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Abstract

Generating metabolic profiles of tumors provides a spatiotemporal map of the concentration of
key species to assess and quantify tumor growth, metabolism, and response to therapy. Because
the tumor microenvironment is characterized by hypoxia, the concentration of oxygen is an
important indicator of tumor health. Understanding how this parameter changes as a function of
disease progression is critical to develop novel targeted therapeutics. New non-invasive sensors
must be developed that are small enough to penetrate into the tumor and monitor dynamic
changes with high resolution.

To this end, this thesis presents new oxygen sensors that are a supramolecular assemblies of a
quantum dot (QD) and a palladium(II) porphyrin. High spectral overlap between QD emission
and porphyrin absorption results in efficient Frster resonance energy transfer (FRET) for signal
transduction in these sensors. Porphyrins with meso pyridyl substituents bind to the surface of
the QD to produce self-assembled nanosensors. Since these macrocycles are sensitive in the 0-
160 torr range, they are ideal phosphors for in vivo biological oxygen quantification. The QD
serves as a two-photon antenna to enable sensing under two-photon excitation. Multiphoton
imaging is a powerful technique that is nondestructive to tissue and provides high-resolution
images of live tissue at depths of several hundred microns with submicron spatial resolution.

Having studied the photohysical properties of these sensors under both one- and two-photon
excitation in organic solvents, these sensors were then encapsulated in lipid micelles to quantify
oxygen in aqueous media. In these constructs, the quantum dot also serves as an internal
intensity standard, furnishing a ratiometric oxygen sensor. Preliminary in vivo multiphoton
imaging and oxygen measurements were conducted using mice with chronic dorsal skinfold
chambers or cranial windows. Together, the properties of this sensor establish a ratiometric two-
photon oxygen sensor for applications in probing biological microenvironments.

Thesis Supervisor: Daniel G. Nocera
Title: The Henry Dreyfus Professor of Energy and Professor of Chemistry
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G6ppert-Mayer

Human immunodeficiency virus

Heme nitric oxide/oxygen binding (protein domain)

Highest occupied molecular orbital

Hertz, kilohertz, megahertz, gigahertz

Intensity

Internal conversion

Intersystem crossing

NMR coupling constant, spectral overlap integral
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K

kg

Ksr

L, dL, mL, [tL

LUMO

M

M, [tM

m, mm, nm

MC

Me

MeCN

mes

mJ

mol, mmol

MPLSM

MRI

N

n, r;

NBS

NC

Nd:YAG

Kelvin

Bimolecular quenching constant

Stern-Volmer quenching constant

Liter, deciliter, milliliter, microliter

Lowest unoccupied molecular orbital

Metal

Molar, micromolar

Multiplet

Meter, millimeter, nanometer

Number of acceptor molecules per donor

Micelle

Methyl

Acetonitrile

Mesityl

Millijoule

Mole, millimole

Multiphoton laser-scanning microscope

Magnetic resonance imaging

Avogadro's number

Refractive index

N-Bromosuccinimide

Nanocrystal

Neodymium-doped yttrium aluminum garnet
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Nd:YLF Neodymium-doped yttrium lithium fluoride

NIR Near infrared

NMR Nuclear magnetic resonance

NRD Nonradiative decay

OAc Acetate

OPA Optical parametric amplifier

OPO Optical parametric oscillator

OTf Triflate

PBS Phosphate-buffered saline

PEG Poly(ethylene glycol)

PET Positron emission tomography

Ph Phenyl

PhCN Benzonitrile

PIL Polymeric imidazole ligand

PO2 Partial pressure of oxygen

q Quartet

QD Quantum dot

QSY-9 Fluorescence quenching dye

R2 or Radj 2  Correlation coefficient

Ro F6rster distance

r Donor-acceptor distance

RAFT Reversible addition-fragmentation chain transfer

Rev Regulator of virion expression
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RNA

RRE

Sn

so

S

s, ims, [ts, ns, ps, fs

SCID

STP

t

Tn

T,

T2

T2*

TFA

THF

TLC

TOPO

TPP

Tt

UV

vis

VR

W, mW

Ribonucleic acid

Rev responsive element

Excited singlet state

Singlet ground state

Singlet

Second, millisecond, microsecond, nanosecond, picosecond,
femtosecond

Severe combined immunodeficient

Standard temperature and pressure

Triplet

Excited triplet state

Longitudinal (spin-lattice) relaxation time

Transverse (spin-spin) relaxation time

Transverse relaxation time with gradient-echo sequences

Trifluoroacetic acid

Tetrahydrofuran

Thin-layer chromatography

Tri-n-octylphosphine oxide

Dianion of 5,10,15,20-tetraphenyl porphyrin

Thermoanaerobacter tengcongensis

Ultraviolet

Visible

Vibrational relaxation

Watt, milliwatt
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NMR chemical shift

E Dielectric constant, molar absorptivity

K Relative dipole orientation factor

k Wavelength

XeX Excitation wavelength

02 Two-photon absorption cross-section

Tair Lifetime in air

Tavg Average lifetime of a multiexponential fit

T; Lifetime of the ith component of multiexponential fit

TO Natural radiative lifetime

Quantum yield

Fluorescence quantum yield

$p Phosphorescence quantum yield
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1.1 Introduction: Sensing on the Nanoscale

The field of sensor development and design remains an important area of chemical

research, as the demand for novel sensors for biological and chemical analytes is increasing.

Sensors in the disciplines of chemistry, biology, and materials science have found application in

areas as diverse as medicine,1-6 national security,7-13 and environmental science.142

Chemosensing involves the recognition of an analyte by either a physical or chemical process

followed by a modulation of an output signal to report the detection of the analyte on a molecular

scale. 23-33 Signal transduction occurs in response to analyte binding, resulting in a "3R" sensing

mechanism: recognize, relay, and report. The result is a modulation of the physical or chemical

properties of the sensor in the presence of analyte, such as oxidation-reduction, electon transfer,

colorimetric changes, or optical changes. In terms of optical sensing, there are a variety of

methods for analyte reporting including modulation of excited state lifetime, energy transfer

efficiency, or emission intensity.34 Fluorescence based sensors offer many advantages over other

methods of signal transduction. Compared to other sensing mechanisms, fluorescent sensors

typically have low background signal. Such sensors can exploit a nanoparticle scaffold and thus

be noninvasive for biological sensing applications.36'37 Due to the small size of the sensors,

analyte reporting is achieved at nanometer length scales with nanosecond time responses.38-40

Because of the rapid time scale for reporting, the analyte concentration may be monitored

continuously in real time.41 ,42 This method of sensing is robust and can even detect the presence

of analyte at the single molecule limit.43-48 Such sensors may be incorporated into a variety of

imaging techniques including optical fibers and waveguides.49 52 Together, these properties make

fluorescent nanosensors ideal platforms for sensing, particularly for chemical detection in

biological media.
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Recently, there has been an explosion of novel nanoparticle-based sensors for biological

applications. A wide variety of nanoparticles may serve as scaffolds for sensor assemblies

including metal oxide nanostructures,5 3 nanostructured carbon (such as graphene54 or single-wall

carbon nanotubes55), noble metal nanoparticles (such as gold56 63 and silver 64), polymer

nanoparticles, 65 magnetic nanoparticles6 '67 (such as lanthanide oxides and iron oxide), silica

nanoparticles, 8 and semiconductor quantum dots.69'' 3 Several reviews have been recently

published that discuss biological sensing with these scaffolds and provide a comprehensive

discussion of various nanoparticle-based sensors.7'-7 Given these recent reports and reviews,

sensors for a wide range of analytes have been prepared: biological metabolites,5 3

proteins,56,ss,62,67 cancer cells and their volatile organic metabolites, 58'59,''63'67'69 amino acids, 57,64

nucleic acids and DNA, 53'67 viruses and bacteria, 67 heavy metals, 64 and pH. 65'68 Nanoparticle

scaffolds enable noninvasive sensing in biological media. Also, the particles, particularly gold

nanoparticles and quantum dots, have tunable optical properties with high luminescence quantum

yields. Together, these properties make nanoscale sensors ideal for in vivo chemosensing.

1.2 Survey of Optical Sensing Mechanisms

While a variety of mechanisms for optical analyte detection with nanoparticle sensors

exist, there are five major methodologies74 (Figure 1.1): (A) nucleic acid recognition, (B) analyte

displacement of a quencher, (C) analyte displacement of a terminal energy acceptor, (D) analyte-

induced binding of two nanoparticles, and (E) conjugation of analyte-sensitive chromophores.

Rather than a comprehensive review of these mechanisms, a single representative example of

each sensing methodology will be presented to highlight and explain the mechanism. While the

schemes of Figure 1.1 depict the nanoparticle as a semiconductor nanocrystal (NC), or quantum

dot, any fluorescent nanoparticle could, in principle, be used as the sensor scaffold. In each of the
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Figure 1.1. Schematic representation of the five primary optical sensing strategies exploiting a
nanoparticle scaffold: (A) nucleic acid recognition, (B) analyte displacement of a quencher, (C)
analyte displacement of a terminal energy acceptor, (D) analyte-induced binding of two
nanoparticles, and (E) conjugation of analyte-sensitive chromophores. Reproduced from Ref. 74.
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examples presented herein, F6rster resonance energy transfer, or FRET, is exploited as a means

of signal transduction. The theory and mathematical description of FRET will be detailed in

Section 1.6. This section serves to provide an overview of optical sensor design strategies.

Sensors based on nucleic acid recognition (Figure 1. LA) rely on modulating the distance

between the nanoparticle and an acceptor dye Q upon detection of the analyte. As a means of

reporting, a change in emission lifetime or intensity may be detected. Using this sensing

methodology, Zhang and Johnson reported a sensor to detect the interaction of Rev (regulator of

virion expression), a HIV-1 regulatory protein, with the corresponding Rev responsive element

(RRE). 75 An in vitro system to model the protein-RNA interaction was designed: the stem-loop

of RRE (Figure 1.2A) and a 17 amino acid peptide to mimic Rev (Figure 1.2B). The stem-loop

was modified with biotin at the 5' end to attach the RNA to streptavidin-coated quantum dots

(QDs) (Figure 1.2C). A fluorescent dye (Cy5) was conjugated to the peptide to serve as the

reporter signal.

a CA b Cy5-TRQARRNRRRRWRERQR

G A
C-G
G-C C CyS Emission

A-U 670nm)

C-GA
so-G-C A QD Emission

C-G-7o 
(60snm)

G C 7 FRET
G AU

G-C cys
45-U-A-75

C-G Rev-RRE complex

U-G
G-C Excitation

Biotin-G-C (488nm)

5' 3'

Figure 1.2. The components of the RRE-Rev sensor: a biotinylated RRE RNA mimic (a) and a
Cy5 conjugated peptide as a Rev mimic (b). (c) A schematic of the sensor, depicting the RRE-
Rev interaction and the resultant emission of both the QD and Cy5. Reproduced from Ref. 75.
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The RRE-modifed QDs were titrated with the Rev peptide and upon excitation with 488 nm light

where Cy5 does not absorb, both QD and Cy5 emission were visible. This is due to the biding of

the Rev peptide to the RRE RNA on the QD surface; energy transfer occurs because the QD

serves as an energy donor to excite the Cy5 dye.

Alternatively, sensing can be accomplished by analyte-induced displacement of a

quencher (Figure 1.1 B) or displacement of a terminal fluorophore (Figure 1.1 C) to give a turn-on

sensor. In the first scenario, a quencher molecule prevents emission of the nanoparticle. In the

presence of analyte, the quencher is replaced by the analyte resulting in nanoparticle emission. In

the second scenario (Figure 1.1C), the nanoparticle is functionalized with two separate

fluorophores: Dye 1 and Dye 2. In the absence of analyte, a cascade of energy transfer occurs,

resulting in the emission of Dye 2. When the analyte is present, Dye 2 is displaced by the

analyte, resulting in emission of Dye 1. Mattoussi, Mauro, and co-workers reported two

strategies for maltose sensing that exploit both analyte-displacement strategies. 76 In the first

sensor (Figure 1.3), maltose-binding protein is bound to the surface of a QD using a

polyhistidine tag (5HIS). The sugar binding pocket of the protein is blocked with p-cyclodextrin

modified QSY-9, resulting in quenching of QD emission. In the presence of maltose, the sugar

displaces QSY-9 and results in QD emission.

Excitation FRET quenching Excitation Emission

p-cyclodextrin-oSY-9

Figure 1.3. Schematic representation of a maltose sensor exploiting analyte displacement of
quencher. In the presence of maltose, the p-cyclodextrin modified QSY-9 is displaced, resulting
in emission of the QD as a turn-on sensor. Reproduced from Ref. 76.
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FRET 1 FRET 1 Emission
Emission

Excitation FRET 2 Excitation

P-cyclodextrin-Cy3.

Figure 1.4. Schematic representation of a maltose sensor exploiting analyte displacement of a
secondary fluorophore. In the presence of maltose, the --cyclodextrin modified Cy3.5 is
displaced, resulting in emission of Cy3 as a turn-on sensor. Reproduced from Ref. 76.

In the second sensor (Figure 1.4), Cy3-modified maltose-binding protein is bound to the surface

of a QD using a polyhistidine tag (5HIS). The Cy3 fluorophore serves as a bridging

acceptor/donor and its emission ultimately serves to signal the presence of analyte. The sugar

binding pocket of the protein is blocked with p-cyclodextrin modified Cy3.5, resulting in

quenching of Cy3 emission. In the absence of analyte, only Cy3.5 emission is observed, as a

cascade of energy transfer occurs to enable emission of the terminal fluorophore. In the presence

of maltose, the sugar displaces the s-cyclodextrin modified dye in the protein binding pocket,

displacing Cy3.5 and enabling Cy3 emission.

The presence of analyte can induce the assembly of dyads consisting of two different

nanoparticles (Figure 1. ID). Both particles are emissive in the absence of analyte. In the

presence of analyte, however, two particles come together, resulting in energy transfer that

causes a decrease in emission intensity of the donor particle and an enhancement of the emission

of the acceptor particle. Chou and co-workers reported a potassium ion sensor consisting of both

green- and red-emitting QDs. 77 Both colors of QDs were modified with 15-crown-5 as the

potassium chelator; as KClO 4 is titrated into the QD mixture, the green emission of the smaller
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dots decreased while the red emission of the large dots increased. This phenomenon is attributed

to an energy transfer mechanism caused by QD aggregation, due to recognition of K+ ions by

two crown ethers to furnish a sandwich complex. It is unclear if the sandwich complexes arise

from the same QD or from two different QDs.

Finally, a nanoparticle may be appended with an analyte-sensitive dye (Figure 1.1 E). In

the presence of analyte, energy transfer occurs, resulting in a decrease of nanoparticle emission.

If the dye were emissive, the presence of analyte would modulate the emission of both the

nanoparticle and dye. Nocera, Bawendi, and co-workers reported a sensor that uses a fluorescent

78pH indicator as a means of optically measuring pH. In this construct (Figure 1.5a), a QD is

appended with a pH-sensitive squarine dye. Since this compound is emissive, the emission

intensity from the dye serves as a measure of pH. It was found that as the pH increases, the QD

emission also increases while the dye emission decreases (Figure 1.5b). This is due to changes in

the absorption spectrum of the dye, which in turn modulates the energy transfer efficiency in the

construct. The presence of an isosbestic point at 640 nm enables a self-referencing (ratiometric)

pH sensor, allowing pH to be determined by the QD to dye emission ratio.

a) FRET b)

0.0 60 5 E

s a i Dye
0 O mission

10550 600 650 700 750
squarmine dye X/nm

Figure 1.5. a) Schematic representation of a QD-based pH sensor. b) Changes in the emission
spectrum of the construct as a function of pH: 6.0 (-), 7.0 (-), 8.0 ( ), 9.0 (-), and 10 (-).
Reproduced from Ref. 78.
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1.3 Biological Sensing: Metabolic Profiling

Tumor biology is one discipline that can greatly benefit from new sensors and probes to

answer fundamental questions about cancer development and disease progression.7 9 Two key

parameters that serve to define the metabolic profile of a tumor are pH and oxygen.8 0'8 The

concentration of these species affects tumor cell metabolism, tumor cell proliferation and

viability, and glucose and oxygen consumption rates.8' Tumor vasculature is comprised of

dilated and leaky heterogeneous vessels, resulting in inefficient delivery of blood and oxygen

(Figure 1.6).82,83 As a result, the tumor is characterized by hypoxia (pO2 < 5 torr), which

stimulates angiogenesis (the formation of new blood vessels), can induce tumor cell apoptosis

(programmed cell death), and select for tumor cells with defects in apoptosis pathways. 8'

Additionally, the tumor environment is characterized by low extracellular pH (6.6-6.8)81 due to

the presence of lactic acid as a product of anaerobic glycolysis and carbonic acid, which is

derived from dissolved CO 2 as a product of aerobic respiration; these species tend to accumulate

in the tumor due to inefficient removal pathways.84 Together, tumor acidity and hypoxia

incapacitate immune cells, render tumor cells invasive and metastatic, and induce the expression

of angiogeneic factors, which trigger and stimulate tumor growth. 85 87

One emerging strategy to treat cancer is to target angiogenesis, as tumors require blood

81 93vessels for growth and metastasis.t  In 2005, Carmeliet postulated that "angiogenesis research

will probably change the face of medicine in the next decades, with more than 500 million

people worldwide predicted to benefit from pro- or anti-angiogenesis treatments." 94 While anti-

angiogeneic therapy has provided short-term benefits, 95'96 it has been demonstrated with long-

term studies that the tumors grow back more aggressively. 97 99 However, the combination of

anti-angiogeneic therapy and chemotherapy has been shown to be effective in the long term. 100
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This combination of therapies raises a paradox: chemotherapy attacks malignant tissue directly

while anti-angiogeneic therapy destroys the very vessels required to deliver drugs. Thus, one

might expect that anti-angiogeneic therapy may hinder the efficacy of chemotherapeutics.101-' 03

Normal Abnormal Normalized Inadequate

Figure 1.6. Schematic representation (above) and two-photon images (below) of tumor
vasculature at various stages of anti-angiogenic therapy. In normal tissue, the vasculature is well
ordered and delivery of blood and oxygen is efficient. In tumors, the vasculature is leaky and
distended, resulting in inefficient blood flow and giving rise to hypoxia. After treatment with
anti-angiogenic therapy, the vasculature is repaired and restructured, resembling normal vessels.
With aggressive anti-angiogenic therapy, the vessels are eventually pruned, resulting in
inadequate delivery of oxygen or drugs. Reproduced from Ref. 79.

Jain has hypothesized that certain anti-angiogenic therapies can transiently "normalize"

the distended tumor vasculature, resulting in the more efficient delivery of oxygen and drugs. 79

In this "Normalization Hypothesis," there is a time window in which tumor vasculature

resembles normal vessels after the administration of an anti-angiogenic drug (Figure 1.6). Since

the normal tissue is less leaky and dilated, the transport of nutrients, waste, oxygen, and drugs is

greatly enhanced. However, excessive dosage of anti-angiogenic drugs results in the destruction

of vessels, making them inadequate to deliver drugs. It has been demonstrated that such therapies

improve tumor oxygenation over brief periods of time, thereby suggesting the presence of a so-
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called vasculature normalization window.96-104 However, the functional parameters of pH and

PO2 have not been efficiently characterized as this process occurs. As a result, novel nano-sized

sensors are needed to probe changes in these analyte concentrations in real time. Ideally, one

could monitor the normalization process by monitoring how the oxygen level changes over the

course of anti-angiogenic therapy. Once the oxygen level of the tumor resembles that of normal

tissue, the tumor could then be treated with a high dose of chemotherapy or radiation, as the

circulation of drugs and oxygen would be most efficient to destroy the tumor. Alternatively, such

oxygen sensors could be used to determine the oxygen level in a tumor (anoxic, hypoxic, or

normoxic) so that an appropriate course of therapy could be administered given the tumor type,

thus resulting in "personalized medicine." For example, radiation therapy relies on high oxygen

content to produce and propagate reactive oxygen species to destroy tumor cells, 105 but hypoxic

tumors are much less sensitive to radiation. 82 The ability to rapidly determine and monitor

changes in tumor oxygenation could help determine the best course of therapy and improve

patient outcomes.

1.4 Overview of Oxygen Sensing Methodologies

Having demonstrated the importance of oxygen as a key parameter for tumor health and

progression, various methods of measuring oxygen in biological media have been developed:

polarographic microelectrodes, 106'07 magnetic resonance imaging (MRI),""9 electron

paramagnetic resonance (EPR),"1 positron emission tomography (PET),1 1 1 ", 2 hemoglobin

saturation spectrometry," 3 115 and phosphorescence quenching."' 6 118 Of these methodologies,

phosphorescence quenching is noninvasive and offers high-resolution measurement of oxygen

levels; this technique will be thoroughly discussed in Section 1.5. In 2007, a comprehensive

review comparing different methods of measuring oxygen levels was published." 9
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Polargraphic microelectrodes have been long considered the standard in biological

oxygen measurements. These Clark-type electrodes quantify dissolved oxygen by modulating the

current in a platinum cathode due to the four-electron, four-proton reduction of oxygen to

water.106 As a result, this method consumes oxygen during the measurement process. To obtain

accurate measurements, the electrode must be maintained in a stable environment, rendering it

unable to make dynamic measurements.' 2 0 While advancements have been made to minimize the

electrode size and amount of oxygen consumption, it is an invasive means of quantifying

oxygen, as it perturbs the microenvironment of the tissue and measured values are typically not

reproducible. Microelectrodes are less sensitive at low oxygen pressures (< 10 torr)m and are

thus not conducive to measuring tumor hypoxia. However, due to the minimal probe volume and

resolution (typically 0.01-1 [tM [02]), microelectrodes are often used as a reference for the

development of other oxygen measurement techniques.' 07

Since MRI is a popular noninvasive diagnostic technique, it has used as a method of

quantifying oxygen in tissues in vivo. 108 The most popular nucleus to study using this technique

is '9F, as this isotope has 100% natural abundance and has a resonant frequency 94% of 'H,

enabling the use of standard MRI instruments to probe 19F.109 Typical agents for 19F oxygen

measurements are perfluorocarbons as they are biologically inert, exhibit minimal toxicity, and

are commercially available, with hexafluorobenzene being the most common.m-1 Oxygen is

quantified by measuring the '9F spin-lattice relaxation rate (R1 = 1/T,), which is modulated by the

concentration of paramagnetic oxygen. At a given magnetic field and temperature, the two

parameters are related using the following equation:

R, =a+b[O2] ()
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where a is the relaxation rate in the absence of oxygen, b is the relaxation rate contribution from

oxygen, and [02] is the oxygen concentration. 18 Using this nucleus, the spatial resolution is on

the order of [tm-mm with an oxygen resolution of 1-8 torr.' 19 Using the same principle as above,

oxygen levels have been measured using 'H MRI with hexamethyldisiloxane as the probe. 0 ,126

One other popular MRI technique for 02 sensing is blood oxygenation level-dependent (BOLD)

contrast. 10,127,128 In this method, changes in the blood concentration of deoxyhemoglobin are

monitored to quantify oxygen levels. Since deoxyhemoglobin is paramagnetic, it affects the

relaxation rate of water. Blood oxygen levels are measured using gradient echo sequences that

are sensitive to the T2* relaxation rate. 108

While both EPR and PET have been used clinically to measure oxygen levels, these two

techniques are less prevalent.' 29 Indirect measurement of oxygen levels by EPR are

accomplished using a paramagnetic probe, which interacts with molecular oxygen and modulates

its electron relaxation properties. Typically, changes in T2 are measured as well as the

broadening of hyperfine lines of the paramagnetic probe.108 The most common probes are

lithium phthalocyanine, nitroxoides, trityl radicals, and India ink.' Since the spatial resolution

of this technique is low (on the order of mm),' 1 EPR is often used in conjunction with another

technique such as MRI to enhance the image resolution. 3 0 In terms of PET imaging of hypoxia,

this technique is primarily used for the qualitative identification of hypoxic tissue. Radioactive

dyes such as 18F-fluoromisonidazole or radioactive copper 62Cu or 64Cu dithiosemicarbazones

complexes undergo a chemical or redox reaction, resulting in the accumulation of these species

in hypoxic tissue.

One final oxygen measurement technique is the use of hemoglobin saturation

spectrometry. In this technique, changes in the optical absorbance features of hemoglobin due to
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oxygen binding are monitored.''"14 Since this method relies on hemoglobin concentration,

oxygen measurements are only reflective of vascular oxygen levels. It has been applied to

studying breast cancer as a noninvasive means of differentiating tumors from normal tissue.' 5

However, the relationship between hemoglobin oxygen saturation and oxygen levels is

complicated and requires accurate knowledge of the oxyhemoglobin dissociation curve as well as

local concentrations of carbon dioxide and pH in order to properly quantify oxygen levels.' 0 7

While this technique is noninvasive, the spatial resolution is on the order of mm and suffers from

the interference of myoglobin as well."9

1.5 Phosphorescence Quenching

While other methods of oxygen detection utilize existing imaging and detection

strategies, these methods lack the spatiotemporal resolution necessary to probe the tumor

microenvironment and monitor small, dynamic changes in oxygen with accuracy.

Phosphorescence quenching offers a viable alternative that circumvents the limitations of the

techniques outlined in Section 1.4. This method has been used to probe oxygen levels in vessels,

tissues, and tumors. 107,121,131 A dye molecule in its triplet excited state undergoes collisional

quenching with molecular oxygen (a ground state triplet) to return the fluorophore back to its

ground electronic state and generate singlet oxygen (Figure 1.7). This phenomenon of triplet

quenching is well-established' 16- 18 and is described mathematically by the Stern-Volmer

equation:132

I = I+ kr [Q]= 1+ Ksv[Q] (2)

where 1o and To are the intensity and lifetime of the excited state in the absence of quencher, I and

T are the intensity and lifetime of the excited state at a given concentration of quencher, kq is the

bimolecular quenching constant, [Q] is the concentration of quencher Q, and Ksp, is known as the
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Stern-Volmer quenching constant. Using Eq. 2, the oxygen concentration in a given sample may

be determined by measuring the emission intensity or the excited state lifetime of a molecular

probe.

Such a molecular probe is subject to a variety of photophysical processes, as illustrated in

Figure 1.7. Upon absorption of a photon, a fluorophore is promoted from its ground singlet state

(So) to an excited single state (Si, S2). Internal conversion (IC), a radiationless transition, can

occur between isoenergetic vibrational levels (v and v') of different electronic states (m and n) of

the same multiplicity: Snv -+ SmV' or Tn" -+ T."'. If the molecule is in a higher vibrational state, it

relaxes back to the ground vibrational state through a nonradiative process called vibrational

relaxation (VR). Transitions between the singlet and triplet manifolds can be accomplished

through spin inversion. The radiationless deactivition of the lowest singlet and triplet states is

known as intersystem crossing: Si -+ Ti and Ti -+ So. This occurs by either direct spin-orbit

coupling of Si to a higher vibrational level of T, or by spin-orbit coupling to a higher triplet state

followed by rapid internal conversion to T1. Radiative deactivation of excited electronic states

(luminescence) occurs though either the lowest singlet (Si) or triplet (Ti) state; this is known as

Kasha's rule. Nonradiative decay (NRD) of these states is generally slow relative to the

corresponding emission of a photon: fluorescence Si -+ So or phosphorescence Ti -+ So.

Transitions of the same multiplicity are spin allowed, while those involving states of different

multiplicity are spin forbidden. Thus, phosphorescence is a spin-forbidden process, manifesting

in a long excited state lifetimes (ms-s) relative to fluorescence (ns or faster). 3 3
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Figure 1.7. Jablonski diagram outlining the various photophysical processes that can occur with
a given fluorophore. Processes that involve a photon (absorbance, fluorescence,
phosphorescence) are highlighted in color, while nonradiative processes are illustrated with black
arrows: internal conversion (IC), intersystem crossing (ISC), vibrational relaxation (VR), and
non-radiative decay (NRD). A fluorophore in a triplet excited state can interact with triplet
oxygen, generating singlet oxygen and returning the fluorophore to its ground electronic state via
collisional quenching.

Phosphors that are used as oxygen sensors are typically metal polypyridine or porphyrin

complexes.134,135 Typically, second and third row transition metals are use, as they exhibit

sufficient spin-orbit coupling so that intersystem crossing to the triplet manifold is efficient.' 36

Varying the metal and synthetically tailoring the ligand scaffold can readily tune the

photophysical properties of the molecule: absorption and emission wavelengths, quantum yield,

excited state lifetimes, and oxygen sensitivity range. The most common fluorophores are

ruthenium(II) bipyridine and phenanthroline complexes and are often incorporated into a

polymer matrix to furnish an optical sensor device. 3 7-144 As an alternative, palladium(II) and

platinum(II) porphyrin complexes have been used because of their high phosphorescence

quantum yields and long lifetimes.145-148 Most reported examples of sensors that use these

porphyrins incorporate them into polymer matrices, thin films, or attach them to solid
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substrates.149 151 While some recent examples with platinum(II) porphyrins utilize a nanoparticle

scaffold, the nanosensor is still embedded in a polymer matrix.' Since there are few

examples of nanoparticle-based oxygen sensors suitable for biological applications,"1 4,' more

research is necessary to develop novel sensors for in vivo oxygen sensing. The next several

sections will discuss the design principles and concepts that will be incorporated into these new

sensors: F6rster resonance energy transfer (Section 1.6), multiphoton spectroscopy (Section 1.7),

quantum dots as sensor scaffolds (Section 1.8).

1.6 Forster Resonance Energy Transfer

One of the most common methods of signal transduction in nanoparticle-based sensors is

F6rster resonance energy transfer or FRET. In this mechanism, energy is transferred

nonradiatively from a donor (D) fluorophor to an acceptor (A) molecule (Figure 1.8a).' 56 In a

FRET-based sensor, the donor is selected such that is has favorable absorption properties in the

desired optical range while the acceptor is selected for analyte sensitivity and emission properties

(i.e. optical readout of analyte concentration). Additionally, the FRET pair must be judiciously

selected such that the emission of the donor is energetically similar to the absorption of the

acceptor so that efficient energy transfer can occur (vide infra).

FRET decreases the emission intensity of the donor and transfers the energy to an

acceptor molecule. Initially, both the donor and acceptor have two electrons in their HOMO (i.e.

a ground state singlet). Upon absorption of a photon, one of the electrons in the HOMO of the

donor is promoted to the LUMO. During FRET, the excited electron in the donor returns to the

ground state without emitting a photon while, simultaneously, an electron in the acceptor is

promoted from the HOMO to the LUMO. The excited acceptor may then relax back down to the

ground state either by fluorescence or by nonradiative decay. This energy transfer mechanism is

-43-



a through-space interaction that involves long-range dipole-dipole interactions and does not

require molecular contact between the donor and acceptor, making FRET independent of steric

and electrostatic interactions. Instead, the rate of energy transfer depends on the spectral overlap

between donor emission and acceptor absorption, the quantum yield of the donor, the relative

orientation of the donor and acceptor transition dipoles, and the distance between the donor and

acceptor molecules.3 5

a) bD Emission
A Absorption

FRET

480 500 520 540 560 580 600

Wavelength (nm)
Figure 1.8. a) Schematic representation of a donor nanoparticle (D) and an acceptor fluorophore
(A), which is promoted to an excited electronic state via FRET. b) An illustration of spectral
overlap in this model system. The emission spectrum of the donor D (-) largely overlaps with
the absorbance of the acceptor A (-); the spectral overlap is highlighted in yellow.

In order to mathematically describe the efficiency (E) of energy transfer between a donor

and a single acceptor via FRET, the following equation is used to express this quantity in terms

of donor-acceptor distances or energy transfer rates:

E 1 R kD-A (3)
S-+r k_ +X-_

1+-
RO

-44-



where r is the distance between the donor and acceptor, RO is the F6rster distance or the distance

at which the energy transfer efficiency is 50%, k[ A is the rate of energy transfer, and TD is the

lifetime of the donor in the absence of acceptor. If there are multiple acceptors per donor

molecule, then Eq. 3 is modified to account for m acceptors per donor:

mk mR 6
E D-A _ < 6 (4)

mkDA +T mR + r

The F6rster distance (Ro) can be calculated from the spectral overlap integral (J) of donor

emission and acceptor absorption (Figure 1.8b):

I= foF(A))A(A)A dA (5)

where FD(A) is the normalized emission intensity of the donor and eA(X) is the extinction

coefficient of the acceptor at wavelength A. Having determined the overlap integral for a given

donor-acceptor pair, the F~rster distance may now be calculated:

R 6 = 9000(InlO)KkPDJ (6)0 128r 5Nn4

where K2 is the relative orientation factor of the transition dipoles, <D) is the quantum efficiency

of the donor, N is Avogadro's number, and n is the index of refraction of the medium. Typically,

critical FRET length scales for Ro range from 2-9 nm. While J and Ro can be calculated from

the static emission and absorption spectra of the system components and a series of constants,

more information is necessary in order to determine both r and E. The FRET efficiency E can be

determined experimentally:

E =1- TI-A (7)

where TD A is the lifetime of the donor in the presence of acceptor. After this series of

calculations, the donor-acceptor distance r may now be determined using Eq. 3 or 4.
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Alternatively, energy transfer can occur via a direct electron transfer in a Dexter1 57

mechanism rather than a dipolar F6rster interaction. In Dexter energy transfer, an excited

electron in the LUMO of the donor is transferred to the acceptor molecule. The acceptor then

transfers an electron from its HOMO back to the donor HOMO, leaving the acceptor in an

excited state and the donor in the ground state. Typically, the Dexter interaction is associated

with fluorescence quenching and can be observed if the spectral overlap is small so that large

electron exchange rates become significant. If there is good spectral overlap, FRET usually

occurs before Dexter transfer can occur. Finally, high concentrations of both donor and acceptor

are necessary for significant Dexter transfer to occur, whereas FRET can be accomplished at

much lower concentrations.3 5

1.7 Multiphoton Spectroscopy and Imaging

Having established that phosphorescence quenching is a suitable method of measuring

oxygen levels and FRET is a viable technique for signal transduction, the absorption properties

of the donor molecule must be considered. If a sensor is to be used in vivo, sufficient excitation

light must penetrate the tissue to excite the donor. However, biological tissue is not very

transparent to visible light; instead red or near infrared light must be used. Indeed, the so-called

"tissue transparency window" is in the 600-1100 nm region where absorption of endogenous

fluorophores, particular hemoglobin and melanin, is minimal and the penetration depth of these

wavelengths is on the order of millimeters in most tissues.'5

In order to exploit these wavelengths, one can utilize multiphoton spectroscopy, a

nonlinear optical technique that involves the simultaneous absorption of two or more photons.

The idea of two-photon absorption was first proposed by Maria Gbppert-Mayer in 1931.159 It

was not until 30 years later that this concept was experimentally verified when Kaiser and
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Garrett used red light from a ruby laser and detected blue fluorescence from a sample of

CaF2 :Eu .is Under linear or one-photon excitation, a fluorescent molecule is promoted to its

excited state by the absorption of a single photon, with energy approximately equal to the

separation of the ground and excited states (Figure 1.9a). Multiphoton processes require two or

more photons to interact with the molecule simultaneously. In a two-photon process, the "first"

photon excites the molecule to an intermediate state while the "second" photon promotes the

molecule to its final state (Figure 1.9b). The intermediate state can either be an eigenstate of the

molecule or a superposition of molecular states; therefore, it is usually referred to as a virtual

intermediate state.' 6 ' While the strength of a two-photon transition is due to contributions from

all eigenstates as intermediate states, the two-photon absorption cross-section (02) can be

estimated using a single intermediate state approximation: 162

a2 = (Y fr1  (8)

where a; is the one-photon absorption cross-section for the transition from the initial state i to

the intermediate statej, og is the one-photon absorption cross-section for the transition from the

intermediate state j to the final state f and Ti is the lifetime of the intermediate state. The

parameter 1 determines the time scale for photon coincidence and is 10-"1 s or less for a virtual

state (i.e. simultaneous photon absorption). Alternatively, a process may be a true sequential

multiphoton excitation if the intermediate state is a real state with a lifetime of 10 9 to 10 12 s. A

one-photon absorption cross-section (oi) may be estimated using the length of the transition

dipole. For a typical organic fluorophore with a 10-8 cm dipole transition, oi is approximately

10-1 or 10 cm2. Using these values and Eq. 8, one may estimate a two-photon absorption

cross-section of 10-49 cm 4 s/photon or 10 G6ppert-Mayer (GM), where 1 GM = 10-50 cm 4

s/photon.161

-47-



b.

