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ABSTRACT
The synthesis, structure, and properties of a number of new octasubstituted
phthalocyanines, were investigated in this work. Substituent functionality and design has
a profound influence on the film forming, and hence, chemical/physical properties of
these model molecular electronic materials. Highly ordered thin films of the benzyl
terminated Pc, (2,3,9,10,16,17,23,24-octa(2-benzyloxyethoxy) phthalocyaninato) copper,
CuPc(0C20Bz)8 and its di-hydrogen analogue were prepared and characterized. These
materials form ordered Langmuir films composed of close packed columnar assemblies.
Full compression of these materials produces thin films of stable bilayers that show
remarkable mechanical stability, and can be transferred with high efficiency to substrates
%

using a horizontal transfer protocol. The physical, spectroscopic, spectroelectrochemical,
electrochemical, and electronic properties of these materials were characterized. These
properties are strongly dependent on film morphology and structure. The conductivity of
these materials relative to the Pc column axis, is highly anisotropic, and with
electrochemical doping, the conductivity along the colunui axis is ca. 10"^ S/cm.
2,3,9,10,16,17,23,24-0cta(2-benzyloxytriethoxy) phthalocyaninato) copper, and
di-hydrogen materials were prepared and characterized. These Pc derivatives did not
exhibit the extraordinary properties of their shorter chained analogues. Film preparation
efforts with these materials produced poorly ordered isotropic films.
Chain length and benzyl termination are combined, in CuPc(0C20Bz)8, to
produce a unique self assembling material with properties comparable to that reported
previously for rigid-rod polymeric Pc materials.
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CHAPTER 1: AN INTRODUCTION
I. Molecular Electronic and Optical Materials
The continuing drive toward miniaturization of current electronic and photonic
device technologies based on inorganic semiconducting materials has advanced to near
the size limit for these materials'. Since these technologies are based on the continuous
bulk properties of the inorganic semiconducting materials, miniaturization is limited by
the minimum continuous structure that exhibits the desired property. Research in the
field of molecular electronic and photonic materials has the potential to open the
nanometer regime to device design. Theoretical proposals of atomic and molecular scale,
devices and machines have been presented and discussed by numerous researchers'"^ '*'^.
Molecular devices depend on the discrete properties of individual molecules interacting
with neighboring molecules organized in a specific arrangement or assembly.
Alternatively multiple fionctionality within a single molecule could be utilized for
intramolecular interaction and function. The ability to manipulate such theoretical
assemblies in real devices limits the practical development of such devices. Recent
advances in technologies such as scanning tuimeling microscopy (STM) and related
techniques®'^ have enabled the interrogation and manipulation of individual molecules and
atoms, but the idealized molecular device is perhaps decades away from realization^
Research in the area of molecular electronic and optical materials will continue to
advance toward this idealized goal.

20
In recent years the field of molecular electronic and optical materials research has
broadened its scope from the ideal of molecular electronic devices, to include molecular
materials' with general potential for use in electronic and photonic device applications,
where miniaturization is not a design issue. Conductive materials which can be patterned
by screen or spray printing techniques are currently being exploring for flat panel display
manufacturing, and for disposable data storage devices as well as other applications
Thin films which respond to subtle changes in chemical or environmental conditions are
being explored as transducing layers in chemical sensing systems" '". Molecular
materials, including conducting polymers, nonlinear optical materials, electrochromics,
and liquid crystals, to name a few, have found application in numerous device
technologies, however, many of the advances in this field have been serendipitous'.
Sustained advances will depend on the modeling and synthesis of advanced materials
with specific materials properties. Advances will also depend upon the development of
techniques for organizing the materials into supramolecular structures, (thin films,
molecular wires, patterned materials, etc.) with design specific configurations'.
Solution processible phthalocyanines with appropriate substituent design, and
coordination, spontaneously form columnar molecular assemblies, which are of
significant interest in molecular electronic materials research. Liquid crystalline,
polymeric and other Pc materials with columnar structures are the focus of intensive
ongoing research efforts'The manipulation of these materials, with the
goal of forming robust ultra-thin films, or columnar conduits, for electronic and/or ionic
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charge transport structures, provides a platform for significant advancement in this field
of research. The advancement depends on expanding our understanding of how specific
molecular interactions govern the formation of the desired assemblies. A detailed
characterization of the structure and properties of Pc thin films, formed fi-om a number of
new and previously synthesized phthalocyanines is the focus of this dissertation. The
work investigates the contribution of specific fijnctionality incorporated into the
substituent chains of peripherally modified Pes, and how that functionality influences the
film forming behavior, and the physical and chemical properties of the materials. Of
principal interest is the contribution of aromatic substituents to the stabilization of Pc
columnar assemblies, and how the specific geometry of these functionalities, relative to
the Pc macrocycle, influence the materials behavior.
11. The Phthalocyanines:

u Model Materials for Studies in Molecular Engineering
Design and synthesis of molecules with specific functionality, for the express
purpose of creating flmctional supramolecular materials, has been called molecular
engineering^ "". Numerous authors have presented detailed discussions of the molecular
design parameters that influence the formation of stable molecular assemblies"'^. Osbum
and Chen, previous workers in this research group, have elaborated on these principles
and how they apply to the phthalocyanines""*"^. This work is a continuation of their
efforts, which focused on the synthesis and characterization of substituted
phthalocyanines (Pes). The discussion here covers principles of assembly, methods for
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the manipulation of Pc materials, and characterization of the structural and electrical
properties of the resultant films, not discussed by the previous workers, as well as the
elaboration and clarification of issues presented in the previous work.
The phthalocyanines are a well studied class of strongly absorbing dye materials
that have found utility in many commercial and technological applications"^"^. The
stnictiu-e and properties of the Pc make it an ideal candidate for a "molecular building
block" often described in discussions of molecular materials and molecular engineering.
The film forming potential, and the physical and electronic properties of the Pc, has been
the subject of active investigation by a host of researchers. The literature is replete with
the characterization and description of Pc materials properties, including a number of
texts and reviews

iL Native Phthalocyanines: Unsubstituted Building Blocks
The unsubstituted phthalocyanine macrocycle is an intractable but highly stable
material. The poor solubility of these materials make them difficult to process and limits
their utility in forming well ordered supramolecular systems. Molecularly thin films of
these Pes can be generated only via vapor deposition in vacuum, and tend to have
amorphous structure"^ Their electrical and photoelectric properties make them,
nonetheless, important molecular electronic and optical materials. These Pes have been
utilized in numerous technological applications including xerography^'"^""^'* gas
sensing" '*"'" and optical data storage""^"*. The physical and chemical properties of the
unsubstituted phthalocyanines have been well characterizedMolecular beam
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epitaxial growth of many of these materials on various substrates, and the electronic
properties of the resultant films have been an active area of investigation for a number of
researchers/""'"^.
The bulk solid of planar unsubstituted metallophthalocyanine macrocycles, is in
general, crystalline. Two herringbone structural forms, a and |3, have been
described'"'"^'. In the a form the plane of the macrocycle is oriented at an angle of ca.
28° from the normal of the axis of the Pc colimm. An angle of approximately 46° is
reported for the p form. Thin film Pc phases with cofacial, stacking of the macrocycles
can be obtained by slow vapor deposition. Cofacial columnar Pc stacks, (H-aggregate),
or overlapping cofacial Pc assemblies, (J-aggregate), can form given appropriate
conditions and choice of

In these assemblies the plane of the macrocycle is

nearly to parallel to the substrate plane, or 90° to the substrate normal.
The nature of the aggregate assembly, and the resultant influence on the materials
properties of these assemblies, is highly dependent on the coordinated metal^®, and over
70 different metallophthalocyanines have been prepared*®. Cofacial stacking or
aggregation results in a high degree of interaction between the highly delocalized n
electron system of the Pc macrocycles"". The high degree of n electron overlap in the
cofacial columnar stacked systems is favored for molecular electronic considerations'". It
is important to note that these aggregation motifs are often conserved for modified or
substituted Pes and are thus inherent to the native phthalocyanine molecular unit. Native
Pes doped with ionic species, as seen in conductivity studies of these materials'*^, can
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exhibit a cofacial staking orientation. A rich body of research literature, describing native
phthalocyanines, provides a basis of comparison for the material properties of the
substituted metallophthalocyanine, and metal free phthalocyanine derivatives that are the
focus of this work.

UL Substituted Phthalocyanines: Functionalized Building Blocks
Modification of the phthalocyanine macrocycle through axial or peripheral
substitution creates a molecular base unit with additional flmctionality that influences the
structure and properties of the resultant supramolecular assembly. Substituents also
increase the solubility and therefore the processibility of the materials. Self-assembly of
Pc aggregates, from solution or at a gas-liquid interface, becomes accessible in the
manipulation of these materials to form nanostructures and ultra thin fihns. A great
variety of design strategies, involving substituent choice and connectivity, have been
employed and investigated. Figures 1.1 and 1.2 illustrate the general structure of the Pc
macrocycle and a representative sample of the modification strategies that have been
reported. A molecular engineer, utilizing the substituted phthalocyanine as the
elementary building block of a molecular assembly, has a large body of work from which
to draw information for design decisions. The present work represents a significant new
contribution to this body of knowledge. New insight into the preparation of thin films
from substituted Pes has been gained. The work has also explored in detail the influence
of benzyl terminated ethylene oxide Pc substituents in the molecular assemblies of these
materials.
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Figure 1.1 Phthalocyanine substitution strategies, (AJB) Unsubstituted metal free and
metallophthalocyanine^®-^'-^- (C) Peripheral modification 2,3,9,10,16,17,23,24
octasubstituted

(D) Peripheral modificaiton 1,4,8,11,15,18,22,25

octasubstituted Pcs"^ (E) Planar, or sheet Pc oligomers and polymers'' " (F) Peripheral
modification tetrasubstituted Pcs^'^'*''*
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Figure 12 Axial substitudon strategies for die phthalocyanine macrocycle. (A)
Moaomeric Pc with axial subsdtuents. (B) Dimeric Pc via metal ligand coordinadon
(C) Oligomeric Pc via silicon polymerizadon.
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iv. Substituent Effects on Pc Properties
Modification of phthalocyanine dyes with alkyl, alkoxy, alkoxycarbonyl,
alkylamide, crown ether, and ethylene-oxide-like peripheral side chains, for the
enhancement of solubility properties and formation of supramolecular assemblies, has
been widely reported^ '^ '® '^ "'^ ''^. As discussed above, substitution of the Pc macrocycle
leads to increased solubility and therefore processibility. Functionality and structure of
peripheral substituents has profound influence on the aggregation tendencies and packing
of these materials. Octasubstitution of the macrocycle with appropriate substituents can
produce discotic 0^4 or 0^4 liquid crystalline (LC) phases^ '^""*. Tetrasubstituted Pes do
not in general exhibit LC mesophases*^. Powder X-ray diffraction room temperature
measurements of a number of these discotic liquid crystalline Pc materials indicate a
tilted macrocycle plane with respect to the stacking column axis and a ring spacing of 4.3
A'^. Observed at elevated temperatures, the mesophases of these materials exhibit
reduced ring spacing, to approximately 3.4 A, and a reorientation of the macrocycle into
stacks with the ring plane relative to the column axis at approximately 90°

The van

der Waals spacing of approximately 3.4 A for these materials is approached with this type
of assembly. This close spacing maximizes the opportunity for electronic cooperation
between the Pc macrocycles and enhanced electronic and electromagnetic behavior
should result^".
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V.

Aromatic Substituent Effects
Compounds with aromatic functionalities such as benzyl, or phenyl groups, or

other planar macrocyclic systems, are known to exhibit either ti-ti cofacial stacking or tifacial hydrogen bonding directed herringbone
stacking behavior in crystal structures^
(Figure 1.3). These stacking interactions help to
dictate the crystal structure of a material. The
interaction between phenylalanine rings in
proteins, for example, contribute to the
stabilization of secondary structures"-^"' ''^-^®. Xray analysis of small proteins has shown
separation distances between neighboring

Figure 1.3

phenylalanine rings to be 4.5A to 7A with dihedral angles between 50° and 90°. Ring
hydrogens have been shown to be in close association with the centroid of an adjacent
aromatic ring in these structures. Cofacial stacking has been described for a number of
disk shaped aromatic macrocycles including porphyrins, and phthalocyanines^'^'. The
energy of porphyrin-porphyrin, tc-tc cofacial stacking in porphyrin dimers, is estimated to
be 48 ± 10 kJ mol"'.
The contribution of Pc macrocyclic ti-ti cofacial stacking interactions, to Pc
supramolecular structures and assemblies, is well documented in the literature, n-n
Cofacial stacking, and 7t-facial hydrogen bonding interactions, due to Pc substituents with
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aromatic functionality, has received little attention'^^^. The interaction of substituent
arene groups should contribute greatly to the stabilization of colimmar Pc assemblies, in a
manner analogous to that reported for protein secondary structures^'. Interactions
favoring stabilization of supramolecular columns would require appropriate placement of
the arene functionality in the substituent chain. The linkage of the arene group to the Pc
must be sufficiently long to allow chain flexibility, and therefore provide opportunity for
arene-arene interaction. The substituent architecture must also foster liquid crystalline
behavior in order to enhance the self-assembly processes of column formation.
Stabilization of columnar Pc assemblies, gained through substituent arene-arene
interaction, could be less effective if substituent architecture positions the arene
functionality too far from the macrocycle core. Increased flexibility and thermal motion,
expected for substituents with long chain arene-Pc connectivity, would reduce the
influence of the arene-arene interactions on the molecular assembly.
In the current work we have explored the influence of benzyl terminated
substituents on the structure and stabilization of phthalocyanine assemblies'^"'^"'*. Two
principal variations were investigated (Figure 1.4). Chapter 3 describes the
characterization of Pc materials with short chain linkage, benzyl terminated substituents.
Benzyl and methyl terminated materials, with longer cormectivity, are described in
Chapter 4. The new materials synthesized for this work, utilized ethylene oxide units as
the substituent cormecting chain linkage.

N

^

Figure 1.4 Benzyl terminated phthalocyanines.

N

31

Nolte and co-workers have recently reported a crown ether-like substituted Pc,
with benzene functionality (Figure 1.5), that forms well ordered liquid crystalline
molecular columns^'. They report that the substituent benzene ring, connected to
peripheral sites on the Pc macrocycle by means of ethylene oxide linkages, contributes to
the overall stability of the liquid crystalline columnar assemblies they observe. In this
material the benzene rings interact through a K-TZ cofacial stacking motif. The benzene
rings provide four regions of TZ electron interaction between the molecules of the
columnar assembly in addition to the K-TZ cofacial influence of the Pc macrocycle.

vL Polyethylene Oxide Pc Substituents
Phthalocyanines modified with substituent chains containing polyethylene oxide
(designated PEO) units have been reported by a number of researchers

Pc structural

modifications utilizing PEO have included straight chained and highly branched
substituent design. Pes modified with cyclic PEO substituents, analogous to crown ether
materials, have also been prepared and characterized^' "'. PEO is known to dissolve alkali
salts and exhibit fairly large ionic conductivities (ca. 5.6 x 10"^ S cm"') at temperatures
above the glass transition"*'. Octa-PEO substituted Pes have been shown to form
hexagonal columnar mesophases. These characteristics make PEO modified Pes an
obvious candidate for molecular electronic materials.
We have recently shown that benzyl termination of ethylene oxide side chains, in
an octasubstituted phthalocyanine, imparts a degree of processibility, solution

jZ

XXH

Figure 1.5 A Pc derivative with complex substituent design incorporating crown ether
like moieties and aromatic groups. The metal free material, which is insoluble in common
solvents at room temperature, forms wire like fibrous structures with molecular diameters
when precipitated from hot chloroform. Noite et ai.,

j. Am. Chem. Soc. 1995.117,9957-9965
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aggregation, and thin film structure not previously reported for Pes with PEO side chains,
or even those with crown ether substituents'^. The benzyloxyethoxy Pc materials
characterization, which was a major component of the current work, is discussed in
length in Chapter 3. Pc's modified with PEO substituents were also a focus of this work.
Phthalocyanines octasubstituted with benzyl terminated triethylene oxide chains were
synthesized and characterized. Synthesis of the benzyl terminated ethylene oxide, and
PEO linked Pes is discussed in Chapter 6. Characterization of the benzyl terminated
PEO Pes is the focus of Chapter 4. Phthalocyanines prepared and provided by N.
Kobayashi®' with crown ether, and methyl terminated PEO chain substituent motifs are
also discussed in Chapter 4.
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III. Manipulation of Molecular Materials: Techniques for Thin Film Formation
and Modification of Film Forming Materials
As described above advancement in the field of molecular electronic and optical
materials is dependent not only on the structural design of the materials, but also on the
development of methods for the manipulation of materials. Formation of desired
molecular assemblies may occur by self-assembly processes or may require manipulation
of pre-existing structures. Materials formed via self-assembly are of particular interest to
many researchers because they are formed spontaneously. These materials by definition,
exist at a thermodynamic minimum^, and may resist reorganization due to external
influences. Molecular crystals, liquid crystals, colloids, micelles, and self-assembled
monolayers (SAMs) are ail examples of self-assembled structiu-es. Langmuir films are
formed by organization or assembly of a material at the interface of a gas/liquid system
under the influence of surface area compression"'\
From a device manufacturing perspective, ideal methods of thin formation would
involve simple spray, spin, or print coating technologies'". It is, however, difficult to
achieve nanostructured materials with long range order via these methodologies. These
methods require molecular materials to be truly self-assembling with domain sizes on the
order of hundreds of nanometers, or applications that do not require highly ordered
materials. Cast films of substituted Pes have been shown to exhibit many desirable
electronic and optical materials properties'"*""*, but lack the long range order we expect
firom designed nanostructured materials
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L Langmuir-Blodgett Films
Self organization of thin films utilizing the LB technique provides a high level of
control for the fabrication of films with specific desirable properties. It is a standard
method utilized by researchers in the field of molecular electronics" and specifically for
the formation of substituted phthalocyanine thin films®^'^ ®^, but has not been widely used
in manufacturing applications^®. Problems associated with the purity of LB films result
from many possible sources of contamination, including the subphase, spreading
solvents, airborne matter, and the LB trough itself®'. Furthermore, the ability to utilize
LB films in current device technologies is limited by the stability of the fibns, and by
technological problems associated with utilizing the LB technique on a manufacturing
scale. These factors are manageable in the laboratory environment and the method
continues to be a valid research tool. It is reasonable to expect that the technology may
eventually find its place in device manufacturing®' '"'^'. Langmuir-Blodgett methodology
has been described in detail elsewhere" " and the standard methods will not be discussed
further here. Appropriately substituted Pes that form well ordered nanostructures or films
via LB methods may at some fiiture date find application in new device technologies.
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iL Pc LB films
Langmuir films and LB films of many of the peripherally substituted Pes have
been prepared. Osbum discussed a comparison of a large number of pressure-area
isotherm and film preparation studies of peripherally substituted Pes in her dissertation'^.
Tables comparing the extrapolated molecular area of stable Langmuir phases, at surface
pressures between 10 and 40 mN/m, for a number of tetra and octasubstituted Pes are
presented in that work. The reader is referred to that discussion for the perspectives
presented in the work. A general theme found in much of the phthalocyanine literature,
suggests that film rigidity and irreversible aggregation of the Pes, as indicated by
hysteresis with compression-expansion cycles on the LB trough, precludes the formation
of well ordered LB films. Octasubstituted Pes in general are not thought to be wellbehaved LB materials. Trends discussed in Osbum's discussion suggested that
tetrasubstituted Pes formed well-behaved LB fihns more reliably than octasubstituted
materials.
Recent reports not available for review in Osbum's work, have demonstrated the
formation of ordered LB films from octasubstituted materials'®'^. Nolte and co-workers
have reported the formation of highly anisotropic LB films prepared from Pes
octasubstituted with branched hydrocarbon chains'® (Figiu-e 1.6). Cook and co-workers
have reported the formation of anisotropic Pc LB fihns from asymmetrical
octasubstituted Pcs^\ These Pes have been prepared with surface active fiinctionality at
the substituent terminus of two adjacent chains, generating a moiety with three like sides
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Figure 1.6 Ordered film forming Pc derivatives. (A) Pes with chiral branched substituent
chains. These materials exhibit two phase pressure area isotherm behavior on the LB
trough. (B) Asymmetrically substituted Pes. The carboxyl terminated chain ends have
been designed to provide opportunity for chemical interaction with surfaces.
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and one surface-active side (Figure 1.6). These materials were transferred via the
standard vertical transfer LB protocol. Nakahara and co-workers reported the formation
of ordered Pc films from octa-alkyl Pc derivatives by utilizing the horizontal lifting
method of LB transfer'\ Previous attempts at forming ordered films from these alkyl
substituted materials by vertical LB transfer protocols were not successful. Visible
spectra of the Nakahara Pc films do indicate some film anisotropy, however, they also
suggest the possibility of mixed domains in the film structure, as indicated by red and
blue shifted absorbance bands. Nakahara does not discuss the origin of an intense
absorption at ca. 780 nm seen in spectra of these LB films. The spectra indicate the
presence of both H and J aggregate domains in the films.
These examples indicate that the octasubstituted Pc may be utilized in the
formation of ordered LB materials, however the preparation of molecular electronic
materials from octasubstituted Pes is a function of both substituent design and film
preparation methodology. Further, the close ring-ring spacing, realized in liquid
crystalline Pc mesophases, and ideal for optimization of electronic cooperation, is
accessible in these thin LB films.
Utilization of the horizontal, or Schaffer method^ of fihn transfer has not been as
widely reported in the phthalocyanine literature'^'^"*'^"*. The method is known to be
effective for the transfer of rigid Langmuir films," and it has been shown in this work to
be highly effective for the transfer of rigid octasubstituted Pc films from the LB trough.
The small number of reports which utilized the horizontal method of transfer indicate that
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the method has been overlooked as a viable option for handling rigid Pc films that
otherwise exhibit poor transfer efficiencies.

UL Pc Langmuir Bilayers and Bilayer Transfer
An evaluation of the large body of pressure area isotherm data for peripherally
substituted phthalocyanines available for review indicates a few general trends'®""' '*^. The
majority of Pc Langmuir monolayer films have been reported to exist as assemblies with
the plane of the macrocycle on edge. Further it can be seen that a few select substituent
motifs generate isotherms with more than one stable Langmuir phase. In all of these
cases the researchers have indicated that the second stable phase is consistent with a
bilayer Langmuir film'^•'^ These materials have been successfully transferred to
substrates as bilayer by vertical transfer protocols to produce well ordered LB films.
In the present work we have noted a two phase isotherm for copper and
dihydrogen versions of 2-benzyloxyethoxy octasubstituted Pcs.'^ '^""' (Figiu-e 3.4). The
horizontal transfer method was utilized and efforts to optimize transfer conditions
resulted in the construction of highly ordered films. Subsequent characterization of films
transferred at O,, have unequivocally indicated the transfer of well-ordered intact bilayer
transfers with each cycle. The materials properties and order of these films are
comparable to the best examples of Pc LB films produced by other workers including
those prepared fi-om the polymeric substituted polysilicon Pes described briefly below.

40
IV.

Mechanical Patterning of Rigid LB Films.
Fabrication of electronic devices incorporating molecular electronic materials

requires the ability to architecturally control application of the molecular materials. LB
films built up from layers of alternating molecular materials have been discussed and the
principles of assembly demonstrated'®-^^. It is reasonable to expect that a mechanism for
building partial area layers on a substrate would be useful in device fabrication. Such
partial area film structures, are now routinely obtained by photo or electron lithographies
or print-spray technologies as described above. In this work we have demonstrated the
principle of mechanical patterning utilizing rigid film forming LB materials. In this
technique fihns may be modified on the trough by removal of film segments from the
subphase surface prior to transfer of the patterned film. We have reported this patterning
technique'^ and we believe that this is the first demonstration of this technology.

41
IV. Polysilicon Pes
Ordered thin films of peripherally substituted polysilicon phthalocyanines
have been prepared by standard LB methodology (structure shown in Figure
1.7). These molecular electronic materials incorporate 2,3,9,10,16,17,23,24 peripheral
substitution of monomeric Pes, which enhances processiblility, and covalent bonding of
the Pc macrocycles to form a rigid polymeric columnar structure. This structural design
imposes close cofacial stacking and is expected to enhance desirable electronic
properties. Thin LB films of these materials exhibit a high degree of order with the
column axis of the Pc polymer oriented generally parallel to the direction of vertical
dipping through the LB subphase. This orientation has been reported to be the result of
flow profiles which develop on the trough under pressure control as a substrate is
mechanically passed through the Langmuir film^'' ®°. Figure 1.7, adapted from the work of
Wegner et al., shows a representation of film transfer associated with this flow profile.
The material properties of PcPS thin LB films have been well characterized, and can be
considered an ideal model for comparison to columnar Pc assemblies prepared by other
means.

42

Figure 1.7 The structure of PcPS is shown schematically along with a representation of
the flow profiles which develop on the surface of the LB trough during the transfer of
PcPs films by vertical transfer'®'^''°®''°'.
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V. The Phthalocyanines: Conductivity of Pc Assemblies

L Conductivity: Inorganic vs. Organic materials
Conductivity in inorganic systems is favored by the exchange interaction of closepacked atomic orbitals. Organic materials in general are not well suited for electron
transport because molecules are associated by relatively weak van der Waals forces and
the separation between molecular orbitals is relatively large compared to the separation of
the atoms or ions in an inorganic lattice®'. Conductivity in organic materials becomes
more favorable with increased molecular size, as the charge transport becomes a function
of the interaction between neighboring atoms in the same molecule, and depends less on
the overlap of molecular orbitals". The delocalization of charge associated with large
aromatic, and/or highly conjugated linear organic materials provides opportimity for the
generation of charge carriers, and subsequent charge transport". A limiting case for
conductivity in a carbon skeleton can be drawn from the structure and properties of
graphite. Conductivity in graphite is anisotropic. Along the layer planes of graphite,
dark conductivity is nearly metallic, on the order of 10^ S cm '. Conductivity of
approximately 1 S cm"', perpendicular to the layer planes of graphite, is significantly less
than the parallel case, but indicates the exchange interaction of molecules separated by
3.4 A is sufficient for electronic conduction to occur^".
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iL Conductivity: Phthalocyanine Assemblies
The metallophthalocyanines (MPc) are robust thermally stable materials that have
been shown to exhibit semiconductingand even conducting behavior'^

Charge

transport properties, via the highly delocalized tt electron system of the Pc macrocycle,
are strongly dependent on the orientation of the Pc macrocycles in a thin film or material.
Semiconducting behavior has been observed in films composed of polymerized Pes,
where the 7t systems of the Pc macrocycles lie in a common plane with conjugated
connectivity'^ as shown in Figure 1.8. Conductivities as high as 10'' S/cm have been
measured for doped CuPc planar polymer films derived from 1,2,4,5tetracyanobenzene'^ "". Semiconducting or even conducting behavior is expected for
cofacially stacked Pes where the tz-tc overlap of the perpendicular n orbitals generate an
extended n electron system'" '*^'^^'®®. Native NiPc, for example has a powder conductivity
of approximately 10" S cm"'. Oxidative doping of Pc materials with iodine and other
agents has led to measured powder conductivities'^ on the order of 1 S cm '.
For a material with stacked Pc structure, and close spacing between the
macrocycles, partial oxidation or reduction of the Pc leads to the generation of charge
carriers that favor conductivity along the column axis. This description invokes a low
dimensional band model type explanation for conductivity in these electron rich stacked
macrocyclic materials. Conductivities, along the stacking direction of single crystal NiPc
halides, of 40 to 750 S cm"' have been reported'^. This anisotropic conductive behavior is
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Figxire 1.8 A schematic representation of a planar copper phthalocyanine polymer
derived from 1,2,4,5-tetracyanobenzene'^-''*^
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in fact characteristic of molecular electronic materials in general," however, charge
transport mechanisms in these materials are not clearly understood.
Electrical conductivity in molecular materials is related to the number of charge
carriers, n, and the mobility, n, of the carriers: cy = n |e | (i, where e is the charge of the
carrier^®. Charge carrier mobility in molecular solids is generally described by one of
three theoretical models: the band model; the hopping model; and the tunneling model®''.
Charge transport in the stacked columnar structure of conducting or semiconducting Pc
assemblies is often described in terms of the charge hopping model with transport due to
hopping within a manifold of localized states. Charge carrier lifetimes are proportional to
charge mobility and are limited by charge trapping, or recombination events. Charge
carriers may be thermal, or photo generated, or they may be introduced by chemical or
electrochemical, oxidative or reductive doping. Charge carrier lifetimes for undoped LC
Pc mesophases, based on pulse-radiolysis time resolved microwave conductivity
measurements'® are reported to be on the order of 10"* sec.
From their studies Warman and co-workers®® have proposed that charge carrier
lifetimes in imdoped LC Pes are a function of the recombination of Coulomb-correlated
electrons and holes. The work clearly showed a correlation between the length of the
alkoxy substituent methylene chains and the lifetime of the charge carriers. They propose
that electron tunneling efficiency through the hydrocarbon regions separating adjacent Pc
stacks controls the recombination rate. This treatment of charge transport and carrier
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lifetime invokes at least the hopping and tunneling models and illustrates the complexity
of charge transport in molecular materials in general.
Conductivity studies of bulk liquid crystalline alkyl octasubstituted Pes have
demonstrated appreciable conductivity along the column axis for the mesophase of these
materials and reduced or absent conductivity for the corresponding disordered solids^'.
Conductivities on the order of 5 x 10 '° S/cm have been reported for Pc liquid crystalline
phases^. Crown ether substituted Pes aggregated by the addition of metal picrate salts
exhibit conductivity on the order of 10"^ S cm '."
The present work has explored the conductive behavior of ordered thin films
prepared firom 2,3,9,l0,16,17,23,24-octakis-(2-benzyloxyethoxy)phthalocyaninato copper
and the metal fi"ee analogue of this material. The conductivity of these materials, as
measured in this work, is substantially greater than that previously reported for bulk
liquid crystalline Pes. Conductivity measurements for thin phthalocyanine LB films have
not been reported in the literature to date. This work represents a significant step in the
development of Pc based molecular electronic materials. Characterization of the
electronic behavior of these Pes is discussed in detail in Chapter 5.
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CHAPTER 2: EXPERIMENTAL
Included in this chapter are the details of the equipment, instrumentation, and
experimental procedure common to the characterization of the phthalocyanine films
discussed in the subsequent chapters. Additional experimental detail is included, where
appropriate, within the individual chapters. It should be noted that Chapter 5,
Conductivity of Phthalocyanine LB films, includes significant additional experimental
detail. This organization was chosen because the experimental parameters involved in
the conductivity studies are an integral part of understanding the results.
L Cast Films and Spectroscopy of Thin Cast Films

L Cast Film Formation
Cast phthalocyanine films, refers to those formed by slow evaporation of a Pc
solution on a substrate. Cast films of Pes typically soluble in chloroform or
dichloromethane, were easily prepared by deposition of a small volume of solution on the
desired substrate. These films are generally non-homogeneous. Electrochemical and
spectroscopic characterization of these fibns were carried out as described below for
Langmuir-Blodgett films, except as follows.

iu Spectroscopy of Cast Film Formation
Q-band visible absorbance spectra were recorded during the process of cast film
formation with a Spectral Instruments Inc. SI400 CCD linear array spectrophotometer.
The spectrometer was equipped with a probe that transmits and collects Ught through a
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bundle of optical fibers in a common cable with reflection mode geometry. A front
surface mirror, placed below a standard microscope depression slide, provided the
reflective surface. Light was delivered and collected at normal incidence. For each
experiment 50 pL of ca. 10'^ M chloroform Pc solution was distributed into the slide
depression. Spectra were collected at 15 second intervals during solvent evaporation.
During the course of a cast film formation experiment, a significant loss of absolute
absorbance intensity was observed. A substantial component of this loss can be directly
attributed to a reduction in path length and redistribution of the Pc on the periphery of the
solution drop that occurs as solvent evaporates. The resultant films are typically more
uniform and dense on the periphery of the area originally covered by the drop. This
result should be expected as aggregation on the periphery seeds sites for self-assembly of
the materials into the cast thin film structure. The solution concentration decreases
during this process but the new film usually forms at the edges of the drop and thus of the
light path. An additional loss of absolute absorbance intensity is a direct property of the
phthalocyanine materials. The molar absorptivity of aggregated Pc is significantly lower
than that of monomeric materials due to a change in oscillator strength'*". Perturbation of
the molecular orbitals associated with the Q-band absorbance occurs for close packed Pc
macrocycles'*'.
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n.

