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Abstract

E The 1nfrared spec»rum of co chem1sorbed on a1um1na—supporued Rh ‘atoms

. has been 1nvest1gaued In agreement with. prev1ous work, three types of

adsorbed speczes have been clearly d1st1ngu15hed on the bas1s of the1r C 0 SLFEECh
‘ 1ng frequencies. Species I, assigned as Rh(CO)Z, is formed on1y w1th Rh atoms

- Qﬁich are isdlated from each other - Species II, assxgned as Rn-C0, and III,
'ass1gned as RhZCO are formed on Rh ciusters hav1ng two or more Rh atoms.
CO-specxes IT and TII undergo 1nteract1cns with nexghbor ca specxes causing

_-an 1ncrease in wavenumber .8s coverage increases. Based on infrared intensity
measurenents for species I, the OC,Rh«CO angle is ~90°, . Chemisorbed 13(:0
ylelds the expected infrared spec;rum on Rh, and rap1d 1sotopic exchange between
13CO(_ads) and“lzcb(g) s observed which cannot be explained by the observed rate

o of desorptién of CO from the supported Rh surface.
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L. INTRODUCTION

The chemiscrption'of €8 on transition metals has Been'studied by many
phys1ca1 techn1ques in an eff ort to understand the mo]ecu?ar and electronic
*character ot the adsorbed spec1es.i The surface measurmenu techn1ques at our
-d1sposa1 range from thase use:u? for studying adsorbed Iayers on single crystal
sur.aces to other techn1ques wh1ch may be more readily app?1ed to metal
adsorbents wh1ch are highly dispersed on inert, h1gh area supports It is
the Jatter class o; surfaces wh1ch more closely resethe heterogeneous
-cata?ysts used 1n prac»1ce and .in fac; the ab111ty to d1sperse prec10us metals
has been of magor 1mportance 1n enhanc1ng their usefulness as catalysts.

wn11e the study of s1ng1e crystal adsorbents represents a 1imit of
ref1nement 1n one- direct1on (e.qg., h1gh—pur1ty substrates, well de:1ned atomic -
, per1od1c1ty and e1echon1c character, etc.), dispersed metal cata1ysts can in
princ1pie achieve a 11m1t1ng case in the opposite direction (atomic dispersal
to the Timit of sfngfe isolated mefal atbms). ,Comparisons'between chemisorbed
€0 on s1ng1e metaT atoms {or small metal clusters) and the vast literature of
metal carbonyl chemastry have often been made(l). 'Such compar1sons are often
extended to single crystals conta1n1ng chemisorbed 00(2’3)

’ One of the best ways to study the szructure of chemisorbed spec1es
involves the use of vibrational speCurqscopy. This has been effectively
carried out on sin§1e crystals using electron enangy loss spectroscopy (EELS)(3'6)
as well as reflection-absorption infrared $peCtTOSCOpy (RAIS)(7'9). On
dispérsed metals, inelastic electron tunneling spectroscopy (;ETS) has recently
been émployed(lo). Howeaver, most vibnafionaT work to date on dispersed metals
has been done using transmission infrared Spectroscopy(ll’lz). For both single.

crystals and dispersed metals, the infrared iechniques currently offer the

highest frequency resolution, and this technique is therefore more suitable for



work involving isotopic labeling where small spectral shifts may be invalved,

The chemiscorption of CO by supported Rh has been well studied in the past,
using infrared spectroscopy. For A1203-supported Rh, Yang and Gar]and(ls)
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) élthough there are differences in interpretation
regarding the degree of dispersion. Yao and Rothschild(17) regard the Rh as
existing as isolated atoms on A'!ZO3 at 0.9 wt.%? Rh on Y-A1203. D. d. 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(13'17z The closecorrespondence between the doublet frequencies
and the spectrum of RhZ(CO)4612 and Rh2(60)48r2 (which contain pairs of Tinear
CO molecules on each Rh atom(13’18’19)) leaves little doubt regarding this
assignment.

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

spectroscopy, volumetric uptake and isotopic substitution.

I1.  EXPERIMENTAL

i

The infrared cell used in these experiments is shown in Figure 1. It
consists of two stainless steel "conflat" flanges containing 33 mm diameter

CaF2 single crystal windows which are sealed to a Ag ring using AgCl cement.

(zo).

