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Abstract

A Study of the Pho tochemica l and Ph oto catal ytic 

Reactions of Iron Carbonyls Adsorbed 

Onto Porous Vycor Glass 

by

Michael S. Darsillo 

Advisor: Professor Harry D. Gafney

Fe(CO)tj and F e ^ C C O ) ^  physisorb onto PVG without 

significant change in their electronic or vibrational 

spectra, however, F e 2 (C 0 )g undergoes dispro portion at ion  

upon adsor ption  to yield Fe(CO)^ and F e ^ C C O ) ^ *  UV 

photolysis of Fe(C0)^(ads) in vacuo leads to formation of 

the t e t r a c a r b o n y 1 with a quantum yield of unity. The 

t e t r a c a r b o n y 1 rapidly reacts with the PVG surface and 

chemisorbed water to form the spectrally distinct, 

oxidative addition products H-Fe( C0)^- 0S i and H-F e(CO) ^-  

OH. These primary photo produ cts undergo secondary 

photolysis to form, depending on the intial loading, 

either elemental iron or the trimeric cluster, F e ^ C C O ) ^ .  

Diffuse reflectance FTIR spectroscopy, recorded after cw 

or pulsed laser excitation, establ ish the presence of 

dimeric and trimeric intermediates. Trapp ing ex per iment s 

with CO and trime thylpho sp hine indicate a ph ot och emically 

driven, stepwise reaction sequence in which the 

intermediates leading to cluster formation are more 

highly unsaturated  intermediates, princi pally  F e ^ O ) ^ .

iv



Diffuse reflecta nce FTIR spectra, recorded after cw 

excitation of Fe(C0)^(ads) under 100 torr of olefin, 

establish the presence of of a host of monomeri c and 

dimeric cata ly tically  active iron carbony 1-ole fi n  

complexes. The photocatalyze d isomer iz ation of 1-pentene 

by the Fe (C0 )g-PV G hybrid system occurs with a quantum 

yield of 155+2.0, indica tin g phot og enerati on  of species 

which are extremely efficient alkene is ome rizat ion 

catalysts at ambient temperature. The trans/cis ratio for 

the reaction differs from that found in fluid solution 

and is similar to the product distribut ion observed for 

iron carbonyl complexes contai ning bulky ligands in their 

coor din ation sphere.

U V  photolysis of F e ^ ( C O ) j ^ (ads) results in CO 

evolution along with Hg and CH^ evolution. Periodic 

analysis of. the gas eous effluent surrounding the 

photolyzed sample, in con ju nction with spectral analysis, 

indicate that CH^ evolution is mediated by an 

irreve rs ibly oxidized iron species. The formation of 

photoinduced high resol ution optical density changes 

using the Fe( C0 )^-PVG  system has also been investigated.
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I n t r o d u c t i o n

A. In troduct io n

To most chem ists the word "cat al yst" simply conjurs 

up m e m o r i e s  of the d e f i n i t i o n  le arned  in in troduct or y 

c h emis tr y courses: "A c a t a l y s t  in c r e a s e s  the rate of a 

ch em ic al rea ct ion wi th o u t  a f f e c t i n g  the e q u i l i b r i u m  by 

lo wer ing the en ergy of ac.tivation be tween react an ts and 

products". Indeed, c h e m i s t s  are aware of the import ant 

role cata lysts  play in the c h e mi ca l industry. From the 

large scale oil re fi n e r i e s  and plastic m a n u f a c t u r e r s  down 

to the syn th et ic chem ist in the ph a r m a c e u t i c a l  labo ra tory 

p r o du ci ng minute amou n t s  of b i o l o g i c a l l y  active drugs, 

cat al ys ts have become i n c r e a s i n g l y  salien t in every part 

of the chemi cal industry. In recent years, the rapidly 

d i m i n ishi ng  suppl y of a v ai la ble p e t r o l e u m  f e edst oc ks has 

focuse d a t t e n t i o n  on d e v e l o p m e n t  of more highly selective 

and e f fic ie nt  cat a l y s t s  which pr oduce gaseous  and liquid 

h y d r o c a r b o n  fuels and other orga nic c h e m i c a l s  from n o n ­

pe t r o l e u m  sources (eg., coal). An other  ch a l l e n g i n g  goal 

is the de v e l o p m e n t  of ca t a l y s t s  which can a c t i v a t e  stable 

ch em ic al bonds such as those in m o l e c u l a r  nitrogen, 

carbon dioxide, or the C-C and C-H bonds in alkanes. If 

the bond in mo l e c u l a r  n i t rogen could be e c o n o m i c a l l y  

cle aved to pr od u c e  n i t r o g e n  com p o u n d s  su itab le  for 

fe rtili ze rs  (nitrog en fixation), or C-C and/or C-H bonds



could be s e l e c t i v e l y  brok en  to form v a l u a b l e  derivati ve s, 

the e c o n o m i c  re tu r n s  could be enormous. W h i l e  c a ta ly tic 

systems have be en d e v e l o p e d  for these reactions, none of 

them are c u r r e n t l y  e c o n o m i c a l l y  viable. Given the state 

of the w o r l d ’s d w i n d l i n g  ener gy resources, and the vast 

profit s att ai nable , c o n t i n u e d  r e s e a r c h  into d e v e l o p m e n t  

of new c a t a l y t i c  syst e m s  is necessary.

Ge ner ally, c a t a l y s t s  have been di vided into two 

di s t i n c t  classes, h o m o g e n e o u s  and h e t e r o g e n e o u s  

catal yst s. A h e t e r o g e n e o u s  ca ta lyst is i m m i s c i b l e  with 

the ga se o u s  or liquid r e a cti on  mi xt ure as c o m p a r e d  wit h a 

ho m o g e n e o u s  catalyst  w hi ch  is so lu b l e  in the r e a ctio n 

mixture. T here are d i s tinct a d v a n t a g e s  and d i s a d v a n t a g e s  

a s s o c i a t e d  wi th the use of both types of cataly sts. The 

a d v a n t a g e s  of using h e t e r o g e n e o u s  cat a l y s t s  in cl ude the 

ability to ea s i l y  re cover the cata l y s t  fr om the r e a cti on  

mixture, a c c e p t a b l e  th ermal and m e c h a n i c a l  stability, and 

high a c t i v i t y  for a wide range of reaction s. However, 

the fact that the r e a c t i o n  can only occur on the limited 

su rface of the c a t al ys t is a major di sad va ntage. In 

ad dition, c h a r a c t e r i z a t i o n  of the ac t i v e  sp ec ies is often 

dif ficult, h i n d e r i n g  c a t alys t desi gn  and im pro vemen t. 

Finally, r e a c t i o n s  using h e t e r o g e n e o u s  c a t a l y s t s  are 

often run under severe and cost ly  c o n d i t i o n s  (eg., high 

t e m p e r a t u r e s  and pressur es ). In contrast, the d i s p e r s i o n  

of a h o m o g e n e o u s  c a t a l y s t  t h r o u g h o u t  the r e a c t i o n  m i x t u r e
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offers a level of effic i e n c y  not o b t a i n a b l e  in 

h e t e r o g e n e o u s  sy st ems since the entire  catalyst is 

op er ational , not just the surface. A d d i t i o n a l  a d v a n t a g e s 

of ho m o g e n e o u s  ca t a l y s t s  are their high s e l e c t i v i t y  in 

co mp l e x  org anic r e actio ns  due to their a c t i v i t y  under 

mild r e a c t i o n  co ndi tio ns, and their a m e n a b i l i t y  to study 

by c o n v e ntio na l i n s t r u m ent at ion. The major d i s a d v a n t a g e  

as soc i a t e d  with h o m o g e n e o u s  system s is the i n ab il ity to 

easily se parate the r e a c t i o n  pr oducts  from the catalyst. 

Wit h v o l a t i l e  prod uc ts d i s t i l l a t i o n  offers an easy 

solution. However, se par a t i o n  of less volatile product s 

from the r m a l l y  s e n sitive c a tal ys ts is c o n s i d e r a b l y  more 

d i f f i c u l t .

B. Hybrid Cat al ysts

One a p p r o a c h  to the s e p a r a t i o n  prob l e m  a s s o c i a t e d  

with h o m o g e n e o u s  systems is to i m mo bilize  a cat al yt ic  

species that is or din a r i l y  so luble onto an ins olubl e 

ca t a l y s t  support. S uch hybrid  systems, as poi nt ed out by 

Ba ily  and Langer, co mbi ne  a dvanta ge s of both h o m o g e n e o u s  

and h e t e r o g e n e o u s  ca t a l y s t s  (1). The i m m o b i l i z a t i o n  of 

t ra ns i t i o n  m et al  car b o n y l s  onto or ganic and inorgan ic 

s u p po rt s is of p a r t i c u l a r  interest since the c a r b o n y l s  of 

many c a t a l y t i c a l l y  ac tive me t a l s  are known and are either 

c o m m e r c i a l l y  ava i l a b l e  or readily s y n t h esize d (2). 

A d di tional  i n cent iv es for suppo r t i n g  metal car bo nyls



inc lude their well c h a r a c t e r i z e d  s t r u c t u r e  and bonding, 

and their ab ility  to form po l y n u c l e a r  clu ster co m p o u n d s  

wh ich  can cat alyze re a c t i o n s  like n i t r o g e n  h y d r o g e n a t i o n  

and alkane  i s o m e r i z a t i o n  that re qui re  sev eral active  

metal sites (3). Finally, c a t aly st  p r e p a r a t i o n  is often 

s i mpli fi ed since most me tal car b o n y l s  are s u f f i c e n t l y  

volatile  to a ll ow their d e p o s i t i o n  d i r e c t l y  onto  the 

support from the gas phase. Less v o l a t i l e  metal 

ca r b o n y l s  can also be s u pp or ted via s o l u t i o n  i m p r e g n a t i o n  

using low boiling or ga nic solvents.

The choice of a support for i m m o b i l i z a t i o n  of 

tr an sition me tal c a r b o n y l s  is d e p e n d e n t  upon sa tis f y i n g  

se ver al basic re qu irement s.  The su pp o r t  should be inert 

to the r e a c t i o n  mixture, be able to w i t h s t a n d  the 

re qui red rea ction co nd iti ons, and po ss e s s  an a c c e p t a b l e  

surface area. Due to the co mp lex nature of sur face 

reactions, an a d d i t i o n a l  requir e m e n t  is that the su pport 

be a m e n a b l e  to s p e c t r o s c o p i c  t e chni qu es so that a 

fundame nt al u n d e r s t a n d i n g  of the nat ur e of reactive, 

c a taly ti c i n t e r m e d i a t e s  can be aquired. Recent a d v a n c e s  

in su rf ace sp ec tr oscopy,  (eg., rapid s c a nnin g di ffu se  

reflec t a n c e  FTIR s p e ct ro scopy) , have allo w e d  

c h a r a c t e r i z a t i o n  of su rf ace c o n f i n e d  tra nsient 

i n t e rmedi at es with sub s e c o n d  time resoluti on . Both 

or gan ic and ino r g a n i c  support s have been used in 

su pp o r t i n g  me tal carbonyl s. T y p i c a l  or ganic  s u p po rts



in clude st yrene and acry l i c  polymers, poly(a mino)  acids, 

and c r o s s l i n k e d  dextrans, while glass, silica, alumina, 

ze o lit es  and clays are am ong  the most com mo nly used 

in organic s u p ports (4). D i s a d v a n t a g e s  of organic su pp orts 

are their low thermal sta bili ty  (ca. 433 K ) , and their 

te nd en cy to swell w h e n  used in organic media. Since 

d i f f u s i o n  of r e a c t a n t s  and pro du cts to and from the 

c a t a l y t i c a l l y  ac tive site is often the rate li miti ng  step 

in hy b r i d  systems, some swell in g mi ght be des i r a b l e  to 

increase  the d i f f u s i o n  rate. However, e x t en si ve swellin g 

of the or gan ic p o l y m e r i c  support must be contr o l l e d  in 

order to avoi d d i s r u p t i o n  of the c a t a l y t i c a l l y  active 

sites. In o r g a n i c  su pp or t m a te rials have received the 

most i n dust ri al a t t e n t i o n  due to their higher therma l 

s t a bi lity (ca. 1000 K), and their rigid str uctu re  w h i c h 

does not pe rm it swelling. Tr a n s p o r t  of rea ctants and 

p r o d u c t s  to and fr om the cat al y t i c a l l y  active site in 

in organic support s occurs by d i ff us ion th rough the pore 

s t r u c t u r e  of the su pp ort which al low s for p r e s e l e c t i o n  of 

di f f u s i o n a l  c h a r a c t e r i s t i c s  under most re ac ti on 

c o n d i t i o n s .

Wh et h e r  in s o l u t i o n  or confined to a support, the 

c a t al ytic act ivity of metal c a rbony ls  requires either 

vacant or labi le  r e a c t i o n  sites where the su b s t r a t e  can 

bind and un dergo c h e mical  t r a n s f o r m a t i o n  (5-8). In most 

cases, p a r t i c u l a r l y  in v o l v i n g  hybrid systems, the
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pr e c u r s o r  complex Is therm ally act i v a t e d  g e n e r a t i n g  a 

highly r e a ctiv e s u b c a r b o n y l  species. Since trans i t i o n  

me tal  c a r bonyls possess a rich pho toc he mi stry, the 

p h o t o a c t i v a t i o n  of a su rf ac e c o n fi ne d c o m p l e x  is an 

a l t e r n a t e  route to c a t a l y t i c a l l y  ac tiv e sp ecie s (9). 

P h o t o i n d u c e d  ligand dissociatio n, raetal-metal bond 

cleavage, o x i d a t i v e  addition, and re d u c t i v e  e l i m i n a t i o n  

are pro ce ss es which may lead to c a t a l y t i c a l l y  active  

s pe c i e s  (10-12). However, the opacity of many 

tr aditi on al support m a t e r i a l s  dr a s t i c a l l y  re du ces the 

e f f i c e n c y  of any ph ot o c h e m i c a l  proces s due to a nearly 

c o m pl ete loss of usef ul light due to s ca tt ering and 

r e f l e c t i o n  or to compe t i t i v e  a b s o r p t i o n  by the support. 

Even under monolaye r coverage, abs or p t i o n  by the support 

can be the do mi nant process. Due to the di f f i c u l t i e s  

a s s o c i a t e d  with p h o t o c h e m i c a l  a c t i v a t i o n  of hybrid 

catalysts, the bulk of the li te r a t u r e  on hybrid 

catalysts, p a r t i c u l a r l y  that inv olving iron car bo nyl 

systems, inv ol ves thermal activati on. The fo llowing 

s u mm arizes  the th erm al a c t i v a t i o n  of iron c a r b o n y l s  on a 

va ri et y of inor ganic  supports.

C. T h e r m a l l y  A c t i v a t e d  Iron C a r bo ny l Systems.

The interes t in su ppo r t i n g  iron carbon yl  c o mp le xes 

stems fro m their know n ab ili ty to h o m o g e n e o u s l y  c a t a l y z e  

ca rbon m o n o x i d e  and ole fi n reac tions in w hi ch more

6



e c o n o m i c a l l y  desirable * co mp l e x  org an ic mo l e c u l e s  are 

pr odu ced (2,13). I n t e r a c t i o n  between the surface 

f u n c t i o n a l i t y  of the support  and the a d s o r b e d  iron 

car bo ny l com p l e x  often results in change s in the thermal 

re ac tion s of the sur f a c e  c o n f i n e d  specie s from those 

ob se rv ed in the gas phase or in fluid s o l u t i o n  (1). In 

a d d i t i o n  to the c h e m i c a l  nature of the su pport surface, 

recent work has e m p h a s i z e d  the role of surfa ce 

d i m e n s i o n a l i t y  in the r e a c t i o n s  of sur face con fined 

sp eci es (14,15). The su rfa c e s  of many of the c u r r e n t l y  

used su pp or ts are not c h a r a c t e r i z e d  by re gular  

t r a n s l a t i o n a l l y  i n va riant lattices. Rather, these hig hl y 

ir regular su rfa ce s posses s a d i l ati on  sym metry and are 

c h a r a c t e r i z e d  by a fractal or H a u s d o r f f  dimension. The 

latter, which can be less than the d i m e n s i o n a l i t y 

a c c e s s a b l e  to a m o l e c u l e  in the gas phase or fluid 

solution, can imp ose fu rth er c o n s t r a i n t s  on the 

r e a c t i v i t y  of a su rfac e confine d molecule. P i e f f e r  and 

Avnir point out that these g e o me tric fac tors may o u t w e i g h  

ch em ic al fa cto rs  in d e t e r m i n i n g  the k i n e m a t i c s  of su rface  

con fined  species.

The thermal d e c o m p o s i t i o n  of iron c a r b o n y l s  a d s o r b e d  

onto ze ol i t e  su pp orts has been i n v e s t i g a t e d  by several 

groups. I n t e r e s t i n g  p r o p e r t i e s  a s s o c i a t e d  with z e o lites  

in clu de their va ri ab le ca vity sizes, inner e l e c t r o s t a t i c  

fields, and acidic and re do x pr op e r t i e s  which a l l o w
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i n t r o d u c t i o n  of tr an s i t i o n  metal cen ters in sites of

var ying access i b i l i t i e s .  Nagy, van Eenoo, and De ro u a n e

(16) h av e in v e s t i g a t e d  the adsorptio n,  binding, and

r ea c t i o n s  of Fe (CO )^ on HY zeolit e at 4 0 0 °C by ^ C - N M R

sp ectrosco py. The i n t e r a c t i o n  be tween the zeolit e

su rfa ce and the a d s or bed Fe (C O ) ^  m o l e c u l e  was d e t e r m i n e d
13to be weak as e v idenced  by the small C chemical shift

of the ca rbonyl group of the adsorb ed  complex (209.9 ppm

at 293 K) versus the t a bu lated value of 209.0 ppm whic h

c ha ra c t e r i z e s  pure liquid Fe(C0)^. A d d i t i o n a l  e v i de nc e

for the weak i n t e r a c t i o n  of the Fe (C0 )g mol ecules with

the zeol i t e  su rfa ce  result s from the t em peratur e

d epend en ce of the NMR lin ewid th  from w hich the heat of

a d s o r p t i o n  was calc u l a t e d  to be only 2.0 kcal/mole.

T he r m a l  d e c o m p o s i t i o n  of the a d s o r b e d  co mpl ex  resu lts in
13a d e c re as e of the i n tens it y of the C line a t t r i b u t e d  to 

the car bo nyl groups until a CO /Fe ratio of sligh tly less 

than unity is observed. In addition, the li n e w i d t h  was 

obs er ve d to i n c rea se  from int ially 50 Hz value to 

ap p r o x i m a t e l y  140 Hz w hile the r esonana ce  p r o g r e s s i v e l y  

shifts d o wn fi eld from 209.9 ppm at 2 0 *C to 214 ppm after 

thermal d e c o m p o s i t i o n  at 70 C, These i n v e s t i g a t o r s  

pr opose that the thermal d e c o m p o s i t i o n  of Fe (C0)^  

s up p o r t e d  on HY ze olites oc cur s stepwise, and leads to 

dispersed, zerovalent, atomic  Fe. The p r o g r e s s i v e  

d e c r e a s e  in spectral  i n tensit y re fle cts the p r o g r e s s i v e  

loss of CO, wh ile  the i n c re ase in l i ne width shows an

8



increasing, (al thoug h still weak), i n t e r a c t i o n  with the 

zeolite surface. The abse n c e  of an NMR  signal when the 

d e c o m p o s i t i o n  has been fully co mpl ete d, co up le d with the 

a p p e a r a n c e  of a room t em pe rature f e r r o m a g n e t i c  r e s o n a n c e  

signal, has led these au thors to c o n c l u d e  that the 

th ermal d e c o m p o s i t i o n  of Fe (CO)^ on this support re sult s 

in 100% d i s p e r s e d  atomic Fe.

B a l l i v e t - T k a t c h e n k o  and Co u d u r i e r  (17) have also 

i n v e s t i g a t e d  the a d s o r p t i o n  and thermal  d e c o m p o s i t i o n  of 

iron c a r b o n y l s  a d s o r b e d  on d e h y d r a t e d  HY type zeolite.

The therma l d e c o m p o s i t i o n  under vacuum was m o ni to red by 

in fra r e d  and mass s p e c t r o s c o p y  and gas e v o l u t i o n  studies. 

A l t h o u g h  no CO e v o l u t i o n  was detected, a d s o r p t i o n  of 

F e ^ C O ) ^  onto the HY ze ol ite was a c c o m p a n i e d  by a 

sp ectra l change  where the vi sible band that oc curs at 605 

nm in fluid s o l u t i o n  shifts to 630 nm. In spite of the 

shift in e l e c t r o n i c  spectrum, the IR s p e c t r u m  of the 

a d s o r b e d  c o m p l e x  is con si s t e n t  with the s p e c t r u m  of 

F e ^ C O ) ^  in s o l u t i o n  wh ere  a thr e e f o l d  axis of sy mm etry 

is p r o po se d (18). Ne verth el ess, m o d i f i c a t i o n s  in the IR 

s p e c t r u m  of the zeol i t e  framew ork, c o u p l e d  wi th the low 

fr e q u e n c y  shifts of the bridging  CO st retches, sug gests 

f o r m a t i o n  of a Lewis acid type adduct fo rmed th ro ugh  

i n t e r a c t i o n  of the br idging CO's of F e ^ C C O ) ^  with the 

surface h y d r o x y l  gro up s located in the sup e r c a g e  of the 

zeolite suppor t. In contrast, a d s o r p t i o n  of Fe(C O ) ^  and
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F e 2 ( C 0 ) g  result s in a slight  e v o l u t i o n  of CO and 

i d e n t i c a l  IR spectra for the two a d s o r b e d  complexes. The 

IR sp ectra  have been a s s i g n e d  to that of Fe (C0)^(a ds )  

s u p e r i m p o s e d  wi th that of a m o n o s u b s t i t u t e d  Fe (C O) ^ 

species (19). Thus, the su rface  r e a c t i o n  upon a d s o r p t i o n  

re sul ts in d i s s o c i a t i o n  of F e 2 ( C 0 ) g  and Fe (C0)g via 

s u b s t i t u t i o n  of one c a r b o n y l  ligand by a lattic e ox ygen 

on the support. The zeolite, due to the pr esenc e of its 

su rf ac e h y d r o x y l  groups, is ca pa b l e  of s t a b i l i z i n g  the 

u n s a t u r a t e d  F e ( C O ) ^  species a l l o w i n g  its IR 

ch a r a c t e r i z a t i o n .

The p r o g r e s s i v e  the rmal d e c o m p o s i t i o n  of the

Fe.j(C0)j2/HY zeo li te s y s t e m  from 60 to 250 °C under v a c u u m

leads to gr adual d e c a r b o n y l a t i o n  of the a d s o r b e d  complex.
oAt the final tem per ature , 250 C, a p p r o x i m a t e l y  12 moles 

of CO hve been ev olved  per mo le of F e ^ C C O ) ^  adsorbed.

At 2 0 0 °C, H 2  and C O 2  are s i m u l t a n e o u s l y  evolved, wh il e at 

250 °C the for m a t i o n  of CH^ is ob served, evolution,

i n d i c a t i v e  of a redox r e a c t i o n  betw e e n  the m e t a l  and 

s urf ace h y d r o x y l  groups of the support, is e v i d e n c e  that 

the d e c a r b o n y l a t e d  iron spec i e s  under go es o x i d a t i o n  (20). 

The IR s p e c t r u m  o b t ain ed  f o l l o w i n g  a d s o r p t i o n  of NO (21) 

and CO (22) onto the t h e r m a l l y  d e c o m p o s e d  sample  clearly 

in di cate s that the iron is in a +2 o x i d a t i o n  state. 

E v a c u a t i o n  of the F e ( C O ) 2 ~ F e 2 (CO )g/HY  zeolite sy stem s for 

one hou r  at 60 °C res ulted in the ev o l u t i o n  of 1+0.3 moles
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of CO/raole of a d s orbed complex, with the sa mple vi sibly 

tur ning green (A max = 630 nm). In addition, the 

infra red  sp ectra  were o b s e r v e d  to ch an ge with time to 

yield spect ra  ide n t i c a l  to that of the F e ^ C C O ) ^  sample. 

The f o r m a t i o n  of a Lewis Acid type adduct, F e ^ C C O ) ^ - H 0 -  

Z, id e n t i c a l  to that o b t ained dire c t l y  fr om a d s o r p t i o n  of 

F e ^ C C O ) ^ *  was i n t e r p r e t e d  as re s u l t i n g  from the 

t he r m a l l y  in duced m i g r a t i o n  and a g g r e g a t i o n  of the 

Fe (C O ) ^  m o i e t i e s  fo rm ed on a d s o r p t i o n  of these c o mple xe s 

onto the support. The s u b s e q u e n t  thermal d e c o m p o s i t i o n  

of these samples  was i d e n t i c a l  to that o b s er ve d for the 

F e g C C O J ^ / H Y  z e o iite system.

Phillips, C l a u s e n  and Du me sic (23) have used 

Mo s s b a u e r  s p e c t r o s c o p y  to study the p r o d u c t i o n  of small, 

m e t a l l i c  iron p a r t i c l e s  formed via thermal d e c o m p o s i t i o n  

of Fe (CO )^ a d s o r b e d  on a hi gh sur face area, orient ed  

gra phite  suppor t (Grafoil). The use of g r a p h i t e  as a 

sup port for m e t a l l i c  p a r ticle s stems from its unique 

e l e c t r o n i c  and s t r u c t u r a l  prope r t i e s  c o m pa red with other 

cat alyst  su pports such as silica or a l u m i n a  (24-27).

B ein g a conduc tor, g r a p h i t e  may show s i g n i f i c a n t  ele ct ron 

transf er with the s u p p o r t e d  catal y s t  particles, and the 

m o r p h o l o g y  of the su pport surface may be alte r e d  throug h 

a p p r o p r i a t e  p r e t r e a t m e n t . C o m p a r i s o n  of the M o s s b a u e r 

s p e c t r u m  of F e ^ O ) ^  a d s o r b e d  on g r a p h i t e  at 77 K with the 

room t e m p e r a t u r e  s p e c t r u m  i n di cates that Fe (CO )^ is

11



ph y s i so rbed on this support. Th is is further conf ir med 

by the small q u a d r u p o l e  spli tting  o b s er ved in the 

s p e c t r u m  of the a d s orbed complex r e l a t i v e  to that 

observed for solid F e ^ O ) ^ ,  w h i c h  is c o n s i s t e n t  wi th a 

d i s p l a c e m e n t  of CO groups out of the e qu at orial plane 

(28). This s u g gests that there is a weak  i n t e r a c t i o n  

between Fe (C O) ^ and graphite, whic h leaves the Fe (CO) g 

st r u c t u r e  al tered by only a slig ht  d i s p l a c e m e n t  of the 

e q u a t o r i a l  CO groups. Ther ma l d e c o m p o s i t i o n  of the 

p h y s i so rbed co mp l e x  for 1 hour at 378 K result s in a six- 

peak spe ct r a l  pa tt er n c h a r a c t e r i s t i c  of me ta ll ic iron. 

T r a n s m i s s i o n  e l e c t r o n  mi cro s c o p y  in d i c a t e s  that the 

m e t al lic iron is fo rmed p r e f e r e n t i a l l y  at edges or other 

d i s l o c a t i o n s  on the graphite  surface. E x t e n d e d  hea ting 

at 450 K ca us ed s i n te ring and p o s s i b l e  for m a t i o n  of iron 

c ar bide species.

Ba sse t and co w o r k e r s  (29) have i n v e s t i g a t e d  the 

r e acti vi ty  of F e ^ C C O ) ^  an<  ̂ F e (C0 )g with the su rfa ce  

h y d ro xy l groups of silica, alumina, magnesia, and zinc 

oxide. The a d s o r p t i o n  of F e ^ C O ) ^  on silica was 

de ter m i n e d  to be a rev er sible  pr oc es s since the clu ster 

can be q u a n t i t a t i v e l y  e x t r a c t e d  from the si lica su rface  

by w a s h i n g  with hexane. The a d s o r p t i o n  of Fe (CO)^  was 

also de te r m i n e d  to be re ve r s i b l e  since no IR bands 

at tr i b u t e d  to the a d s o r b e d  c o m p l e x  cou ld  be de te c t e d  

fo ll ow ing vacuum  t r e atmen t at room tem perature. This
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r e f l e c t s  the low reactivity of the silano l gro up s of 

silica toward the c a r bo ny l ligand s of the m o n o m e r  or 

m e t al lic frame of the cluster. This is in c o n t r a s t  to 

the b e h avio r of the sil anol groups  of silica towards 

R u ^ C C O ) ^  or w ^ ere an o x i d a t i v e  a d d i t i o n

r e a c t i o n  of a su rf a c e  silanol group w i t h  the metal 

clu ster oc curs (30-34). The a d s o r p t i o n  of F e ^ C C O ) ^  and 

Fe(C0)c- on alumina, magnesia, and zinc oxide was 

d e t e r m i n e d  to be i r r e v e r s i b l e  as the result of the 

for matio n of the anio n i c  hydrido cluster, H F e ^ C O ) ^  , 

which was c h a r a c t e r i z e d  by infrared, NMR, and UV-Vis 

sp ect rosc op y. Since this sp ec ies is observed on suppor ts 

that do not c o n t a i n  m o l e c u l a r  water, its fo r m a t i o n  was 

p os t u l a t e d  as o c c u r i n g  by n u c l e o p h i l i c  attack of the 

basic surface  h y d r o x y l  grou ps of these suppor ts on 

Fe3(c0)i2.

Ba sse t and 

therm al decompo s 

T r o p s c h  syn thesi 

on these hi ghl y 

C h a r a c t e r i z a t i o n  

after decoraposit 

res on an ce (FMR), 

m i c r o s c o p y  and g 

pre cu rs or iron c 

s t r o n g l y  depende

c o w o r k e r s  (35) have also stud ied the 

ition and ca t a l y t i c  prop e r t i e s  in Fi sh e r -  

s of F e g ( C 0 )^ 2 » HFe g(C0) jj  , and Fe (CO )^  

d ivi ded i n o r g a n i c  ox ide supports.

of the s u p p o r t e d  c o m ple xe s before and 

ion was car ried out using f e r r o m a g n e t i c 

M o s s b a u e r  spe ctro scopy,  e l e c t r o n  

as phase analysis. Th e be hav i o r  of the 

ar bo n y l  co mp lex was o b s e r v e d  to be 

nt on the w ater  content of the sup port
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before impregn at ion. Th er ma l d e c o m p o s i t i o n  of F e ^ C C O ) ^  

sup p o r t e d  on d e h y d r o x y l a t e d  M g O  and A ^ O ^  supports at 393 

K under vacuum r e s ulte d in a f e r r o m a g n e t i c  resonan ce 

signal a t t r i b u t e d  to z e r o v a l e n t  iron atoms (36). The 

d e c r e a s e  of the m a g n e t i z a t i o n  with i nc reasin g 

temperature, o b t a i n e d  by do ub le i n t e g r a t i o n  of the FMR 

signal, in d i c a t e d  a s u p e r p a r a m a g n e t i c  behavi or  of the 

iron particles. In FMR exp eriments, s u p e r p a r a m a g n e t i s m  

is o b s e r v e d  for iron p a r ticle s < 35 A in d i a me te r (37). 

The a p p e a r a n c e  of a si n g l e  line in the M o s s b a u e r  

spectrum, in st ead of the six line s p e c t r u m  us ual ly 

o b s er ve d for m e t a l l i c  iron, is also c o n s i s t e n t  wit h the 

f o r m a t i o n  of small s u p e r p a r a m a g n e t i c  iron p a r ti cles 

(38,39). An alys is  of the gas phase f o llowing  thermal 

de c o m p o s i t i o n  r e v ea led no s i g n i f i c a n t  evo l u t i o n  of Hg. 

These results i n d icate  that on d e h y d r o x y l a t e d  supports 

Fe ^ ( C 0 ) j 2  re tai ns its z e r o v a l e n t  oxi d a t i o n  state after 

d e c a r b o n y l a t i o n  at 393 K to yiel d very small iron 

particles. The r m a l  d e c o m p o s i t i o n  a bove 473 K r e s ulted in 

a dy namic m i g r a t i o n  of ze rov a l e n t  iron to for m  pa rticles 

of higher sizes. As p r e v i o u s l y  men tione d,  on 

h y d r o x y l a t e d  Mg O  and A ^ O ^  supports the F e ^ C O ) ^  cluster 

is q u a n t i t a t i v e l y  co n v e r t e d  into the a n i o n i c  hydrido 

cluster, H F e ^ C O ) ^  . S u b s e q u e n t  thermal d e c o m p o s t i o n  

under v a c u u m  re su lted in the a p p e a r a n c e  of an FMR signal 

c h a r a c t e r i s t i c  of both z e ro va lent iron parti cl es and iron 

in a +3 o x i d a t i o n  state. The smaller lin ew idth of the

14



FMR signal indi ca tes for m a t i o n  of iron p a r t i c l e s  of 

sl i ght ly  larger sizes (40). A n a l y s i s  of the gas phase 

fo llo wing the the rmal d e c o m p o s i t i o n  rev ea l e d  s i g n i f i c a n t  

^  evol ution  due to the o x i d a t i o n  of z e r o v a l e n t  iron by 

the surfac e h y d roxyl groups of the support.

The a c t i v i t y  of these cat a l y s t s  in F i s h e r - T r o p s c h  

sy nt hesis was also i n v e s t i g a t e d  by this group (35). 

Thermal  a c t i v a t i o n  was carried out in a flow reactor 

under CO + (CO:!^ =* 1:1; P = 10 atm.), for ca. 90

hours in the temper a t u r e  range 180-27 0 C. A high 

se le ct i v i t y  for olef i n s  (> 50%) was o b s e r v e d  with a 

product d i s t r i b u t i o n  sho wing a sharp m a x i m u m  for C2-C3 

hy dr ocarbon s. By comp arison, i m p r e g n a t i o n  of the same 

supports with Fe(N0)g, fo llowed by c a l c i n a t i o n  in air and 

r e d u c t i o n  under Hg. e x h i b i t e d  a c o m p l e t e l y  d i fferent  

pr odu ct d i s t r i b u t i o n  with a m i n i m u m  s e l e c t i v i t y  for C2- 

olefins and a wide range of h y d r o c a r b o n s  ext e n d i n g  as far 

as C-16. In addition, the se l e c t i v i t y  to war ds  olefinic 

com p o u n d s  was only 38%. The s e l e c t i v i t y  for low 

mol e c u l a r  we i g h t  ol efin s ob se r v e d  for the iron carbonyl 

c a taly st s was found to de clin e slowly wit h  time, and near 

the end of the ca t a l y t i c  reaction, h y d r o c a r b o n s  of higher 

molecular  weight are obtained. El ect r o n  m i c r o s c o p y  

i n d icates the pr es e n c e  of large iron p a r t i c l e s  (ca. 200- 

500 &) at the end of the run. These resu l t s  seem to 

indicate  that low mol e c u l a r  weight  h y d r o c a r b o n s  are
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pr odu c e d  when small iron p a rticles  are present wher e a s  a 

b ro ader mol e c u l a r  we i g h t  d i s t r i b u t i o n  may be a s sociate d 

with larger pa rti cles of iron.

Brenner and Hu cul (41) have st ud i e d  the t e m p e r a t u r e -  

p r o g r a m m e d  d e c o m p o s i t i o n  of FeCCO)^, F e 2 (C 0 )g, and 

F e ^ C C O ) ^  surface bo n d e d  to alumina. T e m p e r a t u r e  

pr og r a m m e d  d e c omposi ti on, (TPDE), an e x p e r i m e n t a l  

t e c hn ique in w hich the e v o l u t i o n  of ga ses is m o n i t o r e d  

during the the rmal a c t i v a t i o n  of a catalyst , has rev ea led  

i n f o r m a t i o n  r e g arding the s t o i c h i o m e t r i c  re a c t i o n s  which 

occur betwee n an a d s o r b e d  comp l e x  and a support. Th eir  

results  in di c a t e  that the n u c l e a r i t y  of the p r ecurso r 

carbonyl  aff ects the c h emis tr y of the su rface bound 

material. W hi le  f o r m a t i o n  of p r i m a r i l y  ze ro v a l e n t  

s u b c a r b o n y l  species  was o b s er ve d for a c t i v a t i o n  at 

te mpera tu res below 423 K, h y d r o g e n  e v o l u t i o n  ab ove 573 K 

in d i c a t e s  e x t e n s i v e  iron o x i d a t i o n  ca used by reac t i o n  

be tween the c a r b o n y l s  and su rf a c e  h y d ro xyl gr oups of the 

support. The e v o l u t i o n  of 3.0 C O ’s/ m o l e  of Fe(C0)g 

a d s o r b e d  may i n d i c a t e  the e x i s t e n c e  of an F e C C O ^ C a d s )  

sp ec i e s  f o l low in g a c t i v a t i o n  at 393 K. No other stable 

s u b c a rbon yl  sp ec ies were detect ed. Be caus e the s u r f a c e -  

bonded ca r b o n y l s  d e c o m p o s e  over a w id er  range of 

temp e r a t u r e s  than do bulk carbo nyl s, it was p r o p o s e d  that 

a major role of the a l u m i n a  was to s t a b a l i z e  s u b c a r b o n y l  

s pe c i e s  over a broad ra nge of te mp erature s.  Ca rb on
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m o n ox ide c h e m i s o r p t i o n  studies i n dicat ed  that su rface-

bonded iron c a r b o n y l s  could be used to pr ep ar e metal

c a ta lysts w hi ch we re at least an order of m a g n i t u d e  more

di sp ersed than c o n v e n t i o n a l  ca t a l y s t s  pre pa red via

i m p r e g n a t i o n  wi th iron salts fo llo wed  by high te mperat ur e

c a l c i n a t i o n  and reduction. The higher d i s p e r s i o n  was

a t t r i b u t e d  to o m i s s i o n  of the high t e m p e r a t u r e
+3c a l c i n a t i o n  and r e d u c t i o n  of Fe w hic h of ten leads to 

s i n t e r i n g  an d/ or p r o d u c t i o n  of di f f i c u l t  to reduce iron 

c o m p o u n d s  on the surface.

Brenner  (42) has i n v e s t i g a t e d  (using TPDE) the 

d e p e n d e n c e  of met h a n e  f o r m a t i o n  on the nucl e a r i t y  of 

al um i n a  su p p o r t e d  iron carbonyls. The amoun t of me thane  

evo lved by F e ^ O ) ^ *  Fe2(C0)g, and Fe.j(C0)^2 during TPDE
eto 600 C did not change si gnifi ca ntly, a l t h o u g h  the 

av er a g e  am o u n t  of m e t h a n e  inc r e a s e d  ca. 30 fold. Me than e  

f o r m a t i o n  was o b s e r v e d  to vary linearl y w ith metal 

c a r bo nyl lo ad in g and was i n d e p e n d e n t  of the ca rr ie r gas 

flow rate indic a t i n g  m e t h a n a t i o n  at m o n o n u c l e a r  sites and 

only i n v o l v i n g  a d s o r b e d  species. Th ese resu l t s  suggest 

that meth a n e  f o r m a t i o n  is formed by di rect h y d r o g e n a t i o n  

of the c a r bony l ligan ds by the su rfa ce h y d ro xy l groups  of 

the support. A c a t a l y t i c  scheme was p r o po sed which 

i n v ol ved o x i d a t i o n  of m o n o n u c l e a r  s u b - c a r b o n y l  species 

wit h the surfac e h y d r o x y l  groups to fo rm methane, the 

role of the Hg being to reduce the metal again. The
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h y d r o g e n a t i o n  of subcar b o n y l  i n t e r m e d i a t e s  was a t t r i b u t e d  

to the r e q u s i t e  thermal stabili ty  of su p p o r t e d  

s u b c a r b o n y l  sp ec i e s  com pared with the lower temp er a t u r e 

d e c o m p o s i t i o n  of the bulk carbonyls.