Langmuir and Langmuir-BIodgett Films

L Trough Specifications
Langmuir-BIodgett films were prepared on a Riegler & Kerstein RK3 LB trough
equipped with a WS1 Whilhelmy balance. The balance was mounted along one side of
the trough at the midpoint between two moving barriers. The balance was calibrated
regularly to account for changes in subphase surface level and the frequent repositioning
of the balance required for horizontal multilayer film fabrication. Additional information
concerning balance calibration can be found in Appendix A. The Whilhehny balance
calibration produced pressure/area isotherms and collapse pressures, for eicosanoic acid
and octadecanoic acid (solutions in HPLC grade chloroform, Aldrich), which compared
favorably with the literature'". All fihns were prepared on a water subphase purified
using a MilliPore Milli-Q system. Solutions were prepared using HPLC grade
chloroform or dichloromethane (DCM) (Aldrich). Routine trough cleaning between
experiments involved wiping down surfaces with chloroform, followed by a MilliPore
water flush of the trough. The subphase surface was cleaned, prior to dispersal of film
forming materials, by compressing the trough to a small area and removing the surface
water by vacuum. The cleaning system consisted of a new Pasteur pipette connected to a
reduced pressure collection flask. Subphase temperatures were controlled by re
circulating fluid through the tubing grid in the trough base. Air temperatures and
humidity above the subphase were at ambient conditions. Typical motor speed for film
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compression was 100 on the digital readout of the controller. This value corresponds to
an area reduction speed of ca. 65 mm*/sec.

iu Langmuir-Blodgett Film Fabrication - Substrates
Films were deposited onto a variety of cleaned hydrophilic or hydrophobized
substrates. UV-visible and infrared spectroscopic studies utilized glass, silicon, and ZeSe
substrates. Electrochemical and spectroelectrochemical studies utilized gold, or indium
tin oxide (ITO) on glass, electrode substrates. ITO substrates provided by the Donnelly
Corporation, Tucson, Arizona, had a resistivity of ca. 16 Q per square, and rms siuface
roughness of ca. 2 nm. ITO substrates provided by Balzers had a resistivity of ca. 8 Q
per square, and rms surface roughness of ca. 2 nm. Surface roughness was determined
using tapping or contact mode AFM measurements. Details of the AFM techniques are
discussed below.
Clean hydrophilic substrate surfaces were prepared by sonication of the electrodes
in detergent, Milli-Q water, and ethanol, for 15 minutes each, followed by 5 minutes of
plasma etching in the presence of air. Hydrophobic surfaces were generated by heating
cleaned substrates in 0. IM HNOj for 20 minutes (60''C), drying in a stream of N, gas and
then heating for 20 minutes, (60°C), in a 5:1 solution of chloroform and
hexamethyldisilazane (HMDS, Aldrich). Quantitative measurements of contact angles
were done using a CCD video camera, and image capture software. Angles were
determined by physical measurement of angle on the image paper hardcopy. Contact
angles between 72° and 84° were typical for HMDS treated substrates. Routine work
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utilized estimation of contact angle by visual inspection as a qualitative measure of
hydrophobicity.

UL Langmuir Blodgett Film Fabrication - Transfer Methods
Films were transferred to hydrophilic and hydrophobic substrates by vertical
dipping®^, and to hydrophobic substrates by horizontal dipping", as shown in Figure 2.1.
In the case of vertical dipping the substrate was oriented perpendicular to the subphase
surface, and parallel to the moving barriers. For horizontal dipping the substrate plane is
oriented, roughly parallel to the plane of the subphase surface. A slight angle of the
substrate with respect to the subphase surface was found to improve film transfer
efficiency. A single horizontal transfer was accomplished by bringing the substrate into
contact with the Langmuir film, and depressing the substrate slightly into the subphase to
insure intimate contact between film and substrate. Lifting of the substrate after a few
seconds of contact gives an intact homogeneous layer of film on the substrate surface.
Monolayer and multilayer films, were prepared by both methods.
Preparation of multilayer films by horizontal transfer required relocation of the
horizontal substrate over an undistiu"bed region of the compressed film prior to each
dipping cycle. A mechanical translator was fitted to the standard motor drive dipping
mechanism. The translator allowed manual translation of the substrate along the axis

Figure 2.1 Horizontal Transfer of a MPc(0C20Bz)8 bilayer film. The drawing illustrates
the film void produced as a result of film transfer.

54
parallel to the trough compression barrier. Translation in the orthogonal direction
required manual relocation of the dipping apparatus support. Separation of the substrate,
from film-subphase interface during the lift stroke of a typical horizontal transfer,
resulted in the propagation of a ripple wave through the Langmuir film surface.
Numerous multilayer films characterized early in these studies were prepared without
regard to possible disruption of film order resulting during these transfers. In later studies
the potential for introducing disorder in multilayer horizontal transfer films was reduced
by designing a baffle to stabilize films on the Langmuir films on the subphase surface.
The baffle was an aluminum grid with 12, 1 inch by 2 inch, compartments placed in the
trough prior to subphase cleaning. The baffle surface was located sufficiently below the
subphase surface to eliminate any deviation from typical film behavior during trough
studies. Fully compressed films were lowered onto the stabilizing baffle by removing
water from the region outside the compression barrier. Water was removed, after the
motor drive for compression was switched off, using the subphase surface cleaning
apparatus. Figure 2.2 shows the cleaning apparatus and the film stabilization baffle in
place on the trough base.
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To Vacuum

Figure 2.2 Baffle for rigid film stabilization on the LB trough. After the fihn is
compressed to a stable conformation the barrier motor is switched off and the subphase is
removed from outside the barrier area in order to lower the film onto the baffle.
Subsequent horizontal transfer firom individual compartments does not disturb the film in
neighboring compartments.
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III. Oa Trough Spectroscopy of Langmuir Films
On trough visible spectra were collected using the same Spectral Instruments Inc.
SI400 CCD linear array spectrophotometer, equipment described above. A front surface
mirror located approximately 1 mm below the subphase surface was the reflective
surface. Light was delivered and collected at normal incidence. Spectra of the subphase
surface were recorded at 1 minute intervals immediately following the dispersal of Pc
solutions on the trough. Spectral changes were monitored for periods of several hours,
prior to compression. In addition spectra were collected during the course of trough
compression cycles. The spectra from these experiments, as presented in chapters 3 and
4, were typically baseline corrected by straight line subtraction. When data smoothing
was necessary five point Savitzky-Golay function was applied.

rv. Scanning Probe Microscopies
L Instrumental Details
A Nanoscope® Ilia scanning probe microscope, from Digital Instruments (DI),
(Santa Barbara, CA) was used for tapping and contact mode AFM, and STM thin fihn
characterization. Tapping mode AFM images were generated with etched silicon
cantilevers (Digital Instruments Nanoprobe - - TESP) used as received. Contact mode
AFM images were done with oxide sharpened silicon nitride cantilevers (Digital
Instruments Nanoprobe - - DNP-S) used as recieved. These devices provided a choice of
four cantilevers per chip. Cantilever leg widths of 15 |im or 40 fim, with lengths of 120
|im or 200 |im, were selected depending on the expected force requirements for the
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measurement. The majority of measurements utilized 15 ^m x 200 fim cantilevers. For
typical meastirements all four cantilevers were left intact when placing the chip in the
cantilever holder. The laser was aligned on the cantilever of choice for an individual
measurement. STM data was collected using mechanically cut Pt/Ir tips. The DI
picoamp boost stage was set to 10'° V/A, with 4 kHz filtering. Scanner calibration,
checked on a 5 nm x 5 run scan of freshly cleaved HOPG, was found to be correct on this
scale. Bias potentials were variable from sample to sample and no ideal set of conditions
was noted. Positive and negative bias voltages between 10 and 500 mV were utilized.

it Substrates for AFM and STM Film Studies
Images were obtained for films on highly pyrolyzed graphitic carbon (HOPG), Au
on Mica, hydrophobized silica (100), and on interdigitated microelectrodes (described in
Chapter 5). HOPG substrates were prepared by cleaving with tape to expose a fresh
surface prior to film deposition. Step edge heights of ca. 4 A were found for uncoated
HOPG substrates. Si (100) substrates were prepared for film deposition by
hydrophobization with HMDS as described in the section on LB film preparation. Au
(111) on mica substrates were prepared as follows. The mica was freshly cleaved with a
razor blade and armealed in vacuum for approximately 10 hours at ca 460°C. The UHV
system was baked during the substrate heating period. Subsequent to this annealing
period the chamber was cooled to room temperatm-e and pressures of approximately 3 x
10 ® torr to 9 X 10 * torr were observed. During Au deposition the substrate temperature
was maintained at 460°C. 100 nm to 100 rmi of Au was deposited during a period of
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approximately 5 minutes, with a current of 52 A. During the deposition period pressures
from 6 X 10'^ torr to 9 x 10'^ torr were observed. Substrate heating was terminated
subsequent to Au deposition and cooling to room temperature typically was achieved in
approximately I to 2 hours. Films were deposited on the Au/mica substrates immediately
after removal from vacuum.
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V. Voltammetric Analysis

L Solution Voltammetry
Solution phase and thin film cyclic voltammetry was performed using a Cypress
Systems Inc. Model CS-10190 potentiostat. For the solution studies the working
electrode was a platinum wire annealed to form a hemispherical button. A coiled
platinum wire served as the auxiliary electrode, and a Ag/AgCl electrode (saturated KCI)
was used as the reference electrode. The solvent for solution voltammetry was DMF
(Burdick & Jackson, 99.9+%) dried by slurrying with activated alumina immediately
prior to use. The supporting electrolyte in the solution studies was tetraethylammonium
perchlorate (TEAP) or tetrabutylammonium perchlorate (TBAP) recrystallized firom an
ethyl acetate/pentane mixture and dried ovemight at 80°C. A check of the reference
electrode vs. ferrocene dissolved in the experimental solvent system was done daily.

iL Thin Film Voltammetry
Thin film voltammetric analysis was done in contact with a number of aqueous
supporting electrolytes in MilliPore MilliQ system purified water. Typical solutions were
ca. O.IM in LiC104, Na ClO^.LiBF,, NaBF4, KHP, KI, KBr, and KCI. The
phthalocyanine film coated ITO substrate served as the working electrode, and the
auxiliary electrode was a coiled platinum wire. The reference electrode was a saturated
KCI Ag/AgCl, or a pseudo Ag/AgCl reference electrode, prepared daily by anodizing
silver wire in saturated KCI. Reference electrodes were calibrated vs. the ferri/ferro
cyanide redox couple. The electrochemical cell was a Teflon unit with PTFE 0-rings at
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closure interfaces, and an internal volume of approximately 4 mL. The design is
illustrated in Figure 2.3. A brass plate provided contact with the thin fibn working
electrode. An electrode area of approximately 0.7 cm" was exposed to the electrolyte
solution.
VI. Spectroelectrochemical Studies

L Thin Film Spectroelectrochemical Studies
Spectroelectrochemical studies of Pc solutions and thin films, were done using the
same Spectral Instruments Inc. SI400, linear CCD array spectrophotometer. Spectra were
collected as a fimction of potential step, or collected at regular intervals during the course
of a voltammetric scan. The typical time interval required to collect a spectrum during a
voltammetric sweep corresponds to a window of approximately 50 mV during a 5
mV/sec scan. The electrochemical cell used for these studies was illustrated in Figure
2.3. Spectra were collected with the same reflection geometry described above. A back
surface glass mirror was placed opposite the optically transparent ITO/thin film working
electrode in the electrochemical cell.

it Solution Spectroelectrochemical Studies
Spectroelectrochemical analysis of CuPc(OC,OBz)8 and axially substituted silicon
Pc monomers, dimers and polymers was carried out in DMF solutions, as described
above, or in DMF/benzene mixtures. Supporting electrolyte and equipment
specifications were as described above for solution voltammetry. The electrochemical
cell illustrated in Figure 2.3, with modification to accommodate a reduction of sample
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Figure 2.3 Spectroelectrochemical cell. (A) Shows the configuration for solution studies.
The working electrode is a front surface gold mirror. The probe is inserted into the liquid
space to optimize observation of spectral changes near the surface of the working
electrode. (B) Shows the configuration for thin film studies. Films are deposited on
optically transparent working electrodes.
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pathlength, was utilized. For these studies the WE was a gold front surface mirror. The
optical path utilized a probe adapter designed to bring the fiber optic probe near the
mirror within the electrochemical cell. The sample pathlength in this configuration was
slightly less than 1 mm.

Vn. Thin Film Orientationai Spectroscopies
Orientational UV-vis absorbance spectroscopy was performed with a Hitachi U2000 twin beam spectrophotometer. A rotational stage and polarizing filter was used to
obtain the polarization dependent spectra. Pc films on HMDS glass substrates were
placed in the rotating stage with the long axis oriented vertically. Spectra were collected
with the substrate normal, and 45° to the incident light, and with polarization aligned
parallel and perpendicular to the substrate long axis.
Orientational IR absorbance spectroscopy was performed with a Perkin Elmer
Magna 300 spectrometer. A rotational stage and polarizing filter was used to obtain the
polarization dependent spectra. Pc films horizontally transferred to ZnSe substrates were
placed in the rotating stage with the long axis oriented vertically. Spectra were collected
with the substrate normal, 30°, 45°, and 60° to the incident light, and with polarization
aligned parallel and perpendicular to the substrate long axis.

Vin. Thin Film Conductivity Studies.
The conductivity of MPc(0C20Bz)g thin films deposited on interdigitated
microelectrodes (IME) with ca. 15 |am spacing , 50 finger pair devices was explored.
Films were deposited on substrates such that film anisotropy could be probed.
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Conductivity measurements were done in vacuum to minimize interference from
adsorbed gasses and adventitious water. Conductivity values were calculated from the
current response of potential scans from 0 V to ±10 V. Figure 2.4 shows an illustration of
the measurement chamber. As mentioned above a detailed discussion of the experimental
parameters involved in this study is included Chapter 5.
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Figure 2.4 UHV system used in film conductivity studies.

65

CHAPTER 3: BENZYLOXYETHOXY SUBSTITUTED
PHTHALOCYANINES
Thin fihnsof (2,3,9,10,16,17,23,24-octakis((2-benzyloxy))ethoxy)
phthalocyanines were found to exhibit a high degree of order, comparable to that reported
for Langmuir-BIodgett (LB) films of peripherally substituted polysilicon phthalocyanines
(PcPS)

Films of copper, zinc, and dihydrogen centered phthalocyanines,

octasubstituted with the benzyl terminated monoethyleneoxide chain, (designated
CuPc(OC,OBz)g, ZnPc(0C20Bz)g and H2Pc(0C20Bz)g), are discussed here in detail.
Langmuir films of fully compressed CuPc(0C20Bz)8 and H,Pc(0C20Bz)8 exhibited
extraordinary mechanical stability which facilitated simple and efficient transfer of films,
by the horizontal Schaffer method, from the LB trough

The thin film spectroscopic

and electrochemical properties of CuPc(0C20Bz)8 and H2Pc(0C20Bz)8 proved to be
remarkably similar. The film forming behavior and the properties of ZnPc(0C20Bz)8
thin films were distinctly different It is hypothesized that the extraordinary thin film
properties of CuPc(0C20Bz)g and H2Pc(0C20Bz)g, relative to those reported for alkyl
substituted Pes, are due in large part to arene-arene interactions of the benzyl terminated
substituent chains. The distinct properties of ZnPc(0C20Bz)g suggests that hindered
interactions between Pc macrocyclic reduce the overall order of the system, and as such it
is the combination of the two types of interaction that generate the unique properties of
the metal free and copper centered materials.
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In the discussion that follows the characterization of solution properties for all
three materials are addressed together. The similar thin film properties of
CuPc(0C20Bz)g and H3Pc(0C20Bz)8 are described simultaneously, while those of
ZnPc(0C20Bz)g are inteijected in each section as a point of contrast. A schematic
representation of these materials is shown in Figure 3.1. The model proposed for the
structure of fully compressed films of CuPc(0C20Bz)8 and H2Pc(0C20Bz)g on the LB
trough is that of a well ordered bilayer of columnar Pc aggregates with a high degree of
intercolumnar attraction between, or perhaps intercalation of, the substituent terminal
benzyl groups with those in neighboring columns. The physical, spectroscopic, and
electrochemical properties of, Langmuir, Langmuir-Blodgett (LB), and cast films are
described. The characterization tools and experimental methods, as discussed in Chapter
2, included, UV-visible, and infirared spectroscopies, small angle x-ray diffraction,
scanning probe microscopies, and voltammetric analysis.

N

M

N

M = Cu, Zn, H2

Figure 3.1 A schematic representation of (2,3,9,10,16,17,23,24-octakis((2ben2yloxy))ethoxy) phthalocyanine.
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I. Solution and Cast Thin Film UV-Visible Spectroscopy
Figure 3.2 shows the UV-visible spectra for chloroform solutions of
CuPc(0C20Bz)8, ZnPc(0C20Bz)8 and H2Pc(0C20Bz)8. As discussed briefly in Chapter
1, molecular exciton theory suggests a strong dependence of peak position and band
broadening, on the orientation and size of Pc aggregates. The spectra shown illustrate the
solution spectroscopic properties of monomeric and aggregated forms. In dilute solutions
the metal centered materials exhibit the expected prominent narrow Q-band absorbance of
monomeric species, with a maximum at 677 nm. The 677 nm maximum is characteristic
of Pes with electron donating ether linked octasubstitution

The splitting of the

monomer peak, seen for H2Pc(0C20Bz)8, with absorbance maxima at 662 nm, and 700
nm, is due to reduced symmetry of the molecule and lifting of degeneracy of the n to k*
transitions centered in this region with loss of the metal center

As shown in the figure,

the narrow absorption band is most clearly evident for ZnPc(0C20Bz)8, indicating that
this species is primarily monomeric in CHClj at concentrations in the range of 10"* to 10'^
M. CuPc(0C20Bz)8, and H2Pc(0C20Bz)8 exhibit broadened, blue shifted Q-band
absorbance in this concentration range indicating cofacial aggregation in solution.
Visible absorption spectra for dilute, and concentrated CuPc(0C20Bz)g solutions,
and thin films, representative of these benzyloxyethoxy substituted materials are shown
in Figure 3.2a and 3.2b. The CuPc(0C20Bz)8 thin fihns are strongly blue shifted from
the solution monomer band, indicating a high degree of cofacial aggregation.. Figure
3.3a shows the spectral changes observed as a small volume of CuPc(0C20Bz)8 in
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chloroform evaporates in the well of a depression slide. As the concentration of the
solution increases, the ratio of absorbance at 677 nm to the shoulder at ca. 625 nm,
decreases significantly. For the cast thin film the monomer band is reduced to a shoulder,
on the broad band 625 nm

absorbance. The overall reduction of optical density seen

in Figure 3.3a is in part a ftmction of reduced molar absorptivity with aggregation typical
for substituted Pes

Additional loss is due to the reduced distribution of Pc in the

light path of the spectrometer as the solvent evaporates and the film spreads out on the
depression slide surface. Similar behavior is observed for the formation of cast
H2Pc(0C20Bz)8 films, with some departure from this behavior for ZnPc(0C20Bz)g. As
discussed below, ZnPc(0C20Bz)8 thin films may exhibit blue or red shifted spectra
depending on the conditions of thin film formation.
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Figure 3.2 Solution Electronic Spectra of CuPc(0C20Bz)g, ZnPc(0C20Bz)8 and
HjPcCOCjOBz)^ in CHClj
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Figure 3.3 Thin film and solution Q-band visible spectra of CuPc(0C20Bz)8. Plot A
illustrates the changes in spectral band shape as a drop of CHCI3 Pc solution evaporates in
a depression slide. Plot B figure shows the absorbance for a thin film vs. a dilute
solution.

72
II. Langmuir Films

L Phase Behavior: Pressure/Area Isotherms
The phase behavior of CuPc(OQOBz)g, HjPcCOCjOBz)^, and ZnPc(0C20Bz)g at
the air water interface was investigated utilizing pressure/area isotherm studies.
CuPcCOCiOBz)^ and H2Pc(0C20Bz)8 on a water subphase, form Langmuir fihns
exhibiting two distinct phase transitions, n, and EI,, shown in the isotherm plot depicted
in Figure 3.4. The general form of this isotherm was found to be consistent for a large
number of trials involving hundreds of film preparation efforts. Variation from this
typical form included changes in the slope of the FT, and FIt transitions, and the pressure
and slope of the plateau region between from O, and Fl,. The surface pressure measured
in this plateau region varied from a low of ca. 12 mN/m to a high of ca. 30 niN/m. A
sharp collapse of n, was often observed. Isotherms that exhibited this sharp collapse
typically presented a near zero slope in the plateau interval between transitions. Film
compressions that did not produce this collapse point typically had a sloping pressure
increase between FI; and FI,. The underlying causes of this variability are thought to
involve compression speed, temperature, Pc purity, and perhaps humidity. These
parameters and the effect they had on phase behavior will be discussed below.
While there was clear variability in the shape and the pressures associated with
CuPc(OC,OBz)8 and H2Pc(0C20Bz)g pressure/area isotherms, the areas for the phase
transitions n, and FI, were essentially constant. As can be seen in Figure 3.4, the area of

n,, extrapolated as a straight line from the steepest region of the transition to baseline.
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Figure 3.4 Pressure/area isotherms of CuPc(0C20Bz)g and H2Pc(0C20Bz)8 on a room
temperature water subphase. A proposed model for the phase behavior of these Langmuir
fihns is represented in the figure. In the region labeled n, a monolayer Langmuir film is
proposed. At n, the film is proposed to exist as an ordered bilayer.
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was approximately 120 AVmolecule. n, was typically observed near 60 AVmoIecule.
Occasionally isotherms exhibited a suggestion of a third transition at approximately 48
AVmolecule. The variation in isotherm features did not translate into observable
differences in the spectroscopic or electrochemical properties of the LB films prepared
from these materials.
The orientation and intermolecular spacing of a species on the subphase surface
may be inferred from pressure/area isotherm information, for materials immiscible with
the subphase. The available area per molecule dispersed on the trough is reduced as the
surface area is reduced. A geometric analysis of possible molecular arrangements for a
given area is standard LB practice'". For CuPcCOCjOBz)^ and H2Pc(0C20Bz)8, an area
of ca. 120 AVmoIecule at the first phase transition (O,), suggests an orientation with
cofacially stacked Pc molecules on edge, and the substituent groups extended outward. A
film structure composed of columnar aggregates of cofacially stacked Pes, on edge, with
the macrocyclic rings oriented at a small angle to the normal of the subphase surface, is
consistent with the available area, and with the spectroscopic information gleaned from
the solution and cast fihn studies. The second phase transition (ITi), at ca. 60
AVmolecule, is smaller than the area required for a single Pc in a closest packed
monolayer of these materials. The observed molecular area at this transition, and the
stability of the film on the trough at this phase, suggests the formation of a Pc bilayer of
ordered columns, on the subphase surface. Formation of stable substituted
phthalocyanine bilayers at the air water interface has been previously reported
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Expansion of the trough barriers for CuPc(0C20Bz)8 and H,Pc(0C20Bz)g films
compressed to n, results in a fall of surface pressure to near baseline, with a small
increase in area. Expansion of films compressed to n, did not exhibit this rapid fall off,
but would track the compression with minimal hysteresis. Isotherms illustrating the
expansion-recompression behavior of CuPc(0C20Bz)g and HiPcCOCjOBz)^ are shown in
Figure 3.5. This behavior indicates that the FI, molecular assembly does not dissociate to
any appreciable extent with expansion, while the 11, fikn returns approximately to its
original pre-compression condition. Recompression of a O, expanded fihn produces an
isotherm comparable to that of a freshly dispersed film experiment, while that of a O,
film exhibits only one transition near 60 AVmolecule.

