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ABSTRACT

PHOTOCATALYTIC BEHAVIOR OF TUNGSTEN HEXACARBONYL, AND 

RUTHENIUM DODECACARBONYL SUPPORTED ON 

POROUS VYCOR GLASS 

by

Shuping Xu 

Adviser: Professor H arry D. Gafney

UV photolysis (^ex < 310 nm) of W(CO)^ physisorbed onto C om ing 's

code 7930 porous Vycor glass in vacuo leads to CO evolution followed by CH^ 

evo lu tion . A lthough  pho to in d u ced  CH ^ ev o lu tio n  in itia lly  occurs w ith  

concurrent oxidation of the metal, photoactivation leads to a catalytic system 

w here excitation of the resu ltan t m etal oxide continues CH ^ evo lu tio n . 

Iso tope labeling  experim ents confirm  th a t these  ph o to ac tiv a ted  hybrid  

system s are capable of prom oting the hydrogenation  of an external carbon 

1  ̂source, i.e., CC>2. S toichiom etry  and  d eu te riu m  labeling  experim ents

indicate that the metal oxide catalyzes the reaction, C 0 2  + 2H 20 ---------> CH 4

+ 2 0 2, in w hich w ater acts as the source of hydrogen  and  the reducing  

eq u iv a len ts . The re la tiv e  ra tes  of m e th an e  e v o lu tio n  su g g est th a t 

m ethanation occurs at a site originally occupied by a carbonaceous impurity.

D iffuse reflectance FTIR and em ission  spec tra  ind ica te  that both  

te trahedral and octahedral tungsten  oxide species are p resen t on the PVG 

surface. Selective emission quenching and rate data suggest that the tetra-

iii
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hedral tungsten  oxide species selectively photocalyzes CH^ form ation, w hile 

the octahedral tungsten oxide species photocatalyzes CO evolution.

UV photolysis of RugCCO)^ physisorbed onto PVG leads to oxidative 

addition of a surface silanol group across an Ru-Ru band and form ation of the 

surface grafted species (p-H)Rug(CO)2 Q(p-OSi). The latter species is bound  to

the glass via electron deficient bonds and  exposure to an alkene results in 

im m ediate reaction. UV photolysis of the 1- pentene adduct leads to cis- and 

trans-2-pentene, w here the trans-cis ratio increases from 1.5 ± 0.2 to 2.5 ± 0 .1  

during  photolysis, bu t rem ains significantly smaller than the therm odynam ic 

ratio. D euterating the oxidative add ition  p roduct yields deu tera ted  olefines, 

and the p roduct d istribu tion  suggests an excited state sim ilar to a pi-allyl 

complex. The photogenerated  grafted  complex show s a h igh selectivity for 

o lefin  isom eriza tion  w ith  no evidence for h y d ro g en a tio n  even  in  the 

presence of
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Chapter 1. INTRODUCTION

1.1. In troduction

The 1973 oil crisis stim ulated efforts and searches for alternative energy 

sources. Photochem ists took up the challenge in earnest in the mid-1970s. 

M any proposals appeared regarding generating  chemical fuels from readily 

av ailab le  raw  m ateria ls . The p ro d u c tio n  of d ih y d ro g e n  from  the 

pho tosp litting  of w ater, hyd rogenation  of carbon m onoxide and  carbon 

d ioxide are three exam ples. A lthough  the in itial im petus has declined, 

research on photochem ical energy conversion, storage, and related reactions 

based on photoelectrochemical cells and  photocatalytical systems continues in 

universities and industrial laboratories th roughou t the w ould.

In addition  to searching for new  energy resources, the global climate 

change has received m uch a tten tio n  in  recent years. A n au tho rita tive  

scientific assessm ent by the U nited N ations-sponsored  In tergovernm ental 

Panel on Clim ate Change (IPCC), a g roup  of several hundred  scientists from 

25 countries, predicted  in  the 1990's th a t the Earth 's average tem perature 

w ould increase about 0.3 °C per decade, w arm ing roughly 3 °C by 2100, unless 

action  w as taken  to reduce em issions of g reenhouse  gases in to  the 

atm osphere. The gases of m ajor concern are carbon dioxide, m ethane, 

chlorofluorocarbons (CFCs), and nitrous oxide. M ost research has focused on 

carbon dioxide, by far the largest single contributor to the greenhouse effect. 

The major source of carbon dioxide is the burn ing  of fossil fuels, the prim ary 

energy supply of the industrialized w orld. How ever, to reduce carbon dioxide 

em ission w ith available technologies, such as energy conservation and  fuel

1
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1
switching, will be extremely costly. An attractive strategy, from the economic

and environm ental points of view, is to develop new chemical processes that 

efficiently convert carbon dioxide to chemical fuels. Transition metal systems 

are good candidates for a catalyst in the activation  and fixation of the 

molecule. The efforts currently  m ade are in tended  to find ou t the correct 

reaction conditions and catalysts to accom plish the synthesis w ith high yields 

and good selectivity.

1.2. Catalytic Reactions of Carbon Dioxide w ith Hydrogen

The reduction of carbon dioxide by hydrogen yields, depending on the 

catalyst and the reaction conditions, form aldehyde, m ethanol or m ethane. 

The Sabatier reaction:

C 0 2  + 4H 2 ----------> CH 4  + 2H20  AG° = -27 kcal m o f 1  (1.1)

is an im portant catalytic process of w ide industrial and academic interest. It is

2  5applied  to synthesis gas conversion and the treatm ent of w aste stream s.

M ethane is one of the m ost im portant carbon resources of the w orld, serving

ftas an energy vector as well as a feedstock for h igher-value chemicals.

Intensive investigations during the past decade have therefore been aim ed at 

im proving the activity and selectivity of m ethanation catalysts.

H eterogeneous catalysts of nickel, ru th en iu m  and  rhod ium  have 

proved to be the best for the Sabatier process. The kinetics and mechanism  of

2
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CO2  hydrogenation  on nickel catalysts has been investigated by W eatherbee

and  Bartholom ew .^ These investigators m easured rate of CO 2  hydrogenation

on N i/S iC > 2  as a function of H 2  and CO 2  partial pressures at 500-600 K, 140 kPa 

total pressure, and  a gas hourly space velocity (GHSV, mL of gas per mL of

catalyst per hour) at 30,000- 90,000 h"^. The data show  that the rate of C O 2

hydrogenation is m oderately dependent on C O 2  and H 2  concentration at low 

partia l pressures, but essentially concentration independen t at h igher partial 

p ressu res . R eaction o rd e rs  and  the tru e  ac tiv a tio n  en erg y  are quite  

tem p era tu re  d ep en d en t indicating  a com plex L angm uir - H inshelw ood  

m echanism  involv ing  dissociative adso rp tion  of C O 2  to CO and atom ic 

oxygen. The dissociative adsorption is follow ed by hydrogenation  of CO to 

m ethane via a carbon interm ediate.

The effect of the silica and titania on the supported  nickel catalysts was 

exam ined by Spinicci and Tofanari using tem perature-program m ed reduction

1 flan d  tem p era tu re -p ro g ram m ed  deso rp tion  m ethod . The tw o su p p o rts

exhibit d ifferent levels of NiO reduction after the reducing  pretreatm ents. 

The sm aller surface area and absence of acidic centers in N i/T i 0 2  catalysts 

result in a less carbon dioxide adsorption, and higher levels of NiO reduction 

com pared  to th a t on N i/S i 0 2  catalysts. The greater am ounts of Ni and 

sm aller am ounts of carbon dioxide adsorbed  on the surface of N i/T i 0 2  

catalysts are offset by the larger am ount of hydrogen adsorbed on the metallic 

nickel w hich evidently  fosters carbon dioxide hydrogenation  because of a 

favorable hydrogen to carbon dioxide ratio.

3
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R uthenium  catalysts were first used in the Sabatier reaction by Lunde 

11and Kester. They exam ined the reaction at 1 atm  using a 0.5 % ru thenium  

su p p o rted  on alum ina as a catalyst. The experim ent was perform ed in a 4.15

o
cm J  isotherm al reactor w ith  0 to 85 % conversion of the inlet feed gases at

feed flow ratio (H 2  to CO 2 ) of 1.9 to 3.9, and tem peratures of 400 to 680 °F. 

Since the high activity of the catalyst in the C O 2  m ethanation , m any studies 

of carbon dioxide hydrogenation on ruthenium  catalysts have followed this

I O  1 7
initial report.

G upta  and  cow orkers investigated  the m echanism  of CO and C O 2

1 7m e th a n a tio n  o v er a R u /m o le c u la r  sieve (13 X) c a ta ly s t. T he

c h ro m a to g ra p h ic  a n a ly s is  a n d  ESR re s u lts  in d ic a te  th a t  CO 

d isp roportionation  occurs on the catalyst to give "active" carbon and CC^- 

The active carbon thus form ed reacts w ith H 2  to give CH ^. Unlike CO, CO 2  

does not directly decom pose on the catalyst, bu t w hen H 2  is passed over the 

adsorbed CO 2 / carbon is form ed and subsequently reduced by H 2  to give CH^. 

The ESR signal of carbon is reduced on subsequent H 2  injection initially, but a 

low  in tensity  ESR signal persists even after continuous passage of H 2  for 

hours, and  at reaction tem peratures above 470 K, the carbon signal is not 

reduced  on subsequent passage of The authors suggest that the carbon 

atom s, form ed on disproportionation of CO, or reduction of CO 2  are initially 

reactive and  converted w ith  time and tem perature to an inactive form. Also, 

the fact that deposited carbon does not react w ith preadsorbed H 2  suggests that 

CH^ is form ed by the reaction of the active form of carbon directly w ith the

4
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H 2  in the gas phase.

Zagli and Falconer studied  the adsorption and  m ethanation  of carbon 

d iox ide on  a ru then ium -silica  catalyst u s in g  tem p era tu re -p ro g ram m ed

1 3desorption (TPD) and tem perature-program m ed reaction (TPR). The results

show that CO 2  adsorption increases significantly as the tem perature increases 

from  298 to 435 K. H eating  in a hyd ro g en  flow (TPR) follow ing C O 2  

adsorption produces both CH^ and H 2 O. M ethanation of adsorbed CO and of 

adsorbed C O 2  in flowing hydrogen yields a single CH ^ peak w ith  the same 

peak tem perature  of 459 K for both adsorbates. Based on these results, the 

authors claim that adsorp tion  onto supported  ru then ium  activates C O 2 , and 

some of the CO 2  dissociates to carbon m onoxide and oxygen. U pon exposure 

to hydrogen at room  tem perature, the oxygen reacts to form water, and carbon 

m onoxide follows the m echanism  of carbon m onoxide m ethanation.

P rairie  and  cow orkers s tu d ied  the low -tem pera tu re  ( T<200 °C ) 

m ethanation  of CO 2  over Ru on T1 O 2  supports and on A ^O g using diffuse-

reflectance Fourier transform  ( DRIFT ) spectroscopy.-^ W ith  a 3.8 % R u/T iC ^

catalyst, the reaction exhibits an activation energy ,Ea, of 19 kca l/m o l and  is 

essentially independent of CO 2  concentration. At 110 °C, 40 % of the available 

m etal sites are occupied  by CO ( 0co = 0.4), a kn o w n  m eth an a tio n  

interm ediate. In contrast to RU/T 1O 2 , R u /A ^ O g , despite having the same Ea 

and 0co = 0.2, is 15 times less active. No dependence of m ethanation activity

on the rate of CO adsorption, designated COa, or on 0co indicate heterogeneity 

in the active sites and COa hydrogenation proceeds only on a sm all num ber

5
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of highly active sites since CO dissociation is know n to be s tru c tu re - 

1 finsensitive. The high Ru dispersion on T1O 2  is believed to contribute to the

enhanced activity over this support. A dsorbed CO 2  and H 2  react, possibly at

the m etal-support interface, to form COa via rapid equilibration of the reverse

1

w ater-gas shift reaction. The intense band  at 2051 cm observed  on a 

RU/T 1O 2  catalyst w ith 10 mol% CO 2 / 4 O mol% H 2  at 110 °C has been assigned 

to a linearly  b o u n d  CO on Ru. The CO(ads) hy d ro g en atio n  step  is 

proposed as a rate-controlling step.

Solymosi and cow orkers investigated  the synthesis of m ethane from

19CO2  and  H 2  on  su p p o rted  Rh catalysts. The hydrogenation  of CO 2  o n

R h /A ^ O g  occurs at a m easurable rate above 443 K, y ield ing  exclusively 

m ethane, and the hydrogenation of CO 2  occurs m uch faster than  that of CO. 

The support exerts a m arked  influence on the specific activity  of Rh. The 

m ost effective su p p o rt is Ti0 2  and  the least effective one is Si0 2 - IR 

spectroscopy reveals that linearly bonded CO and adsorbed form ate species are 

present on the catalyst surface during  the reaction. W hen the H 2  + C O 2  +He 

inlet feed gases flow is replaced w ith He and then w ith a H 2  + H e stream , the 

form ation of C H ^ is observed for the next 10-20 m inutes. IR spectroscopic 

m easurem ents reveal th a t in  the case of the R h /S i 0 2  sam ple all of the 

adsorbed CO is rem oved in 2-3 m inutes. Therefore, the investigators assum ed 

that the observed CH^ evolution is exclusively due to the hydrogenation  of 

surface carbon form ed in the H 2  + CO 2  reaction. It is p roposed  that the 

im portant steps in CH^ form ation are the dissociation of CO 2  p rom oted by

6
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adsorbed hydrogen, the subsequent dissociation of CO into reactive surface 

carbon, and hydrogenation of latter.

The rate  of C O 2  m e th an a tio n  increases as the m etal d isp ers io n  

increases, that is, as the particle size decreases. Ichikawa, for example, reported 

th a t the tu rnover frequency  for CO 2  m ethanation  on highly d isp ersed  

rhod ium  ( Rh/SKI^), p repared  by cation exchange, was about fifty times that 

on a low dispersed R h /S i 0 2  catalyst, and  com parable to a highly dispersed

R h /T i 0 2  catalyst.2^ H en d erso n  and  Worley also reported  that all catalysts

having 0.5 % Rh loading w ere m ore highly dispersed than the catalysts w ith

10 % Rh loading.2^

Somorjai and cow orkers studied the kinetics of CO 2  hydrogenation on

22a Rh foil prom oted by titania overlayers. Subm onolayer deposits of titania

on  a Rh foil w ere found  to increase the rate of CO 2  hydrogenation. The 

prim ary product, m ethane, exhibits a m axim um  rate at a TiOx coverage of 0.5 

m onolayer (ML), w hich is a factor of 15 higher than that over the clean Rh 

surface. The m ethanation of CO 2  is proposed to start w ith the dissociation of 

CO2  into CO(a) and O (a)' anc* ^ en Proceed through steps w hich are identical 

to those for the hydrogenation of CO, i.e.,

2 H (a) + CO(a )------ >H 2 CO(a)

H 2(c ° ) ( a) -------> CH 2 (a) + ° (a )

^ 2 (3 ) + H (a )------ > CH3(a)

CH3(a) + H (a )------ > CH4(a)
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The increase in the rate of CO 2  hydrogenation  in the presence of titania is 

a ttribu ted  to an  in teraction  betw een the adsorbed  CO, released  by C O 2

dissociation, and  Ti^+ ions located at the edge of TiOx islands covering the

surface.

H ydrocarbons, m ostly w ithin the C-num ber range C -2~*~18' are generally 

produced  by the Fischer-Tropsch process using the synthesis gas, C O /H 2 . 

Recently, F ischer-Tropsch syn theses have been  ach ieved  w ith  C O 2 /H 2

O O  O Q

m ixtures. One in teresting  aim is the synthesis of low er alkanes and

alkenes from carbon dioxide. Barrault and co-workers reported  that C 2  to C5  

alkanes and alkenes are form ed by using iron catalysts, doped w ith copper.

Pijolat achieved sim ilar resu lts  using F e /A ^ O g  catalysts. Fujim oto and

Shikada com bined a copper-zinc m ethanol synthesis catalyst w ith  a high silica 

NaY zeolite to study the direct synthesis of hydrocarbons from  carbon dioxide 

and  hydrogen . The efficiency of conversion  of C O 2  is low, b u t C 2 -C5

39hydrocarbons are obtained. Kuei and  Lee investigated direct synthesis of

aromatics from carbon dioxide and hydrogen using hybrid catalysts composed

33of iron catalysts and HZSM-5 zeolite. Carbon dioxide is first converted to

CO, followed by the hydrogenation  of CO to hydrocarbons on iron catalyst, 

and finally the hydrocarbons are converted to aromatics in HZSM-5. Fujiwara 

and Souma reported that com binations of Cu-Zn-Cr oxides and zeolites are 

effective for the co n v ersio n  of carbon  d iox ide  in to  C2  and  h igher

h y d ro carb o n s.^

8
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M ethanol synthesis from C O 2  and  H 2  has also received considerable 

attention in recent years. It has been show n that C uO /Z nO -based  catalysts are

highly effective for this reaction. 35-41 an^  Cow orkers investigated the

support effect of zinc oxide catalyst on synthesis of m ethanol from CO 2  and

H 2 . The Zn 0 /Z r 0 2  catalyst shows high activity and selectivity for methanol

form ation. M illar and coworkers s tu d ied  the interaction of C O 2  and H 2  on
H Q -

red u ced  and  oxid ized  s ilica -su p p o rted  copper catalysts. A t room

tem perature, carbon dioxide initially dissociates to produce carbon monoxide 

and  surface oxygen on the surface of the reduced  catalyst. Further carbon 

dioxide adsorption interacts w ith the surface oxygen to p roduce a symmetric 

carbonate species. Co-adsorption of H 2  and  CO 2  (1:1, at 1 atm) on a reduced 

copper catalyst results in dissociation of Hbj producing  adsorbed hydrogen 

atom s and  sym m etric carbonate species. H eating these adsorbates to 388 K 

causes them  to react p roducing  a surface form ate species, the dom inant 

in term ediate of m ethanol synthesis. Fujita and cow orkers reported  that two 

types of formate species, HCOO-Cu, HCOO-Zn, and zinc m ethoxide, CHgO-Zn,

are form ed in the reaction of CC> 2  and H 2  over a C u /Z n O  c a ta ly s t .^  CHgOH

is p ro d u ced  by hydrolysis of C H gO -Zn in  the course of the m ethanol 

synthesis, that is, CHgO-Zn reacts w ith H 2 O form ed via the reverse w ater gas 

shift reaction. Dubois and coworkers reported  that a com bination of a CHgOH 

synthesis catalyst (Cu-ZnO-A^Og) w ith a solid acid, such as a Y-zeolite, SiC^, 

or A ^O g, prom otes CHgOCHg form ation, w hich creates a strong driving force

for CO 2  c o n v e rs io n .^

9
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A lth o u g h  s ig n if ic a n t p ro g ress  has b een  m ad e  in  ca ta ly tic  

hydrogenation of CC^, elevated tem peratures ( T > 300 °C ) and pressures ( P > 

1  atm  ) are still required  for the reactions to proceed at significant rates and 

yields. As a result, recent w ork has been directed tow ard the developm ent of 

light induced CO 2  hydrogenation processes.

1.3. H om ogeneous Photocatalytic Reduction of CO 2

The p h o to red u c tio n  of CO 2  using  hom ogeneous catalysts can be 

ach iev ed  in  several w ays. T ransition m etal com plexes an d  collo idal 

sem iconductors have been em ployed as catalysts, and  organic solvents or 

w ater used as electron sources.

The firs t pho tochem ical system  for carbon  d iox ide  red u c tio n  in 

hom ogeneous conditions consisted of [Ru(bipy)g]^+ (bipy = 2,2 bipyridine)

and [Co(bipy)3 ^ + or a C o ^+ species in organic solvents w ith  added  tertiary

AC
am ines. The p roducts  of the reaction are CO and  H 2 . The m axim um

quantum  yield and the C O /H 2  ratio obtained depended  on the am ount of free 

ligand (2 ,2 '-bipyridine) present in the m edium  and the nature  of the tertiary 

am ine, ethylam ine or hydroxylated  am ines, w hich is used  as an electron 

donor.

Spreer has reported a system affording a good C O /H 2  ratio  com posed 

of [Ru(bipy) 3 ^ + and [Ni(cyclam )]^+ (cyclam  = 1, 4, 8 , 11- tetraazacy- 

clotetradecane) complexes in aqueous solution w ith  an ascorbate buffer as

10
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46electron donors. The dependence of C O /H 2  ratio on the pH  of the m edium  

was studied and the best C O /H 2  ratio was observed at pH = 6 .

Tanaka an d  co w orkers  s tu d ie d  a ph o to ch em ica l sy stem  w ith  

[Ru(bipy)giP+ and [Ru(bipy)2 (CO)2 ^ + dissolved in TEO A /D M F (1:4 v /v )  ( 

TEOA= triethanolam ine, DMF= dim ethylform am ide) m ixture sa tu ra ted  w ith
4 7

CO2 . This system  catalyzes a selective C O 2  reduction  to form ate w ith  

m axim um  quantum  yield of 14 %.

C alvin and  cow orkers investigated  the photochem ical red u ctio n  of 

CC> 2  using nickel tetraazam acrocycles in an ascorbate-buffered so lu tion  at

4 0  O 1

room  tem p era tu re  u n d e r 1 atm  of CC^. Ru(bpy)g is u sed  as a

O .
photosensitizer, and it is found that the Ni(II) macrocycles, [Ni (14-aneN^]

and [Ni (12-aneN^) ]^+ ( 14-aneN^ = 1, 4, 8 , 11-tetraazacyclo-tetradecane, 12- 

aneN ^ = 1, 4, 7, 1 0 -tetraazacyclododecane), reduce CO 2  to CO w ith  sim ilar

O »
quan tum  yields. In add ition , [Ni(12-aneN^] produces form ate as w ell as

carbon m onoxide. The difference in p roduct d istribution is explained by the 

different structures and properties of the two nickel complexes. The [Ni (14-

9 4 -  9 4 -aneN ^] is a low- spin square-planar complex, while [Ni(12-aneN^] is six- 

coordinated w ith  two cis w ater molecules.

