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Abstract

The infrared spectrum of CO chemisorbed on alumina—support ed 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(CO)2, formed on isolated Rh sites, is produced rapidly via an

activated chemisorption process above ‘~200 K. On more licrystalline u Rh
~ 

sites,

containing chemisorbed CU, an activated CO adsorbate-conversion process has

been detected in which decreases by “p50 cm~ on warming the adsorbed l ayer

above ‘~265 K. Isotopic exchange between 13CO(g) and ~
2C0(ads) has been shown

to occur rapidly at low temperature (“.200K) for Rh(CO)2 species, whereas Rh~
(CO) 

. 
1 1

species exchange rapidly only at hi gher temperatures (~ 250 K). These results ,

taken together, serve to confirm a model in which isolated Rh sites coexist

on the alumi na support with crystalline Rh
~ 

sites; the two kinds of sites are

separable on the basis of the spectroscopic character of the chemisorbed CO

species they adsorb as wel l 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 wi de variety

of studies related to adsorption and heterogeneous catalysis (1,2). Tnrough

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 vjbrational frequencies and the frequencies observed

in molecules of known structure . At the present time, opti cal spectroscopy

techniques offer the highest resolution of any of the vibrational spectroscopy

methods 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 extensively studied 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 -300 K. They are:

0 0 0 0
C C  C C
‘I I
Rh —Rh— -Rh-Rh-

I II III

~co 2104 cm~~(sym) “CO = 2070 cm~ 1870 cm~

~ 2034 cm~~(asym)

There is some controversy (3) regarding the degree of Rh dispersion

required to allow the formation of species I. The question of the oxi dation
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state of the Rh in species I has also been raised (4), 0. J. C. Yates (5) suggests

that 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 wavenunter of the syninetric and antisyninetric 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 I is formed at Isolated sites (3,6,8), CO-CO

interactions on bul k metal surfaces are known to produce increases of as much

as 100 cm~ ~ as coverage increases (9). Wi th regard to the question of

the oxidation state of Rh , Prlmet (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, gi ving the infrared doublet. The basis for this

suggestion is founded on the observation of a slight Intensifi cation 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 vi brational frequency to higher wavenunter as CO coverage is

Increased as interactions between neighboring CO species occur is consistent

with this assignment. The chemical reactivity of sites responsible for

species II and III has been shown to differ from the behavior of sites

responsible for species 1 (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

— - . .  —
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Isotopic exchange processes for CO in the various states descri bed above. In

addition , small reversible thermal effects on infrared lineshapes have been

detected.

I I .  Experimental

The low 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 A12O3-supported Rh adsorbent is snugly mounted. The Cu ring

may be cooled in vacuo to —100 K by conduction to a £.-N2 reservoir which is

attached to the ring in the center of the cell. The infrared transmi tting

windows are 3.3 cm—diameter CaF2 single crystals mounted in stainless steel

“conflat” flanges (3), and sealed to the body of the cel l (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 di ameter Fe-constantan

thermocouple. It is likely that the temperature of the Rh surface may be

slightly higher than the ind icated 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 wi th CO(g), thermal 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 pumped below io 8 torr
with a 20 1 sec~ ion pump . Provisions within the vacuum system are available

for accurate volumetri c measurement of the adsorption of CO by the sample.

The supported Rh samples (2.2% Rh by weight) are prepared by RhC1 3
dispersion on Mon—C alumIna (3). Reduction to Rh° is achieved in high-puri ty

hydrogen gas at 1500 C, followed by outgassing at 175° C. The Perkin-Elmer 

. . —- —.
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Model 180 infrared spectrometer was used in the double beam mode at 2.6 cm~
resolution (at 2000 cm~~). The absorbance scale was cal ibrated using standard

density grids . The 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 various effects. Other experimenta l details are

described elsewhere (3).

