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The nature of the species present on a Ru/Al,O; catalyst during CO hydrogenation was studied by
means of Fourier-transform infrared spectroscopy. Three forms of adsorbed CO were identified,
designated as linearly adsorbed, diadsorbed, and u-bridge adsorbed. The coverage by the linearly
adsorbed form of CO obeys a Langmuir isotherm under reaction conditions. The equilibrium
constant associated with this isotherm is given by Koo = 1.1 X 1072 exp(25,000/RT) atm™'. The
diadsorbed species is associated with individual Ru atoms and clusters and, in contrast to linearly
adsorbed CQ, does not readily undergo hydrogenation at temperatures below 548 K. The u-bridge
form of adsorbed CO may involve either a pair of Ru sites or a Ru site and an adjacent Lewis acid
site. Hydrocarbon, formate, and carbonate structures were also observed in the course of this
study. It was established, however, that these species are present on the alumina support and are

not intermediates of CO hydrogenation over Ru.

INTRODUCTION

Infrared spectra taken during the hydro-
genation of CO over ruthenium catalysts
have helped to identify the dominant spe-
cies absorbed on the catalyst (/-5). Dalla
Betta and Shelef (/) have reported that the
surface of a Ru/Al,O3 catalyst is nearly
saturated by absorbed CO at temperatures
up to 523 K. It was suggested that the
presence of hydrogen on the catalyst sur-
face weakens the C-O bond of chemi-
sorbed CO, since the band for this species
appeared at a lower frequency than that
observed for CO chemisorbed in the ab-
sence of hydrogen. At higher temperatures
the buildup of carbon on the catalyst
caused a further shift of the CO bond to
lower frequencies and a decrease in the
band intensity. Bands attributable to hydro-
carbon, formate, and carbonate structures
were also observed but these species were
ascribed to reaction products absorbed on
the support. Chemisorbed CO has also
been observed as a dominant species in the
studies conducted by Ekerdt and Bell (2, 3)
using a Ru/SiO, catalyst. In this work the
position and intensity of the CO band were
found to be independent of the H,/CO ratio
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or the CO partial pressure. A decrease in
the band intensity, unaccompanied by a
shift in position, was observed with in-
creasing temperature and was ascribed to a
reduction in the CO coverage. Bands were
also observed for hydrocarbon species.
These structures could be removed from
the catalyst surface by hydrogenation, but
did not appear to be intermediates in the
synthesis of stable products. Additional ob-
servations concerning the hydrocarbon
structures formed on Ru/Si0O, and
Ru/AlLO; catalysts have been presented by
King (4, 5). Strong bands attributable to
long-chain saturated hydrocarbons were
observed at temperatures below 473 K.
While the exact point of attachment of
these structures could not be defined, it was
concluded that the species observed were
not intermediates in the formation of gas-
phase products. At higher temperatures
changes in the shape and position of the
hydrocarbon band suggested the presence
of short-chain species. It was proposed that
these species are attached to the metal sur-
face and might be intermediates in the syn-
thesis reaction.

The primary objective of the present in-
vestigation was to characterize more fully
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the influence of reaction conditions on the
concentration of the species absorbed on a
Ru/Al,O; catalyst during CO hydrogena-
tion. Fourier-transform infrared spectros-
copy was used for this purpose, and partic-
ular attention was devoted to interpretation
of the bands ascribed to chemisorbed CO.
Working under conditions chosen to avoid
significant catalyst deactivation, three dif-
ferent forms of absorbed CO were
identified. These are designated as linearly
absorbed, diabsorbed, and u-bridge-ab-
sorbed CO. A detailed study was made of
the effects of reaction conditions on the
position and intensity of the band associ-
ated with the linearly absorbed CO. On the
basis of these observations, estimates were
made of the variation in the coverage by
this species with CO partial pressure and
catalyst temperature. As a complement to
these studies the kinetics of forming C,
through C,, hydrocarbons were examined
in detail. The results of these efforts to-
gether with a discussion of the mechanism
of hydrocarbon synthesis over ruthenium is
presented separately (6).

EXPERIMENTAL

The 1% Ru/AlO; catalyst used for these
studies was prepared by absorption of the
RugC(CO)y; from pentane solution onto
Kaiser KA-201 alumina. Details concerning
synthesis of the complex, impregnation of
the support, and the reduction of the final
catalyst are described in Refs. (6, 7). A 75-
mg portion of the reduced catalyst was
pressed into a 20 X 0.25-mm disk and
placed inside a small infrared reactor (8).
The dispersion of the freshly prepared cata-
lyst, determined by H, chemisorption, was
~1.0.

