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Changes in the chemical properties of silica-supported Rh catalysts on potassium promotion are 
observed in the 13C NMR spectra of adsorbed CO. Catalysts prepared by incipient wetness with 
2.5% Rh loading and Rh : K ratios of 1 : 0, 3 : 1, and 1 : 3 show relatively constant CO adsorption 
site character but have large changes in relative populations of linear, bridging, isolated dicarbonyl, 
and metal-bound CO. Back-bonded metal electrons on CO produce a Gaussian peak near 275 ppm 
and indicate a transition to metallic behavior of the underlying Rh at high promotion levels. Purely 
electrostatic effects are shown to be too small to cause the shifts reported for IR and NMR peak 
positions. Alkali promotion inhibits the breakup of Rh particles and formation of isolated dicarbonyl 
sites during CO adsorption, probably by the conversion of surface -OH groups to -OK groups. 
© 1992 Academic Press, Inc. 

INTRODUCTION 

Many additives are typically included 
with the active metal in industrial catalyst 
preparations to alter the catalyst's activity 
or selectivity (1). On Fischer-Tropsch cata- 
lysts, alkali salts are added to improve the 
selectivity to higher hydrocarbons and ole- 
fins. The improvement of current catalytic 
processes depends on the understanding of 
how these additives can be used to tune 
catalyst properties. To this end, many tech- 
niques have been used to examine how al- 
kali promoters influence the adsorption of 
CO on transition metals. 

Results from studies on both single crys- 
tals (2-9) and supported metals (10-12) 
have suggested that alkali promoters 
weaken the C-O bond via electronic inter- 
actions mediated by the metal. The deposi- 
tion of alkali metals onto transition metal 
crystals generally lowers the metal work 
function (2, 3), decreases the core-level 
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electron binding energies (3, 13) and results 
in increased heat of CO adsorption (2-8, 
13-15) and reduced C-O stretching fre- 
quencies (4-6, 15). For those metals on 
which CO dissociates, alkali metals promote 
this dissociation (13, 14). 

One explanation for these promotion ef- 
fects is the donation of electron density from 
the alkali promoter into the conduction band 
of the metal which, in turn, back-donates 
electron density into the CO 27r* antibond- 
ing orbital. The increased electron popula- 
tion in the antibonding orbital weakens the 
C-O bond, as shown by both the increase 
in CO dissociation and the decrease in C-O 
stretching frequencies with increased pro- 
moter level. Work function and binding en- 
ergy changes can also be understood in 
terms of this model. Because the donated 
electrons are delocalized by the conduction 
band, these effects are manifested over a 
long range. Alternatively, some authors (6, 
16) explain long-range effects as a through- 
space electrostatic interaction rather than a 
through-metal backbonding interaction. In 
this case, the electric field of an adsorbed 
potassium atom is thought to perturb the 
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vibrational potential and to shift the stretch- 
ing frequency of a nearby CO admolecule. 
Results of vibrational (2, 6, 18) and TPD (4, 
7, 17, 19) studies have also suggested short- 
range effects due to direct interactions be- 
tween the alkali and adsorbed CO. Novel 
CO bonding geometries such as tilted (19, 
20) or side-on bonded (2, 15) species and 
polymeric CO anion complexes such as oxo- 
carbons (17) or etherates (21) have been pro- 
posed to explain these results. 

In most single crystal studies, the alkali is 
added in elemental form. It is readily ion- 
ized, giving up an electron to the underlying 
transition metal conduction band and 
achieving a stable inert gas electronic con- 
figuration. In supported catalyst systems, 
where the alkali is typically added as a salt, 
this model may not be directly applicable. 
Evaluating this possibility, an XPS study on 
supported ruthenium catalysts showed that 
the Ru core-level binding energies do shift 
upon the addition of alkali salts, and the 
shifts are similar regardless of the choice of 
counterion (22). Other results on supported 
catalysts agree with those on single crystals 
as well (10-12, 23), although some have at- 
tributed observed selectivities partially or 
completely to site blockage effects (23, 24). 
An infrared study of CO on K-promoted 
Rh/SiO2 catalysts (12) found low-frequency 
stretching peaks near 1800 cm -1 that in- 
creased in intensity as promoter level was 
raised. These peaks were attributed to a 
C-O bond weakened by electronic effects. 
Another highly promoted catalyst prepara- 
tion in the same study yielded a strong IR 
absorption at 1680 cm-1 that was attributed 
to a direct K-CO complex. 

There have been several NMR investiga- 
tions of CO on supported transition metals 
(25-37) but none yet on promoted catalysts. 
On highly dispersed Rh and Ru catalysts, 
NMR lineshape analyses (25) identify the 
same linear, bridging, and dicarbonyl bond- 
ing structures seen by IR and other tech- 
niques. Linear and bridging species are lo- 
cated on metal crystallites and are identified 
by comparison with spectra of model transi- 

tion-metal cluster carbonyls. Bridging spe- 
cies resonate near 230 ppm relative to TMS, 
while linear species resonate upfield at 180 
ppm. Bridging and linear lineshapes are also 
distinguished by different chemical shift an- 
isotropies. Linear species typically absorb 
over a range of 400 ppm, while bridging spe- 
cies cover only about 200 ppm, and each 
species has a characteristic asymmetry. 
Multicarbonyl species can take on several 
lineshapes depending on their motional 
properties (27, 28). A rigid multicarbonyl is 
indistinguishable from linear CO on metal 
particles. The broad resonance line col- 
lapses to a narrow Lorentzian centered at 
the isotropic shift for those species in which 
the carbonyl groups reorient rapidly and iso- 
tropically. A structure has been proposed 
for this species which involves rotation 
about two or more nonparallel bonds (29) 
and this species is therefore referred to as a 
"multirotational" dicarbonyl. A third line- 
shape has been identified (27, 28) on highly 
dispersed Rh samples characterized by an 
anisotropy equal to half of the rigid species 
and inverted through the isotropic shift. 
This lineshape is due to Rh dicarbonyls with 
mutually exchanging CO substituents and is 
referred to as a flipping dicarbonyl. 

