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The chemisorption of carbon monoxide occurs in two states with about 10 kcal/
mole and 20 kcal/mole heat of adsorption and with low activation energies for ad-
sorption. The infrared absorption spectra and thermodesorption characteristics for
both these states are complex. In addition, thermodesorption indicates the presence of
a state with a higher activation energy for desorption than these. The infrared spectra
of physically adsorbed carbon monoxide and carbon monoxide chemisorbed on silica
are also given. The frequency of the carbon monoxide spectra is related to the type

of bonding with the surface.

I. INTRODUCTION

This study of the adsorption of carbon
monoxide on copper was undertaken as part
of a program on the oxidation of earbon
monoxide over copper catalysts. An appa-
ratus was constructed to allow the measure-
ment of infrared absorption spectra and
thermodesorption from —196° to 500°C.
The results of this infrared and thermode-
sorption study show that the two chemi-
sorption states, already indicated by surface
potential measurements (1) are both com-
plex. An interpretation of the results is
given based on the ability of carbon monox-
ide to act both as an electron donor and an
acceptor in forming a chemical bond with
the surface.

II. EXPERIMENTAL

The vacuum system used for these experi-
ments is of the ultrahigh vacuum type. It
was not baked out but background pressures
of 1 X 10-® Torr were obtained. An omega-
tron mass spectrometer on the system re-
vealed that the background pressure con-
sisted almost entirely of H,0, CO,, and
CO.

*Present Address: Boeing Scientific Labora-
tories, P. O. Box 3981, Seattle 24, Washington.

Both the cell used for the thermodesorp-
tion measurements and that used for the
infrared studies could be eooled to —196°C
and maintained at any temperature between
—196° and 500°C or heated at a constant
rate of temperature rise. A cut-away draw-
ing of the infrared sample holder is shown
in Fig. 1.

This container consists of a sample space
through which gas may flow by means of
the tubes coming.out of the top. The sample
is held in a stainless steel elip between the
two inner windows. The space between the
windows not oceupied by the sample is only
a small fraction of a millimeter so that as
little as possible of the gas spectra will be
recorded. The windows are sealed onto the
ends of tubes which can be removed to
change samples or to change windows. A
gold wire gasket is used to seal the flanges
on which these tubes are welded. Stainless
steel is used throughout and the welding is
done by the “Heliarc” process.

Two kinds of windows are used. Sapphire
windows sealed onto metal tubes were ob-
tained from Advanced Vacuum Produects,
Ine. These windows can be heated to 500°C
or cooled to —196°C with no difficulty.
Caleium fluoride windows were also used to
cover a longer wavelength region. These
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Fic. 1. Infrared cell.

were sealed with silver chloride onto plati-
num foil which had been silver soldered
onto the ends of stainless steel tubes, Care
must be taken that the silver chloride does
not come into contact with the stainiess
steel and that the windows be cooled
slowly and evenly after the silver chloride
has been allowed to melt. The calcium fluo-
ride windows have been ecycled between
—78° and 250°C with no difficulty. The
first time they were cooled to —196°C,
however, one of the windows cracked.
Surrounding the sample volume is a space
‘which can be filled with liquid nitrogen, dry
iee, or cooled with cool gas. Nichirome heat-

ing wire in this space is wrapped around the
sample volume. By these means any tem-
perature between —196° and 500°C can be
maintained. Outside of this space is a vac-
uum which acts as an insulator and keeps
the windows from fogging. This vacuum is
continuously pumped. A rubber “O-ring” is
used to seal the vacuum, and the outer cal-
cium fluoride windows are held in place
with rubber cement. The thermocouple wire
is led into the vacuum to make contact with
the inner windows which support the sample
holder.

The infrared samples were disks 25 mm
in diameter and about 0.5 mm thick. They
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were prepared in the following way. Copper
nitrate solution was mixed with silica or
alumina to give a thick paste. The paste
was dried at 110°C to give a cake which
was crushed and sereened through a 150-
mesh sereen. A weighed amount of this
material was transferred to a 1 inch diame-
ter die and pressed at 500 psi for a few
minutes. The pressure was then released
and the pellet carefully removed from the
die. Before the sample was placed in the
infrared absorption apparatus, it was
heated in hydrogen at 140°C for 24 hr. This
was done in a grease-free Pyrex system.
The particle size of the copper was deter-
mined by X-ray line broadening; the ap-
proximate values obtained are given in
Table 1. This table also includes the per-
centage of copper in the sample and the
weight thickness of the pellet.
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spectral band width of the monochromatic
light.