Mc V i c k e r  and V a n n i c e  (43) have p r e pa re d w el l-

dispersed, high ly p r o m o t e d  K-Fe c a t a l y s t s  by i m p r e g n a t i o n

of a l u m i n a  and silica with precu rs or K-F e  carbonyl

c o m pl ex es (eg., ^ - F e C C C O ^ - C ^ H g O ) , f o l lowed  by thermal

d e c o m p o s i t i o n  of the suppo rt ed c o m p l e x e s  under hydrogen.

The p r e sence of Gr oup  IA metals, e s p e c i a l l y  K and Rb, is

well k no wn  to pr omote Group VIII me tals for the Fi sh e r -

T r o p s c h  reacti on. Since p o t a s s i u m  and iron are in

i n t im ate co ntact in the precu rs or comple xes , the

d e p o s i t i o n  and s u b s e q u e n t  thermal d e c o m p o s i t i o n  of such

c o m p l e x e s  on a su pport f a c i l i t a t e s  K-Fe  metal contact and

m a x i m i z e s  the p r o m o t i o n a l  eff ects of potassium . Infra red

s p e c t r o s c o p y  i n d i c a t e d  that the pre c u r s o r  K-Fe carbonyl

com pl ex es are r e l a t i v e l y  stable on p a r t i a l l y  d e h y d r a t e d

a l u m i n a  s u r f a c e s  in the ab sence of oxygen. Whe n

su b jec te d to h y d r o g e n  reduction, re duced  iron metal

sp eci es are formed on the sur face since c h e m i s o r p t i o n  of

CO occurs and infrar ed  bands from the organic po rt i o n  of

the pr e c u r s o r  c o m p l e x e s  are no longer present. An

e s t i m a t e  of the iron c r y s t a l l i t e  size o b t a i n e d  by X-ray

d i f f r a c t i o n  m e a s u r e m e n t s  i n d icat es  the p r e se nce of 40 -50 
oA par ticles. Ca r b o n  m o n o x i d e  c h e m i s o r p t i o n  studies
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in dic a t e  that thermal d e c o m p o s i t i o n  of ^ F e C C O ) ^  

c o m p l e x e s  yields either a more highly  dis p e r s e d  or a more 

r ed u c i b l e  (or both) iron phase than s u p p o r t e d  iron 

c a t al ysts p r e p a r e d  by c o n v e n t i o n a l  methods. However, CO 

c h e m i s o r p t i o n  and X-ray re sults sug gest that iron is less 

we ll dis p e r s e d  on silica than on alumina, p r e s u m a b l y  due 

to d i f f e r e n c e s  in the surf a c e  hyd ro xyl groups. As with 

ca t a l y s t s  de ri ve d from other s u r f a c e - b o n d e d  iron 

ca rbonyls, these c a t a l y s t s  showed hig he r a c t i v i t y  and 

hi gher ol efi n s e l e c t i v i t y  than c o n v e n t i o n a l l y  pr epared  

c a t a l y s t s .

D. P h o t o a c t i v a t i o n  of Iron C a r bo nyl Systems.

The p h o t o c h e m i c a l  re ac t i v i t y  of metal c a r b o n y l s  has 

been r e c o g n i z e d  for some time (9). In fluid solution, 

op ti c a l  i r r a d i a t i o n  causes CO d i s s o c i a t i o n  and f o rmatio n 

of c o o r d i n a t i v e l y  u n s a t u r a t e d  spe cies w hich are kn own 

i n t e r m e d i a t e s  in t h ermall y act i v a t e d  ho mo ge n e o u s  

c at a l y t i c  sy stem s (5-8). In addition, p h o t o a c t i v a t i o n  

may pr ovide a route to new cat al ytic species, and since 

the sys t e m  can be a c t i v a t e d  with a light pulse of short 

duration, i.e., < 1 usee, p h o t o a c t i v a t i o n  may offer 

a d d i t i o n a l  insi g h t  into c a t a l y t i c  cycles. A key 

a d v a n t a g e  of p h o t o c a t a l y z e d  re a c t i o n s  is that they can be 

run at low t e m p erat ur es , wh ereas th ermal  a c t i v a t i o n  of 

the same c a t a l y s t  pre c u r s o r  often re qu i r e s  use of high 

t e m p e r a t u r e s  to sust a i n  c a talyti c activ ity. For example,

19



c o o r d i n a t i v e l y  unsat u r a t e d  metal ca rb onyl species can 

u nde rgo oxi d a t i v e  a d d i t i o n  and 9  - h y d r i d e  e l i m i n a t i o n  

which are two reactions imp or tant in t h e rm al ly a c t i v a t e d  

cata ly tic systems. It may be po ssible to ga in be tter 

u n d e r s t a n d i n g  of these p r ocesses  by p h o t o g e n e r a t i o n  of 

the c o o r d i n a t i v e l y  u n s a t u r a t e d  inte r m e d i a t e  at 

t e m p e r a t u r e s  where there is not suf f i c e n t  thermal 

a c t i v a t i o n  a v aila bl e to affect  these reactions. In 

addition, sp ec tr o s c o p i c  d e te ct ion of c a t a l y t i c a l l y  active 

interm e d i a t e s  not o b s e r v a b l e  at higher  t e m p e r a t u r e s  is 

possible. P h o t o g e n e r a t i o n  of c a talysts  also of f e r s  a 

level of control not a c c e s s i b l e  th rou gh c o n v e n t i o n a l  

thermal act iv a t i o n  since the primar y p h o t o p r o c e s s e s  of 

o r g a n o m e t a l l i c  com pl exes show a strong w a v e l e n g t h  

dependence. The en suing  discu s s i o n  will includ e 

de sc r i p t i o n s  of the g e o me tr ic and ele ctr on ic str uc t u r e s  

of the iron carb onyls  in ve st igated , and detail the 

ph o t o c h e m i s t r y  of these co m p l e x e s  under a variety of 

physical and ch emical conditions.

1. Geo m e t r i c  Stru cture of Iron Carbon yls.

The geom etric s t r u c t u r e s  of the commonly  a v a i l a b l e  

iron carbo nyls,  Fe(CO)^, F e 2 (C 0 )g and F e ^ C C O ) ^  are shown 

in Fi gure 1. In each of these comp lexes  the iron atom is 

fo r mal ly  in a zero o x i d a t i o n  state. In both the solid 

and liquid  state, the geome t r y  of Fe(C O ) ^  has been
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es t a b l i s h e d  by e l e c t r o n  diffr a c t i o n  st ud ies (44) and 

in fra red s p e c t r o s c o p y  (45) to be trigona l b y p y r a m i d a l , 

(D^h symmetry). Of i m p o r t a n c e  is the fact that Fe (CO) g  

contains only termin al CO groups. In contrast, F e 2 ( C 0 ) g  

co nt ai ns three b r i dg ing CO in a d d i t i o n  to six termin al CO 

groups. The str uct ur e of this complex, wh ich also has 

D^h symmetry, was d e t e r m i n e d  by X-ray d i f f r a c t i o n  st ud ie s 

(46). A d d i t i o n a l  e v i d e n c e  for this struc tu re was 

obtained from the i n f r a r e d  s p e c t r u m  of the solid which 

shows a strong band at 1828 cm  ̂ i n di ca tive of br id ging  

CO gr oups (45). The d e t e r m i n a t i o n  of the mol e c u l a r  

structure  of ^ e ^ C O ) ^  in soluti on  has been c o m p l i c a t e d  

by an ina bilit y to c o r r e l a t e  the s o l u t i o n  in fra re d  

s p e c t r u m  with that of the solid state structur e 

d e t e r m i n e d  by X-ray p h o t o g r a p h i c  analysis. The m o l e c u l a r  

c o n f i g u r a t i o n  of this co mplex in the solid state has C 2 V 

symmetry and can be c o n s i d e r e d  as being formed from the 

insertion  of a c i s - F e ( C O ) ^  group at one of the three 

bridging, ca rbo nyl p o s i t i o n s  of Fe 2(C 0)g  (47). The 

infrared s p e c t r u m  of F e ^ C O ) ^  in low te m p e r a t u r e  

m a t rices is c o n s i s t e n t  with the solid st ate C 2 V 

structure, however, the s p e c t r u m  in n - h e x a n e  s o l u t i o n  is 

dif fe re nt and su ggests a dif ferent m o l ecul ar  

c o n f i g u r a t i o n  (48). Of part icula r interes t is the 

presence of only very weak bands in the br id ging CO 

region at ca. 1867 and 1838 c m ” ^. Recent  work has 

su g g e s t e d  the pre sence of three isomeric forms of
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F e ^ C C O ) ^  in s o l uti on  (49). R o t a t i o n  of the Fe3 tr iang le
o

in the solid state st r u c t u r e  by 30 ab out the C 2  axis 

results in a se cond i s o me ric form posse s s i n g  s y m me tr y  

in w h i c h  all the CO gro up s are e q u i v a l e n t  and ter mina ll y
T

bonded. Fu rth er r o t a t i o n  about the same axis, (or either

of the other two e q u i v a l e n t  C 2  axes), gen e r a t e s  a third

isomeric form in w hi ch the two br idg ing CO gr oup s occupy

pos it io ns above and b elow the Fe3 triangle. This is in

contrast  to the e d g e - b r i d g i n g  CO group s found in the
osolid state structure. Further r o t a t i o n  by 30 

s e q u e ntia ll y r e g e n e r a t e s  the other two is omeric forms.

The two isom er ic forms found in s o l uti on  not only follo w 

nat u r a l l y  from the r o t a t i o n  of the Fe3 tr iangle within  

the C O -icosa he dron, but also pr ov i d e  a rea son ab le  

e x p l a n a t i o n  of the in fr ared sol ution spectrum. For a 

m o l e c u l e  with symmetry, six termin al ca rb onyl  

ab s o r p t i o n s  are ir- a c t i v e  ( 2 A 2  + 4E) and of these, the 

four E modes are ex pe ct ed to be broad. The band at 2103 

cra~^ and the broad, u n r e s o l v e d  terminal  CO a b s o r p t i o n s  in 

the region 20 5 0 - 2 0 0 0  c m -  ̂ are taken as e v i d e n c e  that ca. 

95% of the trimer exist s as the second is omeric form in 

fluid solution, and the weak bands at 1867 and 1838 cm"^ 

are at tri b u t e d  to small am ounts of the solid state 

structur e an d/ or the third is omeri c form.
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2. Electronic Structure.

The elec t r o n i c  a b s o r p t i o n  s p e c t r u m  of Fe (C O) ^ in n- 

hexane e x h ibit s stro ng  absor p t i o n  in the UV with 

shoulders at 282 and 250 nm (50). Elec t r o n i c  spectral 

data for FeCCO)^ and F e ^ C O ) ^  are listed in Table 1, and 

the d-orbi ta l o r d e r i n g  for D^h sy mme tr y is shown in 

Figure 2. The lowest energy  a b s o r p t i o n  m a x i m u m  for 

Fe(CO),. has been a s s i g n e d  to the d X y» > d ^

tra ns it ion (50,51). The d ^ orbital is < T -an t i b o n d i n g  to 

all ligands in the co o r d i n a t i o n  sphere but par t i c u l a r l y  

for li gands  on the z-axis. The intens e UV abso r p t i o n  is 

associa te d with u n r e s o l v e d  MLCT  and i ntr al igand 

transitions.

Due to the i n s o l u b i l i t y  of F e 2 (C 0) g in org anic 

solvents, very few data are a v a ilab le  con ce r n i n g  its 

el ect ronic spectrum. The si ngle cr ys tal s p e c t r u m  shows 

only a rising a b s o r p t i o n  into the UV with no bands of 

apprec i a b l e  i n t e n s i t y  in the visible region (52). The 

tr inu clear F e ^ C C O ) ^  cluster shows two visibl e el ec t r o n i c  

ab s o r p t i o n  bands wi th ma x i m a  at 602 and 437 n m . These 

bands have been a s s i g n e d  on the basis of single  crystal
★

e l e c t r o n i c  a b s o r p t i o n  p o l a r i z a t i o n  data to be P* —  > P"
M '  *

(602 nm) and <T ■ -> 0" (432 nm) transitions,

respect iv ely (52). The lowest energy o n e - e l e c t r o n  

excited st ate s invo l v e  p op ulatio n of o r b itals that are
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TABLE 1.

E l e c t r o n i c  Spectral F e a tu re s of 

Iron Car bonyl Comple xes .

Iron C a r bo ny l Co mp l e x  A b s o r p t i o n  Maxima, nm, (£)

F e ( C O ) , 285 (3800)

240 (40,000)

F e 3 ( C 0 ) 12 603 (2900)

440 (2400)

315 (12,400)

275 (17,700)

192 (>70,000)
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dx

dx—yd x y

dxz dyz

Figure 2. D-orbital ordering for symmetry^



s t r on gly C T - a n t i b o n d i n g  with respec t to the m e t a l - m e t a l  

bonds. The intense UV a b s o r p t i o n  has been as signed  to a 

MLCT transition.

3. P h o t o r e ac tions.

The p h o t o c h e m i s t r y  of Fe(CO)^ has been studied 

e x t e n s i v e l y  du ring the last two decades. The pr ima ry 

p h o t o proc es s has been deter m i n e d  to be di ss o c i a t i v e  loss 

of CO from Fe (C O)^ to yield Fe(CO)^ acco rd ing to r e a ctio n 

1 (53). In c o nd ensed phases, the q u a n t u m  yield of this 

p h o t o proc es s is on the order of unity (54).

In the pr esence of added ligands, p h o t o s u b s t i t u t i o n  takes 

place as in r e a c t i o n  2, provide d the su b s t i t u t e d  com plex 

is stabl e under the re ac ti on con ditions. C o o r d i n a t i v e l y  

u n s a t u r a t e d  i n t e r m e d i a t e s  formed via photo ly sis of 

Fe (C O) ^ are also s u s c e p t i b l e  to ox i d a t i v e  addition. The 

o x i d a t i v e  a d d i t i o n  of tri-alkyl  silane to p h o t o g e n e r a t e d  

Fe(CO)^, for example, is shown in reaction 3 (55).

( 1) . F e ( C O ) 5 F e ( C 0 ) 4 + CO

(2). F e ( C O ) 4 + L » F e ( C 0 ) 4 L
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(3) . Fe(CO)4 + R 3Si-H ■> cis-Fe(C0)4 (SiR3 )(H)

In the ab sen ce of added nuc leophi le s, p hotol ys is of 

F e ( C O ) 3 as a neat liquid, in n o n c o o r d i n a t i n g  solvents, 

and in the gas phase leads p r e d o m i n a t e l y  to the forma ti on 

of Fe 2( C0)g as the d o m i n a n t  r e a ction product (55-58).

This p r e s u m b a b l y  occurs by a se c o n d a r y  thermal react ion 

between p h o t o g e n e r a t e d  F e ( C O ) 4 and another F e ( C 0 ) 3 

molecule. The net reaction, shown in re action 4, is the 

ear liest  known p h o t o r e a c t i o n  of a metal carbonyl.

In co nt ra st to the p h o t o c h e m i s t r y  ob served in the ab se nce 

of n u c l e o p h i l e s  where the dominant p h o t o produc t is 

F e 2 (C 0 )g, p ho to lysis in the pr esence of weak ligands, 

such as pyridine, leads to for mation of F e 3 (C 0 )j 2  

(59,60). The abse n c e  of Fe 2(C0) g is ex p l a i n e d  by its 

in s t a b i l i t y  under these c o n d i t i o n s  since F e 2 (C 0 )g 

d i s s o c i a t e s  in s o l ution in the pre sence of a weak ligand 

to yield F e 3 (C0)^2 anc* F e ( C 0 ) 3> It appe a r s  that the 

unstable, m o n o s u b s t i t u t e d  F e ( C 0 ) 4 L complexes, formed in 

re a c t i o n s  1 and 2, act as i n t e r m e d i a t e s  in this thermal 

r e a ct io n to form F e 3 (C0)j2 (61-63).

(4). 2 F e ( C 0 ) 5 » F e 2 ( C 0 ) g + CO



The results o b t ained followi ng  UV i r r a d i a t i o n  of 

Fe (CO)^  in the gas phase are at v a r i a n c e  wi th the 

p resum pt ion that a b s o r p t i o n  of a photon by a Fe(CO) ^ 

mo le cu le results  solely in f o r m a t i o n  of Fe(CO), and CO. 

Ph ot olys is  of m i x t u r e s  of Fe( C O ) ^  and PF^ wi t h  a KrF 

laser (248 nm) results in s e q u e n t i a l  f r a g m e n t a t i o n  of the 

Fe(CO)^ m o l ec ule f o llowing  a b s o r p t i o n  of a si ngl e photon 

to yield F e ( C O > 2 (PF3 )3 , F e ( C O ) 3 (PF3 )2 and F e ( C 0 > 4 ( P F 3 ) 

(64). These stable pr odu cts were q u a n t i t a t i v e l y  ana ly zed 

by gas c h r o m o t o g r a p h y . The pr ima ry  p h o t o c h e m i c a l  yields 

at 248 nm for these fra gments  were d e t e r m i n e d  to be 0.55, 

0.35, and 0.10, resp ectively,  with a net total quan t u m 

yield of a p p r o x i m a t e l y  unity. The d i f f e r e n c e  in 

ph oto c h e m i c a l  behavior  be twee n the isolated, gas phase 

F e ( C 0 ) 3 m o l e c u l e  and that o b s erved in s o l u t i o n  is 

a t t r i b u t e d  to a closer i n t e r a c t i o n  with the enviroraent in 

co nd en sed phases, wh ich pr event s further f r a g m e n t a t i o n  of 

the in tia ll y ge n e r a t e d  F e ( C 0 ) 4 by e f f i c e n t  rem oval of 

excess intern al ex citation, i.e. e n h an ced n o n r a d i a t i v e  

d e c a y .

Further c o n f i r m a t i o n  of the for m a t i o n  of highly 

c o o r d i n a t i v e l y  u n s a t u r a t e d  specie s was o b t a i n e d  by 

re cording the tran sient inf rared a b s o r p t i o n  s p e c t r u m  

following pulsed UV p h o t o l y s i s  of F e ( C 0 ) g  in the gas 

phase (65). Four s p e ctr al  fe atur es  were obs erved in the 

carbonyl stret c h i n g  re gio n and we re a s s i g n e d  by r e f er ence
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to low t e m p e r a t u r e  m a t r i x  and ch emica l trapp in g data to 

Fe(CO)^, FeCCO)^. and F e C C O ^ .  In the ab sence of added 

CO, more than the in itial  p h o t o l y z e d  qu ant i t y  of Fe (C0 )g 

was re move d fr om the sy s t e m  due to re actio n of Fe (CO )^  

with the p h o t o g e n e r a t e d  c o o r d i n a t i v e l y  uns at ur ated 

species to yiel d p o l y n u c l e a r  iron c a r bon yl  comple xes.

Even with a 3 0 0 0-fol d ex ce ss of CO, all Fe(CO) ^ is not 

re gene r a t e d  implying that the re a c t i o n s  leadin g to 

po l y n u c l e a r  co m p l e x e s  are e x c e e d i n g l y  efficent. The 

k i n et ic s of r e a c t i o n  of p h o t o l y t i c a l l y  g e nerat ed  F e ( C O ) x 

(x = 2, 3, 4) with CO was in v e s t i g a t e d  (66). Under 100 

torr CO both F e C C O ^  and Fe CC O ) ^  react very ra pi d l y  to 

ge ner a t e  Fe(CO)^, w hi ch  then reacts more slowly to 

re ge n e r a t e  Fe(CO)^. This o b s e r v a t i o n  is con si s t e n t  with 

the h y p o t h e s i s  that 12 and 14 -e le c t r o n  sp ecies are more 

reactive  than 1 6 - e l e c t r o n  species. Another po ssible  

factor c o n t r i b u t i n g  to the slower rate of react ion 

between Fe(C O)^ and CO is that Fe (C O ) ^  is pre d i c t e d  to 

have a triple t C 2 V gr ou nd state, thus req uirin g both a 

spin change and a large g e o m e t r y  change to form Fe(CO)^.

The use of ma t r i x  iso l a t i o n  tech niques has prove n 

invaluabl e in c h a r a c t e r i z i n g  the p h o t o c h e m i s t r y  of metal 

ca rbonyl c o m p l e x e s  (67). In the form disc ussed  here, 

u n s ta bl e specie s are p r e pare d by pho to lysis of a stable 

molecule, tr ap ped in a large exc es s of inert solid at low 

t em pe rature  (eg., solid Ar at 20 K). Once p r e pare d the
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uns ta bl e f r agments  can be studied spectro sc o p i c a l l y ,  

usually by in frared and UV-Vis sp ec trosc opy. Of 

p a rtic ul ar i mporta nc e is that the c o n c e n t r a t i o n  of metal 

ca rbo nyl in the ma t r i x  can be controlled, r e su lting in 

formatio n of c o o r d i n a t i v e l y  u nsatura te d sp ecies  in dilute 

m a t rices and p olynu cl ear c o mp le xes in more c o n c e n t r a t e d  

m a t r i c e s .

UV p h ot olysis of Fe(C O ) ^  in dilute nitrogen, argon

and methane  ma tr i c e s  (1:8000) at 20 K leads to

progres si ve loss of CO and fo r m a t i o n  of Fe(CO)^, Fe CC O) ^
13and Fe (C0)2  (68). Infrared spectra of C enr ic hed  

c o mple xe s indic at e that Fe(C O ) ^  has C 2 V g e o me tr y and 

F e ( C 0 ) 2  is a py ram idal m o l ec ul e p o s s e s s i n g  C^v symm etry 

(69). The m a g ne ti c c i r cular  dic h r o i s m  (m.c.d.) s p e ct ru m  

of mat ri x i s o la ted Fe(C O ) ^  is te m p e r a t u r e  dep e n d e n t  which 

confirms  that the ground state is p a r a m a g n e t i c  (70,71). 

The e l ec tr onic s p e ct rum of Fe(C0)^ ex hib its  a UV 

a b s o r p t i o n  band ( A .  max = 325 nm) and a f a r - r e d - n e a r - i . r . 

absor p t i o n  band (A. max => 770 nm) due to d— d e l e c t r o n i c  

t r a n s itio ns  (68,71), Exc it a t i o n  of the latter 

transitio ns  promotes  a d d i t i o n  rea ctions with r e a ct an ts 

availabl e in the ma t r i x  forming F e ( C 0 ) ^ Q  specie s wh ere Q 

= CH^, Xe, and N 2 . The e l e c t r o n i c  sp ec tra of the 

a d d i t i o n  products are d i ff er ent fr om that of u nco mp lexed 

Fe(C0)^. Th ese mo l e c u l e s  exhibit a broad a b s o r p t i o n  in 

the region of 375 nm and no near-i.r. ab sorp t i o n s

31



(69,70). Pro l o n g e d  UV p h ot ol ysis of Fe (C O ) ^  in dil ut e 

ma t r i c e s  (1:8000) at 20 K results in p r o g r e s s i v e  loss of 

CO and f o rmation  of atomic iron in small yields (72).

The first derivative, e l ectroni c a b s o r p t i o n  s p e c t r u m  

obtained fol low in g p r ol on ged photo l y s i s  shows a se ries of 

sharp but rather we ak bands s u p e r i m p o s e d  upon a rising UV 

absorbance . The p o s i t i o n s  of these bands are ext r e m e l y  

close to that repo rt ed for iron vapor c o - c o n d e n s e d  with 

ni tro gen at 4 K (73). Thus the re sult of pro l o n g e d  UV 

p h o t o l y s i s  ap pe a r s  to be the stri pp ing of all five CO 

ligan ds from Fe(C 0 ) j  leavin g the "naked" metal atom. In 

co ntras t to the p h o t o p r o d u c t s  formed in dilut e matrices, 

UV p h ot ol ysis of Fe(C0 )^  in m o d e r a t e l y  c o n c e n t r a t e d  

m e t h a n e  m a t r i c e s  (1:1000) result s in the matr ix  turning a 

faint green color, and the a p p e a r a n c e  of infrared  bands 

in both the termina l and brid gi ng CO regions w hi ch were 

a s s i g n e d  to the pol yn u c l e a r  c o m pl ex es F e 2 (C 0 )g and 

F e ^ C O ) ^ *  Upon an n e a l i n g  the matrix, inf rared bands 

as si gn ed to F e 2 (C 0 )g were observed.

Excit ed state reaction s of F e 2 (C 0) g and F e g( C0)j2 

in clude both s u b s t i t u t i o n  and d e c l u s t e r i f i c a t i o n . Near- 

UV p h otolys is  of F e 2 ( C 0 ) g  in low t e m p e r a t u r e  ma tri c e s  

resul ts in intial loss of a br idg ing  CO group to genera te  

F e 2 (C 0) g (74). A n a lysi s of the i n f ra re d s p e c t r u m  

i n di cates this s t r uc tu re pos sesses C 2 V sy mmetr y with  a 

'double' bond betw e e n  the two iron atoms. P r ol on ged
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p h otol ys is leads to a second form  of F e 2 (C 0 )g which does 

not co nt ain bridging CO groups. A l t h o u g h  the exact 

st r u c t u r e  of this species  was not confirmed, a Dgd 

st r u c t u r e  formed by r e p l a ceme nt  of an axial CO ligand on 

Fe (C 0) g wi th Fe (C O)^ was suggested. In the presenc e of 

nu cleophile s, L, n e a r - U V  photo l y s i s  of F e 2 ( C 0 ) g  results 

in f o r m a t i o n  of m o n o n u c l e a r  F e ( C 0 ) nL g _ n complexes. A 

m e c h a n i s m  has been pro posed w h i c h  i n v olv es  intial loss of 

CO to form Fe2(C0)g. This r e a c t i v e  spe c i e s  rapidl y 

sc av en ges L to fo rm the mo n o - s u b s t i t u t e d ,  dimeric 

Fe2(C0 )gL . Subse q u e n t  d e c o m p o s i t i o n  of this un stable  

sp eci es re su lt s in f o r m a t i o n  of F e ( C 0 ) ^ L  and Fe(CO)^ 

w h i c h  then reacts with ano th er L. The abse n c e  of 

d e c l u s t e r i f i c a t i o n  re a c t i o n s  i n v ol ving raetal-metal bond 

c l e a v a g e  is a t t r i b u t e d  to the p r e s e n c e  of the bridging  CO 

g rou ps which may preclude ef fi cent cleav a g e  of the Fe-Fe 

b o n d .

Vi si b l e  i r r a d i a t i o n  of F e ^ C C O ) ^  * n the prese nce of 

CO (75) and 1-pente ne  (76,77) re su lts in the fo r m a t i o n  of 

Fe (C O) ^ and F e ( C O ) ^ ( 1 - p e n t e n e ) , res pec tivel y. The 

pr ima ry p h o t o r e a c t i o n  ap pears  to be Fe-Fe bond cleavage 

(rxn. 5) with the re s u l t i n g  fragmen t u n de rg oing 

u n i m o l e c u l a r  therma l p r o ce sses to yield final products. 

The d i s a p p e a r a n c e  q u a n t u m  yi elds are fa irl y low, (ca.

0.02 for 550 nra excita tion),  p r o b a b l y  r ef lecting  e f f icent  

r e f o r m a t i o n  of the Fe-Fe bond to r e g e n e r a t e  F e ^ C O ) ^ *
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4. P h o t o c a t a l y t i c  Reactions.

Numerous  report s have a p p e a r e d  in re cent years 

co nce r n i n g  the p h o t o g e n e r a t i o n  of ca t a l y s t s  using 

pre curso r iron carbon yls. Exampl es  of c a taly ze d 

i s o m e r i z a t i o n s , h y d r o s i l a t i o n s , h y d r o f o r m y l a t i o n s , and 

m e t a t h e s i s  r e a c t i o n s  of ol efins  m e d i a t e d  by 

p h o t o a c t i v a t e d  h o m o g e n e o u s  iron c a r bo ny l com plexes 

i ll us trate the broad d i v e r s i t y  of reacting sys tems (78- 

82). The terra p h o t o c a t a l y s i s  has been de fined  by 

W r i g h t o n  to be the p h o t o g e n e r a t i o n  of a c a t alyst  from a 

th ermally inert p r e c u r s o r s  such that s u bst ra te 

t r a n s f o r m a t i o n s  result w hi ch  are both ca t a l y t i c  with 

res pect to the number of photons a b s o r b e d  and with 

respect to the ac tual ca ta ly st (83). Fi gure 3 

il l u s t r a t e s  the va ri ous p h o t o c h e m i c a l  and therma l steps 

in volved in a p h o t o c a t a l y t i c  reaction.

Se ve ra l points are to be noted co nc e r n i n g  

p h o t o c a t a l y t i c  reactions. First, since the only excit ed 

state che m i s t r y  is the pri mary act of c a t a l y s t  formation, 

the p h o t o g e n e r a t e d  c a t a l y s t  has the po t e n t i a l  to be 

unique wi th re spect  to thermal a c t i v a t i o n  of the same 

precur sor  complex. Secondly, the p h o t o g e n e r a t e d  ca tal ys t 

behav es as a th ermal c a t alys t th ere by le ading  only to 

therma l r e a ct io ns of the substr ate . Third, c a talytic  

ac tiv i t y  begins only upon p h otol ys is and c o n ti nues after
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(1). Metal  Complex — > Catalyst

(2). Metal Complex — > N o
Reaction

(3). C a t a ly s t  » Catalyst
♦ ♦

Substrate Transformed
Substrate

(4). Catalyst— ^ — > P o i so n in g

Figure 3. Photochemical and thermal steps in a 
photocatalytic system.
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c e s s a t i o n  of phot olysis  until po i s o n i n g  pro c e s s e s  have 

removed or inh ibited the catalyst. Since p h o t o c a t a l y z e d  

olefin i s o m e r i z a t i o n  and h y d r o g e n a t i o n  r e ac tions have 

re ceive d the most attention, the foll ow ing dis cu s s i o n 

will be lim ited to these two reactions.

W r i g h t o n  and Sch roeder  (79) have i n v e s t i g a t e d  the 

ph o t o c a t a l y z e d  s o l ution phase i s o m e r i z a t i o n  and 

h y d r o g e n a t i o n  rea ct io ns of ole f i n s  by Fe(CO) g. Near-U V 

i r r a d iati on  of Fe(C O)^ in the presence of 1-pentene 

resulted in i s o m e r i z a t i o n  to both cis and trans 2- 

pentene. It was obser ve d that a co m m o n  e q u i l i b r i u m  

mixt u r e  of penten es  was formed, r e g a r d l e s s  of the 

starting  pentene isomer. This value was found to be very 

close to the t h e r m o d y n a m i c  ratio of al ke ne s pr ev i o u s l y  

m e a s u r e d  (84). The intial i s o m e r i z a t i o n  rates ap pear to 

show a short in d u c t i o n  period w h e r e  the rate i n c rease s as 

a f u n ction  of irradi a t i o n  time. The obser ve d quan t u m  

e f f i c i e n c y  is far in excess of unity, a p p r o a c h i n g  500 in 

neat 1-pentene. This implie s that the role of the light 

is to g e n era te  a t h ermally  act iv e catalyst. A m e c h a n i s m  

for pe ntene i s o m e r i z a t i o n  was proposed, Figure  4, which  

in vol ves gener a t i o n  of a c o o r d i n a t i v e l y  un s a t u r a t e d  

Fe(C0)g(allcene). This co mp l e x  was p r o p o s e d  to un de r g o  an 

o x i d a t i v e  a d d i t i o n  r e a c t i o n  to form the c a t a l y t i c a l l y  

ac tiv e T T - a l l y l h y d r i d e  in te rm ediate,  HFe(CO).j(Tr-allyl) .
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1. Fe(CO) c \  Fe(CO)
-> 4 + CO

2. Fe(CO). + alkene --------4 F e (CO)^(alkene)

3 . F e ( C O ) .(alkene) + alkene 4 -------- ^ Fe(CO) (alkene)^ + CO

4. Fe(CO) (alkene) -------- ^ F e (CO)^(alkene) + 2-alkene

5 . F e (CO)^(alkene) -------- HFe(CO).(K3-C H ) 3 M  n 2-n
6. HFe(CO).(T\3-C H ) ------J • n 4-n — ^  Fe(CO)^(2-alkene)

7 . Fe( CO)^(2-alkene) + alkene ) Fe(CO)^(alkene)(2-alkene)

8 . Fe(CO)^(alkene)(2-alkene) + CO -------- ^ Fe(CO)^(alkene)

+
2-alkene

Figure 4. Mechanism for Fe(CO)^ photocatalyzed 1-pentene isomerization.



The 1 - pentene  i s o m e r i z a t i o n  r e a c t i o n  was also 

i n v e s t i g a t e d  using F e ^ C C O ) ^  as the pre c u r s o r  co mplex  

(85). Since F e ^ C O ) ^  has lower energy  el ec t r o n i c  

transi t i o n s  relative to Fe(CO)^, it has the a d v a n t a g e  of 

being a c t i v a t e d  by visibl e light. Th is is p a r t i c u l a r l y  

imp o r t a n t  when org anic sub s t r a t e s  absorb  too s t r ongly in 

the UV to a l l o w  use of Fe(CO)^. Based on the i d en ti cal 

product ra tios (t r a n s - 2 - p e n t e n e / c i s - 2 - p e n t e n e )  for both 

monomer and trimer, it ap pea rs  the trimer fr a g m e n t s  upon 

visible i r r a d i a t i o n  to yield m o n o m e r i c  iron c a rb on yl-  

ol ef in  co m p l e x e s  wh ich react ac c o r d i n g  to Sc heme II.

Near - U V  i r r a d i a t i o n  of Fe (C O)^ in the presence  of 

olefin and Hg (1 atm) re sul ts in ol ef in h y d r o g e n a t i o n  at 

room t e m p e r a t u r e  or below (79). The r e a ction was 

s e lect iv e in that the more s t e r i c a l l y  u n h i n d e r e d  alkenes 

were most ef f e c t i v e l y  hydrog enated.  As with the 

i s o m e r i z a t i o n  reaction, the o b s e r v e d  q u a n t u m  effi ciency  

ex ce ed s unity i n d i c a t i n g  that h y d r o g e n a t i o n  procee ds 

ca t a l y t i c a l l y  with re spect to the number of inciden t 

photons. S u b s t a n t i a l  f r a ct ions of neat alkene s (> 20%) 

were h y d r o g e n a t e d  using 0.001 M Fe(C0)g showin g that the
3turnover number wi th re sp ec t to iron ex ce e d s  10 . A 

m e c h a n i s m  was propos ed  in w hi ch the key c a t al yt ic species 

was ag ai n Fe(CO)^, as was propos ed  for the p h o t o c a t a l y z e d  

i s o m e r i z a t i o n  reaction.
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In h o m o g e n e o u s  catalysis, it is well e stab li shed

that li gands in the c o o r d i n a t i o n  sphere of a metal

c e n te red c a t alyst can in f l u e n c e  the rate and se l e c t i v i t y

of a reacti on  (5,7,86-88). An u n d e r s t a n d i n g  of the

in f l u e n c e  of various li gands on the rate and produc t

d i s t r i b u t i o n  of a r e a c t i o n  will a ll ow for design of more

e f f i c e n t  and s e l e c t i v e  c a t a l y s t s  in the future, i.e.,

ca t a l y s t s  ta ilo re d for a given r e a ctio n (89).

P h o s p h o r o u s  li gands have  been e x t e n s i v e l y  studied since

they exhi bit a wide range of sterlc and ele ctro ni c

pr ope r t i e s  and are c a p a b l e  of st abil i z i n g  many metal

co mplexes. W r l g h t o n  (90) has i n v e s t i g a t e d  the i n fl uence

of va ri o u s  ph o s p h i n e  based ligand s on the p h o t o c a t a l y z e d

1 - pe ntene i s o m e r i z a t i o n  reaction. All pho sphine

su bsti t u t e d  com p l e x e s  were ca pa b l e  of mo v i n g  high

c o n c e n t r a t i o n s  of 1 - p e n t e n e  toward the th er m o d y n a m i c

ratio of penten es. In additi on, high t u r nover  numbers  (> 
3

1 0  ) and q u a n t u m  yields exc e e d i n g  unity were observed.

The intial  ratio of t r a n s / c i s - 2 - p e n t e n e  was found to be 

s t r o n g l y  d e p en dent on the nature of the ph os p h o r u s  ligand 

bonded to the iron car bonyl catalyst. As the steric bulk 

of the p h osphoru s li ga nd increased, a larger kin etic 

p r e f e r e n c e  for the less stable c i s - 2 - p e n t e n e  isomer was 

observed. While the elect r o n i c  p r opertie s of the 

ph o s p h o r u s  li gands may be contr ib ut ory, it was c o n clu de d 

that the e l e c t r o n i c  e f f e c t s  on the in tial rate of 

f o r m a t i o n  of the 2 - p e n t e n e s  are minor co mpare d wi th the
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steric ef fects  of the p h o s p h o r u s  ligands. These results 

d e m o n s t r a t e  that the pr od uc t d i s t r i b u t i o n  of 

p h o t o c a t a l y z e d  r e acti on s can be ' t u n e d ' , in this case by 

cha nging  the steric  bulk of the p h o s p h o r u s  ligand.

C lar k and Swartz (91) have st ud ie d the ef fects of 

t r i f l u o r o p h o s p h i n e  s u b s t i t u t i o n  in the p h o t o c a t a l y z e d  1 - 

pentene i s o m e r i z a t i o n  reaction. I n c r e a s i n g  PF^ co ntent  

in F e (P F 3 >x CC 0 ) 2 _ x » w her e x =» 1-4, cau se s these sp ecies  

to become p r o g r e s s i v e l y  less e f f e c t i v e  p h o t o c h e m i c a l  

catalysts. Supris in gly, a l t h o u g h  PF^ s u b s t i t u t i o n  

in c r e me ntly i n f l u e n c e s  the i s o m erizat io n, total 

s u b s t i t u t i o n  caused  the i s o m e r i z a t i o n  to cease. These 

aut hors also d e m o n s t r a t e d  that the ( 1 - p e n t e n e )F e ( P F ^ )^ 

co mplex has a PF^ group that is photocheraically active, 

yet p h o t o c a t a l y t i c  i s o m e r i z a t i o n  did not occur. It was 

proposed that higher PF^ s u b s t i t u t e d  ir on c a r b o n y l s  do 

not react by the S c h r o e d e r - W r i g h t o n  m e c h a n i s m  given in 

Scheme II. Rather, a labile, m u l t i p l y  bonded, br idg ed 

dimeric iron spec i e s  was p o s t u l a t e d  as the acti ve  

ca ta lytic in ter media te. This is c o n s i s t e n t  with the 

p h o t o c h e m i c a l  data ob ta ined w h i c h  sh ow a lack of 

ca tal ytic a c t i v i t y  for the to ta ll y s u b s t i t u t e d  iron 

ca rbo nyl complex. The i n d i s p e n s a b l e  role of CO in the 

is o m e r i z a t i o n  r e a ction was a t t r i b u t e d  to the a b i l i t y  of 

CO to act as a b r i d g i n g  ligand between metal atoms 

wh ereas  PF^ is un able to do so.
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The pul s e d - U V  laser i s o m e r i z a t i o n  and h y d r o g e n a t i o n

r e acti on s of ol efi ns were i n v e s t i g a t e d  by Grant and co-

wo rk er s in both s o l ut ion (92) and gas phase s (93). The

time depen d e n c e  of the i s o m e r i z a t i o n  r e a ction  was

q u a l i t a t i v e l y  i d en ti cal with re sults  p r e v i o u s l y  o b t a i n e d

with Fe (C O) ^ and other iron c a r b o n y l  c a t alyst  p r e c u r s o r s

(79,85,91). The r e a c t i o n  e x h i b i t s  an i n d u c t i o n  period,

du rin g wh ich  the rate of the r e a c t i o n  i n c r e a s e s  with

time, follo w e d  by a stea dy state period in w h i c h  the rate

de cr ease s raonotonically as the sy s t e m  a p p r o a c h e s  the

e q u i l i b r i u m  su b s t r a t e  c o nc entrati on s. The o b s e r v e d

q ua n t u m  yiel d for the s o l u t i o n  phase i s o m e r i z a t i o n

r e a c t i o n  excee ds  1 0 0 0 , w h i c h  is s u b s t a n t i a l l y  hig he r than

the value of 400 o b t a i n e d  using s t e a d y - s t a t e  ir radiati on .