Spectra of CO on unpromoted Rh, Pd, 
and Pt catalysts of low dispersion (29-35) 
are very different from those mentioned 
above. These spectra are instead dominated 
by Knight-shift interactions caused by the 
conduction electrons in the larger metallic 
particles, which mix with the CO molecular 
orbitals and produce resonances at higher 
frequencies. This interpretation has been 
verified for CO on Pt and Pd catalysts in 
temperature-dependent relaxation studies. 
The observed Korringa law behavior is a 
fingerprint for the involvement of conduc- 
tion electrons in 13C relaxation. 

In this paper we report the 13C NMR spec- 
tra of CO on silica-supported Rh catalysts 
modified with different levels of potassium 
promotion. Spectral features reflect changes 
in the electronic properties of metal parti- 
cles as well as changes in surface chemistry 
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of CO adsorption sites. These changes are 
generally consistent  with the back-donation 
model. Other  reports discuss the use of 13C 
NMR to examine the effects of different sup- 
port  oxides (38) and changes in alkali metal, 
reduction treatment,  and Rh deposition 
method (39). 

EXPERIMENTAL METHODS 

Silica-supported rhodium catalysts were 
prepared using incipient wetness to distrib- 
ute the metal ions in the oxide. The silica 
used here (Degussa Aerosil 380) has a BET 
surface area of 270 m2/g. A 2.5-wt% Rh/ 
silica catalyst was prepared by impregnation 
of silica to incipient wetness with an aque- 
ous solution of  RhC13 (Aldrich) followed by 
overnight drying at 373 K. Promoted cata- 
lysts were prepared by subsequent incipi- 
ent-wetness impregnation of  the base cata- 
lyst with KNO 3 solutions followed by 
another  overnight drying procedure  at 
363 K. Promoted  catalysts were prepared 
with Rh : K molar ratios of 3 : 1 and 1 : 3. 

Catalyst samples were loaded into U-tube 
reactors described elsewhere (40). All cata- 
lysts were treated using similar procedures.  
First, they were heated in flowing helium to 
400 K and held there for 1 h. They  were then 
heated in flowing hydrogen to 473 K for 6 h. 
After reduction,  the catalysts were exposed 
to flowing helium for 1 h, cooled to room 
temperature  in vacuum, and one port  of  the 
reactor  was sealed. Catalysts were then 
dosed with several aliquots of 99% 
13C-enriched CO (Isotec) at room tempera- 
ture. Mass spect rometry  of the adsorbing 
gases was used during volumetric uptake to 
monitor  the product ion of CO2, and the 
small amounts  of CO 2 produced on these 
samples during the first few CO doses (<2% 
of total ~3C dosed) were pumped out before 
beginning subsequent  doses. Uptake was 
slow near saturation, and several days were 
usually allowed for equilibration. After dos- 
ing, the remaining arm of the U-tube was 
sealed. The sample preparations and ~3CO 
uptake are summarized in Table 1. 

13C NMR experiments were performed on 

TABLE 1 

Descriptions of Silica-Supported Catalysts 

Sample Rh:K Pco (Torr) ~ CO:Rh b % Obsd. C 

RKIOIW 1:0 11.3 0.87 100 J 
RK31IW 3 : 1 11.2 0.66 97 
RK13IW 1 : 3 5.4 0.63 59 

Final pressure when sealed (1 Torr = 133.3 N m 2). 
b Calculated from volumetric uptake. Confidence 

limits are -+5%. 
c (13 C NMR spin count)/(I3CO dosed) × 100%. Con- 

fidence limits are -+5%. 
d Measured value 103% of uptake. 

a Chemagnetics CMC-300 spect rometer  op- 
erating at 75.3 MHz. Chemical shifts are 
plotted on the ~ scale, relative to TMS, such 
that downfield is positive (i.e., C6H 6 is at 
128.7 ppm). Wideline spectra were obtained 
by Fourier  transforming the spin echoes 
observed after applying a (90°-~--180°-7- 
observe) pulse sequence with ~- = 
50/xs.Typical  90 ° pulse times were 4.0/xs.  
The phases o f r fpu l se s  were cycled to mini- 
mize receiver mismatch and other  artifacts. 
A spectral width of  250 kHz (3333 ppm) was 
used to obtain accurate echo spectra and 
ensure complete detection of all observable 
carbonaceous species on the catalysts. 
Spin-spin relaxation times were obtained 
from spin-echo experiments with a variable 
echo delay. Spin-lat t ice relaxation times 
were obtained from inversion-recovery ex- 
periments. At least six inversion delays 
were used in each case. A recycle delay of  
3 s was used for all spectra shown here. 