For the thermodesorption studies reagent
grade copper shot was packed into a 6-mm
Pyrex U-tube. This was sealed onto the
vacuum system and placed into a vacuum-
jacketed furnace, which could be ecooled
with liquid nitrogen or cooled nitrogen gas.
Any desired heating rate could be obtained
by the use of a simple motor-driven tem-
perature controller. Gases were let into the
tube by an all-metal valve, while the other
end was connected through a similar valve
to the omegatron mass spectrometer.

The copper shot was oxidized and re-
dueed several times to clean the surface.
The therinodesorption characteristics be-
come constant after several oxidation-
reduction cycles. The completion of re-
duction was determined when no carbon

TABLE 1
SampPLE PROPERTIES

Copper particle Pellet weight

size thickness

Sample Support A) (mg/em?)
109, Copper on alumina, Alon-C (surface area 80 m2/g) ~800 60
109, Copper on silica Cabosil (surface area 200 m?/g) ~100 30
209, Copper on silica Cabosil (surface area 200 m2/g) ~200 30

A Perkin-Elmer Model 12-C single-beam
infrared spectrometer was used with a cal-
cium fluoride prism. This spectrometer was
modified so that the beam was brought to
an external focus after passing through the
monochromator. The sample was placed at
the focus. After passing through the sample,
the beam was refocused on the infrared
detector. There are two advantages to this
arrangement. By placing a sample which
scatters light at a focus, considerably less
light is lost than when it is away from the
focus. By using monochromatic light the
heating of the sample by the beam is
greatly decreased and lower temperatures
can be obtained. The slits of the monochro-
mator were programed to give nearly con-
stant energy in the monochromatic beam at
all frequencies. In all cases reported in this
paper the width of the absorption band due
to adsorbed species is much greater than the

dioxide was formed while passing carbon
monoxide over the sample at 250°C.

Thermodesorption runs were carried out
by letting gas into the sample at appropri-
ate temperatures and pressures. Then the
gas was pumped out and the sample heated
at a constant rate while the gas desorbed
was determined by the mass spectrometer.

Reagent grade gases were used through-
out.

11I. INFRARED ABSORPTION RESULTS

The adsorption of carbon monoxide on
copper metal produces a number of ad-
sorbed species which show infrared absorp-
tion bands. Some absorption spectra are
seen 1 Fig, 2. In this experiment carbon
monoxide was let into the sample chamber
at liquid nitrogen temperature. After satu-
rating the sample, the carbon monoxide was
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Fia. 2. Spectra of carbon monoxide adsorbed on
copper (10% copper on Cabosil) at low tempera-
ture: 1. —188°C in vacuum; 2. —195°C in 200
Torr CO; 3. —188°C CO pumped off; 4. —150°C;
5. —70°C; 6. +5°C; 7. +40°C.

pumped out, and the chamber was heated at
a rate of 0.03°C/sec.

In Fig. 2 there is indication of one or two
absorption bands in the 2100 to 2120 em™
region which persist above room tempera-
ture. Other experiments have shown that
the absorption band at about 2120 em™ per-
sists after evacuation at room temperature
for 15 days. In the presence of gaseous
carbon monoxide, the band at 2100 ecm™ is
still present at 200°C.

There is a broad band centered at 2070
em™ which is still present at —70°C but
gone by +5°C.

Three weak bands occur together: a
sharp band at 2180 e¢m™ and two broad
bands at 1990 cm and 2250 cm™. These
peaks have completely disappeared by the
time —70°C is reached. It may be noticed
that the transmission decreases at 1850 cm™
as the temperature is increased. This is due
to a general decrease of the transparency of
the sample at these frequencies with in-
creasing temperature and has nothing to do
with the adsorbed gas.

None of these low temperature bands
were noted by Kavtaradze and Sokolova
(2). Since they did not use monochromatic
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light, their samples may have been consid-
erably warmer than they thought.