Thu s a s u b s t a n t i a l  ef fic i e n c y  a d v a n t a g e  exi st s when

pulsed ra ther than c o n t i n u o u s  irradiat’ion is used to

intiate ph ot o c a t a l y s i s .  T u r n o v e r  nu mbers  for the system
4re gu larly exceed 1 0  , in di c a t i n g  that the c a t alyst  

rev erts to a c a t alys t pre c u r s o r  capable of re activa ti on. 

In neat 1-pe nt ene the q u a n t u m  effic i e n c y  of the sy s t e m  

was o b s erved to in cr ease with decr e a s i n g  laser r e p e t i t i o n  

rate, in di c a t i n g  the laser pulses are ir r a d i a t i n g  

c a taly ti c int ermedi at es. However, be low 4 Hz the quan t u m  

ef fic i e n c y  was in d e p e n d e n t  of the laser r e p e t i t i o n  rate, 

a l l o w i n g  an e s t i m a t i o n  of the lifetim e of the activ e 

cat alyst  under these c o n d i t i o n s  to be 0.2 seconds. The 

time d e p e n d e n c e  of the h y d r o g e n a t i o n  r e a c t i o n  was
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simili ar to that ob serv ed  for isomerizat ion. The 

observed quan t u m  yields for h y d r o g e n a t i o n  (Pjj = 800 torr) 

ranged from 2 to 4, which is in a g r ee ment with prev io us  

studies showi ng i s o m e r i z a t i o n  to be the more ef fice nt  

reaction. H y d r o g e n a t i o n  a p p a r e n t l y  co mp et es with 

i s o m e r i z a t i o n  for the same c a t a l y t i c a l l y  active 

i n t e r m e d i a t e s  since the i s o m e r i z a t i o n  rate d e c r e a s e s  with 

i nc reasing  H 2  pressure. Pu l s e d - U V  laser i r r a d i a t i o n  of 

gas phase Fe (C O)^ in the prese nce of 1 - p ente ne  leads to 

qu an t u m  yiel ds w hi ch  a p p ro ach 400 for the i s o m e r i z a t i o n  

reaction, indic a t i n g  a lower e fficie nc y relativ e to 

liquid phase p h o t o c a t a l y t i c  i s o me ri zation.  Howeve r, a 

higher ef fi c i e n c y  for gas phase h y d r o g e n a t i o n  is o b s erve d 

since q u a n t u m  yields a p p r o a c h  2 0 , wher e a s  the qu an tu m 

yield of h y d r o g e n a t i o n  in the liquid phase rarely ex ce e d s 

unity under any conditions.

M it c h e n e r  and W r i g h t o n  (94) have used a cw Ar ion 

laser as their e x c i t a t i o n  source to prov i d e  very high 

light i n tens it y in s t u dy in g the p h o t o c a t a l y z e d  1 - p e nt ene 

is omer i z a t i o n  using Fe CCO)^ and F e ^ C C O ) ^  as c a t alyst 

precursors. The use of high light in t e n s i t y  e x c i t a t i o n 

allows the ca talyst turnov er rate, not the ac tual 

p h o t o g e n e r a t i o n  of the catalyst, to be come the rate- 

limiting feature. The re ac t i o n  was mo n i t o r e d  by near- 

infra red  a b s o r p t i o n  s p e c t r o s c o p y  w hi ch allows for 

q u a n t i t a t i v e  ana ly sis of rea ct ants and p r o ducts  on a
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faster time scale than gas c h r o m o t o g r a p h y . Flash 

p h o t o l y s i s  fol lowed by m o n i t o r i n g  the decline of the 1330 

nm band of 1 -p e nte ne  showed that ca t a l y s i s  pe rsists for < 

5 secs, after i r r a d i a t i o n  is terminated. In all cases, 

the obse r v e d  d i s a p p e a r a n c e  q u a n t u m  yields for 1 -pentene  

exceeded  unity and the lower li mits of the tur nover rates 

g e nera ll y e x c eede d 1000. The p h o t o l y s i s  of Fe (C O)^ or 

F e ^ C C O ) ^  waa obs erved to yield e x c e e d i n g l y  ac tiv e 

c a t a l y s t s  w hich are not exci t e d  state sp ec ies since the 

ex ci te d state lifetim es of F e ( C 0 ) 5  and F e ^ C C O ) ^  are too 

short to effect catalysis. Rather, the time r es ol ution 

of these e x p e r i m e n t s  c o n f i r m s  the c a t a l y t i c a l l y  ac tive 

species are ground state species, p h o t o p r o d u c e d  by loss 

of CO from Fe (C 0)g or Fe-Fe bond cleavage.

Chase and We ig e r t  (95) have m e a s u r e d  the cat al yst 

lifetime in the Fe(CO),. p h o t o c a t a l y z e d  1-pent ene 

i s o m e r i z a t i o n  re action  by F o u r i e r  T r a n s f o r m  Infrar ed  

Spectroscop y. O p e r a t i o n  of the i n t e r f e r o m e t e r  in the 

rapid scan mode allows s i m u l t a n e o u s  m o n i t o r i n g  of many 

a b s o r p t i o n  bands duri ng a single ex pe r i m e n t  with a 

temporal r e so lution  of < 1 second. Bo th d i s a p p e a r a n c e  of 

1 -p e n t e n e  and a p p e a r a n c e  of cis and trans 2 -pe n t e n e s  show 

an i n d u c t i o n  pe rio d sug g e s t i n g  that the ac tiv e catalyst  

is not formed d i r ec tly from FeCCO) ^ by a one qu an tu m 

process. The l i f etim e of the ac tive catal y s t  was 

de t e r m i n e d  by adding the a b s o r p t i o n  ch ang es  in both the
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olefin and ca rbo nyl  bands from the time i r r a d i a t i o n  from 

the 200 0 - W  Xenon lamp is t e rmina te d to the end of data 

aq uis ition. By a s s u m i n g  a first order decay process, the 

m e a sured c a t alyst lif etime s was d e te rm ined to vary from 7 

to 28 seconds d e p e n d i n g  on the c o n c e n t r a t i o n  of 1 -pentene 

present when the light is turned off. The d e p e n d e n c e  of 

ca t aly st  lif etime on 1 - p e n t e n e  c o n c e n t r a t i o n  s u g ge sted  

that the c a t al yst l i f e t i m e  is det e r m i n e d  by olefin 

d i s s o c i a t i o n  from F e C C O J ^ C o l e f i n )  to yield a fragment 

which rap idly d e c o m p o s e s  to c a t a l y t i c a l l y  inactive 

s p e c i e s .

The low t e m p e r a t u r e  p h o t o c h e m i s t r y  of 

F e ( C O ) ^ ( o l e f i n )  c o m p l e x e s  (olefin » ethylene, propylene, 

1-pentene, 3 , 3-diraeth yl-l- pentene, 4- pe ntadie ne ) and the 

IR s p e c t r o s c o p i c  c h a r a c t e r i z a t i o n  of severa l 

inter m e d i a t e s  i n v o l v e d  in the Fe (C O) j photo ca t a l y z e d  

i s o m e r i z a t i o n  of alke n e s  has re cen tly  been r e p orted by 

M i t c h e n e r  and W r i g h t o n  (96). The ph otop r o d u c t s  observed  

for the F e ( C 0 ) ^ ( o l e f i n )  c o m ple xe s were found to be 

de p end en t on whet h e r  or not the ol efin po sesse s allylic 

h y d r o g e n s . For olef i n s  co nt a i n i n g  no al lyl ic hyd rogens 

the only obs e r v a b l e  pr oduct o b s erve d fo llo wing 

i r r a d i a t i o n  (200-W hi gh pr essure Hg lamp) of matrix 

isolated F e ( C O ) ^ ( o l e f i n )  in al ka ne at 77 K were the 16- 

el e ctr on  F e ( C 0 ) 2 (olefin) c o m pl exes formed by d i s s o c i a t i v e  

loss of CO* In contrast, i r r a d i a t i o n  of co mplexes



co nta i n i n g  al ly l i c  h y d r o g e n s  res ul t e d  e x c l u s i v e l y  in

f o r m a t i o n  of T T -  allyl hy dr i d e  c o mplex es  at t e m p e r a t u r e s

as low as 77 K. In all cases CO extrusion, not loss of

olefin is the major excited state r e a c t i o n  of

F e ( C O ) ^ ( o l e f i n )  compl exes. I r r a d i a t i o n  of

F e ( C O ) ^ ( o l e f i n )  at 77 K in a ma t r i x  cont a i n i n g

s i g n i f i c a n t  u n c o m p l e x e d  olefi n re sults in the for m a t i o n

of a strong feature at ca. 1930 cm"^ a t t r i b u t a b l e  to

t r a n s - C F e C C O J ^ C o l e f i n ^ *  No s i g n i f i c a n t  i s o m e r i z a t i o n

occurs up to 195 K, but at the s o f t e n i n g  point of the

ma trix the 1930 era- * band di s a p p e a r e d  and new features

grew in at 1972 and 2048 cm- *. At 195 K the specie s

r e s p o n s i b l e  for these bands was inert, but further

wa rm i n g  of the sample to 298 K r e s u l t e d  in ext e n s i v e

olefin i s o m e r i z a t i o n  (> 30%) along wit h r e g e n e r a t i o n  of

signif i c a n t  am ou n t s  of F e ( C 0 ) ^ ( o l e f i n ) . It was pr op os ed

that the sp eci es  re s p o n s i b l e  for the latter  bands is

F e 2 (C 0 ) g ( o l e f i n ) 2 » a d e r i v a t i v e  of the k now n F e j C C O ^ .

Th is species has been shown to be very c a t a l y t i c a l l y

active; a d d i t i o n  of 1.0 mL of 1- pentene  at 25 C to 1.0 mL 
_2of 10 M F e 2 (C 0 ) g ( C 2 H ^ ) 2  in m e t h y l c y c l o h e x a n e  yielded 

ca, 60% i s o m e r i z a t i o n  to 2 - p e n t e n e  in < 1 0  seco n d s  giving 

600 t u rn ov ers per F e 2 (C 0 ) g (^ 2 ^ 4 ) 2  unit and a turnover  

rate of at least 3600 per minute.
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E. Photochemically Activated Hybrid Systems

As p r evious ly  mentio ned, the opac i t y  of many 

s upp orts has hi ndered p h o t o c h e m i c a l  p r e p a r a t i o n  of hybrid 

catalysts, due to the nearly c o m plete loss of useful  

light to s c at tering and refle c t i o n  or to a b s o r p t i o n  by 

the support. In addition, s p e c t r o s c o p i c  c h a r a c t e r i z a t i o n  

of the i mmob il ized species, its cat a l y t i c  forms, and its 

c a taly ti c che m i s t r y  is ofte n difficul t. Yet, such 

inform a t i o n  is vital to u n d e r s t a n d i n g  and r e al izing the 

a d v a n t a g e s  of hybrid catalysts. The f o l lo wi ng d i scussio n 

serves to su m m a r i z e  the a v a ilabl e l i t e r a t u r e  on the 

photoc h e m i c a l  and p h o t o c a t a l y t i c  r e a c t i o n s  of iron 

car bo ny ls i m m o b i l i z e d  on both organic and inorga nic 

s u p p o r t s .

De Paoli and Ma rco  (97) have used the polymer 

m a t r i c e s  p o l y t e t r a f l u o r e t h y l e n e  (PTFE) and p o l y e th ylene 

(PE) to study the am bi e n t  te m p e r a t u r e  p h o t o c h e m i s t r y  and 

olefin  su b s t i t u t i o n  reacti on s of F e ^ O ) ^ *  Such pol ymer 

m a t r i c e s  are s u i ta bl e for stu dying p h o t o i n d u c e d  metal 

c ar bonyl re a c t i o n s  for two reasons. First, they do not 

ab sorb the rad i a t i o n  used to induce the ph ot o c h e m i c a l 

process which would hinder the react io n and might lead to 

po lymer degrada tion. Second, they are t r a n s p a r e n t  to 

in frared r a d i a t i o n  in the te rm in al and b r i dging carbonyl  

s t retc hi ng region  ( 2 2 0 0  - 1800 cra- ^) al lowing 

s pe ct r o s c o p i c  c h a r a c t e r i z a t i o n  of ph ot op roducts . Fe (CO)^
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was ads orbed into these m a t ri ces by soaking the polymer 

in a 1 0 % soluti on  of the co mplex  in degass ed  hexane.

After impregnation, no inert a t m o s p h e r e  was nec e s s a r y 

since ex po su re of the sample to air did not result in
t

d e t e c t a b l e  iron ox i d a t i o n  during the time frame of these 

exp eriments. The inf ra red s p e c t r u m  of a d s or bed Fe (CO)^ 

ex h i b i t e d  two bands at 2020 and 1998 cm *, indi c a t i n g  

that s u b s t ituted m o n o n u c l e a r  or po l y n u c l e a r  iron ca rbo nyl 

complexe s were not formed by a d s o r p t i o n  onto the support. 

Fo ll owing three mi nutes of broad-b an d UV i r r a d i a t i o n  two 

new a b s o r p t i o n s  were observed at 2063 and 1973 cm , 

while the band at 1998 c m ” * (mainly due to Fe(CO)^) grew 

in intens it y r e l at iv e to the 2 0 2 0  c m - *' band before 

photolysis. The bands at 1973 and 1998 cm” * were 

as s ign ed  to the p h o t ofragme nt  Fe(C0)^, wh ile the 2063 c m ” 

* band was tentat i v e l y  as signe d to the more highly  

c o o r d i n a t i v e l y  un sa tu r a t e d  Fe(C0) g fragment. In order to 

study the ph ot o i n d u c e d  olefin s u b s t i t u t i o n  rea ctions of 

Fe(C0)^, the polymer films pret reate d with Fe CCO )^  were 

sa tu rated with the de sired  olefin. This was a c c o m p l i s h e d  

by either so lut i o n  i m p r e g n a t i o n  or vapor phase 

deposition. The iron c a r b o n y l - o l e f i n  c o mp lexes formed 

following irradi a t i o n  include d d i e n e i r o n t r i c a r b o n y 1  

c o m plexes and m o n o s u b s t i t u t e d  Fe(C0 ) ^ L  com plexes (L = 

ethylene, acetylene, and m e t h y l a c r y l a t e ). The r ea ct ivity  

of the unstable, c o o r d i n a t i v e l y  u n s a t u r a t e d  spec ie s in 

these polymeri c m a t r i c e s  is an a d v a n t a g e  over the use of
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low te m p e r a t u r e  matri c e s  where the cage effect of the 

frozen matrix of ten pe rmi ts effic ent r e c o m b i n a t i o n  of 

p h o t o d i s s o c i a t e d  CO with the c o o r d i n a t i v e l y  un s a t u r a t e d 

spe cies to r egen er ate the parent m o l e c u l e  (98),

Ja ck s o n  and T r u s h e i m  (99) have st udied the ambien t 

te mperature  p h o t o c h e m i s t r y  of s i l i c a - a d s o r b e d  Fe(CO)^.

UV ir r a d i a t i o n  of Fe(CO) ^ at surface co v e r a g e s  below 

mo no la yer with a ^  laser yi elds F e ^ C O ) ^  as tlie 

do min ant photoproduc t. This cluster was id en t i f i e d  by 

its c h a r a c t e r i s t i c  in frared and e l e c t r o n i c  spectrum. The 

fo rma tion of F e ^ f C O ) ^  on silica gel is in con trast to 

the p h o t o p r o d u c t s  formed in solution and in the gas 

phase, where, in the abse n c e  of nu cleophiles , UV 

i rr ad iation  of Fe(CO)^ yields p r e d o m i n a t e l y  F e 2 (C 0 )g. 

S ub li m a t i o n  of F e 2 (C 0 )g onto silica gel res ul ted in a 

d i s p r o p o r t i o n a t i o n  re act ion  yi elding F e ^ C O ) ^  and 

Fe(CO)^. The p a r t i c i p a t i o n  of surface silanol  groups as 

weak lig ands pro vi des a rationale  for the ph otoch e m i s t r y  

obser ved  on si lica gel since phot ol ysis of Fe (CO)^ in the 

presence of weak ligand s also yields F e ^ C O ) ^  (59-60). 

The ab sence of F e 2 (C 0 )^ is e x p la in ed by its i ns ta bility 

in the p r e se nc e of weak ligands, where it d i s s o c i a t e s  to 

yield Fe(C O)^ and F e ^ C O ) ^ -  UV i r r a d i a t i o n  of Fe(CO)^ 

at su rfa ce  c o v era ge s greate r than mon o l a y e r  c o v erage did, 

however, result in formati on  of F e 2 (C 0 )g. This 

o b s e r v a t i o n  is c o n s i s t e n t  with the a r g u m e n t  that the
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sur fac e silanol groups p arti ci pate as weak ligand s since 

these ov er l a y e r s  are not i ntimat el y a s s o c i a t e d  with the 

silica surface. A m e c h a n i s m  for F e ^ C C O ) ^  form ation was 

p o st ulated  which in volve s ini tial for m a t i o n  of surface - 

bound Fe(CO)^, which un d e r g o e s  subs eq uent thermal 

t r i m e r i z a t i o n  on the silica surface.

In an ef fort to u n derstan d the s e c on dary thermal 

processes leading to f o r ma tion of F e ^ C C O J ^ t  Ja ck son and 

T r u s h e i m  have exa mi n e d  the p h o t o c h e m i s t r y  of silica- 

a dso rbed Fe(CO) ^ at re du ce d te m p e r a t u r e s  (100). The only 

si gn if i c a n t  p h o t o p r o d u c t  o b s er ve d by IR s p e c t ro sc opy 

following i r r a d i a t i o n  wi th the second ha rmon ic  of a 

Nd:Yag laser (355 nm) at t e m p e ratures  bet ween 200 and 300 

K is F e ^ C C O ) ^ 1 no ^ ^ ( C O ) ^  was detected. The 

ph o t o c h e m i s t r y  of si lica s u p port ed  F e ^ C O ) ^  was also 

examined. This cluste r was found to be photocheraically 

inert since ir r a d i a t i o n  at 100 and 300 K at in teg rat ed  

laser exp o s u r e s  two times higher than those used in the 

Fe(C0)^ e x p e r i m e n t s  produced no o b s e r v a b l e  loss of 

F e g ( C 0 )j 2 * Fo l l o w i n g  p h otoly si s of Fe (C0 )^ at 200 K, the 

IR s p e c t r u m  w hi ch e x h ibits bands a t t r i b u t e d  to both 

F e ^ C O ) ^  an(* F a (C 0 )^, was o b s e r v e d  to un dergo the 

foll ow ing sp ect ral ch an ges upon wa rmin g the sa mple to 

room tempe rature. An increa se  in the int ensity of the 

Fe(C0)^ bands at the ex pense  of the F e ^ C O ) ^  bands 

c o nfir me d that a slow thermal re ver sal of the overall
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ph o t o p r o c e s s  occur s at tempera tu res above ca. 200 K. 

I r r a d i a t i o n  of s i l i c a - a d s o r b e d  Fe( CO)^ at 100 to 150 K 

also yi el ds F e ^ C C O ) ^ *  However, the a p p e a r a n c e  of bands 

in the termina l CO st rec hin g region at 1960 and 1940 era  ̂

in dicate an ot her major photo pr oduct is formed as well.

The sp ecies e x h i b i t i n g  these bands has been assig n e d  to 

F e ( C 0 ) ^ ( S i 0 2 ) . wh ich de not es a species formed upon 

ad dit i o n  of a silica surface h y d rox yl  group or siloxan e 

bridging oxo group to the primary ph ot oprod uct, Fe(CO)^. 

In p h o t o l y s e s  per f o r m e d  at 10 and 50 K, these bands are 

weak or absent. However, two new bands in the br id gi ng 

car bonyl  region are noted at 1860 and 1820 cm . The 

latter band has been a s s ig ne d to F 0 2 (CO)g wh ile the 

former band, due to poor resoluti on  and peak broadening, 

remain ed una ss igned.  Changes in the i ntens it ies of these 

bands are o b s e r v e d  upon wa rmi ng  a sample photo l y z e d  at 1 0  

K. At 50 K the 1860 cm * band has di mi n i s h e d  in 

intensity, a c c o m p a n i e d  by a growth of the band at 1820 

cm"^. This  trend con t i n u e s  on wa rm in g furthe r to 100 K, 

where the 1860 cm * band is no longer observed. Except 

for the gr owth in the 1820 cm  ̂ band noted above, no 

further spe ctral cha nges were obs er ved upon wa rm ing the 

sample to 250 K. Inc reas in g the t empe ra ture to 300 K, 

however, leads to loss of the 1820 c m -  ̂ band along with 

an i n c re ase in the bands a s s ig ned to F e ^ C C O ) ^  a n d 

Fe(C0)^. A new m e c h a n i s m  c o n s i s t e n t  with these 

o b s e r v a t i o n s  was proposed, Figure 5, wh ich invol ves

50



1 Fe(CO)(SiO ) - 4 2 --->Fe(CO)4 + SiO

2.Fe(CO), + CO 4 --- > Fe(CO)5
3. Fe(CO)4 + Fe(CO) (SiOg)

--- > dinuclearintermediate
dinuclear4' intermediate + Fe(CO)_5

) Fê CCO)-|2
Fig u r e  5. M e chanis m for F e ^ C C O ) ^  f ° r m a t i°n via photolysis 
of silica-a dsorbed  Fe(CO),..



fo rm at ion of a s h o r t - l i v e d  d i nu cl ear in te rmedia te , formed 

thermally by react io n of un c o m p l e x e d  F e ( C O ) ^  with 

F e C C C O ^ C S i C ^ ) . The ch em ical iden tity of the di nuclear 

i n t e r m e d i a t e  is uncertain, although, ob vi o u s  c a n d i d a t e s  

include the 18 -elect ro n species F e 2 (C 0 ) g ( S i 0 2 ) and the 

16-ele c t r o n  spe cies F e 2 (C 0 )g. The r e a c t i v e  d i nu cl ear  

i n t e r m e d i a t e  was then pos tu l a t e d  to react the rm ally with 

adsorbed  Fe(CO)^ to form F e ^ C C O ) ^ *

Two report s i n v e s t i g a t i n g  the p h o t o c a t a l y z e d  1- 

pentene i s o m e r i z a t i o n  re ac tion using h y b r i d i z e d  Fe(CO) ^ 

systems have been pu b l i s h e d  in the literature. W r i g h t o n  

and c o w o r k e r s  ( 1 0 1 ) have used the 1 -p e nte ne  i s o m e r i z a t i o n  

re ac ti on as their probe r e a ct io n in co m p a r i n g  the 

pho t o c a t a l y t i c  a c t i v i t y  of s u s p e n s i o n s  of p o l ym er-  

anchored F e ( C 0 ) n (n =* 3,4) species with the ho m o g e n e o u s  

model c o mplexe s Fe (C 0) ^(PPhg)  and F e ( C O ) g ( P P h g )^ • The 

polymer, a 20 0- 400 mesh st yr e n e - 1 %  d i v i n y l b e n z e n e  

mi c r o p o r o u s  resin, c o n tain s a t r i a r y l p h o s p h i n e  group 

which serves as the "anchor" for the iron carbo nyl 

species. Infrare d sp ect ra  in the car bo nyl bridgi ng 

region, f o llowing  thermal d i s p l a c e m e n t  of CO by the 

polymer a t t a c h e d  phos phine  ligands, i n d i c a t e  that the 

p r e d o m i n a n t  sp ecies  s u r f a c e - b o n d e d  to the polymer are 

Fe(C0)^ and Fe(C0)g. Ne ar - U V  ir r a d i a t i o n  of the model 

co m p l e x e s  es t a b l i s h e d  that loss of CO, not loss of 

phosphine, is the do mi n a n t  p h o t o r e a c t i o n  of p h os phine
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s ub st ituted  Fe( CO)^ complexes. The ob se rv ed quan tum 

yi eld s for the p o l y m e r - a n c h o r e d  system, while 

s u b s ta nt ially lower than the ho mo g e n o u s  systems, exce ed  

unity for each cat al y s t  precursor. This fi nd in g co nfirms 

the p h o t o g e n e r a t i o n  of a c a t al yst wh ich effect s a number 

of turnovers  before r e q u i r i n g  r e a c t i v a t i o n  with light.

The re t e n t i o n  of the t r i a r y l p h o s p h i n e  ligand in the 

co o r d i n a t i o n  sphere du rin g c a t a l y s i s  is reflect ed  in the 

intial ratio of tra ns/cis 2 - pe ntene w hic h va ries for each 

cat alyst  precursor. Wh ile the cat a l y t i c  cheraisty is 

qu ali t a t i v e l y  the same for the polymer s u s p e n s i o n s  and 

for the homo ge n e o u s  com plexes, these res ults in dicate  the 

potential for d e s igning  p h o t o s t a b l e  a n c h o r s  which can 

exert some control over c a t a l y s i s  pr odu ct  distribu ti on.

The ph otoca t a l y t i c  i s o m e r i z a t i o n  of 1-pen tene using 

Fe(CO )^ supported on the su rface of s m a l l - p o r e  z e o lites 

and a b s or be d in the s u p e r c a g e s  of l a r g e - p o r e  ze olite s was 

studied by Suib and c o w or kers (102). The i n t e r a c t i o n  of 

Fe(C0)g with the zeolit e su rf a c e  was d e p en de nt on the 

extent of hyd r a t i o n  of the zeolite. W h i l e  d eh ydrate d  

zeolites allo w e d  the c o o r d i n a t i o n  sphere of Fe (C O ) ^  to 

remain intact, hydrat ed  zeolit es  caused d e c o m p o s i t i o n  of 

Fe(CO)^ to an oxidi z e d  form, to another cluster 

( f e g C C O ) J 2 ) » or t 0  c o m b i n a t i o n s  of the above. The  ch oice 

of zeo lite and solvent in the ph ot o l y s i s  e x p e r i m e n t s  was 

critical since use of hy dr at ed ze oli tes and be nz ene
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resulted in si gn if i c a n t  leaching of iron into the 

solution. For this re ason 1% F e ( C O ) ^ / d e h y d r a t e d  ze oli tes 

were used with is o o c t a n e  as the solvent during the 

ph ot olysis experimen ts. Analysis of the so lution after 

several hours of p hoto ly sis ve rif ied no leaching of iron 

into s o l u t i o n  oc cured and that h e t e r o g e n e o u s  c a talysi s 

was indeed  taking place. The use of d i ff erent zeolite 

supports in the i s o m e r i z a t i o n  re act io n cle arly al ters the 

percent c o n v e r s i o n  and the t r a n s / c i s - 2 -pentene  ratio as 

compared to those for h o m o g en eous reactions. The 

t r a ns/cis ratio was found to vary from about 2,7 to 4.4 

de pe nding on the zeol i t e  used. Ca tion ef fec ts were also 

evident since li thium and ces iu m io n- e x c h a n g e d  zeo lites 

yield grea ter percent c o n v e rs io ns and a higher tr ans/cis 

ratio. It was su g g e s t e d  that cation  effects  are due to a 

m o d i f i c a t i o n  of the e l e c t r o s t a t i c  field that iron 

c a r bonyl specie s enc o u n t e r  on the zeolite surface. The 

larger percent c o n v e r s i o n s  noted for large pore zeolites 

relative  to use of small pore ze ol ites were at tr i b u t e d  to 

the e n h anced  s t abil it y of the p h o t o g e n e r a t e d  su bc ar b o n y l  

species a d s orbe d in the super c a g e s  of the zeolite rather 

than on the surface.

The t r a n s paren cy  of Corning code 7930 Porous Vycor 

glass, PVG, to vi sible  and near-U V light c i r c u m v e n t s  the 

d i f f i c u l t i e s  as so c i a t e d  with p h o t o a c t i v a t i o n  of surface 

con fin ed species on opaque  suppor ts  since scatt e r i n g  and
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a b s o r p t i o n  of light is neg l i g i b l e  at w a v e l e n g t h s  >_ 350 

nra. C h a r a c t e r i z a t i o n  of the p h o t o p r o d u c t s  by 

sp ectr o s c o p i c  tec hniq ue s based on the tra n s m i s s i o n  of 

light, (UV-visible, Raman spectros copy) , is also 

possible. These a d v a n t a g e s  have pro vided the in centives 

for study ing the p h o t o c h e m i s t r y  of iron car bony ls  

a d s or bed on this support. Morse, Borelli, and Schreu rs 

(103) have inv e s t i g a t e d  the p h o t o c h e m i c a l  r e act io ns of 

organoraetallic c o m p o u n d s  a d s orbed  onto PVG. I m p r e g n a t i o n  

of PVG with Fe(CO)^, fo llo wed by ex pos u r e  to light and 

s u bseq ue nt  he ating in air, result ed in high r es ol ution 

optical den sity change s in the glass. The p h o t o r e a c t i o n  

in vol v e s  the breaking of one or more i r o n - carbon bonds 

leading to a c o o r d i n a t i v e l y  u n s a t u r a t e d  species, which 

reacts with the hy dr oxyl groups  on the glass surface. 

He at in g had the effect of re mo ving the unrea cted Fe (CO)^ 

by v o l at iliza ti on , and s t a b i l i z i n g  the p ho tolyzed  product 

thr ough fo r m a t i o n  of an iron oxide. The magne ti c 

p r o p e r t i e s  of the iron oxide were in ves tig ated, and it 

was found that both s u p e r p a r a m a g n e t i c  and f e r r imagnet ic  

pa r t i c l e s  were present, with the single domain pa rticl es 

ha vin g an e x c e e d i n g l y  high co erc i v e  force. Wh ile  an 

i d e n t i f i c a t i o n  of the m a g netic phase has not been made, 

since the phase is f e r r i m a g n e t i c  only two distin ct 

p o s s i b i l i t i e s  exist wi t h i n  the i ron-ox id e system, i.e.; 

Fe^O^, and F e 2 C> 2 or solid so l u t i o n s  of the two. El ec t r o n  

m i c r o s c o p y  i n d ic at es the d i s t r i b u t i o n  of i ro n-oxid e
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pa rticles is relat i v e l y  u n i f o r m  over the radius range 50- 

100 A, and the depth of a d s o r p t i o n  is ca. 100 

micr om eter s.  The r esolut io n w h i c h  could be a t t aine d has 

been shown to be < 1 micrometer, i l l u s t r a t i n g  the 

po ten tial of these ma t e r i a l s  to be used for high UV 

transm itt ing, durable, l o w - e x p a n s i o n  photo mask 

a p p l i c a t i o n s .

This do cto ral  rese ar ch has ex p l o i t e d  the 

t r a n s pare nc y of PVG in c h a r a c t e r i z i n g  the p h o t o c h e m i c a l  

and p h o t o c a t a l y t i c  reac ti ons of iron c a r b o n y l s  ads or bed 

onto this support. In order to interpr et  the role of the 

support in p h o t o c h e m i c a l l y  a c t i v a t e d  hy brid systems, an 

un ders t a n d i n g  of the nature of the i n t e r a c t i o n  betwee n 

support and a d s o r b a t e  is essential.  This requ ir es a 

d eta iled u n d e r s t a n d i n g  of the surface p r o p e r t i e s  of the 

support used. The fo llowing d i s c u s s i o n  will detail the 

su rfa ce pro pe r t i e s  of Co rni ng Code 7930 Poro us  Vycor 

Glass.

F. P r op erties  of Porous Vycor Glass.

Porous Vycor Glass is obt ai ned as an i n t e r m e d i a t e  in 

the proces s used for the m a n u f a c t u r e  of 96% silica glass 

(104,105). First, a glass in the b o r o s i l i c a t e  system  is 

melted  and fabr icated by standard glass m a n u f a c t u r i n g  

t e chni qu es  at c o m p a r a t i v e l y  low tempera tures. Foll ow ing 

fabrication, it is subject ed  to a heat treat me nt that
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causes the glass to s e p ara te  into a bor on-ri ch  and a 

s i l i c a - r i c h  phase. S u bsequ en t treatm ent  with weak acids 

and/or alk al ies causes the soluble b o ron-r ic h phase to 

leach out, leaving a porous silica glass which retains 

its ori gi nal shape, even on consoli da tion. The final 

product, consi s t i n g  of 96% SiC^, 3% B 2 O 2 , and 1% ^ 2*3 and 

A ^ O ^ ,  is a tra nsparent,  su rfa ce  h y d r ox ylated  silica, 

which con tains a myriad of random ly dispersed,

i n t er conne ct ed pores (106-115). Samples c o ntaini ng  1.2 _+
18 ® 0.3 x 10 pores / g r a m  with a pore di ameter of 70 21 A,

2have a surfac e area of 130 meter /gram . The surface of

PVG is anioni c since it dev elops a zeta po ten tial of -26

+ 2 mV in di s t i l l e d  water at 25 _+0.1 C (116). This is

co nsi s t e n t  with p r e vious studies in this laborat or y which

indicate that ca ti onic and neutral complex es  are readily

a ds orbed while an ionic com p l e x e s  show no sig ni ficant

ads orption. A d s o r p t i o n  of various indicator  dyes onto*

PVG, and their s u bs eq uent color changes, suggest that the 

surface pH of PVG is between 4 and 5 (117).

Since PVG c o n sist s of 96% silica, it would seem 

rea so na ble to con cl ude that its su rface prope rties would 

be a n a l g o u s  to those of a sli ghtly impure silica gel. 

Al th ou gh the su rfa ces of silica gel and PVG have many 

similiar features, numerous studies have shown that there 

are d i f f e r e n c e s  in both surface f u n c tional it y and 

d i m e n s i o n a l i t y  between these two supports. Hair and
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Chapman (118) have studied the a d s o r p t i o n  of ammonia onto 

PVG in order to probe the sur face h e t e r o g e n e i t y  of this 

support. Infrared spectra recorded fol lo wi ng a d s o r p t i o n  

of am moni a at room te mp erature  reveal the presence  of 

both physisor be d and c he mi sorbed ammonia. A c o mp ar ison 

of the NH^ vib rati on s of the ch em is o r b e d  specie s with 

those of a NH^-BF ^ comple x c o n firms  that these bands are 

due to NH^ m o l ecules  c o o r d i n a t i v e l y  bonded to Le wi s - a c i d  

type sites on the surface. Q u a n t i t a t i v e  work by the same 

authors ind ic ates that ca. one third of the PVG surface 

co nsi sts of B^O^ Lewi s-acid  type sites which are not 

present on purified silica gels. More recent work has 

shown the d i m e n s i o n a l i t y  of the PVG surfac e to be 

s i g n if ic antly lower than that of silica gel. The 

Hausdorff dimen sion of silica gel is 2.94+0,06, wh er ea s 

Jortner and cow or kers (119) report that of PVG is 

1.76+0.12. Both of these factors, while not a f fe cting  

the primary photo process , may inf lu ence the secondary 

thermal and p h o t oc he mical r e ac tions of an ad s o r b a t e  on 

PVG so that the ob ser ved reaction products di ff er from 

those formed on silica gel.

The transp ar ency of PVG to vi sible  and nea r-UV 

light, together with the pre vio us ly d i sc ussed adva n t a g e s  

associa te d with more traditi on al ino rganic supports, 

make it ideal for studying the p h o t o in du ced surfac e 

reactions of immobili ze d metal carbon yls. Since
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sca tt er ing and a b s o r p t i o n  of light by PVG at wavele n g t h s  

> 300 nm is minimal, the ef fi c i e n c y  of the ph ot ochemic al  

pro ce ss es is large re lat ive to the use of more opaque 

organic and in organ ic supports. In addition, 

d e t e r m i n a t i o n  of qu an t u m  yields for thd ph ot opr o c e s s e s 

are possib le since s cat te ring and a b s o r p t i o n  of incident 

r ad iation by PVG can be vi rtu ally neglected. The use of 

PVG as a support also enables c h a r a c t e r i z a t i o n  of the 

ad so rb ed species by s p e c t r o s c o p i c  tec hniq ue s not 

ava ilabl e to the surface scientist  studying  reaction s on 

opaque supports. Previo us  work in our labo ratory (120) 

has esta bl i s h e d  the viab il ity of using UV-Vis and Raman 

s p e c t r o s c o p y  as well as flash p h ot olysis  tec hni qu es in 

ch a r a c t e r i z i n g  surface  species.

In the d iscus si on deta iling the thermal and 

ph oto ch em ical re act ion s of iron c a r bo ny ls im mob ilize d on 

variou s supports, we have seen numerou s examples where 

i nt er action  of the p h o toge ne rated s ubcar bo nyl species 

with the support imparts a d di ti onal st ability to these 

react ive  species. Given their transient existen ce  in 

ambie nt t em pe rature  fluid solution (< 1 usee), the 

enhance d stabili ty provid ed through i nt er action  with the 

support aids in their s p e c t r o s c o p i c  c h a r a c t e r i z a t i o n  and 

el u d i c a t i o n  of thermal and ph ot oc hemica l reaction 

pathways. The kinetic s t a b i l i z a t i o n  of photoge ne rated 

i n t e r m e d i a t e s  adsorbe d onto PVG has been pr eviously
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d e m o n s t r a t e d  by K u b ok aw a and Anpo (121). Work in this 

lab or ator y has focused on st udying the pho toch emica l and 

ph o t o c a t a l y t i c  reacti on s of metal carbo ny ls ad so rb ed onto 

PVG. The use of PVG as a c o n v e n i e n t  al t e r n a t i v e  to low 

te mper a t u r e  mat rices for is olation and c h a r a c t e r i z a t i o n  

of group 6  pe n t a c a r b o n y l s  has been reported by Simon, 

Morse and Gafney (122). A ds or ption of M( CO)^ (where M ■ 

C r , Mo and W) onto PVG does not disrupt the primary 

c o o r d i n a t i o n  sphere, and in all cases the com plexes are 

p h y s i sorb ed  onto this support. Ne ar- UV p h otolys is  of the 

ph ysiso rb ed M(CO)^ co m p l e x e s  result s in su bse quent  

g e n e r a t i o n  of the c o r r e s p o n d i n g  p e n t a c a r b o n y I s , 

de si gnat ed  M(CO) ,-(ads) . These photoge ne rated 

su b c a r b o n y l s  have s p e c t r o s c o p i c a l l y  q u a n t i t a t e d  li fet imes 

of 48 hours in vacuo at room tem perature. The 

sim il arit y of the U V - v i s i b l e  sp ectra of the W(CO)^(a ds ) 

with spectra of W(CO),-L species, where L is an 0-donor 

ligand, ind icates  that the vacated c o o r d i n a t i o n  site is 

oc cupied by a silanol group or ad sor bed water on the 

support. The u n usuall y long li fet imes of M ( C O )^ ( a d s ) is 

a ttrib ut ed  to a weak in te ra c t i o n  between the a b so rb ate 

and the support. However, s t ab il ity does not occur at 

the expense of s ubs eq uent thermal reac t i v i t y  since 

exp osure  of M (C O)^(ad s)  to various ligands res ults in 

rapid quan t i t a t i v e  form ation of M( CO)^(ads). The 

ac tiv a t i o n  energy of the rea ct io ns of W f C O ^ t a d s )  with 

added CO co nfi rm  that the W ( C O ) ^ - P V G  i nt er action is weak



(<_ 7 kcal/mole) (123). Dieter and Gafney  (124) have 

reported that a d s o r p t i o n  of R u ^ C O ) ^  onto PVG results in 

oxi d a t i v e  addit io n of a sil anol group across a Ru-Ru 

metal bond, forming H - R u ^ t C O ) ^ Q - O S i . C h a r a c t e r i z a t i o n  of 

the c he mi sorbed  complex was by gas phase analysis, UV- 

visible and diffus e r e f l e c t a n c e  FTIR spect rosco py. While 

ad so r p t i o n  of R u ^ f C O ) ^  onto PVG followed by ev acu a t i o n  

resulted in fo rmation of H - R u ^ C C O )^ Q - O S i , the thermal 

reaction ap peared to be slow, requ iring  several days at 

room temperature. In contrast, in vacuo near-UV  

irrad ia tion of p h y s i s o r b e d  R u ^ f C O ) ^  resulted in 

formation of the o x i d a t i v e  a d d ition  product in a few 

m i n u t e s .

