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ABSTRACT 

 

 

MICRO STRUCTURAL ENVIRONMENTS AND REDOX  

STATES OF IRON IN RANDOM AND ORDERED 

 POROUS SILCA MATRICES 

by 

D.A.S. Amarasinghe 

Chairperson of the Supervisory Committee:  Professor Harry D Gafney 

Department of Chemistry and Biochemistry Queens College City University of New York. 

In our  prev ious s tudies we have shown that refractive index o f  

porous Vycor  g lass can be changed by iron doping and at  the lower 

end of the iron loading, the re fractive index shows fa ir ly l inear 

increase wi th the load ing. Th is a l lows us to  create re fract ive index 

pattern in porous Vycor glass. The exact mechanisms regarding 

image formation in the Vycor glass and the factors that a f fect  the 

image qual i ty is s t i l l  in d iscussion stage. In  th is s tudy we analyzed 

the cross sect ional  d is tr ibut ion o f  i ron and the la teral  d i f fusion o f  i ron 

dur ing the heat treatment in order to understand the contrast  

var ia tions. The study also focused on micro structural  changes of  

i ron from the sur face to the in ter ior  o f the porous Vycor glass. The 

other objective o f the s tudy is to understand micro s tructural 

var ia tions o f i ron in regular  pore structured  mater ia ls such as MCM-

41 and random pore networks such as xerogel  and PVG.    

Resul ts show that the maximum effect ive  lateral d i f fusion 

length of i ron in PVG is <10 μm at 650 0C.  Therefore we conclude 
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that par t ic le growth occurs at 650 0C is due to <10 μm part ic le  

di f fus ion wi th in  the matr ix .  The XANES study resul ts  shows that 

e lementa l i ron found in the PVG immediate ly a f ter  photo lys is  is  

concentrated in the inter ior  o f the glass. Al though some elementa l 

i ron is found on the sur face o f the g lass they are c overed wi th  a 

protect ive layer of Fe(I I I) .  Th is pro tect ive layer seems to be strong 

enough to  prevent fur ther  oxidation o f e lementa l i ron part ic les dur ing 

the anneal ing process a t 650 0C but the e lemental  i ron found in the 

in ter ior  of the glass oxidized dur ing the anneal ing process unti l  the 

protect ive layer o f Fe(I I I)  is formed. The resul ts suggest that once 

the Fe( I I I)  /  Fe(0)  rat io reach a cr i t ical  value fur ther  oxidat ion is 

prevented. EXAFS data analys is a long wi th EPR conf irmed that the 

chemical  nature o f i ron oxides formed on the sur face and the in ter ior  

of the PVG are ident ical and Fe( I I I)  is in octahedral micro 

environment. The Mossbauer data suggest that the iron part ic les in 

the PVG substra te are randomly or iented where as Fe(II I)  has some 

or ienta t ion suggest ing that par t ic les are at tached to s i l ica substrate 

through the ox ide enve lope.       

Unl ike Fe(CO) 5  doped PVG, when Fe(CO) 5  doped MCM-41 is  

photol ized, that leads to format ion o f  octahedral ly and te trahedral ly  

coordinated iron si tes wi th in  the s i l ica matr ix .  Mossbauer s tudy 

shows that w i th the increasing temperature iron migration from 

octahedral  s i tes to  te trahedral s i tes.    

Irons in xerogel behave dif ferently than iron in PVG or MCM -

41.Iron migration in to te trahedral s i tes in i t ia te a t 650 0C and number 

of te trahedral s i tes increase wi th the increase of  temperature. 

Nei ther  xerogel nor  MCM-41 shows any ev idence of e lementa l i ron 

before or  af ter  heat treatments. The Fe(0)  format ion in PVG seems a 

unique phenomena.   
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Chapter 1 

1.0  INTRODUCTION 
1.1.  General  Introduction 

 The state of  aggregat ion of  matter  is  a subject  of  wide divers i ty and 
complexi ty.  The three states of  matter  gas,  l iquid and sol id are the s implest  
categor izat ions of  aggregat ion of  matter .  In the f irst  approximat ion,  the gas 
state is  character ized by the absence of  intermolecular  interact ions,  which 
therefore display stat is t ical  d isorder.  The requirement of  maximum entropy 
controls the state.  The more condensed l iquids and sol ids phases are 
control led not  only by entropy,  but  a lso by intermolecular  interact ions.  The 
balance of  interplay between at t ract ive and repuls ive forces y ie lds a local  
order,  def ined on some character ist ic  length.  Three state categor izat ion is 
insuf f ic ient  for  a detai led study of  matter .  For example,  gases can exist  as 
gas or p lasma ( ionized gas),  l iquids as l iquid or  l iquid crystals,  sol ids can 
exist  in crystal l ine or amorphous forms. An amorphous, or  synonymously,  a  
non-crystal l ine mater ia l  can be def ined as one which is topological ly  
d isordered and which does not  exhibi t  e i ther the long-range t ranslat ional 
order (per iodic i ty)  character is t ic  of  s ingle crystals,  or  the long-range 
or ientat ional  order character ist ic  of  quasicrystals.  With in th is def in i t ion,  such 
mater ia ls could be ei ther sol id or  l iquid.   

A mater ia l  is  a sol id when there is  no observable long-range 
t ranslat ional  d i f fusive mot ion dur ing the durat ion of  the exper iment;  in other 
words,  dynamic disorder is  absent.  Glass is  an amorphous sol id.   Glass 
includes al l  mater ia ls which are structural ly  s imi lar  to a l iquid.  However,  
under ambient  temperature they react  to the impact  of  force wi th e last ic  
deformat ion and therefore have to be considered as sol ids.   Classify ing 
mater ia l  as a glass requires prudence.  Glasses can be obtained by f reezing 
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super-cool  l iquids,  thus creat ing a noncrystal l ine sol id.   However g lasses can 
also be obtained by methods other than super-cool ing.  The prevai l ing 
descr ipt ion of  a glass is an amorphous sol id that  exhibi t  a g lass t ransi t ion.     

The glass transit ion temperature ,  Tg ,  is  the temperature at  which an 
amorphous sol id,  such as glass or  a polymer,  becomes br i t t le on cool ing,  or  
sof t  on heat ing.  More specif ical ly ,  i t  def ines a pseudo, second –order,  phase 
t ransit ion in which a super-cooled melt  y ie lds,  on cool ing,  a glassy structure 
and propert ies s imi lar  to those of  crystal l ine mater ia ls e.g.  of  an isotropic 
sol id mater ia l .  Tg  is  usual ly  appl icable to whol ly  or  part ia l ly  amorphous sol ids 
such as common glasses and plast ics (organic polymers).  Si l ica is the most 
common glass forming mater ia l .  The study and manufactur ing of  new types of 
g lasses and glasses doped with impur i t ies are an essent ia l  part  of  the 
progress in opt ical  systems. Porous s i l ica matr ices provide an ideal  
opportunity to develop impur i ty doping.   In our previous studies we have 
shown the possib i l i ty  of  using i ron oxide doped PVG and xerogel  mater ia ls as 
wave guides.  

Glass is an excel lent  and inexpensive mater ia l  to integrate act ive and 
passive opt ical  e lements [36] .  Unl ike electr ical  conduct ion,  opt ical  conduct ion 
occurs in the bulk.  Therefore i t  is  important  to study cross-sect ional 
d ist r ibut ion of  doped mater ia ls and their  microstructure.  A part  of  th is study 
focuses on studying the micro structural  var iat ion of  doped i ron across the 
cross sect ion of  porous Vycor g lass (PVG.)  The other object ive of  the study 
is  to understand microstructural  var iat ions of  i ron in regular  pore structured 
mater ia ls such as MCM-41 and ir regular pore structured mater ia ls such as 
PVG. 

1.2.  Si l ica Glass 
Glassy mater ia ls have been known for  centur ies,  though at tempts to 

understand their  nature are re lat ively recent [1] .    
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This non-crystal l ine mater ia l  can be made by rapidly cool ing the melt  of  the 
const i tuent  mater ia ls [2] .  Unl ike crysta l l ine mater ia ls,  which have a per iodic 
structure that  can be determined by di f f ract ion techniques,  there is no direct  
way of  determining the arrangement of  atoms in glasses [2] .  The di f f ract ion 
pat terns of  g lasses consist  of  d i f fuse r ings [2] .  The Radial  Distr ibut ion 
Funct ion (RDF) of  atoms in g lasses can be deduced f rom the above di f fuse 
r ings [2] .  Glasses have only short  range atomic order compared to the long 
range order of  crystal l ine mater ia ls.  In s i l ica glasses SiO4 tetrahedra are st i l l  
present wi th oxygen br idging two such tetrahedras,  but  neighbor ing 
tetrahedras are not  in a f ixed or ientat ion with respect to each other [2] .  

Only certa in mater ia ls form glasses.  Glass formers,  a lso cal led network 
formers [3] ,  inc lude SiO2,B2O3,GeO2,P2O5 and As2O3.  Some other oxides e.g.  
Al2O3 are not  network formers by themselves,  but  at  the same t ime they do 
not  weaken the bonding in the network and are cal led intermediates [2] .  The 
strongly ionic oxides such as Na2O, K2O and CaO depolymerize the 
cont inuous random network of  the former thereby weakening the bonding 
when incorporated in to the glass network.  They are cal led glass modif iers 
[3] .  I t  is  not  possible to predict  whether an added impur i ty  wi l l  behave as a 
network former (subst i tut ional,  tet rahedral ly  coordinated,  covalent ly bonded) 
or  as a modi f ier  ( interst i t ia l ,  octahedral ly  coordinated,  ionical ly  bonded) or  as 
an intermediate [2] .  There is  a basic scient i f ic  and technical  need to establ ish 
the specif ics of  structural  changes brought about by the incorporat ion of  
foreign mater ia ls in to g lass.          
1.3.  Porous Vycor glass 

Porous Vycor g lass (Corning glass 7930 )  is prepared in three steps.  A 
melt  composed of  SiO2,  B2O3 and Na2O 17:4:  1 is  quenched below, but  near 
i ts  consolute temperature.   The consolute temperature is  the maximum 
temperature of  immiscib i l i ty  for  a two l iquid solut ion.  Below th is temperature,  
l iquids become only part ia l ly  miscib le.   
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Slow l iquid- l iquid di f fusion makes a SiO2 r ich phase and a B2O3 r ich phase. 
Then the boron r ich phase is acid leached at  about 1000C, leaving an almost 
pure form of  SiO2 porous skeleton [4] .  This mater ia l  is  said to have highly  
interconnected network of  pores [4,5] .   

 The most resent publ icat ion on the PVG structures shows that  the 
average diameter of  pores in PVG is about 4 nm and 96% of  the total  pore 
volume is due to pores wi th d iameter 4±0.6 nm [6] .  The porosity of  PVG is 
about 28% with specif ic  surface area of  250m2/g.  The glass is an electr ical  
insulator  but  when pores of  PVG were f i led wi th a conductor i t  could become 
an electr ical  conductor  [6] .   
1.4.  Xerogel  

The sol-gel  process of  prepar ing s i l ica glass involves four basic steps; 
1)  hydrolysis,  2)  condensat ion,  3)  aging and 4) dry ing.  Depending on the 
dry ing condi t ions these mater ia ls can be div ided into two categor ies.  The f i rs t  
cal led xerogel ,  is  prepared by evaporat ion under ambient  condi t ions;  that  
g ives r ise to capi l lary pressure and causes shr inkage of  the gel  net  work.  I f  
the wet gel is  dr ied under supercr i t ical  condi t ions then there is  no inter face 
between l iquid and vapor resul t ing in no capi l lary pressure.  Gels prepared 
under these condit ions are cal led aerogels.  Compared to xerogels,  aerogels 
have l i t t le  shr inkage. The hydrolysis of  s i l ica alkoxide can be catalyzed by 
acids or  bases.  The mechanism for  hydrolysis g iven below (Figure 1)  is  not 
complete,  but  is  st i l l  useful  to understand the ef fects of  d i f ferent  factors on 
gelat ion [57] .   
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Figure 1.  Mechanisms of  hydrolysis of  s i l ica alkoxides.  

 
 



 

6 

The relat ive rates of  condensat ion also depend on ster ic ef fect  and the 
charge developed on the t ransi t ion state.  In acid hydrolysis,  posi t ively  
charged t ransi t ion states are stabi l ized by electron donat ing groups. 
Therefore the condensat ion rates var ies as fo l lows for  acid catalyzed 
react ions  (RO)3SiOH > (RO)2Si(OH)2>(RO)Si(OH)3 Because of  the fast ,  f i rs t  
s tep,  they form relat ively open networks in i t ia l ly,  fo l lowed by fur ther 
hydrolysis and l imi ted cross condensat ion (Figure 2 ) .  
 

 
Figure 2.  Acid catalyzed gel  

In base catalyzed condensat ion,  the negat ively charged t ransi t ion state 
become more stable as more hydroxyl  groups replace the electron donat ing 
alkoxy groups.  Thus,  the state of  the successive hydrolysis steps occurs 
rapid ly with the fu l ly  hydrolyzed species undergoing the fastest  condensat ion.   
As a consequence, in base catalyzed react ions,  h ighly cross l inked large sol  
part ic les are in i t ia l ly  formed. Eventual ly  they l ink to form gel  with large gapes 
between part ic les (Figure 3) .    
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Figure 3.  Based catalyzed gel  

Al l  of  our exper iments were carr ied out  in the base-catalyzed environment.  
1.5.  MCM-41 

When organic molecules other than solvent  are added to the s i l ica sol 
they became entrapped upon gelat ion.  This can be used to introduce structure 
to gel.  The lyotropic l iquid crystal l ine phase formed by surfactants can also 
be used to add structure to a xerogel [57] .  The self -assembly format ions of  
cety l t r imethylammonium surfactants are used as templates for  structur ing 
s i l icates.  Due to the electrostat ic interact ions between the cat ionic surfactant  
and negat ively charged s i l ica sol ,  the inorganic s i l ica phase deposi ts around 
aggregates forming structures [57] .  The detai l  mechanism of  MCM-41 
format ion is  not  completely understood and is  st i l l  a hot  area of  research.        

One of  the most exci t ing discover ies in the f ie ld of  mater ia ls synthesis 
in resent years is  the format ion of  mesoporous s i l icate and aluminosi l icate 
molecular  s ieves [7] .  According to IUPAC classi f icat ion,  porous mater ia ls wi th 
a pore diameter in the range of  2nm-50nm are def ined as mesoporous 
mater ia ls [8] .  Microporous mater ia ls have pore diameters of  less than 2nm, 
and macroporous mater ia ls have pore diameter greater than 50nm. The 
mesoporous category thus l ies in the middle [9] .   In 1990, Kuroda and 
coworkers reported the preparat ion of  mesoporous s i l ica wi th uni form pore 
s ize distr ibut ion f rom layered poly-s i l icate kanemite[10,11] .  Signi f icant  



 

8 

breakthrough in mesoporous mater ia l  research came with the discovery of  the 
M-41S family  of  mater ia ls  by Mobi l  sc ient ists [8] .   
The fami ly includes mater ia ls wi th pore structures such as;  MCM-41 a two 
dimensional  hexagonal  [12] ,  MCM-48 a Cubic and MCM-50 a lamel lar  [8]  
(Figure 4) .  MCM-41 is a nanoporous s i l ica wal led mater ia l  that  exhibi ts a 
regular ly ordered 2D-hexagonal pore arrangement wi th narrow pore s ize 
distr ibut ion [8] .    
 