Prior to each series of experiments, the
catalyst was reduced in flowing H, for 10 to
12 hr at 673 K and 10 atm. The temperature
was then lowered to 498 K and a premixed
feed, containing H, and CO, was intro-
duced at a flow rate of 200 cm®/min (NTP).
Ten minutes after reaction had begun, the
effluent gas was analyzed by gas chroma-
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tography (6), and the gas feed was switched
over to pure H, for 1 hr. By alternating
short reaction periods and longer reduction
periods, a stable catalyst activity could be
achieved after several cycles. The Ru dis-
persion decreased to 0.52 during the initial
reaction periods but remained constant
thereafter. Once a stable catalyst activity
had been obtained, reaction conditions
were adjusted to those desired for a particu-
lar experiment. For all of the conditions
used in the present study, methane, C,
through C,, hydrocarbons (mainly olefins),
and methanol were observed as the primary
synthesis products (6).

Infrared spectra were taken with a Digi-
lab FTS-10M Fourier-transform infrared
spectrometer, using a resolution of 4 cm™'.
For the observation of steady-state phe-
nomena, 100 interferograms, each acquired
in about 1.25 s, were co-added to improve
the signal-to-noise ratio. However, good
spectra could also be obtained by co-adding
as few as 10 interferograms. In addition to
recording spectra of the catalyst under re-
action conditions, spectra were also re-
corded of the catalyst, following reduction
in H,, and of a support disk, placed down-
stream from a catalyst disk, during reac-
tion. The latter two spectra were used to
subtract out infrared absorptions due to the
support and the gas phase.

RESULTS AND DISCUSSION

Infrared spectra of the catalyst taken
under reaction conditions showed bands in
two regions, one set appearing between
3200 and 2700 cm™! and another set appear-
ing between 2300 and 1200 cm™'. The bands
in the first of these regions are associated
with absorbed hydrocarbons, while bands
in the second region are due to carbonyl,
carbonate, and formate structures. To iden-
tify whether these structures are present on
the surface of the metal and/or support and
to identify the relative stability and reactiv-
ity of individual structures, spectra were
taken under a variety of conditions.
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Bands Observed between 2300 and 1200
cm™!

Spectral observations. Representative
spectra of the most prominent features ob-
served in this region, during reaction at
pressures of 1,5, and 10 atm, are shown in
Fig. 1a. The spectrum shown at each pres-
sure represents the difference in the absorb-
ances of the catalyst and reference disks,
measured in the presence of the same gas
composition. A broad band can be seen
near 2000 cm™' superimposed on which is a
weakly defined shoulder of 2040 cm™! and a
partially resolved band at 1960 cm™'. All
three features appear immediately upon
passage of the H,—~CO mixture over the
catalyst and the integrated intensity of the
band envelope grows by about 10-15%
over a 20-min period of observation. It is
significant to note, though, that the posi-
tions of the three bands are totally unal-
tered during this period. Figure 1b shows
spectra taken following cessation of the
reaction and reduction in H,. The intense
band near 2000 cm™! is now completely
eliminated, thereby revealing very clearly
the bands at 2040 and 1960 cm™!. It is noted
that the intensities of these two peaks are
independent of the reaction pressure.
Moreover, the structures giving rise to
these features are stable to reduction at

T T T 7T 1

2015

2010
{ |
2000
2

3 3
M te)
IR

2100 2000 1800 1800
Frequency fem™ ')

Absorbance

E?i

{a)
L
2100 2000 1900 1800

Ly o« |
2100 2000 1900 1800

F1G. 1. Spectra obtained at 458 K during reaction
and subsequent reduction in H,: (al) P = 10 atm,
H,/CO = 2;(a2) P = 5 atm, H;/CO = 2; @3) P = 1
atm, Hy/CO = 2; (bl) after (al) and following reduc-
tion in H, at 10 atm; (b2) after (a2) and following
reduction in H, at 5§ atm; (b3) after (a3) and following
reduction in H, at 1 atm; (c1) difference between (al)
and (b1); (c2) difference between (a2) and (b2); (c3)
difference between (a3) and (b3).
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temperatures below 548 K and can only be
removed at higher temperatures. Spectra of
the species removed by reduction at reac-
tion temperatures are shown in Fig. 1c, and
are obtained by taking the difference be-
tween the spectra presented in Figs. 1a and
b. Each spectrum consists of a broad,
asymmetric band which does not return to
the baseline at low frequencies. With in-
creasing reaction pressure, the intensity of
this band increases and the band maximum
shifts to higher frequencies.

