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Abstract

Photolithography of Integrated Optic Devices in  Porous Glasses

Edgar A. Mendoza 

Advisor: Professor Harry D. Gainey

Collaborative studies in our laboratories, and those of Corning Inc., have 

established that highly resolved patterns of refractive index gradients 

ranging from 0.01  to 0.001  can be produced by photolysis of organotin 

compounds physisorbed onto Coming's code 7930 porous Vycor glass (PVG) 

followed by thermal consolidation of the glass at 1200 °C. Photolysis binds 

the m etal compound to the glass and therm al activation rem oves the 

unreacted adsorbate and converts the photoproduct to a transparent metal 

oxide. Deposition of the metal oxide changes the density of the glass and in 

turn, its  refractive index. Although applications of gradient refractive 

index patterns within glass matrices in the field of integrated optics have 

been recognized for many years, full utilization of this technology requires a 

fundam ental un derstand ing of the chem istry involved during the 

photochemical and thermal reactions leading to metal oxide formation on 

the surface of PVG.

The research decribe in th is th esis focuses on the study of the 

photochemistry of organotin compounds of the general formula R(4-n)SnXn 

w here R = alkyl and aryl and X = h a lid es and p seudoh alides. 

Photochemical studies in solution are compared to those on PVG. The 

experim ents take advantage of the transparency of PVG to characterize the

i v



photochemical reactions of the adsorbed compounds using conventional 

spectroscopic techniques.

The goal o f these studies is to develop a methodology capable of 

fabricating a wide range of integrated optical devices in a g lass matrix. 

Examples of different optical components that have been produced by these 

photodeposition techniques are presented.
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1. Introduction.

Application of gradient refractive index patterns within glass matrices in 

the field of integrated optics has been recognized for several years. 1 The 

shift o f the fiber optic market from long-distance communications to short 

distance applications requires high performance, cost-effective passive  

optical com ponents. Short-distance networks create a need for passive  

branching devices such as splitters or combiners, taps, star couplers and 

wavelength selective devices. Because of the components-intensive nature of 

applications such as data communications, sensors, instrum entation and 

distribution networks, cost effectiveness is an essential consideration.

The optical fiber rem ains an important elem ent in a short distance 

communications link. However, the relative cost-and-performance of other 

passive and active components in the system becomes significant larger. As 

a result, the developm ent of these devices is receiving a great deal of 

a tten tio n . N e v er th e le ss , d esp ite  s ig n ifica n t cost red u ction s and  

technological advancem ents in recent years, ch a llen ges rem ain  in  

developing high performance, cost-effective devices.

An integration technology could achieve the required cost reductions 

for high performance passive optical components by elim inating the m ass 

production lim itations of piece-to-piece processes. G lass is an excellent, 

inexpensive material in which to form a passive component. It is  moldable
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and stable under a wide range of environm ental conditions, and its  

properties can be chosen for compatibility with other system  elem ents, and 

selected for specific optical properties.

The ability to produce changes in the refractive index of the glass of 

the order of 0.01 to 0.001 allows a laser beam to be guided through glass. To 

perform the functions required for passive elem ents, however, demands the 

formation of highly resolved gradient index patterns. Photolithographic 

techniques are currently evolving 2,3 for low frequency integrated circuit 

applications. Channel waveguides on the order o f 10 pm in width are 

already attainable and those in the 2 to 5 pm width range may be 

achievable. The success of photonic switching, however, depends on the 

development of m aterials capable of both guiding light and processing the 

light signals w ithout converting them to electronic forms. Porous glass  

im pregnated w ith  photosensitive organom etallic com pounds exhibits  

optical changes w hen exposed to ligh t. O ptical changes in both  

transm ission and refractive index can be induced and are permanent after 

consolidation of the glass to a nonporous m atrix .4 U sing combinations of 

elem ents sim ilar to those described in the following sections offers a means 

of producing complicated optical circuits composed of both active and 

passive components.

The photochemical deposition of a metal oxide to achieve a gradient 

refractive index depends on several factors. First, the substrate m ust be 

photochemically active, specifically in the visible or near-UV regions. Since 

calcined PVG absorbs 50 % of the light at approximately 295 nm, visible or 

near-UV photosensitivity allows photolysis of the adsorbate through the 

bulk rather than that on the outer surface. It is important to note at this 

point, that optical conduction, unlike electrical conduction, occurs within
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the bulk of the medium. C onsequently, deposition w ith in  the bulk is 

essentia l. O f course, it is also desirable th at the quantum  yield o f the 

reaction be high, 1.0 i f  possible, to have a reasonably efficient process. 

Second, the photochemical reaction must irreversibly bind the adsorbate to 

the PVG matrix. This is essential not only to the resolution o f the resultant 

pattern , but also to prevent desorption during subsequent therm al 

consolidation. Third, the substrate m ust exhibit thermal stability, yet also 

retain volatility. Volatility is essential, since a key to obtaining a significant 

gradient is the ability to remove the unreacted material. If the unphotolyzed 

compound decom poses on the g lass during the subsequent therm al 

consolidation  to a nonporous g la ss, the grad ient index generated  

photochemically will disappear.

Clearly, utiliz ing th is chem istry to produce useful refractive index 

gradients requires a basic understanding of the primary photochemical 

events of the adsorbate, and the secondary photochemical and/or thermal 

reactions leading to m etal oxide formation. O rganom etallic com plexes 

sa tisfy  th ese  criteria, but transition  m etal organom etallics generally  

formed colored oxides. Consequently, the experim ents focused on organotin 

compounds o f the general formula R̂ 4.njSnXn (where R = methyl groups; X

= halides ). Organotin compounds produce transparent oxides in glass, in 

contrast to the well characterized transition m etal compounds which form 

colored oxides. The compounds are sufficiently volatile to be introduced into 

the g lass either by vapor deposition or by adsorption from solution. 

Exposure to light causes a change in color in the exposed region. However, 

the optical changes are of little use unless the sample could be subsequently  

" fixed ", i.e., have the optical change made perm anent and insensitive to 

further ligh t exposure. F ix ing is  accom plished by u ltrah igh  vacuum
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vacuum removal of the unexposed material and subsequent gentle heating 

after exposure. In this case, heating converts the photoproduct to an oxide, 

and at 1200°C consolidates the glass, i.e., collapses the porous structure. 

Although the consolidation process produces a 30 % volume shrinkage, it  

occurs with no adverse effect on the photo-induced optical patterns. In each 

case, the induced optical changes are maintained.

Unfortunately, there is little  precedent in the literature upon which 

to base these experiments. In contrast to the extensive literature regarding 

the photochemistry of transition metal organometallics, 5 few studies of the 

photochem istry of organotin compounds have been reported. The vast 

majority of these reports deals with the synthetic uses of this compounds in 

organic chem istry reactions. 6 The goal of th is research is  two fold: first, 

characterize the photochem istry of these organotin compounds on the 

glass; and second exam ine the use of the chemistry as a route to passive 

integrated optic devices in a glass matrix. The approach is to determine the 

m echanism  and quantum  efficiency o f the prim ary and secondary  

photochemical events of organotin compounds adsorbed onto porous Vycor 

glass, characterize the distribution of the adsorbed reagent o f the glass 

surface, and lastly, characterize the optimal param eters o f the refractive 

index gradients produced by photolysis of these com plexes in order to 

dem onstrate the ability to generate passive integrated optic devices in 

porous Vycor glass.
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2 . Integrated Optics.

2.1 Introduction.

The origin and evolution of the optoelectronics and integrated optics is 

associated with an effort to exploit optical radiation for the transfer, 

processing and storage of information. Optical radiation with frequency 

1 0 14- 1 0 15 Hz. exceeds by many order of m agnitude the usual radio 

frequencies. The transition  from radio frequencies to m icrowaves and 

ultim ately to the optical part of the electromagnetic spectrum by means of 

optoelectronics and integrated optics represents a very significant rise of 

the information density in space and time. Coherent optical sources, such 

as lasers, also enable transfer, processing and storage of inform ation. 

Another positive aspect is an enormous compression of energy in space and 

tim e. From the point o f view o f the m aterial sc ien tist, the m utual 

in teraction  o f the electrom agnetic  radiation w ith  condense m atter  

characterizes the optoelectronics and integrated  optics. S c ien tist are 

interested in the effects of the absorption of radiation, generation o f optical 

radiation by spontaneous and stim ulated em ission, and in propagation of 

optical radiation through different media. Of a great importance for basic 

research in applied optoelectronics is the interaction of light and m atter
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under an applied electric or m agnetic fields. The study o f all the 

aforementioned interactions reveals new basic information on the energy 

structure o f solids, liquids and gases, and on the other hand, enables the 

construction o f devices such as light modulators, nonthermal light sources, 

light waveguides, and other elem ents of optoelectronics.

The rapid growth of optoelectronics and integrated optics can be 

dated from the realization of the first lasers in the 1960’s - the ruby laser 7 

and several months later the He-Ne laser ®. This was followed by many 

other types of lasers such as the coherent semiconductor laser 9 , the mode- 

locking Nd:YAG and ruby lasers w hich enable the generation  of 

picosecond pulses. 10 In the same year, broad band tunable lasers were also 

built. 11 At present, the use and applications o f lasers has grown  

trem endously because of their unique properties, such as, chrom aticity, 

coherency, high in ten sity , and sm all divergence. Laser have found 

applications in alignm ent, m etrology, inspection, welding, drilling and 

cutting, as well as in the areas o f printing, inform ation storage and  

retrieval. Interest is also high in the areas o f m onitoring equipm ent, 

m edicine, laser induce chem ical reactions, isotope separations and in  

nuclear fusion. The market of non-coherent light sources and displays is  

even more explosive, the most promising being LED's, liquid crystals, and 

plasm a displays.

Compared to the trem endous developm ent and use of ligh t sources 

during th e past two decades, the developm ent of radiation detectors, 

sensors, optolelectronic devices has been rather slow. To date, the m ost 

im portant optoelectronic system s th at have been developed are optical 

memories. Although optical storage technology has received considerable 

atten tion  during the la s t  decade, it  has been overshadow ed by the
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continuous growth o f m agnetic storage media. N evertheless, optical data 

storage presents many advantages, such as the high storage density and 

faster access tim e that are not attainable by conventional m agnetic  

recording devices. Progress made in high performance sem iconductors, 

lasers and integrated optics have made the optical erasable memory 

devices a reality. Yet, as noted in the recent review article by Di Chen, 12 the 

search for new materials for bit by bit and holographic recording continues. 

N ew m aterials are emerging; one of the most promising being a composite 

magnetooptic-photoconductive sandwich (MOPS). 13

Optical w aveguides, and waveguide devices and system s play an 

im portant role in these system s for both inform ation transm ission and 

processing. In principle, there are two different ways of processing optical 

signals. One is  where coherent light is  m anipulated by classical optical 

m eans, such as, the laser beam passes through the d iscrete optical 

components secured to the common bench. Such system s, however, lack 

applicability since they depend on large bench layouts and are sensitive to 

fluctuations of the environment. Another approach to the m anipulation of 

coherent ligh t is based on the principles o f microwave guidance. With 

m icrowaves, the electrom agnetic w aves are guided and m anipulated in 

m etallic w aveguides w ith cross-sections comparable to the w avelength. 

Electrom agnetic energy propagates in waveguides in the form of discrete 

modes w ith different phase and group velocities. In a sim ilar m anner 

waveguiding is possible at optical radiation frequencies.

A nalogous to m etallic  w aveguides a s  th e basic com ponent of 

microwave system s, the dielectric w aveguide is the basic component of 

optical waveguides. The idea dates back to the beginning of the 20th century, 

and dielectric waveguides are described in microwave textbooks. 14 In 1969,
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S. E. M iller 15 proposed the idea of the integration of optical system s into 

m iniature optical guides and called it  " integrated optics M iller 

discussed the dream of a new future of integrated circuits which would use 

photons instead of electrons. Since that tim e, research in this field has been 

growing, and a number of active and passive devices have evolved. Review 

articles 16 , as well as several books on optical waveguides 17 and integrated 

optics 18 summarize the exciting developm ents that are occurring in this 

field.

Integrated system s th at guide ligh t have m any advantages in 

comparison with the classical ones. Integrated optical system s, composed of 

elem ents in a common substrate are com pact and as a resu lt not as 

sen sitive  to vibrations and changes in the environm ent. N evertheless, 

usable integrated optical system s await the solution to a variety o f problems. 

The original proposals for integrated optics components made by Miller in 

1969 do not differ very much from today's designs. The question of why these 

components are still under development and not commercially available in 

large qu antities is  quite easy to answer: the technological processes 

required to produced in tegrated  optical com ponents are not y e t  

economically feasible.

2.2 W aveguide F u n d am en ta ls .

As in optical fibers, ligh t guiding in integrated optics is  based on the 

phenomenon of total internal reflection. In an integrated device, th is is 

accomplished by creating regions of higher refractive index than that of the
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bulk medium. In its  sim plest form, the ratio of the index of refraction 

within these regions relative to that of the bulk defines the sine o f the 

critical angle, i.e.,

n l
Sin 0 C = —

n 2 2.1

where and n2 are the indices of refraction of the bulk medium and the 

guide, respectively. As a result, ligh t that enters the region o f higher 

refractive index w ithin the critical angle is guided through the bulk 

medium. While any number of approaches might be taken to change the 

refractive index, it  m ust be realized that the technique and/or m aterials 

used m ust have low losses at the working wavelength, and m ust offer a 

means o f creating system s of high resolution.

2.2.1 Theoretical Fundamentals : The slab waveguide.

The theoretical approach to the description of integrated optics waveguide 

uses geom etrical ray optics for m ultimode guides, and wave theory for 

single mode w aveguides. Although the description o f integrated optical 

waveguides is sim ilar to that of optical fibers, complications arise because 

of the absence of circular geometry, and various theoretical methods have 

been developed, 19 to handle these complications.

As an aid to understanding the properties o f planar waveguides, a 

brief description on the theory of a simple planar or slab waveguide follows. 

The description is divided into three parts: a description of the waveguide 

itself, a description of light, and a discussion of the transm ission of light
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through the waveguide.

The slab waveguide, shown in Figure 2.1, consist of a substrate 

coated w ith a thin waveguiding layer o f th ickness d .  The index of 

refraction of the guiding layer, n^  is greater than that of the substrate, n2- 

It is assum ed that the surrounding environment (superstrate) is  air (n3 = 

1). The substrate and w aveguide m aterial are ideal (no loss) at the 

wavelength used, and it is assumed that the substrate-waveguide interface 

is  a perfect plane.

Light as an electromagnetic wave is characterized by a combination 

of tim e varying electric ) and magnetic ) fields propagating through 

space. M axwell showed that both these fields satisfy the sam e partial 

differential equation :

This is  called the tim e dependent w a v e  e q u a t i o n , and is encountered in  

m any d ifferen t kinds of physical phenom ena such as m echanical 

vibrations o f a string or in a rod. The implication of equation 2.2 is that 

changes in the fields propagate through space with a speed c , the speed of 

light. The frequency of oscillation of the fields n, and their wavelength in 

vacuum, 1Q are related by :

2.2

where :

10



Figure 2.1 * Schematic diagram for a slab waveguide.

Waveguide

Substrate
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c = v X.Q 2.3

and in any other medium the speed of propagation is given by

v = — = vX
n 2.4

where n is the refractive index of the medium and X is the wavelength in 

the medium.

The electric and magnetic fields vibrate perpendicular to one another 

and perpendicular to the direction of propagation, i.e ., ligh t w aves are 

transverse waves. In describing optical phenom ena, the m agnetic field 

vector is often om itted. This sim plifies m athem atical descriptions, but it 

should always be remembered that there is also a magnetic field component 

which behaves in a sim ilar way as the electric field component. The 

equation  for a propagating  w ave along th e z-ax is is  exp ressed  

m athem atically as:

E j(x ,  y, z) = e j (x ,  y)exp( iPjZ) j= 0,1,2... 2.5

where (Jj is called the propagation constant, or eigen value of the jth  mode. 

Generally, each mode has a unique value o f pj.

The sim plest exam ple of a waveguide is  the symmetric waveguide, 

Figure 2.1. For sim plification, assum e the light wave in the film  to be 

infin itely  wide in  the y direction so that d  ^  /  d y  0. In th is case, the 

electric and magnetic fields depend on x  and z  only, and :
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E j(x . z) = e j (x )  exp( ify z )

Hj (x, z) = hj (x) exp( iPj z)

If the waveguide has planar symmetry, i.e., it is uniform in both the y-  and 

z-  directions o f Figure 2.1, and the principal axes o f the m aterial 

constitu ting the waveguide are parallel to the cartesian axes, then the 

structure supports TE (transverse electric) or TM (transverse magnetic) 

modes. On planar waveguides, TE and TM modes correspond to the two 

possible polarization states of the electromagnetic field. Thus, the origin of 

the difference between TE and TM modes in a planar waveguide is the 

polarization-dependent nature of plane wave reflection. The argument is 

easily generalized to include graded-index media using the notion of local 

plane waves. In this case, let z be the direction of the wave propagation 

parallel to the film. U sing Maxwell's equations to solve for Ey for TE 

w aves, or Hy for TM w aves, the main equation for this special problem, 

after some mathematical manipulations, becomes 20

5 ^ ,

§ x ‘
nfkn-|3: E y = 0

2.7

where Ey is  the electric field in the y  direction and n̂  is the refractive

index o f the i th component of the medium i . The quantity i has integer 

values, i = 1, 2, 3,.., while k0 is the propagation constant is given by k0 = 2x /

X0, where X0 is the wavelength in a vacuum. |J is the propagation constant
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of the wave in the guide. All the other components can be derived from Ey . 

The three different solutions for the three media, i.e., substrate, waveguide, 

and supersubstrate, can be calculated. By postulating continuity at the 

interfaces, the eigenvalue value equation for the planar slab waveguide is :

. arctan . arctan ^  ] = m x
2.8

where :

Y = nTU A '2
k0

' h
2.9

O =

a  =

£ f - „ j
k o '

'/ 2

'/ 2

2.10

2.11

q j =1 forTE modes 
2

q j = (n j /n  j) forTM m odes;i = 2and 3 2 j2

Obviously there are two different types of waves (or modes) that can 

propagate in the slab waveguide; transverse electric ( TE ) mode and the 

transverse m agnetic ( TM ) mode. The TE modes are polarized parallel to 

the waveguide surface, while the TM modes are polarized perpendicular to
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the waveguide surface, (Figure 2.2). Polarizations refer to the electric field 

vector, which is  perpendicular to the propagation direction.

Although, the treatm ent is for the sim plest form of a waveguide, the 

planar waveguide, equation 2.8  is a transcendental equation which cannot 

be solved analytically . However, som e im portant inform ation can be 

obtained from it, which is  useful in the field of integrated optics sensors. 

The solution of equation 2.6 can only be real if  equations 2.9, 2.10, and 2.11 

are real, in which case

A ssum ing TE m odes, the m inim um  waveguide th ickness dm £n for the 

mth-order mode can be calculated as follows :

where the parameter q3 is define by equation 2 .12 , and kQ = 2nTk.

If the thickness d  becomes smaller than dmjn , then the light can no

longer propagate. A very special case is when m = 0 ( the fundam ental 

mode ) and = n 3 (the waveguide is covered with a m aterial o f the sam e 

refractive index as the substrate). Then dm;n becom es zero and

theoretically, the fundamental mode can propagate even i f  the waveguide

2.13

mrc + arctan c

2.14
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F ig u r e  2 .2 - E lectrom agnetic wave: TE (transverse electric), and TM 

(transverse magnetic ) modes as they traveled through the slab waveguide 

in Figure 2.1.

TE

TM

y
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becomes infinitely thin. This behavior corresponds to an optical fiber in 

which the core is surrounded by one material only.

The eigenvalue equation 2.8 can be solved either num erically or 

geom etrically. If the propagation constant P for all propagation modes is 

known, then the electrom agnetic fields or, the in ten sity  distribution for 

each mode can be evaluated. An example is shown in Figure 2.3 (note the 

coordinate system !). From th is, the following im portant resu lts are 

obtained :

a) The mode order, m  , is equivalent to the number of intensity minima.

b) The light intensity is not restricted to the waveguide region only, but 

penetrates into the surroundings.

c) The sm aller the difference betw een the refractive ind ices o f the 

w aveguide and the surroundings is, the further the ligh t in ten sity  

penetrates into the surroundings.

d) The higher the mode order is, the higher the intensity of the light out 

side of the guide.

Assum ing r\2 > n i» the structural constant (V ) for a slab waveguide 

is given by :

M n 2 n2V/2Vn r n 2jV = > v 1 -v*■0 2.15

which can be used for a rough estim ate of the total number o f propagating 

modes (M) for a slab waveguide.

*  2.16
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2.3. S tru c tu re s .

A number of different waveguiding structures have been proposed and 

realized. In addition to slab waveguides, which have been treated above, 

chann el or str ip  w avegu id es are im p ortant. U n fortu n ate ly , the  

nom enclature is still inconsistent. Slab waveguides are som etim es called  

two dim ensional waveguides since light is guided in two dim ensions,such  

as transverse and longitudinal. Channel waveguides are known as three 

dimensional waveguides since guiding takes place in all three dim ensions. 

Various guiding structures (Figure 2.4) have been investigated for channel 

w aveguides. The sim plest (Figure 2.4a) is a high index strip, which is  

generally a rectangular deposit on a low index substrate. The number of 

guided modes depends on the dim ensions o f the deposit, the refractive 

indices o f the deposit and substrate, and the w avelength o f light. Because 

the guide is  not circularly sym m etric, there is a d istinction  betw een  

transverse and lateral modes. The larger the dim ensions o f the guide and 

the larger the difference between the refractive indices o f the guiding and 

surrounding m aterials, the larger the number of modes guided. An obvious 

disadvantage occurs when the whole waveguide is surrounded by air and 

the index difference is large.

To obtain a single mode waveguide, the dim ensions o f the waveguide 

have to be reduced to very sm all va lu es, u su a lly  in  th e range o f  

m icrom eters. H owever, th is usu ally  resu lts in  severe technological 

c o n s tr ic t io n s  s in c e  th e  w a v eg u id e  is  su rro u n d ed  by a ir .
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Figure 2.3 - Intensity distribution of the TE mode of (a) zero, (b) first, and 

(c) second order for a slab waveguide. n^= 1.515 (waveguide), n£= 1.465 

(substrate), ng= 1 (superstrate).

* £

m = 0

m = 1

m = 2

> n
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Figure 2.4 - Channel w aveguides structures : (a) strip waveguide; (b) 

embedded waveguide; (c) buried waveguide; (d) ridge waveguide; (e) strip- 

loaded waveguide.

( a )

( b )

( d )

( c )

( e )
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To avoid this problem, the guide can be embedded in the substrate (Figure 

2.4b) so that only one face is adjacent to the surrounding air, but this 

approach suffers from the problem of losses in the intensity of the guided 

wave since the amount of scattered light depends on the surface roughness 

as well as the index difference. This problem can be avoid by burying the 

waveguide well below the substrate surface (Figure 2.4c). In this case, all 

waveguide-substrate interfaces have the same refractive index difference, 

which is  usually sm all. The preparation of a low loss waveguide is much 

easier , but special techniques are required to prepare such buried  

w aveguides.

Two other waveguide structures are im portant, particularly for 

integrated optics using semiconductor m aterials composed o f groups III 

and V elem ents, Figure 2.4d shows one type called a ridge waveguide. A 

slab waveguide is deposited on the substrate, and then its thickness, d,  

outside the guide is  reduced usually by chemical etching to below that 

needed for the fundamental mode intensity (m=0 in Figure 2.3). As a result, 

the light is confined to the thicker part of the slab waveguide. The second 

type is the strip-loaded channel waveguide (Figure 2.4e). In this case, a 

strip of high index material is placed over a slab structure, which is too 

thin to guide any mode, i.e., d  < d m i n „ so th at together they formed a

channel waveguide.

2.3.1 Principal Structures :

Table 2.1 classifies the different types of w aveguides w hile Figure 2.5 

illu strates some of the fundam ental waveguide structures. The sim plest 

elem en t is  a stra ight guide, Figure 2.5a, which connects one optical
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Table 2.1 - Classification of integrated optics waveguides.

Passive

Passive dynamic

Active

W aveguides with fix properties : beam splitters, 

curvatures, crossings etc.

W avegu ides w ith  v a r ia b le  com p on en ts  

modulators, switches, etc.

Optically active waveguides : lasers, am plifiers, 

parametric oscillators etc.
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elem entto another. Its role is analogous to that o f an electrical conductor, 

but unlike electrical conduction, curves are possible, but com ers are not. 

The allowed radius of curvature depends very much on the refractive index 

difference and is usually large with respect to the wavelength of light. 

Figure 2.5b shows a branch or Y junction which is used to either split or to 

combine the light. A similar but more complicated structure is the 1:7 star 

coupler shown in Figure 1.5c. Figure 2.5d is  a typical directional coupler 

consisting of two adjacent parallel waveguides and four lead-down, lead-up 

waveguides. In this structure, light coupled to waveguide 1 will penetrate 

into the surroundings and will be collected by waveguide 2 in the parallel 

section of the two waveguides. Figure 2.5e is an integrated Mach-Zender 

interferom eter consisting of two Y junctions. Here the two waves travel 

along the two arms of the interferometer and are combined at the second Y 

junction. Because the two waves arise from the sam e source, they are 

coherent and interfere i f  the lengths of the two arms differ by more or less 

than the coherence length of the light used.

2.3.2 Passive-dynam ic stru ctu res:

Passive-dynam ic structures respond to external influences. For example,

the output of a Mach-Zender interferom eter can be modulated by taking

advantage o f the electro-optic effect, acousto-optic, an thermo-optic effects.

The efficiency of the effect depends on the m aterial, and in the sim plest

structure (Figure 2.6) the guide is placed between two electrodes. If the

w aveguide m aterial has a sufficiently high electro-optic coefficient, an

external voltage will cause a phase change in the light wave. In the case of 

LiN bO g, a few volts are sufficient. If such a phase shifter is introduce into
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Figure 2.5 • Fundam ental integrated optics waveguide structures: (a) 

Straight strip guide; (b) Y junctions; (c) 1-7 star coupler; (d) directional 

coupler; (e) Mach-Zehnder interferometer.

( a )

C
( b ) ( c )

\  /  
/ — \

( d ) ( e )
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the two arms of a Mach-Zender interferometer, an on-off switch as well as 

an in ten sity  modulator can be constructed. Figure 2.6 sum m arizes the 

passive dynamic waveguide configurations.

2.4 Materials.

Integrated optics creates a need for specific m aterials and techniques to 

modify these materials. For example, there is a need for a low loss material 

th at allow s specific m odifications, such as structured areas with an 

increased  refractive index. At present, three m aterial system s are 

im portant to integrated optics technology : glass; dielectric crystals; and 

group III-V semiconductors. Table 2.2 sum m arizes these m aterials, the 

methods of modification and, the losses for a straight single-mode channel 

w aveguide.

W ith g lass, the m ost w idely use m odification technique is  ion 

exchange, whereas Ti in-diffussion is the important for modifying LiNbOg,

a crystalline material with a high electro-optic constant. At present there is 

no preferred technology for InGaAsP, although it is likely  th at m etal 

organic chemical vapor deposition ( MOCVD ) may be the m ost suitable 

because o f its  applicability for preparing large, relatively hom ogeneous 

substrates.

L iN b O g  and InGaAsP can be used to build passive dynam ic

w aveguides generally  based on the electro-optic effect. For exam ple, 

in tegrated  optical e lem en ts in L iN bO g have been dem onstrated in

laboratories, and are now available commercially ( Crystal Technology,
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Figure 2.6 - Schematic diagram of a phase modulator as an example of a 

passive dynamic strip waveguide.

Electrodes
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Figure 2.7 - Sum m ary o f the major p assive  dynam ic w aveguide  

configurations (a) Phase modulator; (b) directional coupler; (c) Mach- 

Zender interferometer.

(a)

I ? ?'■*?? • . ■ ' •. •' ■. •' •. ■' ■' ■■ 1■ v:-v:-v:-.

isssssssssssssessssa ssssssssss

0 _ i
(c)

27



Table 2.2 - M aterials for integrated optics

M aterial

Technology

Loss (dB cm'*)

G lass

Ion Exchange

Sputtering

CVD

0.01

Crystal

(LiNbOg)

Ti in-diffussion  

Proton exchange

0.1

Sem iconductor 

( InGaAsP )

LPE

MO CVD 

MBE

1.0

CVD, chemical vapor deposition; LPE, liquid phase epitaxy; MOCVD metallorganic 

chemical vapor deposition; MBE, molecular beam epitaxy.



USA; Barr and Stroud, UK ). III-V semiconductor compounds can be used 

to fabricate active elements such as lasers or light amplifiers, but it is 

estimated that semiconductor integrated optics will not be commercially 

available to be used for another 5-10 years. Glass on the other hand, has 

been restricted to passive elements such as splitters and combiners. 

Nevertheless, the potential for both multimode and single mode 

technologies, new fiber optic connects for local networks, distributed 

sensors, and the possibility of dynamic elements based on the thermo-optic 

efTect, has spurred an interest in glass integrated optics. A summary of the 

current technologies used to fabricate glass waveguides, such as the ion- 

exchange process and the silica on silicon ( SOS ) process, is presented in 

the next section.

2.5 T echnology.

The problem is to increase the refractive index of a transparent substrate in 

the region of its surface. One has to intervene from the outside, through the 

surface. Two possible methods can be used : the ion exchange process, and 

the silica-on-silicon ( SOS ) technology.

2.5.1 The ion exchange process :

Figure 2.8 illustrates the two general approaches of the ion-exchange

technique. The first approach (Figure 2.8a) is a straight forward ion- 
exchange process in which a glass containing ions M^+ is immersed in a

29



salt containing ions If the salt is heated above its melting point, ion 

exchange occurs in which the M}* ions in the glass are exchanged with 

the ions M2 * in the melt. Thus, with appropriate ion combinations, the 

refractive index of the glass can be changed. For example, exchanging Na+ 

ions in the glass with Ag+ ions in the melt, will increase the refractive 

index of the glass. Alternatively, replacing a heavier ion within the glass 

matrix with a lighter ion decreases the refractive index of the glass. 

However, the ion exchange technique is usually very slow, and the 

fabrication of multimode waveguides usually takes weeks.

For this reason, the field-assisted ion exchange technique ( Figure 

2.8b ) has been developed. The principle is the same, but the rate of exchange 

is accelerated by applying a voltage of about 50 V mm between the front 

and back of the substrate. The front and back of the substrate are separated 

electrically, and the exchange of the cation is a t the front only. 

Consequently, field ion exchange produces a larger index change at the 

surface, and a lower index change at the back of the substrate. The 

reduction of processing time achieved with field-assisted exchange is about 

an order of magnitude compared with thermal exchange, and it is the 

recommended technique for multimode waveguides.

2.5.2 Silica-on-silicon technology :

Silica on silicon ( SOS ) technology, developed by Kawachi and co-workers 21 

, and Valette and co-workers 22 involves depositing a thin layer of pure 

silica on a silicon substrate using a flame hydrolysis technique ( FHD ). 

This layer acts as a buffer between the optical waveguide and the silicon 

(Figure 2.9), and is the substrate on which the waveguide is deposited. The
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Figure 2.8 - Principle of ion exchange in glass: (a/Thermal; (b) Field 

assisted.
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waveguide itself consist of titanium- doped SiC>2 - Doping with titanium 

increases the refractive index of the guide relative to that of the substrate .

Strip waveguides are formed by reactive ion etching and are then covered 
with pure FHD deposited Si( > 2  as a superstrate. Both single and multimode

waveguides have been obtained by this approach.

2.6 In te g ra te d  o p tica l c irc u its  :

To build integrated optical waveguides, it is not sufficient to simply create a 

region of high refractive index within a substrate of lower refractive index. 

Many different processing steps are necessary to fabricate complex 

integrated optical circuits. This is shown schematically in Figure 2.10. In 

addition to the fabrication of the waveguide, an etching process is required 

to interrupt the waveguides (groove with mirror), or to avoid an interaction 

between two adjacent waveguides (separating groove). Thin film technology 

is also necessary to provide antireflecting coatings, mirrors or buffer layers. 

Buffer layers are needed if the waveguide is not buried and metallic 

electrodes have to be deposited on top of the waveguides. These metallic 

electrodes can attenuate the guided light and therefore must be separated 

from the guide by a dielectric buffer layer with a low optical loss. Finally 

preparation of the edge of the waveguide is not a trivial problem because the 

edge between the front-end of the waveguide and the substrate surface has 

to be very sharp to prevent destruction of the waveguide end.

The fundamentals of integrated optics have been presented and 

considering the difficulties that have to be resolved to realize viable
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integrated optics, a reasonable question to ask at this point is, what are the 

advantages of using integrated optics either in a circuit or as sensors? The 

main advantages are long term stability, miniaturization, the need for 

fewer adjustments, cost reduction and technical improvement. There is 

also the development of new optical structures such as the use of integrated 

optics in sensors.

2.6.1 Evanescent field sensor :

Evanescent field sensors play an important role in fiber optic sensors, and

configurations using integrated optics have been proposed 23. A typical

arrangement makes use of the Mach-Zehnder interferometer shown in

Figure 2.11a. One arm of the interferometer is protected from its

surroundings while the other is exposed. Because the optical field is not

totally restricted to the waveguide but some of the field is traveling as an

evanescent wave a t the guide-surface interface, any change in the

surroundings medium will influence the guided mode. In this manner,

chemicals can be identify through their interaction with the exposed arm.

This method has been successfully used as a hydrogen sensor (Figure

2.11b) 2 4  . It consists of a single mode Y junction in which one arm acts as

the reference and the second as the sensor. The sensor arm is coated with a 
thin layer of WO3  (directly above the waveguide ) on top of which is thin

layer of palladium. The palladium layer acts as a discriminator through 
which only hydrogen can penetrate. The W03  and the hydrogen react and 

the colorless WO3  is reduced to a colored H2 xW03  layer, which will absorb

some of the light guided by the wave.

One of the main motivations for integrated optics comes from the
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Figure 2.9 - Principle of the fabrication of a strip waveguide by SOS 

technology.

FHD

Si02- Ti02 particles 

Si02 particles 

Si substrate

Consolidation

Si02- Ti02 core 
Si02 buffer

RIE

( 1 )

( 2 )

FHD - Si02 cladding »

H  Q / -nr— m

( 3 )

CVD - Si02 cladding 

/

( 4 ) ( 5 )  

n

34



Figure 2.10 - Diagram of the various processing steps for the realization of 

integrated optics circuit.
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Figure 2.11 - Evanescent field sensors : (a) Chemical sensor; (b) Hydrogen 

sensor.
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developm ent of the optical gyroscope 25 (Figure 2.12). The upper diagram  

shows the main components of an optical gyroscope, while the lower one 

shows the integrated optics version. It m ust be em phasized th at the 

integrated optics version is very small compared with the bulk optics 

version and that only the fibers have to be aligned to the integrated optics 

circuits, whereas in the bulk version each elem ent has to be aligned, and 

the alignm ent m aintained. Unfortunately, the integrated components have 

not yet achieved satisfactory performance. Two main problems involving 

the mode filter and the polarizer have yet to be resolved satisfactorily. Other 

applications have been suggested. For example, Kist and Sohler 26 have 

discussed the integrated optics Fabry-Perot resonator as a sensor. Valette 

and co-workers 15c have proposed a planar design for a frequency  

m ultip lexing, and N ishihara and co-workers 27 have designed a laser  

doppler velocimetry LVD.

Although integrated optics have applications in the areas of optical 

sensors and fiber optic sensors and have been under development for some 

tim e, m any fundam ental problem s rem ain to be solved. The m ost 

important of these are fiber coupling, the production of suitable masks, loss 

reduction, and appropriate packaging and housing.

Organotin compounds offer the m eans to generate changes in the 

index of refraction of the glass by photodeposition of tin oxide. Coupled with 

a photolithographic technique, high resolution optical waveguide patterns 

can be deposited on a glass substrate in a single step with the appropriate 

mask. Multiple step processes can be used to deposit different materials, at 

specific locations. Perhaps most important, the metal oxides are stable and 

can be deposited within the bulk of the glass which insures long term  

stability when the glass is consolidated. Glass is a perfect substrate for the
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lithographic deposition of microscopic integrated optic devices, which are 

key components in the realization of optical computing.
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Figure 2.12 - The fiber gyroscope. The upper diagram shows the bulk 

optics. In comparison only a small area is needed to realize the equivalent 

structure with integrated optics ( lower diagram ).
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3. O rganotin Com pounds.

3.1 In tro d u c tio n .

The first organotin compound was reported by E. Frankland in 1849. The 

report describes his fundamental work on ethyltin compounds. 28» 2 9  

Organotin compounds are thus amongst the earliest known organometallic 

derivatives, but appear to have been neglected by most of his 

contemporaries. Frankland had a specimen of diethyltin diodide as early as 

1849, and unambiguous characterization followed some years later. 3 0  

Frankland's intuition and experimental technique, which he adapted with 

surprising skill to the characterization of organotin compounds , must be 

considered remarkable even by today standards. His primary interest was 

not organometallic compounds as such, but in testing the "Theory of 

Radicals ", an important link in the development of organic chemistry 

structure. This is also true of the work of his contemporaries, Cahours and 

Riche (1852) 3 1  and C. Lowig, who reported independent work on organotin 

compounds. 3 2  Until recently, this last publication was usually considered 

to represent the beginning of organotin chemistry. At the time of these 

studies, it was hoped that the investigation of organotin compounds would 

lead to further knowledge of the structure of organic molecules. It is not 

surprising, therefore, that even A. Kekule, the genius of organic structure
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theory, concerned himself with tin alkyls. In 1861, he wrote the following :" 

I cannot resist the opportunity of once again drawing the attention of 

chemist to the analogy between tin compounds and carbon compounds... ". 

3 3  After 1880, however, further investigations of organotin compounds 

faded as a result of the rapid progress of organic chemistry. It wasn't until 

1931 that further reports in organotin chemistry appeared. Among the 

names associated with these newer developments are those of E. Krause 

and his co-workers in Germany 3 4  , C. A. Kraus in the United States, and 

K.A. Kozeshkov in Russia.

A renaissance of organotin chemistry occurred in 1950 with the 

discovery of commercial applications for the compounds as stabilizers 

against photodecomposition for polyvinylcholride and other polymers, and 

later as fungicides. By the end of 1970, an increasing number of groups 

working in many different countries had produced over 4000 publications . 

The rapid progress was made possible largely by a change in preparative 

methods, modern physicochemical methods of analysis, and an intense 

interest in bonding and structure. New methods for the preparation of the 
simple organotins R^Sn, RgSnX, R2 S11X2 , or RSnXg, the synthetic uses of

such compounds in reactions with complicated organic molecules, and the 

realization that stannyl compounds containing Sn -X  (X = F, Cl, Br, I ,N, 

0 , H ) groups are capable of easier and more varied reactions than 

previously suspected further spurred the renasaince. Ingham, Rosenberg, 

and Gilman 3 5  summarized the field to 1959, and Dub 3 6  to 1964. Annual 

literature surveys from 1964 onwards are now available, 3 7  as well as, 

numerous specialized books on organotin chemistry. Two monographs in 

particular, 3®> 3 9  and a multi-volume work 4 0  cover the field to 1970, while 

another review deals with the period 1970-1980. Chapters on organotin

41



chemistry are now included in larger treatises, 42* 4 8 1 4 4  and review articles 

summarize the use of the compounds in organic synthesis. 4 5  Finally, 

papers on organotin chemistry are now surveyed annually in reviews 

published in the Journal of Organometallic Chemistry Library ( 

Organometallic Chemistry Reviews ) , and in Specialist Reports published 

by the Royal Society of Chemistry ( London ).

In spite of this prodigious literature, an exhaustive library search of 

this literature from 1960 to the present failed to yield a publication dealing 

directly with the photochemistry of alkyltinhalides. A short communication 

by Lehn 4 6  in 1966, describing the mechanism of the photochemistry of 

triphenyltinazide, and a paper by Borrell and Platt 4 7  describing the 

photolysis of tetraalkyltin compounds in the vapor phase at different 

wavelengths were the only publications found dealing with the topic. 

During the 1980's a series of publications by Van der Helen and Kochi and 

their groups dealt with the reactions of alkyltinhalides with 

photochemically generated iodine atoms and present mechanistic 

interpretations in terms of charge transfer interactions. 4 8  *4 8  However, 

these papers are concerned primarily with the charge transfer properties of 

iodine and not the alkyltinhalides.

The original intent of this work was to use organotin compounds to 

change the refractive index of glass. However, the gap in the literature 

concerning the photochemistry of organotin halides was startling and 

required that the photochemical behavior of the compounds in fluid solution 

be established in order to understand the photochemical behavior of the 

compounds adsorbed onto a solid support.
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3.2 Properties of Organotin Halides.

3.2.1 Physical :

The physical properties of a number of organotinhalide compounds are 

listed in Table 3.1. Tin atoms are 50 electron species, but possess a valence 

electron configuration, 5s2 5p2, equivalent to that of carbon. Analogous to 

carbon compounds, the valence electrons are thought to be hybridized, and 

the tetravalen t compounds are tetrahedral. H owever, un like carbon 

compounds, tin atoms can readily change their coordination number.

With more electronegative substituents, the Lewis acidity of the metal 

in creases, and coordination with electron rich Lew is b ases leads to 

octahedral s p 3d 2 hybridization. Accordingly, acid-base com plexes are 

obtained, and the compounds may show intram olecular coordination or 

autoassociation leading to dimers or polymers in both solution and in the 

solid state. Compounds of the general formula R ^_n ^SnXn (n= 1,2,3) are

known, where R can be identical or different, substituted or unsubstituted, 

aliphatic or aromatic groups. X can be -OR, -SR, -OCOR, -OSnRg, -NR2 ,

halogens, or some other acid radical, or neutral ligands, such as -H. The 

steric arrangem ent about the tin atom is tetrahedral, and there is no 

m easurable change in the tetrahedral angle when more electronegative  

groups, such as, -OR, 50 or halogen 51 are present. Even the proximity of 

several such groups, as in R2S11X2 or RSnXg has no measurable influence 

on the angles. 52 In compounds like R gS n -Sn R g, the Sn-Sn angle also 

agrees with that of the tetrahedral model. 53

The covalent radius o f the tin  atom , 1.40 A ,  is  surprisin gly
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T a b le  3.1 • Physical properties of organotin halides.

Compound M.W.
(gr./mol)

Melting
Point
<°C)

Boiling
Point
(°C)

Density 
( grVml)

(CH3)3SnF 18251 37.5 decomp ----------------

(CH3)3SnCl 19925 37&39J5 154-156
(CH3)3SnBr 243.70 26.0-27.0 163-165 ----------------

(CH3)3SnI 290.72 -5.0 to -3.0 160-170 2.1432
(CH3 )2 SnCl2 219.59 107-108 185-190
(CH3 )SnCl3 240.04 45.0-46.0

(C6H5)3SnC1 385.46 106.0
(C6 H5 )2 SnCl 2 343.81 42.0-44.0 180-185 ----------------

(C6 H5)SnCl 3 302.16 142-143 15871
(CH3 )3  Sn(N3) 205.82 119-121
(C6 H5 )3 Sn(N3) 392.01 117-120 ----------------
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independent of the nature of the ligands, and decreases only slightly when 

there is an accum ulation of strong electron rich ligands around the tin 

atom (Table 3.2). Thus, the bonding of the substituents to tin appears to be 

entirely covalent , at least in crystalline solids, non-polar media, and the 

vapor phase. Even for tin-halogen bonds, changes in m etal-ligand bond 

len g th  th a t would be expected to follow  from the d ifference in  

electronegativities (Table 3.3) are not observed, although this may be due to 

the relative  large bond-lengths. B ecause o f the sm all e lectrostatic  

interactions between the metal atom and the halogen atom, and the large 

Sn-X bond lengths, the bonds are easily polarizable, and in highly polar 

solvents, the compounds will undergo ionic dissociation, i.e.,

RgSn-X <•— > RgSn+ + X* 3.1

The extent of dissociation is generally very slight even with strongly

n egative ligan d s, and in polar solvents. For exam ple, th e specific  

conductance of a 1.0 M solution of EtgSnCl in nitrobenzene is 1.0 x 10*® ohm*

1 - c m ‘ l ,  and declines to 1.8  x 10*® o h m ' ^ - c m * ^  in  benzene. 54  

Iod otr im eth y lstan n an e, (CH g)gSnl, shows very little  conductance in

benzene, and more in nitrobenzene. 55

Radical reactions, on the other hand, are more common w ith  

organotin compounds. Because of the im portance o f bond-dissociation  

energies in  understanding the radical reactions in organotin chem istry, 

the currently available bond energies are given in Table 3.4.
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Table 3 . 2  - Bond Lengths and Covalent Radius in Tin Halides (A) 11,12

Bond

Sn-X*

Length (A) Measured in Covalent

Radius

Sn
Sn-C 2.18 ±0.03 MeSn4 1.4110.03

2.19 ±0.06 MeSnClg 1.4210.03
2.19 ±0.03 MegSnCl 1.4210.03
2.17 ±0.03 MegSnBr 1.4010.03

Sn-Cl 2.3710.03 MegSnCl 1.3810.03
2.3410.03 MegSnClg 1.3810.03
2.3210.03 MeSnClg 1.3810.03
2.3010.03 SnCl4 1.3810.03

Sn-Br 2.4910.03 MegSnBr 1.3510.03
2.4810.03 MegSnBrg 1.3510.03
2.4610.03 MeSnBrg 1.3510.03
2.4410.03 SnBr4 1.3510.03

Sn-I 2.7210.03 MegSnl 1.3910.03
2.6910.03 MegSnlg 1.3910.03
2.6810.03 MeSnlg 1.3910.03
2.6410.03 Snl4 1.3910.03

Sn-Sn 2.7710.03 (PhgSn)g 1.3910.03

a Accuracy and error limits are those found in the original literature.
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Table 3.8 - Dipole Moments ( Debye Units ) of Organotin Halides in Hexane 

at 20 °C 5 6 >5 7 ’5 8 ’5 9

Compound p, debye

( X -  C l) ( X -  B r ) ( X - I )

( CH3 ) 3  SnX £50 3.45 337

( CH3 ) 2  SnX 2 4.10 3.86 3.76
( CH3) SnX 3 3.64 3.24 2.52

( R -  CH3  ) < R « c 2 H6 ) ( R -  CgHg )

R3SnCl 3.46 3.56 3.46
R2 SnCl2 4.14 4.32 4.21
RSnCl3 3.77 4.08 4.30
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3.2J2 Solubility:

With the exception of fluoro compounds, the RnSnX4 _n organotin halide are

soluble in a variety of polar and nonpolar organic solvents. The insolubility  

of the RnSnF^_n compounds is believe to be due to their polymeric structure.

In weak electron donor, low dielectric solvents, the chloro, bromo, and iodo 

compounds exist as undissociated monomeric species. In strong electron 

donor solvents, such as, dim ethylsulfoxide (DMSO), dimethylformamide 

(DMF), dim ethylam ide (DMA), however, the solvent binds to the metal 

increasing its coordination number. In m ost cases, these solutions are 

nonconducting, but in some cases, specifically with high dielectric 

electron donor solvents, the Sn-X bond breakes, forming solvated organotin 

cations and halide anions. 60

RgSnX + Solvent <— > (RgSn-Solvent)+ + X* 3.2

Water would be expected to be an ideal solvent, but the organotin cations are 

strongly polarizing, i.e ., behave like Lewis acids, and the aquo complex, 

R gSn O H 2 + , becomes a fairly strong proton acid. Tobias has written an

excellent review on the occurrence , structure and hydrolysis of the

organotin-aquo cations, as well as their hydrolysis products. 61

Donor-acceptor adducts, RgSnX-B, form between trialkyltin chlorides 

RgSnCl ( R= CHg C2H 5 ) and Lewis bases such as pyridine, 62,63 >64 TMSO,

DMA, and DMF 65 . The solutions are not conductive, but NMR and UV 

spectra of CHgSnCl Py 66 yield evidence of some dissociation.
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Table 3.4 - Dissociation Energies, D, and activation energies, Ea, for Sn-X 
Bends in Organotin Halides RgSn-X. 67

X D Ea <•>

Kcal/mol Kcal/mol

Cl 85.015.0 89.0

Br 94.014.0 74.0

I 80.014.0 59.0

Me 73.014.0 52.0

Ph 81.015.0 61.0

Sn-Me 76.016.0 35.0

a Lippincott, E. R.; Tobin, M. C., J. Am. Chem. Soc , 75, 4141, ( 1953 )
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Consequently, the molecular adduct is not ionic, but where the data can 

only be explained by assuming a coordination number of five around the tin 

atom, the donor-acceptor bond strength is rather weak. Based on NMR 
coupling constants J  119 Sn-C-H > formation enthalpies 68(69 of the

complex, Bolles and Drago 70 suggested the following scheme :

?  . rWeak Donor | Strong Donor • \ \
-----------------  Sn  ► S — Sn \ —  Cl

/ I  \  ! /  S*.
CH3 *H3 013  ^H 3

In both cases, the coordination number about tin increases to five. However, 

a strong donor causes a profound rehybridization of tin and the structure of 
the complex approaches a trigonal bypiramid with a CHg-Sn-Cl angle of

about 90 °. On the other hand, a weak donor forms an addition compound 
where the CHg-Sn-Cl angle remains about the same as the tetrahedral

angle of 109°.

3.3 R eac tio n s  in  so lu tion .

While the chemistry of organotin halides in the gas phase often involves 

radical intermediates, formation of a solvent adduct, and in some cases, its 

dissociation raises the possibility of ionic intermediates in polar solvents.