Figure 1.9. Comparison of one and two-photon processes. Panels a) and b) compare one- and
two-photon excitation, respectively, from the ground state of a molecular fluorophore. c) Single
photon excitation of fluorescein, demonstrating that fluorescence is detected throughout the
sample. d) Two-photon excitation of the same fluorescein sample, exhibiting fluorescence only
in the focal volume, which is highlighted with a yellow circle.

If a molecular absorption uses a single photon, the excitation density in the focal region is

proportional to the intensity of the incident light. However, for a two-photon process, the

excitation density depends on the square of the intensity and rapidly decays as the distance from

the focal point increases. As a result, the two-photon excitation volume is much smaller than an

analogous one-photon excitation volume and increases the spatial resolution of the signal.

Indeed, the two-photon excitation densities are 104 and 108 smaller in the axial and radial

directions respectively, than at the focus, resulting in the excitation of a small volume element.' 63

This phenomenon is illustrated in Figure 1.9, where a sample of fluorescein is irradiated under

one (c) and two photon (d) excitation conditions. The observed emission under one-photon

excitation exhibits an hour-glass shape, generating a streak of emission along the beam path.

This is in stark contrast to the two-photon excitation, which exhibits a sharp point of emission at

the focus of the excitation source. As a result, two-photon excitation minimizes photobleaching

and thermal degradation of the sample.
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Until 1990, multiphoton spectroscopy was considered an exotic technique that was

limited to the fields of optical spectroscopy and chemical physics. This was because photon

sources that could provide appropriately high peak power to increase the probability of

multiphoton absorption were limited.35 With the advent of mode-locked solid-state femtosecond

lasers, such as Ti:sapphire, the accessibility of multiphoton spectroscopy has dramatically

increased.161 In 1990, the first two-photon imaging of biological samples was reported using an

ultrafast laser source. 64 Since then, multiphoton laser scanning microscopy (MPLSM) has

become a powerful, routine imaging technique. It uses NIR light in the 600-1100 nm region to

exploit the tissue transparency window and allow for greater depth penetration and deep tissue

imaging. MPLSM provides noninvasive three-dimensional optical imaging with significant depth

penetration (450-600 rim) and approximately I [tm of spatial resolution.158 16 5 168 Given the

small focal volume of two-photon excitation, one can minimize the amount of bleaching and

photodamage while generating high-resolution images to accurately map the heterogeneity of the

tumor microenvironment.1
69-171

While MPLSM is a powerful imaging technique, there is a dearth of fluorescence dyes,

that have significant two-photon absorption cross-sections, as (2 ~ 10-100 GM for most typical

fluorophores (vide supra).161,172-174 For example, fluorescein, a popular fluorescent dye

commonly used in biological labeling, exhibits c2 varies from 8 GM to 37 GM in the 690-960

nm range, with the absorption maximum observed at 780 nm. 173 Some conventional fluorophores

exhibit notably high a 2 values: Cy3 with 140 GM and Rhodamine 6G with 150 GM, both at 700

nm.173 More recently, design principles have been devised to prepare organic molecules with

large (1000-10,000 GM) two-photon absorption cross-sections. 3,175 While these developments

have been made, most analyte-sensitive dyes have low two-photon absorption cross-sections and
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cannot be used directly for MPLSM applications. Instead, a two-photon antenna must be coupled

with an analyte-sensitive dye so that biological sensing can be accomplished under multiphoton

excitation.

1.8 Quantum Dots and Sensing

Inorganic semiconductor nanocrystals, also known as quantum dots, are an important

class of fluorophores that exhibit unique photophysical properties.176-189 When a semiconductor

absorbs a photon with energy greater the band gap, an electron is promoted from the valence

band to the conduction band. If the photon has energy slightly less than the band gap by an

amount equal to the phonon energy, an exciton will form. An exciton is a bound electron-hole

pair that is held together by Coulombic interactions. 190 When the size of the exciton is on the

order of the dimensions of the semiconductor, quantum confinement occurs.' 9 As a result, the

energy of confinement of the exciton in the crystal exceeds the Coulomb energy, resulting in

molecule-like states rather than bands in the bulk material. Such nano-sized crystalline particles

are known as quantum dots. The size of the particle is directly related to its optical properties; the

effective band gap of a quantum dot increases with decreasing size.176 QDs have broad

absorption profiles with high extinction coefficients that are complemented by narrow, Gaussian-

shaped emission features that are tunable with size. For CdSe QDs, small dots with a ~2 nm

diameter exhibit blue emission under near UV excitation whereas larger dots with a ~5 nm

diameter emit red light. Typically, QDs also exhibit high luminescence quantum yields;

overcoating the QD with a higher band gap semiconductor (such as ZnS or CdZnS overcoats for

CdSe) in a core/shell motif improves the emission quantum yield. Presumably, the shell

passivates sites on the surface of the core that would otherwise lead to nonradiative excition

recombination.192,193 Recently, it has been demonstrated that quantum yields can be near unity
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for CdSe/CdS dots. 9 4 Additionally, QDs exhibit large two-photon absorption cross-sections,19 5

199 with values of 02 as high as 47,000 GM for CdSe/ZnS QDs.196 Together, the optical

properties of QDs are in stark contrast to those of traditional organic fluorophores, which are

prone to photobleaching as well as exhibit narrow absorption profiles and broad emission

features that tend to tail into the red,200 and have low 02 values (Section 1.7). As a result, QDs

have become popular fluorophores for biological imaging 201' 20 2 and have found application as

fluorescent tracers in microscopy,20324 imaging molecular targets,21s cell tracking, 202,20 and

tumor pathophysiology.207

As synthesized, QDs are hydrophobic with tri-n-octylphosphine oxide (TOPO) as the

capping lignad.176 In order to utilize them for biological applications, the surface of the QD must

be modified in order to impart water solubility and biocompatibility. An additional concern in

utilizing QDs for biological studies is the potential toxicity in using cadmium-containing

substances. However, live animal studies have demonstrated that toxicity is not observed, even

four months after injection under standard conditions.20s Both air and UV light can oxidize CdSe

QDs, resulting in leaching of toxic Cd> ions.209 It has been shown that the use of a ZnS overcoat

on CdSe QDs significantly mitigates cell death in embryo studies.2 1 0 However, long-term

toxicity studies have not yet been performed to investigate chronic cadmium toxicity.

One method to confer water solubility is to coat a CdSe/CdS or CdSe/ZnS core/shell

structure with a layer of silica,21 1 while another is to use mercaptoacetic acid to passivate the

surface.212 The surfaces of QDs have been modified with phospholipids,20 3 amphipilic

polymers,20 s dendrimers, 2 13 218 and oligomeric phosphines 219 to make them water-soluble. A

more elegant approach is to exchange the hydrophobic capping ligand for a multidentate

hydrophilic ligand. 0 - One such ligand example is a block copolymer prepared by RAFT
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polymerization 223 that consists of three monomers: imidazole for QD surface binding, PEG for

water-solubility, and a terminal amine for derivitization.2 22 Biotin was conjugated to this PIL

ligand for HeLa cell labeling via biotin-streptavidin binding in cell cultures. Additionally, these

QDs have been utilized in vivo to image the tumor vasculature. It was found that these constructs

extravasate into the tumor tissue, enabling one to study the microenvironment. 222 Using this

construct, one can utilize the terminal amine to conjugate a responsive dye to study dynamic

changes of key analytes, such as pH and pO2, in the tumor microenvironment.

1.9 Two-Photon Oxygen Sensors

By combining the principles of phosphorescence quenching, FRET, and multiphoton

spectroscopy, one may develop novel oxygen sensors with a QD scaffold for in vivo biological

applications using MPLSM. As outlined in Section 1.8, QDs have tunable photophysical

properties that make them desirable for biological imaging. Because of their high quantum

yields, they are ideal FRET donors for an appended analyte-sensitive fluorophore. Additionally,

the high two-photon absorption cross-sections of QDs make them superior two-photon antennas

for multiphoton-based sensing applications. Typically, the photophysical properties of QDs are

unperturbed by changes in their environment (i.e. they are constant in both the presence and

absence of an analyte, such as oxygen),m rendering them a suitable framework for ratiometric

sensors, which rely on signal changes relative to an internal standard to quantify the amount of

analyte. In such a construct, a QD is appended with an oxygen-sensitive phosphor; the QD is

judiciously selected to maximize the spectral overlap with the conjugated phosphor for high

FRET efficiency. In terms of the sensing strategy, the construct is irradiated under two-photon

excitation conditions. Due to the high spectral overlap, FRET occurs from the QD to the attached

phosphor, promoting it to an excited electronic state. The phosphor serves as an oxygen reporter,
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as its lifetime and emission intensity are sensitive to the amount of oxygen in the sample. Since

the QD also emits and its luminescence is unaffected by oxygen, it serves as an intensity

standard, making ratiometric sensing possible by using the ratio of porphyrin to QD emission

intensity.

Vinogradov and co-workers have reported a series of two-photon FRET-based oxygen

sensors in which a platinum or platinum porphyrin is covalently linked with coumarin dyes.22 -

228 In these systems, the coumarin dye serves as both the two-photon antenna and FRET donor

for the porphyrin phosphor. The Vinogradov design, while circumventing the use of potentially

toxic QD's, suffers from several design limitations. The photophysical properties, namely the

emission wavelength, of QDs are tunable, enabling the optimization of spectral overlap with the

appended phosphor and maximizing FRET efficiency; such tunability is not possible with

conventional organic fluorophores, which are quite limited in both spectral features and quantum

yield. QDs are superior two-photon sensitizers (12 ~ 104 GM than most conventional

fluorophores like coumarins (CF2 = 20 GM for Coumarin-343).226 The Vinogradov sensors utilize

many donors per acceptor, whereas the QD scaffold utilizes a single donor with many acceptors,

thereby producing more signal on a per sensor basis, which is advantageous for biological

applications.

While ruthenium bipyridine complexes 229 and platinum porphyrins230 23' have been used

as oxygen sensors in conjunction with QDs, the QD merely serves as an internal intensity

standard (nether a FRET donor nor a two-photon antenna) in these systems. There are only three

examples of authentic FRET-based oxygen sensors with a QD serving as the FRET donor and

either pyrene,m platinum octaethylporphine ketone,233 or osmium bipyridine complexes 234

serving as the FRET acceptor. Of these, only the osmium example reported by Nocera, Bawendi,
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and co-workers has been studied under two-photon excitation. This sensor, while exploiting the

QD scaffold design principles outlined above, suffers from low dynamic range at biologically

relevant oxygen pressures (0-160 torr), although it is sensitive for higher oxygen pressures.23 4

The optical response of the pyrene-based sensor is in the 350-400 nm range, which is outside the

tissue transparency window and is not an ideal candidate for biological imaging.2 32 The platinum

octaethylporphine ketone sensor is embedded in a polyvinyl chloride matrix and coated on a

micropipette; this is an invasive means of oxygen detection and cannot be translated to in vivo

233
applications. As a result, new optical oxygen sensors must be designed to harness the benefits

of QDs as biological fluoropores.

1.10 Scope of Thesis

In general, it is quite difficult to quantify an analyte concentration based on a simple

change in emission intensity alone. Accurate measurements are unattainable if the background

intensity changes, the dye emission is sensitive to environmental interferents, or there is emission

from background fluorophores in the sensor environment (i.e autofluorescence in biological

sensing.) This thesis presents oxygen-sensing constructs that are ratiometric, reversible, and

stable. Chapter 2 describes the synthesis of free-base porphyrins and surveys various methods

(statistical, semi-rational, and rational) to synthesize these fluorophores. The preparation of

palladium(II) and platinum(II) complexes is also presented, as these are the oxygen-sensitive

phosphors that are used throughout the thesis. In Chapter 3, the photophysical properties of these

compounds are explored. Additionally, supramolecular assemblies consisting of meso-pyridyl

palladium(II) porphyrins and a quantum dot are prepared in toluene, furnishing self-assembled

oxygen sensors. These assemblies have been fully characterized optically, using both linear and

two-photon spectroscopy. Chapter 4 reports the water-solubilization of these hydrophobic
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assemblies by exploiting micelle encapsulation. After full characterization and calibration of the

sensor in vitro, preliminary imaging and oxygen quantification was performed using murine

models.
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Chapter 2

Porphyrin Synthesis
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2.1 Background

Many oxygen sensitive phosphors have been reported in the literature including osmium,

iridium, 2 and ruthenium3 polypyridine complexes. However, these molecules generally exhibit

small differences between the lifetime of aerated and evacuated samples, thereby limiting the

range over which these molecules are sensitive to oxygen concentration. Indeed, only a 1-2 ts

difference in the lifetime was observed for a ruthenium polypyridine complex 3 while a related

osmium complex' exhibited only 100-150 ns lifetime difference. The osmium example,

however, was suitable for high pressure oxygen sensing (0-760 torr). An alternative phosphor is

necessary to probe hypoxia in the tumor microenvironment. To this end, platinum and palladium

porphyrins are best suited for biological applications due to their strong room temperature

phosphorescence in the 650-800 nm range and long (~10 2 [s) triplet lifetimes. 4 The long

lifetimes of palladium porphyrins make them ideal for oxygen sensing in the biologically

relevant 0-160 torr range. Upon optical excitation of the porphyrin, rapid intersystem crossing to

a long-lived triplet state occurs. Molecular oxygen (a ground state triplet) deactivates the excited

state through collisional quenching, following Stern-Volmer kinetics. By monitoring the

intensity or lifetime of the triplet state of the phosphor, the amount of oxygen in a sample is

quantified.6 This chapter describes the synthesis of free-base porphyrins, using statistical, semi-

rational, and rational methodologies, as well as their palladium and platinum porphyrin

complexes for oxygen sensing applications.

2.2 Statistical Porphyrin Synthesis

Early methods of porphyrin synthesis typically involve forcing conditions in which

pyrrole and an aryl aldehyde are refluxed in an organic acid, such as propionic or acetic acid.

These methods were developed by Adler and Longo in the 1960's.7'8 While this procedure can
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reproducibly provide prophyrins in high yields for certain substituents under highly optimized

conditions (20% yield for H2TPP),8 the harsh reaction conditions results in the access to many

reaction pathways, resulting in large amounts of polypyrrolic byproducts. Additionally, the

corresponding chlorins (tetrapyrrolic macrocycles in which one of the pyrrole rings has been

reduced, making the 2 and 3 positions sp3 hybridized carbons) are produced in approximately 3%

yield.8 In 1989, Lindsey and Wagner published a facile method to synthesize meso-substituted

porphyrins under gentle, room-temperature conditions.9 These so-called Lindsey conditions

involve a BF 3eOEt2-catalyzed condensation between pyrrole and an aryl aldehyde in CHC 3.

This results in the formation of linear condensation products which cyclize to give a

porphyrinogen, a non-aromatic tetrapyrrolic macrocycle in which the meso positions are sp3

hybridized. This indermediate then undergoes a six-electron, six-proton oxidation to afford the

corresponding porphyrin, using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as the

oxidant. Since this reaction is performed at room temperature under mild conditions, the

formation of polypyrrolic byproducts is minimized and chlorin impurities are not formed, giving

porphyrins in high yield (29% yield for 5,10,15,20-tetramesitylporphyrin). 9

Given the advantages of the Lindsey porphyrin synthesis, this methodology was

employed for the synthesis of A3B porphyrins. These asymmetric porphyrins, which represent an

appreciable synthetic challenge, are required so that a point of attachment may be built into the

molecule, enabling a covalent linkage of the porphyrin to a polymer-coated quantum dot (See

Chapter 1). Since the PIL polymer features terminal amines for fluorophor attachment,10 these

porphyrin features a methyl ester, which can then be hydrolyzed to form a carboxylic acid. This

functional group can then react with the terminal amine of the PIL polymer via amide bond

formation.
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Ar
1. BF3 'OEt20 2. DDQ

H HH 0 3. NEt3  N HN -

MeO / Ar H CHC13 NH N. OMe

0

Ar

Ar = phenyl (1)
Ar = mesityl (2)

Scheme 2.1. Synthesis of A3B porphyrins with nieso-aryl substitutents via a mixed-aldehyde
condensation under standard Lindsey conditions.

Using a mixed aldehyde condensation under standard Lindsey conditions (Scheme 2.1),

porphyrins 1 and 2 were isolated in 11% and 8% yield, respectively. In both syntheses, the

symmetric A4 porphyrin was obtained in 7% yield as the only macrocyclic byproduct. The free-

base porphyrin I was metallated using either Pd(acac) 2 in pyridine or Pt(acac) 2 in benzonitrile

under microwave irradiation." The complexes Pd-1 and Pt-1 were isolated as red-orange solids

in 99% and 66% yield, respectively (Scheme 2.2). Ideally, these reactions should be quantitative,

as indicated by literature reports." Perhaps the lower yield of Pt-1 is due to precipitation of

metallic platinum at high temperatures (250 'C) relative to the palladium insertion conditions,

which are conducted at 180 C. Ester hydrolysis was performed using basic conditions under

microwave irradiation' 2 to reduce the reaction time relative to conventional heating protocols.' 3

The complexes Pd-3 and Pt-3 were isolated as red-orange solids in 66% and 89% yield,

respectively. It should be noted that hydrolysis was not conducted on the free base porphyin 1

because subsequent metallation with platinum or palladium under microwave irradiation resulted

in partial decarboxylation, giving the corresponding tetraphenylporphyrin complex.'4 The

photophysical properties of both Pd-3 and Pt-3 are presented in Chapter 3.
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Ph 1.NaOH Ph
M(acac) 2  microwave

microwave irradiation
irradiation N N O 2. HCI N N _ o

1 Ph M - Ph M
pyridine (M = Pd) N N OMe THF N N OH

benzonitrile (M = Pt) / NN

Ph Ph

M-1 M-3

Scheme 2.2. Synthesis of A3B metalloporphyrins and subsequent basic ester hydrolysis; both
reactions are facilitated by microwave irradiation.

With the complexes Pd-3 and Pt-3 that are appropriately functionalized for quantum dot

attachment, attempts were made to conjugate Pd-3 to water-soluble dots coated with PIL (see

Chapter 1). The addition of THF as a co-solvent was required to keep the porphyrin in solution.

However, the presence of organic solvents induces precipitation of dots that have already been

brought into water. As a result, coupling was inefficient and an alternative approach to prepare

porphyrin-quantum dot conjugates is necessary. The use of water-soluble porphyrins would

circumvent these limitations and enable facile coupling in aqueous media.

One approach to preparing water-soluble porphyrins is through the addition of sulfonate

groups. This has been accomplished by refluxing 5,10,15,20-tetraphenyl porphyrin (4) in

concentrated sulfuric acid. However, a functional handle must be built into the porphyrin to

enable conjugation of the porphyrin to a quantum dot. To this end, a single nitro group was

added (Scheme 2.3) by treating 4 with sodium nitrite for three minutes to minimize the formation

of products with multiple nitro groups.' 9 This results in regiospecific nitration of the para

position of the meso phenyl substituent to afford porphyrin 5. The nitro group was then reduced

to an amine using SnCl2 in concentrated hydrochloric acid to give porphyrin 6 in 42% yield,

based on the amount of 4 used in the initial nitration step. Additionally, complexes Pd-4 and Pd-

6 have been prepared using microwave irradiation" in 94% and 75% yield, respectively.
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Scheme 2.3. Synthesis of A3B porphyrins via the addition of a functional handle to H2TPP (4)
and subsequent sulfonation to afford water-soluble derivatives.

After the incorporation of an amine for quantum dot conjugation, porphyrin 6 was treated

with refluxing sulfuric acid and subsequently neutralized with aqueous ammonia to give the

sulfonate porphyrin 7 as the ammonium salt (Scheme 2.3). The H NMR of compound 7 in

CD 30D is dominated by a broad resonances at = 8.84, 8.94 that are attributed to the p-pyrrolic

protons and a complex multiplet centered at = 8.27 that is due to the aryl protons of the 4-

sulfonatophenyl substituents. These features are not the well-resolved doublets that were

expected based on literature reports. 5 Using the well-resolved doublets of the 4-aminophenyl

substituent as an integration standard, both the /3-pyrrolic and 4-sulfonatophenyl resonances

integrate for more than the expected number of protons, suggesting that there are multiple

products present in the sample. A broad singlet at 5 4.60 was identified as the amine protons,
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suggesting that this functional group was unchanged in the reaction. To make porphyrin 7

compatible with amine-functionalized quantum dots, the amino porphyrin was treated with ethyl

4-chloro-4-oxobutyrate to form an amide bond, giving porphyrin 8. The terminal ethyl ester of

this compound could then be hydrolyzed to give a carboxylic acid that is suitable for conjugation

to PIL-coated QDs. The 1H NMR of compound 8 in CD 30D suggests that the coupling reaction

was successful, due to the disappearance of the amine signal and the addition of four peaks

attributed to the 3-(ethoxycarbonyl)propionylamido group. The integration of this moiety and the

4-aminophenyl doublets suggests that these two functional groups are present in a 1:1 ratio,

suggesting complete conversion of the amine to the amide. However, the integration of both the

#-pyrrolic and 4-sulfonatophenyl signals are inconsistent, indicating that multiple sulfonated

porphyrins are present in the sample. The sulfonatino reaction was also performed on porphyrin

1, which was treated in an identical manner to porphyrin 6 (Scheme 2.4). The 'H NMR of

compound 9 in CD 30D indicates a loss of the methyl ester signal, indicating that the ester was

hydrolyzed to the carboxylate during the course of the reaction. The only well-resolved features

of the spectrum are the doublets of the 4-carbonylphenyl group at 6 = 8.20, 8.37. Signals

attributed to the [#-pyrrolic and 4-sulfonatophenyl appear as a very broad singlet (8 = 8.63-9.17)

and a complex multiplet (8 = 8.27), respectively, instead of the expected series of doublets. As

observed for compound 7, the integration of these signals does not correspond to the appropriate

number of protons based on the integration of the well-resolved doublets, suggesting that there

are multiple species present in the sample. Based on these observations, it is clear that the harsh

reaction conditions for sulfonation result in the formation of several sulfonated products; the

reaction is indiscriminate and is not as selective as literature reports have indicated.' 5 -18
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Scheme 2.4. Synthesis of a water-soluble A3B porphyrin via sulfonation of 1.

Since the synthesis of sulfonated porphyrins proved to be a challenge, an alternative

approach to synthesizing water-soluble porphyrins is necessary. Porphyrins bearing pyridyl

substituents offer an alternative to sulfonate groups, as these moieties can subsequently be N-

alkylated to confer water solubility. Since this reaction is nearly quantitative and can be

performed in the last synthetic step, difficult chromatographic separations of water-soluble

compounds is avoided, making the route to clean products much easier than in the case of

sulfonated porphyrins 7-9.

To this end, the synthetic target is porphyrin 10, which features three 4-pyridyl

substituents that can be N-alkylated for water-solubility and a 4-methoxycarbonylphenyl group

which can be hydrolyzed to the carboxylic acid for conjugation to an amine-functionalized QD.

Initially, a mixed aldehyde condensation under standard Lindsey conditions9 was attempted, as

this synthesis is well-known and works for a wide variety of meso substituents. However, in the

attempted synthesis of 10, only an insoluble black material was obtained, likely due to the

formation of polypyrrolic species. In an attempt to avoid these side reactions, a mixed

aldehyde/dipyrromethane condensation 20 of 5-(4-pyridyl)dipyrromethane, 4-
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pyridinecarboxaldehyde, and methyl 4-formylbenzoate was performed under Lindsey conditions;

no macrocyclic products were identified in this reaction. The failure of these reactions is

presumably due to coordination of BF 3-OEt2 to the nitrogen of a pyridyl ring, thereby

21 24
sequestering the Lewis acid catalyst. Literature reports- for the preparation of 10 employ

Adler-Longo 7' conditions (Scheme 2.5) in refluxing propionic acid. While this method is

synthetically facile, this protocol suffers from difficult and repetitive chromatographic

separations as all six possible porphyrin isomers (A4, A3B, cis-AB-, trans-A2B 2, AB3 , and B4)

are formed in addition to other tetrapyrrolic products, resulting in low yields (4.3-5.9 %)21 24 of

the target A3B product.

0

~NH
MeO -re

0

H 0

+ + H

0/ N - propionic acid

10

MeO

MeO

'OMe

11 12 13

Scheme 2.5. Statistical synthesis of porphyrin 10 under Adler-Longo conditions; compounds II-
13 were identified as the other major porphyrin isomers isolated from this reaction.
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Following this literature precedent, porphyrin 10 was prepared under Adler-Longo

conditions, purified using a series of three chromatography steps, and isolated in 3.9% yield. In

addition to the porphyrin producs, which display red fluorescence, products that exhibit green or

blue fluorescence were also observed. Porphyrins 11 (B4), 12 (trans-A2B 2), and 13 (cis-A 2B2)

were isolated as the major porphyrin byproducts of this reaction. The symmetric A4 porphyrin

5,10,15,20-tetraks(4-pyridyl)porphyrin was also formed during the course of the reaction, but

this product is so polar that it remained at the top of the column and was not isolated. While

compounds 12 and 13 display nearly identical 'H NMR spectra, these compounds were

differentiated on the basis of their polarity; compound 12 eluted with a 1:1 mixture of CH 2CI2

and EtOAc while compiund 13 eluted with 10% MeOH in EtOAc. This difference in polarity

was compared to a literature report in which these two isomers were unambiguously

23differentiated using Ru(CO)(TPP) as a chemical shift reagent. In an effort to increase the yield

of porphyrin 10 under statistical conditions, the reaction was performed in a 1:1 mixture of

toluene and propionic acid and the reagents were slowly added as toluene solutions to the

refluxing reaction mixture. Although these modifications increase the yield from 3.9% to 5.8%,

several chromatograph steps were necessary to obtain pure product.

2.3 Semi-Rational and Rational Porphyrin Synthesis

An alternative to statistical methods is rational porphyrin synthesis, which involves the

synthesis of a linear tetrapyrrole (i.e. bilane) that is cyclized and subsequently oxidized to afford

the corresponding porphyrin.' This method has the advantage of forming a single porphyrin

product, thereby circumventing difficult chromatographic separations. It also allows for the

synthesis of porphyrin isomers that are difficult to isolate or differentiate under statistical

conditions (e.g. cis-A 2B 2 versus trans-A2B 2). Additionally, up to four different meso substituents
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can be incorporated, enabling the formation of precise porphyrin isomers that are inaccessible

with statistical methods (e.g. cis-A2BC and ABCD). Many of the early steps (synthesis of

dipyrromethanes and Mukaiyama reagents) can be performed on a multi-gram scale and employ

crystallization rather than chromatography as the primary means of purification. Many of the

later steps are very efficient and are performed in situ to minimize difficult chromatographic

separations.

H

MeO

10

N N-

H

NH HN /

N N
O O

NH HN

H

MeO

0

LU
0

N- MeO

H

NH HN

H
H N

MeO

Scheme 2.6. Retrosynthetic analysis of compound 10, outlining different
can be exploited in the rational synthesis of porphyrins.

synthetic routes that
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In order to devise a synthetic route for the preparation of pyridyl porphyrins, exemplified

by compound 10, a retrosynthetic analysis of this compound was performed (Scheme 2.6). One

approach involves the condensation of two I-acyldipyrromethanes, compounds which are

equivalent to one half of a porphyrin. Such a [2+2] cycloaddition is a statistical reaction, as self-

condensations are also possible to form both the A4 and trans-A2B 2 isomers in addition to the

desired A3B porphyrin. To form a single porphyrin species, two I -acyldipyrromethanes could be

condensed to form a linear species (bilane) that is subsequently cyclized to form the porphyrin.

Alternatively, the porphyrin may be formed by a [2+2] cycloaddition between a 1,9-

diacyldipyrromethane (two pyrrole units and three meso carbons) and a dipyrromethane. In either

case, these precursors are prepared from dipyrromethanes, which in turn are prepared from

commercially available reagents: aryl aldehydes and pyrrole. Each of these synthetic

methodologies is presented below.

0H Ar H

ArH + Catalyst
Ar H C\/NH H N /

Table 2.1. Synthesis of 5-Aryl Dipyrromethanes

Compound Ar Catalyst Yield

14 / InCl3 89%

15 / O COOMe InCl 3  63%

16 N Heat 51%

17 Heat 51%

18 Heat 24%
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First, dipyrromethanes were prepared from a condensation reaction between pyrrole and

an aryl aldehyde (Table 2.1). Compounds bearing a heteroaryl substituent (16-18) were heated to

promote the reaction2 7 whereas InCl3 was used as the catalyst in the case of the phenyl and 4-

methoxycarbonylphenyl substituents.28 ,29 These last two compounds were purified by

crystallization, whereas the forcing conditions necessary to prepare the heteroaryl compounds

required chromatography. After chromatography, it was found that compound 18 readily

crystallized from CH 2CI2, yielding crystals that were suitable for x-ray diffraction. The solid

state structure of the compound is presented in Figure 2.1 and the crystallographic data is

summarized in Table 2.2.

a)

Figure 2.1. a) Solid-state structure of compound 18. Thermal ellipsoids are drawn at the 50%
probability level and hydrogen atoms have been removed for clarity. b) Solid-state packing of 18
in infinite chains via hydrogen bonding, as viewed down the crystallographic c* axis.
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Table 2.2. Summary of Crystallographic Data for 18

18

Formula C14 H13N3

Formula weight (g/mol) 223.27

Temperature (K) 100(2)

Crystal System Triclinic

Space Group P I
Color Tan

a (A) 9.148(2)

b (A) 9.812(2)

c (A) 14.070(3)

ct (0) 90.28(3)

P(0) 105-32(3)

70 ( o18.23(3)

V (A) 1151.6(4)

Z 4
No. Reflections 11797

No. Unique Reflections 3289

Rint 0.0771

R i (all data) 0.0997

wR2 (all data) 0.2013

RI [(I> 2o)] 0.0712

wR2 [(I > 2o)] 0.1766

GOFc 1.056

a R I = (|I|F0 | - |FeJ)/I|Fo|,'' wR2 = [I w(F"Q - Fe2)2/ X wF0
21 2

* GOF = [Xw(F 2 Fe2 2/(n -p)] 1 /, where n is the number of

independent reflections and p is the number of refined parameters

The molecule crystallizes in the triclinic space group P I with unit cell parameters nearly

identical to those previously reported.30 The solid-state structure shows that the molecule packs

in an infinite chain via hydrogen bonding interactions between the pyridyl group of one molecule

and the pyrrole ring of an adjacent molecule, with N-H -.. N distances of 2.945 and 2.949 A.
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In order to synthesize the 1-acyldipyrromethanes identified in the retrosynthetic analysis

(Scheme 2.6), the dipyrromethanes (14-18) must be acylated. To this end, S-2-pyridyl thioates,

also known as Mukaiyama reagents, were used as the acylating reagent, as these provide cleaner

reactions than using an aryl acid chloride directly. 3 These compounds (Table 2.3) were prepared

from 2-mercaptopyridine and an aryl acid chloride; purification was accomplished by filtration

and extraction rather than chromatography. 32

0 +0

Ar CI N SH THF N S Ar

Table 2.3. Synthesis of S-2-Pyridyl Thioates (Mukaiyama Reagents)

Compound Ar Yield

19 / 56%

20 C N 60%

21 37%

22 66%

To prepare the 1 -acyl dipyrromethanes (Table 2.4), a dipyrromethane is first treated with

ethyl magnesium bromide (EtMgBr) to protect the N-pyrrolic protons from acylation. 3 1,32 Instead

of adding the Mukaiyama reagent to the dipyrromethane as a solution, it was added as a solid in

one portion. This new procedural modification resulted in overall cleaner reactions. Only three

products were observed by TLC upon bromine staining: unreacted dipyrromethane (pink), 1-

acyldipyrromethane (yellow-orange), and 1,9-diacyldipyrromethane (brown). This modification

resulted in higher yields for compounds 26 and 28 than literature reports; they were isolated in
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61% and 60% yield, respectively, whereas the literature report yields are 34% and 29%,

respectively.

Ar 1 H

NH HN /

1. EtMgBr

2.1K
2. S Ar2

THF

Ar1

Table 2.4. Synthesis of 1-Acyl Dipyrromethanes

Compound Ar Ar2  Yield

23 / -Q 11%

24 / \ COOMe N 65%

25 /CN / CN 30%

N -N
26 61%

N
27 N 39%

-N
28 /\N 60%

-N
29 N 35%

30 35%

31 N 19%

Since these compounds are rather polar, one way to facilitate their purification is through

the formation of a dialkyl boron complex with 9-borabicyclo[3.3.1]nonane (9-BBN). 33 The

addition of alkyl chains and the masking of the carbonyl should drastically reduce the polarity of
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the molecule and minimize the time it takes to purify the compound. A crude solution of 25 was

treated with 9-BBN-OTf in an attempt to make the boron complex 25-9BBN (Scheme 2.7).

However, only decomposition products were identified by TLC. It is likely that the presence of

pyridyl substitutents sequestered the 9-BBN and subsequently promoted decomposition

pathways in the crude reaction mixture.

1. EtMgBr

2.1 N- N-

N N S H H
H N 1. NEt320 N 2. 9-BBN-OTf

NH HN _ NH N
NH HN THF N CH 2C12  N

B /

16 25

25-9BBN

Scheme 2.7. Preparation of the 1 -acyldipyrromethane 25 and attempted in situ formation of the
9-BBN complex to facilitate chromatography.

With the 1 -acyldipyrromethanes in hand, these compounds were used directly in a metal-

mediated [2+2] condensation under microwave irradiation. In this reaction, the 1-

acyldipyrromethanes are treated with MgBr2 and DBU in toluene (Table 2.5).32 It is postulated

that magnesium(II) cations serve as a template to bring the two halves of the porphyrin together

and facilitate cyclization. Since this reaction is performed in aerobic conditions, it is believed

that oxygen may serve as the oxidant to afford the magnesium(II) porphyrin complex. This

species was then demetallated with TFA and subsequently neutralized with NEt3 to give the free-

base porphyrin in good yield. It should be noted that this reaction is still statistical, giving rise to

three porphyrin isomers (trans-A 2B2, A3B, and A4 in the case of 10). The term "semi-rational"

may be appropriate, as only three of six possible porphyrin isomers with two different

substitutents (A4, A313, cis-A 2B 2, trans-A2B 2, AB 3, and B4) can be formed in the course of the
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reaction. In particular, this route is amenable to the synthesis of cis-A 2B2 porphyrins such as 32

and 33 (Table 2.5) and the separation of the three porphyrin isomers in these cases is

exceptionally facile, as these three species have drastically different polarities.

Ar1

NH

Ar1

H Ar H MgBr 2/DBU
A3  microwave 1. TFA

irradiation N2. NEt
HN ~ + ~NH HN~ Ar4 /NMg/N\Ar 2

Ar2  Ar4  toluene / N N- CH2Cl2

o 0

Ar3

Mg-X

Table 2.5. Metal-Mediated [2+2] Porphyrin Synthesis Under Microwave Irradiation

* Isolated as the Mg(II) complex

R. X

This methodology provides sufficient quantities of free-base porphyrins to prepare

various metal complexes. Using the aforementioned microwave-mediated metal insertion

protocol," the following complexes have been prepared: Pd-10 (50% yield), Pt-10 (42% yield),

Pd-32 (32% yield), and Pd-33 (40% yield). The yields of these reactions are markedly lower

than the previously discussed metal insertion reactions. Indeed, the yields of Pd-1 and Pt-1 were

99% and 66%, respectively. The low yields for the complexes with meso-pyridyl substituents is

attributed to the formation of insoluble coordination oligomers in which the metal coordinates to

pyridyl groups of two different porphyrins. Such a coordination motif is precedented in the

literature.
34-37
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As outlined in the retrosynthetic analysis of Scheme 2.6, the reaction between a 1,9-

diacyldipyrromethane and a dipyrromethane is a viable method of porphyrin synthesis.3 It

should be noted that this is a completely rational synthesis, as the formation of only one

porphyrin product is possible. While the preparation of 1,9-diacyldipyrromethanes is similar to

the methods used for synthesizing 1-acyldipyrromethanes, there are a few key differences.2 9 A

bulky Grignard reagent, such as mesityl magnesium bromide, is used to favor the formation of

the diacylated product over the monoacylated species. Additionally, an acid chloride is used

directly as the acylating reagent. The synthesis of the 1,9-diacyldipyrromethane 34 is presented

in Scheme 2.8. The product was identified by TLC and continued elution of the column for

several days primarly afforded the monoacylated species 25. After drastically increasing the

polarity of the solvent, 34 began to elute, but 25 was identified as the major product, as it co-

eluted with compound 34. Based on 1H NMR, only a trace amount of the desired product was

obtained, as the spectrum was dominated by signals from 25. In an effort to facilitate purification

of 34, an attempt was made to prepare the dibutyltin(IV) complex of the compound. 9 This is

analogous to the formation of alkylboron complexes to simplify the purification of 1-

acyldipyrromethanes. A crude solution of 34 was treated with Bu 2SnCI2 in an attempt to make

the tin complex Sn-34 (Scheme 2.8). However, only decomposition products were identified by

TLC. It is likely that the presence of pyridyl substitutents sequestered the Bu 2SnCl 2 and

subsequently promoted decomposition pathways in the crude reaction mixture.

