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Abstract

The nature of molecules adsorbed on high surface catalysts have
been studied with infrared absorbance and nuclear magnetic resonance (NMR)
techniques. The well-separated infrared vibrational spectra have been
used mainly to identify the various surface species by comparison with
known compounds. The frequency shifts in the molecular stretching modes
indicate the strengthening or weakening of the bonds of the molecules
upon adsorption. The NMR spectra have been used to quantify the distribu-
tions among the surface states and to describe the motional properties
of the adsorbed molecules. The NMR data were obtained through the applica-
tion of several recently developed multiple-pulse techniques. By analyzing
the spin-lattice relaxation times, the dipolar interactions, and the
chemical shift anisotropies, it has been possible to separate the over-
lapping NMR spectra and determine the molecular symmetries, bond lengths,
and the nature of. the adsorption site. The results of these two techniques
were combined to describe the adsorbed states of CO on Rh dispersed on
A1203, and the distribution of formic acid on zeolite surfaces. The
infrared spectroscopy confirmed the previous indentification of three
surface CO states; linear and bridged sites that form on Rh atoms in
clusters on the A1203, and dicarbonyl species on isolated Rh atoms. The
desorption rate at 295 K is very slow. A1l three states readily exchange
with CO(g) at 295 K, but only the dicarbonyl species exchanges at tempera-
tures below 200 K. HZCO decomposed on the dispersed Rh into adsorbed
CO states, with no evidence of any HXCO surface states, though there was
further demonstration of isolated Rh atom sites. The 13C NMR results

quantified the distribution of the three surface sites, and thus calibrated
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the infrared absorbances, as well as the local motions on the three sites.
The infrared spectra of formic acid on the Y zeolites suggested the
presence of unidentate and bidentate formate species on the surface.
The bidentate structure was the dominant species on the more catalytically
active zeolite. The combination of the results of several multiple-pulse
NMR techniques are analyzed to measure the site distribution between the
unidentate and bidentate species, as well as to further describe the
bidentate formate ion. The bidentate structure is bonded to the Al atoms,
rather than the Si atoms, has a structure similar to formate salts, and

a more acidic carbonyl hydrogen, relative to formic acid.
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CHAPTER 1

Introduction
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The catalytic enhancement of chemical reactions, for improvements
in product yields or selectivity, is an integral step in many commercial
processes. It is estimated that the gross value of all manufactured
goods involving at least one catalyzed reaction is of the order of hundreds
of billions of dollars annually in the United States. Thus, the improve-
ment in the yield of a catalytic reaction of only a few percent may result
potentié11y in millions of dollars annually, as well as the conservation
of natural resources. Since, in general, very few catalytic processes
are understood, most improvements have been the result of optimizations
of existing processes, by varying the parameters such as reactant
concentrations, temperature, pressure, and the catalyst composition.
However, it is possible that the optimization is only a local maximum
in the multi-parameter space of the process, and there may exist dramatically
improved processes for the reaction that involve radically different
reaction conditions. An alternate approach is to understand the catalytic
process on the molecular level, and then predict modifications to improve
the existing systems and design catalytic systems for new reactions.

The primary objective of most investigations of heterogeneous
catalytic process is to determine the nature of the reactive intermediate(s)
and the active site(s). However, by nature, the lifetime of the reactive
intermediate is extremely short. Because of the low concentrations of
these intermediates, the catalytic system is studied at reduced tempera-
tures and pressures which allow the formation of more stable surface
species. It is then proposed that these relatively stable adsorbates,
formed by the adsorption of reactants, products. or related compounds,

are actually the reaction intermediates in the catalytic mechanism. In
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order to describe the nature of the adosrbed state it is proposed that
at least three properties must be characterized (1,2); 1. the nature of
the active site (e.g. the bonding of the site to the substrate, its
electronic properties, and the local environment), 2. the structure
of the surface adsorbed species (e.g. bond angles, lengths, and strengths),
and 3. the dynamic properties of the adsorbed state (e.g. the rate of
diffusion or desorption on the surface, local reorientations at a site).

There is at present a vast armory of spectroscopic techniques
available to study adsorbed species. The majority of these techniques
involve the scattering of electrons, ions, or photons from single crystal
faces at ultrahigh vacuum conditions. Examples include Low Energy Electron
Diffraction, and numerous spectroscopies including Auger Electron, X-ray,
Ultraviolet Photoelectron, Electron Energy Loss,;Secondary Ion Mass, and
many others (3), each of which is commonly known by its acronym. The
advantages of these techniques include their sensitivity (most can detect
as Tittle as 0.01 monolayer) and that they may be applied in concert to
the study of a single system, thus yielding a very complete description
of the adsorbed state. However, the application of these results to the
analysis of actual commercial processes has been somewhat lacking. Most

2971y, or

commercial catalysts are high surface area oxides (over 100 m
transition metals dispersed on oxides. The high surface areas and large
dispersions necessarily create crystal imperfections such as dislocations,
corners, and end effects not present on single crystal faces. Also, the

6

single crystal studies are generally performed at less than 10°° Torr to

prevent the rapid contamination of the substrate and to allow the charged

particles to travel to and from the sample. Thus, effects which occur at
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non-negligible rates at higher pressures, such as large site reconstruc-
tion or activated adsorption and exchange, are not observed.

The work presented in this thesis combines two spectroscopic
techniques; nuclear magnetic resonance (NMR) and infrared absorbance, to
study the adsorption of molecules on commercial-like catalysts. The
infrared technique has been an important tool for the investigation
of adsorbed molecules since its first application almost thirty years
ago (4,5,6). On the other hand, though the phenomenon of NMR has been
known since 1946 (7,8), only through recent advanceé in NMR instrumentation
and techniques (9,10,11) has it been possible to obtain high-resolution
spectra of chemically adsorbed molecules. The NMR and infrared techniques
are highiy compatible with respect to the types of catalytic systems each
may analyze. However, the two phenomena observed, nuclear and vibrational
spectra, are susceptible to different interactions and properties of the
adsorbed molecules. The synergism of the combination of the results of
NMR and infrared experiments creates a unique tool for the characterization
of the adsorbed state.

The infrared absorbance spectrum of polycrystalline, high surface

1

area catalysts is limited to the range 4000 cm"1 to 1000 cm ~, which

includes most of the fundamental modes of organic compounds. The region

1

below 1000 cm - is unobservable due to the strong absorbance of the oxide

support, thus masking some important low frequency vibrations, such as
metal-carbon stretches. However, the vibrational spectrum below 1000 cm_l
of oxide catalysts may be measured with inelastic electron tunneling
spectroscopy (12). The sensitivity of the infrared spectroscopy is

generally limited to about 0.1 monolayer. The spectral resolution of the
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infrared spectrometer is very good, typically less than 1 cm~
is much less than the vibrational linewidths of most adsorbed species.
Finally, with infrared spectroscopy, the catalytic system may be studied
under relatively high pressures (about 104 Torr) and at high temperatures
(700 K), thus approximating actual reaction conditions (13,14).

The analysis of vibrational spectra of adsorbed species is rather
straightforward and will usually be similar to that of the pure compounds,
with a few changes. Upon adsorption of a molecule, changes in symmetry
and bonding may cause previously inactive modes to become active. Or,
the intensity of other modes may be weakened severely or totally masked
by the imaging effects of the substrate. The vibrational spectrum of
an unknown surface species is usually interpreted by reference to the
fundamental frequencies of common modes, such as C-H, C=0, and C-0
stretches. These assignments may be aided by the substitution of

13C, or 180 enriched) to cause predictable shifts

isotopic molecules (ZD,
in the spectrum. In some cases, the structure of the surface compound

may be elucidated through analogies with model compounds such as the
similarity between the Rh(CO)2 surface species and (Rh(CO)2C1)2 (15)

and the correspondence between RhZCHCH3 and Br,CHCH, and C1,CHCH, (16).

The peaks in the infrared spectrum are usually sufficiently separated
to allow an identification of the relevant features and thus propose the
nature of the adsorbed species. However, the molar infrared absorbances
may change dramatically for the adsorbed species (as much as a factor of
20 for CO) and thus the infrared peak intensities cannot be used to
determine the quantitative distribution of the surface states. Also, the
infrared techniques will not observe infrared-inactive states or states

1

with abosrbances below the lower 1imit of about 1000 cm ~, such as



surface carbide species.

