SELF-ORGANIZATION AND CHARACTERIZATION

OF PORPHYRINIC NANOPARTICLES AND NEW
CATALYTIC OXIDATION BY NANOPARTICLES OF IRON

TETRA-PENTAFLUOROPHENYLPORPHYRIN

by

GABRIELA MARIA SMEUREANU

A dissertation submitted to the Graduate Faculty in Chemistry in partial fulfillment of the

requirements for the degree of Doctor in Philosophy, The City University of New York

2007



UMI Number: 3283189

Copyright 2007 by
Smeureanu, Gabriela Maria

All rights reserved.

®

UMI

UMI Microform 3283189

Copyright 2007 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346



© 2007
GABRIELA MARIA SMEUREANU

All Rights Reserved

1



iii

This manuscript has been read and accepted for the Graduate Faculty in Chemistry in

satisfaction of the dissertation requirements for the degree of Doctor in Philosophy.

04/16/2007
Date Prof. Charles Michael Drain
Chair of Examining Committee
04/16/2007
Date Prof. Gerald Koeppl

Executive Officer

Prof. James D. Batteas

Prof. Hiroshi Matsui

Prof. Lynn Francesconi

Supervisory Committee

THE CITY UNIVERISTY OF NEW YORK



v

ABSTRACT

SELF-ORGANIZATION AND CHARACTERIZATION
OF PORPHYRINIC NANOPARTICLES AND NEW CATALYTIC
OXIDATION BY NANOPARTICLES OF IRON TETRA-

PENTAFLUOROPHENYLPORPHYRIN
by

Gabriela Maria Smeureanu

Adviser: Professor Charles Michael Drain

Certain applications of supramolecular porphyrinic systems, such as molecular
sieves and photonics, rely on precise nanoarchitectural control of the molecules and/or
atoms; therefore they require self-assembled systems of discrete arrays and highly

ordered crystals.

In this work we investigate functional materials wherein the function derives from
the assembly —electron and energy transfer are examples. Recognition groups based
on hydrogen bonding are generally designed to efficiently form intermolecular
interactions between two or more molecules. The two complementary recognition
groups used here are: uracyl (U) and 2,6-diacetaminopyridine (P) derivatives.
Attaching two copies of these recognition motifs to the opposite sides of meso aryl
porphyrins (free base and metallo) allow these to self-assemble or self-organize via
triple hydrogen bonds. These structural and functional studies may serve as a basis for

understanding the photo physical properties of the self-organized aggregates.



The use of porphyrins for self-assembly and self-organization of molecules and
ions to create functional photonic materials has been cornerstone of much research
because of their structural rigidity, chemical stability and rich photo and electro
chemical properties. Herein we report the self-assembly of squares formed from four
5,15-bis- (4-pyridyl)-10,20-bis-(4-dodecyloxyphenyl) porphyrin linked together by
coordination to cis-platinum (II) dichloride.

Colloidal porphyrin nanoparticles can be considered self-organized systems that
are governed by the principles of supramolecular chemistry. Nanoparticles, a unique
subset of the broad field of nanotechnology, play an important role in a wide variety of
fields including advanced materials, pharmaceuticals, and environmental detection and
monitoring. Porphyrin and metalloporphyrin nanoparticles are promising components
for advanced material chemistry because of the rich photochemistry, stability, and
catalytic activity. The formation and characterization of these nanoparticles are
discussed using different techniques (e.g. UV-Vis, Fluorescence, DLS and AFM).
These nanoparticles on hydrophilic surfaces de-aggregate into 10-300 nm particles and
we observed that different hydrocarbon substituents and metals affect particle size.
These systems can serve as sensors and other photonic devices, but my particular
focus is on the catalytic properties of nanoparticles of an iron porphyrin. Using gas
chromatography coupled with mass spectrometry and hydrogen and oxygen isotope
experiments we discovered that these systems have different reactivity than the same

porphyrin in solution and that the turnovers are more than 10-fold greater.
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Research outline

Porphyrins are a class of organic molecules with a macrocyclic tetrapyrrole core
and different substituents. Porphyrins have remarkable photo-, catalytic-, electro-, and
biochemical properties.' They are extensively used in self-assembling processes to
prepare monolayers and thin films.> > Multiporphyrin arrays are prepared both by
organic synthesis and self-assembling techniques,'™ and self-organized nanomaterials
composed of porphyrins have also been prepared.® Porphyrin nanoparticles are
promising components of advanced materials because of the rich photochemistry,

stability, and proven catalytic activity.’

The supramolecular chemistry of porphyrin systems is extraordinary diverse
because the rigid macrocycles offer a variety of topologies that can be match with the
topologies of hydrogen bonding moieties and metal ion coordination geometries.
Supramolecular chemistry depends on the pre-organization of complementary
molecular receptors on component molecules. *°

The spontaneous association into organized systems can be categorized as self-

9 results in the formation of a

assembly and self-organization. Self-assembly *
discrete supramolecular entities. On the other hand, self-organization of ions or
molecules results in non-discrete systems where at least one dimension is variable
(linear polymer or two dimensional arrays), and these systems tend to be more
dynamic and tolerant of defects. Together, self-assembled and self-organized systems

are expected to make important contribution in some electronic applications.” '*'



Other applications include molecular sieves that are specific for a given molecule
or sets of molecules,”” non-linear optical materials,'* nano-crystalline and nano-
aggregated materials". Self-assembled systems are used as catalysts or design to
recognize target analyte with increased specificity over simple chromophoric systems.
Also, redox and and photo-physical properties of the materials make them suitable for
applications in sensors, electronic devices and electroluminescent materials. More
recently supramolecular chemistry has been used in the formation of high-spin
materials'® with design spin properties that may be used in a variety devices such as
sensors, actuators or magnetic storage devices.

This thesis focuses on the supramolecular chemistry — self-assembled and self-
organized — porphyrin materials and demonstrates some of the properties and
applications. The intermolecular interactions use hydrogen bonding, metal ion
coordination, and dispersion forces for the preparation and characterization of
aggregates and nanoparticles.

Much of the rich supramolecular chemistry of porphyrinoids, and the potential
applications of porphyrinoid materials, have been pioneered by Drain and coworkers,

and this thesis constitutes the latest chapter in the story.
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1.

SELF-ASSEMBLED MULTIPORPHYRIN ARRAYS

WITH HYDROGEN BONDING RECOGNITION GROUPS

1. 1. Introduction

Life on Earth depends on efficient solar energy conversion mediated by
photosynthesis. Light harvesting by pigments such as chlorophylls is the first step in
photosynthesis. In plants, algae, and purple photosynthetic bacteria the protein-
pigment antenna complexes capture solar energy, and efficiently funnel this energy to
an energetic sink referred to as the reaction center. The first photosynthetic organisms
appeared about 4.5 billion years ago, and evolution has optimized the process such
that photosynthetic “devices” have reached over 90% efficiency in the transformation
of light energy into biochemical energy." > Any effort to mimic or indeed improve
upon photosynthesis to create solar energy converting devices must maximize the
light-harvesting process and efficiently couple this to the electron transfer process that

results in the production of a useful chemical or electrical potential.



Silicon based solar cells represent a functioning technology but mass production
has not led to the expected drop in manufacturing price so that solar energy production
still is about ten times more expensive than conventionally produced electrical
energy.” During the last decade, in spite of considerable effort, non-silicon based
artificial systems still remain at about 10% efficiency.’ Organic, or plastic solar cells
have the potential to be mass produced at much lower costs using continuous
processing, and proof-of-principle devices have been demonstrated,"® but the
efficiency is still well below the commercialization value of about 6%. Inspired by
natural photosynthesis, our initial focus is to construct light-harvesting systems with
increased photon capture cross sections that enables hybrid solar cells to function even
under low light illumination conditions.” For light-harvesting purposes, an assembly of
excitonically-coupled chromophores acting as the antenna system must ensure that the

exciton energy transfers to the trap with high efficiency.®"'

11-1 .
3 and dendrimers have

Recently, a variety of covalent multichromophoric arrays
been elegantly synthesized as antennas and their photophysics was investigated.'*"°
However, complex multistep syntheses generally render the covalent systems
prohibitively expensive for practical, commercially viable applications. The
alternative, noncovalent approach, in which appropiately designed cromophores self-
assemble into functional antenna systems obviates much of the synthetic efforts and
costs. However, self-assembled systems necessitate careful consideration of
organizational robustness under the application conditions since only weak
intermolecular forces such as metal ligation, hydrogen bonds, n—n interactions and

dispersion forces hold these structures together.'” 2’



The architecture of the chromophores should maximize energy transfer and be
stable for use in potential devices. Once the self-assembly algorithm has been
programmed into a molecule by equipping it with groups suitable for specific
intermolecular interactions, the outcome of the process is dictated by a fine balance
between kinetics and thermodynamics. Since the thermodynamic structure is usually
the product, the components can reassemble thus affording an autorepair mechanism
for this component of the device. Self-assembly is also a functional principle for
natural light-harvesting antennae, as illustrated by numerous studies of the antenna

chlorosomes of green photosynthetic bacteria.?' ™

Figure 1. 1. Discrete hydrogen bonding arrays.



Because such self-assembled antenna architectures can lead to functional light-

26, 27

harvesting nanostructures, a deeper understanding of their energy transfer

capabilities is required in order to optimize their use in efficient hybrid solar cells.

Self-assembly of discrete porphyrin arrays mediated by hydrogen bonding into

28, 29

cage-like dimers and rosettes were the earliest systems, and these were followed

by assemblies of squares and nonameric arrays.’” °'

(Figure 1. 1.) Florescence
depolarization studies indicated good energy transfer among the porphyrin dimers in

the rosettes, and excitation of a zinc porphyrin in the heterocomplementary squares

resulted in fluorescence predominantly from the free bases.

Balaban et al. later made a series of compounds of free bases and Zn porphyrins
with similar uracyl and diacetamidopyridyl complementary recognition groups
capable of forming triple hydrogen bounding, but with flexible linkers between the
porphyrins and the self-assembly motifs. Steady state and transient fluorescence
studies of the electron transfer (from the Zn to free base) were done to asses the
efficiency of these self-organized materials. The questions remained however, about
the extent of aggregation of these systems. Thus, I did the work related to the
aggregation and self-organization of these porphyrins with complementary hydrogen
bonding motifs. Figure 1. 2. shows the structures of the porphyrinic systems: UCU,
UC(Zn)U, PCP, PC(Zn)P where P=2,6 diacetaminopyridine, U=uracyl and

C=porphyrin core.
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Figure 1. 2. Porphyrins bearing complementary hydrogen bonding motifs
with flexible linkers.
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1. 2. Self-assembled multi-porphyrin systems: Experimental and

Characterization

1. 2. 1. Experimental Methods

AFM Investigations and Dynamic Light Scattering Experiments

Dynamic light scattering (DLS) measurements were recorded using the
PD2000DLS (PDDLS/Cool Batch 90T from Precision Detectors) instrument and 0.5 x
0.5 mm glass cuvette, for each individual porphyrin and for the 1:1 mixtures
(UCU+PC(Zn)P and PCP+UC(Zn)U) at 25uM solution concentrations in chloroform.

Solutions were filtered through a 0.2 pm syringe filter.

Atomic force microscopy (AFM) images were recorded using a Veco Nanoscope
IIT instrument using contact mode on glass coverslips cleaned using H,O : NH4OH :
H,0, (4:1:1) followed by several rinses with distilled water and drying in an oven at
100 °C. The 25 uM solution of each individual compound and the 1:1 combinations
were drop cast using a 0.2 um syringe filter onto the clean glass or freshly cleaved
mica surface and allowed to dry in the air in a capped cell culture dish. The silicon
cantilever (CSC21) contact mode tip had a nominal convolution of 10 nm. Images
were taken in several places of the sample where a high, medium, and low density of
particles were observed, where the latter two likely are more representative of the
aggregates found in solution. Each of the porphyrins and the self-organized aggregates
were deposited on at least five different cover slips on different occasions. Several
areas of each sample were analyzed by AFM; the histograms represent the particle

distribution for the given AFM, but are representative of the other samples.
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1. 2. 2. Results and discussion

The focus of our research is to investigate the aggregation of each individual
porphyrin system UCU, UC(Zn)U, PCP, PC(Zn)P and each complementary
combination UCU + PC(Zn)P, PCP + UC(Zn)U. Complementary recognition groups
(Rec) capable of triple hydrogen bonding such as 2,6-diacetamidopyridine (P) and
uracyl (U) have been shown to induce self-organization into large chiral

suprastructures when flexible tartaric esters are used as the core.** >

With rigid groups
such as anthracene, polymeric materials with adaptive properties may be obtained.**
These hydrogen bonding motifs allow the self-assembly of a large variety of
architectures® depending on the topologies of the component molecules. Here free
base or Zn(Il) porphyrins serve as the core functional entity. The photophysical
properties of both the free base and the zinc porphyrins are well established, and zinc

metalloporphyrins can serve as energy donors to free bases (FB) energy acceptors if

the molecular or supramolecular structure is appropriate.

The design of these second generation of porphyrin assemblies which have several
advantages over the previous systems: (i) the synthetic methods are direct and readily
scalable; (ii) increased solubility by placement of long alkyl groups at the meso
positions of the porphyrins (iii) the ester linkages are inert to redox processes, wherein
it has been observed that the amido linkages used previously have a propensity to
quench the fluorescence of the energy donors by competing electron transfer reactions,

thus shortening the lifetimes and reducing the energy transfer rate and its efficiency;
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(iv) the present design strategy allows for a modular self-organization of components
in a variety of architectures. The primary disadvantage of these porphyrins is that the
flexible linkers allow a large variety of conformations and relative macrocycle
orientations, so that the nanoarchitectures of the self-organized products are not well
defined and considerably more dynamic. Figure 1. 2. presents the porphyrins used in

this work for the noncovalent assembly of functional units.