K im ura and cow orkers syn thesized  a b ifunctional su p ram o lecu la r 

com plex R u(phen) 2 (phen-cyclam -Ni)(C 1 0 ^) (phen-cyclam  = 1 - ( 1 , 10 -
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phenanthrolin-5-ylm ethyl)-l, 4, 8 , 11-tetraazacyclotetradecane) for the catalytic

pho to reduction  of carbon d io x id e .^  Irrad iation  of the com plex in  a CO 2 -

saturated ascorbate buffer solution (pH 4.0) at 25 °C results in a C O /H 2  ratio  of

2.5.

The pho tochem ical conversion  of carbon d iox ide  has been  also

2  SOachieved by using tungsten  carbonyl complexes, [W 2 (CO)-,q] . Irrad ia tion

of a C O 2  sa turated  CH 3 CN  solution of N a 2 W 2 (CO)jg and PPhg w ith  visible 

light (A. > 420 nm) produces a white precipitate containing N aH C C ^, N a 2 C0 3  

and NaHCOg. The proposed mechanism  considers the reactive species as a 19 

electron m etal complex, [VN^COJ^PRg] ”, w hich is obtained by irrad iation  of

the d im er VN^CO)^ in the presence of PPh^, and the residual w ater in the 

system  is the source of hydrogen  for the form ate. The d im er exhibits 

adsorptions at 347 nm  and 390 nm that are assigned to the a  —> a* and drc —>

Cl
o* transitions, respectively. Therefore, irradiation w ith  ligh t of > 420 nm , 

w hich initiates CO 2  reduction, results in excitation of the low energy tail of 

the dTt — > c* transition. This photochem ical conversion is rem iniscent of 

the so called "disproportionation" of carbon dioxide

2C0 2  + 2e” --------> CO + CO3 2”

52prom oted by several metal system.

C olloidal sem iconductors combine a num ber of desirab le properties 

such as h igh extinction coefficients, fast carrier diffusion to the interface and
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su itab le  position ing  of valence and  conduction  bands to achieve h igh  

efficiencies in light energy conversion processes. As a result, these system s 

currently  receive enorm ous scientific attention. For exam ple, Yanagida and 

cow orkers rep o rted  th a t collo idal CdS m icrocrystallites p rep ared  from  

Cd(C1 0 ^ ) 2  and F^S in N  , N  - d im ethylform am ide catalyzed a selective 

photoreduction  of CO 2  to CO w ith  apparen t quan tum  yield, 0.098 (400

C O

nm), using triethylam ine as a sacrificial electron donor. Aliwi used a new

type of o rgan o m eta llic  com plex  sem iconduc to r: h yd roxo-oxob is  (8 - 

quinolyloxo) vanadium (V ) as a photocatalyst for the reduction  of C O 2  to

formic acid and form aldehyde in aqueous m edium ."^ In this case, it is found

that the reduction rate is enhanced by the presence of a m ethyl viologen -
O 1

ethylenediam inetetraacelate, MV - EDTA, electron relay system.

As described above, m ost efforts to effect the photoreduction of CO 2  in  

hom ogeneous so lu tio n  p h o to reac tio n s  leads to fo rm atio n  of carbon  

m onoxide or form ate as the carbon-con ta in ing  p roducts. W illner and  

cow orkers explored the pho to red u ctio n  of CO 2  to m ethane and  h igher 

hydrocarbons in aqueous solution by using visible light and Ru or Os colloids

as ca ta ly s ts .^  One system is com posed of tris(bipyridine)Ru(II) (R u (b p y )^ +)

as photosensitizer, triethanolam ine (TEOA) as the electron donor, and one of 

the following bipyridinium  charge relays: N, N '- dimethyl-2, 2'- bipyridinium , 

N , N '- trim ethylene-2 , 2 '- b ip y rid in iu m , N, N '- te tram ethy lene-2 , 2 '- 

b ipyridinium , or N ,N ,-bis-(3-sulfonatopropyl)-3,3'-dim ethyl-4,4'bipyridinium . 

Illum ination of these system s under C O 2  in the presence of Ru or Os colloids
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leads to the form ation of m ethane, ethylene and The second system  is 

com posed of Ru(II) tris(bipyrazine) as sensitizer, TEOA as electron donor, and 

Ru colloids. Illum ination of this system  in an aqueous so lution under CC> 2  

leads to the form ation of m ethane, ethylene and  ethane, bu t in this case, 

evolution d id  not occur. The authors exam ined the H 2  evolution process in 

the presence and absence of bipyrazine, and conclude that H 2  evo lu tion  is 

inhibited by the bipyrazine ligand. They also exam ined reduction of CO 2  by 

hydrogen  in  an  aqueous bicarbonate so lu tion  ( p H  7.8) u n d er a gaseous 

atm osphere of H 2  (0.75 atm) and CO 2  (0.75 atm) in the dark. In the presence 

of the P t colloid, e ither Ru or Os colloids and N , N '- dim ethyl-2 , 2'- 

b ipyrid in ium  as the charge relay, photolyses yield m ethane and ethylene. 

W hen the charge relay is excluded from  the system , no reduction  of CO 2  

occurs. The need for the electron relay im plies that the m ethanation process 

o ccu rred  th ro u g h  an e lec tro n -tran sfe r  m echan ism . T h erefo re , they 

em phasized that photo-reduction of CO 2  occurs via electron transfer followed 

by protonation steps rather than by a hydrogenation mechanism.

A problem  w hich is im m ediately evident in hom ogeneous solution is 

that back electron transfer is often more rap id  than forw ard electron transfer. 

To circum vent this energy-w asting back reaction, researchers have directed 

their attention to organized assemblies and heterogeneous phase processes.

1.4. H eterogeneous Photocatalytic Reduction of CO 2

M ost p rim ary  heterogeneous pho to ca ta ly sts  are sem iconductors. 

Sem iconductors are particu larly  useful for such applications because of a
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favorable com bination of electronic s tructure , light absorp tion  properties, 

charge tran sp o rt characteristics, and  excited-state lifetim es. A lthough the 

sem iconductor photocatalyst functions in a m anner sim ilar to the m olecular 

photocatalyst, it possesses several properties characteristic of the solid:

1. The sem iconductor photocatalyst functions as a pool of electrons or 

holes, which is advantageous in m ultielectron transfer reactions.

2. Efficient charge separation occurs at the interface between the 

semiconductor and a liquid or gas, ow ing to the electric field in the 

space charge layer of the semiconductor.

3. The catalytic effect of the sem iconductor surface can be utilized and 

m odified by the deposition of a photoredox catalyst.

As early as 1979, Inoue and cow orkers have carried ou t a system atic

s tu d y  of a variety  of sem iconductor pow ders  in aqueous su sp e n s io n s .^

Product yields of form aldehyde and m ethanol decrease in the following order 

of sem iconductor particulates: SiC > CdS > GaP > ZnO  > T1O 2  > W O 3 . 

Estim ated quantum  yields for SiC as the photocatalyst, w ith  respect to the 

num ber of incident photons, are 0.0005 for HCHO and 0.0045 for CH^OH.

F u rth e r  s tu d ie s  o n  the  p h o to a ss is te d  red u c tio n s  of CO 2  in

7 £T)sem iconductor particulate system  have been reported . D zhabiev and

cow orkers studied the photocatalytic reduction of C O 2  in aqueous CdS, SiC, 

TiC> 2  and SrTiO^ suspensions w ith supported  catalytic additions of Pt, Rh, Ru,

f P iAg and Cu. In the absence of the specially added  electron donors, the CO 2
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photoreduction  is observed on the T1O 2  and  SrTiO^ suspensions only, while 

those w ith CdS and SiC are inactive. The ratio of the reaction products ( CO, 

C, CH^) is dependen t on the specific m etal-catalyst on the sem iconductor 

surface. H irano and cow orkers obtained m ethanol and  form aldehyde from 

the photocatalyzed reduction of CO 2  in a Ti0 2  pow der suspended  solution

fi 4m ixed w ith copper powder.

O nly a few  lite ra tu re  rep o rts  have described  the pho tocata ly tic  

reduction  of CO 2  on gas-solid  system s. Tham pi and cow orkers found  a 

heterogeneous catalytic system  for the photoassisted reduction of atm ospheric

CO2  w ith  sunlight. ̂  The catalyst exhibiting the highest efficiency for CO 2

m ethanation consists of ca. 75 % RuOx (x < 2) and 25 % Ru, as show n by X-ray 

photoelectron spectroscopy (XPS). CO 2  is selectively converted to CH ^ over 

highly d ispersed R u /R u O x m ixture loaded  on TiC^, and  the reaction rate is 

sharply  enhanced th rough photo-excitation of the supported  m aterials. The 

authors proposed that a key role in the m ethanation of CO 2  on Ru was played 

by a surface carbidic bond to Ru, i.e., Ru-C. H ow ever, M elsheim er and 

cow orkers question this postu lation  since no evidence for Ru-C species as

carbides is found in their experim ent w ith  the same c a ta ly s ts .^  The selective

conversion of CO 2  to CH^ is found to be strongly dependent on tem perature. 

T herefore , the au thors  concluded  th a t the p h o to en h an cem en t of the 

conversion was a thermal effect under their testing conditions.

Lichtin and coworkers investigated the photoassisted reduction of CO 2  

b y H 2  over a series of metal oxides, i.e., a-Fe 2 0 g, Zn-Fe-oxide, Pt-La-Ni-oxide,
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Co-M o-Al-oxide, Co-M o-H-oxide and Pt-SrTiOg, in the presence and absence 

67of w ater vapor. In the absence of w ater vapor, CO is the m ajor p roduct

form ed over all the catalysts, while CH^ is the principal m inor product. In the 

presence of w ater vapor, formic acid, CHgOH and traces of C P ^O  are observed 

besides CO and CH^.

O gura and  coworkers studied  a dark  catalytic reduction  of CO 2  over 

photo-pretreated N iO /k sg r catalyst. A N iO /k sg r (kieselguhr) catalyst is pre­

irrad ia ted  w ith  a 15 W low -pressure m ercury lam p (185 and  245 nm) in 

hydrogen  atm osphere and  subjected to flow ing C O 2  in  the dark. CH ^ is 

preferentially  form ed w ith  small am ount of C 2 Hg and CgHg. The authors 

proposed that the reduction of CO 2  was perform ed by chem isorbed hydrogen 

atom s which w ere produced during the pre-irradiation of the catalyst in P^.

O g u ra  an d  co w o rk ers  also  s tu d ie d  the  v is ib le - lig h t-a ss is te d  

decom position  of P ^ O  and  p h o to m eth an a tio n  of CO 2  over Ce 0 2 “Ti0 2

ca ta ly st.^  A 500 W xenon lam p served as the light source, and the light was

passed  th rough  a Toshiba UV-37 filter, w hich cut ou t w avelengths shorter 

than 370 nm. U nder these conditions, i.e., visible ligh t irrad iation , P ^ O  is 

stoichiom etrically decom posed to H 2  and O 2 , and CH ^ is p roduced  from the 

m ethanation of C 0 9  by the generated P^-

1.5. Hybrid Catalysts

As described in the preceding sections, transition metal complexes play
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an im p o rtan t role in  photocatalysis. A n im portan t a ttribu te  of transition  

m etal complexes originates from their ability to provide sensitizers capable of 

using  sunlight, i.e. visible and near UV light. To exam ine their potential as 

new  catalysts, a particu larly  attractive approach  is to use transition  metal 

carbonyls that possess a num ber of advantages as catalytic species. For 

exam ple , the m etal carbony l are com m ercially  availab le , or read ily  

synthesized. Their s tructure and  bonding are well characterized, and m any 

form  cluster com pounds so that reactions requ iring  m ultip le  m etal sites 

m ight be accom plished. A nd lastly, since CO is a gas, it can be exploited as a 

renew able and readily available ligand.

It is generally accepted that photocatalysis by transition metal carbonyls 

involves photo induced  decarbonylation to yield a coordinately unsatu ra ted  

70species. In flu id  so lu tion , the coordinately  u n sa tu ra ted  in term ediate  is

highly  reactive and it is difficult to characterize this species or an active 

com plex derived  from  it. Also, add itional d ifficu lties in  hom ogeneous 

catalysis arise from  the separation  of the reaction m ixture. A n attractive 

alternative is to develop "heterogeneized" hom ogeneous catalysts, i.e., hybrid 

catalysts, w here the catalytically active form of a m etal carbonyl is bound to 

so lid  surfaces. A h y b rid  catalyst re tains m any of the p ro p erties  of a 

hom ogeneous species, such as control of the catalyst on  a m olecular level, 

h igher activity and  deeper m echanistic understand ing , w hile enjoying the 

add itional advantages of a heterogeneous system , such  as easy catalyst- 

reactant separation and catalyst stability.

The support used to hybridize a transition m etal complex m ust be inert
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to the reaction m ixture, w ithstand the reaction conditions, and possess a large 

surface area. However, com m only used supports, such as inorganic oxides, 

graphite and  organic polym ers, do not necessarily behave as inert supports. 

These substrates m ay act as acids or bases, adsorbents, photosensitizers or 

quenchers, and  restric tive env ironm ents for size - specific reactions. In 

addition, m any supports  are opaque w hich in  photocatalysis reduces the 

efficiency of optical excitation. Thus, the catalyst, the adsorben t, and  the 

interaction betw een the tw o can enhance or reduce photoabsorption, reaction 

rates and selectivities.

In spite of a large effort during the past decade, photocatalysis by hybrid 

catalysts has, to a significant extent, progressed slowly. This is due to the fact 

that it is difficult to control the photochem istry on solid surface since surface 

reactions are affected by a num ber of factors, such as adsorption, desorption, 

d iffu sio n  an d  nu c lea tio n . N ev erth e less , s ig n ifican t ad v an ces  in  the 

developm ent of analytical instrum ents and techniques to probe surfaces and 

adsorbed species has led to an increased in terest in the photoactivation  of 

hybrid system.

1. 5.1. Therm al Activation of Supported G roup VIB H exacarbonyls

The therm al ac tiv a tio n  of su p p o rted  m etal carbonyls has been  

exam ined for preparing well characterized catalytically active species on solid 

71 77surfaces. ' How e reported  that Cr(CO)^ su p p o rted  on  alum ina w ould  

undergo complete decarbonylation in vacuo above 283 °K to form  dispersed
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nn
m etallic particles. The decarbonylation is established by IR spectroscopy

and by the observation tha t treatm ent w ith  CO (6 . 6  x 10^ N /m ^ ) at 318 °K

partially restores the Cr(CO)^ bands. Subsequent w ork by Brenner and H ucul 

u s in g  a te m p e ra tu re  p ro g ra m m ed  d eco m p o sitio n  tech n iq u e , TPDE, 

dem onstrates that in the presence of flowing helium , tem peratures in excess

74of 573 °K are requ ired  to achieve com plete decarbonylation. The TPDE

profile illustrates two d istinct regions of decarbonylation, the first occurs 

betw een 50 - 200 °C and the second betw een 200 - 500 °C. CO evolution at the 

la tter tem peratures is accom panied by hydrogen  evolution, derived  from  

surface hydroxyl groups. The hydrogen evolution suggests that the originally 

zerovalent metal has been oxidized.

A lternatively, w hen  Cr(CO)g is bound  to silica som ew hat d ifferent 

re su lts  are  o b ta in ed . T e m p e ra tu re  p ro g ra m m e d  d eco m p o s itio n  of 

Cr(CO)^/Si0 2  in flowing helium  establishes that all the carbonyl ligands are

lost in rap id  succession over a narrow  tem perature range. Sim ilar to the

resu lts  ob tained  on a lum ina, hydrogen  evolu tion  accom panied by m etal 

ox idation  occurs du rin g  the decarbonylation . At 873 °K, the num ber of 

equ ivalen ts of hydrogen  evolved establishes that chrom ium  is at a +4 

oxidation state. EPR studies indicate that C ^C O Jg /A ^O ^ catalysts activated at

473 °K and then exposed to oxygen generate C r^+ ions in square - pyram idal

nr
and tetrahedral coordination.

H ow e and cow orkers report that therm al activation of im m obilized
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7 7Mo(CO)^ catalysts involves com plex d eco m p o sitio n / w here the extent of

decarbonylation is a function  of the basicity a n d /o r  hydroxylation  of the 

support. In general, supports that did not readily stabilize subcarbonyl species 

by coordination  to the vacated  sites induce rap id  decarbonylation of the 

adsorbed complex.

Using IR spectroscopy, H ow e established that w hen Mo(CO)g is exposed
nn

to Si0 2  or AI2 O3 , the carbonyl is physisorbed  onto  the solid surface.

H ow ever, the physisorbed Mo(CO)^ is not stable in vacuo at a tem perature as 

low as -10 °C and imm ediately loses CO to form  Mo(CO)5 (ads). The latter then 

decom poses fu rther to give a stable subcarbonyl species of unk n o w n

4  2stoichiom etry. U pon exposure to CO ( < 1.33 x 10 N /m  ), how ever, this

stab le carbonyl species, M o(C O )x, can be rev ersib ly  ca rb o n y la ted  to

Mo(CO)5 (ads) and at higher CO pressures ( >6.67 x 10^ N /m 7  ) Mo(CO)£|(ads)

slow ly reappears. Identical resu lts are ob tained  w ith  both  W (CO)g and 

Cr(CO)g on alum ina and silica.

A lthough Howe concluded that the decarbonylation of the G roup VIB 

hexacarbonyls was complete and  reversible, subsequent w ork by Brenner and 

cow orkers establishes th a t fo llow ing p artia l decarbony la tion  on a fully 

hydroxy la ted  support, ad d itio n a l CO could no longer recarbonylate the

m etal.7^ The authors investigated the possibility of oxidized species form ing 

du rin g  the TPDE of G roup VIB hexacarbonyls bound  to y - alum ina and  

silica.7^ '7^ A t h ig h er te m p e ra tu re  (200-500 °C), d eca rb o n y la tio n  is
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accom pan ied  by h y d ro g en  evo lu tion . It is p ro p o sed  th a t the evo lved

hydrogen originates from H + in the surface hydroxyl groups of the alum ina

and is reduced  to hydrogen gas, accom panied by an equivalent am ount of 

transition  - metal oxidation.

W(CO)g bound to inorganic support has received less attention than its 

m o ly b d en u m  analog. Early s tu d ies  of the the W C C O ^/A ^O ^ system  

suggested  th a t no stable subcarbonyl species is form ed d u rin g  therm al

activation up to -10 °C7 ^  H ow ever, Brenner and H ucul have dem onstrated  

that W(CO)g(ads) is form ed at 408 °K in the TPDE system s.7^ A tem perature

f i t
of 673 °K is requ ired  to produce com plete decarbonylation , and  W is

form ed on highly hydroxylated supports  w hereas is form ed on highly 

dehydroxylated supports. This behavior is sim ilar to that of the corresponding 

M o tC O ^ /A ^ O g  systems,^® and  silica-supported  W (CO)g also resem bles

Mo(CO)6 /S i0 2 . 7 5

Studies of su p p o rted  VIB carbonyls used  as catalysts for olefin

m e ta th e s is ,^  olefin h y d ro g en a tio n 7^, and  po ly m eriza tio n ^ 7  have been

reported. The active form of the catalysts is not the original hexacarbonyl, but 

a subcarbonyl species of unknow n stoichiometry.

1. 5. 2. Photoactivation of Supported G roup VIB Carbonyls

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



N evertheless, there are som e d isadvantages in  therm al activation of 

m etal carbonyls on a surface. It is difficult to control the reactions of the 

carbonyls to form desired catalytical species by therm al activation. O xidation 

of the m etal carbonyl by hydroxyl groups on the solid surface is possible, and 

aggregation of the species form ed by therm al decom position of metal carbonyl 

m ay lead to larger metal clusters.

Photoactivation of m etal carbonyls m ight be a w ay to resolve some of 

the above disadvantages. Light is a m ore controllable energy source than heat. 

A m o n o ch ro m a tic  ir ra d ia tio n  co u ld  se le c tiv e ly  in d u ce  a specific  

photochem ical reaction to form an active species for catalysis. M oreover, the

d^ m etal hexacarbonyls are ex trem ely  p h o to sen sitiv e  w ith  respect to

dissociative loss of CO. The decom plexation of CO in the excited state has

1 fibeen estim ated to be 1 0  times greater than that sam e reaction in the ground

s t a t e d  H ow ever, the opacity of m any trad itional oxide su p p o rt m aterials

h ave lim ited  the ap p lica tio n  of p h o to ch em ica l m e th o d s  to p rep are  

catalytically  active species on solid surface. The opaque na tu re  of these 

supports drastically reduces the efficiency of any photochem ical process due to 

a nearly  com plete loss of useful light by scattering, reflection or absorption. 

Therefore, only a few lite ra tu re  repo rts  have described  the use of the 

photochem istry of metal carbonyls on a solid surface to prepare catalyst.

A lm ond and cow orkers have repo rted  that pro longed  photolysis of 

M(CO)g (M = Cr, Mo, W) trapped in C ^-doped Ar matrices generated free CO

and CO 2  together w ith Cr0 2  and MO 3  (M = Mo and W ) .^
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G erm er and Ho investigated  the irrad iation  of Mo(CO)g on Rh (100)

OC
surface w ith  IR laser absorption m ethods. The results suggest that at least

tw o, b u t no t all, of the CO ligands are rem oved  from  each physisorbed  

Mo(CO)g molecule.

W ada and cow orkers repo rted  that UV photoactivation  of M o(CO)^ 

and W(CO)g adsorbed on solid supports, such as porous Vycor glass and NaY

8 f izeolite, resu lts  in  a cataly tical species for p ropene m etathesis. Once

activated , the catalysts rem ain  active after the light irrad ia tion  is ceased, 

suggesting that the catalytically active species is form ed by the irradiation. 

Form ation of a subcarbonyl m olybdenum  is observed by UV spectroscopy 

after the M o(CO)g/PVG catalyst is irrad ia ted  under UV light. The authors 

proposed that the subcarbonyl is stabilized by the interaction w ith  the solid 

surface and acts as the active sites or its precursor for the metathesis.