 
Figure 4.   M-41S family  

1.6.MCM-41 as a substrate 
 The high amount of  s i lanol  groups in MCM-41 enhances i ts  abi l i ty  to 

immobi l ize macromolecules such as metal loporphyr ins [13] .Several  authors 
have reported use of  MCM-41 as a drug del ivery system. Zeng and co workers 
studied aspir in loaded MCM-41 as control led drug re leased system [14] .  
Val let-Regi and coworkers have reported the inf luence of  pore s izes on the 
release rate of  ibuprofen f rom the drug loaded MCM-41[15].   

MCM-41  MCM-48 MCM-50  
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Enzymes such as globular  enzymes, cytochrom c (bovine heart) ,  papain 
(papaya latex) and t rypsin (bovine pancreas) have been immobi l ized in a 
MCM-41 molecular  s ieve [16].  Kulkarni  and co-workers studied the 
immobi l izat ion of  i ron-porphyr in complexes inside the pores of  MCM-41 using 
var ious synthet ic procedures [17] .   
MCM-41 loaded with copper and i ron oxides act  as catalysts for  methanol 
decomposit ion to H2 and CO have been studied by Tsoncheva and coworkers 
[18] .  Catalyt ic  cracking of  large molecules have been reported on Al-MCM-41 
[19] .     
1.7.  Iron Oxides 

Fif teen iron oxides and oxide hydroxides are known to date [20] .   The 
most common ones are l is ted in Table 1 .  The most common structural  unit  of  
Fe(I I I )  oxide is an octaheadron in which Fe atoms are coordinated to s ix  
oxygen atoms, or  OH- ions or both [20] .  The Fe(I I I )  in the octahedral  posi t ions 
can be part ia l ly  replaced by other t r ivalent  cat ions with s imi lar  s ize l ike Al3 + ,  
Mn3 +,Cr3 +.and V3 +    wi thout  modi fy ing the structure [20] .  In hemat i te and 
goethi te,  the layers formed by O2 -  and OH- ions are hexagonal ly c losed 
packed (hcp) and cal led the α-phases.  In lepidocrocite and maghemite they 
are approximately cubic c losed packed (ccp) and cal led the γ-phase.   The 
oxide Fe2O3,  exhibi ts  amorphous or  crystal l ine phases such as γ-Fe2O3 
(maghemite) ,  α-Fe2O3  (hemat i te) .   There are few meta-stable phases of  i ron 
oxides such as β  (beta)  and ε  (epsi lon).   The beta phase has a cubic face 
centered structure,  but  at  temperatures above 500°C, the beta phase converts 
to a lpha phase. The epsi lon phase has a rhombic structure.  This phase shows 
propert ies intermediate between alpha and gamma. So far ,  th is phase has not  
been prepared in pure form. 
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Table 1.  Common i ron oxides and oxide hydroxieds  

Oxyhydroxides Oxides 
Formula Mineral  Formula Mineral  
α -FeOOH Goethi te Fe5HO8. 4H2O Ferr ihydr i te 

β -FeOOH Akaganeite α  -Fe2O3 Hemat i te 

γ -FeOOH Lepidocrocite  γ  -Fe2O3 Maghemite 

δ -FeOOH Feroxyhyte Fe3O4 Magnet i te 

 
I ron and i ron oxides are some of  the most at t ract ive mater ia ls as they 

exhibi t  interest ing opt ical  and magnet ic propert ies [21] .  I ron based 
nanopart ic les have become the focus of  intense research because of  their  use 
in magnet ic informat ion storage devices,  magnet ic refr igerants,  oxidat ion 
reduct ion catalyst ,  b io logical  and environment sensors and bio medical  
appl icat ions [22] .   

The stabi l i ty  and semiconductor propert ies of  α-Fe2O3 al low i t  to be 
used as a photocatalyst ,  whi le the magnet ic propert ies of  γ -Fe2O3 make i t  a 
common act ive component of  h igh-densi ty recording media [23] .   The two 
forms of  Fe2O3  di f fer  in many aspects.  Structural ly  the uni t  cel l  of  γ-Fe2O3 is 
cubic,  wi th both octahedral ly and tetrahedral ly coordinated Fe(I I I )  s i tes,  whi le 
α -Fe2O3 has hexagonal  uni t  cel l  and ent i re ly  octaheadraly coordinated Fe(I I I )  
s i tes [24] .The increasing explorat ion of   nanotechnology in bio logical  and 
medical  appl icat ions has led to s igni f icant  advances in the diagnosis,  
prevent ion,  and t reatment of  d iseases.  Superparamagnet ic i ron oxide 
nanopart ic les (SPIO) current ly  have a surge of  interest  as their  potent ia l  has 
been demonstrated in b iomedical  appl icat ions such as MRI contrast  agent  
[25] ,  [26] , [27]  , [28] ,  drug carr ies and  in therapy [29] .   

Bulk hemat i te is  ant i ferromagnet ic below the Mor in temperature,  260K 
and weakly ferromagnet ic above Morin temperature [30].   
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The net moment of  ant i ferrormagnet ic part ic les is  very sensit ive to part ic le  
s ize,  lat t ice stra in and defects [31] .  Because of  the potent ia l  for  exhibi t ing 
magnet izat ion reversal  by quantum tunnel ing,  the magnet ic propert ies of  
ant i ferromagnet ic nanopart ic les have been receiv ing renewed at tent ion in the 
last  few years [31] .  The net  magnet ic moment of  ant i ferromagnet ic part ic les,  
result ing f rom the non-exact  compensat ion of  the two magnet ic sublat t ices,  is  
very sensit ive to part ic le s ize,  lat t ice stra in and defects [31] .  
1.8.  I ron impregnated PVG in integrated Optics   

Even though inorganic-organic nano-composi tes have been studied 
wi th growing interest  over last  few years,  [32]  less at tent ion has been paid 
towards the research and development of  inorganic-  inorganic  
nanocomposi tes.   

The f ie ld of  integrated opt ics covers an explorat ion of  waveguide 
techniques for  the construct ion of  newly improved opt ical  devices [33].  In 
recent years there has been remarkable progress in the development of 
integrated opt ical  devices [33] .   This increasing interest  in opt ical  integrated 
c i rcui ts st imulated the studies on opt ical  waveguide mater ia ls.  Polymers are 
the most commonly used wave guiding mater ia ls [34]  as they can be easi ly  
used to make th in f i lms.  There are some disadvantages of  using polymers as 
wave guiding mater ia ls.  Opt ical  losses are higher in polymer based devices 
compared to s i l ica based devices.  In addi t ion,  they have poor surface qual i ty  
and higher thermal expansion coeff ic ients [34] .   However,  l i t t le  at tent ion has 
been paid to the development of  g lass based integrated opt ical  devices [33] .     

Porous Vycor g lass (PVG),  Corning code 7930, is  near ly a pure form of  
s i l ica wi th a smal l  amount of  bor ic oxide.  PVG is a good sol id support  for  th is 
k ind of  appl icat ion because of  i ts  h igh strength,  chemical  inertness,  thermal 
stabi l i ty  and porosity.  A dist inct  advantage of  th is support  over others is  
physical  st rength and t ransparency to v is ib le l ight .  SEM and AFM analysis of  
the calc inated PVG glasses reveal  that  the surface is composed of  s i l ica 
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nodules wi th intervening crevices [35] .  These intervening crevices compose 
the interconnect ing pore structure that  is  randomly dist r ibuted throughout the 
matr ix .  The external and inter ior  surfaces of  the glass have f ree and 
associated hydrogen bonded, Si-OH, s i lanol,  groups and absorbed water [35].  
Porous glasses impregnated with electro or  magneto-opt ical  mater ia ls for  
example,  can be used to make many opt ical  components [36,37,38] .   

I ron is common in natural ly  occurr ing s i l icate glasses and is known to 
s igni f icant ly  af fect  macroscopic propert ies such as color ,  polymer izat ion,  
v iscosity,  densi ty and heat capaci t ies of  s i l ica glasses [39] .  Borrel l i  and Morse 
showed that  the refract ive index of  g lass could be changed by photo-
chemical ly  b inding  t ransi t ion metal  compounds into Corning code 7930 
porous Vycor glass and thermal ly consol idat ing the glass to nonporous, 
nonscat ter ing opt ical  medium [40] .   According to our previous studies reported 
elsewhere,  deposi t ion of  Fe(CO)5 and photolysis produce refract ive index 
changes upto 10- 3  to 10- 2  depending on the loading [35] .  At  the lower end of  
the iron loading,  the refract ive index shows fa i r ly  l inear increase wi th loading 
[35] .  I ron deposi t ion and their  subsequent changes are important  because of  
the abi l i ty  to pat tern them with re lat ive ease to make di f ferent  forms of  
waveguides and opto-electronics [41] .  We have reported that  these 
composi tes can be consol idated wi thout  s igni f icant  loss of  resolut ion.  There is  
very l i t t le informat ion current ly  avai lable that  can be used to opt imize 
ef f ic iency of  th is photo deposited opt ical  devises.  Systemat ic  scient i f ic  study 
of  these systems is required to harness the fu l l  potent ia l  of  making low cost  
photonic devices.    

In th is study,  we focus on analyzing the distr ibut ion and the structure 
of  photo products and their  changes with temperature at  the surface and the 
core of  the glass.  There are number of  publ icat ions avai lable on invest igat ion 
of  structural  and chemical  informat ion of  the iron in glasses.   
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As per our understanding,  there was no study that  invest igated the structural  
and chemical  environment of  i ron on the surface of  g lass and wi th in the 
inter ior  of  the glass.   
1.9.  Iron doped MCM-41    

 Mater ia ls of  nanometer scale are important  in developing advanced 
quantum conf ined electronics and optoelectronics.  Col lo idal  solut ions [42]  and 
polymer matr ixes [43]  are widely used for  nonmater ia l  synthesis.  But  these 
hosts are nei ther ef f ic ient  in generat ing uni form size c lusters nor  chemical ly 
inert  towards guest  mater ia ls [44] .  On the other hand the regular  pore 
structure of  zeol i te molecular  s ieves of fers an ideal react ion chambers for  
nanostructure mater ia l  synthesis [44] .  However,  the smal ler  pore s ize of  these 
mater ia ls l imi ts their  appl icabi l i ty .  The discovery of  mesoporous molecular  
s ieve such as the M41S fami ly  broadened the appl icat ions [44] .   

In 1992 Kresge and co workers f i rs t  reported [45]  the synthesis of  
M41S fami ly of  s i l icate mesoporous mater ia ls,  MCM-41 is  the most widely  
studied member of  M41S fami ly [46] .  MCM-41 has highly at t ract ive features 
such as stable honeycomb pore structure re lat ively large pore area,  usual ly .  
1000m2/g ( for  detai ls  about surface area determinat ion see reference [47]-  
[46]  )  and relat ive chemical inertness.     
1.10.  Iron doped MCM-41 in catalysis 

Even though pure s i l ica MCM-41 shows l imi ted catalyt ic  act iv i ty ,  act ive 
catalyt ic  s i tes can be generated by introducing metals [48] .  These part ic les 
of ten exhibi t  unusual  catalyt ic  propert ies [49] ,  and I ron oxide nanomater ia ls in 
s i l ica matr ices are current ly of  great  interest  for  exact ly the same reasons 
[50] .  Character iz ing of  i ron oxides in g lass matr ices is  d i f f icul t ,  part ly  because 
of  the large range of  oxides and oxide hydroxides i ron can form wi th vary ing 
oxidat ion states.   F i f teen i ron oxides,  oxide hydroxides are known to date [51] .   
The most common structural  unit  of  Fe(I I I )  oxide is  an octahedron in which Fe 
atoms are coordinated to s ix,  oxygen atoms or OH ions or both [20] .   
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T. Kawabata and coworkers [52]  have reported the Fe-MCM-41 abi l i ty  
to catalyzed Bayer-  Vi l l iger  (B-V) react ions.  The B-V oxidat ion of  ketones is 
widely used for  the synthesis of  lactones [52].  Using heterogeneous catalys is 
for  B-V react ions has some advantages such as s impl ic i ty  in synthet ic 
operat ions,  prevent ion of  the product ion of  sal t  wastes dur ing neutral izat ion 
of  catalysts,  reusabi l i ty  of  catalysts [52,53,54].  As i ron contain ing mater ia ls 
show low toxic i ty  [55]  make i t  more at t ract ive as a catalyst .  Fe-MCM-41 is  
known for  i t  use as a catalyt ic  template for  the product ion of  carbon 
nanotubes [56] .  
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Chapter 2 

2.  0.  EXPERIMENTAL 
2.1.   Materials 

Corning code 7930 porous Vycor g lass was obtained f rom Corning 
Glass in the form of  p lates wi th th ickness of  2mm. Tetramethy lorthosi l icate 
(TMOS, (CH3O)4Si;95%),  Tetraeathoxysi lane  (TEOS, (CH3CH2O)4Si;95%),  
i ron( I I I )  oxide (Fe2O3;99.98%) were purchased from Sigma Aldr ich and used 
wi thout  fur ther pur i f icat ion.  Reagent grade 15M ammonium hydroxide 
(NH4OH;99.9%),  α -Fe th in f i lm was obtained f rom Fisher Scient i f ic.  
Spectroscopic grade Methanol (CH3OH),  I ron pentacarbonyl (Fe(CO)5) ,  
hexadecyl  t r imethyl-ammonium bromide (CH3(CH2)1 5N(CH3)3  ,CTAB ;99+%), 
was purchased f rom Alfa Aesar.      
2. 2.  Pre-treatments 

PVG was f i rst  d ipped 3M HCl for  1Hr,  and then r inse wi th hot  and 
running dist i l led water for  over 48 hours to remove water soluble 
contaminants.  The part ia l ly  c leaned PVG was then r insed wi th spectroscopic 
grade methanol .  The PVG pieces were dr ied in a Nat ional  appl iance company 
vacuum oven model  5831 about 700C for  over one week at  50torr .  PVG was 
then al lowed to cool to room temperature in a vacuum desecrator.     
2.3.   Synthesis 
2.3.1 MCM-41 Synthesis 

For the synthesis of  MCM-41 TEOS 98% was used as a s i l ica source,  
CTAB, 99+% as a super-molecular  templat ing agent,  and NaOH as the 
catalysis were used. These reagents were used in fo l lowing rat io:  TEOS-
1.02ml CTAB (92g/100ml)  10ml ,  NaOH (2M) 1.32ml .   CTAB and TEOS were 
mixed together to form a uniform solut ion and then under v igorous st i r r ing 
NaOH was s lowly added to the solut ion.  The pH was then adjusted to 11.5 
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with H2SO4.  The solut ion was st i r red,  open to atmosphere,  at  room 
temperature for  48 hours.  The sol id product  was recovered by f i l t rat ion,  
washed wi th ethanol  and deionized water,  and dr ied in a vacuum oven at  
1000C. The product was then heat  t reated in a i r  using a 10C/min heat ing ramp 
and dwel l  t ime of  6hours at  5400C to remove organics.   
2.3.   Xerogel Synthesis 

Xerogel were prepared as per the procedure descr ibed in reference 40 
using TMOS, methanol  and water.  The TMOS and water d idn’t  mix wel l  at  
room temperature,  [57]  however adding MeOH increases miscib i l i ty .  Methanol ,  
TMOS and water were v igorously st i r red unt i l  a uni form solut ion was formed. 
Then concentrated ammonia was added drop wise to the st i r r ing solut ion.  The 
gel  t ime is longest  at  the iso-electr ic  point  therefore added based (or  acid)  
reduced gel  t ime [57] .The catalyzed react ion mixture was st i r red for  another  
5-7min and covered wi th polyethylene f i lm and al lowed to dry for  3-5weeks.  
The pre dr ied gel  is  then fur ther vacuum dr ied at  600C for  12-15 hours in a 
Nat ional Appl iance Company vacuum oven model 5831 at  50 torr .   
2.3.3     Vapor deposit ion  
The uni form adsorpt ion of  Fe(CO)5 onto PVG glass was achieved by using the 
set  up shown in Figure 5 .  The setup used to impregnate the MCM-41 and the 
xerogel  is  shown in Figure 6 .The samples were heat t reated in a i r  according 
to the program shown in Figure 13 ,  using a programmable Thermol ine 461000  
oven.   
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Figure 5.   The  setup used for  vapor deposi t ion of  Fe(CO)5 on PVG .  
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Figure 6.  The setup used for  vapor deposi t ion of  Fe(CO)5  on Xerogel  and 
MCM-41 .  
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2.4.   Instrumentation 
2.4.1  X-Ray Diffractometry 

