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Abstract. The interaction of carbon dioxide with tin has been investigated spectrophotometri-
cally. Evidence has been found.for physicosorption and chemisorption of carbon dioxide on tin
together with partial diss’ociation of carbon dioxide molecules into carbon monoxide and oxygen.
This is accqmpamed by the sucuesswe formation of two different types of carboxylates (1580,
1405 ecm™ ) and (1815 cm™ 1y which is assigned to carboxylate, linear type (polar adsorption of
carbon d10x1de) or to the dissociative adsorption of carbon dioxide; oxide (650,418cm™ 1) bridged
(1840 cm—l) linear (i.e. II-bonded to tin) carbonyl (1895 cm" ‘1); and terminal carbonyl
(2050 cm_l) An increase of time of contact of carbon dioxide gas with tin sample to two hr led
to the dlsappearance of the 1815 cm™! band with the simultaneous appearance of 1645, 1470,
and 1240 cm™ bands in addition to the 3620 cm~! band characteristic of a bicarbonate species.
Heating the, sample at.a temperature of 1509 in carbon dioxide for three hours led to the dis-
appearance of the plevmusly mentioned species and the appearance of absorption bands character-
istic of a brldged carbonate species (1810, 1195, 785 cm~1). The relationship between these

different species has been explained.
Introduction

The adsorption of carbon dioxide on metal and metal
oxides such as alumina has been studied by infrared spect-
rometry. 1-3 Other oxide systems such as titania, 4 magne-
sium oxide, 5 beryllium ox1de as well as alkali halides’
have been shown by infrared studies to adsorb carbon
dioxide. No data is available about the feasibility and
amenability of adsorption of carbon dioxide on tin al-
though it is an interesting surface in that it can be oxidized
to SnO, which shows both acidic and basic properties.8s9
Consequently, carbon dioxide should be very strongly
adsorbed on it. Therefore, in this paper an attempt was
made to study the adsorption of carbon dioxide on tin as
a function of time and temperature.

Experimental Techniques

Of the six standard grades of tin, the chempure tin
powder which is 99.997% pure was used for studies of
adsorption of carbon dioxide. Because of the need to
obtain suitably intense spectra high area samples are need-
ed. These are usually in the form of powders to increase
the available surface for adsorption and to decrease the
particle size below the wave length of the infrared radia-
tion, so as to minimize the scattering losses. Therefore, of
the three finenesses, namely: 100, 200; 300 mesh, the
300 mesh size was used. Microscopic, infrared and atomic

Abridged from the M.Sc. Thesis of the second author.

absorption analysis of the tin powder showed that it is
highly pure and free ‘from impurities. In order to deter-
mine that the surface is $till clean when adsorption occurs

‘elemental chemical analysis of classical methods and

atomic absorptlon method were conducted. Moreover, it
is well established 10 that one of the truly great advantages
of the infrared method of chemical analysis is that it can
be applied to virtually all materials, almost regardiess of
phase or phase mixtures, colloidal state, turbidity, mole-
cular weight, solubility, “blackness,”” and nearly every
other gross chemical or physical property. With proper
(and usually simple) techniques, nearly any material can
be prepared so that its infrared spectrum can be obtained.
The technique used in this paper is that of unsupported
metal samples described in the literature.10:110ne gram
of chempure tin —300 mesh powder was transferred into
a clean and a dry pyrex flask filled with carbon dioxide
gas. Replacement of air in the pyrex flask by carbon
dioxide was easily achieved owing to the fact that the
specific gravity of carbon dioxide is relatively much greater
than that of any other air-constituent gases, viz, the speci-
fic gravity of COy, Ny, 05 : 1.53,0.96, 1.10, respectively
(air = 1). Consequently, no vacuum was maintained,
especially we investigated the mechanism of adsorption
and reaction of carbon dioxide with tin as a function of
time and temperature and not as a function of pressure.
The infrared spectra of the sample were obtained by
means of UR-10 and Beckman IR—20 spectrometers
according to Stimson and O’Donnel procedure described
in detail in the literature. 10,11 1t js worthy to mention
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that it is well established that in contrast to the adsorp-
tion of carbon monoxide that of carbon dioxide was
fairly reproducible and was not dependent on the method
of treatment the sample. Since tin is stable in moist air at
temperature below 200°%, the role of moisture, which is
usually present in air, on adsorption of carbon dioxide on
tin powder was investigated by carrying the experiments
with moist carbon dioxide obtained by the reaction of
pure HC1 with pure K,CO3 without drying it by
passing through conc. H»SOy.

