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Abst rac t  

Most o~ our research was dlrec~ed toward the role of promoters in 

heterogeneous CO hydrogenation and In hydroformyiation reactions. It was 

found that the addition of Zn to a RhlSiO 2 hydroformylation catalyst 

influences the ratio o2 hydro~ormylation to ethylene hydrogenation. A maximum 

is selectivity toward the oxygenated products was observed at a mole ratio o[ 

0.05 Zn/Rh. Some possible roles of zinc are site blocking and an increased 

r a t e  of CO i n s e r t i o n  by Zn(lI)-OC i n t e r a c t i o n s .  The l a t t e r  type of  

interaction is known to promote CO insertion in organometallic compounds. In 

a second ~rea of research.  CCO has been charactev ized by vibrational 

spectroscopy in  [Ru3(CO}9(CCO}]2-. Analogy w i th  molecular c l u s t e r . c h e m i s t r y  

suggests that  CCO ls  l i k e l y  to corm on carbided c loses t  packed metal sur faces 

and vlbratJonal spectroscopy is a promising tool for testing this postulate. 

Result~ 

Promoter Action in Flscher-Tropsch Catalysis  (with Andrew Lang; William 

Hollenberg and W.' M. Sachtler.) 

We presen ted  a model f o r  these  promoter e f f e c t s  based on The a c t i v a t i o n  

of CO by interaction o~ a promoter Ion with the oxygen atom of a chemisorbed 

carbony l .  A schematic rep resen ta t i on  of  t h i s  type of bonding i s :  



Precedence fo r  carbon and oxygen-bonded carbon monoxide may be found in  

many s t r u c t u r a l l y  c h a r a c t e r i z e d  o rganometa l l i c  compounds. In these compounds 

a ~ormal ly  p o s i t i v e  metal ion may be bound to the ca rbony l  oxygen alone, or 

sometimes s imu l taneous ly  bonded to both the carbon and oxygen of the carbony l .  

I t  a l so  has been found tha t  carbon and oxygen bonding promotes a v a r i e t y  o f  "" 

o r g a n o m e t a l l i c  r eac t i ons ,  i n c l u d i n g  two which are impor tan t  to the sur face  

c a t a l y t i ~  chemist ry  o f  carbon monoxide: CO cleavage and CO i n s e r t i o n  i n t o  

metal alkyl bonds. For example, rate enhancements o~ the order of 103 for the 

CO insertion reaction result in the presence of alkali metal ions which are 

known to bind to caarbonyl oxygen, and alumlnum trlhalldes bring about 

enhancement factors of at least 108 . Carbon and oxygen bonding also is 

strongly Impllcated in the cleavage of a CO llgand to produce carbldlc cluster 

compounds. " 

Slgnlflcantly, the Mo 2+ promoted Rh catalyst that we have studied 

exhlblts a band around 1530 cm -1, suggesting that C- and O-bonded carbon 

monoxide is present. A CO'stretchlng mode at this same frequency has been 

reported for COon a stepped NI surface NI[5(I11) x-(110)](lZ) and on Fe(111). 

It is relevant that the 1530-cm -I band on the stepped Ni surface vlrtually 

disappears upon increasing the temperature to only 310 K, and a concomitant 

appearance of bands at 470 and 700 cm -I occurs. These observations indicate 

that the adsorbed C- and O-bonded CO dissociates to Cad s and Oad s wlth 

extraordlnarlly low activation energy. The binding of CO to these stepped 

surfaces is likely to be analogous to the C- and O-bonded CO in [I/Fe4(CO)13] -, 

which has been induced to dissociate in homogeneous reactions. Based on these 

observatlons, it is likely that protruding atom of a stepped surface acts as 

an oxophlllc promoter. According to the Smoluchowskl theory thls atom should • 

indeed have a p o s i t i v e  charge. 