NMR techniques have been applied to the study of multi-layer
coverages of molecules on surfaces since the mid-1950's (17,18,19).
These early studies observed small changes in the isotropic chemical
shifts and the spin-lattice relaxation times of physically adsorbed species.
Since these molecules were in contact with chemically adsorbed state, by
spin-spin couplings or chemical exchange, it was argued that these
observed quantities were indicative of the nature of the chemically
adosrbed state. Such analyses were rather limited and the conclusions
rarely achieved any of the objectives outlined earlier.

Until recently, the NMR study of chemically adsorbed species was
not possible because the low concentrations of surface species had prohibi-
tively weak NMR signals, which were compounded with the problem of excessive

3, relative to the physically

line broadening, by a factor as large as 10
adsorbed species. Both complications were removed to an acceptible level
with the advent of pulsed Fourier transform NMR techniques. Whereas
previously a single scan obtained by sweeping the magnetic field over the
resonance of interest required about 20 minutes, the simple one-pulse
technique could obtain the same information in about 0.3 sec. Thus, it
became conceivable to accumulate as many as 500,000 averages, yielding a
factor of 700 improvement in the signal-to-noise ratio.

The development of various pulse sequences and cycles made it possible
to manipulate the dipolar broadening, so as to quantify it for structural
analysis, remove it, or utilize it to enhance the NMR signal. The simplest

and one of the first sequences was the spin echo devised by Hahn (20) to

measure the transverse relaxation time in the presence of dipolar broaden-
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ing and sample inhomogeneity to calculate the rate of diffusion. The
echo technique was combined into a pulse cycle by Carr and Purcell (21).
Since then, a series of pulse cycles have been developed to overcome the
various interactions in the solid state. The principle of the solid echo
(90°x-1-90%) (20) was incorporated into the theory of the four-pulse
cycle to remove homonuclear dipolar couplings (22) which was later
improved by the eight-pulse cycle (23), and recently by the 24- and 52-
pulse cycles (24). ’Heteronuclear dipolar couplings, such as 13¢_1y
interactions, may be removed by the continuous irradiation of the undesired
nucleus (25) or by pulsed irradiation (26). Or, the heteronuclear dipolar
coupling may be utilized to enhance the spectral resolution with the cross-
polarization technique (27), or to selectively differentiate between
various species, such as with the dipolar-difference technique (28).

When the dipolar interactions are suppressed, the residual linewidth
is primarily due to the chemical shift anisotropies of the adsorbed species.
In the polycrystalline sample, the chemical shift spectrum will form a
characteristic powder pattern. The principal components of this powder
pattern are indicative of the symmetry of the electron distribution about
the nucleus. The center of mass of the chemical shift pattern, which
reflects the average electron density, may change only slightly upon
adsorption, especially if the fundamental structure of the compound remains
intact. Howéver, the symmetry of the structure may change, which is readily
detected in the relative positions of the principal chemical shift components.

The 13C nuclear environment is usually the most sensitive probe in
NMR studies of adsorbed species. In dilute surface samples, there is very

Tittle 13C-13C homonuclear broadening. The isotropic carbon chemical
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shifts may vary as much as 200 ppm, with anisotropies over 400 ppm.
Compared to the proton chemical shifts of about 20 ppm, the carbon
chemical shift is much larger and'may still be detectable even in the
presence of substantial residual broadening. Because of the extremely
low concentrations of surface species, it is necessary to enrich the
natural abundance (1.1% 13C) compounds. However, the selective 13C
enrichment in a complex molecule allows one to localize on the environ-
ment of a specific portion of the surface species.

This thesis concerns the study of two catalytic systems; CO adsorbed
on Rh dispersed on A1203 and formic acid adsorbed on two molecular sieves,
through the combined results of NMR and infrared absorbance spectroscopic
techniques. Both CO and formic acid are chemically adsorbed on the
respective substrates in multiple states. The substrates are typical
high surface area catalysts, relevant to commercial processes.

Oxide-supported Rh is an active catalyst for both methanation and
Fischer-Tropsch reactions. The Rh atoms are dispersed on the A1203
as small metal clusters or rafts containing about 20 atoms, and as
isolated, single Rh atoms (15). In addition, Rh is capable of adsorbing
two CO molecules per metal atom. The formation of surface dicarbonyls is
rare and only Ru has been shown to also have this property(28). There are
at least two fundamental proposed mechanisms for the methanation of CO
(29,30,31). The carbide mechanism involves the reaction of a surface
carbon formed by the dissociation of CO, or by disproportionation to
C and COZ' The carbide species, which is present in both active and
inactive forms, then reacts with H2 to from methane or adsorbed methylene
radicals which polymerize to form larger hydrocarbons. The other mechanism

proposes a reaction path via a surface intermediate composed of C, 0, and
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H, such as surface aldehydes or alcohols.

The study of CO on Rh dispersed on A1203 is reported in chapters
IT through V. The infrared investigations are presented in chapters 11
and II1. Chapter II confirms the existence of three surface CO species,

a dicarbonyl on isolated Rh atoms, and linearly and bridged-bonded states
on Rh rafts. The rate of exchange of CO(ads) with CO(g), and the desorp-
tion rate from the surface are also measured. Chapter III is an infrared
study at cryogenic temperatures to differentiate between the surface

states by the rate of exchange with CO(g) and the reduced rate of activated
adsorption. To investigate the possiblity of the existence of hydrogenated
carbonyl surface species, the adsorption of H2C0 was studied with infrared
techniques in chapter IV. The results of the NMR study, reported in
chapter V, are used to quantifiy the distribution of the surface states

of CO and the dispersion of the Rh on the A1203, as well as to describe

the motional properties of the adsorbed CO.

The decomposition of formic aéid is often studied as a prototype
reaction for the dehydration and dehydrogentation reactions of organic
acids. On the ammonium-Y (NH4-Y) and ultrastable hydrogen-Y (H-Y) zeolites,
formic acid decomposes exclusively by the dehydration path to CO and H20.
It has been proposed that this reaction proceeds by either the direct
decomposition of the adsorbed formate species (32) or by the reaction of
the gaseous formic acid with the hydrogen ions of the substrate (33). The
ultrastable H-Y zeolite is catalytically more active for the formic acid
decomposition reaction than the NH4-Y zeolite. The reason for the
enhanced activity may be either the result of higher concentrations of
Bronsted acid sites or the increased concentration of hydrogen ions.

The goal in this study was to describe the different states on the two
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zeolites to determine why one is more reactive.

The results of the formic acid study are reported in chapters
VI and VII. The infrared spectra in chapter VI suggest that the formic
acid is dissociatively adsorbed through the loss of the acidic proton
and is present as unidentate and bidentate formate species on both
zeolites. The bidentate species in in the majority on the ultrastable
H-Y zeolite, whereas the NH4-Y contains approximately equal numbers in
each state. The results on the NMR study in chapter VII quantify the
distribution of the two surface species and describe the symmetry and
motional properties of the bidentate formate ion.

The following chapters were prepared for publication. Thus, the

references, tables, and figures are local to each chapter.
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CHAPTER 11

AN INFRARED STUDY OF THE ADSORPTION
OF CO ON Rh DISPERSED ON A1203

(Chapter II is essentially an article by J.T. Yates, Jr., T.M. Duncan,
S.D. Worley, and R.W. Vaughan, entitled "Infrared Spectra of Chemisorbed
CO on Rh." This article was published in The Journal of Chemical

Physics, Vol. 70, No. 3, p. 1219, February 1, 1979.)
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ABSTRACT

The infrared spectrum of CO chemisorbed on alumina-supported
Rh atoms has been investigated. In agreement with previous work, three
types of adsorbed species have been clearly distinguished on the basis
of their C-0 stretching frequencies. Species I, assigned as Rh(CO)Z, is
formed only with Rh atoms which are isolated from each other. Species
I1, assigned as Rh-CO, and III, assigned as RhZCO, are formed on Rh
clusters having two or more Rh atoms. CO-species II and III undergo
interactions with neighbor CO species causing an increase in wavenumber
as coverage increases. Based on infrared 1ntensity_measurements for
species I, the OC-Rh-CO angle is 103°. Chemisorbed 13C0 yields the
expected infrared spectrum on Rh, and rapid isotopic exchange between
13CO(ads) and 12CO(g) is observed which cannot be explained by the

observed rate of desorption of CO from the supported Rh surface.
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I. INTRODUCTION

The chemisorption of CO on transition metals has been
studied by many physical techniques in an effort to understand the
molecular and electronic character of the adsorbed species. The
surface measurement techniques at our disposal range from those
useful for studying adsorbed layers on single erystal surfaces to
other techniques which may be more readily applied to metal
- adsorbents which are highly dispersed on inert, high area, supports.
It is the latter class of surfaces which more closely resemble
heterogeneous catalysts used in practice, and in fact the ability to
disperse precious metals has been of major importance in enhancing
their usefulness as catalysts.