Results and Discussion

The results of infrared spectrometric investigation
and the corresponding spectra of the adsorption of carbon
dioxide on tin are shown in Figs. 1-4 and Reaction
Schemes 1-2. The assignment of structures for the adsorbed
species, has been made by using information derived from
spectrometric studies of metal carbonyls.12'14 The
assignment of bands is simplified by their time and tempe-
rature dependence. Thus, when carbon dioxide was
admitted to tin particles for 5 min absorption bands

_appeared at 1580 and 1405 em~! which are assigned to
the asymmetric and symmetric stretching vibrations of the
two carbon oxygen bonds! 1,15 (Fig. 1). If the time of
treatment of tin sample with carbon dioxide is increased
to 30 min the infrared spectrum shown in Fig. 2 is ob-
tained. The vibration frequency at 1840 em~ 1 seems to
be due to a bridged carbonyl species bond to a surface tin
atoms by covalent bonds as shown by structure II. The
metal-carbon bonds are formed by contribution of elec-
trons from both the adsorbent and the adsorbate. On the
other hand, the absorption band at 1895 em~ larises from
the dissociative adsorption of carbon dioxide on edge
and/or corner tin atoms possessing relatively greater
valence-electrons than tin atoms in planar positions. Bind-
ing electrons are supplied by carbon and tin atoms. It is to
be .noted that although this species absorbs below
2000 cm—1 it is more likely a linear rather than a;bridged
carbonyl as some investigators suggest,16 because the
bridged structure should produce two absorption bands,
due to  the asymmetric and symmetric metal-carbon
stretching vibrations.1 7,18 The relatively high absorption
band at 2050 cm—! seems to be due to a terminal carbo-
nyl (structure IV). Both binding electrons are considered
to be supplied by carbon monoxide. This may be under-
stood if we take into consideration that it is well estab-
lished that carbon dioxide dissociates on adsorption to
carbon monoxide which forms the carbonyls and
oxygen,lg'22 which is adsorbed on to free tin sites. The
appearance of absorption bands at 2050, 1895 and
1840 cm~1 (Fig. 2) may be ascribed to either the hetero-
genity of the surface, with some sites being more active
than others?3 or to the repulsive interaction between

237

adsorbed molecules.24 Indeed, infrared evidence for
surface heterogenity has been obtained in many instances.
The adsorption of a compound may give rise to several
absorption bands which correspond to independent
surface speies, each held to a particular type of surface
site. Variations have been found in the frequencies and
intensities of bonds of absorbed substances as the cover-
age of the surface was increased. The assignment of the
band 1895 cm~! (structure III) to a linear and not to a
bridged structure is on agreement with the theory of
Blyholder.”’]8 It was postulated by the latter worker
that increased partcipation of metal valence-electrons is
needed to produce the low frequency (2000 cm—l)
carbonyl bands for adsorbed carbon monoxide. As a result
the carbon-tin bond strength is increased and the carbon-
oxygen bond was decreased, the metal valence-electrons
enter a Il-antibonding orbital for carbon monoxide
(structure IIT). The absence of oxygen assists the employ-
ment of time valence-electrons of edge and corner sites for
bonding the carbon monoxide molecules and a lower
carbonyl frequency would ensure (structure III). It is also
equally possible that adsorption of carbon dioxide on
these metal sites gives low frequency carboxylate species
(1580, 1405 cm_l, Fig. 1). However, the released oxygen
from the partial dissociation of carbon dioxide molecules
is adsorbed on edge and corner tin atoms from which it
attracts some of their valence-electrons and inhibits the
formation of Il-bonding between these tin atoms and
carbon of carbonyl groups. This decreases the strength of
tin-carbon monoxide bond and displaces its (carbonyl)
band to higher frequency, namely 2050 em—1 (struc-
ture IV, Fig. 2). The same is true for carboxylate species
(structure I), which is formed as a result of adsorption of
carbon dioxide on edge and corner tin atoms before
attracting from them some of their valence-electrons by
oxygen as it occurs in the formation of the carboxyl
species represented by structure VII a, Fig. 2. The partial
dissociation of carbon dioxide molecules into carbon
monoxide and oxygen has been confirmed by spectro-
scopic analysis19 and is consistent with the appearance
of broad absorption bands of medium intensity at 650,
418 cm~! characteristics of metal oxide, namely
sn=0,11,15 (Fig. 2). This lends support from the appear-
ance of absorption bands 4t 3620 em~1 characteristic of
stretching frequency of hydroxyl group.m,1 1,15 Indeed,
it has been established2 that the surfaces of all oxides are
hydroxylated through their interaction with atmospheric
water. These surfaces hydroxyl groups play a funda-
mental role in the adsorption of molecules, with which
they interact by a process of hydrogen-bonding. Infrared
spectroscopy is of greatest value in observing this pertur-
bation of the surface groups which occurs during the
adsorption.