The main reasons the linker are used to append the uracyl (U) and 2,6-
diacetaminopyridine (P) recognition groups to the porphyrins are: 1) ease of synthesis
and therefore scale-up; 2) increased solubility and 3) the possibility for a modular
assembly of components in a variety of architectures by self-assembly. The energetics

of the triple hydrogen bound motifs have been calculated ***!

(hetero complementary
U=P, E ~ 8 kcal/mol, double hydrogen bounds between homo complementary U=U,
E ~ 3 kcal/mol, and the 2-4 possible hydrogen bonds between homocomplementary
P=P, E ~ 5 kcal/mol) ( Figure 1. 3.). These compounds allow a modular assembly of

Zn(II) donor porphyrins with free base acceptor porphyrins in predefined architectures

that allow the study of energy transfer in noncovalent supramolecular assemblies.

Figure 1. 4. presents some of the possible architectures of these ditopic arrays in
terms of metallation state. Note that the length of these arrays in solution is dictated by
thermodynamics of the intermolecular interactions, thus the conditions used
(concentration, solvent, temperature, water content in the solvent, etc.) The degree of
pi-stacking, which is maximally about 5 kcal/mol per pi-pi interaction, is dependent on

the concentration as well.
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Figure 1. 3. (Top) hetero complementary U=P hydrogen bonding;
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Figure 1. 4. Possible configurations of free base and metallo-porphyrins
assemblies, from top to bottom: all free base porphyrins, all metalloporphyrins,
Zn(Il) pyridylporphyrins with free base uracyl porphyrins, free base pyridyl
porphyrins with Zn(II) uracyl porphyrins, and an array with a percentage of the
free base. The zinc systems serve as energy donors and the free base as energy
acceptors.

Ultimately, utilization of these, or similar, systems in solar energy harvesting
devices will require deposition onto surfaces. Thus we examined the self-organization
of these molecules and various mixtures of them drop cast onto clean glass and freshly
cleaved mica. Several key conclusions can be made. The association of molecules by
homo-complementary hydrogen bonding motifs, in this case uracyl-uracyl interactions
and diacetamidopyridyl — diacetamidopyridyl interactions, is known to occur in
solution. The specific single and double H-bonding interactions between uracyls (and
there are four possible H-bonding interactions between the pyridyl moieties with
varying degrees of stability) are a few kJ mol™ less than the hetero-complementary

triple H-bonding interactions.’" *°

The homo-complementary interactions become
increasingly important as concentration increases, as do non-specific interactions such

as m—stacking. These intermolecular interactions lead to aggregation of the individual

component molecules as the solutions are concentrated.
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As expected, dynamic light scattering (DLS) of 25 uM solutions in dry CHCI; at
25 °C of the individual porphyrins (UCU, PCP, PC(Zn)P, UC(Zn)U) reveals that a
small quantity of the compounds aggregate to form particles with similar diameters of
~ 200 nm but with varying dispersities. Contact mode atomic force microscopy (AFM)
studies of these individual porphyrinic compounds drop or spin cast onto glass
surfaces from 25 uM solutions in CHCl; show a small surface density of particles that
are 15 + 5 nm high by 210 + 30 nm in diameter, while on mica surfaces the heights are

somewhat smaller. Again the dispersities are different for each compound.

Because of the greater intermolecular interactions by the complementary H-
bonding motifs, it is expected and observed that 1:1 ratios of these compounds form
larger aggregates at the same 25 puM concentrations in CHCl; at 25 °C as the
components. Thus DLS indicates large amounts of 380 nm + 20 nm diameter particles
for PCP = UC(Zn)U, and a bimodal distribution of 50 nm and 380 nm diameter
particles of UCU = PC(Zn)P. Contact mode AFM studies on glass and mica show a
much higher surface density of the target assemblies compared to the individual
compounds, with ~ 20 nm heights and ~300 nm diameters. In solution the nanoscaled
aggregates of both the compounds and the mixtures likely contain a large amount of
solvent, and are composed of numerous sub-domains, as has been shown with other
porphyrinic nanoparticles.”” Thus, upon deposition and solvent evaporation the
nanoparticles collapse and can break apart into the subdomains. Fluid dynamics as the
solvent evaporates also contributes to the observed morphologies. Thus, the AFM data
and particles distribution histograms (Figure 1. 5., 1.6.,1.7.,1.8.,1.9., 1. 10.) are

generally consistent with the DLS data (Figure 1. 11., 1. 12.).



Compounds AFM (on glass) AFM (mica)

PCP 3x3 micron 1.5x1.5 micron

UC(Zn)U 2x2 micron

5x5 micron
PCP+UC(Zn)U

Figure 1. 5. Contact mode atomic force microscopy (AFM) studies of the
individual porphyrinic compounds and the self-organized aggregates drop
cast onto glass and mica surfaces from 25 uM solutions in CHCIs. The
contact mode silicon cantilever (CSC21) tip has a nominal convolution of
10nm



Compounds AFM (on glass) AFM (mica)
UCU 5x5 micron 5x5 micron
PC(Zn)P 1.5x1.5 micron 1.5x1.5 micron
3x3 micron 5x5 micron
UCU+PC(Zn)P
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Figure 1. 6. Contact mode atomic force microscopy (AFM) studies of the
individual porphyrinic compounds and the self-organized aggregates drop
cast onto glass and mica surfaces from 25 uM solutions in CHCIls. The
contact mode silicon cantilever (CSC21) tip has a nominal convolution of
10nm.
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1. 3. Conclusions

Our conclusion based on DLS and AFM measurements are that the individual
compounds, both the free base porphyrins and the zinc metallated porphyrins, are less
aggregated in solution, and result in smaller particles on the surface with much smaller
surface densities compared to the heterocomplementary assemblies. The two
heterocomplementary combinations (UCU+PC(Zn)P and PCP+UC(Zn)U) are more
aggregated in solution, albeit with a greater size distribution and result in large patches
on both glass and mica surfaces in much greater surface densities. These results are
consistent with the experimentally determined intermolecular interaction energies for
triple hydrogen bond motifs. The DLS for individual porphyrins (free base and
metallated) at 25uM concentration show a distribution of globular particles about 200-
250nm in length, and this correlates well with the AFM data after drop casting the
solution on glass or mica surface. DLS and AFM indicate that 25uM solutions of the
complementary pairs (PCP+UC(Zn)U and UCU+PC(Zn)P) tend to aggregate into
somewhat larger globular structures. DLS data fits better to a cylindrical geometry
(length 300-350 nm, diameter 25-30 nm) and this is confirmed by the AFM data (glass
and mica). There is higher surface density for the assemblies than for individuals
components. The cylindrical geometry is consistent with the topology of the
intermolecular interactions in that the assembly of individual chains occurs in one
direction and then the chains aggregate, largely due to pi-pi interactions, to result in

nanorods with a small aspect ratio.
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As expected, the 2,6-diacetamidopyridyl — uracyl moieties afford complementary
hydrogen bonding motifs that promote the association of the donor and acceptor
molecules in moderately polar and non-polar solvents. Since these are thermodynamic
products at least initially, it is reasonable to expect that different solvent conditions,
temperatures, and method to deposit onto the surfaces can result in different particle
sizes, particle distributions, particle morphologies, and surface coverage. From one
standpoint, this parameter can be exploited to tune the self-organization of these
materials into hierarchical structures and sizes. Since porphyrins and phthalocyanines
are excellent candidates for the formation of photonic materials such as solar energy
antennas, and since they are significantly more robust chromophores than the
photosynthetic pigments, these easy to synthesize arrays will be incorporated into

proof-of-principle devices in the future.
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2.

SELF-ASSEMBLED AND SELF-ORGANIZATION OF

PORPHYRIN MATERIALS ON SURFACES

2. 1. Introduction

For the foreseeable future, the vast majority of commercial electronics, photonics,
and other devices will be in the solid state and incorporated onto or into a substrate.
The formation of organic light-emitting diodes (OLEDs), for example, generally
requires the careful deposition of several to several tens of layers of various organic
and inorganic materials, and the thickness of each must be precisely controlled. An
alternative ‘‘bottom—up’’ approach exploits knowledge of intermolecular interactions
to self-assemble molecules into supramolecular structures, self-organize molecules

into monolayers, or electrostatically deposit films layer by layer.'”

The degree of predictable and long-range molecular order decreases from self-
assembly to self-organization to layer by layer. Notable applications of the second
mode of bottom—up assembly are the deposition of thin films of liquid crystals for

various display applications.
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Because exact alignment of molecules is not usually possible with the layer-by-
layer approach, applications of this method to date have focused on modifications of
large surface areas. This chapter focuses on the methods and applications of self-
assembled and self-organized porphyrinic materials on surfaces; however, many of the
themes and methods discussed are applicable to a variety of other chromophores and
other organic molecules. Porphyrinoids are tetrapyrrolic macrocycles that are excellent
molecules for various commercial applications because of their remarkable stability,
considering their rich photonic properties. A crucial step toward the application of
nanoscaled photonic devices is the ability to design and create increasingly larger
architectures of interactive molecules and to incorporate these entities into device

components.z'5

The efficiency of electronic and energy transfer in organic-based materials
depends on both the molecule and the architecture of these molecules in the device.
Other major considerations include the interconnections between the organic material
and inorganic components as well as environmental factors. In addition to increasing
the performance and efficiency of devices, the components of devices that are
molecule-based will be more environmentally benign than much of the inorganic
materials they replace. These studies show that there is a correlation between the
device’s physical properties and the morphology of the self-organized, photoactive,

organic layer.
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2. 2. Porphyrinoids definition and scope

Porphyrins are tetrapyrrolic macrocycles (Figure 2. 1) found in nature in systems
such as hemoglobin, myoglobin, various cytochromes (C, P450, etc.), chlorophylls,
methyl-Co-M reductase in methanogenic bacteria, and a plethora of other biological
systems.® They function as transporters of small molecules such as dioxygen,
mediators of electron transport, oxidation catalysts, light-harvesting and energy
transport conduits, and catalysts for the reduction of a methyl thioether, respectively.
Although porphyrins can bind virtually every metal in the periodic table (and a few
nonmetals), in biological systems, these metals are usually Mg, Fe, Co, and Ni—

where the redox chemistry of the latter three provides the function.

I’;--NON':"E,II ON -|_. O I_N
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Porphyrin Phthalocyanine Porphyrazine

Figure 2. 1. The three basic porphyrinoids pigments
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The limited flexibility and restricted aperture of the square planar ligand modulate
both the redox potential and the coordination geometry of bound metals, which in turn
modulate the redox and photophysical properties of the macrocycle. The remarkable
stability of the macrocycle and the wide distribution in nature have indicated to some
researchers that porphyrins may be prebiotic.® Because of their biological relevance
and diverse functions, a large number of porphyrin derivatives have been synthesized
in the laboratory in the last decades using the methods of Adler et al.” and Lindsey®
and, more recently, a solventless ‘‘green’’ synthesis.” These methods have allowed
commercial applications of porphyrin derivatives that include oxidation catalysts,
blood substitutes, therapeutics, sensors/actuators, photonic materials, dyes, and various
forms of ‘‘toners’’ in photolithography. In the past decade, there has been substantial
effort to create and characterize the properties of multiporphyrinic systems for

materials applications.'®"?

Two related macrocycles—phthalocyanines and porphyrazines— (Figure 2. 1)
have also been the subject of much research for similar applications, but
multichromophoric systems of these dyes are less well developed at present.'>°
Although all three types of macrocycles have related photophysical properties, the
porphyrins have been the primary focus of research because of synthetic accessibility
and greater solubility in organic solvents. In the context of nanotechnology and
materials chemistry, the aforementioned properties of porphyrinoids can be exploited

for a variety of applications that include: (1) molecular electronics * '"'° (2)

components of nanoscaled sensors, actuators “*** and photonics > ** (3) both
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. . . . 25.-
structural and chemically active elements in molecule-constructed molecular sieves

2% (4) catalysts ** and (5) part of biomolecular encapsulating systems.*®*!

For many of these applications, the precise geometric alignment of the
chromophores in the materials is essential for function. The problem, then, is how to
make nanomaterials of organic compounds wherein a few to a few hundred molecules
are brought together in a predefined or predictable geometry—as opposed to
aggregates, colloids, and gels (all of which have important applications in

nanotechnology as well).

The remarkable progress in organic chemistry has provided many elegant
molecular systems with more than one porphyrin linked by covalent bonds.* ' These
include acetylene, phenylacetylene, bridged, fused, and other linkages. For many of
these molecular systems, the interspatial relationships of the macrocycle are well
defined. However, the significant limitation of these molecular systems is that the
product yield drops precipitously as the number of chromophores increases. There are
varieties of polymeric systems bearing porphyrins or with porphyrins as part of the
polymeric chain where the dispersity varies from system to system, but the yields are
generally better than for the above molecular system. Both the molecular and
polymeric systems have provided a wealth of information of the nature of energy and
electron transport mediated by the porphyrins and the various linkers, as well as the
means to gate these processes. Several functional materials have also been reported,
vide supra. The focus of this chapter is on self-assembled and self- organized

porphyrinic systems on surfaces.
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2. 3. Supramolecular chemistry

Self-assembly and self-organization are spontaneous processes that allow
simple components to form more complex and more ordered systems.’*>’ In terms of
molecules, the spontaneous self-assembly of a given set of molecules results in a
discrete supramolecular entity or three-dimensional lattice, whereas the spontaneous
self- organization of a set of molecules results in systems that are usually not discrete
and ordered in only one or two dimensions. The former is usually less tolerant of
defects or errors in structure than the latter. Much of the initial inspiration and concept
for both self-processes comes from the study and observation of biological systems.
For example, the self-assembly of a set of helical proteins into a discrete ion channel
relies on the complex intermolecular interactions between the component molecules.
One may observe the opening and closing of a single ion channel that gates ionic
currents across a lipid membrane (which is an example of a self-organizing system).
The intermolecular interactions are governed by the electron distributions in molecular
orbital and by complementary shapes or structures. For purposes of discussion, the
intermolecular interactions are heuristically classified and include hydrogen bonding,
electrostatic interactions, coordination chemistry, and van der Waals forces acting in
concert. The “‘lock-and-key’’ concept for shape complementarity has a long history.*>
33 Thus nature provides a plethora of examples, which demonstrate that self-assembly
and self-organization are effective means to build complex, functional structures in

good yields.
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The self-assembly of discrete supramolecular systems generally relies on the
use of component molecules designed with specific intermolecular interactions such as
H-bonds, metal ion coordination, and sometimes -electrostatics because these
noncovalent bonds are directional and stronger than other intermolecular forces.'
However, the self-organization of materials generally relies on a greater number of
weaker, nonspecific interactions such as dipolar, van der Waals, and
hydrophobic/hydrophilic forces. Crystals of supramolecular systems are an example of
structures that arise from both directional and nondirectional intermolecular

36, 38, 40, 41

interactions. In most cases, the architectures of molecules arising from both

self-processes are the thermodynamic products.