Fully compressed films of CuPc(0C20Bz)8 and H2Pc(0C20Bz)8 are quite rigid,
and affect the response of the Whilhehny balance. Reproducibility of pressure area
isotherms on LB troughs of different geometry is dependent on the position, and motion,
of the compression barriers, and the placement of the Whilhelmy balance

Previous

work, performed on a different trough, reporting larger molecular area values for the
CuPc(0C20Bz)g, is thought to be a function of the film rigidity, balance placement, and
trough geometry

The balance placement and barrier geometry used in the current

work has been optimized for studies involving rigid fihns. Two compression barriers
moving toward the balance located at the midpoint of the available area, minimize the
error associated with the compression of rigid films
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Figure 3.5 Compression-expansion pressure/area isotherms for CuPc(0C20Bz)8. The
solid line shows the initial compression and expansion of the Langmuir film. The dashed
line shows the re-compression and expansion of the same film.
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A bilayer of phthalocyanine on the subphase surface is visible to the naked eye.
For these materials a faint green color is detectable with sufficient compression, if
compared to the film fi-ee region of the trough area outside the compression barriers. As
discussed in previous work

if a rigid bilayer film of CuPc(0C20Bz)g is subjected to

additional compression on the subphase surface, fiber-like striations appear.
H2Pc(0C20Bz)g exhibits similar behavior. The appearance of these striations is
accompanied by the cessation of pressure increase with compression, indicating a
collapse of the stable bilayer phase. The film on the subphase surface after this collapse
is thought to be a continuum of intact bilayer regions and fiber-like structures. The fibers
are proposed to be bundles of the bilayer as it folds on itself under the pressure influence
of continued compression. This hypothesis will be discussed in greater detail below. For
both the metal free and copper Pes the fibers can be mechanically pulled from the film
continuum trough and deposited onto surfaces. Fiber length is limited only by the trough
dimensions. Free fibers as long as 10 cm have been pulled from these films and
deposited on substrates. CuPc(0C20Bz)g fibers have been described previously by this
research group '•*. The metal free material behaves in a similar fashion and will not be
addressed with any fiirther detail in this work.
The phase behavior of ZnPc(0C20Bz)8 on the LB trough is markedly different
than that of the copper and metal free materials. Typical pressure area isotherms for
ZnPc(0C20Bz)8 is shown in Figure 3.6. While a suggestion of the IT, and 112 transitions
is occasionally observed, it is clear that there is no intermediate region analogous to the
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Figure 3.6 Pressure/area isotherms of ZiiPc(0C20Bz)8 on a room temperature water
subphase.
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plateau seen for H2Pc(0C20Bz)8 and CuPc(0C20Bz)8 It is not possible to achieve a
stable constant pressure area at any region of the compression isotherm. In contrast the
copper and metal free Pes exhibit stable constant pressure areas at both rii and n,.
Further, the expansion of a compressed ZnPc(0C20Bz)g tracks the original compression
isotherm with minimal hysteresis if the compression barrier direction is reversed prior to
film collapse. A recompression of the same fihn results in an isotherm form similar to
the original with a slightly reduced limiting area. ZnPc(0C20Bz)8 does however, form
fiber like structures on trough at full compression of the available siuface area. The
integrity of these structiu-es is not comparable to the H2Pc(0C20Bz)g and
CuPcCOCjOBz), fibers in that they are not easily pulled from the substrate surface by
mechanical means. The lack of distinctive isotherm features for ZnPc(0C20Bz)8
precludes a specific hypothesis for Langmuir film structure. The isotherms indicate that
the material undergoes a relatively constant rate of reorganization from the onset of
pressure increase to the point of fiber formation. The available area at the onset of
pressure increase suggests on edge orientation of the ZnPc(0C20Bz)8 molecules.

iL Compression Speed and Temperature Dependent Phase Behavior
Reduced subphase temperatures are known to improve the stability of some
Langmuir film forming materials and thus improve film transfer to substrates.'"* The
speed of compression and the feed back electronics that maintain pressure control during
compression and film transfer events are also known to influence film stability and
transfer efficiencies. Reduced subphase temperatiu-e, is expected decrease thermal
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motion and therefore increase the rigidity of a Langmuir film. For these materials, film
compression at reduced temperatures was expected to reduce the thermal motion of the
substituent chains and produce phase transitions with higher collapse pressures and
steeper slopes. A series of subphase temperature controlled film compression studies for
CuPc(0C2OBz)g and H2Pc(0C20Bz)g were perfomied. Isotherms recorded for
compressions at trough temperatures in the range of 4°C to 40°C showed no clear
correlation between temperature and the pressure or slope of the phase transitions, nor of
the slope of the interval between FT, and IT,. Figure 3.7 shows isotherms recorded for
compressions of CuPc(0C20Bz)8 at three subphase temperatures. The films were
prepared fi-om the same CuPc(0C20Bz)g CHCI3 solution and all were compressed at a
rate of approximately 0.5 cmVsec. The time interval for the post dispersal evaporation of
the spreading solvent was ca. 20 minutes for each film preparation.
Additional experiments that varied the post dispersal evaporation time firom 10
minutes to 1 hour failed to produce any observable correlation with isotherm variation.
Compression speed was shown to influence the slope of transitions and the slope of the
interval between O, and n,, with faster speeds producing steeper transition slopes and a
flatter n, - Ul, interval (Figure 3.8). This observation does not, however, explain the
variability observed for the many isotherms measured at room temperature, at similar
compression speed and solvent evaporation time, observed during the course of this
study. It is thought that trace impurities in Pc solutions that result firom decomposition
may play a role in this variability. It was noted that isotherms measured for firesh
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solutions prepared from Pes recently purified by column chromatography may more
frequently exhibit the steep slope and collapse at FT,. This observation was not explored
exhaustively. An additional parameter, that could influence the shape of the isotherm, is
the rigid nature of the film. The rigidity of a fihn will significantly influence the pressure
balance response. The chance development of a bilayer region at the balance subphase
contact would be reflected by retardation of subsequent balance response. At the collapse
of a typical Langmuir monolayer struchiral changes occur first at the compression barrier
contacts and at the balance plate contact
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Figure 3.7 Temperature dependent pressure area isotherms for CuPc(0C20Bz)8
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iiu On Trough Visible Spectroscopy
Visible spectroscopic information for thin Pc films on the surface of the LB
trough is readily accessible because of the high molar absorptivity of these materials.
The signal to noise ratio is sufficient for resolution of sub-monolayer coverage. The
simple experimental spectrometer reflection geometry for data collection is discussed in
Chapter 2. On-trough spectroscopic characterization of H2Pc(0C20Bz)8 and
CUPC(0C,0BZ)8 films at sub-monolayer coverage indicates that the aggregation behavior
of these molecules, seen in concentrated solutions, is sustained for non-compressed
Langmuir films after initial spreading on the LB trough. Figure 3.9 shows on-trough Qband spectra, for H2Pc(0C20Bz)8 collected prior to, during, and after film compression.
The intensity and absorbance maxima of spectra collected prior to compression vary with
time. Spectra recorded at random time intervals, after solvent evaporation, show either a
presence or absence of Pc. Figure 3.9b shows post-dispersal, pre-compression spectra.
The absence of absorbing species occurs because the Pc is not homogeneously distributed
on the subphase surface. When absorbing species are present aggregated Pes are
indicated by the broad 625 nm band. Large island-like regions of aggregated Pc are
thought to be diffusing on the subphase surface, and occasionally drifting into the light
path of the spectrometer (cross sectional area < 1 cm"). The same behavior is observed
following the dispersal of CuPc(0C20Bz)g. On trough spectra found for the compressed
CuPc(0C20Bz)8 and H2Pc(0C20Bz)8 films, are comparable to those found for cast films

of these materials as seen in figure 3.9a, although the shoulder seen near 677 nm for the
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Figure 3.9 (A) On- trough spectra for a typical H2Pc(0C20Bz)g isotherm, prior to
compression, at the base of the FI, slope, and with compression to formation of fiber mat.
(B) The presence and absence of a H2Pc(0C20Bz)g island on the trough prior to
compression

thin fihns is not well resolved. An approximate doubling of optical density is seen for
films compressed firom O, to FT,. This observation for H2Pc(0C20Bz)8 and
CuPc(0C20Bz)g lends support for the monolayer and bilayer interpretation of film
structure, at these transitions.
The on trough spectral features of the zinc centered Pc were significantly different
than those of the metal fi-ee and copper centered Pes described above. ZnPc(0C2OBz)8
did not exhibit the same pre-compression aggregation behavior, and the compressed film
spectra exhibited significantly red shifted maxima. Figure 3.10a shows spectra at three
pressure intervals of a compression experiment. Figure 3.10b shows spectra that differ in
the ZnPc(0C20Bz)g post-dispersal residence time on the trough. Of significant interest is
the shift in peak maxima that occurs when the ZnPc(OC,OBz)g film is compressed.
Immediately following dispersal, on trough spectra suggest cofacially stacked Pes as
indicated by the blue shifted Q-band. A gradual reduction in peak intensity was always
observed during the first 3 to 4 minutes following solution dispersal. The changes in
peak position and intensity subsequent to that initial period were difficult to resolve fi-om
baseline. At no time was an island of Pc analogous to that seen for CuPc(0C20Bz)g, and
H2Pc(0C20Bz)8 observed.

As seen in Figure 3.10a the absorbance maximum for a ftilly compressed
ZnPc(0C20Bz)g fihn is red shifted approximately 15 nm firom the monomer Q-band.
This indicates a change in Pc orientation as the film is compressed. A transition firom
cofacially oriented macrocycles as indicated by the blue shifted initial post dispersal
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Figure 3.10 On trough spectra of 600 jam of 0.2 M ZnPc(0C20Bz)8 in CHCI3. (A)
Spectral changes with compression. Compression initiated after 20 minute Pc residence
time on trough. (B) Residence time dependent spectra. Spectra were collected at the
time indicated following dispersal of the solution on trough.
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spectrum, to a red shifted head to tail alignment as predicted by the Kasha model is
clearly seen •*". The red shifted maximum indicates that there is an interruption of the
cofacial arene-arene interaction observed for the CuPc(0C20Bz)8 and H,Pc(OC,OBz)g
system. A dramatic demonstration of this red shifted behavior can be seen in Figiu^e 3.10.
The spectra show the results of a solvent evaporation experiment analogous to that
described above for CuPc(0C20Bz)g. As seen in Figure 3.1 la the experimental result is
essentially identical to the copper Pc experiment. When a drop of water is added to the
fihn, as the last of the solvent is evaporating, a dramatic red shift of the Q-band
maximum observed (Figure 3.1 lb). Analogous behavior is not seen when water is added
to CuPc(0C20Bz)g and HjPcCOCiOBz)^ under similar film forming conditions.
Binding of water with the 3d^ Zn orbital at the axial position of the Pc
macrocycles has been reported previously for this material

and other ZnPcs

The

coordination of water in the axial position of the ZnPc(0C20Bz)g would preclude
columnar cofacial stacking of the macrocycles. The axially blocked ZnPc(0C20Bz)g
would be expected to form a red shifted J-aggregate, or slip stacked cofacial Pc
orientation (Figure 3.12). The data described above provides clear evidence of the
hypothesized water coordination with the ZnPc. It suggests that the zinc Pc forms
columnar cofacial aggregates as cast thin films in the absence of water, and that Langmuir
and hydrated cast films are slip stacked cofacial aggregates. Detail concerning the
structure of Zn(0C20Bz)g LB films is discussed below.
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Figure 3.11 ZnPc(0C20Bz)8 cast thin films. (A) Evaporation of a 0.2 M CHClj solution
in the well of a depression slide. (B) A dry cast film prepared as in (A) plotted along
with a film prepared by adding a drop of water as the last of the residual chloroform is
evaporating firom the depression slide.
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Figure 3.12 Two representations of J-aggregate ZnPcs with water coordination at the
metal center. Waters of hydration within the substituent chains are neglected for the sake
of simplicity.
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III. Langmuir Blodgett Films

L Vertical Transfer
Langmuir-BIodgett films of these phthalocyanines were prepared on a variety of
hydrophilic and hydrophobic substrates. CuPc(0C20Bz)g and H;Pc(0C20Bz)8 and films
have been transferred at pressures corresponding to the first (H,) and second (111) phase
transitions, at approximately 10 mN/m and 25 mN/m respectively. Vertical transfer
efficiencies, monitored as area change with respect to transfer event at constant pressure,
indicate efficient transfer for emersion of hydrophobic substrates, and poor transfer for
immersion of these substrates. Transfer ratios of ca. 0.70 were found for emersion and
ca. 0.35 for immersion, when dipping at n,. Films of up to 20 transfers were prepared.
Vertical transfers at Fl, to hydrophobic substrates were of marginal quality with variable
transfer ratios. Transfer attempts to hydrophilic substrates at n, by vertical dipping was
ineffective. Low quality films were produced as could be observed by poor transfer
efficiency, and visual inspection.
The rigidity of these fiilly compressed Pc fibns makes accurate determination of
transfer ratios, during film deposition cycles at n, difficult. Removal of film fi-om the
subphase surface, during deposition onto a substrate, does not result in an area change
proportional to the amount of film removed. Recompression of the film after removal of
a portion of the stable bilayer is limited by extraordinary film stability in the x-y plane.
This film rigidity precludes the usefiilness of transfer ratios in determining film thickness
for transfers at O,.
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iL Horizontal Transfer
In this work the fabrication of films by methods described below provided the
opportunity to substantially advance our understanding of these materials. The
difficulties encountered while trying to prepare films by the traditional vertical dipping
protocol at Ot encouraged the investigation of alternative dipping methods, as discussed
in Chapters 1 and 2. Previous workers had investigated only vertical transfer protocols.
Films transferred at n, by horizontal dipping were homogeneous in appearance,
suggesting that each dipping cycle results in the deposition of a nearly intact bilayer of
material. As described in Chapter 2 the horizontal transfer protocol involves the contact
of a suitably prepared substrate to the Langmuir fihn followed by a slow withdrawal of
the substrate. As the substrate is withdrawn the fihn, now adherent to the substrate
surface, pulls the subphase upward. The film covered substrate pulls free of the subphase
rapidly once it has been elevated approximately 2 to 4 mm above the surface. A residual
droplet of water was routinely observed on the substrate surface after the break in
substrate/subphase contact. With the break in contact the Langmuir film is distorted
significantly as surface waves resulting fi-om the separation event progress away fi-om the
contact area. This disruption of the film did not appear to generate gross defects in film
structure.
Transfer of a small film section, to a hydrophobic substrate, does not induce
further reordering of the film. With maintenance of pressure controlled compression on
the Langmuir film, horizontal contact, and subsequent withdrawal, of a substrate
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produces a film void on the subphase surface. The void left on the subphase is visible to
the naked eye, and maintains the general shape of the substrate over periods of hours to
days! Pressure changes due to fibn transfer, are absent or minimal, due to the rigidity of
the material. The shape persistence of the void was exploited to mechanically pattern
films, using a variety of shaped substrates. Such mechanically patterned films could be
prepared by alignment and dipping of a fi-esh substrate over the void-film contact area.
Figure 3.13 illustrates the result of a horizontal transfer sequence. An idealized film
structure is depicted in the enlarged substrate view, with the hypothesized bilayer
Langmuir film captured on the substrate surface. Characterization of these LB films, as
discussed below, suggest the cartoon representation is a reasonable approximation of the
structure and organization of the films.
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Figure 3.13 Horizontal Transfer of a MPc(0C20Bz)g bilayer film. The drawing
illustrates the fihn void produced as a result of film transfer. Mechanical patterning can
be facilitated by dipping a firesh substrate translated in the X-Y plane relative to the
original transfer.
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iiu ZnPc(0C20Bz)s LB films
Well ordered ZnPc(0C20Bz)g LB could not be prepared. Transfer attempts via
horizontal and vertical protocols did not produce well ordered fihns. Because a stable
transition for the ZnPc was not attainable during trough film compression, film transfer
attempts produced undefined films. Visual and spectroscopic inspection clearly indicated
evidence of film transfer. The transfers rarely produced films, however, that were fi-ee
from visually observable inhomogeneities. The transfer of ZnPc(0C20Bz)8 fibers by
horizontal dipping resulted in the deposition of intact ZnPc(0C20Bz)8 fibers. A
Langmuir film void similar to that seen for CuPc(0C20Bz)3 and H2Pc(0C20Bz)8 films
prior to collapse was observed. The void for the ZnPc(0C20Bz)g fihns, however were
not stable on the trough surface and collapsed with continued compression.

iv. LB Film Formation Model
The interaction of LB film forming materials with a water subphase is expected to
generate behavior such that a molecular orientational preference develops due to the
hydrophobic-hydrophilic nature of the air-water interface. Contact angle measurements
indicate that CuPc(0C20Bz)8 and H2Pc(0C20Bz)g LB films are hydrophobic. At the
interface of the LB trough subphase surface, however, some hydrophilic interaction must
take place in order to generate well-behaved phase behavior. Since these highly
symmetrical materials do not present a hydrophilic surface as LB films, it is reasonable
expect that some conformational reorganization takes place when a substrate bound film
breaks free from the subphase surface. Figure 3.13 illustrates a possible conformation for
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the Pc moiety as it interacts with the subphase surface, and a model of the film formation
behavior of this system. In this model the Pc terminal benzyl groups are bent away from
the water surface thus presenting the hydrophilic ethylene oxide region of the substituent
chain to the surface. The air side of the Langmuir film presents the benzyl group as the
primary surface functionality.
hi the practice of LB film formation the air side of the film will be attracted to
hydrophobic rather than hydrophilic surfaces, while the water side would be expected to
exhibit significant attraction to the subphase. A horizontal transfer event will then result
in a resistance to film separation from the subphase on the upstroke of the dipping cycle.
During the lift the film would pull water with it until gravitational forces overwhelm the
attractive forces. At the point where the break in contact occurs it is reasonable to expect
an appreciable amount of water to be entrapped in the interior of the molecular columns,
associated with the ethyleneoxide region of the assembly. Films prepared by this method
should be significantly hydrated. Evidence to support this model of film formation was
discussed above and additional detail can be found in Chapter 5 where a discussion of
film hydration and its effect on conductivity is presented.
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Figure 3.14 Water complexed with MPc(0C20Bz)8 films. Terminal benzyl groups of the
Pc substituent chains bent away fi-om the subphase provide opportunity for water to
intercalate the ethylene oxide region of the film structure.

98
V.

Stabilized Preparation of Multilayer LB films
Disruption of the Langmuir fibn due to the surface waves produced at the break-

in-contact point of fibn transfer was expected to limit the ability to form defect free
multilayer fibns. Defects resulting from this disruption were not evident, however, and
many multilayer films were prepared by simple translation of the substrate to an
undisturbed region of the Langmuir film prior to deposition of a subsequent layer. Films
prepared in this manor were highly ordered as will be described in the discussions that
follow. A simple method to refine the transfer protocol was utilized for films prepared
late in the period of study including all fihns prepared for the characterization of film
conductivity. This involved the design and development of a "film baffle" (See Figure
2.2). This device is a compartmentalized aluminum grid placed in the trough prior to
subphase filling and cleaning of the subphase surface. At the conclusion of a film
compression cycle, when the film could be approximated as a bilayer, the compression
barrier motor drive was switched off and the film was lowered onto the baffle surface as
described in Chapter 2. Further discussion in this text will reference stabilized horizontal
film preparation, when the film baffle was utilized.
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rv. Characterization of Langmuir-BIodgett Films
Characterization of film transfer efficiency, and the thickness and order of
monolayer, bilayer, and multiple bilayer films, were major objectives of the studies
presented in this dissertation. Fihns of CuPc(0C20Bz)8 prepared prior to this work were
not well defined or highly ordered relative to the films prepared by horizontal transfer.
The new transfer protocol provided an opportimity to refine our understanding of film
structure on the scale of molecular aggregates, and intermolecular interactions. Further,
the comparison of films prepared by this same protocol from H2Pc(0C20Bz)8 and
ZnPc(0C20Bz)8, to CuPc(0C20Bz)8 fihns revealed detail concerning the influence of the
metal center on the molecular assemblies. Our current understanding of these
interactions, and the molecular assemblies they produce, required analysis of the
collective information from a variety of techniques as discussed below.

L Film thickness: Visible Spectroscopy
LB film thickness estimates based on optical absorbance spectroscopy, are
consistent with a bilayer model for the Langmuir fihn at Fl,. Films of varying thickness
were prepared, and the Pc coverage was estimated by washing films from substrates with
chloroform, and calculating coverage from the resultant solution absorbance. Thin film
absorbance on the substrates was compared to solution absorbance coverage estimates.
An absorbance value of 0.01 au (absorbance units) per monolayer at 625 nm was used in
estimating fihn thickness.
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it Patterned films: Optical and Atomic Force Microscopies
Patterned bilayer films deposited onto highly ordered pyrolytic graphite (HOPG)
substrates were imaged by optical microscopy and tapping mode AFM. The regions
examined were typical of the thin film structure whose electrochemical activity, and
conductive behavior will be discussed later. Figure 3.15 shows an optical micrograph of
a patterned film edge on HOPG. A series of these images indicated the patterned fihn
edge was very well formed on the scale of tens of microns. Small film edge defects,
deformation or Segmentation, are evident on the scale of microns. Optical images
revealed films that were homogeneous in appearance over large areas, 150 |im x 150 jim
and larger. Film defects were common adjacent to the pattern edges and less fi-equent in
the continuous regions of the fihns. They provide convenient topography firom which
estimates of film thickness and uniformity can be obtained.
Film thickness, relative to the graphite surface along pattemed edges, was
determined from AFM z axis data averaged over areas'^ of ca. 1 }im" to 2 )j.m'.
Roughness analysis was determined in a similar fashion. The AFM image shown in
Figure 3.16 reveals a region of film, labeled B, that has folded back onto itself along the
pattemed edge. The corrugated texture seen in region A is typical of images in
continuous bilayer fihn regions. Roughness analysis averaged over a 1 |xm" area in this
region gave a mean of 1.3 A. Values of, 1.1 to 1.3 A were typical for film regions away
from defect sites. The feature labeled D in Figure 3.16 appears to correspond to a
"buckled" region in the continuous bilayer. These features were corrunonly encountered
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and are thought to be precursors of fibers that form upon collapse of the on-trough film
bilayer. A film thickness of ca. 76 A relative to the graphite surface, labeled C, was
determined for the pattern edge shown in the lower left boxed region of the image. The
upper right boxed region shows the contact between regions A and B, where a step edge
of ca. 80 A was determined. A large number of measurements, on a number of film
preparations, indicated step heights of 55 to 75 A relative to the graphite surface were
typical for the edge sites of these pattemed fihns.
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Figure 3.15 Optical Micrograph of a H2Pc(0C20Bz)8 patterned bilayer film transferred to
freshly cleaved HOPG. The left side of the image is the native HOPG surface. The right
side of the image is the Pc film. The irregular structures along the pattern edge are typical
for all of the pattemed films transferred in a similar fashion. The finger like projection on
the film edge in the center of the image is approximately 10 ixva. in width.
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Figure 3.16 Tapping mode APM image of fold type defects along the pattern edge of a
H2Pc(0C20Bz)g film on HOPG. The regions labeled A and B correspond to a single
bilyaer and region where the film has folded back on itself respectively. Region C is
uncoated HOPG and the structure labeled D is a buckle or ridge in the continuum of the
bilayer. The folded region B and the ridge D are the result deformation of the bilayer film
during the course of the two transfer events required to obtain the patterned film.
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iiu Small Angle X-ray Scattering SAXS
X-rays, impingent on a material, are either absorbed or scattered. When x-rays
encounter the electrons of an atom, the electrons can become secondary emitters of the xrays

This type of interaction is called x-ray scattering. Scattering can be coherent,

referring to emitted x-rays of the same wavelength as the impingent x-rays, or incoherent.
The majority of the energy is coherently scattered, and this interaction is useful for
structural determination in materials. Coherently scattered x-rays generate interference
patterns than can be used to determine the position of scatterers within a structural lattice.
The scattering can be described by the Bragg equation'®,
nA,= 2d sin G.

(Equation 3.1)

This equation relates the x-ray wavelength,

the interplanar spacing of an interacting

material's structural lattice, d, and one-half the angle of deviation of the x-ray from the
angle of the incident x-rays, 6, where n is an integer.
X-ray diffraction or scattering is usually separated into the wide and small angle
regimes. Small angle x-ray scattering (SAXS) generally refers to effects observed at
angles smaller than 2 to 3 degrees

Wide angle x-ray scattering (WAXS) refers to

effects observed at larger angles. Since there is a reciprocal relationship between d and 9,
if A. and d are on the scale of atomic dimensions, scattering arising from atomic
interactions is observed over a wide range of angles (WAXS). Sample thickness is a
limitation for WAXS studies. The detection of WAXS is near experimental detection
limits for thin multilayer LB fihns. Since SAXS data is collected at lower angles the x-
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rays have a longer pathlength and therefore the signal is more easily detected. For X on
the order of a few angstroms, typical of x-ray sources, diffraction observed at small
angles is due to variation in electron density on a long scale, relative to intermolecular
atomic distances, typically 30 to 1000 angstroms. It is important to note that SAXS has
no dependence on inhomogeneities on the order of atomic dimensions. Single crystals or
materials with homogeneous distribution of electron density do not scatter x-rays at very
small angles

SAXS is therefore extraordinarily useful for the determination of

structural information for ordered materials with periodic variation of electron density on
the scale of 10s to 1000s of angstroms. SAXS is a routine tool for the structural
characterization of polymeric and liquid crystalline materials

SAXS is well suited

to the characterization of ordered liquid crystalline phthalocyanines phases, such as we
have proposed for the octakis(2-benzyloxyethoxy) Pes described in this work. The
electron density of the macrocyclic region of these materials, as well as the aromatic
terminal benzyl functionality of the substituent groups may contribute to the diffraction.
The greatest contribution is expected from the coordinated copper in the case of
CuPc(0C20Bz)8 , because of the high number of electrons present at that atomic site and

the higher probability for the heavier atom to scatter electrons
Previous work explored the structure of collapsed CuPc(0C20Bz)8 film fibers
collected from the LB trough. WAXS measurements of these fibrous structures indicated
a lattice spacing of 3.36 A

This spacing corresponds to the expected van der Waals

distance between the Pc macrocycles within a given column. In the low angle region of
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the WAXS study of these fibers, a </-spacmg of 24.0 A, was assigned to the intercolumnar
distance of a hexagonally ordered structure with a lattice parameter of 27.7 ± 0.3 A.
Figure 3.17 shows a representation of the experimental setup for an x-ray diffraction
measurement as well as the lattice structure proposed for CuPc(0C20Bz)8 materials. This
structure is consistent with both films and fibers as discussed below.
In this work, ordered multilayer films of CuPc(OCiOBz)g prepared by horizontal
transfer to hydrophobized Si (100) substrates, were submitted for SAXS analysis. Films
of 40 and 80 monolayers, were prepared by horizontal transfer at 11,. Twenty bilayer
films, were prepared by horizontal transfer at IT,. Figure 3.18 shows the SAXS intensity
curves collected for these four films. The diffiaction peak position indicates a ^/-spacing
of approximately 23.8 A, with a lattice parameter of 27.5 ± 0.2 A, for films prepared at

n, and n,.

We assume that the peak arises from the periodic packing of the Pc layers in

the film. This value is consistent with the assignment of hexagonal columnar order and
spacing determined for the fibrous materials. The data presented in Figure 3.18 shows
that the Bragg peak intensity is greater, and peak width narrower, for the films deposited
at n,. Since the width of the diffraction peak is inversely proportional to the correlation
length of the layered structure
order for the bilayer films.

the narrower peak width indicates a higher degree of
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Figure 3.17 The experimental configuration for SAXS, and a schematic representation of
the lattice structure assigned for CuPc(0C20Bz)8.
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Figure 3.18 Small angle X-ray scattering measurements on 4 multilayer CuPc(0C20Bz)g
films. All films were deposited by multiple transfers at the isotherm transitions n, or n,,
corresponding to monolayer or bilayer films.
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An approximation of the correlation length can be calculated using a fomialism
developed to determine the size of crystallites in a powder. This formalism based on the
Scherrer equation
Lhkl-^ c o s 6

(equation 3.2)

is also used for the determination of correlation length

in polymeric and liquid

crystalline materials"". In the Scherrer equation, Lhkl is the mean dimension of the
structure perpendicular to the planes {hkl), p, is the width at half maximum intensity of
the pure reflection profile in radians, and AT is a constant commonly assigned a value of
unity. The equation can be further approximated by expressing the reflection width in &
units [j = 2(sin 6)1 X]. The equation becomes
Lhkl = ^ / [(2 cos 9)] 56

1 / (&).