XRD spectra were recorded on Phi l ips,  PW1050/25 goniometer using 
Cu-Kα  radiat ion(λ=1.54A).  X-ray di f f ract ion (XRD) is a versat i le,  non-
destruct ive technique that  reveals detai led informat ion about the 
crystal lographic structure of  mater ia ls.  A crystal  lat t ice is  a regular  
d istr ibut ion of  atom or atom clusters in space. These are arranged so that 
they form a ser ies of  paral le l  p lanes separated f rom one another by a 
distance d ,  which var ies according to the nature of  the mater ial .  For any 
crystal ,  p lanes exist  in a number of  d i f ferent  or ientat ions -  each with i ts  own 
specif ic  d -spacing.  By vary ing θ  (Figure 7 ) ,   Bragg's Law condi t ions are 
sat isf ied by di f ferent  d -spacings in crystal l ine mater ia ls.  Plot t ing the angular 
posi t ions and intensi t ies of  the resultant  d i f f racted peaks of  radiat ion 
produces a pat tern,  which is  character ist ic  of  the arrangement of  atoms wi th in 
the sample.  When mixtures of  d i f ferent  phases are present,  the resultant  
d i f f ractogram is formed by addit ion of  the indiv idual  pat terns.  Based on the 
pr incip le of  X-ray di f f ract ion,  the structure of  the mater ia l  invest igated can be 
obtained.  
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Figure 7.   a)Bragg’s law   b)The schemat ic d iagram of  the X-ray 
d i f f ractometer.  
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2.4.2  UV-Visible Spectra  
UV-Vis ib le absorpt ion spectra were recorded on Cary 5000 

spectrometer in double beam mode wi th fu l l  s l i t  height .  Al l  spectra were 
recorded in 1nm data intervals.  The spectrometer has source changeover at  
350nm and detector change over at  800nm.    
2.4.3   Mossbauer Spectra 
i )  Mossbauer Effect 

The nuclear energy levels are inf luenced by their  surrounding 
environment both electr ical ly  and magnet ical ly .  These ei ther l i f t  the 
degeneracy of  energy levels or  shi f t  their  energy thereby providing 
informat ion about the atoms local  environment.   However there are two main 
obstacles:  f i rs t  hyperf ine interact ion between the nucleus and i ts  environment 
are extremely smal l ,  and second recoi l  of  the nucleus as the γ- ray is  emit ted 
or absorbed prevents resonance (Figure 8) .   

        
              Figure 8.   Recoi l  of  nucle i  

  
As the atoms wi l l  be moving due to random thermal mot ion,  the 

gamma-ray energy has a spread of  values ED caused by the Doppler  ef fect .  
This produces a gamma-ray energy prof i le as shown in Figure 9 .  To produce 
a resonant s ignal  the two energies need to over lap and th is is  shown in the 
black-shaded area.  This area is extremely smal l ,  so that  10 - 6  or  less of  the 
gamma-rays are in th is region.  As a result ,  gamma-ray absorpt ion is  
impract ical  as a spectroscopic technique.   

∆Ee ∆Eab

Eγ 
ER

 
ER 

∆Ee=ER+Eγ                      Eγ = ∆Eab+ ER 
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Figure 9.  gamma-ray energy prof i le  

Mössbauer discovered that  when the atoms are with in a sol id matr ix  
the ef fect ive mass of  the nucleus is very much greater.  The recoi l ing mass is 
now ef fect ively the mass of  the whole system, making ER and ED very smal l .  I f  
the gamma-ray energy is smal l  enough, the recoi l  of  the nucleus is  too low to 
be t ransmit ted as a phonon (v ibrat ion in the crystal  lat t ice)  and making the 
recoi l  energy pract ical ly  zero;  a recoi l - f ree event.  In th is s i tuat ion,  i f  the 
emit t ing and absorbing nuclei  are in a sol id matr ix  the emit ted and absorbed 
gamma-ray is the same energy (resonance) .  The resonance only occurs when 
the t ransi t ion energy of  the emit t ing and absorbing nucleus match exact ly.  

The Mössbauer ef fect  is  only detected in isotopes with very low ly ing 
exci ted states because of  the relat ively high number of  recoi l - f ree events.  
Hence the strength of  the s ignal is  st rongly dependent upon the gamma-ray 
energy.  Simi lar ly  the resolut ion is  dependent upon the l i fet ime of  the excited 
state.  These two factors l imi t  the number of  isotopes that  can be used 
successful ly  for  Mössbauer spectroscopy.  Fol lowing elements;  Fe ,  Ru, Sn, 
Sb,  Te,  I ,  W, I r ,  Au,  Eu,  Gd, Dy,  Er ,  Yb and Np fu l f i l led the above 
requirements and form Mossbauer act ive isotopes.  
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i i )  Experimental setup  
Figure 11 is  a schemat ic of  the exper imental  arrangement for  

Mossbauer spectroscopy. In our exper iments,  a 10mCi,  Co-57 in Rh matr ix 
was used as a source.  The 5 7Co nucleus decays by K electron capture to an 
exci ted state of  5 7Fe according to the scheme shown below wi th approximately 
270 days hal f  l i fe.    

5 7Co    +β  →  5 7Fe .    

The source was mounted on a K-4 l inear motor which moves back and 
for th with a veloci ty,  that  is  a per iodic saw tooth funct ion of  t ime. The dwel l  
t ime per channel  was set  to 400 µsec.    A sample contain ing 5 7Fe atoms in an 
environment that  permits recoi l less absorpt ion of  14.4 keV photons was 
placed between the source and the proport ional  counter.  Cal ibrat ions were 
performed wi th 25-µm thick α-Fe standard.  

 
 
 

 

Figure 10.  Decay scheme of  5 7Co 
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Figure 11.  Schemat ic Mossbauer exper imental  setup.  
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Figure 12.  Mossbauer absorpt ion t ransi t ions of  5 7Fe.  
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i )  Isomer Shift  (δ)  
Di f ference in the s-electron environment between the source and 

absorber produces a shi f t  in the resonance energy of  the t ransi t ion (Figure 
12 ) .  The whole energy spectrum shif ts  posi t ively or  negat ively depending 
upon the s-electron densi ty.   The isomer shi f t  prov ides informat ion about 
valency states,  l igand bonding states,  e lectron shie ld ing and the electron-
drawing power of  l igands.  

i i )  Quadrupole Split t ing (∆ )  

Non spher ical  charge distr ibut ion (nuclear angular  momentum quantum 
number I>1/2)  produces a nuclear quadrupole moment.  Asymmetr ic e lectr ic  
f ie lds spl i t  the nuclear energy levels (Figure 12  ) .   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

27 

 
 
 
 
 
 
 
 
 

 
 
 
Figure 13.  Schemat ic XAFS exper iment setup 
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2.4.4  X-Ray Absorption Fine-Structure   
X-ray Absorpt ion Fine Structure (XAFS)) is  the modulat ion of  X-ray absorpt ion 
coef f ic ient  at  energies near and above an X-ray absorpt ion edge. XAFS is 
a lso referred to as X-ray Absorpt ion spectroscopy (XAS) and is d iv ided into 
two regimes.  
1.  X-ray Absorpt ion Near-Edge Spectroscopy (XANES) 
2.  Extended X-ray Absorpt ion Fine-Structure (EXAFS) 
For th is study both XANES and EXAFS spectral  regions were col lected and 
analyzed.  
The basic pr incip le of  XAFS exper imental  setup is as fo l lows (Figure 13) .  The 
synchrotron produces polychromat ic x-rays.  A desired energy band with 
narrow band width (<1eV) is  then selected by di f f ract ion f rom si l icon double 
crystal  monochromator.  Only those x-ray photons that  sat isfy condi t ions given 
in equation 4  wi l l  be ref lected f rom the f i rs t  crystal  at  the selected angle θ ;  
the others are absorbed. Equat ion 4 is der ived in the fo l lowing manner,   

 νhE =                                                                                                (1)         

Where E is  the Photon energy h  is  the plank constant  and ν  is  the f requency.  

υλ=C                                                                                               (2)     

Where c is the speed of  l ight ,  ν  is  the x-ray f requency and  λ  is  the wave 
length.  

θλ sin2dn =                                                                                     (3)         

 is  the Bragg condi t ion.  
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Substitution yields, 

θsin2d
nhCE =

                                                                                       (4)  

The paral le l  second crystal  was used to restore the beam to i ts  or ig inal  
posi t ion.   

X-ray absorpt ion spectra were run on the Exxon’s X10C beam l ine at  
Brookhaven Nat ional  Laboratory,  New York.  The beam l ine consist  of  double 
crystal  monochromator,  bent cyl indr ical  focusing mirror ,  photon shutter  and 
an exper imental  hutch.  Data acquis i t ion and beam-l ine controls were done on 
a VAM based MicroVAX computer system. The f i rst  crystal  was water cooled 
through a copper thermal strap which was at tached to a compl iant  force 
crystal  holder.  The heat is  extracted f rom the crystal  s ides to minimized 
thermal gradients at  the crystal  surface. The pr imary crystal  mot ions for  
energy scans are independent and orthogonal  t ranslat ions.  The f i rst  crystal  
posi t ion determines the beam height  whi le second is posi t ioned to intercept 
the X-ray beam from the f i rs t .        

Spectra were acquired in the energy-scanning mode, using a 
Stern- Heard-Lyt le type f luorescence detector f i l led wi th argon. The beam 
intensity was monitored,  upstream of  the sample chamber (Figure 13) .  The 
s ignal  was then normal ized to incident beam intensi ty.  Sample pel lets were 
mounted on Kapton tape and exposed direct ly  to the incoming beam at a 450 
angle.  X-ray absorpt ion spectra were col lected star t ing f rom 200eV below Fe 
K-edge to 4eV below Fe K-edge wi th 5eV steps,  in the pre edge region,  f rom 
7108 to 7120 eV in 0.2eV steps,  in the 7120.2eV to 7140eV region in 0.5eV 
steps and in the 7140eV to 7999eV region in 5eV steps.  For every sample,  
three runs were obtained under the above set t ings.   Energies were cal ibrated 
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with i ron fo i l  (Fe(0))  absorpt ion edge at  7112.0eV at  per iodic t ime intervals.  
Count t ime was set  as 12 seconds per point .   
PVG Samples 

A Pretreated 2cm x 2cm PVG piece was impregnated wi th Fe(CO)5 and 
then cut  into two equal  p ieces.  The EXAFS spectra of  the two halves were 
recorded in the f luorescence mode. The top 30µm layer of  the hal f  wi thout  
heat  t reatment was removed using a diamond f i le.   The removed top surface 
was denoted as PVG-01. The sample with the removed surface was denoted 
as PVG-02. The other half  of  the sample was heat t reated according to 
program-01. The removed top surface of  the heat t reated samples was 
denoted as PVG-03 and the sample whose surface was removed was denoted 
as PVG-04.    
MCM-41 Samples  

I ron doped MCM-41 was mounted on to the sample holder with Kapton 
tape.  The spectra were recorded in the f luorescence mode. Approximately the 
same amount of  MCM-41 was used and the mater ia l  was distr ibuted uni formly 
on the Kapton tape.       
Xerogel Samples 

I ron impregnated samples were ground to a powder and mounted on to 
the sample holder wi th Kapton tape.  Approximately the same amount of  
Xerogel  was used wi th uni form distr ibut ion on the tape.  The spectra were 
recorded in the f luorescence mode. 
2.4.5  Programmable Oven  
PVG Samples 

The sample was broken in to two equal  p ieces and one was heat 
t reated in the Thermol ine programmable oven with 20 0C/min ramp up to 
6500C, 4Hours dwel l  t ime at  6500C and then the samples were cool  back to 
room temperature at  a s low rate in the furnace (Figure 14) .   
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Figure 14.  Heat ing program 
 
MCM-41 Samples 

The sample was used as i t  is .  The Thermol ine programmable oven was 
used with the same program descr ibed above (Figure 14 ) .   
Xerogel Samples 

The sample was used as i t  is .  The Thermol ine programmable oven was 
used with the same program descr ibed above (Figure 14 ) .   
2.4.6  Electron paramagnetic resonance (EPR)  

Electron paramagnet ic resonance (EPR) or Electron Spin Resonance 
(ESR) spectroscopy is  a technique for  studying chemical  species that  have 
one or more unpaired electrons,  such as organic and inorganic f ree radicals 
or  inorganic complexes possessing a t ransit ion metal  ion.  The basic physical  
concepts of  EPR are analogous to those of  nuclear magnet ic resonance 
(NMR).  But in EPR, i t  is  e lectron spins that  are excited instead of  spins of  
atomic nucle i .   
An external  magnet ic f ie ld removes the degeneracy of  the energy levels 
(Figure 15) ,  s ince i t  in teracts di f ferent ly  wi th electrons that  have di f ferent  
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quantum numbers.  The spl i t t ing of  spectral  l ines in the presence of  a stat ic 
magnet ic f ie ld is  cal led the Zeeman Effect .   I t  is  analogous to Stark ef fect  
where the spl i t t ing is  due to an electr ic  f ie ld.  The di f ferent  project ions of  the 
spin gains di f ferent  energies.   
 

 
 
Figure 15: Zeeman ef fect  
 
The electron has a spin quantum number s=1/2 with magnet ic components ms 

= ±1/2.  In an external  stat ic  magnet ic f ie ld the energy spl i t t ing  ∆E is g iven 

by,      

0BgE Beµ=∆                                                                                      (5)  
Where B0 is  the external  f ie ld strength,  µB is  the Bohr magneton and  ge  is  the 
electron's g- factor  (or  Landé g-factor) .   
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Figure 16 :  Energy level  spl i t t ing in a magnet ic f ie ld  

The spl i t t ing of  energy levels is  d i rect ly  proport ional  to the external  f ie ld 
strength.  An unpaired electron can move between the two energy levels by 
ei ther absorbing or emit t ing electromagnet ic radiat ion (of  energy hν) .   
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At the resonance, 

0B
hg
B

e µ
ν

=
                                                                                (7)  

This equat ion permits a large combinat ion of  f requency and magnet ic f ie ld 
values to be used in exper iments.  See below for  other f ie ld- f requency 
combinat ions (Table 2) .  

Table 2.  Field Frequency combinat ions of  EPR 

Band Frequency /GHz B0 /  Gauss 

L 1.1 392 

S 3.0 1070 

X 9.5 3389 

K 24.0 8560 

Q 35.0 12485 

W 94.0 33600 

 

Al l  the samples were run in X-band wi th 9.5 GHz microwave f requency.   

 



 

35 

PVG Samples 

The top 30 µm layer was removed using a diamond f i le and was used for  EPR 
measurement.  To study the ins ide of  PVG another 100µm layer was removed 
and used.  

Xerogel samples 

Xerogel samples  were grounded and used.  