The very nature of the support and precursor 

c a taly st s provide the impetus for studying the 

pho to ch emistr y of iron car bo nyl c o m pl exes ads orbed onto 

PVG. The choice  of iron c a r bo nyls as pho toch emical 

precursors is based on the ex t e n s i v e  c h a r a c t e r i z a t i o n  of 

their ph ot oph ysical, pho toc hemic al, and thermal rea ctions 

and their known ability to ph ot o c a t a l y z e  divers e organic 

tr an s f o r m a t i o n s  of industrial  s i g n i fica nc e (78-82). The 

tra ns pare ny  and unique su rf ac e prope rties of PVG have 

spurred its use as a support in these studies.

Par ti cu lar emphasis was placed on eludicating, on a 

mo le cu lar level, the inte ra c t i o n  of the support with the 

p h o to ge nerated  products. The o b je ctives of this doc to ral
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research are two-fold; 1 ) to in ve st i g a t e  the 

photochemi ca l and seco nd ary thermal reactions of iron 

carbonyl  com ple xe s a d s orbe d onto PVG, and 2) to ex plore  

the potential for cr ea ting novel, more efficent cat a l y s t s  

via p h o t o a c t i v a t i o n  of hybrid cat alyst s using iron 

carbonyl precursors.
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E X P E R I M E N T A L  SE CT I O N

A. Mat erials.

Fe(CO)g (Pressure C h e mi ca l Company) was va c u u m  

di s t i l l e d  and st ore d in a fr eez er under an inert 

at mos phere. A b s o r p t i o n  and IR sp ectra of the di s t i l l e d  

co mpl ex were in e x c e l l e n t  a g r e e m e n t  with the pu b l i s h e d  

spectra. F e 2 (C 0 ) 9  and F e ^ C C O ) ^  (P ressure C h e m i c a l  

Company) were used as r e c eived since their a b s o r p t i o n  and 

IR spe ctra were in e x c e l l e n t  a g r e e m e n t  with pub l i s h e d  

spectra. F e ( C O ) ^ ( p y r i d i n e )  was p r e pared p h o t o c h e m i c a l l y  

(125). 12.4 m i l l i m o l e s  p y r i d i n e  and 14.9 m i l l i m o l e s  of

Fe(C O ) ^  were d i s s o l v e d  in 300 mis. n - h e x a n e  in a pyrex 

ro u n d b o t t o m  flask e q u i p p e d  with a rubber septum. The 

solution was d e g a s s e d  by n i t r o g e n  bu bb li ng for 15 min u t e s  

and then phot o l y z e d  at 310 nm for one hour. The solv ent 

was re mo ved in a R o t o - e v a p o r a t o r  at room te m p e r a t u r e  

under reduced pressure. The resul ti ng air stable, dark
eorange crys t a l s  d e c o m p o s e  on melt i n g  at 65 C. The IR

s p e c t r u m  of the comp l e x  in n-hexane, shown in Fi g u r e  6 ,

exhibits  bands in the c a r b o n y l  s t r e t c h i n g  region at 2050, 

1964 and 1939 cm -  ̂ wh ich are in ex c e l l e n t  a g r e e m e n t  with 

the li te r a t u r e  s p e c t r u m  of the complex. The U V - v i s i b l e  

s p e c t r u m  of the comp l e x  in n-hexane, Figure 7, e x h i b i t s  a

strong MLCT t r a n s i t i o n  at 220 nm and a d ----d ligand field

tran si tion w hi ch a p p e a r s  as a should er at 270 nm. The
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Figure 6. Infrared spectrum of F e (CO ) ,(pyridine) 
in hexane.
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Figure 7. Electronic Absorption Spectrum of 
Fe(CO)^(pyridine) in hexane.
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co mp le x also ex hibit s a tail-e nd a b s o r p t i o n  e x t en di ng 

into the visible  region  c h a r a c t e r i s t i c  of the spect ra of 

m o n o - s u b s t i t u t e d  F e ( C 0 ) ^ L  complexes, where L is a weak 

ligand. Bo th 1-pentene  (Fluka) and triraethylphosphine 

(Strem) were used as rec ei ved since their IR spectra 

ag re ed  with l i te ra ture spectra. E t h y l e n e  (Matheson) and 

Ca r b o n  M o n o x i d e  (Linde or Mathes on, CP grade) were used 

as received. Sp ec tral grade so lve nts  were dist il led over 

C a H 2  and stored  over mol e c u l a r  sieves prior to use.

Code 7930 Po rous Vycor Gl ass co nt a i n i n g  70i21 A 

dia me te r c a v i t i e s  was obt ai ned fro m the Cornin g Glass 

Works. To insure  r e prod uc ibility , the PVG was s u b jec te d 

to a s t a n d a r d i z e d  p r e t r e a t m e n t  procedure.  Pieces (25 mm 

x 19 mm x 4 mm) were con t i n u o u s l y  e x t ra ct ed with 

di st illed water for 24 hours, and then dried at 60 C 

under reduced pr ess ure (p 10 ^ torr). The dried samples 

were cal cined in air at 550 *C for at least 24 hours and 

stored at this t empera tu re until needed. For diffuse 

re f l e c t a n c e  FTIR (DRIFT) ex pe rimen ts, extracted, dried 

pieces of PVG were cr us he d to a 325 mesh  powder (_< 45 

microns). The powder was ca lc ined at 550 C for 12 hours, 

and then t r a n s f e r r e d  wh ile hot to ti ghtly ca pp ed vials 

w h i c h  were stored in an oxygen  and water free gl ove box. 

For F e r r o m a g n e t i c  Re s o n a n c e  (FMR) ex perime nt s, p ret re ated
O

plates of PVG were coasel y gro und and stored at 550 C 

until needed.
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B. Sample Impregnat ion.

Im p r e g n a t i o n  with Fe CCO)^ was by vapor d e p o s i t i o n  

where the number of mo les a d s o r b e d  was d e t e r m i n e d  by 

d i f f e rent ia l pressure m e a s u r e m e n t s  (126). After removal 

from the oven, the PVG was tr a n s f e r r e d  in air to a 1 cm x 

2.2 cm x 4 cm r e c t a n g u l a r  quartz cell. The sample was 

mounted up rig ht in the cell wit h teflon holders, and a 

pyrex top a t t ac hed by me ans of a 7.62 era o.d. O-ring 

joint. The top po s s e s s e d  a 2 ram high vacuum valve wi th a 

10/30 ground glass joint th rough w hi ch the en tir e cell 

app aratus, i l l u s t r a t e d  in Fig ur e 8 , could be c o n ne ct ed to 

a pyrex va c u u m  line. Befor e impreg natio n,  the optical 

s p e c t r u m  of the PVG was recor de d versus an unt reated 

piece of PVG to es t a b l i s h  a baseline. The pyrex va cu um 

line was e q u ip pe d with MRS B a r a t r o n  Mo d e l s  315, B H S -100 0 

and 315 BHS-1 c a p a c i t a n c e  pre ssure sen sors and a MKS 

B a r a t r o n  Model 170 monitor. The line was e v a cuate d to a 

pressu re of ^  10 ^ torr, and Fe (C O ) ^  vapor from the 

p r e v i o u s l y  dega ssed al iq u o t  was allowed to ex pand into 

the line. The pr ess ure  in the line was rec or ded and the 

vapor was allowe d to expand  onto the cell. E q u i l i b r a t i o n  

oc curred in < 5 min, and the pre ssure drop was recorded. 

M e a s u r e m e n t s  were also per f o r m e d  wi thout the PVG sample 

to correct for a d s o r p t i o n  onto other surfaces, and the 

moles of Fe (CO )^  a d s orb ed  onto the PVG sample were 

c al cu lated from the co r r e c t e d  p r e ss ure drop. Fol l o w i n g
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equ ili brat io n, the op ti c a l  s p e c t r u m  of the im preg n a t e d  

sample was recorded. A number of samples c o n t a i n i n g  from 

2.0 x 10~® to 2.0 x 10 ” 5  m ol es of Fe( C0 )^(ads)  /gm of PVG 

were prepar ed  in this manner. The me as u r e d  ab so r b a n c e  

was c o r r e c t e d  for a b s o r b a n c e  due to PVG, w hich was 

d e t e r m i n e d  from  the PVG s p e c t r u m  prior to impregnation, 

and c a l i b r a t i o n  plots, Fi gu r e s  9 and 10, of the moles of 

complex  ad sorbed  versus the op tical densi ty of 

Fe(C0)^(ads ) at 350 and 400 nm, respect ively, were 

constructed. The nu mber of moles of co mplex  adso rb ed 

onto s u b s e q u e n t  sa mpl es was d e t e r m i n e d  from these plots, 

and their m e a s u r e d  op tical density. Beca u s e  of an 

inherent s p e c t r o s c o p i c  u n c e r t a i n i t y  of _< 8 %, due to light 

s c a t t e r i n g  by the ra n d o m  i n t erna l pore st r u c t u r e  of PVG, 

there is an u n c e r t a i n i t y  of ca. 1 0 % in the moles ad so r b e d  

de t e r m i n e d  by this s p e c t r o s c o p i c  technique. Sa mples 

prepared by a d s o r p t i o n  of Fe (C 0 ) ^  vapor con tained, as 

d e t e r m i n e d  by optical m e a s ure me nts, from 1 0 ~^ to 1 0 - ^ 

moles of F e ( C O ) ^ (a d s )/ g m . of PVG. In the FMR 

ex pe riments , the c o a r s e l y  crus hed PVG was removed from 

the oven and placed in a quartz EPR tube e q u ipped with a 

19/22 ground glass male  joint w hich al lo wed a t tac hm ent of 

a 2 mm high v a c u u m  valve e q u i p p e d  with a 10/30 joint, 

Figure 11. F o l l o w i n g  e v a c u a t i o n  at room t empe ra ture for

0.5 hours, the PVG was i m p r e g n a t e d  in the same manner 

describe d above.
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Figure 9, Cal i b t r a t i o n  Plot: Moles Fe(CQ] (ads , ) /gm. PVG
vs. optical densit y at 350 n m .
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Figure 10. Cal ib ration Plot: Moles Fe ( C O ) ,. ( ads . )/gm . PVG
vs. optical density at 400 n m .
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I m p r e g n a t i o n  with F e ^ C C O ) ^  was by solution  or 

s u b l i m a t i o n  techniques, w h e r e a s  i m p r e g n a t i o n  with 

F e 2 (C0 )g, due to the low s o l u b i l i t y  of the complex, was 

ei ther by dry mi xi ng F e 2 (C 0 )g with cr ushe d PVG under an 

inert a t m o s p h e r e  or by s u b l i m a t i o n  te ch nique s* Solutio n 

i m p r e g n a t i o n  of PVG was a c c o m p l i s h e d  by m o u n t i n g  clean, 

dry pieces of PVG up rig ht in an East m a n  Kodak  d e ve lo ping 

jar (cat al ogue number 13265) f o l l o w e d  by a d d i t i o n  of 50 

ml of a d e g as se d n - h exa ne  solut i o n  of F e ^ C C O ) ^ *  Both 

the m o l a r i t y  of the s o l u t i o n  and the soaking time were 

varied, depend in g on the sur face c o v e r a g e  desired. The 

a b s o r b a n c e  of the s o l u t i o n  phase was m o n i t o r e d  during 

a d s o r p t i o n  and the nu mber of mo les of c o m p l e x  a d s or be d 

was c a lc ul ated from the a b s o r b a n c e  change at 605 nm. 

Fo l l o w i n g  im pregnation, the exce ss  so lv ent and air were 

removed under vacuum. A number of sa mp les rangin g from
—  fl —  f t10 to 10 moles F e ^ C C O ) ^  adsorbed/gra. of PVG were 

p r e pared in this manner, and a c a l i b r a t i o n  curve, Fi gure  

1 2 , of the mo les of c o m p l e x  a d s o r b e d  vers us  the op tic al 

de nsity of F e ^ C O )  at 605 nm was constr uc ted. In

the FMR experiments, i m p r e g n a t i o n  of PV G wi th F e ^ C C O ) ^  

was by so ak ing the c o a r s e l y  ground PVG in a d e g a s s e d  n- 

hexane s o l utio n of the complex. F o l l o w i n g  adsorption,  

the im p r e g n a t e d  cr us h e d  glass was f i l te red off, and the 

moles ad so rb ed d e t e r m i n e d  from the d e c r e a s e  in a b s o r b a n c e  

of the s o l u t i o n  phase at 605 nm. S u b l i m a t i o n  of the 

co m ple xe s onto PVG was a c c o m p l i s h e d  using the s u b l i m a t i o n
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Figure 12. Calibtat io n Plot: Moles F e 3 (C O ) ^ 2 (a d s .)/g m . PVG
vs. optica l den sity at 605 n m .
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a p p a r a t u s  shown in Fi gure 13. Both plate and powdere d 

samples of PVG were su s p e n d e d  abov e the solid complex, 

the ch amb er was eva cuated, and the co mple x sublime d onto
Othe suppor t under v a c u u m  at 60 C.

C. A d s o r p t i o n  Isotherms.

Ad s o r p t i o n  iso t h e r m s  for Fe (C 0 ) g  on both plate and

crushed (325 mesh) PVG were d e t e r m i n e d  at room

temperature, 26+1 C, us ing  st and ard  d i f f e r e n t i a l  pr ess ur e

m e a s u r e m e n t s  (126). The a d s o r p t i o n  isotherm  on plate

PVG, shown in Figure 14, was m e a su re d using the

prev i o u s l y  des c r i b e d  r e c t a n g u l a r  quartz cell and pyrex

va cu um  line system. A sa mple of clean, calcined  plate

PVG was moun ted in the cell w hich was then a t t ac hed to

the va c u u m  line. O u t g a s s i n g  due to the sample was

m i n i m i z e d  by evac u a t i n g  the cell for several hours (p 
—6< 1 0 " torr) at room temperatur e. Fe (C O ) ^  vapor from a 

p r e v i o u s l y  deg as sed al iq u o t  was al lo w e d  to expand into 

the line and the p r e ss ur e recorded. The pressure  

following e x p an sion of Fe(CO) ^ vapor into the cell 

contain in g the sample was re cor ded a fter equilibr ation,  

and the moles ad sorb ed  c a l c u l a t e d  from the pr essure drop. 

A d diti on al points were d e t e r m i n e d  in the same manner.

The a d s o r p t i o n  is ot he rm on crushed PVG, shown in Figure 

15, was me as u r e d  by lo ad ing 0.28 grams of PVG into a high 

vacuum diffuse ref le c t a n c e  cell (Ha rr ick KKK model) under
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metal carbonyl
Figure 13. Sublimation apparatus.
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Figure 14. A d s o r p t i o n  isotherm for Fe(CO),. On Plate PVG (26 C ) .
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Figure 15. A ds orption  isotherm for Fe(CO) on
(26 C).
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an inert atm osphere. The cell was then sealed and

tr an sf e r r e d  to the F TIR  sample c o m p a r t m e n t  w here it was

at tac h e d  to the metal va c u u m  s y s t e m  (see below) and
_6e v acua te d for severa l hours (p 2  x 1 0 ” torr) at room 

tempe rat ure. The cell was clos ed off and F e ( C 0 ) 3  vapor 

al lo we d to expand into the v a c u u m  manifold. The moles of 

co mp le x a d s o r b e d  f o l lo wi ng e q u i l i b r a t i o n  was d e t e r m i n e d  

as d e s c r i b e d  p r e v i o u s l y  for the pl ate samples.

D. P h o t o l y s i s  Pro ce dures .

Ca l c i n e d  pieces of PVG 

to the p r eviou sl y des cr ibed  

cell was a t t ach ed  to the
_  A

1 0  torr) wh ile  the 

22hh1°C. The sample 

de ga ss ed by three 

equi librate, and then 

r e main in g in the vapor 

sh owe d that a d s o r p t i o n  

u n d e t e c t a b l e , 

was d e t e r m i n e d  from 

c a l i b r a t i o n  plot, 

a d s o r b e d  f o llowi ng  

d e t e r m i n e d  in this 

so lvent and air 

re c t a n g u l a r  cell

p h a s e . 

onto

w hile hot

The

(p!
t e m p e r a t u r e , 

w hi ch  had been 

cycles, all o w e d  to 

to remov e Fe(CO) ^

Tests with the em pty cell 

cell wal ls  was s p e c t r a l l y  

c o m p l e x  ads orbed  onto PVG 

density  and the above 

Fe3(C0)i2

excess 

e x e r i m e n t s ,

where t r a n s fe rred 

r e c t a n g u l a r  quartz cell, 

va c u u m  line and ev a c u a t e d 

sample co o l e d  to room 

was ex po se d to Fe CC O ) ^  

freeze-purap-thaw 

r e- e v a c u a t e d

the

and the m ol es  of 

its optical 

The number of moles of 

so lu ti on i m p r e g n a t i o n  was also 

manner. Prior to photolysis, 

were removed by e v a c u a t i n g  the 

, or in the case of the FMR
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the qu artz EPR tube. Fe (C O ) ^  and F e ^ C O ) ^  impre g n a t e d  

sam ples were i r r a d i a t e d  in a R a y o n e t  p h o t oche mi cal 

re act or (Southe rn New Eng land U l t r a v i o l e t  Co.) eq uipped  

with either 350, 310, or 254-nra bulbs. The e x c i t a t i o n

i nt e n s i t y  was d e t e r m i n e d  by f e r r i o x a l a t e  actinoraetry
— 9 2(127) and was ty p i c a l l y  2 x 10 Einsteins/sec-cra .

However, q u a n t u m  yield m e a s u r e m e n t s  were limited to 350-

nm e x c i t a t i o n  since c o m p e t i t i v e  a d s o r p t i o n  of PVG is

n e g l i g i b l e  at this wav el en gth. U V - v l s i b l e  and FMR

sp ec tr a of the a d s o r b e d  co m p l e x e s  and p h o t o p r o d u c t s  were

re co rd ed p e r i o d i c a l l y  to moni t o r  the c o n s u m p t i o n  of the

st art ing m a t eri al  and p h o t o p r o d u c t  for mation. U V - v l s i b l e

sp ect ra were r e c orde d on a Cary 14 s p e c t r o p h o t o m e t e r

whose sample c o m p a r t m e n t  was m o d if ie d to hold the

r e c t a n g u l a r  cells. D i f f e r e n c e  spectra, indi c a t i v e  of

only the adsor bates , were rec or ded by placing an

unirapregnated piece of PVG in the s p e c t r o p h o t o m e t e r

re f e r e n c e  compartm ent. FMR spectra of products gen era te d

on c o a r s e l y  ground PV G were re corded at room temperature,

2 2 ± ° C ,  on an IB M- B r u k e r  Model E R 2 0 0 E - S C R  spe c t r o m e t e r

e q u i p p e d  with a X-ba nd  m i c r o w a v e  so ur ce which was

c a l i b r a t e d  using a st rong pitch standard. No r e s o n a n c e

was det ec ted from the u n i m p r e g n a t e d  PVG.

In the time resolv ed  di ff use re flec t a n c e  FTIR 

(DRIFT) ex periments, spect ra  of the ad so rbed sp ec ie s were 

r e c or de d on a N i c o l e t  M od el  60SX FTIR eq uip pe d with a
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na rrow band MCT detector. A diffus e r e f l e c t a n c e  beam 

co nde nsor (Harrick Sci entif ic  M od el  DRA-PMN) mou n t e d  in 

the sample c o m p a r t m e n t  was m o d ified to ac cept a custom 

de sig ned diffuse re f l e c t a n c e  mi croreac to r, il lu st r a t e d  in 

Fi gure 16. The mic rore actor , w hich has a 26 ram x 3 mm x 

2  mm  sample bed, was loaded with p r e v i o u s l y  calcined, 325 

me sh PVG in a dry, inert a t m o s p h e r e  box. A BaF^ window, 

w hi ch  is tr a n s p a r e n t  to UV, visible, and infrared 

radiation, was a t t a c h e d  above and in contact with the 325 

mesh sample. Th is a r r a n gement  al lo we d the rec ordin g of 

a d s or ba te  sp ec tr a wi thout int e r f e r e n c e  from r e a gents  in 

the gas phase. The m i c r o r e a c t o r  was then mounted on a 

t r a n slati on al  stage that al lo wed 3 mm diam et er spots to 

be sa mpled  al ong  the entire length of the sample bed.

The sa mple compa r t m e n t  of the s p e c t r o p h o t o m e t e r  was 

mo difie d to pass ele ctrical, gas flow, vacuum, liquid 

flow, and au xi l a r y  purge lines to the m i c r o r e a c t o r  as 

well as a shaft for positi o n i n g  the t r a n s l a t i o n a l  stage. 

Qu artz wi nd ow s were inst al led in the samp le  c o m p a r t m e n t 

to admit the ex citing radiation. T h e s e  wind o w s  were 

masked  during all m a n i p u l a t i o n s  to prev ent unp l a n n e d 

p h o t o c h e m i s t r y  prior to the exp eriment.

The lines a t t ac he d to the raicroreactor were 

co n n e c t e d  to a va cuum system co ns i s t i n g  of a forepu mp 

(Edwards Model E2M5), d i ff us ion pump (Edwa rds Mo del E01), 

trap, metal lines and fittings (Cajon Ult ra torr), bellows
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F ig ur e 16. Di ffuse  r e f l e c t a n c e  microreact or .

LaserExcitation
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se aled valve (Nupro), and c a p a c itance  pressure sensors 

(MKS B a r a t r o n  Mo dels 3 1 5 B H S - 1 0 0 0  and 315 BHS-1) and 

monitiors . An a u x i l a r y  gas m a n ifold eq uipped wi th ne e d l e  

valves and a Pe nn i n g  sensor (Edwards Model CP25) and 

controlle r (Edwar ds Model 8 ) was used to e v a cuat e the 

m i c r o r e a c t o r  to a p r e ss ure of 2 x 10""^ torr. Gas sa mp les 

were then pre pared in this line (total volume 1 0 2  ml) and 

were a d m i t t e d  to the m i c r o r e a c t o r  cell in the FTIR sample 

c o m p a r t m e n t  th rough  na r r o w  bore tubing (total vol um e 1.5 

ml). The powde red PVG was im preg n a t e d  with FefCOJ^ by 

e x p an di ng a set quantity, gen erally 5 torr in 102 ml, 

into the m i c r o r e a c t o r  cell. After eq ui li bration , the 

cell was closed off and and the manifold  re-evacuated.

The su rf a c e  lo adi ng using this proc edure  was calcu l a t e d  

to be 3 x 10 moles of Fe(C 0)^/gm. of PVG. Foll owing 

e v a c u a t i o n  of the manifo ld, other gases such as CO,

ethylene, and 1 - p e n t e n e  were a d m i t t e d  to the 

react or and the desi r e d  p r e ssure est ablished.

In a typical D RI FT experiment, b ackg ro und spectra,

i.e., spectr a of the u n i m p r e g n a t e d  PVG in the e v ac uated 

m i c r oreac to r, were r e c o r d e d  in each sa mpl ing  position. 

Fe (C0 )~ was ex pa nded into the cell and after 

e q u i l i b r a t i o n  the de si r e d  gas was added. In itial sp ec tra  

were rec orded at each sa mp li ng p o s it io n and then the 

s am ples were i r r a d i a t e d  at 350 nm with a Kr ion laser 

( Co herent Model CR3000K ) or at 355 nm with  the second
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h a r mo nic from a Q - s w i t c h e d  (Quanta Ray Model DCR-2)

Nd :YAG laser. In the cw e x p e r i m e n t s  the laser in t e n s i t y

was measu re d with a C o h er ent Model 210 power meter, and

the laser output was adju st ed to prov i d e  500 m i l l i w a t t s
2to an area, 0.13 cm , sli gh tly larger than the FTIR 

sam pling  area. The e x p os ur e time of the cw i r r a d i a t i o n  

was c o n t r o l l e d  wi th a (Newport R e s e a r c h  M odel 880) 

e l e c t r o n i c  shutter, timed to open betw e e n  the spectoraeter 

data a c q u i s i t i o n  pe riods and to cl ose  a p r e d e t e r m i n e d  

time later. The Nd tY AG laser i n t e n s i t y  was a d j u s t e d  to 

p ro vide 50 mJ (40 MW/cra ) of Q - s w i t c h e d  r a d i a t i o n  to the 

same sample area. The laser f l a s h l a m p s  were syn c h r o n i z e d  

with the sp e c t r o m e t e r  data a c q u i s i t i o n  rate and the Q- 

sw itc h was fired be tween the s p e c t r o m e t e r  scans. In most 

cases, a second  prog r a m  was inti a t e d  i m m e d i a t e l y  after 

ex c i t a t i o n  w hich ac quired spectr a over a longer time 

interval. For d i f fe re nt ex po su re times or pulse 

co nf ig uratio ns , the sample was moved to a new positi on  

with the t r a n sla ti onal mount w here it was

s p e c t r o s c o p i c a l l y  ve rified  that no c h e m i s t r y  had occured. 

After c o m p l e t i o n  of the data a c q u i s i t i o n  for a given set 

of experiments, the i n t e r f e r o g r a m s  were transf ormed, c o ­

added, and ratioed ag ai nst the a p p r o p r i a t e  b a ck ground 

spectra. The r e f l e c t a n c e  spectra were then con verted  

into Kub e l k a  Munk sp ectra for ev aluation.
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E. Physica l Me as urement s.

Infrared sp ec tra of sol utions  or mulls were rec orded

on a P e r k i n - E l m e r  1330 sp ec t r o p h o t o m e t e r ,  cal ibra te d

ag ai n s t  polystyrene, and equi pp ed with a Model 1660 data

station. Ga seous  p h o t o p r o d u c t s  were co l l e c t e d  with a

To ep le r pump, Figure 17, and a n a l y z e d  with a Gow Mac

Mo del  69-100  gas c h r o m a t o g r a p h  eq ui p p e d  with a Re-W

thermal c o n d u c t i v i t y  detector  and a 6 ' x 1 / 4 M stainless

steel co l u m n  c o n t a i n i n g  5A (80/100 mesh) m o l ecula r sieve

(Supelco) packing. C a l i b r a t i o n  e x p e r i m e n t s  in w h i c h  a

known am ount of gas in the p h ot ol ysis cell was

t r a n s f e r r e d  to the G.C. i n dicate d the error i n v olv ed  in

co l l e c t i n g  the ga se ou s pho to p r o d u c t s  using the To ep l e r

pump was _< 3%. The gas c h r o m a t o g r a p h i c  c o n d i t i o n s
oem p l o y e d  were an oven t em pe rature of 100 C, a flow rate 

of 40 ml/min, and a d e t ec tor cu rr en t of 150 mA. CP grade 

He l i u m  (M ath eso n Gas Pr odu cts) was used as the carrier 

gas to q u a n t i t a t e  CO e v o l u t i o n  wher e a s  A rgon (CP grade, 

M a t h e s o n  Gas Products) was used as the carrier gas for 

the s i m u l t a n e o u s  de t e c t i o n  of CO, H 2 , and CH^. The 

d e t e c t o r  response, c a l i b r a t e d  by i n j ecti ng  a known 

pr es su re and volum e of each gas (CP grade CO, H 2 , CH^; 

Linde) into the gas chroma to graph, was displ ay ed on a 

S h i m a d z u  R-lll m i l l i v o l t  recorder. The resul ting 

c a l i b r a t i o n  curves, i l l u s t r a t i n g  the i n t e g r a t e d  peak area 

versus the nu mber of moles of gas, are shown in Fi gures
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Fi gur e 17a. Toepler pump.
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carrier to G.C. gas
Figure 17b. Gas sampling 1
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18-20. R e t e n t i o n  times for the va ri ou s gases are 

summa r i z e d  in Ta ble  2, and a typical c h r o m a t o g r a m  is 

dis p l a y e d  in Fi gur e 21.

In p h o t o c a t a l y z e d  ol e f i n  reactions, the ga seous 

p h o t o p r o d u c t s  were c o l l e c t e d  in a gas tight syring e 

(H am il ton Company) and a n a l y z e d  on a Va r i a n  Se ri es 2400 

gas c h r o m a t o g r a p h  e q u i p p e d  wi t h  a flame ion i z a t i o n 

detector. S e p a r a t i o n  of the va ri o u s  ol ef ins was 

a c c o m p l i s h e d  using a 2 meter x 1/8" O.D. st a i n l e s s  steel 

c ol um n pa cked with 80/ 10 0 C a r b o p a c k  c/o 19% pi cri c acid 

(Supelco). The d e t e c t o r  r e s po nse was c a l i b r a t e d  for 1- 

pe nt e n e  by filling the p h o t o l y s i s  cell w i t h  a known 

p r e s s u r e  of the olef in  and in j e c t i n g  va ri o u s  volume s into 

the G.C. The c a l i b r a t i o n  c ur ve  o b t a i n e d  is shown in 

Fi gure 22. Gas C h r o m a t o g r a p h i c  c o n d i t i o n s  e m p lo ye d were 

an oven te mp er a t u r e  of 50 C, a d e t ector t e m p e ra tu re of 

130 °C, and a ^  flow rate of 20 ml/min. A typical 

c h r o m a t o g r a m  o b t aine d under these c o n d i t i o n s  is 

i l l u s t r a t e d  in Figure 23.

F. F o r m a t i o n  of Hi gh R e s o l u t i o n  Opti c a l  Patter ns.

S a m p l e s  of pretreated,  po lishe d plate PVG (25.4 x 

25.4 x 1mm) were pla c e d  in a copper wire ba sket and 

s us p e n d e d  over liquid Fe(CO),- in a 100 ml beaker. The 

b eak er was cover ed  w ith a w a t c h  gl ass to m i n i m i z e  

d i f f u s i o n  of toxic Fe(C 0 ) ^  va por into the at mosphere.
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Figure 18. CO c al ib ration curve.
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Fi gu re  19. Hy drogen cali bration curve.
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Figure 20. M e t h a n e  c a l i b ra ti on curve.
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TABLE 2.

Ther m a l  C o n d u c t i v i t y  Detector Res po nse for . C H ^ , and 

CO in He and Ar Carrier Gases.

He Ca rr ier Gas

Gas Slope of C a l i b r a t i o n  Curve Ret en tion Time (mins.)

CO 2.23 x 1 0 6  4.75

Ar Car rier Gas

H 2 4.90 x 1 0 7  1.7

C H 4  1.15 x 1 0 7  4.2

CO 3.28 x 10 6  5.8
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Figure 21. Gas Chr o m a t o g r a m  showing sep aration and simultaneous
d e t ection of CO, and CH^.
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Figure 23. Gas Chr o m a t o g r a m  showing s epara ti on of 1-pe ntene
and cis and trans-2-pentenes.
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E xp osure time of the PVG samples to Fe (CO)^  varied from 2 

to 3 minutes. After impre gna tion, the samples were 

tr an sf e r r e d  in air to a slide holder where they were 

mounted. The desired pa tt ern was made by standar d 

p h o t o l i t h o g r a p h i c  techniques. A c o l l i m a t e d  light beam 

from a 100 Wat t X eno n lamp was passed  through a 35 mm 

plastic slide c o ntain in g the patter n and foc used onto the 

PVG. The plastic slide limited the excit a t i o n  to 

w a v e l e n g t h s  > 300 nm. After photolysis, the samples were 

placed in a muffler oven and slowly heated in air to 900
& QC. The samp le s were mai n t a i n e d  at 900 C for 12 hours and 

a ll owed to cool to room t em peratur e in air.
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R e s uIts

A. A d sorp ti on of Iron Car bonyls.

Thermal g ra vimetri c anal y s i s  of PVG, indica tes the 

pre sen ce of both bulk and c he misorbe d water. As shown in 

Fi gure 24, bulk water desorbs at 100-120 C while 

ch emis o r b e d  water de so rb s slowly up to the point of
o

co ns ol idatio n,  c a . 700 C. Dispers ed in Fluorolube, the 

IR s p e ct ru m of crushed PVG before calcination, Figure 25, 

exhibi ts a broad, intense adso r p t i o n  due to water

ce nt er ed at 3500 cm In addition, the spectrum
-1 -1 ex hi bi ts a band at 3744 cm with a shoulder at 3665 cm

which have been as signed to free and hy drogen bonded

silanol groups, re s p e c t i v e l y  (128), The DRIFT sp ectru m

of unc alcin ed  PVG is e ssentia ll y ident ical to the

sp ectrum of PVG dis persed in Fluorolube, except that as

shown in Figure 26, the spe ctrum is more resolved.

C o m p a r i s o n  of the DRIFT spectra of unc alci ne d 60-200 mesh

silica gel, Figure 27, and unca lc ined plates of PVG

c o n fi rms that the surface s of these two su ppo rts are

quite similiar. Both DRIFT sp ectra reveal the presence

of free and hy drogen bonded silanol groups in addition to

si gnif i c a n t  amo unts of c he mi sorbed water. DRIFT spectra

of PVG recorded under flowing helium as a function of

te mper a t u r e  show that the intense, broad a d sor pt ion due
9to water declines, and at 550 C the spectrum, Figure 28,
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THERMAL GRAVIMETRIC ANALYSIS OF PVG 
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Figure 24. Thermal gravimetric analysis of PVG.
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exhib its  a sharp, intense band at 3744 cm which has

been assigned to free silanol groups and a sh oulder at

3665 era  ̂ which has been assigned  to hydrogen  bonded

silanol groups. However, a we ak band due to small

am oun ts of c hemi so rbed water remains. The int ens it y of

this band varies from sample to sample, but after

c a l c i n a t i o n  is always <,15% of that of the 3744 cm"^

si lanol band. The DR IFT spect ru m of silica gel following
a

c a l c i na tion at 550 C, Figure 29, shows id ent ical spectral 

changes, i.e., a de cli ne in bands due to ad sorb ed  H £ 0  and 

a r es olutio n of the bands due to free and as sociated 

silanol groups.

A d so rption  of Fe( CO)^ onto plate PVG is a linear 

fu nc ti on of pressure over the range 0.125 to 2.04 torr, 

and the i s o therm  measur ed  at 26 C, shown in Figure 14, 

r e semb le s that reported for a d s o r p t i o n  of the complex 

onto silica gel (99). A p p r o x i m a t e l y  35 to 40% of the 

Fe(CO )^ adm itted into the quartz cell was ad sorbed 

r e la tively  indepen dent of the Fe(CO) ^ pressure.

Reg ar dl ess of the moles of Fe (CO)^  adsorbed, however, the 

co mplex  does not pe netrate throughout the entire  pore 

volume. Br eaking  samples c on ta ining 2 x 10 ** m o l e s / g r a m  

shows that Fe(C0) ^ penet rates 0.5+0.1 mm into PVG, and as 

found with other co mplexes (116, 120,1 22), i mp regnat es  

volumes of PVG adj acent  to the outer geom etric surfac es 

of the sample. Since the ad s o r b a t e  does not un iformly
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di st r i b u t e  thro ughou t the entire pore volume, surf ace

cov erage  on an irregular, porous support, such as PVG,

cannot be unique ly defined. Rather, a lower limit is

c a lcul at ed where it is assumed that that su rfa ce  area

within the i mp re gnated volume  of PVG c o r r e spond s to that
2

m e a su red by ^  a d s o r p t i o n  at low tem perature, 130 m /gram

of PVG; the latter p e n e t r a t e s  t hro ug hout the entire pore

volume. Taking the ar ea occupie d by F e (C O )^ ( a d s ) to be 
20.3 nm , the samples prepared in these experi ments,  which

— 7  —5range from <10 to 2.0+0. 2 x 10 moles of F e ( C 0 ) ^ / g r a m

of PVG, corr e s p o n d  to fractional surface c o v e r a g e s  of

<0.15% to 3.0%. The ca lc u l a t e d  values are

ap pr o x i m a t i o n s ,  however, and are used in a relative,

rather than a b s o l u t e  sense.

QThe a d s o r p t i o n  isotherm, m e a s u r e d  at 26 C for 

Fe(C0)^ on the finely crushed PVG used in the DRIFT 

ex perim en ts, is shown in Figure 15. The isot herm 

ex hibits a Lang muir d e p e n d e n c e  with s a t u r a t i o n  of the 

su rf a c e  occuri ng  at hig he r pressures. A d s o r p t i o n  was 

more ext e n s i v e  on the powder than on the plate PVG, since 

of the FeCCO)^ admitted  into the cell, only 1.5% re mai ned  

in the gas phase. Rega r d l e s s  of wh ether plate or 

powdered sa mples are used, the a d s o r p t i o n  of Fe( C0)^ onto 

PVG is reversible. However, the rates of d e s o r p t i o n  of 

the comp l e x  differ. The IR bands of Fe (C 0) ^ ad so rb ed on 

powdered PVG, 3 x 1Q- ^ mo les /gr am, d i sa ppear wi t h i n  5
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minutes at room t em peratur e when the D RIFT m i c r o r e a c t o r  

is evacuated, wh er eas d e s o r p t i o n  from the plate samples 

is c o n s i de rably slower. E v ac uation of a quartz cell
-6cont ai ning a plate sample impregn ated with 4.0+0.4 x 10 

moles of Fe(C O ) ^ / g r a m  causes  a steady dec line in the UV 

spectrum, Figure 30, but optical density a t t r i b u t a b l e  to 

the ads orbed complex is di scer n i b l e  after several hours. 

The d i ffere nc e in d e s o r p t i o n  rates is thought to reflect 

d if fe rences  in p e n e t r a t i o n  depth, i.e., a d s o r p t i o n  onto 

powdered PVG, because of its larger outer surface area, 

is p ri nc ipally  limited to the outer su rf aces of the 

particles where as  a d s o r p t i o n  onto the plate samples, as 

de scr ibed above, leads to limited i m p r e g n a t i o n  of 

interior pores.

B. Spectral  P r o p e r t i e s  Of Adsorbed Fe Compounds.

i. F e C C O l g-

The ele ctron ic  s p e c t r u m  of a sa mple c o ntai ni ng 5 x
— 710 m o l e s / g r a m  of Fe (C0)^ and c o rr ected for a b s o r p t i o n  

due to PVG is shown in Figure 31. The s p e c t r u m  cons ists 

of a strong  f eatu re less a b s o r p t i o n  in the UV a s s o c i a t e d  

with ML CT and ligand lo cal ized tra ns itions r e sembles  that 

of the complex in fluid solution (50,51). However, the 

lower energy ligand field transitions, which ap pear as 

shoulders at 245 and 285 nm in the fluid solution  

spectrum, Figure 32, are not discer ni ble. Ligand field
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tr ansi t i o n s  indi c a t i v e  of ligand s u b s t i t u t i o n  or 

a g g l o m e r i z a t i o n  are not observed.

The DRIFT spectrum of the ad so r b e d  complex, plotted 

in Ku be lk a Munk a b s o r b a n c e  units, is shown in Figure 33. 

The comp l e x  e x h ib its intense bands at 2004 and 2026 cm * 

and a weak band at 2114 cm"^. Other than increases in 

band intensity, the s p e c t r u m  is in d e p e n d e n t  of the moles 

adsorbed, but the bands are red shifted rela t i v e  to the 

IR s p e c t r u m  of Fe(CO)^ in the vapor phase where the major 

CO bands occur at 2012 and 2033 cm *. Also, the 

i n t e n siti es  of the bands are in verted rel ative to the 

vapor phase s p e ct rum and obser ve d to vary de p e n d i n g  on 

the pr et r e a t m e n t  co nd i t i o n s  of the PVG. Ch an ges in the 

relative  shapes and in t e n s i t i e s  of the bands are observed 

upon e x p os ur e of PVG to moist air, or aging of the PVG. 