CH3

\
S   Sn ----- Cl

/  \
CH3 CH3
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As a result, homolytic cleavage of a bond and formation of free atoms and 

radicals is not necessarily favored over heterolytic cleavage and ion 

formation, particularly in solvents with high dielectric constants. Solvents 

such as water, alcohol, nitrobenzene, pyridine, acetone, may favor 

heterolytic cleavage and ion formation, whereas nonpolar solvents, such as 

ether, benzene, chloroform, carbon tetracholride, and n-alkanes favor 

homolytic cleavage and radical formation.

3.3.1 Ionic Mechanism :

Generally ionic reactions in solution, exhibit quite different characteristics 

from free-radical reactions. This arises from the fact that, with the 

exception of inorganic salts that are fully ionized in water, charge 

separation is usually not complete, and the ions are not actually free. 

Therefore, ionic reactions do not proceed by well defined reaction steps, but 

rather by smooth transitions accompanied by a shift of electrons.This is not 

always realized, however, and ionic reactions involving organic molecules 

are frequently envisioned as involving fully separated ions.

3.3.2 Free-radical Mechanism :

Free radicals can be produced in solution by the thermal, photolytic, and 

radiolytic methods. In the gas phase, free radicals produced by such 

methods usually migrate away from each other before they recombine. In 

solution, however, diffusion is much more difficult, and p r im a r y  

recombination more probable. This phenomenon, which is often referred to 

as the Frank-Rabinowitch effect or cage effect, tends to lower the actual
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yield of radicals. 71

Once a radical has succeeded in diffusing away from its partner, 

however, the cage of solvent molecules surrounding it will hinder its 

recombination with other radicals. On the other hand, there is now the 

possibility of displacement reactions with solvent molecules. Usually, the 

reactions occur readily. For example, radicals are found to dehydrogenate 

alcohols, hydrocarbons, and other molecules, and to dehalogenate solvents 

such as carbon tetrachloride. As a result, free radical reactions in solution 

are not necessarily characteristic of the primary radicals, but more 

characteristic solvent radicals. For example, free-radical reactions in 

aqueous solution are usually reactions involving the hydroxyl radical.

3.4 S pectro scop ic  c h a ra c te r is tic s .

A powerful array of spectroscopic techniques are available for the 

investigation of organotin compounds. The most important of these are UV- 

vis-, infrared-, nuclear magnetic resonance,- and Mossbauer 

spectroscopies. It is the practice of most laboratories to record UV-vis and 

infrared spectra routinely. All organotin halides absorbed light in the UV 
region, but in R(4 _n)SnXn complexes, the nature of X is the key determinant

of the transition energy. With alkyl ligands, the compounds generally 

absorb at £ 230 nm, while with aryl ligands the compounds absorb at £ 260 

nm, due to transitions localized in the aryl moiety. In polymeric complexes, 

the absorption shifts to longer wavelengths as the length of the chain 
increases. Consequently, complexes such as (Et2 Sn)g and (E^Snlg exhibit
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in each class of compounds, the intensity of the absorption increases in

proportion to the number of ligands. 73

The I.R. spectra of the complexes yield useful information, although

alm ost all fundam ental stretching vibrations involving the tin atom occur

at frequencies below 650 cm'*. It is costumary to complement I.R. spectra

with Raman spectra to obtain the lower energy Sn-C stretching frequencies.

74 M onoalkyltin compounds exhibit only one Sn-C stretching band,

whereas, the di- and tri-alkyltin compounds generally show two bands; one 

at 500-600 cm 'l, which is assigned to the asymmetric Sn-C stretch ( vQg ),

and one at 470-530 cm'* which is assigned to the symmetric Sn-C stretch ( 

vc ). 75 The intensities of these bands vary considerably, and in some cases,
o

are very weak. Unfortunately, the frequencies of the Sn-C stretching bands 

are not sensitive to changes in the coordination number of the tin atom, but 

the intensity and number of bands observed can be affected. 76 Although, 

knowledge of the factors affecting the position of the v g bands is lim ited,

current data for the m ethyltin halides show that electronic effects are 

im portant.

In contrast to the Sn-C stretching frequencies, the tin-halogen

stretching frequencies are very sensitive to changes in the coordination of

the tin  atom . More electronegative halogens and larger num bers of

halogens, increase the the nuclear charge on the tin and shift the band to 

higher frequencies. 77 For example, in the RgSnX ( R= alkyl or aryl ) series,

the tin-halogen stretching frequencies are 385-318 cm** (v Sn-Cl), 264-222 

cm** (v Sn-Br), and 207-170 cm 'l (v Sn-I). A structural rearrangement from 

a 4 coordinate to six coordinate species shifts the Sn-X band 100 cm** to 

higher frequencies. 78 Sim ilar shifts occur when an organotin monohalide 

is  converted to a pentacoordinated complex RgSnX *L. The tin-halogen

53



stretch gives rise to an intense band in the 1880-1790 cm range.

In sym m etrically substituted distannanes, R gSn-SnR g, the Sn-Sn

mode is infrared inactive but it can be observed in the Raman spectrum. In 

an unsym m etrically substituted compound, the band is IR active and 

occurs in thel70-200 cm range.

Other vibrational frequencies have also been assigned, for example, 

the Sn-Ng and Sn-NCO stretching frequencies, occur at 401 and 400 cm'^,

r e sp e c t iv e ly  79 Interpretation o f the spectra contain ing tin-oxygen  

stretching frequencies has proven to be rather difficult. However, an 

empirical calculation 80 indicates that the tin-oxygen stretching frequency 

should occur at ~ 570 cm '1, and experimentally, the frequencies appear to 

fall in the 575- to 550-cm'* range. 81

O rganotin  com pounds have a lso  been exam in ed  by NMR 

sp e c tro sco p y .82 A lthough, some in terest has centered on the factors 

affecting the chemical shift, most of the current data focuses on the tin- 

proton spin-spin coupling constants. The J   ̂ Sn- C-H ) values are 

thought to be a measure of the percentage of s -character in the tin-carbon 

bond, but have also been shown to exhibit a strong dependence on the 

nature of the solvent. 83
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4. Porous Silica Glasses.

4.1 Surface chemistry.

The role of surfaces in chemical reactions has and continues to intrigue 

k in etic ists , colloid and polym er chem ists, and m aterial and surface 

scientists. The interaction of a molecule with a heterogeneous phase, such 

as gas-solid, liquid-solid, or liquid-liquid will not only change the local 

concentration of a reactant, but in some cases, its electronic structure as 

well. Both can affect fundam ental changes in reactivity. The crux of the 

m atter is  whether adsorption onto a surface enhances a selected chemical 

change. The chemical change can be initiated by a number of means, but 

photoactivation has received considerable attention during the past few 

years. 84, 85, 86 In a photoactivated system , the support may directly  

participate in the reaction by either absorbing the incident photons and/or 

transferrin g  charge carriers (holes or e lectrons) to the substrate. 

Alternatively, it may act in a more passive, although no less important, 

m anner by affecting local concentrations, rates o f diffusion, or im posing  

an interface. A molecule adsorbed on a surface may react w ith another 

molecule also adsorbed on the surface, or with a molecule that visits the 

surface from an external phase. The kinetics may be as sim ple as those 

found in homogeneous solution, or more complex in  that the rate constant
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may be time dependent, specific adsorption sites may give rise to a Poisson 

type kinetics, or the kinetics may be "static" in nature. 8<

The evolution of new physical techniques during the past twenty  

years have truly revolutionized the photophysics and photochem istry of 

adsorbed species. Computerization of electronic spectrometers and fourier 

transform  infrared spectrom eters 88 have allowed signals due to the 

adsorbate to be separated from those of the support. Diffuse reflectance 

techniques offer a m eans of obtaining infrared spectra of an adsorbate on 

an opaque support. New and more reliable CW and pulse laser have made 

the m easurem ent of em ission quantum yield, lifetim e, and polarization  

ratio much sim pler, and as a result, more applicable to exam ining  

photophysical and photochemical process of an adsorbate on a surface. 89 

In fact, transient adsorption spectroscopy such as flash photolysis is now 

being employed to directly detect and characterize photochemical reaction 

interm ediates on a support.

In spite of the variety of techniques that can be applied, the complex 

nature of a reaction occurring on a solid surface usually  im pedes the 

developm ent of a m echanistic interpretation. The reaction is  not only 

governed by a series of chemical and physical steps that are encountered in 

fluid solution , but further com plicated by adsorption and desorption, 

diffusion on or w ith in  the support, and the chem ical nature o f the  

adsorbate, which m ay be quite different from that in solution or the gas 

phase. As in fluid solution, the occurrence o f the species involved in a 

processes is  inferred by the kinetics of formation and depletion. Several 

spectroscopic techniques 90 have been applied to the study of the mechanism  

of the reaction including £x situ methods for static characterization and in  

s itu  techniques for real-tim e analysis. N everth eless, the researcher
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attempting to acquire a fundamental understanding of the nature of the 

reactive intermediates is face with several problems. Assuming that the 

spectroscopic technique is sensitive enough to extract relevant chemical 

and physical information, which is not always the case, the observed 

spectral features must be sorted out and assigned to a distinct molecular 

species. Suitable models must be located in the literature, prepared by 

independent means, deduced from chemical principles, or derived from 

appropriate calculations. Highly reactive, short lived intermediates must be 

postulated. Although not directly observed, these species are essential to a 

comprehensive understanding of the system under consideration.

4.2 P h o to ch em istry .

The aim of these studies is the understanding of photochemical reactions at 

glass surfaces. Therefore, a brief description of the basics of 

photochemistry, along with an introduction into surface photochemistry 

will be presented.

Photochemistry deals with a unique type of chemical reaction; 

the absorption of a photon by a molecule and the subsequent chemical and 

physical changes that result from this interaction. The absorption of the 

photon leads to the formation of a electronically excited molecule. The 

lifetime of these states can range from picosecond (1 0 * 1 2  seconds) to 

millisecond (10*3 seconds), with the electronic energy being dissipated 

physically, i.e., equations 4.3,4.4, or chemically eq. 4.2.
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A + hv —> A* 4.1

A* —> primary products —> final products 4.2

A* — > A + hv ' 4.3

A* —> A + heat 4.4

In any photochem ical reaction , two q u estio n s in terest the  

photochemist. First, what is the nature of the reactive state, which may or 

may not be the state populated on absorption, and second what pathways 

dissipate the excitation energy.

In any photochem ical reaction, a chem ical change occurs 

while the reactant species is in the excited state. The reactive species may 

be in the same state as was in itially populated by the excitation, or some 

other state reached by a rapid intramolecular conversions. To understand 

the detailed m echanism  by which a photochemical reaction occurs, the 

identity of the excited state, as well as the nature and yield of the products 

m ust be established. Information about the excited sta tes of a molecule 

derive from : a) absorption spectroscopy, b) photochemistry, c) absorption 

and em ission  spectra of the excited species, and d) interm olecular  

quenching and sensitization. If possible, explorations of excited states must 

be also complimented by detailed studies of the decay mechanisms.

One of the m ost useful and fundamental quantities is the quantum  

yield, <I>. Its size and the influence of the experimental variables upon it give 

im portant information as to the nature of the reaction. Quantum yields of

58



primary photochem ical events are of great im portance, but are often  

difficult to m easure. One usually m easures overall quantum  yields of 

product form ation, and from th ese infer inform ation regarding the 

primary quantum yield, and the mechanism of the reaction. The quantum  

yield measures the number of molecules which undergo a specific event per 

unit of light absorbed. The first law of photochemistry states that " O n ly  the  

l ig h t  w h ic h  is  a b s o r b e d  by  a  m o le c u le  c a n  be e ffe c t iv e  in  p r o d u c in g  

p h o to c h e m ic a l  c h a n g e  in  th e  m o le c u le  Therefore, the quantum yield is, 

in effect, an efficiency factor. The quantum yield of the photodecomposition 

of a reactant is defined as

4.5

where d[A]/dt is the rate of disappearance of A and Ifl is the light intensity  

adsorbed by A. Ia is related to the incident intensity, IQ, by the equation :

= I o ( l - 1 0 ' Elc) 4.6

w here e is  the m olar extinction coefficient of A at the excitation

w avelength, 1 is  the pathlength, and c is the concentration of A. The 

incident intensity, IQ, can be measured by a number of different techniques,

although the m ost frequently used is chemical actinometry. In th is case, 

the incident light intensity is measured by the reaction of a compound with
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a well known quantum yield.

4.2.1 Photochemistry of molecules adsorbed onto solid supports :

Historically, the solid state has been of interest to inorganic chem ists as the 

birthplace of crystal-field-theory. Nevertheless, the study of photochemistry 

in the solid state  has progressed at a much slower rate than th at of 

solutions. This was not the result of a lack of interest in solids and solid 

supports, but the difficulties encountered in m easuring param eters as 

sim ple as the quantum  yield. As noted previously, the experim ental 

techniques of adequate sensitivity needed to probe a molecule on a surface 

have only recently become available. In fact, considering the current use of 

photochem ical techniques in m aking solid sta te  electronic com ponents, 

photography, and photolitography, its applications have outpaced the 

understanding of the fundamental chemical and physical events.

The changes in the em ission and absorption spectra of adsorbed 

m olecules during photochemical reactions are fundam entally the same as 

the ones observed in reaction in solution. The excited states of compounds 

adsorbed into solid surfaces, at least those observable by m eans of 

spectroscopic m eans, are sim ilar to those in  fluid solution . M etal 

com plexes adsorbed into solid supports have discrete m olecular energy  

states w ith internal d - d  or ligand-field and charge-transfer-transitions. 

However, the rigidity and periodicity of solids, can modify the reactions. 

Excitation at one site can induce electron migration to another site several 

la ttice  s ites  away. Photocurrents and photovoltages, for exam ple, are 

produced upon irrad iation  in charge-transfer absorptions o f ionic  

com plexes. Many light induced chemical reactions are also related to
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crystal defects, such as vacancies or impurity centers, or are a consequence 

of interfacial (solid-solution or solid-gas) phenomena.

These differences in behavior, as well as the evolution of new  

analytical techniques capable of probing solids surface phenom ena, and 

adsorbates on a support, have led to a ren aissance in solid state  

photochemistry. New concepts have emerged, previous concepts elaborated, 

and applications extended in the fields of electronics, semiconductors, and 

m aterial science.

4.3 Porous Vycor Glass.

The importance of phase separations in the manufacture of glass has been

recognized for the past 25 years. Phase separation during the making of

glass m elts is a viable approach to changing the properties of glass and

ach iev in g  uniform  crysta lliza tion  of g la ss  ceram ics. The chem ical

durability of Pyrex borosilicate g lass, for example, arises from the phase

evaporization that occurs during thermal treatm ent of sodalim e-silicate

glass. Sim ilarly, the Vycor process for the manufacture of 96% silica is

based on the separation of the boron and silica-rich phases during the 

cooling of a 96% SiC^, 3% I^O g, and 1% Na2 0  and AI2O3 melt. The extent of

separation is controlled by the time the m elt is m aintained at a specific 

temperature. When the m elt is quenched, such as, converted to the glass 

phase by more rapid cooling, the result is a transparent, biphasic glass in 

w hich an in terconnected  boron rich phase is  random ly dispersed  

throughout the silica matrix. The boron rich phase is then acid leached  

giving a porous m aterial that is consolidated at 1000 °C to a nonporous 

Vycor glass. The advantage of the procedure is that a nonporous glass,
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which contains > 96 % SiC^, can be obtained at temperatures considerably

lower than the > 1800 °C needed to prepared fused silica.

Porous Vycor glass ( PVG ), nicknamed " thirsty glass ", is the acid 

leached, porous interm ediate in the Vycor process. Acid leaching of the 

boron-oxide phase y ie ld s a m yriad o f p recise ly  controlled pores 

interconnected throughout the glass in a random three dim ensional array. 

Pore size is determined by the extent to which phase separation is  allowed 

to occur and acid leaching. Pore sizes ranging from 20  A  to 2500 A  in 

diam eter are currently available. However, our interest in this m aterial 

stem s from its transparency and porosity. Transparency offers amenability 

to spectroscopy and photochemistry while porosity offers chemical access. 

However, transparency in general declines as cavity size increases. PVG 

sam ples, where the cavities are > 100 A  in diam eter, appear opalescent 

w hite, while sam ples with cavities < 100 A  in diam eter are transparent. 

The difference is  due to ligh t sca tter in g , w hich in turn, lim its  

transm ittance. Transparency is essential to this research since the idea is 

to utilize photoactive organotin compounds to change the refractive index of 

the glass. Consequently, the experiments described here are lim ited to PVG 

containing 70 ± 21 A  diameter cavities.

4.3.1 Properties of Porous Vycor glass:

4.3.1.1 S truc tu re :

Sm all angle X-ray scattering (SAXS) confirms a microporous m aterial that 

can be modeled by a bicontinuous spinodal structure. Scanning electron 

micrographs of the polished PVG ( Figure 4.1) reveal a surface composed of
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F ig u r e  4 .1 - Scanning Electron Micrograph o f Porous Vycor G lass. 

Magnification: 100,000 X.
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interconnected glass nodules with intervening crevices. Some of the latter, 

but certainly not all, contain the openings into the interior pore structure. 

SEM analysis of ground samples indicates that the interior structure of the 

glass is similar to that shown in Figure 4.1, i.e., an array of glass nodules 

with an intervening porous network.

4.S&2 Surface chemistry of porous Vycor glass;

It is  now well established th at physisorption, chem isorption, surface 

chem istry and surface conductivity depend on the structure and chemical 

nature of the surface. At the molecular level the chemistry of an adsorbate 

on a glass surface, certainly its initial events, also reflects the chemical 

nature of the surface. The wide spread use of silica gel as a catalyst, 

catalyst support, and adsorbent, has lead to extensive studies of the silica 

S i0 2  surface. As noted by Ernsberger 91 in an excellent review of the

properties of the g lass surface, the surface structure o f oxide g lasses  

depends on the reactions of "dangling" oxide bonds. These bonds, as well as 

coordinatively unsaturated Si generated in the m elt at the glass surface 

rapidly react with atmospheric water to form surface Si-OH groups. These 

groups hydrogen bond to additional water m olecules to form a hydrated  

surface. Therefore, the surface of an oxide g lass is  composed of Si-OH  

groups, and hydrogen bonded water. The thickness and structure of the 

latter depends on its thermal history and the humidity of its environm ent.

The hydroxyl groups on silica surfaces have been exam ined by 

infrared spectroscopy. 92 ,93 ,94 Figures 4.2a, 4.2b illustrates the spectral 

changes th at occur upon heating a t room tem perature in  air, and in  

vacuum. The broad band centered at 3400 cm'*, and another band at 1250
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Figure 4.2 - Infrared Spectra of Si-OH Groups on Carbosil Silica. 96 

A) temperature dependence in air; B) temperature dependence in vacuum.
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cm '* are assigned to OH vibrations o f physisorbed water. Sim ilar bands 

occur in the spectrum of water, and both bands disappear after pumping at 

room temperature, or heating to 150 °C for a short tim e. As the temperature 

is raised, a broad band at 3660 cm"*, and a band at 3748 cm** become more 

prominent. Above 150 °C, the 3660 cm"* band slowly disappears, and at high 

tem peratures, only the band at 3748 cm ’ * rem ains. The latter band is 

attributed to isolated SiOH groups, whereas the 3660 cm"* band is  assigned  

to associated silanol groups, i.e., closely spaced surface hydroxyl groups 

that are associated via hydrogen bonds. Another type of silanol groups is 

postulated to ex ist near the silica surface, nam ely, an internal Si-OH  

groups, 96,97,98,99 internal SiOH group results from the diffusion of 

water m olecules into silica and their subsequent reactions w ith the silica  

lattice to form two SiOH groups. The presence of this type of groups was 

inferred from deuterium exchange reactions on PVG, and water adsorption 

stud ies suggest th at its formation becomes im portant a t a tem perature 

above 100 °C. 100

Figure 4.3 illustrates the different types of hydroxyl groups that exist 

on silica surfaces. Isolated SiOH groups are referred as silanol groups, 

hydrogen-bonded SiOH groups are referred to as associated  silanols, 

internal SiOH groups, and molecular adsorbed water. The relative amounts 

of these different groups on silica depend on its  therm al history and the 

temperature and humidity of its surroundings at the tim e of observation.

The transparency of PVG ( 50 % at 295 nm vs. air ) is  ideal for the 

study of photoinduced reactions o f adsorbed compounds. Determ ination of 

quantum yields for the photoprocesses is  possible since the scattering and 

absorption o f the in cid en t radiation by PVG is  a lm ost neg lig ib le. 

Furtherm ore, the transparency enables the characterization of surface
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Figure 4.3 • Schematic Diagrams of Hydroxyl Groups on Silica Surface.

(a) Isolated group; (b) Hydrogen-bonded groups w ith  iso la ted  w ater  

molecule; (c) Two hydroxyls in one silicon atom.
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reactions by absorption spectroscopic techniques which is difficult with 

more opaque supports.

4.4 Sol-gels.

The conventional way of producing pure silica glass is to heat quartz 

powder far above its melting point of 1723 °C and then quench it. Because of 

its high viscosity at the m elting point, refining the glass and forming 

shapes tends to be difficult, but crystallization is rarely a problem. The 

purity of the glass formed depends on the purity of the raw m aterials and 

the m elting conditions.

Since the early 1900's pure silica has been formed by what is now 

called the Sol-Gel process. Using this process, a solution of metal alkoxides, 

water, alcohol and a catalyst are reacted to form a gel, which is then dried 

to form a porous hydrated glass. G lasses produced using alkoxides are 

reported to be of higher purity and require lower processing temperatures 

than comparable g lasses produced by conventional m elting. The higher 

purity o f these g lasses results from higher purity reagents. Also, less  

contam ination occurs during firing because of the lower tem peratures 

required and less contact with the firing container. The higher purity of gel 

glasses, as compared to melted glasses, refers to m etallic im purities and 

does not consider residual water. When the sol-gel process is  to used to 

duplicate fused silica, the dried gel is heated to a temperature to collapse 

the gel microstructure and convert the porous m aterial to a nonporous 

g lass.
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4.4.1 Processing :

The sol-gel process for silica involves mixing a silicon alkoxide [Si(OR)4], 

water and alcohol. On mixing, this is a true solution so the term "sol", 

which means a dispersion of colloidal particles, is not correct. Nevertheless, 

the term is used, and add or base is added to catalyze the reaction.

Si(OR)4 + n H 20 — > Si(OR)4_n(OH)n + n ROH 4.7

R represents either a proton or other ligand, and ROH is an alcohol.

Depending on the amount of water and catalyst present, this reaction may 
not go to completion and therefore silicic add, Si(OH)4, is only partially

formed. Soon after hydrolysis starts condensation polymerization begins. 

This is represented by the reactions:

Si(OR)4_n(OH)n + Si(OR)4 — > Si(0R)4.n(0H)x.]-0-Si(0R)3 + ROH 

and
2 Si(OR)3(OH) — > (R0)3Si-0-Si(0R)3 + H20

48

Under addic conditions, polymerization leads to the formation of 

highly branched chains,, whereas adding a base leads to more condensed 

clusters. After some period of time, depending on concentrations and 

reaction temperature, the sol-gel transition is reached. This is when the
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reaction tem perature, the sol-gel transition is reached. This is when the 

viscosity o f the solution rises rapidly and a gel is formed. This gel can be 

dried to a microporous solid having interconnected porosity.

4.4.2 Dried and heat treated Gels:

Dry gels have been characterized in terms of bulk density, apparent density, 

pore volum e, surface area and refractive index. From th ese physical 

m easurem ents, the m icrostructure has been inferred. The generally  

accepted microstructure is an oxide skeleton covered with silanol groups 

surrounding interconnected pores. The scale of the microstructure depends 

on the preparation of the solution before gelling, and the sharpest difference 

in scale is between acid-catalyzed and base-catalyzed solutions. In general, 

small am ounts of acid give a fme-textured gel with a microstructure that 

cannot be resplved easily with electron microscopy, while small amounts of 

base gives a coarse-textured gel with a somewhat particulate appearance.

A lthough m any stu d ies on the densification  o f g e ls  have been  

rep orted ,101 it is  very difficult to compare the results, because different 

preparations are made. For exam ple, a given g lass composition can be 

produced by using either tetraethylorthosilicate (TEOS), (C2H 5 0 )4 Si, and 

tetram ethylorthosilicate (TMOS), (CH3 0 )4 Si, or produced using hydroxides 

and colloidal particles. For silica, the water to alkoxide molar ratio varies 

from about 1:1 to 32:1. Also both acid and base catalysis are used for gel 

preparation. The amount of catalyst used is defined by the pH or molarity of 

the total solution. Because nonaqueous solutions are used, molarity [or MV 

as opposed to pH] may be a more descriptive quantity . Reaction  

tem peratures vary from -78.6 to about 80°C and reaction tim es vary from
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seconds to days. Q ualitative differences in the resulting gels have been 

reported, 102 but the differences in the densification characteristics are not 

understood.Even the qu alita tive  effects o f th ese variations are not 

understood.

Gelation and drying conditions also affect the densification of gels. 

G elation  occurs from room tem perature to 70°C in open or closed  

containers. G els produced under these conditions are called xerogels. 

W hen hypercritical conditions, i.e., critical tem perature and pressure in 

phase transform ation diagram s, are used the resultant gels are called 

aerogels.

The chem ical and physical changes that occur during the heat 

treatm ent of xerogels are : 1) physical desorption of water and solvent from 

micropore w alls; 2) carbonization and com bustion of residual organic 

groups; 3) condensation polym erization; 4) volum e relaxation; and 5) 

viscous sintering.

Water desorption occurs from 120- to 150°C at atmospheric pressure, 

but at lower tem peratures under reduced pressure. According to Iler, all 

hydrogen bonded water is gone by 180°C .103

In the combustion of residual organics, Klein and Garvey 104 report 

an exothermic peak and corresponding weight loss centered at about 400 °C 

and ending by 425 °C. This occurs with a heating rate of 10°C per minute, 

but slower heating rates yield lower tem peratures. According to Susa and 

co-workers, 105 residual organics remain in the silica gel up to about 700°C, 

w hile Kamiya and co-workers, 106 report a large weight loss below 250°C 

during thermal gravimetric analysis (TGA) that corresponds to the loss of 

w ater and organics. A sligh t w eight loss th at continues a t higher  

tem peratures is attributed to the vaporization or decomposition of organic
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m aterials of higher molecular weight. Henning and Svensson 107 report 

that gels heated to 500°C still contain 0.3 wt.% carbon. Analysis of a 

borosilicate gel densified at 750°C by Brinker and co-workers, 108 reveal 0.25 

wt.% residual carbon.

The tem perature at which the combustion of residual organics is 

completed depends on heating rate, soak tim es and firing atmosphere. For 

pure silica gels densified at a heating rate o f 5°C/min in an oxidizing 

atm osphere to a tem perature of 800°C, residual carbon does not affect 

densification. The possible effects of residual carbon on post-densification  

bloating will be discussed later.

4.4.3 Hydroxyl Groups:

The chemical and physical changes that occur during the heat treatm ent of 

a gel are a third phase in the process. During th is phase, further 

condensation polym erization occurs, i.e.,

Si-OH + HO-Si - - >  Si-O-Si + H20 4.9

The removal of w ater formed in th is reaction is  im portant because it 

changes the gel. In colloidal silica composed of l-10nm  particles, the 

in terfacial Si-O H — H 20 energy is around 50 to 100 erg/cm^, and water

removal requires surpassing an activation energy barrier of 42 kJ/mole. As 

a resu lt, com plete rem oval o f the hydrogen bonded w ater requires 

temperatures of at least 180°C.

Condensation (reaction 4.9) produces four important effects. First, it 

dehydrates a g la ss and is  a com positional change. Second, it  is  a
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polym erization reaction which densities and strengthens a gel. Third, it 

converts a lower energy silanol surface to a higher energy siloxane (Si-O- 

Si) surface. Fourth, dehydration may cause the formation of highly  

strained, and therefore highly energetic bonds.

The com positional changes arise from the loss o f water. The 

theoretical hydroxyl concentration for a pure silanol surface is 4.5 OH/nm^. 

109 j f  a  g e i h a s  500  m^/gr. of surface area, each gram of gel contains 0.036g 

of water in the form of hydroxyls, consequently pure silica gel is 97% silica 

and 3% water. At room tem perature the experim ental value is about 8 

OH/nm^, therefore a sample of pure silica gel contains 6% water. At 400°C, 

there are about 2.8 OH/nm^ and the number slowly decreases to 0.06  

O H /nm ^ as the tem perature rises to 1100°C. 110 These are generally  

accepted values, but Carturan 111 reports that no weight loss occurs above 

450°C for a pure silica gel. Kiselev, 112 who used EtgN  adsorption to

determ ine the number of OH's on silica surfaces, found that at 1000°C in 

vacuo, 0.5 OH/nm^ remain. On the other hand, Boer 113 found no residual 

OH at 900°C at atmospheric pressure, and Gonzalez-Oliver 114 report that 

the water content of a silica gel was less than 0.1 wt.% at 800°C. Zarzycki 

found that a TEOS gel that dehydrated at 950°C had 0.8 wt.% water, 

whereas a precipitated colloidal silica, Ludox, gel had 2.1 wt.% water.

Part of the problem of obtaining reproducible silanol numbers is that 

the number appears to depend on surface curvature. Pores w ith small 

negative radii of curvature tend to have more hydrogen bonded OH and are 

harder to dehydrate. Also, the range of the values may be due to impurities. 

Sodium 116 and boron, 117 in particular, tend to segregate to the surface. 

Thus, sm all bulk concentrations can lead to large surface concentrations, 

which will affect the surface OH number.
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The condensation reaction, 4.9, has been studied in some detail. 

Yamane 118 reports that the monotonic decrease in hydrogen content and 

concurrent increase in density  w ith tem perature corresponds to the 

progress of dehydration polymerization. Iler 119 reports that isothermal 

dehydration occurs with a relatively rapid loss of water for the first 6  to 10 

hours after the temperature is raised. Nogami and Moriya 120 suggest that 

the water removal is  diffusion controlled because the water content in 

glasses prepared by the gel process decreases in proportion to the square 

root o f heating time. Brinker and Scherer 121 interprete the weight loss 

versus time curves differently. At low temperatures, < 500°C, condensation 

occurs predom inantly in the bulk and water removal is diffusion limited. 

At tem peratures, > 500°C, the hydroxyls are primarily on surfaces 122 and 

the w eight loss follows first order kinetics. The w eight loss, DW, is  

proportional to e x p ^ ^ ,  where K is a rate constant and t is time. The 

reversib ility  o f th ese  condensation reactions appear to depend on 

tem perature. Hair 123 reports that at tem peratures below 400°C, the 

reactions are reversible, but not at higher temperatures.

In general, attem pts to elucidate the rates and m echanism s of 

dehydration have been unsuccessful. In part, this is due to the fact that the 

num ber of O H 's/unit area depends on param eters such as surface 

curvature and im purity levels. Also, the nature of the surface hydroxyls 

varies with temperature. At < 500 °C, associated hydroxyls are present, and 

are more easily removed than the single or vicinal OH. On the other hand, 

at 800°C, 124 only the single or vicinal hydroxyls remain.

In addition to the above effects, dehydration polym erization also 

changes the surface energy. Brunauer's. 125 m easurem ents of the surface 

energies of hydrous and anhydrous amorphous silica, by m easuring the
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heats of solution of sam ples having different specific surface areas and

bound water contents, yields 129± 8 ergs/cm^ hydroxylated silica based on 8

O H /nm ^, and surface energy to be 259±3 ergs/cm^ at 23°C. The surface

energy above about 400°C is of interest in sintering experiments. At 400°C,

there are about 3 OH/nm^, which leads to a surface energy of about 200

erg/cm. Thus, the surface energy changes by 130 ergs/cm or 100% on going

from a gel at am bient tem perature to a glass at high tem perature. For

sin terin g  experim ents, the surface energy changes by less  than 60

ergs/cm^ or < 30%.

Brinker and co-workers, 126 report that dehydration polymerization

also results in the formation of strained bonds. This is suggested by an 

increase in the intensities of the D 2 defect band in Raman spectra of silica

gels. They also report that the concentration of these defects increases up to 

at least 700°C.

For colloidal silica gels, bulk water/OH removal begins at 200°C and 

is completed by 1000 °C. 127 However, Krol and van Lierop 128 find that this 

may not be applicable to TEOS gels. Their Raman studies of hydroxyl type 

and concentration versus temperature of a TEOS derived gel shows that, 

between 400 and 700°C, only surface silanols, characterized by peaks at 3750 

and 980 cm '*, are present. As the tem perature was raised from 700- to 

900°C, how ever, the 3750 cm'* band disappears accom panied by the 

appearance of a broad band center at 3680 cm'*. The 980 cm"* peak shifts to 

970 cm'* corresponding to a change from surface silanols to bulk silanols.

4.4.4 Volume relaxation and skeletal density:

Because g lasses are not in an equilibrium  state, but are quenched in,
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Brinker 129 describes the next step in the heat treatm ent as a volume 

relaxation. Three relaxation regions in a synthetic (high OH content) silica 

glass having a Active temperature of 1300°C. 130 In one region, 800-1000 °C, 

the sam ple contracts to reach the m etastable equilibrium volume. In the, 

500-700 °C region, contraction occurs due to the healing of "open bonds", 

such as the linkage of S i-0  units by regrouping the Si-O^ tetrahedra. In the

third region, 200-300 °C, the sample expands. The volume expansion in the 

synthetic silica g lasses is attributed to the looseness and openness of the 

structure, and the higher mobility of the tetrahedra because of the water 

content.

These relaxation regions probably also occur in gel g lasses, but at 

s ligh tly  lower tem peratures because of their higher w ater, and non­

bridging w ater content. The low tem perature expansion may help to 

explain high coefficients of thermal expansion observed in gel glasses from 

am bient temperature to 250-300 °C. 131 On the other hand, contributions 

from the first region are lost in viscous sintering, w hile those from the 

second region are overshadowed by the condensation polym erization  

reaction. However, one exception has been reported by Brinker and co­

workers. 132 In this case, a marked shrinkage in a TEOS gel occurs at 

650°C w ith little  corresponding w eight loss. Contributions from the first 

region are overwhelmed by viscous sintering.

The skeletal density of a gel is of interest because small changes in 

skeletal density correspond to large changes in glass structure. Although, 

the generally accepted value for the density of fused silica is 2.20  g/cm^, the 

actual values vary widely. Brunauer 133 reports the density o f a precipitated 

silica gel to be 2.29± 0.01 g/cm^, while Yamane 134 reports that the true or 

skeletal density of a TMOS gel is 1.98 g/cm^ . Although, the skeletal density
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is supposed to be independent of how a gel is formed and equal to 2.05 

g/cm ^, in fact for silica produced at am bient tem perature, the density  

depends on the heat treatm ent. Iler, 135 for exam ple, reports that the 

density for colloidal silica is 2.18 g/cm^ after heating to 100°C in helium and 

2.22 g/cm^ after heating to 1000 °C. Brinker and co-workers 136 find a 

minimum density o f 1.72 g/cm^ after heating to 300 °C and a maximum of 

2.38 g/cm^ after heating to 700 °C, although the latter value is attributed to 

experimental error. Small angle X-ray scattering (SAXS) porosity plots 137 

for TEOS gels after heating to 650°C reveal excess free volume, or density  

fluctuations on the molecular scale. BET m easurem ents also revealed an 

unaccounted volume of 0.005 cm^/g after heating to 650°C. However, all 

fluctuations disappear after heating to 900°C.

As a sample of fused silica is heated to 1000°C it expands slightly, 

and its  density decreases. Between 1000 and 1500 °C, it contracts slightly, 

and its  density increases. Above 1800 °C, fused silica expands rapidly such 

that at 2300 °C it has a density of 1.92 g/cm^ .138

4.4.5 D ensification:

The final stage in the heat treatm ent of a gel is a reduction of surface area 

and pore volume by viscous sintering. Surface area and pore size of a gel is 

usually determined by nitrogen adsorption. This is referred to as the BET 

m ethod and involves adsorbing and desorbing nitrogen from nitrogen  

h elium  m ixtures a t liquid  nitrogen tem peratures. The m ethod is  

independent of whether the surface is hydrated, and is accurate if  there are 

no pores sm aller than about angstrom in diameter. 139 Gels with pore 

radii less than 3 A  irreversibly absorb nitrogen. 140
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Although it m ight be expected that viscous sintering decreases the 

average pore size , BET measurements 141 on TEOS gels and colloidal silica 

gels 1^2  show that the average pore size does not change. On the other 

hand, control heating leads to a step wise loss of surface area. 143

TEOS gels are reported to lose about 10 to 25% of their surface area at 

tem peratures that are too low for viscous sintering. T his decrease in 

surface area without a corresponding decline in the average pore size may 

be due to collapsing micropores or surface diffusion, since micropores 

having a diam eter less than 1 2  A  appear as surface area in a BET 

m easurem ent. Since silica gels start to densify above 200 to 300 °C, 

dehydration polym erization may collapse these pores and prevent their 

rehydration.

Nogam i and Moriya 144 report that the low est tem perature for 

producing a dense silica glass from an acid catalyzed TEOS gel is 700 °C. 

However, gels densify over a wide temperature range and constant rate of 

heating (CRH) sintering equations have been applied to understand the 

den sification  process. At in term ediated  tem p eratures, shrinkage is 

independent of the heating rate. 145 Whereas in the higher temperature 

viscous sintering range, plots of AL/L, where L is the dim ension of the 

sample before heating, and AL is the amount that the sample shrinks while 

heating, versus heating rate exhibit a minim a at 9.36°C/min., and 2.5 

°C/min. 146 However, Nogami and Moriya 147 claim that no equation could 

satisfactorily model the shrinkage of acid catalyzed gels.

The failure of CRH sintering equations is thought to be due to the fact 

that weight loss decreases as heating rate increases. 148 This means that a 

faster heating rate leads to a gel with a higher water content gel and lower 

viscosity. Although a faster heating rate gives a gel less time to shrink, the
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lower viscosity im plies that the gel will need less tim e to shrink. The 

increased heating rate may also lead to increased structural relaxation, 

which seem s to be consistent with the lower viscosity, but inconsistent with 

the sta tem en t th at decreasing the heatin g  rate increases skeleta l 

densification.
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Part II

Experimental
Section



1. M aterials.

Iod otr im eth y lstan n an e, (C H g)gS n l, (O rganom etallics Inc., 97*99%.), 

b r o m o tr im e th y ls ta n n a n e , (C H g)gS n B r, (A ldrich Co., 95%), and  

ch lorotr im eth y lstan n an e, (C H g)gSnC l, (Aldrich Co., 95%), were used

w ithout further purification since their absorption and infrared spectra  

agree w ith published spectra. 1 C hlorotriphenylstannane, (C gH g)gSnC l,

(Aldrich Co., 95.0 %), dichlorodiphenylstannane, (C g H g ^ S n C ^ . (J. T. 

Baker Chemical Co., 98.0 % ), and trichlorophenylstannane, (CgHglSnClg, 

(City Chem ical Corporation, 97.0 %), were also used w ithout further 

purification since their infrared and electronic spectra also agreed with  

published spectra. 2> 3 All the organotin compounds were stored in the dark 

at cool tem peratures to avoid degradation. Ironpentacarbonyl, Fe(CO)§,

(Pressure Chem ical Co. 98.0%) w as vacuum  distilled  and stored in  a

freezer under an inert atm osphere. U V -visible and IR spectra o f the

distilled complex agreed with published spectra.

Sodium  azide, NaNg (Fisher Scientific., 95% ), crystalline iodine

(Aldrich Co., 99.9%), silver acetate, AgCHgCC^, (Aldrich Co., 99.9%),

silver n itrate, AgNOg, (Aldrich Co., 99.9%), T etram ethylorthosilicate,

TMOS, Si(OCHg)4 , (Aldrich Co., 95.0%), and reagent grade soluble starch,

(F isher Scientific, 95.0%), were used w ithout further purification. All 

solvents w ere spectroscopic quality, (Aldrich Co., gold label > 99%), and
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were distilled and dried over molecular sieves prior to use.

Phenyltinazides, (CgHg)(4 . n )Sn(Ng)n , were synthesized according to

the procedure of Thayer and W est, 4 i.e.,

NaN3

<C6H5 )(4_n)SnCln -----------> (C6H5 )(4_n)Sn(N3 )n 1.1

A volume of a 0.08M aqueous solution o f N aN g w as added to an ethanol 

solution 0.1M in  (CgH glgSnCl, and the mixture refluxed for two hours. 

The volum es o f reagent so lu tion s w ere varied  depending on the  

stoichiom etry of the reaction, and the am ount o f product desired. After 

refluxing, the solution was cooled in an ice bath (0°C) until w hite crystals 

precip itated from solution. The product w as filtered  off and tw ice  

recrystallized in hexane. The m elting point o f the compounds are listed  

along with other physical data in Table 3.1 Part I. The IR and NMR spectra 

of the compounds agreed w ith the published data and spectral data is  

sumarized in Table 2.5 Part III.

Potassium  ferrioxalate, K3 Fe(C 2 C>4 ), was synthesized according to

the procedure o f Hatchard and Parker 5 and recrystallized three tim es 

from hot water. The 0.2% 1,10 phenantroline monohydrate (Aldrich Co., 

97%) solution was prepared when needed to avoid degradation problems. 6 

The buffer solution was prepared by diluting 600 ml o f 1.0 N  sodium acetate 

and 360 ml o f 1.0 N sulfuric acid, to 1.0 liter. Excitation in tensities were 

determined w ith a 0.006M aqueous solution of K3[Fe(C204>3] according to 

the procedure of Calvert and Pitts. 7

Sam ples o f code 7930 porous Vycor g lass, in  the form of 25mm x 

25mm x 2mm plates, containing -  70 ± 21 A cavities were obtained from the
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Corning G lass Works. The glass plates were cleaned by first extracting  

them  in a soxlytic extractor with a 50:50 acetone : distilled water mixture 

for 12 hours, and then twice with distilled water for an equivalent period of  

tim e. The extracted sam ples were dried under vacuum at 70 °C, and then  

calcined at 650 °C for £ 72 hours. The calcined sam ples were stored in a 

muffle furnace at 650°C until needed. Prior to use, they were transferred to 

a vacuum  desiccator and cooled to room tem perature under vacuum (p € 

10 '3 to rr ).

Silica gels were prepared by the method of Zarsycky 8 using TMOS- 

m ethanol-water mixtures (Table 1.1). The TMOS, water and methanol were 

m ixed for about 10 m inutes, then a catalyst, am m onia, w as added to 

facilitate the polymerization process. After adding the catalyst, the solution  

was transferred to different sized glass containers to achieve glass gels of 

the desired size and shape. For large samples, ~ 2 inches in  diameter, the 

gelin g  solution w as poured onto liquid mercury. C asting  the gel on 

mercury minimized the stresses that arise between the glass container and 

the gel during the drying process. The sam ple containers w ere then  

covered w ith  polyethylene film  and m aintained at 60°C. Under these  

conditions, gelation occurred in approximately 2 hours. The gels were then  

cooled to room temperature (23°C) and allowed to dry for about 2-3 weeks. 

After drying at room tem perature, the gels were heated to 60 °C under 

vacuum ( p£l.O x 10'® torr ) for 12 hours. This additional drying w as found 

to be necessary to prevent cracking during subsequent high tem perature 

treatm ent. The gels were then heated to 650 °C a t a heatin g  rate o f 20 

°C/hour, followed by a dwelling tim e of 24 hours at 650 °C, and cooling to 

room temperature at a rate of 100 °C/hour.
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T ab le  1.1 - Composition of silica xerogels by volume.

S a m p le# m o s  (ml) MeOH (ml) H2<Xml) NH4 OH (ml)

1 6.00 4.00 3.0 1.0

2 6.00 10.00 3.0 1.0

3 6.00 15.00 3.0 1.0

4 6.00 20.00 3.0 1.0

5 6.00 25.00 3.0 1.0

6 6.00 35.00 3.0 1.0
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2. Im pregnation Procedures.

The problem is  to diffuse and organom etallic compound through the 

cavities of a porous glass and obtained a homogeneous distribution. Since 

the goal is to increase the refractive index of the glass at selected areas, the 

diffusion process m ust be controlled. Impregnation of PVG plates, glass  

gels, or crushed PVG ( 50 to 400 m esh ), was accom plished by either  

solution adsorption or vapor deposition.

2.1 Solution adsorption.

A weighed, calcined PVG plate w as m ounted upright in  an Eastm an  

Kodak chromatography tank ( catalog # 13265 ). An aliquot o f a solution o f  

known concentration and sufficient volume, usually 50.0 ml, to completely 

im m erse the glass plate was added to the tank. The tank was covered and 

kept in  the dark at room temperature, ~ 25 °C. Sam ples containing from 10' 

® to 10' 4  mol of adsorbate/gr. of PVG were prepared by varying the molarity 

of the im pregnating solution, the exposure tim e, or both. The number of 

moles adsorbed on the glass w as determined by m easuring the decrease in  

absorbance o f the impregnated solution via the relation :
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Solution Solution
^ h itin l _  ^Inidnl

Solution Solution
A fin n l M p intl 2 .1

w here

Solution Solution
moles adsorbed = M,nititl - MFint]

The im pregnated g lass sam ple w as removed from the tank and 

attached  to a Teflon sam ple holder. The sam ple w as then m ounted  

vertically  in a 30m m  x 15mm x 75mm rectangular quartz cell, and 

attached to an upper section equipped with a 60 mm O-ring, a side arm  

and a high vacuum  valve, (Figure 2.1). The unit was then attached to a 

vacuum  lin e , and the solvent incorporated during im pregnation was 

removed under a vacuum of 1.0 x 10*3 torr at room temperature for a period 

of 1.0 hour.

Absorption spectra of the dried sam ples were recorded from 700-185  

nm, and corrected by subtracting the spectrum of a freshly calcined PVG 

sam ple recorded under identical conditions. A calibration curve, sim ilar to 

that in Figure 2.2, was constructed by plotting the absorbance of the glass at 

specific wavelength vs. the number of moles adsorbed. The plots were used  

in  the quantum yield m easurem ents to determine the number o f moled that 

underwent reaction. The error in the procedure was calculated to be ~ 10.0 - 

15.0 %,  w ith the largest error at the high concentration loadings. Relative 

extinction coefficients o f compounds adsorbed in the glass were obtained  

from slopes o f the plots.
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F ig u re  2.1 - Photochemical degassing cell.

Compound

PVG Square 

Teflon M ount
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F ig u r e  2.2 - Absorption calibration curb : Moles adsorbed of (CHglgSnl/ 

of PVG vs. Absorption intensity at 230 nm.

[Moles Adsorbed/ gr o f PVG] X10



2J2 Vapor deposition.

Vapor deposition  w as used  to im pregnate PVG w ith  ( C l ^ ^ S n l ,  

(C H g^SnBr, (CHg)gSnCl, (C gH g^ n C ^ , and Fe(CO)g, since these reagents 

exhib it sufficient vo latility  a t room tem perature, ~ 25 °C. D ifferent 

sublim ation apparati were used to im pregnate the solid and powder 

sam ples. To impregnate PVG plates and the solid g lass gels, the sam ples 

were mounted vertically in a Teflon sample holder, which was mounted on 

top of a weighing dish that contained a 10 ml glass petrie dish (Figure 2.3). 

The weighing dish was covered by a metal grid w ith a mesh size of lmm^. 

Between 100 to 200 pi o f the pure compound were placed in the petrie dish  

along w ith a micro m agnetic stirring bar, and the entire apparatus was 

placed in a bell jar. The bell jar w as covered with aluminum foil to prevent 

photodecomposition during im pregnation, and the entire apparatus was 

placed on a hot plate stirrer, evacuated to a pressure of 10*3 ^orr, an(j jf  

necessary , warm ed to increase vo latility  o f the reagent. The rate of 

adsorption and the number of moles adsorbed was followed by m easuring  

the absorption spectra of the glass as a function of exposure time.

In another sublimation apparatus, (Figure 2.4), a weighed sample of 

powder g lass, usually  about 300 mg, w as place in the g lass  cup and  

suspended in  the middle of the apparatus. 100 to 200 pi o f the pure 

compound was placed in the bottom of the flask, and the cell and its  

contents were degassed by freeze-pump-thaw cycles. The evacuated cell was 

then closed off and allowed to equilibrate a t room temperature to sublime 

the compound onto the g lass powder. All im pregnations, w hether by 

sublimation or solution impregnation, were carried out in the dark to avoid
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Figure 2.4 - Powder sublimation cell.

PVG Powder

Compound
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possible degradations from photolytic events.



3. Photochem ical Techniques.

3.1 Solution.

In preparative experim ents, 250.0 mis. of a solution ranging from 1.0x10'^ - 

1.0x10*9 M in  the reagent were placed in a tubular quartz cell. The solution  

w as deaerated by nitrogen or helium  bubbling, and m ounted upright 

(Figure 3.1a) in  a Rayonet Reactor (Southern N ew  England U ltraviolet 

Corp.) equipped with either 254-, 310-, or 355 nm bulbs. The cell was either 

closed off after deaeration, or bubbling was continued as a m eans to stir the 

solution during photolysis. The solution was sampled periodically and the 

extent o f reaction was analyzed spectrophotometrically.

Follow ing photolysis, the solvent volum e w as reduced by vacuum  

distillation at tem peratures $ 60 °C. Precipitates were removed by filtration 

and analyzed by m eans o f the physical techniques described below. The 

volume o f the filtrate was reduced further by vacuum distillation and also 

exam ined by these techniques.

In a kinetic experim ent, a 5.0 ml aliquot o f a solution o f known  

concentration w as placed in  the side arm of a cell (F igure 3.1b) and  

degassed, (p £ 5.0x10*® torr), by three freeze-pum p-thaw cycles. After 

degassing, the cell w as closed off, removed from the vacuum  line, and the 

tipped to flow the degassed solution into a 1.0 cm pathlength fused quartz

93



F ig u r e  3 .1  - A rrangem ent and cells for preparative and kinetic  

experim ents.