Such windows are commercially avaiiable The cell may be assembled using



Cu gaskets and a doub1e-51ded flange whlch serves as the centra] section of

the ce]T

The. vacuum system used 1n this work is a sma11 bakeable aTT-meua1 system
capable of be1ng pumped below 10 -8 torr w1th a 20 Z sec -1 ion pump. In addition,
for hand]xng h1gher pressure gases the system may be evacuaeed w1th a K-Nz
trapped forepump Pressure may’ be measured with a bakeabTe Baratron capacitance
monometer to = Q. 001 torr A Bayard—Alpert gauge 1s used for background

pressure measurements be?ow 10 * torr.

The Rh sampies are supporued on A120 (21) and are prepared as described by

Yang and GarTand(13)

Briefly, an aqueous soTution of RhC73 is d11uted 10:1
w1th reaaent—grade acetone and h1gh area A1203 is added with s;1rr1ng This
.sTurry is cant1nuously mixed while being sprayed with an atomizer cnto,the/

CaF2 windowfmaintained at 80° C. Flash evaporation of the solvent during‘
spraying leaves an adherent coafing on the window. The weight of these_deposi{s
is ~11 mg/cm2 and the Rh coptent is 2.2% by weight. 1The cell is then assembled
and the deposit 1s degassed py'pumping at room tepperature,.'Fo]1owing this,
Arhe’deposft and the celi are heated in a circulating-air d&en to 150° C for

4 hours while degassing with the fon pump. Reduction‘to~RH metal is achieved
using Hz(g) (Matheson'grade 99.9995% pure) which has beed stored at 1.3
atmospheres in a.siadnless steel tube immersed in £~N2. Three;sequential 400 cm3
charges of H, at ~i80 torr are used during‘reduction at 150° é, with the final
reduction being carried out fdr 1 hour. Follawing reduction, the Rh/A]ZO3 is
_outgassed at 175° ¢ for ~8 hours until the backgroundpressureFfaI1s beTow.

- - R . . —T
1 x 10 6 torr. Following cooling, a background IR spectrum from 4000 cm

1

to 1000 cm ~ is recorded. The sample is then ready for adsorption experiments.

AlT spectra. reported have been gbtained by subtraction of the smooth background.




The infrared spectrometer is a Perkin-Elmer Model 180 grating spectrometer
operated in the 2000 cm™ region with a spectral resolution of 2.6 cm .
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 ca]ibrated(zz) above 2000 cm'l with
a gas cell containing CO(g) at ~150 tori. Below 2000 cm™! the Q-branch of
H,CO(g) at 1750 cm'l(zs) was usedas a calibration point. A 5 cmfl shift in the
two scales occurs at 2000 cm"1 due to a grating change in the spectrometer.
The reported spectral féatures.in this paper are accurate to 1 cm'l.
Spectroscopic grade CO from a glass breakseal bulb was used for adsorption
without further purification. 1300 was obtained from Merck Isotopes at 90%
enrichment and was used without purification.
IIT. RESULTS

A. Adsorption 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. Beyond an equilibrium pressure -of ~1 torr, errors due to
volumetric and pressure uncertainties become too great for accurate continuation
of the isotherm. The points (a) to (e) on the isotherm in Figure 2 correspond
to the labeled infrared spectra in Figure 3. It was found that the integrated
IR intensity in spectra‘(a) to (e) increased in a linear fashion with the

number of CO molecules chemisorbed. Thus, assuming this relationship to hold



_fofAthe entire.range of cqverage;‘we may_calcufate fhe apb%oximate.number
of Cd molécu]és adéqrbed per'Rh atom at high:CO pressures from the integrated —
infensity of the specfra. At a fiﬁa] PCO = 50 torr, _fgg_ = *0’92
. using this method. - | S PR :. : ;-_;SRh. ‘