RESULTS 

The 13C NMR spectra for the series of  
catalysts prepared by incipient-wetness are 
shown in Fig. 1. The centers of  mass of the 
three spectra are 201, 216, and 249 ppm, 
respectively. All spectra are character ized 
by a low-frequency tail near - 60 ppm. The 
highest resonance f requency increases from 
approximately 300 ppm on the unpromoted 
catalyst to 400 ppm on the highly promoted 
catalyst. 
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CO Adsorbed on 
Rh+K/Siltca 

Incipient Wetness 
Preparation 

600 400 200 0 -200 
Frequency, in ppm, Relative to TMS 

FIG. 1. 13C N M R  spectra  of  CO adsorbed on silica- 
supported,  po tas s ium-promoted  Rh catalysts  prepared 
by incipient-wetness  impregnat ion.  Spectra  of  catalysts  
with Rh  : K = 1 : 0, 3 : l ,  and 1 : 3 represent  the accumu-  
lation of  21 000, 28 000, and 35 000 scans ,  respectively.  
Parameters  for individual subspec t ra  are given in 
Table 2. 

Conspicuous by its absence in the spectra 
of all of these catalysts is a sharp peak at 124 
ppm corresponding to gaseous CO2. Such a 
peak was noted in spectra of similar unpro- 
moted Rh and Ru samples (25). On those 
samples, CO2 was formed during CO ad- 
sorption either by oxidation or dispropor- 
tionation. The small quantity of 13CO2 pro- 
duced during dosing of the samples used 
here was removed during dosing, and the 
spectra show that no additional t3CO2 was 
formed. 

Attempts were made to fit all spectra with 
a three-component model, corresponding to 
CO adsorbed in linear, bridging, and multi- 
rotational dicarbonyl sites. The lineshapes 

initially presumed for these species were (a) 
a powder pattern centered between 169 and 
192 ppm with anisotropy of 260 -+ 40 ppm 
and asymmetry between 0 and 0.15; (b) a 
powder pattern centered between 220 and 
270 ppm with anisotropy of 110 + 40 ppm 
and asymmetry between 0.15 and 0.5; and 
(c) a Lorentzian line centered between 169 
and 192 ppm, respectively. These line- 
shapes agree with those found in 13C NMR 
studies of similar unpromoted catalysts 
(25-27) and metal carbonyl references com- 
pounds (41). This three-component model 
gave adequate agreement with the data only 
for the unpromoted sample. The potassium- 
containing samples required a fourth com- 
ponent. The results of several trial line- 
shapes for this fourth component revealed 
that the remaining intensity was best fit by 
a broad Gaussian line centered between 270 
and 330 ppm. A four-component model in- 
cluding this Gaussian peak gave improved 
fits over a model including an extra uncon- 
strained powder pattern. In the spectrum of 
RK3 IIW, a flipping dicarbonyl component 
(27, 28) significantly improved the fit to the 
data. It is characterized by an isotropic shift 
identical to linearly adsorbed CO with an- 
isotropy of - 130 -+ 20 ppm and an asymme- 
try of zero. This species is probably present 
in all catalyst samples with dicarbonyl popu- 
lations but was a significant factor only in 
this spectrum. A summary of the fitted pa- 
rameters for all samples is presented in 
Table 2. 

Additional parameters will always result 
in an improvement in the agreement of a 
model with the data. In order to assess the 
significance of the extra parameters re- 
sulting from the added components given 
the noise level of the data, we applied the 
significance tests of Hamilton (42). Their 
application to NMR spectra is straightfor- 
ward, as described elsewhere (26). These 
tests only give the user a tool to assess the 
statistical significance of added components 
and say nothing about whether such compo- 
nents are physically meaningful. Statistical 
significance is evaluated at the 99.5% confi- 
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T A B L E  2 

~3C N M R  Sh ie ld ing  P a r a m e t e r s  for  K - P r o m o t e d ,  S i l i c a -Suppor t ed  Rh  C a t a l y s t s  

203 

Sample Linear Bridging Flipping Multirotational Metal-bound 
dicarbonyl dicarbonyl 

<o') 3 "0 area a <o-) 3 "0 area a <o-) Act area a 
<o-) a areW <o-) A~r area ° 

RK10IW 183 242 0.09 0.33 224 108 0.50 0.20 b 174 23 0.34 277 86 0.13 
RK31IW 177 258 0.08 0.25 228 102 0.44 0.13 183 -125  0.08 175 40 0.i9 270 87 0.35 
RK13IW 188 256 0.01 0.24 242 100 0.50 0.15 b b 275 112 0.61 

a Fractional area. 
b Inclusion of this species did not significantly improve the fit for this spectrum. 

dence level, unless otherwise stated. For 
the case of the unpromoted catalyst, the ad- 
dition of the Gaussian peak to the three- 
component model is judged to be significant. 
For this catalyst and the Rh : K = 3 : 1 sam- 
ple, no component is superfluous. For the 
highly promoted sample, the best four-com- 
ponent model yields zero area for the dicar- 
bonyl CO, so only linear, bridging, and 
Gaussian peaks are significant. 

Both spin-lattice and spin-spin relax- 
ation times were determined for all three 
catalysts. Spectra obtained from inversion- 
recovery experiments were fit using the 
lineshapes derived from the fully relaxed 
spectra, varying only the areas of each spe- 
cies. The results of these fits for the unpro- 
moted catalyst are shown in Fig. 2. Similar 
results were obtained for the other catalysts. 
At the intermediate delays some compo- 
nents have passed through the null point 
while others remain partially inverted, 
allowing identification of individual sub- 
spectra. Fitting the component intensities to 
an exponential recovery, 

M(t) = M0(1 - 2(e-UZ0, 

where ~: is the inversion efficiency, yields 
the Tl values reported in Table 3. The relax- 
ation curves for the unpromoted sample are 
shown in Fig. 3. On the promoted samples 
the Tj's were less disparate, as seen in the 
table. In all cases, the Gaussian component 
has a spin-lattice relaxation time distinctly 
shorter than the other species, confirming 
its identity as a different species and show- 

ing that it has an additional relaxation mech- 
anism. 