Rayonet ReactorDegassing Cell

UV lamps
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cell. The cell was then suspended in the Rayonet Reactor, (Figure 3.1c).

The degassed sam ples were irradiated with either 254*, 310-, 355- nm  

light. Electronic spectra were recorded periodically to determine the rates of 

startin g  m aterial disappearance and product appearance. The ligh t  

in ten sity  in cid en t on the cell, Io, w as d eterm in e by ferrioxalate  

actinometry. Typical intensities a t 254-, 310-, and 355- nm were 1.22x10*7, 

3.76x10*®, and 2.0x10*® (eisntein/ cm®- sec.), respectively.

Quantum  yields o f disappearance or product appearance, 4>, were

calculated from the in itia l rates of change, d[A]/dt, and the adsorbed  

intensities, Ia , i.e.

Rates were determine spectroscopically, and the adsorbed intensity, Ia , was 

calculated from the initial intensity, IQ, by the relationship in equation II.4:

Ia = I 0 ( l - 1 0 ' Al ) 24

where is  the absorbance o f the starting m aterial a t the excitation  

wavelength. Since changes during photolysis, in general, the reactions 

were lim ited to 5 15% conversion, and A^ was taken to be equivalent to its  

initial value. W ith larger percent conversions, A^ was taken as the average

of the initial and final absorbances at the excitation wavelength.
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3.2 Glass.

As in  the solution experim ents, both preparative and kinetic experim ents

were carried out w ith the glass sam ples. However, since the photoproducts

could not be desorbed intact from the g lass, preparative refers to the

generation o f sufficient product for spectroscopic characterization. In the

preparative experim ents, a square glass sample was mounted upright in a

Teflon m ount and placed inside a quartz photolysis cell (F igure 2.1). 

Approximately 200 pi of pure (C H g^Snl was pipeted into the side arm of the

cell, and degassed by three freeze-pump-thaw cycles. After degassing, the 

compound was flowed onto the glass and allowed to im pregnate the glass. 

Periodically, the cell was tipped to flow the compound back into the side 

arm. The side arm valve was closed and the cell evacuated (p £ 10'® torr). 

Absorption spectra of the g lass  were then  recorded to determ ine the  

number o f m oles adsorbed. Once the desired number w as obtained, the cell 

w as attached to the vacuum line and evacuated for about 5 min to remove 

any residual unim pregnated compound. The absorption spectrum  of the 

g la ss  w as again recorded to established the num ber o f m oles prior to 

photolysis. The cell was then mounted upright in the Rayonet reactor and 

the sam ple photolyzed w ith either 254*, 310-, or 355 nm light. Absorption 

spectra w ere recorded periodically during photolysis to determ ined the 

extent of the reaction.

Preparative experim ents w ith impregnated powdered sam ples were 

also carried out in the diffuse reflectance cell of the FTIR. The glass powder 

sam ples were im pregnated by sublimation (Figure 2.3), and transferred to
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the sam ple cup o f the diffuse reflectance cell equipped w ith  a quartz 

window. The sam ples were either evacuated (p £ 10‘® torr) or irradiated in  

air w ith an Analam p Model #6254 Hg lam p FTIR. The photochem ical 

reaction w as followed by periodic recording o f diffuse reflectance FTIR 

spectra.

In the kinetic experim ents, an im pregnated square g lass sam ple 

was m ounted in a quartz photolysis cell (Figure 2 .1) and irradiated with  

either 254-, 310-, or 355-nm light in the Rayonet reactor. Absorption spectra 

were recorded periodically, typically every 10 seconds, to m easure the rates 

o f starting m aterial disappearance and of product appearance. The light 

in ten sity  incident on the g lass sam ple was m easured by ferrioxalate 

actinometry. To approximate the area of the g lass sam ple exposed to the 

exciting light, a volum e o f the actinom etric solution, usually  10 ml, that 

had a surface area very close to that of the glass w as irradiated. Under 

these conditions, typical excitation intensities were 1.0x10*® (E instein/sec- 

cm^). Nevertheless, there is  an error in m easuring the light incident onto a 

solid sam ple w ith a liquid phase actinom eter. However, based on the 

geometries of the different samples the error is estim ated to be £ 5%.
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4. Photolithographic Techniques

4.1 Im age generation.

Most o f the photolithographic experim ents were carried out with porous 

Vycor glass or base catalyzed glass-gel sam ples im pregnated with either 

(CH3 )3 SnI, or Fe(CO)g. However, other organotinhalide compounds, such 

as (CH3)3SnBr and (CH3 )3SnCl, were also exam ined ..

In most experiments, the initial impregnation levels were 1.0 x 10 

mol adsorbed of each compound/grof glass. The im pregnated sam ples were 

m ounted in  a photolithographic optical bench (Figure 4.1), where the 

excitation w as focused through the m ask and then onto the im pregnated  

sam ple. All irradiations were carried out in air, and in m ost cases, with  

near UV light, since the masks transmitted light greater than 300 nm. The 

light sources were either an Illumination Industries 400 W Xe or a 150W  

T ungsten halogen lamp. Photolysis tim es were varied depending on the 

transm ission o f the m ask and the desired depth o f photodeposition in the 

glass. In general, the longer the exposure tim e, the deeper into the glass  

the photoproduct was deposited. With (CH3 )3SnI or Fe(CO)g im pregnated

sam ples, photolysis time range between 5 m inutes to 4 hours.

After photolysis, the sample was transferred to a vacuum chamber 

and degassed at a pressure of 5.5 x 10'® torr for 24 hours to remove the
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Figure 4.1 - Photolithographic bench layout.

1 - Hg Lamp 400 W
2 - W ater Filter
3 - Collimating Lens
4 - Photomask
5 - Glass Sample
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unphotolyzed compound. The sam ples were then heat treated according to 

the heating scheme given in Figure 4.2. Heating removes any unphotolysed 

adsorbate, and converts the photoproduct to a m etal oxide. The startling  

result was that the porous glass could be heated to 1200 °C, which collapses 

the pore structure and produces a consolidated glass, without loss of image 

resolution . C onsolidation occurred w ith  a 30 % reduction in  sam ple  

volume, but has no adverse effect on the photodeposited image.

4.2 M icrolithography.

M icrolithography exp erim en ts w ere carried out w ith  th e optical 

arrangem ent shown in  Figure 4.3. The light source was either a pulsed  

Nd:YAG laser ( Quanta Ray Model # 500) with either the 266-, or 355-nm  

excitation, or a Xe ( Model # ) 150 W lamp. The mask was mounted on a 1.5 

cm diam eter x 2mm thick 50:50 quartz beam splitter in the light path of a 

Zeiss Model MC368 microscope. The microscope was equipped with a 10x-, 

and 30x (DPlan 4) objectives. Quatrz optics in the objectives were used in 

order to w ithstand the full amplified power o f the Nd:YAG laser, ~ 60 

m J/pu lse.

In a routine experim ent, the im age o f the m ask w as focused to a 

desire m agnification with either of the two objectives onto an impregnated 

sam ple on the microscope sam ple stage. A 535 nm filter w as used to 

prevent preexposure of the sam ple during the focusing operation. Once 

focusing w as achieved, the sample was exposed. Exposure tim es varied  

depending on the source. With the Nd:YAG laser, exposure tim es were
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F ig u re  4.2 - Therm al processing sin tering  cycle for PVG and sol-gel 

sam ples.

Time (Hr.)
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F ig u re  4 3  • M icrolithography optical bench layout.

1- Nd:YAG Laser, or Hg Lamp 400 W I

2- Beam expander, series of three lenses

3- Shuter

4- 500 nm Filter

5- Lens

6- 35 mm Camera

7- Photolitographic mask

8- lOx or 30x Objectives

9- Glass sample

10- 500 nm Filter.
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usually one m inute a t a pulse rate of 60 pulses/m inute, and an average 

power o f 30 m J/pulse. W ith the xenon lamp, exposures o f 30 min were 

com m on.

4.3 Photom ask design.

One o f the biggest problems encountered in these stud ies w as obtaining  

m asks o f appropriate resolution. Commercially available chrome m asks 

are very expensive, the num ber o f designs are lim ited , and o f those  

availab le, few are applicable to the generation  o f in tegrated  optics. 

Consequently, it was decided to design and fabricate our own masks.

M ask layouts were designed w ith  a graphics program from the 

M acintosh computer and an 8.5x11 inch copy of the layout w as printed. 

Figure 4.4 illu stra tes  a m ask design  for photodepositing an optical 

waveguide pattern The hard copy was then reduced photographically by a 

factor o f 200. This im age was then  photographed u sin g  a 300 x 

magnification zoom lens to obtain a 35mm slide. Although the resolution of 

the computer generated image was lim ited by the printer output ( 300 dpi ), 

the m ask obtained by m eans of this photolithographic procedure had a 

maximum resolution o f 1.0 pm. The resolution of the computer generated  

m ask was measured under the microscope, and compared to the resolution  

of a standard resolution mask ( Air Force Standard Target Mask). A large 

variety o f both positive and negatives m ask designs were made in  this way, 

to generate optical waveguides and integrated optical devices. The results 

obtained from the chrome mask and the computer generated m ask gave the
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Figure 4.4 - Com puter generated photomask.
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sam e resolution. The maximum resolution obtained, m easured by optical 

microscopy, was 0.1  pm.

Other m asks that were used included the U. S. Air Force standard  

chrome resolution mask, Ronchi Rulings ( Edmund Scientific) o f 150-, 300*, 

and 5000 lines/inch, and electron microscopy dispersive micro grids, ( SPI 

Microscopy Supplies), o f different shapes and size. The Air Force m ask  

(Figure 4.5) has sets of lines ranging from a maximum line thickness of 50 

pm, and a minimum line thickness o f 0.01  pm w ith  a decrease o f 10 pm  

from set to set.
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F igu re  4JS - Schem atic diagram of the Air Force standard target m ask. 

Basic elem ent ( 50 ^m - 0.001 iim series ).
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5. P hysical M easurem ents.

G aseous photoproducts were collected by expanding the gas in  the  

photolysis cell into a Toepler pump and then transfer the gas to the sample 

loop (Figure 5.1). Generally, three cycles were needed to quantitatively  

transfer the gas to the loop. The loop was then closed off and attached to 

Gow Mac Model 69-100 gas chromatograph equipped with a Re-W thermal 

conductivity detector, and a 6 ’ x 0.25" stainless steel column packed with s A  

(80 / 100 m esh) molecular sieve (Supelco). The conditions for N 2 analyses 

were an oven temperature of 100 °C, a flow rate o f  40 ml/min, and a detector 

current of 150 mA. Helium  (CP grade, M atheson Gas Products) was used  

as the carrier gas, and Nitrogen (HP grade, M atheson Gas Products) as a 

calibration standard. The detector response was calibrated by injecting a 

known pressure and volume of N 2 , and recording the response (Figure 5.2) 

on a Shim adzu R - l l l  m illivolt recorder A calibration plot (Figure 5.3), was 

constructed by plotting peak height vs. the number o f moles o f gas injected.

UV -visible spectra were recorded on a com puterized AVIV model 

14DS UV-VIS spectrophotom eter. The w avelength  range used in all 

m easurem ents was from 700 to 185 nm with a scanning rate of l.Onm / sec. 

The computer is equipped with a data manipulation software package that 

includes spectral subtraction, peak area integration, peak picking, and 

kinetics routines. Spectral subtractions were carried out by subtracting the 

spectra of the unphotolysed sample from that of the photolyzed sample.
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Figure 5.1 - Diagram of Toepler pump set up.
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All sam ples were contained in  1 cm x 1cm x 4cm fused quartz cell (NSG  

Precision Cells, Inc.) equipped with a 10:30 quartz joint. The cells were 

attached to an upper section with a vacuum stopcock and a side arm for 

degassing solutions by freeze-pum p-thaw cycles. In the latter procedure, 

the frozen sam ples (77 K) were evacuated to a pressure o f £ 5.0x10'® torr. 

Solution spectra were recorded relative to the solvent, while spectra of the 

glass sam ples were recorded relative to air, or a sample of unimpregnated, 

calcined glass. W hen recorded relative to air, the absorption due to the 

glass was removed by spectral subtraction.

Em ission spectra were recorded on a Perkin-Elmer Hitachi MPF-2A 

em ission spectrophotom eter equipped w ith a red sen sitive  H am am atsu  

R818 photomultiplier. At ambient temperatures, solutions contained in a 1 

cm x 1 cm quartz cells were deaerated by N 2 or He bubbling, or degassed by

repetitive freeze-pump-thaw cycles. For low temperature ( 77K ) em ission  

spectra, the solutions were placed in a 2 mm diam eter quartz tubes and 

mounted in a quartz Dewar filled with liquid N 2

Raman spectra were obtained w ith a Spectra Physics 164-08 Ar+ 

laser, and a SPEX 14018 1.0 meter double monochromator equipped with  

holographic ruled gratings. A 514.5 nm rejection filter was mounted before 

the entrance s lit o f the monochromator to remove the scattered laser  

radiation. The detector was a Princeton Instrum ents IRY-700G with an  

optical m ultichannel analyzer (OMA) se lf scanning photodiode (SPD) array 

detector of 1024 photodiodes and 700 channels. The detector was mounted on 

the first h a lf o f the monochromator to obtain maximum spectral coverage. 

All spectra w ere collected and processed by u sin g  OSMA (O ptical 

Spectrophotometric M ultichannel Analyzer) operating system  and software 

package.
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In a typical Raman experiment, a solution o f (CHg)gSnl, 7.37x10*1 M,

was placed in  a 100 pi disposable Borosilicate micropipettes and the spectra 

recorded w ith  90° transverse excitation. To m inim ize the tim e betw een  

photolysis and spectral analysis, the sample mounted in  the spectrometer 

was irradiated with an Analamp Model HG254 mercury lamp. Excitation  

w as lim ited  to w avelengths 2 300 nm  by the transm ittance of the  

m icropipette sample holder. The excitation in tensity , typically 1.0x10*® 

einstein /  cm®-sec, w as determined by ferrioxalate actinometry. In a typical 

run, the sam ple w as irradiated for 5 sec, the lamp was shut off, and the 

Raman spectra recorded. The procedure was repeated using a new sample 

after each exposure to obtain the time dependence of the spectral changes.

Fourier transform  infrared (FTIR) spectra were recorded on a 

Nicolet Model 5/20 DX FTIR spectrom eter equipped w ith a narrow band 

MCT detector. The FTIR computer software provided all the setups,

controls, and advanced analysis functions.

In the solution experim ents, 10*^ to 10** M solutions of (C H g)gSnl

were irradiated in the Rayonet reactor. The solution was irradiated for 5 

seconds and then sampled by m eans of the arrangem ent shown in  Figure 

5.4. A portion of the photolyte was pumped into a demountable 0.2 mm path 

length cell (Harrick Inc. Model # N 930) equipped w ith NaCl, or KBr 

windows. The FTIR spectrum  of the photolyte w as recorded and the  

solution w as then flushed into a 1.0 cm quartz cell. The photolyte was 

diluted w ith 5.0 ml of solvent and its absorption spectrum  recorded to 

quantitate the extent of reaction. The FTIR scanning tim e was 10 seconds 

with a resolution of 4.0 cm**-

Tim e resolved, diffuse reflectance FTIR (DRIFT) spectra were 

recorded w ith a Harrick Scientific Inc. Model DRA-PMN diffuse reflectance
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F ig u re  5.4 • FTIR Photolysis Set Up.
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Figure &5 - High vacuum diffuse reflectance cell attachm ent for FTIR.
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accessory (Figure 5.5 ). The sample compartment has two, 10 mm diameter

C sl windows for transm ission of the infrared radiation and a 10 mm quartz

window for in situ  photolysis. Ports are provided for evacuating the sample

compartment, or passing a gaseous reagent through the powdered sample.

In addition, ports for passing a coolant through the base of the sam ple

holder and a 7.0 W heater, driven by an external tem perature controller

(Spectra-Tech) allow s sam ples to be exam ined at tem peratures ranging

from ambient to 800 °C. A thermocouple in the sample holder monitors the

temperature. The microreactor was attached to a vacuum manifold with an

Edwards Model E2M5 forepump, and a CVC Model E01 oil-diffusion pump.

In a typical DRIFT experiment, 300 mg of a m ixture composed of 30

mg of freshly calcined, crushed (200 m esh) PVG, and 270 mg o f dry IR

grade KBr, were placed in  the 11.5 mm diam eter x 5.0 mm deep sample

holder. The FTIR spectrum of the crushed PVG-KBr mixture was recorded

and saved on disk as the reference spectra. The m ixture w as then  

impregnated by expanding 200 pi of (CHg)gSnl that had been degassed by

repeated freeze-pum p-thaw cycles through the PVG-KBr m ixture. The

extent of impregnation was monitored by m easuring the growth of the C-H 
stretch peaks of (CHg)gSnl at 2992, and 2926 cm"*. The m easured band 

intensity was compared to a calibration plot o f concentration o f (CHg)gSnl

in solution (Figure 5.6). In the calibration curve, the intensities of the 2992  

cm 'l peak vs. the molar concentration of (CHg)gSnl in ethanol were plotted.

To justify the comparison of the 2992 cm'^ band on PVG and in solution, 

ethanol w as chosen as the solvent, since both ethanol and the surface o f  

PVG posses hydroxyl groups, and the relative in tensities in each medium  

are similar. From this comparison, the loadings used in the DRIFT were 

generally 1.0 ± 0.2 xlO'^ moles/ g. of PVG.
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F ig u re  5.6 - (CH3)3SnI FTIR concentration calibration Curve in  ethanol
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In a photochem ical experim en t, th e in it ia l spectrum  of the  

unim pregnated sam ple was recorded and saved. The sam ple w as then  

irradiated  and spectra are recorded periodically during photolysis. A 

kin etics macro program, Appendix 3, w as w ritten to control the FTIR 

during data acquisition. The program directed the spectrom eter to acquire 

and save an interferogram at predetermined intervals over a specific length  

of tim e, usually  60 to 180 seconds. The program was m ost useful during 

those kinetic experim ents that required photolysis tim es o f less than 30 

seconds. Since operator m anipulation of the FTIR takes about 30 sec per 

spectra, only one spectra could be obtained in such a short tim e. With the 

aid o f the program, however, 30 successive interferogram s could be 

recorded at one second intervals.

After photolysis, the interferometric data were Fourier transformed, 

and the photolyzed spectra were substrated from the reference spectrum  

recorded before photolysis. In this way, difference spectra were obtained in 

w hich d isap p earin g  peaks appear as n ega tive  absorption s, w hile  

developing peaks appear as a positive absorptions.

C yclic vo ltam etry  m easu rem en ts w ere recorded on a PAR  

electrochem istry system  consisting of a PAR Model 273 (EG&G Princeton  

Applied R esearch) poten tiostat analyzer driven by a PAR Model 175 

u n iv ersa l program m er. The output w as d isp layed  on a H ouston  

In s tr u m e n ts  M odel VP- 6 4 2 4 S  O m n ig ra p h ic  X-Y record er. 

Voltam m ogram s were recorded w ith a g lassy  carbon electrode (F isher  

Scientific Model # 13-620-274), a Ag/AgCl combination reference electrode 

(Orion Model 9512), and a P t wire auxiliary electrode at sweep rates 

varying from 20 to 500 mV/sec.

In a typical experiment, 100 pi of (CHg)gSnl was dissolved in 100 ml
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of an  electrolyte solution composed of 0.1 M tetram ethylam m onium  

tetrafluoroborate in  either hexane, acetonitrile, or ethanol. Im m ediately  

after the solution was prepared, a 5.0 pi aliquot was photolyzed for 60 sec 

with 254 nm light in the Rayonet reactor, 1.0 x 10 (einstein/cm^-sec), and 

then analyzed electrochemically.

Therm al analyses were performed w ith a Perkin-Elm er 7 Series 

Thermal A nalysis System  equipped w ith  therm al gravim etric analysis  

(TGA), therm o m echanical analysis (TMA), and differential scanning  

ca lorim etry  (D SC ) a tta ch m en ts . In stru m en t control and data  

m anipulations were performed with a Perkin-Elmer 7700 Data Station. In a 

TGA experiment, for example, a 30-40 mg sample o f PVG or a sol-gel glass 

was placed in a Pt sample cup. The samples were heated under 1 atm of dry 

nitrogen from 30 °C to 1400 °C at a rate of 5 °C/min.

Differential thermal analyses (DTA) were carried out on a Perkin-

E lm er 1700 DTA S ystem  driven  by a P erk in -E lm er S ystem  4

microprocessor, and a Perkin-Elmer 3700 Thermal Analysis D ata Station.

The system  was calibrated from 30 °C to 1200 °C with a gold standard,

which indicated a 0.001% error for the gold transition temperature. DTA

experim ents were performed by weighing out ca. 15 mg sam ples o f PVG or

the gel glass in alum ina sample cups. The sam ples were analyzed relative 

to a high purity alumina standard (Ferro Inc. Alumina A-310) under a N£

atmosphere at a rate of 5 °C/min from 30 °C to 1450 °C.

M ultipoint adsorption-desorption isotherm s were m easured using  

the continuous nitrogen sorption method. 9 Adsorption and desorption  

isotherm s for PVG and TMOS gels were measured with a Omnisorp 360 

BET Analyzer. The adsorption isotherms were analyzed following the well- 

known BET model
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x 1 , 0 1
V (l-x )  V„C VmC 5 .1

where x  is  the partial pressure of nitrogen, V  the volume of gas adsorbed, 

V m  the monolayer volum e and C the h eat adsorption constant. The 

monolayer volume ( V m  ) is related to the surface area A  in m^- g'* by

A= 10,8f - ^ - )  —
1 2 2 4 1 4 / W

where a m  is  the area of a nitrogen molecule (0.162 nm^>, L is Avogadro's 

number, and W  the sample weight in grams.

The desorption isotherm  was analyzed to obtain information on the 

pore size distribution using the Kelvin equation : 10

In x = -
2oV , 

RTrr 5.3

where x  is the partial pressure o f nitrogen, is the molar volume of the 

liquid, Tp the pore radius, R  the gas constant, and T  the n itrogen  

temperature (77 °K).

Sam ples of ~ 20 mg for BET m easurem ents were ground with an  

alum ina mortar and pestle. Sam ples were weighed in the sample cell, and
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then attached to the outgassing station of the BET analyzer. The sam ples 

were outgassed at p£ 10*5 torr 200 °C for several hours to remove water as 

w ell as organic species th at m ay be physically adsorbed to the pore 

surfaces. After cooling to room temperature, the holder was transferred to 

a liquid nitrogen bath for the adsorption and desorption m easurem ents. N 2 

was the adsorbate and the am ount adsorbed was calculated from the gas 

flow m ultiplied by the time passed. The adsorption isotherm was measured  

with a nitrogen pressure ranging from 1.33x 10  ̂ Pa (10 mm Hg) to 2.66x10* 

Pa (200 mm Hg). The reference pressure or the saturation pressure of N 2

w as also recorded and rem ained in  the vicinity of 775 mm Hg. The 

desorption isotherm  experim ent followed the adsorption, but took a much 

longer period o f tim e. Desorption isotherm s were m easured with a N 2 

pressure ranging from 1 atmosphere to 1.79x10* Pa (135 mm Hg).

To obtain an indication o f the shape and scale o f the microstructure, 

i.e ., surface area and pore size distributions, sam ples were heated in  

flowing nitrogen at a rate of l°C/m in from 200 °C to 1200°C. The volume of 

pores w ith radius less than 50 A was determined by first adsorbing pure 

nitrogen then switching to a mixture o f nitrogen and helium . Isotherm s 

were obtained with ten prepared m ixtures of nitrogen and helium , and  

their surface area was measured from the isotherms.

Sm all angle x-ray scattering (SAXS) experim ents were performed on 

the X-23A3 Microprobe beam line of the National Synchrotron Light Source 

at Brookhaven National Laboratory. Sam ples were exposed to 7.0 KeV x- 

rays and the scattered radiation was analyzed with a double-crystal Bonse- 

H art type diffractometer, 11 using single crystal Ge (111) optics. SAXS 

in ten sities were placed in absolute un its by correcting for background, 

sample thickness, source lum inosity, and detector solid angle. S lit length
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collimation effects were removed by Lake's method. 12

In the SAXS experim ents, PVG or gel glass plates were ground to a 

thickness o f 50.0 pm in  a Buehler M ininet polisher prior to impregnation, 

photolysis and heat treatm ent. Although it took approxim ately one day to 

reduce the th ickness from 2mm to 50 pm, grinding w as necessary to 

ensure adequate x-ray transm ission through the sam ple. Transm ission  

through the sample is  given by Bragg's Law,

f^ \ = ------ !------- [ 28f ^  + 3 2 ^ 1  U l l 9 f ^  + 32 f— 1 1
Vd x j s p 2sn02 Ms .o2>Sno2L [dxJSi Jdxjo  J  L \ toJO}

5.4

( - )where is the stopping potential of a particular atom, and M is  its

m olecular w eight. U sing  the stopping potential for Fe and Sn, the 

m axim um  thickness of the im pregnated sam ples w as calculated to be 50 

p m .

Sam ples containing high and low loadings were exam ined by the 

SAXS technique, which correspond to initial loadings of 10*^ mol/gr. and 

10*® mol/gr., respectively. To examine m etal diffusion w ithin the glasses, 

the therm al histories of the sam ples were also varied. In this case, some of 

the sam ples containing the different loadings were heated to 650°C while 

others were heated to 1200°C, which is sufficient to consolidate the glass. In 

order to monitor diffusion within the glass matrix, however, impregnation 

w as lim ited  through one face of the g la ss  p la tes. Sam ples were
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im pregnated by the previously described procedures except that, to achieve

asym m etric im pregnation, two glass plates were placed face to face and

held together with teflon tape. In th is way, only one surface o f each glass

plate w as exposed to the compound during sublim ation. The num ber of

moles adsorbed onto each plate was determine by the previously described

spectral techniques, and these data showed th at the number of moles

adsorbed onto each p late  differed by < 15%. W ith each pair o f  

asym m etrically impregnated samples, one was photolyzed (Ifl = 1.00 x 10

einstein/sec- cm^) to 75% consumption of the starting adsorbate, while the 

other, which was not photolyzed, w as used as a reference. Once the  

photolysis w as com pleted, the photolyzed and reference sam ples were 

placed in vacuum cells and kept under vacuum (p ~ 5.5^10*® torr) for 48 

hours to rem ove the unphotolyzed m aterial. The sam ples w ere then  

transferred to a Lindbergh heavy duty tube furnace and heated at an  

approximate rate of 2°C / min. to either 650°C or 1200°C.

Rutherford Backscattering experim ents were carried out using 2.0 

MeV alpha particles from the Van der Graaf generator at Brookhaven  

National Laboratories. PVG or sol-gel glass samples, typically impregnated 

with 10'* mol/g, were cut into a 1.0 cm x 1.0 cm x 2.0 mm pieces. The 

sam ples were photolyzed and heated as previously described, and the 

en erg ies o f the alpha p articles scattered  from th ese  sam ples were 

measured and converted into a m ass vs. depth scale of atom s in  the sample. 

During transportation to Brookhaven, the sam ples were stored in a vacuum  

dessicator.

X-ray microprobe analyses (XRF), were carried out at Brookhaven 

N ational Laboratory using the Synchrotron Accelerator. The accelerator 

produces protons that release an x-ray beam. The beam size was varied by
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m eans o f an arrangem ent o f slits producing beam sizes ranging from 50 to 

100 pm in  diam eter. The detector w as a silica doped lith ium  detector 

filtered w ith a bellirium  window. In the XRF experim ents, sam ples were

2.5 cm x 2.5 cm x 0.2  cm PVG plates or glass gel plates impregnated with ~

1.0 x 10*4  moles/g of PVG. After photolysis and heat treatm ent, the samples 

were cut in half with a diamond saw, and the cross-sectional distribution of 

the deposited m etal determined. Plots of the metal fluorescence intensity vs. 

d epth  (pm ) w ere obta ined . To exam in e th e  reso lu tio n  o f the  

photolithographic im ages, fluorescence in tensities were measured across 

a photodeposited image of a 100 pm Ronchi Ruling.

Secondary ion m ass spectroscopy (SIMS) experim ents were carried 

out at Bellcore M aterials Analysis Research Laboratory, Red Bank, N.J. 

An oxygen ion beam with an ion current of 15 KeV, a scan width of 0.75 

mm, and a beam size o f 1.0 pm width was used. The penetration depth was 

varied by varying the exposure tim e, which for these g lass sam ples was 

typically 6 hours.

Im pregnated PVG sam ples were cut into 1.0 cm^ p ieces and  

mounted in the sample compartment of the instrum ent under vacuum (£

1.0 x 10'®) to avoid sample charging effects . An optical microscope with a 

magnification of a lOOx was used to position the ion beam on the glass. The 

sample was then bombarded for a period of six hours with a scan speed o f 5 

frames per second. As the ion beam penetrated the glass surface to a depth 

of ca. 3000 A, m etal atoms scattered from the glass were analyzed with a 

m ass spectrometer.

Scanning Electron Microscopy ( SEM ) analyses were conducted on a 

Hitachi S-570 SEM equipped with a PGT System  IV analyzer and an EDX 

elem ental analysis attachm ent with a silica doped lithium  detector, filtered
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with a bellirium optical window. Photolyzed samples that had been heated 

to various tem peratures were cut into Smm^ pieces. These pieces were 

pasted onto a microsample stub with a silver slurry mix to avoid charging 

effects. The sam ples were then coated with a 300 A layer of gold-palladium  

in a Film-Vac Inc. mini-coater at a pressure of 1.0x10"® torr and a current 

of 30 mA .

Transm ission electron microscopy was carried out in a JEOL USA  

100 CX electron microscope operating in the bright field mode w ith an  

electron energy of 100 Kv. All sam ples were prepared by the dispersive 

method, where the glass sample was pellitized in a Gatan Dual Model 1400 

ion miller to ca. 1.0 pm diameter quasi-spheres at an accelerating voltage of 

7 Kv. A supporting film was prepared using a 1.0 % colloidal dispersion of 

the pellitize glass powder in methanol. The dilution ratio was chosen to 

ensure that the particles would not form clusters, but at the sam e tim e, 

there would be an adequate number of particles to be observed in the field of 

view. A carbon coated 400 m esh slim  grid was im m ersed in the colloid 

solution for a few seconds to incorporate some of the g lass particles into the 

holes of the grid. The grid samples were then dried in a vacuum dessicator 

for a period of 24 hours.

A Zeiss Model MC368 microscope equipped w ith lOx and 30x 

objectives was used for optical microscopy. As previously described in  the 

section on the microlithography procedures, an external light beam could 

be introduced into the optical path of the microscope by sim ply moving a 

beam splitter, or a high reflectance stain less steel plate into position. The 

microscope was also equipped with an automatic exposure 35mm camera.

Index o f refraction m easurem ents were accomplished by using the 

optical bench layouts shown in Figures 5.7 and 5.8. In the far-field method
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F ig u re  5.7 - Experimental set up for Far Field refractive index m easurem ent

Ruled Screen (mm;

Objective

He-Ne Laser

nl = Gear glass
n2 = Impregnated glass
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F ig u re  5.8 - Experimental set up for the Total Internal reflection measure­
ments
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(F igure 5 .7), a 30 |im  in d iam eter He*Ne laser  beam  w as passed  

orthogonally through a reference glass sample onto a ruled screen 3.0 m  

beyond the sample. The position of the laser beam was marked on the ruled 

screen and the reference sam ple w as replaced w ith an im pregnated  

sam ple. The laser beam w as passed through the im pregnated sample and 

the displacem ent of the beam  from th at o f the reference sam ple was 

m easured. The angle of refraction, 6 , was calculated from the m easured  

displacem ent and the experimental geometry. The index of refraction of the 

im pregnated sample was calculated from Snell's relation :

sin a  _  
sin 0 n 2 5.5

where a  is the angle of incidence, ( 45°), n^ is  the refractive index of the 

reference (unimpregnated) glass ( n^=1.5 ), and n2 is the refractive index of

the im pregnated glass. The change in  the refractive index induced by 

photodeposition, An, was taken to be ^ -n ^ .

The sam ples examined by the far held method were prepared by the 

previously described vapor impregnation techniques and were generally of 

the order of 1.0x10** mol /  g of PVG. The glass sam ples were photolyzed by 

using a 45° angle photomask. This m ask allowed h a lf the sam ple to be 

exposed at a 45° angle as shown in Figure 5.7. By using this procedure the 

im pregnated sam ple could be placed at exactly the sam e position as the 

reference glass sample.

With deposited optical waveguides, refractive index m easurem ents,
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were obtained by m easuring the angle of total internal reflection as shown 

in Figure 5.8. The impregnated sam ples were placed on a m iniature 2-inch 

diam eter rotatory translation stage (Edmund Scientific). This stage allows 

quick, continuous rotation over 360° plus a precise angular adjustm ent at 

any selected position. The accuracy o f the stage was 0.5°. The laser beam  

was first allowed to fall orthogonally onto the 100  pm optical waveguide. 

Then, the stage was rotated periodically until the beam was guided through 

the optical guide. This was the point at which total internal reflection  

occurs. The index of refraction was calculated from the following equation :

. -1 n 2 a c =  sin —
n i 5.6

where a c is  the critical angle, or the angle at which total internal reflection 

occurs.

W aveguide loss m easurem ents were made by introducing a known 

optical power in  one end o f the w aveguide and m easure the power 

em erging from the other end. The method use to m easure the waveguide 

loss w as to focus a Sectra Physics Model 2000 Ar+ laser (5 1 4  nm) directly 

onto a polished input face of the waveguide as shown in Figure 5.9, and 

then m easure the total power transm itted. The waveguides were made by 

the photodeposition of S n 0 2  (1.0x10*4 mol adsorbed/gr. of PVG) onto PVG 

followed by lithography of the waveguide (10  pm width, 100  pm deep), and 

consolidation o f the porous g lass. The input and output faces o f the  

waveguide were then polished in a Buehler polisher w ith diamond paste to
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a finished polished of 1.0 pm. Power measurements were made w ith a 

Spectra Physics Model 175-C power meater, in the range of 10-100 mW. 

Care was taken to align the laser beam for optim um  coupling, by 

m axim izing the observed output power, before each m easurem ent.
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F ig u re  5.9 - Experimental set up forattenuation measurements in planar 
waveguides

1-Laser
2-50:50 Beam Splitter
3-
4-
5 - Power Meter
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Part III

Results
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1. Characterization of Porous Glasses.

1.1 Therm al Analysis.

1.1.1 Porous Vycor Glass.

The m ost obvious physical change that occurs when a porous g lass is 

h eated  above room tem p erature is its  w eigh t lo ss . DRIFT and  

thermogravimetric analysis indicate that the majority o f the change is due 

to water desorption. The thermogravimetric curve (TGA) for PVG (Figure 

1 . 1) from 50°C to 900°C at a heating rate of 5 °C/min in a controlled 

atm osphere is clearly divided into two regions. Region I, which runs from 

25 °C to 200  °C with an onset at 100 °C, is assigned to the desorption of 

physisorbed water. Region II, which runs from 200 °C to 900 °C with an 

onset a t 380 °C, is assigned to the desorption of chemisorbed water. In 

general, the amount of physisorbed water in a calcined PVG sample (650°C) 

exposed to th e  atm osphere at room tem perature for 24 hours is  

approxim ately 5 % by weight, while the am ount of chemisorbed water is 

approxim ately 3% by w eight. The adsorption desorption o f w ater is  

reversible, and DRIFT spectra (see below) comfirm that the majority of the 

weight change is  due to the reversible adsorption-desorption of water.

D ifferen tia l therm al a n a ly sis  (DTA) (F igure 1.2) show s an
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Figure 1.1 - Thermogravimetric curve of PVG.

Straight line - TGA curve; doted line - 1st derivative of TGA curve. 

Sample Wt.= 22.5 mg; Rate 5 °C/min; Temperature range = 30-900°C.

100 .0-

99 .0 “  0.1

98 0 “ 0.2

- 0 .3

Sf 96 .0 “ 0.4

95 .0

“ 0.694  0

93 .0

92 .0

100.0 200.0 300.0 400.0 500.0 600.0 700.0 800.0 900.0
. .  ... Temperature (°C)Identification: ^
Temp 1 : 30.0 °C
Temp 2. 900.0 °C
Rale : 5.0 ®C/min
Sample Weigth : 22.50 mg

1 3 3



EN
DO

 
DE

GR
EE

S 
E

X
O

Figure 1.2 - Differential thermal analysis curve of PVG. 

Sample weight=19.35 mg; Scan Rate= 5°C/min.
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endotherm ic peak from 25 °C to 180 °C with a m axim um  at 100 °C 

corresponding to loss of physisorbed water. The exothermic peak, which 

occurs at 550 °C, is assigned to the glass transition temperature (Tg) of 

PVG. The exotherm ic peak at 1150 °C is  assigned to the sintering  

temperature, where PVG consolidates to a nonporous glass matrix.

DRIFT spectra of uncalcined PVG (Figure 1.3) exhib its a broad 

adsorption between 3800 and 3000 cm'* which corresponds to the stretching 

vibrations o f different hydroxyl groups. This band has been shown to be 

composed of a superposition of the following stretching modes: 1

3744 cm'* - free silanol groups on the surface of the glass.

3660 cm'* - hydrogen bonded silanol groups.

3550 cm'* - silanol groups linked to molecular water through hydrogen

bonds.

3500 cm'* - adsorbed water.

The 2000 to 1350 cm"* region exhibits com binations of the S i0 2

vibrational modes. The most prominent of these occur at I960-, 1870-, and 

1640 cm'*, although in most cases the 1960 cm'* band often appears as a 

shoulder on the 1870 cm'*band. The latter is always well resolved, but not 

very intense. The 1640 cm'* band is often obscured by the band due to the 

deformation of adsorbed water at 1620 cm'*.

Bands due to the silica network 2 occur between 1100- and 700 cm'*. 

The asymmetric Si-O-Si stretch appears at 1080 cm'*, while the symmetric 

Si-OH or Si-O* stretchs occur at 950 cm '*, and the sym m etric Si-O-Si 

stretch a t 800 cm'*. On heating a PVG sample in a nitrogen atmosphere 

from 25 °C to 650 °C (Figure 1.4), the broad band at 3500 cm'* due to 

adsorbed water as well as the 3550- and the 3660 cm'* bands disappear 

leaving the 3744 cm'* Si-OH band well resolved. The lower frequency bands
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F ig u re  1.3 - DRIFT spectra of uncalcined PVG.
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ch aracter istic  o f the SiC>2 m atrix are e ssen tia lly  indep en dent of 

tem perature.

1.1.2 TMOS Xerogels.

Like PVG, the surface topology of TMOS xerogels possess silanol groups. 

C onsequently , th eir  therm al behavior is  sim m ilar to th a t of PVG. 

Thermogravimetric analysis (Figure 1.5) exhibits three regions. Region I, 

which run from 25 °C to 250 °C with an onset at 100 °C, is assigned to the 

desorption of physisorbed water and perhaps residual methanol. Region II, 

which runs from 250 °C to 510 °C with an onset at 341 °C, is assigned to the 

desorption of unpolymerized organics, and some chemisorbed water, while 

region III, which runs from approximately 500 °C to 900 °C, is  assigned  

principally to the desorption of chemisorbed water.

D ifferential therm al analysis (Figure 1.6) agrees w ith the TGA 

results. The endothermic peak from 50 °C to 180 °C is assigned to desorption 

of water, while that at 220 °C is assigned to the desorption of organics. An 

exothermic glass transition (Tg) peak appears at 790 °C, and a sintering  

peak at 1120 °C. Table 1.1 summarizes the results of the thermal analyses of 

PVG and TMOS xerogels.

At room temperature (25 °C), DRIFT spectra of dry TMOS xerogels 

(Figure 1.7) are very sim ilar to those of uncalcined PVG (Figure 1.3). The 

broad adsorption at 3500 cm is assigned to physisorbed water, while the 

free silanol occurs at 3744 cm The two small peaks at 2959 cm and  

2852 cm are assigned to the C-H stretch modes o f unhydrolyzed methyl 

groups from either the solvent or TMOS. s TMOS xerogels prepared under 

the exact sam e conditions, but using deuterated methanol (CD3OH) do not
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Figure 1.4 - DRIFT spectra of calcined PVG a t 650 °C.
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F ig u re  1.5 - Thermogravimetric curve of TMOS xerogel.

Straight line - TGA curve; doted line - 1st derivative of TGA curve. 

Sample Wt.= 18.75 mg; Rate 5 °C/min; Temperature range * 30-900°C.
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Figure 1.6 - Differential therm al analysis curve of TMOS xerogel.
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exh ib it peaks in the C-H stretch region (Figure 1 .8 ). However, an 

unam biguous determ ination of the source of these C-H bands was not 

possible. The intense vibrations of the silica network prevented monitoring 

the in ten se  1050 cm -1 and 1100  cm -1 bands of m ethanol and TMOS 

respectively.

Table 1.2 sum m arizes the infrared absorption frequencies for PVG 

and TMOS system s. On heating a gel from 50 °C to 650 °C (Figure 1.9), the 

peak at 3500 cm due to adsorbed water disappears, and the peaks at 3744 

cm *1, 2959 cm and 2852 cm become more resolved. Suprisingly, even 

after heating to 650 °C, the gel contains Si-O-CHg functionalities. These are

thought to arise from incom plete hydrolysis o f the solvent at room 

temperature, or from esterification of Si-OH groups during the later stages 

of the heat treatment.

UV-vis spectra of PVG and TMOS xerogels (Figures 1.10 and 1.11 

respectively), show that both m aterials are transparent in the visible, but 

absorb in the UV. However, transparency in  the UV region is  very 

dependent on the thermal history of the glass. Controlled heating to 650 °C 

in a m oisture free atmosphere lowers the absorption of PVG to about 230 

nm , w hile the TMOS xerogels become transparent to 200 nm. The 

transparency of these glasses in the UV region makes them ideal surfaces 

for th e study o f reaction  m echanism s by electronic spectroscopic  

techniques.
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T a b le  1.1 - Thermogravimetric results for PVG and TMOS obtained from 

Figures 1.1-2, and 1.5-6.

R esults PVG TMOS

T i 46.10 °C 39.43 °C

t 2 244.4 °C 246.71 °C

AY 4.738 Wt.% 9.164 Wt.%

Onset 65.97 °C 69.34 °C

Rate 6.52xlO'3mg/°C 1.23xlO'2mg/°C

Peak 110.41 °C 109.77 °C

Peak Area 0.734 mg 2.185 mg

t 3 277.43 °C 240.90 °C

t 4 877.76 °C 892.30 °C

AY 2.732 Wt.% 4.603 Wt.%

Onset 392.51 °C 341.96 °C

Rate 1.24xlO'3mg/°C 1.97xlO*3mg/°C

Peak 557.35 °C 432.46 °C

Peak Area 0.241mg 0.917 mg

^w ater 100 °C 101 °C

d e s o r p tio n ^ T A )

Tglass t r a n s it io n ^ ^ A ) 550 °C 790 °C

^ sin tering 1050 °C 1120°C

t r a n s i t io n ^ ^ A )
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Figure 1.7 - DRIFT spectra of uncalcined TMOS xerogel.
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Figure 1.8 - DRIFT spectra of deuterated TMOS xerogel.
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F ig u r e  1.9 - DRIFT spectra during heat treatm ent from 50 °C to 650 °C of 

TMOS xerogel.l) 50 °C; 2 ) 200 °C; 3) 300 °C; 4) 650 °C.
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T ab le  1.2 - Infrared absorption bands for the PVG and TMOS systems.
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Wavenumber ( cm**) Assigment
1472  bending C-H (CH3-0 -Si)
1390 deformation C-H (CH3 -OH)

1375 symmetric stretching

✓ °
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V
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1.2 Morphology and Surface Topology.

SEM analyses of calcined (650 °C) PVG or TMOS xerogels reveal similar 

surfaces consisting of glass nodules with interveaning, interconnected  

crevices that are ramdomly dispersed throughout the interior of the glass 

structure. The resulting cavity sizes range from a few microns to about 100 

pm. Although Vycor glass and the TMOS xerogel exhibit sim ilar surface 

characteristics, differences in the morphology exist and these can be of 

im portance during the adsorption and chem istry of organom etallic  

com pounds.

TEM stud ies of calcined PVG powder (Figure 1.12), reveal an 

assem ble of interconected clusters, with pore sizes ranging from 40- to 100 

A. The pore size distribution was determ ined by m easuring the BET 

desorption isotherm s as a fuction of densification tem perature (Figure 

1.13). The BET measurements show that the total pore volume decreases as 

the tem perature increases. However, the average volum e of the pores 

rem ains approximately constant at 100 pm upto 600 °C. Further heating  

causes the pore volum e to decline to baseline level ind icating  the 

consolidation of the pore structure. These results are correlated by BET 

surface area m easurem ents as a function of temperature (Figure 1.14). The 

initial surface area of PVG at room temperature is £&. 160 (m^/g) ± 20, and 

rem ains constant upto about 600 °C. Above 600 °C, surface area declines 

w ith  in creasin g  tem perature, and reaches a m inim um  value a t the  

consolidation temperature, about 1100 °C.

A n alyses o f the TMOS xerogels, how ever, reveal suprising  

differences from the structure of PVG. SEM and TEM analyses show a
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Figure 1.10 - UV-VIS Spectra of PVG vs. air.
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F ig u re  1.11 - UV-VIS Spectra of TMOS Xerogel vs. air.
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F ig u r e  1.12 - TEM m icrograph of calcined PVG powder a t 550 °C.

Magnification 120.000 X.
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F ig u re  1.13 - Pore size distribution from BET m easurem ents for PVG a t

tem peratures ranging from 200 to 1200 °C.
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F ig u re  1.14 - BET surface area for PVG as a function of densification

tem perature from 50 to 1200°C.
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morphology sim ilar to that of PVG, i.e., interconnected glass nodules with 

intervening creavices distributed ramdomly throught the matrix. Electron 

microscopy indicates that the cavities between the nodules range from 50 A 
to micron in size, Figure 1.15. In addition to this macroporosity, which is 

sim ilar to th at found in PVG, BET m easurem ents (Figure 1.16) reveal a 

microporosity w ithin the glass nodules, where pore size range from 5 to 

30A. Consequently, two realms o f porosity exist within the TMOS xerogels : 

a microporostiy which exists within the clusters, where the pore diameter 

is about 10 A, and a macroporosity which exist between the clusters with 

pores size ranging from 50 A to micron.

Like PVG as the temperature increases, the pore volume decreases. 

The BET data (Figure 1.17) yield a surface area of -  600±50 (m^/g) for room 

tem perature xerogel sam ples, which is sign ificantly  larger than that 

obtained for PVG. The surface area is independent of temperature upto 

about 600 °C, and then decline to a m inim um  at the consolidation  

temperature, ca, 1100 °C.
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F ig u re  1.15 - TEM micrograph of calcined TMOS xerogel powder a t 550 °C.

Magnification 120.000X
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F ig u re  1.16 - Pore size distribution from BET m easurem ents for TMOS

xerogel a t tem peratures ranging from 200 to 1200 °C.
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F ig u r e  1.17 - BET surface area  for TMOS xerogel as a function of

densification tem perature from 50 to 1200°C.
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2. Photochem istry of M ethyltinhalide 
Compounds in Solution.

Because of the difficulties encountered in studying photochemistry on a 

support, particularly characterizing the photoproducts, the approach has 

been to study the photochem istry in solution and then compare these  

results to those obtained on the glass surface. When this study was begun, 

however, we were surprised by the lack of quantitative data in the literature 

on the solution photochemistry of (CHg)gSnX compounds. Consequently,

in itial experim ents focused on characterizing the photochem istry of these 

compounds in solution.

One of the reasons for the absence of quantitative data is the difficulty 

of studying the solution photochemistry. The principal difficulty is that the 

com pounds electronic absorption occurs in the far UV, £ 250nm . 

C onsequently, excitation w ith conventional light sources, £ 254nm , is  

lim ited to the low energy side of the absorptions, and the number of solvents 

that can be used is limited to those that are transparent to £&. 200nm. Since 

the nature of the species in solution and its electronic spectrum depend on 

so lven t polarity , solution  stu d ies were carried out in hexane and  

cyclohexane (nonpolar), and acetonitrile, hexanol, and ethanol (polar).

1 5 8



2.1 Spectral C haracteristics of Trim ethyltinhalide Compounds 
in Solution.

2.1.1 UV-visible spectroscopy.

The electronic spectrum of each trim ethyltinhalide in solution (Figure 2.1) 

exhibits an absorption band located in the 250- to 200nm region. The lower 

energy transition is dependent on the nature of the halide, and in solution 

and on the glass, shifts to lower energy as the atomic number of the halide 

increases (Tables 2.1 and 2.2). Although the extensive delocalization that 

occurs in these covalent compounds clouds the assigm ent of their electronic 

spectra, the lower energy transition is thought to posses charge transfer 

character because of the shift to lower energy with increasing atomic 

number. 5* 6> 7 The o -  o* transition locallyzed within the CH3 groups as 

well as interligand and Sn-CHg charge transfer transitions occur at

higher energy, < 180 nm, and are not observed under the conditions of these 

experim ents.

The UV spectra of trim ethyltinhalides in solution depend on the 

polarity and nature of the solvent. As the polarizability constant of the 

solvent increases, the lower energy absorption exhibits a bathochromic 

shift, and an increase in the extinction coefficient (Table 2.3). In solvents 

capable of acting as a Lewis base, this shift is assigned to the formation of a 

charge transfer complex. 8 (CHg)gSnX (X= Cl, Br, I), for example, forms 1:1

and 1:2 adducts with mono- and bidantate Lewis bases. Formation of the 1:1 

adduct converts the tetrahedral (CHg)gSnX to a trigonal bipyramidal

molecule (Figure 2.2) in which the donor atom of the Lewis base occupies

1 5 9
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F ig u re  2.1 • UV-vis absorption spectra of trim ethyltinhalides in hexane.
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T a b le  2.1 - Absorption wavelengths and relative absorption coefficients of

trim ethyltinhalides adsorbed onto PVG and dissolved in Hexane.