The absorption band at 2195 cm—1(structure V,
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Fig. 1. Infrared spectra of tin after treatment with carbon
dioxide for 5§ minutes.

N.B. This spectrum was obtained with moist as well as with
dry carbon dioxide.
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Fig. 2. Infrared spectra of tin after treatment with moist
carbon ﬁioxide for 30 minutes.

N.B. The band 2195 cm"1 (dotted) was obtained after
heating the sample with excess CO, for 60 minutes. If the CO,
was dried before interaction with tin the 3620 band disappeared
(i.e. not appeared).
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Fig. 3. Infrared spectra of carbon dioxide chemisorbed on
tin; time of treatment with carbon dioxide: (a) one hour, (b) two
hours.

NB. In case of (a) the band 3620 cm ™" was obtained if
moi_s C02 was used. If dry CO4 was used no absorption at 3620
cm ~ was observed. In case of (b) all the spectrum was obtained
only with moist c02. If dry C02 was used a spectrum similar to
3 (a) was obtained.
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Fig. 4. Infrared spectra of tin after heating with moist carbon
dioxide for three hours.

NB, If dry COy was used a spectrum similar to 3(a) was
obtained. !

Fig. 2) lies above that for gaseous carbon monoxide
(2143 cm—!), whereas all metal carbonyls with linear
structures (strucutres No. III and IV, Fig. 2) absorb below
this frequency.lz'14 Carbon dioxide absrobs at
2350 ecm~! in the gas phase (structure VI, Fig. 2). This
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band may be ascribed to the asymmetric stretching
vibration of a species represented by the structure
V a, Fig. 2, which has essentially the structure of carbon
dioxide. However, this .ssignment is rejected by the
absence of the symmetric stretching vibration. If we
assumed that the symmetrical vibration produced a band
of undetectably low intensity, this would indicate the
metal-oxygen bond is extremely weak and that this
structure0-C-O behaves like the carbon dioxide molecule
in which the symmetric stretching band is forbidden in
the infrared spectrum for symmetrical reasons.26 This
band may be assigned to CO species adsorbed to the
surface by dipolar forces but the rather larger displace-
ment of 59 ecm~1 to higher frequency is difficult to
reconcile with that explanation. The shift is in the direc-
- tion op{)osite to that normally produced by polar environ-
ments.27 No satisfactory explanation was found, however,
for the high frequency of the observed band. The inten-
sity of this band increased five-fold when the sample was
heated for 60 min to 150° in contact with excess gaseous
carbon dioxide. The promixity of the band frequency to
that of gaseous carbon monoxide is consistent with the
structure of the adsorbed species which still  retains the
essential triple-bond character for the carbon-oxygen
bond.