While the study of single crystal adsorbents represents a
1imit of refinement in one direction (e.g., high-purity substrates,
well-defined atomic periodicity and electronic character, etc.),
dispersed metal catalysts can in principle achieve a limiting case
in the opposite direction (atomic dispersal to the limit of single
isolated metal atoms). Comparisons between chemisorbed CO on single
metal atoms (or small metal clusters) and the vast literature of
metal carbonyl chemistry have often been made (1). Such
comparisons are often extended to single crystals containing
chemisorbed CO (2,3).

One of the best ways to study the structure of chemisorbed
species involves the use of vibrational spectroscopy. This has been

effectively carried out on single crystals using electron energy loss
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spectroscopy (EELS) (3-6) as well as reflection-absorption infrared
spectroscopy (RAIS) (7-9). On dispersed metals, inelastic electron
tunneling spectroscopy (IETS) has recently been employed (10).
However, most vibrational work to date on dispersed metals has been
done using transmission infrared spectroscopy (11,12). For both
single crystals and dispersed metals, the infrared techniques
currently offer the highest frequency resolution, and this technique
is therefore more suitable for work involving isotopic labeling
where small spectral shifts may be involved.

The chemisorption of CO by supported Rh has been well studied
in the past, using infrared spectroscopy. For A1203=supported Rh,
Yang and Garland (13) first postulated that at low Rh concentrations,
where sintering did not occur at reduction temperatures below
200° C, Rh existed in a condition closely approaching atomic
dispersion (i.e. isolated Rh atoms). This picture has been confirmed
by others on A1203 (14-17) although there are differences in
interpretation regarding the degree of dispersion. Yao and
Rothschild (17) regard the Rh as existing as isolated atoms on
A1203 at 0.9 wt.% Rh on y-A1203. D.J.C. Yates (16) regards the Rh to
exist as tiny "rafts," containing about 7 atoms, with 6 atoms being
edge atoms and behaving as if they are isolated. It has been shown in
several laboratories that these highly dispersed Rh atoms are able
to adsorb 2 CO molecules each, yielding a doublet in the infrared
spectrum corresponding to symmetric and antisymmetric coupling

between pairs of CO molecules adsorbed on the same Rh atom(13-17).
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The close correspondence between the doublet frequencies and the
spectrum of RhZ(CO)4C12 and ha(C0)4Br2 (which contain pairs of
linear CO molecules on each Rh atom (13,18,19)) leaveé little doubt
regarding this assignment.

In this paper, we reinvestigate the CO/Rh system using

infrared spectroscopy, volumetric uptake and 1sotopic substitution.

II. EXPERIMENTAL

The infrared cell used in these experiments is shown in
Figure 1. It consists of two stainless steel "conflat" flanges
-containing 33 mm diameter Can single crystal windows which are
sealed to a Ag ring using AgCl cement. Such windows are commercially
available(20). The cell may be assembled using Cu gaskets and a
double-sided flange which serves as the central section of the cell.

The vacuum system used in this work is a small bakeable
all-metal system capable of being pumped below 10"8 Torr with a
20 2 sec'1 ion pump. In addition, for handling higher pressure gases,
the system may be evacuated with a 2—N2 trapped forepump. Pressure
may be measured with a bakeable Baratron capacitance manometer to #
0.901 Torr. A Bayard-Alpert gauge is used for background pressure
me;surements below 10™% Torr.

The Rh samples are supported on A]ZO3 (21) and are prepared as
described by Yang and Garland (13). Briefly, an aqueous solution of
RhC]3 is diluted 10:1 with reagent-grade acetone and high-area

A1203 is added with stirring. This slurry is continuously mixed
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while being sprayed with an atomizer onto the CaF2 window maintained
at 80° C. Flash evaporation of the solvent during spraying leaves an
adherent coating on the window. The weight of these deposits is ~11
mg/cm2 and the Rh content is 2.2% by weight. The cell is then
assembled and the deposit is degassed by pumping at room temperature.
Following this, the deposit and the cell are heated in a circulating-
air oven to 150° C for 4 hours while degassing with the ion pump.
Reduction to Rh metal is achieved using Hé(g) (Matheson grade 99.9995%
pure) which has been stored at 1.3 atmospheres in a stainless steel

tube immersed in Z-Nz. Three sequential 400 cm3

charges of H2 at ~180
Torr are used during reduction at 150° C, with the final reduction
being carried out for 1 hour. Following reduction, the Rh/A1203 is
outgassed at 175° ¢ for ~8 hours until the background pressure falls
below 1 x 10’6 Torr. Following cooling, a background IR spectrum from

1

4000 cm™! to 1000 el is recorded. The sample is then ready for

adsorption experiments. All spectra reported have been obtained by
subtraction of the smooth background.
The infrared spectrometer is a Perkin-Elmer Model 180 grating

1

spectrometer operated in the 2000 cm™ ~ region with a spectral

resolution of 2.6 cm'l. Spectra are recorded in the absorbance mode
using the double beam facility. Calibration of the instrument's
absorbance scale is carried out using standard density grids. The
wavenumber scale was calibrated (22) above 2000 cm"1

1 the branch of HZCO(g)
1

with a gas cell

containing CO(g) at ~150 Torr. Below 2000 cm~

at 1750 em! (23) was used as a calibration point. A 5 cm = shift in
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the two scales occurs at 2000 cm"1 due to a grating change in the

spectrometer. The reported spectral features in this paper are

accurate to 1 cm'l.

Spectroscopic grade CO from a glass breakseal bulb was used for

13CO was obtained from Merck

adsorption without further purification.
Isotopes at 90% enrichment and was used without purification.
ITI. RESULTS

A. Adsorption and Desorption Isotherm

By means of pressure measurements in the vacuum system of known
volume, it was possible to measure accurately the number of CO molecules
adsorbed by the Rh samples. A plot of typical results is shown in
Figure 2. It was found that the final equilibrium pressure was
approached very slowly in these measurements so that small positive
errors in the pressure corresponding to each point may exist. This does
not affect the measurement of the quantity of CO adsorbed. The data in
Figure 2 were measured on approximately 0.5g of a 2.2% Rh on A1203
substrate. This sample is sufficiently large relative to the dead
volume of the gas dosing system to allow an accurate calculation of the
amount of adsorbed CO to pressures of 10 Torr. On this sample, for
CO-to-Rh ratios below about 0.45, the equilibrium pressure of CO is
less than 0.02 Torr. However, as the pressure is increased, the
samples continue to adsorb CO, yielding a CO-to-Rh ratio of about 0.65
at 9.4 Torr. The desorption isotherm exhibits a pronounced hysteresis.
The CO does not begin to desorb from the Rh on A1203 substrate until

the pressure is decreased below about 0.02 Torr. The points (a) to
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(f) on the isotherm in Figure 2 correspond to the labeled spectra in
Figure 3. It was found that the overall integrated IR intensity in
spectra (a) to (f) increased in an approximate linear fashion with the
number of CO molecules chemisorbed. Thus, assuming this relationship to
hold for the entire range of coverage, we may calculate the approximate
number of CO molecules adsorbed per Rh atom at high CO pressure from
the integrated intensity of the spectra. At a final PCO = 50 Torr,
NCO/NRh = 0.92 using this method.