PVG Hexane
(CHj )jSd’X

X-

Wavelength

(nm)

Epeilon (mol 

ads./gr. PVG)

Wavelength

(nm)

Epsilon 

(1/mol-cm)

Iodine 230.0 7.38 x 104 234.0 3.43 x 103

Brom ine 230.0* 5.33 x 104 212.0 7.33 x 103

C hlorine 230.0* 2.46 x 104 195.0 2.46 x 104

*The maximum absorption of this compounds, which occurs below 220nm, could not be

measured since PVG absorbs strongly ( e > 1.0e5) below 220nm.
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T a b le  2.2 - A bsorption w avelengths and  absorp tion  coefficients of

T r im e th y l t in h a l id e s ,  A lk y lh a lid e s , an d  m o le cu la r  h a lid e s  in

carbontetrachloride solution.

(CHglgSn-X W avelength (nm) E psilon  ( 1/m ol-cm )

Iodine 234.0 3.43 x 103

Brom ine 212.0 7.33 x 103

C hlorine 195.0 2.46 x 104

(CH3 )3-X* W avelength (nm) E psilon ( 1/m ol-cm )

Iodine 257.0 1.20 x 103

Brom ine 204.0 1.80x 103

C hlorine 172.0

V W avelength (nm) E psilon  ( 1/m ol-cm )

Iodine 515.0 900

Brom ine 420.0 160

Chlorine 335.0 60

* Calvert, J. G.; Pitts, J. N., Photochemistry, Wiley & Sons, New York, 1966, pp 265 

** Calvert, J. G.; Pitts, J. N., Photochemistry, Wiley & Sons, New York, 1966, pp 184
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Table 2.3 • Absorption wavelengths and epsilon values of Trimethyltiniodide 

in polar and nonpolar solvents.

Solvent Wavelength

(nm)

Epsilon 

( 1/mol-cm)

Dielectric 

Constant* ( e )

1- Hexane 234.0 3.45 x 103 1.89

2- Cyclohexane 234.0 3.87 x 103 2.22

3- CCI4 234.0 3.43 x 103 2.23

4- Acetonitrile 226.0 5.27 x 103 37.5

5- Hexanol 221.0 8.85 x 103 13.3

6- Ethanol 218.0 1.54x 104 24.3

* CCR Handbook of Chemistry and Physics, 67th Ed., pp E-50
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F ig u re  2.2 - Trim ethyltinhalide molecular complexes.
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an axial position opposite to the hydrogen, and the methyl groups are in the

trigonal plane. The Sn-X bond becomes more polar, and it has been

suggested that this is due to an increase in the S orbital electron density in

the Sn-C bond and the Sn-X bond. The amount of S orbital electron density

increases with electron donor ability of the Lewis base.

Formation of a (CHg)gSnl-solvent adduct was confirmed by titration

of (CH3 )3 SnI in hexane with hexanol. Hexanol w as used used for two 

reasons. F irst, it  posses a hydroxyl function sim ilar to the Si-OH  

functionality on the glass surface, and second, it is sufficiently soluble in 

nonpolar hydrocarbons, such as hexan e, to allow  spectroscopic  

exam ination.

As the am ount of hexanol increases, the 234 nm band undergoes a 

bathochromic shift to 221nm (Figure 2.3) with an isosbestic point at 237 nm, 

as w ell as an increase in the value o f the extinction coefficient. The

occurrence of an isosbestic point suggest the appearance of a new species, 

and plots of the difference in absorbance between (CH3 )3 SnI/hexane and 

(CH3 )3 SnI/hexanol at 221 nm, against the mole fraction of hexanol (Figure

2.4) shows an initial linear dependence. The maximum occurs when the 

mole fraction o f hexanol equals the mole fraction of (CH3 )3 SnI, which  

corresponds to the formation of a 1:1 (CH3 )3SnI- hexanol adduct.

It was not possible to carry out equivalent titrations of (CH3 )3SnBr 

and (CH3 )3 SnCl since the spectral changes, £ 200 nm, occur beyond the 

range of the spectrometer. Nevertheless, the occurrence of a bathochromic

shift on addition of hexanol suggest that these compounds also form solvent 

adducts. In view o f the sim ilarity o f the (CH3 )3 SnX compounds, it  is

assum ed that (CH3 )3SnBr and (CH3 )3SnCl also form 1:1 adducts. Thus,

(CH3 )3SnX (X= I, Br, Cl) are tetrahedral complexes in nonpolar solvents,
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but in solvents capable of acting as Lewis bases form trigonal bypiramidal 

so lv en t adducts. Form ation of the adduct and its  accom panying  

comformational and electronic changes are thought to be the principal 

reason for the change in photochemical behaviour.

2.1.2 Emission spectroscopy.

H exane solutions of (C H g)gSnl exhibit an em ission with a maximum at 

372nm when excited with 255nm light (Figure 2.5). Changing the halogen 

from I to Br and then to Cl causes a bathocromic shift in the em ission  

m axim um (Table 2.4). The shift, which is sim ilar to that observe in tha  

absorption spectra of (CH3 )3 Sn-X, occurs with a pronounced decline in  

intensity. In fact, w ith (CH3)3SnCl, only a small shoulder at 300nm is 

observed upon excitation with 255nm light.

2.1.3 FTIR spectroscopy.

In the 4000- to 400 cm'* region, the FTIR spectra of (CHg)gSnX (X= I, Br, 

Cl) (Figure 2.6) are identical, and exhibit bands characteristic of the CHg 

and Sn-CH0 vibrations, (Table 2.5). The bands associated with the Sn-X 

vibrations occur beyond the low frequency detection  lim it o f the  

spectrom eter, but are readily detected by Raman spectroscopy. Their 

frequencies as well as the assignm ents of the IR bands are summarized in 

Table 2.5.
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F ig u re  2.3 - UV-vis spectra of the titration of 7.37x10'^ M trimethyltiniodide

in the hexane:hexanoI system.
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F ig u re  2.4 - Plot of the titration of trim ethyltiniodide in the hexane:hexanol

system .
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Figure 2.5 - Emission spectra of l.OxlO'^M solution of trimethyltiniodide in

hexane upon excitation with 250nm light.
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2J2 Photochemical Studies.

B ecau se o f th e lack of q u an tita tive  data in th e litera tu re , the  

photochem istries of the (CH3)3SnX compounds, principally (C H 3)3SnI, 

were first exam ine in nonpolar solvents, and then, to more closely mimic 

the glass surface, in polar solvents. The latter data was then compared to 

that obtained with the compounds adsorbed onto PVG.

2.2.1 Nonpolar Solvents.

211.1 Photochemistry of Trimethyltiniodide in Hexane.

Solutions of trim ethyltiniodide in hexane exhibit no spectral change when 

stored in the dark at 25 °C for prolonged periods of time (> 6 months). 

Consequently,the compound is thermally stable, but reacts im m ediately on 

exposure to UV light. As previously described, the electronic spectrum of 

(CHg)gSnl in hexane consists of a single absorption with a maximum at

234nm  and the edge of a high energy absorption with a maximum at < 

200nm. Excitation of a degassed 7.37x10"^ M hexane solution of (CHg)gSnl

with 254 nm light causes an im m ediate decline in the 234-nm absorption 

(Figure 2.7), and the sim ultaneous growth of bands at 211-, 290-, 365-, and 

520-nm . Isosbestic  points, which occur at 224nm  and 252nm  are 

m aintained through > 50% of the reaction. Nevertheless, all photolysis were 

lim ited to £ 50% conversion of the starting m aterial. Comparison o f the 

photolyte spectra with those of pure (CHg)gSn-Sn(CHg)g shows that the 211 

nm band is characteristic of the [(CHg)gSn]2 dimer. Raman and FTIR
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T a b le  2.4 - Peak assignm ent of the em ission spectra of trim ethyltinhalides 

in hexane upon excitation with 255nm light.Excitation slit:Em ission slit = 

30:4.

(CHglgSa-X P eak  M axim a Intensity  (%)

X - (nm)

I 372 90

Br 320 30

Cl 300 (shoulder) 5
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T a b le  2 .5  - Infrared vibrational frequency assignm ents for the Sn-CH3

vibrational modes in the region 4000- to 400 cm-1, 9 and Infrared and

Raman frequency assignm ents for the Sn-X  ( X= halide or S n  atom s) 

vibrational modes in (C H g)gSnX  and (C H g)gSn-Sn(C H g)g  .10

A ssign m en t Wavenumber cm**

C-H asymmetric stretch 2992

C-H symmetric stretch 2918

C-H bend 1400

C-H symmetric distortion 1187

C-Sn-C symmetric stretch 785

Sn-C asymmetric stretch 547

Sn-C symmetric stretch 527

Sn-X

X - IR

W avenum ber cm'*

R am an

Cl 382 331

Br 264 235

I 207 167

Sn 190 187

172



Figure 2.6 - FTIR spectra of trim ethyltinhalides in hexane.
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spectra confirmed its formation.

Raman spectra recorded during photolysis (Figure 2.8) shows that 

the intensity  of the 186 cm'* Sn-Sn vibration o f [(CHg)gSn]2 increases

concurrent with the disappearance of the 167-, 512-, and 546 cm"* bands of 

(CHg)gSnl. In the alkyl and metal-alkyl regions, the FTIR of (CHg)gSnl

and [(CHg)g Sn]2 are similar except that the intensity of the Sn-CHg stretch

at 508 cm 'l in [(CHg)g Sn]2 is £a. twice that in (CHg)gSnl. Consistent with

[(CH3 )6 Sn]2 formation, FTIR recorded during photolysis (Figure 2.9) show

an increase in the 508 cm'* band.

The 520 nm peak that develops during photolysis ( Figure 2.7) agrees 

with that of I2 dissolved in hexane, and is assigned to its formation. The

peaks at 290-,and 365-nm are assigned to the formation of small amounts of 

Ig". Although the latter absorptions are more intense, the am ount of Ig'

formed never exceeds more than 2% of the total I2 yield. Consequently, Ig'

appears to be a secondary product arising from photolysis of I2>

The intensity of the 370 nm emission from (CH3)3SnI also declines

during 254 nm photolysis, (Figure 2.10). The decline in the em ission

intensity corresponds to the disappearance of the 234nm peak in the UV- 

visible spectra. It should be mentioned that neither I2 or Ig' in hexane

exhibit an em ission spectra upon excitation with 254 nm light.

2.1.1.2 Kinetics of the Photochemical Reaction of Trimethyltiniodide.

Because of the high efficiency o f the photochemical reaction, and the fact 

that the product I2 is itse lf photochemically active, kinetic measurements to

elucidate the kinetic process were limited to < 40% conversion of (CHg)gSnl.

In general, photolysis tim es were < 30 seconds, and the (CHg)gSnl
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F ig u re  2.7 - UV-visible spectra of the 254 nm  photolysis of 7.37x10*^ M

solution of trim ethyltiniodide in hexane.
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F ig u re  2.8 - Ram an spectra of the 254nm photolysis of 7.37x10*3 M solution

of trim ethyltiniodide in hexane.
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F ig u re  2.9 - FTIR spectra of the 254nm photolysis of 7.37x10"^ M solution of

trim ethyltiniodide in hexane.
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F ig u re  2.10 - Em ission spectra of the 254nm photolysis of 1.00x10"* M

solution of trim ethyltiniodide in hexane a t room tem perature (25°C).
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concentrations were 10*5 to 10‘4 M in order to follow the reaction by UV-

visible spectroscopy. In these experim ents both the quan tum  yield of

(C H 3 )3 SnI d isappearance , and product appearance, <I>a , were

m easured to elucidate the primary photochemical process. Typically, the 

sam ple and the Fe(C2 0 4 ) '3  actinom eter were irradiated sim ultaneously. 

The in tensity  incident on the sample, IQ, was calculated according to the

procedure of Calvert and Pitts, 11 while the rate of the reaction of the tin  

com pounds w as determ ined by periodic spectral analysis. D ifference 

spectra (Figure 2.11) were obtained by subtracting the spectrum before 

photolysis from those recorded periodically during photolysis. Optical 

densities o f the resulting maxima and minima were obtained by a "peak- 

picker" program, an the values obtained at different tim es are summarized 

in Table 2.6.

Since, the total absorbance of the solution, particularly in the UV 

region, is the sum of the absorbances of the individual components present 

at a given time, the measured optical densities at 234nm (Table 2.6) were 

corrected by means of the following equation :

aSJk, = a£L -[ KCH,)6sn2i eftV sn, ’] - N  £ i?4 <] 2,i

[(CH3 )3 SnI] and refer to the molar concentration of the species, and the

e 234 s are the molar extinction coefficients at 234 nm of trimethyltiniodide,

and iodine, respectively, (Table 2.7). The quantity 1 is the path length of the 

photocell (1= 1.0 cm). The concentration of I3 present was calculated from

the change in absorbance at 520 nm, while the concentration of (CH3 )gSn2 

was calculated from the change in absorbance at 211 nm, (Figure 2.11).
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F ig u r e  2.11 • Spectral sub trac tion  of th e  one m inu te  photolysis of

trim ethyltiniodide in  hexane.
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T a b le  2.6 - Spectral Subtraction data during photolysis of 2.211x10'® mol of

trim ethyltiniodide in  hexane.

Time Absorption Peak ( nm .)

(sec.) 211 234 300 370 520

0.00 0.000 0.000 0.000 0.000 0.000

5.00 0.143 -0.101 0.015 0.007 0.017

10.00 0.278 -0.157 0.034 0.034 0.030

15.00 0.356 -0.175 0.050 0.047 0.037

20.00 0.417 -0.199 0.070 0.062 0.045

25.00 0.524 -0.214 0.107 0.096 0.061

30.00 0.614 -0.240 0.137 0.087 0.073

35.00 0.557 -0.270 0.123 0.113 0.075

40.00 0.734 -0.226 0.176 0.156 0.091

45.00 0.765 -0.249 0.184 0.133 0.999

50.00 0.812 -0.247 0.215 0.133 0.102

55.00 0.833 -0.244 0.022 0.138 0.106

60.00 0.856 -0.257 0.241 0.112 0.112
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The reaction products also absorb at the excitation w avelength, 

254nm. Consequently, the intensity absorbed by (CHg)gSnl was corrected for

inner filter effects according to :

Ia = I0 1 -  10 ‘
AbS254*c“d

2.2

where A b s$ S rectc< 1 is given by :

A b s?§ r“  = Abs ¥8*™* - [ [(CHjfcSnJ E j ^ j)sS„2 l] - [[I2] E j f  I ] ^

The programs used to analyze the measure absorbance changes according 

to equations 2.1 and 2.2, and in turn the quantum yields are described in 

Appendices 1 and 2.

Plots of the calculated quantum yields vs. irradiation tim e, Figure 

2.12, show that the the quantum yield of (C H 3)3SnI disappearance is 

independent of the C>2 concentration. W ithin experim ental error, the

quantum yield of trimethyltiniodide dissapearance in hexane (Table 2.8) is 

independent o f whether the solution was saturated w ith 0 2 , N 2 , or Ar, or 

degassed  by repeated freeze-pum p-thaw . Also, the quantum  yield  of  

(CH3 )3 SnI disappearance with 254 nm excitation is independent of initial 

(CH3)3SnI concentration, (Figure 2.13). However, the quantum yield is very 

dependent on the excitation w avelength, and declines rapidly as the 

excitation wavelength shifts from 254nm to 355nm ( Table 2.9).

The ratio o f the lim iting quantum yields of (CHg)gSnl disappearance
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Table 2.7 - Extinction coefficient values of (CHg)gSnl, (CHg)gSn 2 < and 12 

at different absorption wavelengths in hexane.

e CM'* • cm’*)

Wavelength (CHg)gSnl (CHg)gSn2  Ig

211 nm 5.91 x 103 2.11 x 104 1.02 x 104

234 nm 3.45 x 103 4.48 x 103 3.78 x 103

254nm 1.43 x 103 1.39 x 103 2.75 x 103

520 nm 0.00 0.00 920
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F ig u re  2.12 - Initial quantum  yield of the photochemical reaction of 7.37 x

10*4 m  solution of trimethyltiniodide in hexane.

..
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T able 2.8 - Effect of oxygen, nitrogen , and air free atm ospheres on the 

quantum yield o f the photochemical reaction of 7.37 x 10'* M solution of 

trim ethyltiniodide in hexane at a constant light in tensity  o f 1.22x10'^  

einstein/L -sec.

* 1 <J> 2

Environm ent (CHglgSnl h <D X/<D 2

A ir 0.323 ± 0.05 0.170 ±0.06 1.90

Oxygen 0.338 ± 0.05 0.169 ±0.06 2.00

Nitrogen 0.320 ± 0.05 0.171 ±0.06 1.87

Argon 0.328 ± 0.05 0.169 ±0.06 1.93

1 8 5



Table 2.9 Quantum yield of the photochemical reaction of 7.37 x 10'* M 

solution of trim ethyltiniodide in hexane as a function of the light source 

wavelength, and a a constant light intensity of 1.22x10'^ einstein/L-sec.

_____________________________ <t>__________________________

Wavelength (nm) (CHg)gSnl (CHglgSng Ig

254 0.323 ±0.05 0.165 ±0.06 0.170 ±0.06

310 0.109 ±0.06 0.060 ±0.01 0.065 ±0.01

355 no reaction no reaction no reaction
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and (CH3 )g S n 2 and I2 appearance, 2.06 ± 0.17, are consistent with an 

overall reaction stoichiometry o f :

hv

2 (C H gljSnl ------> (C H glgS ^  + 12 2.4

The ratio o f the quantum yield o f the reactant to products is constant

(~2), as well as the ratio of the quantum  yields of the products are 

independent of the initial (CH3 )3SnI concentration. However, at high initial 

(CH 3 )3 SnI concentration, > 1 . 0 x 1 0 * 3  M, the quantum yield of (CH3 )3SnI

d issap earan ce  in crease to approxim ately  tw ice th at o f the low er 

concentrations.

The variables of light intensity and excitation wavelength are unique

to photochemical reactions. Since, as noted above, the quantum efficiency

declines with increasing wavelength, studies of the in tensity  dependency
d> = d A /in

were lim ited to 254nm excitation. Since dt for any process, plots 

of log <D vs. log I (Figure 2.14) show that the quantum yield of (CH3 )3SnI

disappearance as well as 12 appearance exhibit, within experim ental error,

first order dependences, n=0.83, on the excitation intensity.

The effect of I3 and (CH3 )gSn2 were also examined not only to probe

the deta ils o f the photochem istry in hexane, but at the tim e, it  seem  

essential to understanding the differences that occur in the photochemistry 

of (CH3 )3SnI in nonpolar and polar solvents, and on the glass surface. The

am ount o f I3 added was alw ays less than the m axim um  am ount of I3 

formed in the photolysis, but w ithin this range o f I2 concentrations, the 

quantum yield of (CH3 )3SnI disappearance and product formation (Figure 

2.15) are independent of added I2 -
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Figure 2.13 - Q uantum  yield dependence on the trim ethyltiniodide  

concentration at a light intensity of 5.562 x 10 *® einstein - L'*- sec'*.

O (CH3)6Sn2 

A (CH3)3SnI0 .8 -

5.6-

0.4-

0.2

(CH3)3SnI Concentration (m ol/L)

18 8



W ith added (CHg)gSn2 , the results are more complex. W ith S 2.0x10"®

M (C H g )g S n 2 , the  q uan tum  yield of (CH3 )3 S nI d isap p earan ce  is

independent o f the added dimer. However, w ith a concentration of 

(CH0 )gSn2 2 2.0x10'® M the quantum yield of (CH3 )3 SnI disappearance

increases rapidly and becomes surprisingly large, i.e., 4> > 1.0 .

D uring the course of th ese photochem ical experim ents, it  was 

discovered th at the photoproducts, I2 or (CH3 )gS n2 , therm ally react to

reform the starting material, i.e.,

Kt
I2 + ^ ^ 3 ^ n 2 --------- > 2(CH3)3SnI 2.5

Since th is  would affect the m easured quantum  yield o f (CH3 )3 S n I

dissapearance, the rate of the therm al back reaction was determ ined  

spectrophotom etrically. The rates of I2 disappearance and (CH3 )3 Sn I

appearance were measured using the kinetic program of the Aviv UV- 

visible spectrom eter. The program m easures the absorbance at specific 

wavelengths with an acquisition time of 10 scans / sec.

Figure 2.17 is a typical plot obtained by the spectroscopic method. The 

initial concentrations of I2 and (CHg)gSn2 were usually in the range 10*® to

1 0 ' 4 M, depending upon the rate of the reaction. In all runs the I3 

concentration was kept constant while the (CH3 )gSn2 was changed. In a 

typical experiment, 1 to 10 ml aliquots of a 4.59x10*® M (CH3 )6Sn2 solution  

were injected into 10 ml of a degassed 1 .66xl0*4 M hexane solution o f 12- 

The kinetics program was initiated and rates of 12 d issapearance and  

(CH3 )3SnI appearance measured. All experiments were carried out at 25

1 89



F ig u r e  2 .30  - Quantum yield dependence of the 254 nm photochemical 

reaction of 2.93x10** M solution of trimethyltiniodide on the light intensity.
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F ig u r e  2.15 * Quantum yield as a function of the I2 concentration at a 

constant (CHg)gSnl concentration of 2.93x10'^ M solution and a constant 

light intensity of 1.22 x 10"  ̂ (einstein/l-sec).

1.0

0.8

0.6

o

0.4

0.2

0.0

Iodine Concentration (mol/L)

■ (CH3)3SnI

•  12

■ (CH3)6Sn2

z S X x X Xf  I  * 
X .  *

f I  1
*  S

t— » 1 » 1 ■ ~i 1 1 ’ 1 1
2.365 e-6 2.665e-6 2.965e-6 5.920e-6 8.886e-6 1.182e-5
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F ig u re  2.16 Quantum yield as a function of the (CHg)gSn2 concentration at 

a constant (C H g^Snl concentration of 2.93x10'^ M solution and a constant

light intensity of 1.22 x 10'? (einstein/l-sec).
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°C. The experim ental data (Figure 2.17) was fitted to the general rate 

expression :

dKCHj bSnl] =Ki fj2l n [(CH3)6Sn2] m 2.6
dt

and the values of n  and m , n = m  = l ,  was determined by the method of 

integration and by the differential method. 12 The values of (Table 2.10)

were calculated from the integrated second-order equation:

K ,=  2 .303- log b j a ^ x )  2 7
t ( a - b )  a ( b - x )

where a = [(C H g )g S n 2 ](). b = t ^ O ’ an(* x = *be decrease in the I2 

concentration, and yield an average value 226.4±0.5 M 'l-sec‘l.

The data gathered to th is  point su g g ests  th a t the prim ary  

photochemical event in a nonpolar solvent is the homolytic cleavage of the 

(CH3 )3S n -I  bond leading to (CH3 )3Sn* and I* radicals. Consequently, the

addition of a radical scavenger would be expected to reduce the product 

yields, but not the rate of disappearance of (CH3 )3SnI. Indeed, as shown in

Figure 2.18, the addition of isoamylnitrite 13 (1.0xl0**M) has no effect on the 

quantum yield o f (CH3 )3SnI disappearance, but reduces the quantum yield 

of I3 from 0.35 to 0.05 in hexane containing 1.0x10** M isoamylnitrite.
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F ig u r e  2 .17  - Exam ple of a spectroscopic kinetic plot as obtained for the 

reaction of 10 ml of 1.66 x 10"  ̂M I2 and 2 ml of 4.59 x 10*^ M (C H g lg S ^  in

hexane at 25 °C.
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22.1.3 Photochemistry o f Trimethyltinbromide in Hexane.

Our main interest in the study of the photochemical reaction of (CH3>3SnBr 

in so lu tion  w as to com pare it  w ith th e resu lts  obta ined  for 

trimethyltiniodide in order to decide which of the two compounds was more 

suitable for the photochemical studies on the glass m atrices. The same 

conditions used during the photochemical studies of trim ethyltiniodide 

were applied in this case. However, the photochemical reaction could only 

be studied in nonpolar, hexane, solvents since the UV-visible absorption 

maximum of (CHg)gSnBr in polar solvents, ethanol an d \or  acetonitrile, is

not resolved due to the proximity of the absorption cutofT point of the 

solvents, ~ 200nm.

Prolonged photolysis with 254 nm light of 7.88 x 10*^ M solution of 

(C H g)gSnB r in hexane causes a decline of the 212 nm band and the

sim ultaneous growth of a broad band centered at 420 nm (Figure 2.19), and 

a nondescript increase in absorbance at < 210nm. The absorption at 420 nm 

is assigned to B ^  formation since molecular bromine in hexane exhibits an

equivalent absorption, while the nondescript increase below 210 nm is 

assigned to (CHg)gSn2 formation. An isosbestic point occurs at 240nm and 

is maintained to 40% conversion of (CHg)gSnBr.

Stoichiom etric data calculated from UV-visible difference spectra 

yield a 2:1 ratio for the quantum yields of (CHg)gSnBr disappearance and 

B t 2  appearance. The quantum yield was calculated by the method described 

for (CHg)gSnl, w ith  appropriate corrections for the contribution in  

absorbance of (CHg)gSnBr and Brg at 254 nm.

The quantum  yield of (CHg)gSnBr disappearance in  hexane is 

independent of the C>2 content. Within experimental error, the values
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T ab le  2 .10 - Reaction of 10 ml of 1.66 x 10*4 M I2 and 2 ml of 4.59 x 10'® M 
(C H glgS ^  in hexane at 25 °C.

T im et

(sec)

2 .303
t ( a - b )

(x 102)

(b-x) 

(x lO"4 )

X

(x 10-5)

(a-x) 

(x 10*5)

V

dVT^sec’1)

21.8 ±0.000 1.663 0.00 4.593 0.00

21.9 -3.813 1.618 0.455 4.134 225.9

22.0 -3.605 1.578 0.846 3.743 225.3

22.1 -3.424 1.539 1.238 3.351 226.7

22.2 -3.210 1.499 1.641 2.948 226.7

22.3 -2.981 1.457 2.065 2.524 226.9

22.4 -2.774 1.420 2.434 2.155 227.1

* A verage value 226.4 ± 0.5
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F ig u re  2 .18 -Effect of inhibittor, 1.0x10"* M isoalm ylnitrite, on the quantum  
yield during 254 nm photolysis o f (CH glgSnl, 2.93x10'* M, in hexane, and a 
constant light intensity of 1.22 x 10'^ (einstein/l-sec). a) effect on (CHg)gSnl, 
b) effect on l£.
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F igu re 2.19 - UV-vis of the photochemical reaction of 7.88 x 10'^ M of

trim ethyltinbrom ide in hexane irradiated with a 254nm light source.

Wavelength (nm)
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obtained in O2 saturated solutions are equivalent to those obtained in N 2

saturated and degassed solutions, (Table 2.11).

As found with (CHg)gSnl, the quantum  yield of (C H g)gS n B r

dissapearance is  independent of initial concentration (Figure 2.20) and 

exhibits a first order dependence on the excitation intensity (Table 2.14). 

However, the dependence on excitation wavelength is  more pronounced. In 

fact, there is no evidence o f reaction w ith 310- and 355-nm  excitation  

regardless of intensity and exposure time.

A number of attempts were made to follow the reaction via FTIR and 

Raman spectroscopy, but even with a 0.1 M solution o f (CHg)gSnBr and

prolonged photolysis, no reproducible spectral change could be detected due 

to the low efficiency of the reaction with 254 nm excitation. Nevertheless, 

the stoichiom etry of the reaction and the sim ilarity  of the UV-visible 

spectral changes w ith those of (CHg)gSnl in d icates an eq u iva len t

photochemical reaction, i.e.,

hv

2(CHg)gSnBr ----------> (CHg)gSn2 + B ^  2.9

2J2.1.4 Photochemistry of trimethyltinchloride in hexane.

Photolysis of (CHg)gSnCl in hexane with 254-,310-,or 350nm did not produce 

any spectral changes regardless of solution concentration, excitation  

intensity, or exposure time.
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T a b le  2.11 - Effect of oxygen, nitrogen , and air free atm ospheres on the 

quantum yield of the photochemical reaction of 7.88x10'® M solution of 

trim ethyltinbrom ide in hexane at a constant light intensity of 7.49x10'^  

einstein/L-sec.

* 1 <t>2

Environm ent (CHg)gSnBr Br2 2

A ir 0.013 ±0.005 0.005 ±0.005 2.60

Oxygen 0.01810.005 0.009 ±0.005 2.00

Nitrogen 0.01610.005 0.01010.005 1.60

Argon 0.18810.005 0.009 ±0.005 2.00
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T a b le  2 .12 - Quantum yield o f  the photochemical reaction o f 7.88x10'^ M 

so lu tio n  of trim ethyltinbrom ide in hexane as a function of the light 

intensity at 254 nm.

Intensity ( IQ) * 1 * 2 <Dj Kt>2

[einstein-L**- sec'*] (CHglgSnBr Br2

5.56 x 10 -® No reaction No reaction

1.22 x 10 '7 No reaction No reaction

2.14 x 10 '7 0.006 0.003 2.0

2.82 x 10 *7 0.009 0.004 2.2

3.76 x 10 *7 0.010 0.004 2.5

7.49 x 10 '7 0.013 0.005 2.6
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F ig u r e  2 .20  - Q uantum  yield dependence on the trim ethyltinbrom ide 

concentration at a light intensity of 7.49 x 10 einstein - L'*- sec"*.

0.10 ■

0 .0 9 -

0 .0 8 - °  (CH3)3SnBr

0 .0 7 - ♦ Br2

0 .0 6 -

< J ) 0 5 -

0 .0 4 -

0 .0 3 -

0 .0 2 - o

0.01 -

0.00 H
2.7 c-5 4.5e-5 6.3e-5 8.6c-5 1.04e-4 2.7c-4 

Br2 Concentration (mol /  L)

2 0 2



2.2.2 Polar Solvents.

The above results are consistent with previous investigations and confirm 

th at photolysis o f (CHg)gSnX ( X= Br, I) in nonpolar solvents leads to

hom olytic cleavage of (CHg)gSn-X bond. However, it  was im m ediately

apparent th at this was not the case when the complex was adsorbed onto 

PVG. To resolve this discrepancy and to understand the photochemistry on 

the g lass surface, the experim ents were extended to polar solvents, as a 

way to mimic in fluid solution, the behavior that may occur on the polar, 

hydroxylated surface of porous glass, or glass gels.

2 i2 .1  Photochemistry of Trimethyltiniodide in Ethanol and Acetonitrile.

As previously described, the absorption maximum of (CHg)gSnl shift from 

234 nm in hexane to 219 nm in ethanol and acetonitrile due to the formation 

o f a five coordinate solvent adduct (Figure 2.2). N evertheless, 254nm  

photolysis of the adduct in both solvents results in the appearance o f bands 

at 290- and 360nm  concurrent with the disappearance of the adduct 

absorption (Figure 2.21). There is no indication during photolysis in these 

polar so lven ts o f e ith er  a high energy absorption characteristic  of 

(C H g)gSn2 or the visible absorption of I A n  isosbestic point at 260nm is

m aintained through 2 100% conversion, and comparison with the spectra of 

th e known compounds ind icates th at the 290- and 360nm  bands are 

indicative o f I* and/or HI formation. Also, no em ission occurs in the 260- 

850-nm  region w hen room- and low tem perature (77K) solutions of 

(CHg)gSnl are excited with 254 nm light.
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The stoichiometry of the reaction was calculated from the ratio of the

rate o f disappearance of the reactant vs. the rate of appearance of the 

products. In nonpolar solvents, the ratio of the disappearance of (CHg)gSnl

vs. the appearance of 12 is  2.010.2. However, in these polar solvents, the 

ratio of the disappearance of (CHg)gSnl vs. the appearance of HI is  1.010.2.

The apparent stoichiometric formation of ionic species w as rather 

surprising in view of the results obtained in nonpolar solvents. In that case, 

hom olytic cleavage of the Sn-I occurs, w hereas in the polar solvents, 

heterolytic cleavage appears to occur. Consequently, further physical and 

chem ical analysis were carried out to established the nature of the 

photoproduct formed.

To probe the formation of the ionic species, cyclic voltammograms 

were recorded periodically during 254 nm photolysis. Comparison of typical 

voltammograms obtained during photolysis of 7.37x10*4 ethanol solution 

of (CHg)gSnl ( Figure 2.22) w ith those o f a 1.0x10*3 M iodic acid solution

(Figure 2.23) show that both exhibit equivalent h a lf reduction potential 

(E °i/2 ). The photolytes obtained by 254nm photolysis of (CHg)gSnl in hexane

or cyclohexane were exam ined in an equivalent m anner, but no wave 

indicative o f either I' or HI formation occurs. Thus, the electrochem ical 

and spectral data are consistent with the inm ediate formation of I* and/or 

HI, as opposed to I2 .

The photolytes were titrated w ith starch and AgNOg solutions. 14 

Starch forms an intense blue-colored complex in the presence o f Ig*. and is

sufficiently sensitive to detect very low concentrations £ 1 x l0 ‘® M of 1*3. 

However, titrations o f 5 ml aliquots after 1.0 m inute 254 nm photolyses of 

7.37x10*3 m  (CH3 >3SnI in ethanol and acetonitrile showed no absorbance at 

435 nm, which is the absorption maximum of the starch-I*3 complex. On
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F ig u re  2.21 • UV-vis of the photochemical reaction of trim ethyltiniodide in

ethanol.
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F ig u re  2.22 • Voltam m ogram  of the photolysis of trim ethyltin iodide in

ethanol.
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F ig u re  2.23 - Voltammogram of iodic acid in ethanol.
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the other hand, titrating equivalent aliquots with A gN 03 resulted in the 

inm ediate dissapearance of the 290- and 360-nm  bands of HI and the 

appearance of a pale yellow Agl precipitate. Unfortunately, the amount of 

precipitate formed was to small to quantitate. Nevertheless, the absence of a 

positive starch test, but the inm ediate appearance o f A gl precipitate  

indicates the inm ediate formation of I' w ithout concurrent 12 formation. 

Furthermore, the ratio of absorbance at 290 nm relative to that at 360 nm is 

1.78 for I'3 in either ethanol or acetonitrile. On the other hand, HI yields a 

ratio of 1.9, which in excellent agreem ent with the ratio of absorbances 

formed in the photolyzed solution.

The electrochem ical, spectral, and chemical analyses point to the 

inm ediate formation I' rather than 12- Consequently, 254 nm photolysis of 

(CH 3)3SnI in polar solvents, i.e., photolysis of the five coordinate solvent 

adduct leads to heterolytic bond cleavage of the Sn -I bond. In ethanol the 

primary photoprocess is :

MeMe
Me

Me  S n  0  Et + HIS n  1

Me MeO  H
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2.2.2.2 Kinetics o f the Photochem ical Reaction of Trim ethyltiniodide in

E thanol an d  Acetonitrile.

With 254 nm excitation,the quantum yield of (CHg)gSnl disappearance is 

equal to the quantum yield of HI appearance (Table 2.13). Although I2

absorbs strongly in the UV region ( e = 2.75 x 10^ M‘ * cm'* at 254nm ), HI 

does not derive from secondary photolysis of I2 . There is no indication of an

induction period preceeding HI formation. Rather, the 290- and 360-nm  

bands characteristic of HI appear im m ediately and increase in intensity  

with the m aintenance of an isosbestic point at 260 nm through 100% 

conversion. Furthermore, the quantum yield is independent of added I2 

(Figure 2.40). In the presence of 1.0 x 10'^ to 5.0 x 10'^ M Ig, the quantum

yield of HI appearance during 254 nm photolysis, 0.65 ± 0.09, is within  

experimental error of that measured in the absence of

As in nonpolar (hexane) solvents, the quantum yield o f (CHg)gSnl

disappearance in polar (ethanol and acetonitrile ) solvents is independent of 

the presence of C>2 (Table 2.17), and the (CH3 )3SnI concentration (Figure

2.41). In all of the quantum yield experiments the ratio of the quantum yield 

of (CH3)3SnI disappearance and the quantum yield of appearance o f HI 

remain constant, 0.98, this results is consistent with a 1:1 stoichiometric 

net reaction :

hv
(C H g )g S n l > (CH3 )3Sn+ + I* 2.11

These results as well as the wavelength dependence of the quantum  

yield , suggest that the reaction initiates in the high energy state populated
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T a b le  2.16 - Quantum yields of 7.37 x 10*  ̂ M of trim ethyltiniodide at a 

constant light intensity of 1.22 x 10'^ (einstein/L-sec) as a function of the 

dielectric constant of the solvent and the wavelength of the excitation  

source.

Dielectric

Constant*

Hexane

1.890

Solvent

Acetonitrile

37.50

Ethanol

2430

<j> 254 nm 

<j> 310 nm 

<j> 355 nm

0.323 ± 0.05 

0.190 ±0.05  

< 0.001

0.653 ± 0.05 

0.011 ±0.005  

< 0.001

0.457 ±0.05  

0.008±0.005 

£ 0.001

CCR Handbook of chemistry and physics, 90th ed., pp-E-161
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on absorption . N ev er th e le ss , in nonpolar so lv en ts , th e prim ary  

photochemical event is homolytic cleavage, whereas, in polar solvents the 

data indicate that the primary photochemical event is heterolytic cleavage 

of the Sn-I bond.
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F ig u r e  2 2 4  - Quantum yield as a function of the iodine concentration at a 

constant trimethyltiniodide concentration of 7.37 x 10 M and a constant 

light intensity of 1.22 x 10'^ einstein/ L-sec
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Table 2.17 - Effect of oxygen, nitrogen , and air free atm ospheres on the 

quantum yield of the photochemical reaction of 7.37x10"* M solution of 

trim ethyltiniodide in ethanol at a constant light in ten sity  of 1.22x 10'^ 

einstein/L -sec.

O j * 2

Environment (CH3)3SnI HI d y o  2

A ir 0.653 ± 0.05 0.659 10.05 0.99

Oxygen 0.658 ± 0.05 0.652 ±0.06 1.00

Nitrogen 0.650 ± 0.05 0.654 ±0.06 0.99

Argon 0.653 ± 0.05 0.721 ±0.06 0.90
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F ig u r e  1 2 6  • Quantum yield as a function of the (CHg)gSnl concentration  

in ethanol at a constant light intensity of 1.22 x 10*̂  einstein/ L-sec
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3. Photochem istry of Phenyltin  H alides and  
Phenyltin Azides in Solution.

The purpose of th is study was to established the photochemistry of relatively

volatile organotin compounds so that they could be used to photochemically

modified the refractive index of the glass. In such an application, however,

a major concern is the absorption spectrum of the compound relative to the 

UV transm ittance of the glass. A major drawback o f the (C H g)gSnX

compounds is that their optical absorption occur in the UV < 250-nm beyond 

the transm ittance of the glass. Consequently, photolysis is  lim ited to the 

molecules on the outer most surfaces of the glass. It may not be possible to 

com pletely elim inate th is problem with sim pler organotin compounds 

since th ose w ith  adequate v o la tility  gen era lly  absorb in  th e UV. 

N evertheless, the experim ents were extended to (CgHg)(4 _n )SnC ln , and 

(CgHg)(4 .n )Sn(N g)n (n = l, 2 , 3) compounds, since these complexes exhibit 

intense phenyl centered absorptions in the 250- to 280-nm region.

3.1 Spectroscopic Properties of Phenyitiii Halides and Phenyltin 
Azides in  Solution.

Absorption spectra of the (CgHg)(4 .n )SnCln , and (CgHg)(4 _n)Sn(N3 )n

2 1 5



(n = l, 2 , 3) compounds in solution consist of a series of bands from 275- to 

250nm, while Figure 3.1 is representative of the spectra, the band maxima 

and molar extinction coefficients of the different compounds are listed in 

Table 3.1. 15 It is immediately apparent from Table 3.1 that the intensity of 

the absorptions decrease as the number of phenyl rings decreases from 

three to one. Furthermore, these bands are simmilar to those of CgHg, and

as a result have been assigned to a phenyl localyzed p ->  p* transition with

a superimposed vibrational progression.

U nlike the (CHg)gSnX compounds, the absorption maxima of the

(CgHg)gSnX ( X= Cl, Ng) compounds is independent of the solvent polarity 

and Lew is basicity. C onsequently, there is no indication th at these  

compounds react to form a solvent adduct. However, spectroscopic and 

photochemical studies were limited to polar solvents (ethanol) due to the 

poor solubility, < 1.0 x 10'® M, of the (C gH g)(4 _n )SnC ln , and (CgH g)(4 _ 

n )S n (N g )n (n = l, 2 , 3) compounds in nonpolar solvents (hexane, and 

cyclohexane). Even in ethanol, typical concentrations range from 5.0 x 10'®

- to 5.0 x 10' 4 M solutions.

(CgHg)gSnCl exhibits an emission at ga. 320 nm when excited with

254 nm light (Figure 3.2). The energy of the emission peak, and its intensity  

are independent of the solvent polarity, as observed in the UV-visible 

spectra. Each (C gH g)(4 _n )S n C ln and (C g H g l^ .^ S n tN g lj j  (n= 1, 2, 3)

com pounds exhibits an em ission of sim m ilar energy, but the em ission  

in tensity  declines as the number of phenyl groups decline. With each, the 

em ission intensity is independent of whether the solution is air saturated or 

degassed. Sim ilar em ission &L. 300nm  is observed for benzene when  

excited with 254nm light. 16

216



F ig u re  3.1 - Absorption spectra of (CgHglgSnCl in ethanol.
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T ab le  3.1 - Absorption coefficients and band maxima of (CgHg)(4 _n )SnCln , 

and (CgHg)(4_n )Sn(Ng)n (n=l, 2 , 3) compounds in ethanol.

Compound A B C D

(CgHg^SnCl 267nm 263nm 257nm 251nm

£(l/mol-cm) 535 835 1070 918

(CgHg^SnCl 2 269nm 265nm 260nm 254nm

e(l/m ol-cm ) 347 542 095 596

(C6H5 )SnCl 3 272nm 268nm 264nm 258nm

£(l/mol-cm) 294 460 590 506

f ^ 6 H5^3 SnCl]2 267nm 263nm 257nm 251nm

£(l/mol-cm) 600 930 1200 1050

(c 6H5 )3SnN3 267nm 263nm 257nm 251nm

£(l/mol-cm) 561 841 1080 939

(CgHg^SnCNs) 2 270nm 266nm 262nm 255nm

£(l/mol-cm) 349 557 705 601

(CgH5 )Sn(N3 ) 3 273nm 270nm 266nm 260nm

£(l/mol-cm) 299 465 595 513

[(CgH5)3 Sn(N3)]2 267nm 263nm 257nm 251nm

E(l/mol*cm) 609 936 1192 1065
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F ig u re  3.2 - Emission spectra of 3.75xl0*4 M solution of (CgHglgSnCl in

ethanol; lExcitation= 254 nm; Slits Ex:Em = 20:6 .
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The FTIR spectra of (CgHg)(4 .n )SnCln and (CgHg)(4_n)Sn(Ng)n (n= 1, 

2, 3) compounds is very similar, Figures 3.3, and 3.4 respectively. Most of 

the vibrational bands observed are associated with the phenyl vibrational 

modes. The phenyl bands in the 1660- to 2000 cm'* region have a typical 

pattern which can be correlated to the mode o f substitution o f the phenyl 

ring. 17 The Sn-phenyl band is observed in all the compounds, it  occurs in 

the 1070 cm'* region of the spectrum. The Sn-Cl stretching mode occurs at 

about 330 cm’l ,  however, it is not observed with conventional KBr optics 

spectrometers. Consequently, the Sn-Cl vibration is not observed with our 

FTIR spectrometer. The Sn-Ng asymmetric stretch occurs at 2100 cm**. A 

complete vibrational frequency assignm ent for the (CgHg)(4 _n )SnCln and 

(CgHg)(4 _n )Sn(Ng)n n̂= 2 . 3) compounds in carbontetrachloride is given

in Table 3.2.

The proton NMR spectra for the (CgH g)(4 .n )SnC ln and (CgHg)(4 _ 

n )S n (N g )n (n= 1 , 2, 3) compounds in a carbon tetrachloride solution is  

identical (Figure 3.5). It consist of two peaks centered at 7.4 and 7.7 ppm 

respectively. This peaks are assigned to the protons in the phenyl rings. As 

the number of phenyl ring decreases from three to one the intensity of the 

bands decreases proportionally.

3.2 Photochem istry of (CgHg)(4_n )SnCln  (n= 1 ,2 ,3) 

Compounds in Solution.

As already mentioned, the photochemical studies were lim ited to ethanol 

due to the poor solubility of the compounds in nonpolar solvents. The
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F ig u re  3.3 - FTIR spectra of (CgHg^SnCl in CCl^.
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T ab le  3.2 - Infrared band assignm ent for the vibrational modes of (CgHg)(4 _ 
n ) S n C ln and (CgH 0 )(4 - n ) S n ( N g ) n (n= 1 , 2, 3) com pounds in a 

carbon tetrachloride solution .18

Frequency (cm**) A ssign m en t

3090s C-H symmetric stretch

3045 s C-H symmetric stretch

2093 vs N-N-N asymmetric stretch

1950 w phenyl ring modes

1875 w phenyl ring modes

1822 w phenyl ring modes

1479 s C-C stretch

1429 s C-C stretch

1073 s Sn-phenyl stretch

335 w Sn-Cl stretch
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F ig u re  3.5 - Proton NMR spectra of (CgHg^SnCl in CCl^
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photochem ical reaction of (C gH g)(4 _n )S nC ln (n= 1 , 2, 3) compounds in 

so lu tion  w as followed in situ  by U V -vis, F luorescence, and FTIR  

spectroscopies. Excitation of a degassed 1.0 x 10'* M ethanol solution of 

(CgHglgSnCl with 254-nm light causes a decline in the intensity of the 263-

nm absorption band (Figure 3.6), and the sim ultaneous growth of a band at 

330-nm. An isosbestic point at 290nm occurs during the first m inutes of the 

reaction, but then disappears on further photolysis concurrent with the 

reappearance o f the 260-nm band. The 330nm band that develops during 

photolysis agrees with that of CI2 dissolved in ethanol, and its assigned to

its formation. The reappearance o f the 260nm band is assigned to the 

formation of the (CgHg)gSn-Sn(CgHg)3 dimmer, since comparison with the 

spectra of pure (C gH glgSn-S^CgH glg in ethanol shows similar spectra.

The em ission spectra peak at 320 nm of a degassed 3.75 x 10*^ M 

solution of (CgHglgSnCl in ethanol disappears as a function of photolysis

tim e (Figure 3.7), when photolyzed with 254-nm light. The disappearance of

the em ission peak occurs simultaneously with the disappearance of the 263

nm peak in the UV-visible spectra.

FTIR spectra recorded during photolysis of l.OxlO'^M solution of 

(CgHglgSnCl in ethanol with 254 nm light for two hours (Figure 3.8 ), shows

the formation of two new bands at 1658-, and 1579 cm"* which are assigned  

to the formation of (C g H g lg S n -O -C I^ C H g , since the C -0  stretching

vibrations of tin acetonate compounds often occur as two bands in the 1600 

cm'* region o f the spectrum. The same photochemical experiment was 

repeated in  hexane under the sam e conditions, however there is  no 

indication for the formation of th is bands. Also, from the spectra is  

observed th at no disruption of the phenyl-tin  m atrix occurs during  

photolysis, since there are no changes in the intensity, or position of the
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F ig u re  3.6 - UV-vis spectra during photolysis with 254 nm light of 3.75x10*^

M solution of triphenyltinchloride in hexane.
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F ig u re  3.7 - Em ission spectra during photolysis w ith 254 nm  light of

3 .75xl0 '4 M solution of (CgHglgSnCl in ethanol.
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Figure 3.8 - FTIR spectra of the 254-nm photolysis of 1.0 x 10'^ M solution of

(CgH g^SnCl in ethanol.
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F ig u re  3.9 - UV-visible spectra recorded during photolysis of 3.6 x 10'^M

degassed solution of (C g H g ^S n C ^  in ethanol a t a constant light intensity of

7.49 x 10-7 (einstein/l-sec) at 254 nm.
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1073 cm 'l band, which corresponds to the phenyl-tin stretch. From the 

NMR spectra a small shift, Dd = 0.29 ppm, o f the proton signals of the 

phenyl group are seen to occur with photolysis. However, the intensities  

and the shape of the signal do not change.

As in the case of (CgHg)gSnCl, photolysis with 254-nm light of 1.0 x 

10~4 M solution o f (C gH g^SnC ^ and/or (C gH g^nC lg in ethanol shows the

disappearance of the 265nm peak (Figure 3.9), followed by the appearance of 

a peak a t 320-nm  which is  assigned to the appearance of C ^ . However,

from the spectra there is no indication of the formation o f a tin derivative, 

since the 263nm peak is not seen to reappeared. Sim ilarly, the em ission  

spectra shows the decrease of the 320nm peak upon excitation with 254nm  

light.

The FTIR and NMR of (C gH g^SnC ^ and/or (CgHg)SnClg in ethanol 

when excited w ith 254-nm light show no changes on the spectra regardless 

of the photolysis time.

3.2.1 Kinetics of the Photochemistry of (CgHg)(4.n)ShCln (n« 1,2,3) 

Compounds in Solution.