An alternative explanation has been suggested for the
origin of the high frequency bands in the spectrum of
adsorbed carbon dioxide. The species responsible for the
bands were considered to be partially or completely
ionized.20:28 1t seems that the positive ion CO* acts
as the surface species (structure V b Fig. 2) responsible
for the increased frequency from 2143 to 2195 em~1
Indeed, it has been reported that the removal of an elec-
tron from the carbon monoxide molecule strengthens the
carbon-oxygen bond and results in an increased force
constant and vibrational frequency and a decreased
internuclear distance. The spectroscopic parameters
given by Herzberg29 give vibration frequencies of (CO)
and (CO™) to be 2143 and 2184 em™1, respectively.
While this explanation would adequately account for
bands at frequencies between those of gaseous (CO) and
gaseous (CO™), some additional explanation is needed for
absorption band frequencies greater than 2184 cm~—!. The
removal of a second electron from carbon monoxide has
been suggested by some investigators® to account for
higher freQuency than 2184 cm—1 resulting from adsorp-
tion of carbon monoxide. This, they believed, would
cause a further strengthening of the carbon-oxygen
bond and a subsequent increase of frequency. A value of
2205 cm—! has been calculated for (CO**) species
(structure V c, Fig. 2). Some investigators have correlated
the vibration of carbon monoxide in various environments,
of valence-electronics in the molecule. A hyperbolic
relationship was assumed to exist between the vibration
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frequency and the nunber of valence-electrors for the
species (CO) and (CO™), ie. CO = 2143 cm~1, ten
valence-electrons; CO', = 2184 c¢cm—1, nine valence-
electrons. It was further postulated that the vibrational
frequency of the ion CO™ -~ was 0.0 em !, and that this
hypothetical species with twelve valence-electrons, provi-
ded a further point for the construction of the hperbola.
When experimental values for carbonyl frequencies of
adsorbed carbon monoxide were fitted to the hyperbolic
curve, fractional values were indicated for the mumber of
valence-electrons in the surface species. These fractions
were beleived to be characteristic for the individual metal
substractes. Accordingly, the characteristic fractions and
the vibration frequencies of the adsorbates and products
are related to the catalytic activities of the metals:

A difficulty inherent in the consideration of ionized

.species COT is the relatively large spectral frequency

shifts which account for the formation of such weak
adsorbent-adsorbate bonding. Moreover, the species
(CO*) and (CO*™) have been postulated without regard
for the electron donor-acceptor properties of the adsor-
bent.

Since the carbon-oxygen stretching band for borane
carbonyl (H3B:CO) occurs at 2164 cm =131 that is above
the frequency of gasecous carbon monoxide, consideration
would be given to the possibility that the adsorbed carbon
monoxide frequency above 2140 em1 belong to species
bound to the surface merely by a O-bond involving the
lone-pair electrons of the carbon atom. Bands between
2140-2160 cm ! might be explained in this way, al-
though it can’t be stated directly that frequencies as high
as 2200 cm~ Lcan arise from such bonding. Frequencies
above 2164 cm 1 must require surface sites which are
more electron deficient than BHg3, if the carbonyl fre-
quency is taken as an index of the electron acceptor capa-
city of the atom to which the carbon monoxide is coordi-
nated.

The assignment of the absorption band at 2350 ¢m—1
to gaseous carbon dioxiod which is physically adsorbed is
more straight forward as it falls well within the usual
limits for this mode of vibration.11,15

Refering to Fig. 3 it has been reported that absorp-
tion in the 1800 cm—! (1815) region could be accounted
for by an equilibrium of the type shown in the reaction
scheme No. 132 Associating this bridged structure with
1815 cm“lband is inherently unlikely because it is well
established12 that the bridged structure is associated with
1850 cm~! band with its corresponding symmetrical
stretching vibration at 1180 cfn_lalonq. This band is the
only one that showed a progressive decrease in intensity
with time. No other bands in the whole of the observable
region (4000-1000 cm~!) showed parallel behaviour.
Moreover, absorption in this region for ihorganic C-0
bonds is not very common.33 According to the available
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datal233 this band may be assiged to three types of
structures which are very simple and symmetrical which
meet the requirements of the existence of only one in-
frared active band of this type. One structure being a
carboxylate (structure VII a, Fig. 3). The second structure
is the linear one (structure VII b). The third structure is
that corresponding to dissociative adsorption of carbon
dioxide (structure VIIc). This last possibility satisfies the
infrared requirementslz’?’3 and is quite likely for the
existence of three vacant cationic sites in close proximity
in sufficient concentrations to give the bands of such
observed intensity.