Although the preparation of 10 was not viable using this method, it remains a useful

protocol for the synthesis of A313 porphyrins bearing a single pyridyl substituent.27 To this end,

the 1,9-diacyldipyrromethane 35 was prepared from 14 and benzoyl chloride in 20% yield

(Scheme 2.9). Prior to the porphyrin-forming reaction, compound 35 was reduced to the
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corresponding dicarbinol 36. Since this intermediate is not very stable, the crude solution of 36

was treated with 16 to give porphyrin 37 via a [2+2] cycloaddition in which Yb(OTf) 3 served as

the acid catalyst. The literature preparation of compound 37,27 used TFA as the acid catalyst to

give the compound in 3.9% yield, whereas the use of Yb(OTf) 3 dramatically increases the yield

to 24%.

N-

H

NH HN

1. MesMgBr

0

2. ' - C

THF

1. NEt2
2. Bu2SnCI2

CH 2Cl 2

34

Scheme 2.8. Preparation of the 1,9-diacyldipyrromethane 34 and attemp
the tin complex to facilitate chromatography.

1. EtMgBr

2. BzOCI

THF

N-

H

N NJ
N Sn N

0 10 -

Sn-34

ted in situ formation of

NaBH
4

THF/MeOH

35 36

16

37

Scheme 2.9. Preparation of the 1,9-diacyldipyrromethane 35 and subsequent condensation with
16 to form the A3B porphyrin 37.
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Following the aforementioned microwave-mediated metal insertion protocol," the

palladium(II) complex Pd-37 was prepared in 17% yield; the low yield is attributed to the

formation of insoluble coordination oligomers (vide supra). Diffraction quality crystals of Pd-37

were obtained via slow vapor diffusion of heptane into a toluene solution of the compound,

affording the crystals as orange blocks. The thermal ellipsoid plot of the refined structure is

illustrated in Figure 2.2 and a summary of the crystallographic data is of presented in Table 2.6.

1/

N(4

N(1) Pd(1

N(3))

Figure 2.2. Solid-state structure of compound Pd-37. Thermal ellipsoids are drawn at the 50%
probability level and hydrogen atoms have been removed for clarity.

In order to identify the unique 4-pyridyl group of the structure, the 4 position of each meso

subsitutent was refined as a carbon atom and the resultant electronic density difference map was

examined. The ten largest residual density peaks (Q peaks) of this refinement cycle are shown in
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Figure 2.3. Three of the four meso substituents show a Q peak adjacent to the 4 position of the

ring, indicating the presence of a hydrogen atom, while the fourth does not, thereby

differentiating the 4-pyridyl ring from the phenyl rings. Qualitatively, the structure is very

similar to other palladium porphyrin complexes, such as 5,10,15,20-tetrakis(4-carboxyphenyl)

porphyrinatopalladium(II).40 The palladium atom resides in the center of the mean 24 atom

macrocycle plane with an average Pd-N distance of 2.011 A (compare to 2.009 A for TPP).4'

The porphyrin plane exhibits an S4 ruffle with an average deviation of 0.196 A from the mean 24

atom plane. Such non-planarity is also observed in the solid state structure of PdTPP. Each of the

pyrrole nitrogen atoms deviates from the mean N4 plane by 0.030 A, a displacement that is

identical to that observed for PdTPP.4

Figure 2.3. Illustration of Pd-37 where the 4 position of each meso ring has been refined as a
carbon atom. The ten largest residual density peaks (Q peaks) are shown as green spheres.
Thermal ellipsoids are drawn at the 50% probability level and hydrogen atoms have been
removed for clarity.
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Table 2.6. Summary of Crystallographic Data for Pd-37

Pd-37

Formula C4 3 H 2 7N 5Pd

Formula weight (g/mol) 720.10

Temperature (K) 100(2)

Crystal System Monoclinic

Space Group Cc

Color Orange

a (A) 13.736(3)

b (A) 21.167(3)

c (A) 12.464(2)

() 90

p(0) 121.980(4)

7 ()90
V (A3) 3074.1(10)

Z 4

No. Reflections 27676

No. Unique Reflections 7607

Rint 0.0602

R1a (all data) 0.0518

wR2b (all data) 0.1087

RI [(I> 2u)] 0.0425

wR2 [(I > 2o)] 0.1021

GOF 1.127

a'R = (I||F, | -| Fe|)/IF|, wR2 = [2Iw(F0
2 - Fe2)2 / 2wF02]v2

c GOF = [2w(F2 - Fe2 )2 /(n -p)]1 2 , where n is the number of

independent reflections and p is the number of refined parameters

An alternative to a [2+2] condensation of a 1,9-diacyldipyrromethane and a

dipyrromethane is the formation and subsequent cyclization of a linear tetrapyrrole, known as a

bilane (Scheme 2.10).25,26 The bilane is prepared from the condensation of two 1-

acyldipyrromethanes. However, one of these reactants must be protected with an a-bromide to

prevent self-condensation so that this method yields a single porphyrin product. Regioselective
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a-bromination of compound 25 was accomplished using N-bromosuccinide to afford the 1-

bromo-9-acyldipyrromethane 38.

NaBH
4

THF/MeOH

38

N-

H

\. /

NH HN
Br / HN

HO -

39

Yb(OTf)
3

MeCN

MeO

24

MgBr 2/DBU
1. TFA microwave
2. NEt3 Mg-10 irradiation

CH 2Cl2 toluene

10

Scheme 2.10. Preparation of bilane 40 and subsequent cyclization
to afford porphyrin 10.

40

under microwave irradiation

This compound is rather heat and light sensitive, although it is stable if stored at 4 "C protected

from ambient light. Compound 38 was subsequently treated with NaBH 4 to give the

corresponding carbinol 39. Since carbinols are rather unstable, a crude solution of 39 was treated

with another 1 -acyldipyrromethane in a ytterbium(III)-catalyzed condensation reaction to furnish

bilane 40.2 A large excess of Yb(OTf) 3 was used since the metal can coordinate to the peripheral

pyridyl substituents and sequester the catalyst. TLC indicated that the reactants had been

consumed and only a single spot was visible, suggesting that the crude bilane could be used

without further purification. This molecule is larger and more polar than the 1,9-
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diacyldipyrromethane 34, suggesting that column chromatography of 40 would be rather

difficult. The crude bilane 40 was treated with DBU and MgBr2 in toluene and subjected to

microwave irradiation. 26 The Lewis acid catalyst is used for metal-mediated oxidative cyclization

to give the magnesium complex Mg-10, which was readily demetallated with TFA to give the

free-base porphyrin 10 in 15% yield, based on the amount of 38 used to prepare the bilane 40.

2.4 Water Solubilization of Pyridyl Porphyrins

Having explored several synthetic routes to pyridyl porphyrins, only two synthetic steps

remain to furnish water-soluble metalloporphyrins appropriately functionalized for conjugation

to quantum dots: ester hydrolysis' 2 and alkylation.32 Using the preparation of M-3 from M-1 as a

benchmark, basic hydrolysis of Pd-10 under microwave irradiation was performed to afford the

carboxylic acid derivative Pd-41 (Scheme 2.11). The crude reaction mixture was then treated

with iodomethane to methylate the pyridyl rings, giving the water-soluble derivative Pd-42.

However, the acidic workup of the hydrolysis reaction protonated the pyridyl rings, preventing

alkylation. Indeed, the reaction mixture from the attempted preparation of Pd-42 was soluble in

CH 2Cl2.

To circumvent this limitation, alkylation of the free-base was performed to give the

water-soluble derivative 43. The advantage to this method is that both metallation and hydrolysis

reactions can then be performed in water. However, it was found that the methylation reaction

was indiscriminate; the N-pyrrolic positions of the macrocycle were also methylated, thereby

hindering subsequent metal insertion. However, in performing the hydrolysis reaction on the

resultant species, it was found to be completely soluble in water and 6 M NaOH, enabling the

hydrolysis reaction to be performed without the addition of an organic solvent. This result

indicates that the hydrolysis reaction should be the final synthetic step.
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1. NaOH
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N /N-~ irradiation N N HIN N
N - 2. HCI N N- -3 N -N

N THPd \ N THF / Pd \N -N / Pd N N-
N N N N CH2Cl2 N N

MeO 0 HO 0 HO 0

1. NaOH
Pd-10 Pd-41 microwave Pd-42

irradiation
CH31 2. HCI

CH2CI2  N+

-N N
\Pd N -

N N I-

MeO 0

Pd-43

Scheme 2.11. Preparation of water-soluble porphyrin derivatives of compound Pd-10.

To prevent methylation of the pyrrole nitrogen atoms, the zinc(II) complex Zn-10

(Scheme 2.12) was prepared from Zn(OAc) 2-2H 20 in a mixture of CH 2Cl2 (to solubilize the

porphyrin) and MeOH (to solubilize the metal salt). Since zinc porphyrin complexes are readily

demetallated under acidic conditions, zinc complexation serves as a means of protecting the

macrocycle interior. This intermediate was then alkylated with iodomethane to give the water-

soluble zinc complex Zn-43. Since this species is water soluble, it was treated with NaOH under

microwave irradiation to hydrolyze the methyl ester; acidic workup demetalted the complex,

giving the water-soluble free-base porphyrin 42. Given this series of experiments, the optimal

method of preparing the water soluble palladium complex Pd-42 is alkylation of Pd-10 to give

Pd-43 followed by ester hydrolysis of this intermediate (Scheme 2.11).
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Zn(OAc)
2

DCM/MeOH

10 Zn-10

CH1

CH2Cl2
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1. NaOH
microwave
irradiation
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+

MeO
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Scheme 2.12. Preparation of
intermediate.

water-soluble porphyrin derivatives

Zn-43

of compound 10 via a zinc(II)

Photophysical studies of the methylated palladium species Pd-42 and Pd-43 indicate that

the phosphorescence of these species is completely quenched, even after bubbling argon through

the sample. This finding suggests that the iodide counterion acts as a bimolecular quencher to

deactivate the electronic excited state of these molecules. To circumvent this problem, an

alternative approach to N-alkylation is needed. It has been shown that pyridyl groups can be

treated with 1,3-propanesultone to give a zwitterionic species bearing a sulfonate group as a

result of the ring opening of the sultone.42 Since such a species has an intramolecular counterion,
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bimolecular quenching of the excited state is avoided. To this end, compound Pd-10 was treated

with an excess of 1,3-propanesultone in benzene to afford the water-soluble zwitterionic

porphyrin Pd-44 in 91% yield (Scheme 2.13).

s0 3 -

N N

O ,, 003S
N\ N C O N\ /N -- +

NN Pd N N benzene N N

SO3-

MeO O MeO O

Pd-10 Pd-44

Scheme 2.13. Preparation of a zwitterionic water-soluble porphyrin Pd-44.

2.5 Porphyrins for Tt H-NOX

In addition to small molecules, protein scaffolds have been exploited for oxygen sensing.

The H-NOX (heme nitric oxide/oxygen binding) domain from the thermophilic bacterium

Thermoanaerobacter tengcongensis (Tt H-NOX) has been used for this purpose. 4 3 The unnatural

porphyrin ruthenium(II) CO mesoporphyrin IX serves as the phosphor in this sensing

application. However, the quantum yield of this construct is prohibitively low (1.7 x 10-4).

Additionally, the small difference in lifetime between aerated (2.9 [s) and evacuated (7.7 [is)

samples limits the scope of the oxygen sensor, due to a restricted dynamic range.4 3 One way to

increase the quantum yield and enhance the dynamic range of the construct is to incorporate

palladium and platinum porphyrins into the Tt H-NOX protein. To this end, palladium and

platinum insertion of mesoporphyrin IX dimethyl ester (45) was accomplished as described
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above, using microwave irradiation to facilitate metallation (Scheme 2.14), giving the complexes

Pd-45 and Pt-45 in 100% and 97% yield, respectively. Subsequent basic hydrolysis of the ester

was accomplished using microwave irradiation to give the complexes M-46 that can now be

incorporated into the Tt H-NOX protein.

M(acac)2  -1.NaOH
N HN microwave N N microwave N N

adaton M irradiation M

NH N_-raito N /M\N_ 2.HC N MN_
~.~./ pyridine (M =Pd) / H.

benzonitrile (M = Pt) THF

O OMe MeO 0 0 OMe MeO O OH HO 0

45 M-45 M-46

Scheme 2.14. Synthesis of palladium(II) and platinum(II) complexes of Mesoporphyrin IX
dimethyl ester 45 and subsequent basic ester hydrolysis; both reactions are facilitated by
microwave irradiation.

2.6 Discussion and Conclusions

In order to covalently append a porphyrin phosphor to a functionalized QD (see Chapter

1), an appropriate functional group must be incorporated into the porphyrin. Since the PIL-

polymer features a terminal amine, the porphyrin features a carboxylic acid moiety to couple the

phosphor to the polymer ligand via amide bond formation. A methyl ester, which serves as a

protected carboxylic acid, is included in the porphyrin. This requires the preparation of

asymmetric A3 B porphyrins because it was discovered that simple A4 porphyrins with carboxylic

acids induced aggregation, as this functional group formed cross-links to other QDs."

To this end, an A3B porphyrin with three phenyl groups and a single 4-

methoxycarbonylphenyl substituent (1) was prepared under standard Lindsey conditions to give

the target compound in good yield (~11%). Metallation, with either palladium(II) or platinum(II)
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salts, and subsequent ester hydrolysis reactions were facilitated by using microwave irradiation.

In only three synthetic steps, phosphorescent porphyrins with an appropriate functional handle

(Pd-3 and Pt-3) were readily prepared in 6-7% overall yield, due to the enhanced efficiency of

the last two reactions.

Unfortunately, the hydrophobic nature of these compounds prevented efficient

conjugation to water-soluble quantum dots. Although attempts were made to couple Pt-3 to the

PIL ligand prior to quantum dot cap exchange (surface ligand exchange), this approach was met

with limited success. While this method confers water solubility to the porphyrin, the presence

of the porphyrin hinders the subsequent cap exchange. To efficiently perform the conjugation

reaction in aqueous media, water-soluble porphyrins are necessary. First, the incorporation of

sulfonate groups was explored as a means of making these molecules water-soluble. The harsh

reaction conditions (i.e. refluxing sulfuric acid) results in indiscriminate sulfonation that gives

many inseparable products. This was corroborated by 'H NMR spectroscopy in which the

integration for both the p-pyrrole and 4-sulfonatophenyl protons was inconstant with the well-

resolved 4-aminophenyl signals.

As an alternative to sulfonate groups, porphyrins bearing pyridyl substituents may be N-

alkylated to afford water-soluble derivatives. Such alkylations are conducted under ambient

conditions, thereby circumventing indiscriminate reactions like sulfonation; it can be performed

in the final step to avoid difficult chromatographic separations. The preparation of the A3B

porphyrin with three phenyl groups and a single 4-methoxycarbonylphenyl substituent (10) could

not be accomplished under standard Lindsey conditions. Both mixed aldehyde and

aldehyde/dipyrromethane condensations were unsuccessful. Presumably, the Lewis acid catalyst

BF 3*OEt2 coordinates to the pyridyl nitrogen, thereby sequestering this reagent and preventing
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the condensation reaction from occurring. An alternative statistical methodology is the Adler-

Longo method in which pyrrole and aryl aldehydes are condensed in refluxing propionic acid.

While this methodology gave porphyrin 10 in ~4% yield, five other porphyrin isomers, in

addition to other tetrapyrrolic macrocycles, were formed in the course of the reaction, thus

requiring several chromatographic separations to obtain pure products. By making a few

modifications (i.e. slow addition of reagents and using a toluene/propionic acid mixture as the

solvent), the yield was increased to 6%.

Because of the low yield and multiple chromatographic separations, an alternative to the

statistical synthesis of pyridyl porphyrins is necessary. Rational porphyrin synthesis allows for

the synthesis of porphyrin isomers that are difficult to isolate under statistical conditions (e.g.

cis-A 2B2 versus trans-A2B2). Additionally, up to four different meso substituents can be

incorporated, enabling the formation of precise porphyrin isomers that are inaccessible with

statistical methods (e.g. cis-A 2BC and ABCD). Many of the early steps (synthesis of

dipyrromethanes and Mukaiyama reagents) can be performed on a multi-gram scale and employ

crystallization rather than chromatography as the primary means of purification. Many of the

later steps are very efficient and are performed in situ to minimize difficult chromatographic

separations.

To accomplish the rational synthesis of porphyrins, first dipyrromethanes are prepared

from an aryl aldehyde and pyrrole. Next, these compounds are acylated using Mukaiyama

reagents (S-2-pyridyl thioates) as the acylating reagent to give 1-acyldipyrromethanes. These

compounds are the equivalent to one half of a porphyrin, bearing two pyrrole rings and two meso

substituents. While formation of 9-BBN complexes of these compounds has been shown to

facilitate purification of 1-acyldipyrromethanes, this reaction was unsuccessful with compounds
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bearing pyridyl substituents. Two different 1 -acyldipyrromethanes can be used directly in a

magnesium(II)-mediated [2+2] condensation reaction under microwave irradiation to give

magnisum(II) porphyrin complexes. While this reaction is statistical, only three of six possible

porphyrin isomers (two self-condensation products and one cross-condensation product) are

formed in the course of the reaction. Thus, the term "semi-rational" may be an appropriate

description of this reaction. In particular, this method is particularly convenient for the

preparation of cis-A2B2 prophyrins, which are otherwise difficult to prepare or separate and

differentiate from the trans-A2B2 isomer. While the conversion of 1 -acyldipyrromethanes to

porphyrins appears to be a straightforward reaction, there are many synthetic steps that are

required to afford this transformation, although the order of these processes is unknown:

formation of two C-C bonds, elimination of two molecules of water, dehydrogenation, and

magnesium(II) complexation.32 Additionally, the nature of the oxidant is unknown. While

molecular oxygen is a likely species to serve this role, it has been shown the reaction proceeds

under an argon atmosphere,3 2 suggesting that DBU is a more likely oxidant. Using this

methodology, compound 10 was prepared in 11% yield.

An alternative [2+2] condensation involves the use of a 1,9-diacyldipyrromethane (two

pyrrole rings and three meso substituents) and a dipyrromethane to give the porphyrin. This route

is completely rational, as only one porphyrin product may be formed during the course of the

reaction. Due to the high polarity of the 1,9-diacyldipyrromethane with three 4-pyridyl

substituents (34) pure product could not be obtained. To facilitate purification, in situ

complexation with Bu 2SnCl2 was attempted, although this reaction was unsuccessful, preventing

the synthesis of compound 10 by this route.
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Finally, the preparation of bilanes and their subsequent cyclization was explored as a

means of preparing compound 10. The bilane was prepared in a ytterbium(III)-catalyzed

condensation between two 1-acyldipyrromethanes. However, one of the 1-acyldipyrromethanes

was first subjected to a regioselective ct-bromination to prevent self-condensation. Because the

formation of the bilane was relatively clean and the molecule is highly polar, this intermediate

was used directly in a magnesium(II)-mediated oxidative cyclization reaction under microwave

irradiation to give porphyrin 10 in 15% yield, based on the amount of 1-bromo-9-

acyldipyrromethane used in the preparation of the bilane. It should be noted that the bilane has

three stereogenic centers, resulting in the formation of up to eight different stereoisomers of the

bilane. Differences in reactivity of these species could account for the seemingly low yield of the

porphyrin.26

ON N

OMe

NH N N HN OMe N N HN OMe
NH HN

N / NH HN \ / NH N
N HIN 0k

H H -N Br Br 0

NH

Br N N

Bilane Bilene-a Biladiene-ac

N
N

NN

N / Mg \ _ O N N OMe

N N OMe / N M N

Br O

N N

Porphyrin Biladiene-ac
Mg Complex

Scheme 2.15. Proposed reaction mechanism illustrating potential intermediates in the bilane to
porphyrin conversion.
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While this cyclization appears to be a straightforward reaction, there are many individual

steps that are necessary to afford this transformation: C-C bond formation, elimination of one

molecule of water, dehydrogenation, and magnesium(II) complexation. Experiments have been

conducted to probe this reaction mechanism by performing some of these reactions in a stepwise

manner. 25 Based on these results, Scheme 2.15 outlines a probable synthetic mechanism for this

transformation. First, two reduction (dehydrogenation) steps are necessary to convert the bilane

to a bilene-a, and subsequently a bilene-ac. Since this latter species is known to coordinate metal

centers, magnesium(II) complexation is a likely next step. This then brings the two ends of the

molecule is close proximity to facilitate cyclization and subsequent oxidation steps to give the

porphyrin.

After surveying the various synthetic methods of preparing porphyrin 10, it is concluded

that the microwave-mediated [2+2] condensation of 1-acyldipyrromethanes is the most efficient

synthetic route. This method gives the porphyrin in greater yield than statistical routes and

circumvents the need for many chromatographic separations, as required for the purification of

the porphyrin from Adler-Longo statistical routes. While the bilane route gives a nominally

higher yield for the porphyrin forming reaction over the [2+2] condensation, it requires three

additional synthetic steps. Having prepared various porphyrins with meso-pyridyl substituents,

photophysical studies of these molecules and their interactions with QDs will be presented in

Chapter 3.

With the pyridyl porphyrins in hand, studies to convert them to water-soluble derivatives

were conducted. Three steps were necessary to give water-soluble phosphors for conjugation to

quantum dots with surface amines: metallation, alkylation, and ester hydrolysis. While these

reactions are straightforward, the order in which they are performed is critical. Alkylation of the
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free base is not viable, as alkylation of the pyrrole nitrogens also occurs. If the pyridyl

substituents are not alkylated, acidic work-up of the hydrolysis reaction protonates the pyridyl

nitrogen atoms and prevents subsequent alkylation. Based on these results, the metalloporphyrin

must first be prepared; this intermediate is then alkylated and finally the ester is hydrolyzed.

Although alkylation with iodomethane is simple and convenient, it was found to be a poor choice

because the iodide counterion quenched porphyrin phosphorescence. Instead alkylation with 1,3-

propanesultone was a superior strategy, thereby providing zwitterionic water-soluble species

with intramolecular counterions.

2.7 Experimental Details

Materials

The following chemicals were used as received: hexanes, diethylether (Et 20), anhydrous

inhibitor-free tetrahydrofuran (THF), acetone, dichloromethane (CH 2 Cl2), chloroform (CHCl3),

toluene, acetonitrile (MeCN), methanol (MeOH), anhydrous methanol (MeOH), ethanol (EtOH),

ethyl acetate (EtOAc), benzonitrile (PhCN), 2-mercaptopyridine, isonicotinoyl chloride

hydrochloride, nicotinoyl chloride hydrochloride, pyrrole, boron trifuloride diethyl etherate

(BF 3*OEt2), mesitaldehyde, 4-pyridinecarboxaldehyde, 3-pyridinecarboxaldehyde, 2-

pyridinecarboxaldehyde, benzaldehyde, sulfuric acid (H 2S04), propionic acid, methyl 4-

formylbenzoate, indium(III) chloride (InCl3), tin(II) chloride (SnCl 2), dibutyltin dichloride

(Bu 2SnCl2), sodium hydroxide beads (NaOH), sodium nitrite (NaNO 2), ethylmagnesium bromide

IM solution in THF (EtMgBr), mesitylmagnesium bromide IM solution in THF (MesMgBr), 9-

BBN triflate 0.5 M solution in hexanes (9-BBN-OTf), 1,3-propanesultone, iodomethane (CH 3I),

N-bromosuccinimide (NBS), bromine (Br 2), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU),

magnesium bromide (MgBr 2), trifluoroacetic acid (TFA), triethylamine (NEt3 ), 2,3-dichloro-5,6-
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dicyano-1,4-benzoquinone (DDQ), ethyl 4-chloro-4-oxobutyrate, and sodium borohydride

(NaBH4) from Sigma-Aldrich; sodium bicarbonate (NaHCO 3), sodium sulfate (Na 2 SO 4), sodium

hydroxide (NaOH), magnesium sulfate (MgSO 4), ammonium chloride (NH 4Cl), ammonium

sulfate ((NH 4)2 SO 4 ), and sodium chloride (NaCl) from Mallinckrodt; potassium carbonate

(K2 CO 3) and Celite 512 from Fluka; palladium(II) acetylacetonate (Pd(acac) 2), platinum(II)

acetylacetonate (Pt(acac) 2), Mesoporphyrin IX dimethyl ester, and ytterbium(III) triflate

(Yb(OTt) 3) from Strem; benzoyl chloride from J. T. Baker; pyridine, hydrochloric acid (HCl),

and tetrahydrofuran (THF) from EMD; silica gel 60A 230-400 mesh ASTM from Whatman;

chloroform-d (CDCl3 ), dichloromethane-d 2 (CD 2Cl 2), methanol-d 4 (CD 30D), pyridine-d

(C5H 5 N), and dimethylsulfoxide-d ((CD 3)2 SO) from Cambridge Isotope Labs; ammonium

hydroxide (NH 40H) from VWR; picolinoyl chloride hydrochloride from TCI; and zinc(II)

acetate dihydrate (Zn(OAc)2*2H 20) from Avocado Research Chemicals. Nitrogen and argon

gases (Airgas) were passed over a Drierite column prior to use. All microwave reactions were

performed in a CEM Discover microwave reactor.

Statistical Synthesis

5(4-Methoxycarbonylphenyl)-10,15,20-triphenylporphyrin (1)

In a 2 L two-neck flask protected from ambient light, 1 L CHC13 was degassed with

argon for 45 minutes. Pyrrole (3.4 mL, 49 mmol), benzaldehyde (3.7 mL, 36 mmol), and methyl

4-formylbenzoate (2.02 g, 12 mmol) were added. After the solids were dissolved, 200 tL

BF 3-OEt 2 (1.6 mmol) was added dropwise to the solution, which began to turn yellow, and was

stirred at room temperature for 1 hour. DDQ (5.55 g, 25 mmol) was added as a solid in one

portion to the red solution and stirred for an additional 1 hour under argon. To quench the

reaction, 2.4 mL triethylamine (1.74 g, 17 mmol) was added and the solution was stirred for 15
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minutes. Solvent was removed by rotary evaporation. The crude reaction mixture was initially

purified on a silica column using CH2 Cl2 as the eluent to remove polypyrrolic byproducts. The

porphyrin-containing fractions were further purified on a silica column using 2:3

CH2)C12:hexanes to remove H2TPP and then 3:2 CH 2Cl2:hexanes to elute the target product. Since

a trace amount of H2TPP was observed by TLC, the second porphyrin fraction was further

purified on a silica gel column using the above conditions. A total of 538 mg (7.2% yield)

H2TPP was isolated in addition to 884 mg (10.8% yield) of the A3B porphyrin. 'H NMR (300

MHz, CD2Cl2 , 25 "C) 6 -2.80 (s, 2H), 4.08 (s, 3H), 7.78 (m, 9 H), 8.23 (in, 6H), 8.32 (d, J= 8.1

Hz, 2H), 8.42 (d, J = 8.1 Hz, 2H), 8.84 (d, J= 4.7 Hz, 2H), 8.89 (s, 6H).

5(4-Methoxycarbonylphenyl)-10,15,20-triphenylporphyrinatopalladium(II) (Pd-1)

In a 10 mL microwave tube, 77 mg 1 (0.11 mmol) and 105 mg Pd(acac) 2 (0.34 mmol)

were dissolved in 3 mL pyridine. The resultant mixture was irradiated in a microwave reactor for

20 minutes at 180 'C. The crude reaction mixture was filtered through a plug of Celite and the

filtrate was brought to dryness. The residue was purified on a silica gel column using CH2Cl2 as

the eluent. The orange solution was brought to dryness by rotary evaporation to afford 85 mg

(99% yield) of a red-purple solid. 'H NMR (300 MHz, CD 2CI2, 25 'C) 8 4.08 (s, 3H), 7.78 (m,

9H), 8.17 (m, 6H), 8.27 (d, J= 8.1 Hz, 2H), 8.41 (d, J= 8.1 Hz, 2H), 8.79 (d, J= 5.0 Hz, 2H),

8.84 (s, 4H), 8.85 (d, J= 5.0 Hz, 2H).

5(4-Methoxycarbonylphenyl)-10,15,20-triphenylporphyrinatoplatinum(I1) (Pt-1)

In a 10 mL microwave tube, 102 mg 1 (0.15 mmol) and 181 mg Pt(acac) 2 (0.46 mmol)

were dissolved in 3 mL benzonitrile. The resultant mixture was irradiated in a microwave reactor

for 20 minutes at 250 C. The crude reaction mixture was filtered through a plug of Celite, rinsed

with CH2Cl2 and the filtrate was brought to dryness. The residue was purified on a silica gel
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column using CH2 Cl2 as the eluent. The red-orange solution was brought to dryness by rotary

evaporation to afford 86 mg (66% yield) of a red-purple solid. 'H NMR (500 MHz, CD 2Cl 2, 25

"C) 8 4.07 (s, 3H), 7.78 (m, 9H), 8.18 (m, 6H), 8.25 (d, J= 8.1 Hz, 2H), 8.40 (d, J= 8.1 Hz, 2H),

8.73 (d, J= 5.0 Hz, 2H), 8.78 (s, 4H), 8.80 (d, J= 5.1 Hz, 2H).

5(4-Methoxycarbonylphenyl)-10,15,20-trimesitylporphyrin (2)

In a 2 L two-neck flask protected from ambient light, 800 mL CHC 3 was degassed with

argon for 45 minutes. Pyrrole (3.4 mL, 49 mmol), methyl 4-formylbenzoate (2.04 g, 12 mmol),

and mesitaldehyde (4.0 mL, 27 mmol) were added and the solution was degassed for 45 minutes.

To this solution, 200 [tL BF 3*OEt2 (1.6 mmol) was added dropwise and the solution was stirred

at room temperature for 1 hour. DDQ (5.60 g, 25 mmol) was added as a solid in one portion to

the red solution and stirred for an additional 1 hour under argon. To quench the reaction, 2.26

mL NEt3 (16 mmol) was added and the solution was stirred for 10 minutes. Solvent was removed

by rotary evaporation. The crude reaction mixture was initially purified on a silica column using

CH2Cl2 as the eluent to remove polypyrrolic byproducts. The porphyrin-containing fractions

were further purified on a long silica column (~ 15 inches) initially using 2:3 CH 2CI 2:hexanes to

remove 5,10,15,20-tetramesitylporphyrin and then switching to 3:2 CH2Cl 2:hexanes to elute the

target product. A total of 385 mg (7.3% yield) 5,10,15,20-tetramesitylporphyrin was isolated in

addition to 560 mg (7.8% yield) of the A3B porphyrin. 'H NMR (300 MHz, CD 2CI2, 25 "C) b

1.84 (s, 12H), 1.85 (s, 6H), 2.62 (s, 9H), 4.10 (s, 3H), 7.27 (s, 6H), 8.28 (d, J= 8.0 Hz, 2H), 8.41

(d, J= 8.1 Hz, 2H), 8.64 (s, 4H), 8.70 (m, 4H).

5(4-Carboxyphenyl)-10,15,20-triphenylporphyrin atopalladium(lI) (Pd-3)

In a 10 mL microwave tube with three stir bars, 31 mg Pd-1 (0.04 nmol) was dissolved

in 2 mL of anhydrous inhibitor-free THF and 2 mL of 6M NaOH was added. The biphasic
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mixture was irradiated in a microwave reactor for 12 hours at 80 'C. Concentrated HCl(aq) was

added drop-wise to the reaction mixture until all of the solid material had dissolved. The mixture

was stirred for one hour in darkness. The crude reaction mixture was poured into water and the

product was extracted with CH2Cl2, the organic layer was dried over Na2SO 4, and brought to

dryness. The crude reaction mixture was purified on a silica column using CH2Cl 2 then 10:1

CH 2Cl 2:MeOH. The product (20 mg, 66%) was obtained as a red-orange solid. 'H NMR (300

MHz, CD2Cl2, 25 0C) 8 7.78 (m, 9H), 8.17 (m, 6H), 8.30 (d, J= 8.0 Hz, 2H), 8.46 (d, J= 8.0 Hz,

2H), 8.80 (d, J= 4.9 Hz, 2H), 8.84 (s, 4H), 8.86 (d, J= 4.9 Hz, 2H), 10.42 (s, I H).

5(4-Carboxyphenyl)-10,1 5,20-triphenylporphyrinatoplatinum( 1) (Pt-3)

In a 10 mL microwave tube with three stir bars, 50 mg Pt-1 (0.058 mmol) was dissolved

in 2 mL of anhydrous inhibitor-free THF and 2 mL of 6M NaOH was added. The biphasic

mixture was irradiated in a microwave reactor for 24 hours at 80 'C. Concentrated HCl(aq) was

added drop-wise to the reaction mixture until all of the solid material had dissolved. The mixture

was stirred for one hour in darkness. The crude reaction mixture was poured into water and the

product was extracted with CH 2Cl2, the organic layer was dried over Na2SO 4, and brought to

dryness. The crude reaction mixture was purified on a silica column using CH2C12 then 10:1

CH 2CI2:MeOH. The product (44 mg, 89%) was obtained as a red-orange solid. 'H NMR (500

MHz, CD 2CI2, 25 0C) 8 7.77 (in, 9H), 8.16 (in, 6H), 8.29 (d, J= 8.0 Hz, 2H), 8.46 (d, J= 8.0 Hz,

2H), 8.74 (d, J= 5.0 Hz, 2H), 8.78 (s, 4H), 8.80 (d, J= 5.1 Hz, 2H).

5,10,15,20-Tetraphenylporphyrin (4)

The title compound was obtained as a byproduct (7.2% yield) from the synthesis of

compound 1. It was identified as the first of two porphyrin isomers on the column. IH NMR (500

MHz, CDCl3 , 25 0C) 8 7.76 (m, 12 H), 8.22 (m, 8H), 8.85 (s, 8H).
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5,10,15,20-Tetraphenylporphyrinatopalladium(I) (Pd-4)

In a 10 mL microwave tube, 102 mg 4 (0.17 mmol) and 202 mg Pd(acac) 2 (0.66 mmol)

were dissolved in 3 mL pyridine. The resultant mixture was irradiated in a microwave reactor for

20 minutes at 180 C. The crude reaction mixture was filtered through a plug of silica and the

filtrate was brought to dryness. The residue was purified on a silica gel column using CH 2Cl 2 as

the eluent. The orange solution was brought to dryness by rotary evaporation to afford 112 mg

(94% yield) of a red-orange solid. 'H NMR (500 MHz, CDCl3, 25 "C) 6 7.75 (in, 12 H), 8.17 (m,

8H), 8.81 (s, 8H).

5-(4-Nitrophenyl)-10,15,20-triphenylporphyrin (5)

In a 100 mL round bottom flask, 0.30 mg 4 (0.49 mmol) was dissolved in 30 mL TFA to

afford a green solution. Sodium nitrite (64 mg, 0.93 mmol) was added; the solution immediately

turned purple and was stirred for 3 minutes. The reaction mixture was poured into water and the

product was extracted with CH 2Cl 2 until the aqueous layer was clear. The combined organics

were washed with saturated NaHCO 3 and brine; solvent was removed by rotary evaporation. The

residue was filtered through a plug of silica using CH 2Cl 2 as the eluent to remove all of the

purple-red material, giving porphyrin 5, which was used without further purification.

