, as was supposed by Guglielminotti er
al. (6) for the analogous band in the MgO
spectrum, the 2038-cm~! band is due to the
antisymmetrical stretching vibration of the
ketene group O=C=C.

Splitting of the 1300- and 1137-cm™!
bands into four components after adsorp-
tion of BCO-containing mixtures supports
the conclusion about the presence of two
carbon atoms in compound V, while the
significant shifts after 2C'80 adsorption
(the 1300-cm~! and 1137-cm~! bands) and
after 2C'%0 interaction with the !8Q-en-
riched surface (1137-cm~! band) enable us
to affirm that the ketene group is bound to
one surface oxygen and one oxygen atom
from a CO molecule. The species answer-
ing such enquiry should have the ‘‘dioxoke-
tene’” structure (OCCO,)?~ and can be the
result of the interaction of a CO molecule
with the surface carbonite ion:

0\?"
/

N AN
Y O

This process is analogous to the above
reaction of CO}~ ion formation, the differ-

0\*
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ence being in the source of the unshared
pair of electrons. Here it is not the surface
coordinatively unsaturated oxygen atom,
but the divalent carbon of the carbonite ion
previously formed on the surface. Similar
reaction with CO leading to the formation
of ketene O=C=CH, is well known for
carbene CH, (27) and such a reaction for
the surface CO3™ ions once again shows
that they can be considered dioxocarbene,
the compound of divalent carbon isoelec-
tronic with CF,.

The (O=C==C0,)*" species should have
four stretching vibrations in the region
above 700 cm~!. The 2038-cm~! band is due
to the asymmetric vibration v, of the ke-
tene group. Its frequency and shift values
can be adequately reproduced from are fol-
lowing force constants: &(C-0) = 14-15,
KC-C) = 7-8.5, l(O-C~C) = 1.7-2 mdyn
A-1. The three other vibrations are the
symmetrical mode of the ketene group and
two stretching vibrations of the CO;™ frag-
ment. If the force constants of the C-O
bonds have an order of magnitude of about
5 mdyn A, the corresponding three vibra-
tional frequencies may be close to 1340,
1140, and 760 cm™!, or to 1340, 1300, and
1140 cm~!, In the latter case the 760-cm™
band may be attributed to the bending vi-
bration of the CO3~ group of ketene.

It should be noted, however, that the
number of bands assigned to compound V
and presented in Table 1 is more than that
anticipated. The appearance of extra bands
in the 1356- to 1300-cm~! region may be
caused by Fermi resonance with some
overtone or combination mode of low-fre-
quency vibrations including out-of-plane
and in-plane bending vibrations of the
C==C==0 group, which for the ketene mol-
ecules H,CCO are located at 528 and 433
cm™ (22). The hypothesis of Fermi reso-
nance is supported by the fact that after
BCO adsorption the relative intensities of
the shifted 1356- to 1300-cm ! bands are not
the same as those in the corresponding
spectrum of “2C%0. However, even if we
did not take into account the shift values of
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the bands in this region, it was not possible
to determine a plausible force field which
reproduces the other shift values with an
accuracy better than 3.5 cm™!,

The structure of the ketene-containing
compound proposed here differs from that
supposed by the Turin group (6), who be-
lieved one carbon atom to be bound to a
surface magnesium ion, so that the species
in guestion should be a product of CO re-
duction. In our scheme the dioxoketene
formation does not require electron transfer
from any other atom but the surface oxygen
ion incorporated in this structure and is not
a result of CO disproportionation.

In the spectra of CO adsorbed on MgO,
either obtained in Ref. (6) or studied here,
the bands at 2109-2084, 1378--1355, 1320,
and 1166 cm™! are very close in their posi-
tion and isotopic shifts to those of group V
of CaQ, and undoubtedly belong to several
kinds of the same dioxoketene C,0} ions,
which are more stable for MgO and exist on
the surface at 300 K.