S e l e c t i v e  H y d r o f o r m y l a t l o n  o f  E t h y l e n e  on Rh-Zn/SI0  2 ( w i t h  M. I ch i kawa ,  A, J.  

Lane and W. M. H. S a c h t l e r ) .  

As shown in Figure i, the addition of Zn to Rh/SiO 2 increases the 

hydroformylation activity up to 50 times over that of the unpromoted catalyst. 
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F ~  1. Rat= or product formation (mmol/min/g of ca~l~t) C,Hs- 
CHO (O), CjH~OH (O), and C2H6 (x), by chanBin8 Zn contents 
(ZnjP.h atomic ~ffo,) in SiO,.suppo~l RIPZn mtalysU. Catalyst: 4.0 
wt % l~h loadin8, 0.4-0.5 g. Reaction conditions: C=H,:CO:.H= = 
10:10:10 mL/min, IS0 ~- 2 "C, I arm. SV = 1200 L/L/h. 

M o r e o v e r ,  t h e  s e l e c t i v i t y  t o w a r d  h y d r o f o r m y l a t t o n 0  e x p r e s s e d  by  t h e  r a t i o  

C~HsCHO/C2H 6 ,  i s  I m p r o v e d  by a f a c t o r  o f  15 by  t h e  a d d i t t o n  o f  Zn a t  Zn/Rh = 

0 . 0 5 - 0 . 2 .  T h e s e  m e a s u r e m e n t s  w e r e  p e r f o r m e d  I n  t h e  ~ e m p e ~ a t u r e  r a n g e  150 -  

• 200"C.  The  a d d i t i o n  o f  Zn a l s o  c o m p l e t e l y  s u p p r e s s e s  t h e  f o r m a t i o n  o f  

methane. The latter r e s u l t  sugges ts  t h a t  Zn b locks  s i t e s  f o r  CO d i s s o c i a t i o n  

and ~ncreases s e l e c t i v i t y  toward h y d r o f o r m y ] a t i o n .  A t  the  Zn/Rh r a t i o  o f  0.3 

a l s o  CO I n s e r t i o n  l u t o  s u r f a c e  e t h y l  g r o u p s  I s  f a v o r e d  o v e r  t h e  h y d r o g e n a t i o n  

o f  s u r f a c e  e t h y l  g r o u p s  t o  e t h a n e :  



~ ! ~  I I  

HzCCH~ "~. H ---q= CH z . . . . . . .  CzH6 

The nature o2 the surface carbon monoxide was studied by in f rared 

spectroscopy. Two strong bands at 2065 (HF band) and 1918 (LF band) cm -1 for 

CO on Rb/SiO are reasonably assigned to the l i n e a r l y  bonded ( te ra ina l )  

oarbqnyl and br ldging carbonyl,  respect ive ly .  In the absence of added Zn the 

two bands are of comparable i n tens i t y ,  but ~ i th  increasing Zn content the LF 

band a t t r i bu ted  to br idg ing CO decreases s i g n i f i c a n t l y  and the HF band 

b r o a d e n s  and s p l i t s . i n t o  a d o u b l e t  (2041 and 1995 c= -1)  a t  hl'~b Zn c o n t e n t .  

In the presence of Zn, weak but d i s t i n c t  bands also are observed at 1620 and 

1580 c= -1 .  The d r a e a t i c  chanEe in  the  r a t i o  o f  i n t e n s i t i e s  of  b r i d s i n g  and 

l i n e a r  CO Is  s i s l l a r  t o  e a r l i e r  o b s e r v a t i o n s  w i t h  F e - p r o s o t e d  Rh/$iO~ and 

q u a l i t a t i v e l y  d i f f e r e n t  f r o n  t h e  IR e v i d e n c e  o b t a i n e d  w i th  o x o p h i l i c  p r o l o t e r s  

on Rh. C l e a r l y ,  a s p e c i f i c  e f f e c t  of  t h e  p r o m o t i n g  c a t i o n  i s  r e v e a l e d .  The 