5-(4-Aminophenyl)-1 0,1 5,20-triphenylporphyrin (6)

The crude residue from the synthesis of 5 was dissolved in 50 mL of concentrated HCI

and 0.45 g SnC 2 (2.37 mmol) was added. The reaction mixture was heated at 80 'C for 1 hour

under argon. The reaction mixture was poured into 300 mL of H2 0 and then neutralized with

aqueous ammonia. The product was extracted with CH 2CI 2 until the organic layer was clear. The

combined organics were washed with water then dried over MgSO 4; solvent was removed by

rotary evaporation. The crude reaction mixture was filtered through a plug of silica with CH2C12
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to remove a green impurity that remained adsorbed on the silica. The product was then purified

on a silica column using 1:1 hexanes:CH 2Cl 2 to remove unreacted 4. The solvent was changed to

100% CH 2C12 to elute the product. Solvent was removed by rotary evaporation to afford 130 mg

(42% yield, based on the starting amount of 4) of a purple solid. 'H NMR (500 MHz, CDCl 3, 25

"C) 6 4.02 (bs, 2H), 7.05 (d, J = 8.2 Hz, 2H), 7.75 (in, 9H), 7.98 (d, J= 8.2 Hz, 2H), 8.20 (m,

6H), 8.81 (s, 6H), 8.92 (d, J= 4.6 Hz, 2H).

5-(4-Aminophenyl)-10,15,20-triphenylporphyrinatopalladium(II) (Pd-6)

In a 10 mL microwave tube, 50 mg of the free-base porphyrin 6 (0.079 mmol) was

dissolved in 3 mL pyridine and 132 mg Pd(acac) 2 (0.43 mmol) was added. The resultant solution

was placed in a microwave reactor and irradiated at 180 'C for 20 minutes. The crude reaction

mixture was filtered through a plug of silica and rinsed with CH2Cl 2 ; the collected orange filtrate

was brought to dryness. The compound was purified on a silica gel column using CH 2CI2 as the

eluent to give 44 mg (75% yield) of the title product. 'H NMR (500 MHz, CDCl 3, 25 "C) 6 4.03

(bs, 2H), 7.05 (d, J= 7.8 Hz, 2H), 7.74 (m, 9H), 7.94 (d, J= 8.1 Hz, 2H), 8.16 (m, 6H), 8.79 (s,

4H), 8.80 (overlapping d, J= 4.7 Hz), 8.91 (d, J= 5.0 Hz, 2H).

5-(4-Aminophenyl)-10,15,20-tris(4-sulfonatophenyl)porphyrin, trisammonium salt (7)

In a 100 mL round bottom flask, 75 mg 6 (0.12 mmol) was dissolved in 11 mL of

concentrated H-2SO 4 and heated at 105 'C for 4.5 hours. The solution was cooled to room

temperature and then poured into 100 mL of H20 and the reaction mixture was neutralized with

NH 40H. The reaction mixture was concentrated to a volume of ~25 mL. An excess of MeOH

was added to the solution and the mixture was filtered on a Bachner funnel to remove

precipitated salts. The filtrate was brought to dryness and the precipitation procedure was

repeated two more times to remove additional salts. The residue was dissolved in a minimal
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amount of MeOH and then poured over a silica plug, using MeOH as the eluent. After removal

of the solvent, the residue was recrystallized from MeOH/THF and the precipitated product was

collected on a frit and washed with THF. The collected solid was dried on a vacuum line

overnight to afford 98 mg of material (89% yield). 'H NMR (500 MHz, CD 30D, 25 "C) 6 4.60

(bs, 2H), 7.15 (d, J= 8.2 Hz, 2H), 7.95 (d, J= 8.0 Hz, 2H), 8.27 (m, 12H), 8.84 (bs, 6H), 8.94

(bs, 2H).

5-{4-[3-(Ethoxycarbonyl)propionylamidolphenyl}-10,15,20-tris(4-sulfonatophenyl)

porphyrin, trisammonium salt (8)

In a 50 mL Schlenk flask, 28 mg (0.031 mmol) of material from the synthesis of 7 was

dissolved in 10 mL anhydrous MeOH. Then 76 LtL NEt3 (55 mg, 0.55 mmol) followed by 80 [tL

ethyl 4-chloro-4-oxobutyrate (92 mg, 0.56 mmol). The resultant mixture was stirred at room

temperature for 24 hours, protected from ambient light. Solvent was removed by rotary

evaporation and the residue was dissolved in -2 mL MeOH; the solution was treated with THF

and the resultant precipitate was collected on a frit. The solid material was dried under vacuum

for several hours to afford 13 mg of material (41% yield). 'H NMR (500 MHz, CD 30D, 25 OC) 8

1.31 (t, 3H), 2.81 (d, 2H), 2.85 (d, 2H), 4.21 (q, 2H), 8.00 (d, J= 8.4 Hz, 2H), 8.15 (d, J= 8.5

Hz, 2H), 8.27 (m, 12H), 8.89 (bs, 8H).

5(4-Carbonylphenyl)-10,1.5,20-tris(4-sulfonatophenyl)porphyrin, tetrakisammonium salt

(9)

In a 100 mL round bottom flask, 102 mg 1 (0.15 mmol) was dissolved in 20 mL

concentrated H2S0 4 and heated at 105 'C for 4.5 hours. The reaction mixture was cooled to

room temperature and poured into 50 mL of 0 C water; the reaction mixture was neutralized

with 6 M NaOH while cooling the solution in an ice bath. The reaction mixture was concentrated
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to a volume of ~25 mL. An excess of MeOH was added to the solution and the mixture was

filtered on a Bachner funnel to remove precipitated salts. The filtrate was brought to dryness and

the precipitation procedure was repeated to remove additional salts. The green residue was

dissolved in NH40H and stirred at room temperature for 10 minutes; solvent was removed by

rotary evaporation. The purple residue was dissolved in MeOH and filtered on a Bachner funnel

to remove precipitated salts. The filtrate was brought to dryness to afford 167 mg of material

(>100% yield, due to the presence of inorganic salts). 'H NMR (500 MHz, CD 30D, 25 0C) b

8.20 (d, J= 7.9 Hz, 2H), 8.27 (m, 12H), 8.37 (d, J = 7.9 Hz, 2H), 8.63-9.17 (bs, 6H). The very

broad signal is attributed to the /3-pyrrolic protons and should integrate for 8H.

5-(4-Methoxycarbonylphenyl)-10,15,20-tris(4-pyridyl)porphyrin (10)

Method ]: Adler-Longo

In a 500 mL round bottom flask, 1.60 g methyl 4-formylbenzoate (10 mmol) and 2.7 mL

4-pyridinecarboxaldehyde (29 mmol) were dissolved 160 mL propionic acid and brought to

reflux. Pyrrole (2.6 mL, 37 mmol) was added and the solution was refluxed for 1.5 hours.

Solvent was removed by rotary evaporation. The residue was dissolved in CHCl3 and the

organics were washed with saturated NaHCO 3 and dried over Na2SO4. Solvent was removed by

rotary evaporation. The residue was purified on a silica column using CH 2CI2, then 1:1

CH-C12:EtOAc, followed by 100% EtOAc, then 10% MeOH in EtOAc, and finally 20% MeOH

in EtOAc. The product was identified as the porphyrin that eluted with 20% MeOH in EtOAc;

this material was further purified on a silica gel column using 100% EtOAc, then 5% MeOH in

EtOAc, followed by 10% MeOH in EtOAc as the eluent. The product was then filtered through a

short (- 3 in) plug of silica gel with EtOAc. After removing the solvent, the residue was

dissolved in a minimal amount of CH2Cl2 and subsequently precipitated with a large excess of
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hexanes. The purple solid was collected on a frit, washed with EtOH, and dried under vacuum to

afford 225 mg of the title product (3.9% yield, based on the amount of B aldehyde). 'H NMR

(500 MHz, CDCl 3, 25 "C) b -2.90 (bs, 2H), 4.12 (s, 3H), 8.16 (m, 6H), 8.30 (m, 2H), 8.47 (m,

2H), 8.82-8.89 (bm, 8H), 9.06 (m, 6H).

Method 2: Modified Adler-Longo

In a three-neck round bottom flask, 100 mL propionic acid and 100 mL toluene were

brought to reflux. An aldehyde solution was prepared by dissolving 1.62 g methyl 4-

formylbenzoate (9.9 mmol) and 2.7 mL 4-pyridinecarboxaldehyde (3.1 g, 29 mmol) in 7 mL

toluene. A pyrrole solution was prepared by dissolving 2.6 mL pyrrole (2.5 g, 37 mmol) in 7 mL

toluene. These two solutions were simultaneously added to the refluxing solvent dropwise via

syringe. After the addition was complete, the solution was refluxed for 1.5 hours. The reaction

mixture was then cooled to room temperature and solvents were removed by rotary evaporation.

The crude residue was dissolved in 100 mL CHCl 3 and a saturated solution of NaHCO 3 was

carefully added; the biphasic mixture was then stirred until bubbling had subsided. The organic

layer was then washed with water, dried over Na 2SO 4 , and brought to dryness. The crude

reaction mixture was purified on a silica gel column using CH 2CI 2 to elute all of the fast-moving

porphyrin isomers (B4, AB 3, and cis-/trans-A2 B2 isomers). After these four products eluted, the

solvent was changed to 100% ethyl acetate then 10% MeOH in EtOAc to elute the desired A3B

porphyrin. A second silica gel column, using ethyl acetate as the sole eluent, was necessary to

fully purify the desired product, affording 387 mg of the title compound (5.8% yield, based on

the amount of B aldehyde). 'H NMR (500 MHz, CDCl 3, 25 0C) 8 -2.90 (bs, 2H), 4.12 (s, 3H),

8.16 (m, 6H), 8.30 (m, 2H), 8.47 (m, 2H), 8.82-8.89 (bm, 8H), 9.06 (m, 6H).

-116-



5-(4-Methoxycarbonylphenyl)-10,15,20-tris(4-pyridyl)porphyrinopalladium(I1) (Pd-10)

In a 10 mL microwave tube, 65 mg of the free-base porphyrin 10 (0.10 mmol) was

dissolved in 3 mL pyridine and 175 mg Pd(acac)2 (0.6 mmol) was added. An additional 1 mL of

pyridine was added to rinse solids down the tube. The resultant solution was placed in a

microwave reactor and irradiated at 180 'C for 20 minutes. The crude reaction mixture was

filtered through a plug of Celite and rinsed with CH 2C12; the collected orange filtrate was

brought to dryness. The compound was purified using a gradient of 0-10% MeOH in EtOAc as

the eluent to give 39 mg (50% yield) of the title product. 'H NMR (400 MHz, CDCl 3, 25 0C) 8

4.12 (s, 3H), 8.12 (in, 6H), 8.25 (in, 2H), 8.45 (in, 2H), 8.80 (d, J= 5.1 Hz, 2H), 8.82 (s, 4H),

8.83 (d, J= 5.0 Hz, 2H), 9.05 (in, 6H).

5-(4-Methoxycarbonylphenyl)-10,15,20-tris(4-pyridyl)porphyrinoplatinum(HI) (Pt-10)

In a 10 mL microwave tube, 50 mg of the free-base porphyrin 10 (0.074 mmol) was

dissolved in 2.5 mL benzonitrile and 143 mg Pt(acac) 2 (0.36 mmol) was added. The resultant

solution was placed in a microwave reactor and irradiated at 250 'C for 30 minutes. The crude

reaction mixture was filtered through a plug of Celite and rinsed with CH2Cl2. The filtrate was

washed with a saturated solution of NaHCO 3 and H20, then subsequently dried over Na 2SO4 and

brought to dryness by rotary evaporation. The residue was then purified on a plug of silica gel,

using EtOAc then acetone as the eluent, to give an orange solution, which was brought to

dryness. The oily reside was treated with a large excess of hexanes to induce precipitation of the

product, which was collected on a frit and rinsed with hexanes, giving 27 mg (42% yield) of the

title product. 1H NMR (500 MHz, CDCl 3, 25 C) 6 4.11 (s, 3H), 8.10 (in, 6H), 8.22 (d, J= 8.3

Hz, 2H), 8.43 (d, J= 8.3 Hz, 2H), 8.72 (d, J= 4.9 H z, 2H), 8.75 (in, 6H), 9.02 (in, 6H).

-117-



5-(4-Methoxycarbonylphenyl)-10,15,20-tris(4-pyridyl)porphyrinozinc(II) (Zn-10)

In a 20 mL scintillation vial, 30 mg of the free-base porphyrin 10 (0.044 mmol) was

dissolved in 9 mL CHCl3 and 3 mL MeOH. Then Zn(OAc) 2*2H 20 (248 mg, 1.13 mmol) was

added and the solution was stirred at room temperature for 72 hours. The reaction mixture was

washed with water (x3) and dried over Na2SO 4; solvent was removed by rotary evaporation to

afford 21 mg (65%) of product. 'H NMR (500 MHz, C5D5N, 25 0C) 8 4.07 (s, 3H), 8.33 (in, 6H),

8.48 (d, J= 8.1 Hz, 2H), 8.56 (d, J= 8.2 Hz, 2H), 9.15 (overlapping s, 4H), 9.15 (overlapping d,

J= 4.6 Hz, 2H), 9.19 (overlapping d, J= 4.6 Hz), 9.20 (m, 6H).

5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrin (11)

The title product was isolated from the statistical synthesis of 10 (Method 1). It was

identified as the first porphyrin fraction that eluted using 1:1 CH 2CI 2:EtOAc as the eluent. 'H

NMR (500 MHz, CDCl 3, 25 'C) b 4.12 (s, 12H), 8.29 (d, J= 8.2 Hz, 8H), 8.45 (d, J= 8.2 Hz,

8H), 8.82 (m, 8H).

5,15-Bis(4-methoxycarbonylphenyl)-10,20-bis(4-pyridyl) porphyrin (12)

The title product was isolated from the statistical synthesis of 10 (Method 1). It was

identified as the second porphyrin fraction that eluted using 1:1 CH 2Cl 2:EtOAc as the eluent. 'H

NMR (500 MHz, CDCl 3, 25 'C) 5 4.12 (s, 6H), 8.16 (m, 4H), 8.30 (m, 4H), 8.46 (m, 4H), 8.84

(m, 8H), 9.04 (m, 4H).

5,10-Bis(4-methoxycarbonylphenyl)-15,20-bis(4-pyridyl) porphyrin (13)

The title product was isolated from the statistical synthesis of 10 (Method 1). It was

identified as the first porphyrin fraction that eluted using 10% MeOH in EtOAc as the eluent. 'H

NMR (500 MHz, CDCI3 , 25 'C) 5 4.12 (s, 6H), 8.16 (m., 4H), 8.29 (m, 4H), 8.46 (m, 4H), 8.84

(in, 8H), 9.05 (m, 4H).
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Semi-Rational and Rational Synthesis

5-Phenyldipyrromethane (14)

A solution of 40 mL pyrrole (38 g, 580 mmol) and 1.3 mL benzaldehyde (1.4 g, 13

mmol) were bubbled with N2 for 10 minutes to degas the solution. Then, 280 mg InCl3 (1.3

mmol) was added and the tan suspension was stirred at room temperature for 1.5 hours. Sodium

hydroxide beads (2.5 g, 63 mmol) were added and the suspension was stirred for an additional 45

minutes at room temperature. The crude reaction mixture was filtered using a BUchner funnel.

The flask and solids were rinsed with acetone and the filtrate was brought to dryness. The crude

reaction mixture was purified on a silica gel column packed with hexancs and the product was

eluted using 3:1 CH 2CI2:hexanes. Solvent was removed to afford 2.57 g (89% yield) of the title

compound as a yellow solid. 'H NMR (500 MHz, CDCl3 , 25 'C) 8 5.49 (s, 1H), 5.92 (in, 2H),

6.16 (in, 2H), 6.70 (in, 2H), 7.21-7.28 (m, 3H), 7.30-7.34 (in, 2H), 7.94 (bs, 2H).

5-(4-Methoxycarbonylphenyl)dipyrromethane (15)

A solution of 2.1 g methyl 4-formylbenzoate (13 mmol) in 45 mL pyrrole (44 g, 650

mmol) was bubbled with argon for 10 minutes. Then, 285 mg InCl3 (1.3 mmol) was added and

the mixture was stirred at room temperature for 1.5 hours. Sodium hydroxide beads (1.5 g, 38

mmol) were added and the suspension was stirred for an additional 45 minutes at room

temperature. The crude reaction mixture was then filtered using a Bilchner funnel. The flask and

solids were rinsed with acetone; the filtrate was brought to dryness and residual pyrrole was

removed by triturating with hexanes to afford a tan solid. The residue was dissolved in MeOH

with the aid of a hot water bath and the product was allowed to crystallize overnight at room

temperature. Solid material was collected on a frit, washed with hexanes and a minimal amount

of EtOH, and dried under vacuum to afford 2.30 g (63% yield) of the title compound as a tan
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solid. 'H NMR (400 MHz, CDCl 3, 25 *C) 8 3.91 (s, 3H), 5.53 (s, 1H), 5.89 (m, 2H), 6.16 (m,

2H), 6.72 (m, 2H), 7.29 (m, 2H), 7.96 (overlapping bs, 2H), 7.98 (overlapping m, 2H).

5-(4-Pyridyl)dipyrromethane (16)

A solution of 21 mL pyrrole (20 g, 300 mmol) and 1.9 mL 4-pyridinecarboxaldehyde (2.2

g, 20 mmol) were heated at 85 'C for 15 hours. Solvent was removed by rotary evaporation. The

crude residue was loaded onto a silica gel column packed with ethyl acetate. The product eluted

with 100% EtOAc as the second band (orange-red). After solvent removal, the residue was

dissolved in a minimal amount of EtOAc and the product was precipitated with a large excess of

hexanes and collected on a frit. The collected orange-red solid was rinsed with hexanes and dried

under vacuum to afford 2.27 g (51% yield) of the title compound. 'H NMR (400 MHz, CDCl3 ,

25 'C) 5.46 (s, 1H), 5.90 (m, 2H), 6.17 (m, 2H), 6.74 (in, 2H), 7.13 (m, 2H), 8.06 (bs, 2H),

8.52 (m, 2H).

5-(3-Pyridyl)dipyrromethane (17)

A solution of 20 mL pyrrole (19 g, 290 mmol) and 2 mL 3-pyridinecarboxaldehyde (2.3

g, 21 mmol) was heated at 85 'C for 24 hours. Solvent was removed by rotary evaporation. The

crude residue was loaded onto a silica gel column packed with ethyl acetate. The product eluted

with 100% ethyl acetate as the second band (orange). Solvent was removed by rotary

evaporation to afford 2.41 g (51% yield) of the title compound as a tan solid. 'H NMR (500

MHz, CDC 3, 25 0C) 6 5.49 (s, I H), 5.88 (m, 2H), 6.16 (m, 2H), 6.74 (m, 2H), 7.24 (m, IH',

7.51 (n, 1 H), 8.07 (bs, 2H), 8.50 (overlapping m, 2H).

5-(2-Pyridyl)dipyrromethane (18)

A solution of 20 rnL pyrrole (19 g, 290 mmol) and 1.9 mL 2-pyridinecarboxaldehyde

(2.14 g, 20 mmol) was heated at 85 'C for 15 hours. Solvent was removed by rotary evaporation.
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The crude residue was loaded onto a silica gel column packed with hexanes. The product eluted

with 1:1 EtOAc:hexanes then 100% EtOAc. A red impurity was observed by TLC. The product

was further purified on a second silica gel column packed with hexanes, using this solvent as the

initial eluent to remove the majority of the red impurity. The solvent was switched to 1:1

EtOAc:hexanes then 100% EtOAc. Solvent was removed by rotary evaporation to afford 1.07 g

(24% yield) of the title compound as a red-brown solid. 'H NMR (500 MHz, CDCl 3, 25 0C) 8

5.50 (s, IH), 5.93 (m, 2H), 6.12 (m, 2H), 6.70 (m, 2H), 7.19 (m, lH), 7.29 (m, lH), 7.65 (m,

1 H), 8.61 (m, IH), 8.90 (bs, 2H).

S-2-Pyridyl benzoylthioate (19)

In an-oven dried flask, 5.52 g (50 mmol) 2-mercaptopyridine was dissolved in 40 mL

anhydrous THF under a nitrogen atmosphere. Then 7.6 mL benzoyl chloride (9.2 g, 65 mmol)

was added and the solution was stirred at room temperature for 2 hours. The yellow solid was

collected on a Buchner funnel and washed with hexanes until the filtrate was clear. The solid was

slowly added to a biphasic mixture of 200 mL saturated NaHCO 3 and 200 mL Et2O; the mixture

was stirred until bubbling subsided. The product was extracted with Et 2O (~1.5 L) and the

organics were dried over Na2 SO4. Solvent was removed by rotary evaporation to afford a yellow

oil, which was isolated as a solid with the addition of a large excess of hexanes. The yellow solid

was collected on a frit and washed with hexanes until the filtrate was clear to afford 6.06 g (56%

yield) of the title compound. 'H NMR (400 MHz, CDCl 3, 25 'C) 8 7.34 (in, 1H), 7.49 (m, 2H),

7.62 (m, 1 H), 7.73 (in, I H), 7.79 (in, I H), 8.02 (in, 2H), 8.68 (m, IH).

S-2-Pyridyl isonicotinothioate (20)

In an-oven dried flask, 11.15 g (100 mmol) 2-mercaptopyridine and 17.86 g isonicotinoyl

chloride hydrochloride (100 mmol) were dissolved in 100 mL anhydrous THF and stirred at
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room temperature under an argon atmosphere for 2.5 hours. The yellow solid was collected on a

BUchner funnel and washed with hexanes until the filtrate was clear. The solid was slowly added

to a biphasic mixture of 200 mL saturated NaHCO 3 and 200 mL Et2O; the mixture was stirred

until bubbling subsided. The product was extracted with Et20 and the organics were dried over

Na 2 SO 4 . Solvent was removed by rotary evaporation to afford a pale yellow solid; the solid was

collected on a frit and washed with hexanes until the filtrate was clear to afford 13.00 g (60%

yield) of the title compound. 'H NMR (400 MHz, CDC 3, 25 'C) 7.37 (m, 1H), 7.72 (m, 1H),

7.80 (m, 2H), 7.82 (m, IH), 8.69 (m, 1H), 8.84 (m, 2H).

S-2-Pyridyl nicotinothioate (21)

In an-oven dried flask, 5.54 g (50 mmol) 2-mercaptopyridine and 9.02 g (51 mmol)

nicotinoyl chloride hydrochloride were dissolved in 40 mL anhydrous THF and stirred at room

temperature under a nitrogen atmosphere for 2 hours. The yellow solid was collected on a

Btichner funnel and washed with hexanes until the filtrate was clear. The solid was slowly added

to a biphasic mixture of 200 mL saturated NaHCO 3 and 200 mL EtOAc; the mixture was stirred

until bubbling subsided. The product was extracted with EtOAc (-1.5 L) and the organics were

dried over Na 2SO 4 . Solvent was removed by rotary evaporation to afford a yellow oil, which was

isolated as a solid with the addition of a large excess of hexanes. The yellow solid was collected

on a frit and washed with hexanes until the filtrate was clear to afford 4.05 g (37% yield) of the

title compound. 'H NMR (400 MHz, CDCl3, 25 'C) 8 7.36 (in, 1H), 7.45 (m, 1H), 7.73 (m, 1H),

7.81 (m, 1H), 8.26 (m, IH), 8.69 (m, IH), 8.83 (m, IH), 9.23 (m, IH).

S-2-Pyridyl picolinothioate (22)

In an-oven dried flask, 2.76 g (25 mmol) 2-mercaptopyridine was dissolved in 50 mL

anhydrous THF and 4.24 g picolinoyl chloride hydrochloride (24 mmol) was added; the resultant
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mixture was stirred at room temperature under an argon atmosphere for 1.5 hours. The yellow

solid was collected on a Bichner funnel and washed with hexanes until the filtrate was clear. The

solid was slowly added to a biphasic mixture of 150 mL saturated NaHCO3 and 150 mL Et2O;

the mixture was stirred until bubbling subsided. The product was extracted with Et2O and the

organics were dried over Na2 SO4. Solvent was removed by rotary evaporation to afford 3.38 g

(66% yield) of the title compound. 'H NMR (400 MHz, CDC 3, 25 'C) 6 7.34 (m, 1H), 7.57 (in,

1H), 7.70 (m, IH), 7.79 (m, 1H), 7.88 (m, 1H), 7.96 (m, I H), 8.71 (m, IH), 8.75 (m, 1H).

1-Benzoyl-5-phenyldipyrromethane (23)

In an oven-dried flask, 0.80 g 5-phenyldipyrromethane (14) (3.6 mmol) was dissolved in

10 mL anhydrous THF under a nitrogen atmosphere to afford a tan solution. Then 8 mL EtMgBr

(1 M solution in THF) was slowly added and the resultant dark brown solution was stirred at

room temperature for 10 minutes. The solution was cooled to -78 'C in a dry ice/acetone bath

and 0.82 g S-2-Pyridyl benzoylthioate (19) (3.8 mmol) was added as a solid in one portion; the

resultant mixture was stirred at -78 'C for 40 minutes. The solution was then warmed to room

temperature and stirred for an additional 3.5 hours. Saturated (NH 4 )SO 4 was added and the

product was extracted with EtOAc (x3); the combined organics were washed with water and

brine then dried over Na 2SO4. Solvent was removed by rotary evaporation to afford a brown oil.

The crude reaction mixture was loaded onto a silica gel column packed with CH2Cl2, which was

also used as the initial eluent to remove unreacted dipyrromethane (first spot by TLC in 100%

CH 2C12, turns pink upon Br2 staining). The eluent was then switched to 2:3 EtOAc:CH 2CI2 to

elute the product (turns yellow-orange upon Br2 staining). After solvent removal, the oily residue

was dissolved in a minimal amount of CH2Cl 2 and subsequently precipitated with a large excess

of hexanes and the resultant solid was collected on a frit and washed with hexanes to afford 0.13
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g (11% yield) of the title compound as a brown solid. 'H NMR (500 MHz, CDCl3, 25 *C) 8 5.56

(s, l H), 5.99 (in, 1H), 6.09 (in, IH), 6.17 (in, lH), 6.69 (m, IH), 6.81 (m, 1H), 7.20-7.23 (in,

2H), 7.28-7.34 (in, 3 H), 7.43-7.48 (in, 3H), 7.80-7.83 (in, 2H), 8.19 (bs, I H), 9.74 (bs, 11H).

I-Isonicotinoyl-5-(4-methoxycarbonylphenyl)dipyrromethane (24)

In an oven-dried flask, 1.89 g 5-(4-methoxycarbonylphenyl)dipyrromethane (15) (6.7

mmol) was dissolved in 15 mL anhydrous THF under an argon atmosphere to afford a tan

solution. Then 17 mL EtMgBr (1 M solution in THF) was slowly added and the resultant dark

brown solution was stirred at room temperature for 10 minutes. The solution was cooled to -78

'C in a dry ice/acetone bath and 1.50 g S-2-pyridyl isonicotinothioate (20) (6.9 mmol) was added

as a solid in one portion; the resultant mixture was stirred at -78 'C for 1 hour. The solution was

then warmed to room temperature and stirred for an additional 3 hours. Saturated NH 4CI was

added and the product was extracted with EtOAc; the combined organics were washed with

water and brine then dried over Na2SO 4. Solvent was removed by rotary evaporation to afford a

brown oil. The crude reaction mixture was loaded onto a silica gel column packed with EtOAc.

The product (second band, turns yellow-orange upon Brirstaining on TLC) was eluted with

100% EtOAc. After solvent removal, the oily brown residue was dissolved in a minimal amount

of EtOAc and subsequently precipitated with a large excess of hexanes and the resultant solid

was collected on a frit and washed with hexanes to afford 1.67 g (65% yield) of the title

compound as a tan solid. H NMR (500 MHz, CDC 3, 25 'C) 6 3.92 (s, 3H), 5.61 (s, 1H), 5.97

(m, 1H), 6.08 (in, lH), 6.19 (m, lH), 6.76 (in, 1H), 6.81 (in, IH), 7.30 (m, 2H), 7.63 (in, 2H),

8.01 (in, 2H), 8.04 (bs, 1 H), 8.77 (m, 2H), 9.56 (bs, IH).
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1-Isonicotinoyl-5-(4-pyridyl)dipyrromethane (25)

In an oven-dried flask, 1.51 g 5-(4-pyridyl)dipyrromethane (16) (6.8 mmol) was

dissolved in 15 mL anhydrous THF under an argon atmosphere to afford a tan solution. Then 17

mL EtMgBr (1 M solution in THF) was slowly added and the resultant dark brown solution was

stirred at room temperature for 10 minutes. The solution was cooled to -78 'C in a dry

ice/acetone bath and 1.48 g S-2-pyridyl isonicotinothioate (20) (6.8 mmol) was added as a solid

in one portion; the resultant mixture was stirred at -78 'C for 10 minutes. The solution was then

warmed to room temperature and stirred for an additional 3 hours. Saturated NH4C1 was added

and the product was extracted with EtOAc; the combined organics were washed with water and

brine then dried over Na2SO4. Solvent was removed by rotary evaporation to afford a brown oil.

The crude reaction mixture was loaded onto a silica gel column packed with EtOAc. The product

(second band, turns yellow-orange upon Br 2 staining on TLC) was eluted with 100% EtOAc.

After solvent removal, the oily brown residue was dissolved in a minimal amount of EtOAc and

subsequently precipitated with a large excess of hexanes and the resultant solid was collected on

a frit and washed with hexanes to afford 0.66 g (30% yield) of the title compound as a tan solid.

H NMR (500 MHz, CDCl 3, 25 'C) b 5.53 (s, 1H), 5.98 (m, 1H), 6.08 (in, lH), 6.21 (in, 1H),

6.78 (in, 1H), 6.82 (in, 1H), 7.15 (in, 2H), 7.64 (in, 2H), 8.09 (bs, 1H), 8.59 (in, 2H), 8.78 (in,

2H), 9.45 (bs, 1H).

10-(9-Borabicyclo[3.3.1]non-9-yI)-1-isonicotinoyl-5-(4-pyridyl)dipyrromethane (25-BBN)

In an oven-dried flask, 0.84 g 5-(4-pyridyl)dipyrromethane (16) (3.8 mmol) was

dissolved in 20 mL anhydrous THF under an argon atmosphere to afford a tan solution. Then 9.5

mL EtMgBr (I M solution in THF) was slowly added and the resultant dark brown solution was

stirred at room temperature for 10 minutes. The solution was cooled to -78 'C in a dry
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ice/acetone bath and a solution of 0.82 g S-2-pyridyl isonicotinothioate (20) (3.8 mmol) in 15 mL

anhydrous THF was added; the resultant mixture was stirred at -78 'C for 10 minutes. The

solution was then warmed to room temperature and stirred for an additional 4 hours. Saturated

NH 4 CI was added and the product was extracted with EtOAc; the combined organics were

washed with water and brine then dried over Na2 SO 4. Solvent was removed by rotary

evaporation. The residue was dissolved in 13 mL CH 2Cl 2 and 1.67 mL NEt3 (1.2 g, 12 mmol)

was added; the resultant solution was purged with argon. Then 25 mL of 9-BBN-OTf solution

(0.5 M in hexanes) was added and the resultant solution was stirred at room temperature for 2.5

hours. The reaction mixture was examined by TLC and it was found that an intractable mixture

of products had formed.

1-Nicotinoyl-5-(3-pyridyl)dipyrromethane (26)

In an oven-dried flask, 0.65 g 5-(3-pyridyl)dipyrromethane (17) (2.9 mmol) was

dissolved in 10 mL anhydrous THF under a nitrogen atmosphere to afford a tan solution. Then 8

mL EtMgBr (1 M solution in THF) was slowly added and the resultant dark brown solution was

stirred at room temperature for 10 minutes. The solution was cooled to -78 'C in a dry

ice/acetone bath and 0.69 g S-2-Pyridyl nicotinothioate (21) (3.2 mmol) was added as a solid in

one portion; the resultant mixture was stirred at -78 'C for 30 minutes. The solution was warmed

to room temperature and stirred for an additional 2 hours. Saturated (NH4)2SO 4 was added and

the product was extracted with EtOAc (x3); the combined organics were washed with water and

brine then dried over Na2 SO 4 . Solvent was removed by rotary evaporation to afford a brown oil.

The crude reaction mixture was loaded onto a silica gel column packed with EtOAc. The product

(second fraction, turns yellow-orange upon Br 2 staining on TLC) was eluted with 100% EtOAc.

After solvent removal, the oily brown residue was dissolved in a minimal amount of EtOAc and
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subsequently precipitated with a large excess of hexanes and the resultant solid was collected on

a frit and washed with hexanes to afford 0.58 g (61% yield) of the title compound as a tan solid.

'H NMR (400 MHz, CDCl3 , 25 'C) 6 5.57 (s, IH), 5.96 (in, 1H), 6.09 (in, IH), 6.19 (in, 1H),

6.77 (in, I H), 6.83 (in, 1H), 7.27 (in, I H), 7.43 (in, 1H), 7.53 (in, 1H), 8.10 (in, I H), 8.34 (bs,

lH), 8.50 (in, IH), 8.53 (in, IH), 8.78 (m, IH), 9.06 (m, IH), 9.71 (bs, 1H).

1-Picolinoyl-5-(4-pyridyl)dipyrromethane (27)

In an oven-dried flask, 0.50 g 5-(4-pyridyl)dipyrromethane (16) (2.2 mmol) was

dissolved in 10 mL anhydrous THF under an argon atmosphere to afford a tan solution. Then 5.5

mL EtMgBr (1 M solution in THF) was slowly added and the resultant dark brown solution was

stirred at room temperature for 10 minutes. The solution was cooled to -78 'C in a dry

ice/acetone bath and a solution of 0.39 g S-2-pyridyl picolinothioate (22) (1.8 mmol) in 10 mL

anhydrous THF was added; the resultant mixture was stirred at -78 'C for 10 minutes. The

solution was then warmed to room temperature and stirred for an additional 3 hours. Saturated

NH 4Cl was added and the product was extracted with EtOAc; the combined organics were

washed with water and brine then dried over Na 2SO4. Solvent was removed by rotary

evaporation to afford a brown oil. The crude reaction mixture was loaded onto a silica gel

column packed with EtOAc. The product (second band, turns yellow-orange upon Br 2 staining

on TLC) was eluted with 100% EtOAc. After solvent removal, the tan residue was dissolved in a

minimal amount of EtOAc and subsequently precipitated with a large excess of hexanes and the

resultant solid was collected on a frit and washed with hexanes to afford 0.23 g (39% yield) of

the title compound as a tan solid. 'H NMR (500 MHz, CDCl 3, 25 'C) 8 5.57 (s, 1H), 6.01 (in,

1H), 6.11 (in, IH), 6.23 (in, 1H), 6.79 (in, 1H), 7.20 (in, 2H), 7.26 (in, IH), 7.44 (in, 2H), 7.88

(in, I H), 8.05 (bs, IH), 8.22 (in, IH), 8.53 (bs, IH), 8.59 (in, 2H).
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1-Isonicotinoyl-5-(3-pyridyl)dipyrromethane (28)

In an oven-dried flask, 1.52 g 5-(3-pyridyl)dipyrromethane (17) (6.8 mmol) was

dissolved in 15 mL anhydrous THF under an argon atmosphere to afford a tan solution. Then 17

mL EtMgBr (1 M solution in THF) was slowly added and the resultant dark brown solution was

stirred at room temperature for 10 minutes. The solution was cooled to -78 'C in a dry

ice/acetone bath and 1.48 g S-2-pyridyl isonicotinothioate (20) (6.8 mmol) was added as a solid

in one portion; the resultant mixture was stirred at -78 'C for 10 minutes. The solution was then

warmed to room temperature and stirred for an additional 3 hours. Saturated NH4CI was added

and the product was extracted with EtOAc; the combined organics were washed with water and

brine then dried over Na2 SO4 . Solvent was removed by rotary evaporation to afford a brown oil.

The crude reaction mixture was loaded onto a silica gel column packed with EtOAc. The product

(second band, turns yellow-orange upon Br2 staining on TLC) was eluted with 100% EtOAc.

After solvent removal, the oily brown residue was dissolved in a minimal amount of EtOAc and

subsequently precipitated with a large excess of hexanes and the resultant solid was collected on

a frit and washed with hexanes to afford 1.35 g (60% yield) of the title compound as a tan solid.

'H NMR (500 MHz, CDC 3, 25 'C) 8 5.56 (s, 1H), 5.96 (m, 1H), 6.07 (m, 1H), 6.20 (m, lH),

6.78 (m, IH), 6.82 (m, IH), 7.29 (m, I H), 7.53 (m, I H), 7.64 (m, 2H), 8.08 (bs, 1 H), 8.53 (m,

IH), 8.56 (m, I H), 8.78 (m, 2H), 9.42 (bs, IH).