The photochemical behavior of the group VI B hexacarbonyls adsorbed

87onto porous Vycor glass have been studied in this laboratory. The electronic 

spectra of the adsorbed complexes closely resemble spectra of the complexes in 

n -h e x a n e .^ " ^  In the 500 - 260 nm  reg ion , spectra  of Cr(CO)g(ads),

Mo(CO)g(ads), and W(CO)g(ads) show intense bands centered at 280, 286, and 

287 nm , respectively. DRIFT spectra of Cr(CO)^(ads), M o(CO)g(ads), and

W (CO)g(ads) show  in tense bands centered at 1999, 2005, and  1986 c m " \

respectively. With the exception of some broadening, particularly of the lower 

energy shoulders, these spectra also resemble the spectra of the complexes in
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O Q

n-hexane. The absence of decom position products, such as CO or H 2 ,

d u rin g  ad so rp tio n  as w ell as the sim ilarity  of spectra of the adsorbed  

complexes w ith  fluid-solution spectra establish that the complexes physisorb 

onto PVG as distinct m olecular entities w ithou t d isru p tio n  or significant 

distortion of their prim ary coordination spheres.

H ow ever, excitation w ith 350 nm  light causes an im m ediate decline in 

the UV absorp tion  characteristic of each hexacarbonyl and  a concurren t 

grow th of bands in the 240-250 and 400-450 nm  regions. While an isosbestic 

poin t is m aintained, GC analysis of the reactor cell contents after 350 nm  

photolysis in vacuo yields 1.0 ± 0.1 mol of C O /m ol of M(CO)g reacted. The 

reaction stoichiom etry and  the sim ilarity of the pho top roduc t spectra w ith 

those of the corresponding  pentacarbonyls generated  in  low -tem perature

m atrices,90,91 ancj ^  recoveiy  0f > 9 5 % ^ g  hexacarbonyl on exposure to 

CO (1 atm) establish the prim ary photochemical event to be

M(CO)6 (ad s) > M(CO)5 (ads) + CO (1. 2)

w here M(CO)^(ads) denotes a pentacarbonyl w ith  the vacated coordination 

site occupied by an oxygen atom from either a silanol group or chem isorbed 

water.

The prim ary photochem ical reaction is independen t of the excitation 

w aveleng th , w hereas the secondary  photochem istry  exhibits a m arked  

dependence on excitation w avelength. Prolonged excitation w ith 350 nm  light 

causes only CO evolution, while continued photolysis of a W (CO)g(ads)/ PVG
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sam ple in  vacuo w ith  310 nm  light causes CO, and CH ^ ev o lu tio n . 

Sim ilar results are obtained  w ith  254 nm  excitation except th a t the initial 

spectral changes indicative of M(CO)^(ads) form ation are not as well resolved. 

W ith both  excitation w avelengths, CO 2  is also detected, bu t in trace am ounts 

corresponding to < 1 0 % of the am ount of CH^ evolved.

The absence of CH ^ evo lu tio n  d u rin g  the in itia l pho tochem ical 

reaction precludes the p rim ary  photoproduct species as the active reagent. 

D uring  254 nm  photo lysis, extrapolations of the initial rates of m ethane 

evolution reveal a short induction  period preceding H 2  and CH^ ev o lu tio n . 

CO evolution continues d u ring  initial stages of the reaction, bu t eventually  

CH^ becom es the d o m in an t gaseous p h o to p ro d u c t. GC analyses and  

spectroscopic data yield an  average stoichiom etry of W(CO)^ at the onset of 

CH^ evo lu tion .

H 2  e v o lu tio n  su g g e s ts  m e ta l o x id a tio n , an d  s to ic h io m e tr ic  

m easurem ents show that oxidation of the metal initially occurs in a 1  : 1  ratio 

w ith the moles of CH^ evolved. H ow ever, the continued CH^ evolu tion  after 

com plete oxidation of the com plex indicates that the agglom erated  m etal 

oxide is photocatalytic on the surface.

A 310 or 254 nm  photolysis of the complexes adsorbed onto deuteriated  

PVG leads to the evolution of deuteriated methanes. Mass spectral analyses of 

the surrounding  gas phase reveal CH^, CHgD, and small am ounts of C H 2 D2 . 

The results suggest that the silanol group a n d /o r  chem isorbed w ater is the

1 a

hydrogen source in the photoreaction. However, C labeling confirm s that
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CH^ does not derive from  the coordinated CO. Isotope labeling experim ents

w ith  W (^C O )g  establish that in  all cases < 1 % of the label occurs in the

evolved CH^. Since C H ^ evo lu tion  occurs from  sam ples th a t h ad  been 

calcined at 650 °C for at least 72 hours, CH^ does not derive from an adsorbed 

hydrocarbon. Elemental analysis of calcined PVG indicates trace am ounts, <

no
1%, of C that is thought to be a oxide in the glass matrix. Therefore, the

CH^ evolution is a ttribu ted  to a m etal p rom oted  reduction  of a oxide 

present in the glass matrix.

Two questions arose from  these previous studies that became the focus 

of this doctoral dissertation. If the carbon source is a C j oxide in the glass 

matrix, is this hybrid system  capable of photocatalyzing the hydrogenation of 

an external carbon source, specifically CO 2 ? And if it does, w hat is the nature 

of the active center(s) that prom otes the hydrogenation of a oxide?

1. 5. 3. Photoactivation of supported  R u^IC O )^

Ru^(CO ) 2 2  has been used as a catalyst or catalyst precursor for a num ber 

of transform ations. The effectiveness of R u ^ C O )^  as a catalyst for the

n o
carbonylation of acetylene has been described as early as 1968. K uznetsov

and coworkers report that R u-^C O )^ physisorbs onto alum ina and  silica w ith 

the metal fram ew ork intact, and the adsorbed complex therm ally decom poses

to m ononuclear sp e c ie s .^  Basset and coworkers assign a set of IR absorptions

th a t appear du rin g  therm al activation  of R u^C O )-^  on silica gel u nder
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vacuum  to an  oxidative add ition  of a silanol group. ̂  The grafted cluster,

HRug(CO)jQ(OSi), is postu lated  to decom pose at > 100 °C to form  aggregated 

m etal partic les covered w ith  CO and  oxid ized  Ru (II) carbonyl species. 

S im pson  an d  W hym an have sh o w n  th a t th e rm al d eco m p o sitio n  of 

Rug(CO ) | 2  under H 2  on high surface supports yields 15 - 2 0  A dia. m etal 

particles that exhibit enhanced activity and  selectivity in the hydrogenolysis

of s tra igh t chain hydrocarbons to m ethane. Doi and  Yano stu d ied  the

O7

photochem istry of Ru 3 (CO ) ^ 2  supported  on silica. The adsorbed RugtCO)-^

exhibits a new absorption  at 330 nm , and UV photolysis of the adsorbed  

com plex leads to a m onom eric  species, w hich  they p o s tu la te  to be 

Ru(C 0 )^/S i0 2 -

The photochem ical reactions of R u-^C O )^ adsorbed onto PVG have

been studied  in this laboratory.^® Regardless of the im pregnation m ethod, the

UV-visible spectrum  and DRIFT spectrum  of the adsorbed  trim er closely 

resem bles spectra  of the trim er in  flu id  so lution. GC analysis of the 

su rro u n d in g  vapor phase after sublim ing the complex onto PVG gives no 

indication of CO, CO 2 , or H 2  evolution. The sim ilarity w ith  so lution spectra 

and  the absence of the evo lu tion  of possible decom position  p ro d u c ts  

estab lishes th a t R u^C O )-^  physisorbs onto  PVG w ith o u t d is ru p tio n  or 

significant distortion of the complex.

The photochem istry of R u ^ C O )^  (ads), how ever, differs from  that in 

fluid solution. The dom inant photochem ical reaction of R u^C O )-^ in fluid
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9 9  101solution is fragm entation, whereas scavenging experim ents w ith  CO (1

atm ) or P(t-Bu)g (0.25 atm ) indicate that the quan tum  yield of form ation of

C QQ
m o n o m eric  p ro d u c ts  is < 10 on PVG. In s tead , p h o to ly sis  of

Rug(CO)-^2 (ads) w ith light of < 310 nm  leads to the evolution of 1.8 ± 0.2 mol 

of C O /m o l of Rug(CO ) - ^ 2  (ads) reacted. Electronic spectra show that concurrent 

w ith  a decline in absorbance at 395 nm, an absorbance develops at 330 nm  

w ith  isosbestic points m aintained at 295 and 365 nm  through  > 80% reaction. 

UV spectra  are consisten t w ith  quan tita tive  fo rm atio n  of an  oxidative

ad d itio n  p ro d u c t.94-95,97 p jR jp j sp ec tru m  of the p h o to p ro d u c t,

1 -1 com posed of a weak band  at 2109 cm" ,  intense bands at 2078 and 2069 cm ,

1 1 and a broad band at 2034 cm with shoulders at 2017 and  1999 cm ” , confirms

the form ation of HRug(CO)2 Q(OSi).^ Thus, UV photolysis of Rug(CO)^2 (ads)

leads to oxidative add ition  of a surface silanol group across an Ru-Ru bond 

and form ation of the surface grafted species (Figure 1). Oxygen, which anchors 

the complex to the support, acts as a three electron donor and hydrogen binds

1  n?to the m etal cluster w ith  a two electron, three center bond. A lth o u g h

stable for weeks in vacuo, the grafted complex rem ains highly reactive. This 

suggests that this grafted  complex m ight exhibit catalytical properties. A 

second aspect of this thesis was to examine the possible catalytic activity of the 

grafted photoproduct on Corning code 7930 porous Vycor glass.
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Figure 1. Oxidative addition of ^ ( C O ) ^  on PVG
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1. 6. Porous Vycor Glass and Sol-Gel-Glass

As poin ted  out by Jackson and Thrusheim , the principal difficulty in 

q u an tita tin g  the photochem ical behavior of an adsorbed  com plex is the

1 rnopacity of the support. H ighly scattering supports such as high surface area

silicas or alum ina, limit the use of absorption spectroscopy and encum ber the 

m easurem ent of quantum  efficiencies. To circum vent this difficulty, we make 

use of C om ing 's  code 7930 porous Vycor glass (PVG) and porous glasses 

prepared by sol-gel techniques.

C om ing 's  code 7930 PVG is m ade from  sodium  borosilicate glass. 

W hen the borosilicate m elt is cooled below its phase-transition tem perature, 

the silica phase separates from  the boron oxide-alkali oxide phase, and acid 

leaching of the latter phase yields a random , three dim ensional netw ork of 

interconnected pores th roughou t the glass. Pore size and  surface area are 

determ ined by the extent of phase separation in the m elt and acid leaching. 

Pore sizes ranging from 2 0  to 2500 A are currently available, bu t larger pore 

sizes, generally > 1 0 0  A in  diam eter, reduce optical transparency. The glass 

used in our experim ents has an average pore diam eter of 1 0 0  ± 1 0  A and a

surface area of 183 ± 15 m ^ /g A ^  Its void space is abou t 3 0 % A ^  T he

com position, by weight, of the final porous m aterial is 96% SiC^, 2.6 ± 0.1%
i  ncr

B2 O3 , and < 1% N a 2 0  and A ^O g. PVG has a strong adsorption capacity

and can be readily im pregnated w ith a variety of complexes that can serve as 

precursors to catalytical species.
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PVG is stable up  to tem peratures of ca. 1000°C. Like other silicas, its

1 ny
surface is essentially hydroxylic. DRIFT spectra of the calcined glass reveal

1 1  a surface com posed of free, 3 7 4 4 c m , and  associated, 3655 cm " , silanol

1 OR 1 0 Qgroups. The nu m b er of silanol g roups d ep en d s on the sam ple 's

therm al history, bu t studies of a variety of hydroxylated silicas yield silanol

num bers of 4-7 per 100 w ith the highest density  w ith in  the pores. H0-111

Trace am ounts of chem isorbed w ater are also p resen t in  calcined (650 °C)

sam ples . ^ 7 PVG is often likened to silica gel, bu t the tw o m aterials are not

chem ically equivalent. In addition  to the silanol g roups, w hich function as 

w eak Bronsted acids, PVG also possesses B2 O3  Lewis acid sites. As a result of 

its m ethod of m anufacture, i.e., acid leaching, these sites are d ispersed  on 

surfaces throughout the glass matrix. X-ray photoelectron spectroscopic (XPS)
o

analyses indicate that the am ount of B present in the first 50 A of the samples 

used in our experim ents is 2 . 6  ± 0 .1 % . ^

Sol-gel glass is a porous pu re  silica glass m ade by hydro lysis- 

p o lym eriza tion  of silicon alkoxides via a sol-gel-glass route. U sing this 

process, a solution of silicon alkoxides, water, alcohol and a catalyst react to 

form  a gel, which is then dried to form a porous hydrated  glass. The glasses 

p repared  by these sol-gel procedures are m icroporous, transparent materials. 

119 One of the m ost attractive feature of porous silica glass is its ability to 

incorporate organic m olecules during  gelation. Susa and cow orkers report 

that residual organic com pounds remain in the silica gel up to 700 °C. T he
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sol-gel g lass u sed  in  o u r ex p erim en ts  is m ad e  from  m ix tu res  of 

te tram ethy lorthosilicate  (TM OS)-m ethanol-water. A m m onia is used  as a 

catalyst. As found by Susa and coworkers, after calcination in  a muffle furnace 

at 650 °C, the sol-gel glass retains some Si-OCHg and silanol groups on the 

surface.

This thesis reports the studies of catalytical behavior of tungsten  and 

ru then ium  carbonyls supported  on PVG. A ttention is focused on the C O 2  

m ethanation  on  W (CO)g/PVG, W O g/PV G  as well as W O g/sol-gel catalysts, 

and 1 -pentene isom erization on R u ^ C O ^ /P V G  catalysts.

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2. EXPERIMENTAL

2.1. M aterials

R i^ C O )-^  (Pressure Chem ical), W (CO)g (Pressure Chem ical), and 

W O 3  (Pfaltz & Bauer, 99.75%) w ere used w ithout fu rther purification since

U V-visible and IR spectra of the complexes agreed w ith  published s p e c t r a .^ "  

120 j-j p l c  grade 1-pentene (M atheson Colem an & Bell) and  hexane (Aldrich)

were used as received since GC analysis show ed no detectable im purities. D 2 O 

(N orell, 99%) w as used  as received. All gases w ere  from  the L inde 

C orporation  and  w ere u sed  as received since the p u rity  levels of each 

exceeded 99%.

Code 7930 porous Vycor glass containing 100 ± 10 A diam eter cavities 

1 ftand 1.2 ± 0.3 x 10 p o re s /g  was obtained from the Corning Glass W orks. The

glass w as obtained as polished  25 m m  x 25 m m  x 2 m m  plates. All glass 

sam ples w ere first extracted w ith 50% acetone and 50% distilled w ater in a 

Soxhlet extractor for 24 hours then w ith  distilled w ater for 24 hours. The 

extracted glass was dried under reduced pressure (P < 400 torr) at 50 °C, and 

calcined in air at 600 °C for > 72 hours. The calcined sam ples were stored at 

600 °C until needed. At w hich point, a sam ple was transferred w hile hot to a 

vacuum  desiccator and cooled to room  tem perature, 22 ± 1°C, under vacuum

(P < 10'^ torr).

Sol-gel glass was p repared  by mixing tetram ethylorthosilicate (TMOS),
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m ethanol and  w ater (Table I). The TMOS, w ater and  m ethanol w ere m ixed 

for about 1 0  m inutes, then  a catalyst, am m onia, w as added  to facilitate the 

po lym erization  process. A fter adding  the catalyst, the solution was poured  

onto m ercury surface. Casting the gel on m ercury m inim izes the stresses that 

arise betw een the glass container and the gel du ring  drying. This m inim izes 

cracking during  gelation and drying, and has added advantage of yielding an 

optically flat surface. The sam ple containers w ere covered w ith polyethylene 

film and  m aintained at 60 °C for 2 hours. The gels w ere then cooled to room 

tem perature (23 °C) and allow ed to dry for 2-3 weeks. After drying at room 

tem perature, the gels w ere rem oved from m ercury and  heated to 60 °C under

vacuo (P< 1.0 x IQ"3) for 12 hours, and then calcined at 600 °C for > 72 hours.

For d iffu se  re flec tan ce  FTIR (DRIFT) an d  p h o to lu m in scen ce  

m easurem ents, cleaned pieces of PVG were crushed and  sieved to < 200 m esh 

(< 0.074 m m) powder. The pow der was calcined at 600 °C for 24 hours, and 

then cooled and stored in a vacuum  desiccator.

D euteriation was accom plished by refluxing either pow dered  or plate 

sam ples of calcined PVG in 30 mL of D2 O (Norell, 99 %) at 100 °C. After 

refluxing for 24 hours, the solution was replaced by fresh D 2 O, and the 

sam ples refluxed  for an add itional 24 hours. The deu te riu m  exchanged
o

sam ples w ere then dried under vacuum  (P < 10 torr) at 60 °C, and the extent

of deu terium  exchange was calculated from the decrease in the intensity of 
1

the 3744 cm band corresponding  to the silanol group. As illustrated  in

1

Figure 2, the intensity (log Io /I) of the 3744 cm band in the spectrum  of a
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Table I. Com position of Silica Xerogels

Sample TMOS (mL) CH 3 O H  (mL) H 2 Q (m L) N H 4OH  (mL)a

1 6 . 0 4.0 3.0 1 . 0

2 6 . 0 1 0 . 0 3.0 1 . 0

3 6 . 0 15.0 3.0 1 . 0

4 6 . 0 2 0 . 0 3.0 1 . 0

5 6 . 0 25.0 3.0 1 . 0

6 6 . 0 35.0 3.0 1 . 0

a 15 M N H 4OH
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F igure  2. DRIFT spectrum  of calcined PVG at 298 K in vacuo (P<10 " 3  torr)
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Figure 3. DRIFT spectrum  of deuterated  PVG
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1
calcined PVG is 0.172, w hereas the in tensity  of the 3744 cm band  of a

deuteriated PVG decreases to 0.155 (Figure 3), the decrease corresponds to 10% 

d eu teriu m  exchange. The extent of deu teria tion  in  the glass p rep ared  by 

above m ethod is in  the range of 10-15% of the spectroscopically detectable 

silanol groups.

2. 2. Im pregnation Procedures

Plate sam ples of calcined PVG w ere im pregnated  w ith  W(CO)^ or 

R u 3 (CO)j2  by the liquid  phase equilibrium  adso rp tion  technique using a 

h ex an e  so lu tio n  of the  co m p o u n d . Im p re g n a tio n  w ith  W O 3  was 

accom plished by adsorbing a slightly alkaline (pH 8 ), aqueous solution of the 

oxide. Typically, one to th ree cleaned PVG sam ples w ere w eighed and 

m o u n ted  u p rig h t in an  E astm an K odak C hrom agram  D evelop ing  Jar 

containing 50 mL of the adsorbate solution. The concentration was generally

n A
10 in the tungsten  com pounds and 10 in R u 3 (CO)2 2 - The im pregnating

tim es ranged  from 12 to 48 hours, and  in  all cases, the im pregnation  was 

carried  ou t in the absence of light and  the solvents incorporated  d u rin g  

im pregnation w ere rem oved under vacuum  at room  tem perature.

To determ ine the am ount of the com pound adsorbed onto the PVG 

sam ple, the absorbances of the so lu tion  w ere recorded  before and after 

im pregnation. The moles of com pound adsorbed, n acjs , was calculated from 

the relation:

n ads = ( l-O D f/O D i) x n i (2.1)
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w here OD is the optical density at the m onitoring wavelength. The subscripts 

i and  f denote the initial and  final values, and  n^ is the num ber of moles of 

adsorbate in the solution prior to im pregnation.

The moles of W ( C O ) g  and W O g  adsorbed onto the glass were calculated 

from  the absorbance change at 287 nm  and  220 nm  respectively, w hile the 

m oles of Rug(CO )j2  adsorbed was calculated from  the absorbance change at

395 nm. The sam ples p repared  in these experim ents contained 10"^ to 10"^

moles of W /g m  of glass, either in the form  of W ( C O ) g  or W O g .  Ruthenium

loadings ranged from 1 0 “̂  to 1 0 "^ moles of R u -^ C O )^ /g m of the glass.

The pow dered  W O g / P V G  sam ples w ere prepared  by the conventional 

im pregnation procedures. An appropriate  volum e of aqueous WOg so lu tio n , 

usually  1-3 mL for 1 g of P V G ,  was added  to the support. The m ixture was 

allow ed to stand for ca. 1 0  hours in a partially  covered beaker in the hood at 

298 K to rem ove the solvent, and then dried  overnight at 383 K. The dried  

sam ples w ere calcined in a muffle furnace at 823 K for > 24 hours before being 

used. The am ount of WOg loaded was calculated from the concentration and 

volum e of the solution used.

H ighly loaded R u g tC O ^ /P V G  sam ples, i.e., containing > 10 mol of

R u 3 (CO) 1 2  per gram of glass, were prepared  by sublim ation techniques. Both 

plate and pow dered sam ples of PVG w ere suspended above the solid complex 

in the sublim ation apparatus show n in Figure 4. The chamber was evacuated, 

and the complex sublim ed onto the support under vacuum  at 50 °C. The
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Figure 4. Sublimation apparatus
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Figure 5. C alib ration  curve of Ru 3 (CO ) 3 2  adsorbed on Plate PVG 

The absorbance is m easured at 395 nm, and the moles of 

adsorbed  Ru 3 (CO)j2  is calculated from equation 2 . 1
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m oles of Rug(CO ) 2 2  adsorbed  w as determ ined  by com paring  the optical 

density  of the im pregnated  sam ple to tha t of sam ples containing know n 

R u 3 (CO) 1 2  loadings. The calibration curve of R u 3 (CO)2 2 (ads) is illustrated in 

Figure 5.

2. 3. Photochem ical Procedures.