B.- Infrared Spectra of 12CO Adsorbed on Rh

F0110w1ng each adsorpt10n po1nt in F1gure 2, the 1nfrared spectra shown in

F1gure 3 were recorded Four 'spectral features are c]ear?y evzdent at all

-1 develops and shifts to 1870 cm -1 as

,' coveragestof ca. - I3 broad band at 1855 cm
‘covéfage increaéés._ “This -band is assigned to CO bonded to more than one Rh atom
andiS'terme¢ “briégéd—to,"_ha(CO)(l3). A second band of Tow relétive intensity

is obéerved'ét 2056 ém—l afﬂlowést €0 coverage and shifts upwafd to 2070 em

as coverage 1ncraases This fs assigned as a linear-CO species bonded to 2 single

, Rh atom which exists in coordination with other Rh atoms, Rh(CO)(13) It

has'been shown previously that as the concentration of Rh on the A1,0 support

273
s int?eased bcfh the linear and bridged-CO0 species are enhénCed in
-relative 1n;ensxty(13). The mbst'pronounced spectral feature in Figure 3 is a

1

doubjet with components at 2101 tm’ and 2031 t':m'1 This doublet increases in

intensity dur1ng the entire course of adsorpt1on w1thout chauge in wavenumber,

as reported prevxous]y by Yang and GarTand(l3). The doublet is assigned to a pair
of CO molecules adsorbed on isolated Rh atoms, Rh(CO)2(13>. Spe¢trum (g) of

1200 abave the Rh surface, and on the Teading

" Figure 1 was taken with ~50 torr
a edge of the‘higﬁést wavehﬁmber'peak one can see the fine structure of the CO(g)
superimposed on the speétrum. These spectra cdrrespdnd almost exactly'to

those obtained by Yang and Gar]and(l3),'éxcept that a bridgéd460 baond was not

observed in their work .on 2% Rh samples prepared in simi?ar fashion to ours.




Comparisons with the literature are summarized below in Table I.

12

C. Desorption of ~“CO from Rh

It was found that CO could be reversibly desorbed thermally at T < 336 K.
Representative spectra are shown in Figure 4 for desorption. 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) species appear to desorb less rapidly than
Rh(CO)Z, as reported by others(13’17). However, at 295 K the rate of loss of
infrared intensity decreases significantly fo1loWing 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(CO)2
doublet is invarient at all stages of desorption whereas both the Rh(CO) and
RhZ(CO) features shift to slightly lower wavenumber as desorption progresses.

Following spectrum (d), CO was readsorbéd 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 carbon 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 13CO Adsorbed on Rh

Adsorption experiments were repeated on a freshly prepared Rh/mzo3

surface using 90% l3(20 as the adsorbate. The spectra for increasing exposure

to CO are shown in Figure 5. The general behavior observed for 2¢ is

reproduced for 13CO, 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 1.3CO spectra (Figures 3 and 5). The intensities for the two

components of the doublet invert when the different CO isotopes are adsorbed.



** hidden under the

"E. Infrared Sneétrﬂm'of Rh(13c0)(12c0)

Sznce the 13C0 used above conta1ns 10% 1200 é doublet feature due to
Rh(13CO)(12C0) is expec»ed The.h1gh wavenumber component.of this doublet is
seen in Figure 5 at 2086’cm }.':The_Tow:wévenumber component is unfdrtunate]y

130 features near 2000 on™l. The statistical fraction, X,
. of Rh(13co)(12¢0) on .this surface is 0.09. . Usfng.the maximum absorbance peak

heights, A, for the two ﬁigh wavénuﬁber bands, we seelthat-the ratio of absorbances,

oo 12 13’ o ~ 0.1 |
Ry = — _ - - = 0.096 = X
A Alz,lz 7 12 13 A13,13 | o 01 +0.1+0.93 " e (1)

where A_12 12 was_hot measured but éssumed to be 0.01 from the statistics of

mi xing.

F. Exchange of ! CO(ads) w1th 2eo(q)

Fleowﬁng fhé observation of the spectrun for 13CO in F1gure 4, 50 torr

of 12CO(g) was 7ntroduced into the 1nfrared cell, and the spectrum shown in

Figure 6 was measured w1th1n 11 m1nutes.. A?most comp]ete exghange of all

isétopic(CO;adsofbed'species'wag observed in this short time, and the rapidity
of this'excﬁange process sharply conirasts with the slow réte of desorption
obsérved.in Figure 4, 1In addftfon' following exchange, a shoulder due to the'
10w-frequency componenu of the Rh(13CO)(12CO) doublet is now seen near

- ~2012 cm l.' Unfortunate!y, it is noL possxble to determ1ne the exact Trequency
of the Rh(13CD)(12CO) Tow wavenumber component because the shoulder at ~2012 cm -1
conuains'contr1but1ons from an unknown ratic of Rh( CO)Z’ Rh( CO)( CO),

and Rh(lZCO)Z.