B. Infrared Spectra of 12CO Adsorbed on Rh

Following each adsorption point in Figure 2, the infrared
spectra shown in Figure 3 were recorded. Four spectral features are
clearly evident at all coverages of CO. A broad band at 1855 cm’1
develops and shifts to 1870 en ! as coverage increases. This band is
assigned to CO bonded to more than one Rh atom and is termed
"bridged-C0," ha(CO)(13). A second band of low relative intensity is

1

observed at 2056 cm - at lowest CO coverage and shifts upward to

2070 cm™ as coverage increases. This is assigned as a linear-CO

species bonded to a single Rh atom which exists in coordination with

other Rh atoms, Rh(C0)(13). It has been shown previously that as the

concentration of Rh on the A1203 support is increased, both the linear

and bridged-CO species are enhanced in relative intensity(13). The most
pronounced spectral feature in Figure 3 is a doublet with components at
2101 em™! and 2031 em™l. This doublet increases in intensity during the

entire course of adsorption without change in wavenumber, as reported

previously by Yang and Garland(13). The doublet is assigned to a pair
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of CO molecules adsorbed on isolated Rh atoms, Rh(CO)2(13). Spectrum

12CO above the Rh surface, and

(g) of Figure 1 was taken with ~50 Torr
on the leading edge of the highest wavenumber peak one can see the fine
structure of the CO(g) superimposed on the spectrum. These spectra
correspond almost exactly to those obtained by Yang and Garland(13),
except that a bridged-CO bond was not observed in their work on 2% Rh
samples prepared in similar fashion to ours. Comparisons Qith

the literature are summarized below in Table I.

The rate of growth of each of the three surface-CO species can
be studied by plotting the backgroun&-corrected heights of the infrared
peaks as a function of the CO-to-Rh ratio. The contribution of the peak
at 2060 cmt is calculated by extending trailing edges of the large
peaks at 2101 and 2031 c:m'l and subtracting the baseline in the middle.
The adsorption isotherm of this sample is similar to that of Figure 2.
The data are plotted in Figure 4; These data indicate that the Rh(CO)Z
and bridged-C0 states (2101, 2031, and 1870 em™t bands) are populated
at an approximate linear rate with the CO-to-Rh ratio. However, the
Tinearly-bonded species (2070 cn™l) experiences an initial rapid
growth, levels off, and then grows again after the first bend in the
adsorption isotherm, at NCO/NRh equal to about 0.45.

C. Infrared Spectra of the Desorption of 12CO from Rh

It was found that CO could be reversibly desorbed thermally at
T < 336 K. Representative desorption spectra are shown in Figure 5. It
was found that rapid desorption occurs initially at 295 K for the
Rh(CO)2 species and that both ha(CO) and Rh(CO) appear to desorb less
rapidly than Rh(CO)Z, as reported by others (13,17). However, at 295 K
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the rate of loss of infrared intensity decreases significantly
following the first desorption stage, and the surface must be warmed
slightly to promote more rapid removal of chemisorbed CO.

It should be noted that the wavenumber of the components of the
Rh(C0), doublet is invarient at all stages of desorption whereas both
the Rh(CO) and Rh,(CO) features shift to slightly Tower wavenumber as
desorption progresses.

Following spectrum (d), CO was readsorbed at ~50 Torr and
spectrum (a) was reproduced almost exactly. The reversible behavior for
CO adsorption and desorption below 336 K suggests that CO dissociation
(or disproportionation), leaving a carboq residue on the surface, does
not occur below 336 K. Carbonization of bulk Rh by CO has been reported
at 573 K(24). _

D. Infrared Spectrum of 1300 Adsorbed on Rh

Adsorption experiments were repeated on a freshly prepared
Rh/A1,0, surface using 90% 13C0 as the adsorbate. The spectra for
increasing exposure to CO are shown in Figure 6. The general behavior

13

observed for 12CO is reproduced for ~“C0, and a comparison of

wavenumbers for each isotopic species is given in Table II. An unusual
and reproducible effect may be seen in comparison of 12CO spectra and

13¢o spectra (Figures 3 and 6). The intensities for the two components
of the doublet invert when the different CO isotopes are adsorbed,

E. Infrared Spectrum of Rh(}3c0) (}2c0)

Since the 1300 used above contains 10% 12CO, a doublet feature

due to Rh(13CO)(12C0) is expected. The high wavenumber component of
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this doublet is seen in Figure 6 at 2086 cm'l. The Tow wavenumber

13CO features near 2000

component is unfortunately hidden under the
em ). The statistical fraction, X, of Rh(13C0)(12C0) on this surface
is 0.18. Using the maximum absorbance peak heights, A, for the two

high wavenumber bands, we see that the ratio of absorbances, RA is

A
R -
A A2 Y A3t

12,13 0.01
> = = 0.096 (1)
A13’13 0.01 + 0.01 + 0.93

where A12 1o Was not measured but assumed to be 0.01 from the

statistics of mixing.

13

F. Exchange of ~°CO(ads) with 12CO(g)

13CO in Figure 5,

Following the observation of the spectrum for
50 Torr of 12CO(g) was introduced into the infrared cell, and the
spectrum shown in Figure 7 was measured within 11 minutes. Almost

complete exchahge of all isotopic CO0-adsorbed species was observed in

this short time, and the rapidity of this exchange process sharply
contrasts with the slow rate of desorption observed in Figure 5. In
addition, following exchange, a shoulder due to the Tow-frequency
componént of the Rh(13C0)(12C0) doublet is now seen near ~2012 cm'l.
Unfortunately, it is not possible to determine the exact frequency of
the Rh(13CO)(12CO) low wavenumber component because the shoulder at
~2012 cm™! contains contributions from an unknown ratio of Rh(13C0)2,

rRh(13c0) (12c0), and Rh(lZCO)Z.
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Iv. DISCUSSION

A. Assignment of IR Spectral Features

Three infrared-active adsorbed species are clearly seen from the

spectra of chemisorbed CO on Rh. They are:

0 0 0 0
c ¢C c €
/ | 7 \
kh -Rh- -Rh - Rh-
I II IT1

The assignment of species I is made on the basis of the doublet
in the infrared spectrum and its close correspondence with the spectrum
of Rh2(C0)4X2 where X = C1 or Br(19). This comparison is tabulated in
Table III and was originally proposed by Yang and Garland (13) as
evidence for species I.

The striking feature to be noted regarding the infrared
spectrum of species I is that both the CO stretching frequencies are

1 over the entire coverage range studied here

invarient to within 1 cm”
(a 30-fold range of infrared intensity). This may be regarded as
strongly indicative that the Rh atoms associated with species I are in
fact isolated Rh atoms on the A]ZO3 support. For Rh atoms within a
Rh cluster, CO adsorption on neighboring Rh atoms should lead to
interactions producing an increase in wavenumber as CO coverage
increases. This behavior is generally observed for interacting CO
molecules on bulk metals and may lead at full CO coverage to shifts of

~100 cm™Lin the C-0 vibration. It is now generally accepted that

interactional effects between CO molecules can occur via three
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mechanisms, namely dipole-dipole coupling, direct intermolecular
repulsion, and indirect effects through the metal(9,3). The suggestion
that the lack of a coverage-dependent shift for species I was
indicative of isolated Rh atoms was first made by Yang and Garland (13).
This view is confirmed by Yao and Rothschild(17), who suggest that on
their Rh/A1203 surfaces Rh...Rh distances of order 8 X are necessary
for Rh(CO)2 formation. The results of this study are in agreement with
this general view that isolated Rh atoms are present.

Both species II and III are associated with infrared bands which

1 as CO coverage rises to saturation. These

shift upwards by ~15 cm”
bands also exhibit reversible wavenumber behavior upon desorption. On
this basis, both species are thought to exist on Rh sites which are
coordinated to other Rh atoms. The first site of this type would be
Rh2. Multiple Rh coordination would permit interactional effects

between neighbor CO molecules on neighbor Rh atoms.

B. Estimate of the Fraction of Rh Present as Isolated Atoms

A qualitative model involying only Rh and th sites is
presented in this section. In this model we assdme that all th sites
adsorb only the bridged-CO species, III. The amount of species II is
assumed to be zero in conformance with the lTow intensity associated

with this species (Figure 2)

Let Ns number of single Rh atoms.

N

B number of th sites.