It is to be noted that we have assigned the absorption
band at 2195 ecm~! to the linear form (structure VI,
Fig. 2). The C—O bond (dotted line) in Sn—0—..C* =
O~ was very weak and the corresponding stretching
frequency fell outside the range of observation (1000
cm_l). Alternative ways of writing the linear structure
(V,ll d and e) are taken into consideration. The carboxy-
lateLstructure (VII a) is quite likely because of the impli-
catibn of electron transfer from a tin cation which has
nearly no affinity for electrons, whereas carbon dioxide
has' a relatively high electron affinity (3.8 ev),34 to the
adsorbed molecule. Furthermore, carboxylate groups have
infrared active bands corresponding to the asymmetric
and symmetric C—O stretching frequency in the region
under investigzation,?’sv36 and both were observed at 1620
and 1405 cm~!. The assignment of these bands to the
carboxylate species raises the problem of whether there
are also carbonate groups on the surface. Un-cordinated
free carbonate ions of D3}, symmetry have only one active
mode in the region above 1000 c¢m 133 iz, at
1450 *. 40 cm 1. Monocoordination splits this frequency
to 1470 * 20 and 1365 * 5 em™ ! and dicoordination to
1610 + 20 cm L and 1270 + 10 em !, As no bands with
the exception of 1620 and 1405 ¢m~ I which cannot be
accounted for the bicarbonate ion, in any of these posi-
tions are found in the spectrum of carbon dioxide on tin,
uni— and bi-dentate carbonate species are ruled out. The
question remains whether the bicarbonate species contri-
butes to the intensity of the bands 1620 and 1405 em—1,
This problem was resolved by attempting to assign other
bands in Fig. 3. The other bands, namely 3620, 1645,
1240 cm~1 are believed to be those of a bicarbonate
species. The key to this assignment is the band at

3620 cm™ L. The frequency indicates that it is likely to be
an all stretching vibration. The assignment of the
3620 cm~! band tov 0OH for OH monomeric bicarbonate
grouf), in agreement with the data available in the litera-
ture 1’37, is straightforward; the assignment of the other
peaks at 1645, 1470 and 1240 cm—! which appear simul-
taneously, is more difficult. The spectra of monomeric

bicarbonate obtained recently by heating crystalline
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(dimeric) potassium bicarbonate38 are given in Table. 1.

The higher frequency 3620 em—1 compared with
3390 cmlobserved for the adsorbed bicarbonate ion
compared with the monomeric ion in a potassium
bromide matrix suggests that the former is completely
non-hydrogen bonded and undergoes no interaction at all
with the surface OH groups. The assignment is further
supported by the absence of surface of tin hydroxy
group of the highest frequency, namely 3800-3770 cm ™!
at the same time that the bicarbonate group at 3620
appears. On Peri’s classification37 of the type of hydroxy
groups, the highest frequencies 3800-3770 em~! corres-
pond to a vibration of a hydroxy group surrounded by
four oxide ions and completely isolated from all others.
However, Dunken and Fink3? have postulated the opposite,
that they correspond to an OH group surrounded by four
cations. The agreement of the observed frequencies of
adsorbed carbon dioxide with those of monomeric bicar-
bonate ion would be entirely satisfactory with the excep-
tion of the absorption band at 1338 em L. It seems likely
that the strong band observed at 1470 em~ 1L is due to the
HCO73 group. It is very far removed from the expected
absorption region of the missing symmetrical frequency
(1380—1300 cm—1), although Lindquist and Rea3 in
their study of the carbon dioxide —alumina system simi-
larly did not observe any bands in 1400--1300 em™1
region. The band at 1470 cm"l, if it is due to the bicar-
bonate group, must be the other wise missing symmetrical
stretching frequency. Its intensity is about 1.5 times that
of the 1645 ¢cm™ !band which is approximately the same
ratio as in the monomeric HCO3 ion. The crystalline
alkali metal bicarbonate, which are strongly hyrogen
bonded dimers*9 have symmetrical stretching vibration
which are very broad and vary between 1300-1410
em— 1 41 The symmetrical stretching frequency remains
fairly constant at around 1630 * 20 em L. Moreover,
sodium ethyl carbonate (CyH5—0—-CO,Na), in which the
hydrogen of the bicarbonate group has been replaced by
the ethyl group, thus removing the possibility of hydrogen-
bonding, has asymmetric vibration at 1164 vs em~! and
symmetric stretching at 1437 cm. 1 Accordingly, it
may be safely stated that there’are no rules governing the
position of the CO73 symmetrical stretching in bicarbo-
nate and, although 1470 cm—! is rather outside the usual
limit, it is not out of question to assign it to the symmetri-
cal stretching frequency of a surface monomeric bicarbo-
nate group. Further evidence for this assignment is pro-
duced by considering the intensity ratio of the
16451470 cm™! bands. The assignment of 1645 cm™!
band to the asymmetric stretching frequency of HCO3
group is more straightforward as it falls well within the
usual limits for this mode of vibration. The 1240 ¢cm—!
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band, as a consequence is the C-O—H bending mode
(1211 for HCO7), Table 1.