An im pregna ted  PVG sam ple was rig id ly  m oun ted  w ith  a Teflon 

holder in a 5 cm x 2.5 cm x 1 cm quartz cell equipped w ith  a 5.5 cm diam eter 

O-ring joint. The cell was attached to a Pyrex top w hich has tw o side arms 

w ith high vacuum  valves for the adm ission and w ithdraw al of gas samples. 

The entire cell apparatus, illustrated in Figure 6 , was then attached through 

the 10/30 joint to a vacuum  line equ ipped  w ith  an oil d iffusion  pum p 

isolated from the line by a trap at 77 K for evacuation and  transfer of gases. 

Unless otherw ise specified, the cell and enclosed sam ple w ere evacuated to a

pressure of < 1 0 ’^ torr prior to irradiation.

For the m ethanation  reaction, a sam ple im p reg n a ted  w ith  either 

W(CO)g or WOg was irrad ia ted  either under vacuum  (P < 10’^ torr) or a 

1 SC 0 2  a tm o sp h ere  in  the  rec tangu lar q u artz  cells. In s tu d ies  of the

p h o to in d u ce d  iso m eriza tio n  of 1 -p en ten e , (p-FI)Ru3 (CO)2 Q(|i-OSi) w as

generated in situ  by irrad iation  of R u 3 (CO)^2/PV G  u nder vacuum  (P<10“̂  

torr). Form ation of the oxidative add ition  p roduct w as m onitored  by the

n o
increase in absorbance of the characteristic 330 nm  absorption. The cell was
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Figure 6 . Photolysis cell

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



then  evacuated to rem ove the evolved CO, and  exposed to 400 to rr of 1-

n
pentene (3.45 x 10 moles). The isom erization w as induced by continued 

irradiation.

All sam ples were irrad ia ted  in  a Rayonet Reactor ( S outhern  New  

England U ltraviolet Corp.) equ ipped  w ith  either 254, 310, or 350 nm  bulbs.

121Incident intensities, w ere determ ined  by ferrioxolate actinom etry. T he 

fraction of the incident light absorbed by potassium  ferrioxalate, 1  - (I/Io) = 1  - 

10'A (A denotes absorbance at the specific excitation w avelength), w as 

m easured experim entally. The num ber of moles of ferrous form ed, n Fg2 +, in  a

2  4-m easured irradiation time t, was determ ined by reacting the Fe w ith  1, 10- 

phenanthroline and m easuring the absorbance of the resulting complex at 510

2  4*nm. The quan tum  yields of Fe form ation , <t>Fe2 +, w ere taken  from  the

literature, and the incident intensities in the photolysis cell w ere calculated 

from equation 2 .2 .

1° = n Fe2+ /  [<!>Fe2+ S t (1-10'A)] (2 .2 )

where S is the area of KgFe(C2 0 ^ ) 2  in the photolysis cell. C onsequently, the

2  1units of Io in these experim ents are einsteins cm sec . The inciden t

Q 2 1intensities w ere typically on the order of 10 Einstiens cm sec . Q uantum  

yields of form ation of photoproducts were calculated from equation 2.3.
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()) = R /Ia (2 .3 )

w here R is the average rate  of photoproduct form ation, and la is the average 

num ber of einsteins absorbed per unit volum e and time in fluid solution. For 

supported  catalysts, un it surface area was used instead of unit volum e, and 

the light absorbed was calculated from equation 2.4.

Ia =Io S' (1 - 10-A) (2.4 )

w here Io is calculated from  equation 2.2, S' is the area of a sam ple, and  A is 

d e te rm in ed  from  the ab so rp tio n  sp ec tru m  for a p a rtic u la r  excita tion  

w avelength.

2. 4 Physical M easurem ents.

UV-visible spectra of the im pregnated sam ples were recorded  relative 

to calcined blank PVG on  an AVIV 14 DS spectropho tom eter. Diffuse 

reflectance FTIR (DRIFT) spectra of the pow der sam ples, d ilu ted  w ith  KBr 

(1:10), were recorded on a Nicolet 5 /20  DX FTIR equipped w ith  an  intensified 

source, MCTB detector m aintained at 77 K, and a Harrick's diffuse reflectance 

accessory. The instrum ent gain was set to the lim iting value of 8  and  500 scans 

were selected for each spectrum . All spectra were ratioed against a background 

of blank PVG diluted w ith  KBr (1:10).

Em ission spectra of WOg w ere recorded on a Perkin-E lm er H itachi 

M PF-2A em ission  sp ec tro p h o to m e te r  e q u ip p e d  w ith  a red -sen sitiv e
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H am am atsu  R818 photom ultip lier tube. To m easure the em ission from  WOg 

on the PVG, the spectrom eter cell holder was adap ted  to rig id ly  hold  the 

rectangular cell and  the PVG sam ple w ithin at an angle of 50° relative to the 

exciting light. The em ission  w as m onito red  at an  angle of 90° to the 

excitation, or 40° to the front face of the sample. The excitation w avelength 

was set at 270 nm, and em ission w avelengths were set at 410 and 460 nm.

In all experim ents, electronic spectra were recorded periodically during  

photolysis, and  correlated w ith periodic GC analyses of the gas phase in  the 

photolysis cell. The gaseous photoproducts in the m ethanation reaction were 

collected by expanding the gas in the photolysis cell into a Toepler pum p and 

then transferring the gas to the sam ple loop (Figure 7). Generally, three cycles 

were needed to quantitatively transfer the gas to the loop. The loop was then 

closed off and  connected to a Gow-Mac 69-100 gas chrom atograph equipped 

w ith  a rhen ium -tungsten  therm al conductivity detector. A 6 ' x 1/4" diam eter 

stainless steel colum n packed w ith  activated 5 A m olecular sieve (80/100 

mesh, Supelco) was used for analysis of Hg, CH^ and CO. CP grade He was 

used as a carrier gas (35 m L /m in ), the therm al conductiv ity  detector was 

m aintained at room  tem perature, and the detector current w as set at 200 mA. 

The detecto r response w as d isp layed  on a Shim adzu R - lll  recorder and 

calibrated w ith  CP grade H 2 , CH^ and CO. The calibration plots, constructed by 

plotting peak height versus the moles of pure gas injected, are illustrated  in 

Figure 8 . R etention times and slopes of calibration curve for above gases are 

su m m arized  in  Table II. A typical chrom atogram  of gaseous products is 

displayed in Figure 9.
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Figure 7a. Toepler p u m p  apparatus
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Figure 7b. C onnection of gas sam pling  loop to gas ch rom atograph  system
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Table II. Param eters of Gas C hrom atograph

C om pound Retention Times Calibration Slope (cm /m ole)

h 2 1.7 m inutes 9.21 x 106

° 2
3.3 m inutes 5.26 x 106

n 2 5.3 m inutes 7.16 x 196

c h 4 10.5 m inutes 1 . 6 6  x 1 0 7

CO 18.5 m inutes 2.82 x 1 0 7

n-pen tene 13.0 m inutes 2.33 x 108

cis-2 -pentene 14.2 m inutes 2.17 xlO 8

trans- 2 -pentene 16.4 m inutes 1.76 x 108
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Figure 9. C hrom atogram  of m ethanation  p ro d u c ts  

1=H 2 ,2 = 0 2/ 3=N 2 ,4=C H 4 ,5=CO 

GC conditions: carrier gas = H e at 35 m L /m in , 

detector = TCD at 200 mA. 

a ttenuation  = 2
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In the photocatalyzed isom erization of 1-pentene, the gaseous products 

w ere sam pled w ith a gas tight syringe (Ham ilton, M odel # 1001) through the 

rubber septum  in the side arm  of the photolysis cell, and  transferred  to a 

V arian A erograph Series 2400 GC equipped w ith  a 2 m x 1 /8  inch diam eter 

stain less steel colum n containing GP 80/100 C arbopack w ith  0.19% picric 

acid(Supelco).

To separate the olefins, the column was m aintained at 50°C and N 2  was 

used  as the carrier gas (30 m L /m in). The FID detector was m aintained  at 

100°C, and its response, recorded on a Shim adzu R - l l l  recorder, was calibrated 

by d irect injection of 1-pentene and cis- and trans-2-pentene (Aldrich). The 

calibration plots are illustrated in Figure 10, and a typical chrom atogram  of 

the photoproducts is show n in Figure 11.

In the isotope labeling experim ents, the  gaseous pho top roduc ts  of 

m e th an a tio n  or isom erization  w ere collected w ith  a gas ligh t syringe 

(H am ilton, M odel # 1001) and analyzed in a H ew lett-Packard 5988A G C /M S 

spectrom eter.

In situ  FTIR m onitoring of the photoreactions w as accom plished on 

the catalysis reactor system  show n in Figure 12. A commercial h igh  vacuum  

cham ber (HVC) supplied  by H arrick Scientific w as m ounted  in the diffuse 

reflectance attachm ent of the N icolet FTIR, illu stra ted  in F igure 13. The 

cham ber w as fitted  w ith  one 1 0  m m  d iam eter x 2  m m  thick quartz  

observation /photo lysis w indow  and w ith two 19 m m  diam eter x 2 m m  thick 

KBr or CaF 2  IR-transparent w indows. Two connections allow ed for the
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Figure 10. Calibration curve of 1-pentene (e), cis- (Q)and trans-2-pentene (bi) 

GC conditions: carrier gas -  N 2 at 30 m L /m in , 

detector = FID at 100 °C. 

a ttenuation  = 32
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Figure 1 1 . Chrom atogram  of gaseous products in 1 - pentene isom erization 

1 = 1-pentene, 2 = cis-2-pentene, 3 = trans-2-pentene 

GC conditions: carrier gas = N 2  at 30 m L /m in  

detector = FID at 100 °C. 

attenuation = 32
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FTIR h ig h  v a c u u m  ch am b er

Figure 13. FTIR high vacuum  cham ber and  diffuse reflectance attachm ent
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addition  and rem oval of gases. A th ird  connection, term inating underneath  

the sam ple cup, enabled the circulation of gases through the sample. The cell 

could therefore be operated  in a batch, pulse, or flow mode. The sam ple cup 

in the center of the cell accepted up to 300 m g of solid sam ple and could also 

be heated to 650 °C w ith  a 7 W heater and  an Omega Engineering M odel 49 

proportional tem perature controller.

To induce a reaction, the sam ple was photolyzed th rough  the quartz

observation window. In this case, im pregnated pow der samples, diluted 1 : 10

w ith  IR grade KBr, w ere irrad ia ted  in  the H arrick 's diffuse reflectance

accessory w ith either 254 nm  light from a pen lam p (Analamp Model 90-0001-

01), or > 350 nm  light from  a Plexiglas filtered (50% T at 351 nm) high pressure

Xe lam p (SA Instrum ents). In the latter experim ents, the excitation intensity

7  7was typically 10 E insteins/sec-cm  determ ined by ferrioxolate actinom etry.

(g-H)Rug(CO)-Lo(h-OSi) Was g en era ted  in  s itu , and  its fo rm atio n  w as

i go
m onitored by the grow th of its characteristic 2078 cm band. CO evolved

during  the reaction was rem oved under vacuum  to a final pressure of < 1 0

torr. The sam ple cham ber was then charged w ith 400 torr of 1-pentene, and  

the irrad ia tion  continued. Diffuse reflectance FTIR (DRIFT) spectra w ere 

recorded periodically du rin g  photolysis. The DRIFT spectra obtained w ere 

ratioed against a background of blank PVG diluted w ith  KBr (1 : 10). The gas 

phase was sam pled th rough the 6  - port valve (Figure 12), and analyzed w ith  

the Varian Aerograph 2400 GC.
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Chapter 3. RESULTS

3.1. M orphologies and Surfaces of Porous Vycor and Sol-gel Glasses

P orous Vycor glass (PVG) is a tra n sp a ren t, su rface-hydroxy la ted  

am orphous m aterial w ith  a m yriad  of ran d o m ly  d isp ersed  100 ± 10 A

diam eter p o r e s . T h e r m a l  gravimetric analysis indicates that PVG possesses

bo th  physisorbed  (bulk) and chem isorbed water. As show n in Figure 14, 

physisorbed w ater desorbs at 323 - 473 K w hile chem isorbed w ater desorbs 

slowly up to 1073 K.

It is w ell know n th a t in frared  ab so rp tio n  spectroscopy  is very

1 9 4  1in form ative of the hyd ra tion  state on silica surfaces. 7 The diffuse

reflectance FTIR (DRIFT) spectrum  of PVG recorded  at 298 K, as show n in
1

Figure 15, exhibits a sharp, intense band at 3744 cm w ith  a shoulder at 3650

cm"* that have been assigned to free and  hydrogen  bonded silanol groups

1 09  199  -1respectively. ' The w eak shou lder at 3702 cm is assigned to the

19^hydroxyl groups attached to boron (B-OH), and the broad band centered at 

*1

3450 cm indicates the presence of adsorbed w ater on the surface of PVG.

The DRIFT spectrum  of calcined PVG recorded under vacuum  (P<10

torr), as illu stra ted  in Figure 2, exhibits a considerable reduction  in  the

-1intensity of the 3450 cm band, bu t no significant changes in the vibrational
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Figure 14. Therm al gravim etric analysis of PVG
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Figure 15. DRIFT spectrum  of uncalcined PVG at 298 K
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characteristics of free and associated silanol groups. The residual intensity of

I
the weak, broad band at 3450 cm for calcined PVG indicates the presence of 

small am ounts of chem isorbed w ater on the surface.

D euteration of PVG, as show n in Figure 3, reduces the intensity of 3744

1 “1 cm  band  and  leads to an additional band  at 2700 cm w ith  a shoulder at

2570 cm that are assigned to the d eu te ra ted  analogous of the free and

n o
associated silanols, respectively.

After d ry ing  and  calcination, the p rinc ipa l IR absorptions of base 

catalyzed sol-gel glass ( TM O S/C H gO H /P^O  xerogel) resem ble those of PVG. 

As illustrated in Figure 16, the DRIFT spectrum  of calcined sol-gel exhibits a

1 1 sharp, intense band at 3744 cm w ith  a shoulder at 3650 c m ,  and a broad

band at 3450 cm In add ition  to the hydroxyl vibrations, how ever, bands

1

indicative of C-H vibrations, ca. 2900 cm ” , appear in the sol-gel spectrum .

1

The bands at 2944, and 2967 cm are consisten t w ith  the m ethyl C-H

symm etric and asymmetric stretching vibrations of methoxy groups (SiOCHg) 

th a t form  via the reac tion  b e tw een  m ethano l and  surface hydroxy l

groups. 124,159 x h eref0 re, the DRIFT sp ec tru m  dem onstra tes  th a t sm all

am ounts of methoxy groups rem ain on the surface even though the sol-gel 

has been calcined at 600 °C for 24 hours.

Scanning electron microscope (SEM) analyses of calcined PVG or sol-
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F igure  16. DRIFT spectrum  of calcined sol-gel
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Figure 17. Scanning electron micrograph of calcined PVG
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Figure 18. Scanning electron m icrograph of calcined sol-gel
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gel glass reveal a n o d u la r surface com posed  of silicate n o du les  w ith  

in te rv en in g  crevices. The in te rv en in g  spaces in  PVG, w hich  in  to tal

correspond to a void volum e of ca. 35%, range from 40 to 100 A A ^  Figure 17

and Figure 18 illustrate the typical SEM photographs of calcined PVG and sol- 

gel glass.

3. 2 . Photoinduced M ethanation of CC> 2  w ith  W(CO)g(ads) and WOg(ads)

3 .2 .1 . D istribu tion  of A dsorbed W(CO)g and WOg

The distribution of the chemical adsorbates was determ ined spectrally. 

Electronic spectra of the adsorbed  com plex or the oxide recorded at five 

different locations on a 25 m m  x 25 m m  x 2 m m  sam ple are identical w ithin 

experim en tal error, i.e.,± 0.1 absorbance un it. The spectral ag reem en t 

establishes that im pregnation  by so lu tion  adso rp tion  leads to a uniform  

distribution of the com pounds on the surface of PVG.

The cross-sectional d istribution  of VIB hexacarbonyls adsorbed  onto 

PVG has been previously studied  in this l a b o r a t o r y . ^ A 2 5 - 1 2 6  w ith  loading <

IQ' 5  m o l/g , W(CO)^ penetrates 0.4 ± 0.02 m m  in the 25 m m  x 20 mm x 4 mm

PVG.®^ A ssum ing that W(CO)g penetrates the same depth  in the 25 m m  x 25 

m m  x 2  m m  PVG, the penetration  dep th  corresponds to ca. 40% of the total 

sam ple volum e. The fractional surface coverage, 0 , is given by equation 3.1.
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0  = Am /W g A g (3.1)

where Am is the total planar projected area of the adsorbate, W g is  the w eight 

of glass im pregnated, and A is the surface area per gram  of the glass. For
O

plate PVG, W is 40 % of the sam ple w eight since the complex im pregnated
O

ca. 40% of the total sam ple volum e. For pow dered  PVG, im pregnation  is 

uniform  since im pregnation  dep th , 0.4 ± 0.02 m m , exceeds the average 

particle diam eter (< 0.074 mm). In this case, Wg equals sam ple weight.

Taking 0.3 nm  as the rad ius of W(CO)g, 0.2 nm  as the rad ius of 

and 183 ± 15 m 2/ g  as the surface area of PVG, 89,103,131-132

fractional surface coverages of the sam ples exam ined in  the m ethanation  

experim ents are sum m arized in Table III.

It is im portan t to note that, even w ith the h ighest loading, 1.7 x 10

mol of W O g/g  of PVG, the sam ples exam ined in  the experim ents have the 

fractional surface coverages of < 2%. The majority of the glass surface of the 

sam ples exam ined here is vacant, and other reagents are m ore likely to 

adsorbed onto  the glass than  directly onto the adsorbed m etal complex or 

oxide.

3. 2. 2. Spectral Properties of A dsorbed W(CO)g and WOg

8 7  9 8C onsisten t w ith  p rev ious experim ents in this laborato ry , ' the 

electronic and infrared spectra of adsorbed W(CO)g closely resem ble those of
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Table III. Fractional Surface Coverage of W(CO)g and WOg on PVG

Im pregnate
Moles A dsorbed 

(1 0 '^  m o l/g )
Sam ple

Type
Surface Coverage 

( 0 )

W (CO ) 6 0.89 plate 0 . 2 0

W (CO ) 6 1.5 plate 0.16
W (CO ) 6 1.9 plate 0.45
W (CO ) 6 2.7 plate 0.63
W (CO ) 6 1 2 . 0 pow der 1 . 1 2

W 0 3 3.8 plate 0.39
W 0 3 2.9 plate 0.30
W 0 3 2.7 plate 0.28
W 0 3 1.9 plate 0 . 2 0

W 0 3 1.5 plate 0.16
W 0 3 1 . 1 plate 0 . 1 1

W 0 3 17.0 plate 1.76
W 0 3 2 . 6 pow der 0 . 1 1

W 0 3 3.8 pow der 0.16
W 0 3 4.3 pow der 0.18
W 0 3 15.0 pow der 0.62
W 0 3 17.0 pow der 0.70
W 0 3 46.0 pow der 1.91
W 0 3 53.0 pow der 2 . 2 0
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the complex in  n-hexane (Table IV). The electronic spectrum  of W(CO)g (ads), 

as show n in Figure 19, exhibits an intense band at 287 nm. The lower energy, 

ligand field transition, w hich appears as low intensity  shoulder on  the 287 

nm  charge transfer transition  in  so lu tion  spectra (Figure 20), appears as 

unresolved  tail in  the 300-350 nm  region. DRIFT spectra of W(CO)g (ads)

show  a b and  centered a t 1986 cm (Figure 21), characteristic of the CO

87stretching vibration in the hexacarbonyl.

To spectroscopically characterize the pho toproducts of the com plex 

obtained in  the glass, the spectroscopic properties of possible m etal oxide 

products were examined. In aqueous solution, the structure of the tungstate 

ion is pH  dependent and described by the following equilibrium  (equation 3.2)

W 0 42" + 12 H +  > W 1 2 0 4212" + 6H20  (3.2)

In n eu tra l and  alkaline so lu tions, tu n g sten  exists exclusively  as the
o  1 o o  -i n A

te trahedral W 0 4  ion. Figure 22 illustrates the electronic spectra of

aqueous solutions of WOg as a function of pH. The spectrum  of a solution of 

pH  8  exhibits an intense absorbance at ca. 210 nm , therefore, this band  is 

assigned to the m onom eric, tetrahedral oxotungsten ions. U pon adsorp tion  

from an aqueous N H 4OH solution, pH  8 , a slight red shift of the absorbance 

occurs in the electronic spectra of W O ^ads). The red  shift increases w ith  

loading, and the spectrum  approaches that of bulk WOg w hich is octahedrally

1 f i Ocoordinated w ith  a m axim um  absorbance in  the 300-320 nm  range. As 

show n in Figure 23, a sam ple containing 1.9 x 10"^ m ol W O g /g  PVG, for
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Table IV. UV-Visible and Infrared Absorption of W(CO)g and Ru^CO)-^

Com plex M edium n m - 1cm

Rug (03)^2 H exane 238,395 2062, 2033, 2018, 2012

PVG 240,395 2065,2032,2018

W (CO ) 6 H exane 290 1984

PVG 287 1986
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Figure 19. Electronic spectrum of 4.0 x 10-6 mol of W(CO)6 / g  of PVG
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Figure 20. Electronic spectrum of W(CO)6 in hexane, 1.2 x 10"
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Figure 21. DRIFT sp ec tru m  of 1 . 2  x 1 0 ~ 5  m ol o f W (C O ) 6  / g  of PVG
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Figure 22. Electronic spectra of WOg aqueous solutions: a) pH = 2, b) pH

c) pH = 8.
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Figure 23. Electronic spectrum of WO3 (ads): a) loading 3.8 x 10'6 mol of 

w ° 3/ g  of PVG, b). loading 1.7 x 10"5 mol of W 0 3/ g  of PVG.
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exam ple, exhibits an intense absorbance at 232 nm , w hile a sample w ith a 

loading of 1.7 x 10“̂  mol W O g /g  PVG, exhibits an intense absorbance at 255 

nm.