The spin-spin relaxation times obtained 
for these components also varied. The mag- 
netization was found to decay exponentially 
in all cases, but no clear pattern emerged for 

Inversion Reeove~ C O  Rh/SflicaAdS°rbed o n  S t u d y  [ 

(RK 10[W), [ 
A 
/ ~ t  Inversion Time = 

3.0s I 

0 . 7 s  

0.35 s 

O, Is 

i 0  g s  

I I I i I 
600 400 200 0 -200 

Frequency, in ppm, Relative to TMS 

PIG. 2. I n v e r s i o n - r e c o v e r y  s p e c t r a  for  13CO a d s o r b e d  

on  s i l i c a - suppor t ed  Rh  ( s a m p l e  R K 1 0 I W ) .  D e l a y s  be-  
t w e e n  i n v e r s i o n  and  o b s e r v e  pu l s e s  are  i nd i ca t ed .  
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TABLE 3 

Relaxation Times for Incipient-Wetness Series Catalysts 

Sample Linear Bridging Flipping Multirotational Metal-bound 
dicarbonyl dicarbonyl 

T~ (s) 

T 2 (ms) 

RK10IW 0.77 -+ 0.09 0,43 + 0.15 0.52 -+ 0,08 0.18 -+ 0.03 
RK31IW 0,44 -+ 0.18 0.32 -+ 0.19 0.29 -+ 0.06 0.57 -+ 0.38 0.23 -+ 0.15 
RK13IW 0.51 -+ 0.17 0.51 + 0.30 0.29 -+ 0.05 

RK10IW 0.64 + 0.06 0.50 -+ 0.13 0.47 -+ 0.04 0.18 -+ 0.06 
RK31IW 0.57 -+ 0.17 0.68 -+ 0.45 0.25 -+ 0.08 0.52 -+ 0.19 0,40 + 0.05 
RK13IW 0.63 -+ 0.17 0.66 -+ 0.28 0.62 -+ 0.21 

the different species. On the highly pro- 
moted catalyst, T2 values were identical 
within the error limits. 

DISCUSSION 

Comparison of  NMR Results with IR 
Data 

The increase in center-of-mass of the 
NMR spectrum as promoter level increases 
is an additional measure of an overall weak- 
ening of the C-O bond strength, confirming 
the weakening indicated by lower stretching 
frequencies in vibrational studies of CO on 
promoted catalysts (2, 6, 10-12, 15, 23, 24). 
Recent ab initio calculations of the effects 
of external electrical perturbations on these 
two parameters predicted a linear relation- 

4 

3F 
I 2 .~:--* . . . . . . . . . . . .  

i 
-4  0.0 0~.5 1'.0 1.5 

Inversion Delay, s 

FIG. 3. Inversion-recovery exponential recovery 
curves for sample RK10IW. (D) Linear, (0)  bridging, 
( 0 )  dicarbonyl, and (5)  metal-bound. 

ship (43) with a slope of -0.23 ppm/cm 1. 
While some curvature is apparent in plots 
of the ab initio calculations, the results are 
linear for frequency shifts of up to -+50 
cm -1. Previous study of inorganic carbonyls 
(44) found an inverse correlation for linear 
carbonyl ligands between the 13C chemical 
shift and the C-O force constant, which is 
proportional to the square of the stretching 
frequency, and this correlation can be used 
to predict variation of chemical shifts and 
IR frequencies over limited ranges. On dif- 
ferent inorganic carbonyl compound fami- 
lies (44), slopes vary from -0.13 to -0.48 
ppm/cm -1. This relationship can also be 
seen for bridge-like carbonyls in several 
families of organic compounds. C-O 
stretching frequencies and 13C isotropic 
shifts for reference compounds, plotted in 
Fig. 4, show an inverse linear relationship 
for each series. For the quinones, a slope 
of -0.68 ppm/cm -1 is obtained, while the 
substituted acetones and haloketones give a 
slope of - 0.57 ppm/cm- 1. 

Maciel (47) explained the trends in chemi- 
cal shift of methyl-substituted carbonyl 
compounds (CH3COX) by changes in the 
C-O ~r-bond polarity. That analysis care- 
fully separated inductive effects due to elec- 
tron-donating or withdrawing groups from 
resonance effects due to the keto-enol equi- 
librium. Back-donation is analogous to the 
addition of electron-donating groups. Add- 
ing such groups results in a more polar C-O 
bond, which decreases the bond order, force 
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FIG. 4. Comparison of C-O stretching frequencies 
with ~3C chemical shifts for organic carbonyl compound 
families. Data from Refs. (45) and (46). (1) Quinones, 
(111) halkotenes, and (0) alkyl-substituted acetone. 

constant, and stretching frequency and in- 
creases the ~3C isotropic chemical shift. The 
observation of a shift in the overall center- 
of-mass of the NMR lineshape with in- 
creased promotion would therefore be pre- 
dicted by the back-donation model. 