(equation 3.3)

Using this formalism a correlation length of 736 A was determined for the 20 bilayer film
PS479d. Since L can also be expressed as,
Lhkl = ^ dhkl

(equation 3.4)

where, N is the mean number of planes with layer spacing d corresponding to Lhkl- We
can estimate the mean number of repeat units contributing to the diffraction peak in the
reflection curve. For this sample Lhkl corresponds to approximately 31 columnar units,
compared to the expected 40 monolayer planes in the film.
Both of the monolayer transfer films exhibited broadening of the Bragg peak and
a significant reduction in intensity, indicative of reduced film order. The 80 monolayer
film, PS489i, diffraction curve features a shoulder on the high angle side of the Bragg
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peak suggesting a smaller periodicity of approximately 22.6 A. This suggests a film
structure comprised of two or more columnar aggregate phases. An increase in the tilt
angle of the Pc macrocycle plane relative to the column axis normal, or an increase in the
extent of intercolumnar substituent interdigitation could perhaps generate a regime with a
contracted column repeat distance. The shoulder may also be due simply to noise and
line broadening expected for a more disordered film.
A careful examination of fine structure on the slope of the intensity decay at 20
less than 2, reveals additional information concerning film order, especially seen in the
case of the bilayer films. Figure 3.19 shows an expanded view of this region for the two
films. Figure 3.19a reveals the resolution of a diffraction peak which corresponds to a dspacing of approximately 48 A. A well resolved peak at this position, with higher
intensity, would be expected if the film preparation technique resulted in retention of a
discrete bilayer structure. It is important to note, that the diffraction peak seen in Figure
3.19a, consistent with the ^/-spacing of a bilayer unit cell, is not well defined. This
suggests that, while we propose these films are composed of multiple bilayers which
must be somewhat asymmetrical at the air/water interface, transferred layers must relax
into a overall configuration with a monolayer like repeat unit. Nevertheless, the data does
lend support for the hypothesized transfer of intact bilayers by this technique. Figure
3.19b shows the suggestion of Keissig fringes on the diffraction curve of the 20 bilayer
film PS471. Poor resolution of the Keissig fringes is an indication of disorder in the film,
however, the resolution found for these CuPc(0C20Bz)g is comparable to, or better than,
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that found for 100 monolayer polymeric polysilicon phthalocyanine (PcPS) LB films
prepared by Wegner and coworkers
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Figure 3.19 Expanded plots of the SAXS data shown in Figure 3.16. (A) shows the
suggestion of a Bragg peak that would correspond to a bilayer repeat spacing in the film
structural lattice. (B) shows the resolution of Keissig fringes on the intensity decay
curve.
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iv. Scanning Tunneling Microscopy STM
A number of CuPc(0C20Bz)8, and H^PcCOCjOBz), films were prepared on
HOPG, and fireshly deposited Au on mica, substrates in order to obtain STM
measurements for these films. Data collection and image and processing was completed
with careful attention to substrate orientation during transfer, relative to the compression
barriers of the LB trough. All STM images were collected with scanner y axis parallel to
the corresponding compression barrier parallel substrate axis. Images obtained of
monolayer (O,) and bilayer (IT,) films, prepared by single horizontal transfers at the
appropriate transition, revealed film structure comprised of coluirmar Pc aggregates in
both cases. Image quality was significantly better for fibns on Au, than for films on
HOPG. Images of films on HOPG exhibited many of the features observed for fibns on
the Au substrates but thermal drift and other uru^esolved noise issues prevented the
collection of reliable data for these film preparations.
Figures 3.20 and 3.21 show STM images generated for CuPc(0C20Bz)8 fihns
deposited on Au on mica substrates. The images reveal highly ordered films with
aggregate structures composed of many close packed columns. Images of monolayer
films exhibited sharp detail and clear resolution of the columnar structures as seen in
Figure 3.20. Figixre 3.21 shows STM images of a bilayer film. The reduced detail and
resolution seen in these images, relative to the monolayer fihn image, was typical of the
bilayer images acquired. Increased film thickness would be expected to decrease electron
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tunneling efficiency and may be in part responsible for the reduced resolution of film
features.
Figure 3.22 shows section analysis of a line trace profile of a bilayer film image.
In all of the images of these fihns, for both monolayers and bilayers, the column-column
repeat distance is on the order of 2.7 nm. This spacing is consistent with that found in the
SAXS studies of multilayer films of these Pes. The STM images suggest discrete Pc
columns with little or no interdigitation of the substituent chains. Higher tunneling
current and therefore brighter image intensity is expected for the highly conjugated
macrocyclic region of the Pc moiety. The brighter image areas correspond to the central
core of the Pc molecules. The darker regions separating the columns are indicative of
reduced tunneling current. This may indicate a true separation of columns, but does not
necessarily preclude intercolumnar interdigitation of the substituent chains. A reduction
in current could result from the reduction of timneling efficiency in a region occupied by
the substituent chains
Column lengths in the images are variable, from less than 5 nm to greater than 25
nm, but in general indicate extended cofacially stacked Pc assemblies. Well resolved
columns in the images may contain 75 or more Pc units. In comparison the WAXS study
of CuPc(0C20Bz)8 fibers at indicated a correlation length of ca. 81 A, or 24 molecular
units. This correlation length may be a better indication of actual column composition
than suggested by the current STM data. The broad diffraction peak in the fiber WAXS
study may, however, be the result of imperfections and disorder introduced with the
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collapse of the film. Since WAXS is not accessible for these thin LB films it remains to
obtain improved resolution of individual Pes by STM or another scanning probe
microscopic technique, in order to elucidate this issue of fihn architecture. It is clear
however that the columns are sufficiently long to generate the columnar packing observed
in these images, under the compressional pressure influence of barrier movement on the
LB trough.
A distinct column alignment trend is observed for all of the bilayer films prepared
and imaged. All images collected for bilayer fibns on Au exhibited a principal column
axis orientation, in general, parallel to the trough compression barrier. This suggests that
a stable bilayer assembly, composed of columns aligned parallel to the compression
barriers, exists on the subphase surface at O,. It also suggests that the bilayer films can
be transferred from the subphase surface by the horizontal technique with minimum
disruption of the on trough bilayer structure and order. Disruption of the column
orientation was observed at gold substrate grain boundaries, but within any smooth
surface domain, on a given substrate, the parallel orientation trend for the bilayer films
was seen.
Monolayer films did not exhibit the same degree of order. As can be seen in
Figure 3.20, large domains of parallel columns typical of monolayer film preparations
have no principal orientation relative to a substrate axis. There is no correlation between
the alignment of colunms and the substrate axis relative the trough compression barriers.
The data suggest that large columnar aggregates exist on trough at n„ but additional
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compression is required to orient the domains such that the majority of columnar
aggregates are collimated along the same axis. Monolayer, and bilayer films of
H,Pc(0C20Bz)8 prepared for STM studies revealed similar features, with similar coliunn

spacing and aggregate aligrunent.
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Figure 3.20 An STM image of a monolayer CuPc(0C20Bz)g film on freshly prepared Au
on mica. The y axis of the image is parallel to the substrate axis which was parallel to the
compression barrier during film transfer. Scan size 195 nm, Setpoint 5.337 pA, Bias 550
mV, Scan rate 2.9 Hz, Samples 512, Height mode, Z range 15,9 nm.
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Figure 3.21 STM images of a bilayer CuPc(0C20B2)8 film on fireshly prepared Au on
mica. Image vertical axis corresponds to substrate axis parallel to LB trough compression
barriers during deposition. Setpoint 1.7 pA, Bias -95.0 mV, Scan rate 2.8 Hz, Samples
512, Height mode, Z range 30 nm.
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Figure 3.22 Sectional analysis of a CuPc(0C20Bz)g bilayer film STM image. The line
trace shown indicates a column-column spacing of ca. 2.7 nm, consistent with the
hexagonal packing model assignment determined firom x-ray diffraction studies. Scan
size 80.39 nm, Setpoint 1.6 pA, Bias -130 mV, Scan rate 2.7 Hz, Samples 512, Height
mode, Z range 14.9 rmi.
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V.

Orientational Spectroscopy: Visible and IR Linear Dichroism
The anisotropy and orientation of CuPc(0C20Bz)g and H2Pc(0C20Bz)g LB films

were examined by visible and ER spectroscopic. Films were deposited on glass substrates
for visible spectroscopy, and on ZnSe substrates for IR studies. The linear dichroism of
these films was measured. Spectra were collected with film substrate planes oriented
normal to the incident light, and at angles between 60° and/or 45°. Incident light was
plane polarized parallel or perpendicular to the proposed film column axis, on a given
substrate. Substrate axis orientation relative to the LB trough compression barriers was
noted for each sample prepared by the horizontal transfer protocol and with reference to
the dipping direction for vertical transfer films. Figure 3.23 illustrates the electronic and
vibrational transitions of interest for these studies.
Figure 3.24 is a representation of an ideal model for the interaction of light with
columnar Pc assemblies. This ideal case assumes perfect columnar alignment and a
macrocycle plane normal to the column axis. With these conditions the interaction of
visible light, when the plane of polarization is parallel to the column axis should be
minimal. The same should be true for the Pc-O-C, and C-O-C stretching firequencies
illustrated in Figure 3.23. The ring C-H out of plane bend should be maximized with
column axis parallel polarization. Molecular interaction with light polarized orthogonal
to the column axis should be maximized for the visible and in plane IR transitions, and
minimal for the out of plane.
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Circular Orientation of
Electronic Transitions

ring C-H out of plane bend
745 cm'^

C-O-C asymmetric stretch
1103 cm"^
Pc-O-C symmetric stretch 1204 cm"^
Pc-O-C asymmetric stretch 1283 cm"^
In the plane of the macrocycle

Figure 3.23 The electronic and vibrational transitions probed in orientational
spectroscopic characterization of MPc(0C20Bz)8.
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Figure 3.24 The interaction of polarized light with idealized phthalocyanine columnar
assemblies. Light absorption is most efficient when the plane of the Pc macrocycle is
coincident with the plane of polarization for the incident light.
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Dichroism measurements with normal incident light are sufficient to demonstrate
film anisotropy, and further to provide an indication of column orientation and overall
order for a film. A quantitative treatment of this is discussed below. In principle, it
should also be possible to determine an orientation angle for the Pc macrocycle plane
relative to the column axis and/or substrate surface, if data for non-normal incident light
is also collected. These experiments were undertaken, and a number of approaches for
the treatment of the data were investigated

The formalisms evaluated in this

work had been applied to phthalocyanine LB film studies by other researchers'"^. No
treatment of the data produced a satisfactory result for this work. In general, equations
failed when orthogonal absorbance values from this study were applied to the formalisms.
Further, it became apparent that even theoretical dichroic absorbance data indexed
incrementally, failed to produce systematic changes in the orientation angle for the Pc.
The derivation of the formalisms we applied for use with absorbance data collected for
these ordered films, suggested angles between 45° and 85° depending on the set of data
chosen for the calculation. In some cases undefined values resulted and no clear trends
emerged. In addition the treatments were developed for materials with linear dipoles.
The circular distribution of transitions in these Pc materials significantly complicates
modeling of the data. We were aware of no treatment that adequately addressed the
orientation of molecules with circular dipoles and modeling of our polarized absorbance
data during the period of this work, and as such have not proposed an estimate of the
orientation angle, based on this data, as of this writing.
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An order parameter S has been used by Wegner and co-workers, to describe the
orientation of peripherally substituted phthalocyaninatopolysiloxane (PcPS) "hairy-rod"
LB films, which are comprised of high aspect ratio Pc columns

It was also used in this

work to evaluate the order of CuPc(0C20Bz)8 and H2Pc(0C20Bz)g thin fihns, in order to
provide a basis for comparison to the well defined PcPS system. This measure of film
order is taken firom the convention used to describe the spread of orientations in rod-like
polymeric materials about the director of the polymer nematic phase"". Larger values of
this scalar quantity, S, imply a narrow spread of orientations about the director. For the
rod-like PcPS system, S is given by
S = ( R - l / R + l ) ( l - 2 cos*a )

(equation. 3.5)

where R = Aj^/A||, when A^^ is the film absorbance with incident light plane polarized
perpendicular to the dipping direction. A,, is plane polarized light oriented parallel to the
dipping direction, and a is the angle of the Pc macrocycle ring to the columnar axis of the
polymer (Figure 3.25). When a is assumed to be 90°, as in the case of the PcPS system,
the formula simplifies to
S=(Aj^ - A||)/(Aj^ + A||)

(equation 3.6)

Orientation of the Pc transition dipole perpendicular to the dipping direction gives
positive values of S, an isotropic fihn gives S = 0, and negative S values indicate
transition dipoles parallel to the dipping direction. Cofacially polymerized PcPS
materials align with the rod, or column axis parallel to, and the macrocycle transition
dipole perpendicular to, the dipping direction in vertically transferred LB films.
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Figure 3.25 An illustration of the experimental set up for visible linear dichroism
experiments. Also shown is a representation of the model developed by Wegner and co
workers for definition of the order parameter S. The model was adopted for this work to
describe the order of MPc(0C20Bz)g films and provide a comparison to the well defined
PcPS system.
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An order parameter S = 0.43, based on polarized visible spectral data, is typical for
freshly deposited films of these phthalocyanines
Orientation of CiiPc(0C,0Bz)8 and H2Pc(0C20Bz)g LB films can be compared to
the PcPS materials if we assume the molecular aggregates are oriented in cofacially
stacked columnar units as we have proposed above. Further, the Wegner treatment
requires that the plane of the Pc macrocycle must be 90° to the column axis as described
above. This may not be the case for CuPc(0C20Bz)g and H2Pc(0C20Bz)g. The expected
consequence of a non 90° angle in the columnar stack would be to limit the magnitude of
S. For a system with tilted macrocyclic stacking in the columns the value of S could
never be one, since the orientation distribution calculated from the tilted Pes macrocycles
could never be parallel to the column axis. The value of S calculated for films prepared
from CuPcCOCjOBz), and H2Pc(0C,0Bz)g may therefore be artificially low, however,
the treatment still allows for a qualitative comparison to the PcPS system.
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vL MPc(0C20Bz)sFilm Visible Linear Dichroism
A high degree of dichroism, in the polarized visible spectra for both horizontally
and vertically transferred films, was observed for CuPc(0C20Bz)g and HjPcCOCjOBz)^
Figure 3.26 shows spectra of a study of CuPc(0C20Bz)g films on glass. With incident
light normal to the substrate an order parameter of S = +0.16 ±.02, was determined for
verticallv transferred films (Spectrum C, Figure 3.26). This suggests a predominance of
aggregate domains in which the overall orientation of transition dipoles, i.e. the plane of
the Pc molecules, lie perpendicular to the dipping direction, which is also along the long
axis of the rectangular substrate (Figure 3.27). Orientation of these Pc aggregates is
similar to that found for the PcPS system, where the long axis of the polymer Pc columns
align parallel to the dipping direction, apparently coerced into this aligrmient by flow
profiles created along the trough during film transfer

Similar flow profiles could be

expected for these columnar aggregate Pc films transferred at FI,, but the rigidity of the
films at n, would preclude this kind of flow. The reduced dichroism observed when the
incident light is 45° to the substrate (Spectrum D, Figure 3.26) suggests the individual Pc
molecules are packed with the angle of the macrocycle plane to the substrate randomly
distributed about an angle near 45°.
Horizontallv transferred CuPc(OC,OBz)g and H2Pc(0C20Bz)8 films are oriented
along the director to a greater extent than vertically transferred fihns, as can be inferred
from the value S = -0.36±06, which is comparable to that observed for vertically
transferred PcPS films (Spectrum A, Figure 3.26). In this case the director is the axis
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Figure 3.26 Visible absorbance spectra of CuPcOCjOBz films. Spectra shown in A and
B are for a 6 bilayer horizontally transferred film (Ilj), collected with the substrate long
axis perpendicular to the trough compression barriers. Spectra in C and D are for a film
(ca. 20 ML) transferred vertically at Fl,. Spectra in A and C were collected with the
incident beam normal to the substrate. Spectra in B and D were collected with the
incident beam 45° to the substrate.
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Figure 3.27 Proposed structure of CuPc(0C20Bz)g and HjPcCOCiOBz), LB films
glass as they would transfer via the given deposition protocol.
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parallel to the long dimension of the rectangular substrate rather than the dipping
direction. Films were transferred with the long axis perpendicular to the compressional
barriers of the LB trough and are expected to retain the orientational order of the film on
the subphase surface (Figure 3.26). The observed negative order parameter (S = -0.36)
for these films suggests that the transition dipole is parallel to the director. Columnar
aggregates of CuPc(0C20Bz)g and H,Pc(0C20Bz)8 as Langmuir films appear to be
oriented with the column axis parallel to, and the transition dipole of the macrocycle
perpendicular to, the compression barrier. In addition this degree of ordering on the
subphase would be expected to require a column-axis-to-width aspect ratio substantially
greater than 1. Columnar aggregates of 8 or more Pc monomer units could then be
expected to generate the observed orientation. As discussed above a correlation length of
81 A, or an average of 24 Pc molecules per column, was reported previously for fibers of
the CuPcCOCiOBz)^ material, which is consistent with the model proposed. The increase
in dichroism observed at 45° incident light (Spectrum B, Figure 3.26) suggests these
horizontally transferred Pc films are packed with a substrate-to-macrocycle plane angle
larger than, and with a smaller distribution of angles, than observed in the case of
vertically transferred films.
Additional visible linear dichroism experiments were done for films prepared
utilizing the LB trough stabilization baffle. The dichroism of these stabilized film
preparations was substantially increased. For a 12 bilayer CuPc(0C20Bz)8 film, prepared
with the substrate long axis parallel to the compression barriers, a value of S = -0.53
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±0.05 was determined. This value is consistent with the expected columnar orientation
relative to the substrate axis, and suggests a degree of order even greater than that
reported for the PcPS system. The value predicts a high degree of orientation along the
director axis. Values of R and S calculated for a number of MPcCOC^OBz), films are
presented in Table 3.1. Infrared studies of CuPc(0C20Bz)8 films, discussed below,
indicate a marked increase in film order with annealing. Visible linear dichroism studies
were done on annealed MPc(0C20Bz)g films were not pursued.
Film Type
Horizontal Transfer
CuPcCOCjOBz)^
Vertical Transfer
CuPc(0C20Bz)8
Horizontal Transfer
CuPC(0C20BZ)s
prepared with fihn baffle
Horizontal Transfer
ZnPc(OC20Bz)g

Dichroic Ratio
R = A^/A,i

Order Parameter
S = (A^-A,|)/(A^ + A,|)

0.47

-0.36±0.06

0.77

+0.16±0.02

0.29

-0.53±0.05

0.95

-0.024

Table 3.1 Visible Linear Dichroism CuPc(0C20Bz)g films

viu Infrared Linear Dichroism
Infrared linear dichroism studies were undertaken for horizontally deposited
CuPc(0C20Bz)8 films. ZnSe substrates, which are have good transmittance in the ER,
were utilized. Films were transferred by the standard protocols described above. The
hydrophobicity of clean unmodified ZnSe was sufficient for efficient transfer of the Pes.
It should be noted that previous workers in this group completed IR dichroism studies for
vertically deposited CuPc(0C20Bz)8 films

The results of the present work indicate a
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marked increase in dichroism for the horizontally prepared films. The Pc-O-C, in plane
transitions, and the ring C-H out of plane transition, exhibit the expected opposite
dichroic behavior. Film dichroism increased with overnight oven annealing of a freshly
deposited film. Figure 3.27 shows spectra for an annealed film collected with orthogonal
polarization and 90° incident light. From the spectra collected for this 12 bilayer film a
value of S = + 0.31 was determined for the 1204 cm ' line of the freshly deposited film.
A negative value was determined for the orthogonal ring C-H out of plane bend at 745
cm ' (S = -0.26). Annealing increased the dichroic ratio, and increased the order
parameter to a value comparable to that measured in the visible spectroscopic study.
Table 3.2 presents data for the freshly prepared film and the film after 18 hours of
annealing at 95°C.
Frequency
1283 cm '
v,(Pc-0-C)
1204 cm'
V5(Pc-0-C)
1104 cm'
v,(C-0-C)
745 cm-'
5(ring C-H, op)

Dichroic Ratio
R ~ Aj_/Aj|
1.80
3.V
1.91
2.9"
1.45
2.3"
0.57
0.42"

Order Parameter
S = (Aj_-A||)/( Aj^ +Aj|)
+0.29
+.052"
+0.31
+.049"
+0.21
+0.40"
-0.26
-0.41"

Table 3.2 Infrared Linear Dichroism of a CuPc(0C20Bz)g film.
" indicates the armealed film
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Figure 3.28 Infrared polarization dependent spectra of an annealed CuPc(0C20Bz)8 12
bilayer film on ZnSe. The upper spectrum is translated vertically to a higher baseline.
Insets show representations of proposed columnar order, along with the orientation of
polarized light for the corresponding spectrum. File PS491.opj
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viiL Linear Dichroism of ZnPcfOC^OBz)^ films
A limited study of ZnPc(0C20Bz)8 film visible linear dichroism was undertaken.
No IR studies were done. Films prepared for this study were prepared utilizing the trough
film stabilization baffle described above. Since no clear isotherm transition exists for
these ZnPc(OC,OBz)8 Langmuir films, compression was terminated at a surface area
which would correspond to n, for a CuPc(0C20Bz)8 film. Films were lowered onto the
baffle as described above and multilayer films were deposited. ZnPc(0C20Bz)g films
prepared by this method were homogenous by visual inspection. The dichroic ratio for
these films was found to be near zero, indicating no preferential order in the structure of
ZnPc(0C20Bz)8 films.
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ix. XPS of CuPc(0C20Bz)g Films
XPS characterization of CuPc(0C20Bz)8 bilayer fihns deposited on Au or ITO
substrates indicated film density sufficient to prevent the escape of high energy Au or In
photoelectrons. Films were deposited on substrates of Au on Si (100), or ITO on glass.
Patterned fihns were prepared such that approximately one half of a 1 cm x 2 cm
substrate surface was coated with phthalocyanine. XPS spectra were collected as a
fimction of position along the long substrate axis. Figure 3.29 shows the study results of
a bilayer patterned film deposited on Donnelly ITO. Normalized integrated area of the In
(Sdj/j) peak was plotted as a fimction of substrate position. The data show near complete
attenuation of the In signal on the coated half of the substrate. Similar behavior was
noted for CuPc(0C20Bz)8 films on Au substrates. Comparable experiments for
ZnPcCOCjOBz)^ and H2Pc(OC,OBz)8 films were not pursued in this work.
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Figure 3.29 XPS characterization of a patterned CuPcCOCjOBz), film on ITO.

0

137
V. Electrochemical and Spectroelectrochemical Characterization of MPcCOCjOBz),
LB films:

L Solution Voltammetry and Spectroelectrochemistry
CuPc(OC;,OBz)g and HiPcCOCiOBz)^ are aggregated in solution, as evidenced by
blue shifted Q-band visible absorption spectra, at concentrations above 10"^ M. In DMF,
spectra suggest the presence of monomers, dimers, and higher aggregates even at 10"^ M.
Solution cyclic voltammetry of ca. 10"^ M CuPc(0C20Bz)g in DMF, (O.IM TEAP) shows
a single quasi-reversible oxidation wave at a positive potential of about 0.8 V with the rereduction wave appearing at ca. 0.5 V, vs. the Ag/AgCl (sat. KCl) reference electrode
(Figure 3.30). Both electrochemical processes have the expected square root dependence
on scan rate for a diffusion controlled process. Spectroelectrochemical data clearly show
the reversible appearance of the cation radical oxidation product at potentials positive of
0.8 V (Figure 3.31). Increase in absorbance due to radical cation formation is found in
two regions, with A^n^^at 525 nm and 810 nm

This absorbance change occurs

during the forward sweep of the electrochemical scan, and returns nearly to baseline at
the end of the voltammetric sweep. Similar spectroelectrochemical studies of diaxially
substituted silicon phthalocyanines, have shown the appearance of analogous spectral
bands upon oxidation of these materials

The absorbance due to the products of these

electrochemical processes are consistent with spectra found for chemically generated
copper, zinc and ruthenium phthalocyanine cation radicals

Solution voltammetry

of CuPc(0C20Bz)g (ca. 10'^ M) in dichloromethane (0.1 M TBAP) exhibits one
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Figiire 3.30 Cyclic voltammograms of ca. 0.9 mM CuPcOQOBz in DMF with 0.1 M
TEAP vs. Ag/AgCl (sat. KCl). (A) 25 mV/sec, (B) 100 mV/sec, (C) 250 mV/sec, (D)
500 mV/sec. Inset shows the Q-band line-shape in this concentration range, indicating
aggregation of the Pc.
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Figure 3.31 Solution spectrcelectrochemical difference spectra. Spectral features at ca.
525 nm and 810 run correspond to the cation radical product of CuPc(0C20Bz)8
oxidation in DMF. Spectral features in the Q-band region are unchanged durring the
course of the electrochemical process because of steady state diffusion of the parent Pc
into the spectral window.
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irreversible oxidation at a positive potential of ca. 1.0 V. The voltammetry observed in
dichloromethane solutions is typical of that seen for irreversible adsorption of the reduced
form of the molecule on the working electrode "•*. The irreversibility in DCM may also be
due to loss of the unstable cation radical product in solution. The cation radical in DMF
is an aggregated species, as indicated by the solution spectra, which could stabilize the
product and slow subsequent destructive reactions. The solution voltammetry of

H2Pc(0C20Bz)8 was not investigated in detail because an insufficient quantity of material
was available for thorough characterization. Preliminary work indicated behavior
comparable to CuPc(0C20Bz)g with one quasi-reversible oxidation in DMF, given
similar experimental conditions. Additional detail concerning the solution
electrochemistry of CuPc(0C20Bz)g and ZnPc(0C20Bz)8 is discussed in the dissertations
of Osbum and Chen

iu Thin Film Voltammetry and Spectroelectrochemistry
Thin films of CuPc(0C20Bz)g and H2Pc(0C20Bz)g were prepared for
voltammetric and spectroelectrochemical investigation by transfer of compressed LB
films to indium-tin oxide (ITO) coated glass substrates. Monolayer, multilayer, and
fibrous mat fihns were prepared. Voltammetric characterization of the fihns was
performed in contact with a variety of aqueous electrolytes. Figure 3.32 shows a
voltammogram representative of multilayer CuPc(0C20Bz)8 films in contact with 0.1 M
LiC104.. H2Pc(0C20Bz)8 films exhibited similar behavior. In general the following
trends were observed. Two quasi-reversible oxidation processes are evident at potentials
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Figure 3.32 Cyclic voltammograms of a 10 bilayer horizontally transferred
CuPc(0C20Bz)8 film in contact with 0.1 M LiC104 vs. Ag/AgCl (sat. KCl). (A) 10
mV/sec, (B) 15 mV/sec, (C) 25 mV/sec, (D) 50 mV/sec
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of ca. 0.575 V and 0.900 V vs. Ag/AgCl. Oxidative peak currents vary linearly with scan
rate, as expected for surface confined species. The relative magnitudes of the two
oxidation processes were found to be sensitive to film microstructure and choice of
supporting electrolyte. Voltammetric sweeps reversed just prior to the onset of the
second oxidation process appear as a single quasi-reversible redox wave and films cycled
in this maimer are stable to repeated cycling for periods of hours.
It is expected that the sole electrochemically generated oxidation product for these
phthalocyanines, is the mono-oxidized phthalocyanine radical cation, as discussed above,
and seen for the solution voltammetry of these materials'". Two oxidation waves
however, are seen consistently in the thin fihn voltammetry of these phthalocyanines.
Since oxidation of the metal center is not expected to be accessible in these potential
regions, and the voltammetry of the metal free material is essentially identical to the
metal centered material, the origin of the two processes must arise from structural
ordering or aggregation phenomena within the film.
The voltammetry indicates two discrete electrochemical domains in the ordered
film. A mixed domain film, with varying degrees of intermolecular interaction could be
expected to produce an electrochemical signatiore similar to that found for these
materials"^'". However, the probability of discreet morphological domains with well
separated electrochemical accessibility, within these highly ordered films as discussed
above, seems unlikely. We propose that a morphological change in fihn structure
brought about during the first oxidative process may be responsible for the observed
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electrochemical behavior. Alternatively, the electronic isolation of individual Pc
macrocycles brought about by oxidation of a population of Pes monomers in the
columnar assemblies could occur without significant reorganization, if sufficient space
for the accommodation of counterions exists in the substituent side chain volume of the
film structure.
The voltammetry of the CuPc(0C20Bz)8 shown in Figiu-e 3.32 gives the onset of
the first oxidation occurring at approximately 0.45 V, with the second oxidation
beginning near 0.75 V. The magnitude of this potential shift is similar to that found in
studies of silicon phthalocyanine thin fihns. The onset of oxidation for LB films of
silicon phthalocyanine polymers, studied under conditions similar to those used in this
work, is approximately 0.3 V more positive than found for LB films of monomeric
silicon phthalocyanines

'6 "• •"s ' ''-'-o Lowering of the potential required to oxidize

these thin film materials is thought to result fi-om stabilization of the cation radical
product'*"". The onset of oxidation is expected to shift to lower potential as the length
of the polymer chain increases

Similar stabilization of the mono-oxidized Pc, in

these benzyloxyethoxy substituted Pc LB films is thought to occur here. Stabilization is
hypothesized to result from the through-space delocalization of the free spin in the Pc
cation radical

resulting in efficient charge hopping over these linear cofacial

aggregates.
Counter ion injection into these highly ordered fihns, is required to maintain
electroneutrality during the oxidation of the film, and could result in a morphological
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change in thin film structure. A two step process involving counterion injection and the
formation of a contact ion pair complex, followed by a partial relaxation of film structure,
is proposed as a possible origin of the electrochemical processes observed for these films.
The in-situ generation of a higher energy electrochemically active species would result
firom a reduction of charge stabilizing orbital overlap as the film structure relaxes.
Electronic isolation of Pc macrocycles, as discussed above, without the accompanying
morphological change in film structure could also produce the observed behavior. In
either case the oxidized film structure must able to accommodate counterions.
A two step oxidation process observed for vacuum grown films of native CuPc on
platinum disk electrodes provides additional insight into the electrochemical behavior of
the LB films discussed here

Jansen and Beck reported two well-resolved oxidation

processes for native CuPc films on rotating disk electrodes in contact with ImM Lil / 0.1
M LiC104 acetonitrile solutions. They monitored the products of oxidation by poising a
ring electrode sufficiently negative to reduce oxidation products as they formed. They
found that the first oxidation wave produced no ring current, while the second oxidation
process did. They have interpreted this to indicate the formation of a close-contact anioncation radical complex for the first oxidation wave. The second process is thought to be
the dissolution of this complex and the loss of CuPc fi-om the disk electrode surface to
solution. The MPc(0C20Bz)8 columnar aggregate films were essentially stable for both
oxidation events. No significant loss of current was observed with multiple scans, except
in the case of films in contact with aqueous KHP, as discussed below. The
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electrochemical reversibility of these films is favored by stabilization of the columnar
structure by the arene-arene interaction of the benzyl terminated substituents.
The exact nature of the higher energy MPc(0C20Bz)g species has not been
elucidated from these electrochemical measurements. Additional characterization by
spectroelectrochemical techniques is discussed below. It is clear, however, that the film
structure leads both to a positive shift in the initial oxidation potential and a stabilization
of the extensively oxidized film structure. The ability to create assemblies of colurrmarly
oriented Pes, with a high correlation length, that can be partially oxidized and remain
stable is a significant result. Further the assembly has been formed from monomeric
rather than polymeric materials. These monomeric assemblies represent an interesting
new class of molecular electronic materials.
For molecular electronic materials applications, as discussed previously, partially
oxidized films are desired. Estimation of film electroactivity was assessed from CV data
as follows. A closest packed monolayer of these cofacially stacked Pes, based on an
assumed 100 AVmolecule, is expected to generate ca. 16 |j.C/cm* per monolayer of
charge, assuming a one-electron oxidation per Pc ring. A fiilly electroactive 20
monolayer film could be expected to generate 320 |iC/ cm* of charge. Typical values of
ca. 194 fiC/cm*, over the potential range from 0.4 V to 1.2 V, for the 20 monolayer film
in Figure 3.32, indicate a film with 60% of the Pc rings electroactive. Approximately half
of this charge is passed during the first voltammetric wave. Total charge passed for a
single bilayer horizontal transfer CuPc(0C20Bz)g film in the potential range of 0.4 V to
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1.2 V, was 25 jaC/cm*. This current density corresponds to a film with 85% of the Pc
rings electroactive. These estimates of fihn electroactivity represent the upper limit of
what can be expected for these fihns. Actual determination of film electroactivity is
complicated by a number of factors. Oxidative currents are limited by rates of electron
transfer, solvent permeation, and counterion transport into the thin fihn. Capacitive
current contribution is difficult to estimate in dense electroactive organic fibns. In
addition the capacitive currents of semiconductor thin film electrodes are not well defined
and vary with potential. The background currents in this study were estimated by linear
extrapolation of the iA'^ curve, fi-om the potential region before the onset of oxidation. If
a nonlinear background current is assumed, as is recommended for several electroactive
polymeric films'*^ '"'" the faradaic charge is reduced by as much as 25%.