W hen W O 3  is adsorbed onto  PVG, the in tensity  of the free silanol 

group band at 3744 cm declines. The DRIFT spectrum  of a sample contained

1.5 x 10- 5  moles of W O 3  /  g PVG (Figure 24), shows the intensity of 3744 cm"^

band  declines about 40 % relative to that of a calcined PVG (Figure 2). The 

decline increases w ith loading, b u t it is not p roportional to the am ount of 

W O 3  loaded. As show n in  Figure 25, w hen the loading increased from 2.6 x

10'^ to 5.3 x 10- 5  mol of W O ^ /g  PVG, the intensity of 3744 cirf^ band declined

12 % to 46 % relative to the calcined PVG (Table V). O n the other hand, the

intensity of 3450 cm"-*- band, assigned to chem isorbed water, increases in the

spectra of W O ^ads). The significance of this change is not clear since the 

increase may be attributed to w ater adsorbed during the im pregnating process.

The IR absorptions of bulk W O 3  crystalline at 876 and 780 cm”  ̂ could not be

resolved due to the strong absorp tions of PVG in these low w avenum ber 

135regions.
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Figure 24. DRIFT spectrum  of 1.5 x 10“̂  m ol of W O^ / g  of PVG
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1
Table V. Changes of Intensity of Free Silanol Band (3744 cm’ ) in the Spectra 

of PVG Im pregnated w ith WO 3 .

Moles A dsorbed Intensity(log Io /I)  Retained Intensity % 

Im pregnate (10"^ m o l/g ) 3744 cm’  ̂ 3744 cm- '*'

PVG 0 . 0 0.172 1 0 0

W (CO ) 6 2.7 0.171 99.4
W (CO ) 6 1 2 . 0 0.173 1 0 0 . 6

W 0 3 2 . 6 0.151 87.8
W 0 3 3.8 0.142 82.6
W 0 3 15.0 0.103 60.0
W 0 3 17.0 0.099 57.6
W 0 3 46.0 0.094 54.7
W 0 3 53.0 0.092 53.5
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3. 2. 3. Photoinduced M ethanation of CC> 2

£
A 254 - nm  photolysis of a sam ple contain ing 4.2 x 10 m oles of

W(CO)g / g  PVG in vacuo causes im m ediate spectral changes. As illustrated in 

Figure 26, the 287 nm  absorption characteristic of the hexacarbonyl declines 

w ith a concurrent grow th of a new band at 405 nm  w hich has been assigned to

87tungsten  pentacarbonyls. P rolonged UV photolysis over a period  of days

show s that both 287 nm  and 405 nm  absorptions disappear, and a new intense 

band  appears in the 230 - 250 nm  region corresponding to the absorbance of 

W 0 3 (ads).

C orresponding to the spectral changes, period GC analyses indicate that 

254-nm photolysis of the sam ple, w hich initially contains 4.2±0.2 x 10"^ mol of

W(CO)g, in vacuo yields 6.4±0.2 x 10"^ moles of CO w ithout CH^ e v o lu tio n  

d u rin g  the initial 2.5 hours. C ontinu ing  the photolysis for 24 hours, the 

photoreaction produces 1.1 x 10"^ mol of CO and 8.5 x 10"^ mol of CH^, and

after 96 hours, the reaction yields 1.3 x lO-^ mol of CH ^ and 2.4 x 10“̂  mol of

CO. This am ount of CO corresponds to the recovery of 95 % of the originally 

coo rd ina ted  CO. As m en tioned  in the in tro d u c tio n , these experim ents 

reconfirm ed that the form ation of m ethane is due to the m ethanation of C^ 

im purity  in the PVG, and not due to the hydrogenation of coordinated CO.

W hen a sam ple containing 2.8 x 10"^ m ole of W(CO)g(ads) (Table VI, 

sam ple 1 ) , which has been photolyzed for 24 hours in vacuo, and then
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Figure 26. Spectral changes d u rin g  254 nm  photo lysis  of 4.2 x 10 m ol of

W (C O )^ (ad s)/g  of PVG in vacuo. Photolysis tim e (a) 0.0 hour, 

(b) 1.0 h o u rs, (c) 96 hours
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Table VI. Rates of CO and CH^ Evolution D uring 254 nm  Photolyses of PVG 
Im pregnated w ith  W(CO)g or WOg

Moles Moles ________ Rates (m ol/h i __  T u rn o v er

Im pregnate ad so rb ed a 1 3 C 0 2  12CO 1 2 CH 4  13CO 1 3 CH 4  F requencye 

x 10' 6  x 10‘ 4  x 10' 8  x 10‘ 8  x 10"8  x 10" 8  x lO ' 6

W(CO)6 2.8 (1.9)
W(C 0 ) 6 3.1 (1.9)
W(CO)6 2.8 (1.9)

W(CO)6 b 4.0 (2.7)

W(CO)6 b 4.2 (2.7)
W(CO)6 4.2 (2.7)
W(CO)6 2.3 (1.5)
w o 3 1.4 (1.1)

w o 3 b 1.4 (1.1)

w o 3 b 1.6 (1.1)

w o 3 b 2.8 (1.9)

w o 3 c 2.6 (1.9)

w o 3 d 2.2 (1.9)

w o 3 24 (17)

w o 3 c 2.2 (1.5)
w o 3 2.3 (1.5)
w o 3 4.2 (2.9)
w o 3 5.3 G3 oo

w o 3 120 (78)

2 . 0 5.6 15
8 . 0 7.2 37
2 . 0 13 28

2 . 0 8.9 60

2 . 0 19 35
0 . 0 19 35
0 . 0 1 2 26
1 . 6 3.2 16

1 . 6 3.1 1 2

1 . 6 3.5 14

1 . 6 2.3 18

1 . 6 2.3 14

1 . 6 0.30 2.5

1 . 6 26 29

0 . 0 4.2 1 2

0 . 0 4.5 14
0 . 0 18 47
0 . 0 2 0 58
0 . 0 42 75

0.85 0.32 0.32
1.0 0.54 0.38
0.69 0.27 0.27

7.0 1.8 1.3

7.7 4.1 2.7

2.8 0.52 1.0

14.0 1.6 3.0

9.3 1.7 3.0

4.8 3.3 3.2

3.8 1.8 1.9

11.2 0.23 0.3

65 23 2.7

a). Total moles adsorbed, num bers in parenthesis are moles a d so rb ed /g  of 
PVG.

b). 1 3 C 0 2  was added  after depleting the carbonaceous im purities (see text).
c). The sample w as exposed to w ater vapor.
d). Extensively dehydrated by evacuation at 650 0  C, P < 10' 4  torr for 15 hours.
e). Turnover frequencies for 1 3 CH 4  evolution, (sec-1).
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evacuated to < 1 x 10’^ torr, is exposed to 25 torr of 2.0 x 10”̂  m oles, the

gas rapidly equilibrates betw een the adsorbed and gas phases. However, UV

IQ IQ
photolysis does not resu lt in im m ediate CH^ evolution. Instead, CH^

I Q  I Q
initially accom panies CO evolution, bu t sm all am ounts of CO and CH^

1 Sappear after 24 hours of photolysis (Figure 27). Increasing the CC> 2  pressure 

to 1 0 0  torr, 8 . 0  x 1 0 ”̂  m oles, does not significantly enhance the initial rate of 

■^CH^ evo lu tion  (Table VI, sam ple 2). H ow ever, prolonged photolysis of a 

sam ple containing 2.8 x 10’^ m ol W(CO)g(ads) (Table VI, sam ple 3) under 25 

torr of ^ C C ^  show s that the rate of ^ C H ^  evolution slow ly increases from

2.7 x IQ' 9  m o l/h  to 6.4 x 10’ 9  m o l/h  in 7. 2 x 10^ seconds (Figure 28). After that

I Q  Q
point, the rate  of CH^ increases to 1.4 x 10 m o l/h . C orrespondingly ,

prolonged photolysis of a sam ple containing 2.8 x 10’^ mol of W(CO)g(ads)

(Table VI, sam ple 1) in  vacuo, the rate of ^ C H ^  declines from  1.5 x 10" ' 7

m o l/h  to 9.2 x 10" 9  m o l/h  in 7.5 x 10^ seconds (Figure 29). The im m ediate 

1 ?appearance of C H ^in all experim ents w ith W(CO)g, regardless of the initial

^C C > 2  p ressu re , w hich ran g ed  from  2 0  to 1 0 0  torr, suggests th a t the

carbonaceous im purity  is m ore easily hydrogenated than C C ^ads). Depleting

1 ^the carbon source in the glass by prior photolysis leads to im m ediate CH^

evolution. For exam ple, sam ple 5 (Table VI) was photolyzed until the rate of 

CH^ evolution was below the detection lim it of the GC (Gow-Mac 69-100,
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Figure 27a. GC-MS spectrum  of gaseous p ro d u c ts  generated  from  254 nm

photo lysis of a sam p le  con ta ined  2.8 x 1CT6  m ol of W (C O ) 6  (ads)

u n d e r 2.0 x 10- 4  m o l 1 3 C 0 2  in  8 . 6  x 104  sec. (1 3 CH 4: m /e =  17,

1 3 CO: m /e  = 29)
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Figure 27b. GC-MS spectrum  of gaseous p roducts  generated  from  254 nm

photo lysis  of a sam p le  con ta ined  2.8 x 10”̂  m ol of W (C O )^ (ads)

u n d e r  2.0 x 10“̂  m ol in  8 . 8  x 103  sec. m /e =  17,

1 3 CO: m /e  = 29)
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Figure 28. Yields of an d  ^ C O  durin g  254 run photo lysis of 2.8 x 1 0

m ol of W (CO)6 (ads) in 2 . 0  x 1 0 " 4  m ol of 1 3 C 0 2
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Figure 29. Yields of CH^ an d  CO durin g  254 nm  photolysis of 2 . 8  x 1 0 "^ m ol 

W (CO)^(ads) in vacuo
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Q C
10 mol). At that point, the sam ple was evacuated (P <10 torr), charged w ith 

1 325 torr of CO2  and photolyzed. After 2 hours photolysis, G C /M S analysis of

Q
the surrounding  gas phase indicates that reaction generates 8 . 2  x 1 0  mol of 

and 1.5 x 10”̂  mol of ^ C O .

1

DRIFT spectra recorded during  photolysis show that the 1986 cm band

I O 1 0

of the hexacarbonyl d isap p e a rs  d u rin g  CH^ ev o lu tio n . W hen  CH^

evolution occurs, the electronic spectra of the adsorbate consist of a strong UV 

absorbance in the region of 230 - 250 nm  w ith  a w eak shoulder at ca. 350 nm. 

The spectrum  is essentially  equ iva len t to the spec trum  of W Og(ads) as 

illustrated in Figure 30. Therefore, experim ents were carried out w ith  sam ples 

d irectly  im pregna ted  w ith  W O 3 . As fo u n d  w ith  the  m etal carbony l,
1 o in

irradiation under 2 0  torr of CO2  leads to CH^ evolu tion  initially, followed

by evolution. D epleting the carbonaceous im purity  by prior irradiation

1 ^also leads to im m ediate CH^ evolu tion  (Table VI, sample 8-10).

The quantum  yields for the form ation of CH^ are sum m arized in Table 

VII. Com petitive absorption of the 254 nm  excitation by the glass precludes an 

exact determ ination of the quantum  yield of CH ^ evolution. The listed  data 

are com puted from  the in itial rates of CH ^ evolu tion  and the excitation 

in tensity  inciden t on the  im p reg n a ted  sam ple calculated  accord ing  to 

equation 2.3.
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F igure 30. UV spectrum  of (a) 2.7 x 10"^ m ol of W O g /g  of PVG, (b) the final 

p h o to p ro d u c t of 1.9 x 10'^ mol W (C O )^ /g o f PVG.
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Table VII. Q uantum  Yield Data

Moles Light Q uantum  Yield

Im pregnate adsorbed adsorbed 1 2 c h 4 1 3 c h 4 pen tene
r

10 m o l/g  E instein /sec 1 0 ' 3 H
-* O

1

l

cis- trans-

W (CO ) 6 1.9 4.95 x 10" 9 8.4 1 . 8

W (CO ) 6 1.9 5.48 x 10‘ 9 2 2 . 2 3.2

W(C 0 ) 6 1.9 4.95 x 10' 9 15.7 1.5

W (CO ) 6 2.7 4.62 x 10- 9 36.1 1 0 . 8

W (CO ) 6 2.7 5.11 x 10" 9 19.0 2 2 . 2

w o 3 1 . 1 5.28 x 10' 9 6.3 8.4

w o 3 1 . 1 6.06 x 1 0 ' 9 6.4 7.8

w o 3 1.9 5.06 x 10' 9 9.9 18.1

w o 3 17 4.73 x 10' 9 15.3 135.1

R n 3 (CO)i2 0 . 1 2 4.42 x 10‘ 9 0.16 0.24

R u 3 (CO) ] 2 0.29 4.84 x 10' 9 0.42 0.71

R u 3 (CO) 1 2 0.45 4.65 x 10' 9 0.48 0.85

R u 3 (CO)j2 0.78 5.17 x 10" 9 0.65 1.27

R u 3 (CO)i2 0.78 5.52 x 10" 9 0.72 1.38

R u 3 (CO) | 2 0.45 8.25 x 10' 9  * 0.43 0.77

R u 3 (CO)i2 0.78 1 . 0 2  x 1 0 ” 8  * 0.78 1.44

* Irradiated at 350 run light.
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v / 90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 8The im p reg n a ted  PVG sam ples u sed  in  the CO2  m e th an a tio n

experim ents contain < 2.7 x 10’^ mol of W (C O )g/g  PVG and < 1.7 x 10 - 3  m ol

W O g(ads)/g  PVG, w hich correspond to a fractional surface coverage of < 2 % 

in the im pregnated  volum es of the glass. N evertheless, the fact that the rate 

of CH ^ evolution increases w ith tungsten  content (Table VI), and the absence 

1  8of CH^ evolution during 254 nm  photolysis of an unim pregnated , calcined

1 8PVG under 20 torr of CO2  for 24 hours confirm  that tungsten is essential to 

the conversion.

Electronic spectra recorded during  photolysis of the hexacarbonyl, the 

stoichiom etry of CO evolution, and the fact that equivalent behavior occurs 

w ith  sam ples im pregnated  w ith WOg indicate that photolysis converts the 

W(CO)g to a tungsten  oxide. Consequently, a tungsten oxide surface species is

1 a  1 0

the photocatalytic reagent in the conversion of CO2  to CH^. Electronic

spectra show no change in the oxide during  the reaction, and GC-MS analyses 

indicate no loss of activity in the 5 periodic evacuation and recharging w ith 20

torr 1 3 C 0 2  (Table VIII).

D euterium  labeling experim ents indicate that the hydrogen source is

8 7either the silanol or chem isorbed w ater. Calcined (600°C) PVG contains

sm all am ounts of chem isorbed w ater, and  m ethane evolution is dependent, 

although in a complex way, on the am ount of adsorbed water. Extensive
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Table VIII. Photocatalytic Activity of W O ^/PVG  Catalysts for the M ethanation 

of CC> 2  during Periodic Evacuation and  Recharging w ith 20 Torr

■^CC^ (wavelength=254 nm, period=10 hours)

Im pregnated  Rate of Form ation (1 0 ^  m o l/h )

W 0 3 (m ol) In itial Period 1 Period 2 Period 3 Period 4 Period 5

1.6 x lO - 6  1.7 1.3 1.9 1.8 1.5 1.9

2.8 xlO - 6  3.3 3.5 3.0 3.2 2.8 3.1
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deh y d ra tio n  of a sam ple containing 2 . 2  x 1 0 '^  mol of W O gtads) under

vacuum  (P< 6  x 10“̂  torr) at 650°C for 15 hours, for exam ple, reduces the rate

of evolution by an order of m agnitude during  subsequent photolysis

1 3under 20 torr of C 0 2- O n the other hand, increasing the w ater content by

exposing a calcined sam ple containing 2.n \ I0 ' h mol of W Og(ads) to w ater

vapor also decreases the rate of "CH j evolution by 40% relative to an

19unexposed sam ple (Table VI), but no significant decrease in the rate of CH^

evolution occurs. A pparently  w ater is an e s s e n t i a l  reactant, bu t in excess, it

13competes w ith the adsorption of J CQ0  onto the active sites. This is suggested

1 2  1 9by the fact that the rate of CH^ evolution, w h e r e  the CH^ derives from  a

oxide currently occupying the active site, is m ictiected by exposing to H 2 0 .

In addition to acting as a hydrogen s o u r c e ,  w a t e r  could be the source of 

the reducing equivalents. Indeed, G C  a n a l y s e s  o f  t h e  photoproducts indicate 

that oxygen forms in the m ethanation of  C(  C. , \ s  s h o w n  in Table IX, the ratio 

of peak height of nitrogen to oxygen r e d u c e s  f r o m  5.2 ±  0.1 to 1.9 ± 0.4 after 10 

hours photolysis. According to the e q u a t i o n s  <5..5) a n d  (3.4),

C 0 2  + 2H20   > CH j r 2 (% (3.3)

CO^ + H 20  -------- > t CO r ()-) (3.4)

three m oles of 0 2  are expected per mol e  01 C H ,  and CO form ed. As 

dem onstrated  in Table X, however, the actual n u m b e r  of  moles of O 9
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Table IX. Peak Height of N 2  and O2  Obtained during 254 nm Photolysis of
PVG Samples Containg W(CO)^ or WO3

M oles Peak H eight (cm) Peak H eight (cm)
Im pregnate adsorbed (before photo) (after photo)

n 2  o 2  n 2  o 2

W (CO ) 6 4.0 x 10' 6 4.2 1.3 4.5 2 . 2

wo3 1 . 6  x 1 0 ‘ 6 3.5 1 . 1 3.6 2 . 1

wo3 2 . 8  x 1 0 ' 6 3.3 1 . 0 3.7 2.5

wo3 2 . 6  x 1 0 ’ 6 3.8 1 . 2 4.2 1 . 8
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Table X. Theoretical and Experimental Yield of O2  Obtained during 254 nm
Photolysis of PVG Samples Containing W(CO)^ or WO3

Im pregnate

M oles
adsorbed

C> 2  (Theoretical) 
(Moles)

C> 2  (Experim ental) 
(Moles)

W (CO ) 6 4.0 x 10" 6 1 . 1  x 1 0 “ 6 4.8 x 10- 7

W O 3 1 . 6  x 1 0 ' 6 1.3 x 10‘ 6 6 . 0  x 1 0 ' 7

W O 3 2 . 8  x 1 0 ' 6 1 . 1  x 1 0 ' 6 7.9 x 10- 7

W O 3 2 . 6  x 1 0 ' 6 7.4 x 10" 7 2.7 x lO ' 7

Calculation:

A. O 2  Theoretical Yield = 2 x Yield of ^ C H ^  + Yield of ^ C O

B. 0 2  Experim ental Yield= [(0 2 )after photo. “ (°2)befor photoJ

C. 0 2  before photo. = (Peak H eight of (^befo re  photo. x x ^  m oI/cm  x

D. O 2  after photo. = (Peak H eight of 0 2 /P eak  H eight of N 2 )after photo.
7

x (Peak H eight of N 2) before Photo. x  ^  x  m ° l / cm x  4 *

* M ultiply 4 here since each injection equates one forth of am ount of 

gases in the photoreactor.
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detected  experim entally  ranged  from  ca. 40% to 75% of these theoretical 

yields. The reason for this discrepancy is no t clear. One of the possibilities is 

that the reaction stoichiometry is biased by the reaction 3.5,

C 0 2  + 4H 2 ------> CH 4  + 2H20  (3.5)

w here som e H 2  form ed in  reaction 3.4 hydrogenates C 0 2  directly. On the 

other hand, 254 nm  photolysis of W Og(ads) w ith  a m ixture of C 0 2  and H 2  at 

ratio of 1 : 4 does not increase the rate of CH 4  evolution, as show n in Table XI.

The IR spectrum  of C 0 2  adsorbed  on  the W O g/PV G  is sim ilar to the

spectrum  of C 0 2  adsorbed on un im pregnated  PVG. The results are consistent

w ith  the low WOg surface coverage (< 2 %). As show n in Figure 31, w hen the

£
PVG sam ple containing 1.9 x 10 m ol of W O g /g  is exposed to C 0 2, the

silanol group bands at 3744, and 3650 cm"^ shift to 3730 and 3632 cm’\  and a

new  band  appears at 3599 cm '^. Also, bands indicative of physisorbed C 0 2

1

appear at 2360, and 671 c m ' , and  a series of w eak bands appear in the 1700-

1 1  1200 cm region. The 14-18 cm red shifts of surface hydroxyl bands indicate

that a interaction between C 0 2  and surface silanol groups occurs. Similar red 

shifts of hydroxyl group bands have been observed  on  Si0 2  w ith  various

gases like nitrogen, oxygen, m ethane, acetone and  water, ' w here the

interaction betw een the adsorbates and surface hydroxyl groups is attributed

1 RAto a hydrogen-bonding interaction. The IR bands indicative of physisorbed
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Table XI. Effect of H 9  on the Rates of CO and CH^ Evolution

Im pregnate
Moles 

adsorbed a 

x 1 0 ' 6

Moles
co2

xlO ' 4

Moles
h 2

x 1 0 ' 4

12CO 

x 1 0 " 8

Rates (m ol/h i
1 2 c h 4  13c o

x 1 0 ' 8  x 1 0 ’ 8

1 3 c h 4

xlO ' 8

W 0 3 1.4 (1.1) 1 . 6 0 . 0 3.2 1.4

W 0 3 1.4 (1.1) 1 . 6 6.4 2.9 1 . 2

W 0 3 1 . 6  (1 .1 ) 1 . 6  b 0 . 0 9.3 1.7

W 0 3 1 . 6  (1 .1 ) 1 . 6  b 6.4 5.6 1.5

a). Total moles adsorbed, num bers in parenthesis are moles adso rb ed /g  of 
PVG.

b). Charged w ith
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671

1030

1235
1293

1442
1467

1516
1558

1655
1704

1740
1782

2360

3599
3632

3730

S2N V .U. 2 K3NVULS

Figure 31. DRIFT spectrum  of PVG containing 1.9 x 10'^ m ol of W O g/g  

exposed to 25 torr of CC^.
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CO2  and  p ertu rb ed  silanol groups at 3730, 3632, and  3599 cm’  ̂ decline

Q
im m ediately  on evacuation (P < 10 torr), w hile the silanol group band at

3744 cm reappears. How ever, the intensities of the bands in the 1700-1200

cm"*' region are independent of the pressures of C O 2  and  do not change on 

evacuation.