The band at 2150 em which is still in
evidence at —150°C, and the band at about
2130 em™ which disappears as soon as the
gas is pumped out, are not specific to cop-
per, but occur on pure Cabosil. This is
shown in Fig. 3. Also on Cabosil the sharp
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F16. 3. Adsorption of carbon monoxide on silica
(Cabosil): 1, in 100 Torr CO at —195°C; 2, 30
min after CO removed at —188°C.

—OH band at 3750 em™ is converted to a
broad band at 3620 cm™ attributed to
hydrogen-bonded ~OH groups (3). This is
shown in Fig. 4. The hydrogen-bonded band
disappears on pumping out carbon monox-
ide and the sharp —OH band returns. This
indicates that the physically adsorbed car-
bon monoxide which has the absorption
band at 2130 em™ is responsible for the
change in the -OH band.

Further resolution of the adsorption
bands in the 2100 to 2120 em™ region
is obtained by slowly introducing carbon
monoxide and measuring the spectra as the
surface coverage increases. This is shown
in Fig. 5. The gas was introduced at a very
low leak rate at —188°C. An adsorption
band at 2125 em™ occurred first followed by
the appearance of a band at 2100 cm™.
Later the bands at 2070 ecm™ and 2150 em™
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Fic. 4. Effect of carbon monoxide on —OH
bands of silica (Cabosil): 1. —188°C in vacuum;
2. —195°C in CO.

begin to appear. At —188°C it is possible to
partially resolve the bands at 2100 em™
and 2125 em™. At 25°C the bands are too
broad and only a frequency shift in the
over-all band with coverage is observed.
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Fie. 5. Adsorption of carbon monoxide on cop-
per (10% copper on Cabosil) at —188°C: 1-4.
after successive time intervals with low rate of CO
flowing into cell.
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There is also an apparent shift in each of
these two bands with coverage at —188°C,
as is seen in Fig. 5. However, since the
bands are not well resolved, it 1s difficult to
determine the real magnitude of these
shifts.

Spectra of carbon monoxide absorbed on
copper supported on alumina were also ob-
tained. Both Alon-C and “Linde 0.3 A,” a
gamma and an alpha alumina, were used as
supports. In both cases, the band remaining
after evacuation at room temperature was
centered at 2110 em™ in contrast to the
work already reported on silica where the
same band occurred at 2120 to 2125 em™. It
is not apparent whether this difference is
due to the chemical nature of the support or
to the fact that 10% copper on the lower
area aluminas forms larger particles than
does 10% copper on the silica. On a sample
of 209% copper on silica, where larger parti-
cles occur, this band occurred at 2117 em™.

The effect of oxygen on the infrared spec-
trum of carbon monoxide on copper at room
temperature has been discussed by Eischens
and Pliskin (4). They showed that the ad-
dition of oxygen caused the band at 2100
em™ to “shift” to 2120 em. This cffect has
been confirmed here. However, the results
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Fig. 6. Effect of hydrogen on carbon monoxide
adsorption band (10% copper on Cabosil) : 1. after
addition and removal of CO at —20°C; 2. after
Hz added at —20°C.
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shown in Fig. 5 indicate that there are two
bands and suggest that the result of oxygen
is to depress one and enhance the other. By
pumping alone at room temperature, a
“shift” is noticed—the band occurring in
the 2120 em™ region at lowest coverage. It
has also been discovered here that hydrogen
can cause the same effect as oxygen. This is
shown in Fig. 6. The band center moves
from 2110 em™ to 2123 cm™ in this experi-
ment.

In addition to the bands already noted,
a weak band at 1420 cm~ has been ob-
served. It has about the same band width
as the 2100 em™ band at room temperature
in the presence of CO. Its absorption is
about 5% of the 2100 ¢m™ band. Due to the
high absorption of the silica and of the
water vapor in the beam path, this band
is somewhat uncertain.

