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ABSTRACT
DEVELOPMENT OF IRON PORPHYRIN-DOPED METALORGANIC

THIN-FILM MEMBRANES FOR OPTICALLY BASED
CHEMICAL SENSING APPLICATIONS

By

Charles D. Gagliardi

Ferrihemes (Fe(III) porphyrins) were successfully incorporated into
very thin, highly porous, optically clear, metalorganic films, and
reduced insitu to the Fe(II) state. Porphyrin-film compatibility was
established by using various functional groups on the porphyrin ring to
chemically bind to the metalorganic polymer. Carboxyl, hydroxyl, and
pentafluorophenyl groups were effective in securely incorporating the
porphyrin within the amorphous film matrix. The hydroxyl and carboxyl
group reactivities were well established from the literature; the
reactivity of the pentafluorophenyl group was somewhat less well
defined, but resonance Raman spectra were attained which strongly
suggest that the porphyrin had chemically reacted with the film
solution. Porphyrins with these functional groups were incorporated
into films at sufficiently high concentrations to provide strong UV-vis
absorption at film thicknesses of 850 £ 250 A.

The chemical stability of the coating solutions was studied to
improve film reproducibility. The solutions and films were

characterized with vibrational spectroscopy.



The film material was structurally characterized with transmission
electron microscopy (TEM) and atomic force microscopy (AFM) indicating
the amorphous nature of the material. A general pore-size range of 10-
100 R can be approximated from the images.

The transport of aqueous carbon monoxide into the film, and the
reactivity of the solute with Fe(II) porphyrin complexes were also
studied, showing that the Fe(III) porphyrins incorporated into the films
could be reduced insitu and then reacted with the diffusing solute.
These studies proved that the iron porphyrin-doped films can be used for
sensing applications and for probing the internal structure of the film.
The diffusion of CO into the film provides evidence of a fairly broad or
possibly bimodal pore-size distribution in which the material has both

regions of high and low permeability.



Dedicated to my parents, Charles and Leola Gagliardi.
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INTRODUCTION

The investigations which comprise this dissertation are based on
the hypothesis that optically useful concentrations of a securely
incorporated Fe(II) porphyrin can be achieved within porous, optically
clear, metalorganic membranes which can then be used as optically probed
chemical sensing devices. The research investigates this hypothesis and
addresses problems of compatibility between the porphyrin and the film
material; the chemical and structural characteristics of the membrane
are also investigated to characterize the membrane and aid in the
modeling of mass transport within the material.

Membrane technology encompasses a diverse array of materials,
structural features, functional behavior, and applications. The word
"membrane” originates from the Latin word "membrana,” meaning skin
(Webster's 7th eq., 1969), and the term commonly refers to a natural or
synthetic layer which is permeable by at least one component of a
solution or mixture. 1In an attempt to organize and class the many types
of membranes, individuals have devised a variety of different
organizational schemes. At this time, however, there is no generally
accepted, comprehensive organizational framework, and some reviewers
doubt that one can be adopted without sacrificing clarity ( Bwang and
Kammermeyer, 1975; Lakishminarayanaiah, 1969). It should also be noted
that new types of membranes are continually being developed, which

increases the difficulty of organization. A comprehensive description



of membrane types and categories is not appropriate to this
dissertation; however, many interesting organizational schemes can be
found in the two previous references.

Mimetic membranes can be considered as one of the most interesting
membrane categories. Many synthetic membranes have been created to
mimic the behavior of their naturally occurring counterparts and others
are used to house chemicals which themselves imitate some natural
phenamenon; both could be classed as mimetic membranes. Mimetic
chemistry is of great importance in both primary and applied areas of
research: the mimetic model can deepen the understanding of the
modelled natural phenomenon, and the model itself can be of substantial
industrial value. Iron porphyrins (hemes), being of great biological
importance, are undoubtedly among the most widely studied compounds of
this nature.

Placing the heme in a film material which does not disable the
chemical phenomenon of interest is not a trivial task. Many film
materials may demetalate or otherwise chemically deactivate the heme.
Furthermore, many film materials would block its reaction with other
molecules by steric hindrance. However, if the heme can be placed in a
£ilm without being blocked or chemically deactivated, the heme-£film
system could be used to study the transport properties of the hosting
membrane. The diffusion properties of the film can be studied by
allowing some species to diffuse through the membrane while monitoring
the ligand formation via optical absorption spectroscopy. Ferriheme
complexes incorporated into a transparent hosting membrane can be used
with a variety of solutes including carbon monoxide, oxygen, and t-

butylisocyanide.



Several film materials have proved promising for use as hosting
membranes. Titanium, zirconium, and hafnium alkoxides have been
combined with carboxylic acids, and the resulting complexes have been
hydrolyzed to yield porous, optically transparent, metalorganic polymer
films (Gagliardi and Berglund, 1989). The most solvent resistant of
these films resulted from the combination of titanium isopropoxide with
valeric acid (Gagliardi, et. al., 1990), and the current work focuses on
the use of this membrane material.

Certain hemes were found to be compatible with this titanium
metalorganic film, providing several suitable film-heme systems. By
studying these systems, we intended to learn about the transport
properties of the membranes, which we then hoped to understand in terms
of the morphology and chemical composition of the material.

The importance of this research rests on the many possible
applications for these membranes. The membranes themselves are highly
unique due to the combination of their optical clarity, high porosity,
small pore size, and apparent homogeneity. The films could be used as
separation process membranes or as supports for catalysts or
photocatalysts. The methods of doping the films with porphyrin may act
as general methods for introducing other catalytically active
macromolecules. The hemes to be used in these experiments are
themselves of interest as mimetic agents and as catalysts, and the film-
heme systems have been shown to be useful as the basis for a carbon
monoxide sensor.

