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ABSTRACT

The synthesis and characterization of polymeric micelles and dendrimers based on
polyphosphazene materials were systematically investigated. In addition, this
dissertation is concerned with the novel polymeric optical waveguide materials based
on the polyphosphazene cyclomatrix structure.
Amphiphilic triblock copolymers (PN-PPG-PN) were synthesized with two
hydrophobic poly[bis(2,2,2-trifluoroethoxy)phosphazene] blocks linked to a central
poly(propylene glycol) block. These were synthesized via the cationic polymerization
of chlorophosphoranimines and coupling of these blocks to a diamine functionalized
poly(propylene glycol) followed by macromolecular substitution. The micellar
characteristics of these amphiphilic triblock copolymers were examined using
fluorescence techniques, dynamic light scattering, and transmission electron
microscopy. The critical micelle concentrations (cmcs) of PN-PPG-PN polymeric
micelles determined by a fluorescence technique were in the range of 9.5-12.4 mg/L.
The mean diameters of the micelles of the PN-PPG-PN polymeric micelles, measured
by dynamic light scattering, were between 197-364 nm.
Hydrophobic block copolymers with adamantyl-polyphosphazene and polystyrene
blocks were synthesized via the controlled cationic living polymerization of a
phosphoranimine at ambient temperature. β-Cyclodextrins (β-CDs) were then
complexed with the adamantyl side groups in aqueous media to generate amphiphilic
block copolymers. These underwent micelle formation in an aqueous environment.
The micellar behavior of these complexes was monitored using fluorescence
techniques, transmission electron microscopy (TEM), and dynamic light scattering.
The critical micelle concentration of the adamantyl polyphosphazene-polystyrene
block copolymer complexes was 0.925 mg/L. TEM imaging revealed spherically
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shaped micelles. A mean diameter of 193 nm was measured by dynamic light
scattering. It was possible to control micelle formation by changing the amount of βCD in the aqueous medium at constant block copolymer concentration.
Three novel polyphosphazene-functionalized diaminobutane poly(propyleneimine)
dendrimers have been prepared and investigated for their properties as prospective
hydrophobic drug delivery systems. The solubilization and release properties of these
functionalized dendrimers have been investigated by absorption and fluorescence
spectroscopy by using pyrene as a probe. The introduction of amphiphilic
phosphazene groups at the external surface of the dendrimers affects the solubilization
and guest release properties compared to the behavior of the parent dendrimers. The
release of encapsulated guest molecules is triggered by the addition of sodium
chloride solution. It has been established that these novel dendrimeric compounds
exhibit useful protective and targeting properties. These properties render the new
molecules promising candidates for salt-responsive controlled-release systems,
possibly including prospective drug delivery applications.
Novel cyclophosphazenes containing aryl trifluorovinyl ether functional units
together with the corresponding perfluorocyclobutane (PFCB) phosphazene polymers
have been synthesized and characterized. These polymers have desirable properties
for low optical loss waveguide applications. The monomers used in this study were
prepared from sodium 4-(trifluorovinyloxy)phenoxides and cyclophosphazenes with
fluorinated alkoxy or aryloxy side groups. The resulting polymers, produced by 2π +
2π cyclopolymerization of the aromatic trifluorovinyl ether moieties, showed good
chemical stabilities and high thermal stabilities (Td up to 330 °C). Tough and
transparent thin films of these polymers were readily prepared by solvent-free
processes using spin-coating of the monomers. By adjusting the ratio of monomers,
the refractive index of the polymers could be controlled from 1.4528 to 1.5187 at
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1550 nm, with exceptionally low birefringence of ∆n = 0 to 0.0003 ± 0.0002. A
propagation optical loss lower than ∼0.25 dB/cm at 1550 nm was determined from
the polymer films, for the TE polarization by measuring the scattered light intensity
along the slab waveguide length. Such good thermal and optical properties
demonstrate that these novel PFCB-based phosphazene polymers are promising
candidates for optical waveguide or optical device materials.
Amphilic triblock copolymers with varying ratios of hydrophilic poly[bis(methoxyethoxyethoxy)phosphazene] (MEEP) and relatively hydrophobic poly(propylene glycol) (PPG) blocks were synthesized via the controlled cationic-induced
living polymerization of a phosphoranimine (Cl3P=NSiMe3) at ambient temperature.
A PPG block can function as either a classical hydrophobic block or a less
hydrophobic component by varying the nature of a phosphazene block. The aqueous
phase behavior of MEEP-PPG-MEEP block copolymers was investigated using
fluorescence techniques, TEM, and dynamic light scattering. The critical micelle
concentrations (cmcs) of MEEP-PPG-MEEP block copolymers were determined to be
in the range of 3.7-16.8 mg/L. The mean diameters of MEEP-PPG-MEEP polymeric
micelles, measured by dynamic light scattering, were between 31 and 44 nm. The
equilibrium constants of pyrene in these micelles ranged from 4.7 × 104 to 9.6 × 104.
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Chapter 1
General Introduction

A. Polymeric Micelles

1. Introduction

Block copolymers composed of two or more blocks of different properties that can
generate numerous phase-separated micro- and nano-structures are of recent wide
interest in scientific and technological fields.1-9 Such block copolymers can be widely
applied to thermoplastic elastomers, compatibilizers of polymer blends, surface
modifiers, and colloidal dispersants.6-9 In particular, amphiphilic block copolymers
with hydrophilic and hydrophobic segments attract a growing interest because they
can self-associate to form polymeric micelles in an aqueous phase, which have
become an issue in the field of molecular self-assembly and application areas such as
separation technology and drug delivery.10-14
The self-assembling behavior of amphiphilic block copolymers shows many
analogies to that of low molecular weight surfactants in recent studies. The
hydrophobic core of polymeric micelles is surrounded by a hydrophilic outer shell in
an aqueous phase so that the inner core can serve as a microcontainer for various
substances. In recent research, the self-association behavior of amphiphilic block
copolymers and structural characteristics of polymeric micelles have been extensively
investigated using static and dynamic light scattering, fluorescence spectroscopy,
small-angle X-ray scattering, small-angle neutron scattering, and electron
microscopy.12,15-18

These

scientific

studies

include

the

determination

of

thermodynamic parameters such as aggregation number and critical micelle
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concentration, and characterization of internal structure of polymeric micelles such as
local viscosity, polarity, and binding capacity for hydrophobic substances. In addition,
the morphological properties of polymeric micelles are of great interest.1,19,20
Of various application fields, the polymeric micelles have been applied as a
colloidal carrier of various types of drugs.10,13 Since Ringsdorf group’s pioneering
work on the concept of applying polymeric micelles to the drug delivery system, the
development of polymeric micelles as an effective drug carrier system has attracted a
great deal of interest.21-24 The high potential of polymeric micelles as a drug carrier
lies in their unique characteristics such as nano-size and thermodynamic stability. In
addition, their core-shell structure can mimic naturally occurring transport systems
such as plasma lipoproteins and viruses, satisfying the structural aspect to act as a
transport system in a body.

2. Self-Assembly of Amphiphilic Block Copolymers into Micelles

The construction of supramolecular architecture with well-defined shape and
dimension by the molecular self-assembly is a topic of great interest.4,5 The
supramolecular structures have attracted growing concerns providing unique and
advantageous properties, especially, for the biological and medical applications.
Polymeric amphiphiles including amphiphilic block copolymer and hydrophobically
modified water-soluble polymers have become an interesting class for biological and
medical applications, because they can construct the polymeric micelles or micellelike aggregates of nano-dimension.25,26 They self-associate in an aqueous phase by the
hydrophobic interaction while still in isotropically soluble state. The state of
polymeric amphiphiles in aqueous phase stands between homogeneously dissolved
system and self-associated, but phase-separated system. As in the case of low

3

molecular

weight

surfactants,

polymeric

amphiphiles

provide

hydrophobic

microdomains by inter- and intramolecular interactions between hydrophobic groups
in aqueous media. However, they differ from low molecular weight surfactants in
chain entanglements in the hydrophobic core. Amphiphilic block copolymers
including diblock and triblock copolymer are a representative class of polymeric
amphiphilies. They can self-associate in selective media such as selective solvents and
surfaces. In aqueous phase, amphiphilic block copolymers consist of a hydrophilic
block and a hydrophobic block that can self-associate to form micelles by
intermolecular hydrophobic interaction. The driving force for the formation of
micelles is toward the reduction in free energy when hydrophobic segments lose
contact with water molecules. In aqueous phase, block copolymer micelles exist in
equilibrium with single polymer chains as illustrated in Figure 1-1. The structure of
micelles depends on the nature of block copolymers including the molecular weight,
chain rigidity, and the molecular architecture of block copolymers.27

3. Characterization of Polymeric Micelles

In an aqueous phase, the micelles constructed from low molecular weight
surfactants as well as from amphiphilic block copolymers have been characterized
with great success by fluorescence spectroscopy and light scattering.12,16,28,29 Fluorescence techniques have provided the determination tools for critical micelle
concentration (cmc) mesurement, local viscosities and site-specific polarity of
micellar inner core, and aggregation number of micelles.25 The fluorescent probes
widely used in the characterization of micelles include pyrene, 1,6-diphenyl-1,3,5hexatriene (DPH), 1,4-bis(5-phenyloxazol-2-yl)benzene (POPOP), and so on (Figure
1-2). Using these probes, fluorescence techniques allow for the measurements of cmc,

4

Hydrophobic block

Self-association

Hydrophilic block

Polymer molecule

Micelle

Figure 1-1. Micellization of amphiphilic block copolymer in an aqueous phase.
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Pyrene

1,6-Diphenyl-1,3,5-hexatriene (DPH)

N
O
O
N

1,4-Bis(5-phenyloxazol-2-yl)benzene (POPOP)

Figure 1-2. Fluorescence probes typically used in the characterization of polymeric
micelles.
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steady-state fluorescence anisotropy, and fluorescence lifetimes.

4. Dendritic Micelles for Drug-Delivery Systems

Dendrimers are the highly branched monodisperse macromolecules, which
possess a large number of “tunable and functional” groups on the peripheries and an
interior that can serve as space as well as a microenvironment suitable for host-guest
chemistry.30,31 Compared to amphiphilic block copolymer micelles, dendritic micelles
are unimolecular micelles in which the hydrophilic and hydrophobic segments are
connected covalently. Therefore, the micellar structure is static rather than dynamic,
and it is maintained at all concentrations without critical micelle concentration and in
a variety of solvents. Furthermore, due to their nanometer size dimensions, they have
been shown to rapidly internalize into cells through endocytosis. Dendrimers have
attracted much recent attention because of these unique features for applications in
gene therapy, as drug carriers, and as contrast agents in imaging.32,33
The commercially available dendrimers, such as poly(amidoamine) (PAMAM)34
and poly(propyleneimine) (PPI),35 have been widely studied for biological
applications. The surface of PAMAM dendrimers can be functionalized with either
amine or carboxylic groups and PPI dendrimers have amine groups on the periphery
as shown in Figure 1-3. These functional groups can be easily modified and new
functional block can be attached through routine acid or amine chemical reactions.
Also, a relatively hydrophobic interior for the encapsulation of a guest molecule and
tertiary amines for noncovalent interaction can be generated by tailoring dendrimers.36
For dendrimers to be applied to biological systems, their stability and suitable
nature to biological environment should be estabilished, in spite of their interesting
features. For this purpose, structure-biocompatibility relationships for PAMAM,
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poly(propyleneimine), and poly(ethylene oxide)-grafted carbosilane dendrimers (CSiPEO) have been studied recently.37 These studies indicated that increased branching
density and a greater surface coverage of a potentially toxic core by biocompatible
end groups like PEO are necessary to utilize these dendrimers in biological system. In
addition, PEO coated dendritic micelles have a reduced rate of uptake by the liver and
a prolonged circulation half-life in the bloodstream when compared to non-PEG
coated carriers.38,39

B. Polymeric Optical Waveguide Materials

1. Introduction

The rapid growth of digital technology has led to an increased demand for highspeed telecommunications networks. For long range data transmission glass fibers are
the medium of choice because of their enormous bandwidth of more than 40 Tbps
(Terabit per second), although they are also used over increasingly shorter distances.40
Indeed, many nations wish to deliver optical networks to every single home. For this
to be realized, inexpensive low cost optical fibers and devices are needed, for example,
thermoptical switches, arrayed waveguide gratings (AWGs), multiplexers, demultiplexers, routers, etc (Figure 1-4). The development of these inexpensive integrated
optical devices can be achieved through the use of polymeric materials.
Among polymeric materials, perfluorinated polymers have attracted much recent
attention, and have been developed as low-loss polymeric waveguide (LLPW)
materials because of both their academic interest and their potential utility in a wide
variety of photonic devices.40-42 For perfluorinated polymers to be of use in real
photonic devices, they must satisfy particular requirements, such as thermal stability,
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Figure 1-4. Schematic diagram of optical fiber.
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chemical and environmental resistance, satisfactory mechanical properties, precise
refractive index controllability, low propagation loss, low birefringence, good
processability, ease of manufacturing at moderate temperatures, ease of integrated
device fabrication, and low cost. The use of perfluorinated polymers is particularly
important in systems for which polarization insensitivity (or low birefringence) is
more important than fast switching speed. Examples of such systems include new
devices for imaging signal distributors and arrayed-waveguide gratings, multicircuit
devices, bypass devices for optical networks, television receivers, and cable television
tuners. These devices will have the potential to become more widely used than
electrooptic devices in the near future.

2. Polymeric Materials for Optical Waveguide

Several halogenated materials have been found that exhibit very low loss in the
near-IR region; some examples are deuterated polysiloxanes (0.43 dB/cm at 1550
nm),43 poly(pentafluorostyrene-co-glycidyl methacrylate) (0.42 dB/cm at 1550 nm),44
fluorinated inorganic-organic hybrid polymers (0.30 dB/cm at 1550 nm), 45
photobleachable polymers (0.15 dB/cm at 1550 nm),46 perfluorinated polyimides,47
and perfluorinated poly(arylene ether)s (Figure 1-5).48 The currently available LLPW
polymers were not developed specifically as LLPW materials. These materials are
usually low dielectric polymers with good optical transparency or deuterated/fluorinated polymers that have low optical transmission loss because of the low optical
absorption of C-O-D bonds or C-O-F bonds at 1.3 or 1.55 µm. These polymers do not
usually satisfy the requirements of LLPW polymeric materials, and this has limited
research into the application of existing polymeric optical-fiber materials and low
dielectric polymeric materials to systems with LLPW requirements. Among known
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LLPW polymeric materials, polyacrylate-based systems have been widely studied as
waveguide materials because of their optical clarity, low birefringence, and ease of
device fabrication.49–52 NTT of Japan has successfully used deuterated and
deuterated/perfluorinated poly(methyl methacrylate) (PMMA) in the production of
low-loss optical devices with a loss of 0.08 dB/cm at 1.3 µm.53 Allied Signal Co. in
the United States has reported the development of photonic devices that use a UVcurable fluorinated acrylate precursor without aromatic units.53 This material has good
photocrosslinkable behavior and good thermal stability above 350 °C.42 However,
improvements are still needed in the thermal, chemical, and environmental stability
and precise refractive index controllability of these materials because they contain
only aliphatic units.42

C. Overview of Polyphosphazenes

1. Introduction

Most known synthetic macromolecules are based on organic materials due to their
readily available organic raw materials and their huge accumulated synthetic methods.
Therefore, polymer backbones usually contain carbon, oxygen, or nitrogen. Examples
of such polymers are polyethylene, polystyrene, polyethylene oxide, polyamides, and
polyesters etc. The similarity of the backbone elements of organic macromolecules is
responsible for their unique chemical and physical properties. It also limits the
structural variety for certain properties. Organic macromolecules are usually unstable
under ultraviolet light for extended periods of time, flammable, and degradable at
elevated temperature. Therefore, the new macromolecular systems with inorganic
rather than organic elements in the backbone have been of interest in order to
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overcome the limitations of organic polymers.
This dissertation mainly includes studies containing a class of inorganic
macromolecular systems known as polyphosphazenes.54 Phosphazenes are a class of
cyclic and linear species with alternating nitrogen and phosphorus atoms in the
skeletal frame work (Figure 1-6). Each phosphorus atom has two substituents (X) and
no substitutents are present on the nitrogen atoms. This provides unsaturation with the
skeletal structure. The bonding property of phosphazene ring system has been still
under debate.54-57
Despite this unsaturation at the backbone structure, polyphosphazenes have low
glass transition temperature due to the bonding characteristics. The dπ(P)-pπ(N) bond
in a polyphosphazene backbone is believed to lower the rotation barrier by the spatial
diffusiveness of the d orbital and the opportunity of the nitrogen pz orbital to bond
with several different phosphorus 3d orbitals as the bond undergoes torsion.54
Polyphosphazenes are synthesized from a reactive macromolecular intermediate,
poly(dichlophosphazene), by replacement of the labile chlorine atoms with various
nucleophiles. The substituent on phosphorus can be halogen, alkoxy, alkyl, amine or
organometallic units. The properties of polyphosphazenes are manifested by the
nature of the side groups attached to phosphorus atoms at the backbone.