The bands in the 1700 - 1200 cm '^ range in  the IR spectra of C O 2  o n

m any m etal and metal oxide surfaces have been assigned to carbonate and

1 3 7  138bicarbonate species by m any researchers. The assignm ents of the IR

absorptions of CO 2  on A ^O g and SiC^ are sum m arized  in Table XII. In the 

1700-1200 cm"'*' region, the  1655 and 1558 cm ’-* bands agree w ith  the

133aabsorptions of CO 2  adsorbed on SiC^- The other bands, w hich appear at

1

1704, 1516, and 1293 cm agree w ith bands that assigned to surface carbonate

-1w hen CC> 2  is adsorbed onto A ^O g, while the w eak bands at 1467 cm and

1 1 3 8 a1442 cm are sim ilar to the bands of b icarbonate on A ^O g surface. In

add ition  to Si-OH Bronsted acid sites, PVG also possesses 2.6 ± 0.1% of

electron deficient Lewis acid sites in the form  of B2 0 g or B - O H .^  The

spectrum  of CO 2  adsorbed onto these sites w ould  be m ore analogous to that 

adsorbed onto A ^O g than that adsorbed onto S i O ^

O n the other hand, Diem and coworkers found that w ater vapor shows
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Table XII. A ssignm ent of In frared  Bands for A dsorbed CO 2  in  the  Range of 

1 0 0 0  cm”-*- - 1800 cm - '*'

A d so rb en t Frequency (cm-1) A ssignm ent reference

Cr2 ° 3 / A12°3 1630-

1610
s °

h o — c ;

124

1750
•O

O
c = o

1430 CO, 2-

G enera l 1780  O v  124
1260 C = 0

1020---------------------------O

A12 0 3  1708 138a
1513 = 0  or
1309 " O ^

M — O  — CX
O

1649 y O

1451 M — O —
1433 OH
1230

1597 Q x
1395 M  ' X  H
1379 O
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Table XII. (continue)

A d so rb en t Frequency (cm-1) A ssignm ent reference

SiC> 9 1660 / ° \  138a
1581 M .C  = O or 

M - O  — C '
O

, o
1625 M - O  —  C ^

OH
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a series of bands in  the 1700 - 1200 cm '^ reg ion . - * ^ 5 The IR bands of w ater

vapor at 1750, 1714, 1664, 1562, 1527, 1473, 1446, 1286 cm"^ very close to those

observed in the spectra of CC> 2  on W O 3 /PVG. The spectral agreem ent suggest
1

that the bands in  the 1700 - 1200 cm region in the spectra  of CO 2  o n

W O g/PV G  could  be d u e  to m oistu re . The m oistu re  could  come from  

transferring of C O 2  since CO 2  w as directly  in troduced in to  the cell from  

container w ith o u t p redry ing . A t this m om ent, it seem s to be difficult to 

decide these bands belongs to carbonate species or water.

Tying u p  the B2 O 3  Lewis acid sites th rough  a reaction  w ith  N H 3  

reduces the rate of CPI4  evolu tion  substantially. N H 3  physisorbs onto PVG by 

H -bonding w ith  surface hydroxyl groups, and  chem isorbs by form ing the

1 9 9donor-acceptor complex, H 3 N -B 2 O3 , w ith  the Lewis acid sites. Physisorbed

1

N H 3  exhibits IR bands at 3400 and 3320 cm , and desorbs under vacuum  (P <

10’^ torr) at room  tem perature, w hereas chem isorbed N H 3 , w hich exhibits IR

1

bands at 3365 and  3280 c m ,  desorbs only at tem peratures > 80 °C under an

1  fi 1equ ivalen t vacuum . The difference in desorp tion  conditions offers a 

m eans of selectively tying up the Lewis acid sites. Two pieces of PVG, each 

containing 1.7 x 10’^ m ol of W O 3 , w ere investigated  in  the experim ent.

Sample A was exposed to 1 atm  N H 3  for 30 m inutes then evacuated to 7 x 10’ 

^ torr, and m aintained under this dynam ic vacuum  for three hours at room

1 0 2
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(3 0 0  * 0 9  8 0 8  *CO Z S O  * 0 3  OOO *GV 0 0 3 * 0 3  A r m  » T ?  COO ®Ot

V 3 N V 1 X I  w s m v u u :

Figure 32. DRIFT spectra of N H 3  adsorbed on PVG contained 1.7 x 10"^ m ol

of W O 3 . (a) exposed to 1 atm  of N H 3 , and  evacuated  for 10 m inutes, 

(b) evacuated for 3 hours, (c) evacuated at 80 °C for 16 hours.
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tem p era tu re . DRIFT spectra  show  th a t the 3400 and  3320 cm"^ bands

1

indicative of physisorbed N H g disappear, while the 3365 and 3280 cm bands 

of chem isorbed NHg are unaffected (Figure 32). Sample B was not exposed to
C

N H g, b u t evacuated to 7 x 10 torr, and  m ain ta ined  under this dynam ic

vacuum  for three hours. A fter evacuation, both  sam ples w ere exposed to 20 

torr of C O 2 , and irrad iated  w ith  254-nm light for 24 hours. The results listed 

in Table XIII dem onstrate that exposing the sam ple to N H g reduces the rate of 

CH^ evolution by ca. a factor of nine, and reduces the rate of CO evolution by 

a factor of tw o. R em oving the chem isorbed  NHg by evacuating  and  

m aintaining the sam ple under a dynam ic vacuum  of 8  x 10-5 torr at 80 °C for 

16 hours increases the rate CH^ evolution. GC-MS analyses show  that, after
i n  10

rem oval of the chem isorbed N H g, sim ilar reaction rates of CH^ and CO 

evolution occur w ith both sam ples w hen irrad iated  w ith  254 nm  light under 

15 torr of 1 3 C 0 2  (Table XIII).

A decrease in reaction rate is also observed on uncalcined W O 3 /PV G  

samples. As show n in Table XIV, 254-nm photolysis of a sample dried at 50 °C

in vacuo (P< 300 torr) and loaded w ith 4.5 x 10"^ mol of WO 3  exhibits rates of

7.2 x IQ ' 8  m o l/h  for CH^, and  4.8 x 10” 8  m o l/h  for CO. U nder identical

conditions, UV photolysis of a sam ple loaded 4.2 x 10 mol of W O 3 , except in 

this case, the sample was calcined at 600 °C for 50 hours after drying, results in 

evolu tion  rates of 4.7 x 10- ' 7  m o l/h  for CH^, and  1.8 x 10“̂  m o l/h  for CO. 

These sam ples were prepared  by im pregnation of the PVG in 40 mL of

104
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Table XIII. Effects of NH 3  on the Rates of CO and CH4  Evolution

Sam ple Im pregnated

M ole

A dsorbed

xlO ' 5

n h 3

Rate (m o l/h r!

c o  c h 4  13c o

xlO’ 7  xlO" 7  xlO" 7

1 3 c h 4

xlO" 7

A. W O 3 1.7 Yes 1.2 0.33 6.5 1.5

B. W O 3 1.7 N o 2.6 2.9 6.5 2.3

* Sample A was exposed to 1 atm  N H 3  for 30 m in before photolysis.

* Rates of CO and CH 4  evolution w ere determ ined for the reaction under 20 

torr of CO 2 .

* Rates of ^3CO and ^ C H ^  evolution w ere determ ined for the reaction under 

15 torr of 1 3 C 0 2  after rem oving chem isorbed N H 3 .
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Table XIV Effect of Sample Prepration on the Rates of CO and CH^ Evolution

Moles Rates im o l/h l
Im pregnate adsorbed a 12CO 1 2 c h 4

x 1 0 " 6 x 1 0 " 8 x 1 0 ' 8

w o 3 b 4.5 (2.9) 4.8 7.2

W 0 3 4.2 (2.9) 17.5 46.8

a). Total moles adsorbed, num bers in parenthesis are moles ad so rb ed /g  of 
PVG.

b). The sam ple was not calcined after im pregnation.
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1467
1516

1558
1655

1704

*“  2360

3599 
„  3632

3730

Figure 33. DRIFT spectra changes d u rin g  254 nm  photolysis of 1.5 x 10”̂  mol 

of W O g(ads)/g  of PVG after exposed to 20 to rr CC^- N um bers 

designate photolysis tim es in hours.
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aqueous N H ^O H  so lu tio n , a t p H  8 , con ta in ing  2.7 x 10“̂  M W O 3 .

Consequently, the decline in  gas evo lu tio n  rates m ay reflect am m onia 

retained  on the uncalcined sam ple, or the presence of excess chem isorbed 

water. The effect of N H 3  on  the reaction rates will be further discussed in the

section of quenching of the tungsten  oxide emissions.

D uring UV irradiation, the IR bands of CO 2  absorbed onto W O 3 /PVG  

sam ples decline concurrently w ith  CH^ evolution. As illustrated in  Figure 33,
C

a sam ple containing 1.5 x 10 mol of W O ^/g  PVG was exposed to 20 torr of

CO2  for 30 m inutes, and  evacuated  to 0.1 torr in the IR chamber. 254-nm

photolysis causes progressive declines in the 3730-3599 cm"^ and  1700-1200 

*1
cm  regions, an d  the b an d s in  bo th  regions d isap p ear after 17 hours

irradiation. C-H vibrations in the 2900-3000 cm region are no t resolved 

from background in  these experim ents, b u t they are observed  in  DRIFT

C
spectra recorded during  254 nm  photolysis of a sample containing 2.1 x 10

mol of W (C O )^/g  P V G .^  The fact th a t m ethane is the sole hydrocarbon

p ro d u c t leads to an assu m p tio n  th a t the m ethanation  of C O 2  proceeds

through  a form aldehyde and m ethanol interm ediates. To investigate these

possible interm ediates, base catalyzed TM O S/CH 3 O H /H 2 O sol-gel w ere used

as a support instead of PVG. Calcined TM O S/CH 3 O H /H 2 O sol-gels are similar

to PVG, bu t contain sm all am ount of methoxyl groups, and do  not have the
£

B2 O3  sites. In a typical trial, 0.65 g calcined sol-gel loaded w ith 3.9 x 10 m o l

108
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3 3 N  V  JL X IW S N  VH  J J£

Figure 34. DRIFT sp ec tru m  of sol-gel contained  3.9 x 10"^ m ol of W Og after 2  

h o u rs  pho to ly sis  w ith  254 nm  light in  vacuo.
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W O 3  was irrad iated  under a vacuum  of 4 x 10"^ torr for 24 hrs. U nder these

conditions, photolysis p roduced  1.44 x 1 0  mol CH ^ w ith o u t CO evolution.

Evacuating the reaction cell and rephotolyzing for 24 hours failed to produce

m ore CH^. DRIFT spectra of W O g/gel recorded during  254 nm  photolysis
1

show that IR bands in 2850-2970 cm region due to C-H stretching vibration

in Si-OCHg group d isappear after 2 hours irradiation (Figure 34). In contrast, 

exposing the W O g/sol-gel sam ple to 50 torr of CO 2  and irrad iated  w ith  254

nm  light for 24 hours leads to 5.6 x 10“̂  mol of CO and 2.3 x lO” ' 7 mol of CH^

evolutions. Since Si-OCH^ is the exclusive carbon source in the absence of 

CO2 , and also no CO is detected in  the absence of CO 2 , it is concluded that 

surface -OCH 3  group is reduced to CH^, and the CH 3 O- groups could be the 

interm ediate in the CO 2  m eth an a tio n .

3. 2. 4. Photolum inescence S tudies of WOg(ads)

Because of the h ig h  sen sitiv ity  and  n o n d es tru c tiv e  n a tu re  of

1 *39photolum inescent analysis, the photolum inescence of m etal oxides have

been used to investigate the nature, structure and properties of active sites on 

supported  catalysts. Photolum inescence of W Ogtads) occurs w hen sam ples 

are excited w ith  light < 300 nm. Figure 35 show s a typical lum inesence 

spectrum  and corresponding  excitation spectrum  of po w d ered  W O 3 /PV G

sam ple containing 4.6 x 10"^ m ol WO 3  / g  PVG at 298 K under 4 x 10"^ torr

vacuum . Two em ission bands w ith  m axim a at 405 nm  and 460 nm  are 

present in the spectrum  of the WO 3 /PV G  sample. The excitation spectrum

110
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Figure 35. Photolum inescence spectrum  of pow dered  W O 3 /PV G  (4.6 x 10"^

m o l/g  ) and its excitation spectra at 298 K. (Excitation w avelength, 

270 nm; slit w id th  of excitation, 16 nm; slit w id th  of em ission, 24 

nm; excitation spectra were m onitored at (a) 410 nm , and  (b) 470 

nm  respectively
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corresponding to the 405 nm  em ission is broad w ith  a m axim um  at ca. 250 

nm, w hereas that corresponding to 460 nm  em ission is a sharp, narrow  band 

w ith  a m axim um  at 235 nm. The large differences in the excitation spectra 

suggest that the different em issions arise from different species. The em ission 

at 460 nm  resem bles to the phosphorescence band  observed by A npo and

cow orkers on  M 0 O 3 /P V G  (450 n m ) , 1 4 0 ' 1 4 3  V 2O5/PVG(480 n m ) 1 4 2  and 

Q O 3 /PV G  (480 nm) catalysts. 143-146 j h e excitation transition, is attributed  to 

charge-transfer process associated w ith  the metal-oxygen double bond.141*-14^

Mn+ =  O2' h,V ; ~ ( M (n"1)+ O ' ) *
hv

A t 77 K, both em ission bands shift slightly to h igher w avelength, the 

405 nm  band shifts to 410 nm , w hile 460 nm  b and  shifts to 470 nm. The 

em ission intensities increase greatly  at 77 K as show n in  Figure 36. Such 

features have been found on o ther h ighly  d ispersed  m etal oxides such as

M o 0 3 /S i0 2  (440 nm  to 470 nm ) , 1 4 7 - 1 4 9  M 0 O 3 /PV G  (450 nm  to 470 nm ) , 1 5 0

142and V^O^/PVG (480 nm to 500 nm ) catalysts. The increase of em ission

intensity  is a ttribu ted  to the tem peratu re  dependence of the nonrad ia tive  

decay. The radiationless deactivation from the triplet state is less efficient at 77 

K than that at 298 K, leading to an increase in phosphorescence intensity.

The em ission spectra of pow dered  W O 3 /PV G  samples at 298 K excited 

w ith  230 nm  and 270 nm  light are show n in  Figure 37, and the effects of 

excitation energy on phosphorescence yields are sum m arized in Table XV.
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Figure 36. Effect of tem perature on intensity and position of phosphorescence 

spectra of pow dered  W O ^/PV G  sam ple (5.3 x 10“^ m ol/g )
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Figure 37. Effect of excitation energy on the intensity of phosphorescence 

spectrum of pow dered WO3/PVG sample (4.6 x 10-5 m o l /g ) 

Excitation wavelength: (a) 230 nm, (b) 270 nm
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Table XV. Effect of Excitation Energy on the Intensity of Emission Bands 

at 298 K for a Pow dered W Og/PVG Sample, 4.6 x 10*^ m o l/g .

?iex (nm ) ^ m a x  d e n s i ty  a ^ m ax  IntensitY a

230 403 ± 3  (9.7) 460 ± 3 (20.0)

240 403 + 3(9.7) 460 ± 3  (18.0)

250 403 ± 3  (9.8) 460 ± 3  (13.0)

260 405 ± 5  (10.5) 460 ± 3  (10.5)

270 405 ± 5 (10.7) 460 ± 3 (9.8)

280 405 ± 5 (10.6) 460 ± 3 (9.7)

290 405 ± 5  (10.8) 460 ± 3  (9.7)

300 405 ± 5 (10.6) 460 ± 3 (9.7)

a ' Values in parentheses are the relative intensity of the emissions.
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The data dem onstrate that the intensity of the band at 460 nm  is dependent 

on the excitation w avelength . W hen the excitation w aveleng th  increases 

from 230 nm  to 300 nm, the intensity of the band at 460 nm  decreases by m ore 

than half. In contrast, the intensity of the band at 405 nm  is independent of 

excitation wavelength. The results are consistent w ith their excitation spectra 

show n in Figure 35, w here a intense excitation band appears at 230 nm  w ith 

em ission w avelength  at 460 nm , and  a very broad band  occurring betw een 

240-290 nm  appears w ith  em ission w avelength at 410 nm. O n the other hand, 

the em ission m axim a of both  bands are independent of the excitation energy. 

This resu lt d iffers from  th a t ob ta ined  by A npo an d  cow orkers w ith

1 SOim p re g n a te d  M oO ^/SiC ^ catalysts, w h e re  th e  m a x im u m  of

phosphorescence changes from  466.4 to 481.0 nm  w hen  the excitation  

w avelength  decreases from  305.0 to 270.5 nm. In th a t case, the shift of 

em ission m axim um  w ith  excitation w avelength  has been a ttribu ted  to the 

presence of m ore than one type of em itting site on the surface of im pregnated 

M oO^/SiC^ catalysts. In  contrast, the in tensity  of 405 nm  em ission from  

W O g/PV G  is independent of excitation wavelength, w hereas the intensity of 

460 nm  em ission d epends on excitation w avelength . This difference in 

excitation intensity dependence, and as previously noted, the difference in the 

shapes of the excitation spectra suggest that each em ission corresponds to 

different em itting species.

The nature of these tw o em ission sites w ere investigated by C^, C O 2  

and N H g quenching. O 2  is w ell-know n as an efficient quenchers of excited 

1 a o  1 q ntriplet states. ' Figure 38 shows the results of quenching by oxygen at 298
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Figure 38. C hange in  the em ission spectrum  of pow dered  W O 3 /P V G  sam ple 

(4.6 x 10"^ m o l/g  ) as a function of O 2  p ressure at 298 K. P ressure of

oxygen: (a) 0.0 to rr (10“ 4  to rr vacuum ), (b) 99 torr, (c) 215 torr, (d) 385 

torr.
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Figure 39. C hange in the em ission spectrum  of p o w d ered  W O g/PV G  sam ple

C
(4.6 x 10 m o l/g  ) as a function of CO 2  p ressu re  at 298 K. Pressure

of CC^: (a) 0.0 torr (10"^ torr vacuum ), (b) 135 torr, (c) 181 torr, (d) 

231 torr.
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Figure 40. C hange in the em ission spectrum  of p o w d ered  W O 3 /PV G  sam ple 

(4.6 x TO" 5  m o l/g  ) as a function of N H 3  p ressu re  at 298 K. Pressure

of N H 3 : (a) 0.0 torr (10" 4  to rr vacuum ), (b) 130 torr, (c) 255 torr, (d) 

354 torr.
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c r

K on the WO 3 /PV G  (4.6 x 10 m o l/g  ) catalysts. Q uenching increases w ith

increasing O 2  pressure, b u t does no t com pletely quench the em ission even in 

the presence of excess oxygen. Q uenching w ith  C O 2  results in sim ilar changes 

in the em ission spectra (Figure 39), w hile quenching w ith  NPI3  show s that it 

m ore effectively quenches the phosphorescence at 460 nm  than the em ission 

at 410 nm  (Figure 40). This quenching  selectivity is ev iden t in  the Stern- 

Volm er plots in Figure 41, and  the Stern-Volmer constants obtained for the 

quenching of 410 and 460 nm  bands are listed in Table XVI.

W ith  O 2  or CO 2  as the quencher, the phosphorescence is alm ost 

com pletely recovered after evacuation of the sam ple at room  tem perature for 

30-60 min. The reversible na tu re  of the quenching suggests that the O 2  and  

CO 2  molecules interact w eakly  w ith  the active surface sites on the W O 3 /PV G  

catalysts. In contrast, w ith  N H 3  m olecules, only ca. 35% of the 405 nm  

em ission and ca.20% of the 460 nm  em ission are recovered after pum ping  out 

the N H 3  at 298 K for 60 m inutes. Even after p ro longed evacuation of the 

sam ple at 373 K for 100 m inutes, only 80-85% of the original intensities of 405 

nm  em ission and 65-74% of the 460 nm  em ission w ere recovered. This lack of 

complete recovery suggests that N H 3  interacts strongly w ith the active surface 

sites on the WO 3 /PV G  samples.

Figure 42 show s the effects of tungsten  content upon the p h o sp h o ­

rescence yields of WO 3 /P V G  catalysts at 298 K. W hen the tungsten  content

increases from 4.3 x 10 to 4.6 x 10 m o l/g , which corresponds to ca. 0.1% to

1% W by weight, and a surface coverage from  0.2% to 1.9%, the em ission
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Figure 41.
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Stem-Volmer plots for powdered WO3/PVG sample (4.6 x 10“̂

m o l/g  ) at 298 K. (a) 410 nm, (b) 460 nm.
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Table XVI. Stern-Volmer Constant for Pow dered  WO 3 /PV G  Sample 

(4.6 x 10- 5  m o l /g ) at 298 K

Ksv (torr_1)

A.e m (nm )
° 2

C
N

8

n h 3

410 1.53 ± 0.1 E-3 1.82 ± 0.2 E-3 1.19 ±0.1 E-3

460 1.23 ± 0.2 E-3 1.93 ± 0.2 E-3 2.63 ± 0.2 E-3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In
te

ns
ity

 
(a

rb
itr

ar
y 

un
it

)

1 2

10 -

300 350 400 500450

W aveleng th  (nm)

F igure  42a. Em ission sp ec tra  o f p o w d e r  W O g/P V G  sam ples w ith  d iffe ren t W 

contents a t 298 K. (a) p u re  W O 3  p ow der, (b) 4.3 x 10”^ m o l / g , (c)

4.6 x 1 0 "^ m o l / g , (d) 4.5 x 10“̂  m o l /g  . (Excitation w av e len g th ,

270 nm ; slit w id th  o f excitation, 16 nm ; slit w id th  o f em ission , 24 

nm )
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intensity  increases w ith the tungsten  content. A lthough both  band positions 

scarcely change, the intensity of the band  at 460 nm  increases faster than that

of the 410 nm  band. H ow ever, w hen tungsten  content increases to 4.5 x 10’^

mol /g ,  w hich corresponds to ca. 10% W by weight, and a surface coverage of 

18.7%, both  band positions shift to the longer w avelength, and the intensity of 

band at 410 nm  decreases, w hereas the intensity of the band at 460 nm  greatly 

increases. Since pure WOg exhibits an em ission at 460 nm, the band at 460 

nm , w hich  dom inates the spec trum  at h igher load ing , is assigned to a 

octahedral species. The 405-nm em ission is assigned to tetrahedral species 

since this em ission is dom inant at low loading and CaW O^, w hich contains

the W O 4  tetrahedral structure, exhibits an em ission m axim um  at 435 nm

and excitation m axim um  at 275 nm (Figure 43).