The relevant literature concerning membranes and porphyrins will be
reviewed, as will the many analytical techniques required for the

experiments. The primary goal of this work was to understand the



transport properties in terms of the structural and chemical features of
the membrane. A secondary goal of this research was to demonstrate the

usefulness of a film-porphyrin system as a CO sensor.



CHAPTER 1.

FILM MATERIALS AND PROCESSING METHODS

Since this investigation is concerned with the characterization and
use of porphyrin-doped metalorganic films, it is proper to include a
description of the basic materials and methods which control the
properties of the films. I will begin with the transition metals
themselves, and then proceed to briefly review the nature of colloids
and gels, sol-gel processing, alkoxides, carboxylates, and the alcohols,
carboxylic acids, and esters which are involved in the production of our
coating solutions. Finally, I will discuss the coating solutions and

methods themselves.

dale _ _TITANIUM, ZIRCONIUM, AND HAFNIUM

Each of the coating materials generated and studied for this work
involves titanium, zirconium, or hafnium. These elements comprise the
group IV transition or 'd' block metals in the periodic table. To
distinguish the transition metal groups from the main element groups,
the CAS nomenclature uses an 'A' to designate the main groups and a 'B'
to designate the transition groups; the older IUPAC nomenclature is in
conflict with this convention. Throughout the remainder of this
document I will refer to the transition group IV elements simply as

'‘group IV' without further distinction.



Titanium is the most abundant element of the group, making up 63%
of the earth's crust. Among all the transition metals, titanium is the
second most abundant. Z2irconium represents roughly 1.6% of the crust,
while hafnium comprises less than 0.03%. However, when compared to
other elements, hafnium is no more rare than cesium or bromine
(Greenwood and Earnshaw, 1984).

Some of the physical properties of Ti, 2r, and Hf are presented in
Table 1. Due to the "lanthanide contraction”, the ionic radii of 2r and
Hf are virtually identical; the only significant difference between
these elements are their densities, transition temperatures, and neutron

absorbing abilities (Greenwood and Earnshaw, 1984).

Table 1. Some properties of group IV transition metals.

Property Ti Zr Bf
Atomic number 22 40 72
Number of natural isotopes 5 5 6
Atomic weight 47.88 91.22 178.49
Electronic Configuration [Ar) [Kr] [Xe]afléd
3d2482 442582 392452
Electronegativity 1.5 1.4 1.3
Metal radius/pm 147 160 159
Ionic radius (6 coord.)/pm M(IV) 60.5 72 71
M(III) 67.0
M(II) 86
MP/°C 1667 1857 2222
BP/°C 3285 4200 4450
Enthalpy of fusion/kJ/mole 18.8 19.2 (25)
Enthalpy of vaporization/kJ/mole 425 567 571
Density (25°C) g/cm3 4.5 6.5 13.28
Electrical resistivity (25°C) pohm cm 42.0 40.0 35.1

(Greenwood and Earnshaw, 1984)

The metals are highly corrosion resistant. Except for hydrofluoric

acid, mineral acids have little effect on the dense oxide layer which



forms over the metal's surface. The group IV transition metals also
exhibit a large range of oxidation states and coordination numbers which
are shown in Table 2 (Greenwood and Earnshaw, 1984).

From Table 2, it is apparent that the group IV metals are capable
of showing a wide range of complex chemical behavior. It is the
richness of this chemistry that will enable us to adjust the properties

of our coating materials to suit the needs of specific applications.

1.2, __COLLOIDAL SUSPENSIONS AND GELS

A colloid has been defined as a suspension of a finely dispersed
phase (~1 - 1,000 nm) not significantly affected by gravitational
settling, with interaction dominated by short-range forces such as van
der Waals attraction and surface charges. The dispersed phase also
characteristically exhibits Brownian motion, due to random collisions
with molecules of the supporting medium (Brinker and Scherer, 1990).

Colloidal suspensions in a gaseous medium are termed aerosols;
colloidal liquid droplets in a liquid medium are emulsions. A sol,
distinct from both aerosols and emulsions, is defined as a colloidal
suspension of a dispersed solid phase in a liquid medium, where the
*golid” can be either particulate (non-polymeric) or polymeric (Brinker
and Scherer, 1990).

Many polymeric systems could also be legitimately considered true

solutions rather than sols, and so the terminology chosen often depends



Table 2. Oxidation state, coordination, and stereochemistry

Oxida-
tion Coordi- Stereochemistry Ti z2r/Bf
state nation
-1 (d5) 6 Octahedral (Ti(bipy)3]~ -
0 (a4 6 Octahedral [Ti(bipy)3] [2r(bipy)3]
2 (d?) 6 Octahedral TiClp Layer structures
and clusters
12 -- [Ti(n°-CsBs5)2
(CO)21]
3 (4l 3 Planer [Ti{N(SiMe3)2}2
(CO)2)
5 Trigonal bipyr. [TiBr3(NMe3)3]
6 Octahedral [Ti(urea)6]3+ 2rX3 (€1, Br,
I),BfI;
4 (d9) 4 Tetrahedral TiClq4 2rCly(g) (solid
is octahedral)
5 Trigonal bipyr. [TiOClz(NMe3)s]  —-
Square pyramidal [TiOCl4])2- -
6 Octahedral [TiFg]2- [2rFg]2-
+2rCly(s)
7 Pentagonal [TiCl1(S2CNMey)3] —-
bipyramidal
Capped trigonal [Tir5(02)13' [2r2!13]5'
prismatic
8 Dodecahedral [Ti(nz—NO3)4 (Zr(0204)4]4‘
Square antipris- -- Zr(acac)y
matic
11 - [Ti(n5-CsBs) (S
CNMej) 3]
12 - -

(M(n3-BHy) 4

(Greenwood and Earnshaw, 1984)



upon the context. The kinetics must also be considered; a solution of
monomers and oligomers may gradually evolve into a polymeric sol, and
eventually become a particulate sol or gel. There is no exact time when
the polymer becomes large enough for the solution to be considered a
sol, and the choice of terminology in describing the initial stage may
well depend on the kinetics of the reaction.