2. History of Polyphosphazenes

The beginning of small molecule phosphazene study can be traced back to 1834
when Liebig58 and Rose59 reported chlorophosphazenes from the reaction of
phosphorus pentachloride with ammonia. The empirical formula (NPCl2) of this
compound was confirmed by Gerhardt and Laurent. In the 1890’s, the major
contribution was made to this area by Stokes, who first proposed the cyclic nature of

14

X
X
X

N
P

X
P

X

X

X P

N P

N

N

X P

N P

X

X

N

P X
N
X

X
P N
X

Figure 1-6. Cyclic and linear phosphazenes.

n

X
X

15

(NPCl2)3 and reported the preparation of higher cyclic homologues, (NPCl2)4-7.60-66
Stokes also reported the single substitution, hydrolysis, and polymerization of
chlorophosphazenes. Especially, it was reported that chlorophosphazenes were
transformed into “inorganic rubber” when heated.64 This elastomeric material was
hydrolytically unstable and was insoluble in organic media. We now realize that this
insoluble rubber was a crosslinked poly(dichlorophosphazene). In 1924, synthetic
procedures for preparation of the cyclic oligomers were improved by Schenk and
Römer.67 They developed and improved synthetic method for chlorophosphazenes by
a reaction between phosphorus pentachloride and ammonium chloride in high boiling
solvents. This method yields the cyclic trimer (NPCl2)3 and cyclic tetramer (NPCl2)4
as well as small amounts of higher oligomers (Scheme 1-1). This procedure is still the
basis of the commercial production of (NPCl2)3.
Until the mid-1960s, progress in phosphazene area was made mainly in cyclic
phosphazene chemistry. However, very little advance in phosphazene polymer science
was evident because of the hydrolytic instability and insolubility of poly(dichlorophosphazene). The preparation of high molecular weight poly(dichlorophosphazene)
was first reported by Allcock and Kugel in 1965.68 A series of their reports showed
that Stoke’s “inorganic rubber” was a crosslinked poly(dichlorophosphazene) and was
formed during the thermal polymerization of hexachlorocyclotriphosphazene,
(NPCl 2 ) 3 . Therefore, the thermal polymerization was terminated before the
crosslinking stage to yield soluble, high molecular weight poly(dichlorophosphazene),
(NPCl2)n. Allcock and Kugel also found the main reason for the hydrolytic instability
of (NPCl2)n was from the high reactivity of phosphorus-chlorine bonds not from the
phosphorus-nitrogen backbone. Therefore, treatment with organic nucleophiles such
as the sodium salts of alcohols or phenols, or with primary or secondary amines, could
provide hydrolytically stable phosphazene polymers (Scheme 1-2).68-70 A variety of
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Scheme 1-1. Synthesis of Chlorophosphazenes
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Scheme 1-2. Synthesis of Polyphosphazenes
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polyphosphazenes possessing a broad range of different properties have been prepared
by varying the nature of the nucleophiles. This preparative method is also used today
for the main route to prepare stable poly(dichlorophosphazene).

3. Mechanism of Polymerization of Hexachlorocyclotriphosphazene

The most widely accepted mechanism based on experimental evidence involves
the role of the ionization of a phosphorus-halogen bond during the polymerization
process suggested by Allcock and Best.71 This is shown in Scheme 1-3. The initiation
in this mechanism is the ionization of a phosphorus-halogen bond to yield a cyclic
cation. This initiation step can be carried out only by thermal activation or with the
presence of BCl3 or AlCl3. The resultant cation and another phosphazene ring can
interact to generate ring-opened cationic species and transfer the cationic charge to the
phosphorus termini to yield the propagation cationic species. When there is no
unreacted monomer or chloride ions are removed by another ring or chain,
termination process can happen. Branching can occur on a linear phosphazene chain
by the ionization of a chloride ion from the middle of the chain. The evidence for this
overall mechanism is the increased electrical conductivity of molten (NPCl2)3 as the
temperature is raised to 210 oC, and the catalytic effect of water, BCl3 or AlCl3.71 In
addition, free radical sources have little effect on the polymerization rate, and no
radical species were detected when molten (NPCl2)3 was analyzed at 210 oC by
electron spin resonance spectroscopy.71,72

4. Synthetic Routes for Polyphosphazenes

a. Ring-Opening Polymerization
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Scheme 1-3. Polymerization Mechanism for Cyclophosphazenes
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Ring-opening polymerization in Scheme 1-2 is currently the most widely used
synthetic route to phosphazene high polymers. These involve the thermal
polymerization of (NPCl2)3 to (NPCl2)n. The reactive poly(dichlorophosphazene) may
then be subjected to nucleophilic substitution reactions to yield a variety of stable
poly(organophosphazenes). Mixed substituents can also be obtained by the treatment
of poly(dichlorophosphazenes) with more than one nucleophile.

b. Living Cationic Condensation Polymerization

An

ambient

temperature,

living

cationic

polymerization

of

N-silyl-

phosphoranimines to prepare poly(dichlorophosphazenes), poly(organophosphazenes),
and a series of block copolymers have bee developed extensively by Allcock and
Manners research groups. This new method for preparation of poly(dichlorophosphazene) was first reported by Honeyman, Morrissey, Manners and Allcock in
1995.73,74 In this process, phosphorus pentachloride is utilized as a cationic initiator to
polymerize trichlorophosphoranimine (Cl3P=SiMe3) to give poly(dichlorophosphazene) (Scheme 1-4). The initiation reaction involves the interaction of one
molecule of monomer with two phosphorus pentachloride molecules. A cationic chain
propagation continues until all the trichlorophosphoranimine monomer is reacted.
Further additions of trichlorophosphoranimine to the propagating ionic species
eventually leads to a living poly(dichlorophosphazene) chain. Kinetic plots of the
polymerization of trichlorophosphoranimine initiated by PCl5 (ln[M]0/[M] vs time)
showed linear relationship to prove the living character of this condensation
polymerization.
The chain length of polymers can be controlled by changes in the initiator to
monomer ratio due to the living nature of this process. Moreover, the molecular
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Scheme 1-4. Cationic Polymerization of Trichlorophosphoranimines
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weight distributions are narrow (Mw/Mn = 1.02-1.06) compared to higher values (~2)
for the polymers from the ring-opening polymerization. More significantly, the living
nature of this polymerization allows the synthesis of block copolymers with other
phosphazenes, with organic polymers, or silicones by using various functional phosphoranimines as initiators or terminators.
The living, cationic polymerization process of trichlorophosphoranimine has
widely opened up a new route to polyphosphazene chemistry. This route provides
access to phosphazene-organic polymer block copolymer, comb geometries, and
dendritic macromolecules.75-77 Furthermore, these new polyphosphazene geometries
can lead to tremendous possible applications such as block copolymer micelles,
dendrimers, or biocompatible block copolymers.

c. Ring-Linked Phosphazene Polymers

Other types of polyphosphazenes can exist that are based on the linkage of
hexachlorocyclotriphosphazenes in either a linear or a three-dimensional matrix by
organic connector groups (Figure 1-7). This type of ring linked polymers can be
synthesized through multifunctional groups on phosphazene rings. For cyclolinear
polymers, only two of functional sites on phosphazene rings should be activated, on
the other hands other remaining functional groups must be blocked by unreactive
species. If more than two active sites exist on phosphazene rings, cyclomatrix
polymers will be formed. Cyclomatrix materials are believed to be insoluble in
organic solvents and highly thermally stable more similar to ceramic materials, while
cyclolinear polymers are soluble in some organic solvents, meltable with glass
transition temperature such as classical linear organic polymers.
The advantage of cyclo- polymers is based on the useful properties of phospha-
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zene rings - thermally stable, stiff, and resistant to fire. If a polymer consists of small
rings linked together, the thermal stability of the ring part can be increased.
Furthermore, the incorporation of rigid cyclic phosphazene rings into a polymer
network should generate stiff chain structures that could provide a high glass
transition temperature. Finally, high fire resistance of phosphazene rings in polymer
structure can retard burning of organic polymers. These polymers have been
considered as possible replacement of entirely organic polymers and various synthetic
methods have been developed for this purpose.

5. Polyphosphazenes for Polymeric Micelles

Polyphosphazenes can generate various chemical and physical properties
depending on the nature of the side groups. In particular, the hydrophobic and
hydrophilic nature of phosphazene block in amphiphilic block copolymers or
dendrimers can be modified by simply changing the structure of phosphazene side
groups. The tailorability of side groups allows the production of a variety of
polymeric phosphazene architectures with a wide range of block copolymer or
dendrimer structures. This formation of block copolymers allows fine-tuning of the
physical properties through the side group systems. More significantly, amphiphilic
and bioinert phosphazene block copolymers and dendrimers have attracted much
attention due to their potential for various types of novel biocompatible polymer
micelle systems.

6. Polyphosphazenes for Polymeric Waveguide Materials

Inorganic-organic hybrid cyclomatrix systems composed of a cyclophosphazene
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can be a good candidate for optical waveguide materials because of the useful
properties of phosphazene rings: their thermal stability, their stiffness, and their
chemical stability. The incorporation of rigid cyclic phosphazene rings into a polymer
network should generate stiff chain structures that could provide a high glass
transition temperature. Another important advantage for the introduction of
cyclophosphazene rings is the ease with which different combinations of side groups
can be linked to the cyclic organophosphazene. As the side groups are changed, more
specifically as the ratio of halogenophenoxy side groups on cyclophosphazene rings is
changed, the refractive indices can be easily tuned.78,79 Another advantage is the
optical transparency of the phosphazene units from the near-infrared to about 200 nm
in the ultraviolet, which provides some stability against damage by intense light. From
the viewpoint of these molecular characteristics, these novel cyclomatrix phosphazene
materials can be promising for use in practical photonic devices.
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Chapter 2
New Amphiphilic Poly[bis(2,2,2-trifluoroethoxy)phosphazene]-b-Poly(propylene
glycol) Triblock Copolymers: Synthesis and Micellar Characteristics

A. Introduction

The amphiphilic character of a block copolymer can lead to self-assembly
behavior similar to that of low molecular weight ionic surfactants, and this opens
numerous avenues for the generation of new properties and uses.1 Typical micelles
have a core comprised of a hydrophobic polymer block and a corona of a hydrophilic
polymer block. The simplest material to form this shape is a diblock copolymer with
one hydrophobic and one hydrophilic component. More complex and less common
micelles utilize triblock copolymers with a single hydrophobic block and two flanking
hydrophilic blocks, or vice versa. The micellar characteristics of amphiphilic triblock
copolymers depend on the nature of each hydrophilic and hydrophobic block. In
principle, the surface properties of self-organized micelles should be highly dependent
on the structure of the hydrophilic block. For example, a poly(propylene glycol)
(PPG) block would provide more hydrophobicity for micellar aggregates than a
poly(ethylene glycol) (PEG) block. On the other hand, the micellar core
characteristics would be determined by the structure of the hydrophobic blocks.2-4
Polyphosphazenes possess an inorganic backbone with two organic groups
connected to each phosphorus. These macromolecules generate many different
chemical and physical properties depending on the structure of the side groups. In
particular, polyphosphazenes that bear bioinert or biodegradable side groups have
attracted much attention as potential biomaterials.5 An ambient-temperature
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condensation route for the synthesis of polyphosphazenes via the controlled cationic
polymerization of phosphoranimines has been reported.6-8 This PCl5-induced
polymerization allows the production of a variety of polymeric phosphazene
architectures with controlled molecular weights and architectures, including block
copolymers.8 The formation of block copolymers allows fine-tuning of the physical
properties through the side-group systems.
This present study was focused on a triblock copolymer system with a central
organic amphiphilic block of poly(propylene glycol) flanked by two outer
organic/inorganic blocks of hydrophobic polyphosphazenes. The objective was to
examine the feasibility that such a polymer might form micelles. PPG was chosen
over PEO because of its more amphiphilic characteristics.9 This work demonstrates
that micelles can indeed be formed from such a system and that the micelles vary in
size according to the length of the hydrophobic block. These materials are excellent
candidates for nanoscale carrier applications such as for hydrophobic dye or pigment
incorporation into water-based inks or surface coatings.

B. Experimental Section

1. Materials

Poly(propylene glycol)bis(2-aminopropyl ether) (CH3-CH(NH2)CH2-PPG-NH2,
Mn = 4000) (Aldrich) was used after drying under vacuum. Lithium bis(trimethylsilyl)amide (Aldrich) was used without further purification. Phosphorus pentachloride
(Aldrich) was purified by sublimation under vacuum before use. 2,2,2-Trifluoroethanol was dried over calcium hydride and was distilled before use. Tetrahydrofuran
and n-hexane (Aldrich) were distilled into the reaction flask from sodium
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benzophenone ketyl under an atmosphere of dry argon. Dichloromethane (Aldrich)
was dried by passage through an alumina column. All glassware was flame-dried
under vacuum before use. The reactions were performed under an atmosphere of dry
argon or nitrogen.

2. Equipment

1

H and

31

P spectra were recorded on a Bruker WM-360 NMR spectrometer

operated at 360 and 90.27 MHz, respectively. 1H NMR spectra were referenced to
solvent signals while 31P NMR chemical shifts are relative to 85% phosphoric acid as
an external reference, with positive shift values downfield from the reference.
Molecular weights were estimated using a Hewlett-Packard HP 1090 gel permeation
chromatograph equipped with an HP-1047A refractive index detector, American
Polymer Standards AM gel 10 mm and AM gel 10 mm 104 Å column, and calibrated
vs polystyrene standards (Polysciences). The samples were eluted at 40 °C with a 0.1
wt % solution of tetra-n-butylammonium nitrate (Aldrich) in THF (OmniSolv).

3. Synthesis of Bromophosphoranimine 1

A hexane (700 mL) solution of LiN(SiMe3)2 (36.55 g, 0.22 mol) was cooled to
0 °C, and PCl3 (30.00 g, 0.22 mol) was added slowly over 30 min. The reaction
mixture was stirred at 0 °C for 1 h and allowed to warm to room temperature followed
by stirring for 2 h. Then, a stock solution prepared from NaOCH2CF3 (0.44 mol;
43.62 g of HOCH2CF3 and 10.02 g of Na metal) was transferred to the reaction
mixture at room temperature. Following addition of the salt, the reaction mixture was
stirred at room temperature for 12 h. After completion of the reaction, the mixture was
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centrifuged for 30 min to remove sodium chloride. The solution was transferred to a
round-bottom flask, and the solvent was removed at reduced pressure by rotary
evaporation. The remaining solution was vacuum distilled to produce a colorless
liquid. The product was dissolved in benzene (200 mL) and cooled to 10 °C. To this
solution was added bromine (29.61 g) in benzene (50 mL), and the mixture was
stirred at 10 °C for 2 h and allowed to warm to room temperature. The solvent was
removed at reduced pressure, and the crude product was vacuum distilled at least
twice to remove unreacted bromine and produce a colorless liquid (34.86 g, yield
40%). 1H NMR (CDCl3): δ 0.00 (s, 9H), 4.23 (q, 4H). 31P NMR (CDCl3): δ -33.93.

4. Synthesis of Trifluoroethoxyphosphoranimine 3

To a solution of bromophosphoranimine 1 (11.63 g, 29.36 mmol) in THF (50 mL)
was added a solution of sodium trifluoroethoxide (32.30 mmol) at -78 °C. The
reaction mixture was stirred at -78 °C for 1 h and allowed to warm to room
temperature. After completion of the reaction, the reaction mixture was passed
through a pad of Celite to remove precipitated sodium chloride. The filtrate was
collected, and the solvent and excess trifluoroethanol were removed at reduced
pressure. The crude product was purified by vacuum distillation (at 40 °C) to yield a
colorless liquid (6.10 g, yield 50%). 1H NMR (CDCl3): δ 0.00 (s, 9H), 4.23 (q, 6H).
31

P NMR (CDCl3): δ -11.90.

5. Synthesis of Chlorophosphoranimine 4 10

A solution of LiN(SiMe3)2 (53.53 g, 0.32 mol) in 700 mL of diethyl ether was
cooled to 0 °C, and PCl3 (43.95 g, 0.32 mol) was added dropwise over 30 min. The
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reaction mixture was allowed to warm to room temperature and was stirred for 2 h.
Sulfuryl chloride (43.19 g, 0.32 mol) was added slowly, and the reaction mixture was
stirred at 0 °C for 3 h. After completion of the reaction, the salt was removed by
filtration. The crude product was purified by vacuum distillation (30 °C, 0.3 mmHg)
to yield a colorless liquid (25.15 g, yield 35%). 1H NMR (CDCl3): δ 0.00 (s, 9H). 31P
NMR (CDCl3): δ -54.10.

6. Synthesis of Triblock Copolymers 6

A mixture of NH2-PPG-NH2 (2.10 g, 0.53 mmol) and triethylamine (0.10 g) in
THF (100 mL) was cooled to 0 °C. To this solution was added dropwise
(CF3CH2O)2BrP=NSiMe3 (0.42 g, 1.05 mmol) over a 30 min period. The reaction
mixture was stirred for 12 h at room temperature. All volatiles and solvent were
removed under reduced pressure to produce a yellow viscous liquid. This endfunctionalized product was dissolved in CH2Cl2 for further reaction. In a separate
reaction vessel, PCl5 (0.44 g, 2.10 mmol) was dissolved in 50 mL of distilled CH2Cl2
at room temperature. The end-capper reagent (CF3CH2O)3P=NSiMe3 (0.44 g, 14.70
mmol) was added to the solution, which was stirred for 1 h at room temperature. The
monomer, Cl3P=NSiMe3 (3.30 g, 9.62 mmol), was then added to the reaction mixture
which was stirred for 2 h to generate “living” poly(dichlorophosphazene) chains. The
solution of PPG-phosphoranimine in CH2Cl2 was then added to the polyphosphazene
solution, and the mixture was stirred for 10 h at room temperature to terminate the
polymerization. The CH2Cl2 was removed from the reaction mixture under reduced
pressure, and the polymer was redissolved in 25 mL of freshly distilled THF. An
excess of NaOCH2CF3 (34.65 mmol) in THF was added to the polymer solution to
replace the labile chlorine atoms in the phosphazene blocks. The reaction mixture was
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stirred at room temperature until
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P NMR spectroscopy indicated complete

replacement of the chlorine atoms. The reaction solution was then concentrated and
precipitated repeatedly from THF into deionized water and into hexanes. The polymer
was purified again by dialysis against EtOH/H2O (4/1 vol/vol), followed by drying
under reduced pressure to give a viscous yellowish liquid.

7. Sample Preparation

To prepare micellar solutions, Nanopure water with a conductivity of 18.2 MΩ
/cm (10 mL) was added dropwise to a stirred THF solution of the triblock copolymer
(10 mL). The THF was removed on a rotary evaporator at 30 °C for 2 h. The micellar
solution was diluted with Nanopure water to obtain a concentration range from 5 to 1
× 10-4 g/L. For the measurement of fluorescence spectra, a pyrene solution in THF
(1.2 × 10-3 M) was added to Nanopure water to give a pyrene concentration of 12 ×
10-7 M, and THF was removed using a rotary evaporator at 30 °C for 2 h. The pyrene
solution was mixed with the triblock copolymer solutions to obtain copolymer
concentrations from 2.5 to 1.25 × 10-4 g/L. The pyrene concentration of the samples
was 6.0 × 10-7 M. All the samples were sonicated for 15 min and were allowed to
stand for 2 days before fluorescence measurements.