To further understand the m echanism  of the photochemical reaction of 

(CgHg)(4 .n )SnCln (n= 1,2,3) compounds, quantum yield calculations were

made in 1.0 x 10*4 solutions in ethanol at a constant light intensity  of 

7.49x10*7 (einstein/l-sec) with 254nm light under a variety of conditions. The 

quantum  yield  o f disappearance o f the (C gH g)(4 . n )S n C ln (n= 1,2,3) 

compounds is  independent o f the O2  concentration (Table 3 .3), and  

decreases drastically as the excitation wavelength shifts from 254- to 355- 

nm (Table 3.4). There is  no evidence of a photochemical reaction at the low
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T a b le  3 .3 - Effect of oxygen, nitrogen, and air free atm ospheres on the 

quantum yield of the photochemical reaction of 3.65 x 10** M solution of 

(C6H5 )(4-n)SnC1n (n= 1>2 ,3) in ethanol with a constant light intensity of 7.49

x 10*7 (einstein/l-sec) at 254 nm.

n s

* 1

(C6H5)(4-n)SnC1n

* 2

CI2

A ir 1 0.009±0.003 0.00510.003

2 0.015±0.003 0.01210.003

3 0.021±0.003 0.03010.003

Nitrogen 1 0.011+0.003 0.00610.003

2 0.015±0.003 0.01110.003

* 3 0.025±0.003 0.03310.003

D egassed 1 0.009±0.003 0.00610.003

2 0.017±0.003 0.01210.003

3 0.020±0.003 0.03110.003
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T a b le  3.4 - Q uantum  yield of the photochemical reaction of 3.65 x 10*^ M

solution of (CgHrj)(4 .n )SnCln (n= 1,2,3) in ethanol as a function of the light

source wavelength with a constant light intensity of 7.49 x 10"  ̂ (einstein/1- 

sec).

Wavelength (C6H5)(4-n)SpCIn Clg

254nm 1

2

3

0.009±0.003

0.015±0.003

0.021±0.003

0.00510.003

0.012t0.003

0.03010.003

310 nm 1

2

3

N.R

N.R

N.R

N.R

N.R

N.R

355 nm 1

2

3

N.R

N.R

N.R

N.R

N.R

N.R
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F ig u r e  3.10 - Quantum yield dependence of the (C0H5 )(4 _n )SnCln (n= 1,2,3) 

concentration in ethanol at a constant light in ten sity  o f 7.49 x 10'^

(einstein/l-sec).
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F ig u r e  3.11 - UV-vis spectra recorded during photolysis with 254nm light of 

1.0x10“* M degassed solution of (CgHg)gSnNg in ethanol at a constant light

intensity of 7.49x10'^ Einstein/l-sec.
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energy excitation wavelengths. Nor, there is evidence of a photochemical

reaction at lower excitation intensities.

The ratio o f the lim itin g  y ie ld s o f (C g H 5 )(4 -n ) S n C ln (n=

1.2.3)di8appearance and CI2 appearance, (Table 3.4), is  consistent with the 

following reaction :

hv

(CgH5 )(4 _n )SnCln --------- > (n /  2 ) Cl2 + other products

3.1

Also, the quantum yield of (CgHg)(4_n)SnCln (n= 1,2,3) disappearance, and 

C l2 appearance are independent of the (C gH g)(4 _n )S n C ln (n= 1,2,3)

concentration (Figure 3.10).

The results obtained indicate that photolysis o f (CgHg)(4 .n )SnCln (n=

1.2.3) compounds with 254nm light leads to the homolytic cleavage of the 

Sn-Cl bond, followed by Cl* radical recombination to form Cl2 .

3.3 P hotochem istry  o f (CgH g^njSnC N g),! (n* 1,2,3) 

Compounds in  Solution.

The photochemical reaction of the (CgHg)(4 _n)Sn(Ng)n (n= 1,2,3) compounds 

shows sim ilar spectroscopic changes to those observed for the (C gH g)^ . 

n )S n C ln (n= 1,2  ,3) compounds. Photolysis o f a 1.0x10*4 M solution of 

(C gH g>3 S n (N g ) in ethanol w ith 254 nm ligh t causes a decline in  the

intensity of the 263 nm absorption band (Figure 3.11), and the simultaneous 

growth of a band at 364-nm. An isosbestic point at 285 nm appears during 

the first m inutes of photolysis, but then disappears on further photolysis
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concurrent with the reappearance of the 263 nm band.The photoproduct 

peak at 364nm, as well as the reappearance of the 263 nm band, have been 

assigned  to the formation of (C gH g)gS n -N  = N -S n (C g H g )g , since azo 

compounds i.e. (CgHgJ-NsN-CCgHg), have similar absorptions in this region 

(ca 360 nm) of the spectrum .20 Furthermore, photolysis with 355-nm light 

of the photoproduct formed induces the disappearance of the 364nm peak, 

and the disappearance of the 263nm peak.

As in the case of (C gH g)(4 _n )S n C ln (n= 1,2,3) compounds, the 

emission peak at 320 nm of a degassed 1.0 x 10'^ M solution of (CgHg)gSnNg 

in ethanol disappears as a function of photolysis time when excited with 254 

nm light.

The FTIR spectra of the 254nm photochemical reaction of l.OxlO'^M 

so lu tion  of tr ip h en y ltin azid e  in ethanol (F igure 3 .12) show s the 

disappearance of the Ng asymmetric stretching band (2073 cm 'l), followed

by the sim ultaneous growth of two new bands at 1723- and 1665 cm'*. This 

bands are assigned to the formation of (C gH glgSn-N -C M I^H g), from the

reaction between a nitrogen radical and the adventitious solvent, since the 

(-N-O-R ) functionality has a characteristic vibrational frequency in this 

region. 21 The strong infrared band, at about 2200 cm'*, characteristic of the 

azo, (-N=N-), group is only observed after prolonged (£ 2 hours.) photolysis. 

There is no evidence of a photochemical reaction of the phenyl groups, or 

the dissociation of the Sn-phenyl bond, since the IR bands associated with 

th is groups do not change. Sim ilarly, there are no changes in the NMR 

spectra during photolysis o f l.OxlO'^M solution of triphenyltinazide in 

ethanol.

Nitrogen gas evolution was observed during the photolysis of 250 ml 

of a 1 .0x l0 ‘^M solution of triphenyltinazide in ethanol with 254nm light by
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F ig u re  3.12 - FTIR spectra during photolysis of l.OxlO'^M  solution of

triphenyltinazide in carbontetrachloride with 254 nm light source.
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gas chromatography (Figure 3.13). The amount of nitrogen gas produced 

never exceeded more than 5%  from the total am ount of (C gH g)gSnN g

photolyzed. Furthermore, the amount of nitrogen gas produced was found 

to be independent of the concentration of (CgHg)gSnNg.

As in the case of (CgHg)gSn(Ng), photolysis of a 1.2 x 10*^M solution 

of (C gH g^SnN g and/or (CgHg)Sn(Ng)g in ethanol with 254 nm light shows 

the disappearance of the 263 nm peak, followed by the appearance of a peak 

at 340 nm which is tentatively assigned to the formation of an azo (-N=N-) 

compound. Sim ilarly, the em ission spectra shows the disappearance of the 

320nm peak upon excitation with 254 nm light. The disappearance of the 

em ission peak occurs sim ultaneously with the disappearance of the 263 nm 

peak in the UV-visible spectra.

The FTIR of the photochemical reaction of 1.0 x 10*^M solution of 

(C gH g^SnN g an<^or (CgHg)Sn(Ng)g *n et^ano  ̂ 254 nm light shows the 

disappearance of the Ng asymmetric stretch band at 2070 cm 'V However,

there are no other changes in the spectra indicative of the formation of a 

photoproduct. Also, there are no changes in the NMR spectra.

D etail quantum  yield calculations of the photochemical reaction of 

the (CgHg)(4 _n )SnCln (n = 1, 2, 3,) compounds were not performed, since

there was not a conclusive evidence of the different photoproducts formed. 

N everth eless , calcu lations o f the quantum  yield o f d isappearance o f  

^ 6 H g)(4 _n )Sn(N g)n = 3.) compounds gave sim m ilar results to the

results obtained for the (CgHg)(4 .n )SnCln (n = 1, 2, 3,) compounds, from 0.01

to 0.001 when excited with 254 nm at a light intensity of 7.49 x 10’  ̂(einstein/ 

1-sec).

The resu lts obtained indicate th at the photolysis o f  (C g H g )^ .  

n)Sn(Ng)n (n = 1, 2, 3,) compounds with 254 nm light induces the breaking
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F ig u r e  3 .13 - Gas chromatograph the photolysis of 250 ml o f a  l.OzlO'^M 
solution of (CgHg)gSn(Ng) in ethanol with 254nm light at a constant light

intensity of 7.49 x 10‘7 (einstein/ l-sec); He carrier gas, Rate 36cc/min, Attn 
=128x.
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of the nitrogen bond in the azide functionality forming a nitrene reactive 

interm ediate accordingly with the following reaction:

hv

<C6H6}3SnN3  > (C6H6 )3SnN: + N 2 3.2

The nitrene intermediate then reacts either with another nitrene radical to 

form the azo dim mer, or with the adventitious solvent to produce a 

quinoxime compound accordingly to the following reactions :

(C6H6 )3SnN: + (C6H6 )3SnN: ------> (C6H6 )3SnN=NSn(C6 H6 )3

3.3

(C6H6 )3SnN: + (C2H5 )OH ------> (C6 H6 )3SnN-0-(C2H5)

3.4
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4. Summary of Solution Photochem ical 
Studies.

The photochemical studies of (CH3 )3 SnX ( X= I, Br, Cl ) compounds in 

solution show that the mechanism of the photochemical reaction is solvent 

dependent. In the nonpolar solvents hexane and cyclohexane, the primary 

photochemical event is the homolytic cleavage of the Sn-X bond, followed by 

the rapid recombination of the halide (X*) and trimethyltin ((CHg)gSn*)

radicals to form X2 and [(CH3 )3Sn]2 as photoproducts.

Quantum yield calculations of the photochemical reaction in hexane 

show that the ratio of the limiting yield of (CHg)gSnX disappearance, and 

X2 appearance ( X= I, Br) is consistent with the net reaction:

hv

2(CH3)3S n X  > (CH3)6Sn2 + X2 4.1

On the other hand, 254 nm photolysis of (CH3)3SnI in polar solvents such

as ethanol and acetonitrile, induces a heterolytic cleavage of the Sn-X bond, 

and the formation of HI as a photoproduct. The quantum yield calculations 

yield 0.97 1 0.07 mol of HI formed / mol of (CH3)3SnI consumed, consistent

with the net reaction :
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hv

(CH3)3SnX --------- > X- + (CH3 )3Sn+ 4.2

The change in behavior of the photochemical reaction is attributed to 

formation of a solvent adduct between (CH3)3SnX compounds and solvents

capable of acting as Lewis bases. Formation of a solvent-adduct increases 

the coordination number of tin in (CH3 )3SnI from 4 to 5 and the structure

changes from tetrahedral to a distorted trigonal bypiramidal. This causes a 

change in the electronic structure of the compound. 22 ,23

In both polar and nonpolar solvents the quantum yield is 

independent of the C>2 concentration, and the concentration of the starting 

(CH 3 )3SnX ( X= I, Br, Cl ) compound. However, the quantum yield is

dependent on the halide susbstituent, and decreases as the absorption 

energy of the (CH3 )3SnX ( X= I, Br, Cl ) compound shifts from 234 nm to

212-, and 190-nm for the respective halide. The quantum yield of the 

photochemical reaction is high, <I> £ 0.8 ± 0.5 if  excited with with 254 nm 

light, and is linear as a function of the light intensity, However, the yield 

decreases rapidly as the excitation wavelength shifts from 254nm to 310- 

and 355-nm.

Similarly, the photochemical reactions of (CgHg)(4_n)SnXn ( X= Cl, 

N 3 ; and n s  1,2,3) compounds were investigated, since these complexes 

exhibit higher energy absorptions, 250- to 280-nm, than the (CH3)3SnX ( X=

I, Br, Cl ) compounds, 190- to 240-nm. The electronic absorption of the 

(CgHg)(4 .n )SnXn ( X= Cl, N3 ; and n s 1,2,3) compounds shows no solvent
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dependence, and similar absorption energies are observed in polar and 

nonpolar solvents. The solubility of the compounds in nonpolar solvents is 

low, £ 10-5 m  Consequently, all the experiments were done in polar 

solvents such as ethanol.

The photochemical reactions of (CgHg)(4 . n )SnC ln (n= 1,2,3) are 

similar to the reaction of the (CHg)gSnX ( X= I, Br, Cl ) compounds in

nonpolar solvents, since photolysis with 254 nm light induces the homolytic 

cleavage of the Sn-X bond followed by X2 formation.

The quantum yield of (C6^ 5 (̂4-n)®n^^n n̂= **2,3) compounds is

relatively low, C> = 0.01 ±0.005, when excited with 254 nm light, and no

photochemical event is observed when excited with 310-, and 355-nm light. 

Also, the quantum yield is independent of the O2 concentration, and the

concentration of the starting (CgHg)(4.n)SnCln (n= 1,2,3) compound.

A different mechanism occurs in the photochemical reaction of 

(CgHg)(4.n)Sn(Ng)n (n= 1,2,3) compounds. The results indicate that 254 nm 

photolysis of (CgHrj)(4_n )S n (N g)n (n= 1,2,3) compounds induces the

homolytic cleavage of the nitrogen bond in the azide functionality (N=N—N) 

to form a nitrene intermediate, accordingly to the reaction:

hv
<C 6 H 5 >(4 - n ) S n ( N 3 )n  ---------> (CgHg)(4.n )Sn-N: + N 2 4 .3

that later reacts to form tin-azo (-Sn-N=N-Sn-) compounds by recombination 

with another nitrene radical, or by a reaction with an adventitious solvent.

In depth quantum yield calculations were not performed due to the 

inconclusive nature o f the photoproducts formed. N everth eless,

2 4 3



calculations of the quantum yield of disappearance of the starting (CgHg)^. 

n)Sn(Ng)n (n= 1,2,3) compound show that the yield is similar to the one 

observed in the (CgHg)(4.n )SnCln (n= 1,2,3) compounds, = 0.01 to 0.001.

From the results obtained in the photochemical studies of the 

different organotin compounds is clear that the (CHglgSnX ( X= I, Br, Cl )

compounds are the most suitable for the photochemical studies on the glass 

matrices, since the mechanism of the photochemical reaction is better 

understood, and the quantum yield of the reaction is high.
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5. Photochem istry of Trimethyltin Halides 
Adsorbed onto Porous Glass Matrices.

The goal of the photochemical studies describe here is to understand the 

photochemical reaction mechanism of organotin compounds adsorbed onto 

porous glasses. The organotin compounds are used as precursors to the 

photodeposition of a metal oxide onto the glass matrix, and in turn to 

generate a gradient refractive index in the glass. The photochemical 

deposition of a metal oxide to achieve a gradient refractive index depends 

on several factors. F irst the organometallic precursor should be 

photochemically active in the visible or near-UV, since calcined PVG 

exhibits 50% at 295 nm. Second, the quantum yield of the reaction must be 

high, 1.0 if  possible, to have an efficient process. And third, volatility and 

stability are essential, since a key to create a gradient refractive index 

depends in the ability to remove the unreacted compound. Consequently, if  

the unphotolyzed compound decomposes during the subsequent thermal 

treatment of the glass, the gradient index generated photochemically will 

disappear.

The results of the photochemical studies in solution indicate that 

(CHg)gSnX ( X= I, Br, Cl) compounds are the m ost suitable for the

photochemical deposition of a tin oxide compound on the glass, since the 

quantum yield of the photochemical reaction (4> -  0 .8) is high as compared 

to the low yield (O -  0.01) of the (C gH g^.^SnX jj ( X= Cl, Ng ; and n= 1,2,3)
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compounds. Also, the trimethyltin halides are all volatile at 25 °C, in 

contrast to the phenyltin compounds which are solids at 25 °C. However, a 

major drawback of the (CHg)gSnX compounds is that their optical

absorption occurs at £ 250 nm below the transmittance of the glass.

5.1 Spectroscopic Properties of M ethyltin Halide Compounds 
Adsorbed onto Porous Glasses.

Electronic spectra of (CHg)gSnX ( X= I, Br, Cl ) compounds adsorbed onto

PVG, or TMOS xerogels in the region of 180- to 800 nm resemble fluid 

solution spectra. Each (CHg)gSnX ( X= I, Br, Cl ) compound exhibits an

absorption band located in the 250- to 180 nm (Figure 5.1) region. However, 

due to the high absorption of the glass in this region, only the (CHg)gSnl

absorption maxima is observed. For the other two (CHg)gSnX ( X= Br, Cl ) 

compounds, only the long wavelength edge of the absorption band is 

observed. Table 5.1 summarize the adsorption maxima and relative 

extinction coefficient of the compounds adsorbed onto PVG and TMOS. 

Furthermore, there is no indication of an emission spectra when 1.12 x 10*4 
(mol/gr. PVG) of (CHg)gSnl adsorbed onto PVG are excited with 254 nm

light.

A spectral change similar to that which occurs when hexanol is 

added to a hexane solution of (CHg)gSnl also occurs when the compound is

adsorbed onto PVG. On adsorption, the absorption maximum shifts from 

234nm in hexane to 230nm in PVG. The shift is not as large as that which 

occurs when hexanol is added to a hexane solution of (CHg)gSnl. However,
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T a b le  5.1 - Absorption wavelengths and relative absorption coefficients of

trim ethyltinhalides adsorbed onto PVG.

(CH3)3Sn-X

X -

PVG TMOS

Wavelength

(nm)

Epsilon 

(mol adsJgr 

PVG)

Wavelength

(nm)

Epsflon 

( 1/m ol-cm )

Iodine 230.0 7.38 x 104 230.0 7.38 x 104

Bromine 230.0* 5.33 x 104 230.0* 5.33 r. l . ' :

Chlorine 230.0* 2.46 x 104 230.0* 2.46 x 104

*The maximum absorption of th is compounds, which occurs below 230nm, could not be

measured since PVG absorbs strongly ( e i  1.0e5) below 230nm.
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the shift is in the same direction as that found in ethanol ( 218nm ) and 

acetonitrile ( 226nm ). Since the surface of PVG possesses Si-OH 

functionalities, the bathochromic shift suggests that the adsorption 

involves the formation of an (CHg)gSnl--OH-Si adduct. Further evidence

that this is indeed the case arise from DRIFT and desorption experiments.

DRIFT spectra recorded during the adsorption of trimethyltiniodide 

onto PVG (Figure 5.2) show a decline in the intensity of the 3744 cm** 

silanol band. The decline in the intensity is proportional to the amount of 

(CHg)gSnl adsorbed, and is accompanied by the simultaneous growth of a

broad band centered at 3550 cm"*. The two other bands which appear at

2993-, 2917-cm'* are due to the C-H stretch of the methyl groups of 

(CHg)gSnl. Since adsorption of (CHg)gSnl does not result in water

formation, the appearance of the broad band at 3550 cm’* is attributed to 

the formation of a (CHg)gSnl--OH-Si adduct. By coordinating to the lone

pair on oxygen, (CHg)gSnl reduces the SiO-H bond order and, in turn, 

shifts the band to lower frequency.

Although the term coordination has been used to designate the 

(CHg)gSnl--OH-Si interaction, it should be realized that this appears to be a

relatively weak interaction and does not occur with a net chemical change 

in either the complex or the glass. Desorption of the compound under 

vacuum at room temperature occurs with a decline of the intensity of the 

broad 3550 cm'* band and concurrent reappearance of the 3744 cm** silanol 

band. Furthermore, UV and FTIR spectra of the adsorbed compound 

trapped in CCI4  upon desorption are exactly equivalent to the spectra of 

(CHg)gSnI dissolved in CCI4 .

Consequently, adsorption of (CHg)gSnX compounds onto PVG 

involves the reversible formation of a (CHg)gSnl--OH-Si adduct.
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5J2 A dsorption of Trim ethyltinhalide Compounds onto Porous 
Glass.

Adsorption of (CHg)gSnX (X= I, Br, Cl) compounds onto the surface of 

porous Vycor glass were measured by UV-visible spectroscopy, where the 

number of moles adsorbed/unit time was determined from the increase in 

absorbance at 230 nm. All measurements were carried out under a 

constant pressure of 10'® torr of each (CHg)gSnX (X= I, Br, Cl) compound.

Plots of moles adsorbed vs. time (Figure 5.3 ) show three distinct rates 

of adsorption. The initial rate of adsorption is relatively slow, but as the 

number of moles adsorbed increases, the rate increases. Further increases 

in the moles adsorbed appear to result in saturation, where the number of 

moles adsorbed becomes independent of exposure time. Each (CHg)gSnX

(X= I, Br, C1J compound exhibits a similar adsorption curve, except in the 

case of (CHg)gSnCl, where the saturation region is not observed. Table 5.2

summarizes the slower initial, and faster secondary rates of adsorption for 

each of the (CHg)gSnX (X= I, Br, Cl) compounds.

In our studies, we were also concerned with the desorption process, 

since an equally important process is the removal of the unphotolyzed 

compound from the PVG surface. Very little desorption occurs when the 

impregnated sample remains under 1 atm. of air (Figure 5.4). However, 

under a dynamic vacuum (p£10*® torr), essentially complete desorption 

occurs within approximately 10 minutes. DRIFT experiments yield similar 

results. After impregnation, if  the microreactor is maintained under 

vacuum (p £ l0'® torr), desorption from the powdered glass occurs in a 

matter of minutes. The faster rate of desorption from the powder glass
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Table 5.2 - Rates of adsorption of (CHjj)gSnX (X= I, Br, Cl) compounds onto 
PVG.

(CH3)3SnX Region I Regionll

X- (mol ads/gr PVG-min) (mol ads/gr PVG-min)

Iodine 1.150xl0‘5 8.632X10-6

Bromine 2.590X10-6 2.115X10-6

Chlorine 5.743xl0'7 3.671xl0‘7
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relative to that from the plate samples of glass appears to be a consequence 

of the larger surface area of the powder. Also, since the IR bands of the 

compound, principally the methyl bands, decline at the same rate, 

desorption occurs without decomposition, at room temperature.

5.3 Photochem ical Studies on PVG.

5.3.1 Photochemistry of (CHg)gSnl adsorbed onto PVG.

The photochemical reaction of (CHg)gSnl adsorbed onto PVG was studied

under different conditions in order to understand the mechanism of the

reaction. It is expected that the photochemical reaction may proceed by a

similar mechanism as the one observed in polar solvents, since the surface

of the glass is polar in nature, and the peak position in the UV-vis spectra

shifts to lower wavelengths as observed in the case of ethanol.

The molar concentration of (CHg)gSnl adsorbed onto the glass

surface in these photochemical studies range from about 1.0 x 10'® to 5.0 x 

10'® (moles/gram) of glass sample. These concentrations were used in 

order to obtained UV-vis absorption spectra at 230 nm with absorption 

intensities between 0.5 and 2.0 absorption units. The observations made 

during the 254nm photolysis of 1.76x10'® (moles/gr of PVG) of (CHg)gSnl

adsorbed onto PVG were the decrease of the 230 nm, followed by the 

simultaneous growth of two bands at 290 and 360 nm. (Figure 5.5). The 

product bands have been assigned to the formation of HI, since the position 

of the product bands, and the ratio of the 290nm:360nm intensities is  equal
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to those observed in the absorption spectra of HI adsorbed onto PVG, 

^290nm  : ^360nm ~ Furthermore, the UV-vis spectra of 5.0x10’® 

(moles/gr of PVG) of I2 sublimed onto the PVG surface was recorded

(Figure 5.6), in order to insure that the product peaks belong to HI and not 

to 12- The I2 spectra shows three peaks at 290-, 360-, and 500 nm. Similar 

spectra is  observed when I2 is dissolved in polar solvents. The 

characteristic I2 bands in a polar solvent such as ethanol are: a) the blue

shifted peak at 500 nm, which occurs at 520nm in the vapor phase, and b) 

charge transfer peaks at 290- and 360 nm, which suggest that I2 undergoes

a charge transfer interaction with the OH groups of the PVG surface. 

Similar results are observed upon adsorption of (CHg)gSnl onto the PVG

surface.

The photochemical reaction of (CHg)gSnl adsorbed onto PVG was

followed in situ by FTIR. The photochemically induced changes in the

spectra were recorded by taking sixty, one second, consecutive

interferograms while the sample was being photolyzed. Since the 254-nm

photolysis source was at a 90 0 angle to the analyzing beam and radically

different in wavelength, there was no interference between the two. From

the DRIFT spectra (Figure 5.7) it was observed that upon photolysis the

surface undergoes a structural change opposite to the one found during the 

(CHg)gSnl absorption process. The hydroxyl band at 3550 cm’* th a t

appeared during the adsorption process disappears upon photolysis 

followed by the simultaneous increase in the intensity of the free silanol 

band at 3744 cm’*. At the same time the C-H stretch bands of the methyl 

groups of the adsorbed (CHg)gSnl at 2992-, and 2916 cm'* increased

sim ultaneously indicating that the this transition has become more 

allowed. Attempts to obtained the Raman spectra of the photoreaction in
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F ig u r e  5.5 - UV-visible spectra of the 254nm photolysis of 1.76x10*®

(moles/gr of PVG) of CHg)gSnI adsorbed onto calcined PVG a t a constant

light intensity of 1.22x10-7 (einstein/l-sec)
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F ig u r e  5.6 - UV-vis of 5.0x10'® (moles/gr of PVG) of I2  adsorbed onto

calcined PVG.
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F ig u re  5.7 -FTIR of the photolysis of (0 1 1 3 ) 3 8 1 1 1  adsorbed onto calcined

PVG.
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order to identify the dissociation of the Sn-I bond were taken. However, due 

to the large scattering of the analyzing beam from the porous surface of 

PVG a well resolved spectra was not possible to be obtained.

In order to established the efficiency of the photochemical reaction of 

(CHg)gSnl adsorbed onto PVG, the quantum yield of the disappearance of 

(CHg)gSnl and the quantum yield of appearance of iodic acid were followed 

under a variety of experimental conditions by UV-vis spectroscopy. The 

same procedure followed during the kinetic measurements in solution was 

followed here with one exception. In the solution experiments, a new 

aliquot was used at each time interval during the rate measurements. On 

the other hand, on PVG, only one impregnated sample was used for a 

complete set of time measurements, since the exact same concentration 

cannot be duplicated on PVG. Average values of approximately 10 runs 

were used to compute the quantum yield, (Figure 5.8).

First, as in the case of solution, the quantum yield of disappearance 

of 1.62x10'® (moles/gr of PVG) of (CHg)gSnl adsorbed onto PVG at a

constant light intensity of 1.22 x 10*^(einstein/l-sec) is independent of the O2

concentration. The results obtained indicated that there is no difference 

within experimental error between the quantum yield values obtained 

under nitrogen and those obtained in air, oxygen, and completely degassed 

atmospheres (Table 5 .3).

Second the quantum yield of 1.62x10*® (moles adsorbed/gram of PVG) 

of (CHg)gSnl adsorbed onto PVG shows a linear dependence on the light

intensity (Figure 5.9), since the slope of the log la  vs log F is approximately 

equal to one. Similarly, the quantum yield of appearance of HI also shows a 

first order linear dependence on the light intensity. Moreover, the quantum 

yield decreases rapidly as the excitation wavelength shifts from 254-nm to
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Figure 5.8 - Quantum yield of the 254nm photolysis of 1.62x10'^ (moles/gr of 

PVG) of (CH3 )3SnI adsorbed onto PVG at a constant light intensity of

1.22x10*^ Einstein/l-sec.
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T able 5.3 - Effect of oxygen, nitrogen, and air free atmospheres on the

quantum yield of the 254nm photolysis of 1.62x10*® (moles/gr of PVG) of 

(CHg)gSnl adsorbed onto PVG at a constant light intensity of 1.22 x 10*

^(einstein/l-sec).

F 1 F2

Environment (CHg)gSnl HI F l /F2

Air 0.287 ±0.05 0.28610.05 1.00

Oxygen 0.30110.05 0.296 1 0.05 1.01

Nitrogen 0.292 ± 0.05 0.28110.05 1.03

V acuum 0.296 1 0.05 0.296 1 0.05 1.00
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F ig u re  5.9 • Q uantum  yield of the 254nm photolysis of 1.62x10"® (moles/gr of

PVG) of (CHg)gSnl adsorbed onto PVG as a  function of the light intensity.
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T ab le  5.4 - Quantum  yield of the 254nm photolysis of 1 . 6 2 x 1 0 * 5  (moles/gr of

PVG) of (CH3 )3 SnI adsorbed onto PVG as a function of the ligh t source

wavelength.

Wavelength 

( n m )

F

(CH3)3SnI

F

HI

254 0.292 ±0.05 0.281 ±0.05

310 0.010 ±0.05 0.006 ±0.05

355 N.R. N.R.
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310- and 355-nm (Table 5.4). Third, the ratio of the lim iting yields of 

(CHg)gSnl disappearance and HI appearance, 1.0 ± 0.3, is consistent with

the net reaction

hv

(CH3)3Sn I -------- ► (CH3)3Sn + HI

 0  H1
Si

5.1

Si

/ I  \

The quantum yield is independent of the (CHg)gSnl concentration (Figure 

5.10), and the ratio of the quantum yield of disappearance of (CHg)gSnl

relative to the quantum yield of appearance of HI ( -1 .0) remains constant.

The results gathered to th is point suggest that the primary 

photochemical event during the 254 nm photolysis of (CHg)gSnl adsorbed

onto PVG is the heterolytic cleavage of the Sn-I bond, followed by the ionic 

recombination of I' with adventitious H+ from the glass surface to produce 

HI, and similarly the formation of (CHg)gSn-O-Si by the reaction between 

(CHg)gSn+ and the silanol groups on the glass.

Photochemistry of (CHg)gSnBr and (CHg)gSnCl adsorbed onto PVG.

Photolysis with 254 nm light of 3.5 x 10~* (mol/gram of PVG) of (CHg)gSnBr
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F ig u re  5.10 - Quantum yield of the 254 nm photochemical reaction of 

(CHg)gSnl as a function of the (CHg)gSnl concentration at a constant light

of 1.22 x 10*7 (einstein/l-sec)
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F ig u re  5.11 - UV-visible during the 254nm photolysis of 4.5 x 10*^ (mol/gr. of

PVG) of (CH g)gSnBr adsorbed onto calcined PVG a t  a constan t light

intensity of 1.22x10*̂  (einstein/l-sec)
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adsorbed onto PVG shows very little changes in the UV-visible spectra 

except for the appearance of a small band at 420 nm after prolonged 

photolysis £ 72 hours ( Figure 5.11). The 420 nm peak is tentatively assigned 

to the formation of B ^ ,  however there is very little grounds for this 

assignment, except that adsorbed onto PVG shows a similar absorption

in this region ga. 450 nm.
Similarly, FTIR recorded during 254-nm photolysis of (CHg)gSnBr

adsorbed onto PVG show no change on prolonged photolysis 2 72 hours. 

From the information obtained there is no conclusive evidence to assign a 

mechanism for the 254 nm photolysis of (CHg)gSnBr adsorbed onto PVG. 

Similarly, 254 nm photolysis of (CHg)gSnCl adsorbed onto PVG shows no

indication of a photochemical process, since there are no changes in the 

UV-visble, or FTIR spectra upon photolysis.

5.4 Photochem ical S tudies on TMOS XerogeL

5.4.1 Photochemistry of (CHg)gSnIadsoihedonto TMOS xerogel:

The photochemical studies in porous glasses were extended to TMOS 

xerogels in order assure that a similar reaction mechanism occurs as the 

one observed in PVG. This is expected, since the chemical structure of the 

TMOS xerogel consist of silanol groups, as in PVG. Consequently, the same 

photochemical reaction should occur.

Photolysis with 254 nm light of 5.06 x 10’* (mol/gr. of PVG) of 

(CHg)gSnl adsorbed onto a 1 mm xerogel plate (Figure 5.12), causes the
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F ig u re  5.12 -UV-visible of the 254nm photolysis of 5.06 x 10‘® (mol/gr of

PVG) of (C H g^S nl adsorbed onto calcined TMOS xerogel a t a constant light

intensity of 1.22x10-7 (einstein/l-sec).
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F ig u re  5.13 - Quantum  yield of the 254 nm photolysis of (CHg)gSnl adsorbed

onto PVG, and TMOS xerogel at a constant light intensity of 1.22 x 10 

(einstein/l-sec) as a function of the (CHg)gSnl concentration.
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imm ediate decline o f the 230 nm band and the sim ultaneous growth of two 

new bands at 270- and 330 nm. As in the case of PVG, the 270- and 330 nm 

bands are assigned to the formation o f HI. However, the higher energy 

band of HI appears to shift from 290 nm in PVG to 270nm in the xerogel.

The quantum yield of the photochemical reaction was measured in  

order to compare it  w ith the quantum  yield resu lts obtained for PVG. 

Figure 5.13 shows the quantum yield of the 254 nm photolysis o f (C ^ lg S n l

at a constant light intensity of 1.22 x 10*̂  (einstein/1-sec) as a function of the 

(C ^ I g S n l concentration in PVG and the xerogel. From Figure 5.13 is clear

that, w ith in  experim ental error, there is  no difference betw een the  

quantum yield in PVG and the quantum yield in the xerogel.

From the UV-visible and quantum yield experim ents, it  is  clear that 

the sam e photochemical reaction that occurs in PVG also occurs in the 

TMOS xerogel. Consequently, more detailed studies were not persuded. 

Experim ents w ith (CH g)gSnBr and (CH glgSnCl compounds were not

performed, since the photochemical results obtained in PVG were not 

satisfactory, and similar results were expected in the TMOS glass gel.

From the photochemical results obtained on both PVG and the TMOS 

xerogels, the mechanism of the photochemical reaction of (CHg)gSnl on the

glass is sim ilar to that occuring in polar solvents. Moreover, the quantum  

yield results show that the photochemical reaction o f (CHg)gSnl is  m ost

efficient when excited w ith 254 nm light, and is  linearly proportional to the 

light intensity.
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6. Photoinduced Metal Oxide Deposition  
onto Porous Glass Matrices.

Experiments in our laboratory have shown that highly resolved (£ 1 pm) 

patterns can be produce by the photochemical deposition of tin and iron 

oxides in porous Vycor glass (PVG) and TMOS silica glass gels. 24> 25 

Photolysis binds the organom etallic compound to the g lass surface, and  

prevents m igration during thermal consolidation o f the glass matrix to a 

nonporous glass. Thermal consolidation, which requires tem peratures 2 

1000 °C, volatilizes the unreacted adsorbate from the glass and converts the 

photoproduct to a metal oxide. The details of the latter reaction remain to be 

established.

Photodeposition of a m etal oxide on the glass yields a level of im age 

resolution th at cannot be achieved by a therm al process alone. Pattern  

resolution appears to be a consequence of the photoinduced binding of the 

reagent to the glass substrate. However, the tem peratures require for the  

glass consolidation are £ 1000 °C, and it  is not dear, under th is conditions, 

that the pattern resolution depends solely on the chemical binding of the 

m etal to the g lass surface. 26 Even i f  it  is assumed the formation of a M -0  

bond ( -O- being a silanol oxygen), typical M -0 bond energies (£ 150 

K cal/m ol) 27 are le ss  than the S i- 0  bond energy ( 185 Kcal/m ol). 

Consequently, at the consolidation temperature, -1 2 0 0  °C, where there is
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sufficient energy to either break or weaken the S i-0  bond so that the porous

structure of the glass collapses to a nonporous glass, it  would be expected

that there is  also sufficient energy to break the M -0 bond. Yet, surprisingly,

consolidation, which causes a 30 % shrinkage of sam ple volum e, occurs

with no detectable loss of pattern resolution.

The results discussed in this section focus on the effects produced by the

photo deposition of tin and iron oxides in the glass m atrix. The latter  

species w as obtained by photolysis of Fe(CO)g and was chosen because its

photochem istry and its  use as a photoimaging reagent in PVG had been  

previously investigated . 28 This work concentrates on two aspects; the  

nature o f the m etal oxide species formed during consolidation, and the role 

of the topology of the glass matrix. The latter arises from the fact that, 

regardless of the m etal oxide deposited, the chem istry occurs w ithin the 

crevices and interior pores of the matrix where translational m obility is 

severely restricted. 29 In order to understand the m echanism  by which the 

m etallic oxides either diffuse within the matrix, or are bound to the glass  

surface, studies of the photodeposited metal oxides in PVG and the TMOS 

xerogel were performed by various com plem entary surface an a lysis  

techniques. Since PVG and TMOS xerogels were used because the surface 

properties and topology of the porous glasses are similar. 30

6.1 Photodeposition o f Tin and Iron Oxides onto PVG.

Experim entally, tin  and iron oxides were photodeposited onto PVG by 

p rev iou sly  described  m eth od s, 31 and exam ined before and after  

consolidation o f the porous structure. Secondary-Backscatter electron
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microscopy analyses of the fracture surface of a consolidated Vycor glass 

rod ( 5 mm diameter) impregnated with tin oxide (~ 10*̂  moles/gr. of PVG) 

and heat tretaed to 650 °C shows a homogeneous film over the entire glass 

surface. The film is  made up of microscopic tin  oxide particles, ranging  

from 10- to 50 nm in diameter, with voids of glass between the particles 

ranging from 50 to 300 nm (Figure 6.1). From the micrograph, it  is  also 

observed that the size of the tin oxide particle decreases from the surface 

down into the bulk glass. Since photolysis occurs in itially at the surface, a 

large fraction o f the adsorbed precursor undergoes photolysis than that in 

the bulk. Consequently, the surface particles grow larger than the particles 

in the bulk of the glass.

Sim ilarly, Figure 6.2 shows the SEM -Backscatter micrograph of iron 

oxide ( -1 .0  x 10-4 m oles adsorbed/gr. o f PVG) im p regn ated  onto  

consolidated PVG. The observed iron oxide particles, which range from 

about 5 to 10 nm in diameter, form large clusters o f aggregate particles that 

can extent to a few microns in diam eter depending on the exten t of 

photolysis. The longer the photolysis tim e, the larger the diam eter of the 

clusters formed.

To understand i f  the iron oxide particle agglom eration takes place

during the im pregnation process, or during the photolysis process, a PVG 

plate impregnated with Fe(CO)g was photolyzed in such a way that h a lf the

glass plate was masked with A1 foil to prevent light exposure in  this region, 

while the other h a lf was exposed to the light. The glass plate was examined 

im m ediately after photolysis under an optical microscope (Figure 6.3). 

From the micrograph it is observed that only in the region exposed to the 

ligh t did particle agglom eration occur. The other half, even though it
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contains unexposed Fe(CO)g does not show any indications of particle 

formation or agglomeration.

In order to complement the SEM results the sam e im pregnated PVG 

sam ples were analyzed by sm all angle x-ray scattering (SAXS), and 

Rutherford backscatter (RBS) surface analyses techniques. In the SAXS 

experim ents, a plot of x-ray intensity vs. transfer momentum q * 4it /  1 sin  

6 , is independent of the presence of the photodeposited metal.

Figure 6.4a shows a plot of the scattered in tensity  vs. the transfer 

momentum of a dry unim pregnated PVG sample heated to 650 °C. The 

dominant feature observed in the SAXS spectra is a broad peak centered at q 

= 0.018 A'*, which corresponds to a correlation length of 23.2 nm. 32 This 

result agrees with a previous exam ination of PVG by small angle neutron 

scattering (SANS) which exhibits a scattering peak at q = 0.023 A’*. 33 This 

is  rem iniscent of a microporous network o f a spinodally decomposed  

material. This structure arises when the original borosilicate m elt is  cooled 

below its phase transition temperature. The boron-oxide-alkali-oxide phase 

separates, and on acid leaching, yields a microporous network where pore 

size is determ ined by the tim e the m elt is  allowed to decompose. The 

scattering intensity for a bicontinuous spinodally decomposed m aterial has 

been given by Cahn 34 to be :

I (q ) -

eq6.1
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Figure 6.1 - SEM -Backscatter micrograph of tin  oxide photodeposited onto

the surface of consolidated PVG. Magnification 50K.
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F ig u re  6.2 - SEM -Backscatter micrograph of iron oxide photodeposited onto

the surface of consolidated PVG. Magnification 50K.
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Figure 6.3 - Optical micrograph of iron oxide adsorbed onto consolidated

PVG. Magnification 100X.
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F ig u re  6.4 - Small angle x-ray scattering (SAXS) of (a) porous Vycor glass. 

(Tcalcined = 650°C); (b) consolidated PVG ( Tconsolidation = 1200°C).
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where IQ is the incident flux, q is the scattering vector, 1 is the experimental

x-ray wavelength, 1.76 A, and q is the scattering angle. The analysis yields 

the average distance between regions of different density, which in  PVG is 

most likely the average distance between the pores, and is  valid for q S 0.02 

A'1. Sim ilar results are obtained when iron oxide is photodeposited onto 

calcined PVG (Figure 6.4b). In this case, least squares fitting of the SAXS 

data yields the correlation lengths given in Table 6.1.

H eating the unimpregnated sample to 1200 °C causes the loss of the 

scattering peak indicating that the pores collapse and the glass consolidates 

to a nonporous, uniform m aterial. Sim ilarly, the sacttering peak from the 

iron oxide impregnated sample (Figure 6.5a) also dissapears when heated  

to 1200°C . The absence of scattering from the consolidated sample suggest 

that the iron oxide is distributed uniformly over the entire glass matrix.

Q uite different results are obtained w ith the sam ples containing tin  

oxide. H eating these samples to 1200 °C, under identical conditions to those 

used to consolidated the iron oxide impregnated sam ples, does not lead to 

the loss of the scattering peak (Figure 6.5b). The SAXS data continue to 

exhibit a broad peak at q = 0.018 A'*, and a least squares fitting of the data 

yields a correlation length of 188.0 A. The latter, which is  essen tia lly  

equivalent to the original porous sample, indicates th at even though the tin  

oxide sam ple was heated to 1200  °C, the g lass still retains a porous 

structure.

The lack o f consolidation o f the porous structure exhibited in  PVG 

sam ples contain ing tin  oxide w as further confirm ed by Rutherford  

Backscattering. Comparing the scattering data obtained from sam ples 

heated to 1200  °C with the calculated spectrum from a smooth, uniform  

glass of composition SiC^MQ qoi> where M = Fe or Sn, shows that iron oxide
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impregnated samples agree well with the model (Figure 6.6  ). The tin oxide 

sam ples, on the other hand, show a non-stoichiometric excess of oxygen, 

and deviations from the sharp, calculated step like profile (Figure 6.7). The 

latter indicates th at the tin oxide exists in a nonuniform, granular, or 

porous material. The excess oxygen found in the RBS spectra is  believed to 

be due either by the adsorption of oxygen or water from the atmosphere, 

since the consolidated sam ples where handled in  the open atm osphere 

during the m easurem ents. It is  known that tin oxides glasses have being 

developed as sensor devices for the detection of small traces of oxygen and 

water. 34

The results obtained from the SAXS and RBS m easurem ents indicate 

the presence of porosity in  consolidated (1200  °C) PVG sam ples  

impregnated with tin oxide, but not in the sam ples impregnated with iron 

oxide, or in the unim pregnated g lass sam ples. To further confirm the  

presence of porosity in a consolidated PVG sam ples impregnated with tin  

oxide, an experiment was done in which three consolidated PVG samples, 

a plain one, one im pregnated with tin oxide, and one im pregnated with  

iron oxide, were soaked on a 1.0 x 10'® M solution  o f tr is(2 ,2*  

bip yrid ine)ruthen ium  (II), [Ru(bpy)3 ]2 + (e = 1.5x10*4 M *l-cm *l), in  

acetonitrile for a period of 2 weeks, and absorption spectra o f the sam ples at 

450 nm were recorded at regular intervals. The sample containing the tin  

oxide exhibited an increase in  the absorption spectra o f 0.15 absorbance 

units a t 452-nm , w hereas th e other two sam ples show  no change in  

absorption during the given tim e. This experim ent estab lishes th at the  

photodeposition of tin oxide prevents glass consolidation even after heating  

to 1200  °C, and perhaps more im portant, the porous regions can be 

impregnated with other reagents.
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F ig u r e  6 .S - Small angle x-ray scattering (SAXS) of (a) iron oxide 
photodeposited onto consolidated PVG; (b) tin oxide photodeposited onto 
consolidated PVG. (Tconsolidation 1200°C).
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Table 6.1 - Correlation lengths for the unimpregnated and the tin and iron 

oxide impregnated PVG.

SAMPLE CORRELATION LENGTH (A)

Plain 179.0

Tin Oxide 188.0

Iron Oxide 182.0

2 83



F ig u r e  6 .6  - R utherford  b ak sca tte r  plot of iron oxide adsorbed onto

consolidated PVG.
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F ig u r e  6.7 - R utherfo rd  b ak sca tte r  plot of tin  oxide adsorbed onto

consolidated PVG.
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Further experim ents to elucidate the nature of the m etal and metal 

oxides at the different stages of the reaction are in progress. M aintaining  

lev els  o f porosity in an otherw ise, consolidated g la ss, rem oves the  

lim itations im posed by the consolidated glass. These regions offer the 

possibility of incorporating a large variety of reagents into a glass matrix 

th at were previously excluded because o f an inability  to w ithstand the 

consolidation temperatures. Consequently, th is may open the door for the 

impregnation of nonlinear optical m aterials in the consolidated glass, and 

the fabrication of optical sensors in planar glass substrates.

6J2 D iffusion studies of m etal oxides in to  porous glass m atrices.

A study of the diffusion of photodeposited m etals and/or m etal oxides in 

porous g lass m atrices is  fundam ental to th e un derstan d ing  o f the  

mechanism of image resolution. The diffusion profile of tin and iron oxides 

in  porous and consolidated PVG w as obtained by secondary ion m ass 

spectroscopy (SIMS), and total x-ray fluorescence (TXRF). The sam ples 

were analyzed by m easuring the am ount of m etal present in  a cross- 

sectional cut of the glass from the surface into the bulk. The cross-section of 

the g lass w as scanned with a 50pm probe beam in  both experim ents. The 

sam ples analyzed and the analysis conditions are listed in Table 6.2. From 

these experim ents, it  was found that the initial adsorption and diffusion of 

the organom etallic vapors through the g lass porous surface is  relatively  

fast. Exposing the impregnated sam ples to UV light binds the m etal to the 

glass surface and prevents diffusion into the unexposed regions. No further
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T a b le  6 .2  - Im pregnated tin  oxide and iron oxides onto porous and 

consolidated PVG.

Sample Concentration 

(m oles/gr. PVG)

Porous

(Tmax-650°C)

Nan-Porous

(Ttnax«1200°C)

Sn High (1.0 x 1(H) hv; and no hv hv; and no hv

Sn Low (1.0 x 10-6) hv; and no hv hv; and no hv

Fe High (1.0 xlO -4) hv; and no hv hv; and no hv

Fe Low (1.0 x 10‘6) hv; and no hv hv; and no hv
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m igration occurs even during the heat treatm ent o f the glass from 25- 

1200°C.

SIMS experim ents show that the tin concentration in a consolidated 

PVG sample has a maximum at the surface and decreases exponentially to 

a depth of 1000  A were it reaches a steady plateau (Figure 6 .8 ). X-ray 

fluorescence m easurem ents of the tin oxide distribution in  consolidated  

PVG (Figure 6.9) shows that tin oxide is uniform ly distributed in the 

unphotolyzed region, w hile the photolyzed region has a distribution  

consistent with the absorption of light. N evertheless, a significant amount 

of tin rem ains in the unphotolyzed region due to the therm ally activated  

decomposition of the precursor (CH3 )3 SnI-(ads). The latter reduces both 

im age contrast and resolution. The diffusion profiles are independent of 

the tin  oxide concentration (Figure 6.10), the only difference observed, as 

expected, is in the intensity of the signal.

The diffusion profiles of the iron oxide sam ples are quite different from 

those observed in the tin oxide sam ples. SIM S experim ents show that 

relatively little  iron oxide is on the outerm ost surface of the consolidated  

glass (Figure 6 .11). Instead it shows an overlying layer of glass -  50 A thick 

th at contains no iron. At a depth of 50 A, there is  a sharp rise in  iron 

content, then it decreases linearly to a depth o f about 500 A where the iron 

counts remain essentially constant to a depth of at least 4000 A.
Figure 6.12 shows a TXRF plot of high and low concentration loadings of 

photodeposited iron oxide on consolidated PVG. The concentration of iron is  

low  a t th e surface o f the g lass, increases rapidly to a m axim um  at  

approximately 50 pm, and then decreases exponentially to base line level at 

1000 pm deep in the high concentration sam ples and about 500 pm deep in  

th e  lo w  c o n c e n tr a t io n  s a m p le s . A d is t in c t io n  b e tw e e n
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F ig u re  6.8 - Secondary ion m ass spectra (SIMS) of tin  oxide adsorbed onto

consolidated PVG.
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F ig u r e  6 .9 - X-ray fluorescence of the cross sectional distribution of tin in 

the photolyzed and unphotolyzed regions o f a calcined PVG sam ple 

heated to 1200°C.
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F ig u r e  6 .10  - X-ray fluorescence of the cross sectional distribution o f tin at 

high (1 .0 x l0 ‘4 mol ads./gr. of PVG), and low (1.0x10*® mol ads./gr. of PVG) 

tin concentrations in a consolidated PVG sample heated to 1200°C.
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F ig u re  6.11 - Secondary ion m ass spectra (SIMS) of iron oxide adsorbed onto

consolidated PVG.
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F ig u re  6.12 - X-ray fluorescence of the cross sectional distribution of iron at 

high (1.0x10*4 mol ads7gr. o f PVG), and low (1.0x10*® mol ads^gr. of PVG) 

iron concentrations in a consolidated PVG sample heated to 1200°C.
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the high and low concentration samples is in the 6hape of the distribution 

peak. In the high concentration sample a sharp peak w ith a maximum at 

50 pm is  observed. In contrast the low concentration sam ple exhibits a 

broad peak with a maximum at 100 pm. The difference may be due to a 

diffusion effect in which, at high concentration, the iron oxide diffuses 

rapidly on the glass, and reaches the saturation point at shorter distance 

from the surface. At lower concentrations, the diffusion effect is  not as 

pronounced and as a consequence, the m axim um is broader and found 

deeper in the sample bulk.