UL Film Permeability
Multilayer films were found to be relatively impermeable to ionic species in
solution. Figure 3.33 shows the result of voltammetric oxidation/reduction of a thin fibn
with 8 equivalent monolayers (4 bilayers) of H2Pc(0C20Bz)8 film in contact with
aqueous solutions of K4Fe(CN)6- The expected onset of oxidation for of ferro- to
ferricyanide is shifted positive relative to the potential observed for the redox couple on
an uncoated, HMDS modified, ITO working electrode. Oxidation of ferrocyanide is
delayed until the onset of phthalocyanine thin film oxidation, which in turn mediates the
oxidation of the ferrocyanide. The re-reduction of ferricyanide, is blocked by the thin
films since this process occurs where the Pc films have reverted back to an electrically
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neutral and insulating state'"^. Ferrocyanide oxidation was observed, but significantly
attenuated by a single bilayer horizontal transfer CuPcCOCjOBz), film on an HMDS
modified ITO electrode. The peak current for ferrocyanide oxidation in this case was an
order of magnitude less than that expected for an uncoated electrode. Thin film defect
sites may occur upon transfer due to the roughness of the ITO electrode surfaces. Elms
surface roughness of ca. 2 nm was determined for HMDS modified ITO substrates by
contact mode APM. The ferrocyanide studies suggest a minimum of defect sites, and or
domain boundaries, exist in these homogeneous thin films
Figure 3.34 shows the results of an additional film permeability study involving
the same H,Pc(0C20Bz)g film, but substituting hydroquinone for ferrocyanide. The
results demonstrate incomplete film passivation of the electrode, to this electroactive
aromatic probe. Onset of hydroquinone oxidation to quinone is shifted only slightly
positive of the observed oxidation in contact with a bare ITO working electrode. A
significant attenuation of the hydroquinone oxidation current is observed, however,
suggesting at least partial passivation of the electrode by the film. The expected onset
hydroquinone oxidation is approximately 0.54 V (vs. Ag/AgCl [sat KCl])'"®, and
coincides with the observed onset of oxidation for the Pc. The small shift is then still
consistent with a Pc mediated oxidation of the hydroquinone, since we would not expect
to observe a significant shift under these conditions.
It is interesting to note the significant shift to lower potential, observed for the rereduction of quinone to hydroquinone. In addition the anodic charge passed is greater
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than the cathodic charge. Preconcentrated quinone, now available for reduction at low
potentials, may have intercalated into the Pc film structure during the course of several
prior potential cycles terminated positive of the reduction. The significant shift in
potential, by approximately -0.2 V, suggests Pc mediated behavior. The reduction
behavior of these MPc(0C20Bz)8 thin films was not investigated in this work, because of
instabilities associated with ITO substrates at low potentials. We can therefore conclude
only that the H2Pc(0C20Bz)g film passivates the reduction behavior hydroquinone redox
behavior in solution.
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Spectroelectrochemical Analysis
Spectroelectrochemical studies were undertaken to further elucidate the

electrochemical behavior of these films. Visible absorbance spectra were recorded at
timed intervals during the course of cyclic voltammetric scans, or as a fxmction of
potential step. Figiu-e 3.35 shows the results of a study for a 10 monolayer vertically
deposited CuPc(0C20Bz)8 film. Horizontally deposited bilayer, and monolayer films
exhibited similar spectral changes. Shown in Figure 3.35b, are the difference spectra
generated by subtracting the initial spectrum from all other spectra. Spectral changes
observed for the first oxidation process, are distinct from those of the second. Spectral
overlap of the absorbance of aggregated Pes with that of monomeric Pes complicates
interpretation of the data. The reduced absorbance at

625 nm, observed for the first

oxidation process, indicates that film oxidation has decreased the amount of neutral
aggregated Pc within the fihn. Additional absorbance changes with

near 677 nm,

typical of the second oxidation process, suggest loss of isolated phthalocyanine rings.
Isosbestic points are seen at approximately 680 nm, and 750 nm, as well as increased
absorbance due to the generation of the cation radical productis observed at ca. 500
nm, and ca. 825 nm.
A detailed analysis of data taken from spectra collected at 15 second intervals
during a CV scan reveals the following. Absorbance at

625 nm for the aggregated

form changes at a constant rate from the onset of oxidation near 0.45 V, until ca. 0.7 V,
near the end of the first oxidation process. Beyond this potential, the absorbance at 625
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Figure 3.35 Spectroelectrochemical study of a 10 ML vertically transferred
CuPc(0C20Bz)8 film in contact with 0.1 M LiC104. Spectra were collected at 15 second
time intervals during a 5 mV/sec voltammetric scan. (B) Difference spectra calculated
fi-om the spectra shown in (A).. Negative absorbance corresponds to loss of starting
material. Positive absorbance corresponds to product formation.
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run remains constant until it begins to increase at the onset of re-reduction near 0.7 V.
Absorbance increases to near baseline by 0.45 V and remains unchanged when the
electrochemical cell is returned to open potential. Loss of absorbance at

677 nm,

begins near the onset of the first oxidation wave. The rate of change is less than that
observed at 625 nm. An increase in the rate is observed at the onset of the second
oxidation wave near 0.8 V. Absorbance at 677 nm continues to decrease until the end of
the second oxidation wave, where it remains constant until the start of re-reduction.
Absorbance changes at 677 nm that occur prior to the onset of the second oxidation wave
are thought to be due to spectral overlap of the broad band aggregate absorption with the
narrower monomer band. The fact that the rate of change at 677 nm increases
significantly at the onset of the second oxidation process suggests that oxidation of the
aggregated material during the first wave may have generated the isolated Pc species
discussed above. The observation may indicate an overall increase in "monomer like"
signal obscured by the overall loss of the broad band signal centered at 625 nm.
Spectroelectrcchemical absorbance changes suggest less electroactive material in
these thin films than is typically determined firom voltammetric data. The change in
optical density of-0.04 absorbance units shown in Figure 3.35 at 625 nm, corresponds to
approximately 4 equivalent monolayers of oxidized phthalocyanine in a 10 monolayer
film, based on the assumed value of 0.01 au/monolayer. This estimate of approximately
40% electroactive material represents a lower limit of actual film electroactivity, and is
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constrained by the estimate of absorbance per monolayer and by spectral overlap in the
regions of interest.
V.

Supporting Electrolyte Interaction
Film-electrolyte interactions are highly dependent on the choice of supporting

electrolyte. Such behavior has been reported previously for unsubstituted vapor
deposited MgPc, ZnPc and CuPc films'*""^". Cu(0C20Bz)g and H2(0C20Bz)8 films
cycled voltammetrically in contact with C104' and BF4' solutions, were stable to repeated
cycling over periods of several hours with no indication of decomposition. The general
form of voltammograms for films in contact with these electrolytes is as discussed above
for films in contact with aqueous LiC104 and shown in Figure 3.32. No significant
difference was observed for Na, KL, and Li salts of these anions. Films studied in contact
with Na and Li tetrafluoroborate solutions produced cyclic voltammograms of similar
form (Figure 3.36).
Films cycled in contact with O.IM potassium hydrogen phthalate (KHP) solutions
were not stable to repeated cycling, and dramatic film break-in effects were observed for
initial voltammetric scans in contact with KHP (Figure 3.37).. Anodic current for the
second oxidative process is substantially larger in the first voltammetric scan, and as
much as two thirds of the total charge passed is accounted for in this voltammetric wave.
Continued cycling often resulted in transformation of the two process voltammetric wave
form, to a single process in the potential region of the first oxidation. Lowered current
densities, and eventual disappearance of the second oxidation process was often observed.
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Visual inspection of the films, cycled in contact with KHP, upon removal from the
electrochemical cell revealed significant film decomposition. Films are stable when
cycled in contact with KHP if the voltammetric sweep is reversed prior to the onset of the
second oxidation process. Subsequent scans to higher positive potential result in film
degradation and the break-in effects discussed above. Break-in effects are significantly
reduced with films in contact with the CIO4', and BF4 ions. The wave form and intensity
is conserved, even with extensive repetitive cycling, after small break-in effects observed
during the first few voltammetric scans.
Films were also studied in contact with KBr, KCl, and KI (Figiure 3.38). Oxidation of
these electrolytes dominates the electrochemical behavior for the films. As seen in Figure
3.38 positive shifts in the oxidation onset potentials were observed. A preliminary effort
to investigate the effect of annealing on electrochemical behavior of these films, indicated
that armealed films were more difficult to oxidize (Figure 3.39).
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Figure 3.36 Supporting electrolyte study. Cyclic voltammograms of a 4 bilayer

CuPc(0C20Bz)8 film on HMDS ITO. Voltammograms demonstrate the similarity of
film response to potential while in contact with perchlorate and tetrafluoroborate
electrolytes. Sweep D shows attenuated response in LiC104 after repeated cycling in
contact with alkyl halide supporting electrolytes.
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Figure 3.38 Supporting Electrolyte Study. Cyclic voltammograms of a 4 bilayer
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159

30
Supporting electrolyte 0.1 M LiCIO
20-

pre annealing '
-20-

post annealing
Supporting electrolyte 0.1 M LiBF

-10

pre annealing
post annealing

-20

1200

1000

800

600

400

200

0

Potential (mV)
Figure 3.39 Annealing Study: Cyclic Voltammograms of 4 bilayer CuPc(0C20Bz)g
films before and after 48 hours of oven annealing at ca. 100°C. (A) CV scans with 0.1 M
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VI. Chapter Summary
The benzyl-terminated octa-substituted phthalocyanines discussed here represent
an interesting variation on electrochemically active phthalocyanine thin films. A
sixrprising degree of order and stifBiess in these thin films, as aligned on the LB trough,
and as transferred by the horizontal dipping method, leads to a strongly dichroic material.
These phthalocyarxines sustain their mechanical properties even as a single bilayer thin
film. X-ray scattering analysis of LB films of this material suggests that the Pc rings are
close packed highly ordered materials with a coherence length on the order of the total
film thickness even for thick multilayer films. Modeling of these Pc assemblies, with the
substituent chains fully extended, predicts an intercolumnar spacing on the order of 34 A.
Chemical intuition tells us that partially contracted substituent arms are a more
reasonable expectation for the columnar assemblies. A crude geometrically derived
estimate of column width, from the modeling reported by Osbum for short columnar Pc
stacks, predicts approximately. 31 A

Comparing this value with the experimentally

determined columnar spacing of ca. 28 A, suggests some angular orientation of the Pc
macrocycle with respect to the column axis, and/or some degree of interdigitation of the
substituent chains. Certainly close intercolumnar contact favored by the opportunity for
It-facial

arene-arene interaction must occur. The work presented here has argued that the

arene-arene intra- and intercolumnar interaction of the benzyl terminated substituent
chains provide a stabilizing influence on these assemblies such that their properties are
comparable to those of, columnarly polymerized Pc materials.
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The accumulation of these interactions, over several Pc columnar units, helps to
explain both the tendency to form stable bilayers and fibers, and the resultant mechanical,
and electrochemical properties of these thin fihns. It is especially interesting to note the
differences in packing behavior for films transferred by the traditional vertical dipping
method, versus those transferred by the horizontal dipping approach. The former method
appears to disrupt the order within the thin Langmuir film. This work has provided
strong evidence that the horizontal transfer protocol provides an avenue for the retention
of the highly ordered Langmuir Pc film assemblies.
The onset of oxidation for these materials, appears to be governed in part by the
degree of aggregation of the Pc rings. It is still more positive by ca. 100 millivolts than
the onset for the oxidation of the cofacially polymerized silicon phthalocyanines (PcPS),
where the degree of ordering is substantially greater than in these linear Pc aggregates
Despite differences in spectroscopic behavior, arising fi-om the two different transfer
methods utilized for our materials, there is little difference in the electrochemical, and
spectroelectrochemical properties, suggesting that the voltammetric oxidation of these
thin fihns is probing a smaller coherence length than is the absorbance spectroscopy
anisotropy. In addition, our spectroscopic characterization of these oxidation processes
suggests that the initial oxidation of the aggregate, and the corresponding insertion of
counter ions into the thin film, illustrated in Figure 3.x, is a reversible process that does
not elicit permanent disruption of aggregate structure, or loss of material.
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Cofacial columnar aggregation of the macrocycles in liquid crystalline Pes is well
known

but to our knowledge, previously reported materials have not been sufficiently

stable to allow for mechanical on-trough patterning. The interaction of the terminal
benzyl functionality in concert with the well known interaction of the Pc macrocycles
produces the extraordinary stability in the x, y plane of these thin films. It should be
noted that preliminary studies on the LB behavior of para-methoxy substitution on these
terminal benzyl groups, have indicated a loss of long range order and stability of the
films, emphasizing the importance of the interactions of the these groups in
H2Pc(0C20Bz)g and CuPc(0C20Bz)g.
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CHAPTER 4: TRIETHYLENE OXIDE SUBSTITUTED
PHTHALOCYANINES
There is significant interest in the preparation and properties of polyethy.'eneoxide
(PEO) substituted phthalocyanines. As discussed previously Pes modified with
substituent chains containing multiple ethylene oxide units have been reported by a
number of researchers

Pc structural modifications utilizing PEO have included

straight chained, branched, and cyclic (crown ether like) substituent designs
Polyethylene oxide stubstituents have been shown to dramatically increase the solubility
of Pes in polar solvents. Water soluble Pes have been prepared by substituting the
macrocycle with highly branched PEO chains'^'. Pc materials with enhanced solubility
are of interest in applications ranging from molecular electronic materials, and chemical
sensing to photodynamic cancer therapy
PEO substituted Pes have been proposed as having potential for the promotion of
ionic conductivity in Pc assemblies. PEO is known to dissolve alkali salts and exhibits
fairly large ionic conductivities (ca. 5.6 x 10"^ S cm"') at temperatures above its glass
transition temperature

Phthalocyanines with methyl terminated PEO substituents form

hexagonal coliminar mesophases similar to those found for alkyl and alkoxy substituted
Pes ^ In these materials the PEO substituent chains, should be liquid like at temperatures
consistent with a LC mesophase. Ionic conductivity comparable to that found for pure
PEO phases may be attainable in appropriately designed PEOPc materials. Ion transport
in these assemblies could enhance electron-hole transport in the columnar Pc stacks by
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stabilization of charge carriers as they hop from ring to ring along the direction of the
column axis.
Pes modified with cyclic PEO substituents, analogous to crown ether materials,
have been proposed as candidate materials for the formation of ion channels'", and
molecular wires

Nolte and coworkers have shown that the Pc, depicted in Figure 1.5,

will form isolated columnar structures with molecular diameters and lengths of several
micrometers

They report the expectation that the cable like structiu-es should support

both electronic and ionic conduction along the axis of the molecular wire. Formation of
the columnar structures was observed as a self assembly process from solution. The
existence of these stmctures are direct evidence that moleculzir electronic devices, as
discussed in Chapter 1, may be accessible via self assembled materials.
The fabrication of LB fihns from silicon and metal free versions of the cable
forming Pc (MPc(18-crown-6,Bz(OC,0)2)4) was investigated by Nolte and co-workers.
The metal silicon centered material was reported to fomi slip stacked LB films with
significant variation in vertical transfer efficiency. Emmersion of a substrate produced a
transfer ratio near one, while immersion generally occurred with poor transfer efficiency.
The slip stack structure observed for this material, is consistent with that observed for
silicon centered native Pc monomers with axial substituentsIn the case of SiPc(18crown-6,Bz(OC,0)2)4 coordination of hydroxyl groups at the metal center precludes
columnar cofacial stacking. The inconsistent transfer ratio indicates poorly ordered
resultant films, however, Nolte and co-workers have not reported a detailed evaluation of
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film structure and order for these materials. Slip stack Pc aggregate structiu-es would not
produce the orbital overlap and correlation of crown ether groups required for the
enhancement of electronic and ionic conductive properties. The Nolte group reported
poor LB film behavior for the metal firee version, H2Pc(18-crown-6,67(00,0)2)4- They
were unable to transfer fihns of this material.

I. Benzyl Termination of Triethylene Oxide Pthalocyanine Substituent Chains
We have shown that benzyl termination of ethylene oxide side chains, in an
octasubstituted phthedocyanine, imparts a degree of processability, solution aggregation,
and thin fihn structure not previously reported for Pes with PEG side chains, or even
those with crown ether substituents

The discussion in previous chapters suggested the

terminal benzyl functionality of the ((2-benzyloxy)ethoxy) substituted phthalocyanines is
central to extraordinary properties of these materials. We endeavored to explore the
influence of benzyl terminated triethyleneoxide substituent chains. 2,3,9,10,16,17,23,24Octakis-((6-benzyloxy)triethoxy) phthalocyaninato copper (CuPc(0(C20)3Bz)8) and
2,3,9,10,16,17,23,24-Octakis-((6-benzyloxy)triethoxy) phthalocyaninato dihydrogen
(H,Pc(0(C20)3Bz)8), were synthesized as described in Chapter 6. The characterization of
the thin fihn behavior and properties of these materials is presented here. In addition the
characterization of two additional substituted Pes are described. Langmuir and cast films
of 2,3,9,10,16,17,23,24-octakis-((6-methyloxy)triethoxy)phthalocyaninato copper,
(CuPc(0(C20)3C)g), the methyl terminated analogue of CuPc(0(C20)jBz)g were prepared,
and characterized. Films of a tetra substituted copper Pc with crown ether like
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substitution was also evaluated. CuPc(0(C20)3C)8 and CuPc(1S-crown-S)^ were
prepared and provided by Nagoi KobayashiThe structure of the materials discussed in
this chapter are shown schematically in Figure 4.1
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II. Cast Films
Cast films of the materials discussed above were prepared by slow evaporation of
the materials firom chloroform solutions. Spectra collected during the dry down period of
this casting process provide information on the supramolecular structures that result from
the self assembly of these materials. Figures 4.2a -4.2d show spectra collected during the
dry down of CuPc(0(C20)3Bz)g, and for comparison the previously discussed

CuPc(0C2OBz)8. Spectra collected during casting of the metal free versions of these
materials, H2Pc(0(C20)3Bz)8 and H2Pc(0C20Bz)8, are also shown in Figure 4.2. Spectra
of the resultant thin films, shown in Figure 4.3 reveal subtle but distinct differences for
each of the materials. In these spectra the overall peak intensity is a fimction of film
thickness and was difficult to control in the simple experiments. The line shape of these
Q-band spectra reveal, however, that cast films of CuPc(0C20Bz)8 exhibit the highest
degree of aggregation. As can be seen in the Figure 4.3 spectra, the CuPc(0C20Bz)g
material peak absorbance is shifted slightly to shorter wavelength relative to the other
materials. For both CuPc(0C20Bz)8, and H2Pc(0C20Bz)g, the relative intensity of the
peak near 620 nm vs. the shoulder near 670 nm, is greater than in the case of the materials
with the longer triethylene oxide substituent linkage. The effect appears to be more
pronounced for the copper centered material. The Q-band maxima of CuPc(0(C20)3Bz)8,
and H2Pc(0(C20)3Bz)g are centered at approximately 630 nm, indicating reduced
coherence length for the cofacial molecular aggregates relative to the short-chained
analogues. Of principal interest here is the fact that though the increased length of the
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substituent chain appears to reduce the coherence length of the assemblies the cofacial
stacking motif is conserved. Langmuir, and Langmuir-Blodgett film behavior, as well as
the electrochemical behavior of thin films formed fi-om these longer chained materials, as
discussed below, is significantly different than the benzyloxyethoxy Pc materials
discussed earlier.
Analogous spectral evaluation of CuPc(0(C20)3Me), and CuPc(15-crown-5)4
films formed by casting chloroform solutions is shown in Figure 4.4. The spectra
indicate that the crown ether substimted material is more aggregated in solution than
CuPc(0(C20)3Me)8. Solution spectra of CuPc( 15-crown-5)4 indicates the material exists
primarily as cofacial dimeric or small oligomers even in dilute solution (ca. 10'^ M) while
CuPc(0(C20)3Me)g appears to be essentially monomeric at comparable concentrations. It
is interesting to note however that thin films of the 15-crown-5 material exhibit reduced
coherence length in the stacked assemblies relative to the Pc with methyl terminated
triethylene oxide chains. The Q-band spectral line shape for CuPc(0(C20)3Me)g, is in
fact, quite similar to that found for thin cast films of CuPc(0C20Bz)8, while that of
CuPc(15-crown-5)4 is less blue shifted from the monomeric absorbance, and lacks the
shoulder on the red side of the band found for the other materials.
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III. Langmuir and Langmuir Blodgett Films
L MPC(0(C20)jBZ)S
The LB behavior of the CuPc(0(C20)3Bz)g is markedly different than that of
CuPc(0C20Bz)8. Figure 4.5 shows a typical pressure area isotherm as well as on trough
spectra for CuPc(0(C20)3Bz)8. Q-band spectra collected on the trough immediately after
solvent dispersal, and at regular intervals prior to compression, are blue shifted
approximately 30 nm from the monomer maximum at 677 nm. Some degree of
aggregation on the subphase is indicated, but the large aggregate islands found for
CuPc(0C20Bz)g were not observed. Absorbance intensity generally decreased slightly
during the first several minutes after dispersal on the trough. Subsequent spectra
exhibited a constant absorbance intensity. At no time was an absence of Pc indicated. As
seen in the figiu-e a rise in surface pressure is observed at an area corresponding to greater
than 300 AVmolecule. Given the spectral evidence, coupled with the large surface area at
the onset of pressure change, an aggregated film structure with molecular orientation
coplanar with the subphase surface is proposed. A highly stylized representation of a
possible film structure is presented in Figure 4.6.
Figure 4.7 shows compression and expansion study data for CuPc(0(C20)3Bz)g
films on the LB trough. The isotherm hyteresis clearly indicates only a partial relaxation
of the film structure to the pre-compressed condition on the trough. Subsequent
compression and expansion of the film confirms irreversible changes in the fihn structure
resulting from the initial compression. The sharp collapse feature seen at approximately
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Figure 4.5 (A) Langmuir film studies of a CuPc(0(C20)3Bz)8 film. 400|j.L of a 0.15
mM CHClj solution compressed at ca. 65 cmVmin. (A) On trough spectroscopy. Lower
spectrum is precompression, upper spectrum is at full compression. (B) Typical
pressure/area isotherm.
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ca. 34

A
ca. 49 A

Figure 4.6 A schematic representation of a possible Cu(0(C20)3Bz)8 orientation on the
siuface of a water subphase. Interaction of the PEO oxygens with the subphase surface
would favor a face on orientation. Cofacial stacking is indicated by the blue shifted on
trough spectra. The expected surface area per molecule based on the crude estimates of
34 A to 49 A would give a molecular surface area between 1000 A^ and 2400 A". In
practice an increase in surface pressure is noted at near 300 A".
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Figure 4.7 CuPc(0(C20)3Bz)g Langmuir film compression - expansion study. 400 |^L of
a 0.14 mM CHClj solution dispersed on the subphase. Compression and expansion
cycles were obtained with a compression barrier speed of 0.65 cmVmin. A limiting area
of ca. 180 AVmolecule was extrapolated from the steepest part of the initial compression
curve near the collapse point.
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115 AVmolecule on the initial compression curve may be indicative of Pc aggregate
reorientation on the subphase surface. The molecular area of approximately 175
AVmolecule, extrapolated from the steep region of the isotherm just prior to the collapse
feature, suggests a transition from a face on, to edge on orientation with significant
canting of the macrocycle plane to the subphase surface. Subsequent recompression
isotherms do not exhibit the collapse feature indicating aggregate formation at this
pressure produces a film assembly that does not dissociate with subsequent reduction in
pressure.
Efforts to transfer CuPc(0(C20)3Bz)g films by horizontal and vertical transfer
protocols were unsatisfactory. At no point was a stable phase during a compression cycle
obtained. Even at the steepest region of the isotherm a steady drop in surface area
occurred when the maintenance of a target pressure was attempted. It was possible to
transfer material substrates during these efforts, however the films had a mottled inhomogeneous appearance. This transfer behavior is consistent with the poorly defined
behavior of the film on the subphase surface. Electrochemical characterization of these
films is discussed below. The quantity of H2Pc(0(C20)3Bz)8 prepared in this work was
insufficient for a carefiil study of its LB behavior, however preliminary results indicated
behavior similar to that of CuPc(0(C,0)3Bz)8.
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it CuPc(0(Cfi)jMe)^
On trough spectra and compression-expansion-recompression isotherms for a
CuPc(0(C20)3Me)8 Langmuir film study are presented in Figure 4.8. A comparison of
the isotherm and spectral features seen for this material, and that of the
uPc(0(C20)3Bz)8 material discussed above, reveals significant differences in the

C

behavior of the two materials. The sharp collapse feature of the CuPc(0(C20)3Bz)8
isotherm is not observed for CuPc(0(C20)3Me)g. Film hysteresis with re-expansion is
quite pronounced and the fihn does not relax to a pre-compression state even with
extended rest periods on the trough between subsequent recompression events. On
trough spectra indicate a broad absorbance band centered about 650 nm for fihns prior to
compression. No evidence of discrete islands on the subphase surface prior to
compression was observed. Spectra of the fully compressed film show two poorly
resolved absorbance maxima near 625 nm and 670 nm, indicating that both cofacially
aggregates and small amount of monomeric material may be coexisting on the trough
even with full compression. Attempts to maintain steady pressure area control in the
steep region of the compression isotherm were not successful. No effort to transfer films
of CuPc(0(C20)3Me)8 was undertaken.
The behavior of CuPc(0(C20)3Me)g, both on the trough and in solution and cast
film spectral analysis, suggests that replacement of the benzyl group at the terminus of
the triethylene oxide chain with a methyl group decreased the aggregation tendencies of
the material. The Q-band width, at similar concentrations of CuPc(0(C20)3Bz)g, and
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CuPc(0(C20)3Me)g, is significantly reduced in the former case. The sharp pressure area
isotherm feature, indicative of an undefined film collapse, observed upon compression of
the benzyl terminated material, was not observed in studies of CuPc(0(C20)3Me)g. This
result is additional evidence to support the hypothesized importance of arene-arene
interaction, in the stabilization of the benzyl terminated LB assemblies of the short chain
substituted phthalocyanine materials CuPcCOCiOBz)^ and H2Pc(0C20Bz)8.
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Figure 4.8 CuPc(0(C20)3Me)8 Langmuir film study — 150 pL of a 0.45 mM choroform
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UL CuPc(15-crown-5)^
Pressure/area isotherm and on-trough spectroscopic studies were also undertaken
for the phthalocyanine CuPc(15-crown-5)4. In contrast to the triethylene oxide
substituted Pes discussed above this material, dispersed and compressed on a water
subphase, produced a well defined isotherm. A steep rise in pressure was observed at a
trough area of approximately 80 AVmolecule. The transition may indicate an on edge
close packed orientation of this material on the subphase surface. An alternative
orientation could involve small cofacial columnar aggregates with the column axis
normal to the subphase surface. Pressure control with minimal loss of area could be
maintained at this transition. The expansion isotherm for films compressed beyond this
stable transition exhibited significant hysteresis, however, if the expanded film were
allowed to stand on the trough for a brief period prior to recompression partial relaxation
to the precompressed state was observed. Film isotherms and associated on trough
spectra, shown in Figures 4.9 and 4.10, indicate the film structure is not a simple on edge
orientation cofacial aggregate as could be inferred by the isotherm limiting area of 80
AVmolecuIe alone. The on trough spectra exhibit features which may correspond to more
than one type of aggregation even in the compressed fibn structure. Q-band absorbance
maxima can be seen in Figm"e 9 at 638 nm and 797 nm. The lower energy peak may
indicate domains with the film with slip stacked cofacial orientation, while the higher
energy peak is more typical of columnar cofacial stacking as described above.
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The steep and stable phase transition observed in isotherm studies of CuPc(15crown-5)4 suggested good potential for efficient transfer of this material to substrates.
Vertical transfer efforts did not produce films homogeneous by visual inspection.
Significant increases in trough surface area were often observed during the downstroke of
vertical dipping cycle, indicating a repulsive interaction between the substrate and the
Langmuir fihn.