The effects of temperature on the spectra
of the species susceptible to H, reduction
are illustrated in Fig. 2. The spectra shown
in this figure represent the difference be-
tween spectra taken under reaction condi-
tions and those obtained following H, re-
duction of the catalyst at the reaction
temperature. This mode of presentation is
similar to that used in Fig. lc, with the
exception that bands associated with the
gas phase and species weakly bound to the
support are not subtracted out. The series
of peaks occurring between 2300 and 2060
cm™! is due to gas-phase CO. These bands
are clearly evident in spectrum e, which
was obtained under the conditions of spec-
trum b using a disk of alumina free of Ru.
Both the position and intensity of the band
near 2000 cm™! depend on the catalyst
temperature. As the temperature increases,
the band maximum shifts to lower frequen-
cies and the intensity decreases.

In addition to the major features appear-
ing at 2000 cm™, a broad band can be seen
in Fig. 2, which extends between 1800 and
1200 cm™!. Superimposed on this band are
five more sharply defined bands at 1750,
1590, 1450, 1390, and 1370 cm™!. Only the
weak band at 1750 cm™' is due to chemi-
sorbed CO. On the basis of studies by Dalla
Betta and Shelef (/) and King (4, 5), the
bands at 1590, 1390, and 1370 cm™! can be
assigned to formate structures, and the
band at 1450 cm™ can be assigned to car-
bonate structures. Both types of species are
formed on the alumina support and accu-
mulate during reaction. Upon reduction of
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Fi1G. 2. Spectra of chemisorbed CO under reaction
conditions and following adsorption of CO: (a) sample
spectrum—H,/CO = 2, P = 1 atm, T = 498 K;
reference spectrum——after reduction in H, at 1 atm and
498 K; (b) sample spectrum—H,/CO = 2,P = latm, T
= 523 K; reference spectrum—after reduction in H, at
1 atm and 523 K; (¢) sample spectrum—H,/CO = 2, P
= 1 atm, T = 548 K, reference spectrum—after
reduction in H, at 1 atm and 548 K; (d) sample
spectrum—after CO adsorption at 1 atm and 523 K and
elution of gas-phase CO with He; reference spec-
trum—after reduction in H, at 1 atm and 523 K; (e)
sample spectrum—P, = 1 atm, T = 523 K; reference
spectrum—after reduction in H, at 1 atm and 523 K.

the catalyst in H,, the intensity of the bands
associated with these species diminishes.
As a result, the background spectra used in
obtaining the spectra presented in Fig. 2
show a decrease in the intensity of the for-
mate and carbonate bands with increasing
temperature, and, consequently these
bands are emphasized in the difference
spectra shown.

The similarity of spectra obtained under
reaction conditions with those obtained by
exposure of the catalyst to CO alone can be
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seen by comparison of spectra b and d in
Fig. 2. The latter spectrum was obtained
after passing CO over the catalyst for 5 min
and then eluting the gaseous CO with He
for 0.5 min. With the exception of the gas-
phase bands, which are not present in spec-
trum d, spectra b and d are virtually iden-
tical.

A more detailed illustration of features
appearing on the low-frequency side of the
principal carbonyl band is shown in Fig. 3.
This spectrum is similar to spectrum d in
Fig. 2 but was obtained at 448 K. At this
temperature the formate and carbonate
structures are not removed upon reduction
and consequently the bands associated with
these species are subtracted out com-
pletely. The broad band between 1800 and
1200 cm™' is now seen to be composed of
two broad bands centered at approximately
1700 and 1500 cm™'. In addition, a definite
shoulder can be observed at 1920 cm™', on
the low-frequency side of the band near
2000 cm™',

All of the bands observed in Figs. 1 and 2
are attenuated slowly upon passage of He
over the catalyst and much more rapidly in
the presence of H,. An illustration of these
changes is shown in Fig. 4. Passage of He
over the catalyst causes a slow decrease in
the intensity of the principal band and a
concurrent downscale shift in its position.
More careful examination of spectra 1
through 4 reveals that initially intensity is
lost from the high-frequency portion of the
principal absorption band and from the
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Fi1G. 3. Spectrum obtained following CO adsorption
at 1 atm and 448 K and elution of gaseous CO by He.
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Fi6. 4. Effects of He and H, on the intensities of bands associated with adsorbed CO: adsorption
conditions—P¢, = 3.3 atm, T = 498 K; (al) following exposure to a He flow at 498 K for 0.5 min; (a2)
2.7 min; (a3) 14.0 min; (a4) 46.0 min; (a5) following exposure to a H, flow at 498 K for 0.2 min; (a6) 0.5
min; (b4) same as (a4) expanded fourfold; (b5) same as (a5) expanded fourfold; (b6) same as (a6)
expanded fourfold; (c1) difference between (al) and (a2) expanded twofold; (c2) difference between
(a2) and (a3) expanded twofold; (c3) difference between (a3) and (ad) expanded twofold.

peaks present below 1900 cm™'. This obser-
vation is supported by spectrum 1 in Fig.
4c, which represents the difference be-
tween spectra 1 and 2 in Fig. 4a. With
increasing time, the region from which in-
tensity is lost shifts toward lower frequen-
cies, indicating that the position of the high-
frequency component of the principal band
shifts to lower frequencies as its intensity
decreases. Eventually, though, intensity is
lost from both the high- and low-frequency
regions of the principal absorption band
and from the peak located near 1700 cm™'.
Spectra 2 and 3 in Fig. 4¢ illustrate these
changes.