3.3 Photocatalyzed Isom erization of 1-Pentene

3. 3.1. Photolysis of R u^lC O )^ (ads)

C onsistent w ith previous experim ents in this laboratory, the electronic 

and DRIFT spectra of adsorbed  Rug(CO ) ^ 2  closely resem ble those of the 

com plexe in n-hexane (Table IV). The results establish  that the R u ^ C O )^  

trim er physisorbs onto PVG w ithou t d isrup tion  or significant d isto rtion  of 

the complex. The im preganation dep th  of the Rug(CO ) ^ 2  was found to be 0.3

m m  w ith  load ing  < 10“̂  m o l / g . ^  Taking 0.5 nm  as the rad iu s  of

160R u ^ C O ) ^ /  the fractional surface coverages of the sam ples exam ined in 

the isom erization are calculated by equation 3.1, and  the results are listed in
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Figure 43. Photo lum inescence spectrum  of p u re  C aW 04  pow der. (Excitation 

w avelength , 270 nm ; slit w id th  of excitation, 12 nm ; slit w id th  of 

em ission, 1 2  nm . Excitation spectra w ere m onito red  at 420 nm )
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Table XVII. Fractional Surface Coverage of RugtCO)-^ on PVG

Moles A dsorbed Sam ple Surface Coverage 
(10" 6  m o l/g ) Type ( 0 )

0.32 plate 0.28
0.45 plate 0.39
0.70 plate 0.60
0.89 plate 0.77
1 . 2 plate 1 . 0

2.3 plate 2 . 0

2.7 plate 2.3
3.5 pow der 0.9
4.5 pow der 1 . 2

5.0 pow der 1.3
45.0 pow der 1 1 . 6
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Table XVII.

UV photolysis of the physisorbed trim er, designated R u^C O )-^ (ads),

causes an im m ediate reaction. As illustra ted  in  Figure 44, a decline of the

trim er characteristic absorbance at 395 nm  is accom panied by a concurrent

increase in absorbance at 330 nm. DRIFT spectra show decline in  the 2065, and 

-1
2035 cm bands characteristic of the trim er, and  the appearance of a w eak 

band  at 2109 cm‘\  two relatively intense bands at 2078 and 2068 c m '\  and a

broad  b and  at 2035 cm '^ w ith  a shou lder at 1999 cm ”-*-(Figure 45). These

spectral changes are similar to those reported by Basset and coworkers for the 

o x id a tiv e  a d d itio n  p ro d u c t from  th e rm a l ac tiv a tio n  of p h y siso rb ed

R u 3 (CO)2 2 on silica g e l.^ T h is  spectral sim ilarity, as well as the stoichiometry

of the photoreaction, i.e., 2 moles of CO evolved per m oles of R u ^ C O )^  

reacted, indicates a photoinduced oxidative addition  of R u ^ C O )^  to the glass

Si-OH groups to form the (p-FQRugtCO^Q^-OSi), show n in Figure 1.

3. 3. 2. Photocatalyzed isom erization of 1-Pentene

A lthough stable for weeks in  vacuo, the g rafted  com plex is highly

reactive. After rem oval of the photodetached CO, exposing (p-H)Ru 3 (CO)2 g(g-

OSi) to 400 torr of 1-pentene, for exam ple, results in an im m ediate reaction. 

As show n in Figure 46, a decline in its characteristic 330 nm  absorption is 

accom panied by a broad, nondescript increase in absorbance in the 300-450 nm 

region w ith  a w eak shoulder at ca. 310 nm. The corresponding changes in the

128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 , 0 0 '
0,90

0,60
0,50

0,40

0.30
0 . 2 0  

0.10

s .a s  \

■■CblL..,
s -sl

2&b— jgi— jiig- - ss'b— — A  4 4  ok «i r

Figure 44. Electronic spectra of Rug(CO ) ^ 2  on  PVG (7.0 x 10”^ m ol/g), 

(a) before photolysis, (b) 254 nm  photolysis for 60 m inutes.

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ri

-Q

6661

"  N

s z o z

8902

-- N6012

-- N

w

Figure 45. DRIFT spectra of Ru 3 (CO ) 1 2  on  PVG (4.5 x 10- 5  m ol / g  ), (a) before

photo lysis, (b) 254 nm  photo lysis  for 60 m inutes.
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Figure 46. Electronic spectra of (a) physisorbed R u^C O )^ on PVG ( 7.0 x 10-'7

m ol/g), (b) (|i-H)Ru3(CO)10(}i-OSi), (c) (n-H)Ru3(CO)10(p.-OSi) 

under 400 torr of 1-pentene.
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Figure 47. DRIFT spectra  of (a) (|i-H )R u 3 (CO)1 0 (|i-OSi)/ and  (b) (|i- 

H )R u 3 (CO)2 Q(|-t-OSi) u n d er 400 to rr of 1 -pentene.

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DRIFT spectrum  are illustrated  in Figure 47.The bands at 2109 and 2078 cm"^

1 1 decline, w hile the 2068 cm  band  declines slightly and shifts to 2066 cm ' ,

1 1 and the 2035 cm band shifts to 2028 cm . C oncurrent w ith  these changes,

- 1two new bands appear at 2102 and 1830 cm . GC analysis of the effluent from

the reactor shows that exposing (g-F^RugCCO^oCh-OSi) to 1 -pentene does not 

resu lt in  CO evolution. In  add ition , the spectral changes are reversible. 

Evacuation of the cell to a pressure of 4 x 10"^ torr regenerates the IR spectrum  

of the oxidative add ition  p ro d u c t w ith in  four hours, and  the increase in 

absorbance at 330 nm  indicates > 90% recovery of (|i-I4)Rug(CC))^Q(|j.-OSi). The 

ability to quantitatively cycle the system, and recover R u ^ C O ^ fa d s )  in > 90% 

yield, w hen  (p-H)Rug(CO)2 Q(|i-OSi) is subsequently  exposed to CO (1 atm ), 

strongly suggests that the m etal trim er rem ains intact du ring  the reaction 

sequence. As expected, the add itio n  of 1-pentene appears to d isru p t the 

m ulticentered bonds b ind ing  the trim er to the glass surface, rather than the 

m etal-m etal or m etal-carbonyl bonds.

Electronic and DRIFT spectra recorded  du rin g  UV photolysis of (p-

H)Rug(CO)-LQ(|i-OSi) under 400 torr of 1-pentene show relatively little change.

1

A slight decline in the 2102 cm band is accom panied by a corresponding

1

increase in  the 2078 cm band  characteristic of (p-H)Rug(CO)2 Q(p-OSi).

N evertheless, periodic GC analyses of the su rrounding  vapor phase indicate 

the conversion of 1-pentene to cis- and trans-2-pentene. The quantum  yields
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of the isom erization are listed  in  Table VII. The values are com puted  from  

the initial rates of 2 -pentene evolution and the excitation in tensity  incident 

on the im pregnated  sam ple. Initially, the trans-/c is- ratio  is 1.5 ± 0.2, and 

increases to a relatively constant value of 2.5 ± 0 .1  as the photolysis proceeds 

(Figure 48). The ratio  is sm aller th an  the therm odynam ic ratio , 4.82, and  

sm aller than  that obtained w ith  photolysis of FetCO)^ on PVG. In that case, 

the tran s/c is  ratio  increases from 1 . 6  ± 0 . 2  after ten m inutes of photolysis to

3.7 ± 0.2 after 60 m inutes.1^

Periodic GC analyses give no indication of CO release during  photolysis 

(< 1 0 "^ mol), and in troducing  H 2  into the reactor neither increases the rate of

isom erization, nor results in hydrogenation  of 1-pentene. How ever, using (p-

D)Ru 3 (CO)2 Q(p-OSi), w hich is generated by photolysis of R ug tC O )^  adsorbed

onto deuterated  P V G ,^  yields 10-15% deuterated olefins ( Figure 49). Of the

total deuterium  incorporated, G C /M S indicates that ca. 90% is present in the 

2-pentenes, while the rem ainder is present as 1-D-l-pentene. (Table XVIII).

GC-MS analysis indicates no deuterated pentene generated during  254- 

nm photolysis of a deuterated  PVG under 400 torr 1-pentene for 24 hours. The 

results suggest that deu tera ted  olefins result from  the hydrogen-deu terium  

transfer betw een  the olefin  and  g rafted  com plex, ra th e r th an  from  the 

hydrogen-deuterium  transfer betw een the olefin and  deu tera ted  PVG. Also, 

prolonged UV photolysis of 1-pentene w ith  un im pregnated  PVG does not 

resu lt in olefin isom erization . UV (350-nm or 254-nm) pho to lysis  of 1- 

pentene w ith physisorbed R u ^ C O )^  on PVG does not generate 2-pentene
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Figure 48. Profile of (a) cis-2-pentene, and (b) trans-2-pentene during  254 

nm  photolysis of (p-H)Ru 3 (CO)1 0 (|i-OSi) [loaded 1 . 5  x 1 0 ' 6  m ol 

of Ru-^CO)-^] under (c) 400 torr of 1- pentene.
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Figure 49. GC-MS spectrum  of gaseous products generated from  254-nm 

photolysis of 400 torr of 1-pentene w ith  (p-D)Ru 3 (CO)2 Q(|J.-OSi).
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Table XVIII. Assignment of Pentene Fragments in GC-MS Spectra

m /e A ssignm ent In tensity

71 c 5 h 9d 6 . 1

70 C5H 10 39.5

57 c 3 h 7c d  + 0 . 1

56 c 3 h 7c h  + 3.5

43 c 2 h 5 c d + 6 . 0

42 C ^ C H * 1 0 0

29 c h 3 c d + 19.4

28 c h 3 c h + 6 . 6

15 CHD+ 2 . 2

14 c h 2+ not available

CB, = CHC 3 H 7  ------ s>-

H(D) 

>
(D)H3C

H(D) H(D) CH 2 CH 3

=  c \  + / c = :=c\
CH 2 CH 3  H 3C ' H(D)

14(15) 56(57) 28(29) 42(43)

1-D-l-pentene = 15/(15 + 29 +43)

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



initially. H owever, continuing the photolysis leads to formation of (|i-

H )R u 3 (CO)jo(g-OSi) and induces the isom erization, a lthough  the reaction is 

at a low er rate  relative to the rate  of the reaction directly  on the grafted  

complex (p-H)Rug(CO)-LQ(p-OSi) (Figure 50). These results establish  that the 

grafted com plex is essential to the conversion. Since isom erization  ceases 

w hen  photoexcita tion  ceases, the reaction appears to be a pho toassisted  

cataly tic  p rocess in  w h ich  excita tion  of (|i-H )R u 3 (CO)1 g((i-OSi) or (p-

H)Rug(CO)2Q(|i-OSi)-l-pentene adduct generates an excited state that 

promotes 1-pentene isomerization.

Exposing (p-H)Rug(CO)2 Q(|i-OSi) to 500 torr of C H 2 CH 2  resu lts in

spectral changes sim ilar to those observed w hen (p -H ^ u ^ C O ^ Q ^ -O S i)  is 

exposed to 1-pentene. As illustrated in Figure 51, how ever, three new bands at 

1915, 1889, and  1868 cm '^ appear in the DRIFT spectrum  instead of the band at

1830 cm ‘\  w hich is due to physisorbed 1-pentene. The three bands disappear

im m ediately  on  evacuation , and  are therefore  assigned  to physiso rbed

CH 2 CH 2  on the glass. Exposing (p-H)Ru 3 (CO)2 Q(p-OSi) to 500 torr of H 2  does

not cause any spectral change, indicating no interaction betw een the grafted

complex and H 2 . UV photolysis of (|i-H)Rug(CO)iQ(g-OSi) under 500 torr of

CH 2 CH 2 , or under a m ixture of 300 torr of C H 2 CH 2  and  300 torr of H 2  does 

not result in hydrogenation of the CH 2 CH 2 . Period GC analyses of the gaseous 

phase give no indication of CH 3 CH 3  release during a 24 hours photolysis.

1 3 8
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Figure 50. Yields of 2-pentenes d u rin g  254 nm  photolysis of 1 . 2  x 10”^ m ol of

R ug(C O )j2  physisorbed onto PVG under 400 to rr 1-pentene. (a) cis-

2 -pentene, (b) trans- 2 -pentene, (c) 1 -pentene.
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Figure 51. DRIFT spectra  of (a) ((i-F^R u^C O ^Q ^-O Si), an d  (b) (p- 

H )R u 3 (CO)2 Q(|t-OSi) under 500 torr of
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Chapter 4. DISCUSSION

4.1 . Photoinduced M ethanation  of CO 2

The electronic sp ec tru m  of W (CO)^ (ads) reco rded  d u rin g  UV

photolysis in vacuo, as illustra ted  in Figure 26, indicates that the p rim ary  

p h o to p ro c e ss  g e n e ra te s  a c o o rd in a te ly  u n s a tu ra te d  in te rm e d ia te , 

W(CO)^(ads). GC analysis of the gaseous product in the reactor indicates only 

CO evolution in  the initial 2-3 hours of photolysis. The results establish that 

prim ary photochem ical reaction is decarbonylation. H ow ever, continued UV 

pho to lysis  leads to C H ^ ev o lu tio n , an d  the  p rev io u s  sto ich iom etric  

m easurem ents indicate th a t C H ^ evo lu tion  in itia tes w hen  the com plex

8 7achieves an average m olecularity of W(CO)^. N evertheless, continued CH^

evolution after complete oxidation  of the complex establishes that either an 

indiv idual or agglom erated m etal oxide on the glass surface photocatalyzes 

the hydrogenation of C^ im purity  in the PVG.

D epleting the carbon source in the W (CO)^(ads) sam ples, and  then

irradiating the sam ple under w ith  UV light leads to ^C FI^ and ^ C O

evolu tion  imm ediately. The results indicate that the photogenerated tungsten 

oxide/PV G  system  is active in the m ethanation of CC^. The electronic spectra 

of the final pho toproduct of the hexacarbonyl agree w ith  that of WOg(ads) 

(Figure 30), and the studies of prolonged photolysis of W(CO)g trapped in O 2 -

8 4doped Ar matrices establish WO 3  as the final photoproduct. UV photolysis
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1 3of W O g(ads) w ith  CO2  y ields sam e p roducts  as th a t from  con tinued  

photolysis of W (CO)g(ads) under equivalent conditions. On the other hand, 

neither CH ^ nor ^ C H 4  evo lu tion  is observed  d u rin g  UV photo lysis of

1 *3unim pregnated  PVG under (X ^. These results establish that the supported  

W Og plays the role of catalyst in the m ethanation of CO 2 .

The surface tungsten  oxide species in  the A ^O g and Si0 2  supported  

catalysts has been  exam ined  w ith  m any d ifferen t techniques in  recent

y e a rs .^ 1"1^  W hen the loading is below m onolayer coverage in W O g/A ^O g

catalysts, Raman spectra indicate that the tungsten oxide is present as a highly 

dispersed oxide bound to the support surface. Salvati and coworkers proposed

7  1 6 6the W O x species exist as tetrahedral WO 4  . This assum ption  has been

confirm ed by H orsley and  cow orkers w ith  X-ray absorp tion  near edge

spectroscopy (X A N E S ).^  The XANES sp ec tru m  ind icates a d is to rted

tetrahedral structure for the surface tungsten oxide at coverage less than 1 /3

m onolayer on  alum ina, in  the absence of coord inated  water. W hen the

sam ple exposed to air, w ater m olecules coordinate to the surface tungsten  

oxide species form ing an  octahed ra l species. A t load ings ap p ro ach in g  

m onolayer coverage, a significant fraction of the surface tungsten oxide sites 

appear to have a distorted octahedral environm ent.

Several groups have proposed that W O g  on SiC^ surface is present as a 

m ixture of crystalline bulk  oxide W O g  and a te trahedral W O 4  species at
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m onolayer coverage. 163,167 -169 r a ^ 0  Gf these species is a function  of

W Og content. The tetrahedral surface species is attributed to a strong chemical 

in teraction betw een the active O H  groups on  the support surface and  the 

metal ions as illustrated in  the scheme I.

w o 3 + H 2  O ' h , w o 4

O O
% ^

W
/  \

HO OH

+
OH OH

SiO 0

O. . O
\  #w
/  \o  o

J  L
SiO.,

+ 2 ^ 0

Scheme I
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This interaction results in  decrease of the concentration of free Si-OH group

on the surface. The experim ental evidence for this is a reduction  in the

1

in tensity  of SiOH line in  HM ASNM R spectra u p o n  im p reg n a tio n  w ith  

M0 O3  or W 0 3 . 1 6 9

The principal constituent of PVG, 96% by w eight, is SiC^. Therefore, it

is expected that the dispersion  of W O 3  on PVG is expected to be sim ilar to

th a t found  w ith  W C ^/S iC ^ catalysts. FTIR spectra of W O 3 /PV G  sam ples
1

show  that the intensity of the 3744 cm ’ , free silanol band initially decreases

w ith  increasing WO 3  loading, as illustrated  in Figure 25. H ow ever, w hen the

load ing  reaches 1.7 x 10’^ m o l/g , correspond ing  to a fractional surface

coverage of 70%, further increases in  tungsten  loading causes only a slight 

decrease in the intensity of free silanol band (Figure 25). Even at m uch higher 

loading, about 50% of the intensity of the silanol groups rem ains (Table V). 

Sim ilar phenom ena have been  observed w ith  silica su p p o rted  Mo and W

oxides . ^ 9  The decrease of the in tensity  of free silanol b and  suggests an

interaction betw een the SiOH groups and the tungsten com pound to form  a 

tetrahedral surface species. W hile a considerable am ount of silanol groups are 

left free suggests that a p a rt of W 0 3 (ads) agglom erates before form ing a 

m onolayer on the surface.

The em ission spectra of W O 3 /PV G  sam ples reveal that tw o types of 

em issive species are p resen t on the catalysts. As show n in  Figure 35, one 

em ission band has a m axim um  at 405 nm  w ith an excitation m axim um  at ca.
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260 nm , w hile the o ther has a m axim um  at 460 nm  w ith  an  excitation 

m axim um  at 230 nm. W ith a W O 3  loading of 4.3 x 10 m o l/g , w hich

corresponds to ca. 0.1% W by weight, and a surface coverage of 0.2%, the 405 

nm  band  dom inates the spectrum  (Figure 42). Increasing the W O 3  loading to

4.6 x ID' 5  m o l/g , ca. 1% W by w eight, and a surface coverage of 1.9%, the 405

nm  b and  exhibits the h ighest intensity. Increasing the WO 3  loading to 4.5 x

10“̂  m o l/g , ca. 10% W by weight, and a surface coverage of 18.7%, changes the

relative em ission intensities. At this loading, the 460 nm  em ission dom inates 

the spectrum . As m entioned  above, the structure of the surface tungsten  

oxide species is dep en d en t on the tungsten  contents in  W O 3 /A I 2 O3  and  

W O g/SiC ^ catalysts. A npo and coworkers report a sim ilar change in em ission 

spectra w ith  M 0 O 3 /PV G  catalysts. The authors claim that the decrease in the 

phosphorescence intensity in the high Mo content region ( > 0.4% by weight)

is due to the change of coordination from  tetrahedral to o c t a h e d r a l . S i n c e

pure  W O 3  exhibits an  em ission  at 460 nm , the band  at 460 nm , w hich 

dom inates the spectrum  at h igher loading, is assigned to an  octahedral 

structure. The 405 nm  em ission is assigned to a tetrahedral species since this 

em ission is dom inant at low  loading, and CaWO^, a com pound containing

W O ^ "  tetrahedral structure, exhibits an emission at 435 nm  (Figure 43).

Both emissions are quenched by O 2 , CO 2 , and N H 3 , but the quenching 

is not complete even in the presence of excess quenchers( 50 ± 10 times m ore 

than  the theoretical am ounts). A npo and  cow orkers rep o rt a s im ilar

phenom enon for im pregnated  M oC ^/S iC ^ c a ta ly s ts .^  They claim that the
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em itting sites in  the M oO g/SiC ^ catalysts are te trahedral M o species, not 

octahedral M o species, and  the incom plete quenching in  the M oO g/SiC ^ 

catalysts arise from  the presence of octahedral species on the surface. A part of 

the tetrahedral em itting sites is physically covered w ith aggregated Mo a n d /o r  

polym olybdate species derived  from  octahedral Mo species. Therefore, these 

em itting sites cannot be quenched. The other part is not covered and located 

on the surface, and  thus can be efficiently quenched. The p roposed  m odel 

describing the different Mo sites on the SiC^ surface is illustrated  in  scheme

II.

octahedral Mo

octahedral
Mo

S i0 2

Scheme II
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1
The reduction in the intensity of 3744 cm free silanol band in DRIFT

spectra of W O g / P V G  sam ples indicate an in teraction  betw een  free silanol 

group and  tungsten  com pound to form  a te trahedral tungsten  species, and 

em ission spectra indicate that both  tetrahedral and octahedral tungsten  oxide 

species p re se n t in  the W O g / P V G  catalysts. Therefore, the incom plete 

quenching in  W O g / P V G  could be explained w ith  the sim ilar m odel, i.e., a 

part of the em itting  sites is physically  covered w ith  aggregated  tungsten  

a n d /o r  polytungstate species, and connot be quenched.