A gel is a substance characterized by the presence of a continuous
solid skeleton wet by a continuous liquid phase. Gels can result from
the growth of branched or cross-linked polymers, the entanglement of
polymeric molecules, or the formation of particulate networks held
together by van der Waals forces. Gels can be clear, cloudy, or opaque,
and the liquid phase of the gel can exist as a solution, polymeric sol,
or particulate sol. The process of gelation generally begins with the
formation of fractal aggregates that grow into clusters that link
together, as sometimes described by the theory of percolation, until a
spanning cluster extends throughout the sol (Brinker and Scherer, 1990).
In polymeric systems, the theory of bond percolation seems most
applicable to simple cases where a monomer forms bonds at random between
neighboring molecules. Complex chemical systems may not be so easily
adaptable to this method of modelling.

When gels are allowed to dry by the evaporation of the liquid phase
into a surrounding gas phase, the process is accompanied by significant
shrinkage and xerogels (xero = dry) result. These xerogels are often
highly porous and have been used as catalyst supports and filtering
media. Gels can also be dried under supercritical conditions, producing
aerogels which are significantly less dense than the corresponding

xerogels.
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l.3. SOL-GEL PROCESSING

A variety of systems which exhibit sol formation and gelation can
be very useful in the manufacturing of homogeneous powders, radioactive
oxide particles, ceramics (including fibers and multicomponent glasses),
films, coatings, and monoliths. The recent popularity of the sol-gel
approach is attributed to the demonstration by Yoldas (Yoldas, 1975 and
1977) and Yamane and coworkers (Yamane, et. al., 1978) that monoliths
can be made by carefully drying gels. The promise of a structurally
solid and useful glass produced at room temperature proved to be more
dream than reality, and monoliths remain the least important sol-gel
products (Brinker and Scherer, 1990).

Sol-gel systems have been made by a diverse array of inorganic and
metalorganic precursors including transition metal esters and salts,
aluminates, borates, and silicates. Silicates are the single most
common precursors, and alkoxides, in general, are used more than any
other starting material for the sol-gel process. The general usefulness
of alkoxides results from their reactivity with water; the partially
hydrolyzed alkoxides can then react together to form dimers, chains, and
rings through condensation reactions which free additional water and

allow further hydrolysis (Brinker and Scherer, 1990)

GROUP IV TRANSITION METAL ALKOXIDE SYSTEMS

The sol-gel process proceeds through the effect of hydrolysis,
alcoxolation, olation, oxolation, alkoxy bridging, and other
nucleophilic association mechanisms. Due to the lower electronegativity
of these transition metals, the group IV transition metal alkoxides are

more susceptible to hydrolysis and condensation than silicon alkoxides.
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The suggested mechanisms for these reactions have been summarized in
Figure 1 (Brinker and Scherer, 1990). At this point, it should also be
noted that olation, as shown in Figure 1, only occurs when the
coordination number of the metal has been expanded beyond its oxidation

number.

l.4. METAL ALKOXIDES

It has already been noted that industrial applications of metal
alkoxides (also named as metal esters) include sol-gel processing of
ceramic and metalorganic powders, films, and fibers. However, these
important metalorganic compounds are also used as cross-linking agents
and catalysts for a variety of organic reactions. Of the group IV
transition metal alkoxides, the titanates have undoubtedly been used
most frequently for catalysis. Esters and polyesters (Weber, 1962;
Jaruzelski and Sheppard, 1963; Stevens and Gardner, 1965; Case,1968;
Marzocchi,1972; Haslam, 1958; and Temin and Baum, 1967), polysiloxanes
(Gaillissen and Gancberg, 1956; Madaras, 1958; Kohn and Guez, 1961;
Hartlein and Olson, 1972; Rauner and Tyler, 1962), polyolefins (Anderson
et. al., 1958; Arnold and Foster, 1960; Coover, 1960; Dawes and
Winkler,1964; Sianesi and Caporiccio, 1966; Orzechlowski and MacKenzie,
1967; Bogan and Witt, 1971; Biroyuki, 1972), polyformamide (Beek and
Pijpers, 1972), polycarbonate (Reynolds and Dunham, 1972), and
polyurethanes (Lawham, 1965; Smelts, 1969) have all been made via
titanate catalyzed reactions (Du Pont, TYZOR Bulletin).

The catalysis of ester formation from alcohols and carboxylic acids

plays an important role in the processing of coating materials derived
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H R
H—? + M—0OR — H)o:—»g-on —_— HO-M‘-O:H
H

_— M—OH + ROH

hydrolysis

M
M—0 + M—OR _— H)o:—».q.on —_— M—0—M €0

—_— M—O-—M + ROH

M
M—-? + M—OH —_— H)o,—»u_oa —_— M—0—M €—0
H

—> M—-0—-M + H,0

oxolation
H 5 )
M—OH + M4—o\R —_— M—O—M + R—OH
H 5
M=—OH + Md—o\a — M=0—~M + nzo
olation

Figure 1. Sol-gel reaction mechanisms (Brinker and Scherer, 1990).
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from metal alkoxide carboxylates. It is especially important to note
that along with the ester, water is generated which can further
hydrolyze the metalorganic titanium.

Many group IV 'd' block transition metal alkoxides can be produced
by reacting the metal chloride with an alcohol in the presence of
ammonia:

MCl, +4HOR . 4NH, —  M(-OR), +4NHCl
One or more of the alkoxy groups can be changed on an alkoxide by an
alcoholysis reaction which is often employed to synthesize alkoxides
with long or bulky alkoxy groups; alkoxy groups can also be switched by
transesterification, in which the new alkoxy group is supplied by an

organic ester rather than a alcohol. The overall effect of alcoholysis,
M(- OR), + HOR' —_— (R'O-)M(-OR)J *4HOR,
or,

M(- OR), + 4HOR' —_— M(-OR'), + 4HOR,

can be equivalent to the effect of transesterification:

M(- OR), + 4CH,COOR' —% M(-OR'), + 4CH,COOR,

When used in alkoxide synthesis, alcoholysis or transesterification is
generally driven to completion by removing the product alcohol or ester
by azeotropic distillation in an organic solvent. However, it is
important to realize that these reactions take place to some degree
whenever alcohols or esters are mixed with an alkoxide.