2. 4. Self-organized porphyrins on surfaces

2.4. 1. Surfaces

The advantages of using supramolecular chemistry to construct materials that can
serve as components of nanoscaled devices include the ability to construct complex
structures efficiently, but there are several significant technical challenges. The
reversibility of the intermolecular interactions that allow self-assembly and self-
organization to result in thermodynamic products in high yields also means that the
structure of the system is sensitive to environmental factors such as concentration,

s 11, 42-44
temperature, ionic strength, etc.
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Because the formation of the desired nanoarchitectures of organic molecules
generally proceeds in solutions and these are to be incorporated onto surfaces as
components of devices, the first challenge is to deposit the self-assembled or self-
organized system onto an appropriate substrate. The inherent concentration changes
during deposition and solvent evaporation may significantly alter the supramolecular

structure, or result in undesirable aggregates.

Other factors such as surface chemistry and surface energetics may also affect the
structure of self-assembled or self- organized systems. The second challenge is to
design supramolecular systems on surfaces that are stable to the operating conditions
of the device. Device stability to thermal fluctuations, redox chemistry, environmental
changes such as humidity, and dioxygen is crucial. But all of these factors can affect
the equilibrium of self- assembled systems, thus also the structure and function. There
are numerous examples of porphyrin-containing self-organized monolayers™ *® thin

47, 4
films*”> *8

and polymeric materials *on surfaces; however, there are only a few
examples of self-assembled (discrete, mono-dispersed) systems that can be deposited
onto surfaces with high structural fidelity that are stable at room temperature. These
last constructs are the primary subject of this chapter. An important aspect of all types
of nanoscaled materials on surfaces is the role of surface chemistry and surface
energetics in determining the final structure/orientation of the molecules. This is
especially true of self-assembled and self-organized systems because the surface
properties may induce unanticipated structural changes, or may be exploited as a

further means of dictating the final structure.***
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A host of surface chemical preparations can be utilized to modify the surface
chemistry, and hence the surface energetics of the substrate to impact the structure of
adsorbing materials. For example, Au surfaces can be modified by self-assembly of
alkanethiol-based compounds. The chemistry of glass or mica surfaces can be readily
changed by organosilanes, allowing for the generation of hydrophobic or hydrophilic
surfaces. Chemical modification of the surface can even allow the direct assembly of
species on surfaces by providing the appropriate anchor groups on which to build.
Weakly bound aggregates, such as those organized by m-stacking, can be made to
either retain or lose their initial solution structure depending on the competition
between the interaggregate interactions, the interactions of the component molecules,
and the interactions of the aggregates with the surface. This has been readily

demonstrated by the adsorption of porphyrinic nanoparticles on surfaces.* *- %!

2.4.2. Applications

Some of the applications of these porphyrinic materials are envisioned to be in the

2,3,17

areas of molecular electronics™ >* and photonic materials. The latter applications

exploit both the functionality and the rigid structure of porphyrins to make materials

25,28

. 53 54 18 . .55
such as molecular sieves, catalysts,” sensors,” actuators, = and nonlinear optics.

Elegant synthetic organic work has yielded discrete multiporphyrinic systems held
together by covalent bonds using a variety of linkers,” or by direct fusion of the

- 56,57
porphyrin macrocycles. ™
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In addition to the development of new synthetic methods, these types of molecules
have provided insights into the complexities of photo-induced electron/energy transfer
processes™® > in terms of chromophores geometry, role of the linker, and dynamics of
the molecule. However, the overall yield of discrete molecular systems containing

more than a few porphyrins is too low to be commercially viable for all but the most

specialized applications.

Similarly, numerous polymers of/with porphyrins have also yielded interesting
materials that have a distribution of polymeric and photonic properties because of
polydispersity and the subtly different environments of the chromophores. For many
of the aforementioned applications, control of both the relative positions of the
macrocycles and the nanoscaled size of the system is necessary for the function.' Since

60, 61

the first publications on self-organizing and self-assembling porphyrins via H-

bonds® and coordination chemistry,” there has been an exponential annual increase in
the number or reports of multiporphyrinic systems made by these methods.'" !> 3> 424
6963 The primary focus of this chapter will be on the developments of the last few
years because there are several reviews and papers that cover a large body of work on

the chemistry, properties, and applications of porphyrins up to early 2000.%* *° There

are also a variety of reviews on both self-assembly and multiporphyrin systems."
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2. 4. 3. Self-Organization on Surfaces

Because self-organized systems are generally less ordered and more tolerant of
defects both in solution and on surfaces than self-assembled systems, these types of
systems are generally easier to make. Thus the majority of work on porphyrinic
materials on surfaces use self-organizing systems, which can be divided into two

categories: (1) thin films*”** deposited as polymers or by layer-by-layer methods,** %

45, 67-69 . .
- 6769 ¢ coordination bonds to

and (2) monolayers chemically attached via covalent
the surface,” or as (mono)layers adsorbed onto the surface. To date, most of the
demonstrated applications for nanoscaled porphyrinic materials on surfaces have been
in the area of electrodes, wherein these types of layered films are used to modify
electrodes to make them selective for wvarious analytes, and/or to modify

surface/electrode chemistry. Other applications in molecular electronics are in the

early stages of development.

The self-organization of porphyrins on a variety of surfaces can be accomplished
via covalent attachment, coordination chemistry, and electrostatic interaction. The
choice of substrate and mode of attachment is dictated by the desired function of the
surface-bound photonic material. In general, the relative orientation of the macrocycle
to the plane of the substrate can be reasonably designed, but the horizontal two-
dimensional structure of the porphyrins is usually much less ordered or organized. The
two-dimensional order that is observed results from weak porphyrin—porphyrin

interactions, and is generally found only in small domains, rather than globally.
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This does not imply that these systems are not well suited for some purposes, but
rather that long-range surface organization is not easily achieved by these approaches.
The applications of these systems can be as diverse as the mode of assembly, the
nature of the porphyrin, the choice of substrate, and the properties of the linkage. All
of these parameters can be systematically changed to modulate the material/device

properties and to optimize catalytic, sensor, and photonic functions.

2. 5. Self-assembled porphyrinic materials on surfaces

As discussed before in the beginning of this chapter there are several challenges to
using self-assembled and self-organized structures in commercial devices, which can
be generally ascribed as issues of structural and chemical stability. To construct self-
assembled arrays that then self-organize into reasonably uniform films on surfaces,
two porphyrinic squares bearing dodecyloxyphenyl group on the periphery were
constructed, as shown schematically in Figure 2. 2. The intent was that there would be
much less conformational flexibility, compared to the dimer; therefore the
intersupramolecular forces would be more defined, and a more ordered film would
result. These squares are constructed using the same design strategy as the first
discrete porphyrin assemblies reported—pyridyl porphyrins with Pd(II) and Pt(II). **

Because the Pt-Py bond is stronger than the Pd-Py bond, assemblies using Pt as a
linker are more robust. Consistent with previous findings, these supramolecular
squares with dodecyloxy groups are all well characterized in solution by NMR, UV—

visible, and mass spectral analyses.
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Figure 2. 2. (A) square results from the 90° topology of the pyridyl groups on these
porphyrins and the architecturally complementary 180° coordination geometry of

Pd(IT)Cly; and (B) cube results from the 180°topology of the pyridyl groups on the

isomeric porphyrins and the architecturally complementary 90°coordination geometry
of Pt(II)Cl,

B
O O
L

The conformation of Figure 2. 2. A is largely planar as illustrated because the 90°
topology of the rigid corner macrocycles prevents much twisting about the pyridyl
Pd(II) bond, but the conformation of Figure 2. 2. B is box like or parallelogram-like

because there can be substantial rotation about the pyridyl Pt(II) bonds.

The calculated structure showing the bond rotations is shown in Figure 2. 3. This
means that the dodecyloxyphenyl groups of Figure 2. 2. A are essentially coplanar
with the plane of the supramolecular square, but in Figure 2. 2. B, these groups are
directed along two faces of the box. The orientation of these liquid crystal-forming
groups has a significant influence on the resultant structure of the films on glass
surfaces, such that films from Figure 2. 2. B-type squares are reasonably uniform,
whereas those from Figure 2. 2. A-type squares are much less so. The relative
number/strength of the van der Waals forces per supermolecule may be largely

responsible for these observations.
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Although both Figure 2. 2. A and 2. 2. B have eight alkanes groups, only two per
side of Figure 2. 2. A can interact with a coplanar neighbor, but four alkanes interact

with the neighbors of Figure 2. 2. B.

Figure 2. 3. Molecular model of the cis-Pt(Il) porphyrin assembly
based on MM-2 energy minimization using Chem 3D. The figure
corresponds to the tetramer array coordinated to four Pt(II) chloride
molecules.

This hypothesis is born out by AFM studies of these two supramolecular squares
deposited on glass. Figure 2. 2. B tends to form thin films that are 2—5 nm thick,
whereas Figure 2. 2. A forms small islands of variable thickness. A Figure 2. 2. B-type
square with tert-butylphenyl groups was made for comparison with the supermolecule
with dodecyloxyphenyl groups. As expected, the tert-butylphenyl substituted square

does not form films but rather small aggregates.
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This is a clear indication that the number, position, and nature of the R-groups are
of paramount importance to the self-organization of self-assembled arrays of
porphyrins. Further studies on the interactions of all of these systems on different
surfaces will reveal the role of surface chemistry/energetics in the organization of
supramolecular porphyrinic systems. Adsorption of the dodecyloxyphenyl-
functionalized porphyrin square on glass shows that a thin (~2 nm) film is formed. The
thickness of this film is in general agreement with the dimensions of a single central
square unit, as shown schematically in Figure 2. 4. The film is composed of both
nanoparticles of these subunits and larger domains/islands (Figure 2. 5.), which are
found to be much more uniform in height than those of the porphyrin rings using a Pd-

linked dimer.’”" "

Figure 2. 4. Two possible conformations of the square and possible
interactions between the supramolecular squares
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Figure 2. 5. AFM image of the dodecyloxyphenyl film on glass 50 ulL drop-
dried on glass (2.63 x 10 M); dried overnight Park E (0.1 N/m) tip; not rinsed
with toluene. Imaged in ethanol -- Data worked in collaboration with Dr. Jayne
Garno at NIST

The ability to deposit specifically designed self-assembled (discrete)
supramolecular structures onto surfaces without change in structure or function
remains a significant challenge for the exploitation of this methodology in real-world
applications and devices. However, self-organized monolayer systems are more
accessible because of the tolerance for local defects, but the horizontal dimensions of
these are generally quite large. The layer-by-layer method has both advantages (ease
of preparation) and disadvantages (greater defect density than SAMs), but may find

numerous applications as sensors, and other systems requiring surface modification.



45

The overall structure of these systems is likely a grid, but because the cross-linking
step results in kinetic rather than thermodynamic products, the degree or order is likely
not comparable to self-assembled/organized systems. This research is notable because
it is an attempt to organize porphyrin sandwich compounds on surfaces with greater
structural stability and a degree of order different from monolayers of similar

compounds.

2. 6. Liquid Crystalline porphyrinic arrays

In the liquid crystalline phase, molecules move freely yet retain certain
spontaneous orientational order. Liquid crystals respond to weak electric and magnetic
fields much more than solids, liquids, or gases, and these changes often induce
significant structural reorganization.”” Because of these morphological changes in
response to applied fields, the preparation and characterization of liquid crystalline
and mesogenic films have received much attention in recent years, for important
applications such as display technologies and light emitting devices. Liquid crystal-
forming derivatives of porphyrins and metalloporphyrins are interesting because of
their rich photophysical properties, ease of functionalization, and lower melting points
in comparison to phthalocyanines,' yet they have not been extensively investigated.
Certain phthalocyanines with long, flexible hydrocarbon chains are thermotropic

. . 4-
mesogenic materials’*"®

and form discotic mesophases at an elevated temperature,
while other phthalocyanines derivatives self-assemble into columnar phases in

Langmuir-Blodgett (L-B) films and in solution.”
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Mesotetrasubstituted porphyrins have shown properties of liquid crystalline
columnar phases,” and phthalocyanines crown ether conjugates form columnar
aggregates in the presence of metal ions of appropriate size for the crown ether.'® One
of the early successes in the self-organization of a porphyrin-based device utilized
liquid crystal-type interactions to form thin films of a photoconducting zinc porphyrin
with eight dodecyloxy groups on the pyrroles.* *' Electron-hole pairs are generated on
irradiation of a section of a device that has this porphyrin derivative placed between
two optically transparent electrodes with an applied electric field. The device then
performs as a high-density nanosecond charge trap that can be used as an optical
memory device. Similar porphyrins were used to make liquid crystal thin films
between indium tin oxide coated glass slides, which displayed electric-field modulated

near-field photo luminescence.*”

These studies show that there is a correlation between the device’s physical
properties and the morphology of the self-organized, photoactive, organic layer. Other

liquid crystal-forming porphyrins with properties dependent on the nature and position

of the hydrocarbon have also been reported.” ****

The placement of long-chain hydrocarbons can dictate the two-dimensional

86-88
on surfaces and

organization of porphyrins®® (Figure 2. 6.) and phthalocyanines
can be characterized by scanning probe microscopy. (Figure 2. 7.) Another functional
device, in this case a field effect transistor, uses the self-organizing properties of lipid