I-Nicotinoyl-5-(4-pyridyl)dipyrromethane (29)

In an oven-dried flask, 1.00 g 5-(4-pyridyl)dipyrromethane (16) (4.5 mmol) was

dissolved in 10 mL anhydrous THF under an argon atmosphere to afford a tan solution. Then

11.5 mL EtMgBr (1 M solution in THF) was slowly added and the resultant dark brown solution

was stirred at room temperature for 10 minutes. The solution was cooled to -78 'C in a dry
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ice/acetone bath and 0.98 g S-2-pyridyl nicotinothioate (21) (4.5 mmol) was added as a solid in

one portion; the resultant mixture was stirred at -78 'C for 10 minutes. The solution was then

warmed to room temperature and stirred for an additional 3 hours. Saturated NH 4CI was added

and the product was extracted with EtOAc; the combined organics were washed with water and

brine then dried over Na 2SO4. Solvent was removed by rotary evaporation to afford a brown oil.

The crude reaction mixture was loaded onto a silica gel column packed with EtOAc. The product

(second band, turns yellow-orange upon Br 2 staining on TLC) was eluted with 100% EtOAc.

After solvent removal, the oily brown residue was dissolved in a minimal amount of EtOAc and

subsequently precipitated with a large excess of hexanes and the resultant solid was collected on

a frit and washed with hexanes to afford 0.52 g (35% yield) of the title compound as a tan solid.

H NMR (500 MHz, CDCl3, 25 'C) 5.54 (s, lH), 5.98 (in, 1H), 6.09 (in, IH), 6.20 (in, IH),

6.78 (in, 1H), 6.84 (in, 1H), 7.15 (m, 2H), 7.43 (in, IH), 8.11 (in, 1H), 8.16 (bs, 1H), 8.57 (in,

2H), 8.78 (in, 1H), 9.06 (in, 1H), 9.56 (bs, 1H).

1-Picolinoyl-5-(3-pyridyl)dipyrromethane (30)

In an oven-dried flask, 1.52 g 5-(3-pyridyl)dipyrromethane (17) (6.8 mmol) was

dissolved in 15 mL anhydrous THF under an argon atmosphere to afford a tan solution. Then 17

mL EtMgBr (1 M solution in THF) was slowly added and the resultant dark brown solution was

stirred at room temperature for 10 minutes. The solution was cooled to -78 'C in a dry

ice/acetone bath and 1.48 g S-2-pyridyl picolinothioate (22) (6.8 mmol) was added as a solid in

one portion; the resultant mixture was stirred at -78 'C for 10 minutes. The solution was then

warmed to room temperature and stirred for an additional 3 hours. Saturated NH 4C1 was added

and the product was extracted with EtOAc; the combined organics were washed with water and

brine then dried over Na,S0 4. Solvent was removed by rotary evaporation to afford a brown oil.
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The crude reaction mixture was loaded onto a silica gel column packed with EtOAc. The product

(second band, turns yellow-orange upon Br2 staining on TLC) was eluted with 100% EtOAc.

After solvent removal, the oily brown residue was dissolved in a minimal amount of EtOAc and

subsequently precipitated with a large excess of hexanes and the resultant solid was collected on

a frit and washed with hexanes to afford 0.79 g (35% yield) of the title compound as a tan solid.

H NMR (500 MHz, CDCl3 , 25 'C) 8 5.59 (s, 1H), 5.98 (in, 1H), 6.09 (in, 1H), 6.22 (m, 1H),

6.79 (in, lH), 7.26 (in, 1H), 7.28 (in, IH), 7.43 (overlapping m, IH), 7.44 (overlapping m, IH),

7.56 (m, IH), 7.87 (m, I H), 8.20 (overlapping bs, I H), 8.22 (overlapping bs, IH), 8.54 (m, I H),

8.55 (in, 2H).

1-Isonicotinoyl-5-(2-pyridyl)dipyrromethane (31)

In an oven-dried flask, 1.16 g 5-(2-pyridyl)dipyrromethane (18) (5.2 mmol) was

dissolved in 11 mL anhydrous THF under an argon atmosphere to afford a tan solution. Then 13

mL EtMgBr (1 M solution in THF) was slowly added and the resultant dark brown solution was

stirred at room temperature for 10 minutes. The solution was cooled to -78 'C in a dry

ice/acetone bath and 0.98 g S-2-pyridyl isonicotinothioate (20) (4.5 mmol) was added as a solid

in one portion; the resultant mixture was stirred at -78 'C for 10 minutes. The solution was then

warmed to room temperature and stirred for an additional 3 hours. Saturated NH 4Cl was added

and the product was extracted with EtOAc; the combined organics were washed with water and

brine then dried over Na2SO 4. Solvent was removed by rotary evaporation to afford a brown oil.

The crude reaction mixture was loaded onto a silica gel column packed with EtOAc. The product

(second band, turns yellow-orange upon Br 2 staining on TLC) was eluted with 100% EtOAc.

After solvent removal, the oily brown residue was dissolved in a minimal amount of EtOAc and

subsequently precipitated with a large excess of hexanes and the resultant solid was collected on
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a frit and washed with hexanes to afford 0.28 g (19% yield) of the title compound as an orange-

tan solid. 'H NMR (400 MHz, CDC 3, 25 C) 6 5.53 (s, 1H), 6.07 (in, 1H), 6.11 (in, 1H), 6.15

(in, 1 H), 6.74 (in, 1H), 6.76 (in, I H), 7.26 (in, 1H), 7.34 (in, IH), 7.61 (m, 2H), 7.71 (in, I H),

8.70 (in, lH), 8.75 (in, 2H), 9.14 (bs, 1H), 10.01 (bs, 1H).

5-(4-Methoxycarbonylphenyl)-10,15,20-tris(4-pyridyl)porphyrin (10)

In a 10 mL microwave tube, 69 mg 1-isonicotinoyl-5-(4-pyridyl)dipyrromethane (25)

(0.2 mmol) and 76 mg 1 -isonicotinoyl-5-(4-rmethoxycarbonylphenyl)dipyrromethane (24) (0.2

mmol) were dissolved in 4 mL toluene to afford a dark brown-black suspension. After the

addition of 0.6 mL DBU (0.6 g, 4.0 mmol), the suspension became a red solution and was stirred

for 5 minutes at room temperature. MgBr2 (420 mg, 2.3 mmol) was added and an additional 1

mL toluene was added to rinse the walls of the tube. The resultant orange-brown suspension was

placed in a microwave reactor and irradiated at 115 'C for 2 hours. The reaction mixture was

transferred to a flask, dissolved in THF, and the solvent was removed by rotary evaporation. The

residue was dissolved in EtOAc, washed with water, and brought to dryness under rotary

evaporation. The magnesium porphyrins of the crude reaction mixture were demetallated by

dissolving the residue in 10 mL CH 2Cl 2 and adding 0.2 mL TFA (0.3 g, 2.6 mmol); the resulting

green solution was stirred at room temperature for 30 minutes. Then 0.4 mL NEt3 (0.3 g, 2.9

mmol) was added and the reaction mixture was washed with water and brine, dried over Na2SO 4,

and brought to dryness. The residue was loaded onto a silica gel column and eluted with EtOAc.

After removal of the trans-A2B 2 product, the solvent was changed to 4% MeOH in EtOAc to

give 15 mg (11% yield) of the title compound. 'H NMR (500 MHz, CDCl 3, 25 'C) 6 -2.90 (bs,

2H), 4.12 (s, 3H), 8.16 (in, 6H), 8.30 (in, 2H), 8.47 (in, 2H), 8.82-8.89 (bm, 8H), 9.06 (in, 6H).
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5,10-Diphenyl-15,20-bis(3-pyridyl)porphyrin (32)

In a 10 mL microwave tube, 60 mg 1-nicotinoyl-5-(3-pyridyl)dipyrromethane (26) (0.18

mmol) and 60 mg 1-benzoyl-5-phenyldipyrromethane (23) (0.18 mmol) were dissolved in 4 mL

toluene to afford a dark brown-black suspension. After the addition of 0.6 mL DBU (0.6 g, 4.0

mmol), the suspension became a red solution and was then stirred for 5 minutes at room

temperature. MgBr2 (453 mg, 2.5 mmol) was added and an additional 1 mL toluene was added to

rinse the solids down the tube and the resultant orange-brown suspension was placed in a

microwave reactor and irradiated at 115 'C for 2 hours. The reaction mixture was transferred to a

flask, dissolved in THF, and the solvent was removed by rotary evaporation. The residue was

dissolved in EtOAc, washed with water and brine, dried over Na2SO 4, and brought to dryness.

The crude reaction mixture was purified on a silica gel column using EtOAc as the eluent to

remove the first major band, Mg(TPP). The solvent was then switched to 5% MeOH in EtOAc to

elute the desired product, the second fluorescent band on the column. The A4 complex remained

at the top of the column and was not isolated. The magnesium complex was demetallated by

dissolving the solid in 10 mL CH 2 Cl2 and adding 0.2 mL TFA (0.3 g, 2.6 mmol); the resulting

green solution was stirred at room temperature for 30 minutes. Then 0.4 mL NEt 3 (0.3 g, 2.9

mmol) was added and the reaction mixture was washed with water and brine, dried over Na2SO 4,

and brought to dryness. The free-base porphyrin (27 mg, 24% yield) was then used without

further purification. 'H NMR (500 MHz, CDCl3 , 25 'C) -2.81 (bs, 2H), 7.75-7.81

(overlapping m, 6H), 7.79 (overlapping m, 2H), 8.22 (d, J= 6.1 Hz, 4H), 8.53 (d, J 6.8 Hz,

2H), 8.80 (d, J= 4.7 Hz, 2H), 8.84 (s, 2H), 8.87 (s, 2H), 8.91 (d, J= 4.7 Hz, 2H), 9.06 (m, 2H),

9.46 (s, 2H).
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5,10-Diphenyl-1 5,20-bis(3-pyridyl)porphyrinatopalladium(11) (Pd-32)

In a 10 mL microwave tube, 16 mg of the free-base porphyrin 32 (0.03 mmol) was

dissolved in 3 mL pyridine and 55 mg Pd(acac) 2 (0.2 mmol) was added. An additional 1 mL of

pyridine was added to rinse solids down the tube. The resultant solution was placed in a

microwave reactor and irradiated at 180 'C for 20 minutes. The crude reaction mixture was

filtered through a plug of Celite and rinsed with CH2 Cl2; the collected orange filtrate was

brought to dryness. The palladium complex was purified on a silica gel column using EtOAc as

the eluent to give 7 mg (32% yield) of the title product. 'H NMR (500 MHz, CDC 3, 25 OC) 6

7.72-7.80 (in, 8H), 8.16 (in, 4H), 8.48 (m, 2H), 8.46 (d, J= 5.1 Hz, 2H), 8.80 (d, J- 2.2 Hz,

2H), 8.84 (s, 2H), 8.87 (d, J= 5.1 Hz, 2H), 9.04 (m, 2H), 9.42 (in, 2H).

5,10-Diphenyl-15,20-bis(4-pyridyl)porphyrinatomagnesium(II) (Mg-33)

In a 10 mL microwave tube, 60 mg 1-isonicotinoyl-5-(4-pyridyl)dipyrromethane (25)

(0.18 mmol) and 60 mg 1 -benzoyl-5-phenyldipyrromethane (23) (0.18 mmol) were dissolved in

4 mL toluene to afford a dark brown-black suspension. After the addition of 0.6 mL DBU (0.6 g,

4.0 mmol), the suspension became a red solution and was then stirred for 5 minutes. MgBr2 (444

mg, 2.4 mmol) was added and an additional I mL toluene was added to rinse the solids down the

tube and the resultant orange-brown suspension was placed in a microwave reactor and irradiated

at 115 'C for 2 hours. The reaction mixture was transferred to a flask, dissolved in THF, and the

solvent was removed by rotary evaporation. The residue was dissolved in EtOAc, washed with

water and brine, dried over Na2SO 4, and brought to dryness. The crude reaction mixture was

purified on a silica gel column using ethyl acetate as the eluent to remove the first major band,

Mg(TPP). The solvent was then switched to 5% MeOH in EtOAc to elute the desired product,

the second fluorescent band on the column. The A4 complex with four 4-pyridyl groups
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remained at the top of the column and was not isolated. Solvent was removed by rotary

evaporation to afford 27 mg (23% yield) of the magnesium complex. H NMR (400 MHz,

CDC 3, 25 0C) 8 7.40 (bs, 4H), 7.58 (m, 2H), 7.67-7.77 (m, 6H), 8.16 (m, 4H), 8.20 (bs, 2H),

8.28 (m, 2H), 8.46 (d, J= 5.0 Hz, 2H), 8.79 (d, J= 4.6 Hz, 2H), 8.89 (s, 2H).

5,10-Diphenyl-15,20-bis(4-pyridyl)porphyrinatopalladium(1I) (Pd-33)

The magnesium complex was demetallated by dissolving 11 Img of Mg-33 (0.017 mmol)

in 10 mL CH 2C 2 and adding 0.2 mL TFA (0.3 g, 2.6 mmol); the resulting green solution was

stirred at room temperature for 30 minutes. Then 0.4 mL NEt3 (0.3 g, 2.9 mmol) was added and

the reaction mixture was washed with water and brine, dried over Na 2SO 4, and brought to

dryness to give the crude free-base porphyrin 33, which was used without further purification.

The residue was dissolved in 3 mL pyridine and transferred to a 10 mL microwave tube and 51

mg Pd(acac) 2 (0.17 mmol) was added. An additional I mL of pyridine was added to rinse solids

down the tube. The resultant solution was placed in a microwave reactor and irradiated at 180 'C

for 20 minutes. The crude reaction mixture was filtered through a plug of Celite and rinsed with

CH 2CI 2; the collected orange filtrate was brought to dryness. The palladium complex was

purified on a silica gel column packed with CH 2C12 using EtOAc as the eluent followed by 10%

MeOH in EtOAc to give 5 mg (40% yield) of the title product as an orange solid. 'H NMR (500

MHz, CDCl3, 25 0C) 8 7.72-7.79 (m, 6H), 8.11 (m, 4H), 8.14 (m, 4H), 8.74 (d, J= 4.9 Hz, 2H),

8.78 (s, 2H), 8.82 (s, 2H), 8.85 (d, J = 4.9 Hz, 2H), 9.01 (m, 4H).

1,9-Diisonicotinoyl-5-(4-pyridyl)dipyrromethane (34)

In an oven-dried flask, 1.40 g 5-(4-pyridyl)dipyrromethane (16) (6.3 mmol) was

dissolved in 6.5 mL anhydrous THF under an argon atmosphere. Then 38 mL MesMgBr (1 M

solution in THF) was slowly added and the resultant solution was stirred at room temperature for
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10 minutes. Then 2.88 g isonicotinoyl chloride hydrochloride (16.2 mmol) was added as a solid

in one portion and the resultant solution was stirred at room temperature for 45 minutes under

argon. Saturated NH 4Cl was added and the product was extracted with EtOAc; the combined

organics were washed with saturated NaHCO3 , water, and brine. The reaction mixture was

purified on a silica gel column packed with EtOAc, using this solvent as the initial eluent. After

eluting the column for two days to remove the 1-isonicotinoyl-5-(4-pyridyl)dipyrromethane (25)

byproduct, the solvent was changed to 1:4 MeOH:EtOAc to elute the desired 1,9-diacyl

dipyrromethane. Due to the polarity of the product, the product was very difficult to separate and

could not readily be separated from 25. A 'H NMR of pure product could not be obtained, as

signals from 25 dominated every acquired spectrum.

Dibutyl[5,10-dihydro-1,9-diisonicotinoyl-5-(4-pyridyl)dipyrrinatoltin(IV) (Sn-34)

In an oven-dried flask, 1.42 g 5-(4-pyridyl)dipyrromethane (16) (6.4 mmol) was

dissolved in 10 mL anhydrous THF under an argon atmosphere. Then 40 mL MesMgBr (1 M

solution in THF) was slowly added and the resultant solution was stirred at room temperature for

10 minutes. Then 2.89 g isonicotinoyl chloride hydrochloride (16.2 mmol) was added as a solid

in one portion and the resultant solution was stirred at room temperature for 1.5 hours under

argon. Saturated NH 4CI was added and the product was extracted with EtOAc; the combined

organics were washed with saturated NaHCO3, water, and brine, then subsequently dried over

Na2SO 4. Solvent was removed by rotary evaporation. The residue was dissolved in 30 ml CH 2Cl2

and 2.7 mL NEt3 (1.96 g, 19.4 mmol) was added. The solution was then treated with 2.07 g

Bu 2SnCl2 (6.8 mmol) and stirred at room temperature overnight. During this time, the reaction

mixture turned black and only decomposition products were observed by TLC.
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1,9-Dibenzoyl-5-phenyldipyrromethane (35)

In an oven-dried flask, 0.41 g 5-phenyldipyrromethane (14) (1.8 mmol) was dissolved in

40 mL toluene under a nitrogen atmosphere to afford a tan solution. Then 9 mL EtMgBr (1 M

solution in THF) was slowly added and the resultant amber solution was stirred at room

temperature for 20 minutes. Then 0.7 mL benzoyl chloride (0.85 g, 6 mmol) was added and the

resultant mixture was stirred for an additional hour at room temperature. Saturated (NH4)SO4

was added and the product was extracted with EtOAc (x3); the combined organics were washed

with water and brine then dried over Na2SO 4. Solvent was removed by rotary evaporation to

afford a brown oil. After the addition of a large excess of hexanes, a brown solid was obtained,

collected on a frit, and washed with hexanes, affording 0.16 g (20% yield) of the title product.

The compound used without further purification as only one spot was visible by TLC (100%

CH2Cl 2) and the 1H NMR spectrum indicated a nearly pure product. 'H NMR (400 MHz, CDCl 3,

25 'C) 8 5.66 (s, 1H), 6.04 (m, 2H), 6.68 (m, 2H), 7.40-7.47 (in, 9H), 7.78-7.44 (m, 6H), 10.63

(bs, 2H).

5,10,15-Triphenyl-20-(4-pyridyl)porphyrin (37)

In an oven-dried flask, 90 mg 1,9-dibenzoyl-5-phenyldipyrromethane (35) (0.21 mmol)

was dissolved in 12 mL anhydrous THF and 4 mL anhydrous MeOH under a nitrogen

atmosphere to give a brown solution. Then, 0.42 g NaBH 4 (11 mmol) was added and the

resultant tan-orange mixture was stirred at room temperature for 1 hour. Water was added to

quench excess NaBH 4 and the product was extracted with CH 2C 2 and dried over K2CO 3 to

afford a solution of the corresponding dicarbinol (36). Since the dicarbinol is prone to

decomposition, the solution was concentrated to near-dryness without heating. The residue was

then dissolved in 50 mL MeCN and 45 ing 5-(4-pyridyl)dipyrromethane (16) (0.20 mmol) and
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1.22 g Yb(OTf) 3 (2.0 mmol) were added; the resulting red solution was stirred at room

temperature for 1 hour, protected from light. DDQ (183 mg, 0.81 mmol) was added and the

solution was stirred at room temperature for an additional hour. NEt 3 (2 mL, 1.6 g, 16 mmol)

was then added and stirred for an additional 30 minutes. Ethyl acetate was added and the reaction

mixture was washed with water and brine, dried over Na2SO 4, and brought to dryness. The

product was purified on a silica gel column using EtOAc as the eluent to obtain 30 mg (24%

yield) of the title compound. 'H NMR (400 MHz, CDCl 3, 25 C) 5 -2.80 (bs, 2H), 7.75-7.80 (m,

9H), 8.17 (m, 2H), 8.22 (in, 6H), 8.80 (d, J= 4.5 Hz, 2H), 8.86 (s, 4H), 8.90 (d, J= 4.7 Hz, 2H),

9.03 (m, 2H).

5,10,15-Triphenyl-20-(4-pyridyl)porphyrinatopalladium(II) (Pd-37)

In a 10 mL microwave tube, 30 mg of the free-base porphyrin 37 (0.049 mmol) was

dissolved in 3 mL pyridine and 136 mg Pd(acac) 2 (0.4 mmol) was added. An additional 1 mL of

pyridine was added to rinse solids down the tube. The resultant solution was placed in a

microwave reactor and irradiated at 180 'C for 20 minutes. The crude reaction mixture was

filtered through a plug of Celite and rinsed with CH2Cl2; the collected orange filtrate was

brought to dryness. The palladium complex was purified on a silica gel column using CH2 Cl2 as

the eluent to give 6 mg (17% yield) of the title product. 'H NMR (500 MHz, CDCl 3, 25 OC) 8

7.72-7.80 (m, 9H), 8.13 (m, 2H), 8.16 (m, 6H), 8.75 (d, J= 5.1 Hz, 2H), 8.82 (s, 4H), 8.85 (d, J

= 5.1 Hz, 2H), 9.02 (m, 2H).

1-Bromo-9-isonicotinoyl-5-(4-pyridyl)dipyrromethane (38)

In an oven-dried flask, 125 mg I-isonicotinoyl-5-(4-pyridyl)dipyrromethane (25) (0.38

mmol) was dissolved in 8 mL anhydrous THF under argon. The mixture was briefly heated with

a heat gun to ensure that all of the solid material had dissolved. The solution was cooled to -78
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'C in a dry ice/acetone bath and 70 mg N-bromosuccinimide (0.39 mmol) was added as a solid in

several small portions. The resultant mixture was stirred at -78 C for 1 hour. After removing the

bath, water (20 mL) and hexanes (20 mL) were added and the biphasic solution was stirred and

allowed to warm to room temperature. The product was extracted with EtOAc and the combined

organics were washed with water and brine then dried over K2C0 3. Solvent was removed by

rotary evaporation without heating. The crude material was filtered over a plug of silica with

EtOAc to afford 134 mg (87% yield) of the title compound as a yellow solid. The product was

stored at 4 'C protected from light. 'H NMR (500 MHz, CDCl 3, 25 'C) 6 5.47 (s, IH), 5.90 (m,

I H), 6.10 (m, I H), 6.13 (in, I H), 6.83 (m, IH), 7.14 (m, 2H), 7.64 (m, 2H), 8.05 (bs, IH), 8.61

(m, 2H), 8.79 (m, 2H), 9.43 (bs, I H).

1 -Bromo-1 5-(4-methoxycarbonylphenyl)-1 9-(isonicotinoyl)-5,1 0-bis(4-pyridyl)bilane (40)

In an oven-dried flask, 50 mg 1-bromo-9-isonicotinoyl-5-(4-pyridyl)dipyrromethane (38)

(0.12 mmol) was dissolved in 7 mL anhydrous THF and 3 mL anhydrous MeOH under argon.

Then, 166 mg NaBH 4 (4.4 mnol) was added as a solid in one portion and the resulting solution

was stirred at room temperature for 45 minutes, protected from light. Saturated NH 4C1 was added

to quench the excess NaBH4 and the product was extracted with Et 20; the combined organics

were then washed with water and brine then dried over K2CO 3 to afford a solution of the carbinol

(39). Since the carbinol is not very robust, the solution was concentrated to near-dryness without

heating. The residue was dissolved in 2 mL anhydrous MeCN and 47 mg 1-isonicotinoyl-5-(4-

methoxycarbonylphenyl)dipyrromethane (24) (0.12 mmol) and 39 mg Yb(OTf) 3 (0.06 mmol)

were added; the mixture was stirred at room temperature for 30 minutes, protected from light.

Over the course of the next 3.5 hours, 666 mg Yb(OTf) 3 (1.0 mmol) was added in several

portions. After 4 hours of total reaction time, 700 mg Yb(OTf) 3 (1.1 mnmol) was added in one
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portion and the mixture was stirred at room temperature overnight. The reaction mixture was

neutralized with 0.8 mL NEt 3 (0.3 g, 2.9 mmol) and the product was extracted with EtOAc. The

combined organics were washed with water and brine then dried over K2C0 3 . Solvent was

removed by rotary evaporation without heating to afford the crude bilane 40. Due to the

relatively clean conversion (as observed by TLC) to the bilane, the instability of the compound,

and the high polarity of this species, the crude residue was used without further purification.

5-(4-Methoxycarbonylphenyl)-10,15,20-tris(4-pyridyl)porphyrin (10)

The crude bilane 40 was dissolved in 3 mL anhydrous toluene and 0.2 mL DBU (0.2 g,

1.3 mmol) was added; the mixture was transferred to a 10 mL microwave tube and stirred for 5

minutes. Then 79 mg MgBr 2 (0.43 mmol) was added and the resultant suspension was placed in

a microwave reactor and irradiated at 115 'C for 2 hours. The reaction mixture was transferred to

a flask, dissolved in THF, and the solvent was removed by rotary evaporation. The residue was

dissolved in a minimal amount of EtOAc and filtered through a plug of silica, using EtOAc to

elute the fluorescent porphyrin material. The porphyrin was demetalted by dissolving the residue

in 10 mL CH2 Cl2 and adding 0.2 mL TFA (0.3 g, 2.6 mmol); the resultant green solution was

stirred at room temperature for 30 minutes. Then 0.4 mL NEt (0.3 g, 2.9 mmol) was added and

the reaction mixture was washed with water and brine, dried over Na2SO4, and brought to

dryness. The product was then purified on a silica gel column using EtOAc then 10% MeOH in

EtOAc to afford 12 mg (15% yield, based on the amount of 38 used in the bilane synthesis) of

the title compound. 'H NMR (500 MHz, CDCl3, 25 0C) 6 -2.90 (bs, 2H), 4.12 (s, 3H), 8.16 (in,

6H), 8.30 (in, 2H), 8.47 (m, 2H), 8.82-8.89 (bm, 8H), 9.06 (in, 6H).
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Water Solubilization of Pyridyl Porphyrins

5(4-Carboxyphenyl)-10,15,20-tris(4-pyridyl)porphyrinatopalladium(II) (Pd-41)

In a 10 mL microwave tube with three stir bars, 43 mg Pd-10 (0.55 mmol) was dissolved

in 2 mL of anhydrous inhibitor-free THF and 2 mL of 6M NaOH was added. The biphasic

mixture was irradiated in a microwave reactor for 12 hours at 80 'C. Concentrated HCl(aq) was

added dropwise to the reaction mixture until all of the solid material had dissolved. The mixture

was stirred for one hour in darkness. The crude reaction mixture was poured into water and the

product was extracted with CH2 Cl2 . Since the product was suspended in the organic layer, THF

was added to homogenize the organic layer. A third orange layer emerged between the two

layers, suggestive of protonation of the pyridyl substitutents. As a result, a sufficient quantity of

NEt 3 was added to neutralize it such that all of the material migrated to the organic layer. The

combined organics were dried over Na 2SO 4 and solvent was removed by rotary evaporation. The

crude material was filtered over a plug of silica using EtOAc followed by MeOH as the eluent.

The collected filtrate was concentrated, dissolved in CH 2Cl 2, and concentrated HCI was added to

ensure the protonation of the carboxylate; the resultant mixture was stirred in darkness at room

temperature for 1 hour. The product was extracted with CH 2Cl2 and a minimal amount of NEt3

was added to solubilize all of the porphyrin material. The combined organics were washed with

water (x2) and brine. After washing with brine, an orange precipitate formed between the two

layers. This material was collected on a frit and dried in an oven (-130 'C) overnight. This

material was used without further purification.
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5(4-Carboxyphenyl)-10,15,20-tris(4-methylpyridin-4-ium-1-yl)porphyrin triiodide (42)

Method : Starting from 43

In a 10 mL microwave tube with three stir bars, 20 mg 43 (0.018 mmol) was dissolved in

1 mL of H20 and 2 mL of 6M NaOH was added. The solution was irradiated in a microwave

reactor for 12 hours at 80 C. During the course of the reaction, a brown precipitate was formed.

This solid was collected on a frit and was washed with water and then 1 M HCl to remove brown

impurities, leaving a purple solid that was dried under vacuum.

Method 2: Starting from Zn-43

In a 10 mL microwave tube with three stir bars, the residue obtained from the synthesis

of Zn-43 was dissolved in 1 mL of H20 and 2 mL of 6M NaOH was added. The solution was

irradiated in a microwave reactor for 24 hours at 80 C. Concentrated HCl was added to the

reaction mixture and the resultant solution was stirred for 2 days. The solution was subsequently

neutralized with 6 M NaOH, resulting in a color change from green to purple, indicating the

presence of the neutral free-base porphyrin. The solution was brought to dryness.

5(4-Carboxyphenyl)-10,15,20-tris(4-methylpyridin-4-ium- I -yl)porphyrinatopalladium(II)

triiodide (Pd-42)

Method 1: Startingfrom Pd-41

The material collected from the preparation of Pd-41 was dissolved in 5 mL CH 2Cl 2 and

a few drops of TFA were added to solubilize the material. lodomethane (I mL, 2.3 g, 16 mmol)

was added and the resultant mixture was stirred at room temperature for 18.5 hours. Solvent was

removed by rotary evaporation. It was found that the residue was soluble in CH 2Cl 2, suggesting

that the alkylation reaction was unsuccessful.
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Method 2: Starting from Pd-43

In a 10 mL microwave tube with three stir bars, 14 mg Pd-43 (0.012 mmol) was

dissolved in 2 mL of anhydrous inhibitor-free THF and 2 mL of 6M NaOH was added. The

biphasic mixture was irradiated in a microwave reactor for 24 hours at 80 'C. During the course

of the reaction, a brown precipitate formed. This solid was collected on a frit and was washed

with water and dried under vacuum overnight to give 27 mg of material. The brown solid was

dissolved in pyridine and filtered though a 0.2 ptm syringe filter and the filtrate was brought to

dryness.

5(4-Methoxycarbonylphenyl)-10,15,20-tris(4-methylpyridin-4-ium-1-yl)porphyrin

trilodide (43)

In a 20 mL scintillation vial, 68 mg of 10 (0.10 mmol) was dissolved in 3 mL CH 2Cl 2 and

0.8 mL iodomethane (1.8 g, 13 mmol) was added. The resultant mixture was stirred in darkness

at room temperature overnight. Solvent was removed by rotary evaporation and the resultant

solid was washed with CH 2CI2 until the filtrate was clear. The solid material was dried under

vacuum overnight to afford 67 mg (61% yield) of material. 'H NMR (500 MHz, CD 30D, 25 0C)

8 4.05 (s, 3H), 4.73 (s, 9H), 8.29 (d, J= 8.2 Hz, 2H), 8.43 (d, J= 8.1 Hz, 2H), 8.72-9.24 (buried

bs, 4H), 8.88 (m, 6H), 8.97 (m, 4H), 9.29 (m, 6H).

5(4-Methoxycarbonylphenyl)-10,15,20-tris(4-methylpyridin-4-ium-1-yl)porphyrinato-

palladium(II) triiodide (Pd-43)

Beginning with 20 mg of 10 (0.030 mmol), the complex Pd-10 was prepared using the

above synthetic protocol and filtered over a plug of silica using acetone as the eluent. The filtrate

was brought to dryness and the residue was dissolved in 10 mL CH 2Cl 2 and filtered.

lodomethane (0.9 mL, 2.1 g, 14 mmol) was added and the resultant mixture was stirred at room
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temperature for 15.5 hours. Solvent was removed by rotary evaporation and the solid residue was

washed with CH 2Cl 2, affording 14 mg of material (39% yield, based on the starting amount of

10).

5(4-Methoxycarbonylphenyl)- 10,15,20-tris(4-methylpyridin-4-ium-1-yl)

porphyrinatozinc(II) triiodide (Zn-43)

In a 20 mL scintillation vial, 21 mg Zn-10 (0.028 mmol) was dissolved in 6 mL CH2C12

and 0.8 mL iodomethane (1.8 g, 13 mmol) was added and the resultant mixture was stirred in

darkness at room temperature overnight. Solvent was removed by rotary evaporation and the

solid residue was dissolved in water, filtered (leaving behind 18 mg of material), and the filtrate

was brought to dryness.

5(4-Methoxycarbonylphenyl)-10,15,20-tris(4-13-(pyridin-1-ium-1-yl)propane-1-

sulfonate])porphyrinatopalladium(II) (Pd-44)

In a 100 mL round bottom flask, 20 mg Pd-10 (0.026 mmol) was dissolved in 10 mL

benzene. Then 0.5 mL 1,3-propanesultone (0.70 g, 5.7 mmol) was added and the solution was

refluxed for 5 hours. During the course of the reaction, a red-purple precipitate formed; the solid

was collected on a frit and washed with benzene to afford 27 mg of material (91% yield). 'H

NMR (400 MHz, (CD 3)2SO, 25 'C) 2.59 (bm, 6H), 2.82 (bm, 6H), 4.05 (s, 3H), 5.06 (bm, 6H),

8.34 (m, 4H), 8.42 (m, 2H), 8.89 (m, 4H), 8.97 (m, 6H), 9.11 (m, 4H), 9.18 (m, 2H), 9.53 (in,

2H).

Porphyrins for Tt H-NOX

Palladium(11) Mesoporphyrin IX dimethyl ester (Pd-45)

In a 10 mL microwave tube, 50 mg 45 (0.084 mmol) and 90 mg Pd(acac) 2 (0.30 mmol)

were dissolved in 3 mL pyridine. The resultant mixture was irradiated in a microwave reactor for
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15 minutes at 180 'C. The crude reaction mixture was filtered through a plug of Celite and the

filtrate was brought to dryness. The residue was purified on a silica gel column using CH 2C 2 as

the eluent then increasing to 1:1 EtOAc:CH2 CI2. The solution was brought to dryness by rotary

evaporation to afford 59 mg (100% yield) of a red-purple solid. 'H NMR (400 MHz, CDC 3, 25

"C) 8 1.86 (t, 6H), 3.28 (t, 4H), 3.58 (s, 3H), 3.59 (s, 3H), 3.61 (s, 3H), 3.62 (s, 3H), 3.68 (s, 3H),

3.69 (s, 3H), 4.04 (m, 4H), 4.38 (m, 4H), 10.07 (overlapping s, 4H).

Platinum(II) Mesoporphyrin IX dimethyl ester (Pt-45)

In a 10 mL microwave tube, 50 mg 45 (0.084 mmol) and 101 mg Pt(acac) 2 (0.26 mmol)

were dissolved in 3 mL benzonitrile. The resultant mixture was irradiated in a microwave reactor

for 15 minutes at 180 'C. The crude reaction mixture was filtered through a plug of Celite and

the filtrate was brought to dryness. The residue was purified on a silica gel column using CH2 C 2

as the eluent then increasing to 1:1 EtOAc:CH2 C 2. The solution was brought to dryness by

rotary evaporation to afford 64 mg (97% yield) of a red-purple solid. 1H NMR (400 MHz,

CD2CI3 , 25 0C) 6 1.85 (t, 6H), 3.27 (t, 4H), 3.55 (s, 3H), 3.56 (s, 3H), 3.57 (s, 3H), 3.58 (s, 3H),

3.68 (overlapping s, 6H), 4.01 (m, 4H), 4.32 (m, 4H), 10.01 (overlapping s, 3H), 10.02 (s, 1H).

Palladium(II) Mesoporphyrin IX, disodium salt (Pd-46)

In a 10 mL microwave tube with three stir bars, 59 mg Pd-45 (0.084 mmol) was

dissolved in 3 mL of anhydrous inhibitor-free THF and 3 mL of 6M NaOH was added. The

biphasic mixture was irradiated in a microwave reactor for 16 hours at 80 'C. During the course

of the reaction, a precipitate was formed. The solid material was collected on a frit and dried

under vacuum.
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Platinum(H) Mesoporphyrin IX (Pt-46)

In a 10 mL microwave tube with three stir bars, 50 mg Pt-45 (0.063 mmol) was dissolved

in 3 mL of anhydrous inhibitor-free THF and 2 mL of 6M NaOH was added. The biphasic

mixture was irradiated in a microwave reactor for 12 hours at 80 'C. Concentrated HCl(aq) was

added dropwise to the reaction mixture until all of the solid material had dissolved. The mixture

was stirred for one hour in darkness. The crude reaction mixture was poured into water and a

precipitate formed. The solid material was collected on a frit, then dissolved in MeOH, and

subsequently brought to dryness to give 64 mg of material.

Physical Measurements and X-ray Crystallographic Details

'H NMR spectra were recorded at room temperature on a Varian Inova-500, Bruker

Avance-400, or Varian Mercury-300 NMR spectrometer at the MIT Department of Chemistry

Instrumentation Facility (DCIF) and internally referenced to the residual solvent signal (6 = 7.26

for CHC13 in CDCl3 , 8 = 5.32 for CHDCl 2 in CD 2Cl2, 6 = 3.31 for CD2HOD in CD 30D, 6 = 8.74

for C5 D4 HN in C5D5N, 6 = 2.50 for (CD 3)(CD 2 H)SO in (CD 3)2SO). 4 4 Low-temperature (100 K)

x-ray diffraction data was collected on a Siemens Platform three-circle diffractometer coupled to

a Bruker-AXS Smart Apex CCD detector with graphite-monochromated Mo KC radiation (k =

0.71073 A), performing cp- and 0)-scans. The data were processed and refined with the program

SAINT supplied by Siemens Industrial using standard difference Fourier techniques in the

SHELXL program suite (6.10 v., Sheldrick G. M., and Siemens Industrial Automation, 2000).