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 .C
\ / | / N\
Rh -Rh- -Rh - Rh-
I II - I1I

The assignment of species I is made on the basis of the doublet in the
infrared spectrum and its close corréspondence with the spectrum of
ha(CO)4X2 where X = C1 or Br(lg). 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 invarient to within

-1

1 cm ~ over the entire coverage range studied here (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 A1203
support. For Rh atoms within aRhcluster, 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'JL in the

C-0 vibration. It is now generally accepted that interactional effects between

CO molecules can occur via three mechanisms, namely dipole-dipole coupling, direct
(9’3). The

intermolecular repulsion, and indirect effects through the metal

suggestion that the lack of a coverage-dependent shift for species I was



‘1nd1cat7ve of 1so1ated Rh atoms was f1rst made by Yang .and Gar1and(13). This

view is con.1rmed by Yao and Rothschﬂd(1 ), who suggest that on their Rh/A1203surfac
: Rhf..Rh d1stances of order 8 A are necessary for Rh(CO)2 formau1on The results
}of this study are 1n agreement wzth th1s_genera1 view that isolated RA atoms are
present. o : . | o - _ |
Botﬁ'species II'eﬁd IIi are associated with infrared bends-whi;h.shift"

upwards by ~15 cm -1

as CO coverage r1ses to saturation. These baeds also exhibit
‘reverszb]e wavenumber behavxor upon desorpuxon On “this basis -beth species are
thought to ex:s; on Rh sxtes which are coordlnated to other Rh atoms. |

The f}rsL STLE of th1s type wou]d be ha Muitiple Rh coordination would permnt

‘ 1nteracL10na1 effects between ne1ghbor co mo]ecu?es on ne1ghbor Rh atcms

B.. Estiﬁete of the Fraction of Rh Present as Iso]ated Atbms

A qua11tat1ve mode1 1nv01v1ng only Rh and Rh sites is presented in this
section. In th1ssmode1_we assume that all th s1tes adsorb chy the bridged-C0O
' species, III. The amount of sﬁecies II is assumed to be zero in'cbnfcrmance

with the low fntenSity associated with this species (Figures 2-4).

Let N, = number of single Rh atoms.

'NB = number of th sites.

Then, -
N +,XNB = NRh".
2N+ Ng = Neg

From our volumetric .uptake and infrared measurements, NCO/NQh = (0.92 at
saturation. For x = 2, N/Ng = 0.8. For x = 3, No/Ng = 1.62. These ratias
correspond to ~80% or ~60% isolated Rh ‘atom s1tes,respect1ve1y. 'A comparison of

the integrated intensity of the doublet feature to the integrated intensity of the
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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 mojety 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-C0 molecules and should be considered as isolated Rh atoms.

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
(26-28)

in metal carbonyl spectra The Tow wavenumber component is the result

of antisymmetric coupling between CO oscillators. It has been demonstrated

. (27) . .
in metal carbonyls that the ratio of integrated absorbance, (Aasym/Asym)’
is related to the angle, (2a), between carbonyl groups as follows:
Aasym 2 '
_A.__.Y__ = tan" o (2)
sym

As an example of the application of this equation, in the compound

(- CSHS) Fe(CO)2 Sn(Ph)3, the measured intensity ratio gives a value of

20 = 93° whereas x-ray studies give 2o = 050(28)

Because of overlap with other bands in Figure 2, it is not possible

from our data to measure accurately Aasym/A However, from other work(17)

sym’ 7
where because of higher Rh dispersion this overlap was virtually eliminated,

Assyn/Asym = 1.0, yielding 2o = 90°. This is in good agreement with the bond

angle (91%) between carbonyl groups in RhZ(C0)4C12(18) and with the ratio

(A ) = 1.0 + 0.1 measured for this compound(l3). On this basis, we

asym/Asym



1
; conclude thac.the bond angTe'betweeq_CO's'is near 90°_for‘Rh(CO)2L'

13

DL Isotop1c Sh1ft for CO Labeied Species

~ For comp1ete1y Tabe1ed carbonyT spec1es, the 1socop1c wavenumber rat1o is

‘ §1yen by -

S 2. o ) . . _ .
SV U 2 e ; _ .
uCO oo S L o )