III. Results

A. Temperature Effects in CO Adsorption

Figure 2 shows a comparison of the spectral development for CO adsorption

at low temperatures (T � 173 K) and at room temperature (T = 295 K). It can

be seen in the carbonyl stretching region that the infrared spectra differ

significantly at these two adsorption temperatures for similar exposures

to CO. Three differences are noted:

(a) The doublet at 2104 cm~ and 2034 cm ’1 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 (2065 cm’~ —

2082 cm 1) as CO coverage increases at 173 K compared to the spectral

range observed for this feature for CO adsorption at 295 K (2056 cm~ -

2066 cm~~) (3).

(c) For low temperature CO adsorption the broad “bridging-CO” band

occurs at slightly hi gher wavenumber (“-1900 cm~~) than the comparable

band produced at 295 K (-1870 cm~~).

Similar spectra l diffe rences are present in the spectra reported at 103 K

by Primet (4) compared to his spectra obtained at 300 K for CO/RhIA12O3.

In order to investigate the possibility that the chemlsorption of CO on

Rh is an activated process, the following experiment was performed, the results

~~~~~~~~~~ ~~~~~~~~~~~ ~ .
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Model 180 infrared spectrometer was used in the double beam mode at 2.6 cm~
resoluti on (at 2000 cm~~). The absorbance scale was cal ibrated using standard

density grids. The 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 di fference
spectra which illustrate various effects. Other experimental details are

described elsewhere (3).

III. Resul ts

A. Temperature Effects in CO Adsorption

Figure 2 shows a comparison of the spectral development for CO adsorption

at low temperatures (T ~ 173 K) and at room temperature (1 
= 295 K). It can

be seen in the carbonyl stretching region that the infrared spectra differ

signifi cantly at these two adsorption temperatures for similar exposures

to CO. Three differences are noted:

(a) The doublet at 2104 cm~~ and 2034 cm”1 is less developed at the low

adsorpti on temperature .

(b) The spectral feature observed between the components of the doublet

is seen to shift upward in a higher wavenumber range (2065 cm’1 —

2082 cm 1) as CO coverage increases at 173 K compared to the spectral

range observed for this feature for CO adsorption at 295 K (2056 cm’’ ~
’ -

2066 cm4) (3) .

(c) For low temperature CO adsorption the broad “bri dging-CO’t band

occurs at sl ightly higher wavenumber (—1900 cnf’1) than the comparable

band produced at 295 K (-1870 cm4).

Similar spectral diffe rences are present in the spectra reported at 103 K

by Primet (4) compared to his spectra obtained at 300 K for CO/Rh/A1203.

In order to Investi gate the possibility that the chemisorpti on of CO on

Rh is an activated process, the following experi ment was performed, the results

• ..: ~~~~~~
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L 
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 Fi gure 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 wel l wi th

spectrum 2A (d) and d~n~nstr~tes 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 spectra 3A (c,d , and e).

Three effects are prominent:

(a) The doublet at 2104 cm4 and 2034 cm’’1 develops extensively above 178 K.
(b) The single band at 2082 cm4 shifts to l ower wavenumber as temperature

and coverage increase. This wavenumber shift is opposi te to the

behavior seen for increasing coverage at T ~ 173 K (Figure 2A) or
at I = 295 K (3).

Cc) Enhanced infrared absorption . below 2000 cm” 1 is observed.

All of these features are best visualized in the difference spectrum in

Figure 3B. The slight negati ve feature near 2022 cm4 is due to a small
reversible temperature-dependent lineshape effect to be discussed l ater.

B. Temperature Effects Causing CO Adsorbate State Convers i on 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 4, 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 4A (a) was recorded. The Rh surface

d. _ _ _ _  _ _ _ _  a_
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a

was then allowed to warm in vacuo and spectral changes were observed as

shown in spectra 4A (b,c, and d). The processes which occur upon the warming

of a CO layer i n the absence of further CO adso rpti on are well i llus trated i n

the di fference spectrum, Figure 4B. Here it can be seen that an activated

state conversion process takes place in wh i ch the 2082 cm’4 infrared feature

converts into an asyninetri c feature wi th peak maximum near 2030 cm’4. In additi on ,

some evidence for the productionS of a broad “bridged-CO’t feature centered near

1828 cm’1 is seen . Little or no change occurs in the intensity of the high

wavenumbe r component of the doublet at 2104 cm’4, suggesting that the Rh(CO )2
species is stable in vacuum on warming from 100-314 K. Finally, a revers ibl e

temperature effect i s seen for the 2104 cm4 component of the doublet and
possibly also for the 2034 cm’4 component of the doublet. This reversible

phenomenon w ill be discussed later.

C. 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 12C’60 species and 13C160(g) as a function of sample temperature to

determine whether di fferences exist in the degree of lability for the different

adsorbate states detected by infrared spectroscopy.

The infrared spectrum (a) shown in Figure 5A is the resul t of 12C160

saturation of the Rh surface at 295 K. Following spectrum 5A(a), the surface
was cooled to 200 K and 13C160(g) was admi tted at —50 torr pressure. From

earlier experiments (3) at 295 K, this procedure was shown to result in

extensive isotopic exchange wi thin minutes (3). However , as seen from spectrum
5A(b), and as more clearl y demonstrated from the difference spectrum 58, only
two CO species , I and III , appear to exchange readily below -220 K. We see