8. Fluorescence Measurements

The fluorescence spectra were obtained using a Perkin-Elmer LS 55
spectrofluorometer. For the measurement of pyrene excitation spectra, emission and
excitation bandwidths were set at 5 nm each, and the emission wavelength was set at
393 nm.
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9. Sizes and Size Distributions

The sizes and size distributions of the triblock copolymer micelles were evaluated
by dynamic light scattering (DLS) using a particle size analyzer (BI-90Plus,
Brookhaven Instruments Corp., Holtsville, NY) with a scattering angle of 90°.
Samples were filtered through a 0.45 µm syringe filter before measurement of particle
size for each sample. Measurements were conducted at room temperature (25 °C).

C. Results and Discussion

1. Synthesis of Triblock Copolymer

A series of new ABA triblock copolymers of a polyphosphazene and
poly(propylene glycol) were prepared by the synthetic procedure illustrated in
Schemes 2-1 and 2-2. Phosphoranimines such as (CF3CH2O)2BrP=NSiMe3 (1) readily
undergo bromine replacement reactions in the presence of amines to produce
phosphoranimines such as RNH(CF3CH2O)2P=NSiMe3.6,7 These species can then be
utilized as initiators and/or terminators in the cationic living polymerization of
Cl3P=NSiMe3. Stoichiometric amounts of amine-terminated poly(propylene glycol),
such as H2N-PPG-NH2 were allowed to react with 1 in THF in the presence of
triethylamine (Scheme 2-1). This process produced the phosphoranimine-terminated
poly(propylene glycol), Me3SiN=P(OCH2CF3)2NH-PPG-NH(CF3CH2O)2P= NSiMe3
(2).
Living polyphosphazene 5 can be terminated with triorganophosphoranimines,
which allows the controlled introduction of two functional units at the termini of the
polyphosphazene chain.11,12 Thus, compound 2 was employed as a PPG macromole-
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Scheme 2-1. Synthesis of Phosphoranimine-Terminated Poly(propylene glycol)
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Scheme 2-2. Synthesis of PN-PPG-PN Triblock Copolymer
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cular terminator for the living polymerization of polyphosphazenes. As illustrated in
Scheme 2-2, triblock copolymers were prepared by the addition of 2 to 5. Following
termination, the chlorine atoms were replaced by reaction with NaOCH2CF3 to give
PN-PPG-PN triblock copolymer 6. The molar composition ratios of the repeating
units of PPG to polyphosphazene block (x:y:z) in 6 were 0.2:1:0.2 for PN0.2-PPG1.0PN0.2, 0.4:1:0.4 for PN0.4-PPG1.0-PN0.4, 0.5:1:0.5 for PN0.5-PPG1.0-PN0.5, 0.7:1:0.7 for
PN0.7-PPG1.0-PN0.7. The number-average molecular weights of copolymers 6 were
estimated by comparing the 1H NMR peak integration ratio of the trifluoroethoxy
protons at 4.55 ppm and the methyl protons of PPG at 1.13 ppm (Table 2-1). The
difference between the conclusions from the GPC and 1H NMR estimates can
probably be attributed to the inherent approximations in the GPC analysis.
The 1H NMR spectrum of PN0.5-PPG1.0-PN0.5 in Figure 2-1, as a representative
example, shows the characteristic resonance peaks of a PN-PPG-PN triblock
copolymer. The PN-PPG-PN triblock copolymers were soluble in THF, acetone,
methanol, and DMF, but were insoluble in chloroform, and n-hexane.

2. Self-Association of Triblock Copolymers in an Aqueous Phase

The amphiphilic nature of the triblock copolymers, consisting of PPG flanked by
hydrophobic fluoroalkoxyphosphazene blocks, provides an opportunity to form
micelles in water. The characteristics of the triblock copolymer micelles in an
aqueous phase were investigated by fluorescence techniques, dynamic light scattering,
and TEM. The critical micelle concentrations (cmcs) of the triblock copolymers in an
aqueous phase were determined by a fluorescence technique using pyrene as a
probe.13-17 In Figure 2-2, the excitation spectra of pyrene are shown at various
concentrations of PN0.4-PPG1.0-PN0.4. The characteristic feature of the pyrene excitat-
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Table 2-1. Properties of the Triblock Copolymers
block ratio

wt% of

(PN:PPG:PN)

hydrophobic

triblock

Mn

copolymera

(1H NMR)

PN0.2-PPG1.0-PN0.2

7 600

0.2:1:0.2

0.1:1:0.1

0.09

26 000 (1.32)

PN0.4-PPG1.0-PN0.4

12 000

0.4:1:0.4

0.3:1:0.3

0.55

38 000 (1.33)

PN0.5-PPG1.0-PN0.5

18 000

0.5:1:0.5

0.4:1:0.4

0.74

34 000 (1.35)

PN0.7-PPG1.0-PN0.7

27 000

0.7:1:0.7

0.7:1:0.7

0.89

55 000 (1.25)

a

feed

foundb

Mn (Mw/Mn)c

blockd

All the samples were prepared by using PPG with Mn of 4000 as specified by Aldrich. b Calculated from 1H NMR

spectra, by comparison of peaks at 4.55 ppm (-OCH2CF3) to peaks at 1.13 ppm (-OCH2CH(CH3)-). c Measured by
GPC. d Weight percentage of the hydrophobic PN block in the triblock copolymer.
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Figure 2-1. 1H NMR spectrum of PN0.5-PPG1.0-PN0.5.
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Figure 2-2. Excitation spectra of pyrene as a function of PN0.4-PPG1.0-PN0.4
concentration in water. The spectrum of pyrene in pure water is identical to those of
the low concentration samples in the figure.
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ion spectra, the symmetry-forbidden (0,0) band shift from 334 to 336 nm following
pyrene partition into the micellar hydrophobic core, was utilized to determine the cmc
values of PN-PPG-PN triblock copolymers. For the PN-PPG-PN triblock copolymers,
a red shift of (0,0) band from 334 to 336 nm was detected and was utilized to
determine the cmc values. Figure 2-3 shows the intensity ratios (I336/I334) of the
pyrene excitation spectra vs the logarithm of PN0.4-PPG1.0-PN0.4 triblock copolymer
concentration. A negligible change of intensity ratios (I336/I334) was detected within a
low concentration range but, at a certain concentration, the intensity ratios showed a
substantial increase, reflecting the incorporation of pyrene into thehydrophobic core
region of the micelles. Therefore, the cmc was determined from the crossover point at
the low concentration range in Figure 2-3. The cmc values of the block copolymers
were in the range of 9.5-12.4 mg/L depending on the block composition (Table 2-2).
These values are much lower than those of low molecular weight surfactants (e.g., 2.3
g/L for sodium dodecyl sulfate), but comparable with those of other polymeric
amphiphiles.14-16,18 As the proportion of the hydrophobic phosphazene component
became higher, lower cmc values were generated.
The mean diameters (d) of the block copolymer micelles, measured by dynamic
light scattering, were in the range of 197-364 nm (Table 2-2). The mean diameters of
the micelles were not significantly affected by the change in the length of the
hydrophobic PN block. Considering the block length in the PN-PPG-PN copolymers
and the assumption of a folded triblock copolymer structure in the micelles, this
system appears not to generate micelles with d values as large as 197-364 nm in an
aqueous phase. Therefore, it is suggested that the micelles of PN-PPG-PN are folded
in half to maintain the hydrophobic core and a hydrophilic corona (Figure 2-4). Larger
structures are then formed by association of individual micelles rather than via an
enlarged core-shell structure. The polydispersity factors (µ2/Γ2) of the micelles,
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Figure 2-3. Plot of I336/I334 (from pyrene excitation spectra) vs log C for PN0.4-PPG1.0PN0.4.
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Table 2-2. Properties of PN-PPG-PN Micelles

a

triblock

cmca

db

copolymer

(mg/L)

(nm)

PN0.2-PPG1.0-PN0.2

12.4

364

0.26

0.3

PN0.4-PPG1.0-PN0.4

10.8

197

0.47

1.5

PN0.5-PPG1.0-PN0.5

9.8

395

0.11

1.5

PN0.7-PPG1.0-PN0.7

9.5

314

0.15

3.3

o

b

µ2/Γ2 c

o

c

Kv
(×10-5)

Measured at 25 C. Mean diameters by dynamic light scattering at 25 C. Polydispersity factor.
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Figure 2-4. Schematic representation of micelles formed from PN-PPG-PN triblock
copolymers.
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estimated by the cumulant method, were fairly low (0.11-0.47) which suggests a
narrow size distribution.14,19,20
The size and shape of the micelles formed from PN-PPG-PN triblock copolymers
were examined by TEM. Figure 2-5 shows micelles formed from a 0.25 g/L solution
of PN0.5-PPG1.0-PN0.5. The micelles have a spherical shape, and the estimated
diameters are in good agreement with the mean diameters measured using dynamic
light scattering.

3. Partitioning of Pyrene in Micellar Solutions

The hydrophobicity of the hydrophobic micellar core was estimated by measuring
the partition equilibrium constant Kv of pyrene, a hydrophobic probe, in the micellar
solutions of the triblock copolymers PN-PPG-PNs. In this work, the equilibrium
constant Kv was calculated following the method suggested by Wilhelm et al.13 In this
method, pyrene binding to the micelles is considered in terms of a simple equilibrium
distribution between a micellar (PN) phase and the water phase. The ratio of the
pyrene concentration in the micellar phase to the water phase ([Py]m/[Py]w) can be
correlated to the ratio of volume of each phase as expressed in eq 1.

[Py]m/[Py]w = KvVm/Vw

(1)

Equation 1 can be rewritten as

[Py]m/[Py]w = Kvx(c - cmc)/1000ρ

(2)

where x is the weight fraction of PN blocks in the triblock copolymer, c is the concen-
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Figure 2-5. TEM micrograph of PN0.5-PPG1.0-PN0.5 micelles. The bar indicates 1000
nm.
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tration of the triblock copolymer, and ρ is the density of the PN core of micelles,
which is assumed to be the bulk density of the polyphosphazene (1.10 g/mL). In the
intermediate range of polymer concentrations with substantial increases of intensity
ratios (I336/I334), [Py]m/[Py]w can be written as

[Py]m/[Py]w = (F - Fmin)/(Fmax - F)

(3)

where Fmax and Fmin correspond to the average magnitude of I336/I334 in the flat region
of the high and low concentration ranges in Figure 2-3, and F is the intensity ratio
(I336/I334) in the intermediate concentration range of the triblock copolymers.
Combining eqs 2 and 3, Kv values of pyrene were determined by using a plot (F Fmin)/(Fmax - F) vs PN-PPG-PN concentration as shown in Figure 2-6.
The Kv values, as summarized in Table 2-2, were in the range from 3.0 × 104 to
3.3 × 105 for the PN-PPG-PN system. As the length of the hydrophobic blocks in the
copolymers increases, the Kv value increases, suggesting that the hydrophobicities of
the micelles also increase.16 Kv values in the range of 1.79 × 105 to 5.88 × 105 have
been reported for poly(2-ethyl-2-oxazoline)-poly(ε-caprolactone) and poly(2-ethyl-2oxazoline)-poly(L-lactide).21

D. Conclusions

Amphiphilic triblock copolymers based on a poly(propylene glycol) as the central
block flanked by hydrophobic polyphosphazene blocks were synthesized via the
controlled cationic-induced polymerization of Cl3N=PSiMe3 at ambient temperature.
The block copolymers formed PN-PPG-PN polymeric micelles that self-organized in
an aqueous phase. These were examined by using fluorescence techniques, dynamic
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Figure 2-6. Plots of (F - Fmin)/(Fmax - F) vs concentration of PN0.2-PPG1.0-PN0.2 (●),
PN0.4-PPG1.0-PN0.4 (♦), PN0.5-PPG1.0-PN0.5 (▲) and PN0.7-PPG1.0-PN0.7 (■) in water.
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light scattering, and transmission electron microscopy. The critical micelle concentrations (cmcs) of the PN-PPG-PN polymeric micelles depend on the length of the
hydrophobic polyphosphazene block, and were in the range of 9.5-12.4 mg/L. From
the TEM and dynamic light scattering results, the PN-PPG-PN polymeric micelles
were spherically shaped with sizes that ranged between 197-364 nm in diameter. The
hydrophobicity of the micellar core was estimated by measurement of the partition
equilibrium constant, Kv, of pyrene in the micellar solution of PN-PPG-PN, and were
in the range from 3.0 ×104 to 3.3 × 105, which were similar to those of other reported
polymeric micelles.
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Chapter 3
Synthesis of Adamantyl Polyphosphazene-Polystyrene Block Copolymers, and βCyclodextrin-Adamantyl Side Group Complexation

A. Introduction

The ability of amphiphilic block copolymers to form micelles is well-known. It is
also established that certain block copolymers such as acrylic copolymers modified
with adamantane units can be switched from hydrophobic to amphiphilic if one of the
blocks can form complexes with hydrophilic conjugate molecules such as
cyclodextrins. Such a switching process allows a block copolymer that is insoluble in
water to be converted to one that forms micelles. Such processes are of interest
because they could form the basis of controlled drug delivery systems triggered by the
presence or loss of conjugate molecules in specific regions of the body. An expansion
of the portfolio of responsive micelles is clearly needed, especially to include
macromolecules that are sensitive to hydrolytic bioerosion to harmless small
molecules that can be metabolized or excreted, a property that is not accessible
through existing responsive conjugate systems.
In this paper we describe an initial step toward the synthesis of such a system.
Specifically, we have developed a method to produce block copolymers of an
adamantane-substituted polyphosphazene connected to polystyrene that can be
solubilized to micelles in the presence of aqueous solutions of β-cyclodextrin (β-CD).
This is not a bioerodible system, but it is a model for block copolymers that contain
bioerodible polyphosphazenes that bear hydrophilic and hydrophobic amino acid ester
side groups and adamantyl side units. Thus, our objective in this work was to develop
a synthesis pathway to responsive micelles, and examine their behavior, as a prelude
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to use of a similar protocol to produce bioerodible counterparts.
The synthesis of block copolymers that contain polyphosphazene units via the use
of a living cationic condensation polymerization has been reported in our earlier
studies.1-12 Specifically, block copolymers that contain two different phosphazene
blocks with different side groups, and block copolymers with a phosphazene block
and an organic polymer or polysiloxane block have been reported.2,4-8 In this study,
we describe a new block copolymer comprised of an organic hydrophobic polystyrene
(PS) block connected to another hydrophobic polyphosphazene that bears adamantyl
side groups (APN). β-Cyclodextrin was used to form inclusion complexes with the
adamantyl side groups on the phosphazene blocks. The outside of β-CD molecules is
hydrophilic because of the presence of numerous hydroxyl groups, while the inside is
hydrophobic because of the alkyl moieties. It is well-known that adamantane units
form strong complexes with β-CD.13 and that polyrotaxane-type inclusion complexes
are formed between CDs and various polymers.14-20 However, the micellar
characteristics of a polymer-CD complex system have not been reported. Here we
demonstrate that the formation of inclusion complexes between block copolymers and

β-CDs does indeed change the micelle forming characteristics of a block copolymer
in aqueous media.

B. Experimental Section

1. Materials

Lithium bis(trimethylsilyl)amide, sodium hydride (60%, dispersed in mineral oil),
phosphorus trichloride, and sulfuryl chloride were obtained from Aldrich and were
used without further purification. Adamantaneethanol (TCI) was used without further
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purification. Ethanol was dried over calcium hydride (CaH2) and was distilled before
use. Phosphorus pentachloride (Aldrich) was purified by sublimation under reduced
pressure before use. The compounds Cl3P=NSiMe3, (CF3CH2O)3P=NSiMe3, and
(CF3CH2O)2BrP=NSiMe3 were synthesized and purified by literature procedures.21-26
Tetrahydrofuran (THF) and n-hexane were distilled into the reaction flask from
sodium-benzophenone ketyl under an atmosphere of dry argon. Dichloromethane
(CH2Cl2) was obtained from Aldrich, dried over CaSO4, and distilled from CaH2 into
the reaction flask. All glassware was dried overnight in an oven at 125 ºC, or flamedried under vacuum before use. Reactions were carried out using standard Schlenk
techniques or an inert atmosphere glovebox (MBraun) under an atmosphere of dry
argon or nitrogen.

2. Equipment

1

H and
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P NMR spectra were obtained using a Bruker AMX-360 NMR

spectrometer, operated at 360 and 146 MHz respectively. 1H NMR spectra were
referenced to tetramethylsilane signals while 31P NMR chemical shifts are relative to
85% phosphoric acid as an external reference, with positive shift values downfield
from the reference. All chemical shifts are reported in ppm. Molecular weight
distribution data were estimated using a Hewlett-Packard HP 1090 gel permeation
chromatograph equipped with an HP-1047A refractive index detector, Phenomenex
Phenogel 10 µm mixed MXL and linear (2) analytical columns, and calibrated against
polystyrene standards (Polysciences). The samples were eluted at 40 oC with a 10 mM
solution of tetra-n-butylammonium nitrate (Aldrich) in THF (OmniSolv).

3. Synthesis of Adamantyl Polyphosphazene-Polystyrene (APN-PS) Block
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Copolymer 4

A 25 mL portion of a methylene chloride solution of PCl5 initiator (0.092 g, 0.44
mmol) and (CF3CH2O)3P=NSiMe3 (0.091 g, 0.22 mmol) was stirred at room
temperature for 2 h. To this solution, was added Cl3P=NSiMe3 (1.679 g, 7.48 mmol),
and the mixture was stirred at room temperature for 4 h. Progress of the reaction was
monitored using
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P NMR spectroscopy until complete conversion of the

Cl3P=NSiMe3 to poly(dichlorophosphazene) had occurred. A solution of polystyrenylphosphoranimine (5000 g/mol, 1.00 g, 0.20 mmol) in methylene chloride was then
added to the polyphosphazene solution, and the mixture was stirred for 24 h at room
temperature to terminate the polyphosphazene. The CH2Cl2 was removed from the
reaction mixture under vacuum, and the product was redissolved in distilled THF. An
excess of sodium adamantaneethoxide in THF was added to the polymer solution and
the mixture was stirred for 24 h at reflux to replace the labile chlorine atoms in the
phosphazene blocks. To a solution of the partially substituted polyphosphazenes with
adamantaneethoxy groups in THF, was added an excess of sodium ethoxide in THF to
complete the replacement of the remaining chlorine atoms. The product was dialyzed
against deionized water for 24 hr and against water/THF (1/5) for 48 h (Spectra/Por
Membrane, MWCO 3 500) to remove any additional impurities. After removal of the
solvent, the polymer was redissolved in THF and precipitated into methanol. The
block copolymer was isolated as a pale yellow powder (3.50 g, 96%). 1H NMR
(CDCl3): δ 1.30 (s, adamantane), 1.57-1.73 (br m, adamantane), 1.97 (s, adamantane),
4.03 (br s, -P-OCH2-), 6.51-6.62 (br m, -P-Ph (o)), 7.01-7.12 (br m, -P-Ph (m, p)). 31P
NMR (CDCl3): δ -7.80 (br s), 18.07 (s).