The relationship between the position of
the principal band and the relative inte-
grated absorbance of the band is shown in
Fig. 5. If it is assumed that the extinction
coefficient associated with this band is con-
stant, then the abscissa in this figure is
equivalent to a fractional surface coverage.
The plot is seen to consist of two distinct
branches. As the ratio A/A, decreases from
unity, veo shifts from 2030 cm™' to lower
values but at an ever decreasing rate. When
A/A; reaches 0.55, the decrease in v¢q
accelerates. Finally, at A/A;, = 0.2, v,
reaches a value of 1950 cm™'.

Figure 4 also shows that the reduction of
preadsorbed CO in H, causes a very rapid
decline in the intensity of the high-fre-
quency side of the principal band and of the
broad band centered at 1700 cm™'. As a
consequence, the bands located at 1920 and
1500 cm™ can now be seen more clearly.
Spectrum 4 in Fig. 4b shows that the bands
are also attenuated as the duration of reduc-
tion is extended.

Assignment of carbonyl bands. The
present results show that as many as six
bands can be identified for chemisorbed
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F1G. 5. Relationship between the frequency of the
principal carbonyl adsorption band and the coverage
by linearly adsorbed CO.
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CO, located at 2040, 2030-1950, 1920, 1750,
1700, and 1500 cm™!. The assignment of
these features to specific structures is ex-
amined next, following which the stability
and reactivity of the various forms of ad-
sorbed CO are discussed.

The strong band observed between 2030
and 1950 cm™' falls within the range of
frequencies (2085 to 1950 cm™') associated
with linearly bonded CO in Ru carbonyl
complexes (9). As a result, it is reasonable
to assign this band to linearly adsorbed CO.
This interpretation is further supported by
recent EELS (/0) and reflectance infrared
(/1) studies of CO adsorbed on a Ru(001)
surface. The spectra obtained in these in-
vestigations exhibit a single band which
shifts with increasing CO coverage from
about 1980 cm™! to as high as 2080 cm™!, as
a result of strong lateral interactions in the
adlayer. LEED (/0, 12-/4) and ESDIAD
(15) observations support the assignment of
this band to linearly adsorbed CO.

While the shift in band position with
coverage observed in the present work is of
the same magnitude as that reported for CO
adsorption on Ru(001) surfaces (/0, //),
the highest and lowest frequencies ob-
served in the single-crystal studies are nota-
bly higher than those shown in Fig. 5. This
difference may be due to differences be-
tween the physical properties of alumina-
supported Ru microcrystallites and bulk Ru
metal. It is also possible that at least a part
of the difference may be due to the pres-
ence of carbon on the surface of the sup-
ported Ru, formed by CO disproportiona-
tion. Carbon has been found to act as an
electron donor and to enhance the back-
donation of electronic charge from the
metal to the #* orbitals of CO (/). This
would have the effect of weakening the C-
O bond and shifting its frequency down-
scale. It is significant to note, that while
carbon deposition via CO disproportiona-
tion has been observed for alumina-sup-
ported Ru (/6, /7), no evidence has been
reported for the occurrence of this reaction
on Ru(100), (001), (101), (110) surfaces
studied at low pressures (/2, /18-21).
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As was noted earlier, during reaction the
band near 2000 cm™' undergoes a moderate
(10-15%) growth in intensity which is unac-
companied by changes in the band position.
A possible explanation for this observation
is that the Ru dispersion increases slightly
with time of reaction but that the fractional
coverage of the surface remains the same.
The fact that such changes are not observed
upon exposure of the catalyst to CO alone
and that the rate of change is accelerated by
higher reaction pressure, at a fixed Hy/CO
ratio and temperature, suggests that the
changes in Ru dispersion may be caused by
the local release of the heat of CO hydroge-
nation. Under this influence some of the
smaller three-dimensional microcrystallites
may be converted to two-dimensional rafts,
thereby exposing a greater fraction of sur-
face Ru atoms.