MCM-41 Sample 

MCM-41 samples were used as i t  is .        
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Chapter 3 
3.0.   RESULTS 
3.1  PVG Samples 
3.1.1  UV-Visible Absorption 

UV-Vis ib le absorpt ion spectra of  a l l  PVG samples were recorded on 
Cary 5000 spectrometer.  Spectra were recorded at  a 1nm/sec scanning rate 
wi th step s ize of  1nm.  There is no s igni f icant  absorpt ion by PVG samples 
below 310nm (Figure 17  (a)) .  I ron impregnat ion sh if ts the absorpt ion onset 
more towards lower energies (Figure 17  (b) ) ,  and the heat t reatment shi f t  
absorpt ion onset fur ther towards lower energies (Figure 17  (a)  and Figure 17  
(b))       
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Figure 17.   (a) UV-Vis Absorpt ion spectrum of Blank PVG.  (b)  UV-Vis 
Absorpt ion spectrum of  i ron impregnated PVG samples,   b lack- before heat 
t reatment,  grey- af ter  heat t reatment (at  6500C).  

(a)

(b)

 



 

38 

3.1.2  Fe  Kα  X-Ray micro Fluorescence  (µ-XRF) 
Sample Preparation 

2mm thick PVG samples were pretreated as descr ibed in sect ion 2.2.  
Gaseous i ron pentacarbonyl  was adsorbed onto PVG. The i ron impregnated 
PVG was photolyzed using a 1000W xenon lamp. Part  of  the sample was 
masked as shown in the picture below using a 2-mm thick black Tef lon.  
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 18.   I ron impregnated PVG  photolysing setup  
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X-ray microprobe Analysis 
The X-ray microprobe faci l i ty  at  the X27A beam l ine at  Nat ional  

Synchrotron Light  Source at  Brookhaven Nat ional  Laboratory was used to 
study i ron distr ibut ion in PVG glasses.  The micro- focusing system at  X27A 
consists of  two 20-cm dynamical ly-bent rhodium-coated,  s i l icon,  mirrors 
arranged in the Kirkpatr ick-Baez (KB) geometry [58]  and housed wi th in a 
hel ium-purged enclosure.  The KB mirrors,  10.2 meters f rom the source,  focus 
a 1mm x 1mm beam down to about 10 m [vert ical ]  x 15 m [hor izontal ]  
(Figure19)  wi th an average f lux of  5x109 ph/sec.  The demagnif icat ions in the 
vert ical  and hor izontal  d i rect ions are 26:1 and 55:1 respect ively,  and the 
working distance is 9 cm.  The monochromator  consists of  two water-cooled 
channel-cut  Si(111) and Si(311) crystals,  with a four- jaw motor ized s l i t  system 
located immediately upstream of  th is arrangement.  Canberra 13-element 
Germanium Array x-ray detector  wi th d ig i ta l  s ignal  processing technology 
(DSP) was used in the exper iments.  The exper iment setup is  shown in Figure 
21 .   For our exper iments,  the step s ize in the Y-direct ion was set  to 10µm and 
in X-the direct ion to 100µm (Figure 20 ) .   

 
 
 
 
 
 
 

Figure19.  X-ray micro probe beam sport .  
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Figure 20.  a)  diment ions of  PVG pieces used  (b)  Def in i t ion of  X and Y 
direct ion for  surface scan.  (c)  Def in i t ion of  X and Y direct ion for  th ickness 
scan 
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Figure 21.  Exper imental  setup for  microprobe µ-XRF study  
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Figure 22.   µ-XRF surface scan before heat  t reatment  
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Figure 23.  F i rst  der ivat ive of  µ-XRF surface scan pr ior  to heat  t reatment 
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Figure 24.   2-D µ-XRF surface scan before heat t reatment.  
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Figure 25 .  2-D µ-XRF surface scan af ter  heat t reatment.  

Y 

X 

Ex
po

se
d 

re
gi

on
 

U
ne

xp
os

ed
 re

gio
n 

0

5000

10000

15000

20000

25000

0.2
0.4

0.6
0.8

1.0
1.2

1.4
1.6

1.8
2.0

0.010.020.030.040.050.060.070.080.090.10

N
or

m
al

iz
ed

 in
te

ns
ity

X 
 (m

m)

Y  (mm)

Surface scan -650C
0 
5000 
10000 
15000 
20000 
25000 



 

46 

 

0.0 0.2 0.4 0.6 0.8 1.0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

N
or

m
al

iz
ed

 a
ve

 in
te

ns
ity

1-y   (mm)

  

 
Figure 26.  µ-XRF surface scan af ter  heat t reatment.  
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Figure 27.  First  der ivat ive of  µ-XRF surface scan af ter  heat t reatment.  
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Figure 28.   µ-XRF l ine scan of  unexposed region of  PVG. The X value 
represents the distance f rom the bottom edge of  the sample.    
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Figure 29.  µ- XRF l ine scan of  exposed region.  The X value represents the 
distance f rom the bot tom edge of  the sample.    
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Figure 30.  2-D th ickness scan of  µ-XRF of  Fe Kα  of  the 2-cmmX2-mm 
(th ickness) s ide of  the PVG-pr ior  to heat  t reatment.     
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3.1.3 X-Ray Absorption Spectroscopy 
PVG Samples 

Samples were broken in to two equal  p ieces.  One piece was heat 
t reated in Thermol ine programmable oven wi th 20C/min ramp up to 6500C, 
four hour dwel l  t ime at  6500C and then cooled back to room temperature at  a 
s low rate in the furnace (Figure 14 ) .  The other p iece was not  heat t reated.  
The X-ray Absorpt ion Fine Structure (XAFS) spectra of  the two halves were 
recorded in the f luorescence mode.  
Table 3.  PVG Samples and Treatments 

Sample Treatment Surface 

PVG-01 
Photolyzed no heat 
t reatment 

Top 30µm 

PVG-02 
Photolyzed no heat 
t reatment 

Top 30µm removed 

PVG-03 
Photolyzed and heat 
t reated 

Top 30µm 

PVG-04 
Photolyzed and heat 
t reated 

Top 30µm removed 

                    

The XAFS spectra of  PVG-02 and PVG -04 were recorded in the same 
setup as PVG-01 and PVG-03. XAFS spectrum of  hemat i te was also recorded 
using the same setup and under the same condi t ions as a reference.  
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a) Pre-edge extraction 
The XANES spectra were normal ized by f i t t ing a Victoreen funct ion and 

subtract ing th is as background [72](  Figure 31  (a)) .  The spectra were then 
normal ized for  atomic absorpt ion,  based on the average absorpt ion coeff ic ient  
[72]  of  the spectra l  region   f rom 7300 to 7500eV. The pre-edge feature was 
extracted by model ing the edge- jump contr ibut ion with two di f ferent  model  
funct ions;  an arctangent funct ion and two –Lorentz ian funct ions [39] .  The f i rst  
Lorentz ian modeled the 1s-4d electronic t ransi t ion whi le the other modeled Fe 
K-edge core –hole l i fet ime ef fect  the edge jump. Al though the extracted pre-
edge shapes in both f i t t ings the arctan and the two-Lorentz ians are s imi lar ,  
the integrated areas were di f ferent .  The two-Lorentz ians better  modeled the 
background compared to the arctangent  funct ion.  Using two-Lorentz ian 
funct ions to model  Fe K-edge pre edge background in s i l icate glasses has 
been reported before [39] .  Since the model funct ion has no importance af ter  
extract ing pre edge f rom the back ground, the two-Lorentz ians method was 
used to extract  the pre-edge of  PVG samples and hemat i te standards (Figure 
31 -Figure 35 ) .  The extracted normal ized pre edge spectrum of  Hemat i te was 
deconvoluted wi th four pseudo-Voigt  funct ions wi th two centroides near 
7113.8eV and 7115.3eV and the other two above 7116eV. The components 
above 7116eV converge to quasi-Gaussian shapes whi le the others converges 
to 50:50 Voigt  shapes (Figure 36  andFigure 37 ) .  The FWHM of the two lower 
energy pseudo-Voigt  components was about 1.5eV. The FWHM value is 
consistent  wi th the values used by L.Galosiy and coworkers [68]  and Wi lke 
and coworkers [72] .  The higher energy components of  the deconvoluted 
spectra were relat ively broader.   
b)  Pre edge intensity    

Pre edge features are due to 1s→3d core t ransit ions and electr ic  

d ipole and electr ic  quadrupole t ransi t ions contr ibute to their  intensi t ies.   
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Electr ic  quadrupole t ransi t ions are up to 100 t imes weaker compared to dipole 
t ransit ions [69] .  Though 1s-3d t ransi t ions are electr ic  d ipole forbidden, in 
centrosymmetr ic environments,  these t ransi t ions gain intensity by mixing up 
wi th 4p orbi ta ls [69] .  The 3d-4p mixing enhances the intensi ty of  low 
symmetry coordinat ions [69] .  As a resul ts quadrupole t ransi t ions are 
important  for  centrosymmetr ic  s i tes which give r ise to weak pre edge 
features.  In noncentrosymmetr ic cases,  d ipole al lowed transit ions dominates 
the intensity.  Thus t ransit ions for  tetrahedral ly  coordinated Fe are more 
intense than that  of  octahedral ly  coordinated Fe(I I I ) .  The pre edge intensi ty 
a lso depends on total  absorber concentrat ion.  The normal izat ion process 
regular izes data with respect  to var iat ions in absorber concentrat ions.    
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Figure 31.   Pre edge of  Hemat i te.  a)  Sol id l ine-background modeled wi th two 
Lorentz ians.  Doted l ine -normal ized data.  b)extracted pre-edge of  hemat i te.      
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Figure 32 .   Pre edge of  PVG-01.  a)  Sol id l ine-background modeled with two 
Lorentzians.  Doted l ine -normal ized data.  b)extracted pre-edge of  PVG-01.     
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Figure 33.   Pre edge of  PVG -02.   a)  Sol id l ine-background modeled with two 
Lorentzians.  Doted l ine -normal ized data.  b)extracted pre-edge of  PVG-01.     
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Figure 34.  Pre edge of  PVG-03.  a)  Sol id l ine-background modeled wi th two 
Lorentz ians.  Doted l ine -normal ized data.  b)extracted pre-edge of  PVG-03.     
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Figure 35.  Pre edge of  PVG-04.  a)  Sol id l ine-background modeled wi th two 
Lorentzians.  Doted l ine -normal ized data.  b)extracted pre-edge of  PVG-04.         
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  Figure 36.  Deconvoluted pre-edges.   a) Fe2O3    b)  PVG-01  c)PVG02 
Components are shown in grey 
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Figure 37.  Deconvoluted pre-edges.   a) Fe2O3    b)  PVG-03  c)PVG-04 
Components are shown in grey 
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c) Edge step normalization 
The energy or ig in-  E0 is  central  to much of  the XAFS analysis such as 

normal izat ion.  For th is project  E0  was determined by f i rs t  peak of  the f i rs t  
der ivat ive of  µ(E) using IFEFFIT algor i thm (Figure 38 ) .  Normal izat ion of  
EXAFS data were performed as descr ibed below. A l ine was f i t  to the data in 
the pre-edge range and a polynomial  was regressed to the data in the post  
edge region.  The normal izat ion constant ,  µ0(E0)  was evaluated by 
extrapolat ing the pre- and post-edge l ines to E0  and subtract ing the E0 
crossing of  the pre-edge l ine f rom the E0 crossing of  the post  edge- l ine.  The 
pre-edge l ine was extrapolated to a l l  energies in the measurement range of  
the data and subtracted f rom µ (E) using Athena sof tware.  The pre –edge 
subtracted data were then div ided by edge-step parameter,  µ0(E0) .     

( ) ( ) ( )
( )00

00

E
EEE

µ
µµχ −

=
                                                                               (8)  

This normal izat ion process regular izes the data with respect  to var iat ions in 
sample preparat ion,  sample th ickness and absorber concentrat ion.  Also i t  

a l lows a di rect  compar is ion of  the data,  )(Eχ  to the values of  )(Eχ  
calculated f rom IFEFFIT algor i thm. 
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Figure 38.  Flat tened XANES spectrum of  PVG-01. A- f i rs t  s t rong resonance, 
B-shape resonance E0 –energy or ig in or  threshold energy.   
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Figure 39.  Flat tened XANES spectrum of  PVG-02. A-f i rst  st rong resonance, 
B-shape resonance.      
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Figure 40.  Flat tened XANES spectrum of  PVG-03. A-f i rst  st rong resonance, 
B-shape resonance.     
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Figure 41.  Flat tened XANES spectrum of  PVG-04. A-f i rst  st rong resonance, 
B-shape resonance.  
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d) Edge and Pre-edge energies 
The main K edge crest  and threshold energies in the XANES region are 

sensit ive to oxidat ion states of  absorbing atoms [66].  Therefore th is can be 
used to probe oxidat ion states of  the absorbing atom. The whi te l ine energy 
of ,  Fe(I I I )   bear ing minerals are reported to be  around 20.45±0.95 eV  higher 
re lat ive to Fe K edge, 7112eV [71,72] .    Fe(I I )  bear ing minerals show about 
9.45±0.55eV shif t  f rom the Fe K-edge [71,72].    

F inal  energy states in 3d orbi ta ls are less sensi t ive to local 
coordinat ion environments than higher energy f inal  states [59].Therefore,  main 
edge features and their  energies are more sensi t ive to local  coordinat ion 
environments than pre edge energies [59] .  Thus in th is study edge energy 
was not  used as a sole determinant of  oxidat ion states.  

 The pre edge centroid posit ion of  Fe(I I )  is  about 2eV lower in energy 
compared to that  of  Fe(I I I )  [72] .  The pre-edge centroid posit ion of  Fe(I I )  
minerals are reported to be around 7112.8±0.6 and the pre edge centroid 
posi t ion of   Fe(I I I )   bear ing minerals is  reported to be around 7115.0±0.4 [71,  
72] .    
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Figure 42 .     First  der ivat ives of  normal ized XAF intensi t ies.  (a)  PVG-01 and 
(b)  PVG-02. Doted c i rc les shows the ( lef t )  pre-edge centroid posit ion and the 
(r ight)  f i rs t  s t rong resonance peak.  
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Figure 43 .  First  der ivat ives of  normal ized XAF intensit ies.  (a)  PVG-03 and 
(b)  PVG-04. Doted c i rc les shows the ( lef t )  pre-edge centroid posit ion and the 
(r ight)  f i rs t  s t rong resonance peak.  
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Figure 44 .  Comparison of  normal ized 1s→3d transi t ion intensi t ies of  surface 

and inter ior  of  PVG samples.  A)Before heat  t reatment  B)  Af ter  heat  
t reatment.     
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Figure 45.  Comparison of  normal ized 1s→3d transit ion intensit ies of  before 

and af ter  heat t reated PVG samples.  A)  Inter ior  B) surface.    

After heat treatment
Before heat treatment
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Before heat treatment 
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Figure 46.    Normal ized pre edge intensity of  Fe-MCM-41 samples in 
compar ison to FeOOH centrosymmetr ic standard.  T-01 i ron impregnated 
photolyzed MCM-41 before heat t reatment.  T-02 iron impregnated photolyzed 
MCM-41 af ter  heat t reatment.    