The weak band at 2114 c m ” *, wh ich is not observed in the 

vapor or solu ti on phase s p e c t r u m  of the complex, Figure 

34, is as si gn ed to the sym metric  v^ mode (19a). The 

latter occurs  at 2116 cm * in the Raman s p e c t r u m  of 

liquid Fe(CO)^, and ap pe a r s  as a weak band at 2115 cm * 

in the IR spe ct rum of c r y s t a l l i n e  Fe (C 0 ) ^  due to lower 

site symmetry, C 2 » in the c r y s t a l l i n e  state (19b). Bein 

and Ja cobs (129) assign  weak bands in the 2115 cm- * 

region of the s p e c t r u m  of Fe (C 0)^ ad sor bed on zeoli te s to 

the v^ mode, and suggest that p e r t u r b a t i o n s  imposed by 

the ad s o r b e n t  reduce the m o l e c u l a r  symm et ry of the
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Figure 33. Kubelka Munk Spectrum of Fe(CO) (ads. ) .
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Figure 34. Infrared spectrum of Fe(CO)^ in n-hexane.



adsorbate. The a p pe ar ance of the mode, albeit weak, 

when Fe(CO)^ is ad sor be d on PVG su ggests that some 

distort io n occurs. However, the s im il arity of the 

electroni c and DRIFT spectra of the ad so r b e d  complex with 

vapor and so lutio n phase spectra, as well as the abi lity 

to desorb the intact complex, e s t ablish that the complex 

p hysis or bs onto PVG withou t d i s r u p t i o n  of its pri mary 

c o o r d i n a t i o n  sphere.

i i . F e ^ C C O ) ^ .

The U V-visib le  spect r u m  recorded fo llowing vacuum  

s ublim at ion of F e 2 (C 0 )g onto PVG at 44 °C, exhibi ts 

intense UV a b s o r p t i o n  with weak ligand field bands at 605 

and 440 nm. The prese nc e of the 605 nm band, which is 

absent in the s p e ct ru m of F e 2 (C 0 )g in Fluorolube, Figure 

35, in dicates d i s p r o p o r t i o n a t i o n  of the ad so rbed comple x 

to F e ^ C C O ) ^  anc* Fe(CO)^. The IR sp ect r u m  of F e 2 (C 0 )g in 

Fluorolube, Figure 36, exhibits  broad a d s o r p t i o n s  in the 

carbony l stretchin g re gio n cen tered at 2015 cm~^ and 1820 

cm which is in sharp contra st  with the DRIFT sp ec trum  

of PVG loaded with F e 2 (C 0 )g (from mi xing powdered solids) 

wh ere  the major a b s o r p t i o n s  occur at 2051, 2028, 2005, 

and 1878 cm~^. It is clear that the 2028 and 2005 cm  ̂

bands are due to Fe(CO),. while the 2051 cm  ̂ a b so r p t i o n  

can be at tr i b u t e d  to F e 3 ( C O ) 1 2 . The bridging car bo nyl 

band at 1878 cm * is not due to F e 2 (C 0 )g, but cannot be
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assig ned  to a specif ic m o l ecu la r entity. The el ectronic 

and spectral ev ide nce i n d ic at es a d i s p r o p o r t i o n a t i o n  of 

F e 2 (C 0 )g to F e ^ C C O ) ^  a °d Fe(CO)g when ad sorbed onto PVG. 

D i s p r o p o r t i o n a t i o n  also occurs when Fe(CO)^ is ad sorbed 

on silica gel (99) and in solutio ns contai ning weak 

ligands at room t emperat ur e (59,60).

iii. F e -j(CO) j

PVG is impreg na ted with F e ^ f C O ) ^  v -̂a solution

i m p r e gnat io n tech ni ques and the UV -v i s i b l e  s p e c t r u m  of

a ds orbed F e ^ f C O ) ^  is shown in Figure 37. The spect ru m

exh ibits  an int ense ML CT UV a b s o r p t i o n  with well resol ved
*  /

bands in the vi sib le  region at 605 and 440 nm due to CT 
*  *

--------> O' and CT > &  tra nsitions, respect iv ely

(52). The s p e ct rum is simili ar to that obtain ed in fluid

solution, Figure 38, and a co mp a r i s o n  of.the ratio of the

relative e x ti nc tion c o e f f i c e n t s  of the 605 and 440 nm

bands for the adsorbe d complex, with that in fluid

solution, are within e x p e r im ental error. The adsorbed

complex appear s to be r e la ti vely stable for hours when

stored under vacuum  at room temperature. After several

days, however, some thermal d e c o m p o s i t i o n  does occur.

The in ten sity of the 605 nm band declines slightly and

analy s i s  of the gas phase ind icates a slight e v o l u t i o n  of

CO. The d e c o m p o s i t i o n  is a c c e l era te d in the pres en ce of

air, with the sample ap pa r e n t l y  forming an iron oxide.
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The adso r p t i o n  of F e ^ C C O ) ^  on P V G, like that of F e ( C O ) 5 , 

is reversibl e since so aki ng a sample cont a i n i n g  5 . 2 ±  0 . 1  x 

1 0 - 6  m o l e s / g r a m  in n - h e x a n e  for several hours re sults in 

de c o l o r i z a t i o n  of the pre vio us ly green sample. The UV- 

visible spect rum of the e x t r a c t i n g  solution indicates 

F e ^ C C O ) ^ *  which co nfirms the co mp lex leaches out of the 

PVG into solution intact.

The DRIFT s p e ctru m of F e ^ C C O ) ^  sublim ed onto PVG, 

Figure 39,' is similar to the IR sp ect rum of the complex 

in n-hexane, shown in Figure 40. In the latter solvent, 

IR bands at 2047 and 2026 c m - '*' occur, whereas 

Fe ^C CO Jj^tsd s)  e x h ib its a single major a b s o r p t i o n  at 2053 

c m ’ * with a broad s h o u l d e r  at 2032 cm *. No abs or p t i o n s 

in the bridging CO region  are ob serve d in either 

spectrum. The sim il a r i t y  of the spectra as well as the 

ab ility to de sor b the complex intact es tabl i s h e s  that 

F e ^ C C O ) ^  phy si so rbs onto PVG with no d e c l u s t e r i f i c a t i o n  

or su b s t i t u t i o n  of the complex occuring.

2. P h o t och em ical R e a c t i o n s  of F e ( C O ) .-(a d s ). 

i. Low Surface C o v e r a g e  Exp eriments.

The p h o t o c h e m i s t r y  of Fe (C0)^(ads)  on PVG e x h ibit s a

p r onou nc ed  de pe n d e n c e  on loading. P h o t o l y s i s  of samples
£

co nta i n i n g  <.10~ m o l e s / g r a m  in vacuo with 350, 310, or 

254-nm  light caus es  a decl in e in the UV absorbance, 

c h a ra cteri st ic  of F e ( C 0 )^ (ads) and a c oncurre nt  growth of
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a broad a b s o r p t i o n  cente re d at 370 nm as shown in Figure 

41. An isosbe st ic point at 285 nm is ma in t a i n e d  during 

short i r r a d i a t i o n  times, and ex pos ing  the ph o t o p r o d u c t  to 

1 atm of CO causes spectral changes c o r r e s p o n d i n g  to 

recovery of ^ 9 7 %  of the original pentacarbo ny l. The 

similarit y of the photopr od uct spect ru m with that of 

Fe (C O) ^ gene rated  in low te m p e r a t u r e  m a t ri ce s ( 6 8 ) 

indicate that the primary ph ot o r e a c t i o n  is

1.) F e ( C 0 ) 5 (ads) --------- » F e ( C 0 ) 4 (ads) + CO

The st ability of the t e t r a c a r b o n y 1, which exists for 

hours in vacuo at room t emp er ature is a t t r i b u t e d  to an 

in terac ti on with the PVG surface. The ab sen ce of a near- 

IR abs o r p t i o n  c h a r a c t e r i s t i c  of free F e ( C 0 ) 4  (69,70), and 

the presence of a b s o r p t i o n  in the n'ear-UV c h a r a c t e r i s t i c  

of F e ( C 0 ) 4L complexes, i.e., Fe(C0')4 ( p y r i d i n e ) , sugges ts 

that the vacant c o o r d i n a t i o n  site of the sur face bound 

t e t r a c a r b o n y 1, F e ( C 0 ) 4 (ads) , is occup ied by either a 

silanol group or c h e m i s o r b e d  water. R e a c t i o n  1 is 

in dep en dent of e xcita ti on wavelength, i.e., 350, 310 or 

254 nm. However, qu an tu m yield m e a s u r e m e n t s  were limited 

to 350 nm where c o m p e t i t i v e  abso r p t i o n  by the support is 

negligible. As shown in Figure 42, plots of ^ v s * 

i rr ad iation  time e x t r a p o l a t e  to a l i m it in g yield, 

0.96j;0.Q5t wi t h i n  ex pe r i m e n t a l  error of unity. This high 

e f fici en cy  is an ex p e r i m e n t a l  di ff i c u l t y  since the
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Figure 42. Q u a n t u m  yield of Fe(CO) (ads.) 
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product forms rapidl y and u n dergoes  sec ondar y pho toly si s  

with similar facility.

Continue d photolysis, p a r t i c u l a r l y  with 254-nm 

* light, leads to the evo l u t i o n  of 4.9+ 0 . 2  moles of CO/mol e 

of F e ( C 0 ) ^ ( a d s ) . U V -visibl e spec t r a  recorded 

p e r i o d i c a l l y  during ph otolysis, ho wever do not reveal 

ab s o r p t i o n s  due to di mer ic or tr imeric species. At 280 

nm, for example, the re lative a b s o r p t i v i t y  of F e ^ f C O ) ^  

is 4.8 times that of Fe(CO) ^ both in solu ti on (85) and 

adsorbe d onto PVG. Hence, f o r m a t i o n  of F e g C C O ) ^  from 

three m o l e c u l e s  of Fe (CO)^ should result  in an increase 

in the UV absorbanc e. Yet, the s p e ct ra l change s consi st 

of a gen eral declin e thro u g h o u t  the UV region. 

evolut ion , i n dicativ e of metal oxi d a t i o n  is not detec te d 

(20), <0.02 moles of ^ / m o l e  of F e (C O ) ^ (a d s ), and 

exposin g the p h o t o pr oduct to 1 atm of O 2 free CO rapidly 

r eg en e r a t e s  the a b s o r b a n c e  at 370 nm a s s ig ne d to surface - 

bound F e ( C 0 ) ^ ( a d s ) . The t e t r a c a r b o n y 1 then u n de rgoes a 

slower r e a ct io n to F e ( C 0 ) ^ ( a d s ) . In a number of 

exper ime nts, the final spectrum, Figure 43, con s i s t e d  of 

a series of sharp bands s u p e r i m p o s e d  on a rising UV 

background. The spect r u m  cl os e l y  r e se mb les that re por ted 

for atomic iron generated via UV pho tolys is  of Fe(C0)^ in 

dilute low te mper a t u r e  m a t r i c e s  (72), and the band 

maxima, listed in Table 3, agree cl ose ly with the 

reported values.
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Table 3.

Positions (nm) of UV A b s o r p t i o n  Bands 

of Ma trix Is olated Iron Atoms.

PVG

389

380

362

345

ni tr og en

367.9
360.1

354.4

argon

358.9

krypton

368.0

315

311

305

329.8

288

262

296.5

292.4
287.7

264.8

245.5

241.3

333.6
326.0

298.0

294.5
288.5

286.5

268.2

263.0 

246.5

241.4

240.0

237.5

213.0

333.5

300.1

297.1

289.5 

268.9

249.6 

244.3
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FMR spectr a recorded at room tem perature, 22+1 C, 

after a 12 hour, 254-nm photol ys is of F e (C O ) ^ (a d s ),

Figure  44, show a broad a symmetr ic  r e s onance with g - 
2.0 7+0.01, and a line width of 5. 0+0 .5 x 10^ G. The g 

value is shifte d with respect to that reported for bulk 

iron, 2,1 5+0.04 (130). The line shape cl os ely resemble s 

that re ported by Ba sse t and c o wo rk ers (36) for zer ovalent 

iron p a rt icles  formed by the thermal d e c o m p o s i t i o n  of 

F e g ( C 0 )j 2  on h y d r o x y l a t e d  A ^ O ^  and MgO supports. The 

latter, which are _< 15^ particles, ex hi b i t  line widths at 

300 K of 250 G and 2250 G on MgO and A ^ O ^ ,  respec tively.  

The larger line wi dth s found in our e x p e r i m e n t s  on PVG, 

by an al ogy with the re su lts ob tained with Ni (131), are 

c o n s i s t e n t  with the fo r m a t i o n  of sma ller iron particles. 

However, the ex p e r i m e n t a l  factors wh ich cont rol atomic 

iron for mation  are not immed ia tely obvious. Alth ou gh GC 

an al ys es of the vapor phase c o n s i s t e n t l y  indica ted the 

evo lu ti on of 4. 9+0.2  moles of CO/m o l e  of Fe(C0 )^(ad s)  and 

FMR sp ec tra of the ad so r b e d  ph ot o p r o d u c t  exh ib it ed broad 

r es on ances s u ggest iv e of small iron particles, the band 

s p e c t r u m  of atomic iron was not obta in ed with every 

sample. In most ex per ime nts, the final s p e c t r u m  consis ts 

of no nd es cript , in cr e a s i n g  a b s o r b a n c e  in the UV region. 

The role of surfac e d i m e n s i o n a l i t y  in these experiments, 

which may differ  from sample to sample, part i c u l a r l y  on a 

m o lecu la r scale, appears to be a c r i ti ca l d etermin an t of 

the level of a g g l o m e r i z a t i o n  of the p h o t o g e n e r a t e d  Fe.
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ii. Higher Surfac e Cov er a g e  Experiments .

Photolysi s of a PVG sample c on ta ining > 10 ^ moles 

of F e ( C O ) ^ ( a d s ) / g r a m  in vacuo at 22+1 C with 254, 310, or 

350-n m r a d iation  causes an immediate growth in a b so rption 

at 605 nm, Figure 45. This band, which agrees exactly 

with that ob ser ved in the visible s p e c t r u m  of 

F e ^ C C O ) j 2 (a d s ) » e s t a b l i s h e s  forma tion of the trimer. The 

stoic h i o m e t r y  of the reaction and the qua ntum yield of 

trimer formation, however, indicate a co mpl ex reaction 

sequence. As shown in Figure 46, GC analysis  of the 

vapor phase reveals c o n s i d e r a b l y  more CO evolved than the 

theoretic al  yield a s s u m i n g  that 3 moles of CO are 

ev o l v e d / m o l e  of F e ^ C C O ) ^  formed. The latter being 

det er mine d by c o m p a r i s o n  of the ph otoge n e r a t e d  ab sor b a n c e 

at 605 nm with that of PVG samples cont a i n i n g  known 

amounts of F e ^ ( C O ) ^ ( a d s )  .

The qu an t u m  yield of trimer formation, shows a

marked d e p e n d e n c e  on i r r a d i a t i o n •t i m e . As shown in 

Figure 47, samp le s c o ntaini ng  from 3.7 x 10 ^ to 2.5 X 

1 0 - ^ moles of F e f C O J ^ / g r a m  exhibit an ind uction period 

which su gge st s that f o rmat io n of the trimer aris es from 

se con dary reaction(s ) of the primary ph ot oprod uct. The 

elec tr onic sp ec t r u m  of Fe^CCO) » both in solutio n and 

ad so rb ed onto PVG, e x h i b i t s  a well resolved should er  at 

440 nm. However, the 44 0-nm shoulder of the trimer could 

not be resolv ed in the photo produ ct  spectrum. Rather, a
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photolysis of Fe(CO) (ads.) vs. moles of 
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Figure 47. Quantum yield of ^e ( ^ 0 ) ^  f°rmat:*-on 
vs. photolysis time.
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broad a d s o r p t i o n  ce ntered at ca. 400 nm occurs, and 

c o m p a r i s o n  of the rel ative i n t e n s i t i e s  found in the 

p ho tolyzed  sam ple at 605 and 440 nm with those of a known 

sample of Fe^CCO) in dicat ed the presen ce  of

a d d i t i o n a l  photopro du cts. S u b t r a c t i n g  the r e l at ive 

a b s o r b a n c e  due to F e ^ C C O ) ^  in the 350- 4 5 0  nm region, 

based on its a b s o r b a n c e  at 605 nm, yi elds a s p e c t r u m  with 

a m a x i m u m  at 370-380 nm that closely re s e m b l e s  that of 

F e ( C 0 ) ^ ( a d s ) . There is no sp ectral e v i denc e of the 

fo rm at ion of F e 2 (C 0 )g, and exp osure to 1 atm of CO causes 

a rapid decline in a b s o r b a n c e  in the n e a r - U V  w hi le that 

at 605 nm remains uncha nged.  Futhermor e,  the a b s o r p t i o n  

at 605 nm c h a r a c t e r i s t i c  of the trimer  does not appear 

when Fe(C0 )^ (a ds) is p ho to lyzed under p r ess ur es of CO 

ra nging from 400 torr to 1 atm os ph ere. P h o t o l y s i s  

dev elops  a ye llow color which qui ckly d i s a p p e a r s  in the 

time re qu ired to move the cell from the Ra yo net reactor 

to the s p e c t r o p h o t o m e t e r .  The se  re su lts sug gest that 

pho to ly sis leads int ially to surface bound F e ( C 0 )^ (ads) 

which, at suf fi c e n t l y  high loadings, u n d e r g o e s  further 

r e ac tions leadin g to the trimer. Indeed, di ff use 

r e f l e c t a n c e  FTIR reveals a number of species.
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3. Diffuse R e f l e c t a n c e  FTIR Experiments.

As pre vious ly  des cribed, powd ered samples (325 mesh)

con ta in ing 3 x 10 ^ moles of F e ( C 0 ) ^ / g r a m  of PVG were

ir rad iated in a m i c r o r e a c t o r  in the sample co m p a r t m e n t  of

an FTIR. The m i c r o r e a c t o r  was mo unted on a t r a n sl at ional

stage that al lowe d as many as six s e p ar at e e x p e r i m e n t s  on

the same sample. The sa mples  were i r radia te d with either
2350-nm light from a Kr ion laser (AW/cm ) or 355-nm light 

from a Nd:YAG laser (50 mj, 7nsec f w h m ) . The sp ectru m 

recorded at the spe c i f i e d  times after pulsed exci t a t i o n  

is shown in Figure 48. E x c i t a t i o n  causes significa nt  

loss of Fe(CO),. band i n te ns ity and the a p p e a r a n c e  of two 

higher energy a b s o r p t i o n s  at 2073 and 2048 cm Figure

49, d i s play s five sp ectra  from a period less than 1.5 

seconds after the pulse. The Fe(CO)^  bands at 2026 and 

2004 cm  ̂ are ob ser ved to return to their original  

intensit y wi thin this time. Since the latter occurs 

without det e c t a b l e  chan ge  in the pho t o p r o d u c t  band 

intensity, it is not due to a thermal back r e a c t i o n  of the 

ph ot op roduct s with p h o t o e j e c t e d  CO. Rather, rapid 

reg ro wt h of the p e n t a c a r b o n y 1 band i n t en sity is 

a t trib ut ed to r e p l e n i s h m e n t  of the su rfa ce  depleted  

Fe(C0 )^ by d i f fus io n th rough the po wd ered PVG in the 

microreact or. Conse quent ly , F e ( C 0 )^(ads)  spectr a are 

subt ra cted from sp ec t r a  a c q u i r e d  at later times to reveal 

minor changes in the p h o t o p r o d u c t  spectrum. Figure 50
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Fi gure 48. Kubelka M un k spectra of F e ( C O ) _ ( a d s .) 
a) before and b) after 1 pu lse  from a Nd:Y&G laser.
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Fi gur e 49. Kubelka M u n k  spectr a of F e ( C O ) ^ C a d s .) after 
1 laser pulse (Nd:YAG) showing r e g r o w t h  of Fe(CQ) 
a) 0 b) 0.14 c) 0.27 d) 0.41 e) 1.22 sec. after 
laser pulse
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i llust ra tes d i f f e r e n c e  spectra foll owing two pulse (50m J ,

7 nsec fwhm) e x c i t a t i o n  of powdered PVG cont ai ning 3 x 
-410 moles of F e ( C 0 ) ^ / g r a m  in vacuo. The top spe ct rum 

represe nt s the d i f f e r e n c e  between the Fe(C0)^( ads)  

spe ctrum  and those re cor ded immedi a t e l y  after excitation. 

The sub sequ en t spectra are the d i f f e r e n c e  betwee n that 

r eco rded i mmedi at ely after e x c i t a t i o n  and that recorded 

at the spe cified  later times. D i f f e r e n c e  spectra 

hig hligh t features which have decaye d (p ositive bands) or 

grew in (negativ e bands) during the in dic ated time 

intervals. These spe c t r a  reveal that the spectral 

features exh ib it only minor ch ang es over the 540 second 

a n a ly sis time. The first fe at ur e to decay is the high 

frequency shoulder at 2073 cm"^. Most of its decay 

occurs during the first 40 seconds  and is accom p a n i e d  by 

loss of a sh oul der at 2048 c m - *. T hese bands are assigne d 

to a single species since both decay at the same rate. A 

low i n t en si ty band in the bridging carb on yl region, 1790 

c m - *, also appea rs and decays during this time interval. 

At longer times, i . e . . 400 second s after exc itation, 

decay of the intense 2056 c m - * domi nates  the spectral 

change. This decay c o ntinues  beyond the times shown in 

Figure 50, but at a much slower rate. The spectral 

chang es depicted in Figure 50 follow  two pulse 

exc itation. Si mil ar  res ults occur with single pulse 

e x c i t a t i o n  except that less product is formed, and the 

second pulse favors for m a t i o n  of the 2056 c m - * a bso rp tion
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Figure 50. D i f f e r e n c e  sp ec tra of F e {C O ) ̂  (ads . ) 
follo win g 2 laser pulses (Nd:YAG)
a) intial d i f f e r e n c e  b) d i f f e r e n c e  during next 40
c) d i f f e r e n c e  during next 100 secs.
d) d i f f e r e n c e  during next 400 secs.
e) final d i f f e r e n c e  after 540 secs.

secs.
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over an increase  in the 2073 cm absorption.  In 

addition, a weak a b s o r p t i o n  ar is es in the bridging 

ca rbony l region at 1823 cm *.

A l t hough of som ew hat higher  frequency, bands in the 

2 0 53-2 05 9 c m - * region are i n d i c a t i v e  of a triraeric 

cluster. The Kube l k a  Mu nk s p e c t r u m  of Feg(CO)  ̂ ( a d s )  ,
_ i

Figure 39, d i s pla ys  a m aj or  a b s o r p t i o n  at 2053 cm with 

a broad sho ulder at 2032 c m - * and a weak ab so r p t i o n  at 

2109 c m - *. Since a b s o r p t i o n s  in the bridgi ng carbonyl 

region are not detect ed  in the Fe^ (CO) j ̂  (a d s ) spectrum, 

their o c c u r e n c e  in sp ec tra af ter e x c i t a t i o n  may be 

i n dica ti ve of the f o r m a t i o n  of dime ric adsorbates. 

P o liak of f and Tu rner (69 ,70,74) report that F e 2 (C 0 )g and 

F e 2 (C 0 )g in low t e m p e r a t u r e  m a t r i c e s  ex hibit bands in the 

bridging car bonyl re gion at 1820 and 1790 cm *, 

respec ti vely. The a p p e a r a n c e  and rapid decay of weak 

ab s o r p t i o n s  at 1790 and 1823 cm * fol lowing two pulse 

excitat io n of Fe (C 0 ) ^ ( a d s )  sug gests for ma tion of 

unstable, di meric i n t e r m e d i a t e s  on PVG at room 

t e m p e r a t u r e .

In cont ra st to pulsed exc itation, wh ich  produc es a 

gr ayish  spot, 0.1 to 1.6 second cw e x c i t a t i o n  (350 n m , 

4W /cm  ) produce a pale green color simil ia r to that 

ob ser v e d  when F e ^ C C O ) ^  is formed on the plate samples. 

D i f f e r e n c e  spe ctra r e c or ded after e x c i t a t i o n  reveal  bands 

in the bridging car bonyl region as w e 1 1  as somewhat
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di ffe rent a b s o r ptions  in the terminal carbony l region. 

Weak bands are ob serve d in the bridging  carbonyl  region 

at 1790 and 1820 c m - * along with an intense band in the 

terminal CO stre tc hing region at 2066 cm *. The band 

intensiti es  in the bridging region increas e with

increasin g the i r r a d iati on  time, with out a change in 

their decay rates, wh er ea s band in t e n s i t i e s  in the 

terminal v^q region exhibit a more co mpl ex dependence. 

Figure 51 is r e p r e s e n t a t i v e  of the spectral  changes 

fo llo wing 0.1 second excitati on. Immedia te ly after 

ex citation, the s p e ct rum after s u b t r action of a bs orption s 

due to Fe(C0) ^(a ds) ex hibi ts  an intense absor p t i o n  at 

2059 c m - * with a d i s c e r n i b l e  high fr equ ency shoulder. 

Du ring the first 100 seconds after excitation, differenc e 

spectra show that a severe de cline  in the i ntens it ies of 

the bridging carbonyl ab s o r p t i o n s  at 1790 and 1820 cm * 

is a c c o m p a n i e d  by loss of in ten sit y at 2066 cm * . The 

i n t e n siti es  of these bands continue to decline during the 

next 1 0 0  seconds during whic h time the decay of the bands 

at 2073 and 2048 cm * becomes apparent. At later times, 

the bridging carbo ny l ab s o r p t i o n s  and the band at 2066 

c m - * dis ap pear and the 2073 and 2048 cm * bands do mi nate 

the decay. The latter decay to a s p e ctr um  exhib it ing a 

single a b s o r p t i o n  at 2059 c m - * which closely resemble s 

that ob ser ved imm ed iately after excitation.
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Figure 51. Difference spectra of F e ( C O ) _(ads . ) 
following 0.1 second laser irradiation (Kr ion, 
a) intial difference b) difference during next
) difference during next 100 secs.
) difference during next 400 secs,

e) final difference after 600 secs.

500 mW)
100 secs.
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In both cw and pulsed e x c i t a t i o n  experi ments, the 

2048 c m - '*' band a c c o m p a n i e s  the a p p e a r a n c e  of the 2073 cm 

* band. The band i n t e n s i t i e s  c o r r e l a t e  well in the 

d i f ferent e x p e r i m e n t s  and both decay at the same rate. 

Thus both bands are a s s ig ned to a single sp ec ies whose 

decay c h a r a c t e r i s t i c s  sug gest that it is an i n t e r m e d i a t e  

co mmon to the decay and fo r m a t i o n  of other transi ents.

For example, the rate of decay of the specie s r e s p o n s i b l e 

for the 2073 and 2048 cm * bands is much sl ower fo llowing  

cw e x c i t a t i o n  than it is fo l l o w i n g  pulsed excitatio n.

This s u g g e s t s  that the 20 7 3 - 2 0 4 8  cm * transient is a 

pr od uc t of the decay of secon da ry p h o top ro ducts. In 

addition, cw e x c i t a t i o n  pr oduces a strong a b s o r p t i o n  at 

2066 cm"* which deca ys before the 207 3 - 2 0 4 8  cm * decay is 

apparent. Thi s s u g g e s t s  that the sp ec ie s e x h i b i t i n g  the 

2066 c m - * band convert s into the sp ecies d i s p l a y i n g  the 

2073 -2 048 cm * bands, per haps bal an cing its decay. 

F ut he rmore,  spectr a rec orded at 80 m i l l i s e c o n d  int er va ls 

during 1 . 0  second  cw e x c i t a t i o n  show that an early growth 

of a 2073 cm * a b s o r p t i o n  is followe d by a later growth 

of a strong 2063 cm * band. The latter c o m pri se s the 

quickly d e c a y i n g  2066 cm * band and the slower de cay in g  

2058 c m - * band.

Pulsed and cw e x c i t a t i o n s  liberate CO during 

p h o t o l y s i s  and co ns u m e  it during the thermal back 

reactions. E x p e r i m e n t s  were p e rf ormed under CO pressures
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rangin g from 0.04 to 400 torr to further probe the 

tran sient s observed in vacuo. Spectra recorded during 

0.4 second irr ad iations  (350 nm, 500 mW) under differen t 

CO pr ess ures show that the intial fo rmation of the 2073 

and 2050 cm  ̂ bands is followed  by the rapid growth of 

the 2062 cm * band. Longer i rr ad iation  times and high CO 

pr essures of 40 or 400 torr en hance the forma tion of the 

rapidly de caying 2062 c m - '*' band. The order of product 

appearance, i.e., the 2 0 73-2050  cm *" bands app ear first 

followed by the 2062 cm"* band, and positions of the band 

ma xim a closely re se mb le that found in CO free 

ex periments . In contra st to the CO free experiments, 

however, where ph o t o p r o d u c t  decay occurs over hundreds of 

seconds, Figures 50 and 51, the presen ce of CO 

a c c e l e r a t e s  the thermal dark reactions. The relative 

rate of pho topro du ct decay increases by appr ox i m a t e l y  an 

order of ma g n i t u d e  when the CO pressu re is in creased  from 

4 to 400 torr. Figure 52 displays diff er ence spectra at 

short times f o llowin g 0.1 second e x citati on  under 400 

torr CO. The 2062 cm * band disa pp ears first followed by 

decay of the 2073 and 2050 cm *■ bands. The rapid loss of 

the strong 2062 cm  ̂ a b s o r p t i o n  is not a c c o m p a n i e d  by an 

increase in the 2073 cm  ̂ ab sorption. These are single 

scan spectra and the enh an ced noise in the 2030-198 0 cm"* 

region is ch a r a c t e r i s t i c  of strong K u b e l ka -M unk 

ab s o r pt ions due to unr e a c t e d  F e (C O ) ^ (a d s ). Figure 53 

shows the decay of p h o t o p r o d u c t s  at later times. This
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Figure 52. Difference apectra of Fe(CO) (ads) 
following 0.4 sec. irradiation (Kr ion) In 400 torr CO. 
(spectra at 0.8, 1.5, and 2.3 secs, following 
irradiation).
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Figure 53. Difference spectra of F e (CO ) ^ (a d s .) 
following 0.4 sec. irradiation (Kr ion) in 400 
CO. (spectra at 0, 10 and 20 seconds following 
irrad iation).
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decay is nearly compl ete only 2 0  second s following 

exc itation, wh er ea s the decay in vacuo occurs over 

hu ndr eds of seconds.

Figure 54, displa ys the short term decay of 

ph oto p r o d u c t s  fol lowing 0 . 1  second e x c i t a t i o n  under only 

4 torr of CO. The peak posi ti ons are similar to those 

ob se rv ed under high CO pressures, but a co mp a r i s o n  of 

Figure 52 and Figure 54 shows that the band shapes 

differ. Bes ides the intial decay of the 2062 cm * band 

and the later decay of the 2073 cm * band, Figure 55 

shows a broad, slowly d e c aying band at 2053 c m - * at 

longer decay times. A l t hough occ uring at slight ly lower 

frequency, the 2053 c m - * band rese mbles the 2058 cm * 

band observed in CO free ex per iment s. In addition, at 

low CO pr essures and longer i r r a d iatio n time, bridging 

v^q a b s o r p t i o n s  at 1820 and 1790 cm * become detect able.  

Ph ot olys is  of F e (C O )^ (a d s ) under 40 torr of CO yields 

re sults i n t e r me di ate be tween  those at 4 and 400 torr of 

CO, wherea s re su lt s under 0.4 or 0.04 torr of CO resembl e 

CO free exper iments.

E x p e r i m e n t s  in vacuo or under CO reveal the order of 

ph oto prod uc t growth and decay, but in many cases do not 

reveal the nature of the intermediate.  To gain further 

i n f o r m a t i o n  reg ar ding the nature of the transients, 

p ho tolyses  under t r i m e t h y l p h o s p h i n e , TMP, were examined.
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Figure 54. Difference spectra of F e (C O )5 (a d s .) 
following 0.4 sec. irradiation (Kr ion) In 4 torr CO. 
(spectra taken at 0.8, 1.5 and 2.3 secs, following 
irradiation).

149



0  secs.

10 secs.

2 0 secs.

WAVENUMBERS

Figure 55. Difference spectra of Fe (CO) , ( a(*3 • ) 
following 0.4 sec. irradiation (Kr ion) In 4 torr CO 
(spectra at 0, 10 and 20 secs following irradiation).
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Figure 56 il lust r a t e s  the spectra l changes follow ing 

s u cces si ve 35 0-nm i r r a diati on s of Fe(CO) ^(ads) under 100 

torr of TMP. As pho to ly sis proceeds, lower freque ncy  

bands at 1969, 1940, 1385 and 1846 cm"^ show a c on tinuou s 

inc rease  in in tensity whereas bands at higher frequency 

exhibit a more co mplex dependence.. During the first 0.4 

second s of irradiation, the bands at 2047, 2020, and 2004 

cm  ̂ in cre ase  in intensity, but then decline at longer 

i rr ad iation  times. The bands at 1814 and 1790 cm~* are 

not present in the intial spectra. These bands appear as 

p h ot olysis  proceeds, and the rate of in cre ase  in their 

i n t en si ty  c o rrela te s with the decline in in tensity of the 

higher frequ en cy bands, i.e. those at 2047, 2020 and 2004 

cm Co n t i n u e d  phot o l y s i s  also causes change s in peak

po sitio n and shapes of several major bands. The 

di ffe r e n c e  betwee n sp ec tra re co rded at later ph oto lysis 

times show that the change in band shape is due to the 

growth of a b s o r p t i o n s  at 1950, 1920 and 1855 c m - * which 

dev elop during longer i rr ad iation times.

As found in the other experi men ts, the spectral 

c han ges co nt inue in the dark. Figure 57 shows d i f f e r e n c e  

sp ectra recorded 45 seconds apart fo llo win g 6.4 second 

ir r a d i a t i o n  under 100 torr TMP. Th ese  spectr a i n d icat e a 

p h o t op ro duct decay seque nc e wh ere severa l changes occur 

at once. For example, d i f f e r e n c e  spectr a recorded 45 

se con ds apart foll owing 6.4 second e x c i t a t i o n  reveal a

151



Ku
be

lk
a 

M
un

k 
Un

its
 

*1
0

o
d- sec -

o

at

©w>

b-

a -

1850 1800 . 1750 1700 ) 10502000 1950 1900
Wavenumbera

Figure 56. Difference spectra of Fe(CO)^(ads.) 
following a) 0.1 sec. b) 0.4 sec. c) 1.6 sec. d) 6.4 
sec. irradiation (Kr ion) in 100 torr P(CH_)„
Arrows indicate change with increasing photolysis time.

152



KU
BE

LK
A 

MU
NK
 

UN
IT
S 

■)
()
•■
 

-
Z
 

3.0
 

1.0
 

S.O
 

6.0
 

7.0
 

a.O
 

3.
0

1650
WflVENUNBERS
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de cr ea se in the in tensity of all p h o t o pr od uct bands with 

the decay of the 1814 and 1790 cm  ̂ being more 

pr onounced. Af ter these minor perturb at ions, however, 

the spe ctra ch ange no further. The F e ( C 0 )^ (a ds) bands do 

not return to their original in tensi ty and, c ons is tent  

with the fo r m a t i o n  of th erm all y stable phosph ine  

substi t u t e d  iron carbonyls, pro long ed  ph oto l y s i s  in the 

presence of TMP causes  s i g n i f i c a n t  loss of the star ti ng 

m a t e r i a l .

C. P h o t o c h e m i s t r y  of F e ^ ( C O ) ^ (a d s ).

With ex ci t a t i o n  w a v e l e n g t h s  350 n m , the 

p h o t o c h e m i s t r y  of F e ^ C O )  ̂ ( a d s )  i s i n d e p ende nt  of 

surface covera ge.  U V -vis ib le spectra re cor ded fol lowi ng  

350-nm i r r a d i a t i o n  of PVG samples c o n t a i n i n g  from 2.6+.2 

x 1 0 " 8  to 2 . 2 ± . 2  x 1 0 ~ 6  moles of Fe^ (C O ) ̂  ̂  ( a ^s )/gram in 

vacuo at 2 2 + 1 °C show a steady decre ase in the 605 and 440 

nm bands of the p hy sisorbe d trimer with incr easin g 

p h otol ys is time. Bands a t t r i b u t a b l e  to m o no meric or 

dimeric a d s o r b a t e s  are not detecte d during photol ysi s.  

Rather, the spectral changes consis t of a ge ne ra l de cl ine  

in a b s o r b a n c e  thr oughout the vi sible and UV regions. As 

shown in Figure 58, the q u a n t u m  yield for F e ^ C C O ) ) 

di sa pp e a r a n c e ,  d e te rmined by m o n i t o r i n g  the d e c r e a s e  in 

absor b a n c e  of the 605-nm band of the trimer fo llowing 

350-nm excita t i o n ,  e x t r a p o l a t e s  to yield a value of
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F ig ur e 58. Q u a n t u m  yield of F e ^ ( C O ) ^ ( a d s .) 
d isapp earanc e .
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7.4_+0.2 x 10 at 22 + 1 °C, which is c o ns istent  with a 

value of ca, 0.02 for 550-nm e xcit at ion reported by 

W ri ghton (75) for F e ^ f C O ) ^  d i s a p p e a r a n c e  in h y d r o carbon  

solution. Since the primary p h o t o pr ocess for F e ^ C C O ) ^
i

is thought to be m e t a l - m e t a l  bond c l e avage (75-77), 

e ff icient r efor ma tion of the fragmen ted m e t a l - m e t a l  bond 

could accou nt  for the modest  qu antu m yields observed.

P h otol ys is of a sample with 312 or 254-nm light 

results in spectral  change s ident ical to those observ ed 

f ol lowing 35 0 - n m  irradiation, i.e., the ch aract e r i s t i c  

605 and 440 -n m bands, as well as the UV ab sorbance, of a 

sample cont a i n i n g  2.9+.3 x 10 - ^ moles of

F e ^ C O )  ̂ ( ^ s ) / g r a m ,  decrea se with inc re asing i rradia ti on 

time. After 1 hour of photolysis, the UV-vis spectrum 

ex hib its a fe at ureles s UV a b sor ba nce with no lower energy 

visible a b s o r p t i o n  bands establ is hing that cluster 

d e c o m p o s i t i o n  is complete. Gas phase a n a lysis during 

d e c o m p o s i t i o n  in dic ate s CO evolution, but the total 

amount of CO evolved, ca. 8  CO/ mole of cluster 

dec omposed, is well below the expected value of 1 2  

CO/mol e of cl uster decomposed. Si mil iar s t o i c h i o m e t r i e s  

have been reported by Basset and c o wo rk ers (36) during 

the thermal d e c o m p o s i t i o n  of u nsuppor te d F e ^ C O ) ^  and 

F e ^ C O ) ^  s u p po rted on dehydro x y l a t e d  MgO and A ^ O ^ .  

Fo l l o w i n g  1 hour of irrad iation, 360 torr of CO was added 

to the sample to ex ami ne the ab ility  of the photo p r o d u c t s
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to thermally backreact  with CO. A slight  increase  in the 

n ear -UV absorban ce, 0.05 a b sorba nc e units is 

i mmedi at el y observed, however, no further spectral 

changes are observed after sitting over CO in the dark 

for 12 hours. The sp ect ral change s ob se rved during the 

ph oto c h e m i c a l  d e c o m p o s i t i o n  of F e ^ (C O ) ^ ^ (a d s ), 

pa rt i c u l a r l y  the ab se n c e  of new ph o t o p r o d u c t  bands, and 

the i n ab ility of the p h o t o p r o d u c t s  to react th erm all y 

with added CO in dic ates the presenc e of irrever si bly 

o x i di ze d Fe species.