The spectra presented in Figs. 1 and 2
indicate that both the frequency and inten-
sity of the band assigned to linearly ad-
sorbed CO decrease with decreasing CO
partial pressure and increasing catalyst
temperature. Since, as was shown in Fig. 3,
the spectra observed for CO chemisorbed
in the presence and absence of H, are virtu-
ally identical, it seems reasonable to pro-
pose that the changes observed under reac-
tion conditions can be ascribed to changes
in the coverage of the Ru surface by lin-
early adsorbed CO. Because of the increase
in band intensity with duration of reaction,
discussed above, band intensity cannot be
used as a reliable measure of the coverage
of linearly bonded CO. An estimate of the
fraction of the total sites which could be
covered at saturation by this species can be
attained, however, by assuming that the
extinction coefficient for the band near 2000
cm ' is independent of coverage and then
using the relationship between frequency
and coverage noted in Fig. 5. It should be
noted, though, that the assumption under-
lying such calculations is not fully estab-
lished. In studies conducted by Pfniir et al.
(11), the intensity of the infrared band
associated with CO chemisorbed on a
Ru(001) surface was found to increase lin-
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early with CO coverages, up to a coverage
of one-half of saturation. For higher cover-
ages, the integrated intensity declined.
These results would suggest that the extinc-
tion coefficient decreases at coverages ap-
proaching saturation. However, since only
a monotonic change in integrated intensity
with coverage was observed in the present
work, it can be concluded that the trend
observed for a Ru(001) surface does not
necessarily apply to alumina-supported Ru
microcrystallites.

Applying the approach described above,
a series of isotherms can be constructed to
determine the coverage of linearly ad-
sorbed CO under reaction conditions. Fig-
ure 6 shows that on a plot of 6.,! versus
P! the data fall along straight lines, inde-
pendent of the H, partial pressure. Conse-

quently, 6., can be described by a
Langmuir isotherm of the form
_ _KeoPeo

OCO - 1 + KCOPCO’ (1)

where K, is the effective equilibrium con-
stant for CO adsorption. From the slopes of
the lines presented in Fig. 6 it is determined
that

Ke = 1.1
X 107 exp(25,500/RT) atm™'. (2)
The heat of adsorption appearing in Eq. (2)

is in excellent agreement with activation
energies for CO desorption determined in
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studies conducted with Ru single crystals
(17-21) and, in particular, with the value
reported by Pfniir e al. (21) for desorption
from Ru(001) at near-saturation coverage.
The present results also agree with the
activation energy for CO desorption deter-
mined for the weaker of the two adstates
reported by Low and Bell (22) for
Ru/ALO;. The stronger state is character-
ized by an activation energy of 37
kcal/mole and, hence, would be fully satu-
rated at the high CO coverages reported
here. The preexponential factor in Eq. (2) is
two orders of magnitude smaller than that
calculated from data presented by Pfniir ez
al. (21). A possible explanation for this
difference may be that the frequency factor
for CO desorption from the surface of alu-
mina-supported Ru is two orders of magni-
tude higher than that for desorption from a
Ru(001) surface.

The observations concerning the band
for linearly adsorbed CO reported here are
in qualitative agreement with previous
studies of a similar nature, but some differ-
ences exist with regard to the interpretation
of the shifts in band position with reaction
conditions. Working with a 5% Ru/AlLO;
catalyst, Dalla Betta and Shelef (/) re-
ported that the spectrum of CO adsorbed at
523 K from a 1l-atm CO/He mixture
(0.025:0.975 mole fraction) exhibited a sin-
gle band centered at 2043 cm™'. When the
catalyst was contacted with a H,/CO/He
mixture (0.075:0.02510.900) at the same
temperature and pressure, the band shifted
to 1996 cm™!, and the integrated band inten-
sity decreased by 12%. A similar effect of
H, was noted by King (4) in studies per-
formed with a 1% Ru/Al,O; catalyst. Dos-
ing the catalyst with CO at room tempera-
ture produced a band at 2045 cm™' which
shifted to 2020 cm™' following exposure of
the adsorbed CO to a H; pressure of 5.4
atm. Both Dalla Betta and Shelef (/) and
King (4) have proposed that the shift in CO
frequency could be attributed to an in-
crease in the availability of electrons for
back-bonding from the metal to the ad-
sorbed CO, resulting from the presence of
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coadsorbed H atoms. While this interpreta-
tion is plausible, it seems that one could
equally well explain these observations in
terms of a decrease in the dipole-dipole
interactions resulting from a small change
in the surface coverage by CO (//). As may
be seen in Fig. 5, a 15% decrease in the
integrated absorbance of the band from its
maximum value corresponds to a shift in
the band from 2030 to 2000 cm™. Selection
between these two interpretations is not
clear-cut, particularly since the influence of
adsorbed hydrogen may be affected by the
partial pressures of H, and CO used for
specific experiments.