It was found that N H g  is som ew hat selective in its ability to quench the 

two em itting sites. As show n in Figures 40 and 41, N H g  quenches the 460 nm 

em ission ca. 2.2 times m ore effectively than it quenches the 405 nm  emission. 

Rate data, as listed in the Table XIII, indicate that N H g  has ca. 4 times the effect 

on  the rate of C H ^  evo lu tion  as it does on  the rate of C O  evolution. If 

reactions 3.3 and  3.4 occur at the sam e ph toactived  catalytic site, N H g  

quenching should  reduce the rate by the same am ount. Therefore, the results 

raise an interesting question: Do the two em itting sites selectively catalyze the 

CO2  reduction? That is, does the species giving rise to the 460 nm  em ission 

selectively photocatalyze CH^ form ation, w hile the species giving rise to the 

405 nm  em ission selectively photocatalyze C O  evolution?

M any researchers have proposed  that m ethanation  of CO 2  on solid 

catalysts starts w ith  the dissociation of CO 2  into CO(ads) and  O(ads), then

Q IT 1 'I 1C IQ 9 9
follows the m echanism  of C O  m ethanation . 7 ' A fter exposing

W O g / P V G  or blank P V G  sam ples to C O 2 ,  G C  and G C - M S  analyses of the
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surrounding  gas before photolysis indicate 2.5 - 3.1% of the CO 2  converts to 

C O  before photolysis. Since unim pregnated  P V G  exhibits the same results as 

th a t from  W O g / P V G  sam ples, the C O  evo lu tion  before pho to lysis  is 

attributed to the dissociative adsorption of C O 2  on the P V G .  Actually, DRIFT 

spectra of C O 2  absorption on the W O g / P V G  sam ples closely resem ble to the 

adsorption of C O 2  on unim pregnated P V G  suggesting that C O 2  adsorbs on the 

uncovered P V G  surface. H all and  cow orkers reported  a sim ilar results on

170m olybdena-alum ina catalysts by IR m easurem ents. CO2  is found to adsorb

selectively on the uncovered  alum ina po rtion  of the surface, w hile NO 

adsorbs on the m olybdena portion  of reduced m olybdena-alum ina catalysts.

The percentage of C O 2  d issocia tion  on  the W O g / P V G  or P V G  is 

independent of CO 2  p ressure in the range of 20 torr to 500 torr. The intensity

*]
of the IR bands in the 1700-1200 cm region are also independen t of C O 2

pressure. The independence suggests a lim ited num ber of adsorption sites on 

the surface of PVG.

Tying up the E ^ O g  Lewis acid sites w ith N H g  reduces both rates of C H ^  

and C O  evolution (Table XII). The results suggest that the Lewis acid sites may 

be the active sites or at least involved  in  the photocatalyzed  conversion. 

H ow ever, subsequent experim ents w ith  W O g  supported on the base catalyzed 

T M O S / C H g O H / ^ O  xerogel, w hich are sim ilar to P V G ,  but do not contain

boron or B2 O . 3 s i t e , ^  show  that irradiation w ith 254 nm  light under 50 torr 

of CO 2  leads to 2.3 x 10’^ mol of CH^ and 5.6 x 10”̂  mol of CO evolutions in 24
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hours. The data correspond to a rate of 1.0 x 10"® m o l/h  for CH^, and 2.3 x 10"®

m o l/h  for C O ,  i.e. the rates are in the sam e order as that on the W O g / P V G  

samples. These data im ply tha t even if the E^Og Lewis acid site involved in 

the conversion, the adsorption  or dissociation of C O 2  on these sites is not the 

rate - controlling step in  the photocatalyzed reduction.

\  / >
/ w\O O

j  L
a i 2 o 3

o.
%

0

TV
1
o

/ O H

A120 3

B

Sch em e III

Emission quenching experim ents suggest that NHg reduces the rate of 

CH 4  evolution by quenching the photoexcited m etal oxide. Bulk W O g  acts as

171 172an acid in n-heptane hydrocracking, olefin isom erization, and  alcohol

1 72dehydration  reactions. S upported  on A ^ O g ,  it is postu la ted  tha t W O g

174could form either a Lewis acid or Bronsted acid sites on the surface. As 

illustrated in Scheme III, the p roposed  configuration A represents the Lewis
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acid site w ith  a coordinatively unsaturated  W  center able to complex w ith  a 

Lewis base. Configuration B, on the other hand, represents the Bronsted acid 

site w ith  a pro ton  available to react w ith  base. The configuration A seems to 

be m ore favorable in W O g / P V G  samples, since it has a tetrahedral structure.

174
N H g  functions as a non-site-specific base, it reacts w ith  both  Lewis and 

Bronsted acid sites in the supported  W O g .  After exposing a sam ple containing 

4.6 x 10- 5  mol W O g / g  of PVG to N H g  for 30 m inutes, and then evacuating (P<

10’^ torr) at 298 K for 60 m inutes, about 35% of the initial phosphorescence

in tensity  from  the sam ple  is recovered . The resu lt ind icates a s trong  

interaction betw een N H g  and supported  W O g ,  w hich could account for the 

reduction of the rate of CH^ ev o lu tio n .

0 7

The appearance of C H g D  and C H 2 D 2  w hen the glass is deu terated ,

the dependence of the rate  of CH^ evo lu tion  on  H 2 O content, and  the 

appearance of O 2  as a reaction  p ro d u c t ind icate th a t w ate r is both  the 

hydrogen source and ultim ately  the source of reducing  equivalents in  the 

m ethanation of C O 2  on these W O g / P V G  catalysts. Recently, A npo and Chiba 

report photocatalytic reduction of C O 2  w ith  H 2 O on anchored titan ium  oxide

c a t a l y s t s . T h e y  find that UV irradiation of the anchored catalysts at 275 K

in the presence of CO 2  and  H 2 O led to the photocatalytic form ation of CH ^ 

w ith  a m inor am ount of C H g O H ,  b u t in the presence of C O 2  alone, only a 

very small am ount of CH ^ produced. ESR m easurem ents indicate tha t UV 

irradiation of the anchored titanium  oxide catalyst in the presence of C O 2  and

H 2 O at 77 K leads to the form ation of -C radicals, H  atoms and T i^+ ions. The
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ESR signals disappear once the tem perature of the cell rises to 275 K, and the 

au thors claim that C H 4  is form ed by the reaction of C radicals, w hich are 

generated  from  the dissociation of CC^. The C radicals then react w ith  H

atom s that are form ed by the reduction  of pro tons (H + ) from  H 2 O adsorbed

on the catalyst.

O gura and coworkers s tud ied  the visible ligh t assisted decom position

of H 2 O and photo-m ethanation  of CO 2  over CeC^-TiC^ catalysts. U nder

visible light irradiation, the reaction of C O 2  and H 2 O on the catalyst produces 

H 2, C> 2  and C H 4. The authors claim that the reaction proceeds through  the 

stoichiom etric photodecom position of H 2 O follow ed by the m ethanation of 

CO2 . Optical excitation of T i0 2  prom otes the H 20  decom position, while C e 0 2  

offers the active sites for the CO 2  m ethanation , i.e.,

T i0 2  + h v ----------- > T iC ^ e ^ ”, hy b + )

H 20  + 4hyb+ -----------> 4H+ + 0 2

4H + + 4ecb- ------------ > 4 H ad

2 H a d -----------> H 2

C 0 2  + S + 4 e ^ ' ------- > S-C + 2 0 ad2'

S-C + 4Ha d ---------> S-CH 4

s - c h 4 ----------> c h 4  + S

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

(4.7)

w here S is the active site of C e 0 2. P ublished  reports  suggest that H 20  

functions as a source of h y d ro g en  and  red u c in g  equ iva len ts  in the
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photocatalytic reduction of CC> 2  th ro u g h  photodecom position  of by the 

sem iconductor Sem iconductors are efficient catalysts in  the w ater

176photosplitting . A dso rp tion  of p h o to n s  w ith  energy  g rea ter th an  the

sem iconductor band gap leads to electrons (e~) and  positive holes (h+). In

order to retain  electrical neutrality  du ring  a photocatalytic reaction, electrons 

are consum ed by reducible species, w hile the holes react w ith  oxidizable

species. In  the w ater pho todecom position , the electrons react w ith  H +

1

dissociated from HgO to yield H 2 , w hile  the holes reacts w ith  OH" to form

177O 2 . The band gap of WOg is 3.2 eV, w hich is com parable to the band energy

of T i0 2  (3.2 eV). 254-nm irrad ia tio n  of W O g  su p p o rted  on P V G  in the 

presence of CO 2  leads to the evolution of CH^, CO, O 2  and  H 2 . A lthough the 

am ount of photo-form ed H 2  was no t quantitated , the fact that H 2  ev o lu tio n  

precedes CH ^ evolu tion  suggests th a t W O g  m ay photocatalyze the w ater 

decom position on  the surface of W O g / P V G  catalysts prior to, or during  the 

m ethanation of CO 2 .

CO2  dissociation has been suggested  as the rate-lim iting step for the

m ethanation  of C O g .^  H ow ever, the m ost p o p u la r belief is that CO(ads)

dissociation or possibly C(ads) hydrogenation are the rate-lim iting steps in the 

14 91 17ft 17Qreduction . / r /  P rairie  an d  cow orkers recen tly  rep o rted  a low - 

tem perature (< 200 °C) m ethanation of CO 2  over Ru supported  on T1O 2  and 

A ^ O g .1^ The authors claim that C 0 2  m ethanation proceeds via adsorbed CO 

species form ed from the reverse w ater-gas shift reaction, i.e.,

152

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CO2 + H2 — ■> CO(ads) + H 2 O ( 4 . 8 )

and  the C O (ads) h y d ro g en a tio n  step  is ra te-con tro lling . As d iscussed  

previously, the effect o f co adso rbed  N H g show s th a t ad so rp tio n  or 

dissociation of C O 2  on the f^O g Lewis acid sites is not a rate-controlling step 

in the m ethanation of CO 2  over the W O g / P V G  catalysts. Pure W O g  shows a 

high activity in  the dissociation of CO 2  to CO and C in the presence of H 2  at

tem perature > 573

O ades and cow orkers report that on low surface area alum ina (< 1 0 0  

m /g )  supported  W O g  catalysts exhibit a good activity for C O  hydrogenation 

at pressure of H 2 /C O  (2 : 1 )  over a range of 1  - 3 0  atm, and tem perature of 5 7 3  -  

6 7 3  K . ^  The au tho rs  claim  th a t excess W O g  above the W O g / A ^ O g  

m onolayer is the active species for the C O  hydrogenation. At loading over a 

m onolayer coverage on A ^O g, tungsten  oxide is p resen t as a m ixture of

1 f 1 fsf\te tra h e d ra l an d  o c tah ed ra l species. ' For the  p h o to c a ta ly z e d

m ethanation of C O 2  over the W O g / P V G  catalysts, rate data indicate that C H ^  

e v o lu tio n  in c reases  w i t h  tu n g s te n  lo a d in g  (Table V I ) .  E m ission  

m easurem ents indicate that the octahedral tungsten  oxide species increases 

wi t h  W O g  content, and  N H g  quench ing  experim ents suggest th a t the 

octahedral tungsten  oxide species selectively photocatalyzes CH^ form ation . 

These results suggest th a t m ethanation  of C O 2  on the W O g / P V G  catalysts 

occurs via dissociation of C O 2 ,  and follows the C O  hydrogenation m echanism
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since the octahedral tungsten oxide species appears to be the active species for 

the CO hydrogenation.

If th e  ra te -c o n tro llin g  step s  o f C O 2  m e th a n a tio n  in v o lv es  

h y d ro g en a tio n  of CO (ads) or the active carbon, the localized , relative 

hydrogen-rich environm ent at the active sites w ould  be expected to increase 

the m ethane form ation. Extensively d eh y d ra tin g  the W O g / P V G  catalysts 

reduces the rate of CH^ evolution, w hich suggests that a m inim un am ount of 

w ater is necessary for the conversion. O n the other hand, introducing H 2  into 

the reactor does not increase the rate of m ethane form ation(Table XI). The 

results suggest that active hydrogen atoms are prim arily  from  photocatalyzed 

splitting of H 2 O, not from the dissociation of H 2 .

The rate of CH^ evolu tion  on W O g/PV G  catalysts is independent of 

the C O 2  p ressure in the range of 20 to 100 torr. A lack of dependence of 

m ethanation rate on C O 2  partial pressure has also been observed on Ru/T iC ^

catalysts.-^ The absence of co rre la tio n  b e tw ee n  C O 2  p re ssu re  and

m ethanation  rate  suggests that h y d rogenation  of CO 2  or dissociated CO

1 2proceeds only on a small num ber of highly active sites. It is noted that CH^

appears im m ediately in all experim ents w ith  W O g / P V G  catalysts, regardless 

1 ^of the initial CO2  pressure. Furtherm ore, the rate of hydrogenation  of the

carbonaceous im purity  in the PVG exceeds the rate of hydrogenation of CO 2  

on the catalysts(Table VI). The results suggest that the active sites are those 

initially containing the C^ oxide im purity, and the first events are the
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19conversion of the im purity  to CH 4 . As the im purity  sites are depleted, 

1 8 CC> 2  adsorbs onto the vacated sites, and continued photolysis of WOg leads 

1 8to CH^. Consistent w ith  this hypothesis, dep leting  the carbon source by

1 0  -| o
photolysis prior to exposure to CO2  leads to im m ediate CH 4  evo lu tio n .

Based on the above d iscussion , the reaction  m echanism  for the 

m ethanation of C 0 2 on W O g / P V G  catalysts are postulated as following:

W Og + h v ------------- > WOg(e”, h + ) (4.9)

H 20  + 4h+ ------------ > 4H + + 0 2  (4.10)

4H + + 4e"  > 4H(ads) (4.11)

2H(ads)  > H 2  (4.12)

C 0 2 + 2S  > S-CO + O-S (4.13)

S-CO + 2H (ads)----------> H 2 CO-S (4.14)

H 2 CO-S + 4H (ads) > CH 4  + H 20  + S (4.15)

O-S + 2H (ads)------------ > H 20  + S (4.16)

w here  S rep resen ts  the active site o n  PVG. DRIFT sp ec tru m  of the 

photoproduct recorded during 254-nm photolysis of 2.06 x 10"^ mol W (CO)^/g

1 1 PVG exhibis a strong absorption at 2966 cm w ith  a shoulder at 2945 cm

1 8 7and a broad absorption in the 3210-3450 cm region, w hich agrees w ith the

sp ec tru m  of fo rm aldehyde  ad so rb ed  o n to  P V G .  A lso, no ESR signal 

attributable to C  occurs during  photolysis of C O 2  w ith  W O g / P V G  catalysts.
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Therefore, the fo rm aldehyde species, reaction  4.14, is p roposed  as an 

interm ediate. This interm ediate is then further reduced to m ethanol w hich is 

then reduced to CH^.

4.2. Photoinduced Isom erization of 1-Pentene

T he electronic and  DRIFT spectra of R u^C O )-^  adsorbed onto PVG 

agree w ith  the spectra of the trim er in  n-hexane (Table IV). The results 

e s tab lish  th a t Rug(CO ) ^ 2  p h ysiso rbs on to  PVG w ith o u t d is ru p tio n  or 

significant d isto rtion  of the complex. In  contrast to its photochem istry  in 

so lu tion , how ever, UV pho to lysis  of the ad so rb ed  R u^C O )-^  leads to 

oxidative add ition  of a surface silanol g roup  across an Ru-Ru bond  and

form ation of the surface grafted species (|i-H)Ru 3 (CO)jQ(g-OSi).

After rem oval of the released CO, exposing (|i-H )Ru 3 (CO)2 Q(|i-OSi) to 1- 

pen tene leads to spectral changes th a t indicate an  im m ediate  in teraction  

betw een the grafted species and 1-pentene. GC analyses of the reactor contents 

show  that the reaction w ith  1-pentene does not result in CO evolution, and 

evacuating the cell regenerates the spectra of the oxidative addition  product, 

w hich can then  be converted to R ^ tC O ^ f a d s )  -  90% yield w hen (g-

H )R u 3 (CO)2 Q(|i-OSi) is subsequently  exposed to CO (1 atm). These results 

establish that the metal trim er rem ains intact during  the reaction sequence, 

and that addition  of 1 -pentene disrupts the m ulticentered bonds binding the 

trim er to the glass surface.
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O n exposure  to 1-pentene, th ree  reaction  p ro d u c ts  are possible: 

d isrup tion  of an  Ru-O bond (I), an Ru-H bond (II), or bo th  (III). Basset and  

cow orkers proposed  a structure analogous to I in  O s ^ C O ^ /S iC ^  catalyzed

18*3olefin hydrogenation. A lthough IR spectra recorded in  our experim ents do

1

not exhibit a distinct absorption in the 1960-2060 cm region that could be

1 QA
assigned to a term inal Ru-H vibration, the p roduct of 1-pentene addition

is tentatively assigned to III. This assignm ent is based solely on the stability of

the (p-H)Rug(CO)^Q(p-OSi)-olefin product. The ad d u c t persists for hours at

room  tem perature, and the observed stability seems m ore consistent w ith  a 

species in w hich the Ru atom s are formally 18-electron species. Consequently,

the bands at 2109, 2078, 2066, 2028, and 2102 cm '^ are assigned to III. A lthough

1

shifted, the band at 1830 cm is assigned to 1-pentene adsorbed on the glass,

because 1-pentene adsorbed  onto calcined PVG exhibits a relatively intense

1 1 W7 1band  at 1850 cm , and  the 1830 cm band d isappears u n d er vacuum

m uch m ore rapidly than those assigned to III.

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(CO)3R u R u (CO)3 (CO)3R u

/
Ru (CO)3 (CO)3R u Ru (CO)3

O: \ O O:

7777^77777 77777 Si77777  7777̂ /77777

I n in

Schem e IV

UV photolysis of (|i-H)Rug(CO)^Q(|i-OSi)-l-pentene leads to conversion

of 1-pentene to cis- and  trans- 2 -pentenes. The tran s/c is- 2-pentene ratio  is 

initially 1.5 ± 0.2, and increases to a relatively constant value of 2.5 ± 0.1 as the 

p h o to ly s is  p ro ceed s . T he ra tio  is co n s id e rab ly  sm a lle r  t h a n  -he 

therm odynam ic ratio, 4.82. One possible explanation is that the topology of 

the glass surface to w hich  the com plex is bound  biases the isom er ratio. 

H ow ever, if this w ere the sole determ inant of the tran s/c is  ratio, it w ould  be 

expected  th a t a ra tio  s im ilar to th a t ob ta in ed  in  the p h o to ca ta ly zed  

isom erization of 1-pentene by Fe(CO)^ on PVG. In this case, the ratio is 3.7 ±

1  RR0.2, w hich is larger and  closer to the therm odynam ic ratio . In  the

photoactivation of Fe(CO)^, the photochem ical reaction generates a therm ally 

activa ted  g ro u n d -s ta te  catalyst. In  the Ru-PVG system , how ever, the
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isom erization ceases w hen photoexcitation ceases. The reaction appears to be 

a photoassisted  catalytic process in w hich the photoactivation generates an 

excited state that prom otes olefin isom erization. Consequently, the sm aller 

ratio found w ith  the Ru-PVG system  appears to be a function of the specific 

catalytic species present on  the glass surface, rather than the topology of the 

surface, or since it is a photo process.

GC-MS analyses ind icate  tha t UV photo lysis of 1-pentene on (|i- 

D)Rug(CO)2 Q(|i-OSi) generates deu terated  olefins. The pentene fragm ents of

29 (m /e) and  43 (m /e) establish the form ation of 1-D, 2-D, and 3-D-2-pentenes 

(Table XVIII). The form ation of deuterated 2-pentenes suggests that the excited 

state m ay be sim ilar to a pi-allyl complex, as show n in Scheme V. In this 

configuration, the carbons in  the 1-, 2- and 3- positions are susceptible to 

deuterium  substitution. The displaced olefin hydrogen can be transferred to 

the metal complex to regenerate the surface grafted cluster, w hich then reacts 

w ith 1-pentene to re-form III.
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UV photo lysis of (p-H)Rug(CO)^Q(|i-OSi) w ith  1-pentene does not 

re su lt  in  h y d ro g e n a tio n  ev en  in  the p resen ce  of H 2 . E xposing (p- 

H)Rug(CO)^Q(p-OSi) to a m ixture of CH 2 CH 2  and  H 2  does not resu lt in 

h y d ro g en a tio n  of C H 2 CH 2  either. IR sp ec tru m  of CH 2 CH 2  o n  (p- 

H )R u 3 (CO)jQ(p-OSi) is sim ilar to the spectrum  of 1-pentene adduct (Figure 

51). H ow ever, UV and  IR m easu rem en ts  in d ica te  th a t exposing  (p-

H)Rug(CO)2 Q(p-OSi) to H 2  does no t cause any spectral change, that is, no

indication of an interaction betw een H 2  and  the grafted complex. The details 

of the inactiv ity  of the catalyst to o lefin  h y d ro g en a tio n  is no t clear. 

N ev erth e less , the h igh  se lec tiv ity  of the g ra fted  com plex to o lefin  

isom erization is an attractive property.

In conclusion, the photogenerated  grafed complex, (p-H)Rug(CO)2 Q(p-

OSi), possess a high selectivity and  activity to 1-pentene isom erization. The 

trans-c is  ra tio  observed , 2.5 + 0.1, is co nsiderab ly  sm aller than  the 

therm odynam ic ratio, 4.82. The sm aller ratio  found  w ith  this system  is 

a ttrib u ted  to the specific species p resen t on the glass surface, i.e., (p-

H)Rug(CO)2 Q(g-OSi), rather than steric effects induced by the topology of the 

PVG surface.
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