After heat treatment 

Before heat treatment 
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Figure 47.  Xerogel  Pre edge. a)Xerogel   Pre edge extract ion  b)  Extracted pre 
edges of  before and af ter  heat t reated samples.  
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e) EXAFS  
The Four ier  t ransformat ion of  χ (k)  is  re lated to scat ter ing path lengths 

and can be expressed as fo l lows:  

))(2sin()()()( )(/222
02

22

kkReekfkS
kR
N

k jj
kRk

j
j j

j jj δχ λσ +









= −−∑

                         
(9)  

where k  is  the photoelectron wave vector,  Nj  is  the number of  scatter ing 
atoms at  d istance r j  f rom the absorber atom, So 2  is  an ampl i tude reduct ion 
term cal led passive electron reduct ion factor and is due to the re laxat ion of  
a l l  the other e lectrons in the absorbing atom to the hole in the core level .  The 
factors  f j (k) ,  δ j (k) ,  λ (k)  are the backscatter ing ampli tude funct ion,  energy 
dependent phase shi f t  of  the photoelectron wave, and the mean f ree path of  
photo electron of  the j t h  atom, respect ively.  The term exp (-2σ2 jk2)  is  the  
Debye-Wal ler  factor ,  which includes thermal and stat ic  d isorder terms  wi th 
the root  mean square displacement,  σ j . ,  and exp (-2r /λ )  accounts for  the loss 
of  photo-electrons to inelast ic  process.  The wave vector ,   

)(
2

0
2 EE

mk
−

=
h                                                                               (10 )  

where E  is  the energy of  inc ident photon,  E0  is  the absorpt ion threshold 
energy and m is the mass of  an electron.      

The sum is over shel ls  of  atoms or scat ter ing paths for  the photo 
electron.   The aim of  EXAFS analysis is  to obtain unknown parameters of  the 
above equat ion by f i t t ing i t  to exper imental  χ (k)  values def ine by 

0

0)()(
µ

µµ
χ

−
=

kk
.                                                                                      

 A weight ing factor of  k3  is  appl ied to the normal ized χ (k) .   The Four ier  
t ransform of  the so generated EXAFS signal g ives a pseudo-radial  d istr ibut ion 
funct ion (RDF) around Fe atoms [60] .  The posi t ions of  neighbor ing atoms may 
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shi f t  by a smal l  amount due to phase shif t  of  photoelectron wave funct ion.  
Therefore,  bond lengths were determined based on f i t t ing of  RDF. For PVG, 
χ (k)  is  assumed to be a l inear combinat ion of  χ (k)F e ( 0 )  and χ (k)F e O  [73] .  The 
EXAFS funct ion f i t t ings can not  be used to determine the coordinat ion number 
(N)  and the passive electron reduct ion factor  (0.7< So 2  < 1.0)  at  the same t ime 
due their  st rong correlat ion [61] .  This and other exper imental  and theoret ical  
issues,  make EXAFS ampl i tudes and therefore N ,  less precise than EXAFS 
phase, and therefore R. Therefore,  So 2  was f ixed at  a reasonable value such 
as 0.9 even though th is may introduce an addi t ional  error  of  about 10% on the 
values of  N obtained f rom the analysis.  
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Figure 48.   k3 weighted EXAFs data and theatr ical  f i t  of  PVG-01. The l ine 

represents the theoret ical  f i t  of  the data points (∗) .  
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Figure 49.  k3 weighted EXAFs data and theatr ical  f i t  of  PVG-02. The l ine 

represents the theoret ical  f i t  of  the data points (∗) .  
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Figure 50.      k3 weighted EXAFs data and theatr ical  f i t  of  PVG-03. The l ine 

represents the theoret ical  f i t  of  the data points (∗) .  
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Figure 51.  k3 weighted EXAFs data and theatr ical  f i t  of  PVG-04 .  The l ine 

represents the theoret ical  f i t  of  the data points (∗) .  
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Figure 52.    k3  weighted χ (k)   EXAFs data and theatr ical  f i t  of  T-02. The l ine 

represents the theoret ical  f i t  of  the data points (∗) .    
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Figure 53.     k3 weighted χ (k)   EXAFs data and theatr ical  f i t  of  T-01. The l ine 

represents the theoret ical  f i t  of  the data points (∗) .   

 
 

 
 
 



 

81 

3.1.4 EPR Spectroscopy  
The g  values of  EPR were calculated based on the equat ion,   

0B
hg
B

e µ
ν

=
                                                                                (7)                             

The s ignal corresponding to g=4.3  are assigned to Fe3 + in strong rhombic 
distor ted tetrahedral  coordinat ion.  The s ignal  at  g=2.18  had been at t r ibuted to 
non f rame work i ron oxide/ox i-hydroxide nano-part ic les in s i l ica channels.  The 
s ignal  at  g=2  is  normal ly assigned to octahedral i ron.    
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Figure 54.    EPR spectrum of  PVG-01 and PVG-02 at  room temperature.  
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Figure 55.   EPR spectrum of  PVG-03 and PVG-04 at  room temperature.  

 
 
 
 
 



 

84 

 
 
 
 

0 2000 4000 6000 8000

Gauss

 before Heat Treatment
 After Heat Treatment

 
Figure 56.  EPR spectrum of  T-01 and T-02 a) pr ior  to heat  t reatment b)  af ter  
heat t reatment.   
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3.1.5 Mossbauer Spectroscopy  
a)  Primary characterist ics of Mössbauer spectrum 

Though total  absorpt ion intensi ty of  the spectrum is a funct ion of  the 
concentrat ion of  Mossbauer nucle i ,  general ly  th is is  not  an appropr iate 
technique for  measur ing the absolute concentrat ion of  a nucl ide.  The 
absorpt ion intensity depends on number of  other factors which are di f f icul t  to 
quant i fy .  The technique is very ef fect ive in determining re lat ive 
concentrat ions of  d i f ferent  oxidat ion states [83] .  

The energy separat ion of  ground and excited levels,  between source 
and absorber is  g iven by the isomer shif t  δ  [84] .   This is  somet imes known as 
the chemical  shi f t  or  center shi f t  (Figure 12 ) .  The isomer shif t  is  not  an 
absolute quant i ty  [83] .  Therefore isomer shi f t  data are expressed relat ive to 
standard absorber,  which in a l l  of  our exper iments α-Fe (0)  was the standard.    

When the nuclear angular  momentum quantum number I  >1/2 the nucle i  
have non-spher ical  charge distr ibut ions which are character ized by nuclear 

quadrupole moment,  ∆ .  In the case of  5 7Fe the exci ted state has I  =3/2 

(or3/2 〉e  ) .  In the presence of  e lectr ic  f ie ld gradient ,  th is l ine spl i ts  into two 

subsets,  wi th m I  = |1/2|  and m I  = |3/2|  [83] .  The quadrupole spl i t t ing is  
obtained f rom the separat ion of  two l ines.  The quadrupole spl i t t ing ref lects 
the symmetry of  the bonding environment and the local  st ructure in the 
v ic in i ty of  Mossbauer atom [83] .   
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Figure 57.  Mossbauer spectra of  i ron impregnated PVG af ter  heat t reatment.  
Data f rom Reference [111] was reanalyzed. 
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Figure 58 .  Mossbauer spectra of  T-01.  a)doublet  wi th Isomer shi f t ,  0.136 
mm/sec,  and quadrupole spl i t t ing 1.0909mm/sec.  b)doublet  wi th Isomer shif t ,  
0.364 mm/sec,  and quadrupole spl i t t ing 0.909mm/sec.       
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Figure 59 .  Mossbauer spectra of  T-02.  .  a)doublet  wi th Isomer shif t ,  0.136 
mm/sec,  and quadrupole spl i t t ing 1.0909mm/sec.  b)doublet  wi th Isomer shif t ,  
0.364 mm/sec,  and quadrupole spl i t t ing 0.909mm/sec.       
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3.1.6 Low angle XRD   
The low angle XRD of  the MCM showed 2-D hexagonal ly  packed 

mesostructure.  Low angle di f f ractogram exhibi ts four Bragg peaks,  which can 
be indexed as (100),(110),(200) and (210).  The distance between pore 

centers can be est imated using 2d1 0 0/√3   where d1 0 0= 4.35nm (Figure 60) .As 

shown in Figure 60  the distance between pore centers were evaluated using 
Equation 11 .  Where d1 0 0  is  the inter  p laner distance between 100 planes.  
 

1006
cos2 da =






 Π

                                                                                   (11)  
 

( )6cos
22 100

Π
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da

                                                                                       (12)  
 
                                                                                                                                     
 
 
 
 
 
 

                 

 

 

 

 



 

90 

 

 

 

 

Figure 60.    2-D hexagonal  Bravais lat t ice 

 
 
 
 
 

2a 

a1 

a2 
d100 



 

91 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 61.  2-D hexagonal  structure of  MCM-41and Fe-MCM-41 heated to   
650 0C.  
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Figure 62.  Low angle XRD of  Highly (approximately 8 t imes higher than low 
i ron loaded samples) Fe loaded MCM-41  
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Figure 63.  Fe-MCM-41 Magnet izat ion curve at  room temperature .   

A1 correcrted emu/g

-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

-20000 -15000 -10000 -5000 0 5000 10000 15000 20000

Applied Fie ld (Oe)

em
u/

g

A1 correcrted emu/g



 

94 

Chapter 4 

4.  0. DISCUSSION 
4.  1.  I ron Impregnated PVG 
4.1.1  UV-Visible Absorption 

The porous Vycor glass (PVG) has l i t t le absorpt ion below 310 nm. The 
absorpt ion edge of  i ron oxide part ic les embedded in PVG signi f icant ly shi f ts  
towards higher energy relat ive to bulk α-Fe2O3.  The bulk α-Fe2O3 has a band 
gap around 2.2eV [71] .  The band gap change due to quantum conf inement of  
i ron oxide part ic les were reported by several  authors.  Miyoshi  reported band 
gap increase of  0.28eV relat ive to bulk hemat i te [62] .About 2eV band gap 
increase in i ron oxide due to quantum size ef fects has been reported by 
Iwamoto [80] .  Cohen has reported a 2.9eV band gap of  γ-  Fe2O3 part ic les 
embedded in t ransparent b lock copolymer  f i lms [63].  A re lat ively larger 
absorpt ion edge shif t  of  our i ron doped in PVG samples was observed before 
heat t reatment.  Each of  the above authors has shown that  the band gap of  
i ron oxide reduces with part ic le growth.  At  least  quant i tat ively,  the edge shi f t  
may be due to part ic le growth in s i l ica matr ix.               
4.1.2 I ron distr ibution and image formation 

Analogous to integrated electronic c i rcui ts,  devices that  integrate 
mul t ip le photonic funct ions are cal led photonic integrated c i rcui ts,  PICs.   The 
major d i f ference between the two is that  a PIC provides funct ional i ty  for 
informat ion s ignals imposed on opt ical  wave lengths.  Unl ike electronics in 
which the pr imary device is  the t ransistor ,  there is no s ingle dominant device 
in PIC.  The range of  devices required for  an opt ical  chip includes low loss 
interconnects waveguides,  power spl i t ters,  opt ical  ampl i f iers,  opt ical  
modulators,  f i l ters,  lasers and detectors.  Photonic integrated c i rcui ts can 
al low opt ical  systems to be made more compact ly,  having higher performance 
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than with d iscrete opt ical  components.  They also of fer  the possib i l i ty  of 
integrat ion wi th electronic c i rcui ts to provide increased funct ional i ty .   

I t  has been discussed in our previous publ icat ions the potent ia l  of  
using i ron doped PVG in integrated opt ics.  The abi l i ty  to photopattern i ron in 
PVG and consol idate the glass wi thout s igni f icant  loss of  pat tern resolut ion,  
makes these ideal  candidates.  There is  st i l l  d iscussion as to the exact 
mechanisms regarding image format ion in the glass and the factors that  af fect  
image qual i ty  such as contrast ,  resolut ion,  and noise.  Micro X-ray 
f luorescence (µ-XRF) was used to study the images formed on Fe(CO)5 doped 
PVG.  

The X-ray f luorescence intensity of  Fe Kα  (Figure 64 )  was used to 
study contrast  and sharpness of  images formed on Fe(CO)5 doped PVG.        
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Figure 64.  Core t ransi t ions and XRF 
l ines.  

An area of  about 1mm X 1mm was selected as shown in Figure 65 .  The scan 
was run as descr ibed in the exper imental  sect ion.  The X-ray f luorescence 
intensity of  Fe Kα  (Figure 64  )  was plot ted against  the X and Y posi t ions 
(Figure 22  and Figure 25 ) .  These three dimensional  p lots compared the Fe 
Kα  XRF intensity as the probe moved f rom photolyzed to unphotolyzed 
regions.  The area not  exposed to the xenon lamp has a lower concentrat ion of  
i ron compared to the exposed area (Figure 24) .  In order to analyze iron 
distr ibut ion at  the border,  intensit ies at  d i f ferent  X posi t ions were averaged.  
The average X intensi ty at  a g iven Y value is  designated as the normal ized 
average intensi ty.    
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Figure 65      Area selected for  XRF  

The slope of  the normal ized average intensi ty of  Fe Kα  in the highl ighted area 
re lates to the contrast  of  the image (Figure 22  and Figure 26) .  The data show 
that  the approximately s ix t imes more i ron in the photolyzed regions then in 
unphotolyzed.  

The steeper the s lope the bigger discrepancies in i ron distr ibut ion,  and 
hence a sharper contrast .  Lower s lopes correspond to sof ter  contrast .  In 
order to analyze the contrast  var iat ion at  the border region the f i rst  der ivat ive 
of  the normal ized Fe Kα  X-ray f luorescence intens ity averaged over 1mm in 
the X direct ion was taken. The var iat ion of  the normal ized average intensity 
wi th the distance in the Y direct ion was f i t  to the Cauchy-Lorentz funct ion-  

220 )(4
2

wxx
wAyy
c +−Π

+=
        .                                                               (13)  

The FWHM of the f i t  can be use as a parameter to analyze i ron 
distr ibut ion at  the border.  I f  the i ron distr ibut ion at  the border is gradual  th is 
should ref lected by higher FWHM values and i f  i t  has a sudden jump, then 
FWHM should be smal ler .  
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Y
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The FWHM of the sample before heat t reatment is  0.059±0.0053 
(Figure 23)  and even af ter  4hrs of  heat t reatment at  6500C, FWHM value 
(0.062±0.0072) changes only marginal ly ,  about 3% ,  (Figure 27 ) .  This 
conf irms that  there is  no lateral  d i f fusion of  i ron >10 µm on the XY plane. Our 
previous studies showed that  there was part ic le growth at  6500C. These 
observat ions suggest that  i f  the part ic le growth is  due to di f fusive mass 
t ransport ,  then the upper l imi t  of  ef fect ive di f fusion length is less than 10µm 
at  6500C.    
4.1.3 XANES 

When the energy of  an incident photon is  suf f ic ient  to over come the 
binding energy of  a core electron,  absorpt ion of  the photon exci tes i t  to 
unoccupied higher energy levels [64] .  In K-edge spectroscopy,  a 1s electron is  
exci ted.  The strongest  peak of  the f i rs t  row transit ion elements is  at t r ibuted to 
a 1s-4p t ransi t ion.  X-ray Absorpt ion Near Edge Structure (XANES) general ly  
can be considered to extend up to 50eV above the edge of  the absorbing 
element [66] .    

XANES spectroscopy is a technique that  is  sensi t ive to the valance and 
the s i te geometry of  an absorbing element [66] .  The shape of  the edge and 
the pre-edge resonances are character ist ic  of  the local  symmetry of  the 
absorbing atom si tes and can be used as f ingerpr ints in the ident i f icat ion of 
i ts  local  st ructure [66] .  A pre–edge feature,  wel l  separated f rom the main 
edge  on the low energy s ide of  the absorpt ion edge of  f i rs t - row transit ion 
elements is due to 1s →3d core t ransit ions  [65] .   These t ransit ion intensit ies 
have been widely used to invest igate var iat ions of  the chemical  and structural  
informat ion of  metals in g lasses,  and th is has become a  widely accepted, 
re lat ively s imple technique for  determining coordinat ion of  t ransi t ion metal  
ions in oxide glasses [66] .   