All hydrogen atoms were included in the model at geometrically calculated positions using a

riding model and refined isotropically; all non-hydrogen atoms were refined anisotropically. All

thermal ellipsoid plots are drawn at the 50% probability level with hydrogen atoms omitted for

clarity.
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Chapter 3

Quantum Dot-Porphyrin Assemblies as 02 Sensors
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3.1 Background

Having prepared a series of palladium and platinum porphyrins, as described in Chapter

2, the photophysical properties and oxygen sensitivity of these compounds were studied.

Following the sensing methodology outlined in Section 1.9, these porphyrins serve as phosphors

in a construct with semiconductor quantum dots. In such a system, the quantum dot serves as an

antenna for both one- and two-photon absorption. Through FRET, the quantum dot transfers

energy to the appended porphyrin, promoting it to an excited electronic state with concomitant

quenching of quantum dot luminescence. With the porphyrin in a triplet excited state, it interacts

with molecular oxygen through bimolecular quenching of the excited state, thereby returning the

phosphor to its electronic ground state. This chapter explores the photophysical properties of

these porphyrins and their assembly with quantum dots to furnish nanoscale oxygen sensors.

Fluorescent semiconductor nanocrystals or quantum dots (QDs) have high quantum

yields, photostability, narrow emission bands, and broad excitation profiles,' rendering them

ideal scaffolds for constructing optical biosensors. 2-4 By attaching an analyte-sensitive

fluorophore to the QD, F~rster resonance energy transfer (FRET) may be exploited as a means of

signal transduction. 5-7 Additionally, QDs exhibit high two-photon absorption cross-sections (02

~ 104 Gippert-Mayer, 1 GM = 10-50 cm 4.s/photon), 8- " making them attractive fluorophores for

multiphoton imaging. Near-IR excitation and detection (600-1000 nm) in the so-called

therapeutic window allows for imaging with minimal background signal from cellular

autofluorescence." This spectral window is readily accessed using two-photon excitation; this

imaging technique is nondestructive to tissue and provides high-resolution images of live tissue

at depths of several hundred microns with submicron spatial resolution. 2"3 Thus, QDs offer a

versatile platform from which to build supramolecular oxygen sensing assemblies.
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Many oxygen sensitive phosphors have been reported in the literature: osmium, 14

iridium,"1 and ruthenium'6 polypyridine complexes as well as pyrene.' 7 The most well-known

and best suited for our biological 02 sensing are platinum and palladium porphyrins due to their

strong room temperature phosphorescence in the 650-800 nm range and long (~102 [ts) triplet

lifetimes.18 Thus far, most oxygen sensing applications have immobilized these porphyrins in

polymer matrices, 20 on solid surfaces, or in mesoporous silica.is, Commercial palladium

porphyrins (Oxyphor R2) and benzoporphyrins (Oxyphor G2), which are available as water-

soluble glutamate dendrimers, have been used for solution oxygen sensing applications. The

long lifetimes of palladium porphyrins make them ideal for oxygen sensing in the biologically

relevant 0-160 torr range. Upon optical excitation of the porphyrin, rapid intersystem crossing to

a long-lived triplet state occurs. Molecular oxygen (a ground state triplet) deactivates the excited

state through collisional quenching, following Stern-Volmer kinetics. By monitoring the

intensity or lifetime of the triplet state of the phosphor, the amount of oxygen in a sample is

quantified. 24 However, porphyrins alone have prohibitively low two-photon absorption cross-

sections (02 = 1-25 GM for free-base tetraphenylporphyrin).2 5 An ideal oxygen sensor for

biological applications would combine the oxygen-sensitive properties of porphyrins with an

efficient two-photon antenna.

While Vinogradov and co-workers have reported a series of two-photon FRET-based

oxygen sensors in which a platinum or platinum porphyrin is covalently linked with coumarin

dyes serving as two-photon antennae, 26-29 the porphyrin/QD construct offers several advantages

over theses conjugates. QDs are more efficient two-photon absorbers than coumarin dyes (02 ~

104 GM for QDs versus 02= 20 GM for Coumarin-343 2 7). The photophysical properties, namely

the emission wavelength, of QDs are tunable,' enabling the optimization of spectral overlap with
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the appended phosphor and maximizing FRET efficiency; such tunability is not possible with

conventional organic fluorophores, which are quite limited in both spectral features and quantum

yield. Finally, our sensor features several porphyrins per QD rather than several two-photon

antennae per porphyrin, giving a greater porphyrin signal on a per sensor basis. Although free-

base porphyrin/QD assemblies have been previously prepared and studied as FRET systems,30 ~33

these systems have not been studied under two-photon excitation nor have been explored as

oxygen sensors. Both ruthenium bipyridine complexes34 and platinum porphyrins 3 ' 36 have been

used as oxygen sensors in conjunction with QDs, but in these systems the QD merely serves as

an internal intensity standard (nether a FRET donor nor a two-photon antenna). There are only

three examples of authentic FRET-based oxygen sensors with a QD serving as the FRET donor

and either pyrene,' 7 platinum octaethylporphine ketone, 37 or osmium bipyridine complexes 4

serving as the FRET acceptor. Of these, only the osmium example has been studied under two-

photon excitation. This sensor, however, suffers from low dynamic range at biologically relevant

oxygen pressures (0-160 torr). 4 The optical response of the pyrene-based sensor is in the 350-

400 nm range, which is outside the tissue transparency window and is not an ideal candidate for

biological imaging. 7 The platinum octaethylporphine ketone sensor is embedded in a polyvinyl

chloride matrix and coated on a micropipette; this is an invasive means of oxygen detection and

cannot be translated to in vivo applications.3 7

This chapter explores the photophysical properties of palladium and platinum porphyrins

as oxygen-sensitive phosphors. Additionally, supramolecular assemblies of a QD and a series of

palladium(II) porphyrins have been developed to determine PO2 in organic solvents. Porphyrins

with meso pyridyl substituents bind to the surface of the QD to produce self-assembled

nanosensors. High spectral overlap between QD emission and porphyrin absorption, results in
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efficient FRET for signal transduction in these sensors. The QD serves as a photon antenna,

enhancing porphyrin emission under both one- and two-photon excitation. While the two-photon

cross sections of porphyrins are prohibitively low, these assemblies demonstrate that palladium

porphyrins may be used for oxygen sensing under two-photon excitation.

3.2 Photophysical Studies of Pd-1 and Pt-1

In order to validate the claim that palladium and platinum porphyrins are appropriate

phosphors for low-pressure oxygen sensing, the photophysical properties of simple porphyrin

complexes of these two metals (Chart 3.1) were studied. This porphyrin was selected because it

bears a carboxylic acid group that can then be appended to the surface of a PIL-coated quantum

dot with terminal amines (see Chapter 1).

N N O

N N- OH

M-1

Chart 3.1. Molecular structure of the metalloporphyrins studied herein.

Compounds Pd-1 and Pt-1 display absorption spectra (Figure 3.1) typical of

hypsoporphyrins. 38' 39 The spectral features of Pt-1 are blue-shifted by approximately 15 nm

relative to Pd-1 (Table 3.1), which is consistent with the absorption properties of related

compounds. 9 Two broad features are observed in the emission spectra (Figure 3.1) and are

attributed to phosphorescence transitions from the triplet state and are assigned as T(0,0) for the
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blue band and T(0,1) for the red band. The emission spectrum of Pd-1 also exhibits a feature

centered at 610 nm and is attributed to the Q(0,1) fluorescence transition; this is a reasonable

assignment as this band is rather insensitive to oxygen, in contrast to the phosphorescent

transitions. For comparison, this transition has been observed at 606 nm for PdTPP.4 0 The

emission intensity of Pd-1 and Pt-1 in air versus vacuum is drastically different, demonstrating

that these compounds are responsive to the oxygen in the 0-160 torr range. Indeed, the

phosphorescence emission under vacuum is over 100 times greater than under air. This effect is

most pronounced for Pd-1, where the enhancement is 140 fold for T(0,0) and 230 fold for

T(0,1); the observed increase in signal was found to be 100-120 fold for Pt-1 at these transitions.

The triplet lifetimes (& = 525 nm for Pd-1 and Xex = 510 nm for Pt-1) were determined in 2-

methyltetrahydrofuran at room temperature under both air and vacuum (To). It was found that

Pd-1 exhibits triplet lifetimes of ~250 ns in air and 110 ts under vacuum; this nearly 500 fold

difference in lifetime suggests that this phosphor has a sufficient dynamic range to accurately

quantify oxygen in the 0-160 torr range. Although Pt-1 exhibited a similar lifetime in air (~220

ns), the vacuum lifetime was markedly shorter (~30 [ts) than the palladium analogue, exhibiting

only a 100 fold difference in the lifetime. These observations are consistent with studies of other

palladium and platinum porphyrins.3 8 3 9 The shorter lifetime of the platinum complex is due to

greater spin-orbit coupling with platinum than palladium,41 as this parameter scales with atomic

number. As a result, there is an enhancement of the rate of both radiative and nonradiative decay

pathways, which is consistent with a shorter lifetime.
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Table 3.1. Summary of Spectroscopic Data for Pd-i and Pt-i

Compounda B(OO) Q(1,0) Q(0,0) T(0,0)' T(0,1)' To (lts)c Tair (ns)

Pd-i 415 523 553 695 770 1 10  2d 2 4 6 3 d

Pt-i 401 509 538 663 728 26± 2e 219± 3e

a 2-Methyltetrahydrofuran solution, transition wavelengths are in units of nm, b Triplet transitions for

evacuated samples (< 10~5 torr), C Natural triplet lifetime for evacuated samples (< 10-5 torr),
d Xex = 525 nm, * ex= 510 nm
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Figure 3.1. Comparison of the steady state absorption (-) and emission spectra of (a) Pd-1 (Xex = 525 nm) and (b) Pt-i (Xex = 510
nm). While the emission intensity of the phosphor is almost completely quenched in the presence of air (~160 torr 02) (-), it is
greatly enhanced under vacuum (-).
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3.3 Photophysical Studies of Palladium Pyridyl Porphyrins

Chapter 2 described the synthesis of porphyrins bearing meso pyridyl substituents. Rather

than covalently conjugating these molecules to polymer-coated dots, the pyridyl ring may be

exploited as a means of coordinating the porphyrin to the surface of a CdSe quantum dot. This

self-assembly circumvents both the laborious synthesis of the PIL ligand and difficult coupling

chemistry, resulting in the rapid preparation of oxygen sensors. Additionally, this method

enables the facile preparation of sensors with variable porphyrin to quantum dot ratios and

allows for high loading of the phosphor so that sufficient signal can be generated for sensing

applications. In this sensing scheme (Figure 3.2), the QD is irradiated under two-photon

excitation and transfers energy via FRET to excite the surface-bound palladium porphyrin (Chart

3.2), which is promoted to an excited triplet state that is quenched by molecular oxygen; the

extent of quenching is proportional to the amount of oxygen. Since the QD is unaffected by

oxygen, its emission serves as an internal standard to afford a ratiometric sensor; thus, oxygen

may also be quantified using the ratio of porphyrin to QD emission.

FRET

3 FR O

3

Figure 3.2. Schematic representation of the sensing methodology. The quantum dot (QD) is
irradiated under two-photon excitation using NIR (700-1000 nm) light. QD emission is quenched
in the presence of a surface-bound porphyrin (3) and through FRET promotes the porphyrin to an
excited electronic state. The phosphorescence is then quenched in the presence of oxygen; the
lifetime and intensity of the emission is a quantitative measure of 02 concentration.
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3

Chart 3.2. Porphyrins bearing meso-pyridyl substituents that bind to the surface of CdSe
quantum dots.

Porphyrins 2-4 display absorption spectra (Figure 3.3) typical of hypsoporphyrins, 38'39

exhibiting an intense B band (Soret) centered around 415 nm and weaker bands at 523 nm for

Q(1,0) and 554 nm Q(0,0). These values are similar to other meso-substituted palladium

porphyrins; for comparison, PdTPP (TPP = 5,10,15,20-tetraphenylporphyrin) exhibits

absorbance features at 416, 522, and 551 nm.4' Extinction coefficients were measured in CH 2C 2,

as higher concentrations were achieved in this solvent, and fall in the typical ranges for

metalloporphyrins. 38 The porphyrin emission spectra (Figure 3.3) (kes = 525 nm) exhibit two

broad emission bands with maxima observed around 690 nm for T(0,0) and 760 nm for T(0,1)

and are similar to those observed for PdTPP (688 and ~760 nm).4 1 Table 3.2 summarizes the

static linear spectroscopic data for 2-4. Each porphyrin also exhibits a small emission feature

around 606 nm and is attributed to the Q(0,1) fluorescence transition. This is a reasonable

assignment as this band is rather insensitive to oxygen (similar intensity under both air and

vacuum) unlike the phosphorescence transitions (see below); this transition has been observed at

606 nm for PdTPP.4 0
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Table 3.2. Summary of Linear Spectroscopic Data for Pd Porphyrins and QD Assemblies

Compound' B(0,0), e Q(l,) Eb

2 414,240 522, 22

3 416,290 523,24

4 415, 250 523, 22

QD2 416 523

QD3 418 524

QD4 417 523

Toluene solution, transition wavelengths are

Triplet transitions for evacuated samples (<

Q(0,0), E? QDEm T(0,0)c

554, 3.6 - 684

554, 2.6 - 691

554, 2.8 - 691

554 517 684

555 518 692

553 516 691

in units of nm, b E in 103 M-1 cm', as

10-5 torr), d Phosphorescence quantum

T(0, 1) $p

753 0.014

760 0.011

760 0.014

754 0.040

763 0.027

761 0.018

determined in CH 2 Cl 2 ,

yield for evacuated samples

12
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Figure 3.3. Comparison of the steady state absorption (-) and emission spectra (Xex = 525 nm) of 2 (a), 3 (b), and 4 (c) in toluene.

While the emission intensity of the phosphor is almost completely quenched in the presence of air (~ 160 torr 02) (-), it is greatly
enhanced under vacuum (-).
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One additional feature observed in the emission spectrum of 3 is a small feature centered at 650

nm and is assigned to the Q(0,0) transition of the free-base derivative of 3. No traces of the free-

base were visible by NMR and subsequent chromatography was unable to remove this species.

Based on the size of the absorbance band and the ten-fold higher quantum yield (r = 0.13 for

H2TTP)42 over the Pd complex ($p = 0.011 for 3), it is estimated that the free-base is present at

most as a I% impurity. Since the fluorescence band of the free-base porphyrin is eclipsed by the

phosphorescence bands of 3 in the absence of oxygen (Figure 3.3b) and the fluorescence lifetime

of the free-base (Tair ~9 ns for free-base pyridyl porphyrins)32 is much shorter than 3 (Tair 300

ns), the presence of this species has little impact on the results presented herein. The relative

phosphorescence quantum yields were determined using [Ru(bpy) 3]Cl2 as a standard and are

between 1-2%, comparable to other Pd porphyrins ($p = 0.02 for PdTPP).43

The emission intensity of 2-4 in air versus vacuum (Figure 3.3) is significantly different,

demonstrating that these compounds are responsive to oxygen in the 0-160 torr range. Indeed,

the phosphorescence emission under vacuum is over 100 times greater than under air. This effect

is most pronounced for 2, where the enhancement is 500 fold for T(0,0) and 300 fold for T(0,1);

the observed enhancement was found to be 100-200 fold for both 3 and 4 at these transitions.

The triplet lifetimes (Xex = 525 nm) of 2-4 were determined in toluene at room temperature

under both air and vacuum (To) (Table 3.3), monitoring the emission at 685 nm. Decay traces

using data > 100 ns were fit to a monoexponential decay curve (Radj > 0.96). It was found that

2-4 exhibit triplet lifetimes of ~300 ns in air and ~150 [ts under vacuum; this 500 fold difference

in lifetime suggests that these phosphors have a sufficient dynamic range to accurately quantify

oxygen in the 0-160 torr range.
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Table 3.3. Summary of Lifetime Data for Pd Porphyrins

Compounda Tair (ns) To (s)b T air (ns) To (s)"

linear' linear' two-photon d two-photond

2 332 3' 154 12 556 ±40 157± 3

3 289 7 133 5 354 ±14 77± 5

4 305 6 144 6 365 ±12 80± 3

a Toluene solution, b Evacuated samples (< 10-5 torr), ke, = 525 nm,
d ke = 850 nm, e 95% Confidence interval

Although these compounds have low two-photon cross sections, sufficient signal was

observed to measure the lifetimes of 2-4 under two-photon (kEx = 850 nm) excitation (Table

3.3). After an extensive review of the literature, this is the first study that compares porphyrin

lifetimes under one- and two-photon excitation. Due to differences in selection rules for one- and

two-photon transitions, different states are accessed under these conditions. For one-photon

electronic transitions, the allowed transitions involve a change in parity (g ++ u), 44 whereas

allowed two-photon transitions involve a conservation of parity (g <-+ g or u ++ u).4 5 It has been

shown that differences in one- and two-photon lifetimes for linear polyenes are due to vibronic

coupling. 4 6 Since the role of vibronic coupling in porphyrins is well-established, 38 it is not

surprising that these lifetimes would be different for 2-4.

3.4 FRET Experiments

Having characterized the photophysical properties and the oxygen sensitivity of 2-4, the

interaction of these phosphors with a QD were studied. The quantum dot was judiciously chosen

such that the emission of the dot overlapped with the Q(1,0) absorbance band of 2-4, thereby

maximizing the spectral overlap integral. To this end, we selected a QD, denoted as QD, with a

first absorbance feature at 501 nm and emission band (k, = 450 nm) centered at 519 nm (Figure

3.4).
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Figure 3.4. Comparison of the steady state absorption (-) and emission spectra (-) of QD (kex

= 450 nm) in toluene.

Since 2-4 possess pyridyl rings capable of surface binding to QD, the FRET efficiency

was studied as a function of porphyrin ring geometry: two cis 4-pyridyl rings (2), two cis 3-

pyridyl rings (3), and a single 4-pyridyl ring (4). With the presence of two adjacent pyridyl rings,

the porphyrin may bind to the surface in a bidentate-like fashion. Titrations were performed in

which the same amount of QD (~400 picomoles or ~100 nM) was treated with 1, 2, 5, or 10

equivalents of 2-4. The interaction of QD and the porphyrins were monitored via absorption and

emission spectroscopy as well as QD luminescence decay (Figure 3.5). Each sample point in the

titration was prepared independently and incubated overnight at room temperature to ensure

equilibrium of the porphyrin binding to the surface QD. For emission spectra and decay traces,

the excitation wavelength was 450 nm where absorbance of 2-4 is minimal while that of QD is

relatively high.
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As expected, the absorbance spectra of the titrations are dominated by the B and Q bands

of the porphyrin. The emission spectra and QD luminescence decay traces are more indicative of

the energy transfer, as these demonstrate quenching of the QD emission as a function of

porphyrin concentration. It was found that one equivalent of 3 quenched QD emission to the

greatest extent, resulting in an 87% reduction in luminescence intensity, whereas the reduction is

only 54% and 27% for a single equivalent 2 and 4, respectively. Of these compounds, 4 is the

least effective quencher as 1 and 2 equivalents have nearly an identical effect on quenching QD

luminescence. Additionally, 10 equivalents of 4 reduced the QD emission by 72%, but the same

amount of 2 and 3 reduced QD emission by 97% in both cases. This result suggests that two cis

pyridyl rings are necessary for efficient binding to the QD surface.

This result is corroborated by the QD luminescence decay traces for each of the

porphyrins. In the absence of porphyrin, QD emission follows a biexponential decay (Radj 2 >

0.99) with components that reflect surface trapped states (17 ns) and exciton emission (5 ns). 47'48

While QD lifetimes have been fit to triexponential functions' to include Auger

recombination,5 0 the inclusion of a third term is an overparameterization of this data. Upon

porphyrin titration (Table 3.4), the QD emission is quenched and the decays were fit using with a

biexponential function (Radj 2 > 0.99). The use of a triexponential function is an

overparameterization of this data, giving components with lifetimes longer (> 30 ns) than QD

alone.

Since the formation of the QD/porphyrin constructs is a dynamic self-assembly, there

exists a discrete distribution of QD:porphyrin ratios at any point in the titration; this is best

described using a Poisson statistics, as has been previously suggested.32 The Poisson probability

distribution provides a good model for the probability, p(Y), that the number of events Y (i.e. the
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formation of assemblies with a given porphyrin:QD ratio) occur, where A is the average value of

Y (i.e. the number of porphyrin equivalents added to the QD solution): 5 '

p(Y) = (1)
Y!

where Y = 0, 1, 2, ... , and A > 0. For example, after the addition of one equivalent (A = 1) of

porphyrin, the probability that there are 0, 1, 2, or > 3 porphyrins per QD is 0.368, 0.368, 0.184,

and 0.080 respectively. A biexponential fit distills this distribution into two components and,

given the high correlation coefficient, serves as a sufficient means of representing the lifetimes

of the species in solution. The observed lifetimes and their relative amplitudes give an indication

of the species in solution and can thus indicate the relative binding abilities of 2-4. Indeed, for

one equivalent of 2, the two components are 14.5 ns (close to free QD) and 1.6 ns, suggesting

that as much as 20% of QD may lack a surface-bound porphyrin (as determined by the reduction

in the amplitude of the long component relative to free QD) while the other 80% may have one

or more porphyrins bound. This observation is consistent with the expected value (37%) of free

QD in solution based on the Poisson distribution. Conversely, one equivalent of 3 efficiently

quenches QD luminescence as the calculated lifetimes are significantly shorter than QD alone,

suggesting that this porphyrin efficiently binds to the QD surface, leaving few dots without a

surface-bound porphyrin. Of the three porphyrins, 4 is the least efficient quencher. The lifetime

calculations suggest that as much as 50% of QD lacks a surface-bound porphyrin after the

addition of one equivalent of 4 while this quantity is 34% (expected value of 14% based on the

Poisson distribution) after two equivalents have been added. While 2 and 3 are proposed to be

relatively immobilized due to two points of attachment, porphyrin 4, with a single 4-pyridyl

group, has greater conformational flexibility, resulting in a less efficient luminescence quenching

and thus a lower FRET efficiency.
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Table 3.4. Lifetime data for QD titration with Pd Porphyrins 2-4

Compound"

QD

2 -

2

2

2

3

3

3

3

4

4

4
4

7

Equivalents T1 (ns)

16.93 ± 0.36"

14.52 ± 0.98

7.55 2.90

2.30 0.45

1.27 0.13

5.40 2.15

2.47 0.56

1.65 0.32

1.73 0.96

16. 31 ±0. 31

15.89 0.21

13.97 0.99

12.13± 1.79

A1 (%)"

53

10

5

3

3

2

3

5

3

24

17

6

3

T2 (ns)

5.07 ± 0.95

1.63 ± 0.30

0.77 ± 0.16

0.37 ± 0.03

0.26 ± 0.03

0.70 ± 0.18

0.44 t 0.05

0.33 ± 0.03

0.29 0.04

2.54 ± 0.25

2.30 ± 0.08

1.69 ± 0.24

1.41 ± 0.30

(%)"

Toluene solution, kex = 450 nm, h Relative contribution to the biexponential fit,

Weighted average lifetime, calculated as Tasg = (AITI + A 2T-2)/100, d 95% confidence interval

A2

47

90

95

97

97

98

97

95

97

76

83

94

97

-----------------------------------------

Tavg (ns)

11.30± 1.22

2.80 ± 0.91

1.06 ± 0.12

0.42 ± 0.02

0.29 ± 0.01

0.76 ± 0.18

0.50 ± 0.02

0.40 ± 0.01

0.34 ± 0.05

5.86 ±2.60

4.63 2.16

2.36 0.51

1.66 0.15

1

2

5

10

1

2

5

10

2

5

10

-----------------------------------------

-----------------

-----------------

-----------------------------------------
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To describe the QD lifetime in a single quantity, the weighted average lifetime (Taxg, based on

the relative amplitudes of the lifetimes) was computed. This quantity monotonically decreases

with increasing porphyrin concentration and is reflective of the quenching efficiency of 2-4.

Based on the data, ten equivalents of 2 and 3 reduce the QD lifetime to -300 ps with a similar

emission intensity (vide supra), indicating that two cis pyridyl groups enhance surface binding

and increase QD quenching, resulting in efficient FRET.

QD Emission
2 Absorption

0)
CM)

N

E
0z

480 500 520 540 560 580 600

Wavelength (nm)

Figure 3.6. Normalized QD emission (-) (ke, = 450 nm) and absorption of 2 (-), illustrating

spectral overlap that accounts for the high FRET efficiency in QD2.

In order to better understand the energy transfer in these systems, the FRET parameters

(Table 3.5) were calculated based on 10 equivalents of each porphyrin (QD2-QD4). Ten

equivalents maximize the amount of porphyrin per dot while still allowing for QD emission to

serve as an internal intensity standard for ratiometric sensing. Based on the emission spectrum of

QD and the absorption spectra of 2-4, the spectral overlap integral J was determined (See

Section 3.7 regarding energy transfer analysis). Figure 3.6 illustrates the spectral overlap of the
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donor (QD) and acceptor (2). As expected, J is quite similar for all three assemblies, although

this quantity is slightly larger for QD3 than QD2 and QD4 due to the greater extinction

coefficients of 3 relative to 2 and 4.

Table 3.5. Summary of F6rster Energy Transfer Parameters

Compound m J (M- cm') r" (nm) Ro" (nm) E"

QD2 10 7.96 x 10 " 3.15 4.11 0.97

QD3 10 8.54 x 10-"4 3.19 4.15 0.97

QD4 10 7.89 x 10-4 4.25 4.10 0.85

"Calculated using Eq. 5, " Calculated using Eq. 3, C Calculated using Eq. 4

The F6rster distance (Ro), the donor-acceptor distance at which the FRET efficiency is 50%,

may now be calculated. The relative quantum yield of QD (CDD) was determined to be 0.72 using

fluorescein 27 as a reference. Using the QD lifetime with 10 equivalents of 2-4 (Table 3.4), the

FRET efficiency for each assembly was calculated. While the Fbrster distance is nearly identical

(4.1 nm) for each assembly, the calculated FRET efficiency varies due to differences in the

porphyrin's interaction with QD. This is quantified by calculating r, the donor-acceptor distance,

where m is taken to be 10, as the lifetimes used to calculate E were taken from titration data at 10

equivalents. The calculated FRET parameters are similar to those observed for free-base

porphyrin/QD assemblies. 30 It is seen that r is approximately 3 nm for QD2 and QD3 whereas it

is over I nm longer for QD4, thus demonstrating that two cis pyridyl rings enable better surface

binding that a single pyridyl moiety. Since the parameters for QD2 and QD3 are nearly identical,

the substitution motif (4-pyridyl versus 3-pyridyl) seems to be independent of the FRET

efficiency. This result is in contrast to other studies, 30 which showed that QD luminescence was

more efficiently quenched with 4-pyridyl-substituted free-base porphyrins than 3-pyridyl

analogues. These results indicate that one equivalent of 3 has a more drastic effect on the
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quenching of QD than 2 (Figure 3.5), although the net quenching with 10 equivalents of both is

nearly identical.

3.5 Characterization of QD Assemblies

Self-assembled sensors QD2-QD4 were prepared by equilibrating 10 equivalents of

porphyrin with QD and then studied using steady-state absorption and emission spectroscopy

(Table 3.2). The absorbance spectrum of these assemblies is a composite of porphyrin and QD

spectra, as demonstrated with QD2 in Figure 3.7; the increased absorbance at k < 400 nm in

QD2-QD4 relative to 2-4 is due to QD absorbance, which increases with decreasing

wavelength.

0.5

2
0.4 -_QD

' -QD2
0.3

C

e 0.2
0

0.1

0.0

300 400 500 600 700 800

Wavelength (nm)

Figure 3.7. Comparison of the absorption spectra of 2 (-), QD (-), and QD2 (-) in toluene.
The spectrum of QD2 represents a composite of the two constituent spectra. The increased
absorbance due to QD is pronounced in the 300-400 nm region.

Additionally, the emission spectra (kex = 450 nm) presented in Figure 3.8 exhibit features from

both the porphyrin and QD. A slight red shift (1-2 nm) was observed in the porphyrin

absorbance and emission bands of QD2-QD4 relative to 2-4; this phenomenon has been
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observed with both free-base porphyrins3 0 and pyrene' 7 bound to a QD surface. It is attributed to

an increase in the average dielectric constant, E, of the medium solvating the porphyrin:33 E =

2.379 for toluene versus ElI = 9.70 andE33 = 10.65 for CdSe.67 The emission of the QD in QD2-

QD4 is slightly blue-shifted (1-3 nm) relative to QD; such modulation of the QD surface states

has been previously observed52 5 3 with the surface binding of amines and is attributed to

electronic effects of the ligand.5 Using a similar argument for the observed red-shift of

porphyrin absorbance and emission, the blue-shift is likely due to a decrease in the dielectric

constant of the medium solvating the QD: E = 35.5 for triethylphosphine oxide 67 (as an analogue

for the surface trioctylphosphineoxide ligand) versus c = 13.26 for pyridine 67 and E =2.0 for

HTPP5 5 (as analogues for 2-4).

For evacuated samples, the intensity of the T(0,0) emission in QD2 and QD3 is

comparable to the QD emission signal in these samples, indicating that these assemblies have

sufficient signal to serve as sensors. This is in stark contrast to QD4 where the porphyrin

emission is only 6% of the QD emission, due to the inefficient surface binding and quenching of

QD luminescence, making it an inferior sensor. This result is also corroborated by the excitation

spectra (Figure 3.9), which were recorded by monitoring the porphyrin emission at 685 nm.

These plots are qualitatively similar to the absorbance spectra and serve as a means of probing

FRET interactions. Concentration-matched solutions of QD2-QD4 show that QD4 produces the

least emission signal, having an intensity that is approximately 50% of QD2. Because of the

similar extinction coefficients of 2-4, the excitation spectra of these compounds should be the

same in the absence of other effects. The variation in intensities is thus due to differences in

QD/porphyrin interactions and FRET efficiency. Upon binding to QD, the phosphorescence

quantum yield of the porphyrin increases relative to free species in solution (Table 3.2).
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Figure 3.8. Comparison of the steady state absorption (-) and emission spectra (Xex = 450 nm)
of QD2 (a), QD3 (b), and QD4 (c) in toluene. While the emission intensity of the phosphor is
almost completely quenched in the presence of air (~1 60 torr 02) (-), it is greatly enhanced
under vacuum (-).
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This phenomenon has been previously observed' 4 and is attributed to the porphyrin intercalating

in the capping ligand and preventing deactivation of the excited state via non-radiative pathways.

This effect also accounts for the enhanced lifetime of the surface-bound porphyrin relative to free

porphyrin (vide infra), as has been observed for other fluorophore systems. 14.17,48,56 Of these

assemblies, QD2 shows the greatest enhancement (nearly a three-fold increase) in quantum yield

upon surface binding. QD3 shows a similar increase, suggesting that these two assemblies

exhibit similar surface binding and corroborating the results of other experiments. QD4 only

shows a nominal increase in the phosphorescence quantum yield, indicating that this species does

not bind to the surface as efficiently and does not protect the phosphor from non-radiative decay

pathways.

8

7 QD2
61 -QD3

0 .QD40
Co 5

7- 4
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1 -Co

300 350 400 450 500 550 600
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Figure 3.9. Excitation spectra of concentration-matched evacuated toluene solutions of QD2
(-), QD3 (-), and QD4 (-) monitoring the emission at 685 nm; excitation light was removed
using a 590 nm long pass filter. The increased emission of these species in the 300-400 nm
region is due to QD absorbance at these wavelengths.
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In these assemblies, the role of the QD is to serve as an antenna for photon absorption,

manifesting in an enhancement of porphyrin emission. Under linear excitation (Xe = 450 nm), a

nearly four-fold enhancement in emission is observed when QD is present (Figure 3.10). This is

indicative of FRET excitation of the porphyrin since QD has a greater absorbance at 450 nm

relative to 2.
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Figure 3.10. Emission spectra (ke,= 450 nm) of concentration-matched toluene solutions of 2
(-) and QD2 (-) under vacuum. The enhancement of the emission intensity of QD2 is
attributed to FRET excitation of the porphyrin, as the QD has a greater absorbance at 450 nm
relative to 2.

While 2-4 still absorb under 450 nm excitation, the FRET enhancement with QD is more

dramatic under two-photon excitation (Xex = 800 nm), as the two-photon absorption cross-section

for QD is ~104 times greater than for 2 (vide supra). Figure 3.11 shows the two-photon emission

spectrum for concentration-matched solutions in three different 140 nm spectral windows (a-c)

in addition to a qualitative spectrum (d) that has been scaled to include all of the data on a single

plot. A significant 10-fold enhancement of the porphyrin emission in QD2 relative to 2 was
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observed in addition to a 70% reduction in QD emission for QD2 relative to QD. Additionally,

the two-photon lifetime decay traces (kex = 850 nm) show a 3-4 fold increase in signal for QD2

relative to 2. These results indicate that the QD serves as an absorption antenna and FRET donor,

resulting in enhanced porphyrin emission under both one- and two-photon excitation.
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Figure 3.11. Two-photon emission spectra (kes = 800 nm) of concentration-matched toluene
solutions of QD (-) and evacuated samples of 2 (-) and QD2 (-) in three different spectral
windows: 500 nm (a), 550 nm (b), and 650 nm (c). The emission intensity of the dot is quenched
in the presence of porphyrin, as observed in (b). 2 does not emit under two-photon excitation and
emission is only observable in the presence of QD, as shown in (c). (d) Qualitative two-photon
emission spectra constructed by concatenating (a), (b), and (c) and rescaling the emission
intensity. This is a qualitative representation of the data so that all of the data may be visualized
in a single plot.
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As shown in Figure 3.8, QD2-QD4 have similar oxygen sensitivity as 2-4, as evidenced

by the difference in the emission intensity in air versus vacuum. However, the extent of the

enhancement is markedly diminished relative to free porphyrin; this is attributed to the overall

lower amount of signal due to the FRET excitation of the porphyrin in QD2-QD4 relative to

direct excitation of Q(1,0) in 2-4. It was found that the greatest difference was observed for

QD2, where the enhancement is 100 fold for T(0,0) and 50 fold for T(0,1) and is consistent with

the result that 2 exhibits the greatest emission intensity enhancement. QD3 is somewhat less

sensitive with approximately a 50 fold enhancement for both triplet transitions whereas only a 10

fold enhancement is observed for QD4, presumably due to the lower FRET efficiency and thus

lower amount of total signal.

Triplet lifetimes (kx = 450 nm) of QD2-QD4 were determined in toluene at room

temperature under both air and vacuum (To) (Table 3.6); decay traces using data > 100 ns were fit

to a biexponential decay curve (Radj 2 > 0.96). In air, it was observed that the average lifetimes for

the assemblies were significantly shorter than observed for the porphyrins alone. This may be

due to self-quenching of the porphyrin on the surface of the quantum dot; this conclusion is

corroborated by the observed decrease in emission intensity after laser irradiation. Since the

porphyrin can absorb 450 nm light, it could be that the irradiation is inducing molecular motions

that are causing the formation of Yr-stacked dimers on the dot surface, resulting in significant

porphyrin quenching. The long component of the decay, albeit a rather small contribution, is due

to intercalation of the porphyrin in the capping ligands of the QD, protecting it from oxygen and

thereby lengthening the excited state lifetime, as has been observed previously. 1417,48 Under

vacuum, it appears that the shorter component is likely to be free porphyrin as this lifetime is

comparable to free porphyrin in solution (- 150 ts, Table 3.3).
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Table 3.6. Summary of Lifetime Data for QD Assemblies

Compound" Sample Excitation Ti A1 (%) T2 A2 (%) Tavg c

QD2 Air 450 nm 638 64 nsd 17 69 11 ns 83 174 ±92 ns

QD3 Air 450 nm 575 5 ns 1 29 1 ns 99 37 1 ns

QD4 Air 450 nm 550 6 ns 6 41 1 ns 94 72 7 ns

QD2 Vacuum" 450 nm 590 79 us 75 149 51 us 25 479 t26 us

QD3 Vacuum 450 nm 482 41 s 65 143 34 us 35 363 15 us

QD4 Vacuum 450 nm 578 111 ps 69 166 51 us 31 386 106 is

QD2 Air 850 nm 537lt 4 ns 100 -537±tl4 ns

QD3 Air 850 nm 401 4 ns 100 - 401 4 ns

QD4 Air 850 nm 430± 5 ns 100 - 430 5 ns

QD2 Vacuum 850 nm 270± 11 Is 62 60 10 us 38 190 16 us

QD3 Vacuum 850 nm 203 8 us 60 57 15 s 40 145 11 us

QD4 Vacuum 850 nm 101 5 us 100 - 101t 5 s

" Toluene solution, b Relative contribution to the biexponential fit, " Weighted average lifetime, calculated as

Tavg (A1T1 + A2T-2)/100, d 95% Confidence interval, " Evacuated samples (< 10-5 torr),'Due to instrumental

limitations, the fast component could not be resolved and the data was fit to a monoexponential decay,
g A biexponential fit was found to be an overparameterization of the data and was thus fit to a monoexponential

I0
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The significantly longer component may be attributed to the intercalation of the porphyrin in the

passivating ligand; this protects it from molecular collisions and other non-radiative decay

processes, thereby extending the radiative lifetime.