Vertical transfers to hydrophilic and hydrophobic substrates were

attempted with comparable results. Horizontal transfer of CuPc(15-crown-5)4 films

to

hydrophobic substrates produced films that were reasonably uniform by visual inspection.
Film transfer efficiency as indicated by measured transfer ratios was, however, quite
variable. Transfer ratios varied firom 0.7 to values as high as 1.5, indicating fihn rigidity
and poor response of the film balance. Visible disruption of the film surface was evident
for horizontal transfer efforts, as in the case of CuPc(0C20Bz)g and H2(0C20Bz)g films,
indicating that the CuPc(15-crown-5)4 are indeed quite rigid at this transition. The fihn
disturbance in this case, however, did not produce the well defined void pattern observed
for the benzyloxyethoxy substituted materials. In addition the horizontal fihn transfers
resulted in significant reordering of the Langmuir film structure as indicated by
substantial reductions in trough surface area with each dip cycle. Relocation of the
substrate over undisturbed regions of the fihn, or use of the LB fihn stabilization baffle,
discussed in Chapters 2 and 3, may facilitate the fabrication of well ordered fihns of this
material. This work did not pursue optimization of film transfer techniques for CuPc(15-
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crown-5)4. Mulitilayer films were prepared by simple horizontal transfer with relocation
of the substrate over undisturbed regions of the film with each subsequent dip.
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Figure 4.9 CuPc(15-crown-5)4 Langmuir film behavior. (A) On trough spectra recorded
prior to and during film compression. Full compression spectrum recorded at ca. 22
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IV. Electrochemistry and Spectroelectrochemistry

L CuPc(0(C20)381)1 and CuPc(0(C20)}Me)g
Electrochemical characterization of thin fibns prepared from the PEO materials
discussed above was addressed via cyclic voltammetry in contact with aqueous
electrolyte solutions. Only a preliminary characterization of CuPc(0(C20)3Bz)g was
completed because transfer attempts produced only poorly defined fihns that were
heterogeneous by visual inspection. Cyclic voltammograms of CuPc(0(C20)3Bz)8 films,
prepared by 4 horizontal transfers of fully compressed fihns, are presented in Figure 4.11.
The onset of oxidation for the Pc, in contact with 0.1 M solutions of LiC104 and NaBF4,
occurs at approximately + 0.5 V vs. Ag/AgCl (sat. KCl). This potential is approximately
0.1 V higher in energy than that observed for films of CuPc(0C20Bz)8 and

c(0C20Bz)8.

H,P

s discussed previously, the charge delocalization accessible in well

A

ordered columnarly stacked Pc materials, reduces the potential required for oxidation. At
0.5 V, the onset of oxidation of CuPc(0(C20)3Bz)g suggests that aggregation in the films
of this material is not as well developed as that of the Cu and

benzyloxyethoxy

analogues discussed previously. The oxidation of CuPc(0(C20)3Bz)8 does, however,
occur at a potential at least 0.4 V negative of that expected for monomeric Pc. This is an
indication that the film structure is comprised of at least dimers and other small
oligomers. The irreversibility of this oxidation suggests though, that the Pc aggregates in
films of CuPc(0(C20)3Bz)g are insufficiently structured to prevent dissolution of the
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cation radical product. This result is expected if we consider the behavior of this material
on the LB trough, as discussed above. The on trough behavior of CuPc(0(C20)3Me)8
indicates that even less film structure could be expected for this material. Fihns of
CuPc(0(Ci0)3Me)g were not prepared.

it CuPc(lS-crown-5)^
The electrochemical behavior of CuPc(15-crown-5)4 directly reflects the LB film
behavior observed in the isotherms and film preparation studies of this material. It is
clear from the isotherms, on-trough spectral data, and the ease of transfer that films of the
material are much more structured than the benzyl and methyl terminated TEG materials.
While this is clear, the structural nature of CuPc(15-crown-5)4 films, based on an
evaluation of the on trough spectral information, appears to consist of more than one type
of aggregate . Cyclic voltammetry of CuPc(15-crown-5)4 thin films in contact with 0.1 M
LiC104, as shown in Figture 4.12, confirms the multiple species interpretation of LB film
structure. The initial votammetric scan of films prepared from CuPc(15-crown-5)4
indicate at least three discrete electrochemical domains. The onset of oxidation for the
first species is at approximately 0. IV. Subsequent oxidation processes are centered at
approximately 0.4 V and 0.8 V. The later two processes correspond well with the
oxidation processes observed for CuPc(0C20Bz)8 and H2(0C20Bz)g films. Of interest
here is that with repeated potential cycling a single electrochemical domain develops.
This type of behavior was also occasionally observed for very thin films (1 bilayer and
less) of CuPc(OC,OBz)g and H,(0C20Bz)8.
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A significant portion of the material oxidized in the initial scan is not reduced on
the return potential sweep, and the oxidation observed after several voltammetric cycles
stabilizes as one quasi-reversible process centered about 0.35 V. Spectroelectrochemical
scans confirm that a significant irreversible loss of Pc occurs during the first few potential
cycles, but that the film becomes reasonably stable with repeated cycling. A loss of as
much as 33% of the optical density occurred with the initial cycling of CuPc(15-crown5)4 films on HMDS ITO. A typical series of spectra recorded during the initial potential
sweep cycle of a 5 layer film horizontally transferred to HMDS modified ITO is shown in
Figure 4.13. It is not clear if the splitting observed in the Pc cation radical absorbance
band region, normally centered about 525 nm, is real or an artifact associated with surface
charging of the substrate. It is possible that two discrete cation species may be forming at
the higher potentials, however, spectral changes in this region thought to be related to
surface charging of the substrate have been observed in some studies involving bare ITO
The difference spectra associated with the second scan of a similar CuPc(15-crown-5)4
fihn is shown in Figure 4.14.
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V. PEO Materials Discussion
The characterization of the PEO Pc derivatives described here provides an
expanded library of Pc molecular materials properties, and provides a basis for direct
comparison to the MPc(0C20Bz)8 materials discussed in the previous chapter. The very
different film forming behavior of these PEO-Pcs illustrates how small changes in the
substituent design of peripherally substituted Pes dramatically effect materials properties.
The increase in substituent chain length from one to three ethylene oxide units produces a
material where the stabilizing influence of the terminal benzyl groups is diluted by the
more liquid like substituent linkage. We expect that the benzyl group arene-arene
interactions still influence the aggregation behavior of the materials, but the nature of
these interactions is not easily accessible because of the poor film forming characteristics.
The investigation of the crown ether material stimulates thought with regard to
modification of the substituent design. The unsubstituted crown material investigated
here, while not well behaved, did exhibit interesting film forming properties and
Langmuir behavior. In addition the electrochemical behavior of the CuPc(15-crown-5)4
materials, subsequent to the initial film break in effects, is quite well behaved. This result
argues for continued investigation of this material, and derivatives of this material. The
elegant work of Nolte and co-workers involving the molecular width column forming
crown ether Pes is additional encouragement for fiorther exploration of crown ether like
Pc derivatives.
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CHAPTER 5: CuPc(0C20Bz)o AND H2Pc(0C20Bz)8 LB FILM
CONDUCTIVITY

I. Introductory Comments
The conducting behavior of metallo and metal-free phthalocyanines (MPc) is of
great interest to researchers in the field of molecular electronics

Phthalocyanine

charge transport properties are strongly dependent on the orientation of the Pc
macrocycles in an assembly and the coherence of the assemblies in a thin film or material
The formation of Pc thin film materials with extended cofacial columnar assemblies
is a specific design objective

A great deal of work has concentrated on covalent

bonding strategies to lock the Pc into the desired colunmar assembly. Thin films
prepared from phthalocyanine-polysiloxane (PcPS) materials were recently reported'" to
exhibit conductivities between 10 ' and 10'® S/cm. This represents a significant increase
in conductivity for the columnar assemblies relative to that measured for undoped native
Pes (ca. 10" S/cm)

As discussed in Chapter I, oxidative doping of these films could

be expected to result in increased in conductivity
The highly ordered CuPc(0C,0Bz

)8

and H,Pc(0C20Bz films prepared by
)8

horizontal transfer of bilayer Langmuir films, were expected to exhibit enhanced
conductivity. In addition we proposed that the highly anisotropic orientation of the
columnar Pc aggregates would generate anisotropic conductivity behavior. We
hypothesized that conductivity along the column axis in these thin films would be greater
than that orthogonal to the column axis. This anisotropic conductivity has been recently
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demonstrated in the case of the PcPS materials discussed above

For these fihns

conductivity along the column axis was found to be from 2 to 13 times greater than
across the coliunn axis. In the present work, measurements of MPc(0C20Bz)g thin film
conductivity were undertaken to validate our expectations. Films were deposited on 15
(im spacing, 50 finger pair, Au on glass, interdigitated microelectrodes (IME)s. Films
with column axis orientation parallel, and perpendicular to the IME electrode fingers
were prepared. Conductivity estimates based on current response to applied potential
confirmed the hypothesized anisotropy. In addition we observed a significant difference
between light and dark conductivity, and a marked increase in conductivity with
electrochemical doping.
We have shown that MPc(0C20Bz)g LB fihns, as prepared in this work, exhibit
semiconducting behavior. Measured values of dark conductivity for undoped films, were
between 10® to 10'^ S cm '. The conductivity of electrochemically doped MPc(0C20Bz)g
films exhibited conductivity as high as 10"^ S cm '. As discussed in below this estimate of
conductivity is constrained by experimental parameters and as such we believe represent
a low estimate of the true conductivity of these films.
The specific conductivities (CTJ) discussed here are normalized for film thickness
and are independent of device geometry and film thickness "

For in plane surface

conductivity measurements^^ utilizing IMEs, CT, is calculated from the following equation.
crs= L/(RA)

eq. 5.1
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The length of the sample, L, is the electrode spacing in cm. R is the measured resistance
of the device, equal to V/i in ohmic regions, and A is the cross sectional area of the
microcircuit. The cross sectional area is approximated by the total perimeter of one half
of the device, multiplied by the film depth. For the thin films on IMEs the specific
conductivity is then given by

= / • L/(VPi/)

eq. 5.2

The values calculated using this relationship, are predicated on the assumption that,
current flows through all of the film layers equally. The validity of this assumption
requires intimate electrode-film contact for each layer in the film. As discussed below
the device geometry of the IMEs available for the course of this study were not ideal, and
it is reasonable to expect that our measurements indicate film conductivity that is
significantly lower than the true conductivity.

II. Experimental
Initial experiments were attempted on 50 finger pair, Au on ST-quartz, IMEs
(model SAW-302) provided by the Microsensor Systems Inc. (Bowling Green, KY). The
surface geometry of these IMEs was evaluated using contact mode AMF. A
characteristic image and profile section analysis is shown in Figure 5.1. As seen in this
image the Au fingers were fairly rough with prominent edge serration features. Average
finger spacing was 18 jam, with finger width of approximately 11 |im. Electrode finger
height was determined to be approximately 3300 A firom the Au surface to the finger
trough bottom. This depth was variable fi"om substrate to substrate, but consistent on a
given device. This topography was significantly greater than the expected 1000 A finger
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5.1 (A) Microsensor IME #5, unmodified device, contact AFM
Line trace on image corresponds to the surface profile shown to the right of the image.
(B) Microsensor IME #7 after several cycles of film deposition, testing, and cleaning.
Contact AFM image.
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profile. AFM, and XPS measurements after removal of the gold from the device surface,
by acid etching in concentrated HClrHNOj 1:1, indicate that all but approximately 200 A
of this topography was due to the Au, and the Ti, and W adhesion layer metals. The
residual topographic features, shown in Figure 5.2 were determined to contain no trace of
Au, or adhesion layer metals, suggesting that the features were non conductive. It was
hypothesized that these features may be residues from the mask materials used in device
manufacturing but no further characterization was undertaken. The background current
for unmodified Mircosensor devices exhibited slight deviation from linearity, with near
zero slope for potentials between 0 and ± 10 V. Typical currents of approximately 5 to
10 picoamperes were measured, corresponding to device resistance of ca. 10' Q.
Films were transferred immediately following IME cleaning. The EMEs were
cleaned by sonication in CHClj (ca. 1 min), followed by plasma cleaning in air (ca. 1
min). Multiple bilayer films were prepared using the protocols for horizontal transfer
discussed previously. Initial films were prepared with colunm axis orientation parallel to
and perpendicular to, the IME fingers in separate deposition cycles. Subsequent
preparation of orthogonally oriented films was done with pairs of IMEs mounted for
transfer simultaneously. Visual inspection of the device surface, and of the subphase
surface following film deposition suggested high transfer efficiency.
Additional measurements were undertaken using 15 |im spacing, 50 finger pair,
Au on glass, IMEs, manufactured by AAI-ABTECH (Yardley, PA). As can be seen from
the contact mode AFM images shown in Figure 5.3a, these devices have a much cleaner
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profile than the previously described Microsensor devices. The ABTECH devices had
finger height profiles that varied fi-om 2500 A to 3000

A.

In a manner similar to that

described previously, the profile appeared to be, in large part, due to over-etched features
in the glass substrate rather than metallic features. The Au layer was easily removed,
however, the Ti and W adhesion layer metals, and metal oxides were plainly evident, as
shown by XPS spectral analysis of an acid etched device. Contact APM measurements of
an acid etched ABTECH IME (Figure 5.3b) revealed residual non metallic substrate
features on the order of 1000 A. Unmodified ABTECH IME device resistance was
measured to be on the order of 3 x 10' Q and exhibited a linear low noise near zero slope
current/potential response.
The cleaning protocol used for ABTECH IMEs was modified firom that used in
the case of Microsensor devices, to reduce the possibility of device damage. Simple
solvent washing, with chci3, was employed as a means of cleaning the new ABTECH
devices prior to use. ABTECH IMEs were prepared for re-use by heating to near reflux
temperatures in spectroscopic grade chci3 (Aldrich). Pc fihns were removed first by
rinsing with chci3, followed by heating the EMEs in chci3 at ca. 60 °C for 15 to 20
minutes. Residual solvent was removed from the cleaned IMEs in a room temperature
vacuum chamber for 10 minutes immediately prior to film deposition. Late in the study
several films were prepared on ABTECH IMEs that had been modified to increase the
hydrophobicity of the device surface. After cleaning these devices were heated at ca. 60
"C in a 5:1 mixture of chci3 and hexamethyldisilazane (HMDS) for approximately 20

203
minutes prior to use. Qualitative evaluation of contact angles for solvent cleaned and
HMDS treated devices, indicated a small increase in angle with the HMDS treatment.
Contact angles for solvent cleaned devices were observed to be in the range of 70° to 80°.
Contact angles for HMDS treated IMEs were observed to be in the range of 80° to 90°.
Figure 5.4 shows the experimental apparatus and circuitry used for the
conductivity studies. Circuit potential was controlled using a using an EG«&:G Princeton
Applied Research model 362 potentiostat, or a Princeton Applied Research model 174A
polarographic analyzer. Current-voltage response was measured in vacuum, at pressures
from ca. 10"^ to 10"^ torr, at room temperature and at temperatures in the range of 20°C to
60°C. Potential was followed with a Keithley model 178 digital multimeter. Current was
monitored using a Keithley model 485 picoammeter. The analogue output of the
picoammeter was plotted vs. the analogue potential output of the potentiostat on a
Houston Instruments, Omnigraphic 2000 recorder.
Current-voltage response was measured in the dark, and with
photoexcitation provided by a 10 mW HeNe 633 nm laser. A typical measurement was
run by ramping of the potential in a linear fashion to 5 V, or 10 V, and the return to 0 V,
at a sweep rate of 100 mV/sec, similar to the protocol for cyclic voltammetry. A typical
series of these measurements included initial dark runs, followed by illuminated runs
where the laser was switched off on the return sweep in order to observe the decay of the
photoenhanced current response. Temperature dependent measurements were recorded
during cool down of the IMEs following a period of annealing at temperatures of 50°C to
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60°C. Temperatures were monitored using an Omega CN76000 based controller and a
chromel-alumel thermocouple calibrated vs. an ice water bath. Temperature of the LiN04
substrate support was maintained by resistive heating of a tantalum wire in thermal
contact with the support.

205

Recorder
Potentiostat

IRE, CE-:
Picoammeter

Voltmeter

'

WE
not used

Ground

fTump

-•

Mass
Spectrometer
and Monitor

•j
--

HeNe Laser

Figure 5.4 UHV system used in film conductivity studies.
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in. Films on IMEs: Topography
Assessment of micron scale film structure, transferred to the IMEs, utilized
scarming force microscopies, prior to, and after film deposition. CuPc(0C20Bz)8 and
H2Pc(0C20Bz)g films transferred to the EME substrates with good efficiency and appcirent
preservation of the bilayer structure, with each subsequent dip. Multilayers were built up
on the substrates with nearly perfect retention of the EME surface profile. The Pc films
apparently break at, or are cut by, the edge of the electrode fingers, and the resultant film
has a profile that conforms to the substrate structure, both on the electrode finger surface,
and on the surface between the electrode fingers. Figure5.5a shows tapping mode AFM
images of a 10 bilayer CuPc(OC20Bz)8 film on a Microsensor IME. In the center left of
the upper image, a region of the fihn that has been excavated by a brief period of 60 Hz
scanning is shown. The same data is presented in the lower image in a 3 dimensional
representation The resultant fibn damage reveals a fihn thickness of ca. 500 A on the
surface of the electrode finger. A thickness of ca. 500 A was expected for this 10 bilayer
film. On another EME a portion of a 20 bilayer film was mechanically scraped from the
surface of the substrate in an area immediately adjacent to the electrode fingers. The
film thickness profiled in this mechanically damaged region, was determined by contact
mode AFM, to be 800

A to 900 A compared to the expected film

thickness of ca. 1000

The images in Figure 5.5b, show the retention of film defect structures across the finger
edge of an ABTECH EME. The ridge-like structures in the image are typical of the
occasional folds or ridge defects found in AFM studies of films deposited on flat

A.
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substrates, such as HOPG or Silica. The APM studies of these fihns indicate that the
horizontal transfer protocol produced well ordered films that conform to the electrode
surface profile.
The calculated specific conductivity values reported in this work are based on
total film thickness. We have assumed ohmic contact for regions of the film that are in
intimate contact with the metallic component of the electrode finger profile. Since the
APM characterization of the IMEs, and films

on IMEs indicate pronounced contact

limitations for films less than ca. 1000 A, actual conductivities must be higher than the
calculated values because the device geometry precludes the possibility of ohmic contact
for the base layers of the film.

We do not, however, have a clear understanding of the

mechanisms of interlayer electronic communication. The pulsed microwave radiolysis
measurements

discussed in Chapter 1 indicate that in the case of bulk columnar liquid

crystalline Pc mesophases, charge carrier lifetimes are dependent on recombination of
charge carriers across columnar structures. Cross column electronic communication
could generate potential gradient sufficient to provide for some current contribution, even
for film lying at the non-metallic base of the IME electrode fingers troughs.
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IV. Films on IMEs: Hydration, Adsorbed Gasses and Adventitious Water
Conductivity measurements were performed in vacuum in order to ensure that
current contribution due to adventitious water, and to Pc interactions with adsorbed
gasses could be minimized. As discussed in Chapter 3, incorporation of water into the
ethylene oxide regions of the film structure is expected during film transfer. The
introduction of films into vacuum for conductivity studies provided an opportunity to
qualitatively evaluate the extent of film hydration. Observation of the chamber mass
spectra (MS) signal during conductivity studies suggested that freshly deposited films
contained significant quantities of water. Water evolution from films

introduced to

vacuiun, was monitored by following peak intensity of the water signal. When films
were first introduced into the chamber the water peak intensity was significantly greater
than levels observed during characterization of uncoated IMEs. The MS water peak
intensity took significantly longer to drop to background levels when Pc films were
present. Diminution of the water peak intensity, occurred rapidly during the first hour in
vacuum, indicating the loss of adventitious surface waters from the film.

Signal intensity

continued to decay at a slower rate thereafter. Films held at room temperature, continued
to evolve water over the course of three to seven days, depending on film thickness. The
water peak intensity eventually stabilized at a level comparable to the baseline signal.
Heating of the IME substrate results in a marked increase in the rate of water
evolution. Fihns held, or annealed, at 50°C to 60°C in vacuum, for periods of several
hours to overnight reached a steady hydration state, as observed by the MS water signal.
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within 24 of introduction to vacuum. Concurrent with the loss of water from the fihns on
the IMEs was marked decrease in conductivity. An 80% to 95% reduction in current
response at a given potential, was typical for films that had been annealed overnight in
vacuum at temperatures above 50°C.
Freshly prepared films, when introduced to the vacuum chamber, and measured
inunediately after the initiation of pump down, exhibited exaggerated hysteresis and
substantial departure from linearity in the current/potential response. When pressures on
the order of 10"^ torr were attained, hysteresis was significantly reduced or absent, and
the current response linear, or close to linear. Residual water from the LB fabrication
process, and other adventitious materials sorbed on the film surface were clearly present
and complicating the conductive behavior. This poorly behaved current response was not
observed when films, maintained in vacuum for a period of hours or days, and cycled
through multiple potential sweeps, were re-exposed to atmospheric conditions. Stable,
and well behaved current/potential response was observed for films when measured
within one hour of return to ambient conditions. Current response after extended
exposure to atmospheric conditions was not investigated in detail. One film 12 bilayer
CuPcCOCiOBz)^ film which had a specific conductivity of cTJ = 3 x 10-9 S/cm at 10"^
torr, after nine days of storage in the ambient conditions of the lab was measured and
calculated to have CTJ = 4 x 10"* S/cm (ambient pressure and temperature).
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V. Films on IMEs: Temperature Studies
Film conductivity was highly temperature dependent. Figure 5.6 shows the
temperature dependent, current/potential plots for a 10 bilayer CuPc(OC,OBz)8 fihn,
which had been annealed at 100°C at atmospheric pressure for 48 hours. The
measurements were recorded after an additional period of annealing in vacuum for 12
hours at ca. 60°C. The film was deposited on a Microsensor IME with the electrode
fingers parallel to the trough compression barriers. For this film the column axis is
therefore parallel to the electrode fingers.

As can be seen in the figiu-e, small changes in

temperatiu-e resulted in significantly increased current response. The curves also exhibit a
substantial increase in hysteresis with elevated temperature. The results shown are
typical of those found for all films deposited on Mircosensor IMEs, regardless of film
orientation. Similar results were observed for films prepared on ABTECH IMEs.
Figure 5.7 shows the current/potential scans for the same 10 bilayer
CuPc(0C20Bz)8 film discussed above, recorded prior to in vacuum annealing. These
measurements represent the typical response and pronounced hysteresis observed for the
initial elevated temperature measurements of the CuPc(0C20Bz)g films studied. Of
significant interest is the decrease in conductivity that occurs as a consequence of
annealing in vacuum. For this film nearly a ten fold reduction in current response to
applied potential is observed corresponding to a change in conductivity fi-om 3 x 10"^ to 3
X 10"* S/cm. We observed no evolution of the chloroform LB spreading solvent or other
potential contaminants during the elevated temperature in vacuum study of these fihns.
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The exaggerated hysteresis and higher current magnitude relative the post annealed film,
must be then be a function of water trapped within the film structure.

VI. Films on IMEs: Microsensor Devices
Efforts to characterize the conductivity of CuPc(0C20Bz)g films using
Microsensor IMEs indicated semiconducting film behavior for all fihns prepared.
Twenty-five individual films were prepared, using 4IME pairs that were known to have
similar surface profiles. Fihns were transferred with the IME fingers oriented either
parallel or perpendicular to the trough compression barriers. The resultant films, as
previously discussed, were expected to have column axis orientation parallel, or
perpendicular to the IME fingers. Film thickness varied from 2 to 20 bilayers. Typical
specific conductivities

of 10"^ S/cm to 10'^ S/cm were calculated from the

current/potential measurements. Current response to applied potential, however, did not
scale in a repeatable, or predictable fashion with orientation, or with film thickness. The
current response was in general, non-linear, with significant variation in the departure
from linearity for individual film preparations. In addition films deposited on the
Microsensor IMEs occasionally exhibited a break down of well behaved current response
at applied potentials greater than 4 V, especially on substrates MS3 and MS4. These
fihns would produce erratic and often large magnitude current spikes under these
conditions. Vacuum armealing of fihns that exhibited this erratic behavior, overnight at
ca. 60°C, was found, in some cases, to moderate this behavior and make reasonably stable
current/potential scans possible.
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Repeatability and device performance problems with the Microsensor IMEs
frustrated the effort to demonstrate anisotropic conductivity for the CuPc(OC,OBz)8
films. While the expected anisotropy was observed in a number of the film pair
preparations, it was observed with insufficient frequency,

and therefore the observations

were questionable. Some film pairs exhibited little difference in conductivity for the two
orientations, while in some cases the film with column axis parallel to the EME fingers
had the highest conductivity. It was noted during the course of film studies, that the
Microsensor IME structures were easily damaged by the cleaning protocol employed, and
that in some cases the metallization was not well bonded to the quartz substrate. Poor
EME quality and/or damage was believed to be the cause of the erratic response observed
for some of the film preparations.

VII. Films on IMEs: ABTECH Devices
Twenty eight CuPcCOC^OBz)^ films of varying thickness from, 1 to 12 bilayers,
were prepared on 10 IME devices manufactured by AAI-ABTECH. In addition, 6
H2Pc(0C20Bz)8

films were prepared. All films deposited on ABTECH IMEs were

prepared as pairs of IMEs with orthogonal EME finger orientation. This was done by
securing individual IMEs with orthogonal orientation to a clean glass substrate with
double sided tape. Horizontal transfer of stabilized Langmuir films was then used to
fabricate the film pairs. In all cases the dark current/potential response was linear within
the potential region measured. Hysteresis was minimal or absent for films cycled to ±10
V and back to 0 V, at room temperature, in the dark, at pressures of ca. 10"^ torr and
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below. Overall conductivity for films deposited on ABTECH substrates was calculated
to be in the range of 10 ® to 10"^ S/cm for CuPc(0C20Bz)g films, and 10"'° to lO"' S/cm for
HiPcCOCiOBzjg films.

Vni. Anisotropic Conductivity
Figure 5.8 shows current/potential response for a representative pair of
CuPc(0C20Bz)g films with orthogonal orientation. Similar anisotropic conductivity was
observed for all paired ABTECH IME film preparations. Conductivity was in each case
greater for the film with the principal orientation of the Pc column axis orthogonal to the
IME fingers.
as

The ratio of conductivities for films with orthogonal orientation is reported
Ra = CTj^/CT||

equation 5.3

where a^is the conductivity for a film with colunm axis perpendicular to the IME fingers,
and a II is the conductivity for a film with the column axis parallel to the EME fingers.
Films with column axis orientation perpendicular to the IME fingers were as much as 10
times more conductive than those with parallel orientation. For CuPc(0C20Bz)8 films,
Ra varied firom a low of 2 to a high of 10, with an average of 3.5 ± 1.6. The average R,
for the H2Pc(0C20Bz)8 films was 3.3 ± 0.3.
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Figiire 5.8 Anisotropic current/potential response for a set of 6 bilayer CuPc(0C20Bz)8
films deposited on ABTECH 15 |jjn 50 finger pair IMEs. Conductivity of the film with
column axis perpendicular to the IME fingers was calculated to be 2 x 10"® S/cm while
that of the parallel film was calculated to be 5x 10"' S/cm. The ratio of these values
indicates the film with perpendicular orientation is 4 times more conductive than the
parallel film.
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IX. Films on IMEs: Electrochemically Doped Films
Electrochemical doping of CuPc(0C20Bz)g and H2Pc(0C20Bz)g films generated a
marked increase in conductivity. Doping was accomplished by potential controlled
oxidation of films in contact with aqueous 0.1 M LiClOj. As illustrated in Figure 5.9 the
IME finger pairs were utilized as the working electrode in a three electrode system. A
silver reference (RE) and platinum counter electrode (CE) were positioned in a drop of
electrolyte solution deposited on the surface of the IME substrate. After in vacuum
conductivity measurements, CuPc(0C20Bz)g fibns on IMEs in contact with 0.1 M
LiC104 were observed to undergo quasi-reversible oxidation at potentials greater than ca.
0.8 V. Electrochemical doping was accomplished by potential step to 1 V, allowing
oxidation of the Pc film to proceed for approximately 35 seconds. The doping event was
terminated under potential control by rapid removal of the electrolyte droplet.
Chronoamperometric (CA) data was collected during electrochemical doping runs
in order to provide an estimate for the extent of film oxidation and its attendant doping
via counter ion injection. Charge passed during these runs was assumed to be solely due
to Pc oxidation. The capacitive charge contribution, estimated by extrapolation of charge
vs. time"^ plots, was a small fi-action of the total charge, and was neglected in calculations
of percent oxidative doping. A coverage estimate of 2 x 10'^ Pc molecules/bilayer in the
active electrode area was determined, based on Pc geometric assumptions described
previously. This estimate predicted 3.2 |aC/bilayer for 100% oxidation the Pc film.
Charge passed for orthogonal CuPc(OC,OBz)g film pairs suggested, in one case 46%
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oxidation (doping) for a 6 bilayer parallel film and 56% for the perpendicular film.

In

another pair, a 9 bilayer parallel film was 22% doped and the perpendicular film 25%.
The observed conductivity increases that correspond to these two pairs of films
reflected the extent of doping estimated for these films.

Figure 5.10 shows plot of the

current/potential response of the 6 bilayer film with perpendicular orientation. The
specific conductivities of CTspe^cuiar =3.5 x 10* S/cm and CTspa„„ei = 3.2 x 10"' S/cm for
this 6 bilayer film pair was typical of fihns prepared on ABTECH substrates. The
increase in conductivity with doping was pronounced. Expressed as a ration of doped to
undoped specific conductivities CTJ
^dopei/^narive
the perpendicular film with

= 40 had a specific conductivity

5.4
of 1.3 x 10"® S/cm.