The assignment of 1470 cm—1 band to the bicarbo-
nate ion raises, also, the problem of whether there are also
carbonate groups on the surface contributing to the
appearance of this band. This has been established by
varying the time of contact of the tin sample with carbon
dioxide and observing the changesin the intensities of the
various bands. If the bands 1670, 1645, 1620, 1470, 1405
and 1240 cm~! are all vibration modes of the same sur-
face species (bicarbonate) then plotting the intensity of
any one band against that of any other should give a
straight line passing through the origin. Any deviation
from the linearity, or failure of any line to pass through
the origin, would suggest a contribution to one of the
bands from some other species, e.g. carbonate ion, assum-
ing, of course, that the adsorption behaviour. of the two
species is different. The method also breaks down if there

is an equilibrium: carboxylate &= bicarbonate &= carbo-

nate Fig. 5 shows the relative peak intensities plots of all
bands against the 1645 cm—! band. The intensity of the
plots is sufficiently good to f'ustify the assignment of the
3620, 1645 and 1470 cm™*' bands to the same species,
namely the bicarbonate. The band at 1240 cm~!, how-
ever, gave very poor agreement with the others, and only
the previous strong arguments for assigning it to the
C—O—H bending mode lead us to suppose that it was at
all associated with the other bicarbonate ion frequencies.
The good proportionality between the 1645 and
1470 cm~! bands, and the fact that the line passes
through the origin, would tend to rule out any appreciable
contribution of carbonate ion to the intensity of the latter

band. It also confirms the assignment of the 1470 cm~1 .

band as the symmetrical stretching frequency of the
adsorbed bicarbonate groug. On the other hand, the bands
at 1620 and- 1405 cm™' gave disagreement with the
others indicating that they are not at all associated with the
bicarbonate ion frequencies. The absence of proportiona-
lity between the 1620, 1405 em="! bands and the other

TABLE 1. INFRARED SPECTRA OF TIN AFTER TREATMENT
WITH CARBON DIOXIDE FOR 5 MINUTES.

Frequency (cm"'l) Assignment References
1580 vs Asymmetric stretching vibra-
“tion of carboxylate. 11,15
1405 s Symmetric stretching fre-
quency of carboxylate, 113 G
528 ms Sn-C stretching vibration. 2
$n-C deformation vibration. .~ 32

420 m

s : strong; m : medium; w : weak, v : very; b : broad; sp : sharp.
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Fig. 5. Peak intensities of absorption bands of moist carbon
dioxide—tin relative to the 1645 cm™" band.

N.B. Since this figure depends (i.e. derived from fig. 4), it
follows that this results from adsorption of moist carbon dioxide
on tin after heating for three hours.

bands (3620, 1645, 1470, 1240 cm—1) coupled with the
fact that the lines of the 1620 and 1405 cm—! do not
pass through the origin would tend to rule out any appre-
ciable contribution of the bicarbonate ion to the intensity
of 1620 and 1405 cm—! bands. This also support the
assignment of these bands (1620, 1405 cm™*') as the
asymmetric and symmetric stretching frequencies of the
adsorbed carboxylate groups. :

.Mechanism of Adsorption of Carbon Dioxide on Tin.
Different species resulting from the adsorption of carbon
dioxide on addition of carbon dioxide gas to tin have been
identified (Figs. 1.-3). The bicarbonate groups are believed
to be formed through an intermediate species, which
absorbs at 1815 cm'l, since its disappearance is accom-
panied by the simultaneous appearance of .absorption
bands at 3620, 1645, 1470, 1240 cm™1, This suggests the
mechanism of formation of the bicarbonate as shown in
the reaction Scheme No. 2. Consequently, the reactive
OH groups are likely to be adjacent to the sites where
carbon dioxide is initially adsorbed forming the carboxy-
late (structure VII a, Fig. 3) which absorbs at 1815 cm™ 1.
As these sites would seem to be vacant cationic sites, it
would give more weight to Dunken and Fink’s hypothesis
that these represent hydroxy groups surrounded by four
tin (Sn2*) ions rather than to Peri’s hypothesis3/ that
they are surrounded by four oxide (02—)jons. 3