In addition to the one-photon lifetimes, the air and vacuum lifetimes of QD2-QD4 were

measured under two-photon irradiation (Xex = 850 nm) (Table 3.6). The observed lifetimes for

QD2 and QD3 are consistent with the phenomena observed in the one-photon case. The vacuum

data exhibits a shorter component (- 50 us) due to self-quenching on the quantum dot surface

and a longer component (- 200 ts) due to screening from non-radiative decay processes. It is

noteworthy that the average lifetime of the assemblies is quite similar to free porphyrin. This

suggests that, under two-photon excitation, the sensor behaves similarly to the porphyrin alone

under one-photon excitation. This is somewhat expected because the amount of energy

transferred from QD to porphyrin via FRET should be approximately 525 nm worth of energy

and the poprhyrin should behave similarly to direct excitation with 525 nm light under these

conditions. For QD4, a biexponential fit was found to be an overparameterization of the data.

The observed lifetime is rather similar to the two-photon lifetime of 4 and quite disparate from

the lifetimes of the other assemblies, indicating that binding to QD is less efficient than QD2 and

QD3; this result is consistent with titration experiments and calculated FRET efficiency (vide

supra). Presumably the air data for QD2 and QD3 would show a second component

corresponding to porphyrin self-quenching. Due to the bin size used for data acquisition (40 ns),

the second component could not be resolved and smaller bin sizes are not possible given the

instrumentation.
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3.6 Discussion and Conclusions

Preliminary photophysical studies of compounds Pd-1 and Pt-1 showed that both of these

compounds exhibit favorable properties for use in biological oxygen sensing: emission in the

tissue transparency window and a significant difference in triplet emission lifetime and intensity

in the 0-160 torr of 02 range. Due to the more red emission and longer to of Pd-I relative to Pt-

1, palladium complexes were selected as the compounds of choice. It was found that compounds

2-4 have similar absorption and emission spectral features, oxygen sensitivity, and triplet

lifetimes to Pd-1, suggesting that the nature of the meso substituent has little effect on these

properties.

Having studied the properties of compounds 2-4 alone, titrations of these compounds

with a solution of a quantum dot (QD) were performed. It was found that increasing the

porphyrin concentration resulted in a decrease of both the emission intensity and luminescence

lifetime of QD. This is due to a FRET interaction in which there is an energy transfer from the

QD to the porphyrin. The pyridyl substituents enable the porphyrin to bind to the surface of the

quantum dot. It was found that quenching of QD luminescence was least efficient with

compound 4, presumably due to the presence of a single pyridyl substituent. Both 2 and 3 exhibit

similar effective quenching with ten equivalents with the porphyrin, suggesting that the

bidentate-like or chelating nature of the porphyrin as a surface ligand is more important than the

substitution pattern of the meso substituent (3-pyridyl versus 4-pyridyl). Because of superior

spectral overlap and efficient surface binding, the FRET efficiency in these systems (QD2-QD4)

is 89-98%. The presence of the quantum dot serves as an efficient photon antenna, enhancing

porphyrin emission under both one- and two-photon excitation. This effect is more dramatic for

two-photon excitation, as the porphyrin alone has a low cross-section for two-photon absorption
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and minimal signal is observed in this case. While all of these assemblies QD2-QD4 are also

responsive to oxygen in the 0-160 torr range, QD2 possesses the best properties, exhibiting the

greatest enhancement in porphyrin emission under vacuum relative to air. This system has the

greatest phosphorescence quantum yield and the largest differences in the air and vacuum

lifetimes. Chapter 4 explores the modification of QD2 so that this sensor can be used in aqueous

media for biological oxygen sensing.

3.7 Experimental Details

Materials

The following chemicals were used as received: tris(2,2'-bipyridyl)dichlororuthenium(II)

hexahydrate ([Ru(bpy)]C1 2), 2',7'-dichlorofluorescein (fluorescein 27), toluene, acetonitrile, and

ethanol from Sigma-Aldrich; and sodium hydroxide (NaOH) from Mallinckrodt. 2-

methyltetrahydrofuran from Sigma-Aldrich was dried over sodium metal and benzophenone;

sample solutions were prepared by vacuum transfer of the solvent. Cadmium selenide core/shell

quantum dots (518 nm emission, QD Vision) were twice precipitated from toluene using EtOH

and redissolved in toluene prior to use. The following compounds were prepared as presented in

Chapter 2: 5(4-carboxyphenyl)-10,15,20-triphenylporphyrinatopalladium(I1) (Pd-1), 5(4-

carboxyphenyl)- 10,1 5,20-triphenylporphyrinatoplatinum(II) (Pt-1), 5-(4-methoxycarbonyl-

phenyl)-10,15,20-tris(4-pyridyl)porphyrinopalladium(II) (2), 5,10-diphenyl-15,20-bis(3-pyridyl)

porphyrinatopalladium(II) (3), and 5,10,15-triphenyl-20-(4-pyridyl)porphyrinatopalladium(II)

(4).

Preparation of QD/Porphyrin Assemblies

Toluene stock solutions of each palladium porphyrin 2-4 (~100 UM) and QD (-10 [M)

were prepared. The concentration of the QD stock solution was calculated using E35o = 4.34 x 105
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M_ cm- , as estimated using an empirical formula based on the first absorbance feature (k = 501

nm). 57 An aliquot of the QD stock (typically containing -1 nmol of dots) was dissolved in 4 mL

of toluene; an appropriate volume of the porphyrin stock was then added to give 10 molar

equivalents of porphyrin per QD. The resultant mixture was stirred overnight at room

temperature to allow equilibration of the porphyrin on the QD surface, to give assemblies QD2-

QD4.

Physical Measurements

UV-vis absorption spectra were acquired using a Cary 5000 spectrometer. Steady-state

emission and excitation spectra were recorded on a SPEX FluoroMax-3 spectrofluorimeter.

Relative quantum yields of porphyrins (Fsam) were calculated using [Ru(bpy) 3]Cl2 in MeCN as

the reference according to the following equation:

) ) )2Osam = (Dref( )( ) ) (2)
A~a Ire 7re

where A is the measured absorbance, i is the refractive index of the solvent, I is the integrated

emission intensity, and GFref is the emission quantum yield of the reference. Gt ref was taken to be

0.094 for an evacuated sample of [Ru(bpy) 3]Cl2 in MeCN. 8 The quantum yield of QD was

similarly determined using fluorescein 27 in 0.1 M NaOH (P = 0.87, rn = 1.335)59 as the

standard. Porphyrin samples for quantum yield measurements, vacuum lifetime (to)

measurements, and evacuated steady-state emission spectra were prepared using three cycles of

freeze-pump-thaw to pressures below 10-5 torr.

Nanosecond time-resolved emission measurements of porphyrin lifetimes were acquired

using a previously reported system. 60'61 Pump light was provided by the third harmonic (355 nm)

of a Quanta-Ray Nd:YAG laser (Spectra-Physics) operating at 10 Hz. The pump light was
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passed through a BBO crystal in an optical parametric oscillator (OPO), yielding a visible

frequency that was tuned to 510 nm to excite Pt-1, 525 nm to excite Pd-i and 2-4, or 450 nm to

excite the assemblies QD2-QD4. Excitation light was attenuated to 1-4 mJ per pulse for all

experiments using neutral density filters. Emitted light was first passed through a series of long

pass filters to remove excitation light and then entered a Triax 320 monochromator (Jobin Yvon

Horiba) and was dispersed by a blazed grating (500 nm, 300 grooves/mm) centered at 685 nm.

The entrance and exit slits of the monochromator were set to 0.36 mm in all experiments herein,

corresponding to a spectral resolution of 4.5 nm. The signal was amplified by a photomultiplier

tube (R928, Hamamatsu) and collected on a 1 GHz digital oscilloscope (9384CM, LeCroy);

acquisition was triggered using a photodiode to collect scattered laser excitation light.

Femtosecond time-resolved emission measurements of QD lifetimes were acquired using

a Libra-F-HE (Coherent) chirped-pulse amplified Ti:sapphire laser system. Sub-100 fs laser

pulses were generated in a mode-locked Ti:sapphire oscillator (Coherent Vitesse) which was

pumped by a 5 W cw Coherent Verdi solid-state, frequency-doubled Nd:YVO 4 laser. The 80-

MHz output was amplified in a regenerative amplifier cavity, pumped by a diode-pumped,

frequency-doubled Nd:YLF laser (Coherent Evolution-30) to generate a 1 kHz pulse train with a

wavelength of 800 nm. This was then used to pump an OperA Solo (Coherent) optical parametric

amplifier (OPA), which is able to generate frequencies between 285 and 2600 nm. Excitation

pulses of 450 nm were produced via fourth harmonic generation of the idler using a BBO crystal;

the pulse power was attenuated to 2.5 mW at the sample. Emission lifetimes were measured on a

Hamamatsu C4334 Streak Scope streak camera, which has been described elsewhere.62 The

emission signal was collected over a 140 nm window centered at 475 nm using 100, 50, 20, 10,

or 5 ns time windows. Delays in the 100 ns time window were generated using a Hamamatsu
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C1097-04 delay unit, whereas a Stanford Research Systems DG535 delay generator was used to

generate delays for the other time windows.

Two-photon emission spectra were generated using the aforementioned Libra-F-HE

(Coherent) chirped-pulse amplified Ti:sapphire laser system. Excitation pulses of 800 nm were

used directly from the Libra output; the pulse power was attenuated to 6 mW using neutral

density filters and the beam was focused onto the sample using a 500 mm focal length lens. The

emission spectrum was collected using a Hamamatsu C4334 Streak Scope streak camera in 140

nm windows centered at 500 nm, 550 nm, and 650 nm.

Two-photon lifetime measurements were made using a custom-built multiphoton laser-

scanning microscope (MPLSM) in the .Edwin L. Steel Laboratory, Department of Radiation

Oncology at Massachusetts General Hospital, as previously described.63 Additions to the

MPLSM system64 were made such that lifetime measurements could be performed. Sub-100 fs

laser pulses were generated at a repetition rate of 80 MHz in a mode-locked Ti:sapphire

oscillator (Spectra-Physics Mai Tai HP) which was pumped by a 14 W cw Spectra-Physics

Millennia diode-pumped solid-state (DPSS) laser operating at 532 nm; the output of the Mai Tai

laser is tunable in the 690-1040 nm range. The 850 nm laser output was adjusted using a

10RP52-2 zero-order half-wave plate (Newport) and a 1OGL08AR.16 Glan-Laser polarizer

(Newport) to attenuate the power to 700-800 mW for air samples and 400 mW for evacuated

samples. The beam was passed through a 350-50 KD*P Pockels cell (Conoptics) that amplified

and switched the triggering pulses from a DG535 digital delay generator (Stanford Research

Systems). The experimental square wave trigger pulse from the delay generator defined the

repetition rate while a second delayed pulse defined the excitation pulse, which was 1.6 [ts in

duration for air samples and 15.36, 30.72, or 51.20 [ts in duration for evacuated samples. At the
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rejection site of the Pockels cell, a TDS-3052 oscilloscope (Tektronix) and photodiode were used

to monitor the applied voltage and the optical response; the Pockels cell attenuated the beam to

10% of the incident power. The beam was then directed into a custom-modified multiphoton

microscope based on the Olympus Fluoview 300 laser scanner. The output beam from the

scanner was collimated through a scan lens into the back of an Olympus BX61 WI microscope.

An Olympus LUMPlanFL 20x, 0.95 NA water immersion objective lens was used to focus the

excitation light and collect the emission light. NIR laser excitation light and visible emission

were separated using a 750SP-2P AR-coated dichroic mirror (Chroma Technology). A 690/90

bandpass filter (Chroma Technology) and a focusing lens were used in front of the GaAs H742 1-

50 photomultiplier tube (Hamamatsu) to collect phosphorescent emission. Photon counting was

performed using a SR430 multichannel scaler (Stanford Research Systems) to histogram the

counts in 1024 or 2048 bins of 40 ns for air samples or 2.56 or 5.12 us for evacuated samples.

Energy Transfer Analysis

The efficiency of energy transfer from the QD to the porphyrin was evaluated using

F6rster analysis:24,65

_ mkD _ nR 6
E = nm 0 (3)

mkD_ + Tr_ - mR6 + r

where kDoA is the rate of energy transfer, r is the distance between the donor and acceptor, Ro is

the F6rster distance or the distance at which the energy transfer efficiency is 50%, and m is the

number of acceptor molecules per donor. This quantity (E) can be measured experimentally:

E TD-^ (4)
TD

where TD is the lifetime of the QD alone and TDA is the lifetime of the QD with surface-bound

porphyrin (QD2-QD4). Although the efficiency can be experimentally determined from the
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excited-state lifetime quenching, additional information is needed to quantify the parameters Ro,

r, and m. The F6rster distance is calculated using the following equation:

9000(lnlO)K2 PD D (c
ROn = 2.7' 4 D f FI)(A)eA (A)A~dA (5)

where K2 is the relative orientation factor of the dipoles, taken to be 0.476 for static donor-

acceptor orientations,24,66 (DD is the quantum efficiency of the donor, N is Avogadro's number,

and n is the index of refraction of the medium, which is taken to be 1.4961 for toluene.67 The

latter half of the equation represents the spectral overlap integral, often represented as J, where

FD(A) is the normalized intensity of the donor and E(A) is the extinction coefficient of the

acceptor at wavelength A. Thus, Ro may be calculated from the experimentally determined

emission spectrum of the donor and the absorption spectrum of the acceptor.
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Chapter 4

Micelle Encapsulation of Assemblies for 02 Sensing
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4.1 Background

In Chapter 3, supramolecular assemblies consisting of a QD and a palladium(II)

porphyrin were described; these have now been solublized via micelle encapsulation to quantify

oxygen (pO2) in aqueous media. Palladium porphyrins are sensitive in the 0-160 torr range,

making them ideal phosphors for measuring 02 levels in vivo. FRET is exploited as a means of

signal transduction in this system to enhance porphyrin emission with concomitant quenching of

quantum dot emission. This chapter presents the synthesis and characterization of these micelle

sensors as well as their photophysical properties under both linear and two-photon excitation.

Since quantum dot emission is unaffected by oxygen concentration, the sensor is ratiometric,

enabling the use of emission intensity to quantify oxygen in aqueous samples. Having fully

characterized this sensor, preliminary in vivo multiphoton imaging and oxygen measurements

were conducted using mice with chronic dorsal skinfold chambers or cranial windows. Together,

the properties of this sensor establish a ratiometric two-photon oxygen sensor for applications in

probing biological microenvironments.

4.2 Preparation of Micelles

In this construct (Figure 4.1), the preformed assembly of a quantum dot and 1 (Chart 4.1)

is encapsulated in a phospholipid micelle. The micelle is irradiated under two-photon conditions

to selectively excite the quantum dot. Through FRET, the porphyrin is promoted to an excited

electronic state. Upon interaction with molecular oxygen, the porphyrin returns its ground state

and singlet oxygen is generated; the emission intensity of the porphyirn as well as its lifetime are

quantitative measures of oxygen concentration. Quantum dot emission is unaffected by 02,

thereby serving as an intensity standard for ratiometric sensing.
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1

Chart 4.1. Molecular structure of porphyrin 1 incorporated into lipid micelles.

Figure 4.1. Schematic representation of the sensing methodology. The quantum dot-porphyrin
assembly, encapsulated in a lipid micelle is irradiated under two-photon excitation using NIR
(700-1000 nm) light. Through FRET, the porphyrin is promoted to an excited electronic state.
Oxygen can freely diffuse into the micelle and reversibly quench porphyrin emission; the
lifetime and intensity of the emission is a quantitative measure of 02 concentration.
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Encapsulation of quantum dots in lipid or amphiphilic polymer micelles is a well-

established method of solubilizing hydrophobic dots in aqueous buffer.'~9 While these constructs

have been used extensively for biological imaging, there have been only two reports in which

micelle-encapsulated quantum dots have been used for sensing analytes: nitric oxide") and

bovine serum albumin." This represents the first oxygen sensor as well as the first sensor that is

ratiometric and functional under two-photon excitation that exploits micelle encapsulation. This

provides a direct translation of the self-assembled supramolecular sensor of Chapter 3 from

toluene to an aqueous environment. A lipid functionalized with a PEG-2000 chain was chosen to

impart water solubility. While the vast majority of synthetic procedures for micelle formation

involve heating and evaporation of an organic solvent 13-5'6 or dissolution of an organic film in

aqueous media or a similar method of phase transfer,2,4,7, 8 sonication offers and alternative

method to assemble micelles.
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Figure 4.2. A typical GFC trace of the QDI-MC assembly. The
monitored by recording the absorbance at 280 nm.
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In contrast to other sonication protocols,9 this procedure is conducted at room

temperature, yielding a rapid (- 5 minutes) and facile method of producing nanosensors of a

consistent size. The quantum dot serves as a template for micelle formation. Indeed, micelles

cannot form in the absence of QD; when a porphyrin solution in the absence of QD was treated

in an identical manner, the solution remained turbid and inhomogeneous. Because of the

template effect in the synthesis of these sensors, a Gaussian distribution of particles is achieved,

as evidenced by gel filtration chromatography (GFC) and dynamic light scattering (DLS) (see

Figures 4.2 and 4.3, respectively).

Figure 4.3. Representative DLS traces of QD-MC (a) and QDI-MC (b). Based on this data, the
diameter of these particles is 16.8 nm and 18.2 nm, respectively.
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Based on DLS, the average particle size for a typical synthetic preparation is 16.8 ± 0.7

nm for micelles containing the QD alone (QD-MC) while particles with the porphyrin (QD1-

MC) are slightly larger at 18.2 ± 0.7 nm. Presumably, the appended porphyrins on the surface of

the dot increase the radius of the assembly relative to the dot alone, resulting in a larger micelle

particle. These particles are a few nanometers larger than previously reported polymeric ligands

with dihydrolipoic acid (DHLA) 2 or poly-imidazole ligands (PIL),13 both of which exhibit

particle sizes of -11.5 nm by DLS. Micelle encapsulation represents a scalable method of

synthesizing water-soluble nanosensors and circumvents laborious multi-step polymer syntheses.

Additionally, these micelles are stable for several months when stored at 4'C.

4.3 Photophysical Properties of Micelles

The photophysical properties of these micelles, both QD-MC and QD1-MC are

comparable to their toluene-soluble analogues QD and QD1, with a few notable exceptions (vide

infra). The absorbance spectrum (Figure 4.4) is dominated by the Soret and two Q bands of

porphyrin 1, while the emission spectrum features both QD luminescence at 527 nm and

emission from 1: triplet transitions centered at 682 and 754 nm and a singlet transition at 608 nm.

The photophysical properties, including the phosphorescence quantum yield, of QD1-MC in

PBS are nearly identical to the assembly QD1 in toluene (Table 4.1), suggesting that the

porphyrin largely resides in a hydrophobic environment of QD capping ligand and lipid. The

sensor QD1-MC exhibits oxygen dependent emission. Under 450 nm excitation where the QD is

the primary photon absorber, there is a ten-fold enhancement in the intensity of the T(0,0)

transition of the evacuated sample relative to the same sample exposed to air. It should be noted

that the enhancement is not nearly as great as the toluene-soluble assembly QD1, which

exhibited a 100 fold enhancement of the T(0,0) transition.
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Table 4.1. Comparison of Linear Spectroscopic Data for 1, QD1, and QDI-MC

Compound B(0,0) Q(1,0) Q(0,0) QDEm, T(0,0)a T(0, 1)" b

1 414 522 554 - 684 753 0.014

QDI 416 523 554 517 684 754 0.040

QD1-MC' 414 523 555 527 682 754 0.012

"Phosphorescence transitions observed in evacuated samples (< 10-5 torr), 6 Phosphorescence

quantum yield for evacuated samples using Eq. 11, " Toluene solution, d PBS solution

0.40-
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0.35 Air 10 m
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Figure 4.4. The steady state absorption (-) and emission spectra of QDI-MC (ke, 450 nm) in
PBS buffer. While the emission intensity of the phosphor is almost completely quenched in the
presence of air (-160 torr 02) (-), it is greatly enhanced under vacuum (-). The emission of
the QD in QD1-MC is unchanged in air and vacuum, thereby establishing a ratiometric sensor.

The absorption and emission spectra (ke, = 450 nm) of QD-MC (Figure 4.5) are red-

shifted relative to QD in toluene; the first absorption feature shifts from 501 nm for QD to 503

nm for QD-MC while the emission maximum shifts from 519 nm to 523 nm. This spectral shift

is due to an increase in dielectric constant of the solvent' 4 from toluene to aqueous solution (e =

2.379 for toluene versus E = 80.20 for water at 20 C)" . An increase in the lifetime (x, = 450

nm) of the QD in the micelle versus toluene solution (see Table 4.2) was observed. This is due a

-205-



modulation of the surface states of the QD; indeed, the lifetime of the surface-trapped states is

increased by ~4 ns while the exciton emission lifetime is nearly identical.
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The energy transfer and FRET efficiency of these micelles was also studied.

Experimentally, the lifetime of the QD in QD1-MC is dramatically diminished (~80 ps) relative

to QD-MC (~13 ns), corresponding to a FRET efficiency of 99% (Table 4.2). The excitation

spectrum (Figure 4.6) is also indicative of a FRET interaction, as demonstrated by the increased

emission in the 300-400 nm region, where the QD absorbance dominates. Additionally, the red

shift in QD-MC emission (vide supra) results in greater spectral overlap with the absorption of I

(Figure 4.7), resulting in an increase of FRET efficiency. A summary of FRET parameters is

presented in Table 4.3. It should be noted that the observed number of porphyrins per quantum

dot is lower than the number of added porphyrin equivalents, presumably due to intercalation of

the hydrophobic porphyrin in the excess lipid used to prepare the micelles, which is subsequently
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washed away. Also, a decrease in the quantum yield of the QD was observed, dropping from (D =

0.72 in toluene to (D = 0.42 for the micelle QD-MC in PBS. However, this construct has a

superior quantum yield to micelles with the same lipid and similar dots (CD = 0.24),' suggesting

that synthesis of the micelle (sonication versus heating) may have an effect on the quantum yield.
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Figure 4.6. Excitation spectrum of QD1-MC in PBS solution, monitoring the emission at 685
nm. Excitation light was removed using a 590 nm long-pass filter.
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Figure 4.7. Normalized QD-MC emission (-) (ke, = 450 nm) and absorption of I (-),
illustrating the spectral overlap that accounts for high FRET efficiency in QD1-MC.
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Table 4.2. Comparison of QD Lifetime Data for Micelles in PBS

Compound" Solvent Ti (ns) A, (%)b T2 (ns) A2 (%)h Tavg (ns)

QD toluene 16.93 ± 0. 36' 53 5.07 ± 0.95 47 11.30 ± 1.22

QD-MC PBS 20.62 ± 1.74 56 4.38 ± 1.43 44 13.38 ± 1.44

QD1 toluene 1.27 ± 0.13 3 0.26 ± 0.03 97 0.29 ± 0.01

QD1-MC PBS 0.386 ± 0.035 <1 0.078 ± 0.002 >99 0.079 ± 0.002

a kex = 450 nm, b Relative contribution to the biexponential fit, C Weighted average lifetime, calculated as

Tavg = (A1 1i + A2T2)/100, d 95% Confidence interval

Table 4.3. Comparison of F6rster Energy Transfer Parameters

Compound in J (M- cm3 r> (nm) Roa (nm) E'

QDI 10 7.96 x 10~4  3.15 4.11 0.97

QD1-MC 8 8.07 x 10~14 2.67 4.06 0.99

" Calculated using Eq. 14, h Calculated using Eq. 12, C Calculated using Eq. 13
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In this sensor, the role of the QD is to serve as an antenna for two-photon absorption, as

QDs are known to have high two-photon absorption cross-sections;' 6- " both QD-MC and QD1-

MC were studied under two-photon excitation. It was found under the experimental conditions

(5-8 mW of focused 800 nm light), the PBS solvent is an effective medium for generating white

light. This is in stark contrast to toluene, which enabled the collection of two-photon spectra of

QD, 1, and QD1 (see Chapter 3). Due to the high two-photon cross section and quantum yield of

QD-MC, it was possible to collect a two-photon emission spectrum of this species (Figure 4.8),

as the green emission of the sample greatly exceeded the generated white light.

C
C

0

Figure 4.8. Steady state
excitation (ex= 800 nm).

460 480 500 520 540 560 580 600

Wavelength (nm)

emission spectrum of QD-MC in PBS solution under two-photon

However, the low quantum yield of the porphyrin and the dramatically quenched

quantum dot emission in the assembly QD1-MC resulted in low signal that was much less than

the generated white light, even in the absence of oxygen. Increasing the laser power only resulted

in more efficient white light generation. While a two-photon emission spectrum of QD1-MC
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could not be obtained, visible red-orange emission of the evacuated sample could be observed,

thereby qualitatively demonstrating the function of the assembly: two-photon excitation of the

quantum dot, energy transfer to the porphyrin, followed by porphyrin emission. Other

experiments (vide infra) demonstrate that this assembly is functional under two-photon

excitation.

The excited state lifetimes of 1 in QD1-MC under both linear and two-photon excitation

were measured and the results are presented in Table 4.4. Under both one- and two-photon

excitation, the lifetime of QD1-MC in air is enhanced relative to QD1. Indeed, under linear

excitation the lifetime of the porphyrin in air of QD1-MC (~ 4 Lts) is enhanced by a factor of 10

relative to QD1 (~ 0.2 [ts). This enhancement is concomitant with a decrease in the average

natural lifetime (To) under vacuum, resulting in a smaller 0-160 torr 02 lifetime range of 206 ts

for QD1-MC versus 480 ts for QD1 under 450 nm excitation. This phenomenon has been

previously observed when the solution lifetime of palladium porphyrins were compared to those

in asolectin vesicles. It was found that the air lifetime was enhanced for the vesicle while the

lifetime under nitrogen was diminished relative to the same compound free in solution.' 9 Under

two-photon excitation with 850 nm light, both QD1 and QD1-MC show nearly identical oxygen

sensitivity as the average values of TO-Tair for these two species are 190 Is and 165 pts,

respectively. This is in stark contrast to 450 nm excitation where to-Tair is 479 [ts for QD1 and

205 ps for QD1-MC, a difference of 274 [ts. This suggests that the two-photon excitation

mechanism (sequential QD excitaiton, FRET, porphyrin emission) is the same for both sensors.

It is clear that the micelle structure is engendering a perturbation of the assembly, as evidenced

by the differences in lifetime of QD1 and QD1-MC under linear excitation.
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Table 4.4. Comparison of Porphyrin Lifetimes for QD1-MC

Sample Environment

QD1-MC Air

QD1-MC Vacuum"

QD1-MC Air

QD1-MC Vacuum

QD1' Air

QD1 Vacuum

QDI Air

QD1 Vacuum

Relative contribution to the b

Excitation

450 nm

450 nm

850 nm

850 nrn

450 nm

450 nm

850 nm

850 nm

T i ( ts)

6.01 0.43'

411 27

5.50 0.36

325 35

0.638 ± 0.064

590 ± 79

0.537 ± 0.014

270 11

A1 (%)

49

48

1

40

17

75

100

62

T2 ([ts)

2.35 ± 0.23

29 ± 5

0.69 ± 0.03

60 ± 6

0.069 ± 0.011

149 ± 51

60.± 10

iexponential fit, b Weighted average lifetime, calculated

A2,

51

52

99

60

83

25

38

as Tavg =

limitations, the fast component could not be resolved and the data was fit to a monoexponential decay
' PBS solution, d 95% Confidence interval, ' Evacuated samples (< 10- torr),f Toluene solution,

%)a Tavg b (ps)

4.13 0.23

209 10

0.73 0.05

165 19

0.174 ± 0.092

479 ± 26

0.537 ± 0.014

190 ± 16

(Aiti +A 2T-2)/100,

g Due to instrumental
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Since the observed difference in TO-1Tj for QD1-MC is similar to that of free porphyrin I

in toluene, it appears that the porphyrin in the micelle is behaving as though it is free in solution.

A physical interpretation of this observation is that the poprhyrin is now residing in a "solution"

of the hydrophobic phospholipid rather than bound to the surface of the quantum dot. During the

process of micelle formation, it could be that the porphyrin of the preformed assembly

dissociates from the surface of the quantum dot and is now dispersed in the oleate groups of the

phospholipid; this process is likely facilitated by the force of sonication used to form the

micelles. This is consistent with the observation that the photophysical properties of QDI-MC

(wavelength of the Soret band and quantum yield) are more similar to 1 than to QD1.

4.4 Oxygen Sensitivity and Quenching Kinetics

In order to rigorously study the oxygen sensitivity of these micelle sensors and probe the

quenching kinetics, oxygen-dependent emission spectra and lifetime measurements were

acquired. Both intensity and lifetime data are necessary to elucidate the details of the oxygen

dependence in the system. First, emission spectra (M = 450 nm) of QD1-MC were collected

after exposure to various concentrations of dissolved oxygen (Figure 4.9a). The emission

intensity at 682 nm of each sample (1), normalized to the emission intensity in the absence of

oxygen (Io) was plotted as a function of oxygen concentration to give an intensity Stern-Volmer

plot (Figure 4.9b). This nonlinear response also manifests in the ratio of porphyrin to quantum

dot emission, 1682/1528 (Figure 4.10a); this phenomenon has also been observed in ratiometric

sensors consisting of a platinum porphyrin as the oxygen-sensitive phosphor and a quantum dot

as an intensity reference embedded in a polymer hydrogel.2 o If only simple bimolecular

quenching was operative, the data should exhibit a linear relationship:

= I+ Ksv[O2
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where Ksr is the Stern-Volmer quenching constant and is defined as Ksf = kqto, where kq is the

bimolecular quenching constant and To is the natural lifetime of the phosphor in the absence of

quencher.

10
a) 260 9 b)

145
8 -55

o 20
0

6 5 6
-0

4-
0

-n 3

500 550 600 650 700 750 800 850 0 100 200 300

Wavelength (nm) 02 Concentration ( M)

Figure 4.9. (a) The steady state emission spectra of QDI-MC (Xe = 450 nm) in PBS buffer with
various oxygen concentrations: 0 (-), 5 (-), 20 (-), 55 (-), 145 ( ), and 260 (-) iM 02.
(b) An intensity Stern-Volmer plot constructed from the data obtained in (a) at 682 nm. The data
was fit (-) to a two-component model.

However, the nonlinear oxygen response indicates that the quenching mechanism is more

complicated. Nonlinear Stern-Volmer plots are rather common, 21-2 especially for phosphors

embedded in a polymer matrix.2
6-

3 Two common sources of nonlinearity are the presence of

static quenching or a heterogeneous distribution of phosphors with different quenching

constants.' 4 If the data could be explained as a combination of both static and dynamic

quenching, the mathematical description of this situation is as follows:

(1 + K[02 ])(1+ Ks[0 2]) (2)

where KD is the dynamic quenching constant and Ks is the association constant for the complex

formation between the ground-state phosphor and molecular oxygen (i.e. static quenching).
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Thus, if static quenching were operative, a plot of - 1 /[02] versus [02] should result in a

linear relationship in which the slope of the line is KDKs and the intercept is K) + Ks. However,

the treatment of the data in this manner (Figure 4.1 Oc) gives a nonlinear plot, indicating that

static quenching is not occurring this system.

9
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0

a) g

-

0 100 200 300

02 Concentration (RM)
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-

I I I i
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02 Concentration ([tM)

2

0

0.00
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02 Concentration (RM)

0.07 0.14

1/ [O 2] (PM)-'

Figure 4.10. (a) A plot of the ratio of porphyrin emission at 682 nm to quantum dot emission at
528 nm (1682/1528) as a function of oxygen concentration. (b) The raw data obtained from the

oxygen-dependent emission spectra presented in Figure 4.9b. (c) A plot of - 1] /[02] versus

[02] to determine if static quenching is present in QDI-MC. (d) A plot of versus [02]1

AI
to

determine if a two-component system is a sufficient means of explaining the nonlinearity of (b).
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Alternatively, if the system exhibits microheterogeneity, as has been well-established for

fluorophores in polymer supports and micelles,3 2 the individual components of the system

exhibit unique Stem-Volmer quenching constants. As a simple case, assume that there are two

types of phosphors in the system: one that is accessible to the quencher and one that is not. In

this case, the quenching can be described using the following mathematical model:

I1 1-0- = + - (3)
AI f,,Ka[O2] L

where AI = 10 - I, Ka is the Stern-Volmer quenching constant for the accessible fraction of

phosphors, andf, is the fractional amount of the phosphor that is accessible to quencher. Thus, if

this model were a reasonable description of the data, a plot of Jo/Al versus [02]-' would yield a

linear relationship with a slope of (fiKa) ' and an intercept off- .14This analysis of the intensity

data (Figure 4.1Od) gives a linear fit to the data (R2 = 0.98749), resulting in f, = 0.906 and Ka

0.174 = M . This analysis suggests that the data is explained by the presence of two

populations of palladium porphyrins in the micelle. A more general treatment of the data is to

assume that these two populations each have a distinctive Stern-Volmer quenching constant; 22 ,2 7-

30 the assumptions of Eq. 3 represent a limiting case of this two-component scenario. If it is

assumed that the phosphors reside in two distinct environments, the corresponding mathematical

model is:

= ' + f2 (4)
I 1+ K1[02] 1 +K2 [O2]1

where the fractions of the two components are fi and f2, the Stern-Volmer quenching constants

are Ki and K2, and there is the constraint thatfi +f2= 1. The intensity data in Figure 4.9b was fit

to Eq. 4 (R2 = 0.99625) to give the following parameters:f = 0.854, Ki = 0.242 iM ',f2 = 0.146,

and K 2 = 0.00173 [M-'. Since lifetime measurements have been made (Table 4.4), the
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bimolecular quenching constants may be determined. Using the average lifetime under vacuum

(209 ts), as the static intensity measurements are representative of an average of the lifetimes in

the micelle ensemble, the quenching rate constants are determined to be kqi = 1.16 x 109 MI s

and kq2= 8.28 x 106 M s-'.The difference in the two values of K (-10') is consistent with other

reports in which this analysis has been applied to systems in which platinum(II) porphyrins have

been used as the oxygen-sensitive phosphor.

As a more rigorous measurement of the oxygen sensitivity, oxygen-dependent lifetimes

were measured; a representative example of the decay traces as a function of oxygen

concentration is presented in Figure 4.11. Each trace was fit to a biexponential decay, as this is

identical to the fitting regimes used to generate the data in Table 4.4. It has been shown 27 ,29,30

that the most appropriate treatment of the data is to define a pre-exponential factor weighted

lifetime:

N I

r = 3a,T / a, (5)
i=I i=1

where a, is the pre-exponential factor and T1 is the lifetime of the ith component of the fit and the

sum is taken over the total number of components in the fit N, which is equal to two for a

biexponential fit. In the absence of static quenching or other effects, this representation of the

-r := o 11 27
lifetime data should match the intensity data as described in Eq. 4 such that mo/TM -o/I.2n

principle, each of the components should still follow Stern-Volmer kinetics, giving a linear

relationship in a plot of rio/-r versus [02]. In practice, multiexponential fits are merely

mathematical models that distill a complex distribution of excited state lifetimes in a

microheterogeneous system into a few components, giving rise to lifetimes and pre-exponential
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factors that may have no physical basis.33 Thus, a plot of -rMo/-rm versus [02] should describe the

overall quenching dynamics that are operative in the system.