The bands at 1785 and 1260 cm~! which
arise on low-temperature CO adsorption on
MgO and are absent in the spectrum of CaO
are very much like those due to CO; ions in
their position and isotopic splitting. In fact,
the bands at 1756 and 1221 cm~! of Li*CO5;
are shifted on >C substitution by 44 and 17
cm™!, respectively (13, 20), the shifts prac-
tically coinciding with those measured by
us for the bands in question in the MgO
spectrum (45 and 17 cm™Y). It should be
noted, however, that bands at almost the
same frequencies can be found in the spec-
tra of bridged carbonates with a C-O bond
order close to two (23).

Compound VI

Bands at almost the same wavenumbers
as those attributed here to compound VI
were observed earlier in the spectrum of
CO adsorbed on CaO at 300 K by Coluccia
and co-workers (7) who assigned them to
the (CO)2™~ or (C,0,+,)*" anions which have
the form of five- or six-component rings
containing carbon atoms. Our results, in-



CO INTERACTION WITH ACTIVATED CaO AND MgO

cluding those of isotopic substitution, do
not argue with such an assignment, al-
though because of the rather high half-
width of the bands the presence of more
than two carbon atoms in the composition
of compound VI could not be proved by
means of IR spectroscopy. The band at
1135 cm ! can be attributed to the C-C vi-
bration while the character of the isotopic
splitting of the 1403- and 1234-cm~! bands is
more typical for the vibrations localised on
C-0O groups. We can thus conclude that
compound VI contains at least two C-0O~
groups, bound via their C atoms.
Compound VI arises under conditions
when compounds V are already present or
begin to decompose on the surface. Dioxo-
ketenes can thus be regarded as intermedi-
ates in the formation of compound VI. In
fact, due to their high reactivity ketenes
can interact with CO with the formation in
our case of open or closed chains which
will have the formula (C,0,+;)?>". The sim-
plest cyclic structure of this series,
(0O-C C-0)?~, isomeric with ketene,

was already associated with the bands of
group IV. All these structures contain one
surface oxygen atom, but within the limits
of experimental accuracy no influence of
surface oxygen isotopic exchange on the
position of compound VI bands was de-
tected.

The bands of group VI can be alterna-
tively attributed to the reduced compounds
(CO)2~, which can arise together with some
oxidized forms of CO adsorption after CO
association with compounds IV or V:

C,0f" + nCO — (COY:; + (COy)uds-

It is possible that in the result of such a
reaction of CO disproportionation the oxy-
gen atom, initially originating from the sur-
face, turns out to be included in the oxi-
dized products, denoted here as (COy)pgs.
Then the reduced product will contain only
the oxygen of the CO molecules, in accor-
dance with the experimental data. Adsorp-
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tion which can be attributed to the oxidized
forms of adsorbed CO does actually arise in
the 1650- to 1550 and 1350- to 1250-cm™!
regions simultaneously with the formation
of compound VI. The position of these
bands is characteristic for bidentate carbon-
ates.

Products of CO Oxidation on CaO

Surface carbonate ions, undoubtedly ac-
count for the main part of the absorption
arising after oxygen admission to the CO
adsorbed on CaO when the oxygen-sensi-
tive bands disappear. In these cases a band
at 1050-950 cm~! which belongs to the IR
inactive symmetric stretching vibration of
the carbonate ion, arising as a result of
symmetry lowering for the ion on the sur-
face, shows up. Bands in the 1700- to 1500-
cm™! region correspond to the antisymmet-
ric stretching mode; however, some part of
the absorption near 1600 cm~! can be due to
oxalate ions, which may also be a product
of CO oxidation and may absorb near 1630
and 1315 cm™1.