60, 61, 89, 90 - 4
> 7% 7Y or supramolecular porphyrin arrays.” There

bilayers to organize porphyrins
are several examples of discrete multiporphyrin arrays with long-chain hydrocarbons

appended on the periphery that induce the formation of monolayers by the Langmuir—
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Blodgett method. Then, these can be transferred to surfaces such as glass with
reasonable structural integrity. These films are early examples of using a secondary
procedure to self-organize self-assembled supermolecules. The supermolecules with
liquid crystal-forming moieties also form three-dimensional crystalline structures at
higher deposition concentrations. These observations clearly demonstrate that the
number, position, and nature of the peripheral groups and the supramolecular structure
and dynamics, as well as the energetics of interactions with the surface, are of key
importance to the two-dimensional and three-dimensional self-organization of

assemblies such as porphyrins on surfaces.

e o e P o,

P

S

Figure 2. 6. Adsorption of porphyrins bearing long-chain hydrocarbons
that serves as liquid crystal-forming motifs. The R-group can be a variety
of polar and nonpolar functional groups. The number and topology of the
hydrocarbon chains and the nature of R-groups govern the molecule—
surface and molecule-molecule interactions, thus the resulting organization
on the surface.
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Figure 2. 7. AFM image (7.0x7.0 um?) of several nanocrystalline domains
of supramolecular porphyrin array formed on glass by depositing solution
of ~10-fold-higher concentration.—Tatjana Milic data

2. 7. Conclusions

The use of porphyrins and porphyrinoids for self-assembly and self-organization
of molecules and ions to create functional, photonic materials has been the cornerstone
of much research because of their structural rigidity, chemical stability, and rich

photochemical and electrochemical properties. The facile modulation of the photonic

properties of porphyrins®” **°! is accomplished both by the choice of metal ion and by

the choice of substituents on the macrocycle. The placement of self-

45, 46, 49, 85, 92, 93

assembled/organized porphyrinoids on surfaces remains a key issue

43, 44

toward the use of these systems in materials and devices and scanning probe

methods for both discerning functional properties and organization have been used.”*
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Although the focus of much of the research discussed herein is on nanoscaled

3,5, 17,43, 44,47, 5L 7193 in which at least one dimension is less than a few

materials
manometers, some applications of porphyrinoids require larger, less defined structures
such as nanoscaled colloids between about 100 and 600 nm for catalysis, or less well-
defined or controllable surface structures. To date, the methods to self-assemble
discrete multiporphyrinic systems of this size are limited, but aggregates of this size
have been made and deposited on surfaces.’’ These particles exhibit enhanced
catalytic activity and have novel photonic properties. The rapid advances in

supramolecular chemistry, surface chemistry, and physical chemistry indicate that

molecule-based materials have a bright future.
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3.

COLLOIDAL PORPHYRIN NANOPARTICLES AS

SUPRAMOLECULAR SYSTEMS

3. 1. Introduction

Porphyrins and their related macrocycles (phthalocyanines, corroles, and
porphyrazines) are versatile organic compounds for supramolecular chemistry because
of their topological diversity, minimal conformational flexibility, and well-established
synthetic methods which enable the creation of a large number of derivatives with
diverse functionalities.' Porphyrinoids are also ideal organic molecules for materials
— especially photonics, sensors, and molecular sieves — because they are remarkably
robust under a variety of conditions yet have optical and redox properties that can be
readily fine-tuned via the choice of metal ion coordinated to the center of the
macrocycle and by exocyclic moieties. Nature exploits these properties by using
porphyrins to harvest solar energy, transfer electrons, and as redox catalys‘[s.4 Because

of these properties and functions, the supramolecular chemistry of porphyrins in terms
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of solid state structures self-organized by non-specific interactions such as dispersion
forces combined with specific interactions such as coordination chemistry and
hydrogen bonding continues to be of intense interest even after decades of research.”’
This vigorousness is largely due to a better understanding of intermolecular forces
mediated by specific interactions and to developments in synthetic and separation
methodologies for the preparation of target macrocycles. Porphyrins can also be
designed to self-assemble into discrete, predefined nano-architectures or arrays by
using specific intermolecular interactions.' Though not a priori required, discrete
systems usually utilize all available recognition or assembly motifs. Since the initial

reports of discrete porphyrin nano-assemblies by electrostatic interactions,®”

10-13 14, 15

hydrogen-bonding, and coordination chemistry, there have been numerous

reports on the properties of self-assembled porphyrin arrays.'”

There is a distinction between self-assembly and self-organization.'® Self-assembly
is intolerant of errors and results in discrete (mono-dispersed) supramolecular arrays,
albeit with varying yields. For example, the absence of a porphyrin unit in a self-
assembled square array is a fatal flaw because the product is not square and has
significantly different dynamic, thermodynamic, and photonic properties. Self-
organization, on the other hand, is more tolerant of defects and results in non-discrete
systems with varying dispersity. For example the absence of a monomer unit from a
large coordination polymer slightly alters the dimensions but not the overall structure
and usually not the properties. An exception to the latter is represented by the
imidazolyl polymers of Kobuke et. al.'”'” The supramolecular structure of any

material can be delineated, as in structural biology, by four levels of hierarchical
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organization.'® The primary structure describes the monomeric units and the
algorithms of molecular recognition — in the present case the porphyrin serves as the
core  platform. The  supramolecular architectures formed by  self-
assembly/organization are the secondary structures. Tertiary structures result from the
self-organization of the supramolecular entities into solid-state materials, thin films,
and colloids. The quaternary structure includes the interactions between the
supramolecular materials and their environment, e.g. surfaces/matrices of the supports,

thus include the interconnections with the macroscopic world.

Of course there is overlap between the various levels of organization and structure,
but these concepts aid in the design of functional supramolecular materials. Self-
organized systems can be used to construct colloids and to achieve maximal surface
area or deployment of chromophores, such as for use as catalysts and functional
coatings on surfaces. Discrete supramolecular systems are almost always less than
about 10 nm. Crystals and most solid-state structures of both discrete and polymeric
supramolecular systems have dimensions from microns to many millimeters. Thus
there is a void between the 3-10 nm arrays and the micron to millimeter crystals and
polymers that may be filled by melding the concepts and methods of supramolecular
chemistry, colloid chemistry, and surface chemistry.’ Part of our hypothesis is that
supramolecular systems of porphyrins and related macrocycles with 5-500 nm
dimensions will yield materials that will exhibit catalytic, photonic, and sensor
properties that are unobtainable by either the molecular compounds or the
macroscopic solids. At present the general goal is to understand and define the

principles and conditions that may lead to the construction of supramolecular
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nanostructures of high structural integrity and provide effective algorithms for the
design — by self-organization — of supramolecular materials of this intermediate, 5—
500 nm scale. For the formation of 5-500 nm materials from supramolecular polymers
and other aggregates of porphyrins, the key issue is how to stabilize and isolate

systems of the desired dimensions with acceptable polydispersity and in high yields.

There are three basic strategies for the stabilization of nanoscaled supramolecular
materials. (1) The use of stabilizing agents that are either grafted onto the porphyrin
monomers or added into the solution can prevent agglomeration of the nanoparticles
and result in stable colloidal dispersions.”’ (2) Kinetically trapping self-organizing
materials can remove them from the conditions that allow equilibrium — usually by
removing the solvent. Practically this often means isolating the nanoparticles on a
surface and/while removing them from solution.'> '® 2** (3) Adjusting the
environmental conditions to favor or force the formation of nano aggregates by, for
example, encapsulation into a solid” or a gel matrix.’>>? Each of these strategies has
advantages and disadvantages, depending on the intended function and application of

the material.

3. 2. Applications of Porphyrin Nanoparticles

The advantages of self-organizing particles over self-assembled entities arise from
the use of commercially available dyes and pigments, ease of preparation, and material

stability.”” There are a variety of possible applications of nanoparticles of organic
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chromophores that derive from the photonic properties of both the component

molecule and the nanoscaled dimensions of the particle.” > > *

Many of these nanoparticles, when the porphyrin contains a redox-active transition
metal (e.g. Fe, Co, Mn), are more efficient catalysts on a per porphyrin basis than the
individual porphyrins in solution or individual porphyrins adsorbed onto supports.*’
An understanding of nanoparticles surface interactions can be exploited to dictate the
size of the deposited nanoparticles.”" ** ** For example, 50 nm diameter nanoparticles
of hydrophilic porphyrins can be deposited onto glass surfaces passivated with a
monolayer of organic ‘grease’ without further aggregation or falling apart; conversely,
these nanoparticles de-aggregate into 5-20 nm particles and 5 nm high disks on
hydrophilic glass surfaces. The fluorescence properties of nanoparticles containing the
free base or closed-shell metalloporphyrins, or the phosphorescence of these or other
metallo derivatives such as the Pd(II) and Pt(I) can be exploited for sensors and
displays.*>>’

Since our initial report on the formation of nanoparticles of hydrophilic and
hydrophobic porphyrins,*® there has been a large body of work on the formulation of
drug nanoparticles. The advantages of <60 nm diameter aggregates of drugs are
manifold, including the reduction or elimination of isomorphic solid state structures,

increased rate of bio-availability, and possible functionalization of the stabilizer for

targeted cell delivery.”®
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3. 3. Preparation of Porphyrin Nanoparticles

The formation of nanoscaled colloidal particles of hydrophobic porphyrins

such as 5,10,15,20-tetraphenylporphyrin (TPP), 5,10,15,20-tetratolylphenylporphyrin

(TTP), 5,10,15,20-tetratbutylphenylporphyrin (TtbutylPP), 5,10,15,20-
tetramethoxyphenylporphyrin (TMPP), 5,10,15,20-
tetracarboxyphenylporphyrinmethylether (TCPP-ME), 5,10,15,20-

tetraoctyloxyphenylporphyrin ~ (TOOPP),  2,3,7,8,12,13,17,18-octacthylporphyrin
(OEP), 5,10,15,20-Tetrakis(pentafluorophenyl)porphyrin (TPPF20) and many of
their metallo derivatives can be accomplished by adding water (guest solvent) to a

solution of a hydrophobic porphyrin in THF, DMSO, DMF (host solvent) with a few

percent of a low molecular weight PEG ( MW=164) such as HO(C,H,0),CH, 203

(Scheme 3. 1.).

R
R

R =H, CH3;, C(CHj3)3 ), OCHs, COOCH3, O(CH,);CHs, Ethyl or aryl groups are CgFs

PEG g4 O O

water O OO

Organic solvent
I )

. —2H", M2+, M

Scheme 3. 1. Preparation of porphyrin nanoparticles
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See Appendix for the preparation and characterization of 17 different porphyrins

and metalloporphyrins nanoparticles.

Stabilizers such as PEG are essential for the formation of stable colloidal systems
by host/guest solvent methods; reports on nanoparticles systems of porphyrinoids
without this component are misleading or inaccurate since the porphyrins rapidly and
quantitatively precipitate.”’ Other inquiries into the formation and activity of

nanoparticles of dyes such as phthalocyanines have been reported.***

The mixed solvent approach is an efficient means to make large quantities of
nanoparticles colloids (5 nm — 150 nm) of a variety of porphyrins. In terms of scale-
up, the particle size and distribution of batches using 20 g of porphyrin correlate well

with the small batches of 20 mg.

Porphyrin concentration, solvent, solvent ratios, amount of stabilizer, mixing
speed, and temperature are significant processing variables that dictate the size and
stability of the nanoparticles. The complex interplay amongst the various
intermolecular interactions between solute, solvent, and stabilizer are difficult to
predict de novo. Free base porphyrins generally need less stabilizer and less vigorous
mixing compared to their metalloporphyrin analogues to form stable colloidal
suspensions. For example, Zn(II)TPP requires about twice the PEG stabilizer as the
free base TPP and sonication rather than vortex mixing. This observation can be
heuristically explained by the increased intermolecular forces between the
metalloporphyrins compared to the free bases. In this case, Zn(II) porphyrins generally

have an increased proclivity to pi-stack compared to the free base analogues.
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Conversely, the free base pyrroles N and N-H may participate in hydrogen bonding to

the solvent, and in the case of nanoparticles, to the stabilizer.

Macrocycle symmetries, dipoles, and exocyclic moieties are important as well.
The perfluorophenyl groups of 5,10,15,20-tetra-(2,3,4,5,6-
pentafluorophenyl)porphyrin, (TPPF,)) are widely recognized to impart stability to
redox catalysts of the metallo derivatives,**® and to enhance the luminesce properties
of especially the Pd(IT) and Pt(Il) species in applications such as organic LEDs and

35-3
oxygen sensors.>> >’

Since TPPF, is of wide interest we focus on some of the variables that affect
colloid size and stability of this compound. TPPF, forms stable nanoparticles under a

wide variety of conditions: stabilizer type and concentration, host solvents, and
solvent/water ratios. One reason for the wide range of processing conditions that yield

stable colloids of TPPF, may be attributed to the unique solvation properties of the

perfluoro-phenyl moieties. The effect of various groups on TPP derivatives on particle

size and stability is also discussed for comparison.

Changes in the peripheral substituents on the porphyrin can have dramatic effects
on the resultant nanoparticles size even when using identical preparative methods.
Nanoparticles of 17 different porphyrins and metalloporphyrins bearing a wide range
of functional groups have been prepared by mixing solvents techniques.”” *° (See
Appendix)

Batch-to-batch consistency for a given porphyrin is demonstrated by dynamic light
scattering (DLS) data which shows that each macrocycle results in a specific particle

size with a specific dispersity for a given method * (See Appendix). Small changes in
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the structure of the substituents on the macrocycle can have profound consequences in
particle size. E.g. for TPP derivatives, when the 4-phenyl position bears an H ~22 nm
diameter particles are formed, when it bears a methyl group ~120 nm particles result,
but the presence of methoxy group at the same position affords ~70 nm diameter

particles. The metal ion within the macrocycle plays a role in determining particle

size. [Fe(III)TPP]C1, Co(II)TPP, and [Mn(II[)TPP]CI, yield 80 nm, 56 nm and 98 nm

diameter particles, respectively.