Pattern resolution depends on the ability to remove the unphotolyzed 

reagent. A comparison between photolyzed and unphotolyzed iron oxide 

im pregnated sam ples (Figure 6.13) shows that very little  iron is found in  

the unphotolyzed region when the sample is heated to 1200 °C. The relative 

low in ten sity  in the unphotolyzed product indicates that the unreacted  

organom etallic precursor, in th is case Fe(CO)5 , desorbs during the  

consolidation process with relatively little decomposition.

In sum m ary, there are sign ifican t d ifferences in  the diffusion  

param eters of iron and tin oxides photodeposited in PVG. The m ain  

difference is  that the highest tin oxide concentration is  found right at the 

surface of the glass, whereas the highest concentration of iron oxide occurs 

50 A below the g lass surface. This changes, along w ith the proposed 

adsorption properties o f iron and tin compounds could have a significant 

effect on the differences found during the consolidation studies. Further 

experim ents are being conducted to determ ine th e diffusion  o f the  

precursors in the glass, and the diffusion of polymers o f different molecular 

w eights into the glass under different conditions.
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F ig u r e  6.13 - X-ray fluorescence of the cross sectional distribution of iron in  

the photolyzed and unphotolyzed regions o f a calcined PVG sam ple 

heated to 1200°C.
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6.3 Photodeposition of tin  and iron oxides onto TTVIOS xerogels.

Tin and iron oxides were photodeposited onto TMOS xerogels by the same 

method as on PVG. The previous two sections have concentrated on the 

characterization of the diffusion of tin and iron oxides onto PVG, and their 

effects on its  sintering behavior. In this section, the results obtained with 

PVG will be compared with those obtained with the m orphologically  

sim ilar TMOS xerogel. Tin and iron oxides physisorb into both m aterials, 

and photodeposition followed by thermal consolidation yields im ages of 

equivalent resolution in both substrates (Figure 6.14).

The photodeposition of tin and iron oxide onto TMOS xerogel is similar to 

that observed in PVG (Figure 6.15). However, Mossbauer spectra recorded 

after photolysis of PVG sam ples containing 10 '* mol of Fe(CO)5 /g exhibit 

two quadrapole doublets w ith splittings o f  0.98 and 0.93 mm/s (Figure 

6.16).35 The appearance of two doublets implies that iron exists in two sites 

in the PVG m atrix, although in both sites, the isom er shift, 0.40 ± 0.05 

m m /s, are con sisten t w ith  Fe3 + , and sim ilar to th ose com pounds 

possessing octahedrally coordinated Fe3+. 36 it  was not possible to record 

Mossbauer spectra of the tin containing sam ples since the instrum ent did 

not have a Sn source.

EXAFS spectra o f iron oxide sam ples is consistent with the Mossbauer 

analysis. Figure 6.17 shows the Fourier transform of the EXAFS spectra of  

iron oxide impregnated PVG. The near edge fine structure indicates that 

the predom inant species is  Fe3+, while the major peak in  the oscillatory 

part of the spectrum indicates that Fe3+ is  surrounded by an octahedral 

array of oxygen atoms at a distance of 1.5 ± 0.15 A. This relatively short
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distance is  similar to the Fe-O  distance, 1.33 A, in Fe2Si0 4  formed in SiC>2 

glasses, 37 rather than the approximately 2.0 A distances in iron oxides. 38

Under equivalent loading and photolysis conditions, sim ilar results 

occur in the TMOS xerogel. Mossbauer spectra (Figure 6.16) consist of a 

single quadrupole doublet with a splitting of 0.91 mm/s. Apparently, the 

majority of the iron in the xerogel exists in a unique site. N evertheless, the 

isomer shift is again consistent with Fe3+, and similar to those compounds 

with octahedrally coordinated Fe3+.

H eatin g  the sam ples to 1200 °C consolidate the g lass m atrices. 

Consolidation reduces the volume of both substrates by as much as 40 %, 

and as a result, reduces image size. However, it occurs with no detectable 

loss of im age resolution in either medium. Consolidation entraps the iron 

species, but it occurs w ithout further chemical change. Although some 

asym m etry appears, in general, M ossbauer spectra of the iron in the  

consolidated xerogel (Figure 6.18) remain equivalent to those recorded after 

heating the sample to 650 °C (Figure 6.16). Consolidation of PVG samples 

prepared with in itia l Fe(CO )5 loading of £ 10*5 mol/g yield equivalent 

results. In both glasses, consolidation entraps a nonmagnetic, octahedrally 

coordinated Fe^+ species.

Consolidation of PVG sam ples prepared w ith an in itia l Fe(CO )5 

loading of 10’4 mol/g, however, results in a loss o f the quadrupole doublets 

and the appearance of two six-line spectra (Figure 6.19) characteristic of 

two m agnetic hyperfine fields. These fields 370 and 425 kG, respectively, 

differ from the fields found in Fe2C>3 (515 kG) and Fe3C>4 (450 ,500  kG). 39 .4 0  

The isom er sh ifts correspond to Fe3+, and the Fourier transform  of the 

EXAFS o f sam ples exhibiting magnetic hyperfine fields (Figure 6.20) yields 

an Fe nearest neighbor distance of 1 .51 0.15 A.
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F ig u re  6.14 - O p t i c a l  m i c r o g r a p h  o f  a g r id  p a t t e r n  in  c o n s o l i d a t e d  a )  P V G

a n d  b )  T M O S  x e r o g e l .  M a g n i f i c a t i o n  5 0 X .
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F ig u r e  6 .15 - X-ray fluorescence of the tin and iron oxide distribution in 

consolidated TMOS xerogel.
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The equivalence of these data with that obtained for the porous and 

nonm agnetic, consolidated sam ples suggests th at essen tia lly  the same 

species is formed in all sam ples, i.e., an octahedrally coordinated Fe3 + 

species. Yet. m agnetic hyperfine fields appear only in the consolidated PVG 

sam ples prepare with high loadings of Fe(CO)5 . Apparently, i f  the number 

o f Fe3+ species is  sufficient, consolidation of PVG yields a m agnetically  

ordered m aterial in which either the m agnetic m om ents of the individual 

ions or relatively small clusters o f the ion align to give a relatively large 

m agnetic moment.

In these g lasses, pattern resolution and formation of m agnetically  

ordered impregnates appear to be a length dependent phenomena. The data 

gathered up to now suggest that the occurrence o f m agnetic coupling 

depends on the average spacing betw een th e adsorbates. Further  

experim ents to test these ideas, and to determ ine w hether the hyperfine 

fields in  the consolidated PVG sam ples correspond to nonequivalent 

m agnetic phases, are in progress.
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F ig u r e  6.16 - Mossbauer spectra of photodeposited Fe after heating samples 

(a) PVG and (b) TMOS xerogel to 650°C.
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F ig u re  6.17 - Fourier transform  of the EXAFS spectrum  of a photolyzed

iron-im pregnated PVG sam ple after heating to 650°C.

1 2 0  p-UJo
13
^  100 t- 
6  ! 
|** 80 t-
2
ccOU.

£
X=>
ou.

20 U

RADIAL DIATANCE *A

3 0 2



Figure 6.18 - M ossbauer spectrum  of Fe in consolidated TMOS xerogel.
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F ig u re  6.19 - M ossbauer spectrum  of Fe in a consolidated PVG sample.
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F ig u re  6.20 - Fourier transform  of the EXAFS spectrum  of a photolyzed Fe

im pregnated PVG sam ple after consolidation a t 1200 °C.
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7. Photolithographic Generation of
Refractive Index Gradients in Porous 
Glasses.

Porous g la s se s  im p regn ated  w ith  p h o to sen sit iv e  organ om eta llic  

compounds exhibit optical changes when exposed to light. Optical changes 

in transm ission and refractive index can be induced and are permanent 

after consolidation of the glass to a nonporous matrix. 42 For exam ple, 

highly resolved patterns of gradient indices are obtained by photochemically 

binding (CH3 )3SnI to the glass matrix followed by thermal consolidation. 43 

Sim ilarly, photolysis of Fe(CO)5 followed by thermal consolidation leads to 

equally well resolved patterns of iron oxide. 44 W ith both compounds, 

photolysis binds the reagent to the g lass m atrix. B inding prevents  

migration and m aintains pattern resolution during thermal consolidation. 

Thermal consolidation, which requires temperatures 2 1000 °C, volatalizes 

the unreacted adsorbate from the glass and converts the photoproduct to a 

m etal oxide.

The photolithographic deposition of m etal oxides in  porous g lasses  

follow ed by consolidation  o f th e  porous m atrix to  a nonporous, 

nonscattering, g lass w as used to produced changes in  th e index o f  

refraction of the glass o f the order of 0.1  to 0 .0 0 1 . Changes in the index o f
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refraction allows the deposition of multimode planar waveguides, ~ 10 pm 

in width and 1.0 in radius of curvature, capable of guiding a He-Ne laser 

beam through the glass with low optical losses (~ 0.6 dB/cm). 45 The results 

presented here describe the methodology involved in the processing of high 

resolution planar waveguides in porous glasses. Examples of the different 

guiding structures realizable from this method are provided.

7.1 Photoinduce m etal oxide im aging onto porous Vycor glass.

Figure 7.1 shows the photograph of an image of a periodic table made by 

the photodeposition of iron oxide on the surface of a square PVG plate. A 

similar image, but more transparent can be produced by the deposition of 

tin oxide. The periodic table image was photolithographed by contact 

printing using a 35 mm negative as photomask, followed by exposure with 

UV light, and heat treatment to 1200 °C. Surprisingly, consolidation of the 

PVG sample, which produces a 40 % volume shrinkage, occurs without the 

loss of image resolution.

Visually or under low magnification, the metal oxide images of the 

periodic table in the consolidated glass, whether produced by photolysis of 

samples containing 10*4 m0] (CH3 >3 SnI (ads.Vg or 10'* mol Fe(CO>5 

(ads.)/g, appear equivalent. However, more detailed analysis reveals 

startling differences. The iron oxide images (Figure 7.2a) are grainy with 

small whiskers along the edges, whereas the tin oxide image (Figure 7.2b) 

appears more dense and uniform, almost cloudlike, with sharp, well-define 

edges. SEM of the photodeposited metal oxides images shows a uniform
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F ig u r e  7.1 - Photolitographic im age of a periodic table m ade by 

photoinduced iron oxide on consolidated PVG. Actual sample dim ensions 

21.4 x 21.0 x 1.4 mm3.
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F ig u re  7.2 - Optical m icrograph im ages of a photoinduced image of an

elem ent in a periodic table (a) iron oxide and (b) tin  oxide onto consolidated

PVG. M agnification 50X.
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distribution of relatively small tin oxide particles (Figure 6 .1), whereas the 

iron oxide appears as d istinct, relatively large clusters of aggregated  

particles (Figure 6.2).

Figure 7.3 shows the SEM Backscatter micrograph of the same iron 

oxide image in the periodic table sample. The backscatter im age gives more 

detailed information since contrast depends on difference in the scattering  

atom s. As a resu lt, a high contrast im age is  observed. From the  

micrograph is clearly seen that the whiskers at the edges of the image that 

appear in Figure 7.2a are not present. This indicates th at the optical 

m icrographs are subject to diffraction effects cause by the elongated  

clusters of the iron oxide image. The resolution of the elem ent letters in the 

periodic table (Figure 7.2) , as measured from the backscatter micrograph, 

is -  120 pm in width, and that o f the atomic numbers is ~ 20  pm in width.

From th is simple photolithographic test, it is  observed th at high  

resolution patterns, in the micrometer range, have been produced using  

the photodeposition of metal oxides onto PVG. However, to fully utilized the 

photolitographic technique, an understanding o f a ll the param eters 

involved in the im age resolution m ust be accom plished. For exam ple, 

Figure 7.4 is  a micrograph of a tin oxide sam ple before consolidation. A 

difference in  the grain size o f  tin oxide is  observed before and after  

consolidation. Before consolidation the grains are spherical (~ 50 nm  

diam eter) and well defined, w ith  observable spatial separations between  

grains of the order of 50-300 nm. W hile in  the consolidated sam ple the  

grains collapse together into plate like facets, which indicate the formation 

of high density tin oxide regions, due to the shrinkage process that occurs 

upon consolidation. Prelim inary experim ents indicate that the tin oxide 

density (contrast) o f the im age depends in  the in itia l concentration of
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F ig u re  7.3 - Backscatter SEM micrograph of a le tter from a periodic table

photoinduced iron oxide onto consolidated PVG. Magnification 50X.
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F igure 7.4 - Micrograph image of a letter from a periodic table photoinduced 

tin oxide onto calcined PVG.



Figure 7.5 - Micrograph image of a letter from a periodic table photoinduced 

tin oxide ( 1.0x10*7 mol ads./gr. ) onto calcined PVG.
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(CH 3 )3 SnI (ads.)/g, and the length of exposure to the light source. Figure 

7.5 shows a sim ilar im age of a letter in the periodic table of a sample 

containing 10‘? mol (CH3 )3SnI (ads.Vg and were photolyzed with 254-nm  

light for 1.0 minute.

In the tin oxide samples, there is no loss of im age resolution as the 

exposure tim e is increased, on the contrary, the resolution o f the image 

increases with exposure time since more contrast is  exhibited between the 

exposed and the unexposed areas. The observation is  that instead o f the tin 

oxide particles loosing lateral resolution, as observed in the iron oxide 

im ages, the resolution declines vertically into the glass bulk. The loss of 

resolution can be observed in Figures 7.6 and 7.7, where a 30 pm^ square 

grid pattern was photolithographed onto the front surface of a (4.00 mm 

diam eter by 2 cm length), PVG rod. The separation between the squares 

w as m easured under the microscope to be 20 pm. The rod was fracture 

along the long axis, and the cross-sectional distribution of tin oxide was 

observed w ith  an optical m icroscope. P h oto lysis creates a conical 

distribution of tin oxide in the glass to a depth of -  600 pm. Therefore, from 

the micrograph, it  is observed that resolution is lost inwards w ith depth 

and photolysis tim e. Lateral and cross-sectional d istribution  depend  

directly on the num ber o f m olecules adsorbed, and their distribution  

decreases exponentially with depth as previously described (see section Part 

III-6.2). The conical shape of the im age is  caused by the bending o f the 

lig h t, due to the induced change in  the index o f refraction as the  

concentration of the photolysed m olecules increases at the surface. This 

optical effect is shown graphically in Figure 7.8, and experim entally by a 

100 pm grating  in  Figure 7.9. T hese observations su ggest th a t the 

resolution of the tin oxide patterns is best maintained at high
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Figure 7.6 - Optical micrograph ( x 30 magnification ) of tin oxide microgrid 

(side ways) photoinduced pattern onto the surface of a consolidated PVG 

rod. Rod dimensions 3.0 x 0.25 cm.
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F ig u re  7.7 - Optical micrograph ( x 30 magnification ) of tin oxide microgrid 

(front surface) photoinduced pattern onto the surface of a consolidated PVG 

rod. Rod dimensions 3.0 x 0.25 cm.
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F ig u re  7.8 - Schematic diagram of the bending of light of a microgrid with a 

different index of refraction than the support.
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F ig u re  7.9 - L e n s  e f f e c t  b y  a 100 nm l i n e  g r a d i e n t  p h o t o i n d u c e  t i n  o x i d e  o n

c o n s o l i d a t e d  P V G .
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concentrations, high source intensities, and short exposure tim es.

In the case of iron oxide samples the resolution of the im ages, which 

are also controlled by the initial concentration of Fe(CO)5 , and exposure 

tim es, deteriorates as either the concentration of Fe(CO)5 , or the tim e of 

exposure increases. Longer exposure tim es yield longer agglom erated  

clusters. In some instances, for example, the particle clusters grow out of 

the exposed region into the unexposed region. This reduces the resolution of 

the pattern, as shown in the optical micrograph of a 100 pm line grating  

formed by the photolysis of 1.0x10*4 mol/g of Fe(CO>5 under light exposure 

for 2 hrs, Figure 7.9.

In im aging science, resolution is m easured by u sin g  standard  

chrome resolution photo m asks, Figure 7.10. Both positive and negative  

m asks are made of a progressive series of elem ents at right angles to each 

other. Each elem ent consist of a series of lines and spaces o f equal width  

and length. The elem ent size decreases geom etrically as the sixth root of 

two, or conversely, the number of lines per m illiliter doubles with every  

sixth elem ent. These groups of sixth elem ents are referred to as a Group, 

and are assigned a group number which te lls  the power a t which the 

elem ent had been reduced.

The resolution m ask used in th is experim ents w as the Air Force 

standard target m ask with a maximum line th ickness o f 50 pm and a 

m inim um  line thickness of 0.001 pm. The m ask was used to evaluate the 

maximum resolution obtainable, in both positive and negative grids, by the 

photodeposition of tin and iron oxide onto PVG (Figures 7.11*13).

A comparison of the resolution obtained by usin g  a positive or 

negative mask to produced a tin oxide image clearly shows that the negative 

mask gives a better resolution. In the positive im age (Figure 7.11), the lines
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F ig u r e  7 .1 0  • Schem atic diagram of the Air Force standard target 

photolithographic mask. Basic elem ent (50 pm • 0.01 pm series).
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F ig u re  7.11 - Air Force standard target positive mask photoinduced with tin

oxide onto the surface of PVG. Magnification 100X
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F ig u re  7.12 - Air Force standard  target negative m ask photoinduced with

tin  oxide onto the surface of PVG. Magnification 100X

1    " 1
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F ig u re  7.13 - Air Force standard  target negative mask photoinduced with

iron oxide onto the surface of PVG. Magnification 100X
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are jagged and the dots are not well-resolved. W ith the negative m ask  

(Figure 7.12) the image lines are clear with sharp edges, and the dots are 

circular. The maximum resolution observable under an optical microscope 

with 100X magnification is 0.1 pm. However, it  appears that under higher 

m agnifications, possibly w ith an SEM, submicron resolutions could be 

observed.

The resolution of the iron oxide images is sim ilar to those o f tin oxide. 

Im ages o f ~ 1.0 pm have been made, however it  can not be critically  

analyzed under the optical microscope because the light is diffracted by the 

edges of the lines. Only under the SEM could an accurate resolution be 

totally defined, as already discuss.

Images of equivalent resolution to those obtained in PVG have been  

made in the TMOS xerogels (Figure 6.14). Although there is no difference at 

the microscopic level between the two, there are differences at the atomic 

level as mention in chapter 6 . The iron oxide species formed in consolidated 

PVG shows hyperfine m agnetic splitting, while that in the TMOS xerogel 

doe not. The difference in the Mossbauer spectrum indicates the formation 

o f d ifferen t m etal oxides in  consolidated  PVG and th e  xerogel. 

Consequently, it  is expected that their optical behavior would differ also 

since the optical properties depend in the index o f refraction o f the  

particular m etal oxide deposited.

In sum m ary, it  has been dem onstrated th at im ages o f £ 1.0 pm 

resolution have been made by the photolithographic deposition o f m etal 

oxides onto PVG. Image resolution is  dependent upon the concentration o f  

the precursor and the exposure tim es. The resolution is  m aintained even  

after the glass is collapsed to a nonporous state a t -  1200°C.
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12 Generation of diffraction gratings in  porous glass.

When the cross section of a beam of light is  lim ited by allowing the light to 

pass through one or more openings on an opaque screen, the distribution of 

the intensity in the transmitted beam observed on another screen is called a 

diffraction pattern. When the wave front from a source passes one or more 

obstacles and then proceeds directly to the point of observation w ithout 

modifications by lenses or mirrors, the resulting phenomenon is known as 

Fresnel diffraction. If the diffracted wave is focused by a mirror or a lens, 

the result is known as Fraunhofer diffraction. Fundamentally, both types of 

diffraction are o f the sam e nature and are explained by the Huygen's 

diffraction principle. 46

The Fraunhofer diffraction grating is  typically a series of clear slits  

and opaque bars of equal width. The energy from the source passes through 

the slits and it  is  diffracted into the various orders in accordance with the 

Young's diffraction equations. 47 In this type of grating, 50% o f the energy  

is reflected and absorbed by the opaque part of the grating. The diffraction 

patterns obtained in our experim ents by passing of a H e-Ne laser beam  

through the glass, Figure 7.14, are due exclusively to the difference in the 

index o f refraction between the glass and the photodeposited m etal oxide. 

T his type o f diffraction grating is  refered to as phase grating. The 

diffraction of the incident energy of a phase grating, relative to the source 

wavelength, is  a function o f the index of refraction o f the substrate, the 

grating period, and depth of the grating. Up to 90% of the input energy can 

be effectively utilized in a phase diffraction grating since there are no 

opaque bars to block the energy.
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As previously m entioned, the photolithographic technique can be 

used to im pregnate any periodic pattern on the glass down to submicron 

resolutions. Consequently, the applications of this technique in the fields of 

Fourier optics and integrated optics has a trem endous future. In our 

laboratory, simply to demonstrate the possibility of its applications, we have 

been able to make crude diffraction phase gratings, binary phase gratings, 

and microscopic lenses.

7.2.3 Diffraction gratings.

W henever a light wave encounters an obstruction with dim ensions similar 

to the wavelength of the light wave, some energy in the wave is scattered. If 

the obstruction is  periodic, or i f  there is a periodic variation o f any  

parameter which affects the propagation of the wave, the energy will be 

scattered into discrete directions or " diffracted orders ", as shown in 

Figure 7.14. Any structure that acts in this way m ay be referred as a 

diffraction grating ”. For a wave in a diffracted order, the effect o f the 

grating is to change the direction of propagation, and the amount by which 

it  does depends upon the relationship between the wavelength and the 

period. In principle, by interacting with a suitable electrom agnetic wave, 

any periodic structure may generate diffracted orders. Sim ilarly, any wave 

motion m ay be split up into a spectrum provided th at it  interacts w ith a 

suitable grating.

A lthough any periodic structure can act as a grating, we w ill 

consider only a one dimensional array of equally spaced parallel lines in a 

plane. There are two basic types o f com m ercially available diffraction  

gratings: a) Ruled gratings, and b) Interference Holographic gratings.
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F ig u re  7.14 * Intensity of a He-Ne laser beam diffracted from a 10 tim Sn 02  

slit on PVG and falling on a screen 1 m beyond.
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Ruled gratings present a problem in their manufacture because expensive 

diam ond ruling tools have to be replaced often due to w earing and  

fracturing. H olographic gratin gs a lso  p resen t a problem  in  the  

deterioration with time of the photoactive polymeric m aterial upon which 

the interference grating is generated.

The photo im aging technique previously dem onstrated w as used to 

fabricate diffraction gratings by photodepositing tin or iron oxide onto the 

surface o f PVG, and TMOS gels. Gratings with line spacing of 160-, 80-, 20-, 

and 1-pm were made by contact printing using chrome Ronchi Rulings 

(Edmund Scientific) of equal line width and space width as the photomask. 

Figure 7.15 shows a tin oxide 20 pm line width grating as observed in an 

optical microscope before and after heat treatm ent to 1200 °C. Sim ilarly, 

Figure 7.16 shows a 1 pm grating, although the resolution in this grating is  

difficult to observe by optical microscopy because o f the diffraction of the 

ligh t. As previously m entioned, the resolution  o f the gratin gs is  

maintained after the glass is consolidated at 1200 °C. Also, the resolution of 

the grating increases as the glass collapses, since the consolidation occurs 

with a 40% reduction in the glass volum e. The photolithographic lines  

generated also experienced a proportional decrease in  the lin e width. 

Consequently, a 1 pm line width in the grating before consolidation reduces 

to a 0 .6  pm lin e  w idth after consolidation. The grating  spacings in  

commercially available grading range from 1.0 to 0.1 pm.

F u rther experim en ts are needed to characterize  th e  optical 

properties o f  these photodeposited gratings. However, in itia l experim ents 

show th at the photolithographic gratings can be used to separate w hite  

light into different wavelengths. The optical bench used to establish this 

property is shown in Figure 7.17. With th is set up, it  was observed that the
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Figure 7.15 • - 20.0 pm line width grating of photodeposited tin oxide onto 

PVG. (a) right after photolysis, (b) after consolidation.
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F ig u re  7.16 - 1.0 pm line grating of photodeposited tin oxide onto PVG after

consolidation.
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Figure 7.17 - Experimental bench set up for the observation of the diffracted 

orders of photodeposited phase gratings onto PVG and TMOS xerogels.
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Figure 7.18 - Spectrum  from a white light source a f te r  being reflected from 

300 lines/mm SnC>2 photodeposited grating  onto PVG.
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F igu re 7.19 - Experimental bench set up for the generation of holographic

gratings in PVG and TMOS xerogels.
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Figure 7.20 - Schematic diagram of microlens formation.
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best separation of white light occurs at a 125 0 angle between the light path  

and the grating. The spectral separation obtained under these conditions is 

shown in Figure 7.18.

Further experim ents are being conducted to characterize the  

efficiency, the spectral purity, and the resolving power of these gratings. 

Also, a holographic set up, Figure 7.19, is being build to generate  

holographic gratings onto PVG or xerogels. This optical set up has the 

potential to generate gratings of 3600 lines/mm.

7.2.2 Micro-lenses.

The basic components for digital optics have been identified as modulators 

and detector arrays, which in many cases, require two dim ensional 

microlens arrays for imaging. The basic unit of the array is the individual 

microlens, which is  a region with an index gradient embedded in a glass  

substrate as a resu lt of selectin g  doping (Figure 7.20). The actual 

m anufacture of th is type of lens is difficult and often leads to optical 

aberrations, lim iting  the number of com ponents th at can be stacked  

together. Yet, they are ideal for m any applications including beam  

splitting, and beam profile shaping commonly used in optical computing. 48

M icrolens arrays were made by the photodeposition of tin  and iron 

oxide onto PVG and TMOS xerogels u sin g  the already described  

microlithography technique. Cupper grids o f 200 to 1000 m esh size ( SPI 

Supplies) were used as photom asks. Figure 7.21 shows a backscatter  

micrograph o f 50 pm^ square lens made by the photodeposition of S n 02 . 

The micrograph shows contrast as a function of differences in  atom ic 

m asses. The micrograph shows a spherical contrast distribution in the
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region where SnC>2 was deposited. The contrast profile, which is a function 

of concentration, is proportional to the index change.

The microlenses produced take advantage of the change in the index 

of refraction in the exposed region to change the direction o f the incident 

light. Since the index change is  relatively constant within the lens profile, 

the optical characteristics of the microlens depend only on the value of An ( 

n=index of refraction) and the lens shape. Therefore, by varying the mask 

design parameters, such as the shape of the basic pattern, spacing between 

each elem ent, exposure tim e, and concentration o f th e m etal oxide, 

different types of microlenses have been made. The basic structure of the 

photodeposited m icrolens is shown in Figure 7.8. The m icrolens has a 

conical depth d istribution , and the index profile follows the sam e  

distribution. In order to avoid optical aberration due to the depth profile 

distribution, high m etal oxide concentrations, high exposure in ten sities, 

and relatively short exposure tim es are required.

Figure 7.22 shows an enlarge view o f a Fresnel lens photodeposited 

on a PVG plate. The same image has been reduced by a factor o f 104 and 

microlithographed onto PVG with comparable resolution. This generates 

104 arrays o f microlenses ( 2.54 pm in diameter) onto a PVG plate. These 

types o f arrays are shown in Figures 7.23 and 7.24 where square and 

hexagonal arrays have been photodeposited to be used for the fabrication of 

binary phase gratings.

7.2.1 Binary phase gratings.

Binary phase gratings (BPG's) are key com ponents as interconnects in  

decision-m aking planes in an optical computing system , 49>50 since they
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F igu re 7.21 - Backscatter SEM micrograph of a 50 pm^ square array  of

photodeposited Sn02  microlens.
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F igure 7.22 - Fresnel lens pattern made by the photodeposition of SnC>2 onto

PVG.



F ig u re  7 .23  - O ptical m icrograph  of a  5.0 pm2 sq u a re  a r ra y  of 

photodeposited S n 0 2  microlenses onto PVG.
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F ig u r e  7 .24  - Optical m icrograph of a 5.0 pm ^ hexagonal a r ra y  of 

photodeposited S n 0 2  microlenses onto PVG.
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offer the unique advantage of multiplexing several interconnections in thin, 

lightw eight recording m aterials. The requirem ents in the fabrication of 

BPG's are: a) high optical efficiency thereby reducing optical input power; 

b) lightw eight and compact; c) a reasonable m isalignm ent tolerance; and 

d) a reasonable w avelength tolerance. A chieving the com bination of 

recording m ateria ls and recording techniques to achieve the desire  

properties is a challenge.

BPG's capable of generating equal beam intensities were made by the 

photodeposition of S n 0 2  and Fe2 C>3 oxide microlenses on PVG or TMOS 

xerogels, Figure 7.25. The characteristics of the 2-dim ensional array  

depends in  the choice of a su itab le phase grating, which in  this case 

depends in the configuration o f the photomask. The approach taken here 

was to use a commercially available diffraction program (DAFRAC from 

Drexel Inc.) to generate the desire diffraction array, the program then  

produced the required graphic elem ent for the photomask, Figure 7.26.

Although the BPG's designed can be used to generate multiple equal 

beams, their diffraction efficiencies are lim ited to the existence o f undesired 

high diffraction orders, Figure 7.27-28. To prevent this error, the BPG is 

designed so no two adjacent spots interfere with each other. Assum ing that 

the BPG has diffraction lim ited performance and is  illum inated  by a 

uniform, normal, incident beam, the grating equation

d  s in 0 i = X 7.1

shows th at the relationship between the grating period d  and the diameter 

D  of the incident beam is

341



Figure 7.25 - 6 x 6  hexagonal spot a rray  diffraction p a t te rn  produce by 

cascading a BPG m ade by the photodeposition of S n 0 2  microlenses onto 

PVG.

..... „

3 4 2



F ig u r e  7.26 • Mask of a post-cript generated distribution of Fresnel zone 

plates.
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F ig u re  7.27 - Schematic diagram  showing the 1 x m equal in tensity  beams 

generated by a BPG.
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F ig u r e  7.28 - H igher order diffraction beam s observed from a 3 x 3 BPG 

diffraction pa tte rn  made by photodeposition of S n 0 2  onto PVG.
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where \  is  the illum ination w avelength. In other words cross-talk is  

prevented when the diam eter of an incident beam is at lea st 2.5 tim es  

greater than the grating period. In these experim ents, the diam eter o f the 

incident beam was 100 pm, while the grating space range from 50 to 1.0 

pm .

The results presented clearly demonstrate the capability to construct 

BPG's in porous glasses. The efficiency of the BPG's is being evaluated for 

maximum spatial performance.

7.3 Passive integrated optic devices.

Passive waveguides in glasses are considered to be prime candidates for 

in tegrated  optic (1 0 ) device applications such as star couplers, access 

couplers, wavefront sensors, m ultiplexers, dem ultiplexers, and in  sensors 

such a s  gyroscopes. The im portance o f the g lass  w aveguide-base IO 

components is  borne out by their compatibility w ith optical fibers, potential 

low cost, and propagation losses. However, strict tolerance requirem ents 

are placed on passive components as the glass index cannot be varied by an 

applied external field. Fabrication o f devices such as m ultiplexers calls for 

reproducibility in the propagation of the guided mode of the order of 10*4. In 

order to fabricate g la ss  w aveguide devices w ith  such reproducible
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characteristics, it is necessary that the role of the processing parameters of 

the waveguide structure be well understood.

7.3.1 Waveguide processing:

An illu stra tion  of the form ation of a planar w aveguide u sin g  the 

photolithographic deposition of tin (~1.0xl0'4 mol ads./g) and iron ( - 1 .0x10' 

? mol ads./g) oxides on PVG and/or TMOS xerogels is shown in Figure 7.29. 

Planar waveguides, ranging from 1-100 pm in width were made using this 

technique. The technique involves the photodeposition of a metal oxide into 

the glass substrate. The deposited metal oxide then adds as a gradient 

index modifier upon consolidation of the porous glass.

The characterization of the optical waveguides, which is obviously 

important, is  not easy, because of the extreme thinness o f the layers. The 

param eters to be m easure are the width, the th ickness, the refractive 

index, the shape of the index gradient, and the losses.

7.3.2 Width and thickness of waveguides.

The width o f the planar waveguide is  controlled by the resolution o f the 

photomask used. The width of the deposited waveguide is  readily measure 

by optical microscopy techniques. The thickness o f the waveguides range 

from 10- to 500-pm. The param eters that controlled the thickness o f the 

waveguide are : (a) the concentration of the organometallic precursor, and 

(b) the exposure tim e to the excitation source. The thickness profile can be 

m easure from th e cross-sectional cut o f th e w aveguide by optical 

microscopy, (Figure 7.7). However, more accurate m easurem ents are
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F igu re 7.29 - Optical m icrograph of a 50 pm (width) p la n a r  waveguide 

photodeposited onto PVG.
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made from x-ray profiles obtained from SEM, TEM or TXRF, (Figures 7.25- 

27 ).

7.3.3 Index o f refraction.

The index of refraction in the waveguide was calculated from direct 

m easurem ents of the angle (CXc) at which total internal reflection occurs ( 

Figure 2.17). A standard 10 pm w aveguide w as fabricated by the  

impregnation of (CH3)3SnI (10~4 mol/g) onto PVG, followed by exposure for 

5 m inutes with a 400W Hg flash lamp, and heat treated to 1200 °C. The 

calculated index of refraction for the standard waveguide varied from 1.551 

to 1.601 ± 0.050, using an index o f refraction value of 1.500 for PVG. The 

index o f  refraction in the tin oxide im pregnated PVG agrees w ith  a 

previous m easurem ent made by the Corning laboratories using  Mach- 

Zhender interferometry (An = 0.1 to 0.001). 51

7.3.4 Gradient index profile.

The gradient index profile of the buried waveguides depends on various 

parameters in an intricate manner. The purity of the host glass, the nature 

and concentration of the m etal oxide deposited, the diffusion o f the metal 

oxide onto the glass, and the tim e and power o f the excitation source, all 

affect the index profile. There are several techniques for directly m easuring 

the gradient index profile in waveguides. These include interferometry, 52 

reflectivity m easurem ents, 53 and the inverse WKB method which relies on 

mode indices data. 34 By far interferometry is the m ost accurate technique. 

The gradient index profile can also be obtained by indirect methods,
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such as, the m easurem ent of the metal oxide concentration. It has been 

previously demonstrated that the concentration profile gives the gradient 

index profile. 55*56 In all the cases a good agreement between the chemical 

concentration and the gradient index profiles has been reported. Figure 

7.30 shows the predicted gradient index profile for a tin and iron oxide 

waveguides, base on concentration data. The concentration profiles for the 

tin and iron oxide waveguides on PVG were obtained from x-ray data 

obtained from TXRF measurements, as discussed in chapter 6 .

7.3.5 Loss measurements.

The use o f  low loss devices in optical com m unication system s is  an 

important requirement for success. Therefore, it  is important to be able to 

m easure accurately the losses of individual modes, as well as the mode 

conversion of optical w aveguides. The m ost w idely used m ethod for 

m easuring the attenuation in a waveguide is  to m easure the transm itted  

power as a function of the waveguide length. In th is method, all the energy 

flow ing through the w aveguide m ust be collected by a detector. The 

fundam ental method is to introduce a known optical power into one end of 

the waveguide and m easure the power em erging from the other end. 

However, there are m any problems and inaccuracies inherent in using  

such a sim ple approach. For exam ple, coupling losses a t the input and 

output are not known, and can largely obscure the true waveguide loss per 

cm. Also, i f  the waveguide is  multimode, losses attributed to individual 

modes cannot be separately determined.
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F igu re 7.30 - Predicted gradient index profile of m etal oxide planar 

waveguides buried onto porous glasses.
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The method used to m easure the waveguide loss in the standard  

S n 0 2  waveguide was to focus a Ar+ ion laser beam directly onto a polish 

input face of the waveguide as shown in Figure 2. 18, and then measure the 

total power transm itted. The m easurem ent was repeated for a number of 

waveguide sam ples of different length, but otherwise identical. Care was 

taken to align the laser beam and the sample for maximum coupling power 

before each measurem ent. The resulting loss data falls in a straight line 

when the log of the transm itted power vs. the waveguide length is  plotted 

as shown in Figure 7.31. The loss coefficient is  obtained from the slope of 

the line. From the graph it was determ ine that the loss o f the SnC>2 

waveguide is -0 .6  dB/cm. The extent of the scatter of the data points is  a 

measure of the consistency of the sample input/output coupling loss, which 

depends on face preparation, and on sample alignm ent. Any departure of 

the data from a straight line is an indication of experim ental error. For 

example, the increasing differential loss in Figure 7.31 for sam ples with  

length greater than 20  mm is cause by the aperturing of the output beam, 

which spreads laterally to an extent that cannot be collected completely by 

the output lens.

Since waveguide bends are a necessary part of all but the sim plest 

IOC's the radiation losses from a curve waveguide m ust be considered in  

circuit design. The minimum allowable radius o f curvature o f  a waveguide 

is  generally  lim ited by the radiation losses rather than  by fabrication  

techniques. There are two broad categories o f loss m echanism s due to 

waveguide bends. The first is  a power loss due to the curvature o f the  

waveguide developed by M arcatilly 57 and Marcuse. 58 The second is the  

power scattered from the fundam ental mode when incident on a junction  

between two nonidentical waveguides. 59 In order to calculate the curvature
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F igu re 7.31- Attenuation measuarement for Sn02 planar waveguide buried

onto PVG.
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loss an accurate determ ination o f the waveguide param eters and its  

associate mode parameters is required.

Figure 7. 32 shows a He-Ne laser beam launched into a planar Sn0 2  

waveguide w ith a 2.54 cm radius o f curvature. The configuration o f the 

bend waveguide is shown in Figure 7.33. In this case, the losses are due to 

the junction of the straight to curve waveguide, and the radiation loss due to 

the curvature o f the waveguide. The waveguide losses were obtained, as 

previously described, by m easuring the input and the output powers o f a 

series of waveguides having a different radius of curvature. Results for the 

straight to curve junction are shown in Figure 7.34.

7.3.6 Waveguide couplers.

Multimode fiber-optic system s currently use couplers for data distribution  

to several user term inals. Couplers are made by fiber optic (fussing, 

tapering, lapping, and gluing), micro-optic components (m icrolenses, and 

beam  sp litters) and planar waveguide technologies. The cost of m ass 

produced couplers is  severely  affected by the reproducibility o f the 

fabrication technique. In the fiber optic and micro-optic technologies, the 

problem of reproducibility is quite severe.

The planar w aveguide fabrication approach previously describe  

directly attacks the problems o f reproducibility, one-by-one fabrication, and 

precise  p lacem en t o f com ponents, w hich  are controlled by u sin g  

photolithographic technology. The basic processing steps are : (a) m ask  

deposition, (b) pattern definition, (c) and metal oxide diffusion.

The first devices studied were planar waveguide splitters. Figure 7.32 

and 7.33 shows the top view o f a PVG plate where a He-Ne laser beam has

3 5 4



F ig u re  7.32 - He-Ne laser beam launched into a Sn02 waveguide with a 2.54

cm radius of curvature.
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F igu re 7.33 - Schematic diagram for a curve planar waveguide.
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Figure 7.34 - Bending losses in SnC>2 curve waveguides photodeposited onto

PVG.
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F igu re 7.35 - He-Ne laser beam launched into a 10 Jim photoinduced tin

oxide curved signal splitter waveguide onto PVG.
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F i g u r e  7.36 - He-Ne laser beam launched in to  a 10 pm photoinduced tin 

oxide combined - s ta r igh t and curved - signal sp litte r waveguide onto PVG.
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been launched into a Sn0 2  waveguide coupling structure. In Figure 7.32 the 

splitter is formed from a straight waveguide into two curve waveguides 

having a 1.25 cm radius of curvature, while Figure 7.33 shows a junction of 

a straight waveguide into a curve one. The coupling efficiency of waveguide 

splitters formed using 2°, 4°, 6 °, 8 °, and 10° branches is shown in Figure 

7.34. The coupling ratio [Pr/(P r + P l  )] was measured for the two outputs 

P r  and P l . where P r is  the output in the right branch and P l is  the output 

in the left branch. A clear trend of decreasing coupling efficiency with  

increasin g branching angle is  observed. The error bars are due to 

experim ental errors involving the coupling of the laser beam w ith the 

waveguide, and the fanning of the output beam.

Another coupling configuration is  the "Y" comfiguration, where two 

waveguides are connected to a third straight waveguide (Figure 7.35). In 

this case, the losses are due to the scattering at the junction. Structures like 

th is  are com m only used in the fabrication of star couplers, optical 

modulators, and Mack-Zenhder interferom eters. Figure 7.36 shows a 2-3 

star coupler and a com bination o f a coupler w ith  a M ack-Zenhder 

interferometer, which are in the process of being evaluated for their optical 

efficiency.

To conclude, it has been dem onstrated that the photolithographic 

im pregnation of metal oxides onto porous glasses allows the fabrication of 

passive integrated optic devices w ith low optical losses. It's potential 

applications in  the field o f optics and in tegrated  optics devices are 

numerous. However, further advancement of this technique needed for the 

fabrication of all optical integrated devices in glasses requires the ability to 

incorporate m etal oxides onto the g lass network capable o f producing 

nonlinear optical changes under the influence of an external stim ulus.
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F ig u re  7.37 - Coupling efficiency in branch waveguides w ith  different

angles of branching.
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Figure 7.38 - Schematic diagram  of waveguide coupling comfigurations.
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Figure 7 .39  - M ach-Z ehnder w aveguide  com figura tion  m ad e  by th e  

photodeposition of SnC>2 onto PVG.
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Part IV

D iscussion.
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1 • Adsorption of Organotin Compounds onto 
Porous Glass Matrices.

1.1 Porous Silica Glasses.

The micro-structure of porous silicate g lasses such as PVG and TMOS 

xerogels consist of interconnecting voids distributed through out the entire 

body of the g lass. Scanning electron m icroscopy reveals a structure  

composed of glass nodules with a fractal morphology in which the larger 

nodules are com posed of sm aller  nodules. T ran sm ission  electron  

microscopy on a length scale of 0 -1.0 nm shows a fine porous structure 

composed of sm aller uniform diam eter particles.

Com paring PVG and the TMOS xerogels reveals a tenuous 

assem blage o f clusters that bond together to form interstitial cavities in  

PVG. A similar structure occurs in the xerogels, although in these glasses 

two lev e ls  o f porosity exist; a m icroporosity w ith in  c lusters and a 

mesoporosity between clusters. Because adsorption characteristics change 

with pores size, it is convenient to classify porosity in the term s proposed by 

Dubinim, i.e., 1
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Pore Diameter Surface A r ea 2

(A) (m2/g)

Micropores 10-12 to 26-28 >500

M esopores 30-32 to 100-2000 500-10

M acropores 2000-4000 <10

Although electron microscopy gives a subjective representation of the 

surface morphology, quantitative comparisons o f different system s are 

difficult. Cohan and Watson 3 described a technique for m easuring the 

particle diam eter for carbon black. However, it  m easures only those 

particles whose silhouettes are more than a semicircle of the cross-section. 

This method requires the m easurem ent of several hundred sam ples in 

order to m eet the statistical requirements. SEM studies of fracture and 

polished surfaces of porous glasses have been reported on the literature. 4 

N evertheless, interpretation of the im ages furnished by fracture surfaces, 

where the pore size scales with the fracture features, is ambiguous because 

of the inability to distinguish between surface topology and true pores. Also, 

sample pullout during fine polishing may obscure the true morphology.

It is  desirable to describe a porous glass in such a way that it  can be

analytically compared to those prepared by other investigators, or produced

by different methods. Key indicators are surface area, pore size, and glass 

transition tem perature,Tg In fact, a more quantitative description of the
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surface m orphology arises from BET adsorption-desorption nitrogen  

isotherm  determinations of surface area, and pore size, than from electron 

microscopy. The main feature observed from the BET measurements is that 

porous silicate glasses have very large surface areas in the order of 100 to 

1000 m^/g. PVG has a surface area of 170 ± 30 m^/g, while TMOS xerogel 

has a much larger surface area of 600 ± 50 m^/g. Surface area rem ains 

con stan t from room tem perature up to about th e g la ss  transition  

temperature (Tg) where a rapid decline is observed. Tg occurs at 550 °C in 

PVG, and at 790 °C in TMOS xerogels. The decline corresponds to the 

sintering transition of the porous structure to a nonporous structure. Pore 

size varies in the same manner as surface area; pore size remains constant 

to the glass transition temperature, and decreases above Tg to a nonporous

structure a t the sintering tem perature. The decrease in pore size and 

surface area above Tg occurs with a relaxation of the microstructure and

the conversion of the silanols to pure silica.

The properties of porous silicate g lasses depend largely on the  

chem istry of its surface, which is entirely covered by dangling OH groups. 

Consequently, its  adsorption behavior and its  surface reactivity depend 

directly on the behavior of these OH groups. 5 According to Lagmuir, 6 

when the surface is  covered by one layer of adsorbed m olecules, a second 

layer is  not adsorbed. Further adsorption of a second layer can occur only 

through the interaction o f weaker secondary forces extending from the 

surface beyond the first adsorbed layer. Formation o f the first layer is  

term ed "chemisorption", w hereas formation o f the second layer, which  

involve weaker forces, is  termed "physisorption".

Siloxane (Si-O-Si) surfaces o f silicate glasses also react w ith water to 

form silanol groups (SiOH). The hydroxyl groups formed can either
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covalently or ionically bond to the surface Si atoms. Hydrogen bonding also 

occurs occurs betw een oxygen atom s of adjacent silanol groups. The 

various types of hydroxyl groups that ex ist on the silicate surface are 

shown in Schem e I. Surface hydroxyl groups are s ites  where physical 

adsorption o f w ater, and other polar m olecu les, occurs. At room  

tem perature, the physically adsorbed water covers all accessible Si-OH  

sites forming a m ultiple hydrogen bonded layer.

Other types of functional groups also present on the surface of TMOS

xerogels are esters, produced by esterification of the silanol layer by

adventitious alcohols, that remain after incom plete hydrolysis of TMOS

during the gelation process. According to M ertens and Fripiat, 7 who

studied ester formation at 150-190°C, the process involves the reaction of 

SiOH with the releasing MEOH to form SiOCHg. Abayashi 8 reports that

thermal decomposition o f SiOCHg is an exothermic process that occurs at 

about 500 °C. However, a sim ilar process is  not observed in  the DTA 

m easurem ent of the TMOS xerogels prepared in th ese experim ents. 

Instead, an exotherm ic peak with an onset a 250 °C occurs, which is  

assigned to the desorption o f unpolymerized TMOS, and residual solvent. 

Esterification of the silanol surface can also occur at higher tem peratures, 

>400 °C, by chemisorbed alcohols. 9 To prevent esterification of the silanol 

surface, complete hydrolysis m ust be promoted by using larger amounts of 

w ater during the hydrolysis of TMOS. The various types o f surface 

functional groups, as well as their changes during dehydroxylation, are 

readily identify by infrared spectroscopy, their characteristic frequencies 

are listed in Table 3.2.

H eat treatm ent o f silicate glasses results in desorption of the 

physically adsorbed water at temperatures between 25-180 °C. Lange 10
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Schem e 1 11

(A) Vicinal hydrated; (B) Vicinal anhydrous; (C) Hydroxylated; (D) Isolated; 

(E) Siloxane-dehydrated; (F) Germinal; (G) Vicinal-hydrogen bonded.
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claims that there are two kind of physical adsorbed water on hydroxylated 

silica. The one that desorbes from 25-105 °C is called " physically adsorbed 

", while the other, which desorbes from 105-180 °C is called " hydrogen 

bonded Above 170 °C, dehydration occurs at a much slower rate. The 

silanol groups start to condense and evolved water extensively, but at 400  

°C, less than half of the hydroxyl groups have been removed. Most of the 

remaining hydroxyl groups are still adjacent to one another, and these can 

further adsorbed water so that the surface readily rehydrates. 12 Above 600 

°C, only free, unpaired SiOH are present. In the higher temperature range, 

the concentration of residual SiOH groups was measured by Curthoys 13 as 

follows:

Tem perature °C O H n m ' 2

25 5.0

700 1.2

800 0.9

900 0.6

1000 0.4

The presence of even a small number of OH groups can induce bloating  

during viscous sintering of the glass, which occurs at 2  700 °C. This can be 

a severe problem during the sintering of g lass gels, but more so for 

multicomponent glasses, like PVG, that sinter at lower temperatures.

To achieve extensive therm al dehydroxylation requires optim izing  

both the glass microstructure and the thermal processing. Microstructural
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variables include pore size, surface area, and particle curvature. For any 

system , the most beneficial microstructural improvement is an increase in 

pore size. Larger pores enhance the diffusion of w ater and allow more 

complete dehydroxylation to occur prior the pore closure during the final 

stages of sintering. Curvature is directly proportional to the OH content; the 

larger the radius of curvature the higher the OH content. 14 Therefore, it is 

desirable to have glass particles of small curvature to reduce the total OH 

content. Sm aller particles are beneficial from the stand point o f curvature, 

but sm aller particles have a larger surface area which increases necking 

formation, and in turn, the OH concentration. Presum ably, an optimum  

particle size exists that will have a minimum OH content during sintering  

conditions. To our knowledge, however, the relationship between particle 

size, OH content, and sintering behaviour have y et to be delin iated. 

Nevertheless, small particles should be avoided in order to reduced the total 

OH content of the glass surface.