~~~~~~~

_ z~~~~_ — — _ _ _ _ _ _ _ _ _ _ _ _ _
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that above —1960 cm ’1 loss of the Rh (12C0)2 doublet feature occurs with the

production of doublet intensity for Rh(~
3C0)2, The wavenumber of the two

interconverting doublets agre~~we1l wi th that measured for pure isotopic CO

species (3). There is also a fairly featureless toss of intensity below

-‘-1960 cm’4 (species III). We cannot determi ne whether this is due to a shift

in background intensity or whether the effect is partially real , As the Rh

surface is warmed above -220 K, ~‘urther isotopic exchange occurs as shown

in Figure 6. Here from the di fference spectrum 6B, it can be seen that a

small amount of exchange in the doublet region (species I) continues , but

the dominant process is exchange of CO species II in the 2070 cm’4 region ,

with production of an exchanged broad asyninetric feature maximized near

2008 cm’4. Thus , as shown by comparison of Figure 5B and 6B, this method

has discriminated between the various types of chemisorbed CO species on the

basis of the temperature required for rapid isotopicexchange between the gas

ph?se and the adsorbate species .

0. Reversible Temperature Effects or Infrared ‘ Frequencies

A Rh surface ful ly covered with 12C160 at 295 K was cooled slowly to

various temperatures, and the infrared spectrum was carefully measured as shown

in Figure 7. The peak maxima for the two sharp components of the doublet

(originating from species I) are both seen to shift sli ghtly to higher

wavenunter in a monotonic fashion as the surface cools. The shift is

3 cm’4/200 K. The reversible temperature effect clearly seen in Figure 48

is therefore a consequence of temperature-dependent frequency changes .

At the present time we believe that reversible temperature-dependent

frequency changes observed in Figure 7 (and Figure 4) are related to coupling of

the C-O oscil lators in Rh(CO) 2 to phonon. modes in the Al203 support. Our data

- S  - ,~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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at present do not permit a quantitative 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. These are isolated Rh sites ,

designated Rh , and more compact ~rrangments of Rh atoms designated Rh~
(3).

The Rh sites form Rh (CO)2 ‘(species I) upon chemisorption while the Rh~ 
sites

yield linear and bri dge-bonded CO (species II and III).

The retardation of filling of the Rh sites to yield Rh(CO)2 at low

temperatures (I < 173 K), as shown in Figures 2 and 3, strongly suggests

that an activated process is involved for chemisorption on these sites. This

activation energy coul d be related to the need for rehybri di zation of the supported Rh

atoms to accomodate two CO ligands . The activated process leading to Rh(CO)2
was previously attributed by Primet (4) to CO decomposition , leading to the

producti on of Rh ” sites which we re 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 additi on , Ozin , et al. (13)

has reported at 15 K that Rh + CO produces Rh (CO)4 species In CO matri ces ; this

observation strongly suggests that acti vated 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 mi xing does not occur between
12C180 and 13C160 In the temperature range 300 K to 800 K (14). This

observation further excludes CO dissociat ion on Rh as being operative for the 

. .
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production of an adsorption site yielding Rh(CO)2.