=

23 was calculated for the film with parallel column orientation. The 9 bilayer film pair,
for which the CA data suggested less doping, exhibited a significantly increased doped
conductivity, but lower

values than found for the 6 bilayer fihns,

= 7 perpendicular

and Rc = 5 parallel.
Electrochemical oxidative doping of CuPc(OC,OBz)g fihns with cio4" resulted in
film conductivities in the range of 10"® to 10"® S/cm. Values of R^ as high as 300 were
determined, but R^ of approximately 20 was more typical. Once doped, the fihns retained
the enhanced conductivity for extended periods of time. Figure 5.11 show the results of a
electrochemical doping experiment for a 12 bilayer CuPc(0C20Bz)8 film where the
doped film was left in vacuum for over 60 hours. Even after several days in vacuum the
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doped films exhibited no significant change in current/potential response. At pressures in
the range of 1x10"® torr, attained after 5 days in vacuum, doped films exhibited no
significant reduction of conductivity.
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Electrolyte
/

Figure 5.9 Experimental set up for the electrochemical doping of thin CuPc(0C20Bz)g
films.

Potential was stepped to IV vs. Ag wire reference in 0.1 M LiC104. The potential

was held at IV for approximately 35econds at which point the drop of electrolyte was
rapidly blown firee of the substrate with a stream of dry Nj.
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Figure 5.10 A conductivity study showing the current/potential response for a 6 bilayer
CuPc(0C20Bz)8 film deposited with the principal Pc column axis perpendicular to the
IME fingers. The film conductivity was measured prior to and after electrochemical
doping in contact LiC104 solution. The calculated specific conductivity CTJ = 1.3 x 10"^
S/cm was 40 times greater than the calculated

for the undoped film.
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with electrochemical doping.

this study realized a 20 fold increase in conductivity
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Figure 5.11 Current/potential response for a 12 bilayer CuPc(OC,OBz)g film deposited
with the principal Pc column axis parallel to the IME fingers.

The film conductivity was

measured prior to and after electrochemical doping in contact an aqueous 0.1 M LiC104
solution at ca. 1V vs Ag/AgCl (sat KCl). The calculated conductivity, ct, = 7 x 10'^ S/cm,
was 30 times greater than

cTJ calculated for the undoped, and maintained conductivity at

that level even after 60 hoiu^ in vacuum.
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X. Films on IMEs: Photoconductivity
Illumination of the Pc on IME films resulted in enhanced current/potential
response for every film prepared. The 633 nm line of a polarized 15 mW, HeNe laser
impingement on the IME produced an increase of current that decayed back to the dark
current baseline when the laser was switched off on the potential return sweep. A typical
data set comparing light and dark conductivity for a H2Pc(0C20Bz)g 8 bilayer fihn is
shown in Figure 5.12. As seen in the figure, current/potential response for fihns on
ABTECH IMEs exhibited a small departure fi-om linearity. The positive hysteresis of
the return potential sweep, prior to switching off the laser was firequently observed. For
the majority of the trials, the photoconductivity was approximately 10% greater than dark
conductivity. In a few cases photoconductivity was as much as 4 times that of the dark
conductivity. Dark conductivity measurements were performed in the ambient light of
the chamber. Chamber view ports were covered for the dark runs but no effort was made
to screen the light emitted from the mass spectrometer, or the ion gauge.
Early efforts to characterize the photoconductive behavior suggested the
possibility of anisotropic photoconductivity based on variation of the polarized
illumination. Illumination of the Pc films with polarized light aligned parallel to the
transition dipole, in the plane of the Pc macrocycle, was expected to favor greater light
absorption and therefore a larger difference between light and dark conductivity.
Measurements with polarized illumination parallel, and perpendicular to the IME fingers
did not indicate a significant measurable difference in magnitude of the current/potential
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response. In a few experiments the expected trend was observed, however the error
associated with the current measurements, and the reproducibility of results suggested
that additional control efforts would be required to demonstrate the hypothesized
behavior. Addition efforts to eliminate background light, and to reduce the scattering of
the incident beam impingent on the EME substrate, would be necessary. No efforts to
control these variables were attempted in this work.
A careful review of data collected for orthogonal film pairs, where the incident
light was always polarized in a plane perpendicular to the IME fingers, also suggested
orientation dependent differences in photoconductivity. For many film pairs the rate of
photocurrent decay to dark current levels, subsequent to termination of illumination,
occurred more rapidly for films with the Pc column axis perpendicular to the EME
fingers. In a typical illuminated current/potential experiment (0 V to 10 V) the laser was
switched off at approximately 9 V during the return sweep. In some cases films with
parallel orientation did not return to dark current baseline until the end of the potential
sweep. Films with perpendicular orientation often returned to dark current baseline by 5
V. It must be stressed, however, that this behavior was not always observed and that
more careful experimental design and film fabrication is warranted if the trend is to be
rigorously established.
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Figure 5.12 Current/potential curves for dark and photoexcited current studies. The two
curves shown are for an 8 bilayer CuPc(0C20Bz)g film deposited on an ABTECH device
with parallel Pc column orientation relative to the IME fingers.

The 633 nm line of a

15mW HeNe laser was utilized as the excitation source. The laser was switched off
during the early part of the potential return sweep.
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XI. Vapor Deposited Electrodes: Orthogonal Electrodes on a Common Film
In an alternative approach to demonstrating anisotropic conductivity for
CuPc(0C20Bz)g films, multilayers were deposited onto hydrophobized Si (100) as
discussed previously. Gold electrodes with orthogonal orientation were then vapor
deposited onto these films. Gold was deposited through a crossed 5 |im wire mask,
positioned above the film surface. The substrate holder was maintained near room
temperature during Au deposition. The resultant electrodes exhibited low resistance and
were homogeneous in appearance. Current/potential measurements indicated poor
connectivity between the film and the electrodes. The current response was erratic and
unstable within a few millivolts of potential sweep initiation. It was not possible to
obtain a suitable current/potential measurements for fihns prepared in this manner.

XII. Conductivity Discussion
Langmuir Blodgctt films of CuPc(0C20Bz)8 and H2Pc(OC20Bz)8 transferred by
horizontal dipping to 15

50 finger pair IME were shown behave as molecular

semiconductors and to exhibit distinct anisotropy of conduction. As mentioned
previously the overall conductivity of undoped CuPc(0C20Bz)8 films was found to be on
the order of 10'® S/cm. Film conductivities measured in vacuum, at pressures fi-om 10'^ to
10"^ torr, and at room temperatures, were similar to those measured when the same films
were exposed to atmospheric conditions at the end of a vacuum study. Conductivity
along the axis of the Pc columns, was at least twice that perpendicular to the columns
axis. Photoexcitation of the films generated a current response approximately 10%
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greater than the observed dark current. Similar behavior was observed for
H2Pc(0C20Bz)g films, however, the conductivities may be somewhat lower for the metal
free material.
The in vacuum conductivity studies of these fibns confirmed that the LB films
contain significant quantities of water. As discussed previously the films are thought to
entrap water as they are transferred from the subphase to substrate. Freshly prepared
films are considered hydrated. Film conductivity decreased substantially with extended
periods in vacuum, or with increased temperature annealing in vacuum. It was apparent
that this reduction was, in large part, a result of film dehydration. It is not clear if the
reduction in conductivity was due to directly to the loss of water, though this would be
expected. It is reasonable to assume that fihn morphology, and therefore thin filmelectrode contacts, would also be effected by the dehydration. In addition domain
boundary contacts, within the film, between highly oriented regions should be sensitive to
this dehydration. Contacts between the individual columnar assemblies are expected to be
influenced by the dehydration as well. The overall reduction of conductivity with
dehydration is probably a function of both the loss of the conductive contribution of
water, and changes in film morphology.
The experimental protocol used for the conductivity studies evolved with the
observation of hydration dependent conductive behavior. After first noting significant
water evolution from freshly

prepared films in vacuum, a series of oven annealed fihns

were prepared. Orthogonal film pairs on Microsensor devices were oven annealed at
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approximately 100°C for periods of 4 to 48 hours, prior to introduction to vacuum. As
discussed previously, visible and ER. linear dichroism studies demonstrated that annealing
increased the dichroism of CuPc(0C20Bz)g and H2Pc(0C20Bz)g films on glass, and ZnSe
substrates. We postulated that the increased order was a function of dehydration as well
as thermally driven film reorganization. We anticipated that the current/potential
response for these oven annealed films would reflect that of well ordered films with
limited water content. In practice the oven annealed films were found to still contain
appreciable quantities of water. Elevation of the oven annealed Pc on IME films to
temperatures greater than 30°C in vacuum resulted in a pronounced increase in the mass
spectrum water peak. Temperatures of 50°C and higher would affect dehydration to a
vacuum stable equilibrium and a conciurent significant drop in conductivity.
Conductivity studies subsequent to those utilizing oven annealed films adopted a
protocol that simplified, and reduced some of the variability in the measurements.
Freshly prepared fibns on ABTECH IMEs were introduced to the vacuum chamber with
no annealing. Initial current/potential scans for all films prepared were measured after
pressures had stabilized in the range of 5 x 10"* torr to 2 x 10"^ torr, and the substrate was
near room temperature. Pressures generally reached the low 10"^ torr regime within an
hour of initiating system pump down, and current/potential scans were promptly
recorded. In this series of film preparations and measurements the previously described
anisotropic conductivity was rigorously defined. Reduction of film conductivity was
noted for all films left in vacuum after these initial measurements, except in the case of
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electorchemically doped films. The reduction in conductivity for films with long in
vacuum residence time was less pronounced for films on ABTECH IMEs, than for films
Microsensor IMEs.
Electrochemical doping increased film conductivity by as much as 2 orders of
magnitude, to ca. 10"^ S/cm for CuPc(0C20Bz)g films. The magnitude of enhanced
conductivity was proportional to the doping level, or population density of oxidized Pc in
a film.

Doped films retained enhanced conductivities for several weeks in vacuum, and

when the films were exposed to atmospheric conditions.
The conductivity studies failed to resolve inconsistencies with regard to current
dependence on film thickness. The collective data for ABTECH IME films,

and

Microsensor IME films suggested no correlation between film thickness and current. In
many cases thirmer films had greater current response than thicker films, but no clear
trend was found. The previously described IME profiles were certainly a complicating
factor in the attempt to resolve this issue. It is clear that the CuPc(0C20Bz)8,

H2Pc(0C20Bz)8 films conform to the IME profile, such that the first several Pc bilayers
could not be in ohmic contact with the metallized portion of the electrode fingers.

It also

clear that IME cleaning protocols may not have produced reliably uniform surfaces for
optimized film transfer. In the course of these studies film thickness was based solely on
the number of attempted horizontal transfers. Incomplete film transfers due to on trough
film imperfections, as well as film-substrate
soiu-ces of error.

incompatibilities cannot be discounted as
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The very nature of these Pc films was expected to limit the success of the
attempted measurements. It is optimistic to assume ideal ohmic contact between LB
deposited films and the gold finger IMEs. Impurities in the Pc, and impurities introduced
fi-om the trough subphase are both expected for fihns prepared by the LB method. Any
surface bound species not removed from the IME by the cleaning protocol will also effect
the film-electrode

contact and the resultant conductivity. In may also be incorrect to

assume that conductivity scales in a simple way with fibn thickness. Potential field
effects may induce more than expected current response for thinner fihns, and less for
thicker films.

These effects may in fact be exaggerated for the studies described above

because of the problems associated with the IME device profiles.
Problem with the experimental design of the investigation not withstanding, we
have presented convincing evidence for anisotropic conductive behavior for these films.
A clear increase in conductivity associated with electrochemical doping was also
demonstrated. The conductivity values calculated from the current/potential studies
undertaken represent, we believe, a low estimate of the actual film conductivity.
Improvements in IME design and manufacturing could lead to better contact and greater
reproducibility in the measured values. In addition substrate cleaning is known to be a
critical component of successful film deposition, and therefore film conductivity. Surface
modification for greater film transfer efficiencies may also improve the nature of filmelectrode contacts. Finally utilizing device geometries with smaller finger spacing could
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eliminate some of the limitations to conductivity due to film domain boundaries and
defects.
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CHAPTER 6: SYNTHESIS
I. Synthetic Objectives
The synthetic targets of this project were isomerically pure 2,3,9,10,16,17,23,24octasubtituted phthalocyanines. As described in the previous chapters, variation of the
functionality and connectivity of the substituent chain significantly influences Pc
properties. Sjmthetic routes to these substituted Pc's are well established in the literature
•®. The protocols used in this work, were adapted from this literature and from the work
reported in the dissertation of E.J. OsbumThe synthesis of CuPc(0C20Bz)g,
described previously by Osbum, was repeated in order to further the characterization of
the material. Modification of the original synthetic work, involving hindered base
catalysis of the phthalonitrile tetramerization in the presence of CuCU, produced
CuPc(0C20Bz)g in good yield. The method, with the exclusion of the metal halide,
provided a route to the metal free analogue, H2Pc(0C20Bz)g, which had not been
previously prepared. Additional new materials synthesized in this study were copper and
dihydrogen, benzyloxytriethyleneoxide octasubstituted Pes, CuPc(0(C20)3Bz)g and
H2Pc(0(C20)3Bz)g. A preliminary effort to synthesize a sulfide linked analogue of

CuPc(0C20Bz)8 was also investigated. A schematic representation of these materials is
shown in Figiu-e 6.1.
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II. Synthetic Pathway !VIPc(0C20B2)8
2,3,9,10,16,17,23,24-Octakis(2-benzyloxyethoxy)phthalocyaninato copper,
designated CiiPc(0C20Bz)g was prepared previously by Osbum via the route shown in
Scheme 6.1. The synthetic details of the methods used by Osbum will not be elaborated
except in the case of departures from that protocol. Synthesis of the intermediate
materials (3, 4 and 5) was accomplished in good yield following the Osbum procedures.
The final product CuPcCOCjOBz)^ was prepared in this work as per Osbum, however,
variation of reaction conditions and strategies in the final steps of this synthetic protocol
were explored as discussed below. Modification of the protocol also provided a synthetic
route to 2,3,9,10,16,17,23,24-octakis(2-benzyloxyethoxy)phthalocyaninato dihydrogen,
designated H2Pc(0C20Bz)8.
Scheme 6.1 shows two altematives for the tetramerization of the bis-substituted
phthalonitrile (6) to the phthalocyanine. The reaction utilizing the hindered base, 1,8diazabicyclo[2.2.2]undec-7-ene (DBU), and an alcohol such as pentanol or ethanol was
adapted for this work from the method of Shiraishi et.alThe method was explored
as a route to the metal free phthalocyanine, H2Pc(0C20Bz)8. It was also used in the
synthesis of CuPc0C20Bz and could be expected to be equally suited to the synthesis of
zinc, nickel, chromium or other metal centered Pes by utilizing the appropriate metal
halide. The overall yield of H2Pc(0C20Bz)8 via this method was low, ca. 15%. When
CuCl, DBU and pentanol was used in the preparation of CuPc(0C20Bz)g, the yield of
the reaction was found to be comparable to that reported for the synthesis of

HO

HO

•Br

HOAc
HO

HO

Br

(3)

OTs
HO

a—S

Acetone
K2CO3

pry CHCI3

CuCN
DMF
CuCN (large excess)
DMF

,CN

CN
DBU
X
ROH
V
or
2-(dimethylanuno)ethanoI
^^2
R^
N

M —N

M = Cu, Zn, H2

R

R

Scheme 6.1 Synthetic pathways to 2,3,9,10,16,17,23,24-octakis(2benzyloxyethoxy)phthalocyamnes
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ZnPcOCjOBz using 2-(dimethylamino)ethanol and ZnCU (ca. 40%). Shiraishi and co
workers reported the yields of CuPc, from phthalonitrile, copper (II) chloride, and DBU
in ethanol, were approximately seven times that of H^Pc under similar reaction
conditions. The low yield in the metal free case is thought to be a flmction of reduced
reaction efficiency in the absence of a templating metal center. The method was found to
provide a simple and dependable route to CuPc(0C20Bz)8, as well as providing a
pathway to the dihydrogen analogue H2Pc(0C20Bz)8.
As shown in Scheme 6.1 it is also possible to generate octasubstituted CuPcs from
the bis-substituted ortho-dibromobenzene (5) when a large excess of CuCN is used with
minimal solvent. Under these conditions the reaction can proceed from the phthalonitrile
(6), which forms in situ, to the copper Pc. Synthesis of aromatic nitriles from aryl
bromides with an excess of CuCN is known as the Rosenmund-von Braun reaction
The mechanism is thought to involve the complexation of copper with the arene ring
followed by displacement of the bromine by the nitrile. Early efforts to synthesis
phthalonitrile from ortho-dibrobenzene via the Rosenmund-von Braun reaction resulted
in an early reported synthesis of copper phthalocyanine. In this work CuPc(0C20Bz)g
was obtained from (5), in concentrated conditions and a large excess of CuCN. The
reaction efficiency was widely variable, with a yield of approximately 80% for one trial,
and the production of only trace CuPc residues in other efforts. In all cases some quantity
of the phthalonitrile product was isolated.
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Optimization of conditions favoring the formation of CuPc from the bissubstituted dibromide (5) was explored with unsatisfactory results. During the course of
several trial reactions careful attention to the exclusion of water and oxygen
contamination from the reaction vessel did not improve CuPc yields. The use of freshly
purified DMF distilled at 35°C from MgS04 in vacuum, also failed to improve the
reliability of the reaction. Further efforts to intentionally utilize this pathway were
abandoned, in favor of maximizing the yield of the phthalonitrile using less concentrated
reaction conditions.
Synthesis of substituted copper phthalocyanine from the corresponding
phthalonitrile was determined to be a more reliable pathway to pure products than the
direct route from (5). The rigorous conditions of the Rosenmund-von Braun reaction
were observed to produce a host of side products in the preparation of substituted
phthalonitriles, as evidenced by TLC analysis of reaction products. It is therefore
reasonable to assume that a variety of substituted CuPc moieties would result under the
reaction conditions when Pc is generated directly from the bis-substituted orthodibrobenzene. In practice a number of poorly defined substituted CuPcs were isolated
when the preparation of CuPc(0C20Bz)8 utilized this method, complicating the
characterization of the finished product. Since the phthalonitrile can be isolated with a
high degree of purity and the reaction conditions for the cyclization of the phthalonitrile,
in alcohol with DBU, are fairly mild, it is reasonable to expect higher product purity. In
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practice a single fraction CuPc(0C20Bz)8 was isolated by column chromatography when
the product was generated from the phthalonitrile by this method.

in. Synthetic Pathway MPc(0(Ci0)3Bz)g
2,3,9,IO,16,17,23,24-Octakis (benzyloxytriethyleneoxide) phthalocyanines,
CuPc(0(C20)3Bz)8 and H;Pc(0(C20)3Bz)g are new Pes synthesized for this work. The
synthetic route to these materials follows the protocol depicted in Scheme 6.1 with
substitution of tosylated triethyleneglycol monobenzylether for the shorter chained
analogue in the reaction with dibromocatechol. The synthetic path to the tosylated
triethyleneglycol monobenzyl ether (8) substituent is shown in Scheme 6.2. Triethylene
glycol monobenzyl ether was prepared from triethylene glycol and benzylbromide via a
method adapted from Reimschneider and Scheider.'"" Coupling of the tosylated
substituent (8) to dibromocatechol (3), was accomplished in good yield, ca. (65%).
The subsequent conversion of the 4,5 substituted dibromobenzene, (9), to the
phthalonitrile via the Rosenmund-Von Braun reaction resulted in a complex mixture of
products. TLC analysis of the reaction products showed no less than 10 spots with a
mobile phase of cyclohexane:MEK 65:35. The product spot with an Rf of ca. 0.23 was
observed to exhibit violet light emission with UV illumination on a standard silica TLC,
256 nm fluorescent indicator, plate. It should be noted that the bis-substituted
phthalonitrile proved to be very difficult to separate from the by products of the reaction
and was the major stumbling block in this synthetic effort. Numerous attempts to
separate this reaction mixture via silica gel flash colimm chromatography failed.

pry
CHQ

Scheme 6.2 Sythetic pathway to 4,5 (benzyloxytriethoxy) 1,2-dibromo(benzene)
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Sqiaration of this mixture of products was eventually achieved via preparative scale
TLC. The desired phthalonitrile (24% yield), along with 1,2di(benzyloxytriethyleneoxide) l-chloro 2-cyano benzene (15% yield), were the two
principal products isolated. The later product did not exhibit the fluorescence observed
for the phthalonitrile, and had a slightly higher Rf of ca. 0.26. The products were
identified via NMR and electrospray mass spectrometry (see Appendix C).
rv. Synthetic Pathway MPc(SC20Bz)8
A preliminary effort to synthesize 2,3,9,10,16,17,23,24-octakis(2benzyloxyethanesulfide) phthalocyanines, designated MPc(SCiOBz)5, was explored. The
motivation for this effort was to evaluate the electronic and self assembly effects of the
sulfide linker in a system zinalogous to N'IPc(0C20Bz)8. Scheme 6.3 shows the synthetic
pathway pursued in this exploration. The method was adapted firom the work of Wohrle
et. al''", who reported 55% yield for the reaction of dichlorophthalonitrile with
propanethiol.
2-Benzyloxyethanethiol was synthesized from 2-benzyloxyethanol via both
methods shown in Scheme 6.3. The two step process via the tosylated alcohol produced
the thiol with a yield of approximately 15%. The one step method via the alcohol in the
presence of thiourea and HBr was adapted firom a method described by Frank and
Smith'''* for the conversion of alkane alcohols to thiols. In this work the HBr cleaved
some fraction of the alcohol at the benzyl oxygen and produced both benzyl mercaptan
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and the desired thiol with an overall yield of ca. 50% and equal molar quantities of both
products.
It should be noted that the benzyl mercaptan by-product is a strong lachrymator and
should be handled carefully. Gloves and glassware exposed to benzylmercaptan should
be kept in the hood until properly cleaned or disposed of. The odor associated with 2benzyloxyethanethiol is not nearly as strong and can be more easily handled. The benzyl
mercaptan is easily separated from the 2-benzyloxyethanethiol by flash column
chromatography. Benzyl mercaptan moves quickly with the solvent front in
hexanes:ethylacetate, 80:20. The benzyloxyethanethiol is recovered as a pure fraction
with substantial separation ( Rf ~ 0.4) from the benzyl mercaptan.
In this work the reaction of2-benzyIoxyethanethiol with 4,5dichlorophthalonitrile in DMF with K^COj produced only the monosubstituted product,
4-benzyloxyethanesufide, 5-chloro(phthalonitrile) (NMR spectra in Appendix C). The
reaction in DMSO with K^COj proceeded to a mixture of undefined phthalocyanines wath
no evidence of phthalonitrile. Wohrle reported the formation of Pc with residual chlorine
and propoxy substituents as by-products of the reactions with the propane thiol
substituent precursor. It was assumed that similar Pes formed in the trials described here,
that incorporated the 2-benzyloxyethanethiol precursor.
Failure to produce the bis-substituted phthalonitrile was thought to be a function
of base strength. Several efforts were made to achieve the desired product by utilizing
stronger base conditions for deprotonation of the thiol. NaH in DMF, and sodium metal
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in THF, instead of K2CO3 in DMF or DMSO were attempted but also found to be
unsuccessful.. Further efforts to produce the desired bis-substituted phthalonitrile, and
the subsequent production of the sulfide linked Pc are deferred to a future worker. The
product should be accessible via this route since the analogous sulfide linked propyl
substituted Pc has been produced by Wohrle and co-workers. In addition it may be
interesting to produce tetrameric Pes utilizing the mono-substituted phthalonitrile. A
comparison of benzyloxyethane ether, and sulfide linked tetra substituted Pes would be of
interest as a continuation of the current effort with octasubstitution.
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V. Experimental
All chemicals were obtained from Aldrich Chemical Company (Milwaukee, WI)
and used as received unless otherwise specified. Solvents and reagents were purified,
when appropriate, prior to use, following the guidelines recommended in Purification of
Organic Chemicals.N, N-Dimethylformamide (DMF) was vacuum distilled from
MgSO^ at ca. 35°C and stored over molecular sieves (5A).
Elemental analysis was performed by Desert Analytical (Tucson, AZ). Elemental
analysis of the octasubstituted phthalocyanines synthesized in this work did not produce
reliable values. Calculated values were rarely well matched with the expected values.
Much of the error can be attributed to difficulties associated with the purification of these
materials. Solvents can be particularly difficult to eliminate and routinely introduce
significant error in the analysis.
Purity of purchased and synthesized materials was determined by 'H, and '^C
NMR when appropriate. NMR spectra were collected on a Varian Gemini 200 or Varian
Unity 300 instrument. Quanititative NMR of octasubstituted phthalocyanines is difficult
because of the tendency for these materials to be aggregated in concentrated solution.
The peaks observed are typically broadened such that splitting patterns are not resolved.
In addition the paramagnetic copper metal center distorts the 'H NMR signal and
identification of the material by this method is not available. A 'H NMR spectra in
chci3 exhibited extremely broad peaks (Appendix C). NMR was utilized in this work
for qualitative conformation of dihydrogen phthalocyanine purity.
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Mass spectral analyses were performed by the University of Arizona Mass
Spectroscopy Facility (Tucson, AZ). Mass spectra of synthetic intermediates were
acquired with electrospray MS, utilizing a variety of solvent systems. Mass spectra of
phthalocyanine products were acquired with high resolution fast atom bombardment
(FAB MS). FAB MS was the principal technique utiUzed in this work for the verification
of the synthetic target phthalocyanine.
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VI. Synthesis - Benzyloxyethoxy Pes
2.3.9.10.16.17.23.24-Qctakis(2-benzvloxvethoxv)Dhthalocvaninato copper.
CuPcfOC^QBz). Path 1 - DBU/CuCU/pentanol. 4,5-bis(2-benzyloxyethoxy)
phthalonitrile (0.44g. I mmol), copper (II) chloride (0.034g, 0.25mmol), and 1,8diazabicyclo[2.2.2]undec-7-ene (DBU) (0.3g, 2.04nimol) were placed in a 100 mL round
bottom flask with 25 mL of pentanol. The reaction mixture was heated to reflux with
constant stirring under argon for 24 hours. After cooling the reaction mixtiu-e was cooled
and the precipitate was placed in a Soxhlet extraction thimble. The product was extracted
with methanol for 24 hrs. The remaining material was purified by flash coluirm
chromatography (CHCljiMeOH, 99;1). Solvent was removed under vacuum to give 0.18
g of product (40% yield). FAB MS spectra gave m/z (1778.19) corresponding to
[M+H]^ expected (1775.62) for [M].
CuPc(QC,OBz). Path 2-Rosenmund von-Braun. o-Dibromo-4,5-bis(2benzyloxyethoxy)benzene (2.59g, 4.8mmol), CuCN (1.30g, 15 nrniol), and 18 mL of
fireshly distilled DMF were placed in a 100 mL round bottom flask and heated with
constant stirring to reflux, ca. 180°C, under argon for 18 hours. After cooling 50%
aqueous ammonia 50% (v/v) was added with constant stirring for 8 hours. Solids were
collected and placed in a Soxhlet extraction thimble. The solids were extracted with
diethyl ether for 24 hours. Diethyl ether was removed under vacuum and a small quantity
of a whitish green solid was isolated. 4,5-bis(benzyloxyethoxy)phthalonitrile (0.114 g,
0.25 mmol, 10% yield) was recovered after flash column chromatography
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(hexanesrethylacetate, 80:20). The solids remaining in the thimble were extracted with
chci3 for an additional 24 hours. Crude CuPc(0C20Bz)8, (1.84 g, 1.1 mmol, 86%
yield) was recovered after removal of the solvent in vacuum. The material was further
purified by flash column chromatography (CHCl3:MeOH, 99:1).
2.3.9.10.16.17.23.24-Octakis(2-ben2vloxvethoxv)phthalocvaninato dihvdroeen.
H^Pc(QC,OBz). 4,5-(2-benzyloxyethoxy)phthalonitrile (0.44g. 1 mmol), and 1,8diazabicyclo[2.2.2]undec-7-ene (DBU) (0.2g, l.Smmol) were placed in a 100 mL round
bottom flask with 25 mL of pentanol. The reaction mixture was heated to reflux with
constant stirring under argon for 24 hours. After cooling the reaction mixture was cooled
and the precipitate was placed in a Soxhlet extraction thimble. The product was extracted
with methanol for 24 hrs. The remaining material was purified by flash column
chromatography (CHC13:MeOH, 99:1). Solvent was removed under vacuiun to give
0.0.55 g of product (12.5% yield). 'H NMR (cdci3) 6 8.8, 7.5s, 7.3 m, 4.8s, 4.5, 4.0. A
qualitative comparison to that of the phthalonitrile precursor indicates the desired Pc has
been synthesized. High resolution FAB MS was not done when this material was
synthesized. Recent efforts to obtain FAB MS data for the material gave a m/z (1716.0),
but with poor resolution, expected m/z (1714.71) [M].
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VII. Synthesis - Benzyloxytriethoxy Pes
Triethvlene glycol monobenzvl ether An excess of triethylene glycol (100 g, 0.67 mmol)
and sodium metal (5.31g, 0.23 mmol) were heated with stirring to approximately 80''C in
a 250 mL round bottom flask. The mixture at this temperature became quite viscous and
approximately 90 mL of freshly distilled DMF was added to reduce the viscosity and
stabilize reaction intermediates. Heating with stirring continued until the sodium metal
was consiuned, ca. 1 hour. Benzyl bromide (39.48 g, 0.23 mmol) was added dropwise.
The reaction was allowed to stir at 80°C for an additional 2 hours. The reaction mixture
was poured into ice water and extracted with ethyl acetate. After solvent removal the
reaction product was purified by flash column chromatography (hexanes:ethyl acetate,
7:3) followed by (hexanesimethanol, 2:1). Triethylene glycol monobenzyl ether a
yellowish oil was isolated approximately 70% yield. 'H NMR (D-acetone) 5 7.3 (m, 5H,
aromatic), 4.54 (s, 2H), 3.59 (m, 12H).
Triethvlene glycol monobenzvl ether mono-p-tosvlate. Triethelyene glycol monobenzyl
ether (5 g, 0.02 nunol), pyridine (3.3 g, .042 mmol), were combined with approximately
20 mL of CHC13 in a 200 mL round bottom flask. The reaction mixture was cooled to
0°C in an ice-salt water bath. /j-Toluenesulfonyl chloride was added in small portions
with constant stirring. The reaction stirred under argon at 0°C for approximately 12
hours. Diethyl ether (50 mL) was added to the reaction mixture and a small amount of
white precipitate formed. With the addition of 15 ml of water two organic phases were
evident. A yellowish fraction was immiscible in the diethyl ether. The organic layers
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were collected and washed with 2N HCl. With the addition of 2N HCl the yellowish
phase dissolved in the aqueous layer. The diethyl ether layer was determined to contain
primarily tosyl chloride and tosic acid. The aqueous layer was neutralized with KOH and
subsequently extracted with toluene and then chloroform. The fractions were combined
and purified by flash column chromatography (hexanes:ethyl acetate, 8:2). The yellowish
oily product was isolated after removal of the solvent in vacuum (3.4g, 40 % yield). 'H
NMR (D-chloroform) 5 7.6 (d, 2H, aromatic), 7.2 (m, 7H, aromatic), 4.5 (s, 2H), 4.0 (t,
2H), 3.6 (t, 2H), 3.5 (m, 8H), 2.3 (s, 3H).
o-Dibromo-4.5-bis(benzvloxvtriethoxv)benzene, Triethylene glycol monobenzyl ether
mono-p-tosylate (2 g, 5 mmol), o-dihydroxy-4,5-dibromobenzene (0.7 g, 2.6 mmol), and
50 mL of dry acetone were combined with potassium carbonate (0.8 g, 5.8 mmol) and
heated to reflux under argon with constant stirring. The suspension was allowed to reflux
for approximately 18 hrs. It should be noted that the loss of solvent due to evaporation
occurs easily and should be closely monitored. The reaction mixture was filtered hot to
separate the K2CO3 from the reaction mixture. The acetone was removed under reduced
pressure and the crude product was dissolved in chloroform and extracted twice with
water. The chloroform was removed under reduced pressure. 50 ml of diethyl ether and
petroleum ether (1:2) was added. The formation of a white precipitate, observed in the
synthesis of the analogous 2-benzyloxyethoxy product, did not form. The crude oil was
purified by flash column chromatography, (hexanesrethyl acetate:ethanol, 80:15:5). The
product, a slightly green oil was isolated with 65% yield.). 'H NMR (D-acetone) 5 7.3
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(m, 12H, aromatic), 4.5 (s, 4H), 4.1 (t, 4H), 3.7 (t, 4H), 3.6 (m, I6H). "C NMR (Dacetone)6 150.1, 139.7, 128.7, 128.1, 128.0, 119.6, 115.2, 73.2, 71.3, 71.2, 71.1, 70.3,
70.1.
4.5-bisfbenzvloxvtriethoxv)phthalonitrile o-Dibromo-4,5bis(benzyloxytriethoxy)benzene (4.2 g, 6 mmol), and CuCN (1.6 g, 18 mmol) were
combined with 20 mL of freshly distilled DMF. The reaction mixture was heated to
reflux with constant stirring under argon (24 hrs). 100 mL of 50% (v/v) aqueous
ammonia was added and stirred until the solution turned dark blue (12 hours). The
organic fraction was extracted with chloroform and dried over MgSO^. TLC analysis of
the reaction products indicated a complicated mixture with at least ten spots. Repeated
efforts at separation by flash colimin chromatography with a range of solvent systems
failed. A typical column run with a solvent system that worked for TLC would result in
minimal movement of reaction products down the column. Efforts to increase solvent
polarity resulted in the rapid movement of the reaction products with the new solvent
front. The materials were eventually separated by prep scale TLC (20 individual, 20 cm
x 20 cm, 500 |a.m plates, cyclohexane:MEK, 65:35). Two principal products were
isolated and characterized.
Both products were oily liquids. 4,5-bis(benzyloxytriethoxy)phthaIonitrile exhibited
violet fluorescence with UV excitation. l,2-bis(benzyloxytriethoxy)-4-chloro-5cyanobenzene did not fluoresce. The chlorine substituent in this product, confirmed by
the mass spectrum (Appendix C), was unexpected and must have resulted from some
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contamination of reagents. The presence of the halide was also indicated in the IR
spectrum (Appendix C). 4,5-Bis(benzyIoxytriethoxy)phthalonitrile was obtained isolated
as a yellowish oil (24% yield). 'H NMR (CDjCU) 57.33 (m, lOH, aromatic), 7.24 (s, 2H,
aromatic), 4.5 (s, 4H), 4.2 (t, 4H), 3.9 (t, 4H), 3.6 (m, 16H) "C NMR (CD.Cy 5 152.5,
138.8, 128.6, 127.9, 127.8, 117.1, 116.3, 108.9, 73.3, 71.2, 70.9,70.0,69.7,69.5. 1,2Bis(benzyIoxytriethoxy)-4-chloro-5-cyano-benzene was obtained as a yellowish oil (15%
yield).). 'H NMR (CDiCU) 5 7.3 (m, I OH, aromatic), 7.1 (s, IH, aromatic), 7.0 (s, IH
aromatic), 4.5 (s, 4H), 4.2 (t, 4H), 3.9 (t, 4H), 3.6 (m, 16H). ''C NMR (CD,Cy 5 153.4,
147.8, 138.7, 130.1, 128.4, 127.7, 127.6, 117.5, 116.5, 114.4, 104.3, 73.1, 70.99, 70.94,
70.70, 69.7, 69.5, 69.3.
2.3.9.10,16,17.23.24-Octakis(2-benzvloxvtriethoxv)phthalocvaninato dihvdroeen.
2Pc(Q(C-,0),Bz), 4,5-Bis(benzyloxytriethoxy)phthalonitrile (0.2643 g, 0.44 mmol) was