The therm al processing cycle for PVG and sol-gels is  shown in 

Figure 4.2 (Part II). In general, heat treatm ent procedures are designed to 

minimize the water content prior to sintering by m aintaining the sample at 

the highest possible tem peratures prior to the onset o f sintering. Gallo 15 

and coworkers recommend prolonged isothermal heating at the onset of the 

g la ss  tr a n s it io n  fo llow ed  by q u en ch in g  to room  tem p eratu re . 

Dehydroxylation th at occurs during the isotherm al hold increases the  

sintering tem perature so that a second higher isotherm al heat treatm ent 

can be employed. Repeating th is procedure several tim es results in more 

complete dehydroxylation.

In summary, the chem istry and structure of porous silicate glasses  

is  dom inated by th eir  large surface area. H igh surface areas are
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problem atic when preparing high purity g lasses for optics, since the 

surface is terminated by hydroxyl groups that can induced bloating during 

the sintering process. For example, a TMOS glass-gel with a surface area 

of 6 0 0  m^/gr, a typical high surface area glass, may contain over 8 wt % 

w ater. Com plete dehydroxylation can be accom plished by controlled  

sintering, but glasses with large pores are also advantageous. It is clear 

from a comparison of the microstructures of PVG and the TMOS xerogels 

th at com prom ises are needed to obtain a surface that m eet all the 

requirements. PVG possesses mesopores in the 7 0 -1 3 0  A diameter range, a 

moderatly large surface area, 1 6 0  m^/gr, and moderate OH content. TMOS 

xerogel possesses micropores in the 1 0 -3 0 A  diam eter range, and mesopores 

in the 3 0 -5 0 A  diameter range, very large surface areas, 6 0 0  m^/gr, and an 

extrem ely high OH content. Although large pores and surface areas 

present problems with respect to consolidation, they are advantageous for 

chem ical m odification , since large pores and surface areas offers 

accessibility into the bulk.

1.2 Spectral Properties of Adsorbed Compounds.

A lthough there is  considerable in terest in  Group IVA organom etallic 

compounds, particularly in the interaction betw een the m etal and the  

ligand, 16 little attention has been paid to the electronic spectra of molecules 

such as (CH3 >(4 . n )M Xn . Only the spectrum of (C H ^lgSiN g has been

reported, 17 and in th is case, the spectrum is  interpreted in term s of a 

LMCT transition from the electron pair localized on the nitrogen to the
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metal. Sim ilar charge transfer transitions are expected in the (CHglgSnX

compounds since the halogens have unpaired p-electrons. The absorptions 

o f (C H g^SnX  compounds have not been assigned, and the nature of the

excited states is clouded by extensive electron delocalization and covalent 

bonding. 18

In the 200 to 800 nm region, the electronic spectra of the trimethyltin  

halides consist of a single absorption. Although of little  interest in these 

experim ents, because of its high energy, a second absorption assigned to a 

methyl locallyzed o  ->  a * transition occurs at -  180 nm. If the lower energy 

transition , which is photochem ically accessible, possess charge transfer 

character, then the transition possesses LMCT character since the band 

shift to lower energy as the ionization potential of the ligand declines. It

should be noted, however, that in m olecules possessing a high degree of 

covalency, such as (C H g^ Sn X  compounds, the assignm ent of d istinct

charge transfer transitions is questionable.

The electronic spectra of trim ethyltinhalides are also dependent on 

the so lven t m edium . A bathochrom ic sh ift , w hich in creases w ith  

increasing solvent dielectric, is  assigned to the formation o f a charge 

transfer adduct between the tin atom and the solvent. 19 . Job's plots, Figure

2.4 Part III, indicate the formation of a 1:1 (CH3 )3 (I)Sn-O H C 6H i3 adduct. 

A linear relationship between the spectral shift and the degree of adduct 

form ation is  observed. Although the lim ited solubility o f ethanol in  n- 

hexane precluded equivalent experim ents w ith  ethanol, th e spectral 

changes found on addition of 1-hexanol closely resem ble the sh ift from 234 

nm  in n-hexane to 218 nm in  ethanol. T rim ethyltinhalides exhibit a 

marked tendency to form 1:1 and 1:2 addition complexes w ith Lewis bases. 

These adducts appear to be approximately trigonal bypiramidal in  solution
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20 as well as in the solid state. 21 Clearly, formation of the adduct results in

rehybridization of the central tin atom.

When (CHglgSnX compounds are adsorbed onto PVG, the absorption

maxima shift to higher energy. For example the absorption maximum of 

(CHglgSnl is 234 nm in n-hexane, but shifts to 220 nm when adsorbed onto

the glass. In view of the polarity of the glass surface, the tendency of these 

complexes to react with Lewis bases, and the DRIFT spectra, the shift is 

attributed to the reaction with the glass surface (Scheme II).

1.3 A dsorption of Trim ethyltinhalides onto Porous Glasses.

Trim ethyltinhalides reversibly adsorb onto the surface of porous silicate  

glasses. The spectroscopic properties of the desorbed compound rem ain  

equivalent to those prior to adsorption. This would suggest a relatively weak 

interaction between the adsorbate and adsorbent, i.e., trim ethyltinhalides 

physisorb onto the glass surface. However, DRIFT spectra (Figure 5... Part 

III) reveal changes in the coordination sphere of the adsorbed complex.

Adsorption of trimethyltiniodide onto the surface of PVG occurs w ith  

a decline in the intensities o f the free and hydrogen bonded silanol bands at 

3744 cm*l and 3660 cm'V Concurrent with these changes are increases in  

the intensities o f the 2993 cm** and 2917 cm** C-H streches o f the methyl 

groups, and the growth of a broad band at 3550 cm'*. The growth o f the 3550 

cm *l band concurrent w ith the decline of the 3744 cm"* and 3660 cm* * 

silanol bands im plies th at adsorption w eakens the Si-OH bond. This 

suggest th at adsorption occurs by a concerted m echanism  in  which the
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incom ing tin atom begins to interact with a silanol oxygen. It was not 

possible to unambiguously define the strength of these interaction since the 

Si-O-Sn region is masked by the strong adsorptions of the silica network. 

However, the relative ease of desorption of the intact complex suggest a 

relatively weak interaction. N evertheless, the interaction is sufficient to 

reduce the SiO -H  bond strength as evidence by the appearance of the broad 

3550 cm 'l band. Depending on the electronegativity o f the coordinated 

halogen, there may also be some hydrogen bonding w ith a second silanol 

group as shown in Scheme II.

Schem e II

CHCH

CH

H  0
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From the preceding discussion it is clear that the different types, and 

concentrations of silanol groups present on the surface of the glass play a 

key role in the adsorption of trimethyltinhalide compounds. Sim ilar studies 

have been reported on the adsorption reactions of organosilicates, such as 

(CH g)(4 . n )SiCln , onto silica surfaces as a function of the concentration of

the silanol groups; the latter being varied by sintering the glass at different 

tem p era tu res .22 As the sintering tem perature increases, the number of 

silanol groups decreases, and therefore the adsorption reactions decrease 

and become stereoselective. Accordingly to Snyder and Ward, 23 this type of 

concerted adsorption behavior is dependent on the pore size and the 

curvature of the glass particle. In small pores, < 100  A in diam eter, 

curvature brings the silanol groups closer together so there can be more 

mutual interaction between the silanol groups and the incoming reactant. 

In pores with diameters from 100-50 A, the reactive fraction increases from 

about 0.05 to 0.8. In general, the pore size decreases, the silanol groups are 

closer together, and the adsorption reactivity increases.

Porous g lasses can be im pregnated w ith trim ethyltinhalides by 

either vapor or solution deposition techniques. Both techniques yield a 

uniform distribution of the complex on the outer most surfaces o f the glass, 

but neither yield a uniform  cross sectional distribution . Total x-ray 

fluorescence analyses show th at the distribution o f the adsorbed tin  

compound decreases exponentially through the cross-section o f the glass 

upto depths of 1000 pm depending on the tim e of exposure of the vapors, or 

its concentration in the liquid phase.

Typically, impregnation depths are of the order o f 10^ pm. This can 

be varied by either changing the time the sample is exposed to the vapor, or 

th e concentration o f the compound in  th e im p regn atin g  solution .
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Unfortunately, the variation is not linear, i.e ., doubling the tim e or the 

concentration increases, but not doubles the depth o f im pregnation. 

A lthough penetration  depths are dependent on the nature of the  

im pregnate, th is resu lt suggest th at the principal determ inant is the 

tortuosity of the glass itself.

The rate of adsorption of the different trim ethyltinhalides onto the 

surface of PVG decreases in the order (C H g^Sil > (C H g^SiBr > (CHglgSiCl.

This is primarly due to the differences in the enthalpies o f sublimation of 

the th ree  h a lid e  com pounds. H ow ever, th e lack  o f  su ffic ien t  

thermodynamic data for the trim ethyltinhalides precludes a quantitative  

analysis. N evertheless, a sem iqualitative interpretation of the rates of 

adsorption can be put forth. The rates of adsorption of trim ethyltinhalides 

onto PVG (Figure 5.4 Part III) exhibit three distinct regions. Region I 

shows a slow in itial rate of adsorption that can be associated w ith the 

sublim ation enthalpy o f the compound. The greater the enthalpy of 

sublimation, the slower the vaporization rate, and the sm aller the number 

of molecules available for adsorption. Hence, the initial rate of adsorption 

declines w ith tim e. Once the compound has been com pletly vaporized, 

however, the rate of adsorption is  independent of the phase transformation 

of the compound. A steady state adsorption develops where the rate is  

direclty proportional to the number o f m olecules in the gas phase. This 

occurs in region II, where the slope o f the curve increases linearly as a 

function o f tim e. However, other effects, can also influence the rate of 

adsorption in  th is region. Specifically, i f  adsorption involves a concerted 

m echanism  sim ilar to that in Schem e II, th e role o f  th e m olecular  

param eters o f the adsorbate may become more evident. For exam ple, 

saturation effects may be evident w ith the iodine analog. Iodine is  larger
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than chlorine, and the Sn-I bond length ( 2.72 A) is longer than the Sn-Cl 

bond ( 2.3 A). Consequently, surface coverage will require less (CH3 >3 SnI 

than (CH3 )3 SnCl, and if  the rates of diffusion onto the surface are similar, 

the time required for saturation will also be less. On the other hand, if  the 

electronegativity of the halogen is important - for example, the halogen may 

hydrogen bond to the surface - then the relative rates of adsroption will be 

different, i.e., (CH3 )3SnCl > (CH3 )3SnBr > (CH3 )3SnI. Since the observed 

order is  (CH3 )3 SnI > (CH3 )3 SnBr > (CH3 )3 SnCl, hydrogen bonding to the 

halogen appears to be of little importance.

Region III in Figure 5.4 Part III corresponds to a saturation region 

where no further adsorption occurs. Here the accessible adsorption sites  

are filled and the rate o f adsorption equals the rate o f desorption. For 

(C H 3 >3 SnI saturation occurs at 3.0x10*5 mol ads/gr. of PVG, whereas 

(CH3 )3SnBr and (CH3 )3SnCl require 4.0x10*5 and > 8.0x10*5 mol ads/gr. of 

PVG respectively. Since (CH3 )3 SnI is larger, apparently fewer molecules 

are needed to saturate the surface.

3 7 8



2. Photochem istry of Trimethyl tin Halides 
in Solution.

It is generally assum ed that UV photolysis of (CHg)gSnX complexes in 

solution results in homolytic cleavage of the S n -X  bond. However, the 

experim ent carried out during th is  study reveal a marked solvent 

dependence.

2.1 N onpolar Solvents.

2.1.1 Photochemistry of trimethyltiniodide.

In nonpolar solvents, such as n-hexane, the photolytic results, as well as 

the stoichiometry of the reaction, 1 mol o f 12 or (CHg)gSn2 formed per 2 

mole of (CHglgSnl reacted are consistent with the homolytic cleavage of the 

S n -I bond. The radical products combine to form 12 and (CHg)gSn2.

Evidence for the radical m echanism  derives from the spectroscopic 

studies. UV-visible spectra, Figure 2.7 Part III, recorded during photolysis 

show s the disappearance o f the (CH3 )3 SnI absorption band (234 nm) 

accompanied by the appearance of the 12 and (CH3>6Sn2 absorption bands 

at 520 and 211-nm respectively. Raman spectra recorded during photolysis, 

Figure 2.8 Part III, shows the dissapearance of the 167-, 512-, and 546 cm**
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bands of (CH3 )3 SnI concurrent with the appearance of the 186 cm*l o f  

(CH 3 )6 S n 2 - Sim ilarly, FTIR recorded during photolysis, Figure 2.9 Part 

III, shows the growth in the Sn-CH3 band at 508 cm 'l correponding to the 

formation of (CH3 >6Sn2 . The spectroscopic observations clearly indicate that 

th e d isappearance o f (CH 3 )3 SnI occurs sim u ltan eou sly  w ith  the 

appearance of I2 and (CH3 )6Sn2 -

The radical m echanism  was further confirmed with isoam ylnitrite  

which is known to scavange I atoms. 24 254 nm photolysis of a solution of 

(C H 3 >3 SnI containing isoam ylnitrite prevents the formation of 12 and  

increases the rate of dissapearance of (CH3 )3 SnI, and appearance of 

(CH3)6Sn2 .

2.1.2 Kinetics of the photochemical reaction of trimethyltiniodide.

To obtain the mechanism of the primary and secondary events occuring 

during photolysis of alkyltin halides, reaction efficiencies were obtained 

under different conditions. Efficiency is given by the quantum yield, and in 

these experim ents, the quantum  yield o f reactant dissapearance and 

product appearance w ere d eterm ined  as  a fu nction  o f so lven t, 

concentration, and excitation wavelengthand intensity.

The quantum yield of (CH3 >3SnI dissappearance is independent of its  

in itial concentration, or the O2 concentration, and declines rapidly as the 

excitation wavelength shifts from 254 nm to 355 nm  (Table 2.9 Part III). 

Similarly, the 370 nm emission band of (CH3 >3SnI is  also independent of the 

O2 concentration. The wavelength dependence as well as the fact that the 

efficdency is  independent of the O2 concentration indicate that the primary 

photochemical event occurs in the exdted singlet populated on absorption.
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The ratio of the quantum yield of (CH3 )3 SnI dissapearance relative to 

the quantum yields of I2 and (CH3 )6Sn2 appearance, Figure 2.12 Part III, 

extrapolate to a lim iting value of 2.06. Consequently, the overall reaction is

la
2 (CH3 )3S n I  > 12 + (CH3)6Sn2

2.1

With 254 nm excitation, the rate of (CH3 )3SnI dissapearance is  given by

d [(CHakSnl] = 
dt

2.2

w here

Ia = Io ( 1 * 10' <,a,jhŝ ')

2.3

For optically dilute solutions, the rate law reduces to

- d  [ ( C H j tk S n l ] _  2  3Q  ^  [(CHj)jSnl] 1

Q l

2 . 4
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and is  consistent with the experimental results during the initial stages of 

the reaction. However, as the fraction of (CH3 )3 SnI photolyzed increases, 

the thermal back reaction

kt
12 + (CH3)6Sn2 -----> 2 (CH3>3SnI

2.5

occurs. Consequently, the overall rate law is

d [(CHsbSnl] = OIa _ 2 kt [j2]
dt

2.6

The stoichiometry and kinetics of reaction 2.1 show that absorption of 

254 nm photons by (CH3)3SnI results in the population o f the singlet excited 

state where homolytic cleavage of the S n -I bond occurs as the primary 

photochemical event, followed by the combination o f the radical products to 

form 12 and (CH3>6Sn2 as a secondary chemical event, as postulated in 

schem e III.
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Scheme i n

(CH3)3SnI .........> (CH3)3SnI* 2.7

(CH3)3S n I*  > (CH3)3Sn- + I- 2.8

(CH3)3S n I*  > (CH3 )3SnI + heat 2.9

I- + I- - >  Ir 2.10

2(CH3)3Sn- *----- > (CH3)gSri2 2.11

(CH3 )gSn2 + I2  > 2(CH3)3SnI 2.12

In this mechanism the rate of (CH3 )3SnI dissapearance, assum ing a

steady state approximation for the reactive interm ediates, is  given by (see 

Appendix IV for complete derivation of the rate law)

d[(CH3)3 SnI] _ T 
 4  Ij -MM1*2 +  M

- 2 * 5 [(CH3)6Sn2l[l2)

2.14
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Where the constant ( ks ) ,  for the thermal reaction of (CH3 >6 S n 2 with I2 to 

produce (CH3 )3SnI in hexane, was determined spectrophotometrically to be 

226 ± 0.5 M*l-8ec*l. A value of 740 M'^-sec"^ is  given by Tagliavini, et.al. 25 

At all tim es the concetrations of the products is  sm all, consequently, the 

second term, 2 *5 [(CH3)6Sn2][I2], is negligable as compared to the first term, 

i.e .,

1 -

k2 +  k 1
» 2 * 5 [(CH3)6Sn2][I2]

2.15

consequently, the rate law reduces to

d[(CH3)3SnI]
dt = Ia 1 -

k 2 +

2.16

and agrees w ith the kinetic results, since k i  and k 2  are related to the 

quantum yield F by

0 =  11 M 2-U2 + *i

2 . 1 6
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In the lim it where the quantum yield approaches one k i is much 

larger than k2. consequently reaction 2.9 becomes the rate determining On 

the other hand, in the lim it where the quantum yield approaches zero, k2 is 

much larger than k i ,  and reaction 2.8 becomes the rate determining step.

The kinetic results indicate that the quantum yield of dissapearance 

o f (CH3 )3 SnI is  linear w ith respect to the excitation in ten sity , and 

approaches a value of one at excitation intensities exceeding ^ 5.0x10'?  

(Einstein/L-sec). Consequently, the thermal relaxation of (CH3 >3SnI* to the 

ground sta te , reaction 2.9, is  the rate determ ining step. Under these  

conditions, the rate constant k i is

* i »  k  2

2.16

Sim ilarly, Marshall and Davidson measured the rate constant (k 3  ), 

at room tem perature, for the recombination o f iodine radicals in  several 

nonpolar solvents by flash photolysis techniques. 26 An average value of 1.4x 

1010M '1 sec** was calculated accordingly to reaction 2.10. A similar value, 

l . l x  lO ^ M '1 sec'* , was m easured by Rabinovitch and Wood. 27 Since the 

radical recombination itse lf presumably has no activation energy, the over­

all recombination process is diffusion controlled. Furthermore, since the 

rate o f appearance of 12 and (CH3>€Sn2 is equal and m aintained through 

50% o f the reaction, the rate constant ( k 4  ) for th e recom bination of 

(C H 3 >3 S n - radicals to form (C H 3> 6Sn2 is  a lso diffusion  control. 

Consequently, the rate constant (k4  ) is  estim ated to be o f approximately the 

sam e magnitude as (k 3  ), -1 .0  x lO^M '^sec'^.

To conclude, the primary photochem ical process o f (CH3 >3 SnI in

3 8 5



nonpolar solvents is the homolytic cleavage of the Sn-I bond. The radical 

products combine to form I2 and (CH3)6Sn2. The rate determining step is 

the thermal decay of (CH3)3SnI from the reactive singlet excited state, 

which is populated directly on absorption.

2.1.3 Photochemistry of trimethyltinbromide and trimetfayitinrhhiiride.

The photochemistry of (CH3>3SnBr and (CH3>3SnCl were also studied in 

nonpolar solvents for the purpose of comparing the mechanism and 

efficiencies of the photochemical reaction with those of (CH3 )3SnI.  

However, it was inmediately apparent that it would not be possible to 

exam ine these reagents at the same level of detail as was done for 

(CH3>3SnI. The principal limitation encountered was that the absorption 

maxima of these compounds occur beyond the transmittance of the solvent, 

and beyond the UV range of the spectrometer. Nevertheless, experiments 

were carried out, although in most cases, the results and their discussion 

are base on the appearance of the respective halogen or halide product.

As in the case of (CH3 >3 SnI, the photochemical reaction of 

(CH3)3SnBr involves the homolytic cleavage of the Sn-Br bond. The radical 

products combine to form Br2 and (CH3)gSn2. Evidence for this behaviour is 

given by the photolytic and stoichiometric results; one mol of Br2 formed per 

2 moles of (CH3>3SnBr reacted. UV-vis spectra show that the decrease of 

the absorption band of (CH3 )3SnBr (212nm) upon UV exposure is 

accompanied by the simultaneous growth of the Br2 absorption band 

(420nm), and a nondescriptive increase in absorbance at 210 nm assigned to 

(CH3)6Sn2 formation. Other spectroscopic techniques, such as infrared and 

Raman, show no changes in the spectra during UV exposure, due to the
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poor efficiency of the reaction, and/or the poor sensitivity of this techniques 

to detect small concentrations, usually in the ppm range.

The quantum yield of (CH3 )3SnBr dissapearance is independent of its 

initial concentration, or the 0 2  concentration, and shows no reaction at 310- 

and 355-nm. The ratio o f the quantum yield of (CHg)gSnBr dissapearance

and the quantum yield o f Br2 appearance extrapolate to a lim iting value of 

2.3, consequently the overall reaction is

la

2 (CHg)gSnBr ----- > Br2 + (CH3>6Sn2

2.17

Quite different results are obtained in the case of (CHg)gSnCl. UV 

photolysis of (CHg)gSnCl does not induced a photochemical reaction. This 

result is associated with the low efficiency of (CHg)gSnCl to absorb the

excitation energy (254-, 310-, and 355-nm), since the absorption maxima of 

(CHg)gSnCl occurs a t 195 nm. It was not possible in theses experim ents to 

determ ine w heter (CHg)gSnCl is  photoreactive. W ith 254-nm excitation,

however, no reaction was found to occur. Therefore it  is  conclude that 

(CHg)gSnCl is  not photoactive.

The quantum yield results shows th at the photochemical reaction of 

o f (CH3 )3 SnI is  approxim ately 100 tim es more efficient than th a t for 

(CHg)gSnBr, and at least 1000 tim es more efficient than that of (CHg)gSnCl.

The efficiency o f the photoreaction is  explained in term s of the absorption 

efficiency at the excitation wavelength, and the dissociation energy of the
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Sn-X bond.

Em ission spectra shows that the intensity o f the em ission band at 

330-nm decreases as the halogen atom is  substituted from I to Br and Cl, 

indicating that less energy is absorbed at the particular wavelength by the 

corresponding trim ethyltinhalide. Since the reactive state is the em isive 

sta te , the photo reactiv ity  should a lso  decrease. F u rtherm ore, th e  

dissociation energies of the Sn-X bond increases by alm ost 30 Kcal/mol from 

I to Br and Cl, hence more energy is  require to dissociate the Sn-X bond 

w ithin the series.

2.2 Polar Solvents.

The prim ary photochem ical even t th at occurs upon uv photolysis of 

(CH3 )3 SnI in nonpolar solvents is the homolytic cleavage of the S n -I  bond. 

The resulting radicals then combine to form the observed products 12 and 

(CH 3>6Sn2. However, quite different behavior occurs in  polar solvents. 

Spectroscopic data recorded during photolysis o f  (CH3 >3 SnI in polar 

solvents, such as ethanol and acetonitrile, reveal a fundam entally different 

behaviour. In ethanol or acetonitrile, for exam ple, absorption spectra, 

Figure 2.21 Part III, reveal the inm ediate form ation HI, w hile  I2  or 

(CH3>6Sn2 are not detected, and stoichiometric m easurem ents indicate the 

formation of one mole of HI per mole of (CH3 )3SnI reacted.

Since alcohols in  particular, are effective radical scavengers, the 

change in reactivity is  not due to a change in the secondary reactions. 

Rather, the primary process has change from a hom olytic cleavage to a
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heterolytic cleavage of the S n -I bond. This change in the primary process is 

attributed to the charge redistribution on formation of 1:1 solvent adduct as 

shown in schem e IV.

Scheme IV 28

S o l v .  Sn - -

(C H 3

Formation of the solvent adduct shifts the absorption from 234 nm to ca* 218 

nm. However, Raman spectra shows that the S n -I band at 167 cm 'l does 

not change uppon addition of hexanol to an n-hexane solution of (C H g^Snl.

Either, relatively little change in the polarity of the S n -I bond on formation 

of the 1:1 adduct, or an increased polarity o f the S n -I bond offsets the 

charge redistribution that may occur on formation of the solvent adduct. In 

either case, UV excitation of the adduct results in heterolytic cleavage of the 

Sn—I bond. Conductivity m easurem ents reveal an inm ediate formation of 

ions when (CHg)gSnl is  irradiated in ethanol or acetonitrile. Consequently,

the photochemical behaviour is not that of the complex per se, but rather 

th a t o f th e so lvent adduct. In th is sen se, i t  is  not suprising th at a 

fundam ental change in reactivity occurs.

Evidence for the photochem ical m echanism  in polar so lven ts is  

obtained from spectral changes in  the uv-vis region, as well as from cyclic
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voltam m etry, and titration  m eaurem ents. The d issapearance o f the 

(C H 3 )3 SnI absorption band (226 nm in acetonitrile and at 218 nm in

ethanol) is followed by the appearance of two photoproduct peaks at 290- and 

360 nm. The latter are assigned to the formation of HI, since the uv-vis 

spectra of HI is identical to the one observed in the photolytic reaction. 

Stoichiom etric m easurem ents yield 0.97 mol of HI per mol o f (CH3 )3 SnI

reacted. Electrochemical analyses of the photolyte exhibit a reduction wave 

w ith  a h a lf wave potential equivalent to th at o f HI, and treating the 

photolyte with excess AgNC>3 yield Agl.

In ethanol the quantum  yield of dissapearance o f (CH3 )3 SnI is

independent o f its  in itia l concentration, or the 0 2  concentration, and 

delines as the excitation wavelength shifts from 254- to 310- and 355-nm.

The data gathered in polar solvents preclude homolytic cleavage of 

the S n -I bond. Instead, (CH3 )3SnI reacts with the polar solvent to form a

1:1 adduct, and excitation of the adduct results in the immediate formation 

of ionic species. Consequently, the primary photochemical event of the 

solvent adduct is heterolytic cleavage of the S n -I bond.

Ia

(CH3)3S n I  > I- + (CH3)3Sn+

2.18

The reaction is  written as a straight forward heterolytic cleavage of 

the S n -I  bond, and the inonic dissociation o f organotin halides in  electron 

rich solvents has been reported. This appears to occur in polar solvents  

such as acetonitrile which are unable to act as a proton donor. 29 However,
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in a polar protic solvent such as ethanol, it is also possible that excitation 

results in a concerted process in which a partially dissociated I* abstracts a 

proton from the alcohol, i.e.,

MeMeMe

Me  Sn O -----

Me MeO  H

In this case, the increase conductivity that occurs during photolysis may 

reflect the dissociation of HI.

In either case, the primary photoprocess in the solvent adduct 

appears to involve principally heterolytic cleavage of the Sn-I bond, 

whereas that in the individual molecule, which exists in nonpolar solvents, 

is homolytic cleavage. This change in reactivity is thought to arise from the 

rehybridization that occurs with the organotin halide on formation of the 

solvent adduct.
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3. Photochem istry of Phenyltin H alides and 
Phenyltin Azides in Solution.

The low energy absorptions of (CgHg)(4 _n)SnCln and (CgHg)(4 _n)Sn(N3 )n 

(n= 1,2,3) compounds ( A m a x  -  260nm) makes them better compounds for 

the study of photochemical reactions on glass surfaces, as compared to the 

(CH3 )3 SnX compounds ( A m a x  £ 230 nm), where the absorptions occur

beyond the transmittance of the glass (50% at 250nm).
The absorption spectra of (CgHg)(4 _n)SnCln and (CgHg)(4 _n)Sn(N3 )n

(n= 1,2,3) compounds consists of a series of vibronic bands centered at 

approximately 260 nm. This bands are assigned to the n --> n* transitions of 

the phenyl rings, and resemble the B bands observed in the benzene 

absorption spectrum. The intensity of the absorption bands is proportional 

to the number of phenyl rings present, and it is independent of the number 

of halide or pseudohalide ligands present. There is no evidence of a 

bathochromic shift in the position of the absorption bands when the 

samples are dissolved in polar or nonpolar solvents. Consequently, the 

tetrahedral structure of this compounds remains unaffected in solution.
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3.1 Photochem istry of Phenyltinchlcrides in  Solution.

The photochemical results as well as the stoichiometry of the reaction, 1 
mol of Cl2  per 2  mole of (CgHgl^.^SnCln (n= 1,2,3) reacted, are consistent

with the homolytic cleavage of the Sn-Cl bond. The radical products 
combine to form CI2 , or (CgHg)(g_2 n)Sn2  (n= 1,2,3). However, as the

number of Cl ligands increases multiple radical reactions that lead to a 

undetermined products become predominant. Consequently, an indepth 

study of the mechanism of the photochemical reaction was not possible, 

because of the lack of knowlege of most of the reactive species present 

during the photochemical event. Nevertheless, kinetic experiments were 

carried out, and in most cases the results and their discussion are base on 

the appearance of CI2 .

Evidence for the mechanism is obtained from the spectroscopic 

studies. Since, excitation with 254 nm light induces the decrease of the 
(CgHg)(4 _n)SnCln (n= 1,2,3) absorption band at -  260-nm, accompanied by

the simultaneous growth of the CI2  absorption band at 330 nm. With 
(CgHglgSnCl, prolonged photolysis induces the reappearance of the 260-nm 

band which is assigned to the formation of (CgHg)gSn2 - However, the 260 

nm band does not reappear upon prolonged photolysis of (CgHg^SnC^ and 

(C6 Hg)SnCl3 .

Other evidence for the mechanism occurs from FTIR spectroscopy, 

which shows that the Sn-(CgH5 ) bond does not dissociates upon UV 

excitation, since there is no change in the IR spectra. The Sn-Cl streching 

vibration occurs at 300 cm**, and can not be observed with spectrometers 

equipped with KBr optics. Raman spectra which allows the measurement
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of the Sn-Cl streching vibration was not possible due to the low solubility of 

these compound. Similarly, NMR spectroscopy also shows no changes in 

the spectra upon UV excitation, indicating again no change in the Sn- 

(C6 H5 ) coordination sphere.
In the case of (CgHgJgSnCl in ethanol, prolonged UV exposure

induces the appearance of two absorption bands at 1658-, and 1579 cm"* in 
the IR spectra. These bands are assigned to the formation of a (CgHgJgSn-O-

(C2 H5 ), since similar absorption bands are observed in Sn-O-R compounds. 
3 0  Also, prolonged UV exposure of (CgHg^SnCl in hexane does not show

the appearance of the 1658-, and 1579 cm'* absorption bands.
The formation of the (CgHg)3 Sn-0 -(C2 H5 ) suggest homolytic cleavage

of the Sn-Cl bond. The Cl- radical abstracts H- from ethanol to form HC1, 
while the (CgHgJgSn- radical combines with the ethoxide radical to form

(CgHg)3 Sn-0 -(C2 H 5 ). In the case of (CgH g^SnC ^ and (CgHglSnClg 

compounds there are no changes in the FTIR spectra upon prologed UV 

excitation.
The quantum yield of dissapearance of (CgHg)(4 .n )SnCln (n= 1,2,3) 

compounds is independent of their initial concentration, or the oxygen

concentration, and shows no reaction with 310-, or 355-nm excitation. The 
ratio of the quantum yield of (CgHg)(4 _n)SnCln (n= 1,2,3) dissapearance

and the quantum yield of CI2  appearance extrapolate to a limiting value

consistent with the following reaction

la
(CgHg)(4 .n)SnCln (n= 1,2,3)--------> (n/2 ) Cl2  + other products

3.1
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Quantum yield data shows that the photodecor por '.« .1 of (CgHg)(4 _ 

n)SnCln (n= 1,2,3) compounds occurs with low f>' S  ,<* j ,  since the value of 

the quantum yields of (CgHg)(4 _n)Srr ’ x,2,3) disappearance range

from 0.02 to 0.009. Furthermo* . s  efficiency depends in the number of 
chlorinp „ H*esent, s i' ^e quantum yield of (CgHg)(4 _n)SnCln (n=

,-,3) disappearance and the quantum yield of CI2  appearance increases 

as the number of Cl ligands increases from one to three. This tends to 

indicate that the rate determining step is the dissociation of the Sn-Cl bond. 
Also, the ratio of the quantum yield of (CgHg)(4 .n )SnCln (n= 1,2,3)

disappearance and the quantum yield of CI2  appearance decreases from 1 . 8  

to 0.7 as the number of Cl ligands increases from one to three, indicating 

that there are multiple Sn-Cl bond dissociations when there are more than 

one Cl ligands, as expected.
To sumarize, UV excitation of (CgH 5 )(4 -n )SnCln (n= 1,2,3)

compounds induces the homolytic dissociation of the Sn-Cl bond. The 

formation of CI2  is readily observed, but there is no clear evidence as to the 
fate of the (CgHg)(4 _n)Sn- radicals. The uv-vis results in hexane indicate a 

(CgHg)(4 .n )Sn- radical recombination to form (CgHg)gSn2 , while other

results, specifically those obtained in ethanol, indicate the formation of 
(C gH 5 )3 S n -0 -(c 2H 5).

3.2 Photochem istry of Phenyltinazides in  Solution.

The photochemistry of (CgHg)(4 .n)Sn(N3 )n (n= 1,2,3) compounds was also 

studied for the purpose of comparing the mechanism and efficiencies of the
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photochemical reaction with those of the (CgHg)(4 _n )SnCln (n= 1,2,3) 

compounds. UV excitation of (CgHg)(4 .n)Sn(N3 )n (n= 1,2,3) compounds

leads to N2  evolution and a photoproduct that absorbs at 350-nm. The latter 
is tentatively assigned to (CgHg)(4 .n)Sn-N=N-Sn(CgH5 )(4 .n). However, as in 

the case of (CgHg)(4 _n )SnC ln (n= 1,2,3) compounds, a complete

identification of the photoproducts was not possible. Nevertheless, the 
mechanistic ideas arising from the study of (C gH g^Snf^) are presented

below.

The photochemical reaction appears to involve the dissociation of the 
Sn-Ng moiety involving radical intermediates. This dissociation can occur

via two reactive intermediates. One involves the homolytic dissociation of 

the Sn-N bond, the other involves the formation of a nitrene radical 

intermediate as shown in Scheme I.

Scheme I

hv

(C6H5)3Sn*N3 — Ĉ6H5)3Sn‘ + N3'
hv

(CgHglgSn-Ng - ->  (C6 H5 )3 Sn-N: + N2

The radical intermediates react to form a diversity of photoproducts. As the 

number of azide substituents increases from one to three the photochemical 

reaction becomes extremely complex due to the multiple side reactions.

Evidence for the dissociation of the Sn-N bond arises from 
spectroscopic data. UV excitation of (CgHg)3 Sn-N3  in ethanol causes a

3.1

3.2
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decrease in the 260 nm absorption band, and a simultaneous growth of two 

new bands at 275- and 364nm. The 275nm band is assigned to the phenyl 

chromophores of the dimer, while the 364 nm band is assigned to the 

formation of the azo chromophore (-N=N-), which has a characteristic 

absorption in this region of the spectrum ( 360-340 nm ). 3 1  Both bands are 

assigned to a single species since exciting the photoproduct with 350 nm 

light causes a simultaneous dissapearance of these bands. FTIR spectra 

shows that UV excitation induces the dissapearance of the azide (N3 ) 

chromophore band at 2073 cm**, followed by the simultaneous growth of two 

new bands at 1732- and 1665 cm*V The latter are tentatively assigned to the 
formation (CgHg)3 Sn-N-0 -(C2 H5 ), since the (-N-O-R) functionality has a

characteristic absoroption in this region. 3 2  However, the strong azo (-N=N-) 

band at 2 2 0 0  cm 'l does not appear until prolonged photolysis ( 2  2 . 0  hr.). 

Although G.C. analysis comfirmed N2  formation, the amount is constant 
and independent of the (CgHg)gSn-Ng concentration, the excitation

intensity, and exposure time. Also, it never exceeded more than 5 % from 
the total amount of (CgHg)gSn-Ng photolyzed.

The available data is not sufficicent to propose a detailed mechanism,

but it must be kept in mind that many of the initial photochemical

experiments were of a survey nature, i.e., to determine which organotin

compound might be used as a precursor for the photodeposition of tin in

glass. However, the complexity of reaction mechanism and relatively low 
quantum efficiency of decomposition of (CgHg)gSn-Ng, 0.001 with 254-nm

ligth, suggested that organotin azides were not as viable as the originally 

studied (CH3 >3 SnX compounds.
In summary, UV excitation of (CgHg)(4 _n )SnC ln (n= 1,2,3)

compounds induces the homolytic cleavage of the Sn-Cl bond, and the
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radicals produced combine to form Cl2  and (CgHg)(4 .n)Sn-Sn(CgHg)(4 .n).

The photochemistry is similar to that found for (CH3 >3 SnX compounds. 
UV excitation of (CgHg)(4 _n)Sn(N3 )n (n= 1,2,3) compounds appears to

induce the cleavage of the azide (N3 ) functionality, but subsequent 

chemistry leads to a number of photoproducts, and the apparent quantum 

efficiency of precursor decomposition is supprisingly low.
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4. Photochem istry of Trim ethyltin H alides 
Adsorbed onto Porous Glasses.

The photochemistry of (CH3 )3 SnX (X= I, Br, Cl) in solution depends on the 

solvent polarity. In nonpolar solvents, such as hexane, the primary 

photochemical event is the homolytic cleavage of the Sn-X bond, while in 

polar solvents, such as ethanol, uv excitation results in the heterolytic 

cleavage of the Sn-X bond. Similarly, photolysis of (CH3 >3 SnX (X= I, Br,) 

adsorbed onto porous glasses results in the heterolytic cleavage of the Sn-X 

bond, and the inmediate formation of HX in a 1:1 stoichiometric ratio.

4.1 Photochem istry of (CH3)3SnI A dsorbed onto PVG.

When (CH3 )3 SnI is adsorbed onto PVG, electronic difference spectra show 

that the absorption maximum shifts to £ 220 nm. Irradiation of the sample 

in vacuo ( p £ 10*4 torr) with 254 nm light causes spectral changes 

equivalent to those in ethanol, and HI is detected immediately in a 1 : 1  

stoichiometric ratio. 3 3

(CH3 )3 SnI reacts with polar solvents to form 1 : 1  complex adduct, as 

the solvents polarity increases the absorption maxima shift to higher 

energies, and FTIR spectra of the complex in ethanol reveals a five
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coordinate species. 3 4  When (CH3 )3 SnI is adsorbed onto PVG, the 

absorptium maximum shifts to £ 220 nm. DRIFT spectra show a decline in 

intensity of the silanol band, 3775 cm‘1, and a concurrent growth of a broad 

O-H band centered at 3500 cm'l. Although, all PVG samples are calcined 

at 550 °C prior to use, thermal gravimetric analysis and DRIFT spectra 

indicate the presence of chemisorbed water. 3 5  Both chemisorbed water and 

silanol groups are Lewis bases, and in principal, potential reaction sites. 

Since the spectral changes are independent of the extent of calcination, 

however, the dominant reaction appears to be with a silanol group to form a 

surface-bound five coordinated adduct. The growth of the broad O-H band 

without the addition of water suggests that the complex does not formally 

displace the silanol hydrogen. Instead, the complex binds to the silanol 

oxigen, i.e.,

CH CH

CH—  Sn —  I

-* H

The interaction with the oxygen reduces the SiO-H bond strength and 

shifts the SiO-H band to lower frequency.
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Addition of the silanol group not only increases the coordination 

number but also changes the electron distribution within the molecule. The 

specific nature of the electronic change is by no means clear, but the adduct 

is not a charge transfer complex per se. 3 6  The shift in the electronic 

absorption to higher energy, without a concurrent change in the 167 cm' * 

Sn-I vibration, suggests that the major change in polarization occurs in 

the excited state. The addition of the Lewis base polarizes the Sn-I bond. 

Photolysis releases I* which then abstracts a proton to form HI, i.e.,

" ,  CH, " 3
\ 3  /  3 I J

CH S n — I H O H —  Sn —  CH H

U  /  -  I V
I + HI

bl  V Qi bl

complex adduct

The quantum yield of the photochemical reaction in ethanol is 0.63 ± 

0.05 with 254 nm light but reduces to 0.24 1  0.03 on the glass surface. The 

wavelength dependence as well as the absence of an 0 2  dependence suggest 

that the photoreaction in both media continues to occur from the high 

energy state populated upon absorption. The smaller yield on the glass 

appears to be a consequence of the topology and rigidity of the glass surface.
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The reaction occurs within the creavices in the glass surface, and these 

irregularities enhance recombination by curtailing product separation. 

During consolidation, the surface-bound photoproduct is converted to Sn02-

4.2 Photochem istry of (CH3 >3 SnB r and  (CH3 >3 SnCl 

Adsorbed onto PVG.

The photochemistry of (CH3 )3 SnBr and CH3 )3 SnCl adsorbed onto PVG was 

also studied with the purpose of comparing the mechanism of the reaction 

with that of (CH3 )3 SnI adsorbed onto PVG. However, it was immediately 

apparent that a detailed characterization would be hampered by the fact 
that only the edge of the high energy absorption band of (CH3 >3 SnBr and 

(CH3 )3 SnCl is observed in PVG.

Irradiation of (CH3 )3 SnBr and/or (CH3 )3 SnCl, adsorbed onto PVG, 

with 254 nm light shows very small spectral changes. Prolonged exposure 

of upto 72 hours of adsorbed (CH3 >3 SnBr results in the appearance of a 

small absorption band at 420 nm. The latter is assigned to Br2  formation, 

since the absorption spectrum of Br2  adsorbed onto PVG appears at 450 nm. 

However, prolonged exposure of (CH3 )3 SnCl to 254-nm light results in no 

change in the absorption spectra.

Establishing the reactive state points out the major draw back of 

(CH3 )3 SnI and related analogs. The reactive excited state lies at high 

energy, and the optical absorption populating the state occur beyond the 

UV-transmittance of the glass (50% at 250 nm). Consequently, the reactions 

and the resulting gradient index structures are limited to the outer glass
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surfaces. This is not to say that they are monolayer structures on a flat 

surface. The glass is initially pororus and the surface topology allows some 

access into the bulk material. Cross-sectional x-ray micrographs show 

that, after consolidation, the Sn0 2  gradient index structures have depths of 

the order of hunderds of microns.

4.3 Photochem istry of (CH3)3SnI Adsorbed onto TMOS 

X erogels.

Adsorption of (CH3 )3 SnI onto TMOS xerogels,occurs via a five coordinate 

surface-adduct, since the absorption spectra shifts in a simmilar fashion to 

< 220 nm as observed in PVG. Although irradiation of the sample in vacuo 

with 254 nm light produces spectral changes similar to those observed in 

PVG, the position of the HI absorption bands, 290-, and 360-nm in ethanol 

and in PVG, shifts to 270- and 330-nm in the sol-gel glass. However, the 

intensities of the 270 and 330 bands, as well as their ratio, a270/a330 -  1 .9 , 

remains constant as a function of irradiation time, and has the same value 

as found in ethanol and/or on PVG. The shift in the HI bands is believe to 

occur due to an increase in the surface polarity of the gel, since sol-gel 

glasses have greater OH content, -  20 % OH, than PVG, -  5% OH. 

However, further evidence needs to be obtained for this argument to be 

conclusive. Furthermore, The quantum yield of dissapearance of 

(CH3 )3 SnI asorbed onto the TMOS sol-gel glass is of the same magnitude, 

within experimental error, to that of PVG, <t> = 0.25.
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The photochemical and quantum yield results indicate that 

photolysis of (CH3 )3 SnI adsorbed onto porous silica glasses proceed via the 

heterolytic cleavage of the Sn-I bond, as observed in polar solvents such as 

ethanol. Adsorption of (CH3 )3 SnI onto the polar surface forms a five 

coordinated surface-adduct. Photolysis releases I* which then abstracts a 

proton to form HI.
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5. Photodeposition of Metal Oxides onto 
Porous Glass M atrices.

Tin and iron oxide have been photodeposited in porous Vycor glass and 

TMOS sol-gels and examined before and after consolidation of the glass. 

Scanning electron microscopy reveals that the iron oxide particles are 

larger than the tin oxide particles. However, small angle x-ray scattering 

and Rutherford backscattering show that the glass consolidates about the 

iron oxide, but not about the tin oxide. Photodeposition of tin oxide, which 

appears to chemically modify the glass surface and to prevent its 

consolidation! which offers a means of producing highly resolved regions of 

porosity in the otherwise consolidated glass.

5.1 Effect o f the Photodeposited T in and Iron Oxide on the 

Consolidation of Porous Vycor Glass.

Future developments of optical circuitry hinge on the development of new 

photonic materials. The results presented in this study show that highly 

resolved gradient index patterns, or patterns of electrically and 

magnetically addresable adsorbates, can be produced by photochemically 

deposition of metal oxides onto porous Vycor glass (PVG).
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To gain some insight into the relationship between glass morphology 

and the distribution of metal oxide, i.e., the factors that ultimately control 

pattern resolution, tin and iron oxide were examined by surface analysis 

techniques. Small angle x-ray scattering (SAXS) and scanning electron 

microscopy (SEM) were used to examine the microstructure of the metal 

oxide impregnated glass, while Rutherford backscattering spectroscopy 

(RBS) was used to determine sample stoichiometry and near-surface 

sample concentration. The results consistently show dramatic differences 

in the effect of tin and iron oxide on the consolidation of the glass.

SAXS's from four samples were measured: unconsolidated and 

consolidated PVG (Figure 6.4 Part III), and tin and iron oxide on 

consolidated PVG (Figure 6.5 Part III). The SAXS curves show an 

interference peak at Q = 0.018 A*l, where Q is the scattering vector. The 

presence of the SAXS peak and the absence of higher order peaks suggest 

that the sample microstructure can be modeled by a bicontinuous spinodal 

structure as shown by Berk. 3 7  Results from the consolidated PVG and the 

iron oxide consolidated PVG show the absence of the SAXS peak indicating 

that the porous network has consolidated to a noporous glass. In theory, 

heating a PVG sample to 1200 °C consolidates the sample and consequently 

causes the scattering peak to dissapear as the spinodal order is lost. This is 

indeed what is observed to occur with the iron oxide impregnated sample 

consolidated to 1200 °C; the scattering peak is almost entirely eliminated in 

the SAXS curve. The suppresion of the peak suggest that the spinodal 

structural ordering has diminished and the iron oxide becomes a 

distributed component within the glass matrix.

SAXS from the tin oxide impregnated sample heated at the 

consolidation temperature of 1200 °C is quite different from that of the
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consolidated sample impregnated with iron oxide. The broad peak Q = 0.018 

A*1 persists despite the heat treatment and the measured correlation 

length of / = 230 A is the same as that for unconsolidated PVG. Thus the 

glass impregnated with tin oxide apparently retains its original ordered 

spinodal structure.

The lack of consolidation of the glass in the presence of tin oxide is 

further comfirmed by Rutherford backscattering. The scattering data from 

impregnated tin and iron samples heated to 1200 °C ( Figures 6.7 and 6 . 6  

Part III respectively) are compared with calculated spectra for scattering 

from a smooth SiC^Mo.Ol, 3 8  where M= Sn or Fe. The consolidated iron 

oxides agree with the model, but the tin oxide impregnated samples show 

an nonstoichiometric excess of oxygen and deviations from the calculated 

step-like profile. The poor fit to the model in the tin oxide case indicates that 

the metal oxide exists in a nonuniform, granular or porous material.

The behaviour of these metal oxides on consolidation is not simply a 

size phenomenon, where the larger metal oxide particle prevents the PVG 

from consolidating about it and the smaller metal oxide particle does not. 

SEM analysis indicate that the iron oxide particles (Figure 6.3 Part III) are 

larger than the photodeposited tin oxide particles (Figure 6.2 Part III). Yet 

at 1200 °C, the glass apparently consolidates about the larger iron oxide 

particles, but resists consolidation about the smaller tin oxide particles.

The ability of tin oxide to inhibit consolidation of the glass appears to 

be a chemical effect. Luong, et. al. 3 9  have shown that photodeposited 

(CH3 )3 Sn-C-Si or tin oxide reacts with the glass surface, and this may 

prevent consolidation to a nonporous nonunifiorm glass. Recent 

experiments using secondary-ion mass spectroscopy and x-ray 

fluorescence micrography 4 0  show that the majority of the deposited tin,
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following consolidation is in the outermost surface of the glass, consistent 

with this idea. Further experiments to elucidate the nature of the chemistry 

and that of the metal oxides at different stages of the reaction are in 

progress.

5.2 Diffusion of M etal Oxides onto Porous Glasses.

The photolithographic deposition of metal oxide refractive index gradients 

in porous glass is based on photochemically binding the reagent to the glass 

surface, converting the photoproduct to a metal oxide during thermal 

consolidation, and volatalizing the unreacted adsorbate from the glass. 

Therefore, pattern contrast depends on the relative amounts of metal oxide 

in the photolysed and unphotolyzed regions.
In samples initially containing 10‘4 mol (CH3 >3 SnI/g, photolyzed 

with 254 nm light and heated to 1200 °C to remove the unreacted adsorbate, 

the amount of tin near the surface of the photolyzed region (Figure 6.9 Part 

III), is approximately three times larger than in the unphotolyzed region. 

Nevertheless, a significant amount of Sn remains in the unphotolyzed 

region, thereby reducing pattern contrast. On the other hand, in an iron 

oxide image (Figure 6.13 Part III), very little iron is found in the 

unphotolyzed regions of samples prepared under equivalent conditions, i.e., 

10-4 mol Fe(CO)5 /g, photolyzed with 254 nm light and heated to 1200 °C to 

remove the unreacted adsorbate. With both complexes the amount of metal 

oxides in the photolyzed region relative to that of the unphotolyzed region 

increases with increasing initial loading, but at all loadings the difference 

obtained with Fe(CO)s is significantly better than that obtained with
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(CH3 >3 SnI. This appears to be due to two factors. First, the larger fraction of 

the exciting light absorbed and the higher quantum efficiency of reaction of 

Fe(CO)5(ads). The latter yields a higher iron oxide content in the photolyzed 

regions relative to that obtained with (CH3 )3 SnI(ads). Second, Fe(CO) 5  

physisorbs onto the glass, and this relatively weak interaction is readily 

overcome during subsequent heating. (CH3)3SnI reacts with the glass 

surface to form a five-coordinated species. Apparently, coordination to the 

glass surface curtails desorption so that a larger fraction of (CH3 )3 SnI(ads) 

undergoes thermal oxidation during heating, thereby reducing pattern 

contrast.