4. Preparation of APN-PS Block Copolymer/β-Cyclodextrin Complexes
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To a stirred solution of APN-PS (0.02 g, 1.183 µmol) in THF (10 mL) was added
dropwise β-cyclodextrin (0.080 g, 0.070 mmol) in D2O (10 mL). The THF was
removed on a rotary evaporator at 40 oC for 1 h. The polymer solution was sonicated
for 30 min and stirred vigorously for 24 h.

5. Polymeric Micelle Sample Preparation

To prepare micellar solutions, the APN-PS block copolymer/β-cyclodextrin
complex was dispersed in distilled water with gentle stirring for 3 h, followed by
sonication for 30 min. For measurements of the fluorescence spectra of pyrene in the
micellar solutions, samples were prepared following a literature procedure.21-24

The

concentrations of the sample solutions were varied from 5 × 10-5 g/L to 1 g/L. To
control the β-cyclodextrin concentration in the APN-PS solution, a series of 1.4 mL of

β-cyclodextrin solutions of the concentration range from 1.6 g/L to 0.16 g/L was
added to 1.4 mL of 0.4 g/L of the APN-PS polymer solutions. These solutions were
sonicated for 30 min and stirred vigorously for 24 h. To these APN-PS block
copolymer/β-cyclodextrin complex solutions 2.8 mL of 1.2 × 10-6 M of pyrene
solution was added and the system was sonicated for 30 min for fluorescence
measurements.

6. Fluorescence Measurements 27

Fluorescence spectra were obtained using a Yobin Yvon Fluoromax 4
spectrometer. Pyrene was used as a fluorescence probe to analyze the APN-PS block
copolymer/β-cyclodextrin complex in doubly distilled water. For the measurement of
the pyrene excitation spectra, emission and excitation slit widths were set at 3 nm and
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1.5 nm, respectively. For the excitation spectra, the emission wavelength was 390 nm.

7. Sizes and Size Distributions

The sizes and size distributions of the block copolymer micelles were evaluated
by dynamic light scattering (DLS) using a particle size analyzer (Zetasizer Nano S,
Malvern Instruments Ltd.) at room temperature (25 °C) with a scattering angle of 90°.
Samples were filtered through a 0.45 µm syringe filter before measurement of particle
size for each sample.

8. Transmission Electron Microscopy

Transmission electron microscopy (TEM) was performed using a JEOL 2010,
operated at an acceleration voltage of 200 kV. For observation of the size and
distribution of the micellar particles, a drop of sample solution (concentration = 0.1
g/L) was placed onto a 400-mesh copper grid coated with carbon. About 2 min after
deposition, the grid was tapped with filter paper to remove surface water, followed by
air-drying. Negative staining was performed by using a droplet of a 2.5 wt % uranyl
acetate solution.28 The samples were air-dried before measurements.

C. Results and Discussion

1. Synthesis of Block Copolymers

Adamantyl polyphosphazene-polystyrene (APN-PS) block copolymers were
synthesized via the controlled, cationic polymerization of Cl3P=NSiMe3 at ambient
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temperature, using a polystyrenyl-phosphoranimine as a macroterminator (Scheme 31). Polystyrene with a terminal amine unit was prepared by quenching living
polystyrene with 2,2,5,5-tetramethyl-1-(3-chloropropyl)-1-aza-2,5-disilacyclopentane.
The amine-terminated polystyrene was treated with (CF3CH2O)2BrP=NSiMe3 to yield
the polystyrenyl-phosphoranimine 1, which served as the macromolecular terminator
for the controlled, cationic polymerization of Cl3P=NSiMe3. The addition of 1 to
solutions of [(CF3CH2O)3P=N-(Cl2P=N)m-PCl3]+[PCl6]- (2), yielded polystyrenepoly(dichlorophosphazene) block copolymers (3) with controlled phosphazene block
length.9
The macromolecular substitution reactions of poly(dichlorophosphazene) are
known to be sensitive to the steric hindrance of the incoming nucleophile. For
example, the replacement of the chlorine atoms in poly(dichlorophosphazene) by
bulky aryloxy or arylamino groups often requires forcing experimental conditions and
may in some circumstances lead to only incomplete halogen replacement.29 It has also
been reported that complete replacement of all the chlorine atoms in poly(dichlorophosphazene) by adamantanemethoxy groups is not possible under normal reaction
conditions.30 The presence of unreacted phosphorus-chlorine units is likely to lead to
long-term hydrolytic instability. Thus, it is necessary to replace the residual chlorine
atoms with the use of a less hindered and more reactive reagent.
The nucleophile chosen for this purpose was sodium ethoxide due to the
amphiphilic character of the ethoxy group and its low steric profile. Moreover,
adamantaneethoxy groups were used instead of adamantanemethoxy groups to
achieve higher adamantyl substitution ratios by use of a longer spacer group. Thus,
macromolecular replacement of chlorine atoms along the phosphazene block was
performed first with sodium adamantaneethoxide followed by treatment with sodium
ethoxide. The resultant substitution ratio on the phosphazene block was estimated by
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Scheme 3-1. Synthesis of Adamantyl Polyphosphazene-Polystyrene Block
Copolymers
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1

H NMR to be 9:1 adamantaneethoxy:ethoxy groups (Table 3-1). This was a much

higher adamantyl substitution ratio than the ratio of adamantanemethoxy units to
trifluoroethoxy side groups (5:5) in a previous report.30 The molar composition ratio
of the repeating units of polyphosphazene (PN) to polystyrene (PS) in 4 was 0.64:1.0.
The number average molecular weight was estimated by comparing the 1H NMR peak
integration ratio of the ethoxy protons of the polyphosphazene at 4.03 ppm and the
aromatic protons of polystyrene at 6.51-6.62 and 7.01-7.12 ppm based on the
molecular weight of polystyrene (Table 3-1 and Figure 3-1). Gel permeation
chromatography was used to estimate average molecular weight and polydispersity
values, and these data were compared to the value calculated using 1H NMR (Table 31).

2. Complexation of Adamantyl Units on the Polyphosphazene Blocks with βCyclodextrin in an Aqueous Medium

The adamantyl polyphosphazene-polystyrene block copolymer was completely
insoluble in water, but the solution became clear in the presence of β-cyclodextrin in
an aqueous environment. This observation supports the host-guest interactions of the
adamantyl groups with the hydrophobic inner cavity of β-cyclodextrin and is consistent with micelle formation via a change of the polyphosphazene blocks from
hydrophobic to hydrophilic. This means that the overall hydrophobic character of the
adamantyl polyphosphazene-polystyrene block copolymers was modified to amphiphilic by β-cyclodextrin complexation, which induces the formation of polyme-ric
micelles (Scheme 3-2). 1H NMR studies were conducted with the block copolymers
and β-cyclodextrin in D2O to verify this complexation. The chemical shift of the H-3
proton (3.98 ppm, uncomplexed) located at the inner surface of the cyclodextrin
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Table 3-1. Characterization of Adamantyl Polyphosphazene-Polystyrene Block
Copolymers
block
copolymer
APN-PSa
a

Mn
1

yield

3.50 g
(95%)

(H

Substitution ratio

block ratio
(APN:PS)

b

(adamantane
c

NMR)

feed

found

ethoxy:ethoxy)

16 900

0.72:1:0

0.64:1:0

0.9:0.1

Prepared by using polystyrene with Mn of ~ 5000 (Mw/Mn = 1.2).

b

Mn
( Mw/Mn )d
9 400 (1.5)

Calculated from 1H NMR by comparing

aromatic protons (6.51-6.62 ppm and 7.01-7.12 ppm) on PS block to adnamantaneethoxy and ethoxy protons (4.03
ppm) on PN block. c Calculated from 1H NMR by comparing ethoxy protons (4.03 ppm) to adnamantantyl protons
(1.97 ppm). d Measured by GPC.
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Figure 3-1. 1H NMR spectrum of adamantyl polyphosphazene-polystyrene block
copolymers.
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Scheme 3-2. Formation of Micelles via the Inclusion Complexes of βCyclodextrin and Adamantyl Polyphosphazene-Polystyrene Block Copolymers
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cavity was monitored relative to the HDO internal reference (4.79 ppm). As shown in
Figure 3-2, a prominent upfield shift of H-3 (δ∆ = -0.0107) was detected for the block
copolymer/β-cyclodextrin complex (APN-PS/β-CD) caused by magnetic perturbation
due to the adamantane guest group, while the chemical shifts of H-2 and H-4,
positioned outside the β-cyclodextrin cavity, were negligible. This observation is
consistent with the interpretation that the adamantyl side groups on the
polyphosphazene blocks have been encapsulated within the β-cyclodextrin cavity.

3. Self-Association of Block Copolymers Complexed with β-Cyclodextrin in
an Aqueous Phase

As discussed above, the adamantyl polyphosphazene-polystyrene block copolymers complexed with β-cyclodextrin switch the properties from hydrophobic to
amphiphilic. This provided an opportunity for formation of a self-assembled micellar
structure in the aqueous phase. The critical micelle concentration (cmc) was determined by using pyrene as a fluorescence probe, which partitioned into the hydrophobic
PS core of the micelles when the system exceeded the critical micelle concentration
(cmc).27,31,32 Because the complexation ability of the adamantyl groups with β-cyclodextrin is much stronger than that of pyrene (the complex stability constant of pyrene
at 25 oC is ~2.6933 compared to the value of 5 for adamantane34), the adamantyl
groups should not be displaced from the hydrophobic β-cyclodextrin cavity to the
outside bulk aqueous solution by the addition of pyrene to the APN-PS/β-CD
solutions. The addition of pyrene to an aqueous solution containing 6 × 10-6 M βcyclodextrin ([pyrene] = 6 × 10-7 M) caused no increase in fluorescence emission.
Thus, the complexation of pyrene with β-cyclodextrin should not occur even if it were
ten times higher than the concentration of adamantyl groups. On the other hand, APN-
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Figure 3-2. 1H NMR spectra of (a) the uncomplexed β-cyclodextrin, (b) βcyclodextrin in the block copolymer/β-CD complex in D2O at 25 oC.
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PS/β-CD ([APN-PS] = 1.25 g/L, [β-CD] = 6 × 10-6 M and [pyrene] = 6 × 10-7 M)
showed a dramatic increase in fluorescence emission by the partition of pyrene
molecules into the hydrophobic micellar core. This result strongly suggests that the
addition of pyrene to the APN-PS/β-CD solutions after the formation of the
adamantyl-β-cyclodextrin complex has no influence on the structural stability of the
polymer complexation. Furthermore, this means that APN-PS/β-CD complex should
be stable even when more pyrene is added to the system.
The critical micelle concentration (cmc) is an important physical property of
micelles which indicates the stability of the micellar structure. The excitation and
emission spectra of pyrene are shown at varying concentrations of APN-PS/β-CD in
Figure 3-3. In the excitation spectra, increasing concentrations of APN-PS/β-CD
caused greater fluorescence intensity at around 339 nm (Figure 3-3 (a)). It is known
that the excitation intensity of pyrene in an aqueous phase is very small at 339 nm, but
it increases dramatically when pyrene is partitioned into a hydrophobic environment.
27,32,35

This suggests that the block copolymer complex with β-CD spontaneously

forms micelles in aqueous solutions and that this enabled the pyrene to partition into
the hydrophobic core of the micelles. Moreover, increasing the concentration of APNPS/β-CD caused a red shift, a characteristic feature of pyrene excitation spectra. The
(0,0) band of pyrene shifted from 334 to 339 nm following the partition of pyrene into
the hydrophobic core of the micelles. The fluorescence intensity ratio at the two
excitation wavelengths (I339/I334) as a function of the APN-PS/β-CD concentration
was used to determine the cmc value of APN-PS/β-CD micelles according to previous
reports.27,32,35 The cmc value determined by this method was about 0.93 mg/L, as
shown in Figure 3-4 (a). Figure 3-4 (b) presents another method for determining the
cmc value of micelles based on a plot of the pyrene emission at 373 nm as a function
of the APN-PS/β-CD concentration. The cmc value of the APN-PS/β-CD micelles by
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Figure 3-3. (a) Excitation spectra of pyrene in the presence of APN-PS/β-CD at a
fixed emission wavelength of 390 nm, and (b) fluorescence emission spectra of
pyrene in the presence of APN-PS/β-CD at a fixed excitation wavelength of 339 nm.
The concentration of pyrene was 6 × 10-7 M. The concentration of APN-PS/β-CD was
varied from 1 to 2.5 × 10-5 g/L. The concentration of β-CD complexed with APN-PS
was varied from 4 to 1.0 × 10-4 g/L.
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Figure 3-4. (a) Intensity ratio (339 nm/334 nm) of pyrene in the excitation spectra, (b)
emission intensity of pyrene at 373 nm as a function of logarithm of the APN-PS/βCD concentration.
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this method was 0.92 mg/L. The difference between the two cmc values obtained by
the two methods is negligible. The cmc of the APN-PS/β-CD micelles is much lower
than that of oligo(methyl methacrylate)-poly(acrylic acid) micelles (cmc = 100 mg/L)
and is even lower than that of poly(ethylene glycol)-poly(lactide) diblock copolymer
(cmc <2 mg/L).35,36 It is conceivable that the highly hydrophilic character of the βcyclodextrin outer surface in the shell layer surrounding the PS core provides a more
stable corona structure in the micelles in a hydrophilic medium. This indicates that,
even with a small concentration of block copolymer, a stable micelle structure can be
formed.
Dynamic light scattering (DLS) was carried out to determine the hydrodynamic
volume of the micelles, as shown in Figure 3-5. These experiments suggested an
effective diameter of 193 nm with a narrow size distribution. A comparison of the
length of the block copolymer chain and the micelle size suggests that the micelles are
multicore structures formed by association of individual micelles rather than simple
core-shell structures. TEM was also used for the direct visualization of the size and
morphology of the micelles. In Figure 3-6, it can be seen that the micelles formed
from a 0.1 g/L solution of APN-PS/β-CD have a spherical shape. The observed
diameters are in good agreement with the mean diameters measured using DLS. The
observed size distribution of the micelles in the TEM image is also narrow.

4. Control of Micelle Formation via β-Cyclodextrin Concentration

The most interesting feature of this block copolymer/β-CD complex system is that
the formation of the micelles can be controlled by changing the β-cyclodextrin
concentration in an APS-PS block copolymer aqueous solution. As shown in Figure 37, the pyrene fluorescence emission intensity increased only when more than 40% of
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Figure 3-5. Effective hydrodynamic volume of APN-PS/β-CD micelles analyzed by
dynamic light scattering (DLS).
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(a)

(b)

Figure 3-6. TEM micrographs of APN-PS/β-CD micelles. The bars indicate 1 µm for
(a) and 100 nm for (b).
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Figure 3-7. Fluorescence emission spectra of pyrene obtained by changing the β-CD
concentration at constant APN-PS concentration at a fixed excitation wavelength of
339 nm. The concentration of pyrene was 6 × 10-7 M and the concentration of APNPS was 0.1 g/L.
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the adamantyl groups on the polyphosphazene blocks were complexed with βcyclodextrin. On the other hand, a fluorescence emission increase was not detected
when the β-cyclodextrin ratio to adamantyl group ratio was below 0.3. This
observation strongly suggests that a critical concentration of β-cyclodextrin is needed
to provide enough hydrophilicity for micelle formation. In this case, the critical ratio
between adamantyl groups and β-cyclodextrin units for micelle formation was 1 to
0.4. The cmc values of APN-PS/β-CD complex were also determined by fluorescence
excitation and emission of pyrene for the different adamantyl group and βcyclodextrin ratios above the critical value of 1:0.3 (Figure 3-8). The measured cmc
values were 0.645, 0.755, 0.881, and 0.925 mg/L for the ratios between adamantyl
groups and β-cyclodextrin units of 1:0.4, 1:0.6, 1:0.8, and 1:1. As the proportion of
the β-cyclodextrin components in the APN block became higher, larger cmc values
were generated. This result further suggests that the hydrophilicity of the APN blocks
created by β-cyclodextrin complexation is dependent on the amount of β-cyclodextrin
in the system. Assuming that all the added β-cyclodextrin can complex with
adamantyl groups on the APN blocks, as indicated by the 1H NMR of β-cyclodextrin,
this cmc behavior provides us with information that the hydrophilicity of the APN
block has a linear relationship with the concentration of β-cyclodextrin. Such
controlled micelle formation and critical micelle concentration provides a significant
opportunity for the selective encapsulation of guest molecules into the micelle core
simply by modifying the concentration of the secondary participant such as βcyclodextrin.