The thermal (I ~ 265 K) conversion of the 2082 cm
’4 - CO state to a

state exhib iting 
~CO 

2030 cm’4, (Figure 4), suggests that an activated CO

state-conversion process is involved on the Rh
~ 

si tes, and that the 2032 cm’4 CO

species produced at low temperature is metastable with respect to the final CO

bonding state. The downward shift of -.50 cm’4 in 
~
SCO during this conversion is

consistent with stronger Rh
~
_CO bond ing for the lower wavenumber CO state(s)

produced above -265 K. Similar state conversion processes, induced by heating,

have been observed for CO chemisorbed on tungsten . Here the “vi rgin-CO’t state,

stable at low temperatures, converts into c&-CO and s-CO upon heating (10,11).

s—CO is thought to be dissociated on tungsten .

The presence of independent activated processes involving

• Rh(C0)2 formation and Rh
~
(CO) conversion processes is consistent wi th the contention

that Rh sites are isolated from Rh
~ 

sites . This view was previously suggested

(3) on the basis of the invariance of 
~CO 

(sym) and 
~CO 

(asym) for species I

as CO coverage is increased. In addition , specifi c effects for H2CO decomposition

on Rh sites support this concl usion (3).

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

We have previous ly demonstrated that exchange between CO(g) and CO(ads)

Is very rapid at 295 K compared to desorption at this temperature (3). It

was proposed that the rapid exchange occurred via the formation of transient

adsorbed species containing extra CO moieties. Thus, a process such as

Rh(.CO)2 +~~CO(g).~~ Rh(CO) Rh(13C0)(’2C0) + 12C0(g) appea~sto be occurring

at a rapid rate compared to Isotopic exchange at a rate controlled by the

desorption-ljmjted process:

Rh(C0)2 Rh(C0) + CO(g)