Thus the metal oxidation state and the presence of counter ions are also important.
It is likely that similar preparative methods will result in formation of nanoparticles of
many other porphyrins, metalloporphyrins and other dyes, but that the size, stability,

and physical chemical properties will vary with each.*" *

In addition to molecular structure, different preparative procedures also dictate
particle size and stability.”” The choice of miscible solvent, the ratio of host to guest
solvent, and the rate of mixing of the two solutions, also can dictate particle size. It
should be noted that not all variations in the procedures result in stable dispersions for
a give porphyrin. An important consideration pertaining to metalloporphyrins is the
nature of the counter ion when the oxidation state of the central metal is greater than

two.
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3. 4. Characterization of Porphyrin Nanoparticles

3.4.1. Structure

The detailed structure inside these nanoparticles remains unknown. Densely

packed, a 100 nm diameter particle of TPP (1.75nm x 1.75nm x Inm ~3nrn3) can
contain up to ~164,000 porphyrins, but density studies and the catalytic activities of
the iron porphyrins indicate that there are far fewer molecules in the aggregate. Our
working hypothesis 1is that the nanoparticles consist of sub-domains of the
macrocycles and solvent/stabilizer-filled voids or channels of unknown size and
distribution, so that the number of chromophores per nanoparticle is substantially less.
The structural organization of the porphyrins within the nanoparticles likely depends
on the specific structure of the macrocycle used because this dictates the
intermolecular interactions between the porphyrins, the solvent, and the stabilizer.
Results from assays designed to probe the functional size of the domains in colloidal
nanoparticles of 5,10,15,20-tetratolylporphyrin (TTP), in terms of energy/electron
transfer, indicate that domains of 15-25 porphyrins act cooperatively to harvest light
energy and effect electron transfer to a Fe(II[)TPP acceptor. Two well-established
methods were used: (i) varying the mole ratios of an acceptor dopant, and (ii)

examining the optical cross section by varying the light intensity.*’

The caveat is that the antenna domain size may or may not correlate well with the
physical domain size. The presence of subdomains is also consistent with AFM

studies that reveal that some porphyrin nanoparticles fall apart into smaller 5-10 nm
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high particles on surfaces and the observation that 5-10 nm diameter nanoparticles can
be prepared by sonicating the solutions as they are mixed (See Appendix). These
smaller particles can contain up to 20 and 160 porphyrins, respectively and surface
deposition studies indicate they are more robust than the much larger colloidal

particles.

3. 4. 2. Optical Properties

The UV-Vis. spectra of porphyrin nanoparticles are significantly different
compared to the spectra of the corresponding porphyrin solutions. Soret bands are
found to be broadened and/or split. The arrangement of macrocycles in aggregates
generally fall into two types, “J” (edge-to-edge) interactions are characterized by red
shifts, and “H” (face-to-face) interactions are characterized by blue shifts.*® The
optical spectra suggest both types of interactions in the nanoparticles and are well
understood to be indicative of electronic coupling of the chromophores. The extent of
J versus H aggregation depends on the specific porphyrin used. These spectra are
consistent with other nanoscaled porphyrin aggregates, e.g. those encapsulated in

MCM-41.%

The aggregation of porphyrins generally results in the quenching of the
fluorescence by a variety of factors such as shading the inner chromophores from light
irradiation, and energy transfer and concomitant branching pathways for

.. 49.5]
deactivation.



68

Preliminary results from steady-state fluorescence measurements indicate that
many of the freebase nanoparticles that are <150 nm in diameter are anomalously
luminescent. Comparison of the fluorescence intensity of non-aggregated porphyrins
in toluene to the same porphyrin concentration in the form of colloidal nanoparticles in
water, show that the latter intensity is reduced by only 20-50%. Notably, the

luminescence of 140 nm diameter particles of TPPF, in water is nearly that of the
same concentration of the fully solvated TPPF, . This luminescence likely arises from

the small ~ 10 nm diameter domains within the particles, rather than from the entire
particle. The luminescence of the ~10 nm sub-domains is then analogous to the bright

29, 50, 51

luminescence of nanoscaled aggregates of hydrophilic porphyrins and those

52, 53 s . :
27 Time resolved luminescence studies of

encapsulated in zeolite-types of materials.
the free base and Zn(II) nanoparticles may further reveal the mechanism of

luminescence, domain size, and quantum efficiency.

3. 5. Particles Stability and Dynamics

Particle stability was assayed by both DLS and UV-Vis over time on batches of
nanoparticles stored as they were made in closed vials in the dark in air. As noted
above, the exact procedure used to prepare the nanoparticles depends on the specific
porphyrin, but conditions were found that resulted in colloids that were stable for at
least a month for a range of substituted macrocycles (See Appendix). Many

preparations are stable for more than a year. The nanoparticle solutions can be diluted
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and somewhat concentrated, but cannot be dried as this leads to irreversible

agglomeration.

An inter-nanoparticle material exchange assay was designed to examine the
stability of porphyrinic nanoparticles in the presence of other porphyrinic
nanoparticles. In addition to examining the dynamics of particle-particle interactions,
these studies were designed to assess the feasibility of using solutions with two
different porphyrinic nanoparticles. The manifold applications of solutions containing
two different porphyrinic nanoparticles include: (1) two different catalytic processes
may be achieved concomitantly, (2) one nanoparticle is used as a sensor for the
catalytic product(s) of another nanoparticle, (3) when the different luminescent
properties (e.g. lifetime and/or wavelength) of two or more nanoparticles are needed.
Nanoparticles of free base TTP with an average particle diameter of 120 nm were
mixed with nanoparticles of Fe(III)TPP with an average particle diameter of 80 nm.

Two methods to assay material exchange were used.

DLS indicates no changes in the two particle sizes or dispersities over the course
of two weeks. A second assay monitors the fluorescence of free base TTP
nanoparticles in the presence of non-luminescent Fe(III)TPP nanoparticles. Because
the free base luminescence is quenched by electron transfer from the TTP to the
Fe(II)TPP, any change in fluorescence intensity of this mixture over time would
indicate that porphyrins form the two types of nanoparticles had exchanged.
(Nanoparticles composed of both chromophores exhibit significantly reduced
luminescence, vide supra.) The fluorescence is observed to be constant for at least six

days, indicating no dynamic exchange of porphyrins between particles. (Figure 3. 1.)
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This is expected because of the PEG stabilizer and the water of hydration inhibit

interactions between the particles and prevent agglomeration and precipitation.
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Figure 3. 1. The fluorescence intensity of a 1:1 mixture of
Fe(Il)tetratolylporphyrin nanoparticles and free base TPP nanoparticles
remains constant for six days, indicating no exchange of porphyrins
between the two types of nanoparticles. This also shows that the
nanoparticles of TPP fluoresce (~50% of the same concentration in THF
and same instrumental conditions) -- S. Patel Data

3. 6. Characterization and Preparation of TPPF,, colloids

As mentioned above, colloidal nanoparticles of TPPF, are of interest because of

the diverse photonic and catalytic applications. Various factors that dictate the particle
size, dispersity, and stability of a variety of porphyrin nanoparticles were examined,

and the results for TPPF, are illustrative of general trends. Note that the particle size

and stability depends on the structure of the porphyrin/metalloporphyrin, the exact
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preparative procedures, and conditions in which they are examined (e.g. in solution,

concentration, on a surface).

3. 6. 1. Stabilizer

Different stabilizers were chosen to study the effects the molecular weight and
molecular properties of this component on the particle size and stability. In general,

porphyrins bearing only hydro- or fluoro- carbon groups (e.g. TPPF,| TPP, TTP) tend

to from nanoparticles with sizes and distributions that are modestly dependent on the
exact chemical structure and concentration of the stabilizer (Table 3. 1., Figure 3. 2.).
Conversely, porphyrins with polar functional groups (e.g. meso pyridyl groups, and
hydroxy, carboxy, amino, or sulfonatto groups on the phenyl) exhibit a greater range

of particle size with different kinds and amounts of the stabilizer.

Table 3. 1. Stabilizer effects on nanoparticle size -- X.Gong and S.Patel data

Stabilizer TPP' TPPF,,!
(average diameter, nm) (average diameter, nm)
Without stabilizer’ 200-300 140-185
HO(CH,CH,0);CH, 25 162
HO(CH,CH,0),CH; 30 181
HO(CH,CH,0)H — 182
HO(CH,CH,CH,0),CH; - 168
PEG400 colloids not formed 152
(CH,0CH,CH,;NH,), 232 234
0
e SN, 214 112
CH,CH,OH 260 98
HOCH.CH, N CH,CH,OH

! Preparation method: 50 pL stabilizer was added to 0.4 mL of stock solution in DMSO (1.22 mM for TPP and 0.039 mM for TPPFy),
followed by adding 5 mL water with vigorous mixing. “There is large batch-to-batch variability and these solutions are unstable since the
porphyrins precipitate after a couple of days. The preparations with TPP precipitate in less than 24 hrs. HO(CH,CH,O);CH; =
triethyleneglycolmonomethylether (TriEGMe); HO(CH,CH,0),CH; = tetrethyleneglycolmonomethylether (TetraEGMe); HO(CH,CH,0)sH=
hexaethyleneglycol (HEG); HO(CH,CH,CH,0);CH; = tripropyleneglycolmonomethylether (TriPGMe)
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Figure 3. 2. DLS reveals the slight dependence of the size of
TPPF,p nanoparticles on TetraEGME stabilizer concentration. The
graph shows the average of three trials with error bars representing
the distribution of particle sizes. --X.Gong and S.Patel data

This latter observation is likely due to the stronger interactions between the solute
and the solution components (host and guest solvents, and stabilizer). Thus for polar
porphyrins it is possible to tune the sizes and morphology of particles over a greater
range by changing the chemical nature and the quantity of the stabilizer. The complex
intermolecular interactions between amphipathic molecules such as the polyethylene
glycols with water, the polar host solvent, and the porphyrin solute are essential for the

formation of stable colloids.
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3. 6. 2. Temperature

As expected for a process dependent on intermolecular interactions, the
temperature used during the preparation affects the particle size (Figure 3. 3.) in that
the particles become ~25% smaller as the temperature used to the prepare the TPPF
sample increases from 20° C to 100° C. Since the particle sizes of these preparations
do not change for many weeks, the stabilizer must be preventing material exchange
between nanoparticles and thus preventing re-equilibration towards the larger sized
nanoparticles found at room temperature. Since increasing temperatures decreases the
strength of the intermolecular interactions as well as the interactions between sub-
domains, smaller particle sizes are expected. This kinetic trapping of nanoparticles is

akin to what is observed for stacks of porphyrin nonamers.'> "%

3. 6. 3. Concentration

The widest range of particle sizes, about a factor of three for TPPF, , can be

20°
achieved by varying the concentration of the macrocycle in the host solvent (Figure 3.
4.). The formation of the porphyrin nanoparticles likely represents a process governed
by kinetics as well as the equilibrium of intermolecular interactions between all the
components. The importance of kinetics is supported by the strong dependence of
particle size on concentration in the host solvent. The nonlinearity in the plot of the
data suggests that the formation of these nanoparticles is a complex process; note that

the largest particles form at the lowest concentrations.
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At the highest porphyrin concentration in the host solvent, there are some
differences in the intermolecular interactions of the chromophores since a ~15%
broadening of the Soret band is observed compared to the lowest concentration. The
observed larger nanoparticles at lower concentrations may indicate that there is a
minimum, critical aggregate size that nucleates the growth, and smaller particles

eventually aggregate into larger ones.

180
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120 A

100 T T T
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Figure 3. 3. The temperature during nanoparticle preparation
affects the particle size. The DLS measurements were taken at 25
°C upon cooling and 24 hours after preparation. The graph shows
the average diameters of three trials with error bars representing the
distribution of particle sizes. -- X.Gong and S.Patel data
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Figure 3. 4. The concentration of TPPF, in the DMSO host

solvent strongly affects nanoparticle size as measured by DLS.
The graph shows the average diameters of three trials with error
bars representing the distribution of particle sizes. -- X.Gong
and S.Patel data

3. 6.4. Host/guest solvent ratio and intermolecular forces.

For the same considerations outlined above regarding the intermolecular forces
between the components in the milieu (host solvent, guest solvent, stabilizer, and
solute) the chemical properties of the host solvent can have profound effects on the
size and stability of the porphyrin nanoparticles (Table 3. 2.). The favorable entropy of
mixing the host solvent with the guest solvent and stabilizer, as well as any enthalpic
contributions such as those arising from the formation of hydrogen bonds between
host and guest solvents and between the guest solvent and solute, is countered by the
strength of the interactions between the dye and the host solvent. Both dipolar

interactions and hydrogen bonding between the various solvents (including the
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stabilizer) and TPPF, are present. In addition to dipolar and H-bonding interactions,

aromatic host solvents such as pyridine also afford =n-m interactions with the

macrocycle and the peripheral phenyl moieties.

The solubility of the dye in the host solvent, the guest solvent, and the stabilizer
affect the particle size and dispersity. The observed trend, that the greater relative
quantity of the host solvent to the guest solvent the smaller the particle size (Figure 3.
5.), is consistent with other nanoparticle preparations® and the diminished
intermolecular interactions between solute molecules. Kinetics must also play a role
here, since the diffusion/mixing the components in the mixture must be part of the
agglomeration process. The greater the quantity of the host solvent results in less guest
solvent to induce precipitation. Since the colloids are likely composed of sub-domains,
the increased quantity of host solvent may reduce the magnitude of the inter-sub-

domain interactions as well.