observation is strlkinEly slmilar, to thatln our earlier work with Pd and PdA~ 

alloys and strongly suEEests that an analoEous interpretation is valid: the 

a u l t i c e n t e r  or  " F r e u n d l l c h "  s i t e s  on the  Rh s u r f a c e  a r e  b locked  by t h e  Zn 

i o n s ,  f o r c l n E  the  a d s o r b i n g  CO molecu l e s  I n t o  t h e  "on top"  or  " l i n e a r "  

p o s i t i o n s .  E l e c t r o n e u t r a l l t y  r e q u i r e s ,  of  c o u r s e ,  t h a t  an ions  a l s o  o c c u p y  

s u r f a c e  s i t e s  on Rh; b u t  t he  s t r ~ k i n ~  d i f f e r e n c e  be tween  the  two Eroups o f  

c a t i o n s  woui.d J u s t i f y  o u r  i n t e r p r e t a t i o n  t h a t  t h e  b l o c k i n g  o2 F r e u n d l i c h  s i t e s  
t 

by z i n c  i ons  I s  d o a ~ n a n t l y  r e s p o n s i b l e  f o r  ",~e d r a a a t i c  r e v e r s i o n  o f  r e l a t i v e  

band i n t e n s i t i e s ;  i . e . ,  CO i s  ~orced i n t o  the  l i n e a r  mode. 



Weaker bands in the vicinity of t600 cm-I may arise ~rom CO that is C 

coordinated to Rh and 0 coordinated to Zn stallar to the case o~ the Mn- 

promoted Rh. These carbonyl groups may account for an apparent increase in CO 

insertion rate in the presence of Zn. because carbonyl interaction with 

electron acceptors is implicated in dramatic increases in the rate o~ CO 

insertion £n organometallic compounds, 

In summary, Zn atoms or ions on Rh apparently occupy Freundlioh sites 

which block CO dissociation.. The Zn also appears to increase the rate of CO 

insertion as indicated by an increase in selectivity for C2HSCHO ~ormation. 

I n t e r a c t i o n  betueen HPe4(CH)(CO)12 and P a r t i a l l y  Dehydroxyla ted  Alumina (with 

Mark A. Drezdzon, C la i r e  Tess te r -Youngs .  Carr ie  Woodcock. P e t e r  N i l l e r  

Blonsky,  Orlando Leal ,  Boon-Keng Teo, Robert L. Burwell ,  J r . ) .  

Judging  ~ros chenlcal  and Ia da ta ,  the i n i t i a l  r e a c t i o n  of  HFe4(CH)(CO)12 

with p a r t i a l l y  dehydroxyla ted  alumina produces [HFe4(C)(CO)12]-, which is  

bound to  the su r face .  EXAFS and e l u t i o n  of the bound c l u s t e r  ind ica tes  t h a t  

e v o l u t i o n  of  C~ occurs s lowly by ex t ens ive  loss  of CO from a small number o f  

c l u s t e r  molecules .  This p roces s  l eads  to  the cQexls~ence of  l n t a c t  

[HFe4(C)(CO}12 ] -  p lus  i ron  or  i r on  carb ide  p a r t i c l e s .  In keeping with t h i s  

i n t e r p r e t a t i o n ,  the suppor ted  m a t e r i a l  d i sp lays  a c t i v i t i e s  f o r  the 

r e d u c t i o n  o f  CO and the  hydrogena t ion  of  benzene and p roduc t  d i s t r i b u t i o n s  

t h a t  a r e  t y p i c a l  of i ron  s e t a l .  

V i b r a t i o n a l  Spec t roscop ic  C h a r a c t e r i z a t i o n  of  the  CCO LtEand and the Pos s ib l e  

Occurrence o f  CCO on Sur faces  (with Michael J .  S a i l o r ) .  