Dalla Betta and Shelef (/) and King (4)
reported that increasing the temperature
while passing a continuous flow of H, and
CO over the catalyst caused a downscale
shift in the position of the band for linearly
adsorbed CO and a reduction in the band
intensity. Provided temperatures did not
exceed ~523 K and reaction times were
relatively short, the initial CO band could
be restored simply by cooling the catalyst
in the flowing H,/CO mixture. At higher
temperatures and with durations of reaction
exceeding several hours, much of the CO
band intensity remained lost upon cooling.
Dalla Betta and Shelef (/) attributed the
irreversible changes in CO band position
and intensity to the interaction of the metal
with a carbonaceous deposit. King (4) con-
curs with this explanation but suggests that
the reversible changes in the band charac-
teristics are due to depletion via reaction of
more weakly bound forms of CO which
exhibit absorptions toward the high-fre-
quency side of the CO band.

In the present study the duration of reac-
tion was kept to less than 20 min and the
temperature never exceeded 548 K, in or-
der to avoid extensive catalyst deactivation
due to the buildup of carbon. As a result, it
is believed that the changes in CO band
frequency and intensity with temperature
shown in Fig. 2 are not due to the accumu-
lation of carbon on the catalyst surface but,
rather, to changes in the coverage of lin-
early adsorbed CO.
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The bands observed at 2040 and 1960
cm~! in the present work are very similar
to those reported by Kuznetsov et al. (7)
in their studies of the structures formed
upon decomposition of alumina-supported
Ruy(CO)ye, a-HRu(CO)yy, and RueC
(CO),;. In each case, reduction of the sup-
ported cluster in H, at temperatures less
than 573 K led to the appearance of two
bands of nearly comparable intensity, lo-
cated at 2047-2052 and 1965-1970 cm™'.
Comparison of the positions of these bands
with those for Ru-halocarbonyl complexes
leads to the conclusion that the two bands
arise from structures of the form
[RU(CO).Xs], (7, 9). The element X in this
structure is assumed to be the oxygen of the
alumina lattice and the number n represents
the number of Ru atoms present in the
surface structure.

Consistent with the proposed interpreta-
tion, the bands appearing at 2040 and 1960
cm™! can be associated with the symmetric
and asymmetric modes of vibration of C-O
bonds in a pair of CO molecules attached to
a common Ru site. The angle between the
two CO molecules, 2¢, can be estimated
from the ratio of the integrated absorbances
of the symmetric and asymmetric bands,
Agm and A,qm, by means of Eq. (3) (23—
25):

Aasym/Asym = tan‘la‘ (3)
This relationship has been shown to pro-
vide an accurate measure of o for dicar-
bonyl transition metal complexes in which
the two CO ligands are in a cis
configuration. Application of Eq. (3) to the
bands at 1960 and 2040 cm™' leads to an
estimate of 100+5° for the angle between
the two CO molecules attached to a com-
mon Ru site. By way of comparison, it is
noted that bond angles between 93 and 96°
have been reported for (7-CsH;)Fe(CO).X
(X = Cl, Br, I) and a bond angle of 91° has
been reported for Rhy(CO),Cl, (24, 26).
Thus, it appears that the angle between
diadsorbed CO molecules is similar to that
found for transition metal complexes.
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The independence of the vibrational fre-
quencies associated with the diadsorbed
CO structures on the coverage by singly
adsorbed CO indicates that the two struc-
tures are, most likely, not coupled by di-
pole—dipole interactions (25). This observa-
tion together with the fact that the
diadsorbed CO is much more stable to
decomposition or reduction than monoad-
sorbed CO, suggests that the diadsorbed
structures occur at sites isolated from the
Ru crystallites. Examples of such sites
might be individual Ru atoms or small Ru
clusters. This interpretation is supported by
the fact that the intensity of the bands at
2040 and 1960 cm™ can be attenuated
significantly by extended exposure of the
catalyst to CO without affecting the intensi-
ties or positions of other CO bands (27).

The band appearing at 1920 cm™ in Fig. 3
occurs at a frequency about 30 cm™! lower
than that normally ascribed to linearly
bonded CO in unsubstituted Ru carbonyls.
However, C-O vibrational frequencies as
low as 1900 cm™ have been observed for
linearly bonded CO in Ru carbonyl com-
plexes containing nucleophilic ligands (9).
In view of this, the band at 1920 cm™ can
be assigned to CO adsorbed in a linear
mode at a site adjacent to a nucleophilic
adsorbate. The most likely candidate for
the latter species is carbon, formed as an
intermediate in either CO disproportiona-
tion or hydrogenation.