Then,

NS + xNB = NRh

|
=

2Ns * NB - co



27

From our volumetric uptake and infrared measurements, NCO/NRh =
0.92 at saturation. For x = 2, Ns/NB = 0.8. For x = 3, NS/NB = 1.62.
These ratios correspond to ~40% or ~60% isolated Rh atom sites,
respectively. A comparison of the integrated intensity of the doublet
feature to the integrated intensity of the bridged-CO feature indicates
that ~60% of the total integrated intensity is within the doublet
feature. Based on the assumption of equivalent extinction coefficients

per CO moiety for the two structures I and III, this measurement would

suggest that ~30% of the sites are isolated Rh atom sites. While these
two methods of calculation both suffer from the approximations made,
it is clear that an appreciable fraction of the adsorption sites
(30-60%) is capable of adsorbing 2-CO molecules and should be
considered as isolated Rh atoms. A much better estimate of this
quantity is determined by nuclear magnetic resonance techniques, in

Chapter 5.

C. Carbonyl Bonding in Rh(CO)2

The high wavenumber component in the doublet feature of Rh(CO)2
corresponds to the symmetric CO-stretching mode and is assigned in this
fashion in metal carbonyl spectra(26-28). The Tow wavenumber component
is the result of antisymmetric coupling between CO oscillators. It has
been demonstrated in metal carbonyls(27) that the ratio of integrated
absorbance, (A /A ), is related to the angle, (2a), between

asym’ “sym
carbonyl groups as follows:

KEéXE = tan a ' (2)
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As an example of the application of this equation, in the compound
(m- C5H5) Fe(CO)Z Sn(Ph)3, the measured intensity ratio gives a value of
20, = 93° whereas x-ray studies give 2a = 95°(28).

From the spectra in Figure 2, for peaks above an absorbance of
about 0.5, the ratio A, /A (v(2031 em™ 1)/ v(2101 em™1)) s about
1.6 + 0.1. This yields a 0C-Rh-CO bond angle of 103 * 2%, This is in
good agreement with the bond angle (91°) between carbonyl groups in

ha(CO)4C12(18) and with the ratio (A ) = 1.0 #0.1 measured for

asym/Asym
this compound(13). Recently, Knozinger, et al.(29) have made the same
calculation of the bond angle of the Rh(CO)2 specie formed by the
decomposition of RhG(CO)16 onto ligand-modified silicas. They report
bond angles of 98.6° and 100.2° for Rh(C0), on silicas with

(CH,) 3NHCEH, 1 and (CH,) JNH(CH, ) ,NH, Tigands.

D. Isotopic Shift for 15CO-Labeled Species

For completely labeled carbonyl species, the isotopic

wavenumber ratio is given by

3

*

v *
¥co

where Meg OF “EO are the reduced masses of the unlabeled and labeled

CO molecule(26). In Table II, the observed wavenumbers and their
isotopic shifts are shown‘from our experimental measurements and from
the calculation based on Equation (3). A1l wavenumber shifts calculated
are in agreement with measured shifts within the experimental error of

Tocating band centers,
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An explanation for the intensity inversion of the symmetric and

13

antisymmetric bands for species I following “~CO isotopic substitution

is currently under investigation.

E. Comparison of Isotopic Exchange with Desorption Measurements

A1l of the adsorbed CO species, I, II, and III, undergo rapid
isotopic exchange with CO(g) at 295 K, as shown in Figure 7. It was
noted that the exchange of 13CO(ads) with 12CO(g) at 50 Torr was much
faster than the CO desorption rate (Figure 4) in vacuum at 295 K.

Two possible explanations can be offered to explain the rapidity
and completeness of CO exchange at high CO pressures:

1. High pressure CO above a surface containing species I, II,
and IIT is able to produce transient adsorbed species containing extra
CO moieties. Isotopic exchange with CO(g) takes place readily via these
intermediate species.

2. A fraction of the Rh and th sites is buried in pores within
the support and is rapidly accessible only at high CO pressures.
Because of readsorption processes during desorption from these buried
sites, the rate of desorption is slow. However, at high CO pressures
(~50 Torr) both adsorption and isotopic exchange occur readily.

After completing an infrared study, one of the 2.2% Rh on
A1203 samples was analyzed for N, BET surface area and pore size
distribution. The specific surface area was 55m2/g, significantly Tower
than the 90 m2/g of the Alon-C powder. The computed cylindrical pore
size diameter distribution ranged from about 200 R to over 1000 R,

with a maximum at about 550 R. These pores should be readily accessible
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at all CO pressures. However, if the ratio of the pore length to the
pore diameter is large, about 100, the desorption process would be
expected to be slow.

We believe that both explanations may be involved here. The
rapidity and completeness of exchange suggest that model (1) above is
operative. The very great decrease observed for the desorption rate of
spectroscopically similar CO (i.e., species I) suggests that model (2)

applies to a fraction of the Rh on the supported surface.

V. SUMMARY

The following features of CO adsorption on Rh/A1203 have been
detérmined or verified:

1. Three CO species, I, II, and III, are distinguished on
Rh/A1203 surfaces.

2. Species I, Rh(CO)Z, is produced on isolated Rh atoms as
Jjudged from lack of evidence for interaction with neighboring CO

molecules as coverage is increased.

| 3. Species II and III are able to undergo interaction with
neighboring CO molecules adsorbed on neighbor Rh atoms. This suggests
the presence of some th species.

4. An estimate of a surface population of 30-60% isolated Rh
atom sites is made, based on spectral band development and volumetric
uptake measurements.

5. Species I exists with an angle about 103° between CO groups.

13 12

6. "“CO substitution for "“CO yields the expected isotopic
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shifts.

(13

co)

(12 C0) has been

7. One feature in the spectrum of Rh
observed at 2086 cm'l, lending further confirmation to the structure
postulated for species I.

8. Rapid isotopic exchange of 12CO with 13CO(ads) occurs for
all of the adsorbed CO species. This suggests the existence of
transient adsorbed species containing more CO moieties than species I,

IT, and III.
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TABLE 1

Comparison of Full-Coverage Infrared Spectrum of CO on Rh/sz3 at 300 K

Species (V) - (em™})

ZRh/A1,04 Rh-CO Rh(C0), Rh,(CO) Reference
2.2% 2070 2101 ; 2031 1870 This work
2.0% ~2068 2095 ; 2027 -- (13)
0.92% ~2069 2100 ; 2030 1850 (17)

? Unresolved 21038 ; 2049 1360 (15)
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TABLE 11

Comparison of Full-Coverage 12CO and 13CO Stretching Frequencies on Rh/A]zo3

Species (V) -Ajcm-l)

Rh-CO Rh(C0), Rh,(C0)
120 2070 210132031 1870
3co 2024 20561987 1832
A 46 45348 38
Boeare. 46 47:45 42
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TABLE III

Comparison of Symmetric and Antisymmetric

2101

2031

Reference: this work

Species

cl

oc, 00
SR R

oc \C{ co
(gas)

(cm'l)

Carbonyl Stretching Frequencies

2095

2043

(19)

2092

2042

(19)
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Side view of vacuum cell used for transmission infrared

spectroscopy of supported metals,

Typical adsorption/desorption isotherm for CO chemisorption

on supported Rh. T= 295 K. (The labeled points correspond

to spectra shown in Figure 3.)

Infrared spectra for

coverage.

Spectrum
Spectrum

Spectrum

12CO adsorbed on Rh for increasing CO
T = 295 K.
Spectrum (a). Pep = 2-9 X 10°3 Torr.
(b). Pgy = 4.3 x 107 Torr.
(c). Peg = 5-0 x 10”3 Torr.
(d). Pgy = 8.3 x 107> Torr.
(e). Peg = 0.76 Torr.

Spectrum
Spectrum

Spectrum

(). PCO = 6.4 Torr.

R

(9). PCO

50 Torr,

Background - corrected peak intensities of the four

infrared peaks as a function of the overall CO-to-Rh ratio,

as determined by volumetric uptake.

Infrared
Spectrum
Spectrum
Spectrum
Spectrum

Infrared

spectra for 1200 on Rh following desorption.

(a). Full coverage at ~50 Torr, 295 K.

(b). Desorption time, 150 s, 295 K.