H

combined with l,8-diazabicyclo[2.2.2]undec-7-ene (DBU) (0.l7g, 1.1 mmol) were placed
in a 100 mL round bottom flask with 25 mL of ethanol. The mixture was heated to reflux
with constant stirring under argon for 36 hours. The reaction mixture was allowed to cool
and the rxn vessel was placed in the freezer (2 hours). The solids were collected by
filtration and purified by flash column chromatography (CHC13;methanol, 99:1). 0.014 g
of the product were isolated (5.4% yield). 'H NMR (CDjCU) 6 7.3 (m, 48H, aromatic),
4.5 (s, 16H), 4.2 (t, 16H), 3.9 (t, 16H), 3.6 (m, 64H). Note that there was insufficient
product to obtain a high quality proton NMR, and no '^C signal was measurable. The
integration was reasonably consistent with the values reported above but residual solvent
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peaks also appear in the spectra. In addition there was insufficient resolution to observe
peak splitting or the inner hydrogens of the Pc macrocycle (Appendix C). High
resolution FAB MS gave m/z 2420.13, expected m/z 2420.1328 (Appendix C).
2.3.9.10.16.17.23.24-Qctakis(2-benzvloxvtriethoxy)phthalocvaninato copper.
CuPcfOrCO^^Bz)., 4,5-Bis(benzyloxytriethoxy)phthalonitrile (0.6187 g, 1.02 mmol) was
combined with CuCU (0.856 g, 0.5 mmol) and l,8-diazabicyclo[2.2.2]undec-7-ene
(DBU) (0.43 g, 2.8 mmol) were placed in a 100 mL round bottom flask with 50 mL of
ethanol. The mixture was heated to reflux with constant stirring under argon for 48
hours. The reaction mixture was allowed to cool and the reaction vessel was placed in
the freezer (4 hours). The solids were collected by filtration and purified by flash column
chromatography (CHC13 methanol, 99:1). 0.0489 g of the product were isolated (7.7%
yield). 'H and '^C NMR not available see above. High resolution FAB MS gave m/z
2482.04, expected 2482.0478 (Appendix C).
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VIII. Synthesis - Benzyloxyethanesulfide Pes
2-BenzvloxvethanethioI. Path 1 2-BenzyIoxyethanol (14.6 g, 96 mmol), HBr (23.3 g,
288 mmol), and thiourea (7.4 g, 97 mmol) were combined in a 250 mL round bottom
flask and heated under argon with constant stirring to 110°C (12 hours). A solution of
NaOH (12 g, 300 mmol) in 112 mL of water was added and re-heated to reflux with
constant stirring under argon (2 hours). After cooling the organic layer was separated and
set aside. The aqueous layer was neutralized with 2 N HCl, extracted 3 times with
chloroform, and dried over anhydrous sodium sulfate. The chloroform was removed
under reduced pressure and the thiol fractions were recombined. The reaction mixture
was determined to contain benzyl mercaptan and 2-benzyloxyethanethioI. The thiols
were separated by flash column chromatography (hexanes.ethyl acetate, 80:20). The
benzyl mercaptan moved rapidly with the solvent front and was isolated with
approximately 25% yield. 2-Benzyloxyethanethiol (Rf = 0.4) was isolated with
approximately 25% yield.
2-Benzvloxvethanethiol. Path 2 2-Benzyloxy-l-tosylethane (1.0 g, 3.3 mmol), and
thiourea (0.4 g, 5.5 mmol), were combined with 25 mL of ethanol in a 200 mL round
bottom flask. The reactants were refluxed with stirring under argon for 12 hours. A
solution of NaOH (0.5 g, 12 mmol) in 20 mL of water was added heated to reflux with
constant stirring under argon (2 hours). The reaction mixture was cooled and neutralized
with 2N HCl. The organic layer was separated and set aside. The aqueous layer was
extracted 3 times with chloroform and dried over anhydrous sodium sulfate. The
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chloroform was removed under reduced pressure. The crude product was determined to
contain 2-benzyIoxyethanethioI, as well as trace amounts of benzyl mercaptan. 2Benzyloxyethanethiol 'H NMR (CD^CK) 5 7.4 (m, 5H, aromatic), 3.8 (s, 2H), 3.7 (t, 2H),
2.6 (t, 2H), 2.5 (s, IH). "C NMR (CD,CU) 5 139.2, 129.1, 128.6, 128.4, 73.9, 72.5, 62.5.
Benzylmercaptan 'H NMR (CDXL) 5 7.4 (m, 5H, aromatic), 3.8 (d, 2H), 1.9 (t, IH).
"C NMR (CD.Cy 5 141.7, 128.9, 128.4, 127.3, 20.1.
4-(2-Benzvloxvethanesulfide)-2-chloroDhthalonitrile 4,5-Dichlorophthalonitrile (0.7 g,
3.3 mmol) and a 6 fold excess of 2-benzyloxyethanethiol (3.3 g, 20 mmol) were placed in
a 200 mL round bottom flask with 50 mL of freshly distilled DMF. The reaction mixture
was heated to approximately 90°C with constant stirring under argon. Finely ground
anhydrous K^COj was added in small portions (8 x 0.9 g, 6.5 mmol) at 5 minute intervals.
The reaction was allowed to stir at 90°C for approximately 2 additional hours. The
reaction was cooled and added to 300 mL of ice water. The solids were filtered and
redissolved in methanol. This solution was washed twice with water and the methanol
was removed under reduced pressure. The product was recrystallized twice from
methanol (62% yield). 'H NMR (CD^CU) 5 7.8 (s, IH, aromatic), 7.4 (m, 5H, aromatic),
7.2 (s, IH, aromatic), 4.2 (t, 2H), 3.9 (s, 2H), 2.9 (t, 2H). "C NMR (CD,CU) 5 158.1,
138.5, 135.2, 129.2, 127.6, 117.1,116.0, 115.1, 108.7,70.7,37.2,29.9. FAB MS gave a
m/z 329.1 with the expected isotopic ratio for the chlorine containing product (Appendix
C).
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS
Miniaturization and specialization of optical and electronic device technologies
have pushed design limits and generated great interest in the ideal of molecular
engineering and nanotechnology. Presented here was an exploration in this emerging
field where the phthalocyanine has proven to be an important player as a model material.
Thin highly ordered films of phthalocyanine derived supramolecular materials may soon
find application in new optical and electronic device technologies. The realization of this
ideal will require continued investigation of the parameters that govern the formation of
well ordered supramolecular assemblies. Tailoring of molecular interactions through
substituent design in the well-characterized phthalocyanine model system has
demonstrated potential for expanding our understanding of the formation and
stabilization of molecular assemblies. This work has shown that substituent design has a
profound influence on the character of supramolecular assemblies formed by
phthalocyanine materials.
I. Phthalocyanine Derivatives with Benzyl Terminated Substituents

L Benzyloxyethoxy Substituents
Octasubstitution of the Pc macrocycle with alkoxy, and ethylene oxide derived
substituents has long been known to produce materials which exhibit liquid crystalline
properties

The thin film forming characteristics of these materials, with a few

notable exceptions

have been less than ideal. Langmuir film studies of

octasubstituted liquid crystalline Pc materials have generally indicated unstable
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monolayer formation, and poor LB transfer behavior

The influence of benzyl

terminated substituents, on the fihn forming and self-assembly properties of several
liquid crystaUine phthalocyanines were investigated in this work. Benzyl termination of
short ethylene oxide Pc substituent chains generated stable Langmuir film forming
materials. No previously reported monomeric octasubstimted Pc materials exhibit the
mechanical integrity and thus processability of the Langmuir fihns reported here. The
substituent design produced a material that exhibits highly ordered structures over large
domains when subjected to compression on the LB trough. Facile transfer of well
ordered columnar assemblies to a variety of substrates was possible with these materials.
The extraordinary properties of fihns produced fi-om CuPc(0C20Bz)8 and
2 c

20Bz)5 are hypothesized to be a function of both the substituent chain length and

H P (0C

the terminal benzyl functionality. The hypothesis suggests that arene-arene interaction of
terminal benzyl groups, aids in the organization of film aggregate structures. These
interactions provide stabilizing interactions both within, and between, the columnar
aggregates of a fihn. Stabilizing benzyl interactions within the columnar structures could
arise fi-om either cofacial, or herringbone(edge-to-face) structural motifs. Stacking of the
terminal benzyl groups in a herringbone motif is proposed as the most probable
arrangement in these assemblies. A schematic representation of this packing arrangement
is shown in Figure 7.1.
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Figure 7.1, A schematic representation of edge to face stacking of the terminal benzyl
groups of MPc(0C20Bz)g in a columnar assembly. To simplify the drawing the Pes are
shown with the macrocycle plane perpendicular to the column axis. The macrocycle
plane of actual assemblies are expected to have some small angle of inclination to the
column axis normal.
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This motif would provide maximal opportunity for intercolumnar arene-arene
interactions. Densely packed cofacial benzyl groups, on the other hand, would be
restricted to edge-to-edge van der Waals intercolumnar attractive forces.
The WAXS data discussed in Chapter 3 supports the edge-to-face model for the
terminal benzyl groups of MPc(0C20Bz)8 colmnnar assemblies. Two broad diffraction
features corresponding to intracolumnar spacings of 3.36A and 4.25A were assigned to
the cofacial Pc macrocycle repeat distance and a repeat distance for the less ordered liquid
crystalline region of the colunmar assemblies'^. Effective cofacial interaction of the
terminal benzyl groups would be expected to generate a smaller repeat distance than that
observed. Theoretical studies of benzene molecules" stacked in a near 90° herringbone
motif indicate a global energy minimum of -10.1 kJ/mol with the ring centroids separated
by SA. A local minimum of -7.6 kJ/mol corresponded to cofacial stacking with a
centroid separation of 3.3 A. The stability of the herringbone structure results from the
attractive interaction of the larger number of near neighbors, versus a cofacial stacked
assembly.
The stacking model proposed for the MPc(0C20Bz)8 materials, illustrated in
Figure 7.2, suggests a columnar assembly with the plane of the Pc macrocycle inclined to
the coliunn axis by approximately 38°. This arrangement was derived from spacing
assigiunents determined from the WAXS data. This packing structure and angle is
consistent with spatial requirements of the assigned columnar aggregate features. A
reduction of the inclination angle reduces the space available to the terminal benzyl
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5 X3.36 A=16.8

5X4.25 A = 21.3 A

Angle = 37.8'
Figure 7.2, A simple graphical representation showing spacing expectations for a
c

20Bz)8 stack with an inclination angle of 37.8° relative to the Pc column axis.

MP (0C

262
groups. At angles less than 30° there is insufficient space for edge-to-face stacking of the
benzyl groups.
An additional geometric consideration that can be derived from the stacking
model shown in Figiu-e 7.2, is an estimate of the substituent inclusive Pc diameter. Using
the model and a column-column spacing of approximately 27.7 A, measured for the thin
LB film by SAXS, and estimated from STM measurements, we arrive at a molecular
diameter of 35 A. This is the expected value for fully extended MPc(0C20Bz)8
substituent chains determined from CPK models. A structural arrangement with fully
extended substituent chains is reasonable in light of the linear dichroism experiments
discussed in Chapter 3. We saw a highly dichroic transition for the C-O-C asymmetric
stretch at 1103 cm '. This highly dichroic transition could not result from disordered
substituent arms. While this is not a definitive proof, the linear dichroism experiments
are at least consistent with the proposed structure. The molecular area calculated from
this value and the 3.36 A spacing determined from X-ray data is 118 A*. Recall that the
on trough molecular area observed for these materials at the first transition of the pressure
area isotherm was consistently near of 120A".
As discussed above the extraordinary stability of MPc(0C20Bz)g bilayer fihns on
the trough, and as transferred films is ultimately due to the stabilizing interaction of the
terminal benzyl groups. Preliminary studies of film transfer efficiency to benzyl and
alkyl modified surfaces'"" indicate that the attractive interactions are more effective on the
benzyl terminated surfaces. This implies that interaction between columnar assemblies
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involves more than simple van der Waals forces. The specificity of attraction for the aryl
terminated surface suggests the interaction is in fact arene-arene in nature. This fact
alone, however, does not explain the extraordinary order and stability of the bilayer
versus monolayer films. Figure 7.3 illustrates the principles thought to govern this
exceptional fihn behavior. The stabilizing influence due to intermolecular attractive
forces in monolayer films composed of columnar aggregate structiu-es, are limited to the
two nearest neighbor colimins.
As the trough area is reduced beyond the monolayer transition columns are
ejected from the subphase surface. As a result, additional stabilizing interactions can
occur and the columnar molecular assemblies begin to lock together through the influence
of an increasing number of nearest neighbors. The fiilly formed bilayer has twice the
number of stabilizing interactions per molecule as the monolayer. This stabilization
energy is sufficient to resist fluther reordering of the film bilayer. Occasionally the
suggestion of trilayer formation on the trough was observed for these materials.
Investigations utilizing elevated subphase temperature experiments may facilitate the
formation of trilayers, however, the spatial constraints of the LB trough prevent loading
of sufficient material to realize fully formed trilayers. Investigation of this proposed
behavior is left to future researchers.
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Figure 7.3 A graphical representation of the increased opportunity for attractive force
interactions that accompanies the formation of a bilayer of Pc columns. As a compressed
monolayer, each molecule has the opportunity to participate in two favorable
intermolecular attractive interactions. As a compressed bilayer, each molecule has the
opportunity to participate in four.
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iL Benzyloxytriethoxy substituents
This work has demonstrated that the length of the benzyl terminated substituent
chain has a significant effect on the order found in assemblies of the materials. The
alignment of the benzyl groups, which optimize beneficial arene-arene interactions within
the molecular assemblies, is thought to be significantly influenced by substituent chain
length. Longer substituent chains are expected to increase the liquid crystalline nature of
the assemblies. Increased opportunity for movement within the liquid like domains of the
longer substituent groups overwhehns the stabilizing contribution of the benzene
ftmctionality. This motion would be significantly reduced in the short benzyloxyethoxy
substituent chain. The work has not explored optimization of the arene-arene interaction,
linkage length relationship, by variation of chain length. It has clearly demonstrated,
however, that materials derived fi-om benzyl terminated ethylene oxide material can be
manipulated to form highly structured stable films, while films prepared firom Pc
materials derived from benzyl terminated triethylene oxide are not well structured.

iiu Monomeric vs. polymeric Pc molecular electronic materials
The structure and physical properties of thin fikns prepared fi-om these
monomeric Pes exhibit many characteristics in common with polymeric Pc materials.
Axially polymerized phthalocyaninato polysiloxane (PcPS) thin film materials, exhibit
exceptional long-range order. The physical, electrochemical, and conductive behavior of
PcPS materials have been widely reported

The structurally well-defined PcPS ,

materials provide an excellent point of reference for comparison to the materials which
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are the focus of the present work. Thin LB films of CuPc(0C20Bz)g and H2Pc(0C20Bz)g
prepared by horizontal transfer techniques are in many ways comparable to the PcPS
materials. The ease of fihn fabrication, long-range order and mechanical stability of the
uPc(0C20Bz)8 and H2Pc(0C20Bz)8 materials makes them an attractive material, which

C

can be more easily produced and manipulated than the PcPS polymers.

iv. Electrochemical behavior and conductivity of MPc(0C20Bz)g
The electrochemical and properties of films prepared from CuPc(0C20Bz)g and
H2Pc(0C20Bz)g are strongly influenced by film structure and morphology. This report
demonstrated that as thin fihns these materials exhibit quasireversible electrochemical
oxidation, favored by the well-structured aggregate assemblies that comprise the thin
film. Previous reports of Pc thin film electrochemical oxidation have indicated primarily
irreversible processes, due to film decomposition or dissolution. The oxidation of the
c(0C20Bz)8 materials occurs at a potential much lower than reported for other

MP

monomeric Pes. The polarizability of the highly delocalized ti electron system is
enhanced when the macrocycles are in close proximity making oxidation energetically
favorable. This electronic communication facilitates the creation of a partially oxidized
columnarly aggregated Pc system, which is an ideal configuration for enhancement of
conductive properties. Inter-molecular and inter-columnar interactions, largely due to the
terminal benzyl groups of these Pes, stabilize the oxidized assemblies.
Thin fihns of CuPc(0C20Bz)g and H2Pc(0C20Bz)g are at least semiconducting in
the neutral state, and exhibit a significant enhancement in conductivity with partial
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electrochemical fihn oxidation. The mechanical stability of the materials make them an
attractive candidate for utilization in electronic device applications. The work presented
here has provided a foundation for continued investigation in molecular electronic
materials applications.
II. Continuing Research: Future Investigations
The current work has demonstrated the possibility of creating well ordered fihn
structure through appropriate Pc substituent design. Further it is clear that film
manipulation techniques can profoundly influence the quality of films prepared fi"om a
given material. The work has shown that well ordered films of some monomeric Pc
materials exhibit properties at least comparable to the structural and electronic properties
of polymeric PcPS materials, which are synthetically much more difficult to prepare. The
investigation has not elucidated a complete picture of MPc(0C20Bz)g film properties.
There is unfinished structural characterization of the thin films to be done. The complete
elucidation of the Pc macrocycle orientation angle to the aggregate column axis is of
great importance in the evaluation of electronic conduction processes. Orbital overlap is
not optimized for conductive properties if there is much deviation of the macrocycle
plane fi-om the column axis normal. In addition the work has utilized only the metal firee,
copper and zinc centered materials. A number of other metal centers are of interest. The
contributions of metals such as nickel, cobalt, and aluminum (to name a few), to
benzyloxyethoxy substituted Pc materials properties are of significant interest. A
continued investigation of the properties of mixed metal films is also of interest.
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The properties of the benzyloxyethoxy materials are indeed extraordinary, but
there remain a great number of synthetic design possibilities that could lead to new
interesting molecular electronic materials. Phthalocyanines with naphthalene,
anthracene, or other aromatic derived chain terminus substituents could be expected to
enhance or disrupt film order, depending on chain linkage length and the nature of TZ
interactions. They could also be expected to contribute to the electronic properties of a
given material if close K-n cofacial stacking could be realized within the chain terminus
functionality as well as in the Pc stack. This type of stacking has been demonstrated in
the "molecular wire" materials reported by Nolte and co-workers
The introduction of heteroatoms in substituent terminus aromatic functionalities,
and/or in the Pc macrocycle would be expected to profoundly effect materials properties.
Heterocyclic terminal substituents would influence the structure of the resultant
supramolecular assemblies by changing the nature of aromatic structural packing, ti-h
Interactions can be strengthened by the introduction of heteroatoms, such that electron
rich, and electron poor regions are generated in aromatic substituent groups'"*^. A material
produced from Pes with heteroatoms incorporated in the macrocycle could result in closer
cofacial stacking and enhanced electronic properties. Figure 7.4 shows a hypothetical
system with heteroatom substitution in the macrocycle. The interaction of electron rich
and electron poor regions of the material could lead to reduced thermal rotation and
therefore improvements in orbital overlap in the molecular assembly.
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Figure 7.4 A Schematic representation of a possible stacking orientation for films
prepared from Pc derivatives symmetrically substituted with heteroatoms, such as
nitrogen, in the benzene moiety of the macrocyclic structure.
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Utilization of the film fabrication techniques developed in this work, for the
investigation of other molecular electronic materials is very likely to simplify the
production of multilayer thin films for other thin films. It is highly probable that many
other materials can be successfully transferred by the horizontal LB technique
incorporating stabilization of the film structure via the in trough baffle. The technique
may make it possible to utilize materials, which have not been thoroughly investigated
due to their poor stability on the LB trough. This work has shown, in a preliminary
fashion, that it may be possible to manipulate and prepare LB films from materials with
poorly defined Langmuir film behavior.
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APPENDIX A SYNTHESIS CHAPTER SUPPLEMENT-SPECTRA
NMR and Mass spectra are presented on the pages that follow.
Figure A. 1

'H NMR - CuPc(0C20Bz)8
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Figure A.2

Mass spectral data - CuPc(0C20Bz)g
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Figure A.3

'H NMR - H2Pc(0C20Bz)8
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Figure A.4

Mass spectral data - H2Pc(0C20Bz)g
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Figure A.5

'H NMR - Triethylene glycol monobenzyl ether
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Figure A.6

'^C NMR - Triethylene glycol monobenzyl ether
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Figure A.7

'H - Triethylene glycol monobenzyl ether mono-p-tosylate
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Figure A.8

'^C NMR - Triethylene glycol monobenzyl ether mono-p-tosylate
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Figure A.9

'H NMR - o-Dibromo-4,5-bis(benzyloxytriethoxy)benzene
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NMR - o-Dibromo-4,5-bis(benzyloxytriethoxy)benzene
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Figure A. 10
Figure A. 11

'H NMR- 4,5-bis(benzyloxytriethoxy)phthaionitrile
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Figure A. 12

'^C NMR - 4,5-bis(benzyloxytriethoxy)phthalonitrile
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Figure A. 13

'H NMR - H2Pc(0(C20)3Bz)g
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Figure A. 14

- Mass spectral data H2Pc(0(C20)3Bz)g
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Figure A. 15

Mass spectral data - CuPc(0(C20)3Bz)g
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Figure A. 16

'H NMR - 2-Benzyloxyethanethiol
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Figure A. 17

'^C NMR - 2-Benzyloxyethanethiol
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Figure A. 18

'H NMR- 4-(2-Benzyloxyethanesulfide)-2-chlorophthalonitrile
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Figure A. 19

"C NMR - 4-(2-Benzyloxyethanesulfide)-2-chlorophthalonitrile
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Figure A. 1

'H NMR - CuPc(0C,0Bz)8

Figure A_2

Mass spectral data - CuPcCOQOBz),
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Figure A.4

Mass spectral data - HjPcCOCjOBz),
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Figure A. 8

'^C NMR - Triethylene glycol monobenzyl ether mono-p-tosylate
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Figure A.9

'H, NMR - £?-Dibromo-4,5-bis(benzyloxytriethoxy)ben2ene

281

•2?
553

r*^rit -

fwil W Wft*.

tara —

:x
is

a

i g

-8

a i 3

i25
-a

i z

-3
* " 1 5

t"?

Figure A. 10

^= s !
i --

"C NMR - o-Dibromo-4,5-bis(benzyIoxytriethoxy)benzene

282

Figure A. 11

'H, NMR - 4,5-bis(ben2yloxytriethoxy)phthalomtrile
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Figure A. 13

'H, NMR - H2Pc(0(Cj0)3Bz)g
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Figure A. 17

'^C NMR - 2-BenzyIoxyethanethiol
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Figure A.18

'H,NMR - 4-(2-Benzyloxyethanesxilfide)-2-chlorophthalomtrile
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Figure A. 19

'^C NMR - 4-(2-Benzyloxyethanesulfide)-2-chlorophthalomtrile
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