____ — 
- 

~~~~~~~~~ 
-
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If this general mechanism , involving transient species such as Rh (CO)3
is operative, one mi ght expect to be able to selectively exchange species I,

II, and III by operation at di fferent temperatures assuming the processes for

the di fferent species and adsorption sites are associated with di fferent acti vation
energies. As seen by comparison of Figure 5 and Figure 6, it has in fact been

found that CO(g) exchanges with Rh(C0)2 at a lower temperature than with

Rh,~(C0). Slow warming of the sur-~ace in CO(g) results in sequential isotopic

exchange of species I and II. It is not clear whether bri dging-CO (species III)

exchange appreciably at 19O~22O K (Figure 5) or whether this rather un i form

decrease in intensity at this temperature is due to a shift in background

during the exchange and the warming of the surface. An effect more closely

resembl ing an exchange-induced loss of intensity in the bridged-CO region is

seen in Figure 6 above —265 K,

C. Qualitati ve Thermodynami c Model

Al thou~i 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 8. Here It is postulated that the energetic features differ

signifi cantly for Rh and Rh
~ 

sites. In particular , the activation energy

Ea (or possibly Eb) for CO adsorption on Rh to yield Rh(CO)2 is higher than

for adsorption on Rh, There is an activation energy, Ed, for conversion

from the metastable Rhx(CO)
* to Rh

~
(CO), whereas no metastable Rh(CO)2 was

detected. There also seem to be small differences in the acti vati on energy

for CO exchange wi th the exchange process on isolated Rh sites occurring
more readi ly. The acti vation energy for CO desorption from Rh

~ 
sites may

be estimated from the measured activation energy for CO desorption from Rh(111):

______________ _________________________________________________
- ------ — .J ~~~~~~~~ 
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in the limi t of zero coverage , 32 kcal /mole~~(l2). This value Is probabl y

t greater than (E~ + Ea) since species I , Rh(C0)2, desorbs more rapidly than

species II (7,8,3) nea r 300 K.

The origin of sev eral irreversibl e activated processes Involvin g CO

adsorption and CO adsorbate state conv ersion is not understood at present.

One possibl e view is that the final structural state achiev ed for CO chemi—

sorbed at elevated temperature is the result of passage through higher energy

intermediate states of chemisorbed CO. In this view , rehybridizat ion 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. A second model would involve activated structural rearrangements

within the Rh substrate itsel f, caused by chemisorptive interaction wi th CO.

In this view , one could speculate that CO cnemisorption on Rh
~ 

si tes could lead

to disruption of the Rh
~ 

site , giving some isolated Rh sites which are then

abl e to chemisorb 2 CO mol ecul es. Similar reconstruction processes on Rh
~

sites could lead to the conv ersion of Rh
~

(C0) (2082 cm~~) to a more strongly

bound Rh
~
(CO)(2O3O cm~~).

Structural rearrangements of single crystal surfaces due to chemlsorption

are now being recognized from LEED studies (15). In add iti on , alloy 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 chemi-

sorption bond wi th one component of the alloy (16). By analogy , it is possibl e

that the activated processes observed here may be due at least in part to

structural rearrangements of the Rh substrate caused by CO chemisorptlon .

.4

________________________________________________  ~~~~~‘ ‘ ~~~
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V Suninary

The following features related to the chemi sorption 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 ‘~-.17O K. No evidence

for oxidation of Rh via CO dissociation has been found , contrary to the

conclusions of Primet (4).

2. For CO adsorption on Rh
~ 

Sites as linear species , an activated state-

conversion process is observed above 265 K, causing a shift in  
~co from

%2082 cm~ to “.2030 cm~~. This presence of the feature at “-.2030 cm~
overlaps directly wi th 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, 6, 7, 8).

This large Irreversible shift implies that a major strengthening of the

Rh—CO. bond occurs as some type of structural rearrangment takes p lace on

these sites.

3. Selective isotopic exchange of *CO(g) with Rh(CO )2 species may be
achieved at 200 K while higher temperatures are required for rapid

exchange of l i nea r  CO species on Rh
~ 

sites .

4. These results , when considered along with previous information
regarding the Rh-Al 203 sys tem (3), suggest that the Rh sites responsible
for Rh(CO)2 species are single atom sites distinct from the Rh~ 

sites

associated wi th linear and bridged-CO bonding.
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Figure Captions

Figure 1. Infrared cell for low temperature adsorption studies .

Figure 2. Comparison of 12C160 adsorption on Rh at low temperature and high

temperature. The infrared spectra correspond to approximately

equivalent amounts of CO admi tted to the IR cell.

Figure 3. Activated 12C160 adsorption on Rh for increasing Rh temperature .

FIgure 4. Activated adsorbate conversion processes - 
12C160 on Rh.

Spectrum (a)  was measured at 110 K after CO adsorption at —200 K.

All changes occur upon heating CO on Rh surface in vacuum.

Figure 5. Low temperature isotopic exchange of chemisorbed CO on Rh.

Figure 6. High temperature isotopic exchange of chemisorbed CO on Rh.

Figure 7. Reversible temperature effects on infrared spectrum - 
12C160 + Rh.

The adsorbed layer produced at 314 K was cooled to various temperatures
and the infrared spectrum was measured.

Figure 8. Qualitati ve free energy diagram for the adsorption of CO on Rh sites .
For the isolated Rh sites , the most stable species , Rh(C0 )2, Is
inhibited from forming at low temperatures because Ea (or Eb ) is

larger than ki at I ~ 200° K. For the crystalline Rh sites , adsorption
of CO at low temperatures resul ts In the formation of a metastable
species Rhx (CO )*, since E

~ 
< kT < Ed for I ~ 2000 K. At higher
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temperatures, the reaction proceeds over the activation barrier Ed
to the more stable Rh

~
(CO). At both sites , exchange proceeds via

the proposed activated complexes Rh(C0)3
* and Rhx (CO) 2

*, rather

than by desorption , then re-adsorption .
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LOW TEMPERATURE ISOTOPIC EXCHANGE
OF CHEMISORBED CO ON Rh
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