While a comparable shift is seen for our 
samples, this recognition does little to re- 
solve controversies in the mechanism of 
promotion, as there are several possible ex- 
planations for such a shift. The shift in aver- 
age frequency is caused by changing site 
populations, while in other catalysts pre- 
pared via amine exchange the frequency of 
each site changes with increasing promoter 
content (48). Conversion of linearly ad- 
sorbed CO to a bridging geometry that 
would shift the resonance to higher frequen- 
cies has been proposed (10), but is inconsis- 
tent with the site populations measured 
here. Other studies (2-6, 12-17, 19, 21, 23, 
24) have attributed promotion effects to the 
formation of new sites, distinguished by an 
interaction between CO and the al- 
ka l i -e i ther  directly or mediated through 
the metal. Our results support this new-site 
explanation and also provide a means for 
quantifying the affected sites. These new 
sites are manifested in our spectra as 

Gaussian components seen here, located at 
frequencies higher than those found for lin- 
ear and bridging CO of model carbonyl com- 
pounds. It is the growing intensity of this 
species that accounts for much of the in- 
creased center-of-mass of the NMR line- 
shape with increased alkali content. 

This Gaussian peak at 275 ppm appears at 
high-promotion conditions. Vibrational 
studies show a new peak at or below 1800 
cm -1 on supported Rh (12), Rh(l l l )  (4), 
Ni( l l l )  (6), and Pt( l l l )  (8) at high alkali 
loadings. This new species has been charac- 
terized as a localized species, and ionic com- 

B+ 8- plexes such as Kx (CO):, of the oxocarbon 
(17) or etherate (21) form were suggested 
based on vibrational spectra. However, 
NMR spectra of representative stable oxo- 
carbons, including K2(CO)4, K2(CO)5, and 
K2(CO)6, show that they all have isotropic 
shifts of 175-210 ppm (48). Unless K2(CO) 2 
has very different behavior, polymeric oxo- 

8+ 8-  carbon-like Kx (CO)y complexes are not a 
good model for this new surface species. No 
NMR data for the proposed etherate struc- 
ture is presently available, and the effects of 
K + and Rh neighbors are difficult to predict. 
However, organic ethers typically have iso- 
tropic shifts of 50-100 ppm and small (50-80 
ppm) anisotropies (49). No such species 
were detected with NMR on these sup- 
ported catalyst samples containing R h : K  
ratios up to 1:3. Unfortunately, neither 
NMR nor vibrational studies can determine 
if a promoted K-CO complex has a definite 
stoichiometry. While NMR spin counts give 
the quantity of CO in the Gaussian peak, the 
actual K coverage on the Rh particles is 
unobtainable, and IR or HREELS studies 
on single crystals can work with known K 
coverages but cannot usually determine CO 
concentrations directly from vibrational 
spectra. 

The NMR results from the promoted cata- 
lyst series can be more closely compared 
with IR results from similar catalysts stud- 
ied by Kesraoui et aI. (12). There, a highly 
promoted (Rh : K = 1 : 5) catalyst showed 
no absorption due to dicarbonyls or bridging 
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CO, but  did contain peaks in the linear range 
and at 1808 cm -1. Our results also indicate 
the presence  of linear sites and absence of 
dicarbonyls on a highly promoted (Rh : K = 
1 : 3) sample. In contrast  with the IR results, 
the NMR spectrum indicates 15% of  all ad- 
sorbed CO to be in bridging sites. The most 
prominent  feature in the infrared spectrum 
is a broad band at 1808 cm-1 that increases 
in intensity with increased promotion.  This 
f requency is below that of typical bridge- 
bonded CO and was attributed to a new spe- 
cies modified by electronic interactions with 
the promoter  (12). The appearance of this 
new low-frequency IR peak corresponds to 
the increase in intensity of  the Gaussian 
lineshape in the NMR spectra. If the 1808 
c m - 1 , 275  ppm species is a modified linear 
site, an NMR shift/IR shift slope of - 0 . 3 6  
ppm/cm-~ can be calculated, while if it is 
a modified bridged site, as seems more likely 
(12), a slope of - 0 . 4 9  ppm/cm -1 results. 
Both values are somewhat  higher than pre- 
dicted from the ab initio calculations and 
lower than the organic compounds,  but 
within the range of  those seen on metal clus- 
ter carbonyls.  

Est imat ion  o f  Through-Space  Ef fec t s  

Opposite trends in the I3C chemical shift 
and the stretching f requency of CO can also 
be caused by strictly external  electrical per- 
turbations, such as electric fields or field 
gradients. Ab initio calculations of Aug- 
spurger et al. (43) provide a means of quanti- 
tatively determining the effects of  various 
electric potentials on these parameters.  The 
measured shifts are seen to depend strongly 
on the angle be tween the applied field or 
field gradient and the CO internuclear axis. 
To ascertain the magnitude of a through- 
space electrostatic interaction for our cata- 
lysts, we have calculated the field and field 
gradient due to the alkali promoter  species 
next to an adsorbed CO molecule. A simple 
model was used by Uram et al. (6) to qualita- 
tively explain the decrease in CO stretching 
f requency on potassium coadsorption on an 
Ni(111) surface. This model treats the alkali 

ion as a point charge located above an infi- 
nite conducting plane. The electric field at a 
nearby CO admolecule is calculated as the 
vector  sum of that due to the K + ion and 
its image charge. We investigated the effect 
using a similar geometry with some modifi- 
cations. 

We assumed a potassium radius of  2.12 
A, the equilibrium distance calculated for a 
K atom outside a jellium surface (16). Car- 
bon and oxygen positions were those ob- 
tained in L E E D  analysis of CO on R h ( l l l )  
(50). The lateral distance between K + and 
13CO center-of-mass at closest approach 
was approximated as the sum of the R h - C  
distance and the effective K radius. Follow- 
ing Augspurger et al. (43), the angle 0 be- 
tween the field or field gradient and the C - O  
axis is defined as 0 ° for a field oriented from 
oxygen to carbon. 