' where uto or “CO are the reduced masses of the unlabeled and Tabeled co
' molecule(za). In Table II the observed wavenumbers and their isotopic shifts
'are shown from our exper1menta1 measurements and from the ca]cu1at1ﬂn ‘based
on Equation (3) A]l wavenumber shii ts'calcu}ated are in agreement with measured
sh1fts w1th1n'the experimental error of locating'cand centers.
‘ An exp?an&tion for the ictensity inversfon of.the symmetric and anti-

symnetr1c bands for species I faTloW1ng 13CO 1socop1c substitution is currently

under 1nvest1gat10n

E., Comperison ot Isotop1c Exchange with Desorptaon Measurements

A11 of the adsorbed Co spec1es, I, II, and 111, underao rapxd isotopic
exchange with C0(g) at 295 K as shown in Fzgure 6. It was noted that the

exchange of 3CO(ads) with 12

CO(g) at 50 torr was much faster than the CO desorp-
tion rate (Figure 4) in vacuum at 295 K, | |

Two poss1b1e exp]anau1ons can be orfered to explain the rapidity and
compfeueness of o exchanae at high CO pressures; i

1. High pressure CO above a surface containing species I, II, and III is
able to produce transient adsorbed species conta%ning extra CO moﬁeties. ‘Isotopic

exchange with C0(g) takes p]ace'readiTy via these intermediate species.
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2. A fraction of the Rh and th sites is buried in pores within the
support and is rapidly accessible only at high CQ 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.

We believe that both explanations may be invoived here. The rapidity and
completeness of exchange suggests 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 determined
or verified:

1. Three CO speéies, I, II, and III, are distinguishable on Rh/A]203
surfaces.,

2. Species I, Rh(CO)Z, is produced on isolated Rh atoms as judged from
lack of evidence for interaction with neighboring €0 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 §uggests 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 measure-
ments.

5. Species I exists with an angle = 90° between CO groups.
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'13CO substitution for 12CO’_yiers the expected isotopic shifis,

6.
7. One feature 1n the speftrum af Rh(IZCO)(13 ) has been observed
'at 2086 cm -1 1end1ng further conf1rmat1on to the structure postulated for
‘ spec1e§ I ' w - '
| 8. Rap1d 1so»op1c exchange of 1260 with lsCO(édS)-dccurs'fgr,aTT of
.the adsorbed co spec1es. This suggests the exxstence«of'tfanéiéﬁt adsorbed

specxes conta1n1ng more CO-mafefies than specieS'I,AIT,,and IIT,
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CTABLE I .

Cqmpgriséﬁ qf Full-Coverage Infrared Spectrum 9? €O on Rh/A1203 at 300 K

| L - Spe#%es (G)i— (cm'i)
: _‘.%Rh/A1203': RH=CO "' g@igg)2°;x' ggz(co) ':Reféren;e
2.22 o gofo ';' .zici ;'2031 | ‘. 1870~ - This work
208 ~éosé"_ ',’zbés ; 3027 e - ; :(13f
o.9é% | ~zoe§ 21003 2030 .T 1850‘ - an
N Unrgsoivéd..‘ 2108 ; 2000 1360 : | __: (15)



TABLE II

Comparison of Full-Coverage 12CO and 13C0 Stretching Frequencies on Rh/A1203

Species (J) - (Cm-l)

Rh=CO Rh(c0), Riy(c0)
12¢0 2070 210132031 1870
Beo 2024 205631987 1832
I | 46 45348 . 38
Neatc. % 47;45 42




N_/
A1203 :
(cm™t)
eym 2101
vaSym 293;
this workw'

Reference:

" TABLE III

Comparisen of Symmetric and Antisymmetric

Species _.'

- Ci
VAN

Rh R

Ll D

-~ {gas)

(cm’l)' .

Carbonyl Stretchipg Freguencies

2095

2043

(19)

2092

- 2042

(19)‘



Figure Captions

Figure 1. Side view of vacuum cell used for transmission infrared speciroscopy

through supported metals.

Figure 2. Typical isotherm for CO chemi;orption on supported Rh. T = 295 K.

(The labeled points correspond to spectra shown in Figure 3.)

Figure 3. Infrared spectra for 1260 adsorbed on Rh for increasing CO coverage.

T =295 K.

3

Spectrum (a). Pep = 2.9 X 107" torr

3

Spectrum (b). Peg = 4.3 X 107 torr.