There i s  abundant ev idence  from metal c l u s t e r  c h e m i s t r y  t h a t  a carbon 

atom capping  a 3 - s e t a l  a r r a y  has a high a f f i n i t y  f o r  CO. l e a d i n g  to the 



~formatlon of a capping CCO group. Accordlngly, we propose that COO may exist 

on a carbided closest-packed metal surface in the presence of CO. Par 

example, the surface carbide species on a Fischer Tropsch catalyst may be 

present as CCO. Vlbrational spectroscopy represents one of the most promising 

methods for detecting CCO and therefore we undertook the vibrational 

characterization o f .  CCO in the structurally characterized cluster [Ru3(CO)6(~ - 

'Cq)3(~-CCO)]2- .  1. 

The c l u s t e r  [Ru3(C0}6(~-C0}3(~3-CC0~]2-, 1, was chosen f o r  study by IR 

and Raman spectroscopy because i t s  X ' r ay  s t ruc tu re  approaches C3v symmetry and 

e i the r  or both of  the CCO carbon atoms can be 13C enriched. Three normal 

modes of A I symmetry in the ideallzed C3vPolnt group are predicted for the 

CCO group attached to three metals. As it turns out, these are fairly ~ell 

separated i n  frequency and can be descr ibed approximately as the M3-Cs t re tch ,  

C-C s t re tch  and C-O s t re tch .  

A prominent Raman band at 319 cm -1 i s  assigned to  the ~3C s t r e t c h  on the 

basls of  i t s  p o l a r i z a t i o n  (p = 0.12 in CB2C12 so lu t i on ) .  The s h i f t  tn  th ls  

band upon I s o t o p i c  s u b s t i t u t i o n  (CCO vs 13C13C0} i s  ba re~yd lscernab le  (ca. 4 

cB- l ) .  The p red ic ted  s h i f t  based on a simple valence force f i e l d  model Is 7 

cm -1. The C-C s t r e t c h  was not ev ident  i n  survey IR and Raman spectra,  hut i t  

was eventually identified as a weak polarlzed Raman band at 1309 cm-., that 

s h i f t s  by 32 cm -1 i n  the spectrum of  s o l i d  [PPN]2[Ru3(CO)9(13CCO)], (Fig. 1), 

A s h i f t  o f  25 cm -1 i s  calculated from a simple valence force f i e l d  model fo r  

the Ru3CCO moiety.  

The CO stretch for the CCO ligand appears to be mixed wlth terminal CO 

stretches. For the combination of CCO and six terminal CO ligands there are 

three A I modes. Two of these can be identified at 2024 and 1960 cm -I (Fig. 2) 

.by Raman depolarization ratios and the lack of spllttlng In the spectra o~ the 



s o l i d ,  where the E modes ape s p l i t  by the low s i t e  ~ymmetry (C1). Both the 

-1 
h ighes t  f r e  quenoy band at  2024 cm -1 and the ad jacen t  band at 1980 cm s h i f t  

in  the [Ru3~C0)6(~-C0)3(~3-13C13C0)] 2-  isotopomer.  Presumably a coup l ing  

between CCO and a metal-bound CO mode occurs through a d i p o l e - d i p o l e  

mechanism. 

The v i b r a t i o n a l  f r equenc ies  determined f o r  the CCO l iEand on a 
=L 

t r i r u t h e n i u m  c l u s t e r  ~ramework should be s i m i l a r  to those of a CCO moiety in  a 

t h r e e f o l d  s i t e  on a c l o s e s t  packed metal surface, because the fo rce  f i e l d  

a c t i n g  on the CCO is  expected to be s i m i l a r  in  e i t h e r  case. Because the 

v i b r a t i o n a /  modes repo r ted  here f o r  I i nvo l ve  CCO motions normal to  the face 

o~:the metal triangle, they will belong to a set of vibrations that are 

fRvored by the "surface selection rule" Cot adsorbates on metal surfaces. 
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