Before extract ing pre edge f rom the exper imental  data 3-runs per 
sample were al igning by al iening selected peaks of  f i rs t  der ivat ive of  energy 
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scans.  To extract  the X-ray absorpt ion pre edge from the background, the 
spectral  region before the pre edge was f i t  to a polynomial  and subtracted 
f rom the data as a background. The pre-edge was then extracted by 
subtract ing two Lorentz ian funct ions f i t t ing the ta i l  of  the edge jump (Figure 
31  through Figure 35) .  In low resolut ion scans the pre-edge may appear as a 
one broad peak,  but  wi th the high resolut ion scans part ia l ly  over lapping peaks 
can be extracted f rom pre edge (Figure 31  through Figure 35) .   

Spectra were normal ized to the average atomic absorpt ion of  7350eV 
to 7500eV. By 7350eV, the near-edge osci l lat ions are at tenuated and 
absorpt ion intensity now becomes independent of  the oxidat ion state and 
coordinat ion of  the i ron.  Af ter  subtract ing the pre-edge contr ibut ions,  the 
absolute f luorescence intensi ty of  th is region is proport ional  to total  i ron 
concentrat ion [67] .Therefore,  normal izat ion al lows us to compare spectra of  
samples with d i f ferent  i ron concentrat ions.   
a)  Pre-edge  

In centrosymmetr ic crysta l  f ie lds,  the 1s →3d t ransi t ions are electr ic 
d ipole forbidden, but  st i l l  can be observed as a weaker feature due to,  
quadrupole coupl ing ef fects [68] ,  and the hybr id izat ion of  Fe 3d and l igand 4p 
orbi ta ls [73] .  In noncentrosymmetr ic environments,  the t ransi t ion is d ipole 
al lowed and as a resul t  intensi t ies are at  a least  few t imes higher than the 
t ransit ions in centrosymmetr ic environments [68] .  The area under the pre- 
edge is sensi t ive to the crystal  f ie ld around the absorbing atom [68] ,  and 
increase wi th the non-centrosymmetr ic  geometry of  the crystal  f ie ld [68] .   

The number of  t ransit ions in a given l igand f ie ld can be predicted by 
dn + 1    crystal  f ie ld model ,  where n is  the number of  d-e lectrons in the absorber 
[69] .  The electron involved in the t ransit ion is  added to the number of  d  
e lectrons,  e.g. ,  d 6 + 1  conf igurat ion for  Fe2 +.  In general  terms, four t ransit ions 
are accepted for  tetrahedral  Fe2 +,  three for  octahedral  Fe2 +  two for  octahedral  
Fe3 + and two for  tetrahedral Fe3 +  [69]  but usual ly  only two transi t ions are 
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needed to model  tetrahedral  Fe2 + and Fe3 +  [72,  69].  Provided the instrumental  
resolut ion is  h igh enough, the two electronic t ransi t ions expected f rom Fe3 +  in 
octahedral  environment (Figure 66 )  can be resolved.  In tetrahedral  symmetry,  
i f  the resolut ion is  not  h igh enough due to the low crystal  f i led spl i t t ing (∆ t  
=4/9 ∆o)  only one l ine may appear (Figure 66  ) .   
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Figure 66.   Electronic t ransit ions of  pre edge spectrum of i ron (a)  Fe2 + in an 
octahedral  (b)   Fe2 + in an tetrahedral (c)  Fe 3 + in an octahedral ( r ight)  and 
tetrahedral ( le f t )   
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The normal ized pre edge spectra of  hemat i te can be deconvoluted as 
shown in the Figure 36  and Figure 37 .  According to Wi lke et  a l . [72] ,  the  
feature that  consist  of  peaks above 7116eV cannot be related to 1s→3d/4d 
t ransi t ions s ince the or ig in of  these are st i l l  not  known [72,70],   contr ibut ions 
f rom these t ransit ions were excluded from the calculat ion of  the pre edge 
parameters [72].  I t  is  important to not  that  as reported by Giul i  [70]  Wi lke et  
a l .  cal ibrated edge energies of  Fe metal  at  7112.92eV.Therefore,  their  values 
have been rescaled accordingly in order to compared wi th our values.  The 
remaining components converge to 50:50 Voigt  shapes instead of  quasi-
Gaussian shapes (  Figure 36  and Figure 37 ) .  The two components can be f i t  
wi th centroides near 7113.8eV and 7115.3eV, and th is is  in agreement with 
the Wi lke’s analysis of  Fe(I I I )  bear ing minerals  [72] .   
The pre edge centroid posi t ion of  Fe(I I )  is  lower in energy than that  of   
Fe(I I I ) .According to Pr ietzel ,  the centroid posi t ion of  Fe(I I )  minerals such as 
Pyr i te,  Pyrrhot i te,  and Marcasite are 7112.8±0.6 eV [71] ,  and the pre-edge 
centroid posi t ion of   Fe(I I I )   bear ing minerals such as Ferr ihydr i te,  Goethi te,  
Lepidocrocite ,Hemat i te and Jarosi te fa l l  wi th in the range of   7115.0±0.4 eV 
[71] .   Wi lke has studied a large number  of  Fe(I I I )  and Fe(I I )  model compounds 
and their  pre edge character ist ics [72] .  According to these studies,  the pre-
edge centroid of  Fe(I I )  model compounds fa l l  wi th in the range of  0.89-1.45 eV  
[72]  and Fe(I I I )  model  compounds are wi th in 2.43-2.61 eV [72]  above the Fe-K 
edge energy (7112eV).   

 The centroid of  the extracted pre-edges of  the PVG-01 and PVG 02 
are 2.69 eV higher in energy than the Fe K-edge whi le the centroid of  the 
PVG-03 and PVG-04 are 2.72 eV higher in energy re lat ive to the Fe K-edge. A 
compar ison of  pre-edge centroid of  the samples and the above ment ioned 
model  compounds and minerals is  shown in Figure 67 .  The pre edge 
centroides of  PVG  (Figure 67  )  provides no evidence of  Fe(I I ) .   
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Figure 67.   Pre edge centroid var iat ion wi th oxidat ion state.   The symbol *  
represent pre-edge centroid posi t ion of  model  compounds. The pre edge 
centroid posi t ion of  these model  compounds is taken f rom reference [72]  and 
[71] .  The pre edge posi t ions of  PVG samples are in between the dot ted l ines   

.     
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Relat ive to centrosymmetr ic model  compounds the areas of  the 

extracted components of  the normal ized pre edges of  the samples are,   for  
PVG-01,  74.97% ,  for  PVG-02,   56.8% ,  for  PVG-03,   76.25% and PVG-04,  
73.74% ( Figure 44  ) .   

Since the intensit ies are normal ized to tota l  Fe concentrat ion,  the 
di f ference in normal ized pre-edge areas between samples and 
centrosymmetr ic  model  compound (α-Fe2O3)  indicates  h igher tota l  Fe 
concentrat ions than that  of  tota l  Fe(I I I )  concentrat ion in the samples (  tota l  Fe 
>total  Fe3+,  Figure 44  ) .  As iron can exist  in three stable oxidat ion states ,  
Fe(0) ,Fe(I I )  and  Fe(I I I )  ;  th is imply that  samples contains Fe(0) or  Fe(I I )  in 
addi t ion to Fe(I I I ) .  Since the edge and pre edge analysis ru led out  Fe(I I )  ,  we 
conclude that  samples contain Fe(0) and Fe(I I I ) .   This is  consistent  wi th the 
Mossbauer data,  which also conf i rmed non existence of  tetrahedral  i ron s i tes 
and the EXAFS analysis present here in chapter 4.1.4,  as wel l  as our previous 
studies on photo-deposi ted i ron in PVG  [73] .  Even though zero valent  i ron is  
a product  of   thermal and photo decomposit ion of  Fe(CO)5  i t  is  not  common 
to f ind unoxidized i ron in s i l ica matr ices [74] .    

 The fact  that  there is a s igni f icant  area di f ference between PVG-
01(76.25%) and PVG-02(56.8%) impl ies more unoxidized i ron t rapped inside 
the glass matr ix  compared to the surface (Figure 44  a ) .  Af ter  heat  t reatments 
at  6500C these areas became comparable (PVG-03  76.25% and PVG-04- 
73.74%)  indicat ing that  both inside and the surface now have roughly the 
same Fe(I I I ) /Fe(0) rat ios.   Even af ter  heat t reatment ,  the normal ized pre-edge 
areas are notably smal ler  compared to the centrosymmetr ic model  compound. 
This is  an indicat ion that  the heat t reatment does not  oxid ize al l  the iron 
present on the surface of  the glass and in s ide the matr ix.  The relat ive area 
increase af ter  heat  t reatment,  of  sur face (PVG 01 to PVG 03,  Figure 45  -b)  is  
insigni f icant ,  a 1.28% increase compared to inter ior  (PVG-02 to PVG-04,  
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Figure 45-a ) .  This suggest that  heat t reatment  dose not  a l ter  the Fe(I I I ) /Fe(0) 
rat io of  surface i ron by s igni f icant  amount.   

The relat ive area increase of  samples wi th removed surface (PVG 02 to 
PVG 04,)  is  comparat ively large (20%),  imply ing that heat t reatment 
considerably increased the Fe ( I I I ) /  Fe(0) rat io in the inter ior  of  the glass.    

The EXAFS study done on the i ron impregnated PVG shows that  the 
bond lengths and coordinat ion geometry of  the i ron compounds formed 
immediately af ter  photolysis does not  change wi th the anneal ing;  suggest ing 
that  heat  t reatment does not  produce new chemical  species of  i ron.  These 
observat ions lead us to conclusions that  i ron on the surface forms a th ick 
protect ive layer of  oxides immediately af ter  the photolysis and the inter ior  of  
the glass st i l l  carr ies i ron part ic les wi th no protect ive oxide envelope or th in  
oxide cover ing,  which is  not  suf f ic ient  to prevent fur ther oxidat ion of  part ic les. 
The part ic les formed in the inter ior  of  the glass oxid ized unt i l  the oxide 
envelope is th ick enough to prevent fur ther oxidat ion (Figure 44-b) .  The data 
suggest  that  there is  a cr i t ical  rat io of  Fe(I I I ) /Fe(0) that  stabi l ize these 
part ic les and prevent fur ther  oxidat ion.  This state is  reached when the Fe(I I I )  
mole f ract ion reaches approximately 75% of the total  i ron content  (Figure 45-
b ) .    
b) Edge posit ion 

Though XANES does not  provide a di rect  measure of  the ionizat ion 
energy [66]  threshold (Figure 38) ,  recent  studies show that  the energy shi f t  of  
the f i rs t  bound excited state at  the absorpt ion threshold or  whi te l ine energy 
fo l lows the binding energy shif t  of  the core levels [66] .  Therefore,  th is can be 
used to probe oxidat ion states of  the absorbing atom [75] .   Pr ietzel  reported 
the whi te l ine energy (WL) of ,   Fe(I I I )   bear ing minerals  such as Ferr ihydr i te,  
Goethi te,  Lepidocrocite ,Hemat i te and Jarosi te are 20.45±0.95 eV higher in  
energy compared to Fe-K edge and Fe(I I )  minerals such as Pyr i te,  Pyrrhot i te,  
and Marcasi te are only 9.45±0.55eV [71]   f rom the Fe K-edge. The PVG -01 
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and PVG 02  samples show a 21.06 eV energy shif t  where as PVG-03 and 
PVG-04  samples show a 21.39eV shif t  re lat ive to Fe K- edge.  
c) XANES Shape resonance analysis 
Mult ip le scat ter ing of  exci ted photoelectron f rom neighbor ing atoms creates 
strong absorpt ion features,  30-60 eVs above the photo ionizat ion energy in 
the cont inuum part  of  the spectra of  condensed mater ia ls  [76] .   

  
Figure 68.  Mult ip le scat ter ing of  
photoelectron   

These mult ip le scat ter ings make i t  harder to fu l ly  interpret  XANES spectrum 
but st i l l  empir ical  interpretat ions of  XANES are easier  compared to EXAFS 
and provide some valuable informat ion about micro env ironment and the 
charge state of  the absorbing atom.  

Above the f i rst  st rong resonance there are so cal led shape resonances 
[79]  (Figure 38 ) .  This in some cases provides useful  informat ion about bond 
lengths [77] .According to Equation 14  energy separat ion between the WL 
(whi te l ine) and the f i rst  XANES peak af ter  the main edge can be used to 
evaluate average bond Fe-O lengths [78,79] .This is  a stra ight  forward 
approach but only al low us to evaluate bond length rat ios.  
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This method y ie lds reasonably accurate average bond lengths, 
provided the medium-range environment does not  inter fere s ignif icant ly .  Wi lke 
and co workers have recent ly  used the same method to evaluate average Fe-
O bond lengths in s i l icate glasses [75] .  We est imate the average rat io of  bond 
lengths of  Fe-O in the four PVG samples and the resul ts are summarized in 
Table 4  .    
Table 4.  Average Fe-O bond length var iat ion f rom surface 
to inter ior .   

  
The y ie ld average bond length di f ferences are;  about 0.2% for  PVG-01 and 
PVG -02 and about 0.3% for  PVG-03 and PVG-04. The comparison of  PVG-01 
wi th PVG-03 and PVG-01with PVG-04 shows that  average bond length 
var iat ion is  less than 1%. These data suggest  that  chemical  nature of  the iron 
compounds on the surface and inter ior  of  the glass are ident ical  and 
anneal ing does not  af fect  the chemical nature of  these i ron compounds.        

Sample surface Er-EW L 
Ave Fe-O bond 
length rat io 

PVG-01 Top 30µm surface  7191.5-7133 

PVG-02 
Top 30µm surface 
Removed 

7191-7133 

(PVG-01)/(PVG-02) 
= 
1.00042 

PVG-03 Top 30µm surface 7192-7133.3 

PVG-04 
Top 30µm surface 
Removed 

7191-7133 

(PVG-03)/(PVG-04) 
= 
1.0086 
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4.1.4 EXAFS 
The absorpt ion edge corresponds to an X-ray photon having just  

enough energy to f ree a bound electron in the atom [66] .  When excited 
electrons are f rom the n=1 shel l ,  the edge is cal led K-edge and when the 
electrons are f rom the n=2 shel l  edge is cal led L edge. The X-ray absorpt ion 
of  up to 40KeV is dominated by photoelectron absorpt ion [66] .  The absorbed 
photons exci te a photoelectron creat ing a core hole in the atom and the atom 
may have more than one exci tat ion.  The k inet ic energy of  exci ted photo 
electron is g iven by the di f ference between the energy of  the photon and the 
binding energy.  This d i f ference is  normal ly large compared to the interact ion 
energy wi th surrounding atoms [66] .  The f inal  state photo electron is modi f ied 
by scat ter ing of  each surrounding atom (Figure 69 ) .  The result  is  the 
superposit ion of  outgoing and scattered waves.  

The phase var iat ion wi th the wavelength of  photoelectron depends on 
the distance between the central  atom and the backscat ter ing atoms [66]  and 
the backscatter ing strength depends on the type of  backscat ter ing atom [66].          
 
 

 
 

 
Figure 69.   Photoelectron propagat ion  
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An FEFF calculat ion shows that  the main contr ibutors to the EXAFS 
spectrum of  the f i rs t  shel l  are s ingle-scat ter ing paths (ssp) wi th Fe in the 
center and oxygen or i ron in the nearest  neighbors(NN) (Fe→Oand Fe→Fe).  
The second shel l  contr ibut ions are f rom Fe-Fe s ingle-scat ter ing paths and 
mult ip le scat ter ing paths such as Fe→O→O→Fe and Fe→Fe→Fe→Fe.  

Figure 48  and Figure 49  show the pseudo radial  d ist r ibut ion 
funct ions(RDF) of  i ron in PVG-01 and PVG-02 respect ively and Figure 50  and 
Figure 51  show the pseudo RDF of  PVG-03 and PVG-04.  