The electric field due to a point charge is 
given by 

1 q 
E -  

47re o r 2 , 

and the field gradient is 

OE 2 q 
E F G  = - - 

Or 4~re 0 r 3" 

Both E and E F G  are oriented radially away 
from a positive charge and towards a nega- 
tive charge. The electric field is 0.0167 a.u. 
(1 a.u. = 5.142 25 x 109 V/cm) with 0 = 
21.4 ° and the field gradient is 0.00520 a.u. (1 
a.u. = 9.717 45 × 1017 V/cm 2) with 0 = 
13.2 ° for the effect of K + and its image 
charge. The contour plots of Augspurger et 
al. predict f requency shifts of + 9 ppm and 
- 45 cm -  1 due to the field and + 2 ppm and 
+ 12 cm -1 due to the field gradient, for an 
overall 13C NMR shift of  + 11 ppm and an 
overall change in the CO stretching fre- 
quency of - 33 c m -  i. 

The above model does not account  for the 
metallic screening of the potential. Lang et 
al. (16) have included this effect in calcula- 
tions of  the electrostatic potential due to 
adsorbed alkalis. Using their contour  maps 
of the induced electrostatic potential due to 
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an adsorbed K atom with the geometry of 
the previous model, the calculated electric 
field is 0.0051 a.u. with 0 = 39 °. This contri- 
butes only + 3 ppm to the 13C chemical shift 
and decreases the CO stretching frequency 
by only 15 cm -1. Even if the 1808 cm -1, 275 
ppm species is the least shifted, modified 
bridge structure described above, by either 
approach we can conclude that the through- 
space electrostatic effects are insufficient to 
cause the -45 ppm increase in 13C shift seen 
for the Gaussian component of these spectra 
and the corresponding -92  cm-~ decrease 
in CO stretching frequency. 

Interpretation of  Gaussian Peak 

The NMR spectrum of 13CO on the highly 
promoted catalyst does not have the defini- 
tion seen in the less highly promoted sam- 
ples. Lacking information from other spec- 
troscopies, one would be tempted to fit this 
spectrum to a simple Gaussian or Lo- 
rentzian lineshape. However, the infrared 
results discussed above clearly indicate the 
presence of linear CO, and omitting this 
component also significantly decreases the 
quality of the fit to the NMR spectrum. 

Similar featureless peaks have been 
noted on unpromoted rhodium catalysts of 
low dispersion (29). It is unlikely, however, 
that the results here indicate simply an 
increase in particle size. Measurements of 
particle size using X-ray line-broadening 
have shown a decrease in particle size 
on alkali promotion (12). The decreased 
CO:Rh ratios with promotion seen here 
therefore reflect the blockage of available 
adsorption sites by the promoter and the 
prevention of dicarbonyl site formation, 
rather than a true decrease in the Rh 
dispersion. 

Another species that would resonate at 
300-400 ppm is a surface carbide, as might 
be formed during CO hydrogenation by cok- 
ing or CO dissociation. However, IR data 
(12) show a 1808 cm ~ C-O stretch ap- 
pearing at comparable alkali loading, so the 
new CO species has not dissociated. In addi- 
tion, EELS spectra on alkali-promoted 

Rh(l l l )  surfaces (4) show no M-C or M-O 
stretching modes. Finally, a carbonaceous 
overlayer (40) does not exhibit the short T~ 
seen here, so the surface carbide possibility 
can be ruled out. 

It has been proposed that the transition 
from multiple powder patterns to a single 
broad peak corresponds to the onset of me- 
tallic behavior in supported metal particles 
(29). Metallic (as opposed to diamagnetic) 
particles possess a nonzero magnetic sus- 
ceptibility that can affect the spectra of ad- 
sorbed species. The effect of the magnetic 
susceptibility can be calculated for any stan- 
dard geometry. For linear CO on a spherical 
particle, the anisotropy is decreased by 8~-)~/ 
3, or 112 ppm for Rh (30). Calculation for 
bridging CO requires unavailable knowl- 
edge of the principle axis system, but will 
generally result in decreased anisotropy and 
increased asymmetry. Of course, particles 
are not strictly spherical, with larger clus- 
ters approaching a regular polyhedral geom- 
etry (30). For such clusters, the value of the 
magnetic susceptibility may change from 
site to site, leading to additional broadening. 
Magnetic susceptibility depends on particle 
size (51, 52) which may further broaden the 
NMR lineshape. In addition, X varies with 
adsorbate and coverage (51). Thus the pres- 
ence of potassium salts on the promoted 
catalysts may serve to alter the magnetic 
susceptibility and lead to further broaden- 
ing. The broadening due to the site distribu- 
tion may substantially increase the line- 
width from the theoretical prediction. It is 
not surprising then that the present 
Gaussian peaks have halfwidths of 200-250 
ppm, while that seen for unpromoted cata- 
lysts of low dispersion is only 90 ppm (29). 