Oxidation of the CO3™ ions at 77 K gives
rise to structure VII, which is not stable
and disappears after heating the sample to
300 K. Two or three kinds of this species
have slightly different, rather high-fre-
quency bands in the 1850- to 1750-cm™~! re-
gion, characteristic of bridged surface car-
bonate ions which arise after CO,
adsorption on some oxides (23). It is possi-
ble that for CaO such a structure appears
after oxidation of the (C0O,)?>~ ions at 77 K
and that after heating the sample it is trans-
formed into bidentate (more usual for CaO)
or some other form of carbonate ion. How-
ever, it is difficult to envisage that the inter-
action of an O, molecule with a single CO}~
ion at 77 K can cause oxygen dissociation
and produce directly the carbonate ion. We
believe that at low temperatures in the first
stage of the oxidation the formation of an
intermediate oxidized species with an un-
dissociated oxygen molecule in a process
such as
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is much more favourable. The CO} ™ species
arising here should also have a high-fre-
quency C-0 vibration of the C=0 bond or
of the CO3 group bound to Oy, and com-
pound VII can probably be associated with
such a structure. The bands at 1838-1777
and 1257 cm~!, in accordance with their iso-
topic shifts, may be attributed to the anti-
symmetric and symmetric vibrations of the
carboxyl species, respectively. The best
proof of the existence of such a structure
would be the position and isotopic splitting
of the band due to the O-O vibration after
reaction with 30,, but this band, evidently,
is much less intense and was not detected
here.

The position of the compound VIII bands
is typical for mormal surface carbonate
ions. The first kind, namely VIIIa, arises
immediately after oxygen admission at 77
K, while the other, VIIIb, is a product of
compound VII transformation. The iso-
topic shifts of these two kinds of carbonates
are practically the same, although the fre-
quencies are not completely identical. This
means that there is some difference, per-
haps, in the coordination of these two
structures.

It is noteworthy that for the VIIla struc-
ture no isotopic shift was detected after us-
ing 80, as oxidizing agent, while the double
shift caused by the carbonite oxygen substi-
tution testifies that both the two oxygen at-
oms from the CO}  ion remain in the
formed carbonate. This fact can be ex-
plained if we assume that the molecular ox-
ygen is used only as an acceptor of elec-
trons, and one more oxygen ion is taken
from the bulk of oxide to form the carbon-
ate ion:
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02 + @_2_ + 92_ —
OF + CO: + 0 — O3 + CO%.

Such a scheme without oxygen dissociation
seems to be more favourable at low temper-
atures. Insensitivity of the VIIIb structure
to O, substitution (with the exception of the
slight shift of the 1586 ¢cm~! band) can be
explained in the same way, if the decompo-
sition of the hypothetical CO}~ compound
occurs with detachment of the O3~ ion.

The position of the compound IX bands
is also typical for carbonates, and the great
number of bands above 1000 cm~! indicates
that at least three structures are present
which probably have pairs of bands at 1665
and 1249, 1554 and 1308, 1394 and 1346
cm~!, The most important difference be-
tween compounds VIII and IX is in the iso-
topic shifts. Practically all the compound
IX bands are sensitive to substitution in the
oxygen used for oxidation, which evidently
becomes incorporated in the structure of
the carbonate as well as the oxygen atoms
of the oxidized compound IIL.

Mechanism of CO Transformations on
Basic Oxides

Many different structures arising after
CO adsorption on CaO and MgO either can
be formed independently on different sur-
face sites, or may appear one after the other
in a single chain of transformations of the
first product of CO interaction with a cer-
tain active site. OQur attempt to poison some
surface sites by adsorption of ammonia on
MgO shows that neither carbonite nor the
other products of CO chemisorption arise
on samples with preadsorbed ammonia. In
accordance with the work of the Turin
group (24), the main product of CO adsorp-
tion in this case is formamide or its deriva-
tives, formed by reaction with surface NH,
groups,
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or with preadsorbed ammonia molecules
(12, 14). In any case, ammonia molecules
block all the sites for CO chemisorption.

By varying the pretreatment temperature
of MgO and CaO samples we also tried to
find conditions where only the sites respon-
sible for some of the II-VI structures arise,
but every time bands arose after CO ad-
sorption all the compounds could be seen,
and the only difference was in the overall
intensity of the bands.

For thorium oxide, where the bands as-
signable to the CO3™ ions appear after CO
adsorption at room temperature (/7), spec-
tra registered at 240 K reveal a double band
at 2100-2091 cm~!, accompanied by a
group of bands below 1400 cm~! (25), which
can naturally be associated with the dioxo-
ketene structure.