The weak peak at 1750 cm™ and the
broad peaks at 1700 and 1500 cm™ appear
at frequencies much lower than those nor-
mally associated with bridging carbonyls
(1880-1813 cm™!) in Ru complexes (9). Re-
cent studies have shown that CO vibrations
do occur in this portion of the spectrum for
u-bonded carbonyls, in which coordination
occurs through both the carbon and oxygen
atoms of CO, and for adducts formed be-
tween metal carbonyls and Lewis acids.
When coordination takes place exclusively
with metal atoms, CO frequencies of 1645
cm™! for Mny(CO)5(Ph,PCH,PPh,), (28) and
1330 cm ™ for (3-CsH;);Nby(CO), (29) have
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been observed. The large difference in
these frequencies reflects the fact that u-
bonding can occur in different ways. In the
case of adducts of metal carbonyls with
Lewis acids, C-O stretching frequencies
are observed in the range of 1530-1700
cm (19,30). In the case of
Ruy(CO),,  AlBr,, a strong band is seen at
1535 cm™! and spectra of the 1:1 and 1:2
adducts of [(m-C;H;)Ru(CO),], with isobu-
tyl aluminum exhibit a band at 1680 cm™
9, 30).

Reactivity of carbonyl structures. The
spectra presented in Figs. 1 and 3 demon-
strate that the different forms of adsorbed
CO exhibit significant differences in reac-
tivity with respect to H,. The two types of
linearly adsorbed CO, which are character-
ized by the band appearing between 2030
and 1950 cm™ and the band appearing at
1920 cm™, react rapidly with H,. Transient-
response experiments (3/) have shown that
the dynamics of the disappearance of these
bands correlate closely with the formation
of methane and water, which suggests that
linearly adsorbed CO is the primary source
of carbon for the synthesis reaction. Figure
3 shows that the band at 1700 cm™ is also
attenuated rapidly during H, reduction. No
study has been made of the reaction dy-
namics associated with this band and hence
it is not possible to conclude whether the u-
bonded form of CO which this band repre-
sents is an important reaction precursor.

The pair of bands at 2040 and 1960 cm™
are relatively stable to reduction and atten-
uate only slowly at temperatures above
300°C. This fact, plus the general behavior
of these bands, suggests that diadsorbed
CO does not enter into the synthesis of
hydrocarbons under the reaction conditions
examined in these studies. Consistent with
this conclusion it has been found (27) that
catalysts which exhibit a high proportion of
diadsorbed CO relative to singly adsorbed
CO are less active than catalysts which
exhibit the reverse relationship between the
two forms of adsorbed CO. The u-bonded
form of CO characterized by the band at
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1500 cm™ is only slightly less reactive than
the linearly adsorbed form of CO. How-
ever, because of the weak intensity of this
band it has not been possible to relate the
intensity of this band to the catalyst ac-
tivity.

Bands Observed between 3200 and 2700
cm™1

Figure 7 shows a sequence of spectra for
the frequency range between 3200 and 2400
cm™, taken at different times during the
course of a run. The spectrum taken after
0.5 min shows only a very noisy baseline
due to the poor transmission of the catalyst
disk in this frequency regime. After 10 min
of reaction, well-defined peaks can be de-
tected at 2930 and 2860 cm™!. The intensity
of these features increase steadily with time
and after 20 min a shoulder can be detected
at 2960 cm™! in addition to the two more
intense bands. It is significant to note that
over the same period of time the intensity
of the principal CO band increases by less
than 8% and its position remains fixed at
2010 cm™.

Spectra of the C-H stretching region
taken at different temperatures, pressures,
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V\r\/\/\ll.i/;n/i:ﬁ

0.5 min

I Y S ST
3200 3000 2800 2600 2400

v (cm™)

F1G. 7. Effects of reaction duration on the intensities
of bands appearing between 2400 and 3200 cm™:
H,/CO = 3;P = latm; T = 498 K.
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FiG. 8. Effects of temperature on the intensities of
bands appearing between 2700 and 3200 cm™": H,/CO
= 2; P = 10 atm; observation time = 10 min.

and H,/CO ratios exhibit the same set of
bands observed in Fig. 7. By way of illus-
tration, three spectra are shown in Fig. 8§,
taken after 10 min of reaction at tempera-
tures of 498, 523, and 548 K; a pressure of
10 atm; and a H,/CO ratio of 2. It is seen
that the positions of the three bands remain
fixed and are insensitive to changes in the
reaction conditions. The increase in band
intensities with increasing temperature can
be associated with the more rapid rate of
accumulation of species absorbing infrared
radiation in this portion of the spectrum.
The stability of the bands in Figs. 7 and 8
were examined by treating the catalyst in
various gas mixtures following reaction.
Purging the reactor with He or a CO/He
mixture at reaction temperature had no
effect on the band intensities. The bands
were rapidly attenuated, though, when a
H,/He mixture was introduced into the
reactor. The rate of attenuation was found
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to increase with increasing catalyst temper-
ature and H, partial pressure.