4

(c). Desorption time, 3.6 x 10" s, 321 K,

4

(d). Desorption time, 2.2 x 10" s, 336 K.

spectra for 90%

13

CO adsorbed on Rh for increasing
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CO coverage. T = 295 K.

7 x 1073

Torr,

Spectrum (a). PCO
Spectrum (b). PéO = 0.69 Torr.

Spectrum (c). Peo = 7.5 Torr.
Spectrum (d). Pco = 50 Torr.

Figure 7. Spectral changes during isotopic exchange of 13CO(ads) with
1200(g). T= 295 K.
Spectrum (a). Full coverage 139 (90%) achieved at ~50 Torr.
Spectrum (b). Following 660 sec. exchange with 1200 at

50 Torr.
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TYPICAL ISOTHERM FOR CO
CHEMISORPTION ON SUPPORTED Rh.
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CHAPTER 1III

AN INFRARED STUDY OF THE ADSORPTION
OF CO ON Rh DISPERSED ON A1203:

LOW TEMPERATURE INTERACTIONS

(Chapter 111 is essentially an article by J.T. Yates, Jr., T.M. Duncan,
and R.W. Vaughan, entitled "Infrared Spectroscopic Study of Activated

Surface Processes: CO Chemisorption on Suppofted Rh." This article was
published in The Journal of Chemical Physics, Vol. 71, No. 10,

p. 3908, November 15, 1979.)
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ABSTRACT

The infrared spectrum of CO chemisorbed on alumina-supported
Rh surfaces has been studied following chemisorption at cryogenic
temperatures. Major differences are observed in the distribution and
spectroscopic character of chemisorbed CO species produced at low
temperatures (110-170K) compared to chemisorbed CO species produced on
Rh at 295 K. It has been found that the species Rh(C0),, formed on
isolated Rh sites, is produced rapidly via an activated chemisorption
process above 200 K. On more "crystalline" th sites, containing
chemisorbed CO, an activated CO adsorbate-conversion process has
been detected in which 3t0 decreases by 50 <:m'1 on warming the
adsorbed layer above 265 K. Isotopic exchange between 13CO(g) and
1ZCO(ads) has been shown to occur rapidly at low temperature (~200K)
for Rh(CO)2 species, whereas RhX(CO) specieé exchange rapidly only at
higher temperatures (> 250 K). These results, taken together, serve to
confirm a model in which isolated Rh sites coexist on the alumina
support with crystalline th sites; the tw6 kinds of sites are
separable on the basis of the spectroscopic character of the
chemisorbed CO species they adsorb as well as by means of their

chemical properties.
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I. Introduction

The method of transmission infrared spectroscopy for the study
of adsorbed molecules on high-area surfaces has been shown to be useful
in a wide variety of studies related to adsorption and heterogeneous
catalysis (1,2). Through the observation of characteristic stretching
frequencies, it is often possible to assign the structure of
chemisorbed species. This is usually done by employing analogies
between the observed vibrational frequencies and the frequencies
observed in molecules of known structure. At the present time, optical
spectroscopy techniques offer the highest resolution of any of the
vibrational spectroscopy metheds employed for surface studies. Infrared
spectroscopy is therefore most suitable for the study of isotopic
effects and other effects where small vibrational spectral shifts may
be involved.

The chemisorption of CO by supported Rh has been studied
extensively in the past by a number of workers, and infrared results for
this system are briefly reviewed in a previous paper (3). It is
believed that three generalized types of chemisorbed CO are produced

on dispersed Rh surfaces at ~300K. They are:

0 0 0 0
C ¢ C C
A4 t /\
Rh -Rh- ~Rh~Rh-
I 11 III.
- -1 . - -
Vo = 2104 cm “(sym) o = 2070 cm 1 ~C0 = 1870 cm 1

Vo = 2034 cm'l(asym)
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There is some controversy (3) regarding the degree of Rh
dispersion required to allow the formationkof species I. The
question of the oxidation state of the Rh in species I has also been
raised (4). D. J. C. Yates (5) suggests that the species I may form on
the edge atoms of supported Rh "rafts" containing ~7 Rh atoms as seen
in electron microscope photographs. The observed invariance of the
wavenumber of the symmetric and antisymmetric stretching motion as CO
coverage increases (3,6,7,8) indicates, however, that appreciable
intermolecular interactions through space and through the metal do not
occur for species I. This suggests that species 1 is formed at isolated
sites (3,6,8). CO-CO interactions on bulk metal surfaces are known to
produce increases of as much as 100 cm'1 in ;CO as coverage increases
(9). With regard to the question of the oxidation state of Rh, Primet
(4) has recently suggested that CO dissociation at 200 K on Rh,
producing chemisorbed oxygen, leads to the formation of Rh™ which then
adsorbs 2 CO molecules, giving the infrared doublet. The basis for this
suggestion is fodnded on the observation of a slight intensification of
the doublet when the Rh surface is treated prior to CO chemisorption
with oxygen (4), as well as the need for thermal activation to produce
the doublet feature during pure CO adsorption.

In contrast to species I, species II and III are thought to be
associated with CO adsorption on more "crystalline" Rh sites, The
observed shift of the CO stretching vibrational frequency to higher
wavenumber as CO coverage is increased as interactions between

neighboring CO species occur is consistent with this assignment. The
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chemical reactivity of sites responsible for species II and III has
been shown to differ from the behavior of sites responsible for species
I(3,4,7).

In this paper we employ an infrared cell which can be operated
at cryogenic temperatures. It has been possible to observe new
adsorption states of CO on Rh at low temperatures and to investigate
activated adsorption and activated isotopic exchange processes for CO
in the various states described above. In addition, small reversible

thermal effects on infrared lineshapes have been detected.

II. Experimental Methods

The Tow temperature infrared cell used in this work is shown in
Figure 1. It contains a recessed Cu ring in which a 2.5 cm diameter
CaF2 single crystal disk holding the A]203-supported Rh adsorbent is
snugly mounted. The Cu ring may be cooled in vacuo to ~100 K by
conduction to a 2-N, reservoir which is attached to the ring in the
center of the celi. The infrared transmitting windows are 3.3 cm-
diameter CaF2 single crystals mounted in stainless steel "conflat"
flanges (3), and sealed to the body of the cell (a double-sided
stainless steel flange) using Cu gaskets. The temperature of the Cu
sample holder ring may be monitored by means of a 0.025 cm diameter
Fe-constantan thermocouple. It is likely that the temperature of the
Rh surface may be slightly higher than the indicated thermocouple
temperature during spectral measurements due to heating of the sample
by the infrared beam, as discussed by Little (1). In addition, when

the cell is filled above a few microns pressure with CO(g), thermal
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conduction to the cooled sample causes some increase in measured
temperature.

The vacuum system used in this work is a small, bakeable, all-
metal, grease-free system described previously (3) capable of being

1 jon pump. Provisions within

pumped below 108 Torr with a 20 1 sec”
the vacuum system are available for accurate volumetric measurement of
the adsorption of CO by the sample.

The supported Rh samples (2.2% Rh by weight) are prepared by
RhC13‘dispersion on Alon-C alumina (3). Reduction to Rh® is achieved
in high-purity hydrogen gas at 425 K, followed by outgassing at 450 K.
The Perkin-Elmer Model 180 infrared spectrometer was used in the

1 resolution (at 2000 cm'l). The

double beam mode at 2.6 cm”
absorbance scale was calibrated using standard density grids. fhe
wavenumber scale was calibrated using the P and R branches for CO(g)
when present above the sample in the IR cell. In certain cases,
subtraction of related infrared spectra has been carried out, yielding

difference spectra which illustrate varijous effects. Other experimental

details are described elsewhere (3}.

ITI. Results
A. Temperature Effects in CO Adsorption

Figure 2 shows a comparison of the spectral development for CO

adsorption at low temperatures (T s 173 K) and at room temperd
(T = 295 K). It can be seen in the carbonyl stretching region that the

infrared spectra differ significantly at these two adsorption
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temperatures for similar exposures to CO. Three differences are noted:
(a) The doublet at 2104 cm™L and 2034 cm™? is less developed at
the low adsorption temperature,
(b) The spectral feature observed between the components of the
doublet is seen to shift upward in a higher wavenumber range

1, 2082 cm'l) as CO coverage increases at 173 K

(2065 cm”
compared to the spectral range observed for this feature for
CO adsorption at 295 K (2056 cm™ > - 2066 cm 1) (3).