Table 3. 2. Effects of host solvent on the size of TPPF, nanoparticles

Host solvent Nanoparticle size (average
diameter, nm)
DMSO 162
DMF 166
Dimethylacetimide 400
THF 150
Pyridine 288
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Figure 3. 5. The volume ratio of host solvent to guest solvent,
DMSO to water in this case, affects TPPF, nanoparticle size as

measured by DLS. The graph shows the average of three trials
with error bars representing the distribution of particle sizes. --
X.Gong and S.Patel data

3.6.5. Mixing

The rate and efficiency of mixing the host and guest solvents have a profound
effect on the size and stability of the porphyrinic nanoparticles — especially when
metalloporphyrins are used. In general for a given derivative and using the same rate
of addition, the greater the mixing the smaller the nanoparticles; however, we have not
quantified mixing rates and efficiencies. The size of the colloidal particles of free base
TPP decreases in the order: no stirring, a magnetic stir-bar with a vortex, a vortex

mixer, and sonication. Conversely for TPPF, the rate of mixing has a smaller effect

on particle size: stirring, vortex mixer, and sonication 140 nm, 100 nm, and 60 nm
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diameters. To date we have found that for most metalloporphyrins stable particles are

generally formed only when sonication is used.

3.6.6. Surfaces

The aforementioned data indicate that the interactions of the porphyrins within the
subdomains are stronger than the interactions between the subdomains. Therefore, it
should be possible to break up the ~100 nm diameter colloids into the subdomains by
introducing an energetic perturbation that is greater than that holding the colloid

together but less than that holding the molecules in the subdomains together.
Refluxing a solution of TPPF, nanoparticles formed at room temperature (see row

3 in Table 3. 1.) for 20 minutes and allowing the solution to cool produces
nanoparticles that are 20-50 nm in diameter, and reassembly into the larger structures
is not observed over the course of three days. The colloidal nanoparticles also can be
induced to disassemble on surfaces that have a strong affinity for the constituent

porphyrin and/or the solvents. AFM studies of nanoparticles of hydrophobic TPPF

deposited on hydrophobic glass surfaces reveal a distribution of 5-20 nm particles that
are much smaller than the sizes observed in the colloidal dispersion. Conversely, AFM

studies show that most of the colloidal nanoparticles of a hydrophilic porphyrin,

4
tetra(N-alkylpyridinium)porphyrin i (water host solvent and THF guest solvent),

remain in tact on hydrophobic surfaces (Table 3. 3.).

These observations also support the notion that the porphyrins in the sub-domains
are held together by intermolecular interactions that are substantially greater than the

forces holding the sub-domains together in the colloid. For surfaces with similar



79

hydrophobicities as the macrocycle and host solvent, as the solvent evaporates the
colloids can disassemble to produce smaller, 5-20nm nanoparticles. These results
indicate that tuning of surface energetics in terms of hydrophobicity can be used to
dictate particles size. This observation also suggests that solvent flow and evaporation

dynamics may enable the patterning of these small nanoparticles.

Samples were prepared by drop-deposition on freshly cleaved mica (0001) and

cleaned glass slides. (See Appendix)

Table 3. 3. Average AFM heights of TPPF, colloids
deposited onto hydrophilic glass surfaces

Stabilizer Average diameter of Average diameter of
colloids in solution nanoparticles on glass
by DLS by AFM (nm)
None 185 5+40
HO(CH,CH,0),H 170 +
HO(CH,CH,0),CH;, 180 30+ 15
HO(CH,CH,CH,0);CH; 167 6+4

3. 7. Conclusions

Recent reports on nanoparticles of other porphyrinoids, and nanoarchitectures with
different morphologies such as nanotubes, have shown that the formation of
nanostructured materials by self-organization is general. The hierarchical organization
is dictated by both the molecules and by the preparative methods. The nanoscale size

imparts functionalities unobtainable by the molecule or macroscopic material.*! #* 3%
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The evaluation of the physical, chemical, and functional properties of
nanoparticles of other dye systems will also provide a portal to materials that exhibit
enhanced or new functionalities (e.g. catalytic, sensing, and luminescent) compared to
the known properties of the component molecules, for example the free base and

closed shell metalloporphyrin nanoparticles discussed above.

The variety of other complex porphyrinic materials with nanostructured features’
indicates the richness of the possible structures that can be obtained using these ~1 nm
rigid macrocycles appended with appropriate motifs for specific or non-specific
supramolecular interactions. The richness of the supramolecular chemistry and the
ability to kinetically trap the self-organized porphyrinic systems affords nanoscaled
colloids of various sizes. Surfactants that form nanoscaled, metastable structures such
as those used to form zeolites, trimethylcetylammonium bromide and Triton x-100,
may well serve to template the formation of other nanoscaled tubular or rod-like
architectures of porphyrins.’ Since porphyrinic compounds are the basis of Photo
Dynamic Therapy — which has a multi-billion dollar yearly market world wide —
formulations of porphyrinic nanoparticles may significantly improve the delivery of

these types of therapeutics.
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3. 8. Appendix

Preparation and characterization of porphyrin nanoparticles *°

All free bases and metallated nanoparticles were made by adding a large volume
of an insoluble guest solvent (H,O), while vigorously stirring it into a small volume of
the porphyrin dissolved in a host solvent (e.g. THF, DMF, DMSO), mixed with some
poly(ethylene glycol) derivative. Preparations were made in 10mL vials while
sonicated. The formation and characterization of these nanoparticles are discussed

using different techniques like UV-Vis, DLS and AFM (contact and tapping mode).

Our goal in all these preparations are 1) to find the right conditions to obtain
porphyrin nanoparticles (guest solvent, stabilizer, concentrations, ratio guest/host
solvent, order of adding the solutions) 2) the best method for preparation of stable
porphyrin and metallated porphyrin nanoparticles 3) see how different metals or
different external groups on porphyrins will affect particles sizes 4) find a good
method to get smaller size nanoparticles for use in drug delivery 5) see how
distribution/nanoparticles size will be affected by the surface (e.g. clean or unclean
glass, mica)

All data for 17 porphyrin nanoparticles solutions : TPP(R = H), TtolylPP (R =
CH3), TbutylPP (R= C(CH3); ), TMPP (R = OCHj3), TCPP-ME (R = COOCH3),
TOOPP (R = O(CH;);CH3), OEPP (Octaethyl porphyrin), TPPF; (tetra CgFs
porphyrin) and their metallated correspondents are illustrated below.” The size of
particles are in nm, diameter for DLS and H=horizontal (length) and V=vertical

(height) for AFM.
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Table 3. 4. TPP nanoparticles characterization

Structure Absorption Spectrum
Absorption Spectra
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Table 3. 5. TtolylPP nanoparticles characterization

Structure
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Table 3. 6. TtbutylPP nanoparticles characterization

Structure Absorption Spectrum
Absorption Spectra
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H: 120-200 nm V: 12-25 nm H: 90-140 nm V: 5-12 nm
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Table 3. 7. TPPF;y nanoparticles characterization

Structure
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Table 3. 8. TCPP Me nanoparticles characterization

Absorption Spectrum

Absorption Spectra
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Table 3. 9. TmethoxyPP nanoparticles characterization

Structure Absorption Spectrum
OCH,

Absorption Spectra
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H: 105-200 nm V: 20-30 nm H: 70-120 nm V: 5-10 nm
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Table 3. 10. ToctyloxyPP nanoparticles characterization

Structure Absorption Spectrum
PCHCH, Absorption Spectra
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Table 3. 11. OEP

Structure
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Table 3. 12. Summary of free bases porphyrin nanoparticles characterization data

Compound AFM contact AFM tapping DLS (diameter)
TPP H: 90-170 nm H: 70-100 nm 5-7 nm in THF
V:5-20 nm V:3-10 nm 60-200 nm(solvent)
TtolylPP H: 70 -200 nm H: 70-150 nm 4-6 nm in THF
V:7-20 nm V:3-10 nm 50-200 nm(solvent)
TtbutylPP H: 120-200 nm H: 90-140 nm 5-8 nm in THF
V:12-25 nm V:5-12 nm 60-400 nm(solvent)
TPPF20 H: 120-200 nm H: 70-120 nm 60-80 nm in THF
V:15-30 nm V:5-15 nm 200-300 nm(solvent)
TmethoxyPP H: 105-200 nm H: 70-120 nm 40-60 nm in THF
V:20-30 nm V:5-10 nm 90-300 nm(solvent)
TCPP Me H: 93-140 nm H: 50-100 nm 5-7 nm in THF
V:5-15 nm V:5-10 nm 40-200 nm(solvent)
OEP H: 93-140 nm H: 90-120 nm 10-30 nm in THF
V:10-20 nm V:4-10 nm 60-200 nm(solvent)
ToctyloxyPP H: 70-130 nm H: 50-100 nm 50-60 nm in THF
V:20-35 nm V:5-15 nm 90-500 nm(solvent)
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Table 3. 13. CoTPP nanoparticles characterization

Structure Absorption Spectrum
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Table 3. 14. ZnTPP nanoparticles characterization

Structure

DLS histogram (diameter)

ZnTPP

10

08

06

freq.

04+

02

001 . i HNHHH il R

01 1 10 100

nm

AFM image contact mode (glass)

H: 95-130 nm V: 14-30 nm

Abs

Absorption Spectrum

-
=
I

ZnTPP
ZnTPP nanoparticles

05
N\
// k\

0.0 T T T T
400 500 600 700
Wavelength (nm)

AFM histogram

ZnTPP

# of particles
IS o © 5] R N

N

|

T T T T
0 20 40 60 80 100 120 140 160 180

nm

AFM image tapping mode (glass)

H: 93-140 nm V: 5-15 nm



10

08

06

freq.

04

02+

00—

93

Table 3. 15. FeTPP nanoparticles characterization

Structure

DLS histogram (diameter)
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Table 3. 16. CoTTbutylPP nanoparticles characterization

Structure Absorption Spectrum
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Table 3. 17. ZnTTbutylPP nanoparticles characterization

Structure
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Table 3. 18. ZnTCPP Me nanoparticles characterization

Structure Absorption Spectrum
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Table 3. 19. ZnOEP nanoparticles characterization

Structure Absorption Spectrum
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Table 3. 20. MgOEP nanoparticles characterization
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Table 3. 21. FeTPPF;¢ nanoparticles characterization

Structure Absorption Spectrum
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H: 70-150 nm V: 3-10 nm H: 60-140nm V: 6-10 nm



100

Table 3. 22. Summary of metal porphyrin nanoparticles characterization data

Compound AFM contact AFM tapping DLS (diameter)
CoTPP H: 80-117 nm H: 80-150 nm 20-30 nm in DMF
V:18-26 nm V:7-15 nm 80-500 nm (solvent)
ZnTPP H: 95-130 nm H: 93-140 nm 40-70 nm in DMF
V:14-30 nm V:5-15 nm 90-1000 nm (solvent)
FeTPP H: 105-130 nm H: 92-150 nm 30 nm in DMF
V:25-35 nm V:4-10 nm 300-800 nm (solvent)
CoTtbutylPP H: 125-160 nm H: 117-150nm 50-60 nm in DMF
V:30-40 nm V: 6-20nm 500-1000 nm (solvent)
ZnTtbutylPP H: 93-128 nm H: 60-100nm 30-40 nm in DMF
V:25-45 nm V:4-10nm 300-500 nm (solvent)
ZnTCPP H: 50-100 nm H: 93-120nm 30-50 nm in DMF
V:20-30 nm V: 8-20nm 90-800 nm (solvent)
ZnOEP H: 95-130nm H: 90-120nm 30-50 nm in DMF
V:19-30 nm V:7-15nm 200-600 nm (solvent)
MgOEP H: 100-150 nm H: 90-120nm 20-50 nm in DMF
V:15-25 nm V: 6-20 nm 90-600 nm (solvent)
FeTPPF; H: 70-150 nm H: 60-140nm 5-8 nm in THF/DMF
V:3-10 nm V:6-10 nm 60-300 nm (solvent)
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Concluding from these data 1) UV-Vis spectrum we can see formation of both J
(red shift) and H (blue shift) aggregates 2) Contact mode AFM shows bigger size
particles then Tapping mode AFM due to the movement around with the tip 3) The
size of particles obtained by DLS measurements doesn’t necessary correlate with
what we find by AFM because the nanoparticles are soft and they easy disassemble
and reorganize upon deposition on surface 4) If stirring is used as mixing method we
have seen some changes in nanoparticles sizes when we have different external group
(size particles increase in this order H = methyl = t-butyl ) or different metals and
also the particles sizes increase when we have big external groups attached to the
porphyrin (e.g. ToctyloxyPP, TPPF,g) 5) If sonication is used there is no change in
particles sizes when we go from H-> CH;—> t-butyl 6) Some changes in nanoparticles
sizes are as well when we have different metals (Fe, Co, Zn, Mg), M*" metals giving
bigger sizes nanoparticles then M>" 7) Porphyrin concentration, solvents, type and
amount of stabilizer, mixing speed or order of adding the solutions can also dictate

particles sizes.
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4.