Particle size is related to, but is not simply a fucntion of, initial 

loadings. With sample containing -10*4 mol of (CH3 )3 SnI(ads),/g, image 

formation is visually apparent during photolysis as a darkening in the 

exposed region. SEM analysis of the consolidated samples show that the tin 

oxide image (Figure6.1 Part III) is composed of distinct microscopic 

particles of the order of 10- to 50-nm in diameter, and secondary-ion mass 

spectra (SIMS) (Figure 6.8 Part III) shows that the concentration of tin 

oxide is maximum at the outermost surface and decreases exponentially. 

At a depth of -1000 A, the amount of tin oxide present reaches a steady 

plateau and remains essentially constant to a depth of 4000 A.
Similarly, SEM analysis (Figure 6.2 Part III) of a consolidated PVG 

sample impreganted with ~10*4 mol of Fe(CO)5(adsVg shows that the image 

formed is composed of iron oxide particles that are of the order of 10- to 50- 

nm. The particles form large clusters of aggregate particles that extend 

from 1 to 5 pm in length. Mossbauer spectra indicates that the majority of 

the iron oxide is magnetite, Fe3 0 4 . SIMS spectra (Figure 6.11 Part III) 

shows that relatively little iron oxide is on the outermost surfaces of the
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consolidated glass. Instead, there is an overlaying layer of glass -50 A thick 

that contains little or no iron. At a depth of 50 A there is a sharp increase in 

iron content and the amount present remains essentially constant to a 

depth of at least 4000 A.

5.3 Com parison of Iron Oxide Photodeposited in  Porous 
Vycor G lass and TMOS sol-gel glasses.

The iron oxides obtained by photolysis of Fe(CO>5 physi sorbed onto porous 

Vycor glass are compared to those obtained in TMOS xerogels. Mossbauer 

and X-ray absorption fine structure, extended, data indicate the formation 

of surface-bound, octahedrally coordinated Fe3+ species in both materials. 

Although photoimaging experiments show that iron oxide images of 

equivalent resolution can be photodeposited in both glasses, consolidation of 

the PVG samples, but not the xerogel samples, yields magnetically ordered 

materials exhibiting magnetic hyperfine fields of 370 and 425 kG, 

respectively. Formation of a magnetically ordered material depends on 

initial Fe(CO)s loadings, and its occurence in one glass, but not the other, is 

thought to reflect differences in the morphologies of the two materials.

Mosbauer spectra recorded after photolysis of 1 0 * 4  mol of 

Fe(CO)5 (ads)/g (Figure 6.16a Part III) adsorbed onto PVG, at 650°C, exhibit 

two quadrupole doublets with splittings of 0.98 and 0.93 mm/s, consistent 

with the formation of octahedrally coordinated Fe3+. Similarly, near edge 

EXAFS spectra also indicates the formation of octahedrally coordinated 

Fe3+. However, the Fe-0 bond distance in the photodeposited iron oxide
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(1.5 ±0.5 A), agrees with the formation of Fe2 Si0 4 , where the Fe- 0  bond 

distance is 1.3 ±0.5 A, rather that the formation of iron oxides where the 

bond distances are approximately 2 . 0  ± 0.5 A.
Under equivalent loadings and photolysis similar results occur in the 

xerogel. After heating to 650 °C, however, the Mosbauer spectra (Figure 

6.16b Part III) consist of a single quadrupole doublet with a splitting at 0.91 

mm/s. Apparently, the mcgority of the iron in the xerogel exist in a unique 

site. Nevertheless, the isomer shift is consistent with octahedrally 

coordinated Fe^+. 4 1

Pott and McNichol report that when Fe^+ is absorbed onto silica and 

then heated to > 400 °C, Fe^+ assumes a tetrahedral coordination, and at 

800 °C, crystallyzes to a-Fe2 C>3 . 4 2  However, in these glasses, Mossbauer 

and EXAFS data indicate that photolysis leads to surface-bound, 

octahedrally coordinated Fe3+ species, which shows no detectable change 

on heating to 650 °C. The isomer shifts suggest, that two different sites exist 

in PVG, and these differ from those in the xerogel. Both substrates posses 

Si-OH surface functionalities, 43» 4 4  but differ with respect to the other 

species present. PVG is an acid leached glass and posseses B2 O3  Lewis 

acid sites, 4 5  whereas the xerogel does not. On the other hand, DRIFT 

spectra reveal the presence of Si-OCH3  functionalities in the xerogel, which 

are not present ion PVG.

Attributing the different sites to the involvement of these groups, 

however, is neither chemically nor physically consistent with the available 

data. Chemically , it is unlikely that Fe3+, itself a Lewis acid, would bind to 

an electron-defficient site in the glass matrix. Physically, x-ray 

photoelectron spectroscopy (XPS) indicates that the amount of B present in 

the first 50 A of these PVG samples is 2.6 ± 0.1%. If B were involved in one
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of the sites, the amount present implies doublets of quite different 

intensities. Yet, in all samples, the relative intensities of the two 

quadrupole dopublets are similar, and differ by no more than 30%. 

Invoking the Si-OCH3 functionalities would suggest two sites in the 

xerogel, and one in PVG, whereas the opposite is observed. Most likely, the 

observed differences arise from structural variations rather than different 

coordinating atoms.

Heating the samples to 1200 °C consolidates the glass matrix. 

Consolidation occur with a 40% volume reduction in both substrates, and as 

a result, the image is also reduced by 40%. However, it occurs with no 

detectable loss of image resolution in either glass. Consolidation entraps 

the iron species, but it occurs without further chemical change. Mossbauer 

spectra of the iron in the consolidated xerogel remains equivalent to those at 

650 °C (Figure 6.18 Part III). And consolidation of a PVG sample with 

initial Fe(CO) 5  loading of £10*5 mol(ads)/g yields equivalent results. In both 

glasses consolidation entraps a nonmagnetic, octahedrally coordinated 

FeS+species. However, consolidation of a PVG sample with initial Fe(CO) 5  

loading of £10*4 mol(ads)/g results in the loss of the quadrupole doublets 

and the appearance of two six line spectra (Figure 6.19 Part III) 

characteristic of two hyperfine magnetic fields. The isomer shifts 

correspond to Fe3+ and EXAFS spectra yields an iron-nearest neighbor 

distance of 1.510.15 A. These data suggest that the same species is formed 

in all samples, i.e., an octahedrally coordinated Fe3+ species. Yet, 

magnetically hyperfine splittings appear only in the consolidated PVG 

samples prepared with high loadings.

The appearance of magnetically ordered material in consolidated 

PVG samples, but not in consolidated xerogels prepared under equivalent
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conditions, is surprising. Chemically and physically, the two materials are 

similar, equivalent Fe3+ species are formed in both glasses. One possible 

explanation, however, arises from the different surface area of the two 

materials. The surface area of the calcined xerogels, 600 ± 30 m^/g, is 

significantly larger than that of calcined PVG, 183 ± 15 m^/g. Electronic 

spectra, recorded at different locations on the same sample, show that 

Fe(CO>5 uniformly distributes as individual molecular entities on both 

surfaces. Assuming that the Fe^* species are also uniformly distributed in 

the porous glasses, since neither PVG or the xerogel exhibit magnetic 

hyperfine splittings when heated to 650 °C, then the average spacing 

between the species in the xerogel is ga* 3 times that in PVG. Consolidation 

reduces the spacing, but with these equivalent initial loadings, the spacing 

between the Fe^+ species in the xerogel may be beyond magnetic coupling 

distances. Of course, aggregation could occur, although the appearance of 

hyperfine splittings suggests that this is limited to the formation of small, 

fine particles.

In either case, the formation of magnetically ordered material, 

whether it derives from the aligment of individual Fe^+ species or the 

formation of small aggregates, depends on the spacing of the Fe3+ species 

in the porous glass. In turn, this depends on the initial loading of the 

porous glass. To date, magnetically hyperfine splittings have been observed 

only in consolidated PVG samples prepared with Fe(CO)5 loadings of £ 10"4 

mol/g.

In conclusion, it has been demostrated that photodepositing tin in 

PVG yields highly resolved regions of porosity in an otherwise consolidated 

glass. These regions offer an opportunity of incorporating a variety of 

reagents into the glass at ambient temperatures that were previously
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excluded because of the inability of the active reagents to withstand the 

consolidation conditions. In addition, it has also been demostrated that 

highly resolved patterns of magnetically order Fe^+ species can be 

deposited onto consolidated PVG. By using well-established 

microlithographic technologies these results can be used in the processing 

of active integrated optical components.
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6. Photolithography of Integrated Optic 
D evices in Porous Glasses.

The success of photonic switching depends on the development of materials 

capable of processing light signals without the interweaving conversion to 

electronic signals. The photodeposition of metal oxides onto porous Vycor 

glass and silica glass sol-gels produces changes in the index of refraction 

of the glass of the order of 0.1 to 0.001. Nonlinearities in transmission and 

refractive index allow the deposition of 0.1- to 10.0-pm width planar 

waveguides with attenuations of 0.6 dB/cm. This technique is being 

evaluated for the optical performance of couplers, dividers, and 

interferometers.

6.1 Introduction.

The starting point in the fabrication of many types of integrated optic 

devices is a substrate on which a planar waveguide can be formed. The 

planar optical waveguide is the fundamental element that interconnects 

the various devices of an optical integrated circuit, just as a metallic strip 

does in an electrical integrated circuit. Optical waveguiding depends in the
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ability to create a change in the index of refraction between the waveguiding 

region and the surrounding media. Many techniques have been developed 

that produce that required index difference. The choice of the specific 

technique for waveguide fabrication depends on the application, and on the 

facilities available. Thin-film combined with microlithograpy technologies, 

such as those used in the fabrication of electrical integrated circuits, are 

commonly used in the processing of planar waveguides on a variety of 

substrates. *6

Ideally one would dream of a single material where the various 

functions required by optical systems could be made, since this would yield 

totally integrated systems. The only possible materials, at the moment, 

belong to the III-V semiconductor family, and mainly to the GaAs family. 

Although many functions for optical circuitry can be made in GaAs, this 

medium is not the best for each function; and it can be reasonably be 

assumed that for a long time, if not forever, integrated optics will have to be 

hybrids. Many materials have been used for making optical waveguides; 

and many of them have been proposed principally because they were easy to 

be elavorated but they will definitely not have industrial importance. 

Currently, the most important materials for integrated optics are GaAs, 

LiNb0 3 , glass, and silicon.

Planar optical waveguides made by the photolithographic deposition 

of metal oxides onto porous silicate glasses are ideal for the fabrication of 

low loss integrated optic devices. 47 Both passive and active devices can be 

fabricated by the deposition of a suitable metal oxide. The deposition of 

S n 0 2  onto porous silicate glasses produces changes in the index of 

refraction of the glass of the order of 0.1 to 0.001 that allows a He-Ne laser 

beam to be guided through a 1.0 pm (width) waveguide with a 1.0 in radius
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of curvature. Similarly, opto-magnetic strip waveguides can be made by the 

deposition of magnetic Fe2 0 3 . 48 The advantage of the photodeposition 

technique for waveguide processing is that it offers the possibility of 

integrating a variety of devices at the submicron scale in one single 

substrate at a low cost and with a relatively little effort.

6.2 Fabrication of P lanar O ptical W aveguides in  Porous Glasses.

Optical waveguides of the dielectric type are made of a medium having a 

higher refractive index than the surrounding media. As they must be very 

thin (on the order of micrometers) one cannot think of making them in the 

shape of a sheet floating in the air. Therefore, optical waveguides 

necessarly lie on a substrate. Fabrication technologies that are used for 

making optical waveguides can be roughly classified into two types: in the 

first one, a thin transparent layer is grown on a less refringent substrate; 

in the second, a transparent substrate is submitted to some physical 

process which increases the refractive index starting from the surface.

The problem is to increase the refractive index of the transparent 

substrate in the region of its surface. Consequently, one has to intervene 

from the outside, through the surface. Since, a modification of the substrate 

is needed, starting from its surface, diffussion is a well adapted method. 

The physical reason for diffusion is the existence of a concentration 

gradient .

Porous silica glasses im pregnated with photosensitive 

organometallic compounds exhibits optical changes when exposed to light.
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Optical changes in transmission and refractive index can be induced and 

are permanent after consolidation of the glass to a nonporous matrix. 49 For 

example, highly resolved patterns of gradient indices are obtained by 

photochemically binding (CHataSnl to the glass matrix followed by thermal 

consolidation. 60 Similarly, photolysis of Fe(CO> 5 followed by thermal 

consolidation leads to equally well resolved patterns of iron oxide. 61 With 

both compounds, photolysis binds the reagent to the glass matrix. Binding 

prevents migration and maintains pattern resolution during the thermal 

consolidation. Thermal consolidation, which requires temperatures of £ 

1000 °C, volatilizes the unreacted adsorbate from the glass and converts the 

photoproduct to a metal oxide.

The criteria in selecting the proper organometallic compound are : 

(a) photoactivity, (b) volatility, and (c) thermal stability. The organometallic 

compound must be photoactive in the visible or near UV, since a key step in 

forming an image pattern on the glass surface involves the photochemical 

reaction of the organometallic compound with the dangling silanol groups 

of the glass. Volatility is essential for a homogeneous adsorption of the 

organometallic compound onto the glass surface, and also for the complete 

removal of the unreacted compound from the glass surface prior to the 

thermal treatment. And finally thermal stability is required since the 

unreacted precursor must be disorved from the substrate, and the 

photoproduct must withstand the temperatures required to consolidated the 

porous glass to a nonporous glass without decomposition or loss of image 

resolution.

The planar waveguides are photolithographed by contact printing 

using a photomask, laser writing, and/or holography. The wavelength of 

the light source depends on the absorption characteristics of the
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organometallic compound, and the glass substrate. Typical light sources 

include Hg, and Xe flash lamps, and Nd:YAG laser. The thermal 

treatment involves heating the glass from room temperature to the 

consolidation temperature of the glass (~ 1200 °C) at several stages. The 

first stage is carried out at a low heating rate -  2°C/min to the temperature 

of vaporization of the organometallic compound. Once the unreacted 

compound has been removed, the heating rate is increased to 5 °C/min and 

brought up to 1200 °C. Sn02 and Fe2 0 3  planar waveguides have been made 

by this method from the photolysis of (CH3 >3 SnI and Fe(CO>5 respectively.

6.3 C haracterization  of P lanar W aveguides.

Besides the fabrication technique, the characterization of the optical 

properties of the planar waveguides is essential for a complete description 

of the performance of the waveguides. The parameters to be considered are 

the width, thickness, the wavelength transparency, magnitude and shape 

of the refractive index profile, and the scattering losses.

Both single and multimode planar waveguides were fabricated by the 

photolithographic deposition of tin and iron oxides onto porous Vycor glass. 

The thickness of the waveguides depends on the resolution of the 

photomask, and the processing conditions, i.e., concentration of 

organometallic precursor adsorbed onto the glass, excitation wavelength 

and exposure time.

Two refractive indices have to be considered: the index of the 

substrate and the index of the layer. The refractive index of PVG is 1.500,
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and that of the waveguide layer varied from 1.551- to 1.601 ± 0.050. A very 

small difference (Dn) in the refractive indices of the substrate and the layer 

is enough to observe lightwave guiding (Figure 7.29 PartHI). The change in 

the index of refraction is directly proportional to the concentration of 

organometallic precursor on the glass, and the excitation intensity. The 

obtained refractive index profile is a gradient index profile, as observed in 

the concentration profiles, (Figure 6.13) and it follows a gaussian 

distribution.

The transparency of the waveguides is about the same as that of the 

substrate from the ultraviolet (50% transparency at 250nm) to the infrared 

(20% transparency at 1.0 pm). The losses are of the order of 0.6 dB/cm (at 

514 nm), and are mainly due to coupling losses, and the scattering losses at 

the interfaces. Also there are some losses due to the absorption of the 

waveguiding material. From this point of view, graded index waveguides 

are preferable as well as waveguides buried below the surface of the 

substrate.

6.4 P lan ar Tees and Couplers.

Multimode fiber optic systems currently use couplers and splitters for data 

distribution to several user terminals. Couplers are made by modifying 

optical fibers (fusing, tapering, lapping, and gluing) or with micro-optic 

components (such as microlenses and beam splitters), and by the planar 

approach, which is the subject of this program. The success of mass 

produced couplers depends in the reproducibility of the technique. In the
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case o f fusing optical fibers reproducibility is  a major concern, and 

com ponent p lacem ent and packaging in  current m icro-optic devices  

requires considerable attention  during coupler assem bly. The planar 

fabrication approach attacks directly the problems o f reproducibility, one- 

by-one fabrication, and precise p lacem ent o f com ponents which are 

encountered in the two conventional approaches by em phasizing the 

photolithographic control o f the coupling structure and the batch  

processing capabilities inherent in the planar approach.

The photolithographic approach was used to produce Y-junctions of 

different splitting ratios depending on the angle of separation. The results 

clearly dem ostrate the batch processing potential of planar couplers. The 

results are shown in Figure 7.34 Part III where, for two outputs PL and  

PR , the coupling efficiency decreases w ith increased branching angle. 

H owever, at sm all branching an gles (~ 2°) the coupling efficiency  

approaches 50:50 in each arm.

The photolithographic deposition of m etal oxides on PVG and silica 

glasses produces changes in the index of refraction of the glass of the order 

of 0.1 to 0.001. Changes in the index o f refraction o f the glass allows the 

fabrication of planar waveguides with losses in the range of 0.6 dB/cm ± 0.5. 

The technique is  currently being used  for th e fabrication of more 

complicated integrated optical components such as star coupler and Mack- 

Zenhder interferom eters.
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Conclusion
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Highly resolved photolithographic patterns and passive integrated optics 

devices have been demonstrated by making use of photoinduced metal oxide 

deposition onto the surface of porous Vycor glass. The ability to produce 

changes in the refractive index of the glass of the order of 0.1 to 0.001 has 

allowed guidance of a He-Ne laser beam through a photolitographed optical 

waveguide. Coupling of the laser beam was achieved by placing two optical 

waveguides in close proximity to each other, and splittings and junctions 

w ere m ade o f d ifferent v a r ie ties . The resu lts  obtained w ith  the  

photolitographic technique have shown the possibility of m aking a wide 

variety  o f in tegrated  optics com ponents w ith out the expense and  

technological effort that is usually required.

The m echanism  and k in etics o f th e photochem ical reaction of 

trim ethyltin iod ide in solution , and in  PVG have been in vestigated . 

Characterization of the photoproducts by spectroscopic techniques have 

established that the primary photochemical event is  dependent on the 

environm ent that surrounds the organotin molecule. In nonpolar media, 

the primary event is the homolytic cleavage of the Sn--X bond. On the other 

hand, in polar media, the molecule undergoes a structural rearrangement, 

from tetrahedral to essen tia lly  trigonal bypyram idal by form ing a 1:1 

adduct betw een the tin  atom  and th e electron donor surroundings. 

Therefore, in  polar media the tin-halide bond is  weaken by the interaction of 

the surroundings, and the primary photochemical event takes place as a 

heterolytic cleavage of the already weaken Sn--X bond. The sam e reactions 

observed in  polar solvents were observed on the PVG matrix. This result 

was expected since the surface o f PVG, which consist of silanol groups, is 

polar in nature.

The secondary events in  nonpolar solvents were established as the
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com bination of the photoproduced radicals to form the corresponding 

diatom ic halogen and the hexam ethylditin  dimer. In polar m edia, the 

charged species photoproduced remain as ionic species, or combined with 

the adventitious solvent to form the corresponding photoproducts.

From the kinetic studies, it was established that the photoreaction is 

independent o f the concentration of the reactants, but due to secondary 

photolysis, on the concentration of the products. However, under the 

conditions used during the kinetic studies, the product concentration effect 

could be ignored. As a result, the overall reaction is first order with respect 

to the light intensity, and the rate determining step is the cleavage of the 

Sn-X bond.

The photochemical reaction of phenyltin halides and pseudohalides 

was partially investigated. The motive behind these experim ents was to find 

compounds that will facilitate the study of the photochemical reactions on 

PVG in the near UV-VIS region, in  order to obtain higher quantum yields. 

From the compounds in vestigated , phenyltinch lorides and phenyltin  

azides, it  was concluded that the mechanism o f the photochemical reaction 

proceeded through a radical m echanism  as found in the photochemical 

reaction of trim ethyltiniodide. Unfortunately, the quantum  yields of the 

photoreactions was found to be less than 0.1 in all cases.

The photochemical reaction of trimethyltiniodide in PVG follows the 

sam e m echanism  as in polar m edia. The trim ethyltin iodide forms an 

adduct between the dangling hydroxides form the silanol groups of PVG. 

On photolysis, the partially polarized bond breakes heterolytically releasing  

the iodine ion and forming a partially covalent bond between tin and oxygen 

from the silanol groups. This bond is  further stabilized through oxidation  

during the low temperature heat treatm ent stages. As the tem perature is
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increased under high vacuum conditions, the rem aining attached methyl 

groups volatilized leaving behind a covalently tin  oxide molecule. This tin  

oxide m olecule w as found to act as a m odifier o f the g lass  m atrix  

preventing its  consolidation at 1200 °C. Possibly higher tem peratures are 

required to fully consolidated the tin oxide impregnated glass. This result, 

on the other hand, opens the possibility of having highly resolved and 

specific regions of porosity in an already consolidated glass. This regions 

could be used trough further etching of the tin oxide layer for the deposition 

of nonlinear optic m aterials in a consolidated glass. From diffusion studies, 

it  was found that the tin oxide m olecules do not diffuse laterally  on the 

surface of the glass, but inward into the bulk of the glass. The depth of 

diffusion of trimethyltiniodide was in the 100 to 1000 pm range depending 

on concentration and photolysis tim e. As a result, these photolitographic 

techniques offer a means of patterning materials on the surface and at least 

partially into the bulk of the glass, which offers the possibility o f three 

dim ensional arrays o f integrated optic structures.

T he q u an tu m  y ie ld  o f  th e p h otoch em ica l rea ctio n  o f  

trim ethyltiniodide m akes it  an ideal compound for the photolitographic 

generation o f highly resolved gradient refractive indices in  PVG, and Si- 

based xerogels. By using m odem  laser photolitographic techniques, capable 

o f reducing the laser tip down to the submicron level, schem atic diagrams 

of complicated integrated optics circuits can be deposites. Eventually, these 

techniques m ay be useful in  design ing the optical analogs th at will 

constitute the optical computer. Advances in this field o f integrated optics is 

taking place in many laboratories world wide.
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The large variety of molecular and m aterial structures, which are 

currently under investigation, will without any doubt lead to new insights 

and device concepts towards an all integrated optical computer. The 

photolithography of planar waveguides in g lasses has the potential for 

exploration on basic com ponents for sw itching and interconnections, 

however for a complete integrated system the following parameters have to 

be investigated: mode field dim ensions for low loss waveguide coupling, 

and electro-optic coefficients.
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1. Quantum Y i e l d  Calculation Program

DIM x(200),y(200),calcy(200),difT200)

INPUT "Enter Volume of Actinometer Irradiated in ml";vl

INPUT "Enter Volume of VI Analyzed in ml";v2

INPUT'Enter Volume V2 is diluted to in ml";v3

avogadro=6.023E+20

REM Ferrioxalate is 1.UE4

INPUT "Enter epsilon of actinometer";epsilon

INPUT "Enter length of cell in cm";length

INPUT 'Number o f Absorbance Readings for Actinometer";number 

FOR counters 1 TO number 

READ absorb(counter)

NEXT counter

REM Data for the actinometer goes here

DATA 0.0001,0.160,0.308,0.401,0.512,0.637,0.646,0.704,0.694,0.720 

CLS

FOR counters 1 TO number

NumM oleculesAct(counter)s(avogadro*v3*vl*ab8orb(counter))/(epsilon*v2*

length)

P R IN T  "N u m b er o f  F e2 +  m o le c u le s  a f t e r  ir r a d ia t io n

is";Num M oleculesAct(counter)

L P R IN T  "N um ber o f  F e2 +  m o le c u le s  a f t e r  ir r a d ia t io n

is" ;N um M olecules Act( counter)

NEXT counter
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LPRINT

REM Ferrioxalate irradiated at 254 nm and measured at 510nm is 1.25 

INPU T'Enter Quantum  Yield o f the Actinometer";QuantYieldAct 

CLS

FOR counters 1 TO number 

READ tim es(counter)

REM Enter tim es here in seconds 

DATA 0.0001,5,10,15,20,25,30,35,40,50

I ntensityA ct(coun ter )=N um M olecules A ct( counter V(Quan tYieldA ct*tim es ( 

counter))

PRINT "The Number of photons emitted at time t="IntensityAct(counter) 

LPRINT "The Number of photons em itted at tim e t="IntensityAct(counter) 

NEXT counter

WHILE MOUSE(0)<>1:WEND 

begin:MENU RESETCLS 

FOR counters 1 TO number 

x(counter)=tim es(counter) 

y(counter)=IntensityAct(counter)

NEXT counter

sum x=0

sum y=0

sum xy=0

sum xx=0

sumdifsO

FOR j * l  TO number 

sum x= sum x+x(j) 

sum y=sum y+y(j)
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sum xx=sum xx+x(j)A2

8umxy=Bumxy+x(j)*y(j)

NEXT j 

g=num ber

denom =sum xA2-g*sum xx

8lopes(sumx*8umy-g*Bumxy)/denom

b=(8um x*8um xy-8um y*sum xx)/denom

F O R j= l TO number

calcy(j)=slope*x(j)+b

difTJ)=y(j)-calcy<j)

sum dif=sum dif+diflj)A2

NEXT j

s=SQR(sumdif7(g-2))

denom =SQ R(sum xx-sum xA2/g)

errors=t*s/denom

x m ea n ssu m x /g

errint=t*SQ R((sum dif)*(l/g+xm eanA2/(8umxx-g*xmeanA2))) 

PR IN TPR INTPRINTPRINT.PRINT.PRINT TAB(5) "The equation for this 

line is  y = "slope;"x +";b

L PR IN T PR IN T PR IN T PP.IN T PR IN T LPR IN T  TAB(5)"The equation for 

this line is  y = "slope;"x +";b 

WHILE MOUSE(0)<>1:WEND

IntensityOO=b

PRINTiPRINTPRINT.PRINT " This is  the Intensity at t=0-

"IntensityOO
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LPRINTPRINTPRINT.LPRINT  

"IntensityOO

WHILE MOUSE(0)<>1:WEND 

PRINT: PRINT: PRIN'P PRINT ”

Actinom eter Calculation  

PRINT.PRINTPRINTLPRINT ’

Actinom eter Calculation  

WHILE MOUSE(0)<>1:WEND:CLS 

REM End of Actinometer Calculation

INPUT'Enter volume for Sample Irradiated in m T;vlsam p

INPUT'Enter Volume of V I Sample taken for analysis in ml';v2samp

INPUT'Enter Volume V2 is diluted to in  ml";v3samp

REM Epsilonsamp=5630 for (CH3)3SnI

INPUT "Enter epsilon of Reactant" ;epsilonReac

INPUT "Enter epsilon of Product" ;epsilonProd

REM We used 4

INPUT "Enter Number ofAbsorbance Readings";numbersamp 

FOR counters 1 TO numbersamp 

READ AbsorbReac(counter)

REM Absorbance Data For REACTANT Goes Here

DATA 1.3539,1.1263,1.1395,11365,1.1256,1.110,1.110,1.222,1.2152,1.2071

NEXT counter

FOR counters 1 TO numbersamp 

READ AbsorbProd(counter)

REM Absorbance Data For PRODUCT Goes Here

DATA 0.0001,-0.013,-0.026,-0.04,-0.055,0.0669,0.089,0.2452,0.2535,0.2863

This is the Intensity  a t tsO-

This is  the end of the 

This is  the end o f the
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NEXT counter

FOR counter^ 1 TO numbersamp

NumMoleculesProd(counter)=(avogadro*v3samp*vl8amp*Ab8orhProd(cou

nter)y(epsilonProd*length*v2sam p)

PRINT "Number o f M olecules o f Product";NumMoleculesProd(counter) 

LPRINT "Number of Molecules of Product" ;NumMoleculesProd(counter) 

NEXT counter

WHILE MOUSE(0)<>1:WEND 

FOR counters 1 TO numbersamp

NumMoleculesReac(counter)=(avogadro*v36amp*vlsamp*Ab6orbReac(cou

nter))/(epsilonReac*length*v2sam p)

PRINT "Number o f M olecules o f Reactant";NumMoleculesReac(counter) 

LPRINT "Number of Molecules of Reactant";NumMoleculesReac(counter) 

NEXT counter

WHILE MOUSE(Ok>l:WEND

PRINT

LPRINT

REM Calulate la  for sample

PRINTrPRINT

PRINT.LPRINT

PRINT "IntensityOO=";Inten8ityOO 

LPRINT "IntensityOO=";IntensityOO 

FOR counter* 1 TO numbersamp

IntensityAReac(counter)sIntenBityOO*( l-( l/1 0 AAbsorbReac(coimter))) 

PRINT "Intensity Reac AA=";IntensityAReac(counter)
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LPRINT "Intensity Reac AA=";IntensityAReac(counter)

NEXT counter

WHILE MOUSE(Ok>l:WEND

PRINT

LPRINT

FOR counters 1 TO numbersamp 

READ tim essam p(counter)

NEXT counter

DATA 0.0001,5,10,15,20,25,30,35,40,50

PRINT "Time","Num. M olecules in Reac”,"Num. M olecules in Prod" 

LPRINT "Time”,"Num. M olecules in Reac","Num. M olecules in  Prod" 

FOR counters 1 TO numbersamp

P R I N T

tim es8am p(counter),N um M oleculesR eac(counter),N um M oleculesProd(cou

nter)

L P R I N T

tim essam p(counter),Num M oleculesR eac(counter),N um M oleculesProd(cou

nter)

NEXT counter

WHILE MOUSE(0)<>1:WEND

PRINT

LPRINT

PRINT"AA","At"

LPRINT" AA"," At"

FOR counter s i  TO numbersamp

Con cen tra  ti on D iffer ence Reac (counter )sN u m M o lecu lesR ea c(co u n ter )-  

N um M oleculesR eac(l)
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ConcentrationDifferenceReac(counter)=ABS(ConcentrationDifferenceReac(

counter))

timeB8ampDifTerence(counter)=tim essamp(counter)-tim e8samp(l) 

P R I N T  

ConcentrationDifTerenceReac(counter),time88ampDifference(counter) 

L P R I N T  

ConcentrationDifTerenceReac( counter), tim essam pDiflerencefcoun ter) 

NEXT counter

FOR counter =1 TO numbersamp

C on cen tra  tion D ifferen ceP r od(coun ter)=N um  M olecu les Pr od(counte r)- 

NumM oleculesProd( 1)

ConcentrationDifferenceProd(counter)=ABS(ConcentrationDifFerenceProd(

counter))

tim essam pD iflerence(counter)=tim essam p(counter)-tim e88am p(l)

P R I N T

ConcentrationDifferenceProd(counter),times8ampDifTerence(counter)

L P R I N T

ConcentrationDifTerenceProd(counter),time88ampDifTerence(counter)

NEXT counter

WHILE MOUSE( 0)<> 1: WEND

PRINT

LPRINT

FOR counter =2 TO numbersamp

Changeconcoverchangetim eReac(counter)=ConcentrationDifferenceReac(c

ounter)/time88ampDifTerence(counter)

PRINT "d[A]/dt" ;Changeconcoverchangetim eReac(counter)
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LPRINT "d[ A]/dt" ;ChangeconcoverchangetimeReac(counter)

NEXT counter

WHILE MOUSE(0)<>1:WEND 

FOR counter =2 TO numbersamp

Changeconcoverchangetim eProd(counter)=ConcentrationDifFerenceProd(c

ounterVtimessampDifTerenceCcounter)

PRINT "d[B]/dt";ChangeconcoverchangetimeProd(counter)

LPRINT "d[B]/dt";ChangeconcoverchangetimeProd(counter)

NEXT counter

WHILE MOUSE(0)<>1:WEND

PRINT

LPRINT

FOR counter =2 TO numbersamp

Q u a n t u m Y i e l d A  R e a c ( c o u n t e r )  = 

C hangeconcoverchangetim eReac(counter)/IntensityAReac(counter)

PRINT "Quantum Yield A";QuantumYieldAReac(counter)

LPRINT "Quantum Yield A";QuantumYieldAReac(counter)

NEXT counter

WHILE MOUSE(0)<>1:WEND 

FOR counter =2 TO numbersamp

Q u a n t u m Y i e l d A P r o d ( c o u n t e r )  = 

Changeconcoverchangetim eProd(coun ter )/IntensityAReac( counter)

PRINT "Quantum Yield B";QuantumYieldAProd(counter)

LPRINT "Quantum V eld  B";QuantumYieldAProd(counter)

NEXT counter
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WHILE MOUSE(0)<>1:WEND

PRINT

LPRINT

begin2:CLS

FOR counters 1 TO 100

x(counter)=0

y( counter )=0

ctilcy(counter)=0

diflcounter)=0

NEXT counter

PRINT

LPRINT

PRINT'Time","Quantum Yield at time=i" 

LPRINT"Time","Quantum Yield at time=t" 

PR IN TPR IN T  

PRINTLPRINT

OPEN "CLIP: FOR OUTPUT AS 1 

FOR counters2 TO numbersamp 

x(counter)=tim essam p(counter) 

y(counter)=Quantum YieldAReac(counter) 

PRINT x(counter),y(counter)

LPRINT x(counter),y( counter)

WRITE #l,x(counter),y(counter)

NEXT counter 

CLOSE 1 

slope=0
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b=0

Bumx=0

sum y=0

sum xy=0

sumxx=0

8umdif=0

denom=0

FOR j=2 TO numbersamp 

8um x=8um x+x(j) 

sum y=sum y+y(j)

8um xx=sum xx+x(j)A2

sumxy=8umxy+x(j)*y(j)

NEXT j

g=num bersam p-1

denom =sum xA2-g*sum xx

slope=(8umx*8umy*g*sumxy)/denom

b=(8um x*sum xy-sum y*8um xx)/denom

FOR j=2 TO numbersamp

calcy(j)=8lope*x(j)+b

diflj)=y(j)-calcy<j)

Bumdif=8umdif+difTj)A2 

NEXT j

8=SQR(8umdif7(g-2))

denom*SQR(8umxx-8umxA2/g)

errors=t*8/denom

xm eansgum x/g

errintst*SQR((8umdif)*(l/g+xmeanA2/(8umxx-g*xmeanA2)))
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PRINTrPRINTPRINT.PRINT.PRINT.PRINT TAB(5) "The equation for this 

line is y = "slope; "x +”;b

PR IN T:PR IN TPR IN TPR IN TPR IN TLPR IN T TAB(5)"The equation for

this line is y  = "slope;"x +";b

QuantYieldReac=b

PRINT.PRINTPRINTPRINT " Quantum Yield of Reac (finally!!!)

is" ;QuantYieldReac

PR IN TPR IN TPR IN TLPR IN T " Quantum Yield o f Reac (finally!!!)

is";QuantYieldReac

WHILE MOUSE(0)<>1:WEND

FOR counters 1 TO 100

x(counter)=0

y(counter)=0

calcy(counter)=0

diflcounter)=0

NEXT counter

PRINT

LPRINT

PRINT 'Time","Quantum Yield at time=t"

LPRINT’T im e ”,"Quantum Yield at time=t"

PR IN TPR IN T

PRINTLPRINT

OPEN "CLIP:"FOR OUTPUT AS 1 

FOR counters2 TO numbersamp 

x(counter)stim essam p( counter) 

y(counter)sQuantum YieldAProd(counter)
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PRINT x(counter),y(counter)

LPRINT x(counter),y(counter)

WRITE #l,x(counter),y(counter)

NEXT counter 

CLOSE 1 

slope=0 

b=0

sum x=0

Bumy=0

sum xy=0

sum xx=0

8umdif=0

denom=0

FOR j=2 TO numbersamp 

sum x=sum x+x(j) 

sum y=sum y+y(j)

8um xx=sum xx+x(j)A2

8umxy=sumxy+x(j)*y(j)

NEXT j

gsnum bersam p-1

denom =sum xA2-g*8umxx

elope =(8umx*8umy-g*8umxy)/denom

b=(8um x*8umxy-8umy*8um xx)/denom

FOR j«2  TO numbersamp

calcy(j)«slope*x(j)+b

difl(j)*y(j)-calcy(j)

8um dif=sumdif+diflj)A2
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NEXT j

8=SQR( sumdif7(g-2)) 

denom =SQ R(sum xx-sum xA2/g) 

errors=t*s/denom  

xm ean= su m x/g

errint=t*SQ R((sum dif)*(l/g+xm eanA2/(8umxx-g*xmeanA2))) 

PRINT:PRINT:PRINTPRINT:PRINTPRINT TAB(5)"The equation for this 

line is  y = "slope;"x +";b

PRINT.PRINTPRINT.PRINT.PRINTLPRINT TAB(5)"The equation for

this line is y = "slope;"x +";b

QuanfYieldProd=b

PRINT-.PRINTPRINTPRINT " Quantum Yield of Prod (finally!!!)

is";QuantYieldProd

PRINT-.PRINTPRINT.LPRINT " Quantum Yield o f Prod (finally!!!)

is";QuantYieldProd

WHILE MOUSE(0)<>1:WEND

LOAD "HD 20:APPLICATIONS:Ed's Launcher",r
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2. Quantum Yield Calculation Result.

Volume of Actinometer Irradiated = 5.0 ml
Volume o f VI Analyzed = 5.0 ml
Volume o f V2 Analyzed = 5.0 ml

Epsilon of Actinometer s l . l le 4
Lenght o f cell in cm = 1.0
Number of Absorbance Readings Actinometer 10

Actinometer Absorbance Data at 510 nm
H m e (sec) Absorbance
0.0001 0.0001
5.0 0.160
10.0 0.308
15.0 0.401
20.0 0.512
25.0 0.637
30.0 0.646
35.0 0.704
40.0 0.694
50.0 0.720
60.0 0.760

First Calculation :

Number of Fe2+ molecules after irradiation is  2.713063E+13 
Number of Fe2+ molecules after irradiation is  4.340902E+16  
Number of Fe2+ molecules after irradiation is  8.356235E+16 
Number of Fe2+ molecules after irradiation is  1.087938E+17 
Number of Fe2+ molecules after irradiation is  1.389089E+17 
Number o f Fe2+ molecules after irradiation ia 1.728221E+17 
Number of Fe2+ molecules after irradiation is  1.752639E+17 
Number of Fe2+ molecules after irradiation ia 1.909997E+17 
Number of Fe2+ molecules after irradiation ia 1.882866E+17 
Number of Fe2+ molecules after irradiation is  1.953406E+17

Second Calculation :

H ie  Number of photons emitted at time t*  2.170451E+17 
H ie Number of photons emitted a t time t»  6.945443E+15 
H ie Number of photons emitted at time t= 6.684988E+15 
H ie Number of photons emitted at time t= 5.802338E+15 
H ie Number of photons emitted at time t= 5.556354E+15
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The Number of photons emitted at time t= 5.530309E+15 
The Number of photons emitted at time t= 4.673704E+15 
The Number of photons emitted at time t= 4.365707E+15 
The Number of photons emitted at time t= 3.766732E+15 
The Number of photons emitted at time t= 3.125449E+15

Third Calculation :

The equation for this line is y * -2.174228E+15 x + 7.635679E+16

This is  th e Intensity at (t ■ 0) ■ - 7.63567912+16

This is  the end o f  the Actinom eter Calculation

Volume for Sample Irradiated=
Volume of VI Sample taken for analysis = 
Volume V2 is diluted to =
Epsilon of Reactant =
Epsilon of Product =
Number ofAbsorbance Readings =

5.0ml
5.0ml
5.0ml
3450
917
10

Reactant Absorbance Data :
Time (sec) Absorbance
0.0001
5.0
10.0
15.0
20.0
25.0
30.0
35.0
40.0
50.0
60.0

1.3539
1.1263
1.1395
1.1365
1.1256
1.1100
1.1100
1.2220
1.2152
1.2071
1.2035

Product Absorbance Data :
Time (sec) Absorbance
0.0001
5.0
10.0
15.0
20.0
25.0
30.0
35.0

0.0001
0.0130
0.0266
0.0405
0.0556
0.0661
0.0897
0.1245
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40.0
50.0
60.0

0.1253
0.1286
0.1320

Eourth Calculation ;

Number of Molecules of Product 3.284079E+14 
Number of Molecules of Product-4.269303E+16 
Number of Molecules o f Product-8.538605E+16 
Number of Molecules of Product-1.313632E+17 
Number of Molecules of Product-1.806243E+17 
Number of Molecules of Product 2.197049E+17 
Number of Molecules of Product 2.92283E+17 
Number of Molecules of Product 8.052561E+17 
Number of Molecules of Product 8.325141E+17 
Number of Molecules of Product 9.402318E+17

Number of Molecules of Reactant 1.181817E+18 
Number of Molecules of Reactant 9.831457E+17 
Number of Molecules of Reactant 9.94668E+17 
Number of Molecules of Reactant 9.920493E+17 
Number of Molecules of Reactant 9.825347E+17 
Number of Molecules of Reactant 9.689175E+17 
Number of Molecules of Reactant 9.689175E+17 
Number of Molecules of Reactant 1.066682E+18 
Number of Molecules of Reactant 1.060746E+18 
Number of Molecules of Reactant 1.053676E+18

Fifth Calculation :

IntensitylQ  
Intensity Reac Ia 
Intensity Reac Ia 
Intensity Reac Ia 
Intensity Reac Ia 
Intensity Reac Ia 
Intensity Reac Ia 
Intensity Reac Ia 
Intensity Reac Ia

= 7.635679E+16 
= 7.297655E+16 
= 7.064795E+16 
= 7.081886E+16 
= 7.078047E+16 
= 7.063874E+16 
= 7.042962E+16 
= 7.042962E+16 
* 7.177698E+16
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Intensity Reac Ia 
Intensity Reac Ia

= 7.170470E+16 
= 7.161712E+16

Sixth Calculation :

Tim e Num. Molecules in Reac Num. M olecules in Prod

.0001 1.181817E+18 3.2840791E+14
5 9.831457E+17 -4.269303E+16
10 9.946688E+17 -8.538605E+16
15 9.920493E+17 •1.313632E+17
20 9.825347E+17 -1.806243E+17
25 9.689175E+17 2.1970499E+17
30 9.689175E+17 2.9228333E+17
35 1.066682E+18 8.0525613E+17
40 1.060746E+18 8.3251411E+17
50 1.053676E+18 9.4023181E+17

Seventh Calculation

A[R]

0.000000
1.966716E+17
1.871493E+17
1.897680E+17
1.992827E+17
2.128999E+17
2.128999E+17
1.151352E+17
1.210709E+17
1.281413E+17

At

0.00000
4.99999
q rw w i
14.9999
19.9999
24.9999
9 0  OQQQ

34.9999
QQ OQQQ

49.9999

A[P]

0.000000
4.302143E+16
8.571446E+16
1.316916E+17

At

0.000000 
A  OOOO

14.9999
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1.809527E+17
2.193765E+17
2.919546E+17
8.049277E+17
8.321856E+17
9.399034E+17

IQ  r w w i

24.9999
OQ r v w i

34.9999
QO oooo
49.9999

Eighth Calculation :

d[RVdt 3.973513E+16 
dfRydt 1.871512E+16 
d[Rydt 1.265128E+16 
d[Rydt 9.964185E+15 
dfRydt 8.516029E+15 
dIRydt 7.096686E+15 
d[Rydt 3.289587E+15 
dIRydt 3.026781E+15
drnydt 2 .562832E+15

dfPydt 8.604459E+15 
dIPydt 8.571532E+15 
dIPydt 8.779496E+15 
dfPydt 9.047683E+15 
dfPydt 8.775093E+15 
dfPydt 9.731853E+15 
dfPydt 2.2998E+16 
d[Pydt 2.080469E+16 
dfPydt 1.879811E+16

N ineth Calculation :

Quantum  Yield R .5624385 
Quantum  Yield R .2642674 
Quantum  Yield R .1787398 
Quantum  Yield R .1410584 
Quantum Yield R .1209155 
Quantum  Yield R .1007628 
Quantum  Yield R 4.583067E-02 
Quantum  Yield R 4.221175E-02 
Quantum  Yield R 3.578519E-02

Quantum  Yield P .1217935
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Quantum Yield P .1210346 
Quantum Yield P .1240384 
Quantum Yield P .1280839 
Quantum Yield P .1245938 
Quantum Yield P .1381784 
Quantum Yield P .3204091 
Quantum Yield P .2901441 
Quantum Yield P .2624806

Tenth Calculation

Time Quantum

5 .5624385
10 .2642674
15 .1787398
20 .1410584
25 .1209155
30 .1007628
35 4.583067E-02
40 4.221175E-02
50 3.578519E-02

The equation for this line is y ■ -9.316126E-03 z  + .4038577

Quantum  Yield o f Reac (finally!!!) is .4038577

Time Quantum Yield of P  at time=t
5 .1217935
10 .1210346
15 .1240384
20 .1280839
25 .1245938
30 .1381784
35 .3204091
40 .2901441
50 .2624806

The equation for th is line is  y  ■ 4J512188E-03 x + 6JS88363E-02

Quantum Yield o f Prod (finally!!!) is 6L588963E-02
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3. FTIR Kinetic Macro.

FTIR  K inetics M acro Program  

IN TEG ER TEM 

STRING NAME 

STRING TITLE 

STRING TG FILE

CRT KIN ETICS

P rogram  to m onitor a photochem ical reaction; stop spectra l adquisition  

w hen a th resho ld  is exceeded 

LEDS = 0 

DCLX

CR " YOUR SPECTRAL REGION OF INTEREST EXTENDS FROM "XSP 

CR " TO "XEP

CT " WHAT IS THE LOCATION (CM-1) OF THE PEAK TO BE MONITOR? 

" XCUR

CR "EN TER  ABSORBANCE VALUE O F PEA K  W H ICH  W ILL END 

EXPERIM ENT?" THR

CR " EN TER NUM BER OF SCANS FOR THE SAMPLE" NSS 

CR " HOW  MANY BACKGROUND SCANS" NSB 

CR " EN TER TIM E BETW EEN SCANS (IN SEC)?" BDL 

CR " IN SERT FORMATTED DATA DISK IN DRIVE 1" PAU 

MNTD "-F1"

CR " EN TER G ENERIC FILE NAME (8 CHAR.MAX.)" NAME

4 4 7



CR  " E N T E R  T ITL E  (FO R  P L O T T E D  S A M P L E S /  T IT

C R  " C L E A R  B E A M  P A T H  P A U

C R  " S C A N N I N G  B A C K G R O U N D ' S C B

C R  " I N S E R T  S A M P L E " P A U

C R  " E N T E R  D I S P L A Y  M A X IM U M  Y E P

C R  " E N T E R  D I S P L A Y  M IN IM U M  Y S P

C R  " S C A N N I N G  S A M P L E  S C S

EXT=1

S C S  R A S  A B S  D S S  

D R A W  R O L L

T G F IL E =  N A M E + E X T  (C a lc u la te  file n a m e )

P D S  T G F IL E  (S to re  sp ec tru m )

E X T = E X T + 1 ( I n c r e m e n t  f ile  n a m e )

V A L S  (F in d  v a lu e  o f  p ea k  o f  in t e r e s t )

Y C U R  = Y C U R -T H R  (S ee  i f  i t  h a s  ex c eed ed  th re sh o ld )  

U N T I L  Y C U R G E Z  (I f  i t  h a s  quit)

E N D .
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4. (CH3 >3 SnI Rate Law Derivation

la

(C H 3 )3 S n I  > (C H 3 )3 S n I*  4.1

kl

(C H 3 J3 S n r ------------ > (C H 3 )3Sn- + I- 4 .2

k2

(C H 3 )3 SnJ > (C H 3 )3 S n I  + h e a t4 .3

k3

1 + I-  > I2 4.4

k4

2 (C H 3 )3 S i v ------------ > (C H 3 )6S n 2  4 .5

k5

(C H 3»6Sn2 + 1 2 ----------- > (C H 3 )3Sn- + 1 -4 .6

dWCHgJJSnl]
 dt -------= ] a '  k ^ C H g ^ n l * ]  - 2 k ^ C H 3)(S n 2][I2] 4 7

d K C H ^ n l* ]
 --------- = I a  - k j K C H j ^ n l * ]  - k r f C C H ^ n l * ]  4 8

dKCHgJ-Sn*]
 ^ --------= k jK C H ^ n l*] - 2k4[(CH3)^Sn.r 4 9
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^ . . k g P C H ^ g S n J ^ - Z M - J 4 .11

d K C H g ^ n J
 ^ -----------=  - k ^ C H g J g S n a P J  - 2 k 4 [ ( C H 3 ) ^ n * ] - : 4.12

[(CH3) ^ n P ]  = I,
k i + k2 4.13

[(CH3)^Sn*] =

ki
k] + k2 j
2k. 4.14

[ !• ]  =
Ifl) | k i + 1k 2 :

2k'

V,

4.15

dKCH^gSnl]
dt = I» 1- k 2+ k j -  2 k 5 [(C H 3 )g S n 2 ][ l2

4.16
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