IV. THERMODESORPTION RESULTS

Upon heating a surface at a constant rate
of temperature rise, adsorbed gas is given
off over a range of temperatures, giving a
bell-shaped curve. This experiment has been
dubbed thermodesorption in a theoretical
analysis of the effect (5). If the entropy of
the activated state is the same as that of
the absorbed state, a width of the peak of
about 20° at 300°K is obtained for heating
rates used here (0.1°C/sec). All of the
peaks reported here are much wider than
this, indicating either an entropy factor
much less than 1 or a spread in activation
energies for desorption. It was felt that the
latter assumption is more reasonable, es-
pecially since many of the peaks show
structure. Assuming a normal entropy fac-
tor, a reasonable approximate formula re-
Iating the activation energy for desorption,
E, to the temperature of the thermodesorp-
tion peak 7y is,

E =0.07 Tiax

where T is In °K and E is in keal/mole.
This equation has been used here in calcu-
lating activation energies for desorption.
Figure 7 shows the thermodesorption
curves for carbon monoxide adsorbed under
different conditions. Although the partial
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pressures obtained were not calibrated in
absolute units (maximum pressures were
less than 10% Torr), the three curves in
Fig. 7 are all in the same units.
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Fic. 7. Thermodesorption of carbon monoxide
from reduced copper shot.

These results show two major peaks. The
low temperature state desorbs at —130°C
which gives an activation energy of about
10 keal/mole. This peak is broad but shows
no definite structure. The other major peak
oceurs at 10°C, giving an activation energy
of about 20 kcal/mole. This peak has a
shoulder at higher femperatures.

Adsorption of CO at —196°C is rapid,
filling the states that cause both of these
peaks. Thus, the activation energy for
adsorption is small, and therefore, the ac-
tivation energy for desorption nearly equals
the heat of adsorption. Trapnell (6) ob-
tained a heat of adsorption of 9.3 keal/mole
at —70°C, which agrees with the lower
temperature thermodesorption peak. Beebe
and Wildner (7) obtain activation energies,
varying with coverage, from 20 to 14 keal/
mole at 0°C; Dell, Stone, and Tiley (8)
obtained a value of about 17 keal/mole at
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20°C. These values correspond to the high
temperature thermodesorption peak.

There is, in addition to these two major
peaks, a double thermodesorption peak at
about 150°C; this gives an activation en-
ergy of 30 kecal. This peak is cnhanced by
long exposure to high pressure and at high
temperatures. This is seen in Fig. 7(b). The
high temperature shoulder on the second
major peak has grown also, shifting this
peak to somewhat higher temperatures.
Also, some CO, was desorbed during this
run. This appears to be due to an impurity
in the system (perhaps on the glass) which
formed CO, which was then adsorbed on
the copper. Or it might have been due to
oxygen dissolved in the copper which was
not completely removed by previous treat-
ments.

Figure 7(c¢) shows that exposure at low
pressures at room temperature does not fill
the state which produces the high tempera-
ture thermodesorption peak. It fills mainly
the state which was only a shoulder in
Fig. 7(a). The high temperature state has
not been observed in other studies and
needs more work to substantiate and char-
aeterize it,

If carbon monoxide is let in at —196°C
until only a small fraction of the surface is
covered, then the thermodesorption curve is
the same as that in Fig. 7{c), in that the
desorption occurs only in the higher tem-
perature part of the second peak.

V. DiscussioN

The filled molecular orbitals of earbon
monoxide consist (9) of an unshared pair
on the carbon atom, an unshared pair on
the oxygen atom, a o-bonding orbital, and
two =-bonding orbitals. There are also, un-
filled, & o-antibonding orbital and two
=-antibonding orbitals. The formation of
metal carbonyls consists of donation of
electrons from the unshared pair on the
earbon atom to the metal plus back-bonding
from filled d orbitals of the metal to the
=-antibonding orbitals on the ecarbon atom.
With electrons placed in the antibonding
orbital, the carbon oxygen bond is weak-
ened, and the infrared absorption band is
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shifted to lower frequencies. This happens
both in the metal earbonyls and in adsorp-
tion of carbon monoxide on metals which
form earbonyls. For the metals with filled
d shells such as copper, silver, and gold the
adsorption of carbon monoxide is much
weaker and the shift in frequency is either
small as in copper or actually positive as in
silver or gold. The infrared bands of carbon
monoxide absorbed on gold and silver oceur
at frequencies of 2174 em™ and 2182 em™,
respectively (10), whereas, the fundamental
frequeney for gasecus earbon monoxide is
2143 em™ (11).