The magnetic susceptibility interaction 
has no isotropic part and therefore can only 
broaden or narrow the lineshape; it cannot 
shift the center-of-mass. This interaction 
cannot be responsible for the high frequency 
of the Gaussian peak. Such a frequency shift 
must be caused by either a chemical shift or 
a Knight shift. A chemical shift due to a 
direct interaction with the promoter salt is 
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unlikely, as compounds containing po- 
tassium are rarely shifted greatly from their 
organic analogues. For example, the iso- 
tropic shift of the carbonyl carbon of acetic 
acid is 188 ppm, while that of potassium 
acetate is 177 ppm (49), a shift of only 11 
ppm and in the opposite direction to that 
observed here. Additional chemical shift 
may be caused by electron-donating substit- 
uents, as described above, but the shifts 
shown in Fig. 4 are significantly smaller than 
those seen for this new peak. The range of 
shifts seen for the Gaussian peaks on the 
different promoted catalysts also extends 
above the range of shifts commonly seen 
for CO in model inorganic carbonyl clusters 
(41) although there is some slight overlap. 
We conclude that the high frequency of the 
Gaussian peak is most likely caused by a 
Knight shift, which occurs because the Rh 
conduction electrons influence the magnetic 
field at the 13C nucleus. 

Knight shifts have been implicated in the 
high shifts seen on Pd, Pt, Os, and Ir (30-35) 
and temperature-dependent relaxation stud- 
ies have proven this to be the operating 
mechanism for Pd and Pt (31, 32). NMR of 
13CO on Pd/SiO2 or Pd/A1203 catalysts show 
the isotropic frequency of Knight-shifted 
CO on Pd (760 ppm) to be far from that of 
normal chemically shifted CO (190 ppm). 
Intensity at 190 ppm was assigned to linear 
CO adsorbed at edges and corners of metal 
particles, while the remaining intensity was 
attributed to bridging CO adsorbed on Pd 
faces (35). The Knight-shifted bridging CO 
resonates over a wide range of shifts be- 
tween these two extremes, and is not appre- 
ciably narrowed in a TOSS experiment. 
With only a moderate particle-size distribu- 
tion, as determined from electron micros- 
copy measurements described in that study, 
this range is seen to reflect heterogeneity in 
the bridged bonding sites and the extent of 
overlap between the CO molecular orbitals 
and the conduction band of the Pd. Similar 
Knight-shifted CO adsorbed on 30-150 
colloidal Pd particles has been detected indi- 
rectly (53). 

The shifts seen for 13CO on other sup- 
ported Group VIII metals, including Rh (25, 
26, 30, 36), are in the range of chemical 
shifts for model inorganic carbonyls (41) and 
show no Knight shift. However, the parti- 
cles in these catalysts may be too small to 
have a developed conduction band and 
therefore may be unable to produce a Knight 
shift. Indeed, on the larger particles of a 
low-dispersion Rh catalyst the Lorentzian 
line for CO was centered at 270 ppm (29). 
While this is at the end of the range of bridg- 
ing CO chemical shifts, it is downfield of the 
center of mass of the spectra of CO on more 
highly dispersed catalysts. Since the change 
in dispersion will not dramatically change 
the bonding geometry of bridging CO, the 
increase in center of mass can be interpreted 
as a Knight shift. 

The inversion-recovery data support the 
Knight-shift interpretation. These experi- 
ments show that metal-bound CO relaxes 
faster than bridging and linear CO. Spin-lat- 
tice relaxation can be broken down into con- 
tributions from the contact, orbital, and di- 
polar terms of the hyperfine interaction (33). 
The contribution of the contact term via 
s-state or o--orbital electrons can be calcu- 
lated from the magnitude of the Knight shift 
using the Korringa relation (54). Since 

T1K2 4~-kB T \Yn/ 

where B is a function of electron-electron 
couplings that is of order unity, T1K 2 ~- 
1.4 × 104 S for 13C at room temperature (33, 
54). Here, K is the Knight shift expressed 
in ppm. The observed relaxation rate (I/ 
T1) will be the sum of relaxation due to all 
mechanisms. Considering either Knight- 
shifted linear or bridging CO to cause the 
275 ppm peak, the shifts of 100 or 45 ppm 
produce Knight-shift relaxation times of 1.4 
and 6.9 s. Using average spin-lattice relax- 
ation times for the linear and bridged sites 
(0.57 and 0.42 s) to describe effects of all 
other relaxation mechanisms, we predict a 
relaxation time of 0.4 s for either modified 
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metal-bound species. This is longer than the 
values of 0.18-0.29 s actually observed, and 
so the contact contribution alone is not suf- 
ficient to explain the lower relaxation time 
measured for the metal-bound species. 
However, as shown by Ansermet et al. (33), 
the orbital and dipolar terms of the hyperfine 
interaction also contribute significantly to 
the relaxation of a metal-bound species. 
These terms will be most affected by a 
change in the back-bonding, as they depend 
on both the ~r and o- molecular orbitals, 
while the contact term depends only on 
o--bonding. Thus, the small value of the 
Knight shift shows an increase in Rh-CO 
o--bonding on promoted catalysts, while the 
additional increase in the relaxation rate 
also indicates an increase in the Rh-CO 
7r-backbonding. 

To summarize, the transition from dia- 
magnetic metal clusters to metallic particles 
is indicated by the loss of spectral character 
due to magnetic susceptibility effects and 
the shift to higher frequency due to a Knight 
shift. Both the 13C Knight shift and the addi- 
tional increase in 13C relaxation rate indicate 
metal electrons are present on the CO. The 
fraction of CO on metallic particles rises 
with increasing promoter levels, in 
agreement with the back-donation model. 
As promoter is added, more electrons are 
donated to the metal conduction band and 
smaller particles begin to exhibit metallic 
behavior. The increase in the fraction of 
Knight-shifted CO is quantitatively seen in 
the increased fractional area of the metal- 
bound peak. 