—  8P hotol ys is of a sa mpl e c on ta ining 2 . 2± . 2 x 10” 

moles of F e ^ C C O ) ^ ( a d s j / g r a m  with 254-nm e x citatio n for 1 

mi nute res ults in an i m med ia te d e c rea se  in a b sorbanc e 

th ro ugho ut  the UV-vis regions. Ana lysis of the gas phase 

reveals sim u l t a n e o u s  CO and Hg evolution. The e v olution  

of H 2 implies ox i d a t i o n  of z ero va lent iron by either the 

surface silano l groups and/or  ch e m i s o r b e d  I^O on the PVG 

surface; a phe no m e n o n  well known fol lowing thermal 

d e c o m p o s i t i o n  of F e ^ C C O ) ^  on h y d r o x y l a t e d  inorganic 

oxide su ppo rts (17,20,36). UV -vis sp ectr a recorded 

p e r i o dica ll y during a one hour i r r a d i a t i o n  of the sample 

show a co nt i n u o u s  decline in a b s o r b a n c e  thro ug hout the UV 

and vi sible regions. Pe riodi c moni t o r i n g  of the gas 

phase during this time interval  reve als CO ev olu tion 

along with incr ea sing II2  evolution. After 1 hour of 

p ho t o l y s i s  the UV -vis s p e c t r u m  e x h ib it s a f ea tureles s UV
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ab s o r b a n c e  with no lower energy a b s o r p t i o n  bands.

However, a n a ly sis of the gas phase rev eals in ad dition to 

H 2  and CO, si gnif i c a n t  am ou nt s of CH^. As shown in 

Figure 59, i n cr easing am ou nts of both CH^ and H 2  are 

ev olved following 1 2 0 0  min utes of photolysis, however, 

only a small amount of H 2 is evolved during  the next 1800 

m inu te time interval. The sharp de cl in e in evo lution 

is not accomp a n i e d  by a similar de cl in e in the amount of 

CH^, alt hough  a slight decrease in CH^ ev olution is 

observed. Gas phase an alysis  of the sample after sitting 

in the dark at 22+1 °C for 72 hours reveal s 2.9 x 10 ^
_7moles of and 7.8 x 10 moles of CH, are evolved. No 

2  4
other hydr o c a r b o n s  besides CH^ are detected.

FMR spectra fo llo wing 12 hour 254-nm pho tolysis of

F e ^ C C O ) ^  p hysis or bed on co arsel y ground PVG show no

r e sona nc es due to z e rovale nt  iron particles. This result

is c o n s i s t e n t  with periodic a n a lyse s of the gas phase

during ph otoc he mical dec ompo sitio n,  which reveal that the

time dep en d e n c e  of gas evo l u t i o n  is id entical to that

ob se rv ed for pho to ly sis of F e ^ C C O ) ^  ad sor bed on plate

PVG. At phot olysi s times < 1 hour, H 2  and CO gas are

evolved, while more prolon ged photo l y s i s  results in the

evo l u t i o n  of CH, in a d d i t i o n  to H 0 . The absence of a FMR4 2
signal due to z er ov alent iron and the ev o l u t i o n  of H 2  

co n fir ms  o x id at ion of the iron atoms.
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D. P h o t o t o r e a c t i o n s  of F e (C O ),-(ads ) with 

Olefin Complexes.

1. Di ff us e R e f l e c t a n c e  Experiments.

The DRIFT s p e c t r u m  of PVG under 160 torr of 1- 

pentene, shown in Figure 60, e x h ibi ts  strong a b s o r p t i o n s  

in the C-H and C=C stre t c h i n g  regions which are identi cal 

to those found in fluid solution. Of par ticu la r  

impo rt ance is the decl i n e  in inte ns ity of the 3744 cm  ̂

band of the free si lanol groups  of PVG which in dic ates  

adso r p t i o n  of the ol ef in onto these sites. The 

a d s o r p t i o n  of ole fins onto PVG is r e v e r s i b l e  since 

ev ac ua tion of the DRIFT m i c r o r e a c t o r  for several mi nu tes 

results in the s ubs eq uent d i s a p p e a r a n c e  of the bands due 

to the p hysis or bed olefin and r e a p p e a r a n c e  of the 3744 

cm~^ band. The DRIFT s p e ctru m of F e (C O ),. ( ads ) exh ib its 

little change f o ll ow ing a d d i t i o n  of olefins. This 

confirms that the ol efi ns  are not p h y s i s o r b e d  onto 

F e ( C 0 ) ^ ( a d s ) . Rather, they app ea r to phy sisorb  onto 

vacant PVG sites and do not af fect F e ( C 0 ) ^ ( a d s ) .

When a 3 5 0 - nm i r r a d i a t i o n  of F e ( C 0) ^( ads) is carried 

out under 1 0 0  torr of ethylene, drama ti c d i f f e r e n c e s  in 

the spectral featu r e s  re lat ive  to the pr evi ou s e x pe riment  

occur. Figure 61 shows the Ku be l k a  Hunk spectru m 

recorded prior to 0.4 second e x c i t a t i o n  and postpu lse 

spectr a recorded  at 0 , 2 0 , 60 and 1 0 0  seconds  following 

e xc itation . At least three a b s o r p t i o n  ma xi ma on the high
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fr equency side of the major F e ( C O ) ( a d s )  bands are 

observed, in a d d i t i o n  to a b s o r p t i o n  on the low frequen cy  

side. Th ese latter featu res are co ns i s t e n t  with the 

formula ti on of the p h o t o p r o d u c t s  as olefin c o mp le xes 

which typ icall y ex hib it strong a b s o r p t i o n s  beloi/ 2 0 0 0  cm 

*. For example, W r i g h t o n  (96) re por ts that 

F e( CO )^( e t h y l e n e )  in 3 - m e t h y l p e n t a n e  ex hibi ts  bands at 

2087, 2022, 2007 and 1984 cm"^ and trans- 

F e(C 0 ) ^ ( e t h y l e n e ) 2  in a low t e m p e r a t u r e  matrix (77 K) 

ex hibit s a single a d s o r p t i o n  at 1929 cm *■. The arrows, 

which illus t r a t e  the temporal d e v e l o p m e n t  of the spectral 

changes foll ow ing ex citation, indicat e a decay of the 

p h o t o pr oduct s p e c t r u m  and an increase in the int en si ty of 

the a b s o r p t i o n  under the Fe(CO)^ bands. D i ffe re nce 

spectra, shown in Figure 62, exhibit four peaks to the 

high frequen cy side of the major F e ( C 0 )^ (a ds) at 2087, 

2074, 2059, and 2048 c m ” '*', and two a d d i t i o n a l  features to 

the low frequen cy  side at 2015 and 1989 cm *■ . The 

ph otopr od uct decay du ring the first 2 0  second interval 

after e x c i t a t i o n  is do m i n a t e d  by a very rapid loss of the 

2059 cm'* band. C o n c u r r e n t  with this decay is an 

incre ase  in the 2048 cm"* band intensity. During and 

after these intial rapid changes, all other p h o t o pr od uct 

a b s o r p t i o n s  decay. The spectra l ch an ges du rin g the next 

40 second time in te r v a l  followi ng  e x c i t a t i o n  in dic ate s 

the 2087 cm"* band is the next fe atu re to disappear. The 

rate of decay of this band c o rr elates  well wi th the rate
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of decay of the bands at 2015 and 1934 cm The 2074

cm"^ band, r e m i n iscen t of the band o b s er ved in both the 

in vacuo and CO experime nt s, decays at sl igh tly longer 

times and its rate of decay appear s to c o rre la te with a 

feature under the 2048 cm  ̂ band, much of which persis ts 

as it shifts to 2041 c m - '*'. Foll ow ing 1.6 second 

excitation, the ra pi dl y de cay ing sp ecies  w hich ex hibit s 

the 2059 era"* band is formed in higher pro portions. As 

it decays, one now sees inc reases in the 2074 cm~* and, 

to a lesser extent, the 2087 and 2048 cm  ̂ bands. After 

these longer pho tolyses, and after shorter (0 . 1  sec) ones 

as well, the pho t o p r o d u c t  s p e c t r u m  decays in a similar 

fashion to that d e s c r i b e d  above. In all three 

exper ime nts, i.e., after 0.1, 0.4 and 1.6 second 

irradi ati ons, p h o t o produ ct  decay was co mplete wi th in 1 0 0  

seconds foll ow ing excita tion.

Figure 63 shows Ku be l k a  Hunk spectra re corded prior 

to and fol lowin g 0.4 second 35 0-n m irr ad i a t i o n  of 

Fe (C0 )^(a ds ) under 100 torr of 1-pentene. Po s t p u l s e  

spectra, as in the pr evi ous experimen t, were recor ded 0 , 

20, 60, and 100 seconds fol low in g excitatio n. The 

spectr a ag ain  ex hi bi t a b s o r p t i o n s  at both hi gher and 

lower f re qu encies  than the Fe (C0)^(a ds ) bands.

D if f e r e n c e  spectra, shown in Fi gure 64, reveal intial 

peaks at 2081, 2068, 2051, 2012, and 1973 c m ” *, The 

bands at 2081 , 2012, and 1973 c m - *- decay in moderate
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times while the bands at 2068 and 2051 cm * decay more 

slowly. The rates of decay of the 2081, 2012, and 1973 

cm * bands co r r e l a t e  well with each other, ind ic at ing the 

pr ese nce of a single major component. This is not the
• _ icase, however, for the 20o3 and 2051 cm bands, whose 

di ff eren t rates of decay sugges t the pre sence of two 

s p e c t r a l l y  di stinc t species. Fo r m a t i o n  of the latter 

sp ecies is favored by longer i rra di ation times. The 

decay s of the 2068 c m - * and 2051 c m - * bands, however, are 

i nc om p l e t e  after long ir radiations , while at short 

i r r a d i a t i o n  times, the major com ponen t exhi b i t i n g  bands 

at 2081, 2012 and 1973 c m - * decays co mpletely. Close 

e x a m i n a t i o n  of a series of diff e r e n c e  spectr a similar to 

Fi gures  50 and 51 for ir ra di a t i o n  under 100 torr of 1- 

pentene, i n di ca tes a ddit io nal c o m p o n e n t s  exhi bi ting 

a b s o r p t i o n s  at 2058, 2025, 2006, and 1973 cm *. These 

minor c o m p o n e n t s  decay rapidly and totally wi thi n the 

first 40 seconds follow ing excitation. Overall, the 

temporal d e v e l o p m e n t  of the p h o t o produ ct  spectrum 

i nd icates that four d i ffer en t c om ponents  are present in 

this system. W hile the a s s i g nmen ts  of chemical 

i d enti ti es of the spectr al c omponen ts  observed with 

et hyl e n e  and 1 - p e ntene will be discusse d later, their 

presence prompte d i n v e s t i g a t i o n  into the p h o t o c a t a l y t i c  

prop ertie s of the F e ( C 0 ) g - P V G  hybrid system. The resul ts 

ob tai n e d  using the ph o t o c a t a l y z e d  1 -p e nte ne  i s o m e r i z a t i o n  

as a probe rea ction are dis cusse d below.
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2. P h o t o c a t a l y z e d  1- pente ne i s o m e r i z a t i o n  reaction.

Gas phase a n a l y s i s  fol lowi ng  a d d i t i o n  of 100 torr of

1 - p e nt en e to a sample conta i n i n g  1 .8 + 0 . 2  moles of

Fe(CO) ,.(ads)/gram, ind icated no si g n i f i c a n t  i s o m e r i z a t i o n

occure d after sitting in the dark at room tem pe rature

over a period of se ve r a l  hours. Steady state i r r a d i a t i o n

with 350-nm light re su lted in a p p r e c i a b l e  i s o m e r i z a t i o n

of 1-pentene to cis and trans- 2- p e n t e n e s .  UV -vi s i b l e

sp ectra recorded during ph oto l y s i s  do not ex hibi t bands

at t r i b u t a b l e  to di me ric or trimeric spec i e s  at

i rr ad iation  times < 40 minutes, however, at pho tol ys is

times > 40 minute s, the sa mpl e ap pea red  faint green, and

UV -vi s i b l e  spe c t r a  exhibit a weak  a b s o r p t i o n  at 605-nm

c h a r a c t e r i s t i c  of the trimer. R e l at iv e to samples

c o ntai ni ng  known a m o u n t s  of F e ^ C O ) ^ *  the a b s o r b a n c e  at
— 8605 nm indicates 3 . 5jf0 . 2 x 10 moles Fe^ (CO) ̂  ̂  (at*s ) ! 8 m 

are formed fol l o w i n g  60 mi nu tes of irr adiati on . The time 

d e pe ndence  of the p h o t o c a t a l y t i c  i s o m e r i z a t i o n  reaction, 

shown in Figure 65, is q u a l i t a t i v e l y  s i m ili ar  to that 

report ed by W r i g h t o n  (79) and Grant (92,93) in s o l ut ion 

and in the gas phase. The r e a c t i o n  first exh ib its an 

induction period during which the rate of the reaction  

linearly in c r e a s e s  wi th time. This inc re ase in rate of 

product f o r m a t i o n  is follow ed by a steady state period, 

during wh ich the rate de creases. E x a m i n a t i o n  of the 

ratio of trans to c i s - 2 - p e n t e n e s  formed during 60 min utes
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of photo lysis  time, Fi gur e 6 6 , indic at es that the sy ste m 

never reaches the th erm o d y n a m i c  ratio of t r a n s / c i s - 2 - 

pentene (79% trans, 13.3% cis-2 -pente ne ; trans/c is =

4.32) (84). The trans to cis ratio ra pi dl y increases 

from 1.58 during the first 5 mi nutes to 2.67 fol lowing 10 

mi nu te s of irr adiation.  After this time period, the rate 

of the reaction decreases, and a slow in cre ase  in the 

trans/cis ratio is ob ser v e d  until, after 60 minutes, a 

limiting value of 3.40 is attained. As shown in Figure 

67, a plot of log versus log ir r a d i a t i o n  time over

the po rtion  of reac ti on where the extent of co nve r s i o n  is 

a p p r o x i m a t e l y  linear with i r r a d iation time, e x t r a p o l a t e s  

to a qu antu m yield value of 155^2.0. The high value of 

the qu an t u m  yield i n d icate s p h o t o g e n e r a t i o n  of a su rfa ce 

species which is ca t a l y t i c  with  respect to the number of 

photons adsorbed.

E. P h o t o c h e m i c a l l y  Induced High Optical Den sity Changes  

Using Fe(CO) .-- P V G .

Exposure of cal ci n e d  polished 1 mm thick plates of 

PVG to Fe(C0)j. vapor for 2 to 3 mi nutes res ults in the 

samples turning a pale yellow color. No color ch ange is 

de tec ted upon exposure of the sample to air in the time 

required  to mount the sample on the slide holder and 

begin photolysis. I rra di ation of the sample  with the 

image produced by focu sing a c o ll im ated light beam from a
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Fi gu re  67. Q u a n t u m  yield of 1-p ente ne  
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100 W Xenon lamp through a 35 mm plastic slide, however, 

causes an imm ed ia te color change. In the exp osed areas, 

the light causes the sample to become n o t i c e a b l y  darker 

rel at iv e to the un exposed pale ye llow regions. Ge ntle  

heating of the sample in air (ca. 2 0 0  °C) results in 

"fixi ng"  the opt ical changes, i.e., the opti cal change 

becomes p e rmanent  and i n s e n s i t i v e  to futher  light 

exposure. He ati ng  v o l a t iliz es  the un r e a c t e d  Fe(CO)^ from 

the su rf ace and c o n v e r t s  the p h o t o p r o d u c t  to an iron 

oxide. He at in g the PVG sample to 1 2 0 0 °C con s o l i d a t e s  the 

glass (c ollapse of its porous st ruc ture)  pro ducin g a 25- 

30% de creas e in sample volume. However, c o n s o l i d a t i o n  

does not reduce the r e s o l u t i o n  of the light induced 

optical pattern. A 30X m a g n i f i c a t i o n  of an image 

prepared by these t e chniqu es  is shown in Figure 6 8 .
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DISCUSSION

A. Adsorption of Iron Carbonyls.

Vapor dep o s i t i o n  of Fe(CO),. leads to a un iform 

d i s t r ibut io n of Fe (CO)^  on the surface, but not through 

the cross sec tion of PVG. R e g a r d l e s s  of the number of

moles adsorbed, which in these e x p e r i m e n t s  ranged from 2

— 8  — 5x 1 0 ” to 2 x 1 0  moles/ gr am, the co mplex  pe net rat es

0 .5+ 0 . 1  mm into the sample and im pr eg n a t e s  volumes 

adjacent to the outer surfaces. Since identi cal depths 

occur with d i f fere nt  c o m p l e x e s  wh ich differ from Fe(CO)^ 

in both size and m e c h a n i s m  of adsorp tion, the apparent 

p en et ration  is taken as a m e a s u r e  of the d eviati on s from 

surface planarity. The rapid rate of d esorpt io n from 

from the powder ed sa mples suggest s that a d sorptio n is 

also limited to the outer surfaces. In spite of the 

l ab yr inthin e m i c r o p o r o s i t y  of PVG, the dis t r i b u t i o n  of 

Fe(C0 )^( ads) as well as the sa mp ling depth of the DRIFT 

technique, ca. 20-40 microns, limits the reactions 

e xam ined in these ex p e r i m e n t s  to Fe(C0)^(a ds) onto the 

out er mo st surfa ces of the support. The PVG surface 

c ons ists of free and hydro ge n bonded silanol groups 

(128), and small, but va ri a b l e  am ou nts of h y d ro gen bonded 

water. Lewis acid sites, pr i n c i p a l l y  ^ O ^ .  are also 

present on the surface (118), but no s p e c troscop ic  

e vid ence was obtaine d in these e x p e r i m e n t s  that su gge sts
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p r e f e r e n t i a l  a d s o r p t i o n  onto these sites. Rather, the 

ad s o r p t i o n  of Fe(C O)g is a ra n d o m  proces s that leads to 

un ifo rm i m p r e g n a t i o n  of the outer sur faces of the PVG 

sample wi thout  disr u p t i o n  of the m o l ecula r inte gr ity of 

the adsorb ate.

The el ec t r o n i c  s p e c t r u m  of Fe(CO)g in n-hex an e 

c o n s i s t s  of ove rlappi ng , in tense MLCT and in tralig an d 

t r a n s itio ns  with a m a x i m u m  at 2 1 0  nm, and ligand field 

tr a n s i t i o n s  which appear as s h o ulde rs  at 285 and 245 nm 

(50). The s p e ctrum of F e C C O J^ Ca ds) e x h ibi ts  a 

p r o g r e s s i v e  i n c r e a s e  in the UV. The band maxima, > 230 

nm, and the ligand field tr ansi t i o n s  which ap p e a r  as 

s ho u l d e r s  in the so lu ti on spectrum, are ma sked by intens e 

a b s o r p t i o n s  due to PVG that occur at 290 nm. However, 

lower energy ligand  field t ra nsitio ns  i n d i c a t i v e  of 

ligand subst itution, or visible  a b s o r p t i o n s  i n d i c a t i v e  of 

d ime ric or trimeric cl us te rs are not detected. Diffuse 

R e f l e c t a n c e  FTIR spectra of Fe( C0) ^( ads) exhibit in tense 

v^q bands at 2026 and 2004 c m ’  ̂ and a weak band at 2114 

c m " ^ . Relat iv e to the gas phase spectrum, wh ere the 

bands appear at 2033 and 2012 c m ” *, adso r p t i o n  shifts the 

bands to lower fre qu ency and inverts their rela tive  

intensities . Ja ck s o n  and T r u s h e i m  (99,100) report 

similar shifts whe n the co mplex  is a d s orb ed  onto silica 

gel. Wh ile  the reasons  for the shift of the a d s or be d 

complex to lower frequency are unclear, the s imi la rity of
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the Fe(CO )^ (ads) s p e c t r u m  with the s p e c t r u m  of the 

comp l e x  in n-hexane, w hic h exhibits bands at 2023 and 

2000 cm suggest s that the in t e r a c t i o n  of Fe( CO)^ with 

the PVG surfac e is small and c o m p a r a b l e  to weak solvent 

effects. The weak band at 2114 cm * is assign ed  to the 

totally symmetric  mode. Althoug h for bid de n under 

symmetry, a weak band at 2115 cm  ̂ does ap pear in the 

infrared spect r u m  of c r y s t a l l i n e  Fe (CO )^  due to a 

decrease in the site sy mmetry of Fe(CO)^ to C 2 (19b). A 

reductio n in the local sy mmetry  from to C 2 V is also

expected to a c t ivate  the mode. Bein and Jacobs (129) 

report the occ u r a n c e  of a weak v^ band at 2115 cm  ̂ when 

the co mpl ex  is a d s o r b e d  onto NaY, H Y , and Linde L 

zeolites, and suggest that its o c cur re nce is due to 

m o l e c u l a r  d i s t o r t i o n s  imposed by the support. 

Conseque nt ly, the a p p e a r a n c e  of a weak band at 2114 cm  ̂

in the F e (C O )^ (ads) s p e c t r u m  is a t tribute d to a 

p e r t u r b a t i o n  of m o l e c u l a r  symmetry when the co mpl ex is 

ads or be d onto PVG. In spite of the a p p ar ent distortion, 

the simi l a r i t y  with soluti on  sp ectra e s tabli sh  that 

Fe(CO),- phys is orbs as a mon o m e r i c  unit without disr u p t i o n  

of its primar y c o o r d i n a t i o n  sphere. Therefore, ch anges 

in p h o t o c h e m i c a l  r e a c t i v i t y  are not a co nseq u e n c e  of 

m o l e c u l a r  changes, but rather a co n s e q u e n c e  of the 

chemical nature of the support and its dimen sional it y.
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The e l e c t r o n i c  s p e c t r u m  follo wi ng s u b l i m a t i o n  of 

F e 2 (C 0 )g onto PVG e x h i b i t s  visible a b s o r p t i o n  bands at 

605 and 440 c h a r a c t e r i s t i c  of F e ^ C C O ) ^  an(* an intens e UV 

absorba nc e. The spectrum, pa r t i c u l a r l y  the a p p e a r a n c e  of 

the 60 5- nm band, i n d i c a t e s  a t h erma ll y act iv ated 

d i s p r o p o r t i o n a t i o n  of the dimer. R e a c t i o n  5 was further 

confirmed  by the D RI FT s p e c t r u m  of PVG loaded with 

F e 2 (C 0 )g wh ich e x h ibi te d a b s o r p t i o n s  a t t r i b u t a b l e  to 

F e ^ C C O ) ^  a R d Fe (C O ) ^  but not an 1820 cm * band that is 

c h a r a c t e r i s t i c  of F e 2 (C 0 )g.

(5). 2 F e 2 ( C O ) 9  --------- =► F e 3 ( C O ) 1 2  + F e ( C 0 ) 5  + CO

D i s p r o p o r t i o n a t i o n  of F e 2 (C 0 ) 9  on PVG, which has also 

been o b s er ved on silic a gel (99) and in s o lu ti ons 

co nt aining weak li ga nds at room t e m p e rature  (59,60), 

indicate s that PVG does not act as an inert support. 

Rather, the surface si lanol groups and/ of ch e m i s o r b e d  

water are ca pable of ac t i n g  as weak ligand s thereby 

in fl ue n c i n g  the thermal r e a ctions of adsorb at es.

The U V - v i s i b l e  s p e c t r u m  of F e 3 (C 0 )j 2  adso rb ed onto 

PVG via solu tion i m p r e g n a t i o n  is id e n t i c a l  to that 

ob s erv ed  for the co mp l e x  in n-hexane. The abil i t y  to 

desorb the co mp l e x  intact indicat es that F e ^ f C O ) ^  

r e vers ib ly p h y s i s o r b e d  on PVG with o u t  d i s r u p t i o n  of the 

c o o r d i n a t i o n  sphere  or m e t allic frame of the cluster.
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The DRIFT spectrum of the complex sublimed onto PVG is

also i d entica l to the s o l u t i o n  spectrum, c o n f i r m i n g  no

s u b s t i t u t i o n  or d e c l u s t e r i f i c a t i o n  pro du cts are formed

upon ads or ption. The ab sence  of bands in the br idging
1

ca rbo nyl region of the DRIFT spectrum, and the s i mila ri ty 

with the so lut i o n  spectrum, indica te  that the a d s orbed  

complex posses se s symmetry, w hich  is the major 

is om er ic form found in fluid s o l ut ion (49). No spectr al 

e v i dence was obtai ned for for m a t i o n  of the anioni c 

hy dri do cluster, H - F e ^ C C O ) ^  , on PVG which is in 

ag r e e m e n t  with the re sul ts re por ted by B a s s e t ' s  group for 

ad s o r p t i o n  of the c o m p l e x  on si lica gel (29). These 

results reflect  the low r e a c t i v i t y  of the su rface silanol 

groups of silica suppor ts  towards the m e t a l l i c  frame of 

the cluster.

B. F o r m a t i o n  of Atomic  Iron Via P h o t o l y s i s  

of Fe (C O) r(ads) .

The p h o t o c h e m i s t r y  of F e (C O ) ^ (a d s ), r e g a r d l e s s  of 

su rf ac e coverage, ini tiall y p a rallels  that found in fluid 

solution. UV phot olysi s in du ces CO d i s s o c i a t i o n  and the 

f o r ma tion of a surfac e confin ed  pho t o p r o d u c t  that ab so r b s 

at 370 nm. The m a i n t a i n a n c e  of an i sos be stic point 

during the first few percen t of reaction, and the 

r e g e n e r a t i o n  of Fe (C0)^( ad s) f o llowin g e x p os ur e to CO, 

s ugg est that the p h o t o p r o d u c t  is a s u b - c a r b o n y l  species.
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Pol ia ko ff and Tu rner (68-70,132) report that Fe(CO) ^ 

g en erated in low t e m p e ratu re  m a t r i c e s  exhibits 

a b s o r ptio ns  centere d at 325 nm and 770 nm, whe reas 

Fe(C0)^Q, where Q r e p r e s e n t s  o c c u p a t i o n  of the vacant 

co o r d i n a t i o n  site by a matr ix  atom or molecule, exhibi ts 

only a 370 nm abs or ption. While both spe cies can 

th erm ally ba c k r e a c t  w ith added CO to regenera te  

F e ( C 0 ) ^ ( a d s ) , the s i m i l a r i t y  of the ph ot o p r o d u c t  sp ec trum  

with that of F e ( C 0 ) ^ Q  species, par t i c u l a r l y  the absenc e 

of a ne ar-IR band, su ggests o c c u p a t i o n  of the vac ated 

c o o r d i n a t i o n  site by a surface f u n c t i o n a l i t y  on PVG. 

However, o c c u p a t i o n  of the vacant c o o r d i n a t i o n  site does 

not necess a r i l y  imply formal c o o r d i n a t i o n  of the 

t e t r ac ar bonyl to the PVG surface. Rece nt  m e a s u r e m e n t s  of 

the a c t i v a t i o n  e n e r g i e s  of the r e a ct ions of W( C0)g(a ds ) 

with va rious ligands i n d ic ate that the W ( C 0 ) ^ - P V G  

i n t e r acti on  energy, _< 7 kc al/ mole,  is co n s i d e r a b l y  less 

than that e x p ected for formal c o o r d i n a t i o n  to the surface 

( 1 2 0 c , 123). Clearly, the Fe(C0),--PVG in te ra c t i o n  may 

differ, yet this m o l e c u l e  re mains  hi ghl y reactive. 

Ex po su re to weak ligands, L, such as py rid ine  for 

example, leads to rapid form at ion of F e ( C 0 ) ^ L  complexes. 

Thus, the primar y pho topr ocess , re action  1, leads to a 

surfa c e - b o u n d  t e t r a c a r b o n y l , F e ( C O ) ^ f a d s ) , wh ere the 

in te ra c t i o n  with the PVG su rface st abi l i z e s  the primary 

product, but not at the ex pen se  of s u b s e q u e n t  thermal 

reactivity. The q u a n t u m  yield of the reaction, within
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e x p e r imen ta l error of unity, is in agre ement  with that 

pr ev i o u s l y  report ed in both so lut io n (54) and the gas 

phase (64).

C o n tinued 254-nm phot olysis of sampl es c o n t a i n i n g  <
— 610- moles of F e ( C 0 ) ^ / g r a m  leads to the evo lution  of 

4.9+0.1 moles of CO ev o l v e d / m o l e  of F e ( C 0 ) ^ ( a d s ) . The 

loss of an isosbes tic point and the general de cli ne in 

a b s o r b a n c e  throughout the near-UV and UV regions 

fol lowin g more prolonged photolysis, indic ates the 

primary p h o t o pr oduct undergoe s seconda ry  ph o t o c h e m i s t r y  

to form more hi ghly u ns at urated s u b - c arbonyl  fragments. 

This is con si s t e n t  with the p h o t o s e n s i t i v i t y  of Fe (CO)^  

reported by Pol ia koff and Turn er  (68,6 9,72, 132) in low- 

tempera tu re m a t r i x e s  and Ou d e r k i r k  and We itz  (65,66) in 

the gas phase. UV- vi s i b l e  spectra record ed during 

phot olysi s give no indi c a t i o n  of the fo rmation of dimer ic  

or trimer ic clusters. The absence of Hj evolution, as 

well as the r e f o r ma tion of Fe (C0)^(a ds ) when the 

de c a r b o n y l a t e d  photop ro duct is exposed to CO, est ab lish  

the form at ion of zerov al ent iron on the PVG surface, and 

in a number  of experiment s, the product exhib its a line 

s p e c t r u m  e qui va lent to that of atomic iron g e nerat ed  in a 

low t e m p e r a t u r e  matrix  (72). The rapid r e g e n e r a t i o n  of 

the s u r f a c e - b o u n d  tetra c a r b o n y l  follow ing  a d d i t i o n  of 1 

atm of CO, and the slower reg e n e r a t i o n  of the 

p e n t a c a r b o n y 1, parallel the results reporte d by O u d e r k i r k
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and We itz ( 6 6 ) foll owing a d d i t i o n  of CO to a cell 

conta i n i n g  pho to genera te d, vapor phase F e ( C 0 ) x (x = 2, 3, 

4) fragments. Th ese  auth ors suggest that the d i f f e r e n c e  

between the re acti on  rates can be at tr i b u t e d  in part to 

the higher reac t i v i t y  of 12 and 1 4-el ec tron F e f C O ^  and 

FeCCO)^ sp ecies re lativ e to the 1 6- electr on  u n c o m pl ex ed 

Fe(CO)^ species. The slow r e g e n e r a t i o n  of the 

p e n t a c a r b o n y 1 in the PVG matrix  is co nsi s t e n t  with 

for ma ti on of a 18-ele ct ron s u r f a c e - b o u n d  t e t r a c a r b o n y 1  

which is not as re act iv e as free Fe(CO)^.

Ba ss et  and co w o r k e r s  (35,36) report that thermal 

d e c o m p o s i t i o n  of Fe (CO)g or F e ^ f C O ) ^  on hyd r o x y l a t e d  

silica yields z e r o v a l e n t  iron part ic les in a d d itio n to 

small am ou nts of an iron oxide. While the t e m p e ra ture 

d e p e n d e n c e  of the FMR lin ew id th needs to be d e t e r m i n e d  in 

order to c h a r a c t e r i z e  the pa rti cle  size di stribut io n, the
3large room t e m p e r a t u r e  linewidth, 5.0+0. 5 x 10 Gauss, 

recorded fol l o w i n g  pr olonged 254 -n m ph ot o l y s i s  of 

F e (C O )g (a d s ), suggests for ma tion of iron pa r t i c l e s  < 15 A 

(36). The fo r m a t i o n  of smalle r iron par ticle s followi ng  

p h o t o c h e m i c a l  d e c o m p o s i t i o n  of Fe(CO),. on PVG, r e l at iv e 

to the parti cl es formed f o llowin g thermal d e c o m p o s i t i o n  

on hydr ated silica gel, agree s wit h the result s of Nagy, 

van E e n o o , and D e r ouane (16) who i n v e s t i g a t e d  the thermal 

and p h o t o c h e m i c a l  d e c o m p o s i t i o n  of Fe (C O) ^ supp orted  on 

HY zeolites. P h o t o c h e m i c a l  d e c o m p o s i t i o n  resulted  in
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formation of zer ov alent  iron particles smaller than 9 A,
0

as compared  to the 15 A particl es formed fo llowing 

thermal dec om positio n.  The sma ller particle size was 

a t trib ut ed to a strong e lect ro nic interact io n betwe en the 

subcarbonyl  interm e d i a t e s  and the ze olite surface 

relative to the c o r r e s p o n d i n g  system prepared thermally. 

The form at ion of small p a r t i c l e s  of atomic iron on PVG, 

which possesses d i l at io n symmet ry and a Hau sdorff 

dime ns ion of 1.74+0.12 (119), appears to be re lat ed to 

the rel at ively low di m e n s i o n a l i t y  of the surface. This 

offers some Fe(C0)g a d s o r p t i o n  sites where the site 

di m e n s i o n a l i t y  curtails a g g l o m e r i z a t i o n . However, 

although the fractal dime nsion  of PVG is less than that 

of silica gel, 2.94+0.06, attrib u t i n g  the diffe r e n c e  in 

particle size solely to the smalle r d i m e n s i o n a l i t y  of the 

PVG surface is premature since thermal d e c o m p o s i t i o n  of 

Fe (CO) £. (ads) was a c c o m p l i s h e d  at t e m p e ra tures 250 C 

where a d sorb at e mo bilit y is expected to be greater.

C. M e c h a n i s m  of F e ^ ( C O ) ^^ Formation.

In contrast to the fo r m a t i o n  of small par t i c l e s  of

atomic iron at low surface coverages, UV phot olysi s of

Fe (C0 )^(ads)  at higher surfac e loadings, i.e., _> 10 ^

mo l e s / g r a m  leads to the formati on of F e ^ C O )  ̂ ( a d s ) . The

low qu an t u m  yield of d i s a p p e a r a n c e  for F e ^ C O ) ^  adsorbed
- 2onto PVG, 7.4 x 10 , e s t a b l i s h e s  that the trimer, once
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formed, is re lat i v e l y  p h o t o c h e m i c a l l y  inert and does not 

undergo add it i o n a l  r e a c t i o n s  with r e l a t i v e l y  high 

efficiency . The large inc rease in a b s o r b a n c e  in the 

ne ar- UV that ob scures the 44 0 - n m  sh oulde r of F e ^ f C O ) ^  

su gg es ts a d d i t i o n a l  ph ot op roduct s.  S u b t r a c t i o n  of the 

F e ^ C C O ) ^  spectrum, as well as the decl i n e  in a b s o r b a n c e  

in the near - U V  when the sample is ex po s e d  to 1 atm of CO, 

i ndi cate the pr es en ce of F e ( C 0 ) ^ ( a d s ) . Ja ckso n and 

T r u s h e i m  (99,100) report that an a n a l o g o u s  species  formed 

on silica gel reacts  ther mally  with a sh ort-li ve d 

d i nucl ea r i n t e r m e d i a t e  to form F e ^ C C O ) ^ *  A l t ho ug h 

op tical spectra  reco rd ed in our e x p e r i m e n t s  failed to 

reveal the p r e sence  of other m o n o n u c l e a r  or din uclea r 

species, the d e p e n d e n c e  of on i r r a d i a t i o n  time, Fi gur e 

47, is c o n s i s t e n t  with the proposed mec hani sm . The 

i nti ally small value of Pf^, which is in d e p e n d e n t  of 

loading, is su gg e s t i v e  of fo r m a t i o n  of precur sor  

com plexe s that either t h e rm ally or p h o t o c h e m i c a l l y  react 

to form the stable trimer. The obs erved s t o i c h i o m e t r y  of 

the p h o tore ac tion, Figure 46, in which c o n s i d e r a b l y  more 

CO is evolve d than can be ac c o u n t e d  for by fo r m a t i o n  of 

F e ^ f C O ) ^ *  i n dicates  a co mpl ex rea ction mixture. Indeed, 

D RIF T e x p e r i m e n t s  e s t a b l i s h  the pre sence of a nu mber of 

m o n o n u c l e a r  and po l y n u c l e a r  cl uster intermedi at es.
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1. DRIFT Experiments Under CO.

DRIFT spec t r a  of the terminal CO region fo llo win g 

350-nm p h otoly si s of Fe(C0) ^( ads) under va rio us CO 

p r essu re s i n d icate the formatio n of at least two 

s p e c t r a l l y  di st in ct species that ra pidly  react with CO at 

d i ffer en t rates to r e g e n e r a t e  F e ( C 0 ) ^ ( a d s ) . The rrtes of 

the b a c k r e a c t i o n s  depend on CO pressure, being c a . ten 

times more  rapi d under 400 torr than under 0.4 torr for 

both species. The sp ec ie s e x h i b i t i n g  bands at 2073 and 

2048 cm~^ ap pe a r s  first. A l t hough the slower rate of 

decay in d i c a t e s  that this is the more stable species, it 

is formed in limit ed amounts. Con tinue d p h o t o l y s i s  leads 

to p r e f e r e n t i a l  f o r m a t i o n  of a second, more reactive 

component  e x h i b i t i n g  a si ngl e band at 2062 cm The

latter specie s decays rapidly, but its decay pathwa y does 

not lead to a d d i t i o n a l  fo rmation of the 2073 and 2048 cm 

* species. The ab ility of both specie s to react with CO 

to r e g e n e r a t e  Fe(C 0 ) ^ ( a d s )  c o n firms  that they are 

s u b c a r b o n y l  species. Th ese results, togethe r with the 

p r evio us ly di s c u s s e d  UV -v is data, sugges t that the 

p ri mary p h o t op roduct , Fe(C0)^, reacts quickl y with the 

surface sila nol sites or c h e m i s o r b e d  water on the PVG 

surface to yield s p e c t r a l l y  dist inct Fe (CO)^ compl ex es 

c h a r a c t e r i z e d  by a band at at 2062 and bands at 2073 and 

204S respec tively .
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Jackson and Trush e i m  (100) report that 

Fe^CCO)^ 2 Ca d s ) is the sole re action  product when Fe(CO)^ 

ph ysiso rb ed onto silica gel is irradiat ed  at tempera tu res 

between 200 and 300 K. At tem p e r a t u r e s  between 100 and 

150 K, UV pho to ly sis yields, in add it i o n  to F e ^ C C O ) ^ *  a 

second product that exh ibits poorly resolved, yet 

r ep r o d u c i b l e  IR bands betwee n 1 96 0. and 1940 cra’ ^. The 

latter sp ecies was a s s igne d to the product,

F e ( C 0 )^ (Si 0 2 ) , arising from the ad di ti on of the primary

ph otopr od uct Fe(C0)^, to either  a surfa ce silanol or 

bridg ing  si loxane group. B a l l i v e t - T k a t c h e n k o  and 

Co ud ur ier (17) in ve s t i g a t e d  the a d s o r p t i o n  and thermal

d e c o m p o s i t i o n  of of Fe(CO),- and F e 2 (C 0 )g on HY zeolites.

Upon a d s o r p t i o n  of these c o mp le xes into this matrix, CO 

was evolved, and the au th ors ass ig ned IR bands at 2112, 

2040, 1985 and 1950 cm"'*' to a ze olite bound iron 

subcarbonyl, ZO H- Fe(CO)^ , w hich  r e ve rs ibly rea cted to 

form Fe^fCO) j 2 (a<is ) . No sp ecie s e xh ibiting  bands below 

2 0 0 0  cm"*' were observed f o llowi ng  am bi e n t  tem pe rature 

ph ot olys is  of Fe (C0 )^ on PVG. However, sp ecies  e xh ib iting 

bands in the region  above 2000 cm  ̂ which react with CO 

and behave as su b c a r b o n y l  sp eci es are observed. Their 

r e lati ve ly  higher energy CO s tr etching  fre quencies, as 

c om pared to the Fe (C 0) ^ ad du c t s  m e n tione d above, suggest 

that at least p a rt ially  ox id ized Fe (C O) ^ species are
_ i

r es po n s i b l e  for the 207 3-204 8 and 2062 cm adsorptions. 