In comparing the isopropoxides of titanium, zirconium, and hafnium,

it should be noted that the titanate is a liquid at room temperature,
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whereas the zirconium and hafnium isopropoxides are solids. Among
tertiary alkoxides, volatilities increase in the order Ti < 2r < Hf; due
to the bulkiness of their alkoxy groups, these compounds exist as
monomeric species -- showing a drastic reduction in the tendency toward
coordination expansion and bridging associations (Bradley et. al., 1952
(b)). Normal alkoxides (Bradley et. al., 1953) and shorter chain
secondary alkoxides (Bradley et. al., 1952 (c)) show higher values of
molecular complexity (degree of oligomerization). The boiling points
and degree of molecular association are shown in Table 3 for several

alkoxides:

Table 3. Boiling points and degree of molecular association.

Alkoxide Boiling Molecular
point Association
©C/5 mm
Ti(OEt) 138.3 2.4
ri(opri) 91.3 1.4
Ti(0OBut) 93.8 -
Ti(OAmt) 142.7 1.0
Zr(OEt) 234.8 3.6
2r(opri) 203.8 3.0
Zr(oBut) 89.1 1.0
2r(OAmt) 138.4 1.0

(Mehrotra, 1967)

When comparing alkoxides to determine the effect of the central metal on
molecular complexity, zirconium and hafnium were found to produce a
greater tendency toward oligomer formation than titanium. This was
attributed to the larger size and maximum covalency of the heavier atoms
since the oxygen-metal intermolecular binding is thought to be quite
similar for these metals (Bradley et. al., 1953). The characteristics

of the titanium, zirconium, and hafnium alkoxides have been studied and
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reviewed by Bradley and coworkers in several early sources (Bradley and
Wardlaw, 1951; Bradley et. al., 1952 (a, b, c), 1953, and 1978).
Excellent reviews by Mehrotra (1967) and Livage and coworkers (1988)

also contribute to this area.

d.5. _METAL CARBOXYLATES

Metal carboxylates are also known as soaps. Titanium, zirconium,
and hafnium carboxylates can be produced by reacting the carboxylic acid
anhydrides with an appropriate metal alkoxide (Mehrotra, 1967).
Generally, tetrasoaps cannot be obtained from the reaction of a
carboxylic acid with these alkoxides because of the tendency to form
oligomers. As alcohol is liberated, an ester and water are formed which
initiates the oligomer formation. 1In the case of titanium, oxide-
carboxylates tend to ultimately result from this reaction (Mehrotra,
1967).

Zirconium tetrasoaps can also be derived from the reaction of the
metal chloride with a carboxylic acid. Since the carboxylates are
bidentate ligands, the zirconium is expected to be eight coordinate.
When allowed to react with zirconium isopropoxide, carboxylic acids

produce a dimer by the following reaction (Mehrotra, 1967):

22r(opPr'), + TRCOOH — (RCOO), 2rOZr(OOCR), + 7Pr'0H + RCOOPr!

Some interesting zirconium IV carboxylate complexes include 2Zr(OaCR)g4,

2ro(0,CR)2(H20)x, and ZrO(OH) (OCR) (H20)x. Not surprisingly, the
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solubility decreases in water and increases in hydrocarbons as the alkyl
chain-length increases (Mehrotra, 1983).

Evidently, Ti(IV) tetracarboxylates do not form easily since a
large number of attempts to synthesize them had failed before success

was eventually attained. Several mixed carboxylates have also been

isolated: (0-OCgH4CO,)Ti(OPrl),, (o-HOCEH4CO;),Ti(OPrl)(0,CR), and (o-
HOCgH4CO, ) Ti(OPri) (0,CR),, where R=C;;H;3, CysH3y, and CpiHy3.
Heterocyclic Ti(IV) carboxylates have also been reported having a
structure described by: (Pri0)4_nTiLn, where n=1-3 (Mehrotra, 1983).
Both Ti(II) and Ti(III) carboxylates also exist, and many of these

compounds are darkly colored (Mehrotra, 1983).

d.6. ALCOHOLS,. CARBOXYLIC ACIDS. AND ESTERS

The reactions used to generate the alkoxide carboxylate coating
solutions involve, as reactants or products, several organic compounds.
These compounds are alcohols, carboxylic acids, and esters, and some of
their important properties should be discussed.

It is commonly known that in agqueous solution the acidity of an
alcohol decreases as the alkyl chain length increases. Although this
phenomenon has been incorrectly attributed to an inductive effect in
some older organic chemistry textbooks, it can more properly be
explained by differences in the solvation energy of the anion. 1In
dimethyl sulfoxide, a poor solvating agent for anions, the acidities are
equivalent (Allinger et. al., 1976). It is also interesting to note the
intrinsic acidity of alcohols in the gas phase shows that the acidity

increases slightly with the length of the alkyl chain (Brauman and
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Blair, 1968). A similar trend can be observed among carboxylic acids.
The intrinsic acidity in the gas phase increases from acetic to
propionic to butyric acid. While, in aqueous solution, acetic acid is
strongest and propionic acid is weakest among the three acids (Jen and
Thomas, 1975; Yamdagni and Kebarle, 1973). Furthermore, it is important
to note that the insoluble metalorganic coating solutions are
predominantly solvated by excess carboxylic acid and are not expected to
act like agqueous solutions.