The bond length values of  Fe-O and Fe-Fe of  PVG-01 and PVG-02 (1s t  
and the 2n d  shel ls)  are ef fect ively equal  (Table 5)  and the bond lengths of  
PVG-03 and PVG-04 are also s imi lar .  This conf i rms our assumpt ion that  
chemical  nature of  i ron compounds does not  change wi th the depth.  This 
conclusion is consistent  with the XANES shape resonance results present in 
sect ion 4.1.3 .   In our previous studies [73] ,  we conf i rmed that  heat t reatment 
has no impact on the chemical  nature of  the i ron based products formed in  
PVG matr ices.  The Fe-O distance in the f i rs t  coordinat ion shel l  is  1.96±0.06Å. 
s imi lar  d istances observed in the i ron oxides are α-Fe2O3-1.99 Å,  γ  -Fe2O3-
1.86 Å ,  α-FeOOH- 1.97 Å,  β -  FeOOH- 1.89 Å, γ-  FeOOH-1.89 Å, and δ-  
FeOOH-2.00 Å [80].  The NN distance between Fe and O indicates α -Fe2O3 
type structure.  This is  consistent  wi th the Mossbauer analysis.     

The above data (Table 5)  conf irms that  the bond length of  the i ron 
compounds on the surface and inter ior  of  the glass are s imi lar  before and 
af ter  heat t reatment.  The f i rst  coordinat ion shel l  consist  of  two major 
scat ter ing paths ,Fe-O 1.96A and Fe-Fe-2.651A. The distance 2.65A is c loser 
to the distance of  α-Fe metal (Fe-Fe=2.4823A)[80] .  The deviat ion could be 
due to the amorphous nature of  i ron part ic les formed.     
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Table 5.  EXAFS results of  PVG samples.  
       Sample 1s t  Shel l  R/A0  2n d  Shel l  R/A0  

PVG-01 1.95 2.99 

PVG-02 1.96 2.98 

PVG-03 1.90 2.99 

PVG04 1.98 3.01 

Ave 1.96 2.99 

   
4.1.5 Electron Paramagnetic Resonance    
The EPR data of  the samples taken at  room temperature are presented in 
Figure 53  and Figure 54 .  Though EPR is h ighly sensit ive tool  to probe local  
environment of  paramagnet ic i ron [81]  the interpretat ion of  the EPR data in  
s i l ica matr ices is  st i l l  controversia l  [107] .  The presence of  s i lanol groups and 
water molecules inter feres wi th the EPR signal  making i t  more compl icated 
[107].  But  we st i l l  can gain some important  informat ion f rom these spectra.  
Surface and inter ior ,  have s imi lar  spectra l  var iat ions before and af ter  heat 
t reatment (Figure 54 ,  Figure 55 )  indicat ing that  there is  no di f ference in 
chemical  nature of  paramagnet ic i ron,  inside and on the surface of  the glass 
before and af ter  heat t reatment.   
The EPR signal  at  g=2.0 is  general ly  associated wi th oxide c lusters and g=2.0 
is  normal ly at t r ibuted to octahedral  i ron s i tes [82]  whereas g=4.3 is  at t r ibuted 
to tetrahedral  s i tes with rhombic distor t ion [82] .   Before and af ter  heat t reated 
samples show no tetrahedral i ron (g=4.3) and conf irmed presence of  
octahedral  Fe ( I I I )  (g=2.0) .  
The EXAFS, the XANES and the EPR data converge at  the conclusion that  
surface and inter ior  of  PVG has the same chemical species but  at  d i f ferent  
composi t ions.  Both the inter ior  and the surface have metal l ic  i ron and Fe(I I I )  
oxide,  but  the Fe(0)/Fe(I I I )  increases f rom the surface to the inter ior .      
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4.1.6 Mossbauer Spectroscopy   
a)  Hyperfine parameters 

The isomer shi f t  δ  is  d irect ly  proport ional  to the di f ference in tota l  
e lectron densi ty at  the nucleus of  the absorber and source,  

[ ]22 )0()0( SA ψψαδ −=  where the constant  of  proport ional i ty  α  depends 
pr incipal ly  on the re lat ive change in the nuclear radius between the excited 

state and the ground state,  R
Rδ

[83] .  5 7Fe has a re lat ively large value of  α ,  so 
that  oxidat ion state changes are easi ly  observed. The best  f i ts  of  Mossbauer 
spectra recorded of  the heat t reated samples wi th out  removing surface,  
deconvoluted to two doublets,  indicat ing two forms of  i ron present in the glass 
(Figure 57 ) .  Vanishingly smal l  isomer shif t  value,  δ=0.095 mm/sec of  one 
doublet  suggests that  one form could be elemental i ron.  The other form 
exhibi ts an isomer shi f t  and quadrupole spl i t t ing (∆)  s imi lar  to α-Fe2O3 ,  

(δ=0.52±0.05 and ∆  =0.69 mm/S) indicat ing octahedral ly  coordinated Fe(I I I ) .   
Since Fe(0) in the porous Vycor g lass are dense enough to be seen in 

the Mossbauer spectrum we could ru le out  of  Fe(0) in low densi ty forms l ike 
Fe(CO)5 or  other volat i le i ron carbonyls.  Hence the Fe(0) is  not  f rom the 
unreacted Fe(CO)5 or  other volat i le i ron carbonyls  but  must be formed in the 
photochemical  decomposi t ion of  Fe(CO)5.  This assignment is  fur ther just i f ied 
by the EXAFS results where we found, Fe-O and Fe-Fe in NN posit ions.   

Absorpt ion intensit ies of  two doublets (Figure 12)  correspond to  

ge
2/12/3 ±→±  ,  ge

2/12/1 ±→±  t ransit ions [83]  where e  and g  refer  to 
the exci ted and ground nuclear  states respect ively.  The re lat ive t ransit ion 
probabi l i t ies and angular intensity dependence of  the two quadrupole l ines of  
a doublet  (Figure 12)  are given by 3(1+cos2θ ) :  (5-3cos2θ) ,  where θ  is  angle 
between direct ion of  γ- rays and axis of  quant izat ion [84].  Hence the observed 
area rat io of  quadrupole l ines of  a doublet  can be used to obtain informat ion 
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on the sub lat t ice.  When averaged over  a l l  angles the rat io,  3(1+cos2θ) :  (5-
3cos2θ )  approaches 1:1[84] .  The area rat io of  the two quadrupole l ines,  of  the 
doublet  with ∆=0.62±0.06 mm/s.  and the δ=0.095mm/sec,  is  1.012:1 (Figure 
57 ) .  This indicates that  Fe(0) part ic les are randomly or iented.  The two 
quadrupole l ines of  the other doublet  (δ=0.52±0.05 and ∆=0.69 mm/S) are 
unequal ,  indicat ing some preferent ia l  or ientat ion of  Fe(I I I )  in the glass matr ix.  
b) Magnetic spli t t ing  

When the nucleus exper iences a magnet ic f ie ld,  the degeneracy of  a 
nuclear states wi th an angular  momentum quantum number I>0 ,  spl i ts  in to 
2I+1  sub-states (Figure70) .  The spl i t t ing of  the spectral  l ines is d i rect ly  
proport ional  to the magnet ic f ie ld strength.  The sextet  (Figure70)  is 
observable when observat ion t ime of  the exper iment,  t o b s  < τ  [85] .  The  τ  is  
g iven by Neel-Brown expression τ= τ0  exp(KV/kT)  where k ,T ,  K  and V  are 
Bol tzmann constant ,  temperature,  anisotropy constant  and part ic le volume 
respect ively[86,87] .The pre-exponent ia l  factor  τ0  is  in the order of  10- 9 -10- 1 2  
and depends weakly on temperature [87] .  When to b s  > τ  the sextet  col lapses 
into a quadrupole doublets or  to a s inglet .  This blocking t ransit ion depends on 
the t ime window of  exper imental  technique used, to b s  for  Mossbauer 
spectroscopy t o b s≈  10- 8  S.  
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Figure70. The magnet ic spl i t t ing of  the nuclear energy levels of  5 7Fe  

The room temperature Mossbauer spectra of  i ron impregnated heat 
t reated PVG samples show only quadrupole doublets.  This impl ies that  to b s  > 
τ ,  these arguments were used to est imate lower l imit  of  anisotropy constant  of  
these part ic les.  The value so obtained is 3.8 X 105  erg/cm3 ,  which agrees 
wi th our previous measurements  [111].  

The anisotropy of  bulk α -Fe is 1X105 erg/cm3 and the bulk anisotropy 
of  Fe2O3 is  1X 104 erg/cm3.  Higher anisotropy is typical  for  smal l  part ic les,  
Lou and coworkers [88]  have reported two order of  magnitude higher than the 
bulk value for  4.5nm diameter,  Fe(0) part ic les deposited in SiO2 matr ix.  I f  i ron 
part ic les are r ig id ly bound we would expect  orders of  magni tude higher 
anisotropy.   
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4.1.8 TEM Micrograph analysis.    
The TEM image was taken of  wedge shaped edge of  i ron impregnated 

PVG piece.       
 

 

 
 
 
 
 
 

 

Figure 71.   wedge shaped edge of  i ron impregnated PVG  

TEM micrograph was analyzed using Image-J sof tware and found that  average 
c i rcular i ty  of  part ic les in 650C –PVG samples were 0.976 wi th standard 
deviat ion of  0.0419.  As c i rcular i ty  of  part ic les is  h igh,  in our analysis,  the 
part ic les were considered as spher ical .  Figure 73  shows the histogram of  
part ic le s izes obtained f rom TEM micrographs.    
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Figure 72.  TEM micrograph of  Fe-PVG heat t reated at  6500C [111] .  
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Figure 73     Part ic le s ize distr ibut ion  
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Log normal and Gaussian curves are f i t  to part ic le s ize data obtained f rom the 
TEM micrograph. Log normal d ist r ibut ions have been used for  years for  
part ic le s ize studies,  and there is  ample empir ical  evidence for  i ts  val id i ty for  
analyzing large populat ions of  smal l  par t ic les.  In addi t ion i t  is  more 
convenient  to use than some of  the theoret ical  models avai lable,  and i t  has 
been shown that  log normal d istr ibut ions c losely resembles some of  the 
theoret ical  models [89] .As expected,  lognormal d istr ibut ion gives a bet ter  f i t  
compared to Gaussian funct ions and therefore our exper imental  data were f i t  
to log normal d istr ibut ion [90]  shown in equation 15  [91] .  
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   F i t t ing Equation 19 to the TEM part ic le s ize data shown in Figure 73  
y ie lds,  the medium diameter of  part ic les dm=2.71±0.04 nm and the standard 

deviat ion σd= 0.15±0.01 of  ln(d/dm).  The  part ic le volume is a lso lognormal ly 

d ist r ibuted wi th the median volume Vm=π /6(dm)3  and the standard deviat ion 

σ=3σd  =0.45 of  ln(V/Vm) [92] .   

4.1.8 Magnetization Study   
Above the blocking temperature of  superparamagnet ic part ic les,  the 

magnet izat ion M, is  f ree to be al igned the appl ied f ie ld,  H [93].  Therefore 
superparamagnet ic part ic les show no hysteresis in magnet izat ion versus 
appl ied f ie ld curves.  Magnet izat ion,  M of  superparamagnet ic state can be 
modeled by Langevin funct ion [93,94. ,95] ,  Equation 16 .    
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                                                                    (16)  
where M0   is  saturat ion magnet izat ion of  the sample at  a given 
temperature(T) ,  kB  is  Bol tzmann constant  and µ  is the ef fect ive magnet ic 
moment of  part ic les [93] .   The ef fect ive magnet ic moment of  part ic les is  
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re lated to saturat ion magnet izat ion of  bulk phase, Ms  [93]   and average 
volume, of  part ic les( <V>)  by,    

VM s=µ                                                                                            (17)    

F igure Figure 74   shows the Langevin funct ion (equat ion 20) f i t  to the 
exper imental  data y ie ld M0=110  emu/g and µ ≈  2.76 x 10- 1 7  emu .  Using 
saturat ing magnet izat ion of  bulk i ron (1700emu/cm3) the part ic le s izes was 

est imated. I f  par t ic les consist  of  α-Fe only  then est imated s ize is  about  

0.1nm. High saturat ion magnet izat ion value suggest that  part ic les can not  

contain only α -Fe2O3.   As discussed above analysis of  TEM picture showed 

that  the average c ircular i ty  of  part ic les in 6500C –PVG samples were 0.976 
wi th standard deviat ion of  0.0419.  The average part ic le s ize est imated using 
TEM analysis is  3.5 nm. These facts imply that  these part ic les consist  of    α -
Fe,  and hemat i te.   
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Figure 74.   Magnet izat ion curve Fe-PVG  
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4. 2. I ron Impregnated MCM-41 
4.2.1 Low angle XRD    

The low angle XRD of  the MCM-41  samples showed a hexagonal ly  
packed mesostructure.  Low angle di f f ractogram exhibi ts four Bragg peaks,  
which can be indexed as (100),(110),(200) and (210) [96] .  Inter  pore distance 
2a can be est imate using distance between (100) planes,  d1 0 0  (Figure 60) .  

1006
cos2 da =






 Π

                                                                                                            
(18)                                                                 

The dif f racted beams from atoms in successive planes cancel  unless they are 
in phase, and the condi t ion for  th is is  g iven by the BRAGG relat ionship 
(Figure 7a ) .   

( ) λθ nd =sin2                                                                                                            
(19)  

 Where λ  is  the wavelength of  the X-rays,  d is  the distance between planes 
and θ  is  the angle of  d i f f ract ion.  Equation 23  was appl ied to low angle XRD 
to evaluate d1 0 0  d istance. From Equat ion  22 the  distance between pore 

centers was est imated,  2a = 2d1 0 0 /√3 ,  d1 0 0= 4.35nm. The low angle XRD 

conf irmed that  hexagonal  structure preserved af ter  doping (Figure 61) .  But 
h igh loading( approximately 8 t imes higher)  d istor t  the 2-D hexagonal  
st ructure (Figure 62 ) .   The high angle XRD shows no crystal l ine peaks before 
or  af ter  heat  t reatment.  This could be due to ul t ra f ine grain s ize of  i ron 
part ic les formed in MCM. The superparamagnet ic behavior observed in 
magnet izat ion studies (Figure 63 )of  these part ic les are  a lso indicat ive of   
u l t ra f ine grain s ize.       