Rh sites of low coordination, such as at 
edges and corners of particles, may account 
for the relatively unperturbed linear CO 
lineshape seen on promoted catalysts. The 
CO adsorbed there is not Knight-shifted 
even on highly promoted catalysts. These 
Rh atoms may retain diamagnetic behavior 
because of their low orbital overlap with the 
developing conduction band of the particle, 
and are often described as electron-deficient 
(35). Alternatively, their behavior may re- 
flect a limited range for the promoter inter- 

action. The effective range of the promoter 
electronic perturbation cannot be deter- 
mined from these NMR spectra. However, 
since both NMR and IR show that bridging 
CO is converted to the promoted species at 
high potassium levels, it appears that the 
faces of the Rh particles are modified by the 
potassium promotion. The remaining unpro- 
moted linear CO sites would then be only at 
the particle edges or corners. 

The decrease in CO adsorption on the pro- 
moted catalysts may be caused by alkali lo- 
cated on the Rh, leaving fewer Rh sites 
open. However, significant CO chemisorp- 
tion occurs on Rh particles even at Rh : K 
= 1 : 3, in contrast to behavior seen for cata- 
lysts with similar composition prepared by 
amine exchange (48). 

Role of  K in CO-Induced Restructuring 
of  Rh 

Results on these catalysts clearly show a 
monotonic decrease in the fractional area of 
the dicarbonyl as promoter level increases. 
Although infrared results on a similar cata- 
lyst series (12) show an initial increase in 
the amount of adsorbed dicarbonyl on a low- 
promotion sample, they mention that this 
result is anomalous. The dicarbonyl species 
is absent on a highly promoted sample, in 
agreement with results here. Two alterna- 
tives can be offered to explain this decrease 
in dicarbonyl formation. Either the po- 
tassium prevents the dicarbonyl from form- 
ing or it increases the rate of reductive ag- 
glomeration of the isolated Rh I sites to form 
Rh ° particles. Both explanations have been 
supported by infrared studies. Solymosi et 
al. (55) found that Rh dicarbonyl vibrational 
bands decrease more rapidly on K20-doped 
A1203 than on a similar undoped catalyst at 
448 K. The authors attributed the observed 
differences to an electronic effect. Little dif- 
ference was noted in the two samples at 
room temperature, however. Zaki et al. (56) 
showed that K2CO 3 will react with relatively 
basic A1-OH groups on A1203 to form 
AI-OK groups, which block the oxidative 
disruption of Rh ° crystallites by CO. This 
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reaction is activated. Although some hy- 
droxyls were replaced upon heat treatment 
at 570 K, most of the reaction occurred 
when the A 1 2 0 3 - K 2 C O  3 w a s  heated at 770 
K. Infrared spectroscopy indicated that the 
most basic and nucleophilic OH groups 
were replaced most easily (57). Hydroxyl 
groups of silica are more basic than those 
of alumina and should therefore be more 
susceptible to attack from the electroposi- 
tive promoter. Our results indicate that a 
similar mechanism operates on our cata- 
lysts, and the 6 h reduction treatment at 473 
K is sufficient to replace many of the Si-OH 
groups with Si-OK groups. This prevents 
formation of isolated Rh ~ sites on adsorption 
of CO. 

The NMR spin counts from spectra of 
the unpromoted and moderately promoted 
samples show all adsorbed CO has been de- 
tected (Table 1). The decrease in observed 
CO at high promoter levels cannot be due 
to a paramagnetic dicarbonyl species, since 
IR spectra (12) show that there is no dicar- 
bonyl CO present at high K loadings. The 
promoter species must therefore render 
some of the CO located on the metal parti- 
cles unobservable. 

CONCLUSIONS 

An increase in center-of-mass of the ~3C 
NMR spectra of CO adsorbed on silica-sup- 
ported Rh catalysts with increased alkali 
promotion demonstrates a weakening of the 
C-O bond. This overall shift is due largely 
to the growing contribution of a Gaussian 
line located downfield from normal chemi- 
cally shifted CO. The appearance and inten- 
sity of this line corresponds with low-fre- 
quency vibrational peaks reported in 
infrared spectra of similar catalysts. Elec- 
trostatic effects alone cannot explain the 
large shifts seen for these species in both 
NMR and IR spectroscopies. The Gaussian 
peak is interpreted as a species in which 
metal conduction electrons mix with the CO 
molecular orbitals. This assignment is sup- 
ported by the observation of similar peaks 
on Rh catalysts of lower dispersion and cata- 

lysts of metals with higher magnetic suscep- 
tibility. This species relaxes more rapidly 
than CO on nonmetallic particles, as ex- 
pected with the involvement of conduction 
electrons in d-Tr Rh-CO back bonding. 
Such an interpretation is significant in that it 
supports the existence of the through-metal 
electronic interaction that has been debated 
in the surface science literature, although 
NMR results do not indicate the effective 
range of this interaction. While prior vibra- 
tional studies have found evidence for oxo- 
carbon or etherate complexes, the ~3C NMR 
spectra of the samples investigated here 
have no features corresponding to these 
complexes. 

In addition to affecting the CO on metal 
particles, alkali promoters also block the 
formation of dicarbonyl sites on isolated Rh 
atoms by exchanging with surface hydroxyl 
groups during catalyst preparation and 
forming unreactive -OK groups. The forma- 
tion of these isolated sites is something to 
be avoided, as they are catalytically inactive 
for CO hydrogenation or dissociation, so 
this prevention of CO-induced Rh redisper- 
sion is another useful effect of alkali pro- 
motion. 
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