D. Conclusions

Novel block copolymers that contain adamantyl polyphosphazene segments and a
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Figure 3-8. Intensity ratios (339 nm/334 nm) of pyrene in the excitation spectra as a
function of the logarithm of APN-PS/β-CD. The concentration of pyrene was 6 × 10-7
M.
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polystyrene segment were synthesized using the living, cationic polymerization of
phosphoranimines. Adamantyl groups on a phosphazene block are capable of forming
inclusion complexes with β-cyclodextrin, and this complexation results in the
significant change of block copolymer character from hydrophobic to amphiphilic.
The resultant amphilphilic PN-PS block copolymers self-associate to form micelles in
aqueous media, in a way that causes the hydrophobic PS segments to be incorporated
into the micellar core. A lower cmc value of 0.925 mg/L was found for the block
copolymer complex with β-cyclodextrin than for other synthetic amphiphilic block
copolymers. This demonstrates that the highly hydrophilic shell of these micelles is
due to the hydrophilic cyclodextrin outer surface. The mean diameter of the micelles
formed from the APN-PS/β-CD complex was 193 nm with narrow distributions.
Significantly, the micelle formation can be manipulated by changes to the βcyclodextrin concentration in an aqueous medium. This can be used for controlled
micelle formation even at higher polymer concentrations.
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Chapter 4
Dendrimers Derived from Polyphosphazene-Poly(propyleneimine) Systems :
Encapsulation and Triggered Release of Hydrophobic Guest Molecules

A. Introduction

The targeted delivery of hydrophobic drug molecules to various sites in the body
is a major challenge due to the insolubility of these species in aqueous media. The
functionalization of dendrimers1-2 is a preferred strategy for developing a variety of
novel materials for various biological applications. In this respect, various functional
groups have been introduced at the end groups and therefore at the external surface of
the dendrimers to impart properties associated with the functional groups. Specifically,
surface modification of the primary amino groups of diaminobutane poly(propyleneimine) dendrimers affords a diversity of compounds, as has recently been reviewed.3
For instance, quaternary ammonium groups4 or poly(ethylene glycol) chains5 have
been introduced at the external surface of dendrimers, with a view to the development
of drug delivery systems.6 Although this surface functionalizaion with poly(ethylene
glycol) chains is a useful method for the stabilization of dendrimers in a biological
environment and for targeting, most of PEGylated dendrimers share drawbacks of
poor encapsulation and stabilization properties due to the chemically labile properties
and highly linear structure of ethyleneoxy main chains of PEG.
Poly(organophosphazenes) are hybrid organic-inorganic polymers that contain a
highly flexible phosphorus-nitrogen backbone to which are attached organic side
groups. A wide range of properties can be obtained by variations of the organic
substituents.7,8 In particular, amphiphilic or water-soluble polyphosphazenes have
attracted much attention due to their potential applications in biomaterials and drug
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delivery systems.9,10 An ambient temperature, living cationic polymerization of
phosphoranimines, initiated by PCl5, has recently been developed.11-14 This route not
only provides molecular weight control and narrow polydispersities, but also permits
the synthesis of polymers with controlled architectures. Furthermore, the cationic
polymerization of phosphoranimines provides a viable method for the formation of
phosphazene-phosphazene and phosphazene-organic (or polysiloxane) block copolymers using various macroinitiatiors.15
We report here a model system based on hydrophobic diaminobutane poly(propyleneimine) dendrimers that bear amphiphilic polyphosphazene outer segments.
The hydrophobic interior provides an environment for the stabilization of pyrene - a
model for hydrophobic guest molecules. Efficient incorporation of the active
molecule and its controlled release are prerequisites for effective drug delivery
systems. With this in mind, we have investigated whether changes to the salt
concentration in the environment of the dendrimers of our model system can affect
their solubilizing ability, thus triggering the release of guest molecules.

B. Experimental Section

1. Materials

Diaminobutane poly(propyleneimine) dendrimers with 4 (4-DAB), 8 (8-DAB),
and 16 (16-DAB) amino groups at the external surface (Aldrich) were used as the
starting compounds. Lithium bis(trimethylsilyl)amide (Aldrich) was used without
further purification. Phosphorus pentachloride (Aldrich) was purified by sublimation
under vacuum before use. 2,2,2-Trifluoroethanol and diethylene glycol methyl ether
(Aldrich) were dried over calcium hydride and distilled before use. Tetrahydrofuran,
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dichloromethane and n-hexane (Aldrich) were distilled from sodium benzophenone
ketyl under dry nitrogen. All glassware was flame-dried under vacuum before use.
The reactions were performed under an atmosphere of dry argon or nitrogen.

2. Equipment

1

H and 31P NMR spectra were recorded on a Bruker WM-360 NMR spectrometer

operated at 360 and 90.27 MHz, respectively. 1H NMR spectra were referenced to
solvent signals while 31P NMR chemical shifts are relative to 85% phosphoric acid as
an external reference, with positive shift values downfield from the reference.
Molecular weights were estimated using a Hewlett-Packard HP 1090 gel permeation
chromatograph equipped with an HP-1047A refractive index detector, American
Polymer Standards AM gel 10 mm and AM gel 10 mm 104 Å column, and calibrated
vs polystyrene standards (Polysciences). The samples were eluted at 40 °C with a 0.1
wt % solution of tetra-n-butylammonium nitrate (Aldrich) in THF (OmniSolv).

3. Synthesis of Bromophosphoranimine 1

A hexane (300 mL) solution of LiN(SiMe3)2 (18.28 g, 0.11 mol) was cooled to 0
o

C, and PCl3 (15.00 g, 0.11 mol) was added slowly over 15 min. The reaction mixture

was stirred at 0 oC for 1 h and allowed to warm to room temperature followed by
stirring for 2 h. Then, a stock solution prepared from NaOCH2CF3 (0.22 mol; 21.81 g
of HOCH2CF3 and 5.01 g of Na metal) was transferred to the reaction mixture at room
temperature. After addition of the salt, the reaction mixture was stirred at room
temperature for 12 h. After completion of the reaction, the mixture was centrifuged
for 30 min to remove sodium chloride. The solution was transferred to a round-bottom
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flask and the solvent was removed at reduced pressure by rotary evaporation. The
remaining solution was vacuum distilled to produce a colorless liquid. The product
was dissolved in benzene (100 mL) and cooled to 10 oC. To this solution was added
bromine (14.81 g) in benzene (30 mL) and the mixture was stirred at 10 oC for 2 h and
allowed to warm to room temperature. The solvent was removed at reduced pressure
and the crude product was vacuum distilled at least twice to remove unreacted
bromine and produce a colorless liquid (17.34 g, yield 40%). 1H NMR (CDCl3): δ
0.00 (s, 9H), 4.23 (q, 4H). 31P NMR (CDCl3): δ -33.93.

4. Synthesis of Triethoxyphosphoranimine 3

To a solution of Cl3P=NSiMe3 (3.0 g, 13.36 mmol) in THF (50 mL) was added a
solution of sodium ethoxide (44.09 mmol) at –78 oC. The reaction mixture was stirred
at – 78 oC for 1 h and allowed to warm to room temperature. After completion of the
reaction, the reaction mixture was passed through a pad of Celite to remove
precipitated sodium chloride. The filtrate was collected and the solvent and excess
ethanol were removed at reduced pressure. The crude product was purified by vacuum
distillation (at 40 oC) to yield a yellow liquid (2.03 g, yield 60%). 1H NMR (CDCl3): δ
0.00 (s, 9H), 1.24 (t, 9H), 3.92 (q, 6 H). 31P NMR (CDCl3): δ -4.03.

5. Synthesis of Chlorophosphoranimine 4 16

A solution of LiN(SiMe3)2 (53.53 g, 0.32 mol) in 700 mL of diethyl ether was
cooled to 0 oC, and PCl3 (43.95 g, 0.32 mol) was added dropwise over 30 min. The
reaction mixture was allowed to warm to room temperature and was stirred for 2 h.
Sulfuryl chloride (43.19 g, 0.32 mol) was added slowly and the reaction mixture was
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stirred at 0 oC for 3 h. After completion of the reaction, the salt was removed by
filtration. The crude product was purified by vacuum distillation to yield a colorless
liquid (25.15 g, yield 35%). 1H NMR (CDCl3): δ 0.00 (s, 9H). 31P NMR (CDCl3): δ 54.10.

6. Synthesis of Functional Dendrimers

A mixture of 8-DAB (0.050 g, 0.065 mmol) and triethylamine (0.055 g) in
methylene chloride was cooled to 0 °C. To this solution was added dropwise
(CF3CH2O)2BrP=NSiMe3 (1) (0.22 g, 0.54 mmol) over a 30 min period. The reaction
mixture was stirred for 12 h at room temperature. In a separate reaction vessel, PCl5
(0.24 g, 1.14 mmol) was dissolved in 50 mL of distilled CH2Cl2 at room temperature.
The end-capper reagent (CH3CH2O)3P=NSiMe3 (3) (0.14 g, 0.57 mmol) was added to
the solution, which was stirred for 2 h at room temperature. The monomer,
Cl3P=NSiMe3 (4) (2.56 g, 11.39 mmol), was then added to the reaction mixture which
was stirred for 12 h to generate “living” poly(dichlorophosphazene) chains. The
polyphosphazene solution was then added to the solution of dendrimeric phosphorranimine in CH2Cl2 and the mixture was stirred for 48 h at room temperature to
terminate the polymerization. The CH2Cl2 was removed from the reaction mixture
under reduced pressure, and the polymer was redissolved in 25 mL of freshly distilled
THF. An excess of NaOCH2CH2OCH2CH2OCH3 (34.16 mmol) in THF was added to
the dendrimer solution to replace the labile chlorine atoms in the phosphazene blocks.
The reaction mixture was stirred at room temperature until

31

P NMR spectroscopy

indicated complete replacement of the chlorine atoms. The dendrimer was purified
again by dialysis against THF/H2O (4/1 vol/vol), followed by drying under reduced
pressure to give a viscous yellowish liquid. 1H NMR (CDCl3): δ 1.18 (m, -POCH2
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CH3), 1.36 (m, -NCH2CH2CH2N-, -NCH2CH2CH2CH2N-, -NCH2CH2C H2NH-), 2.20
(m, -NCH2CH2CH2N-, -NCH2CH2CH2CH2N-, -NCH2CH2CH2NH-), 3.08 (m, CH2NH-), 3.28 (broad s, -CH2OCH3), 3.44 (broad s, -CH2OCH3), 3.55 (broad s, CH2OCH2-), 3.74 (broad s, -POCH2 CH3), 3.98 (broad s, -POCH2CH2O-), 4.30 (broad
s, -POCH2CF3). 31P NMR (CDCl3): δ -7.96.
Anal. Calcd for C1800H3936N190O1048F48P184: C, 41.88; H, 7.69; N, 5.16; F, 1.77; P,
11.04. Found: C, 41.76; H, 7.83; N, 5.53; F, 1.87; P, 11.46.

7. Sample Preparation

Nanopure water with a conductivity of 18.2 MΩ/cm (10 mL) was added dropwise
to a stirred THF solution of the functional dendrimer (10 mL). The THF was removed
on a rotary evaporator at 30 °C for 2 h. The dendrimer solution was diluted with
Nanopure water to obtain a concentration range from 2.0 × 10-4 to 1.0 × 10-9 M. For
the measurement of fluorescence spectra, a pyrene solution in THF (1.6 × 10-3 M) was
added to Nanopure water to give a pyrene concentration of 16 × 10-7 M, and THF was
removed using a rotary evaporator at 30 °C for 2 h. The pyrene solution was mixed
with the dendrimer solutions to obtain dendrimer concentrations from 1.0 × 10-4 to 5.0
× 10-10 M. The pyrene concentration of the samples was 8.0 × 10-7 M. All the samples
were sonicated for 15 min and were allowed to stand for 2 days before fluorescence
measurements.

8. Fluorescence Measurements

The fluorescence spectra were obtained using a Perkin Elmer LS 55
spectrofluorometer. The site of pyrene entrapment inside the dendrimers was probed
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by its fluorescence intensity (F/F0) and I1/I3 ratio: F0 is the total fluorescence intensity
of aqueous pyrene solution, whereas F is the total fluorescence intensity of the same
pyrene solution after addition of dendrimer which is lower than F0 due to the resulting
quenching (see Results and Discussion section). I1 and I3 are the fluorescence
intensity of pyrene spectra at 373 and 383 nm, respectively, and their ratio is
reflecting the polarity of the microenvironment that pyrene is sensing.17

9. Solubilization and Release Properties

The limiting solubilization of pyrene was measured by absorption spectroscopy
(HP 8452 A diode array spectrophotometer) of 5.0 × 10-5 M dendrimeric solution
incorporating 1.2 × 10-5 M of pyrene. For studying the release of solubilized pyrene as
a function of added sodium chloride, an aqueous 5.0 × 10-5 M dendrimeric solution
was used, incorporating 1.2 × 10-5 M of pyrene, and its absorption spectra was
monitored as a function of NaCl concentration.

C. Results and Discussion

1. Terminology

The following terminology is used in this publication. The parent diaminobutane
poly(propyleneimine) dendrimer starting materials are defined as 4-, 8-, or 16-DAB
species, according to the number of arms present. The corresponding intermediates
with phosphoranimine terminal units are then described as 4-, 8-, or 16-DABphosphoranimines. The final dendrimeric products with polyphosphazene side arms
are 4, 8, or 16-DAB-PN species.
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2. Synthesis of Diaminobutane Poly(propyleneimine)-Polyphosphazene
(DAB-PN) Dendrimers

In earlier work in our program, triarmed phosphazene polymers were synthesized
via the ambient temperature, cationic polymerization of phosphoranimines using
tris(2-aminoethyl)amine as a starting core molecule.12 Thus, it appeared that multi
primary amines such as amine-terminated diaminobutane poly(propyleneimine)
dendrimers should also be useful as core molecules to form a functional phosphoranimine. The synthetic procedure for preparation of functional dendrimers is illustrated
in Schemes 4-1 and 4-2. A triethoxyphosphoranimine (3) was initiated with 2 equiv of
PCl5 at room temperature in CH2Cl2 to produce the cationic species (CH3CH2O)3P=NPCl3+PCl6-. Subsequent reaction of this initiator with given amounts of Cl3P=NSiMe3
(4) allowed the preparation of poly(dichlorophosphazene) with specific chain lengths
(i.e., 20 repeating units). The addition of this living species to DAB-phosphoranimine
(2) resulted in the formation of multiarmed diaminobutane poly(propyleneimine)
dendrimers. Subsequent treatment of this species with NaOCH2CH2OCH2CH2OCH3
yielded hydrolytically stable diaminobutane poly(propyleneimine)-polyphosphazene
(DAB-PN) dendrimers (Scheme 4-2). The resulting dendrimeric polymers were
soluble in THF, chloroform, acetone, and DMSO. The molecular weights and polydispersities of DAB-PN dendrimers, as estimated by GPC and 1H NMR, are given in
Table 4-1. The Mn values calculated by 1H NMR showed good agreement with
theoretical values derived from the reaction stoichiometries. The molecular weights of
the DAB-PN dendrimers were determined by peak integration ratios of methyl
protons (3.98 ppm) of the phosphazene arms to the methyl protons (2.20 ppm) of the
core molecule (Table 4-1). Gel permeation chromatography showed polydispersities
in the range of 1.21-1.33 with unimodal distributions. Molecular weights measured by
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Scheme 4-1. Synthesis of DAB-Phosphoranimine 2
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Scheme 4-2. Synthesis of DAB-PN Dendrimers (continued to page 90)
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Scheme 4-2. Synthesis of DAB-PN Dendrimers
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Table 4-1. Properties of DAB-PN Dendrimers
DAB-PN

a

no. of repeating

Mn
1

a

Mn (Mw/Mn)b

dendrimer

units per each arm

( H NMR)

4-DAB-PN

20

25 743

6 200 (1.33)

8-DAB-PN

20

51 610

26 800 (1.32)

16-DAB-PN

20

103 394

38 000 (1.21)

1

Calculated from H NMR spectra, by comparison of peaks at 3.98 ppm (-OCH2CH2O-) to peaks at 2.20 ppm (-

NCH2CH2CH2N-, -NCH2CH2CH2CH2N-, -NCH2CH2CH2NH-). b Measured by GPC.
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GPC were significantly lower than those calculated by 1H NMR, possibly due to the
highly spherical conformation of the dendrimers in THF solution and their subsequently small hydrodynamic volume.

3. Solubilization and Micropolarity Studies

It is well-established that the aqueous solubility of hydrophobic molecules can be
dramatically enhanced in the presence of water-soluble surface active agents. Therefore, dendrimers, which resemble unimolecular micelles, are expected to increase the
aqueous solubility of water-insoluble or weakly soluble organic compounds (Figure 41). The binding strength and the adsorption capacity of dendrimers may be altered
depending on the available number of microcavities and the chemical composition of
the repeating units. Although pyrene is not an active drug ingredient, it is a sensitive
probe for determining the solubility of hydrophobic guest molecules and the
hydrophobicity of the environment within a dendrimer. In the present study we have
examined, by UV-vis absorption spectroscopy, aqueous dendrimer solutions of 4-, 8-,
and 16-armed DAB-PN dendrimers, saturated with pyrene. The absorption spectra of
pyrene in water in the presence of 4-, 8-, and 16-armed DAB-PN dendrimers are
shown in Figure 4-2. In the absence of DAB –PN dendrimers, no soluble pyrene could
be detected in the water as evidenced by the fact that the absorption spectrum of this
solution is practically indistinguishable from the solvent baseline. However, in the
presence of the dendrimers the spectra indicate that the DAB-PN dendrimers are
capable of providing an apolar environment that sequesters one or more hydrophobic
pyrene molecules within its interior. Under these conditions, the maximum
concentration of the solubilized pyrene was dramatically increased in proportion to
the size of the corresponding dendrimer, either in terms of dendrimer molecular
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Figure 4-1. Schematic representation of the solubilization of pyrene in DAB-PN
dendrimers.
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Figure 4-2. Absorption spectra of pyrene in aqueous solutions of DAB-PN
dendrimers (5.0 × 10-5 M).
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weight or the number of microcavities in each dendrimer (Table 4-2). Thus, the
amount of solubilized pyrene, and presumably of other organic molecules, can be
controlled to some desired value by using dendrimers of the appropriate generation.
We conclude therefore that the generation level plays an important role in the
association between pyrene and the dendrimer. In addition, the phosphazene-coupled
dendrimer encapsulated significantly higher concentrations of pyrene than did the
parent dendrimer (diaminobutane poly(propyleneimine) without the phosphazene
component). This observed solubility increase is attributed to additional solubilization
of the hydrophobic pyrene in the polyphosphazene periphery. Apparently polyphosphazene arms can stabilize pyrene by a hydrophobic interaction due to the amphiphilic nature of the ethyleneoxy functional groups attached to the polyphosphazene
chains. Interestingly, in the case of the 4-armed DAB-PN dendrimers, which have
quite small generations, the loading capacity is 13.6 mol %, which is roughly three
times more than the loading capacity of the parent 4-armed dendrimeric solution (3.7
mol %). This is significantly beneficial for its application for a drug delivery system,
and the loading enhancement is clearly attributed to the polyphosphazene functional
groups introduced at the surface of the parent dendrimer.
Because the fluorescence spectrum of pyrene is sensitive to changes in its micro
environment, this technique is useful for investigating the polarity of the dendrimer
interior that binds the hydrophobic guest molecule. The fluorescence emission spectra
of pyrene at different concentrations of the 16-armed DAB-PN dendrimer are shown
in Figure 4-3. The relative intensities of the first and the third emission peaks (I1/I3) in
the emission spectrum of pyrene are known to be sensitive to the polarity of the
microenvironment.17 Figure 4-4 shows the variation of I1/I3 as a function of dendrimer
concentrations in water saturated with pyrene. It is clear that the dependence of the
ratio on the dendrimer concentration changes significantly from the 4- to the 16-
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Table 4-2. Comparative Solubility of Pyrene in DAB-PN Dendrimers and Parent
Dendrimers
PY/dendrimer

DAB-PN dendrimer

[dendrimer]/M

[PY]/M

4-DAB-PN

5.0 × 10-5

6.80 × 10-6

0.136

-5

-6

0.037

molar ratio

4-DAB

5.0 × 10

8-DAB-PN

5.0 × 10-5

3.26× 10-5

0.652

-5

-6

0.038

1.86 × 10

8-DAB

5.0 × 10

16-DAB-PN

5.0 × 10-5

5.31 × 10-5

1.062

-5

-6

0.039

16-DAB

5.0 × 10

1.88 × 10
1.95 × 10

Fluorescence Intensity
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Figure 4-3. Emission spectra of pyrene in water (8.0 × 10-7 M) at different
concentrations of 16-armed DAB-PN dendrimer.
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Figure 4-4. Variation of the intensity ratio of the first (I1) to the third (I3) pyrene
fluorescence peaks vs the total added dendrimer concentration.
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armed DAB-PN dendrimer.
The experimental results shown in Figure 4-4 are rationalized in terms of the
extent of water penetration into the dendrimer microcavities. Thus, the 4-armed DABPN dendrimer has only four repeat units and consequently possesses both the smallest
radius and an open structure. It appears less able to protect pyrene molecules
efficiently from the bulk aqueous phase than does the 8- or 16-armed DAB-PN
dendrimer. The values of I1/I3 in the functionalized dendrimers decrease until they
reach a value of about 1.0, which is close to that observed in a lipophilic medium.
Thus, pyrene is mainly incorporated inside the dendrimers in order to avoid contact
with the bulk water phase.