The pre edge centroid posi t ion of  Fe( I I )  is  lower in energy compared to 
Fe(I I I ) .  The separat ion between the average pre-edge centroid posit ions for  
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Fe(I I )  and Fe(I I I )  is in the order  of  1.5  eV [97] .   The centroid posi t ion of  
absorpt ion pre edge of  Fe(I I )  based minerals are 7112.9 ± 0.5[98]  .   The 
centroid of  the extracted pre-edges of  the Fe doped MCM-41 samples is  
around 7114.0 eV. The extracted pre-edge contained no peak or part ia l ly  
resolved peak at  7112 eV. The centroid posi t ion of  pre edge conf i rms that  the 
charge states of  i ron in the samples are Fe(I I I )  not  Fe(I I )  (Figure 46 ) .   
4.2.2 XANES    

Pre edge intensit ies of  i ron s i l icates were reported to be higher 
compared to α-FeO(OH) [99] .  This intensity increase was at t r ibuted to 
tetrahedral coordinat ion of  i ron [99] .  The pre edge data of  samples show 
higher intensi ty compared to α-FeO(OH) (Figure 46)  indicat ing tetrahedral  
i ron s i tes and the pre edge intensity increases af ter  heat  t reatment 
suggest ing more tetrahedral i ron s i tes in heat  t reated MCM-41 samples.  
Though tetrahedral  i ron s i tes in s i l ica matr ices have been reported by number 
of  authors,  for  example,  Rossano, reported i ron s i l icates formed in glasses 
wi th mix of  4-and 5-fo ld coordinated iron [100,101] .  Samanta reported 
ferr is i l icate format ion in MCM-41, synthesized in the presence of   FeCl3  [102] .  
We found no tetrahedral  i ron s i te in PVG matr ix  even af ter  heat  t reatment.  
This is  an indicat ion that  i ron in MCM-41 is d i f ferent  compared to i ron in PVG 
matr ix .   
4.2.3 EXAFS    
   EXAFS data were analyzed as descr ibed in sect ion 3.1.3e  and 4.1.4  .   k3-
weighted EXAFS Four ier  t ransformed spectra are shown in (Figure 53  and 
Figure 54) .  The peak near 1.9Å is  at t r ibuted to Fe-O backscatter ing in the 
f i rst  coordinat ion shel l .  The radia l  d ist r ibut ion funct ion,  RDF of  samples show  
some peaks 2-5Å .  These may have contr ibut ions f rom Fe-Si,  Fe-Fe and Fe-O 
back scat ter ings but  extremely low concentrat ions of  i ron make i t  hard to 
d ist inguish between the backscatter ing s ignal  and noise in th is region.  
Therefore only f i rs t  shel l  f i t t ing of  these are used for  analysis.    



 

120 

Table 6 :  EXAFS Analysis summary of  T-01 and T-02  MCM-
41 samples 

Samples Shel l  Coordinat ion 
number ,  N 

Distance in Å 

Fe-O 3.0 1.95  

α -Fe2O3 [104]  Fe-O 3.0 2.10 

T-01 Fe-O 4.15 1.88 

T-02 Fe-O 4.56 1.95 

FeSiO4 [104]  Fe-O 4.0 1.85 

 

 XANES pre edge informat ion conf irmed the existence of  tetrahedral ly  
coordinated i ron s i tes.  The Fe-O distances of  the f i rs t  coordinat ion shel l  are 
s imi lar  to d istances observed in the i ron oxides such as α -Fe2O3-1.99 Å, γ  -
Fe2O3-1.86 Å ,  α-FeOOH- 1.97 Å,  β-  FeOOH- 1.89 Å, γ-  FeOOH-1.89 Å, and 
δ -  FeOOH-2.00 Å [103, 80] and ferr is i l icates Fe-O 1.85A [104] .    
4.2.4 Mossbauer spectroscopy   

Mossbauer data were f i t  wi th two set  of  doublets in order to achieve 
the best  possible f i t .  These doublets show reasonably smal l  absorpt ion band 
width [Figure 58  and Figure 59 ] .   The IS<0.3mm/s is an indicat ion of  
tetrahedral ly  coordinated Fe(I I I )  and IS>0.3mm/s is general ly assigned to 
octahedral ly coordinated Fe(I I I )  [105,  102].  With the increase of  temperature 
the doublet  wi th IS<0.3mm/s,  absorpt ion increases (Figure 58  and Figure 
59 ) ,  indicat ing an increase of  tetrahedral  i ron s i tes (Table 7) .  The observat ion 
is  in agreement with the XANES pre edge analysis.    
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Table 7 .  Mossbauer parameters of  T-01 and T-02 MCM-41 
samples 

 

 

 

 

 

 

4.2.5 EPR spectroscopy   
The EPR data of  T-01 and T-02 taken at  77K are presented in Figure 

46 .  EPR is considered to be highly sensi t ive to the local  environment of  
paramagnet ic i ron [106]  but  the interpretat ion of  EPR data in zeol i tes and 
MCM-41 is st i l l  an issue of  controversy[107].  The presence of  s i lanol  groups 
and water molecules tends inter fere wi th the EPR signal  making i t  harder to 
interpret  [106] .  The bet ter  interpretat ion of  the EPR data was achieved by 
combining results of  Mossbauer and XAF data.  For i ron bear ing Zeol i tes and 
MCM-41, the s ignal corresponding to g=4.3 is  assigned to Fe3 +  in strong 
rhombic distor ted tetrahedral coordinat ion [108,102,109] .  The weak s ignal  at  
g=2.18 has been at t r ibuted to non frame work i ron oxide/oxi-hydroxide nano-
part ic les in s i l ica channels [102].  The strong s ignal  at  g=2 in T-01,  and T-02 
can be assigned to octahedral  i ron (Figure 56) .   The strong and broader 
s ignal  around g=2, covers g=2 and g=2.18 suggest ing f ree i ron oxide part ic les 
in the channels (Figure 56 ) .  The EPR spectra of  T-01 shows a feature at  
g=4.3 suggest ing the presence of  tetrahedral  i ron (Figure 56 ) ,  which is 
consistent  wi th the XANE pre-edge data.  The Mossbauer data conf irms the 

Sample Isomer Shi f t  ( IS)  
mm/sec 

Quadrupole 
Spl i t t ing (QS)  
mm/sec 

0.1364 1.0909 T-01 
Pr ior  to heat t reatment 0.364 0.909 

0.0909 1.182  
T-02 
af ter  to heat t reatment 0.364 0.909 
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above assignment of  octahedral  and tetrahedral  i ron in T-01.   The EXAFS 
analysis a lso support  the tetrahedral  i ron in the T-01 sample as f i rst  shel l  
f i t t ing shows N=4.25±0.4 (4<N<6).    The EPR spectrum of  T-02 also shows 
features at  g=4.3 and g=2. The s ignal  at  g=2 is strong and broader as in the 
T-01 sample but  some distor t ion of  the s ignal  is  observed. I t  is  not  possible to 
explain th is as there is  not  much ev idence found in the l i terature about th is 
k ind of  d istor t ions.  The less distor ted EPR spectra at  h igher (Figure 56)  
temperature indicate that  the heat ing increases the crystal l in i ty  of  tetrahedral  
and octahedral  i ron s i tes in MCM-41. The pre edge data conf i rm that  heat 
t reatment increase tetrahedral ly  coordinated iron.  Suggest ing at  h igh 
temperature i ron in the oxide part ic les di f fuse in to s i l ica network.  This is  
fur ther supported by the Mossbauer data.  The observat ion that  doublet  with 
IS< 0.3 mm/s increases (Figure 56 )with the temperature indicat ing that  i ron 
migrates in to the s i l ica matr ix.    
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4. 3   I ron Impregnated Xerogel 
4.3.1 Mossbauer analysis    

In our  previous studies [110]  i t  was found that  the iron impregnated 
Xerogel  (prepared as descr ibed in sect ion 2.3)  shows only one doublet  in the 
Mossbauer spectrum at  room temperature.  The quadrupole moment of  the 
doublet  is  0.95mm/sec and the isomer shi f t  is  0.4 mm/sec.   This suggests that  
only one specie of  i ron in the matr ix.   
4.3.2 XANES       
a)  Pre-edge and edge energies 

The pre edge centroid posi t ion can be used to probe oxidat ion state.  
As discussed above, the centroid posi t ion of  Fe(I I )  minerals is  reported to be   
at  7112.8±0.6 and the pre edge centroid posi t ion of   Fe(I I I )   bear ing minerals 
are around 7115.0±0.4.   The extracted pre edge of  xerogel  dose not  show 
peak around 7112eV (Figure 47 ) .  The edge energy of  i ron impregnated 
xerogel   is  a lso wi th in the range of  Fe(I I I ) .  This evidence rules out  the 
possibi l i ty  of  Fe(I I )  in the xerogel.     

b)  Pre edge intensity 
 Normal ized pre edge intensity of  the unheated xerogel samples were 

comparable wi th samples of  centrosymetr ic  α-Fe2O3,  thereby ru l ing out  
tetrahedral i ron s i tes.  Heat t reatment (6500C) marginal ly  increases the pre 
edge intensi ty.  This suggests that  some of  the iron migrates into the s i l ica 
matr ix  forming tetrahedral  s i tes.  However the amount  of  i ron migrates into 
tetrahedral s i tes was so smal l  i t  was not  detectable by Mossbauer.  The 
studies done by D.Suni l  showed that  at  12000C amount of  tetrahedral  i ron 
increases to a detectable level by Mossbauer [111].  These observat ions 
suggest that  i ron migrat ion into tetrahedral s i tes in i t iates around 6500C, but 
is    great ly enhanced at  h igher temperatures.     
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4.3.3 EXAFS      
    The EXAFS data were analyzed as descr ibed in sect ion 3.1.3e  and 4.1.4 .  
Due to the low concentrat ions of  i ron,  i t  was hard to d ist inguish between the 
backscatter ing s ignal  and noise.  Therefore,  only f i rs t  shel l  f i t t ing of  these 
are used for  analysis.   The f i rst  Four ier  t ransformed peak intensi ty was f i t  
wi th s ingle shel l  wi th about 6 oxygen atoms at  a d istance of  1.92 Ả  [110].  
This is  in agreement wi th Mossbauer data.  D. suni l  has shown, that  in the 
consol idated gels f i rs t  shel l  consist  of  two N values 5.8 and 3.6 wi th the Fe-
O distance 1.9 Ả  and 1.7 Ả  respect ively [40] .  This provides fur ther 
evidence that  a f ract ion of  the i ron is  migrates in to tetrahedral  s i tes with in 
the xerogel matr ix.      
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Chapter 5 

5.  0. CONCLUSIONS  
5.1 I ron impregnated PVG 
The study conf irms that  the image format ion of  Fe-PVG is due to tota l  i ron 
gradient .  The exposed regions contain more i ron compared to unexposed 
regions.  Rat io of  i ron in exposed to unexposed regions may depend on 
several  factors such as incident  l ight  intensity,  exposure t ime, in i t ia l  loading 
but  under the exper imental  condit ions of  th is study the rat io was found to be 
around 6:1.  As the amount of  tota l  i ron is proport ionate to refract ive index,  
exposed regions have higher refract ive index compared to unexposed regions.  
This refract ive index gradient  makes the image on the glass.  

This study fur ther conf irms that  h igh intensi ty photolysis a l ters the 
cross sect ional  d ist r ibut ion of  i ron in PVG (Figure 28 ,Figure 29) .  The results 
show that  intense l ight  generates relat ively h igh amount of  i ron near the 
surface and relat ive amount of  i ron in the PVG decrease exponent ia l ly  wi th 
the depth (Figure 29) .    

Lateral  d i f fusion of  i ron in the PVG matr ix  was studied at  6500C and 
was found to be insigni f icant  above 10µm. D. Part ic le growth of  i ron occurs 
around 6500C in the matr ix .  Therefore sub micron level  d i f fus ion may have 
contr ibuted to part ic le growth [111] .       

The present study has shown that  when PVG is used as a support  
matr ix ,  photol ized Fe(CO)5 forms an octahedral ly  coordinated Fe(I I I ) .   The 
Fe(I I I )  formed on the surface and the inside of  the PVG have a octahedral,  
crystal  f ie ld symmetry.  The analysis of  XANES pre edge showed no peak at  < 
7112eV. Edge shi f t  analysis a long wi th the above observat ion ru le out  the 
presence of  Fe(I I )  indicat ing the presence of  Fe(0) (sect ion 4.13).   The study   
found no c lear evidence of  Fe(I I )  formed in or  on the surface before and af ter  
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heat t reatment.  The normal ized XANES pre edge showed that  there is  a 
secondary source of  i ron in addit ion to octahedral ly  coordinated Fe(I I I )  in the 
matr ix .  We assign that  secondary source of  i ron to Fe(0).  This is  conf irmed by 
the Mossbauer analysis that  shows two doublets indicat ing two forms of  i ron.   
And very low isomer shi f t  (0.09 mm/s)of  one doublet  fur ther just i f ied our 
assignments.   The EXAFS study on the system publ ished elsewhere [73]  a lso 
conf irms Fe-Fe bonds.  The Fe(0) formed is not  uniformly distr ibuted in the 
glass matr ix .  More Fe (0)  is  found to be in the inter ior  compared to the 
surface.  Mossbauer and magnet ic data suggest  that  Fe(0)formed are not  
completely oxid ized dur ing heat t reatment.  This may be due to the fact  Fe(0) 
part ic les formed are covered with Fe2O3 protect ive layer as we proposed in 
our previous publ icat ion [35] .  And even af ter  heat t reatment,  Fe(0)  part ic les 
appear to be randomly or iented in the matr ix   where as heat t reatment 
introduced some preferent ia l  or ientat ion to Fe(I I I ) .  This could be due to the 
fact  that  they are at tached to s i l ica substrate through th is oxide envelope.   
5.2 I ron impregnated MCM-41  

Unl ike Fe(CO)5 doped PVG when Fe(CO)5 doped MCM-41 is photol ized,  
that  lead to format ion of  octahedral ly  and tetrahedral ly  coordinated i ron s i tes 
wi th in the s i l ica matr ix .  The XANES pre edge shows no peaks around 7112eV 
region indicat ing no Fe(I I )  in the samples.  The normal ized XANES pre edge 
intensity increases with the temperature.  The EXAFS analysis y ie lds Fe-O 
bond lengths,  1.88 ± 0.07 Å  the values are comparable wi th i ron oxides (such 
as Fe2O3,  FeO(OH), . . )  and ferr is i l icares [106].   The EXAFS 1s t  shel l  f i t t ing is  
a lso in agreement with tetrahedral  i ron s i tes.  The best  f i t  was achieved by 
f i t t ing two doublets to the Mossbauer data.  This indicates existence of  two 
forms of  i ron in these samples.  The isomer shif t  values of  the two doublets 
0.14,  0.36 and 0.09,  0.36 mm/s before and af ter  heat t reatment.  The two 
isomer shi f t  values conf irm that  the samples contain both tetrahedral  and 
octahedral  i ron.  With the increasing temperature the doublet  wi th IS< 0.3mm/s 
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has shown a s igni f icant  growth.   This  indicates an i ron migrat ion f rom 
octahedral  i ron,  in the oxide part ic les to tetrahedral  i ron in s i l ica matr ix  and 
th is is  fur ther supported by the EPR data.     
5.3 I ron impregnated Xerogel 

 The XANES pre edge analysis conf irms nonexistence of  Fe(I I )  in the 
xerogel   samples.  This observat ion is common to al l  the other invest igated 
s i l ica matr ices.  The EXAFS analysis shows that  the Fe-O distances are 
comparable wi th i ron oxides and ferr is i l icares [106].   The EXAFS 1s t  shel l  
f i t t ing shows no tetrahedral  i ron s i tes in unheated samples and samples 
heated to 6500C. The XANES pre edge intensity marginal ly  increases at  
6500C indicat ing in i t iat ion of  i ron migrat ion into tetrahedral s i tes.  Our 
previous studies showed that  the number of  these s i tes great ly  increase at  
12000C [111].   Nei ther xerogel  nor MCM-41 shows any evidence of  e lemental  
i ron before or  af ter  heat  t reatments.  The Fe(0) format ion in PVG seems a 
unique phenomena.   

The study shows that  when Fe(CO)5 doped xerogel  is  photol ized 
octahedral  coordinated i ron and no tetrahedral ly  coordinated iron is  detected 
at  room temperature in xerogel  matr ix .  At  h igher temperatures tetrahedral  i ron 
s i tes appears in xerogel  matr ix  and these i ron s i tes grow wi th the 
temperature.   Even though xerogel  and MCM-41 are almost pure s i l ica 
matr ices in MCM-41,  tet rahedral  i ron s i tes appear immediately af ter  
photolysis.  PVG shows no detectable amount of  tetrahedral  i ron before or  
af ter  heat t reatment.   
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