NEW CATALYTIC OXIDATION OF CYCLOHEXENE
BY NANOPARTICLES OF 5, 10, 15, 20-TETRAKIS-(2,3,4,

5,6-PENTAFLUOROPHENYL) PORPHYRIN IRON (III)

4. 1. Introduction

Under ambient conditions the catalytic oxidation of alkenes by most iron
porphyrins using a variety of oxygen sources, but generally not dioxygen, yield the
epoxide with only minor quantities of other possible products. The turnover numbers
for these catalysts are modest, ranging from a few hundred to about a few thousands
depending on the degree of halogenation of the porphyrin, the substrate catalysts ratio,
axial ligands, and other conditions. Halogenation of the macrocycle makes the
metalloporphyrin catalyst more robust to oxidative degradation and/or increases the
rates. The oxidation of cyclohexene by Fe(Ill)perfluorophenyl porphyrin is typical of
the latter: the epoxide accounts for more than 99% of the product with turnover

numbers of ca. 350.!
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The discovery by Groves and coworkers®”’ that iron porphyrins in organic solvents
with oxygen sources such as iodosylbenzene can mimic the oxidative catalysis
observed for cytochrome P-450*'* led to a huge amount of research on the reactivity

and mechanism of this reaction. It was quickly realized that different metals exhibited

different chemical reactivities, which included different products or product ratios.'>>°

Other major findings included (a) appropriate modification of the porphyrin

21-23

macrocycle alters reactivity in terms of site selectivity, (b) halogenation generally

1, 24-35

makes the metalloporphyrins more efficient catalysts, (c) the axial ligand can

36-39

alter reactivity, (d) the solvent can also affect the reactivity, and (e) other oxygen

25, 39-41

sources™ such as H,O,, and O,, can be used with some systems. Various

metalloporphyrins are now used in laboratory scale reactions. Heterogeneous

porphyrin systems include those in lipid bilayers, micelles, zeolites”™ ** * or on

i 20,44
supports such as silica™

or montmorillonite clay.'® # Several reaction types have
been catalyzed by metalloporphyrins, but perhaps the most well studied are oxidation
reactions. Self-assembled metalloporphyrin catalysts relevant to the present work are
pioneered by Hupp et al.?* * *® which can be remarkably robust, but require
macrocycles that are difficult to obtain in high yields. Conversely, the
metalloporphyrin nanoparticles are self-organized because they are neither discrete
arrays nor mono-dispersed assemblies.*’"

The catalytic oxidation of cyclohexene by iron tetra aryl porphyrins is a standard
reaction that has been thoroughly investigated over the last few decades, and the

epoxide is the major product under a range of experimental conditions using a variety

of porphyrin derivatives.
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In general the turnover number is a few hundred because of the degradation of the
iron porphyrin catalyst, but this increases to about ca. 350 when 5,10,15,20-
tetrakis(2,3,4,5,6,-pentafluorophenyl) porphyrin iron(Ill) (Fe(Il[)TPPF,) is used
because this is a more active catalyst and may be more resistant to oxidative

degradation. There are numerous studies on the catalytic activity of this porphyrin,"**

25,27 28,3435, 41 including the catalytic oxidation of cyclohexene by Fe(III)TPPF in
acetonitrile which requires methanol as a co solvent to yield over 98% of the epoxide

and traces of the 2-cyclohexene-1-one and the 2-cyclohexene-1-ol (Scheme 4.1.).'*%

HO 0
0
<:> - <:y
- + +
Fe(ll)TPPF,q catalyst

2-cyclohexene-1-ol 2-cyclohexene-1-one  epoxide

Scheme 4. 1. Catalytic oxidation reaction of cyclohexene by FeTPPFy

Given the enhanced catalytic activity Fe(III)TPPF,, there are also a considerable
number of reports on other halogenated metalloporphyrins, such as perhalogenated
porphyrins. Gray and coworkers reported significantly different oxidation chemistry
for a derivative of Fe(IIT)TPPF,, wherein the eight pyrroles P positions are also

halogenated.””**
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When the B positions are chlorinated the activity of ethylbenzene oxidation using
oxygen at 100 °C is increased but not the stability to oxidative degradation in reactions
wherein the substrate was also the solvent.*' The differences in the catalytic oxidation
of perhalogenated porphyrins arise from both distortions in the otherwise planar
macrocycle and electronic effects.””** Another example is FeTPPF linked to
polystyrene, which catalyzes the oxidation of ethylbenzene with dioxygen at elevated
ternperatures.41

We have found that 10 + 5 nm nanoparticles of Fe(IlI)TPPF,, formed by

51, 52

host/guest solvent methods ( Scheme 4. 2.), catalytically oxidize cyclohexene to

exclusively yield 2-cyclohexene-1-one and 2-cyclohexene-1-ol, rather than the
epoxide with ca. 10-fold greater turnover number (TON) than the completely solvated

species in acetonitrile/methanol' ** ** when oxygen is used rather then H,O,.

d 3
¢ ¥ >
|
9

. =
‘..J-' Y - @ & @
< o o Y
-«
3 I) : > B

P ¢ ¥
o4 3  J _
y v ? @ -

3 4 > @ Add 5 mL water guest solvent with
§ 4% PEG while vigorously mixing

Y

0.4 mL of 0.76 mM Fe(ll)TPPF,q
in THF host solvent

Scheme 4. 2. Preparation of 10 nm FeTPPF,y nanoparticles in water
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Moreover, dioxygen is efficiently used as oxidant in place of H,O, or other
synthetic oxygen sources that are required by most other metal-porphyrin catalysts of
this reaction. This reactivity is quite non-intuitive because the metalloporphyrins are in
close proximity in the nanoparticles, and so their oxidative degradation should be
enhanced, thus causing a significant decrease in catalytic turnovers. Furthermore, the
allylic products suggest a different oxidative mechanism compared to that of the

corresponding solvated metalloporphyrin.' ** ¥

4. 2. Experimental

Materials and instrumentation

Fe(III)TPPF,(Cl, cyclohexene oxide, 2-cyclohexene-1-o0l, 2-cyclohexene 1-one,
polyethylene glycol monomethyl ether (PEG j64) were purchased from Aldrich
Chemical Co. The solvents (Tetrahydrofuran, 99.9% acetonitrile, 99.9%, methanol,
toluene and HPLC grade dichloromethane), cyclohexene and 30% H,O, were
purchased from Fisher Scientific Co. Nanopure water was obtained using Barnstead
Nanopure water system. D,O 99.6% was obtained from Cambridge Isotope
laboratories, Inc., and 10% H,'*0, and 98 %'%0, were obtained from Sigma-Aldrich.

Product analyses were performed using GC-MS Agilent 5975 series system with
HP-5 column. A Carey Bio-3 UV-Visible spectrophotometer, a Precision Detectors
PD2000DLS Cool-Batch 90T dynamic light scattering instrument was used in batch
mode at 20°C. A Fisher scientific SF15 sonicator was used in nanoparticle

preparations.
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Reactions

Reactions were performed at ambient temperature. All reactions were run a
minimum of ten times except the isotope experiments, which were repeated three
times, and the reported data represent the average of these reactions.

For the homogeneous protic solvent reactions® the iron porphyrin complex was
dissolve in methanol : acetonitrile = 1 : 3. Then reaction was initiated in a 9.5 mL
screw capped vial by mixing 250 uL of the iron porphyrin solution in 2.5 mL solvent
(MeOH: ACN=1:3) ( 2.5x10moles, 9.5x10°M ) and 50 pL cyclohexene, whereupon
80 uL of 30% H,O, was slowly added to the reaction via a Teflon cannula tube
securely fitted to a hole in the cap using a syringe pump through a over the course of
80 min. and the reaction was stirred for 4 hours. The ratio of porphyrin: substrate:
H,0;, = 1:2000:3000 equivalents. An aliquot of the reaction was analyzed by GC-MS
and product yields were determined in relation with the internal standard added
(toluene). (Figure 4. 4.) Of the three possible products, cyclohexene oxide was
obtained in greater than 99% . The results are shown in Table 4. 1.

For porphyrin nanoparticles reactions the Fe(III)TPPF,, nanoparticles were
prepared in 10mL vial or test tube in which 5.6 mL batches were obtained by adding 5
mL of nanopure water to a mixture of 0.2 mL PEG and 0.4 mL of a 0.7x10~ M
solution of Fe(III)TPPF,, in THF while sonicating ( 2.8x10” moles, 5x10° M ). The
solution was further sonicated for Imin. The nanoparticle preparations are stable for
more than 4 weeks and stored in a refrigerator at ~ 4 °C. Each batch of nanoparticles
was checked by DLS (Figure 4. 1.) and UV-visible (Figure 4. 2.) and AFM (contact

and tapping mode) (Figure 4. 3.). The solutions appear slightly cloudy.
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2.5 mL of the porphyrin nanoparticles stock solution ( 1.25x10” moles, 5x10° M )
were mixed in a 9.5 mL screw capped vial with 25 pL of cyclohexene, and 40 pL 30%
H,0O; which was slowly added to the reaction via a Teflon cannula tube securely fitted
to a hole in the cap over the course of 40 minutes. The ratio of porphyrin: substrate:
H,0,=1:2000:3000 equivalents. The reaction mixture was stirred for ca. 20 hours.

Or 2.5 ml of the porphyrin nanoparticles stock solution (1.25x10” moles,5x10™ M)
were mixed with 200 uL of cyclohexene and 125 mL O, was added by opening the
reaction to a separatory funnel at 1 atm and reacted for 24 hours (porphyrin: substrate:
0,=1:16000:40000).

The 2.6 mL reaction mixture volume was extracted once with 2.8 mL
dichloromethane and the layers were allowed to separate. The water fraction and some
of the organic fraction was removed to leave a total volume of 2 mL (this assures the
same volume for every reaction assay). To this volume reaction is added 20 pL
toluene (1.88 x 10™* moles). 4uL of the extract was diluted into 1 mL dichloromethane
and then 2 puL of this solution was injected into GC-MS.

For oxygen reaction the 2.6 mL reaction mixture volume was extracted once with
8 mL dichloromethane and the layers were allowed to separate. The water fraction and
some of the organic fraction was removed to leave a total volume of 6 mL (this
assures the same volume for every reaction assay). To this volume reaction is added
20 pL toluene (6.2 x 10° moles). 4uL of the extract was diluted into 1 mL
dichloromethane and then 2 uL of this solution is injected into GC-MS.

In both cases the product yields were determined in relation with the internal

standard added (toluene) (Figure 4. 6. and Figure 4. 7.).
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This reaction exclusively yields 2-cyclohexene-1-one and 2-cyclohexene-1-ol,
rather than the epoxide. The data is shown in Table 4. 1.

The TON for each reaction was calculated based on the corrected area for each
peak using the internal standard (toluene) and the response factor (obtained in
standardization response of GC-MS areas for each compound, Table 4. 4) (See

calculation in Appendix).

4. 3. Results and Discussion

The results of the catalytic reactions, controls, and homogeneous reactions used for
comparison are presented in Table 4. 1. Control reactions in the absence of an oxygen
source or metalloporphyrins result in no product formation, and adding water to the

homogeneous reaction has no effect on the product ratios or TON (see Table 4. 2.).
Nanoparticle Structure

The detailed structural arrangement of the Fe(III)TPPF,, within the nanoparticles
described herein is not known, because the intermolecular forces used to self-organize

51, 52 .
7% The nanoarchitecture of

the molecules into nanoparticles are weak and reversible.
porphyrin molecules within the nanoparticle varies according to the chemical structure
of the porphyrinoids, the molecular properties of the host and guest solvents, and of
the stabilizer because the chemical properties of the components dictate the

. . . 47-50
intermolecular interactions.

Densely packed, a 10 nm diameter particle of
Fe(III)TPPFy (1.75nm x 1.75nm x 1.0nm ~3 nm’) can contain up to ~170 porphyrins,

but density studies indicate that there are fewer molecules in the aggregate.
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Our working hypothesis is that the nanoparticles consist of sub-domains of the
macrocycles and solvent/stabilizer-filled voids or channels of unknown size and
distribution, so that the number of chromophores per nanoparticle is less. Results from
electron transfer experiments in nanoparticles containing free base TPP and ca. 5%
Fe(II)TPP indicate sub-domains of 15-25 porphyrins within the nanoparticle. The
presence of sub-domains is also consistent with AFM studies that reveal that some
porphyrin nanoparticles fall apart into smaller 5-10 nm high and 60-150 nm wide
particles on surfaces.>

These smaller particles (3 nm diameter) can contain up to 35 porphyrins. Several
experiments indicate that in solution under ambient conditions, the porphyrins do not
exchange between nanoparticles and that the diameter of the nanoparticles does not
change over time.

The data in Table 4. 1. shows that catalytic activity depends on particle size,
composition and oxygen source which may indicate differences in the
nanoarchitectures of the porphyrins within the nanoparticles and subdomains. A
striking example of the dependence of catalytic oxidation on particle size is that the
oxidation of cyclohexene by large (ca. 120 nm diameter) nanoparticles of
Fe(II)TPPF,y requires iodosyl benzene and results in epoxidation similar to the

51,52

homogeneous system, rather than the ene-ol or ene-one described above for the 10

nm nanoparticles of the same porphyrin.
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4. 4. Mechanistic Insights

There is considerable debate over the mechanisms of hydrocarbon oxidation by

1, 6,7, 11, 13, 27, 34, 35, 53 .
2P H R 85 20 2% 29 22 wherein the two

iron porphyrins and other metalloporphyrins,
dominant proposed mechanisms are: (1) a radical hydrogen-abstraction—oxygen-
rebound mechanism, and (2) an oxygen (or hydroxyl) insertion reaction that proceeds
through a cationic ROH," species. It may be that the spin state of the iron in the
macrocycle dictates which of these dominate a particular reaction. In addition to the
differences in ligand field and core size effects, axial ligands play an important role.”*
For the nanoparticle systems an additional consideration are the intermolecular
interactions, such as pi-stacking, which may have significant effects on electronic
structure and substrate accessibility compared to the solvated metalloporphyrin.
Considering the close proximity of the Fe(II[)TPPF,, in the nanoparticles, the
formation of p-oxo and/or dioxo dimers may also play an important role, as the former

species is known to have increased catalytic activity in benzylic oxidations at elevated

temperatures.41
Isotope Experiments

Since the activation of O, is of primary interest, we focus on this aspect of the
catalysis. Preliminary investigations into possible differences in the mechanism
between the nanoparticle and the homogeneous reactions are consistent with
previously reported mechanisms for reactions that result in allylic oxidations. These
latter reactions can be affected using Mn, Sn, or Ru porphyrins and are akin to the
P450 reactions. > The source of the oxygen in the product may be from the water

and/or the O; in the closed reaction vessel. Reactions run with nanoparticle
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preparations made with 10% H,'®O results in incorporation of ca. 10% 'O into the
ketone product (no incorporation in alcohol), which is consistent with a previous study
that concluded a high valent iron oxo species is a key intermediate in room
temperature oxidations by Fe(II)TPPF,,>> (Figure 4. 8, Figure 4. 9). Similarly, when
97% '®0, is used there is ca. 60% incorporation of '*O into the products (>95%
incorporation in alcohol and only 10% in ketone) (Figure 4. 10, Figure 4. 11). These
results indicate that the oxygen comes primarily from O, but suggest that some of the
radical intermediates react with water. Note that reactions run in DO result in no
incorporation of deuterium into the products other than some exchange with the
alcohol proton. These reactions are quite pH sensitive and must be run between pH 6.5
and 7.0. No products are found in reactions run outside of this pH range. The presence
of an alcohol to form an active axially bound [(TPPFy)Fe(HOCH3)]" adduct is
reported to be essential for cyclohexene epoxidation reactions by this complex in
solution,” and in the case of the nanoparticles the alcohol moiety on the PEG can
serve in this capacity, yet since the products are different an alcohol adduct may not be
necessary. Nanoparticles that are stabilized by other PEG’s can be made™, and may be
used to address this issue.