4. Pyrene Fluorescence Quenching

In a titration type addition of 4-, 8- or 16-armed DAB-PN dendrimer to an
aqueous solution containing 8.0 × 10-7 M pyrene a strong quenching of fluorescence
intensity of pyrene was observed, as shown in Figure 4-5. This fluorescence
quenching was attributed5 to the formation of a charge-transfer complex between
pyrene and the tertiary amino groups as evidenced by the appearance of a weak
exciplex fluorescence centered at approximately 480 nm.18
The association of pyrene with 4-, 8- and 16-armed DAB-PN dendrimer was
assessed quantitatively by determining the pyrene-dendrimer binding constants Kpy/4DAB-PN,

Kpy/8-DAB-PN, and Kpy/16-DAB-PN. Using the data from Figure 4-5, and fitting eq 1

for an assumed 1/1 pyrene/dendrimer complexation,19 it was found that the binding
(equilibrium) constants have the magnitudes Kpy/4-DAB-PN = 29 946 M-1 (R2 = 0.9746),
Kpy/8-DAB-PN = 64 047 M-1 (R2 = 0.9703), and Kpy/16-DAB-PN = 64 515 M-1 (R2 = 0.9970).
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Figure 4-5. Plot of F/F0 vs the total added dendrimer concentration. F0 is the total
fluorescence intensity of an aqueous pyrene solution (8.0 × 10-7 M), whereas F stands
for the intensity after each addition of the dendrimer. The lines through the
experimental points are the best fits according to eq 1.
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F/F0 = 1 + {(Fb/F0) - 1}K[D] / (1 + K[D])

(1)

The K values of the binding constants are dependent on the molecular weight and on
the number of cavities in each dendrimer. It is also deduced that the maximum
solubilities of pyrene in the three dendrimers follow an identical trend with respect to
the dendrimer molecular weight, the number of cavities, and the corresponding
binding constants.

5. Release Properties of DAB-PN Dendrimer

The release of encapsulated active ingredients and an understanding of how it is
triggered are crucial parameters for the application of dendrimers as drug carriers and
in other applications. Specifically, the release of the active ingredient from the carrier
(dendrimer in this case) when it reaches a target site enhances its bioavailability and
efficacy. The use of aqueous sodium chloride solution for triggering pyrene release
has been established in independent studies.20 It was reported that ions of alkali metals
such as Na+, K+, and Cs+ cationize ethyleneoxy moieties through complexation in
aqueous media, and that increases in the salt concentration can increase the number of
entrapped cations per ethyleneoxy unit.21 The consequent increase in charge density
causes expansion of the ethyleneoxy coils in polyphosphazene chains,21 which can
result in the swelling of the entire polyphosphazene periphery. The more open space
in the dendrimer periphery, caused by changes in charge density, allows water to
penetrate into the dendrimer. In this context, the amphiphilic polyphosphazene shell
will be modified to be more hydrophilic and consequently less able to stabilize the
hydrophobic guest molecules. Therefore, it should be possible to release solubilized
pyrene into the bulk aqueous phase via the presence of metal cations. Indeed, by
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titrating the dendrimeric solutions with, for instance, sodium chloride, pyrene was
released and dispersed in the bulk solution in the form of crystallites. This was shown
visually by the turbidity of the sample. These particles were centrifuged. 1H NMR
spectra of the resulting solid material in CDCl3 were measured and the spectra
corresponded to that of pyrene. Figure 4-6 provided further proof by monitoring the
pyrene concentration in the supernatant solution by UV spectroscopy. A gradual
decrease of the concentration of solubilized pyrene was detected. It is noteworthy that
sodium chloride in an extracellular environment can be complexed with ethyleneoxy
moieties in polyphosphazene chains, which can affect the overall drug release profile.
Hence, the possibility of drug release in the extracellular fluid should be considered
for designing a targeted drug release system.

D. Conclusions

A novel functional dendrimeric system has been investigated which can possibly
be utilized as a prospective drug delivery system. In addition to bearing protective
polyphosphazene chains, this system also shows salt triggered release properties. The
introduction of the biocompatible polyphosphazene units at the surface of the
poly(propyleneimine) dendrimers not only enhances the water solubility of pyrene,
but also critically affects the release of the trapped molecules. Pyrene is released in
the aqueous phase following addition of sodium chloride solution. The enhanced
solubilization of pyrene molecules in DAB-PN dendrimers emphasizes their possible
application as promising water-soluble controlled release drug carriers for
hydrophobic molecules which can be protected by the polyphosphazene coat located
at the dendrimer surface but released in aqueous media that contain sodium cations.
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Figure 4-6. Plot of the concentration of pyrene in a 5.0 × 10-5 M dendrimeric solution
as a function of added NaCl.
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Chapter 5
Novel Highly Fluorinated Perfluorocyclobutane-Based Phosphazene Polymers
for Photonic Applications

A. Introduction

Polymer optical waveguides have attracted considerable attention for their
possible application as components in optical communication systems because of their
ease of manufacture at low temperature and low cost of processing.1,2 However, most
hydrocarbon polymers have high optical losses in the near-infrared region, resulting
mostly from (a) second harmonic (overtone) vibrational absorption of C-H bonds, (b)
scattering loss from the ordered structure, pinholes, or voids, and (c) absorption loss
from charge-transfer interactions. These shortcomings can be reduced by shifting the
associated vibrational absorption signals toward longer wavelengths through replacing
hydrogen atoms with heavier atoms such as deuterium or halogens, especially
chlorine or fluorine.3,4b,f Therefore, perfluorinated polymers have attracted much
recent attention because they show low optical loss.
For perfluorinated polymers to be of use in real photonic devices, they must
satisfy a set of challenging requirements, such as good thermal stability, chemical and
environmental resistance, satisfactory mechanical properties, precise refractive index
controllability, low propagation loss, low birefringence, good processability, ease of
manufacturing at low temperatures, ease of integrated device fabrication, and low cost.
Various polymers have been tested as optical waveguide materials, including acrylic
polymers, polyimides, perfluorocyclobutane polymers, polycarbonates, fluorinated
poly(vinyl ethers), epoxy polymers, polysiloxanes, and hyperbranched polymers.4
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Among these polymers, fluoropolymers containing the perfluorocyclobutane
(PFCB) linkage, formed by step-growth cycloadditions of aryl trifluorovinyl ether
monomers, possess many advantages over classical fluorinated polymers. These
attributes include high thermal/oxidative stability, high chemical resistance, excellent
processability, and optical properties.5-7 PFCB aromatic ether polymers are generally
synthesized by the thermal step-growth cycloadditions of trifluorovinyl ether
monomers in bulk or solution without the need for an initiator or catalyst. Recent
studies of PFCB polymers for optical waveguide applications focus primarily on the
thermal cyclodimerization of different fluorinated aryl trifluorovinyl ether monomers
to obtain a variety of homopolymers and random copolymers containing the PFCB
aromatic ether linkage.8
A series of highly fluorinated, siloxane-containing tetrafunctional aryl
trifluorovinyl ether monomers and PFCB aromatic ether polymers have been studied
and were shown to have good optical transparency (0.30 dB/cm at 1310 nm).8a
However, the siloxane units in the aryl trifluorovinyl ether monomers are unstable to
moisture and acid so that the synthetic process is tedious, and the resulting PFCB
polymers are prone to hydrolysis. Furthermore, PFCB-based polyester(arylene
ether)s8b and naphthalene-based poly(perfluorocyclobutyl ether)s8c have been
synthesized and were shown to exhibit good optical and thermal properties for optical
waveguide applications. However, their high birefringence and relatively low glass
transition temperatures do not satisfy the requirements of optical waveguide materials.
To produce PFCB polymers that satisfy these required properties, we have undertaken
a study to examine other functionalities which may complement the existing PFCB
polymer properties. One such moiety predicted to provide significant advantages for
PFCB polymers is the versatile cyclophosphazene ring.
Significant efforts have been devoted to the synthesis of organofunctional
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phosphazene polymers due to their unique combination of properties, which include
their optical transparency at the optical communication wavelengths, their thermal
stability, controlled stiffness or flexibility, and their chemical stability. In particular,
the incorporation of phosphazene units has been used to tailor specific properties of
an existing base macromolecular function to give hybrid polymers. Another important
advantage for the introduction of cyclophosphazene rings is the ease with which
different combinations of side groups can be linked to the cyclic organophosphazene.
As the side groups are changed, the specific properties such as refractive index,
dielectric constant, and moisture absorption can be easily tuned.9,10
Here, we describe our initial efforts to construct novel phosphazene-containing aryl
trifluorovinyl ether monomers and PFCB polymers therefrom. Two of their most
important optical properties for photonic components, which are optical propagation
loss at 1550 nm and birefringence (∆n = nTE - nTM), were also investigated for optical
waveguide applications. The functional PFCB polymers are the first examples of an
inorganic phosphazene hybrid PFCB system.

B. Experimental Section

1. Materials

1,2-Dibromotetrafluoroethane was purchased from SynQuest and was used
without further purification. 4-Bromophenol, zinc granules, and trimethylborate were
obtained from Aldrich Chemical Co. and were used as received. 2,2,2-Trifluoroethanol (Aldrich) was dried over calcium hydride and distilled before use. Other
solvents such as THF and acetonitrile were purified by procedures described in the
literature.11 The reaction mixtures were maintained under an atmosphere of dry
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nitrogen.

2. Instruments

1

H,

13

C, and

31

P NMR spectra were recorded on a Bruker WM-360 NMR

spectrometer operated at 360, 90, and 145 MHz, respectively. 1H NMR spectra were
referenced to trimethylsilane signals while

31

P NMR chemical shifts are relative to

85% phosphoric acid as an external reference, with positive shift values downfield
from the reference. Thermogravimetric analyses (TGA) were carried out with a
Perkin-Elmer TGA 7 using 3-10 mg of samples. The temperature was raised from 30
to 700 °C at a heating rate of 10 °C/min in a nitrogen atmosphere with a gas flow rate
of 50 mL/min. Thermal heat flow was monitored with a TA DSC 1000 instrument at a
scan rate of 5 °C/min in a nitrogen atmosphere. The near-IR spectra of the polymers
were obtained using a Bruker IFS 66/S spectrometer coupled with a Hyperion 3000
FT-IR microscope. The refractive index of the polymer film was determined using a
prism coupler (Metricon 2010 M) with a 1550 nm diode laser as a monitoring beam,
with an experimental error of ±0.0002. The optical propagation losses were
measured using the prism coupling technique using a scanning fiber method on a
variable length of a slab waveguide. The cross-section images of slab waveguides
were scanned with a scanning electron microscope (FEI Quanta 200).

3. 4-(2-Bromotetrafluoroethoxy)bromobenzene 1

To a 100 mL vessel fitted with a Dean-Stark azeotropic distillation assembly were
added 4-bromophenol (15.13 g, 87.47 mmol), KOH (4.91 g, 87.47 mmol), DMSO (50
mL), and xylene (1.2 mL). The mixture was heated to 100 °C (ca. 0.5 mmHg) for 48 h,
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during which time water was removed to give a dry salt solution. The solution was
cooled to room temperature, and BrCF2CF2Br (25.00 g, 96.22 mmol) was added
slowly. The solution was stirred for 24 h at room temperature, after which the reaction
mixture was diluted with water and extracted with methylene chloride, and the
organic phase was washed three times with water, dried over anhydrous MgSO4, and
concentrated under reduced pressure to give 24.25 g (71.6%) of the bromotetrafluoroethyl ether 1 as a clear liquid: bp 100-110 °C (20 mmHg). 1H NMR (CDCl3): δ
7.07 (d, 2H), 7.47 (d, 2H).

13

C NMR (CDCl3): δ 110.40 (m, CF2), 113.52 (m, CF2),

115.79 (m, CF2), 118.54 (m, CF2), 120.30, 123.41, 132.91, 147.85.

4. 4-(Trifluorovinyloxy)bromobenzene 2

To a 100 mL dry vessel under nitrogen was added bromo ether 1 (24.00 g, 68.20
mmol) slowly over 30 min to a stirred mixture of zinc granules (4.91 g, 75.02 mmol)
in acetonitrile (60 mL) at 80 °C. The mixture was refluxed for 10 h and the solvent
was then evaporated; the crude product was extracted with hexane, dried over
anhydrous MgSO4, concentrated, and distilled (bp 65-75 °C, 20 mmHg), giving 13.29
g (77.0%) of 2 as a clear liquid. 1H NMR (CDCl3): δ 6.95 (d, 2H), 7.43 (d, 2H). 13C
NMR (CDCl3): δ 117.4, 132.8, 132.97, 133.63, 146.98, 154.2.

5. 4-(1,2,2-Trifluorovinyloxy)phenylboronic Acid 3

To a solution of 4-(trifluorovinyloxy)bromobenzene (2) (4.29 g, 16.94 mmol) in
dry ether (30 mL) was added dropwise t-BuLi (11.96 mL, 20.33 mmol, 1.7 M in
pentane) at -78 oC. Then the reaction mixture was stirred for 1 h at -78 oC to give the
lithium reagent. Under a nitrogen atmosphere at -78 oC, a solution of trimethylborate
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(2.11 g, 20.33 mmol) in ether (20 mL) was added dropwise to the lithium reagent
prepared above. After the addition of trimethylborate, the reaction mixture was
allowed to warm to room temperature and was stirred for 4 h. The reaction mixture
was quenched with dilute HCl and washed with water, and the organic phase was
dried over anhydrous MgSO4. The product was dried under reduced pressure to give
2.90 g (78.5%) of 3 as a brown waxy solid. This compound was used for the next
reaction without further purification.

6. 4-(Trifluorovinyloxy)phenol 4

4-(1,2,2-Trifluorovinyloxy)phenylboronic acid (3) (2.90 g, 13.31 mmol) was mixed
with aqueous H2O2 (30%, 2.0 mL) and water (40 mL) under air for 24 h at room
temperature. The crude product was extracted into ether and was washed with water,
dried over anhydrous MgSO4, and concentrated by rotary evaporation. The residue
was purified by column chromatography over silica gel and hexane/ethyl acetate
(20:1) to afford 1.82 g (72.0%) of 4 as light yellow oil. 1H NMR (CDCl3): δ 5.0 (s,
1H), 6.70 (d, 2H), 6.88 (d, 2H).

13

C NMR (CDCl3): δ 116.1, 120.0, 120.7, 146.2,

143.1, 208.1.

7. Trifluoroethoxyphosphazene 5

To a solution of sodium hydride (60% dispersion in mineral oil; 2.28 g, 56.95
mmol) in anhydrous THF was added 2,2,2-trifluoroethanol (5.70 g, 56.95 mmol)
under a nitrogen atmosphere over a period of 40 min, and the mixture was then stirred
at room temperature for 12 h. Then, the reaction mixture was added dropwise to a
solution of hexachlorocyclotriphosphazene (6.00 g, 17.26 mmol) in anhydrous THF
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and the mixture was stirred at room temperature for 24 h. The crude product was
extracted with ethyl acetate, dried over anhydrous MgSO4, and concentrated. The
residue was purified by column chromatography over silica gel and hexane/ethyl
acetate (30:1) to afford 1.55 g (16.7%) of 5 as a clear liquid. 1H NMR (CDCl3): δ
4.32-4.35 (m, 6H). 31P NMR (CDCl3): δ 22.17.

8. Trifluoroethoxytrifluorovinyloxyphenoxyphosphazene Monomer 6

To a solution of sodium hydride (60% dispersion in mineral oil; 0.066 g, 1.68
mmol) in anhydrous THF was added 4-(trifluorovinyloxy)phenol (4) (0.32 g, 1.68
mmol) under a nitrogen atmosphere over a period of 10 min, and the mixture was then
stirred at room temperature for 12 h. The reaction mixture was added dropwise to a
solution of 5 (0.27 g, 0.50 mmol) in anhydrous THF and stirred at room temperature
for 24 h. The crude product was extracted with ethyl acetate, dried over anhydrous
MgSO4, and concentrated. The residue was purified by column chromatography over
silica gel and hexane/ethyl acetate (30:1) to afford 0.25 g (49.8%) of 6 as a clear
liquid. 1H NMR (CDCl3): δ 6.72-7.15 (m, 12H), 4.32-4.35 (m, 6H).

31

P NMR

(CDCl3): δ 13.43.

9. Fluorophenoxyphosphazene 7

To a solution of sodium hydride (60% dispersion in mineral oil; 4.03 g, 100.67
mmol) in anhydrous THF was added 4-fluorophenol (11.29 g, 100.67 mmol) under a
nitrogen atmosphere over a period of 40 min, followed by stirring at room
temperature for 12 h. The reaction mixture was then added dropwise to a solution of
hexachlorocyclotriphosphazene (10.00 g, 28.76 mmol) in anhydrous THF with
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stirring at room temperature for 24 h. The crude product was extracted with ethyl
acetate, dried over anhydrous MgSO4, and concentrated. The residue was purified by
column chromatography over silica gel and hexane/ethyl acetate (100:1) to afford
6.44 g (62.9%) of 7 as a yellowish waxy solid. 1H NMR (CDCl3): δ 6.85-7.29 (m,
12H). 31P NMR (CDCl3): δ 18.72.