The structures, names, and boiling points of some common alcohols,

carboxylic acids, and esters have been given in Table 4. The boiling

Table 4. Structures and normal boiling points for selected

alcohols, carboxylic acids, and esters.

Name Structure Normal Boil Point
Methanol CH30H 64.7
Ethanol CH3CH,0H 78.3
n-propanol CH3CH,CH,0H 97.2
iso-propanol CH3CH(OH)CH3 82.3
n-butanol CH3(CH3) 30H 117.7
iso-butanol (CH3)2CHCH,-OH 107.9
sec-butanol CH3CH,CH(OH)CH3 99.5
t-butanol (CH3) 3COH 82.5
acetic acid CH3COOH 118.
propionic acid CH3CHCOOH 141.
butyric acid CH3 (CH3) 2COOH 163.
valeric acid CH3(CH2) 3CO0H 187.
hexanoic acid CH3 (CHy) 4COOH 205.
octancic acid CH3(CH5 ) gCOOH 237.
n-propyl acetate CH3COOCH,CH,CH3 101.6
iso-propyl acetate CH3COOCH(CH3)j 88.4
n-propyl n- CH3(CH3) 3COOCH,CH,CH3 167.5
valerate

iso-propyl n- CH3(CH, ) 3CO0CH(CH3) —————
valerate

Data on alcohols and carboxylic acids taken from Allinger (1976); data
on esters taken from Lange's Bandbook of Chemistry, llth ed. (1974).
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points of the alcohols, carboxylic acids, and esters are of general
importance to the synthesis of metal alkoxide carboxylates and
polyalkoxoacylates because the unwanted reaction products and excess
reactants are often removed by distillation. In our work, however, the
metalorganic coatings were produced at ambient temperatures and no side

products were removed.

doZ. _METAL ALKOXIDE CARBOXYLATE DERIVED COATINGS

Among group IV transition metal alkoxide carboxylates, Ti complexes
have been studied the most. Two Du Pont patents describe the chemistry
involved when the carboxylic acids are mixed with the titanium alkoxides
and allowed to react extensively, with or without the addition of water
(Feld and Cowe, 1965). Without the addition of water, sufficient
reaction leads to metalorganic polymers with 1, 3/2, or 2 carboxylate

groups per titanium atom (Langkammerer, 1952):

OR

n(RO),Ti + 2nR'COOH —» —o—'}'j_— + nR'COOR + 2nROH
|

OCOR'*

OR (l)COR'
2n(RO),Ti + 5 nR'COOH —» —O—'l.l'i—O—'{'i'—O— + 2nR'COOR + 5nROH
OCOR' OCOR'

S n

ocoR* _
B(RO) Ti + 3nR'COOH —# | —Ti—O0— |, =nR'COOR + 3mROH
OCOR'
n
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The ratio of the combined reactants determines the number of isopropyl
groups to be replaced with carboxyl groups. With the addition of a
sufficient quantity of water, only one carboxyl side group is retained

per titanium atom and the isopropyl groups are replaced by hydroxyl

—0 —TJ.—
OCOR'

In both patents, higher chain-length carboxylic acids are preferred and

groups (Haslam, 1952):

the waxy products are soluble in organic solvents. When films are cast
from these materials, the coating is transparent but soft. The films
are easily scratched.

The interaction of titanium alkoxides with acetic acid has received
special attention due to the interest in using the products as a TiO,
coating precursor. These films have limited utility in direct
applications requiring the unfired film to contact water or organic
solvents; however, the films can be used with dry gases. Films made
from alkoxide acetates are ideal for applications requiring easily
removable or soluble membranes. The formation of these materials are
often treated in the context of sol-gel chemistry in which the acetic
acid is regarded as a modifier of the metal alkoxide precursor (Livage,
1986; Doeuff, et. al.,1987; Livage, et. al., 1990; Sanchez, et. al.,
1988 (a, b) and 1990, Sanchez and Livage, 1990). The acetic acid
expands the coordination number of the Ti to 5 and 6, where the acetate
groups act as bridging and chelating bidentate ligands (Sanchez, C., et.

al., 1988 (a)). Sanchez and coworkers postulate the formation of the
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Ti(OR)4(AcOH) transition state from the nucleophilic addition of the

acid followed by the subsequent removal of an alcohol molecule, leaving
Ti(OR)3(OAc) (Sanchez et. al., 1988 (a)). The presence of acetic acid
favors polycondensation rather than particulate sol formation. Since
the alcohol group is more easily removed by hydrolysis than the acetate
group, a greater number of acetates leads to a slower rate of
hydrolysis. The first stage of hydrolysis may remove -OR groups while
the second stage breaks bridging acetate bonds to form chelating
bidentate and monodentate ligands. The final stage of hydrolysis would
leave only -OH groups and monodentate acetate groups on the polymer
backbone (Doeuff, et. al.,1987).

The formation of complex oxo-alkoxides also proceeds from the
reactions of alkoxides and acetic acid. These oxo-alkoxides are thought
to develop as side-reaction byproducts which do not participate in the
polymerization process (Sanchez et. al., 1990). One such structure

which has been isolated and crystallized from the reaction of Ti

isopropoxide and acetic acid is Tig(u-0)2(H3-0)2(n2-OAc)4(u2-
OPri)4(OPri)6. This compound is believed to originate from the
Ti3O(OPri)9(OAc)3 trimer which is then believed to release a CB3c00Pri
molecule leaving Ti3(0Pri)3(OAc)2. The further removal of a -OPri by
hydrolysis would then be followed by oxolation in which two
Ti3(OPri)7(0Ac)zon species combine to release two isopropanol molecules
and the final oxo-alkoxide product (Sanchez, et. al., 1990). The
structure of the product is shown in Figure 2. These studies
demonstrate the type of chemistry which can be involved in alkoxide and

carboxylic acid reactions.
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Figure 2. The structure of Tig(u-0)3(u3-0)2(H2-OAc)4 (K-
opri),(opri)g.

d.8. _ COATING METHOD

The coating solutions are applied to dry, chemically cleaned glass
or quartz (Micro cleaning solution) and spun dry at approximately 1100
rpm. This spin-coating technique has been used to produce excellent
films from valeric and butyric acid-based coating formulations, as
previously described (Gagliardi, et. al., 1990).