(c) For low temperature CO adsorption the broad "bridging-C0"
band occurs at slightly higher wavenumber (~1900 cm'l) than
the comparable band produced at 295 K (~1870 cm'l).

Similar spectral differences are present in the spectra reported
at 103 K by Primet (4) compared to his spectra obtained at 300 K for

CO on Rh supported on A1203.

In order to investigate the possibility that the chemisorption of

CO on Rh is an activated process, the following experiment was

performed, the results of which are shown in Figure 3. A clean Rh

surface was exposed to CO (7.1 Torr) at temperatures below 178 K. The
spectrum shown in Figure 3A (a;b) was obtained, and the -adsorbed species
were shown to be stable by repeating the spectral scan at this

temperature. The spectrum 3A (a;b) agrees well with spectrum 2A (d)

and demonstrates again that the carbonyl-doublet is retarded in its

development during CO chemisorption at low temperature.

The Rh surface was then slowly warmed in the presence of CO(g)

and the infrared spectrum was continuously rescanned as shown for
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spectra 3A (c,d, and e). Three effects are prominent:

1 and 2034 cn™? develops -

(a) The doublet at 2104 cm”
extensively above 200 K.
(b) The single band at 2082 cm'1 shifts to lower wavenumber as

temperature and coverage increase. This wavenumber shift

is opposite to the behavior seen for increasing coverage
at T < 173 K (Figure 2A) or at T= 295 K (3).

1

(c) Enhanced infrared absorption below 2000 cm™~ is obseryed.

A11 of these features are best visualized in the difference
spectrum in Figure 3B, The slight negative feature near 2022 am s
due to a small reversible temperature-dependent lineshape effect to be
discussed later.

B. Low Temperature Adsorption on a'Cinretreated'RhvSubstrate

The slow formation of the Rh(CO)2 dicarbonyl sites is also
observed at 295 K. For example, on samples aged for one year or more,
the population of the dicarbonyl sites increases in the presence of CO
at pressures of about 50 Torr, as discussed in chapter 5 of this
thesis. One possibility is that surface reconstruction is responsible
for the formation of Rh(CO)2 at high CO pressures and at room
temperature. One such mechanism could be that single Rh atoms are
formed by the migration of Rh atoms from the Rh rafts. One could
envision a process in which the Rh atom breaks one or more Rh-Rh bonds
at the raft edge, forms a second Rh-CO bond, and then migrates across
the A1203 surface to an adsorption site away from the parent raft. If

the activation energy for this process is sufficient to 1imit the
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separation and migration at temperatures on the order of 200 K, there
would be a reduced development of the doublet at 2104 and 2034 em-L,

To test the hypothesis of surface reconstruction, a fresh 2.2%
Rh on A1,0, sample was prepared and ceoled to a temperature of about
200 K. The surface was then exposed to 7.0 Torr and again, the
inhibited formation of the dicarbonyl species was observed, as revealed
by the reduced height of the peaks at 2104 and 2034 cm'l. Upon warming
the sample to 295 K, the doublet intensity increased to typical levels,

1, the

as before. The infrared intensity of the peak at 2034 cm~
asymmetric stretch of the Rh(CO)z species, and the corresponding

sample temperature are plotted as a function of time in Figure 4. The
peak grows exponentially to an absorbance of about 0.24 at 200 K, then
levels off. When the cell is allowed to warm to 295 K, the intensity
develops further to an absorption of 0.64.

This sample was then outgassed at 295 K with an ion pump for
about 340 hours to an equilibrium CO pressure of about 3 x 1076 Torr.
The desorption reduced the intensity of the 2034 c:m'1 peak from 0.64 to
0.29. The sample was then re-cooled to about 200 K, re-exposed to 7.0
Torr of CO, and then again allowed to warm to 295 K. The development
of the 2034 cm ! peak is plotted in Figure 4. Once again, the low
temperature formation of the Rh(CO)2 species is inhibited and the peak
grows to its full height only after warming to 295 K. Thus, the

activation barrier to the adsorption of CO on the dicarbohyl site is

also present on a CO-pretreated Rh substrate.
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C. Temperature Effects Causing CO Adsorbate State Conversion at

Constant Coverage

In order to investigate the possibility that activated processes

may occur at constant coverage in the chemisorbed CO layer upon heating,

the following experiment, yielding the infrared spectra shown in Figure
5, was carried out. A partial coverage of CO was produced by means of
exposure of CO to a Rh surface at 200 K. The cell was evacuated to
prevent further CO adsorption, and the surface cooled to 110 K where
spectrum 5A (a) was recorded. The Rh surface was then allowed to warm
in vacuo and the spectral changes were observed as shown in spectra 5A
(b,c and d). The processes which occur upon the warming of a CO layer
in the absence of further CO adsorption are well illustrated in the
difference spectrum, Figure 5B. Here it can be seen that an activated

1

state conversion process takes place in which the 2082 cm ~ infrared

feature converts into an asymmetric feature with peak maximum near

1

2030 cm ©. In addition, some evidence for the production of a broad

1

"bridged-C0" feature centered near 1828 cm - is seen. Little or no

change occurs in the intensity of the high wavenumber component of the
doublet at 2104 cm'l, suggesting that the Rh(CO)2 species is stable in
vacuum on warming from 100-314 K. Finally, a reversib]é temperature

1 component of the doublet and possibly

effect is seen for the 2104 cm”
also for the 2034 cm'1 component of the doublet. This reversible

phenomenon will be discussed later.
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D. Kinetic Studies of Isotopic CO Exchange between Adsorbate

States and the Gas Phase

We have carried out systematic spectroscopic studies of the
exchange between adsorbed 12C160 species and 13C160(9) as a function of
sample temperature to determine whether differences exist in the degree
of Tability for the different adsorbate states detected by infrared
spectroscopy.

The infrared spectrum (a) shown in Figure 6A is the result of
12(:160 saturation of the Rh surface at 295 K. Following spectrum 6A
(a), the surface was cooled to ~200 K and 13C160(g) was admitted at ~50
Torr pressure. From earlier experiments (3) at 295 K, this procedure
was shown to result in extensive isotopic exchange within minutes (3).
However, as seen from spectrum 6A (b), and as more clearly demonstratéd
from the difference spectrum 6B, only species I, Rh(CO)Z, appears to
exchange readily below ~220 K. We see that above ~1960 en™d Toss of
the Rh(lZCO)2 doublet feature occurs with the production of doublet
intensity for Rh(13C0)2. The wavenumber of the two interconverting
doublets agrees well with fhat measured for pure isotopic CO species
(3). There is also a fairly featureless loss of intensity below ~1960
em™! (species III). This effect was determined to be due to a revers-
ible shift in the background spectrum, and not the exchange of species
III. As the Rh surface is warmed above ~220 K, further isotopic
exchange occurs as shown in Figure 7. Here from the difference

spectrum 7B, it can be seen that a small amount of exchange in the

doublet region (species 1) continues, but the dominant process is
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exchange of CO species II in the 2070 em™? region, with production of
an exchanged broad asymmetric feature maximized near 2008 cm"l. Thus,
as shown by comparison of Figure 6B and 7B, this method has discrimina-
ted befween the various types of chemisorbed CO species on the basis of
the temperature required for rapid isotopic exchange between the gas
phase and the adsorbate species,

E. Reversible Temperature Effects on Infrared Frequencies

A Rh surface fully covered with 12C160 at 295 K was cooled slowly

to various temperatures, and the infrared spectrum was carefully
measured as shown in Figure 8. The peak maxima for the two sharp
components of the doublet (originating from species 1) are both seen to
shift slightly to higher wavenumber in a monotonic fashion as the
surface cools. The shift is ~3 cm’l/ZOO K. The reversible temperature
effect clearly seen in Figure 5B is therefore a consequence of

temperature-dependent frequency changes.

At the present time we believe that reversible temperature-
dependent frequency changes observed in Figure 8 (and Figure 5) are
related to coupling of the C-0 oscillators in Rh(CO)2 to phonon modes
in the A1,0, support. Our data at present do not permit a quantitative

2°3
analysis of this effect.