10. Fluorophenoxytrifluorovinyloxyphenoxyphosphazene Monomer 8

To a solution of sodium hydride (60% dispersion in mineral oil; 0.12 g, 2.88
mmol) in anhydrous THF was added 4-(trifluorovinyloxy)phenol (4) (0.55 g, 2.88
mmol) under a nitrogen atmosphere over a period of 10 min, followed by stirring at
room temperature for 12 h. Then, the reaction mixture was added dropwise to a
solution of 7 (0.50 g, 0.87 mmol) in anhydrous THF and stirred at room temperature
for 24 h. The crude product was extracted with ethyl acetate, dried over anhydrous
MgSO4, and concentrated. The residue was purified by column chromatography over
silica gel and hexane/ethyl acetate (30:1) to afford 0.60 g (66.5%) of 8 as a clear
liquid. 1H NMR (CDCl3): δ 6.78-6.85 (m, 24H). 31P NMR (CDCl3): δ 9.23.

11. Polymerization

Bulk polymerization of monomers 6 and 8 was carried out by heating the neat
liquid on a glass plate at 130 oC under nitrogen for 1 h and then heating at 180 oC for
15 h. After cooling, polymers 9 (from monomer 6) and 10 (from monomer 8) were
recovered as clear tack-free films in essentially quantitative yield.

12. Preparation of Polymer Films
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To determine the refractive indices, solvent-free monomers 6 and 8 were used
without

any

other

components.

trifluorovinyloxyphenoxyphosphazene

For

the

monomer

refractive
mixtures

were

index

tuning,

prepared

by

combining monomers 6 and 8. The silicon substrate was treated with an adhesion
promoter, Exfix (ChemOptics, ZAP-1020), to enhance the adhesion between silicon
and the polymer. The solutions were filtered with a syringe through a 0.45 µm
poly(tetrafluoroethylene) (PTFE) membrane and were spin-coated onto silicon
substrates with a spin speed of 2500-5000 rpm. Each spin-coated film was heated at
130 oC for 1 h and at 180 oC for 15 h under a nitrogen atmosphere, to give a highly
transparent film. For near-IR measurements, solvent-free monomers 6 and 8 were
filtered with a syringe through a 0.45 µm PTFE membrane and were thermally
polymerized in 0.1 cm quartz cells at 130 oC for 1 h and 180 oC for 15 h under a
nitrogen atmosphere.

13. Slab Waveguide Fabrication and Propagation Loss Measurement

To fabricate slab optical waveguides, the bottom cladding layer was prepared as
follows. After spinning the low-index cladding monomer Exguide (ChemOptics,
ZPU13-405) onto the wafer at 1000 rpm for 30 s, this monomer was exposed to UV
light (50 mW/cm2) for 5 min under a nitrogen atmosphere. The sample was then
baked at 160 oC for 30 min. The core layer was processed in the manner described
above for the trifluorovinyloxyphenoxyphosphazene monomers.
The optical loss of the waveguides was determined by use of a prism coupler
using a laser diode with a 1550 nm wavelength output. The light intensity scattered
from the surface of the waveguide was measured by scanning with a fiber-optic probe
and photodetector down the length of a propagating waveguide.
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C. Results and Discussion

1. Design and Synthesis of Monomers

For potential applications in integrated optical waveguide devices, optical
polymers should not only exhibit high thermal stability and good solvent resistance
but also low optical loss and a low birefringence. To achieve a low optical loss, both
light scattering and absorption should be avoided in the near-infrared region (NIR),
especially at the transmission wavelengths commonly used in telecommunications
(1330 and 1550 nm). By replacing hydrogen atoms with heavier atoms (halogens), the
absorption loss can be lowered by shifting the vibrational overtone absorption to
longer wavelengths, away from the regions of interest.
Cyclophosphazene rings that contain fluorinated side groups are good starting
materials for the preparation of trifluorovinyloxyphenoxy monomers because of the
useful properties of phosphazene rings such as their thermal stability, rigidity, and
chemical stability.12 Thermal stability will be increased if the polymer is composed of
small rings linked together. Thus, the incorporation of rigid cyclic phosphazene rings
into a polymer network should generate stiff matrix structures that could provide a
high glass transition temperature.
Another important advantage for the introduction of cyclophosphazene rings is the
ease with which different combinations of organic side groups can be linked to the
cyclophosphazene. As the side groups are changed (more specifically as the ratio of
aryloxy side groups on cyclophosphazene rings is changed), the refractive indices can
be easily tuned. Another advantage is the optical transparency of the phosphazene unit
which extends from the near-infrared to about 200 nm in the ultraviolet. This provides
some stability against damage by intense light.12
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For the synthesis of monomers 6 and 8, a functionalized trifluorovinyl ether
intermediate 2, which could be converted to the boronic acid (3), was synthesized in
two steps from a commercially available phenol via fluoroalkylation with BrCF2CF2Br followed by zinc-mediated elimination. After treatment of aromatic bromide 2
with t-BuLi in the presence of trimethylborate, in situ lithiation and substitution gave
boronic acid intermediate 3. The phenol intermediate 4, which could be easily linked
to the cyclophosphazene ring, was prepared from the boronic acid 3 in the presence of
hydrogen peroxide (Scheme 5-1).
Cyclophosphazenes with fluorinated organic side groups were prepared by
replacement of the chlorine atoms in hexachlorocyclotriphosphazene using sodium
trifluoroethoxide or sodium fluorophenoxide. Aryl trifluorovinyl ethers were then
introduced to give trifluorovinyloxyphenoxy phosphazene monomers (Scheme 5-2).

2. Bulk Polymerization and Thermal Properties of the Resulting Polymers

Differential scanning calorimetry (DSC) was used to monitor the [2π + 2π] cyclodimerization of the monomers in the bulk state (Figure 5-1). All the monomers
showed exothermic polymerization peaks between 120 and 300 oC based on their
DSC profiles. The cyclopolymerization of tetrafluoroethylene has been reported to
occur with a ∆H = -50 to -60 kcal/mol due to this specific fluoroolefin reactivity.13
Monomers 6 and 8 showed the typical cyclopolymerization of fluoroolefins behavior,
with an exothermic Tonset = 120-128 oC and a measured ∆H = ~-60 kcal/mol (DSC, 5
o

C/min). After polymerization, the resultant polymers were insoluble in common

organic solvents such as acetone, methylene chloride, chloroform, THF, DMF, and
DMSO. This result indicates the formation of highly cross-linked cyclomatrix
polymers by the cyclodimerization.
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Scheme 5-1. Synthesis of Aryl Trifluorovinyl Ether Intermediate 4
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Scheme 5-2. Synthesis of Trifluorovinyloxyphenoxyphosphazene Monomers
6 and 8
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Figure 5-1. Polymerization of monomers 6 and 8 by DSC (5 oC/min).
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Thermal stability is also an important issue for optical components. Figure 5-2
shows thermogravimetric analysis curves for perfluorocyclobutane phosphazene
polymers. The polymers showed high thermal stabilities (10 wt % loss at 330 oC for
polymer 9 and 358 oC for polymer 10) due to the network structure. It is noteworthy
that polymer 10 showed a slightly higher thermal stability than polymer 9 probably
due to the rigid aromatic structures attached to the cyclophosphazene rings. The glass
transition temperatures (Tg) of polymers 9 and 10 were not detectable, possibly due to
their highly cross-linked structure. The thermal polymerization condition and thermal
properties of polymer 9 and 10 are summarized in Table 5-1.

3. Refractive Indices and Birefringences of Polymer Films

The refractive indices nTE and nTM of the polymer films were determined by a
prism coupling method using a monitoring light source of 1550 nm. For comparison,
all the polymer films were processed using the same procedure of thermal
polymerization as described in the Experimental Section. The measured refractive
indices at 1550 nm were determined as 1.4528-1.5187 and 1.4525-1.5186 for the TE
and TM mode, indicating the birefringence ∆n = nTE - nTM, of 0-0.0003 (Table 5-2).
The refractive index of a polymer is intrinsically affected by factors such as free
volume, polarizability, and wavelength.14 Polymer 9 (from monomer 6) shows a much
lower refractive index than polymer 10 (from monomer 8) because the lower steric
hidrance and lower aromaticity of monomer 6 tend to increase the free volume and
reduce the chain packing, while at the same time decreasing the electronic
polarizability of the polymer. It is also significant that these PFCB phosphazene
polymers show birefringence values lower than those of most fluorinated polymers
designed for use in optical waveguides.15 Such low values of birefringence are
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Figure 5-2. TGA of polymers 9 (solid line) and 10 (dashed line) in nitrogen.
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Table 5-1. Theraml Properties of PFCB Phosphazene Polymers

a

polymer

curing T (oC)

Tg (oC)a

Td (oC)b

9

180

not detectable

330

10

180

not detectable

358

DSC thermogram obtained with a heating rate of 10 oC/min.

determined in a nitrogen atmosphere with a heating rate of 10 oC/min.

b

Temperature of 10% weight loss
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Table 5-2. Refractive Indices and Birefringences of PFCB Phosphazene Polymers
wavelength (1550 nm)
weight ratio
(polymer 9:polymer 10)

∆n (±0.0002)

nTE

nTM

10:0

1.4528

1.4525

0.0003

7:3

1.4679

1.4679

0

5:5

1.4858

1.4856

0.0002

3:7

1.4919

1.4916

0.0003

0:10

1.5187

1.5186

0.0001

(nTE -nTM)
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possibly due to the isotropic polymer structure that results from the introduction of
highly crosslinked network structures of 6 and 8 into the polymer chains.
Control of the refractive index is exceedingly significant for optical waveguide
materials. A linear relationship was found between the refractive index of the
polymers and the polymer 10 content (Figure 5-3). Thus, by varying the polymer 10
content from 0 to 100 wt %, the refractive index of the TE mode increased linearly
from 1.4528 to 1.5178 for polymer 9. This linear relationship represents an
opportunity for fine-tuning of the refractive index by changing the feed ratio of the
monomers.

4. Optical Absorption and Propagation Optical Loss of Films

Optical absorption is one of the dominant factors that causes the propagation loss
in an optical waveguide. The PFCB phosphazene polymers show a low optical absorption because they contain either small amounts or no aliphatic C-H bonds, which
reduces the absorption over the whole detected spectral range. As shown in Figure 5-4,
the influence of fluorination on the C-H vibrational overtones was obvious in the
second overtone band region (~1200 nm). The hydrogen content of polymers 9, 10,
and poly(methyl methacrylate) (PMMA), given by the percent of aliphatic C-H bonds
per the total number of bonds in the repeating unit,16 was 6.9, 0, and 53.5%,
respectively. It was clear that the intensity of the C-Halkyl overtone absorption by the
fluorinated polymers was dramatically reduced as the hydrogen content was reduced.
In addition, the absorption of the PFCB phosphazene polymers at 1330 and 1550 nm
is much lower than that of PMMA. The absorption of these wavelengths is determined
by stretching vibrations and combination tones with deformation vibrations of C-H
bonds. The absorption of PFCB phosphazene polymers and PMMA was fitted to the
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Figure 5-3. Dependence of refractive index of polymer 9 on polymer 10 content.
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Figure 5-4. Near-IR absorption spectra of PFCB phosphazene polymers and
reference PMMA sample.
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equation below to yield the loss in dB/cm and summarized in Table 5-3.

Loss = - 10/L log T

(1)

where L is the thickness of the sample and T is the transmission.
Propagation loss of the film was determined by measuring the transmitted and
scattered power according to the waveguide length. This method uses a prism to
couple the light into the waveguide and detectors, to measure the reflected and transmitted intensity.17
A slab waveguide structure as in Figure 5-5 was fabricated to determine the
propagation optical loss of the polymer film. The top layer, prepared by thermal
curing of the trifluorovinyloxyphenoxyphosphazene monomers, must have a slightly
higher index of refraction to yield the waveguide “core”, and the system should be
coupled to the layer stack. To minimize optical loss due to reflection from the
cladding layer, ZPU13-405 (nTE at 1550 nm = 1.4075 after photocuring), the
refractive index of which is lower than the PFCB phosphazene core, was used for the
preparation of the cladding layer.
The relationship between the scattered power of the PFCB phosphazene polymer
film and waveguide length is shown in Figure 5-6. The propagation losses at 1550
nm, which were obtained from the exponential fit, were 0.25 and 0.14 dB/cm for
polymers 9 and polymer 10, respectively. The optical loss determined in this study
was lower than the reported value for a deuterated polysiloxane (0.43 dB/cm at 1550
nm),18 a fluorinated hyperbranched polymer,19 or poly(pentafluorostyrene-co-glycidyl
methacrylate) (0.42 dB/cm at 1550 nm).20 This result indicates that the thermally
polymerizable 6 and 8 are good candidates as core or cladding materials for the
optical waveguide devices.
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Table 5-3. Optical Loss of PFCB Phosphazene Polymers
a

polymer film

a

optical loss (dB/cm)

hydrogen contentb

1550 nm

1330 nm

(%)

9

0.091

0.12

6.9

10

0.033

0.17

0

PMMA

0.43

0.58

53.3

b

Standardized sample thickness of 1.0 mm. % of the number of aliphatic C-H bonds per the total number

of bonds in the repeating unit.
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Core layer

Cladding layer

Silicon wafer

Figure 5-5. Cross-sectional image of slab waveguide from polymer 9 as a core layer
and ZPU 13-405 as a cladding layer. The scale bar indicates 5.0 µm.
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Figure 5-6. Light intensity scattered from the surface of the slab waveguide (polymer
10) along waveguide length (peak at left due to particle and peak at end due to light
emerging from end of guide). Good fit to underlying exponential obtained by fitting to
regions between peaks.

131

D. Conclusion

Novel trifunctional trifluorovinyloxyphenoxy phosphazene monomers containing
fluorinated side groups were designed and synthesized. The novel inorganic-organic
hybrid perfluorocyclobutane-based phosphazene polymers, obtained after thermal
cyclodimerization of the monomers, gave optical films with low optical loss, low
birefringence, and high thermal stability up to 330 oC. The refractive indices at 1550
nm of these PFCB phosphazene polymers were determined as 1.4528-1.5187 and
1.4525-1.5186 for the TE and TM mode, which indicated excellent low birefringence
of ∆n = 0 to 0.0003 ± 0.0002. These polymers also showed a linear dependency of
their refractive indices on the feed ratio of monomers, thereby allowing fine-tuning of
the refractive indices of the polymers. Optical loss measurements of these polymers
using near-IR absorption showed an optical loss as low as 0.033-0.091 dB/cm, and the
propagation optical losses of slab waveguides measured by the prism coupler were
0.14-0.25 dB/cm at the wavelength of 1550 nm which is suitable for the fabrication of
integrated optical waveguide devices.
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Appendix
Synthesis and Self-Association Behavior of Poly[bis(2-(2-methoxyethoxy)ethoxy)
phosphazene]-b-Poly(propylene glycol) Triblock Copolymers

A. Introduction

Much interest has recently been focused on polymeric micelles derived from
amphiphilic block copolymers in an aqueous phase, not only because of their unique
morphological and rheological behavior, but also because of the generation of new
properties and uses.1-4 Some characteristics such as nanosize and thermodynamic
stability are specified for amphiphilic block copolymer micelles. Their hydrophobic
core surrounded by a hydrophilic corona can serve as a microcontainer for various
guest molecules especially in aqueous media. On the other hand, the chemical or
physical nature of the hydrophilic outer shell determines significant micelle characteristics such as the solubility of the micelles and the interactions of micelles with the
external environment. Therefore, it is strategically important to diversify amphiphilic
block copolymer structures so that the characteristics of the micelle can be modified
for specific applications. However, there are some limitations for amphiphilic block
copolymers that form micelles in an aqueous phase.
Polyphosphazenes can generate many different chemical and physical properties
depending on the structure of the side groups. In particular, amphiphilic and bioinert
phosphazene block copolymers have attracted much attention due to their potential for
various types of novel biocompatible copolymer micelle systems. For example, we
recently reported that various amphiphilic phosphazene block copolymers, such as
poly[bis(trifluoroethoxy)phosphazene]-b-poly(ethylene oxide), poly[bis(ethylglycinat
-N-yl)phosphazene]-b-poly(ethylene oxide), poly[bis(methoxyethoxyethoxy)phospha-
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zene]-b-poly[phenyl(methoxyethoxyethoxy)phosphazene], and polystyrene-b-poly[bis
(methoxyethoxyethoxy)phosphazene] form micelles in aqueous media. The inner
cores were composed of the hydrophobic poly[bis(trifluoroethoxy)phosphazene],
poly[bis(ethylglycinat-N-yl)phosphazene], poly[phenyl(methoxyethoxyethoxy)phosphazene], and polystyrene sequences.5-8
In this study, we report a new triblock copolymer system with a relatively hydrophobic central organic block of poly(propylene glycol) (PPG) connected to two outer
hydrophilic poly[bis(methoxyethoxyethoxy)phosphazene] (MEEP) blocks. We have
shown earlier that the hydrophobicity of a PPG block can be influenced by the nature
of the flanking phosphazene blocks as shown in our previous study.9 Thus, the characteristics of micelles may be tuned by modifying the nature of the side groups on the
phosphazene blocks. Amphiphilic MEEP-PPG-MEEP block copolymers are potentially useful for the encapsulation of hydrophobic molecules in an aqueous phase, and
this could be the basis of drug delivery systems due to the biocompatibility of MEEPtype polymers.10 This work demonstrates that micelles can be formed from such
triblock copolymers based on a hydrophobic PPG and hydrophilic MEEP blocks in
aqueous media. It provides a comparison with the triblock copolymers based on PPG
and hydrophobic trifluoroethoxy phosphazene blocks reported in our previous study.