The data presented above assure us that
there are no special sites responsible for the
formation of the IV-VI compounds only;
they are all products of CO interaction with
the same basic oxygen ions which account
for the structures II and III, the precusors
of all the other compounds. The overall
probable scheme of CO transformations on
the surface of basic oxides is thus

0> + CO— CO} + CO—

1I, 111
08" + CO— (COR + CO3
v,V V1 VIII

where the underlining indicates ions be-
fonging to or adsorbed on the surface.

The first stage of CO adsorption which
takes place at 77 K is the formation of car-
bonite CO3™ ions. At higher temperature
these ions react with excess CO to form
more complex dioxoketene or other (IV)
structures. It is not clear whether all the
kinds of CO3™ ions detected on CaO are
equally reactive with respect to CO. Our
preliminary data on CO adsorption on CaO
with isotopically labeled 1la compounds did
not reveal the appearance of the labeled
products. Perhaps the IV and V structures
are formed from the less stable IIb and III
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compounds. At even higher temperatures
CO disproportionation takes place, result-
ing in the formation of the earlier estab-
lished (5-7) reduced compounds and car-
bonate ions.

CONCLUSIONS

IR study of CO adsorption in a wide
range of temperatures from 40 to 300 K pro-
vides a means to follow the mechanism of
CO transformations on the surfaces of basic
oxides. For CaO and MgO a great number
of species were detected which have difter-
ent thermal stability and reactivity with re-
spect to oxygen. Application of isotopically
substituted CO molecules, as well as ad-
sorption of CO on an ®0-enriched surface
and comparison of the observed isotopic
shifts with those calculated for the sup-
posed structures, enables us to obtain infor-
mation about the composition, structure,
and force constants of these compounds.

It has been shown that the coordinatively
unsaturated surface O~ ions are the active
sites of CO chemisorption on the surface of
basic oxides. Metal ions evidently play a
less important role of charge compensation
and affect the surface oxygen basicity,
which should depend on the coordination
and the nature of metal ions.

The first product arising after CO admis-
sion either at 300 K or at low temperatures
is the “‘carbonite’’ (CO,)?~ ion, which is the
result of CO interaction with a surface 0%~
ion. At temperatures higher than 100 K car-
bonite ions react with the excess of CO to
produce dioxoketene (O=C==C0,)?*" ions.
Further reactions with CO give rise to more
complex compounds, both oxidized and re-
duced, in accordance with the data earlier
obtained at 300 K (5-7).

Reversible interaction of CO with surface
0?2 ions with the formation of CO}™ ions is
responsible for the catalytic reaction of
low-temperature homonuclear isotopic ex-
change of CO on the surface of basic ox-
ides.

We suppose that the established mecha-
nism of CO activation by oxygen lons is
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typical for different reactions on basic or
alkali-promoted catalysts. In fact, for cer-
tain metals coadsorption of CO with alkali
atoms produces species with CO vibrations
at very low frequencies (26), close to those
observed here for CO} ions. It is possible
that for some of these systems CO really
interacts with O?~ ions originating, for ex-
ample, from CO dissociation, and the ob-
served bands are due to the high-frequency
vibration of the CO}™ structure.

Note added in proof: After the paper had originally
been submitted for publication, new results were ob-
tained (27) concerning CO adsorption on La,0O; in
which the formation of CO3~ was proved also for this
oxide by means of isotopic substitution. Also, in their
reinvestigation of UV and IR spectra of CO adsorbed
on CaO and MgO at 300 K, Garrone, Zecchina, and
Stone (28) have likewise come to the conclusion that
CO% is a precursor of more complex compounds and
have suggested a detailed scheme of CO transforma-
tions which is in accordance with ours. Finally, a pa-
per (29) has been brought to our attention in which a
structure identical to our CO}", but bearing a single
negative charge, was proposed on the basis of ESR
study for a product of CQ interaction with surface O3
jons on MgO.
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