276 -48
- 188 29

124 20
- 97 10

_C 84 6

N
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0 50 100 150 200 250 300 350 400

Time (Its)

Figure 4.11. Representative series of lifetime decay traces of QD1-MC as a function of oxygen
concentration. The lifetime of the porphyin emission was monitored at 685 nm.

Analysis of a typical oxygen-dependence series for a given sample of QD1-MC is

presented in Figures 4.12 and Figure 4.13, which were conducted at 25'C and 370C,

respectively. In each series of lifetime measurements, the plot of 7rmo/TM versus [02] exhibits

upward curvature, directed toward the y-axis. If the system were simply represented by two

components, each should exhibit typical Stem-Volmer behavior:

=OI+kqre[O2] (6)

For each dataset, the long component is well behaved and exhibits a typical Stern-Volmer

relationship (vide infra). Alternatively, the short component is much less consistent and a typical

series of measurements displays several anomalous points in which the computed lifetime does
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not monotonically decrease with increasing oxygen concentration (see Figure 4.12a); this

demonstrates that the two-component representation may merely be a mathematical construct

with no real physical meaning. Indeed, the normalized pre-exponential factors show a

dependence on the oxygen concentration. For a typical set of experiments, the short component

tends to dominate at low oxygen concentrations, but when [02] > 100 [tM, the long component

dominates with an approximately 60% contribution to the fit.
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Figure 4.12. Representative analysis of a set of lifetime data of QD1-MC as a function of
oxygen concentration at 25'C. (a) A plot of the lifetime components (-i) as a function of [02] (b)
A plot of the pre-exponential factors (ai) as a function of [02]. Ideally, the contribution of each
component of the fit should not exhibit a dependence on [02]. (c) A plot of TMo/TM as a function

of [02], illustrating the upward curvature (toward the y-axis) of the data at high [02]. (d) A plot
of 1/r, as a function of [02], illustrating that long component exhibits a linear dependence while
the short component shows an exponential dependence.
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Figure 4.13. Representative analysis of a set of lifetime data of QD1-MC as a function of
oxygen concentration at 370C. (a) A plot of the lifetime components (ri) as a function of [02]. It
should be noted that, while the long component decreases monotonically with increasing oxygen
concentration, the short component does not; this is more clearly illustrated in (d). (b) A plot of
the pre-exponential factors (ai) as a function of [02]. Ideally, the contribution of each component
of the fit should not exhibit a dependence on [02]. (c) A plot of rMo/rM as a function of [02],

illustrating the upward curvature (toward the y-axis) of the data at high [02]. (d) A plot of 1/rI as
a function of [02], demonstrating that while the long component exhibits a linear dependence on
oxygen concentration, the short component shows an exponential dependence.

Since the data does not display the expected behavior and there is a strange oxygen

dependence on the pre-exponential factor, an alternative model to interpret the data may be

necessary. Lippitsch and co-workers have reported nonlinear lifetime Stern-Volmer relationships

with ruthenium(II) phenanthroline complexes embedded in polymer matrices.33 After fitting the
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decay traces to a multiexponential function, they too observe a dependence of the pre-

exponential factors on the oxygen concentration and conclude that this finding is indicative of a

distribution of relaxation rates. The phosphor can interact with the polymer matrix, thereby

affecting both the radiative and non-radiative decay pathways of the excited state. Because the

polymer is microheterogeneous, a distribution of phosphor and polymer interactions exist, giving

rise to decay kinetics that cannot appropriately be attributed to a multiexponential function. In

this construct, the relaxation probability of a single fluorophore is determined by the interactions

with the surrounding polymer in a distance dependent fashion and is mathematically described

by the following differential equation:

d =j km + Ik "e (r) (7)

where pj is the probability for the jth excited molecule to be found in the excited state at time t,

k is the internal relaxation rate of the molecule and is assumed to be constant for all

fluorophores, k/'(r/k) is an external decay rate that is dependent on the jth excited molecule with

the kth site of the polymer with a dependence on the distance r/k between them. If it is assumed

that the interaction between the phosphor and polymer site is dipolar in nature with an r 6

dependence in three dimensions, it has been shown3 4 36 that the solution to Eq 7 is the following

probability function:

p (t)= p (0)exp[-at T-tIr (8)

where p;(O) is the initial probability for the jth molecule to be in the excited state, a is an

interaction parameter, and r = 1/ k). When the molecule is quenched by an exogenous species,

another term is added to Eq. 7 to describe the quenching interaction: k/j(Q[Q]. If it is assumed that
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the quenching rate is the same for all molecules and the density of interaction sites is

independent of quencher concentration, then Eq. 8 then becomes:

f(t) = exp[-a/T - t /r(+ c)] (9)

where f(t) is the time-dependent fluorescence intensity, which is proportional to p;(t) of Eq. 8,

and c is a quenching parameter that is dependent on the oxygen concentration and is related to

kQI[Q]." It should be noted that given the definition of the parameter r, it represents the natural

lifetime of the molecule in the absence of quencher (To) and should not exhibit a dependence on

the oxygen concentration. Using this mathematical model, Lippitsch and co-workers

demonstrated that this description was more appropriate than multiexponential decays to

describe ruthenium(II) phenanthroline complexes embedded in polymer matrices. Each sample

displayed a consistent value for -r and a, with only c exhibiting a dependence on the oxygen

concentration.

The distribution of the porphyrin 1 in the hydrophobic capping ligands of the quantum

dot and the oleate groups of the micelle phospholipid is akin to a phosphor distributed in a

polymer matrix. The hydrophobic residues can interact with the excited state of 1, thereby

perturbing the decay dynamics of the molecule. To test this model, a representative data set of

oxygen-dependent decays (presented in Figure 4.11) was fit to Eq 9. The residuals of the fit for

each oxygen-dependent decay showed a regular trend, suggesting that the model doesn't

completely capture the data; this is corroborated by the higher value of the x2 statistic for the fit

of Eq 9 relative to the biexponential. Also the calculated correlation coefficients were inferior to

the biexponential fit (0.94-0.97 for Eq 9 compared to 0.99 for a biexponential). Additionally, the

calculated error in each of the parameters exceeded the value of the parameter itself. For each

oxygen concentration, all three parameters of the fit (r, a, and c) varied. Based on the theory, the
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values for both -r and a should remain constant and only c should vary. However, it was found

that only r showed a dependence on the oxygen concentration. Despite the inferiority of the fits

and deviations from theory, a plot of ro/T versus [02] exhibited remarkable linearity (Figure

4.14), with R2 = 0.98741. This treatment of the data distills a distribution of excited state

lifetimes into a single parameter rand gives an overall description of the quenching kinetics: Ks,

= 1.27 tM- I with kg = 3.18 x 108 M- s-'. Interestingly, this value is comparable to the arithmetic

mean of the two k,, values obtained from the analysis of the intensity data, 5.84 x 108 M-1 s-1.

400

0D
200

0

0 100 200 300

02 Concentration ([tM)

Figure 4.14. A Stern-Volmer plot using an alternative fitting regime in which it is assumed that
the porphyrin phosphor interacts with the micelle, giving a distribution of lifetimes. Each decay
trace with fit to Eq. 9. The above plot is derived from the T parameter of each decay trace (the
raw data is illustrated in Figure 4.11). Based on the theory behind this model, the a and T should
be constant and only the c term, which represents the quenching parameter, should exhibit an
oxygen dependence. Despite these limitations and unexpected results, a reasonable Stern-Volmer
plot could be obtained (R2 = 0.98741) that does not exhibit an upward curvature at high oxygen
concentrations and is wholly representative of all the data, rather than just a single component of
a biexponential fit. However, the deviation from theory and the inferior fits relative to the
biexponential decay discredit this model to explain the data.
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Figure 4.15. A representative example of the long lifetime component of the biexponential fit as
a function of [02] for one sample of QDI-MC at (a) 25'C and (b) 370 C. (a) The line of best fit
(R2 = 0.98839) gives Ksv = 0.400 FtM- and kg= 9.73 x 108 M-' s- at 25'C. (b) The line of best
fit (R2 = 0.98728) gives Ksv = 0.794 pM-1 and k, = 1.84 x 109 M- s-' at 370 C.

Due to the unsatisfactory fits of the data and the deviations from theory, it is clear that the

above model (Eq. 9) does not appropriately describe the data. Returning to a biexponential

analysis of the data, the long component exhibits a typical Stern-Volmer relationship (Eq 6) and

gives consistent values for Ks (Figure 4.15). For five independent samples at 25'C, the average

Ks = 0.412 tM-1 with a standard deviation of 0.047 M-, giving kq = 1.00 x 109 M-' s -; this is

consistent with a global fit of all five samples (Figure 4.16a) in which Ksv = 0.410 tM ' with k,

= 9.96 x 108 M-' s-. It should be noted that these quenching constants are consistent with the

major component of the intensity data analysis (vide supra), which gave kqi = 1.16 x 109 M-' s-.

Similarly for measurements conducted at 370 C, which were studied for the purposes of

calibrating in vivo lifetimes, it was found that for five independent samples the average K5 =

0.693 M- 'with a standard deviation of 0.083 M-1, giving kq = 1.61 x 109 M1 s-1 ; a global fit

of all data acquired at 37'C (Figure 4.16b) gives Ksy = 0.723 tM- with kq = 1.67 x 109 M-' s-'.

This observed change in k, as a function of temperature is consistent with observations of
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temperature-dependent values of k,, that were reported for oxygen quenching of a palladium(II)

porphyrin. Using the reported empirical relationship between kg and temperature (T), kg = (6.4 +

0.21 7)2, the rate constant at 37'C should be faster than that at 25'C by a factor of 1.5 .37 This

result is consistent with these observations, in which k,, increased by a factor of 1.6.
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Figure 4.16. Global fits of the long lifetime component of the biexponential fit as a function of
[02] for five independent samples of QD1-MC at (a) 25'C and (b) 370 C. (a) The line of best fit
(R2 = 0.97354) gives Ksv = 0.410 [M1 and k, = 9.96 x 10' M- s-' at 25'C. (b) The line of best
fit (R2 = 0.96525) gives Ksv = 0.723 iM' and kg = 1.67 x 109 M-' s-' at 370 C.

While the long component is easily explained and serves as an appropriate means of

calibrating QD1-MC as an oxygen sensor, the short component is more complicated. In many of

the observed samples, the short component exhibits an upward curvature, toward the y-axis.

Such an observation in a Stern-Volmer plot is usually attributed to static quenching. However,

the intensity data discredited the presence of static quenching (vide supra). Additionally, the

nonlinearity is observed in a Stern-Volmer plot constructed from lifetime data, which is a

dynamic measurement, and cannot be attributed to a static component. An alternative

explanation of this observation is the presence of a so-called quenching sphere of action.14 This

is derived from a formalism that was first introduced by Perrin. 38'39 This apparent static
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quenching arises from the quencher being adjacent to the phosphor at the moment of excitation;

this is contrasted with true static quenching in which a complex is formed between the ground

state phosphor and quencher.14 Within a sphere of volume V around the phosphor, the probability

of quenching is unity, resulting in a modified Stern-Volmer relationship:

= (I + Ksv[O2])exp(V[O2 ]) (10)

As the concentration of quencher increases, the probability that it is in the first solvent shell of

the phosphor at the moment of excitation increases exponentially. This model has been used to

describe quenching kinetics in microheterogeneous systems. 40 Simulations have demonstrated

that this model is appropriate to describe data (both intensity and lifetime) with an upward

curvature, regardless of the cause of the apparent static effect.4

Using this model, plots of ro/r for the short component versus [02] were fit to Eq. 10

(Figure 4.17). It should be noted that two anomalous points, in which the calculated lifetime of

the short component increased rather than decreased with increasing [02], have been removed

from Figure 4.17b; the full data set and corresponding analysis is presented in Figure 4.18. For

data acquired at 25'C, it was found that Ksy = 0.0129 M-I or k, = 4.45 x 10g M-1 s- with a

corresponding sphere of action with V= 0.0127 pM- . As expected, the rate constant increases to

Ksy = 0.168 [tM-' or kg 2.95 x 109 M-1 s-1 for data acquired at 370 C. However, the sphere of

action V= 0.00889 M- is rather similar to that observed at 25'C. This result is quite satisfying

because this parameter should not vary with temperature, as it is inherent to the nature of the

interaction between the phosphor and quencher; this suggests that the sphere of action formalism

is an appropriate model with which to treat the data.
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Figure 4.17. A representative example of the short lifetime component of the biexponential fit as
a function of [02] for one sample of QDI-MC at (a) 25'C and (b) 370 C. (a) The curve of best fit
(R2 = 0.9873 1) yields V = 0.0127 [tM-1 and Ksv = 0.0129 [M , which translates to k, = 4.45 x
108 M- s-I at 250 C. (b) The curve of best fit (R2 = 0.994) yields V = 0.00889 [tM-' and Ksv
0.168 [M-1, which translates to kq = 2.95 x 109 M- s-' at 370 C.
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Figure 4.18. A plot of the short component of the biexponential decay as a function of oxygen
concentration at 370C. This represents the full set of data that is presented in Figure 4.17b. The
curve of best fit (R2 = 0.87353) yields V = 0.00512 [tM 1 and Ksv = 0.368 [M-, which
corresponds to k, = 6.45 x 109 M-'s-'.
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Based on the observed data, a physical model for the molecular structure of the micelle

may now be proposed (Figure 4.19). Since the porphyrin 1 is hydrophobic, there are a multitude

of conformations in which it could exist in the core of the micelle QD1-MC. Chapter 3

demonstrated that this compound binds to the surface of the QD in toluene solution. Upon

encapsulation of the assembly with phospholipids to form the micelle, 1 may diffuse away from

the QD surface and into the oleate groups of the phospholipid; additionally, this process may be

facilitated under the sonication conditions required to prepare the micelles. As a result, there are

two major environments in which the porphyrin can reside: the QD surface and capping ligand or

the oleate groups of the micelle phospholipids. This is satisfying, given that the two-component

model was the best description of both the intensity and lifetime Stern-Volmer data. Indeed, the

model of Eq 9 that assumes a distribution of porphyrin and polymer interactions was an inferior

treatment of the data, suggesting that the porphyrin is not homogeneously distributed in the

micelle. Since the QD1-MC bulk measurements of absorption spectroscopy and

phosphorescence quantum yield, as well as the observed lifetime differential between air and

vacuum measurements (vide supra), are more consistent with those of I rather than QD1, it can

be concluded that the majority the porphyrin resides in the phospholipids of the micelle. This

environment can be attributed to the long-lived component of the biexponential fit, as this term

dominates the fit (~60%), especially at high oxygen concentrations. Also, this component

exhibits a typical Stern-Volmer relationship, which would be expected for a phosphor dissolved

in a liquid solution, which is akin to the molecule being well dispersed in a hydrophobic lipid

"solution." Conversely, the short component is attributed to the porphyrin bound to the surface of

the quantum dot. The shorter lifetimes may be attributed to self-quenching of adjacent

porphyrins on the dot surface. Since these molecules are static, as they are surface bound and
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intercalated in the capping ligand, they are not freely mobile to encounter oxygen molecules as

readily, potentially giving rise to anomalous oxygen responses and nonlinear Stern-Volmer

behavior. Perhaps the porphyrin's interaction with the quantum dot and the surrounding capping

ligand engenders a quenching sphere of action, as the molecule is now exposed to quencher in

two dimensions rather than three for an unbound molecule.
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Figure 4.19. Schematic representation of the proposed structure of QD1-MC. The hydrophobic
QD, represented in green, is encapsulated by phospholipids, to give a hydrophobic interior
(yellow) and a hydrophilic exterior (blue). It is proposed that the long lifetime component, which
exhibits well-behaved Stern-Volmer kinetics, is due to 1 dispersed in the oleate groups of the
phospholipids. Alternatively, the short component is attributed to 1 bound to the QD surface.
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IJ

Figure 4.20. Two-photon images of a SCID mouse with a dorsal skinfold chamber (DSC) at a depth of 70 tm, comparing the

vasculature without the sensor (a-c) and with QDI-MC (d-f). Collected light was separated into three channels: green (a & d) for QD
emission using a 565 nm dichroic mirror and a 535/40 bandpass filter, yellow (b & e) for autofluorescence using a 585 nm dichroic
mirror, and red (c & f) for emission of I using a 690/90 bandpass filter.
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4.5 Preliminary In Vivo Imaging

Having demonstrated that the sensor QD1-MC shows oxygen sensitivity in the

biologically relevant 0-160 torr range, multiphoton images of severe combined immunodeficient

(SCID) mice with surgically implanted dorsal skinfold chambers (DSC) or cranial windows

(CW) were obtained. Under typical imaging conditions (400 mW of 850 nm excitation light), a

substantial signal after systemic injection of the sensor was observed, while background signal

was minimial prior to injection (Figure 4.20). Although QD emission is low based on in vitro

experiments, significant signal was observed in the green channel to serve as a suitable means of

tracking the location of the sensor. Imaging of the brain vasculature shows that the sensor is

evenly distributed in the vessels, as evidenced by the green channel, while the intensity of the red

channel is variable, illustrating differences in oxygen levels of arteries and veins (Figure 4.21).

Figure 4.21. Three-dimensional projections of brain vasculature under two-photon excitation of
a SCID mouse with a cranial window (CW). Images were collected over a depth of 200 tm in 10
tm increments and combined into a projection using the ImageJ software package. Collected
light was separated into three channels: green (a) for QD emission using a 570 nm dichroic
mirror and a 535/40 bandpass filter, yellow (not pictured) for autofluorescence using a 585 nm
dichroic mirror, and red (b) for emission of I using a 690/90 bandpass filter.
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Oxygen levels were quantified in vivo and used to differentiate veins from arteries using

lifetime measurements. Figure 4.22 shows a composite image of a dorsal skinfold chamber at a

depth of 70 [tm (a) and a cranial window at a depth of 115 tm (b). Lifetime measurements were

made at the indicated points (1-8) and this data is summarized in Table 4.5. Using the long

component of the biexponential fit, the oxygen levels at these points were determined using Eq.

6 in which To = 325 [s (see Table 4.4) and k, = 1.67 x 10' M- s-' from the global fit of all data

acquired at 37'C (Figure 4.17b). The calculated oxygen levels fall within reported ranges for the

same type of mice using the same anesthetic: 11.3-31.3 torr for arterioles and 7.4-29.2 torr for

venules.42 Based on the size of the vessels in Figure 4.22a, the top vessel bearing points I and 3

is an artery while the lower one is a vein; the measured lifetimes and corresponding oxygen

levels are consistent with this observation. The average intensity of red signal (see Figure 4.20f)

in the vein is 1.25 times greater than it is in the artery, demonstrating that QDI-MC has promise

as a ratiometric sensor in vivo. Points 1 and 3 have nearly the same oxygen concentration while

points 2 and 4 exhibit a slight difference (- 4 torr). This difference may be attributed to differing

distances to the vessel wall, as it is known that radial oxygen gradients from a vessel into the

tissue exist.43 While point 2 is definitively in the lumen of the vein, point 4 may actually be

above the vessel, as the vein is coming out of the image plane. The CW image (Figure 4.22b)

demonstrates a known feature of oxygen levels in the vasculature: the partial pressure of oxygen

decreases as the diameter of the vessel decreases.44 -45 The partial pressure of oxygen increases

when the smaller vein bearing point 8 joins the larger one with points 5 and 7, increasing the

partial pressure by about 2 torr; the observed increase is consistent with previously reported

values for small veins flowing to larger ones.43
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Figure 4.22. Composite two-photon images of SCID mice with either (a) a dorsal skinfold
chamber (DSC) at a depth of 70 tm or (b) a cranial window (CW) at a depth of 115 [im.
Collected light was separated into three channels: green for QD emission using a 565 nm or 570
nm dichroic mirror, for (a) and (b), respectively and 535/40 bandpass filter, yellow for
autofluorescence using a 585 nm dichroic mirror, and red for emission of I using a 690/90
bandpass filter. These images are an overlay of all three optical channels. The indicated points
(1-8) represent locations at which in vivo lifetimes were measured and the associated data is
presented in Table 4.5.

Table 4.5. In vivo Lifetime Measurements

Point" T j ([Is) Ai (%)h T2 (ps) A2 (%)b [02] ([M) PO2 (torr)

1 16.5 < 1 3.0 > 99 34.2 25.2

2 25.1 < 1 3.0 >99 21.9 16.1

3 16.6 < 1 3.1 > 99 34.0 25.0

4 31.6 < 1 3.1 >99 17.0 12.5

5 27.7 < 1 2.8 > 99 19.7 14.5

6 15.5 < 1 3.2 >99 36.6 26.9

7 22.4 < 1 2.7 > 99 24.7 18.2

8 30.9 <1 2.7 > 99 17.4 12.8

" See Figure 4.22, " Relative contribution to the
Section 4.7 on oxygen solubility determination

biexponential fit, " Determined using Eq. 6, " See
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4.6 Discussion and Conclusions

In summary, a micelle-encapsulated construct for oxygen sensing in aqueous has been

developed. The synthesis of these sensors is rapid and scalable; sonication processing provides

consistently sized particles without the need for chromatography. The small size of the particles

permits their use in probing biological microenvironments. Using both one and two-photon

techniques, the oxygen sensitivity of these sensors has been demonstrated in the biologically-

relevant 0-160 torr range. One salient feature of this sensor is that QD emission is largely

unaffected by oxygen, providing an internal reference for signal intensity and establishing a

ratiometric sensor. The oxygen-dependent emission intensity exhibited nonlinear Stern-Volmer

behavior and was attributed to a two-component system. Oxygen-dependent lifetime data fit best

to a two component model, as a biexponential fit was superior to a model reflective of a

distribution of lifetimes in the micelle (Eq. 9). The long component exhibited typical Stem-

Volmer behavior, giving kq = 1.00 x 109 M- s-I at 25'C and kq = 1.67 x 109 M-_ s-1 37'C and is

consistent with the quenching constant obtained from the intensity data. Because the long

component is consistent over many independent samples, it serves as a reliable means of

calibrating QD1-MC. While the short component exhibits some anomalous points, a typical data

set exhibits an exponential dependence on the oxygen concentration and is best described using a

quenching sphere of action model. Based on the analysis, the quenching volume is independent

of temperature while the quenching constant kq is affected. This two-component model may be

rationalized by recognizing that porphyrin 1 can reside in two distinct hydrophobic

environments: bound to the quantum dot surface and dispersed in the oleate groups of the

phospholipids that form the micelle. Preliminary studies have shown that QD1-MC provides

sufficient signal to collect in vivo images and lifetime-based oxygen measurements that are
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consistent with known values. Currently, studies are being conducted to exploit the ratiometric

nature of this sensor such that oxygen concentrations may be determined using intensity data

rather than lifetime measurements, enabling faster data acquisition and affording the possibility

to rapidly detect real time changes in oxygen levels of biological systems.

4.7 Experimental Details

Materials

The following chemicals were used as received: chloroform (CHClh), ethanol (EtOH),

2',7'-dichlorofluorescein (fluorescein 27), and tris(2,2'-bipyridyl)dichlororuthenium(II)

hexahydrate ([Ru(bpy)]Cl2) from Sigma-Aldrich; 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] ammonium salt, 25 mg/mL

solution in chloroform from Avanti Polar Lipids Inc.; Dulbecco's phosphate-buffered saline

(PBS) without calcium and magnesium from Mediatech Inc.; and argon from Airgas. Cadmium

selenide core/shell quantum dots (QD) obtained from QD Vision were twice precipitated from

toluene using EtOH and redissolved in toluene prior to use. Porphyrin 1 [5-(4-

Methoxycarbonylphenyl)-10,15,20-tris(4-pyridyl)porphyrinopalladium(II)] was prepared as

described in Chapter 2.

Preparation of Sensors

Toluene stock solutions of the porphyrin (~100 1iM) and QD (~10 [tM) were prepared.

The concentration of the QD stock solution was calculated using E350 = 4.34 x 105 M1 cm-1, as

estimated using an empirical formula based on the first absorbance feature (k = 501 nm).46 To

prepare the sensor, an aliquot of the QD stock (typically containing -10 nmol of dots) was

dissolved in 4 mL of chloroform and an appropriate volume of the porphyrin stock was then

added to give 10 molar equivalents of porphyrin per QD. The resultant mixture was stirred
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overnight at room temperature in a 20 mL scintillation vial to allow equilibration of the

porphyrin on the QD surface. Solvent was removed by rotary evaporation and the residue was

dissolved in 750 [tL of the lipid solution (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] ammonium salt, 25 mg/mL solution in chloroform).

Solvent was removed by rotary evaporation and 4 mL PBS were added. The mixture was then

sonicated for 5 minutes using a Microson XL 2000 ultrasonic liquid processor (Qsonica LLC)

with an output power of 2 W to give an orange, non-turbid solution. Aggregates were removed

by filtering the solution through a 0.45 [tm and then 0.22 [tm syringe filter (Millipore). Solutions

for in vivo imaging were prepared by combining four independent batches and concentrating the

solution using 50,000 MW centrifuge filters to a final volume of 500-700 [L.

Physical Measurements

UV-vis absorption spectra were acquired using a Cary 5000 spectrometer. Steady-state

emission and excitation spectra were recorded on a SPEX FluoroMax-3 spectrofluorimeter.

Relative quantum yields of samples ((Fsam) were calculated according to the following equation:

/ ~ 2

A ref Isam ) Sam

sam refAsain 'ref 1lref 11

where A is the measured absorbance, 1j is the refractive index of the solvent, I is the integrated

emission intensity, and Orer is the-emission quantum yield of the reference. <Dref was taken to be

0.094 for an evacuated sample of [Ru(bpy) 3]Cl2 in MeCN.4 7 The quantum yield of QD was

similarly determined using fluorescein 27 in 0.1 M NaOH (P = 0.87, ij = 1.335)48 as the

standard. Porphyrin samples for quantum yield measurements, vacuum lifetime (TO)

measurements, and evacuated steady-state emission spectra were prepared using three cycles of

freeze-pump-thaw to pressures below 10-5 torr. Gel filtration chromatography (GFC) was
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performed on an Akta Prime system (GE) with a Superose 6 cross-linked dextran column, using

PBS as the eluent; the UV absorbance at 280 nm was monitored over the course of the column.

Dynamic light scattering (DLS) measurements were made using a Zetasizer Nano S90

(Malvern). For measurements conducted at 37'C, a TC 125 temperature controller (Quantum

Northwest) equipped with a circulating water bath was used to maintain the sample temperature.

Samples were equilibrated at 37'C for one hour before measurements were made. Solution

oxygen measurements were made using an Ocean Optics NeoFox Phase Measurement system

equipped with a FOXY-HPT-1-PNA fiber optic probe. The sensor was calibrated using a two-

point calibration: an air-equilibrated PBS solution and a PBS solution purged with argon for one

hour. The probe was re-calibrated before each set of data was collected; the measured lifetime of

the sensor was used to determine the amount of dissolved oxygen in the sample (see section on

oxygen solubility below).

Nanosecond time-resolved emission measurements of porphyrin lifetimes were acquired

using a previously reported system.4 9 50 Pump light was provided by the third harmonic (355 nm)

of a Quanta-Ray Nd:YAG laser (Spectra-Physics) operating at 10 Hz. The pump light was

passed through a BBO crystal in optical parametric oscillator (OPO) yielding a visible frequency

that was tuned to 450 nm. Excitation light was attenuated to 1-3 mJ per pulse for all experiments

using neutral density filters. Emitted light was first passed through a series of long pass filters to

remove excitation light then to a Triax 320 monochromator (Jobin Yvon Horiba) and dispersed

by a blazed grating (500 nm, 300 grooves/mm) centered at 685 nm. The entrance and exit slits of

the monochromator were set to 0.36 mm in all experiments herein, corresponding to a spectral

resolution of 4.5 nm. The signal was amplified by a photomultiplier tube (R928, Hamamatsu)
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and collected on a 1 GHz digital oscilloscope (9384CM, LeCroy); acquisition was triggered

using a photodiode to collect scattered laser excitation light.

Femtosecond time-resolved emission measurements of QD lifetimes were acquired using

a Libra-F-HE (Coherent) chirped-pulse amplified Ti:sapphire laser system. Sub-100 fs laser

pulses were generated in a mode-locked Ti:sapphire oscillator (Coherent Vitesse) which was

pumped by a 5 W cw Coherent Verdi solid-state, frequency-doubled Nd:YVO 4 laser. The 80-

MHz output was amplified in a regenerative amplifier cavity, pumped by a diode-pumped,

frequency-doubled Nd:YLF laser (Coherent Evolution-30) to generate a I kHz pulse train with a

wavelength of 800 nm. This was then used to pump an OperA Solo (Coherent) optical parametric

amplifier (OPA), which is able to generate frequencies between 285 and 2600 nm. Excitation

pulses of 450 nm were produced via fourth harmonic generation of the idler using a BBO crystal;

the pulse power was attenuated to 0.4-1 mW at the sample. Emission lifetimes were measured

on a Hamamatsu C4334 Streak Scope streak camera, which has been described elsewhere.5' The

emission signal was collected over a 140 nm window centered at 480 nm using 100 and 2 ns time

windows; time delays for these time windows were generated using a Hamamatsu C1097-04

delay unit. A 495 nm long pass filter was used to remove laser excitation light.

Two-photon emission spectra were generated using this Libra-F-HE (Coherent) laser

system. Excitation pulses of 800 nm were used directly from the Libra output; the pulse power

was attenuated to 5-8 mW using neutral density filters and the beam was focused onto the

sample using a 200 mm focal length lens. The emission spectrum was collected using a

Hamamatsu C4334 Streak Scope streak camera in 140 nm windows centered at 480 nm.

Two-photon lifetime measurements were made using a custom-built multiphoton laser-

scanning microscope (MPLSM) in the Edwin L. Steels Laboratory, Department of Radiation
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Oncology at Massachusetts General Hospital, as previously described. Additions to the

MPLSM system53 were made such that lifetime measurements could be performed. Sub-100 fs

laser pulses were generated at a repetition rate of 80 MHz in a mode-locked Ti:sapphire

oscillator (Spectra-Physics Mai Tai HP) which was pumped by a 14 W cw Spectra-Physics

Millennia diode-pumped solid-state (DPSS) laser operating at 532 nm; the output of the Mai Tai

laser is tunable in the 690-1040 nm range. The 850 nm laser output was adjusted using a

10RP52-2 zero-order half-wave plate (Newport) and a IOGL08AR.16 Glan-Laser polarizer

(Newport) to attenuate the power to 700 mW for air samples and 400 mW for evacuated

samples. The beam was passed through a 350-50 KD*P Pockels cell (Conoptics) that amplified

and switched the triggering pulses from a DG535 digital delay generator (Stanford Research

Systems). The experimental square wave trigger pulse from the delay generator defined the

repetition rate while a second delayed pulse defined the excitation pulse, which was 1.60 [is in

duration for air samples and 15.36 us in duration for evacuated samples. At the rejection site of

the Pockels cell, a TDS-3052 oscilloscope (Tektronix) and photodiode were used to monitor the

applied voltage and the optical response; the output of the Pockels cell was ~10% of the incident

power. The beam was then directed into a custom-modified multiphoton microscope based on

the Olympus Fluoview 300 laser scanner. The output beam from the scanner was collimated

through a scan lens into the back of an Olympus BX61WI microscope. An Olympus

LUMPlanFL 20x, 0.95 NA water immersion objective lens was used to focus the excitation light

and collect the emission light. NIR laser excitation light and visible emission were separated

using a 750SP-2P AR-coated dichroic mirror (Chroma Technology). A 690/90 bandpass filter

(Chroma Technology) and a focusing lens were used in front of the GaAs H7421-50

photomultiplier tube (Hamamatsu) to collect phosphorescent emission. Photon counting was
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performed using a SR430 multichannel scaler (Stanford Research Systems) to histogram the

counts in 1024 or 2048 bins of 40 ns for air samples or 2.56 [ts for evacuated samples.

This MPLSM system was also used to collect two-photon in vivo images of severe

combined immunodeficient (SCID) mice with surgically implanted dorsal skinfold chambers

(DSC) 54 or cranial windows (CW),55 as previously described. Prior to imaging, mice were with

anesthetized with Ketamine/Xylazine (10/1 mg/mL) and subsequently treated with 150-200 [iL

of the concentrated sensor solution via retro-orbital injection. For imaging, 850 nm excitation

light was used at a power of 400 mW. Collected light was split into three channels: green for QD

emission using either a 565 or 570 nm dichroic mirror and a 535/40 bandpass filter, yellow for

autofluorescence using a 585 nm dichroic mirror, and red for porphyrin emission using a 690/90

bandpass filter. For in vivo porphyrin emission lifetimes, the excitation pulse was 15.36 [ts in

duration and photon counts were histogramed in 1024 bins of 2.56 Lts. After imaging, mice were

sacrificed with a systemic injection of Fatal-Plus.

Energy Transfer Analysis

The efficiency of energy transfer from the QD to the porphyrin was evaluated using

F~rster analysis: 14,56

mlk mR6
E = -^A _0 = +(12)

mik_ + T_ mRo + r

where kD-A is the rate of energy transfer, r is the distance between the donor and acceptor, Ro is

the F6rster distance or the distance at which the energy transfer efficiency is 50%, and m is the

number of acceptor molecules per donor. This quantity (E) can be measured experimentally:

E =1- -^ (13)
TI)
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where TD is the lifetime of the QD alone and TDA is the lifetime of the QD with surface-bound

porphyrin. Although the efficiency can be experimentally determined from the excited-state

lifetime quenching, additional information is needed to quantify the parameters Ro, r, and m:

6 9000(lnlO)K 2 D(Ro = 2jrN fo FD (A)EA (A)A dA (14)

where K2 is the relative orientation factor of the dipoles, taken to be 0.476 for static donor-

acceptor orientations,14'5 7 FD is the quantum efficiency of the donor, N is Avogadro's number,

and n is the index of refraction of the medium, which is taken to be 1.334 for PBS." The latter

half of the equation represents the spectral overlap integral, often represented as J, where FD(A)

is the normalized intensity of the donor and EA(A) is the extinction coefficient of the acceptor at

wavelength A. Thus, Ro may be calculated using the overlap of the experimentally determined

spectra. The average number of porphyrins attached to the QD, m, can be determined from the

optical cross-sections of the spectra of QD, the porphyrin, and the corresponding assembly. The

absorption spectra of the assemblies may be taken as the sum of the individual absorbance

spectra of the donor and acceptor, as previously demonstrated with these assemblies (See

Chapter 3 Figure 3.7). The value for m and the concentration of the assemblies may be calculated

using the individual donor and acceptor absorption spectra, their known E values, and Beer's law.

To this end, the absorbance of the Soret was used to determine the concentration of poprhyrin

while the absorbance at 350 nm was used to determine the concentration of QD.

Oxygen Solubility

In order to calibrate the fiber optic oxygen sensor and accurately measure oxygen

concentrations in solution, the solubility of oxygen in pure water as a function of temperature

was calculated using the following empirical equation: 59

Inc = -52.16764 + 84.59929 /r + 23.41230 In -r (15)

-245-



where c is in units of mL of gas at STP per liter of solution and r = T/100 where T is the

temperature in K. This gives c = 5.951 at 25'C and c = 4.999 at 370 C. The using the ideal gas

law, where 1 mol = 22.42 L at STP, the solubility of oxygen is then 265 [tM and 223 UM for

pure water at 25'C and 37'C, respectively. Since the solvent used for these experiments is PBS

buffer and not pure water, a perturbation of this value was made to account for the solute using

the following equation: 59

k. =()n (16)
c2) c)

where ks, is the salt effect parameter, C2 is the concentration of solute, c' is the solubility of

oxygen in pure water, and c is the solubility of oxygen in the electrolyte solution. Since the

primary component of this buffer is NaCl at a concentration of 137 mM, 60 this was used as the

correction to approximate the solubility of oxygen in PBS buffer. Using Eq. 16 and k, = 0.145

L mol-1 for NaCl,59 the solubility of oxygen was determined to be 5.711 mL/L (255 tM) and

4.775 mL/L (213 [M) at 25'C and 37'C, respectively. For the solubility of oxygen in blood, the

following equation was used to convert a molar concentration to a partial pressure:

c = aP (17)

where c is the concentration of dissolved oxygen, P the partial pressure of oxygen, and a is the

solubility parameter, taken to be 0.003 1 mL dL- torr I or 1.39 x 10-3 mmol L torr 1 for blood

at 370C.61
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