Efforts were also made to determine
whether the features appearing in Figs. 7
and 8 might be associated with reactions
occurring on the alumina support. Passage
of H,/CO mixtures over an alumina disk
failed to produce any bands over the tem-
perature interval of 498 to 548 K. Weak
bands were observed, though, when an
alumina disk was placed in a cell immme-
diately downstream of the cell containing
the catalyst disk. Since the positions of the
bands were identical to those observed in
Figs. 7 and 8, these bands most likely arise
from the adsorption of hydrocarbon prod-
ucts on the alumina disk.

The positions of the three bands found
here are virtually identical to those which
have been reported by Dalla Betta and
Shelef (/), Ekerdt and Bell (2, 3), and King
(4, 5) in studies of CO hydrogenation over
alumina- and silica-supported Ru catalysts.
The bands at 2930 and 2861 cm™ can be
assigned to the asymmetric and symmetric
stretching of CH, groups present in satu-
rated compounds, and the shoulder at 2960
cm™!can be assigned to a methyl group (9).
It is significant to note that in contrast to
the work carried out by King (4, 5) with a
Ru/Al,Q; catalyst, the position of the
bands did not shift upscale with increasing
reaction temperature and no hydrocarbon
structures were formed by the interaction
of CO and H, over alumina devoid of Ru.

On the basis of infrared spectra taken
during CO hydrogenation over a Ru/Al,O,
catalyst, Dalla Betta and Shelef (/) con-
cluded that the hydrocarbon bands ob-
served could be ascribed to reaction prod-
ucts accumulated on the alumina support.
The results of the present study also agree
with this interpretation. The monotonic
growth of the hydrocarbon bands beyond
the point at which steady-state reaction has
been attained, and the absence of any
influence of the hydrocarbon band growth
on the position or intensity of the CO band
indicate that the hydrocarbon species are
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unlikely to be on the Ru surface. Adsorp-
tion on the support is indicated by the
observation of hydrocarbon bands on an
alumina disk placed downstream of a cata-
lyst disk and the report of similar bands
when ethylene is adsorbed on n-alumina
(32). Since a-olefins are the dominant C,y
hydrocarbons formed under the reaction
conditions chosen for this study (6), it is
reasonable to expect that the structures
observed in the infrared spectra arise from
the adsorption of these products at acid
sites on the catalyst support. The carbo-
nium ion thus formed would be stable in the
absence of significant atomic hydrogen on
the support surface. Since the surface of Ru
is virtually saturated with CO under reac-
tion conditions, little hydrogen spillover to
the support would be expected. However,
upon elimination of CO from the gas
stream, the metal surface rapidly clears of
adsorbed CO, and hydrogen can now ad-
sorb freely. Spillover of hydrogen from the
Ru to the alumina would then provide a
source of atoms for removal of the ad-
sorbed hydrocarbons.

CONCLUSIONS

The results of in situ infrared spectros-
copy presented here demonstrate that the
surface of a Ru/AlL,O, catalyst is covered
primarily by linearly adsorbed CO. The
coverage by this species depends on the
catalyst temperature and the CO partial
pressure, and is found to obey a Langmuir
isotherm, characterized by an equilibrium
constant of K., = L1 x 107
exp(25,000/RT) (atm™'). Moderate concen-
trations of diadsorbed CO (e.g., Ru(CO),)
and small concentrations of u-bridge-ad-
sorbed CO (e.g., Ru-CO-Ru) were ob-
served in addition to the linearly adsorbed
form. The first of these species appears to
be associated with either individual Ru
atoms or small Ru clusters, which interact
strongly with the alumina support. In con-
trast to the linearly adsorbed form of CO,
diadsorbed CO does not react with H, at
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temperatures below 548 K, and hence does
not appear to participate in CO hydrogena-
tion. The wu-bridged form of CO may occur
in one of two possible forms. The first
would be between a pair of Ru atoms, such
that one atom bonds to the carbon end and
the other Ru atom bonds to the oxygen end
of the molecule. The second possibility is
that the CO is attached through its carbon
end to a Ru site and that the oxygen end
interacts with a Lewis acid site on the
support. Unfortunately, the amount of u-
bridge-adsorbed CO detected is too small to
make any definitive conclusions regarding
its role in CO hydrogenation.

Bands associated with adsorbed hydro-
carbon, formate, and carbonate structures
were also observed. The behavior of the
hydrocarbon bands during and after reac-
tion suggest that these structures are
formed by the adsorption of olefinic hydro-
carbons on the support. On the other hand,
it appears that the formate and carbonate
structures are formed on the surface of the
alumina support via reactions of CO and
H,.
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