In general, spin-coating is often used to make thin films from sol-
gel materials, and a basic review of the technique is given in Sol-Gel

Science (Brinker and Scherer, 1990).



CHAPTER 2.

MEMBRANES: REVIEW OF BACKGROUND INFORMATION

In very broad terms, "membrane" refers to a "region of discontinu-
ity interposed between two phases"” (Hwang and Kammermeyer, 1975). 1In
this very general sense, polymer films cast onto a solid substrate may
be considered membranes, regardless of the permeability of the sub-
strate. However, it should be understood that membranes are usually
applied between two phases to act as semipermeable barriers to a species
which could permeate both phases (Bwang and Kammermeyer, 1975); one
usually speaks of permeation ‘'through' a membrane and not merely ‘into’
the membrane material. Membranes applied to highly impermeable and
rigid substrates do offer many advantages when studying the properties
of the membrane material, which is usually very thin and fragile.
Diffusion into a film bounded by an impermeable barrier is relatively
easy to model, and the membranes are much easier to work with when

attached to a rigid substrate (Bwang and Kammermeyer, 1975).

&l __PERMEATION OF SOLUTES

When a membrane contacts a solution surface, the bulk solution
differs from that in immediate contact with the membrane, known as the
boundary layer. Diffusion through boundary layers, and adsorption and
desorption of solute on the membrane surface can lead to high boundary

layer resistance in liquid solutions. Defining a phenomenological

22



23

permeability provides a means of expressing the overall permeation in
terms of measurable, bulk variables. The only difficulty with this
approach is that the permeability is not a property of the membrane, but
of the membrane-solvent-solute system. The membrane-solution interfaces
are shown in Figure 3 for a membrane between two solutions. The
presence of the boundary layer resistance reduces the concentration
gradient within the membrane. TI'and C refer to bulk and membrane

concentrations, respectively (Bwang and Kammermeyer, 1975).

Permeation

N
7

I

Side 2: Low Solute
Concentraion

Side 1: High Solute | .
Concentraion

Figure 3. Concentration gradients through membrane and boundary
layers.

In general terms, transport through a membrane is driven by
differences in chemical potential (u), electrical potential,
temperature, and pressure (Lakishminarayanaiah, 1969). However, many
processes appear to be dominated by changes in chemical potential and

pressure. For the case of a thin membrane applied to an impermeable
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substrate, transport of an uncharged solute within a liquid solution
will be primarily a concentration-driven process. Electric field,
temperature (Soret), and pressure effects can all be ignored
(Lakishminarayanaiah, 1969). The boundary layer resistance and Fickian
diffusion through the membrane are all that is needed in general, and in
films with very high diffusion resistance, the boundary layer resistance
can also be ignored (Lakishminarayanaiah, 1969). However, in rigorous
membrane calculations, the expressions of Fick's laws must account for
the presence of the membrane. The following two equations rigorously
describe Fickian diffusion through membranes (Hwang and Kammermeyer,

1975):

N, =-D i_ﬁ“— (1)

20 20 )

where

permeation flux for A

diffusion coefficient
concentration of A

concentration of membrane
time
position (in direction of diffusion)

® rr’p’ou’z
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In cases where C, is relatively large and C, is very small, the second
term in each equation may be legitimately ignored .

Two aspects of a membrane appear to be critical to almost any
application: structure and morphology, and chemical composition of the

surface (Kesting, 1985).

2.2, SIRUCTURE

Most membranes are heterogeneous in structure (Lakishminarayanaiah,
1969). The heterogeneity can result from preferential orientation of
molecular functional groups, uneven pore distribution and shape, and
intentionally asymmetric composite construction (Paul and Morel, 1978).

Several structures are shown in Figure 4 (Paul and Morel, 1978).

(a) (b) (c) (d) (e)

Figure 4. Sample membrane structures: (a) sponge-like, isotropic;
(b) approximate co-axial capillary; (c) co-axial capillary; (d)
anisotropic; (e) skinned, composite.

Many membrane materials have a sponge-like structure (Paul and Morel,
1978), shown in Figure 4(a), as opposed to the co-axial capillaries,

Figure 4(b,c), found in certain ceramic membranes, in polymer films

treated by radioactive , and in i pic gel membranes

(Paul and Morel, 1978). The diameters can remain relatively constant
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throughout the membrane for isotropic structures, Figure 4(a,b,c), or
they can increase dramatically from one surface to the other, providing
an anisotropic structure as shown in Figure 4(d,e). Composite membranes
are also widely used; many incorporate a very thin, small-pore skin
applied to the surface of a larger-pored material as shown in

Figure 4(e) (Paul and Morel, 1978).

The thickness of the membrane and the size distribution and
structure of the pores strongly determine the pressure required to force
a particular fluid through the membrane in a pressure driven process.
The pore-size distribution also effects diffusion rates and solute size
selectivity (Lakishminarayanaiah, 1969).

Membrane materials are often classified as porous or non-porous
materials. However, it must be understood that ‘'non-porous' is not
meant in a completely literal sense. Many dense, 'non-porous’ metallic
or ceramic materials may have a considerable number of pores in the size
range of 5-10 2 (Bwang and Kammermeyer, 1975), and virtually all dense
polymeric membranes have some porosity; yet, the total volume occupied
by pores in these materials is relatively small. A membrane is
typically considered porous only when the microvoids begin to
interconnect, usually requiring void fractions of about 50% (Kesting,
1985). In membrane separation processes, ‘'ultrafiltration' designates
filtration of species in the 10-1000 2 range while ‘'microfiltration’
filters species between 1000 2 and 10 um (Mohr, et. al., 1989). These
membranes are microporous materials, with effective pore sizes smaller
than the filterable species. Knowing the pore size and structure of a
membrane is essential to mathematically modeling the permeation of a

species through the membrane, since different transport phenomenon will
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predominate under different conditions (Kesting, 1985;

Lakishminarayanaiah, 1969).