Our hypothesis is that the close proximity of the iron porphyrins in the
nanoparticles facilitates the formation of p-oxo-bridged dimers which have known

enhanced catalytic activity in terms of alkane hydroxylation*" >

and/or p-dioxo-
bridged dimers. Under the reaction conditions, the oxo bridged dimers and monomers

may be in equilibrium. Water, hydroxide, and the alcohol moiety of the PEG can serve

as axial ligands, which in turn affect the stability of the iron oxo complexes. This is
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consistent with the observation that imidazole axial ligands block the incorporation of
the oxygen from water in epoxidation by Fe(III)TPPF,,.”> The absence of cyclohexene
oxide as a significant product in nanoparticle catalysis, argues against the presence of
significant amounts of solvated Fe(III)TPPF,. Homogeneous reactions in
acetonitrile/methanol with a few percent water and PEG yield only the epoxide, so
solvent effects can be ruled out, as can differences arising solely from these serving as
axial ligands. The absence of the large porphyrin Soret band in the UV-visible spectra
of the exhausted reaction mixture reveals that eventually the porphyrin does
decompose (Figure 4. 5.). Deformation of the otherwise planar macrocycle by steric
crowding of the peripheral substituents has been proposed as a major source of
reactivity differences in the perhalogenated porphyrins relative to TPPF, and other

27, 28

arylporphyrins. Nonplanar metalloporphyrins are known to have significantly

> including the dynamics of axial ligand binding.”

different photonic properties,’”
The Fe(III)TPPF,, molecules likely adopt a similar planar conformation in the
nanoparticles as in solution because the intermolecular forces between the
nanoparticle components are too weak to force the macrocycle into energetically
unfavorable configurations. Also, nonplanar porphyrins are characterized by broad,
red-shifted Soret bands. Fe(III)TPPF,y in acetonitrile:methanol shows a normal
porphyrin optical spectra but the optical spectra of the nanoparticles are broad and
contain several underlying peaks both to the red and blue of those of the parent
complex, indicating aggregation. The narrow, mildly acidic pH range may indicate an

aqua axial ligand allows the reaction to proceed and that hydroxide deactivates the

catalyst.
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4. 5. Conclusions

These results further illustrate the unique properties of organic nanoparticles
relative to the component molecules and that the principles of supramolecular
chemistry can be used to create new materials with enhance functions or activities.
Since they do not require specifically designed recognition motifs in predefined
geometries, self-organized materials are generally easier to make than self-assembled

materials,49’ 50, 52, 60

thus obviating the need for macrocycles that are synthetically
challenging or the result of low-yield procedures. Symmetric porphyrins, wherein all
the meso positions are the same aryl moiety, are easy to prepare in large scales, and
can be prepared in a solventless reaction that further reduces production costs.®’ These
results and previous reports indicate the mechanism of catalytic oxidation of
hydrocarbons by Fe(III)TPPF,, is exquisitely dependent on specific environmental
conditions and organization or aggregation state of the complex. The Fe(III)TPPF;
nanoparticle catalyst system represents an advance in green chemistry since despite
numerous efforts in catalyst discovery and design there are still few molecular-based
catalysts that can perform oxidation reactions under mild conditions by activation of

O,. The use of water as the primary reaction solvent for the FeTPPF,y nanoparticle

catalysis is also an additional environmental benefit.
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Table 4. 1. Fe(III)TPPF,y nanoparticles: a green catalysis of cyclohexene oxidation

Solution”/ Conditions Oxide | ene-1-ol | ene-1-one | TON# comment
nanoparticle® % % %
Solution CH3OH/CH3CN 98 <1 <1 350-400
H>0,
Solution '**** | CH;0OH/CH;CN 95 +5 | 5+1 <1 Not
H,O, reported
10 nm NP H,0, <1 30 70 150-200
10 nm NP 6.5 mL air <1 23 77 80-100
10 nm NP 6.5 mL O, <1 24 76 525-550
10 nm NP 125 mL O, <1 28 72 3000-3500
10 nm NP 95% D,0O, 125 mL | <1 20 80 No D in
O, products
10 nm NP 10% H, 0, 125 <1 34 66 ®0in ~ 5% of
mL O, products ( 10%
in ketone and
0% in alcohol)
10 nm NP 125 mL 97 % °0, | <1 23 76 0 in ~ 60% of
products ( 95%
in alcohol and
10% in ketone)
10 nm NP 125mL O, 05mL | <1 28 72 3500
cyclohexene
35 nm NP H,O/DMF 70 11 19 16,500
CgHs1O
120 nm NP* H,O/DMF 85 6 10 12,000
CgHslO

NP = nanopatrticles. A Solution reactions: 0.1 mM in 1:3 methanol: acetonitrile, 50 uL cyclohexene, and
80 uL 30% H,0; (added slowly to the reaction with a syringe pump) in 9.5 mL vial (porphyrin: substrate:
H,0, = 1:2000:3000) was reacted for 4 h.

B25ml porphyrin nanoparticles (0.05 mM in porphyrin content) were mixed with 25 pL of cyclohexene
and 40 pL 30% H20; (porphyrin: substrate: H,O, = 1:2000:3000, H,O, slowly added to the reaction with a
syringe pump) and reacted for 20-24h. Or, 2.5 ml porphyrin nanopatrticles (0.05 mM in porphyrin content)
were mixed with 200 uL of cyclohexene and 125 mL O, was added by opening the reaction to a
separatory funnel at 1 atm and reacted for 24 h (porphyrin: substrate: O, = 1:16000:40000).

€ Nanoparticles made from THF host solvent in ratios used to obtain this size nanoparticle. All reactions
run exhaustively for 20-24h, error in products and TON = + 3%, pH = 6.5 - 7.0. In the case of
nanoparticles reactions, the products were extracted into CH,Cl, and analyzed using an Agilent 5975
series GC-MS with a HP-5 column. Results of control reactions: (a) H.O, and O, do not react directly
with cyclohexene under these conditions, and both an oxygen source (O; or H»O,) and FeTPPFy as

either the nanoparticle or the solvated molecule are needed for product formation.
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Solution®/ Conditions Oxide | ene-1-0l | ene-1-one | TON# | comment
nanoparticle® % % %
Solution CH3;OH/CH3CN - - - - No reaction
without H,0O,
Solution CH3;OH/CH3CN 95+5 | b1 <1
H,0, with 5% H,O
and PEG
Solution CHsCN no CH3OH | Trace | - - - References™ ** *
H.O,
Cyclohexene H,O, or O, - - - - No reaction
No porphyrin H,O/PEG164/H,0, | - - - - No reaction
No porphyrin H,O/PEG164/0, - - - - No reaction
10+5nm NP Argon atmosphere | - - - - No reaction
1045nm NP pH 7.5 - - - - No reaction
10+£5nm NP pH 7.0 - - - - No reaction

Other control reaction involve temperature experiment (the reaction was run at

about 29-30 °C) and also shaker experiment ( to confirm that using a magnetic stir bar

the reaction occur not because of magnetic spin sate of Fe(II)).

2.5 mL of the porphyrin nanoparticles stock solution ( 1.25x10” moles, 5x10° M )

were mixed in a 9.5 mL screw capped vial with 25 puL of cyclohexene, and 40 uL 30%

H,0, which was slowly added to the reaction via a Teflon cannula tube securely fitted

to a hole in the cap over the course of 40 minutes. The ratio of porphyrin: substrate:

H,0, = 1:2000:3000 equivalents. The reaction mixture was stirred for ca. 20 hours at

29-30 °C. The yield of products and the TON was the same with the reactions run at

room temperature. So this confirms that the temperature has a small any effect on the

nanoparticles catalysis reaction. (Table 4. 3).
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Also the same reaction but with O, addition (2.5 ml of the porphyrin nanoparticles
stock solution (1.25x107 moles,5x10™ M) were mixed with 200 uL of cyclohexene
and 125 mL O, was added by opening the reaction to a separatory funnel at 1 atm and
reacted for 24 hours (porphyrin: substrate: O, = 1:16000:40000)) was run using a
protein shaker system (instead of a magnetic stirrer) to demonstrate that a magnetic
field has no effect on the reaction products. In this case, because the mixing speed is
lower then the stirring bar, the TON are lower but we obtained the same products and

same distribution products. (Table 4.3)

Table 4. 3. Fe(III)TPPF, nanoparticles catalyst experiments
Control reactions (temperature and mixing method)

Method Ratio alcohol/ketone TON
Stirrer ( with O,) 28%: 72% =1:2.57 3000-3500
Shaker ( with O) 28%:72% = 1:2.57 1000
Room temperature 30%: 70% = 1: 2.33 150-200

(23°0C)
( Wlth HzOz)
29-30° C 34% : 66% =1:1.94 134-160
( with H,O»)
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A) Contact mode glass
H: 70-150 nm V: 3-10 nm

B) Tapping mode glass
H: 60-140nm V: 6-10 nm

Figure 4. 3. Typical AFM of the nanoparticles deposited on ozone-cleaned
glass. A) Contact mode B) Tapping mode. Samples were prepared by drop-
deposition on cleaned glass slides, dried overnight, imaged in air.

These indicate that the nanoparticles reorganize during the deposition
process to form large-flat aggregates and do not reflect the nanoparticles in
solution



Figure 4. 4. GC of a standard, solution phase reaction as reported previously.
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Figure 4 .6. GC of a typical nanoparticle catalyst reaction using H,O,
3.06-cyclohexene, 4.71-toluene, 6.38-ene-1-ol, 6.84-ene-1-one
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Figure 4. 7. GC of a typical nanoparticle catalyst reaction using 125mL O,
3.06-cyclohexene, 4.71-toluene, 6.38-ene-1-ol, 6.84-ene-1-one
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Figure 4. 8. Mass Spectra profile when using nanoparticles in 10% H,0'® showing
~10% 'O incorporation into ketone. Top O'° profile, bottom O'® profile.
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Figure 4. 9. Mass Spectra profile when using nanoparticles in 10% H,O'® showing
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4. 6. Appendix

The standard response of GC area for each component in 2 mL CH,Cl, total

volume is reported below in Table 4.4:

Table 4. 4 The standard response of GC area for each component

Compounds Response | Ratioto | Volume Corrected Moles
factor toluene used area injected

Cyclohexene | 1.30 1.76 20 uL 4040215 7.52x 10"

Toluene 2.29 1 20 uL 6782091 7.17x 10"

Cyclohexene | 1.00 2.29 20 uL 3109662 7.54x 10"

oxide

2- 1.21 1.90 20 uL 3877485 7.77x 10"

cyclohexene

1-ol

2- 1.86 1.86 20 uL 4014942 7.88x 10"

cyclohexene

1-one

So we use a response factor of 1.90 for the combined products when we calculate
our TON for reactions. The TON for each reaction was calculated based on the
corrected area for each peak using the internal standard (toluene) and the response
factor obtained in GC-MS.

E.g. For H,O, reaction:

The 2.6 mL reaction mixture volume was extracted once with 2.8 mL
dichloromethane and the layers were allowed to separate. The water fraction and some
of the organic fraction was removed to leave a total volume of 2 mL (this assures the

same volume for every reaction assay).
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To this volume reaction is added 20 pL toluene. 4uL of the extract was diluted into 1
mL dichloromethane and then 2 puL of this solution was injected into GC-MS.

Area toluene = 12549151

Area products (total) = 225029 (alcohol) + 330657 (ketone) = 555686

Moles toluene injected in GC = 7.17x10™'” moles

Moles product calculated based on toluene moles, corrected area and response factor:
(Area products/Area toluene = moles products/moles toluene) x response factor

Moles products injected in GC = 6.10 x 10" moles

Where response factor to toluene = 1.90

Thus 6.10 x 10™"" moles products are in the 2 pL injected

Or 3.05 x 10" moles products are in 1 uL

S0 3.05 x 10™® moles products are in 1 mL

7.62 x10°® moles products from the 4 pL taken from the extract reaction solution

2.13 x 10~ moles products in the 2.8 ml reaction solution

TON = moles products/ moles porphyrin =2.13 x 10°/ 1.25x 107 = 170

For O, reaction:

The 2.6 mL reaction mixture volume was extracted once with 8 mL
dichloromethane and the layers were allowed to separate. The water fraction and some
of the organic fraction was removed to leave a total volume of 6 mL (this assures the
same volume for every reaction assay). To this volume reaction is added 20 pL
toluene. 4uL of the extract was diluted into 1 mL dichloromethane and then 2 uL of

this solution is injected into GC-MS.
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Area toluene = 4606305

Area products (total) = 781031 (alcohol) + 2398134 (ketone) = 3179165

Moles toluene injected in GC = 2.9 x10™"° moles

Moles product calculated based on toluene moles, corrected area and response factor:
(Area products/Area toluene = moles products/moles toluene) x response factor
Moles products injected in GC = 3.79 x 10" moles

Where response factor to toluene = 1.90

Thus 3.79 x 107 moles products are in the 2 pL injected

Or 1.89 x 10" moles products are in 1 uL

So 1.89 x 107 moles products are in 1 mL

4.74 x10” moles products from the 4 uL taken from the extract reaction solution
3.79 x 10™* moles products in the 8 ml reaction solution

TON = moles products/ moles porphyrin =3.79 x 10/ 1.25 x 10”7 = 3037
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