B. Experimental Section

1. Materials

Poly(propylene glycol)bis(2-aminopropyl ether) (CH3CH(NH2)CH2[OCH2CH
(CH3)]nNH2, Mn = 4000) was purchased from Aldrich and was used as received.
Lithium bis(trimethylsilyl)amide, sodium hydride (60%, dispersed in mineral oil),
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phosphorus trichloride, and sulfuryl chloride were obtained from Aldrich and were
used without further purification. 2-(2-Methoxyethoxy)ethanol was dried over calcium hydride (CaH2) and was distilled under reduced pressure before use. Phosphorus
pentachloride (Aldrich) was purified by sublimation under vacuum before use. The
compounds Cl3P=NSiMe3, (CF3CH2O)3P=NSiMe3, and (CF3CH2O)2Br P=NSiMe3
were synthesized and purified by literature procedures.11-15 Tetrahydro- furan (THF)
and n-hexane were distilled into the reaction flask from sodium-benzophenone ketyl
under an atmosphere of dry argon.

Dichloromethane (CH2Cl2) was obtained from

Aldrich, dried over CaSO4, and distilled from CaH2 into the reaction flask. All
glassware was dried overnight in an oven at 125 ºC, or flame-dried under vacuum
before use. Reactions were carried out using standard Schlenk techniques or an inert
atmosphere glovebox (Vacuum Atmospheres or MBraun) under an atmosphere of dry
argon or nitrogen.

2. Equipment

1

H and

31

P NMR spectra were obtained using a Bruker AMX-360 NMR

spectrometer, operated at 360 and 146 MHz respectively. 1H NMR spectra were
referenced to tetramethylsilane signals while 31P NMR chemical shifts are relative to
85% phosphoric acid as an external reference, with positive shift values downfield
from the reference. All chemical shifts are reported in ppm. Molecular weight
distribution data were estimated using a Hewlett-Packard HP 1090 gel permeation
chromatograph equipped with an HP-1047A refractive index detector, Phenomenex
Phenogel 10 µm mixed MXL and linear (2) analytical columns, and calibrated against
polystyrene standards (Polysciences). The samples were eluted at 40 oC with a 10 mM
solution of tetra-n-butylammonium nitrate (Aldrich) in THF (OmniSolv).
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3. Synthesis of PPG-(NH[(CF3CH2O)2P=NSiMe3])2 1

A mixture of H2N-PPG-NH2 (3.0 g, 0.75 mmol) and triethylamine (0.5 mL) in
THF (50 mL) was cooled to -76 ºC. To this solution, (CF3CH2O)2BrP=NSiMe3 (0.71
g, 1.8 mmol) was added dropwise over a 15 min period. The reaction mixture was
stirred at -76 ºC and then allowed to warm to room temperature. The salt (Et3N·HBr)
was removed by filtration. All volatiles were removed under reduced pressure to
produce a colorless viscous liquid, which was washed with hexanes and dried under
vacuum. 1H NMR (CDCl3): δ -0.03 (s, -Si(CH3)3), 1.05 (m, -OCH2CH(CH3)-), 3.32
(m, -OCH2CH(CH3)-), 3.47 (m, -OCH2CH(CH3)-), 4.17 (m, -P-OCH2CF3). 31P NMR
(CDCl3): δ -1.52.

4. Synthesis of Block Copolymers 4

A 25 mL portion of a methylene chloride solution of PCl5 (0.63 g, 3.0 mmol) and
(CF3CH2O)3P=NSiMe3 (0.62 g, 1.5 mmol) was stirred at room temperature for 1 h. To
this solution, was added Cl3P=NSiMe3 (3.37 g, 15 mmol) and the mixture was stirred
at room temperature for 3 h. The reaction mixture was monitored using

31

P NMR

spectroscopy until complete conversion of the Cl3P=NSiMe3 to poly(dichlorophosphazene) had occurred. This species was terminated by the addition of phosphorranimine-terminated PPG (1) (0.75 mmol) to generate a block copolymer. The CH2Cl2
was removed from the reaction mixture under vacuum, and the product was
redissolved in distilled THF. Replacement of the labile chlorine atoms in the
phosphazene blocks by sodium methoxyethoxyethoxide in THF gave the hydrolytically stable poly(propylene glycol)-poly[bis(methoxyethoxyethoxy phosphazene)] (MEEP-PPG-MEEP) triblock copolymer. The product was dialyzed against deionized
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water and against methanol (Spectra/Por Membrane, MWCO 6 000-8 000) to remove
any additional impurities. After removal of the solvent, the polymer was redissolved
in THF and precipitated into hexanes. The block copolymer was isolated as a yellowish viscous liquid (5.31 g, 73%). 1H NMR (CDCl3): δ 1.04 (m, -OCH2CH(CH3)-),
3.32-3.37 (m, -OCH2CH(CH3)- and -CH2CH2OCH3), 3.39-3.63 (m, -OCH2CH(CH3)and -OCH2CH2OCH2CH2OCH3), 3.98 (br, -P-OCH2CH2O-).

31

P NMR (CDCl3): δ -

8.06.

5. Sample Preparation

To prepare micellar solutions, the MEEP-PPG-MEEP block copolymer was
dispersed in distilled water with gentle stirring for 3 h at room temperature (25 oC).
For measurement of the fluorescence spectra of pyrene in the micellar solutions,
samples were prepared following a literature procedure.5-9 The micellar solutions were
sonicated for 30 min for the partitioning of pyrene. The concentrations of sample
solutions were varied from 5 × 10-5 g/L to 1 g/L.

6. Fluorescence Measurements 5-9

Fluorescence spectra were obtained using a Yobin Yvon Fluoromax 2
spectrometer. Pyrene was used as a fluorescence probe to analyze MEEP-PPG-MEEP
block copolymers in doubly distilled water. For the measurement of pyrene excitation
spectra, emission and excitation slit widths were set at 3 nm and 1.5 nm, respectively.
For the excitation spectra, the emission wavelength was 390 nm.

7. Sizes and Size Distributions
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The sizes and size distributions of the block copolymer micelles were evaluated
by the dynamic light scattering (DLS) technique using a particle size analyzer (BI90Plus, Brookhaven Instruments Corp., Holtsville, NY) at room temperature (25 °C)
with a scattering angle of 90°. Samples were filtered through a 0.45 µm syringe filter
before measurement of particle size for each sample.

8. Transmission Electron Microscopy

Transmission electron microscopy (TEM) was performed using a JEOL JEM 1200
EXII unit, operated at an acceleration voltage of 80 kV. For the observation of the size
and distribution of micellar particles, a drop of sample solution (concentration = 1.0
g/L) was placed onto a 200-mesh copper grid coated with carbon. About 2 min after
deposition, the grid was tapped with filter paper to remove surface water, followed by
air-drying. Negative staining was performed by using a droplet of a 2.5 wt % uranyl
acetate solution.16 The samples were air-dried before measurement.

C. Results and Discussion

1. Synthesis of MEEP-PPG-MEEP Triblock Copolymers

MEEP-PPG-MEEP triblock copolymers were synthesized via the controlled,
cationic polymerization of Cl3P=NSiMe3 at ambient temperature, using a poly(propylene glycol)-di-phosphoranimine as a macroterminator (Scheme A-1). Thus, poly(propylene glycol) with terminal phosphoranimine units was prepared by the addition of
(CF3CH2O)2BrP=NSiMe3 to the amine-terminated poly(propylene glycol) in the
presence of triethylamine. The di-phosphoranimine serves as a macromolecular termi-
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Scheme A-1. Synthesis of MEEP-PPG-MEEP Block Copolymers
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nator for the living, cationic polymerization of Cl3P=NSiMe3. Addition of 1 to
solutions of [(CF3CH2O)3P=N-(Cl2P=N)m-PCl3]+[PCl6]- (2), with varied chain lengths,
yielded poly(dichlorophosphazene)-PPG-poly(dichlorophosphazene) block copolymers (3) with controlled phosphazene block lengths.14,15 Macromolecular replacement
of the labile chlorine atoms on the phosphazene block with an excess of sodium
methoxyethoxyethoxide gave MEEP-PPG-MEEP block copolymers (4). A series of
copolymers was prepared by varying the length of the MEEP block, while the length
of the PPG block remained constant (Mn ~ 4000, DP = 68). The molar composition
ratios of the block copolymers, based on the number of repeating units of PPG and
MEEP, varied from 0.14:1:0.14 to 0.43:1:0.43. Gel permeation chromatography
(GPC) was used to measure average molecular weights and polydispersities, and these
data were compared to values calculated using 1H NMR (Table A-1).

2. Self-Association in an Aqueous Phase

The amphiphilic nature of the block copolymers, composed of PPG flanked by
hydrophilic MEEP blocks, offers possibilities for unique micellar behavior in aqueous
media. The aqueous phase characteristics of amphiphilic MEEP-PPG-MEEP block
copolymers were studied using fluorescence techniques, DLS, and TEM. Of special
interest was a comparison of the self-association behavior of hydrophobic polyphosphazene-PPG-hydrophobic polyphosphazene (PN-PPG-PN) triblock copolymers in
our previous study with this new system. Critical micelle concentrations (cmcs) of the
block copolymers at room temperature were determined from the excitation spectra of
pyrene in aqueous solutions of the MEEP-PPG-MEEP copolymers.18
The excitation spectra of pyrene in micellar solutions of MEEP-PPG-MEEP
copolymers showed a shift from 334 nm to 336 nm, which is characteristic of the
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Table A-1. Properties of MEEP-PPG-MEEP Block Copolymers
block
copolymer

a

a

yield

Mn
1

block ratio (MEEP:PPG:MEEP)
b

( H NMR)

feed

found

Mn ( Mw/Mn )c

MPM 10

69%

8 000

0.14:1:0.14

0.10:1:0.10

8 500 (1.2)

MPM 20

67%

12 700

0.28:1:0.28

0.26:1:0.26

14 000 (1.1)

MPM 30

73%

18 000

0.43:1:0.43

0.36:1:0.36

18 000 (1.2)

All the samples were prepared by using PPG with Mn of 4000 as specified by Aldrich. b Calculated from 1H NMR

spectra, by comparison of peaks at 3.98 ppm (–P-OCH2CH2O-) to peaks at 1.04 ppm (-OCH2CH(CH3)-).
Measured by GPC vs polystyrene standards.

c
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partitioning of pyrene into the hydrophobic core of a micelle (Figure A-1). The critical
micelle concentrations of the MEEP-PPG-MEEP block copolymers in aqueous media
were determined from the ratio of the intensities of these two wavelengths (I336/I334)
over a range of MEEP-PPG-MEEP concentrations (Figure A-2). At low concentrations, a negligible change in the intensity ratios was detected. However, at some higher
concentration, the intensity ratio increased sharply, suggesting that the pyrene was
transitioning from the aqueous media into the hydrophobic core of the micelles as
they are formed. Thus, cmc values were taken as the concentration at which a sharp
increase in the I336/I334 ratio was seen in Figure A-2.19 The cmc values of MEEP-PPGMEEP block copolymers were between 3.7 mg/L and 16.8 mg/L (Table A-2)
depending on the block composition. As the proportion of the hydrophilic MEEP
component in the block copolymers increased, larger cmc values were generated
(Table A-2). The mean diameters (d) of the micelles formed from MEEP-PPG-MEEP
block copolymers, measured by dynamic light scattering, were determined to be 31,
36, and 44 nm, respectively (Table A-2). Each of the MEEP- PPG-MEEP block
copolymers studied contains a PPG block of 68 repeating units, which is a probable
reason for the similarity in the measured micellar diameters. Compared to a
hydrophobic polyphosphazene-PPG-hydrophobic polyphosphazene (PN-PPG-PN)
triblock copolymer system,9 the MEEP-PPG-MEEP block copolymers show much
smaller d values. Therefore, it is suggested that MEEP-PPG-MEEP block copolymers
form small “star micelles” rather than larger structures constructed by association of
individual micelle from folded PN-PPG-PN block copolymers (“flower micelles”,
Figure A-3). The fairly low polydispersity factors (µ2/Γ2) of the micelles, estimated by
the cumulant method, were between 0.114 and 0.208, which suggests a narrow size
distribution and argues against the formation of agglomerates.20, 21 The size and shape
of the micelles formed from MEEP-PPG-MEEP block copolymers were also
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Figure A-1. Excitation spectra of pyrene as a function of MPM 10 concentration in
water.
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Figure A-2. Plot of I336/I334 (from pyrene excitation spectra) vs log concentration for
MEEP-PPG-MEEP block copolymers.
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Table A-2. Properties of MEEP-PPG-MEEP Micelles
block

cmca

Rh b

copolymer

(mg/L)

(nm)

MPM 10

3.7

31

0.114

9.6

MPM 20

5.8

36

0.227

9.4

16.8

44

0.208

4.7

MPM 30
a

Measured at 25 ºC.
25 ºC.

c

b

µ2/Γ2 c

Kv
( × 10-4)

Hydrodynamic diameter determined by dynamic light scatttering at

Polydispersity factor.
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block copolymer micelle
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Figure A-3. Schematic representation of micelles formed from MEEP-PPG-MEEP
and PN-PPG-PN block copolymers.
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measured by using TEM. Figure A-4 shows micelles formed from a 1.0 g/L solution
of MPM 10. The micelles have a spherical shape, and the observed diameters are in
good agreement with the mean diameters measured using DLS. The size distribution
of the micelles in the TEM image is broader than is typical for similar system,
possibly due to the agglomeration of individual micelles during the TEM sample
preparation.

3. The Binding Equilibrium

The equilibrium constant, Kv for the partitioning of pyrene between the micellar
core and the aqueous media was measured to estimate the hydrophobicity of the
micellar core.22 In this study, Kv was calculated by the method of Winnik et al.23
Assuming a simple equilibrium of pyrene binding to the micelles, pyrene binding can
be correlated to a simple partition equilibrium between a micellar phase of volume Vm
and a water phase of volume Vw.

[Py]m/[Py]w

=

KvVm/Vw

(1)

Equation 1 can be rewritten as

[Py]m/[Py]w

=

Kvxc/1000ρ

(2)

where x is the weight fraction of PPG in the block copolymer, c is the concentration of
the block copolymer, and ρ is the density of the PPG core of micelles (0.997 g/mL).
In the intermediate range of polymer concentration where substantial increases of
I336/I334 values occur, [Py]m/[Py]w can be written as
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Figure A-4. TEM micrograph of MPM 10 micelles. The bar indicates 200 nm.
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[Py]m/[Py]w

=

(F - Fmin)/(Fmax - F)

(3)

where Fmax and Fmin correspond to the average magnitude of I336/I334 in the flat
regions of the high and low concentration ranges in Figure A-2, and F is the intensity
ratio (I336/I334) in the intermediate concentration range of the conjugates. Combining
eqs 2 and 3, Kv values of pyrene are determined by using a plot (F - Fmin)/(Fmax - F)
versus MEEP-PPG-MEEP block copolymer concentration (Figure A-5). The Kv
values of block copolymers were 9.6 × 104, 9.4 × 104, and 4.7 × 104, respectively.
This indicates that the partition coefficient of pyrene decreases with increasing length
of the hydrophilic MEEP blocks. Kv values in the range of 0.3 × 105 to 3.3 × 105 were
reported for micelles formed from hydrophobic PN-PPG-hydrophobic PN block (PNPPG-PN) copolymers.9 The higher Kv values of MEEP-PPG-MEEP block copolymer
micelles than those of PN-PPG-PN block copolymer micelles formed from a folded
structure suggest that the core of star shape micelles might be more hydrophobic in an
aqueous phase than that of flower micelles (Figure A-3). These results indicate that
hydrophobic blocks in the core of star micelles from a MEEP-PPG-MEEP block
copolymer should be more closely and densely packed to discourage water
penetration into the micellar core, considering that the hydrophobic PPG blocks, in
MEEP-PPG-MEEP block copolymer micelles are believed to be less hydrophobic
than the trifluoroethoxy polyphosphazene blocks, in PN-PPG-PN block copolymer
micelles. From the fairly small d values, it can be also concluded that this micelle
system is stable enough in water to show individual micellar behavior compared to
the large aggregated micellar behavior in PN-PPG-PN block copolymers. Thus,
MEEP-PPG-MEEP block copolymer micelles can provide a more stable environment
for hydrophobic guest molecules in water media.
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Figure A-5. Plots of (F - Fmin)/(Fmax - F) vs concentration of MEEP-PPG-MEEP
block copolymers in water.
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D. Conclusions

Amphiphilic tribock copolymers that contain two hydrophilic poly[bis(methoxyethoxyethoxy)phosphazene] segments connected to a central hydrophobic poly(propylene glycol) segment were synthesized using the living, cationic polymerization
of phosphoranimines. The amphiphilic MEEP-PPG-MEEP block copolymers selfassociated to form micelles in aqueous media, in which the hydrophobic PPG
segments were incorporated into the micellar core.

The critical micelle

concentrations (cmcs) of the block copolymer micelles were in the range of 3.7-16.8
mg/L depending on the length of the hydrophilic MEEP block. From the TEM
analysis and dynamic light scattering results, the micelles formed from the MEEPPPG-MEEP block copolymers were spherically shaped with the size in the range of
31 to 44 nm, with narrow distributions. The hydrophobic character of the micellar
cores was evaluated by measuring the equilibrium constant, Kv, of pyrene in the
micellar solutions. The Kv values increased with decreasing hydrophilic phosphazene
block lengths. Compared to hydrophobic PN-PPG-hydrophobic PN analogues
prepared in a previous study, the MEEP-PPG-MEEP block copolymer micelle system
showed more stable micelles and a more hydrophobic nature in the micellar core.
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SIGNIFICANCE AND FUTURE DIRECTIONS OF THIS RESEARCH

This thesis is a summary of long-range fundamental research carried out on the
development of polyphosphazene block, dendritic, and other hybrid polymers, with
respect to their potential uses in biomedicine and optical materials science.

Future

work can be anticipated that takes these developments further toward actual
applications in medicine and communications technology. These future developments
will include the design and synthesis of polymer analogues that have controlled
hydrolysis characteristics for controlled drug delivery or tissue engineering, and the
use of specific biologically active molecules in the evaluation of the utility of these
conjugates. Further design of the polymers for the targeting of the drugs to specific
regions of the body will also be advantageous.
The optical materials described here may be forerunners of polymers for uses in
optical switches and short-range data transmission within optical integrated circuits,
and for the fabrication of optical devices by soft- or hard-contact printing. Future
work to facilitate these developments will involve aspects of adhesion between the
new polymers and silicon, glass, or conventional optical polymers, together with
studies of optical and thermal stability and the optimization of bulk fabrication
techniques. In addition, further long-range research will be needed to expand the
number and types of polymers that have improved combinations of properties for the
uses discussed here.
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