Spectrum {c). Pep = 5.0 x 1073 torr.

3

Spectrum (d). Pyg = 8.3 X 1077 torr.

Spectrum (e). PCO = 0.76 torr.

tf

Spectrum (f). Pco 9.4 torr.

Spectrum (g). Peo 50 torr.
Figure 4. Infrared spectra for 12CO on Rh following desorption.

Spectrum (a). Full coverage at ~5C torr, 295 K.
Spectrum (b). Desorption time, 150 s, 295 K.

Spectrum (c). Desorption time, 3.6 x 104 s, 321 K.

4

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



1

Fiéure'S._ Iﬁfrared spectfa for 90%- 3CO adéorbed on Rh for increasing CO coverage.

T = 295 K.
Spectrum (a). PCO"= 7 x 10'3 torr.
3

Spectrum (b). | Peg = 7 x 107 tprf,

© Spectrum {c). - Peg=7.5 torr.
-Spégfrum (d). PCO = 50 torr;
Figure 6.. Spectral changes during isctopic exchangexyf'13co(ads) with 12C0(9),
T=205K -
| Spectrum (é). Full coverage 3o (80%) achieved at ~50 torr.

12

Spéctrﬁm (b). Follawing 660 sec. exchange with ~“CO at 50 torr.




To ion pumped
vacuum sysfem
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NCOXD“'B (rho!ecu‘l’es)- -

TYPICAL ISOTHERM FOR CO

CHEMISORPT!ON ON SUPPORTED Rh.

T= 295K
e,
B yd
s
S
s
Ve
V7
) ’/’
L _gm———
/
Jd
I
!
|
i . o
I Ngy, = 1.01x10'®
| |
1
|
-fgb
R
1
Rl
=
ta
. 3 N
P
| ; | I '1 {1 1.1
o .02 04 06 08 02345678210
Ry (torr) |

Figuré 2



(j-W2) YIGANNNIAVM
008| OO@_ OO_ON

i
D

|
_..Eo 0.8l

W92 = :o_.:_Ommmlv_Tl

—— —— — — — — "t (o — v rr—

NG62=1

yd NO NOILJYOSaV ONIYNG b
SIONVHD TWH1LI3dS 00y,

s o . it s, St

w2 120z |

] { |

)-HI9G0Z

|
[W20L0¢

s () G— it o Vo

——— d—— Vel O g S

|
W2 1012

(A0

€0

A

@
o
1/°1 ©'6o; *30NVEHOSTY

N
o

2’|

o

Figure 3



(;-W3) YIAGANNNIAVM

008I 006!
’ . ._ . Lo . —.

+W.0.8

A @mm v..r.

. SIONVHO WALI3dS 0Dy,

‘44 NO NOILJ¥OS3d OZEDQ |

OO_ON 00I¢
B

- w0l

W2 )02

490

@
o

0
P

1/°1 ©'6ol-*30NvEdOSEY

4

Figure



) (1-W3) YIBWNNIAYM
008! 006! 0002 0012
. V

—

| wozesl

w9802

(s e — — — S——— E— — —— S—— ——u—
—— . S s— —
et it S— N ——— — —— S — P —

— —— — c— — n— t——— o—

w0202

| W0 /86 |
NG6S=1 |MI9G02

U4 NO NOILJHOSAV ONINNG
SIONVHO TvH103dS 00

i'o

20

¢£0

I7AS,

G0

90

S o
- O O
1/°1 9'6o; *30NVEHOSAY

(Al

¢l

Figure 5



- (j2W2) YIGANNIAYM

oosl 006! 0002 | 0012
~ L . ’ U I S ' ,¥\
~—_ el /_/ \:“a /
P ,
DN " s \ [ W0

(9 0281

A A.Soom_ yym
abuoyoxe ww : Guimojjo4 ‘g

{sav) 09, o_——"1

€0

0

S0

90

@O
S
1/°1 960 ‘30NVEHOSEY

.
. O

Figure 6

_
| -
- o S
C " 009y TEQN-ON i - |
S 0L 0G=  °Y . |
.MSeR=L | __ “
(SV9) 095 HLIM (SaV) 0D, L “
40 FONVHOXI 91dOLOSH Voo
ONI¥NG SIONVHD VHLD3dS Wi o veozf)l -