4ad.  CHEMICAL COMPOSITION

When transport is induced by changes in chemical potential, the
process is frequently referred to as "concentration driven."” It is
important to note that the chemical composition of the membrane surface
affects the adsorption and desorption of the solute, which strongly
affects the boundary layer resistance and the chemical potential
gradient within the membrane (Hwang and Kammermeyer, 1975). Sourirajan,
a codeveloper of the Loeb-Sourirajan desalination membrane, stresses the
importance of adsorption at the membrane surface. For a good
desalination membrane which passes purified water, the water is strongly
adsorbed while the solute is negatively adsorbed or repelled from the

surface (Loeb and Sourirajan, 1981).

24 _GUEST-HOST MEMBRANES

These are a class of membranes distinguished by the non-covalent
bonding of solute molecules (guests) into cavities or sites (hosts)
within the membrane. These membranes are of importance because they
mimic the ability of biological membranes and enzymes to gather
reactants together in specific microenvironments (Fendler, 1982).
Several systems exemplify this behavior. Linear and macrocyclic
polyethers can host cationic quests, and cyclodextrins can host
aromatics, amino acids, nucleotides, small ions, and gases (Fendler,

1982).



CHAPTER 3.

PORPHYRINS: REVIEW OF BACKGROUND INFORMATION

Porphyrins have been studied extensively. Many molecules of this
class occur in nature, while others only exist from laboratory synthesis
(Dolphin, 1978). Some basic information on porphyrins, especially iron
porphyrins, is essential for understanding many of the problems

associated with this project.

PYRROLES

Pyrroles are basic structures from which porphyrins can be formed,
and reference is often made to the four pyrrole rings of the porphyrin
molecule. Several pyrrole structures and the ring numbering system are
shown in Figure 5. The molecules l-pyrroline and pyrrolidine are

samples of reduced pyrroles (Bonnett, 1978).

pyrrole l-pyrroline pyrrolidine 2H-pyrrole

Figure 5. Pyrrole ring structures.

28
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FISHER NOMENCLATURE
Parent Systems

Of the many parent systems used in Fisher nomenclature, only the
porphine and chlorin structures will be described. These structures are

numbered as shown in Figure 6.

2 o 3
1 4
o B
8 5
7 Y 6
Porphine Chlorin

Figure 6. Porphine and chlorin parent systems for Fisher
nomenclature (Bonnett, 1978).

Iype Nomenclature
The type nomenclature uses Roman numerals to designate the various
isomers which are possible for some simple substituted-porphyrin
systems. To simplify the presentation of the structures, a shorthand
notation is employed which shows only the B-f' bonds on the four pyrrole
rings with all substitution occurring at the 3 and 4 positions of these

pyrrole rings (Bonnett, 1978).
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The most basic case of this nomenclature occurs when there are two
different substituents, one of each on each pyrrole ring, resulting in

four unique isomers (Bonnett, 1978):

S2 s1 S2 82 S2 S2 S$2 s1

si./ \s2 st/ \st si/” N\t osi/ \s2
82\ /Sl Sl\§2 sZ/Sl SZ\ /SZ s]\ /Sl

S1 82 S1 S1 S2 s2

Type 1 Type 11 Type III Type IV

The next case involves three different substituents, S1, S2, and
S3. Each pyrrole ring has one of type S1; two of the four pyrrole
rings each have one of type S2, and the remaining two positions have
type S3. This arrangement leads to 15 unique structural isomers. The
structures for this and other increasingly complex systems have been

described by Bonnett (1978).

A REVISED NOMENCLATURE

The many parent structures of the Fisher system are replaced by a
single parent system which is shown in Figure 7. 1In this nomenclature,
porphine is renamed porphyrin and a new numbering system is introduced

(Bonnett, 1978).
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3 (I:H3
3?2 CHNH,
.
3 CH,
17 15 13
(a) (b)

Figure 7. The porphyrin parent system: (a) porphyrin substitution
assignments, and (b) side-chain numbering (Bonnett, 1978).

The type nomenclature for isomers is only retained for the base
case systems with only two substituents. The trivial name for the most
important isomer of a more complex system is still acceptable in some
cases, but the Roman numerals are discarded; the less important isomers
should be described relative to the parent system to avoid confusion
(Bonnett, 1978). 1If the chlorin were to be named relative to the parent
porphyrin system, it would be called 17,18-dihydroporphyrin (Bonnett,

1978).

da2. __IRON PORPHYRINS

Iron porphyrins have retained an extensive trivial nomenclature,

and the recommended usage does not always agree with the historical
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names. For example, the term 'heme’' has been recommended for an iron
porphyrin complex of unspecified oxidation state (Bonnett, 1978), and
yet the term historically refers to only Fe(II) complexes (Buchler,

1978). To avoid unnecessary confusion, special comment will be made

whenever an ambiguous term is used.

RECOMMENDED USAGE OF TRIVIAL NAMES

The revised nomenclature for iron porphyrin complexes includes the
terms described in Table 5. The ferro- and ferri- prefixes are intended
to unambiguously describe the oxidation state of the iron, and the
-~ochrome suffix specifies the low-spin state; hemin and hematin are
names given to two important classes of ferrihemes (Bonnett, 1978).
Guidelines governing the application of IUPAC rules to metalloporphyrins

have also been described by Bonnett (1978).

Table 5. Trivial names for iron complexes in the
revised nomenclature.