F e ( C 0 )^ p h o t o g e n e r a t e d  from Fe (C 0)^ has been rep or ted by
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W r i g h t o n  (133) to un dergo  an o x i d a t i v e  a d d i t i o n  reaction 

with R^Sill in fluid solut ion at room te mperature. Sweany 

(134) reports that UV photolys is  of Fe (C O) ^ in a low 

t emper at ure Ar matri x c o nta in ing 10% ^  re su lts in 

fo rma tion of Fe(CO )^  and an o x i d a t i v e  a d d i t i o n  adduct 

F e ( C 0 )^ H 2 » The former spe cies e x hi bited bands at 1994 

and 1974 cm while higher fre quency bands at 2122, 2051 

and 2043 cm * were as si gn ed to the latter. The more 

stable species which e x h ibits bands at 2 0 7 3- 20 48 cm  ̂, 

f ol lowing phot ol ysis of Fe CCO)^  on PVG, is a s s ig ne d to II- 

Fe(C0 )^- 0Si, where the pr imar y ph ot o p r o d u c t  has un d e r g o n e  

an oxi dat iv e addit ion reactio n with a sur face silanol 

site on the glass. When these sites are consumed, 

p r e f er en tial fo rma tion of the mo re r e a ct iv e species, 

as signed to H - F e (C 0 ) ^ - 0 H , oc curs by o x i d a t i v e  a d d i t i o n  of 

cheraisorbed 1^0 to Fe(C0)^, A l t h o u g h  the PVG has been 

pre tr eate d under co ndi t i o n s  w hi ch  d r a m a t i c a l l y  reduce the 

amount  of c he misorbe d I^O, the D RI FT  s p e c t r u m  of ca lc i n e d  

PVG does reveal the presence of small amou n t s  of ads orbed 

Infrared a b s o r p t i o n s  from n o n - c a r b o n y l  mo des in 

these Fe (C0)^  ox i d a t i v e  a d d i t i o n  ad du c t s  are weak and are 

c o r r e s p o n d i n g l y  not detected. Th ese ad duc ts are expected 

to be uns table and may dec o m p o s e  via r e du ct ive 

e l i m i na tion to form ei ther unstable, un comp l e x e d  Fe (C0) ^ 

species, or by irre v e r s i b l e  redox re ac t i o n  to ionic 

h y d r i d o i r o n c a r b o n y l  species or cat ionic iron carbonyl 

comple xes ; ne ithe r of which are det ected as i n t e r m e d i a t e s
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or stable products.

DRIFT spectra recorded following photolysis of

Fe ( C 0 )^ (ads) under 4 and 0,4 torr CO indica te that while

the H - F e ( C 0 ) ^ - 0 S i  adduct  is formed in am oun ts simila r to

the 400 torr experiment, f o rm ation of H - F e ( C 0 ) ^ - 0 H  is

less favored. In a d d i t i o n  to the ox i d a t i v e  add ition

adducts, DRIFT sp ec tr a now reveal the presenc e of an

ad di t i o n a l  stable p h o t o prod uc t exhi b i t i n g  an a b s o r p t i o n  
-1at 2053 cm . This sp ect ral feature is assigned to 

Fe,j(C0 ) ^ 2  based on the DRIFT s p e ctrum of F e ^ C C O ) ^  

s ub limed onto PVG which ex hib its a ma jor a b s o r p t i o n  at 

2053 c m - *. Thus, a thermal or photoc h e m i c a l  reactio n 

pathway from the rea ct ive H - F e ( C 0 ) ^ - 0 H  adduct to the 

r el a t i v e l y  un rea c t i v e  p o l y n uc lear metal c a rb on yls is 

o pen ed by lack of su ff i c i e n t  CO. The a pp earanc e of weak 

a d s o r p t i o n s  in the br idging c a r bo nyl region at 1790 and 

1820 c m - *, which are ass igned to the dimeric species 

F e 2 ( C 0 ) 8  (2068, 1790 c m - 1 ) and F e 2 ( C 0 ) 9  (2066, 1320 cm' 

*), co nf i r m  this pathway. These as s i g n m e n t s  are 

c o n s i s t e n t  with the peak pos it io ns of the bridging 

ca rb on yl bands re por ted by Po l i a k o f f  and Turner 

(69,70,74) for each dimer in low t e m p e ra ture m a t rices and 

with the work of Jack s o n  and T r u s h e i m  (100) who ex ami ned 

the p ho to lysis  of si lica ad sorbed F e ( C 0 ) 8  at sub am bi ent 

te mperature s. A l t ho ugh for ma tion of F e ^ C O ) ^  was 

obs erved  to be in hib ite d under higher  CO pressu re s it was
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observed to form under 4 torr of CO.

2. DRIFT Ex p e r i m e n t s  in Vacuo.

E x a m i n a t i o n  of the series of d i f f e r e n c e  sp ec tra 

f ol lowing 2 pulse e x c i t a t i o n  of Fe(C0)^ (a ds) with the 

355-nra second  harmonic  of a Q - s w i t c h e d  Nd i Y a g  laser, 

Figure 50, reveals i m me diate fo r m a t i o n  of a 2056 cm * 

band wh ich decays slowl y over the 540 second time 

interval. As d i sc us sed previously, bands in the 2053 and 

2059 cm” * re gio n are i n d i c a t i v e  of trimer formation. 

However, UV~vis spectra and gas phase a n a ly si s of a PVG 

sample i m p r e g n a t e d  with F e ^ C C O ) ^  wh ich was stored in the 

absence of light and air, indicate  n e g l i g i b l e  decay of 

the trimer over a period of severa l hours. The fo r m a t i o n 

of at least two trimeric species is po stu lat ed, one being 

F e ^ C C O ) ^ *  (2053 c m ” *), which was a s s i g n e d  in the low 

p res sure CO exp erimen ts . The slowly decayin g tr imeric 

cluster species which e x h i b i t s  a band shifted to sli ghtly 

higher freque ncy, (2056 c m ” *), is te nt at i v e l y  a s s i g n e d  to 

an i n c o m p l e t e l y  formed F e q (C0) (x < 12) species, wh erej X
its vacant c o o r d i n a t i o n  sites are bound to su rfac e 

f u n c t i o n a l i t i e s  on PVG. The d i ff er ence spectr a 

i l l u s trat in g the pho t o p r o d u c t  decay forty seconds 

fo llo wing e x c i t a t i o n  shows the rapid decay of the H- 

F e(C0) ^- 0S i adduct, (207 3 - 2 0 4 3  c m - *). No spectral 

e v i de nce was obtaine d for f o rmat io n of the r e a c t i v e  H-
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F e( CO )^-OH adduct, (2062 cm'^), since this species 

u n derg oe s either a p h o t o c h e m i c a l  or thermal r e a ction to 

form more highly u n s a t u r a t e d  i n t e r m e d i a t e s  from w hi ch the 

polynuc le ar cl uste rs  arise. Minor bands in the bridging  

ca rb on yl region at 1790 and 1823 cm  ̂ due to F e 2 (C 0 )g and 

F e 2 (C 0 )g, re spe ctive ly, are also observed  to decay within 

40 se conds followin g exc it at ion. The for m a t i o n  of 

p o l y n ucle ar  c l u sters  was facili t a t e d  by two pulse 

excitation, re la tive to the results o b t ai ned follow ing 

single pulse exc itation.

C o m p a r i s o n  of a series of d i f f e r e n c e  spectra 

fo llowing cw irradi a t i o n  of F e ( C 0 )g (a ds) in vacuo, Figure 

51, reveal both sim i l a r i t i e s  and d i f f e r e n c e s  re lativ e to 

the pulsed ex pe riment s.  The s p e c t r u m  obt ained 

im m e d i a t e l y  f o l lowin g excit a t i o n  re veals  immedia te  

f o rmat io n of an u n r e a c t i v e  tr imeric cluste.r, (2059 cm * ) 

w hic h is c o n s i s t e n t  with the pulsed ex periments. The 

d if fe rence sp ectr a o b t ai ne d 1 0 0  se cond s follow ing 

ex cit a t i o n  e x h ib it s the 2059 cm"^ band with a higher 

freque ncy  shoulde r at 2066 cm *■. In addition, a severe 

dec line in the 1790 and 1820 cm * i n t e n sitie s occurs 

after 100 seconds. Thes e spectral chan g e s  are due to the 

rapid decay of the di meri c F e 2 (C 0 )g (2068, 1790 cm *) and 

F e 2 (C 0 )g (2066 1820 cm"’*') cl uster s wh ich is c on sistent  

with the high rea c t i v i t y  of F e 2 (C 0 )g re por ted by Ko er ne r 

von Gustorf (135) and the d i s p r o p o r t i o n a t i o n  re action of
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Fe ^CCO)^ observed on both silica  gel (99) and PVG at room 

t em pe rature  (see above). As with the pulsed exper iment s,  

spectr al ev idenc e for the f o r ma ti on of the r e a ct ive II- 

F e ( C O ) ^ - O H  adduct is not obtained. However, the rapid 

decay of the H - F e ( C 0 ) ^ - 0 S i  adduct noted in the pulsed 

e x p e r i m e n t s  is not ob ser ved in the cw ex pe rim ents.

Rather, the decay of the bands at 2073-204 8 cm~*

at tr i b u t e d  to F e ( C 0 )^-0S i is a p p arent in the spe ctrum  

obtained 2 0 0  second s f o l lo wi ng excitati on, as c o m p a r e d  to 

40 sec onds followin g pulsed excita tio n. Al th ou gh the 

faster rate of decay in the pulsed e x p e r i m e n t s  may arise  

from a higher level of CO after pulsed pho tol ys is versus 

cw photolysis, decay of H - F e ( C 0 ) ^ - 0 S i  in the cw 

ex p e r i m e n t s  is observed only after decay of the dim eric 

clusters. The time depen d e n c e  of the p h o t o p r o d u c t  decay 

suggests that the dim eric F e 2 (C 0 )g and F e ? (C0)g c l u sters  

decay to Fe(C0)^ via II-Fe( CO) ̂ - O S i . The final s p e ctrum  

obtained 600 se conds follo wi ng e x c i t a t i o n  ind icates the

slow decay of a 2059 cm  ̂ band prev i o u s l y  a s s ig ned to an

i n c o m p l e t e l y  formed trimer ic cluster.

3. DR IFT E x p e r im en ts Under T r i m e t h y l p h o s p h i n e .

A cw photoly si s of Fe(C0) ,-(ads) under 100 torr 

t r i m e t h y l p h o s p h i n e  results in f o r mation of an e x t e n s i v e 

series of ph otoproducts . No sp ect ral e v i de nce of 

formation  of trimeric cl usters were o b s erv ed  in these
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experiments. At short ir radi a t i o n  times the spectra 

co nsist mainly of a d s o r p t i o n s  due to F e ( C 0 ) ^ ( P ( C H 3 )3 ) 

(2047, 1969, and 1940 c m - 1 ) and F e ( C O )3 ( P ( C H 3 ) 3 ) 2  (1885 

cm- *). The a s s i g n m e n t s  were based on the IR band 

p o siti on s of the c o r r e s p o n d i n g l y  substitut ed  

t r i p h e n y l p h o s p h i n e  c o mplex es  in hy d r o c a r b o n  solution 

(90). The a d d i t i o n a l  peaks at 2020, 2004, 1998 and 1845 

cm * are di f f i c u l t  to as sign to known stable complexes. 

These bands are t e n t a ti ve ly a s s ign ed  to the 

m o n o s u b s t i t u t e d  p h os phine analog of F e 2 (C 0 )g, 

F e 2 (C 0 ) g ( P ( C H 2 ) j ) . Co m p l e x e s  such as these have not been 

isolat ed from s u b s t i t u t i o n  rea ction s of F e 2 (C 0 )g with 

p ho sp hines and other ligands. Instead, 

d i s p r o p o r t i o n a t i o n  of the comp l e x  into F e ( C0 )^L and 

Fe(C0 )g occurs. The decay of the bands assigned to 

F e ( C 0 ) 2 ( C 0 ) 8 ( P ( C H 3 )3 ) at 2020, 2004, 1998, and 1845 c m - 1  

fo ll owin g short i r r a d i a t i o n  times is observe d to result 

in an increase in i n t e n s i t y  of bands a tt ributed  to 

F e ( C 0 ) 4 (P ( ( C H 3 ) 3  at 2047, 1969, and 1940 c m - 1 . The decay 

of the bands as sig ned to F e 2 (C 0 ) g ( P ( C H 3 )3 ) to 

F e ( C 0 ) ^ ( P ( C H 3 ) 3  is c o nsisten t with the d i s p r o p o r t i o n a t i o n  

of F e 2 (C 0 )g in the pr es en ce of weak ligands, L, in fluid 

solution, to F e ( C0 )^L and F e ( C 0 ) 3  (59,60), C o n tin ue d 

irradi a t i o n  results in a nearly pro po r t i o n a t e  in cre ase in 

all bands, however, those for F e ( C 0 ) 3 ( P ( C H 3 ) 3 ) 2  and 

F e 2 (C 0 ) g ( P ( C H 3 )3 ) are somewh at favored. Fol lowin g 1.6 

se con ds cw irradi ation, the major phot op roduct e x h ib it s a
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band at 1788 cm ^ . This band is t e n t a t i v e l y  ass igned to 

the b r i dging carbonyl st retch of a d i nucl ea r  

F e 2 ( C O )^ (P (C H ^ ) ^ ) 2  species. At this point the bands due 

to F e C C O J g C P C C H ^ J g ^  co mplex dominat e the spectrum. At 

the longest phot o l y s i s  times, 6.4 seconds, several 

a b s o r p t i o n  bands begin to exhibit shoulder s. Anal ys is by 

s pec tral s u b t r a c t i o n  meth o d s  result s in o b s e r v a t i o n  of a 

peak at 1815 c m - *' te ntat i v e l y  a s s ig ne d to 

FeCCO ^ C P C C H ^ ) ^ ) - } *  The a s s i g n m e n t s  of the reactive, 

decay ing  c o m p l e x e s  F e (C O ) ^ (P ( C H ^ )g ) (1950, 1920 cm *) and 

F e (C O ) 2 (P ( C H ^ ) ^ ) 2  (1855 cm ^), each of whic h is probably 

com p l e x e d  by the glass and/or its a d v e n t i t i o u s  ligands, 

is some wh at tenuous. However, this e x p e r i m e n t  allows us 

to postulat e the p r e sence  of several reactive  

i n t e r m e d i a t e s  and re veals the enormou s p r opens it y of the 

p h o t o p r o d u c t s  to un dergo  seco nd ary ph ot o c h e m i c a l  

reactions, with e v i d e n c e  for m u l t i p l e  c a r bo nyl ligand 

loss even at the sh ortes t pho tolys is  times.

4. Pr oposed M e c h a n i s m  For F e ^ C O )  ̂„ Formation .

Few re ports have ap pe ar ed in the l i te rature  

re gar ding the photochemis.try of sup porte d Fe CCO) ^ due, 

for the most part, to the e x p e r i m e n t a l  d i f f i c u l t i e s  

imposed by the op ac it y of many tr ad itiona l oxide 

supports. The most ac tive r e s e a rc hers have been Ja ckso n 

and T r u s h e i m  (99,100) who c i r c u m v e n t e d  the pr ob l e m  by 

i n v e s t i g a t i n g  the p h o t o c h e m i s t r y  of F e ^ O ) ^  suppor te d on
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t ransp ar ent silica gel. T he ir  results proved 

c o n c l u s i v e l y  that ambi e n t  t e m p e rature  ph otolysis of 

Fe( CO)g at s u b - m o n o l a y e r  c o ver ag es results in fo rmation  

of F e ^ f C O ) ^ *  At su rfa ce  cov e r a g e s  greater than 

monolayer, phot ol ysis yields F e 2 (C 0 )g. Since the 

e n viro me nt of the F e ( C O ) ^  residing  in these molecu la r 

o v e r l a y e r s  a p p r o x i m a t e s  that of a thr e e - d i m e n s i o n a l 

liquid phase, the f o r m a t i o n  of F e 2 (C 0 )g is con sistent 

with that pre viou sl y o b s e r v e d  in pho toly si s of pure 

liquid Fe(CO)^ (58). Two m e c h a n i s m s  were proposed for 

the for m a t i o n  of F e ^ C O ) ^ *  both wh ich  involve the 

p a r t i c i p a t i o n  of su rface silica groups as weak ligands. 

The first p os tulate s p h o t o c h e m i c a l  f o rm at ion of an 

uno bs er ved mo bil e Fe(C O ) ^  species, i n t e r m i t t e n t l y  bound 

as F e ( C O ) ^ - S i 0 2 * which sub s e q u e n t l y  u n d er go es a stepwise 

thermal tri me r i z a t i o n  to yield the F e ^ f C O ) ^  cluster.

The second inv ol ves therma l or p h o t ochem ic al formation of 

Fe (CO)^ from uncomp l e x e d  Fe(CO)^. This highly 

c o o r d i n a t i v e l y  un s a t u r a t e d  int e r m e d i a t e  was pos tul at ed to 

react thermall y with a d s orbed FeCCO)^ to yield the 

reactive, d i nuc le ar i n t e rm ediate , F e 2 (C 0 )g. A thermal 

re action of F e 2 (CO)g wit h  ei ther u nc om plexed  Fe (CO )^  or 

a ds orbed Fe (CO)^  r e s ulted in fo rma tion of F e ^ C O ) ^ *  

Neithe r F e ( C O ) ^ , Fe(CO)  ̂ , or F e 2 (C 0 )g were 

s p e c t r o s c o p i c a l l y  o b s e r v e d  f o l lo wi ng pho toly si s at room 

te mpe rature. In a s u b s e q u e n t  in vestigation,  the 

p ho to ch e m i s t r y  of silica sup port ed  Fe (C O) ^ was examined
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at sub-am b i e n t  te mperatures. At tem p e r a t u r e s  > 200 K, 

the only signi f i c a n t  p h o t oprod uc t o b s erved was F e ^ C C O ) ^ *  

P ho t o l y s i s  at te mp e r a t u r e s  betwee n 100 and 150 K resulted 

in formatio n of F e ^ C C O ) ^  a n d the a p p e a r a n c e  of IR bands 

between 196 0-19 40  c m ” * which were a s s ig ne d to 

F e ( C O )^ (S i 0 2 )• P h o t o l y s i s  between 1 0  and 50 K resulted 

in the a p p e a r a n c e  of two bands in the bridging carbonyl  

region at I860 and 1820 c m ” *. These bands d i s a p p e a r e d  as 

the cell was wa rmed to 300 K, leading to an inc rease in 

i n tens it y of bands due to Fe (CO) ^ and F e ^ C C O ) ^ *  The 

band at 1820 c m ” * was as signe d to F e 2 (C 0 )g wh ile the band 

at 1860 era” * re mained un assigned. A new m e c h a n i s m  was 

proposed which involved for matio n of a un id entifie d 

dinuclear  i n t e r m e d i a t e  via thermal r e a ct io n of 

un c o m pl exed Fe( C0)^ wit h the im mob ile  F e ( C 0 ) ^ ( S i 0 2 ) 

species. This di n u c l e a r  int e r m e d i a t e  then reacts rap idly 

with a d s or be d Fe(C0)^ to form F e ^ C C O ) ^ *

While the facile p h o t oc he mical f o rmation  of 

F e ^ C C O ) ^  is obs erved on both silica gel and PVG, the 

trimer is not the sole p h o t o p r o d u c t  f o ll ow ing am bi en t  

te m p e r a t u r e  pho to ly sis on PVG. Instead, the e l ec tr onic  

s p e c t r u m  reveals, in ad dit io n to bands c h a r a c t e r i s t i c  of 

F e ^ C C O ) ^ *  a s i g n i f i c a n t  near-UV a b s o r b a n c e  which cannot 

be a t t r i b u t e d  to the trimer. The de cline in this 

a b s o r b a n c e  f o llow in g a d d it io n of CO confirms the presence 

of s u b c a r b o n y l  species on PVG f o l lowing  ambien t
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t e m p e r a t u r e  pho tolysis. DRIFT e x p e r i m e n t s  also reveal 

the pre se nce of reacti ve m o n o n u c l e a r  and polynucle ar  

i n t e r m e d i a t e s  follow in g am bi e n t  t e m p e r a t u r e  photolysis. 

The myriad  of p h o t o p r o d u c t s  s p e c t r o s c o p i c a l l y  o b s er ved on 

PVG can be a t t r i b u t e d  to the unique surf a c e  pr ope r t i e s  of 

PVG. K u b ok aw a and Anpo (121) have d e m o n s t r a t e d  the 

ab ility  of PVG to k i n e t i c a l l y  s t a b a l i z e  ph o t o g e n e r a t e d  

i n t e r m e d i a t e s  and wor k in our l a b o r a t o r y  reveal s that 

p ho to lysis of Gr oup  VI. hexacar bony Is adsorbe d onto PVG 

yields the c o r r e s p o n d i n g  p e n t a c a r b o n y I s , which have 

s p e c t r o s c o p i c a l l y  q u a n t i t a t e d  lif etime s of >_ 43 hours in 

vacuo ( 1 2 0 c , 122). The lower d i m e n s i o n a l i t y  of PVG (119) 

r e l at iv e to silica gel may also place geom et rical 

c o n s t r a i n t s  on the p h o toprod uc ts, th ereb y curt a i l i n g  

aggloraerization and a l l owin g their o b s e r v a t i o n  at am bien t 

temper atu res.

The ob s e r v a t i o n  of IR bands in the 1960-1940 cm * 

region, which have been as sig ne d by several authors  

( 1 7 , 6 8 , 7 0 , 1 0 0 , 1 2 9 )  to a F e ( C 0 )^ (Si 0 2 ) species, are not 

ob ser ved on PVG. Rather, photo l y s i s  of Fe( C0)^(a ds ) 

under CO leads to the a p p e a r a n c e  of bands at 2 0 7 3- 2048 

and 2062 cm*^ which were a s s ig ned to H - F e ( C 0 ) ^ - 0 S i  and H- 

Fe (C0)^-0H,  r e s p ect iv ely. Whil e their relat i v e l y  short 

lif et im es may pr even t their o b s e r v a t i o n  at ambient 

te mpe rature, in the low power, sealed cell e x p e r i m e n t s  of 

Ja ck s o n  and T r u s h e i m  (99,100) who record ed  sp ectra  on a
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re la t i v e l y  slow d i s p e r s i v e  sp ectroph ot ometer,  these 

ad ducts  should be obse r v a b l e  in the low tem pe rature 

e x p e r i m e n t s  by these i n v e s t i g a t o r s  where they ob serve the 

Fe tCO J^CS iC ^) species. The as si g n m e n t  of the band at ca. 

2060 c m - * to F e ^ t C O ) ^  raay be an incorrect a s s u m p t i o n  

since it is po ssibl e that this band com pri se s ad s o r p t i o n s  

from the II-Fe(CO)^-OSi and F e ( C O ) ^ - O H  at subambien t 

te mperatur es. As the sample is warmed to room 

t em pe rature  F e g C C O ) ^  m a y indeed be the sole c o n t r i b u t o r  

to this band. From ana ly sis of the re sul ts o b t ai ned by 

Jack s o n  and T r u s h e i m  lire co nc lude that H - F e (C O ) 4 ~0Si and 

H - F e ( C 0 ) ^ - 0 H  are more stable than the F e ( C 0 ) ^(S i 0 2 ) 

species. However, this latter species may still be an 

important, u n det ec ted i n t e r m e d i a t e  in cluste r and Fe (CO )^ 

formatio n from the former two species. A new m e c h a n i s m  

for F e ^ C C O ) ^  f o r ma tion is proposed which is cons i s t e n t  

with our o b s e r v a t i o n s  on PVG. The m e c h a n i s m  is first

presented in a series of reaction s and then in terms of a

diag r a m  which more cl ea rly il l u s t r a t e s  the 

i n t e r c o n v e r s i o n s  am ongst the d i f fer en t intermedi ates.

1. F e ( C 0 ) 5 (ads) -> F e ( C 0 ) 4  + CO

2. F e ( C O ) 4  + PVG  » H - F e (C O )^-OSi + H - F e (C O ) 4-OH

3. H - F e ( C 0 ) 4 -0H  > F e ( C 0 ) n (n<3) + CO + I^OCads)

4. F e ( C 0 ) 3  + F e ( C 0 ) 5 (ads) --------» F e 2 ( C 0 ) 3

5. F e 2 ( C0)Q + CO --------> F e 2 ( C0)Q

6 . 2 F e 2 ( C O ) 3   » F e 3 ( C O ) 1 2  + H - F e ( C O ) ^-OSi + 2C0
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7. F e ^ (C O )n + Fe( CO) ^( ads) > F e ^ (C O ) ^^ + CO

In the above r e a ct ion scheme, the und er l i n e d  species 

have been s p e c t r o s c o p i c a l l y  id entified. R e a cti on  1 

repre s e n t s  the primar y photoprocess, i.e., fo r m a t i o n  of 

Fe(CO)^. This process is i nd ep endent of su rfa ce loading 

and e x c i t a t i o n  int ensity. This is fo llowe d by a rapid 

re a cti on  of Fe(C O ) ^  with the su rfa ce silano l groups and 

ch em is o r b e d  ^ 0  on the PVG surface, re ac t i o n  2, to yield 

the two ox i d a t i v e  a d d i t i o n  adducts, H - F e ( C 0 ) ^ - 0 S i  and H- 

F e (C O )^ - O H . The rapid decline of both UV-vis  and DRIFT 

bands a s s i g n e d  to these o x i da tive a d d i t i o n  ad ducts 

co nfirm  their ability to the rmally backreac t with either 

ph otoej ec ted or added CO to re gen e r a t e  F e (C O )^ (a d s ). The 

absence of the more reactive H - F e ( C 0 ) ^ - 0 H  in the CO free 

experimen ts , in which p olynuc le ar clu s t e r  f o rmati on  is 

observed, i n d ic at es it is this species which gives rise 

to the more hi gh ly c o o r d i n a t i v e l y  u n s a t ura te d species 

from wh ich  these c l u s t e r s  arise. The loss of the 

i s osbe st ic point f o ll ow ing cont in ued ph ot o l y s i s  of 

F e C C O j^fa ds ) at surfac e loadings, 10~^ moles/ gr am, 

indicate s that the s u r f a c e - b o u n d  t e t r a c a r b o n y 1 has 

un de rgone s e co ndary r e a ct ions to form other 

ph ot op roduct s.  This secondary ph o t o c h e m i s t r y  yieldin g 

Fe (C O) ^ and po ssibly F e ( C 0 ) 2  is d e scribed  by r e a c t i o n  3. 

The s e co nd ary p h o t o p r o d u c t s  were  i de ntifie d in the DRIFT 

trapp ing  e x p e r i m e n t s  with t r i m e t h y l p h o s p h i n e  where
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Fe(CO) is found to be a major product even at

the sh ortest ir r a d i a t i o n  times while more e x tens iv e 

ph oto l y s i s  yields F e C C O ^ f P C C H ^ ) ^ ^ *

The thermal rea ct ion of Fe(C0)g with nasc ent Fe(CO)^ 

on PVG to form the r e a ct ive F e 2 (C 0 )g cluster is shown in 

rea ction  4. P o liak of f and Tu r n e r  (74) have gen er at ed 

F e 2 (C 0 )g via UV p h o t o l y s i s  of ma tr ix isolated F e 2 (C 0 )g 

and have sugg ested as its s t ructur e a labile, carbon yl  

bridged spec ie s co nt a i n i n g  a formal iro n-i ro n double  

bond. An a l te rn ate pathwa y to this dinu clear  int e r m e d i a t e  

might invol ve  d i m e r i z a t i o n  of uncomp lexed, mobile  Fe(CO)^ 

with the surfac e bound H - F e ( C O )^ - O H . The ab se nce of 

bands in the ne ar-IR region of the e lectr on ic spectrum, 

co upl ed wi th the ab se n c e  of bands below 2 0 0 0  cm *, tend 

to di s c r e d i t  this pathway since the absence of these 

spectral features su gge st s that un complex ed  Fe (C O) ^ is 

not an i m p ortant  intermediat e. Co ns i s t e n t  wi th high 

r e acti vi ty of F e 2 (C 0 )g in s o l ution  reported by Ko er ner  

von Gust o r f  (135), D RI FT spectra (Figure 51) show that 

the 2068 and 1790 c m - * bands assigned to F e 2 (C 0 )g decay 

occur wi t h i n  100 seconds f o ll owing excitation. During 

the same time interv al fol lowing  excitation, the bands at 

2066 and 1820 cm - * as si gn ed to F e 2 (C 0 )g are also observed 

to decay. Re a c t i o n s  5 and 6  i llustr at e decay pathways 

for the dime ric c l u s t e r s  c o n s i s t e n t  with the p h o t o pr od uct  

decay seque n c e  ob ser ve d in the DRIFT ex per ime nts. Rapid
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r e c o m b i n a t i o n  of the reacti ve F e 2 (C 0 )g dimer with 

phot oe ject ed  CO forms F e 2 (C 0 )g, which is un sta b l e  on PVG 

at room tempe rature, and s u b s e q u e n t l y  d i s p r o p o r t i o n a t e s  

to yield F e ^ C C O ) ^  a n d F e ( C O ) g ( a d s ) . After the decay of 

the dimeric clus t e r  species, the spectral ch ang e 2 0 0  

seconds fol lowing e x c i t a t i o n  is dom ina te d by the decay of 

the 207 3-2048 cm * bands as signe d to II-Fe(C0)^-0Si which 

indicates that their decay to Fe (C0)g(a ds ) occurs via 

this adduct.

The last r e a c t i o n  i l l u s t r a t e s  f o rma ti on of F e ^ C C O ) ^  

via a rea ction between dim eric F e 2 (C0)g and a m o nomeri c 

species. Th is r e a c t i o n  must pro ceed at a high rate since 

spectra rec orded i m m e d i a t e l y  f o ll ow ing ex cit a t i o n  

indica te the p r e sence of F e ^ C C O ) ^ *  Ob vious ca nd i d a t e s 

for the m o n o n u c l e a r  sp ec ies in cl u d e  u n c o m ple xe d Fe(CO)^, 

both H - F e ( C O ) ^ - O S i  and H - F e (C O ) ^ - 0 H , and Fe(CO) ,-(ads). 

However, the lack of spectral e v i dence o b t ai ne d for 

u ncomp le xe d Fe (CO)^  indica te s that this species is not an 

import ant  in te rmediat e.  The higher m o b ili ty  of 

Fe( C0) g( ads) r e l a t i v e  to the ox i d a t i v e  a d d i t i o n  adducts 

sugge sts  that Fe ( C 0 ) g ( a d s )  will have a much greater 

pro ba bili ty  of e n c o u n t e r i n g  F e 2 (C 0 )g than the surface - 

bound adducts. Hence, in the final step le ading to 

F e g ( C 0 ) 1 2 » the r e a c t i v e  di n u c l e a r  F e 2 (C 0 )g i n t e r m e d i a t e 

is postul ate d to react rapidl y with the more mobile 

F e ( C O ) g ( a d s ) . A su mm ary of the obser v e d  i n t e r c o n v e r s i o n s
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is shown in Figure 69 where u n d e r l i n i n g  de si g n a t e s  those 

species either di rectly obs erved or inferred from 

s p e c t r o s c o p i c  c h a r a c t e r i z a t i o n  of the products formed in 

the trapping experiments.

D. P h o t o c h e m i c a l  Rea c t i o n s  of Fe (CO) r- ( ads ) With Olefin 

C o m p l e x e s .

1. DRIFT Exper iments.

A 35 0-nm i r r a d i a t i o n  of Fe(CO)^ (a ds) in the presence 

of olefi ns  results in fo rmation  of iron c a r b o n y 1 -o le fi n  

complexes. Under 100 torr of ethylene, cw i rradi at ion of 

Fe(CO) tj(ads) leads to a re ve r s i b l e  reaction sequence 

a f f e c t i n g  the growth  and decay of at least four species. 

The s p e c t r u m  recorde d imme di a t e l y  fol lowing  0.4 second 

350-nm cw e x c i t a t i o n  (Figure 62) exh ib its bands at 2087, 

2074, 2059, 2048, 2015* and 1989 c m - 1 . The bands at 2087, 

2015 and 1984 c m - * agree with the re porte d s p e c t r u m  of 

F e ( C 0 ) ^ ( C 2 H^) in m e t h y l c y c l o h e x a n e  at 298 K (96) and are 

as sig ned to this species. The bands at 2074 and 2048 c m - 

* show similar decay rates, and are r emin is cent of the 

bands observed  in both the CO and in vacuo DRIFT 

e x p e r i m e n t s  wh ere they have been assigned  to the more 

stable ox i d a t i v e  a d d i t i o n  adduct H - F e ( C 0 ) ^ - 0 S i . At 

slightly  longer p h oto ly sis times, 1 . 6  seconds, a sp ecies 

e x hi biting  bands at 2059 and 1989 c m - * is observed to 

form in s i g n i ficant  amounts. These bands are equi va lent
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P h o to ch em ica l  and Thermal R ea c t io n s  

of Iron C arbonyls  on PVG

Fe(CO)

HFefCOHOHl ^  Fe(CO) J l f —  Fe(CO), 4 CO \  3 CO \  2

' /

HFefCOMOSi) Fe tCO) < -£ 2 .
4 2 9

-  Fe(C0)_

, Fe(CO),

Fe(CO) « 
2 8

Fe(CO)

Fe(CO)

Fe(CO)

Fe(CO) 2 , 7

Figure 69. Summary of observed photochemical and thermal 
reactions for Fe(CO)^(ads.) with or without added CO.
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to the reported IR spe ct rum of F e 2 (C 0 )g ( C 2 H^) in 

m e t h y l c y c l o h e x a n e  at 273 K (96) and are assigne d to this 

dimer. The dimer decays within 20 se conds fo llo wing 

exci t a t i o n  and the in crease in the i n t e n sities  of bands 

at 2087, 2074 and 2048 era” '' during this time interval 

suggest that it decays to H - F e ( C O ) ^ - O S i  and 

F e ( C 0 )^ ( C 2 H ^ ) . During the next 40 second time interval,

i.e., 60 seconds fo l l o w i n g  excita tion, the decay is 

do mi nate d by F e (C O )^ ( C 2 H ^ ).

As pure F e ( C 0 )^(C 2 H^) is a liquid boiling sl ightly 

higher than Fe(C0)^, the s u bsequen t loss of F e ( C Q ) ^ ( C 2 H^) 

is due to d i f f u s i o n  of this speci es out of the infrared 

sampling area and not by ch emical reaction. The loss at 

still longer times of H - F e ( C 0 ) ^ - 0 S i  is eit her by thermal 

b a c k r e a c t i o n  with p h o t o ej ected CO to reg ener at e 

Fe(CQ) t-(ads) or by a slow thermal re act i o n  with to

form the quickly d i f fu sing F e ( C 0 ) ^ ( C 2 H ^ ) . The species 

e xh ib iting the band at 2041 c m ” ' remain s unassigned.

In c o n trast to the co mp l e x i t y  of spectr a obtained

under 100 torr of ethylene, i r r a d i a t i o n  of Fe(C0) .-(ads)

under 1 0 0  torr of 1 - p e n t e n e  yields a simpler, but

somewhat d i ff erent array of ph otopr od ucts. The s p e c t r u m

recorded  immedi a t e l y  after 0.4 second, 350-nra cw

e x c i t a t i o n  exhibits  a b s o r p t i o n s  at 2081, 2068, 2051, 2012

and 1973 c m - '- (Figure 64). The bands at 2081, 2012 and 
_ 11973 cm are assigned to F e ( C 0 ) ^ ( 1 - C ^ H j q ) based on the
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infrared s p e c t r u m  of this complex in 3 - m e t h y l p e n t a n e  at 

298 K (96). In ad di tion to the r el at ively slow decay of 

this spe cies (by diffu si on), a rapid decay of bands at 

2058 and 1971 cm"^ occurs. These bands are assigne d to 

the di me r i c  F e 2 (C O )^ ( 1 - C ^ H ^ q )^ co mplex since they agree 

wi th the IR s p e c t r u m  of the complex in 1-p entene at 195 K 

(96). Extend ed  photol ysis, 1.6 seconds, re sults in 

in c r e a s e d  formati on  of two s p e c t r a l l y  distinct, slowly 

de cayin g spe cies e x h i b i t i n g  bands at 2068 and 2051 cm - *. 

Th ese bands are t e n t a t i v e l y  as sign ed  to partia ll y 

oxi dized  Tf - allyl hy dr ide com plexes, Fe( CO ) ̂  (ji^-C^II^ )- L , 

where L can be a hy dr i d e  or su rf ac e f u n c t i o n a l i t y  on PVG. 

T hes e ten ta ti ve a s s i g n m e n t s  are based on the peak 

pos ition  of the hi gh est energy  band (2059 cm"^) of II- 

FefCCO^Cli^-C^Hg) formed by phot o l y s i s  of Fe tCO)^ in the 

p r e se nce of 1-pen tene in m e t h y l c y c l o h e x a n e  at 77 K (96). 

In c o n t r a s t  to the DR IFT ex p e r i m e n t s  under 100 torr of 

ethylene, for mati on  of H - F e ( C 0 ) ^ - 0 S i  does not occur under 

100 torr of 1-pentene. Moreover, both U V - v i s i b l e  and 

DRIFT spectr a conf i r m  that in the presenc e of olefins 

f o r m a t i o n  of F e ^ t C O ) ^  does not occur following 1 . 6  

se conds p h ot ol ysis of F e ( C 0 )^(ads)  in the pr esence of 

o l e f i n s .

Wr i g h t o n  and M i t c h e n e r  (96) have re por ted the low 

t e m p e r a t u r e  p h o t o c h e m i s t r y  of F e ( C 0 ) ^ ( o lefin) co m p l e x e s  

in h y d r o c a r b o n  sol ut ion and c o m p a r e d  their resu lts for
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olefin s c o n t a i n i n g  allylic hydrogen s with those without 

allylic hydrog ens. Foll ow ing irr ad i a t i o n  of 

Fe( C 0 ) ^ ( C 2 H^) in an al kan e matrix at 77 K, the infrared 

spe ctrum  ex hi bits a band at 2132 cm * due to ph otoejec te d 

CO along with three bands at 2041, 1963 and 1957 cm * 

a t tr ibuted  to the 16 electron F e ( C 0 ) 2 ( C 2 lI^) complex.

Th ese  spectr al fe atures are c o nsi st ent with that reported 

by Gre v e l s  and cow o r k e r s  (136) following UV phot olysi s of 

F e (C O ) ^ 2 ^ 4 ) in an Ar gon ma tri x at 77 K. In contrast,

UV pho to ly sis of F e ( C 0 ) ^ ( 1 - C ^ H ^ q ) , co nt a i n i n g  allylic 

hydrogens, in su b - a m b i e n t  hydroc a r b o n  solution resulted 

in an infrar ed spectr al pattern cons istent with format ion 

of the T T - a l l y l  complex, H - F e C C O j ^ H ^ - C ^ H g ) . Reg ar dl ess 

of the olefin, the primary ph ot o r e a c t i o n  of these 

co mpl exes is CO di ss ociat ion, not loss of olefin. When 

F e ( C O )^ (o l e f i n ) com pl exes were irra diated  in a 

hy d r o c a r b o n  matri x cont aining  s ign if icant amounts  of 

un compl ex ed  olefin, the IR sp ec trum exhibit ed a strong 

band at ca. 1930 cm *. This band was assigne d to a 

t r a n s - F e C C O ^ C o l e f i n )^ complex based on its s i mi larity to 

the IR spectra of t r a n s - F e ( C O ) c o m p l e x e s ,■where L = 

ph os phor us  ligand (2). On wa rm ing the matr ix to the 

so fte ning point (195 K), this feature c om pl etely 

di sap p e a r s  and new IR bands are observe d at ca. 2050 and 

1970 c m - *. Th ese  bands have been as signe d to a labile, 

di nuclear, Fe-Fe doubl e - b o n d e d  species,

F e 2 (C 0 )^ (o l e f i n ) 2 » wh ich is a d er ivativ e of the well
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c h a r a c t e r i z e d  Fe 2(C0 )g  (74,135). The Fe2 ( C 0 ) g ( C 2 n ^ ) 2  

c om p l e x  is ex t r e m e l y  c a t a l y t i c a l l y  active, yielding a 60% 

c o n v e r s i o n  of 1 - penten e to 2-pente ne  in < 10 seconds, 

with a turnov er rate of at least 3600/m inu te. Rapid 

r e g e n e r a t i o n  of F e (C O ) ^ (£ 2 ^ 4 ) was ob serv ed  on wa rm i n g  the 

h y d r o c a r b o n  ma t r i x  to room t e m p e r a t u r e  and purging with 

CO.