Although the surface bicarbonate group is shown in
the reaction scheme 2 with a covalent bond between the

-
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tin and oxygen atoms, infrared frequencies do not enable
us to say whether the group is covalent or ionic, i.e.
—Sn+HCO§. The spread of C—O- absorption frequency
amongst analogous compounds is so great that no firm
conclusion can be drawn from them.

The results of this investigation indicate that carbon
dioxide is adsorbed on tin at low alkalinity, i.e. where the
highest frequency OH groups ‘at 38003700 c¢cm~]
absent or of low intensity.

are

Comparison of our results with those of other investi-
‘gators on other metals, e.g. titania% and berylllar6 shows
that tin is unique in having reactive surface OH groups. In
no other metals have hydroxy bands attributable to a
surface bicarbonate group been reported, although it is
possible that because of a high degree of scattering of
radiation in this spectral region, they were not always
observed. It seems then that the interaction between tin
and garbondioxide occurs because tin alone possesses
reactive OH groups immediately surrounding active initial
adsorption sites. It is likely that these adsorption sites are
of the Lewis base type (electron donors) (Fig. 3 structure
VII a).

The infrared spectrum of tin sample heated in carbon
dioxide at 150° for 3 hr is shown in Fig. 4. It is to be
noted the appearance of absorption bands in the 1800
cm ™" region, namely at 1810 cm™ " in addition to the
absorption bands at 1195 cm™ ". These values fall just
outside those for the asymmetric C=0 stretching fre-
quency (1620 + .20 cm’ 1) and symmetriccal stretching
frequency 81275 * 25 cm~! ) for the bidentate carbonate
group . However, better agreement is obtained with
the corresponding frequencies of organic carbonate:
1870 — 1750 and 1280 - 1150 cm.” ! Accordingly, the
1810 and 1195 em™ ) bands have been assigned to the
asymmetric and symmetric stretching vibrations of the
bridged structure shown in the reaction scheme 1, rather
than to the bidentate structure. The possibility of contri-
bution of a carboxylate species to the intensity of the
band 1810 cm™ ' is ruled out by the co-existence o
the band at 1195 cm,” " which is the symmetrical
stretching vibration of the bridged carbonate.” "™
Furthermore, the assignment of bands to surface carboxy-
late or to carbonate species can be, somewhat, safely
based by studying the spectral region 1800--1200 cm™
Carbonate absorbs in this region, where carboxylate does
not. Consequently the existence of an absorption band at
785 cm~1 (Fig. 4) indicates a carbonate ligand since this
band is usually assigned to the out of plane bending vibra-
tion of the bridged carbonate group42. It can be accoun-
ted for most of the reactions which occur when carbon
dioxide is added to tin by the reaction Scheme No. 2.

10.

1T,

167

135

14.

154

16.

157

18.
19

20.

22,

23,
24.
25.

. G. Blyholder and L.D. Neff, J. Chem. Phys.,

AM. ABEIDU and S.M. GHAZY

References

N.D. Parkyns, Proc. 3rd Internt. Conf. on Catalysis
(North Holland Publishing Co., Amsterdam, 1965),
p.914.

L.H. Little and C.H. Amberg, Canad. J. Chem., 40,
1997 (1962).

D.G. Rea and R.H. Lindquist, Paper Presented to the
September Meeting of the American Chemical
Society (1959).

D.J. Yates, J. Phys. Chem., 65, 746 (1961).

J.V. Evans and T.L. Whateley, Trans Faraday Soc.,
63,2769 (1967).

W.I. Stuart and T.L. Whateley, Trans. Faraday Soc.,
61,2763 (1965).

Kozirovski and M. Folman, Trans. Faraday Soc., 62,
1431 (1966).