However, the frequency corresponding to
CO+ 1s 2184 em (11). It is apparent that
the addition of electrons to the carbon mon-
oxide molecule weakens the carbon—oxygen
bond while removing electrons from it
strengthens the bond. While there are objec-
tions (72) to treating the shifts in fre-
quency of carbon monoxide on adsorption
as due simply to the formation of ions, it
is valid to consider this effect as partially
responsible for the shifts,

The surface potential of eopper or gold
becomes more positive upon adsorption of
carbon monoxide in contrast to the d met-
als, where it becomes more negative (13).
Exposure of copper at —183°C to carbon
monoxide results in an inerease in surface
potential until about one-quarter of the
surface is covered, whereupon the surface
potential decreases until at a coverage of
about one-half (the maximum uptake at
low pressure} the surface potential is about
one-half of the maximum value. Since the
addition of carbon monoxide to copper at
—188°C results in new infrared bands ap-
pearing as the coverage inereases, the de-
crease in surface potential should be at-
tributed to new speeies rather than an
inductive effect lowering the dipole contri-
bution of all adsorbed molecules. The bond
between most chemisorbed molecules and
metals is covalent but with an ionic con-
tribution (14). The dipole moment of car-
bon monoxide is small {(0.118 Debye units)
(15}, indicating that the surface potential
due to carbon monoxide adsorption is due
to charge transfer between the molecule and
the metal,
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TABLE 2
ADsORPTION STATES oF CARBON MoNOXIDE oN COPPER

Desorption

energy from Thermo-
Infrared infrared desorption Heat of
frequency experiment energy adsorption Rate of Surface
State (cm™1) (kcal/mole) (kecal/mole) (keal/mole) adsorption potential Coverage
0 a 2130 6 — — — — Pressure
dependent
(on 8i0;) b 2150 9 — — — —
I 1990
a4 2180
2250 9 10 9.3 Fast —0.164 ~1/44
b 2070 14 at —196°C
II a 2100 21 20-14°
20 Fast +0.324 ~1/44
b 2120 26 17¢ at ~196°C
111 — — 30 — Slow — —
¢ Reference 6.
b Reference 7.
¢ Reference 8.
4 Reference 1.
Table 2 is an attempt to correlate the
results of various experiments. The infrared 4o
spectra tend to indicate more detail than is 20l
obtained by other measurements. The State . |- ON SiLICA
I1I, which is only observed in thermode- & ©f
sorption measurements, may be due to dif- ¢ 20k
fusion into small pores of the copper. The 37 |
surface is definitely roughened by the oxi-  z -4of- ON COPPER
dation-reduction treatment. Both States I & |-
and IT are complex. Even the thermode- g-eo:
sorption results show that State II is made  “ _gq|
up of overlapping peaks. The infrared re- =
~100 | [ | 1 It 1 |

sults indicate that there are several discrete
states rather than a continuous variation in
bonding with coverage.

An interesting correlation can be seen
from a plot of the frequency shift between
gaseous carbon monoxide and adsorbed car-
bon monoxide versus the heat of adsorption
(assuming this equals the activation energy
for desorption). This is shown in Fig. 8 and
includes both adsorption on copper and
silica. It is tempting to assume that the
bands at 2120 and 2150 are due to positive
ions; those at 2100 and 2130 are due to
neutral atoms, and that at 2070 is due to a
negative ion. However, the shift from a
neutral to a positive ion is 41 em™ in the

0 5 10 5 20 25 30 35
ADSORPTION ENERGY (K cal /mole)

F1a. 8. Frequency shift versus adsorption energy.

gas, whereas, the shift with the adsorbed
carbon monoxide is 20 em™ on both copper
and silica. These data should be valuable
for a quantum mechanical treatment of car-
bon monoxide adsorption. The adsorption of
carbon monoxide on copper is due to both a
donation of electrons plus back bonding
into a = orbital. Apparently the several
states on copper vary principally in the
amount of electron donation. The more
firmly bound states are more positively
charged and hence show less of a frequency
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shift in the carbon—oxygen bond. Possibly
the electrons play the same role in adsorp-
tion on silica without the aceeptance of
electrons into the = orbitals.

The three weak bonds at 1990, 2180, and

2250 suggest some interaction between ear-
bon monoxide molecules. For example, car-
bon suboxide, which has two C-O units
bonded to one ecarbon atom, has three
bands, at 1980, 2190, and 2290 (16).
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