Co m p a r i s o n  of the am bient  tem pe r a t u r e  DRIFT 

e x p e r i m e n t s  under 100 torr of C 2 (Figure 62) with the 

ph o t o c h e m i s t r y  of F e ( C O ) ^ ( 0 2 ^ )  in s u ba mbient hydroc a r b o n  

s o l ution (96) re ve a l s  both s i m i l a r i t e s  and dif ferences. 

P h o t o l y s i s  of F e ( C 0 ) ( a d s )  under 100 torr of olefin 

results in i m m ediate  form at ion of F e ( C O ) ^ (£ 2 ^ 4 ) com plexe s  

which disapp ea r via dif f u s i o n  out of the IR sam pling 

region. In con tr ast to the results reported by W r i g h t o n  

and M i t c h e n e r  (96), form ation  of the 16- el ectro n  

F e ( C 0 ) g( C 2 H^) comp l e x  was not observe d in the p ho tolysis  

of Fe (C 0 ) ^  ad sor bed on PVG under 100 torr of C 2 ^ 4 * ^he 

f o rmat io n of the c a t a l y t i c a l l y  active F e 2 (C 0 )g( 0 2 ^ 4 ) ^ 
species, however, is common to both sets of experiments,  

as is its rapid decay at room te m p e r a t u r e  to 

F e (C O ) ̂ ( 0 2 ^ )  in h y d r o c a r b o n  so lut ion and to 

Fe ( C 0 )^ ( C 2 H^) and H - F e ( C 0 ) ^ - 0 S i  on PVG. Infrared bands 

at ca. 1930 c m ’  ̂ as signed to t r a n s - F e ( C 0 ) g( C 2 H ^ ) 2  are not 

detected  on PVG at r o o m  tem peratu re . Th eir ab se nc e is 

expected, however, since this complex reacts thermally
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upon warm i n g  the h y d r o c a r b o n  ma trix to 195 K to form the 

dim eric F e ^ C C O ) ̂  ) 2 -*-s obse rv ed on PVG. Also,

fo rmation of T T - a l l y l  hydrid e co m p l e x e s  is not obs er v e d  

in the C 2 H^ DRIFT e x p e r i m e n t s  which is co ns i s t e n t  with 

the low temper a t u r e  p h o t o c h e m i s t r y  of F e ( C O ) ^ ( o l e f i n )  

com pl ex es wh ere the ol efin does not co ntain  al ly li c 

hydrogens. However, ir r a d i a t i o n  of F e ( C 0 )^ (ads) under 

100 torr of 1-pentene (Figure 64) does result in the 

o b s e r va tion of bands at 2068 and 2051 c m - * which have 

been te n t a t i v e l y  a s s i g n e d  to 7 T -  allyl hy dride complexes. 

As with  the C ^ D R I F T  experiments , no o b s e r v a t i o n  of 

bands at ca. 1930 cm *, a t t r i b u t e d  to trans- 

F e C C O j ^ C o l e f i n ) 2  is observed. In co nt ra st to the 

DRIFT ex periments , bands at 2073 and 2048 cm * due to H- 

Fe (C0 )^ -0Si are not detected  in the 1-pent ene  

exper ime nts. This su gg e s t s  that either the r e a c t i o n  of 

I-C 5 H 1 Q with H - F e ( C 0 ) ^ - 0 S i  is much faster than that of 

^ 2 ^ 4 * or that is ef f e c t i v e  in b l o ck ing its

f ormat i o n .

2. P h o t o c a t a l y z e d  1-Pentene I s o m e r i z a t i o n  Reaction.

Ne ar- UV i r r a d i a t i o n  of Fe(CO) ..(ads) in the presence 

of 1 -pentene  res ults in i s o m e r i z a t i o n  to cis and t r a n s - 2 - 

pentenes. The r e a c t i o n  rate in c r e a s e s  lin ea rly with 

photolysi s time during the early stages of the reaction,

< 1 0  minutes, but is followed by a period in w hich the
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rate of 1 -pentene  c o n v e r s i o n  dec r e a s e s  wi th i n cr ea sing 

pho to lysi s time. Q u a li ta tively , the time depen d e n c e  of 

the p h o t o in du ced i s o m e r i z a t i o n  r e a ction obs er ved for the 

F e ( C O ) ^ - P V G  system  agrees with the re sults  reported by 

W r i g h t o n  (76) in fluid solut ion and Gr ant  in fluid 

s olu tion (92) and in the gas phase (93). The dec rease in 

the rate of 1 - p en tene c o n v e r s i o n  o b s e r v e d  on PVG during 

the latter stages of the r e a ct io n can be a t t r i b u t e d  to 

se veral factors. A c o m p a r i s o n  of Figure 6 6 , w hic h shows 

the for m a t i o n  of t r a n s / c i s - 2 - p e n t e n e s  as a fu nction of 

pho to lysi s time, with Figure  65 re vea ls that at the 10 

minut e point where the rate of 1 -p en te ne c o n v e r s i o n  

begins to decrease, the trans /c is ratio incr ea ses from 

1.58 to 2.67. This su ggests that the syst em  rapidly 

drives toward the t h e r m o d y n a m i c  ratio of t r a n s / c i s - 2 - 

pente nes  of 4.32 (84), with the rate of produc t f o rmati on  

d e crea si ng  as the sy st em a p p r o a c h e s  t h e r m o d y n a m i c  

e qu ili bri um. Fo r m a t i o n  of FegfCO)  ̂ ( a d s )  during  the 

latter stages of the r e a ct io n is ind ic ated by the growth 

of an ab so r p t i o n  band at 605 -n m at p h ot olysis  times _> 40 

minutes. W r i g h t o n  (85) reports that the ob serv ed  qu an tum 

yield for the Fe (C O)^ pho t o c a t a l y z e d  1 - p enten e 

i s o m e r i z a t i o n  in benzene at room te mp er a t u r e  is four 

times greater than that measu red using F e ^ C O ) ^ *  Hence, 

a c o n t r i b u t i n g  factor to the rate de cr ea se at photo l y s i s 

times 40 mi nu t e s  may be for m a t i o n  of the re la t i v e l y 

c a t a l y t i c a l l y  inert F e ^ (C O )^ ^ (a d s ).
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Q u a n t u m  yield m e a s u r e m e n t s  over the po rt ion of the 

reacti on where the exte nt  of 1 -pe nt en e c o n v e r s i o n  is 

a p p r o x i m a t e l y  linear with p ho tolysi s time gives a qu antum  

yield value of 155_+2.0 for the p h o t o i n d u c e d  F e ( C 0 ) ^ - P V G  

1- pentene isomeriza ti on. A l t h o u g h  the o b s e r v e d  quantu m 

yields for the F e ( C O ) p h o t o c a t a l y z e d  1-p ente ne  

isomer i z a t i o n  r e a ct ion in fluid s o l uti on  and in the gas 

phase were found to be > unity, the o b s e r v e d  yields were 

found to be d e penden t on the intial 1 - p e n t e n e 

concentrat io n. W r i g h t o n  (79) reports an ob served  qu an t u m  

yield value of 429± 43 in neat 1-pen tene at 20 C using 

366-nm cw excitatio n, w hile Grant and W h e t t e n  (93) report 

a gas phase quan t u m  yield of 225 using 33 7 - n m  pulses 

(IraJ, 4Hz) from a laser when the partial pr ess ur e of 

Fe(CO)^ is 400 torr. The high qu antum  yields ob served in 

solution (79,85,91), in the gas phase (93) anti in the 

Fe(C0)i--PVG h yb ri dized sy st em indi cate that the role of 

the light in these sy st e m s  is to p h o t o g e n e r a t e  species 

which are extr emely  e f f i c i e n t  alkene i s o m e r i z a t i o n  

ca t a l y s t s  at ambien t tempe rature.

In h o m o g e n e o u s  ca talysis, it is well e s t a b l i s h e d 

that the ligands in the c o o r d i n a t i o n  sphere of a me t a l -  

ce ntered catal y s t  inf l u e n c e  the rate and produc t 

d i s t r i b u t i o n  (5,7,86-88). In t h e rm al ly a c t i v a t e d  olefin 

i s o m e r i z a t i o n  re a c t i o n s  the product d i s t r i b u t i o n s  are 

se n s i t i v e  to the steric i n t e r a c t i o n s  of the c o o r d i n a t e d
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or ga ni c ligand with other li ga nd s in the c o o r d in at ion  

sphere. Bulky ligands favor f o r ma tion of the ci s- o l e f i n  

over the trans -olef in. W r i ghton  (90) has inves ti gated 

the influ en ce of pho sp h o r u s  ligand s on the t r a n s / c i s - 2 - 

pentene ratio in the Fe (C O) ^ ph o t o c a t a l y z e d  1-pent ene 

i s o m e r i z a t i o n  reaction. The results obtain ed for 

F e ^ O j ^ P P h g )  and Fe ( C O ) ̂  (PPh^ ) 2  in fluid s o l uti on  are 

qu al i t a t i v e l y  the same as for F e ( C 0 ) n (n = 3,4) species 

an ch or ed to a phos p h i n a t e d  s t y r e n e - d i v i n y l b e n z e n e  support

(101). A l t h o u g h  the d i s t r i b u t i o n  of 1- pentene and cis 

and t r a n s - 2 -p e n t e n e s  does ul tim a t e l y  reach the 

th er m o d y n a m i c  ratio after prol onged  photolysis, the 

k i n e t i c a l l y  c o ntro ll ed intial d i s t r i b u t i o n  of products 

favors formati on  of the less t h e r m o d y n a m i c a l l y  stable 

c i s - 2 - p e n t e n e  isomer. Suib and co w o r k e r s  (102) have 

i n v e s t i g a t e d  the p h o t o c a t a l y z e d  1 - p e ntene i s o m e r i z a t i o n  

r e a ction using Fe(CO)^  supp or ted on various inorganic 

oxides and report the rea ction rate and product 

d i s t r i b u t i o n  depend on the type of sup port used.

Pr o l o n g e d  36 6-nm photolysis, J> 18 hours, results in a 

t r a n s / c i s - 2 - p e n t e n e  whic h varies from 2.7 for Fe(C O)^ on 

Na-Y ze ol ites to 4.4 for the complex supported  on silica 

gel. It was proposed that the lower percent c o n v e r s i o n s  

and trans /cis ratio on zeolites are due to the 

e l e c t r o s t a t i c  field ef fec ts that the iron carbon yl 

species en c o u n t e r  on the zeol i t e  surfac e and the role of 

the ze olite pore sy s t e m  in pro vidin g a m e c h a n i s m  for the
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p h o t o i s o m e r i z a t i o n  to take place (16,129).

The pho to pr oduct d i s t r i b u t i o n  o b t ained for the . 

ph o toc at alyzed Fe(CO)^ 1-pentene  i s o m e r i z a t i o n  on PVG, 

p a r t i cu larly the low t r a n s / c i s - 2 - p e n t e n e  ratios, which 

ranged from 1.50 to 2.67 during the intial stages of the 

reactio n (Figure 6 6 ), ind icates p r e f e r e n t i a l  for ma tion of 

the less t h e r m o d y n a m i c a l l y  stable c i s - 2 - p e n t e n e  isomer. 

The t r a n s / c i s - 2 - p e n t e n e  ratio is low, _< 2.7, during the 

first 1 0  mi nutes of photo l y s i s  and then steadi ly 

in creases until a limiting value of 3 . AO is reached after 

one hour of photolysis. Th ese results are c on si stent 

with the product d i s t r i b u t i o n  observed  by W r i g h t o n 

(90,101) for mono nu c l e a r  iron c a r bonyl com ple xe s 

c o ntai ni ng  bulky ph os ph o r o u s  ligand s in their 

co or d i n a t i o n  sphere. A l t hou gh  the exact nature of the 

factor s aff ecti ng  the product d i s t r i b u t i o n  on PVG are 

unclear, several exp l a n a t i o n s  can be proposed based on 

ex ist ing data. Since surface h y d royxl ligand s and/or 

ch e m i s o r b e d  1^0 m o l ec ul es on the PVG sur face can 

co ord i n a t e  to the c a t a l y t i c a l l y  ac tiv e int erm edia te s, the 

low trans/ cis ratio may be due to the inf luen ce  of a 

sur face ligand of PVG in the c o o r d i n a t i o n  sphere of the 

active catalyst. Al tho ugh  the steric bulk of the surface 

silanol groups and c h e m i s o r b e d  m o le cu les are small

relati ve to the triaryl pho sph in e ligands used in 

W r i g h t o n ' s  work, the fact that these ligands are atta ch ed
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to a highly irr egular surface su gge sts  they will impose 

steric cons tr aints when in the c o o r dinatio n sp her e of the 

active catalyst. An a l t e r n a t i v e  e xp la nation for the 

d e p e n d e n c e  of the t r ans/ci s ratio as a functio n of 

pho to ly sis time arises from the growth and decay of the 

c a t a l y t i c a l l y  active p h o t o p r o d u c t s  observ ed in the DRIFT 

ex p e r i m e n t s  under 100 torr of 1-pentene. W r i g h t o n  (96) 

has de scr ibed the high c a t al ytic ac ti vity of the dimeri c 

F e 2 (C O ) g (C ^ H ^ ) 2  co mpl ex which yields a 60% c o n v e r s i o n  of 

1-pent ene  to 2-p en tene in < 10 seconds. The 1 - p e nt en e 

analog of this species, F e 2 (C 0 ) g ( 1 — C^H^q)^ e x h i b i t i n g 

bands in the DR IFT e x p e r i m e n t s  at 2058 and 1973 cm  ̂

(Figure 64), is ob served immedi a t e l y  fo llowing 0.4 

seconds e x c i t a t i o n  and decays comp le tely wi th in 40 

seconds. In contrast, bands at 2068 and 2051 cm ^ , wh ich 

have been assign ed to the /T^-allyl complexes, F e ( C 0 ) , (n^- 

^ 5 ^ 9 )“ ^ , where L is a hy dri de  or surface f u n c t i o n a l i t y  on 

PVG, are favored by more ext en sive photolysis. Moreover, 

these com pl ex es exhibit a slow decay wh ich is incom p l e t e  

even 100 sec onds after ex citation. As shown in Fi gure 4, 

the m e c h a n i s m  propose d by W r i g h t o n  (79) for the Fe(C0)^ 

ph otoca t a l y z e d  1 - p e n t e n e  is om e r i z a t i o n  reaction  involv es  

the g e n e r a t i o n  of a c o o r d i n a t i v e l y  u ns at urated alkene 

complex, F e f C O ^ ^ l k e n e ) , w hich undergoes an oxi d a t i v e 

a d d i t i o n  reaction to form the c a t a l y t i c a l l y  active TC 
- a l l y l h y d r i d e  in termediates.  The rapid formation  and 

decay of F e 2 (C 0 ) g ( l - C ^ H ^ ) 2  sugges ts that this highly

213



c a t al yt ic spec ies may be the domin an t catalyst during the

intial stages of the reaction. The low t r a n s /cis- 2-

pente ne ratio o b s er ved for p hotoly si s times <_ 1 0  minutes,

may be due to steric c o n s t r a i n t s  impose d by this di meric

interme di ate. Since the D RIFT data i n d ic at e that the T T

-allyl i n t e r m e d i a t e s  are fa vo re d by ex t e n s i v e  pho tolysis

and un dergo a slow, i n c o m p l e t e  decay, they may be the

do m ina nt  c a t aly ti c species during the latter stages of

the reaction. The higher  t r a n s / c i s - 2 - p e n t e n e  ratio

obs er ve d for phot o l y s i s  times > 1 0  minutes, may be

a t t r i b u t e d  to these species since they are less

s te ri c a l l y  hindered than the d i nu cl ear Fe-Fe double

bonded in te rm ediate.  Also, the influe nc e of the pore

st r u c t u r e  of PVG on the product dis t r i b u t i o n  can not be

ne g l e c t e d  si nce sub s t r a t e  t r a n s f o r m a t i o n s  oc cur in g in the 
*70+21 A pores may have a d ditiona l g e o m e trica l c on st raints 

imp osed on them due to the low d i m e n s i o n a l i t y  of the 

s u p p o r t .

E. M e t h a n e  F o r mat io n Via P h o t o c h e m i c a l  D e c o m p o s i t i o n 

of F e ^ ( C O ) ^ „ (a d s ) .

In c o n t r a s t  to the p h o t o c h e m i s t r y  of Fe( C0)^( ad s) 

where the r e a c t i o n  p r o du cts are dep end en t on surface 

loadings, the p h o t o c h e m i s t r y  of F e ^ C C O ) ^  i s i nd epende nt  

of surface coverage. The UV-vis  s p e c t r u m  of a PVG sample
_3

im p r e g n a t e d  with 2 .2 + ^ 2  x 1 0  moles of F e ^ C C O ) ^ 2 / s ram
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PVG exhi b i t s  well resolved bands in the vis ible region at

605 and 440 nm along wi th a strong  f e a t u r e l e s s  UV

ab sorbance . UV -vis s p e c t r a  re corded du rin g 350, 312 or

254-nm i r r a d iat io n reveal a steady dec l i n e  in the vi sible

and UV bands of the p h y s i s o r b e d  trimer with incr easing

p h o t o l y s i s  time. The q u a n t u m  yield value for trimer
_2di sa pp earanc e,  7.4 x 10 , ind i c a t e s  a r e l a t i v e l y

in e f f i c i e n t  reaction, w hic h is c o n s i s t e n t  with the 

r es u l t s  obtained  by J a c k s o n  and T r u s h e i m  (100) who report 

that 355-nm irradi a t i o n  of F e ^ C C O ) ^  a d s or be d on silica 

gel with a Q-s w i t c h e d  Nd :Yag laser (ca. 20mJ/pulse)  

re su lt s in n e g l i g i b l e  trimer de c o m p o s i t i o n .  The absence 

of new bands a p p e a r i n g  in the near-UV and UV regions 

ind icate s that p h o t o d e c o m p o s i t i o n  of F e ^ C C O ) ^  on 

does not result in f o r mation  of Fe(C 0 ) ^ ( a d s )  or mon o m e r i c  

s ub ca rbonyl  species. Instead, the e v o l u t i o n  of CO and 

co ncu r r e n t  with the de cline in Fe^(CO) absor bance,

i n d ic at es  that d e c a r b o n y l a t i o n  of the trimer is 

a c c o m p a n i e d  by o x i d a t i o n  of the iron atoms. O x i d a t i o n  is 

con firme d by the ina b i l i t y  of the pho t o p r o d u c t  to 

t h e rm ally backreact  with added CO and the abse n c e  of a 

FMR signal due to z e r o v a l e n t  iron particles.

In a d d it io n to ^  and CO evolu tion, c o n ti nued 

p h otol ys is re sul ts in s i g n i f i c a n t  CH^ ev olution. Me thane 

fo r m a t i o n  has been o b s erved fol l o w i n g  the thermal and 

p h o t o c h e m i c a l  d e c o m p o s i t i o n  of sup po rt ed m o n o n u c l e a r  and
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po l y n u c l e a r  metal car bo ny ls. B a l l i v e t - T k a t c h e n k o  and

C o u r d i e r  (17) have i n v e s t i g a t e d  the thermal d e c o m p o s i t i o n

of F e ^ C C O ) ^  a d s orbed  on IIY zeolit es. A pr o g r e s s i v e

thermal trea tment of the c o m p l e x  in vacuo reveals
os i m u l t a n e o u s  e v o l u t i o n  of CO, C O 2 , and ^  at 200 C while

9at 250 C meth a n e  f o r m a t i o n  is ob served. In the thermal 

d e c o m p o s i t i o n  of Group VI h e x a c a r b o n y l s  sup ported on 

silica, Bre n n e r  (137) r e p o r t s  that h e a t i n g  the sa mples to 

200 C in vacuo r e s u l t e d  in i r r e v e r s i b l e  o x i d a t i o n  of the 

metal with e v o l u t i o n  of CO, CC> 2 , ^  and CH^. In a 

su bs e q u e n t  study, Br en n e r  (42) examined the thermal 

d e c o m p o s i t i o n  of m o n o n u c l e a r  and p o l y n u c l e a r  metal 

ca rb onyl s a d s o r b e d  on alumina.  The for mati on  of CH^ was 

po stu l a t e d  to oc cur  by the dire ct  h y d r o g e n a t i o n  of 

car bonyl  ligands, wh er e the sourc e of hydroge n is the 

s urf ace h y d ro xyl gr oups of the al um i n a  support.

Simon and Gafney (120c) have i n v e st ig ated the

f or m a t i o n  of m e t h a n e  f o l l o w i n g  2 5 4 -nm p h o t o l y s i s  of Group

VIB h e x a c a r b o n y l s  a d s o r b e d  on PVG. De u t e r a t i o n  of the

PVG prior to a d s o r p t i o n  of W( C0 )g was fo llo wed  by 254 -nm

pho tolysis. Mass  s p e c t r o s c o p i c  a n a l y s i s  of the gas phase

reveals that CD^H and C D 2 H 2  are evolved. This study

c o n fi rms the s u g g e s t i o n  by Bren n e r  that the ultimat e

source  of h y d r o g e n  for m e t h a n a t i o n  is either the

c h e m i s o r b e d  ^ 0  or su rf a c e  si la n o l  group s presen t on the
13PVG surface. However, C isot opic labell in g studies
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u n e q u i v o c a l l y  e s t a b l i s h  that the carbon  source for

m e t h a n a t i o n  is not co o r d i n a t e d  CO, Mass s p e c t r o s c o p i c

st ud ie s of the gas eous effluent, fol l o w i n g  254-nm
13ph oto l y s i s  of W( CO)^(a ds) (90% enriched), co nfi r m s  only 

12 CH^. Thes e e x p e r i m e n t s  es t a b l i s h  that the carbon

source for m e t h a n e  is not coord i n a t e d  CO, but a

c a r b o n a c e o u s  im pur ity present on PVG. W hile  an exact

i d e n t i f i c a t i o n  of the impurity has not been made, ob vi ou s

p o s s i b i l i t i e s  include p a rtially  re duced  carbo na tes, such

as I^CO^ and HCOg . These are r e a s o n a b l e  po st u l a t e s

since the mass spectra e s t a b l i s h e s  that the highe st  m/e

ratio, 44, c o r r e s p o n d s  to C O 2 , i.e., the only gaseous

products detected up to a m/e of 363 are I^, CO, CH^, and

C O 2 . Indeed, e l e me ntal a n a ly sis of PVG ind ic ates that

there is 0.72% of a ca rbon oxide in PVG wh ich is probably

i n c o r p o r a t e d  into the si lic a network. If this im pu rity

is the carbon source for CH^, an upper limit for CH^

f o rmat io n can be calcu lated. Since 3.02 grams of PVG

were used in this pa rt i c u l a r  expe r i m e n t  (Figure 59), the
_2m a x i m u m  amo un t of CH^ that can be formed is ca. 1 0

moles, which is well abov e the total amount of 3.12 x 10
5

moles of CH^ formed during 3000 mi nu t e s  of 254-nm 

i r r a d i a t i o n .

As shown in Figu re  59, the time depe n d e n c e  of gas 

e v o l u t i o n  i n dicates  that signi f i c a n t  amo u n t s  of II2 are 

evolved prior to f o r ma ti on of CH^. Thus, during 254-nm
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photo lys is of Fe^CCO)  ̂ ( a d s )  r e x t ensi ve  metal o x i da ti on 

is requir ed for CH^ formation. This is cons i s t e n t  with 

p rev ious results obtain ed  for suppo rted m o n o n u c l e a r  and 

p ol yn uclear  metal c a r b o n y l s  f o llowi ng  both thermal and 

ph ot oc hemica l activation, which suggest that a metal 

oxide specie s med ia t e s  CH^ formation. However, in the 

p h o t o c h e m i c a l l y  a c t i v a t e d  F e ^ C C O ) s y s t e m ,  the 

number of moles of CH^ f o r m e d / m o l e  of comp l e x  ad sor bed  is 

139+4, which is much larg er than the values  for metha ne  

fo rmation previously reported for thermal a c t i v a t i o n  of 

sup porte d polynu c l e a r  metal carbonyls. For example, 

Basset and Ch au vi n (133) have report ed that thermal 

d e c o m p o s i t i o n  of O s g ( C O ) ^ g and I r ^ C O ) ^  suppor ted on 

alumina yields 0.30 and 0.38 mo les  of C H ^ / m o l e  of 

cluster, respectively. Br enner and coworlcers (42), who 

have examined the thermal d e c o m p o s i t i o n  of polynuc le ar 

metal carbonyl clu st ers sup po rted on alumina, report that 

the number of moles of CH^ ev olved per metal atom for 

F e ^ C O ) ^ *  ant  ̂ ^ s ^ C C O ) ^  are 0*021, 0.091, and
0.073, respectively.

C a l c u l a t i n g  the number of moles of el e c t r o n s  needed 

to form the total amount of H 2  and CII^ obs er ved during 

p hotol ys is  suggests a m e c h a n i s m  in v o l v i n g  a catalytic 

cycle in wh ich the metal u n de rgoes a series of re ve r s i b l e  

redox reactions. If one as su m e s  that each Fe at om is 

ox idized to a +3 o x i d a t i o n  state, since the ultimate
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product ap pea rs to be F e 2 0 2 » the total number of moles of
_  5

el ect rons a v a i l a b l e  for reduct io n is equal to 2 . 0  x 1 0

As suming that six e l e ct rons are needed for each mole of

CH^ produced, and that Fe is the only red u c t a n t  present, 
-A

2  x 1 0  moles of el e c t r o n s  are needed to form the 1.23 x
-5 -4

1 0  moles of 11^ and 1.38 x 1 0  moles of CH^ produced

during 3000 min u t e s  of 254-nm ir radiati on . This clearly

es t a b li shes that the zerov a l e n t  Fe pr esent on PVG at the

onset of p h ot olysis is not capable  of s u pp lying the

eq u i v a l e n t s  of e l e c t r o n s  required to produc e the am ount s

of and CII, observed. Thus one is forced to the 2 4
conclus io n that the metal center und e r g o e s  a series of 

reversibl e redox reactions.

Several c a ta ly tic schemes have re cen tly been 

proposed for me th ane f o rm at ion during  thermal a c t i v a t i o n  

of metal carbonyls. Shriver and c o w o r k e r s  (139), for 

example, have in ve s t i g a t e d  the h o m o g e n e o u s  r e d u c t i o n  of 

CO to CH^ by horaonuclear and h e t e r o n u c l e a r  metal 

carbonyls. Their m e c h a n i s m  involves p r o t o n a t i o n  of the 

carbonyl ligand, fo llowed by loss of 1 ^ 0  to yield a 

c oo rd inated  carbide  intermediate . This sp ecies  was 

postulated to undergo further pr o t o n a t i o n  to yield 

methane. Brenner  and cow orker s (42,137), on the other 

hand, have propos ed a m e c h a n i s m  for me th a n e  fo r m a t i o n  

which involve s o x i d a t i o n  of m o n o n u c l e a r  s u b - c a r b o n y l  

species by the su rfa ce  silanol groups of al um in a or
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silica supports. In this mechanism, cata lytic ac tivity 

is su sta ine d by H 2 » which serves as a r e ductant  and 

r e g e n er ates the reduced metal center. The c a p a b i l i t y  of 

H 2  to sustain  cat al ytic a c t ivity  by re ducin g the metal 

may offer an ex p l a n a t i o n  for the enhance d me th an e 

fo rma tion o b s er ved fol lowing ph ot o c h e m i c a l  a c t i v a t i o n  of 

Fe^CCO)  ̂ ( a d s )  • During the thermal a c t i v a t i o n  of 

su pported metal carbon yls, it is well e s t a b l i s h e d  that a 

dynamic sint er ing of m e t a l l i c  parti cles to hi ghe r size 

occurs, p a r t i c u l a r l y  at t e m p e rat ur es > 473 K . In 

contrast, ph oto c h e m i c a l  a c t i v a t i o n  avoids sintering, 

y ie lding high metal disper s i o n s  even at r e l a t i v e l y  high 

metal loadings. The higher  Fe metal di spe r s i o n  in the 

p h o t o c h e m i c a l l y  a c t i v a t e d  F e ^ (C O ) j 2 ~P^G system, relative 

to thermal act iv ation, may result in an increase d 

a c c e s s i b i l i t y  of the reduci ng 1^  molec u l e  to the oxidiz ed 

Fe atom. This would su stain catal yt ic activity, 

r es ulting in in creased me th ane formation. However,

Figure 59 reveals a more complex situation; a sharp 

dec line in H 2 ev o l u t i o n  after 3000 mi nu t e s  of phot ol ysis 

is a c c o m pani ed  not by a sharp decline  in CH^ evolution, 

but only a slight decrease in GH^ formation. Thus, H 2  

r e duct io n of the metal may account for some r e g e n e r a t i o n  

of the active center, but our data suggest  that it is not 

s uf fi c i e n t  to account for the prop og a t i o n  of the rea ction 

se qu en ce leading to CH^ formation.
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A full m e c h a n i s t i c  in t e r p r e t a t i o n  for the

p h o t o c h e m i c a l l y  ac t i v a t e d  m e t h a n a t i o n  r e a ct io n on PVG

o b v i o u s l y  require s fu rth er in ve stiga tion. However, some

co n c l u s i o n s  can be drawn. First, a ph o t o g e n e r a t e d  metal

oxide sp eci es  ap pe ars to me diat e methane fo r m a t i o n  since,
-Aas noted above, the 2  x 1 0  mo les  of elec trons  req uired

-5 -Ato form the 1.2S x 10 moles of H 2  and 1.88 x 10 moles

of CH^ far exc ee ds that a v a i l a b l e  from the m et al  complex. 

Second, previous d e u t e r a t i o n  stu dies (120c) in dic at e that 

the source of hy drog en  for meth a n e  formation is either 

the c h e m i s o r b e d  water or surface silanol groups present 

on the PVG surface. Third, mass s p e c tr os copic  

m e a s u r e m e n t s  fol lowing  25A-nm photolys is  of i s o t o p i c a l l y  

lab eled W (C0)^ (120c) cl ear ly est ab li sh that the carbon 

source for me th a n e  f o rmation  on PVG is not the 

c o o r d i n a t e d  c a r bony l ligands. Rather, the carbon source 

is an impurity on PVG, most likely a pa rtially reduced 

c a rbon at e species, that is ca pa b l e  of adding h y d rogen to 

form methane.

F. P h o t o c h e m i c a l l y  Induced High Re so l u t i o n  Op tica l 

De ns it y Ch an g e s  Using Fe ( C O ) ,--PVG .

Im p r e g n a t i o n  of PVG with Fe(C0)^ followed by 

e x p o s u r e  to light produces high res ol ut ion optica l 

de nsi ty changes in the glass. These optica l ch an ge s are 

of little  use, however, unless they could be "fixed",
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i.e., made pe rma nent and in s e n s i t i v e  to further light

ex posure. Fixing  was a c c o m p l i s h e d  by gently heating the

glass to ca. 200 C wh ich v o l a t iliz es  the unrea cted

F e (CO ) ̂  from the PVG and s t a b i l i z e s  the p h o t o product

th rough further oxi dation. The m e c h a n i s m  invol ved in

p r o d u c i n g  the optical ch anges using Fe (C O)^ ads or bed on

PVG has been r e p orted by Borel li  and Mo rse (103c),

P h o t o l y s i s  re su l t s  in CO d i s s o c i a t i o n  yi elding a

c o o r d i n a t i v e l y  u n s a t u r a t e d  spe cies wh ich reacts with the

su rf ac e silanol groups  on PVG. S u b s e q u e n t  heating

o x i d i z e s  the surfac e co o r d i n a t e d  s u b c a r b o n y l  species

leaving a form of iron oxide bound to the glass. While

an exact i d e n t i f i c a t i o n  of the m a g ne tic phase was not

made by these re sea rcher s, ma gnetic s u s c e p t i b i l i t y

m e a s u r e m e n t s  reve al the pres en ce of both

s u p e r p a r a m a g n e t i c  and si ngle domain fe rri m a g n e t i c

particles. Since the phase is f e r r i m a g n e t i c , two

p o s s i b i l i t i e s  that exist in the i r o n - o x i d e  syst em are

Fe^O^ and F e 2 0 2 • E l e c t r o n  micr o s c o p y  i n di ca tes the

pa rt ic le size d i s t r i b u t i o n  of the m a g n e t i c  phase to be
0r e l a t i v e l y  u n i f o r m  over the 50-100 A range.

F u r t h e r  heat ing to c a . 900 *C c o lla ps es the porous 

s t ruct ur e of the glass producing the c o n s o l i d a t e d  state. 

A l t h o u g h  c o n s o l i d a t i o n  pr od uc es a 30% volume shrinkage, 

no loss of r e s o l u t i o n  in the light induced optical 

p a t t e r n s  is obs erved (see Figure 6 8 ). The re sol u t i o n  in
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these e x p e r i m e n t s  has been shown to be ca. 1 micro m e t e r  

i l l u s t r a t i n g  the pote ntial of these ma t e r i a l s  for 

durable, pho t o m a s k  ap plicati on s.
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C o n c l u s i o n

The adsorption, spectral properties, photochemical

and phot oc a t a l y t i c  r e a c t i o n s  of iron ca r b o n y l s  a d s orb ed

onto Porous  Vycor G lass have been investig ated.

C h a r a c t e r i z a t i o n  of the ad sor b e d  p h o t o p r o d u c t s  by both

s p e c t r o s c o p i c  and phy sical m e a s u r e m e n t s  has es t a b l i s h e d

that UV pho to ly sis of Fe(CO) ..(ads) leads i n t iall y to

fo rm at ion of the pri ma ry ph ot opr oduct, Fe(CO)^, with a

qu antum  yield of a p p r o x i m a t e l y  unity. The t e t r a c a r b o n y 1

reacts qu ickly  wi th the surface  si lano l groups  and

c h e m i s o r b e d  1^0 on the PVG surface to yield two

s p e c t r a l l y  d i s t i n c t  ox i d a t i v e  a d d i t i o n  products, H-

Fe ( C 0 ) ^ - 0 S i  and H - F e ( C 0 ) ^ - 0 H , i n d e p e n d e n t  of su rface

loading. The s e co nd ary p h o t o c h e m i c a l  and thermal

r e acti on s of the o x i d a t i v e  a d d i t i o n  pr oducts were found

to be de p e n d e n t  on su rface loading. At su rface loadings 
—6< 10- moles F e ( C O ) ^ ( a d s ) / g r a m ,  c o n t i n u e d  p ho to lysis  

leads to fo r m a t i o n  of ze rov a l e n t  par t i c l e s  of atomic 

iron. While the large li n e w i d t h  of the fe rr om a g n e t i c  

re s o n a n c e  signal (FMR) at room t e m p e r a t u r e  su ggests
m

formatio n of a iron p a r ti cle <_ 15 A, furthe r ex p e r i m e n t s  

to de t e r m i n e  the t e m p e r a t u r e  d e p e n d e n c e  of the FMR 

re s o n a n c e  are ne eded to i n v e s t i g a t e  the p a r ticle size 

d i s t r i b u t i o n  of the atom ic iron.
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At higher loadings, _> 10 moles F e ( C O ) g ( a d s ) / g r a m , 

UV p h ot ol ysis leads to for m a t i o n  of the ^ e ^ C C O ) ^  

cluster. Both s p e c t r o s c o p i c  and p h y sic al  m e a s u r e s m e n t s  

e s tabl is h that trimer f o r m a t i o n  ar is es from s e c o n d a r y  

thermal rea c t i o n s  of the p h o t o g e n e r a t e d  adsorba te s. Time 

re solved FTI R spectra r e c or ded after e x c i t a t i o n  with both 

p uls ed and cw lasers, as well as t r a p p i n g  e x p e r i m e n t s  

with CO and t r i m e t h y l p h o s p h i n e , have allo w e d  p o s t u l a t i o n  

of a m e c h a n i s m  for F e ^ C C O ) ^  f o r m a t i o n  in w hich the 

i n t e r m e d i a t e s  le ad ing to trimer f o r m a t i o n  are highly 

un saturated . The p h o t o p r o d u c t  decay s e q ue nc e in dic ates 

the p r i ncipal  i n t e r m e d i a t e  in volved in trimer formation, 

FeCCO)^, ar i s e s  from sec o n d a r y  p h o t o c h e m i c a l  r e actions  of 

the least st ab le  o x i d a t i v e  a d d i t i o n  product, H - F e ( C O ) ^ -  

0H.

The p h o t o c h e m i c a l  and therma l r e a c t i o n s  of 

Fe (C0)^ (a ds ) in the p r e s e n c e  of e t h y l e n e  and 1-pente ne  

have also been inves t i g a t e d .  D RIFT sp ec tr a re corded 

fo llo wing cw laser e x c i t a t i o n  have r e v e a l e d  the p r e senc e 

of c a t a l y t i c a l l y  s i g n i f i c a n t  mon o m e r i c  and di me ric iron 

c a r b o n y l - o l e f i n  complexes . In additi on, the 1-p enten e 

i s o m e r i z a t i o n  r e a c t i o n  was used as a probe re action  to 

i n v e s t i g a t e  the p h o t o c a t a l y t i c  pro pe r t i e s  of the F e ( C O ) ^ -  

PVG hybrid system. UV i r r a d i a t i o n  of FeCCOj^ Ca ds) 

res ulted  in s i g n i f i c a n t  i s o m e r i z a t i o n  of 1 - p e n t e n e  to cis 

and tra ns -2 - p e n t e n e s .  The time d e p e n d e n c e  of the
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reaction, as well as the high q u a n t u m  yield value, 

parallel that o b s erved for the Fe(CO)^ p h o t o c a t a l y z e d  1 - 

pentene i s o m e r i z a t i o n  in both solut i o n  and gas phase.

The product d i s t r i b u t i o n  for the Fe(CO),--PVG hybrid 

sy st em  resemble s that o b s e r v e d  for Fe(CO),. species which  

co nt a i n  bulky ligands in their c o o r d i n a t i o n  sphere. This 

i ll us trates  the po t e n t i a l  for creating novel, more 

s e le ctive cat a l y s t s  via p h o t o a c t i v a t i o n  of hybrid 

cat alyst s using iron carbonyl  precursors.

The p h o t o c h e m i s t r y  of F e ^ C C O ) ^ (& ds) was also 

in vestigate d. The a d s o r b e d  cluster was found to be 

p h o t o c h e m i c a l l y  inert r e l at iv e to Fe( CO)^( ad s) . In 

c on trast to the monomer, UV photoly si s of F e ^ C C O ) ^ ( a d s )  

res ulted  in ext e n s i v e  me tal o x ida ti on and me th ane 

evolu tio n. A c o m p r e h e n s i v e  i n t e r p r e t a t i o n  for the 

p h o t o c h e m i c a l l y  a c t i v a t e d  m e t h a n a t i o n  reac ti ons ob served 

on PVG will requir e s p e c t r o s c o p i c  obser vat ion, probabl y 

via diffuse re f l e c t a n c e  FTIR, of the c a r b on ac eous 

i nt er m e d i a t e s  involved.

The poten tial for using the Fe(CO)^-*PVG syst em to 

create  high op tical den s i t y  ch an ges in the glass was also 

inv est ig ated. The high r e s o l u t i o n  obtai ned in these 

e x p e r i m e n t s  su gg es ts that refini ng  and i m provin g this and 

other sys tems may be a fr uit ful  area of research.
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