H. Remy, Treatise on Inorganic Chemtstry, Kleinberg,
J. ed. etc.(Elsevier, Amsterdam, 1965), vol. 1, p. 524.
S. Prakash, G.D. Tuli and S.K. Basu, Advanced Inor-
ganic Chemistry (Shyamlal Charitable Trust, Ram
Nagar, New Delhi, 1971), 14th ed., p. 516.

W.J. Potts, Chemical Infrared Spectroscopy (John
Wiley & Sons, Inc., New York, London, Sydney,
1963), vol. 1, p. 155.

R.G. White, Handbook of Industrial Infrared Analysis
(Plenum Press, New York, 1964), pp. 78, 183.

R.P. Eischens and W.A. Pliskin, Advances in Catalysis,
(Academic Press, Inc., New York, 1958), vol. X.

R.P. Eischens, W.A. Pliskin and S.A. Francis, J.

‘Chem. Phys., 22, 1786 (1954).

A.C. Yang and C.W. Garland, J. Phys. Chem., 61,
1504 (1957).

LJ. Pellamy, The Infrared Spectra of Complex
Molecules (Methuen & Co. Ltd., New York, John
Willey & Sons, Inc., London, 1957).

R.P. Eischens, S.A. Francis and W.A. Pliskin, J
Phys. Chem., 60, 194 (1956).

G. Blyholder, Proc. 3rd Intern. Congr. on C'atalvszs
(North Holland Publ. Co., Amsterdam, July, 1964).
G. Blyholder, J. Phys. Chem., 68,2772 (1964).

J H. Taylor and C.H. Amberg, Canad. J. Chem.,
39,535 (1961).

L.H. Litte and C.H. Amberg, Canad. J. Chem., 40,
1997 (1962).

36,
3503 (1962).

G. Blyholder and L.D. Neff, J. Phys. Chem., 66,
1664 (1962).

H.S. Taylor, J. Phys. Chem., 30, 145 (1926).

J.K. Roberts, Proc. Roy. Soc., A 152, 445 (1935).
RK. ller, The Colloid Chemistry of Silica and
Silicates (Cornell University Press, Ithaca, New York,



26.

27
28.

29.

30.

31
32.

33

ADSORP’l;ION OF CARBON DIOXIDE ONTIN

1955), p. 233.

LH. Taylor and C.H. Amberg, Canad. J. Chem.,
39, 535 (1961).

L.J. Bellamy, Spectrochim. Acta., 14,192 (1958).
R.A. Gardner and R.H. Petrucci, J. Am. Chem. Soc.
82, 5051 (1960).

G. Herzberg, Spectra of Diatomic Molecules, (Van
Nostrand Co. Inc., New York, 1950), 2nd ed., p. 522.

R.A. Gardner and R.H. Petrucci, J. Phys. Chem., 67,
1376 (1963).
R.D. Cowan, J. Chem. Phys., 18, 1101 (1950).

K. Nakamoto, Infrared Spectra of Inorganic and
Coordination Compounds (Willey, London, 1963),
p.159.

M.B. Colthup, L.H. Daly and S.E. Wiberley, Introduc-

tion to Infrared and Raman Spectroscopy (Academic

Press, New York and London, 1964), p. 257.

b 2

34.

35.

36.

37.
38.

39.
40.

41.

42.

243

VI "Vedeneyev, L.V. Curvich, V.N. Kondrat’yev,

V.A. Medredev and Ye. L. Prankevich, Bond Energies,
lonization Potentials and Electron Affinities (Amold,
London, 1966).

D.T. Sawyer and J.M. McKinnie, J. Am. Chem. Soc.,
82,4191 (1960).

K.B. Harvey, B.A. Morrow and H.F. Shurvell, Canad.
J. Chem., 41, 1181 (1963).

J.B. Peri, J. Phys. Chem., 70,3168 (1966).

D.L. Bernitt, K.O. Hartmann and I.C. Hisatsune,
J. Chem. Phys., 42, 2553 (1965).

H. Dunken and P. Fink, Z. Chem.; S, 194 (1965):

K. Nakamoto, Y.A. Sarma and H. Ogoshi, J. Chem.
Phys., 43, 1177 (1965).

A. Novak, P. Saumagne and L.D. Bok, J. Chem. Biol.
Phys. Chem. Biol., 60, 1385 (1963).

B.M. Gatehouse, S.E. Livingstone and R.S. Nyholm,
J. Chem. Soc., 3137 (1958).