Term Description of porphyrin complex
Heme Iron porphyrin
Ferroheme Fe(II) porphyrin
Ferriheme Fe(III) porphyrin
Hemin Chloro(porphyrinato) Fe(III)*
Hematin Hydroxo(porphyrinato) re(III)'

Low-8pin iron porphyrin with one or

B hrome more strong field ligands.

Ferrohemochrome Fe(II) hemochrome

Ferrihemochrome Fe(III) hemochrome

*Note: when the porphyrin is described as an anionic ligand,
it is given the name porphyrinato.
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IMPORTANT CHARACTERISTICS
Ferrohemes (Fe(II) Porphyrin Complexes)

These molecules have a d° electronic configuration, and can have 0,
1, or 2 axial ligands (L) (Buchler, 1978). Except for the case in which
two ligands have equal JT-acceptor characteristics, these complexes are
known historically as 'hemes' which can be subdivided into three
categories: ‘'bare', square pyramidal, and hexacoordinate. 'Bare’
hemes, as the name implies, are Fe(II) complexes with no ligands. Their
configuration is simply Fe(P), where P represents the porphyrin. They
are the most reactive of the 'hemes' and react irreversibly with
dioxygen, normally yielding hematin-type, p-oxo complexes (oxygen acts
as bridging ligand) (Buchler, 1978). Square pyramidal hemes are
ferrohemes which have a single axial ligand, Fe(P)L. Hexacoordinate
hemes have two ligands attached to the Fe(II) porphyrin complex which
must have very different Jl-acceptor characteristics, and thus can be
designated as L and L' (Buchler, 1978).

Ferrohemochromes are low-spin ferrohemes which have one or more
strong field axial ligands. When there are two, equal donor ligands,

these complexes are historically called ‘'hemochromes' (Buchler, 1978).

EFexrrihemes (Fe(III) Porphyrin Complexes)
In the presence of dioxygen, ferrohemes readily oxidize to
ferrihemes. Thus, iron porphyrins are often stored as ferrihemes and
reduced in-situ to ferrohemes only when the Fe(II) complex is needed.

Ferrihemes have a d° electronic configuration. Two important types of



34

iron porphyrins within this category are hemins and hematins (Buchler,
1978).

HBemins are chloro(porphyrinato) Fe(III) complexes, Fe(III)(P)Cl.
The term 'hemin' historically included complexes with univalent anion
adducts (X) other than just Cl~, having the general form Fe(III)(P)X
(Buchler, 1978).

A hematin refers to a hydroxo(porphyrinato)Fe(III) complex, usually
isolated as a binuclear, p-oxo complex of the form [Fe(P)],0. The
traditional usage of this term refers to the same binuclear complexes

(Buchler, 1978).

METHODS QOF REDUCTION

Many reducing agents are satisfactory for reducing the iron without
also reducing the porphyrin ring. The porphyrin must be thoroughly
deoxygenated prior to reduction. Direct reduction involves adding the
reducing agent to the deoxygenated metalloporphyrin solution (Falk and
Smith, 1975). An alternative method of reduction involves adding only
trace amounts of photoactive initiator which can generate a suitable
reducing agent upon exposure to UV light (Ward and Chang, 1982).

Bydrazine (Chang, 1992) and sodium dithionite (Falk and Smith,
1975) are soluble in aqueocus solution and can be used for the direct
reduction of water soluble porphyrins. Benzophenone or acetophenone,
used in conjunction with isopropanol, are useful in the photoreduction
of nonagueocus or aqueous ferriheme solutions, respectively (Ward and

Chang, 1982).
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PORPHYRIN RING SUBSTITUENTS

The substituents on the outer positions of the porphyrin ring can
strongly influence the behavior of the porphyrin. They affect both the
solubility of the molecule and the strength of the porphyrin-metal bonds
(Buchler, 1978). Electron withdrawing substituents increase the
Jl-acceptor capacity of the porphyrin, increasing the stability of the
metalloporphyrin complex (Buchler, 1978). This is especially important
when photoreduction is used to generate the ferroheme complex, since UV

light can cause demetallation (Buchler, 1978).

€O LIGANDS

Increased JU-bonding between the metal and the porphyrin ring due to

electron-withdrawing substituents decreases the Tl-bonding between the

metal and any carbonyl ligands. Thus, the CO ligands become more labile
as electron-withdrawing substituents are added to the outer ring of the
ferroheme. This is exemplified by comparing basic tetraaryl and

octaalkyl ferrihemes: the CO is more labile on the tetraaryl complexes

due to the increased MI-bonding between the metal and the porphyrin ring

(Buchler, 1978).

MEMBRANE APPLICATIONS

Porphyrins have been used to study energy and electron transfer and
charge separation in reversed micelles. 2n-tetramethyl pyridinium
porphyrin sensitized electron transfer with diphenylthiol as the

electron donor. The porphyrins act as reduction catalysts. The
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photoreduction of protoporphyrin has also been studied in monolayers
(Fendler, 1982).

Another application involved the photoejection of CO from Ru(II)
and Os(II) complexes within a monolayer membrane. Dimerization and Cu?*
insertion studies have been performed in monolayer assemblies for a

number of porphyrins (Fendler, 1982).

d.3. _ SPECTROSCOPY OF PORPHIRINS

Electronic adsorption spectroscopy is a sensitive technique which
is often applied in the characterization of porphyrins. Infrared
adsorption and Raman scattering spectroscopies are also used in
porphyrin characterization. However, due to the abundance of strong,
infrared-active transitions, subtle changes in the porphyrin may be
difficult to detect and interpret. When Raman scattering is performed
using an excitation wavelength which coincides with a significant
electronic absorption band, the Raman signal is selectively intensified
by a factor of 103-10% due to the coupling between the electronic and
vibrational transitions; this enhanced Raman scattering technique is
known as resonance Raman spectroscopy, and it has proven to be a very
powerful technique in porphyrin characterization (Felton & Nai-Teng Yu,

1978).

Reqular Porphyrins
In metalloporphyrins, 