Iv. Discussion

A. Activated Adsorption of CO by Rh

Let us consider for simplicity that two general kinds of

adsorption sites exist for CO chemisorption on A1203—supported Rh,
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These are isolated Rh sites, designated Rh, and more compact arrange-
ments of Rh atoms designated Rh, (3). The Rh sites form Rh(CO)2
(species I) upon chemisorption while the th'sites yield linear and
bridge-bonded CO (species II and III),

One possibility for the retardation of filling of the Rh sites to
yield Rh(CO)2 at low temperatures (T < 173 K), as shown in Figures 2
and 3, is that an activated process is involved for chemisorption on
these sites. As was experimentally observed in part B of the results
section, this activated process is present on CO-pretreated Rh samples,
in which CO was first adsorbed on the substrate and then removed by
extended outgassing at 295 K. Thus, if a reconstruction of the surface
is responsible for the activation barrier to adsorption of CO, such
reconstruction must relax upon the desorption of CO. If the formation
of Rh(CO)2 js due to the separation and migration of Rh atoms from the
Rh rafts, the infrared spectra suggest that the Rh atoms re-migrate to
the rafts upon the loss of CO.

This activation energy could be related to the need for
rehybridization of the supported Rh atoms to accommodate two CO 1igands.
The activated process leading to Rh(CO)2 was previously attributed by
Primet (4) to CO decomposition, leading to the production of Rht sites
which were postulated to then adsorb two CO molecules. The low
temperature associated with this activated process seems to argue
against a model involving CO dissociation on Rh sites. In addition,
Ozin, et al. (13) has reported that at 15 K Rh + CO produces Rh(CD),

species in CO matrices; this observation strongly suggests that
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activated CO dissociation is not the cause of multiple CO bonding to
Rh. Furthermore, recent studies of CO interaction with Rh(111) crystals
have shown that isotopic mixing does not occur between 12C180 and 130160
in temperature range 300 K to 800 K (14). This observation further
excludes CO dissociation on Rh as being operative for the production of
an adsorption site yielding Rh(CO),.

Another possibility for the inhibited formation of the Rh (CO)2
species at temperatures below 200 K is that the adsorption process on

isolated Rh atoms;

Rh —> Rh(CO) —> Rh(CO)2

is terminated after the formation of the Rh(CO) species. Thus, the Tow

1

temperature infrared band at 2082 cm - may be the combination of

linearly bonded species on the Rh rafts (norhal]y occurring at 2070 cm"1
at 295 K) and a linear species on an isolated Rh atom (which may appear
at a frequency closer to 2082 cm'l). The shift in the band from 2082 to
2070 cm'1 upon warming may be partially due to the conversion of Rh(CO)
to Rh(CO)Z.

The thermal (T > 265 K) conversion of the 2082 em ! - €O state
to a state exhibiting ¥., = 2030 enl, (Figure 5), suggests that an

activated CO state-conversion process is involved on the th sites, and

that the 2082 c:m'1 CO species produced at Tow temperature is metastable
with respect to the final CO bonding state. The downward shift of ~50
cm"1 in GCO during this conversion is consistent with stronger RhX-CO
bonding for the lower wavenumber CO state(s) produced above 265 K.

Similar state conversion processes, induced by heating, have been
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observed for CO chemisorbed on tungsten, Here the "virgin-CO" state,
stable at low temperatures, converts into a-CO and B-CO upon heating
(10,11). g-CO is thought to be dissociated on tungsten.

The presence of independent activated processes involving
Rh(CO)2 formation and th(CO) conversion processes is consistent with
the contention that Rh sites are isolated from Rh, sites. This view
was previously suggested (3) on the basis of the invariance of GCO
(sym) and GCO (asym) for species I as CO coverage is increased. In
addition, specific effects for H200 decomposition on Rh sites support
this conclusion (3).

B. Activated Exchange Processes between CO(ads) and CO(g)

We have previously demonstrated that exchange between CO(g) and
CO(ads) is very rapid at 295 K compared to desorption at this tempera-
ture (3). It was proposed that the rapid exchange occurred via the
formation of transient adsorbed species cpntaining extra CO moieties.
Thus, a process such as _
Rh(C0), + 13c0(g) €= Rn(co)y; = rn(*3c0)(2co) + 1205(q)
appears to be occurring at a rapid rate compared to isotopic exchange
at a rate controlled by the desorption-limited process:

Rh(C0), <= Rn(CO) + CO(g)

As seen by comparison of Figure 6 and Figure 7, it has in fact
been found that CO(g) exchanges with Rh(CO)2 at a Tower temperature
than with RhX(CO). Slow warming of the surface in CO(g) results in

sequential isotopic exchange of species II and III.
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C. Qualitative Thermodynamic Model

Although it has not been possible to measure activation energies
directly for any of the processes studied in this work, it is possible
to suggest general features about the energetics of various surface
processes as shown in Figure 9. Here it is postulated that the energet-
ic features differ significantly for Rh and Rh, sites. In particular,
the activation energy E_ (or possibly Eb) for CO adsorption on Rh to
yield Rh(CO)2 is higher than Ec for adsorption on th. There is an
activation energy, E4> for conversion from the metastable th(CO)* to
th(CO), whereas no metastable Rh(CO)2 was detected. There also seem
to be small differences in the activation energy for CO exchange with
the exchange process on isolated Rh sites occurring more readily. The
activation energy for CO desorption from Rh, sites may be estimated
from the measured activation energy for CO desorption from Rh (111): in
the 1imit of zero coverage, 32 kc:a]/mcﬂe"1 (12). This value is probably
greater than (E2 + Ea) since species I, Rh(CO)Z, desorbs more rapidly
than species II (7,8,3) near 300 K.

The origin of several irreversible activated processes involving
CO adsorption and CO adsorbate state conversion is not understood at
present. One possible view is that the final structural state achieved
for CO chemisorbed at elevated temperature is the result of passage
through higher energy intermediate states of chemisorbed CO. In this
view, rehybridization of the Rh atoms in both isolated and
"crystalline" sites may be responsible for the observed activated

processes as seen by means of the infrared spectrum of the bound CO.
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A second model would involve activated structural rearrangements

within the Rh substrate itself, caused by chemisorptive interaction with

CO, as discussed earlier, such as the migration of single Rh atoms from
the Rh rafts. Similar reconstruction processes on th sites could lead
to the conversion of Rh, (CO)* (2082 cm'l) to a more strongly bound

Rh, (€0) (2030 cm™l).

Structural rearrangements of single crystal surfaces due to
chemisorption are now being recognized from LEED studies (15). In
addition, a110y surface segregation processes induced by adsorption on
the alloy surface have been observed in which the driving force is
related to the formation of the chemisorption bond with one component
of the alloy (16). By analogy, it is possible that the activated
processes observed here may be due at least in part to structural

rearrangements of the Rh substrate caused by CO chemisorption.

V. Summary
The following features related to the chemisorption of CO on

A1203-supported Rh have been observed:
1. The adsorption of CO on isolated Rh sites to form Rh(CO)2
species is an activated process which occurs rapidly above 170
K. This activated process for CO adsorption was present on a
sample in which CO was adsorbed and then desorbed from the Rh
sites. No evidence for oxidation of Rh via CQ dissociation

has been found, contrary to the conclusions of Primet (4),

2. For CO adsorption on th sites as linear species, an
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activated state-conversion:process is observed above 265 K,

1 1

causing a shift in %co from 2082 cm”* to ~2030 cm™", This

! overlaps directly with

presence of the feature at ~2030 cm
the low frequency component of the Rh(CO)2 doublet, a fact which
was not recognized in earlier work done at 295 K (3. 4, 5, 6, 7,
8). This large irreversible shift implies that a major
strengthening of the Rh-CO bond occurs as some type of structural
rearrangement takes place on these sites.

3. Selective isotopic exchange of *CO(Q) with Rh(CO), species
may be achieved at 200 K while higher temperatures are required
for rapid exchange of Tinear CO species on Rh, sites.

4. These results, when considered along with previous informa-
tion regarding the Rh-A1,0; system (3), suggest that the Rh sites
responsible for RH(CO)2 species are single atom sites distinct

from the th sites associated with linear and bridged-CO bonding.
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