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SUMMARY

Multicomponent polymer systems comprised of two or more chemically different
polymer moieties provide an effective way to attain the desired properties from a limited
palette of commodity polymers. Variations in macromolecular topologies often result in
unigue and unusual properties leading to novel applications. This dissertation addresses
the effect of topology on properties of two multicomponent polymers systems: blends and
polyrotaxanes. Blends of cyclic and linear polymers were compared to their topological
counterparts, polyrotaxanes, in which cyclic components are threaded onto the linear
polymer chains.

Thefirst part of the dissertation focuses on the synthesis and purification of cyclic
polymers derived from linear (polyoxyethylene) (POE). Cyclic POEs of different cycle
sizes were synthesized and then purified from their linear byproducts by incluson
complexation with a-cyclodextrin. Polystyrene was threaded through the resulting cycles
by in situ free radical polymerization of styrene monomer in the presence of an excess of
POE cycles. A bulky free radical initiator was utilized to endcap the polystyrene
molecule at the two ends to prevent dethreading of cyclic moieties.

In the second part of the dissertation, phase behavior, morphology and dynamics
of cyclic POE and polystyrene blends were compared to linear POE and polystyrene
blends. Advanced solid-state NMR techniques and differential scanning calorimetry were
employed for this purpose. Cyclic POE was found to be much more miscible with
polystyrene when compared to linear POE, resulting in nanometer-sized domains and

significantly reduced mobilities of the cyclic POE components in the blends. The unusual

XiX



behavior of cyclic POE in the blends was attributed to topologica as well as end-group
effects with the topological effects being predominant. Polyrotaxanes composed of
polystyrene and cyclic POE components exhibited cyclic POE domain sizes smilar to
that of physica blends. Cyclic POE dynamics in polyrotaxanes were considerably
hindered, however, due to the threaded architecture. Surface segregation studies of cyclic
POE/polystyrene blends and polyrotaxanes did not show segregation of POE to the
surface because of the improved miscibility and the topological constraints present in

these systems.
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CHAPTER 1

INTRODUCTION

1.1  MOTIVATION AND OBJECTIVES

Multicomponent polymer systems comprising two or more chemically different
polymer species are of great interest to the industry as well as the scientific community.
These systems are frequently utilized to meet the requirements of industrial applications
in a more cost-effective and efficient manner. Moreover, integration of different chemical
species often resultsin a novel combination of properties: synergistic interactionsin some
systems lead to improved material performance while the best of all the component
properties are retained in other systems.

The realm of multicomponent polymer systems can be broadly classified into two
classes: one with covalently linked components and the other where no covalent bonds
are present between the different components. Block copolymers,’ graft/comb polymers’
and block dendrimers’ are some examples of multicomponent polymer systems produced
by covalent modifications. Physical multicomponent polymer systems include blends,*
interpenetrating polymer networks (IPN’s)’ and a novel class of interlocked polymer
systems consisting of polyrotaxanes and polycatenanes. Polyrotaxanes consist of linear
polymers threaded through cyclic molecules® while polycatenanes consist of
mechanically-linked cyclic polymers’ (Figure 1.1). Polyrotaxane can be further classified

as can be further classified as a polypseudorotaxane when no blocking groups are present
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Topologies of multicomponent polymer systems

{::J“‘-.;—-ﬂ

cyche linear

I |

blend _ 2+ R S

calenans @

blend

Figure1l.1 - Some examples of multicomponent polymers and the different topologies
possible. Systems on the left are obtained by combination of cyclic
polymers. Systems on the right are obtained by different combinations of
linear polymers. Systems in the center constitute the ones obtained by
combining cyclic and linear polymers and are the subjects of this
particular study. This figure is not all inclusive and only represents the
polymer architectures mentioned in the present text.
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to prevent dethreading or a true polyrotaxane when blocking groups are present.’
Fabrication of multicomponent polymer systems by most of the above methods
results in new polymer architectures. Thus, properties of these systems are not only
dependent upon the chemical structure but are also determined by the topology resulting
in unusual properties and functions. Recent advances in polymer synthetic techniques
have enabled scientists to have a better control of molecular architecture resulting in
control of properties on the micro- and nano- scale. Molecular-level properties like
morphology and dynamics of polymer systems have been shown to be important for their
mechanical performance as well as end-use applicability. Surface composition and
topography on the molecular scale are important for applications as coatings, membranes
and biomaterials. Thus, there is a great need to better correlate the molecular structure
and topology of multicomponent polymer systems with their bulk and surface properties.
The aim of the present work is to better understand topological effects on
morphology, dynamics and surface properties of two physical multicomponent polymer
systems, namely, blends and polyrotaxanes. Blends are the simplest of the
multicomponent polymer systems and probably the best characterized. While a plethora
of literature exists on the subject of physical properties of blends composed of linear
polymers, the effect of varying the architecture (in particular cyclization) of one of the
blend components on its properties is not well understood. Cyclic polymers have no chain
ends and are thus topologically very different from their linear counterparts. This
topological difference has been shown to result in unusual solution and melt properties of

10-16

cyclic versus linear polymers.™ ™ It has been conjectured that the topological differences
between cycles and linear polymers will aso carry on to a mixture of cyclic and linear

polymers.”® One of the goals of the present study is to understand the effect of topology
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on properties (bulk and surface) of physical blends of cyclic/linear polymer pairs and
linear/linear polymer pairs. Blends of cyclic and linear polymers are then compared to
their topological counterparts. polyrotaxanes. Polyrotaxanes consist of cyclic polymers
mechanically trapped onto the polymer backbone and are thus expected to exhibit
different properties from the physical blends.

To summarize, the main objectives of the present study are:

i) Synthesisand purification of polymer cycles of different cycle sizes.

i) Synthesis of polyrotaxanes with the above cycles.

iii) Characterization and comparison of bulk and surface properties of
linear/cyclic polymer blends and linear/linear polymer blends.

iv) Characterization of bulk and surface properties of polyrotaxanes and
comparing the properties to those of simpler topological counterparts
cyclic/linear polymer blends.

In order to study the effect of topology on polymer blends and polyrotaxanes,
cyclic polymers in bulk quantities were required. Once synthesized, they needed to be
threaded onto a polymer backbone polymer structure. Moreover, in order to obtain afull
gpectrum of structure/property correlations the effect of cycle size needed to be
considered. Thus, the first two objectives were essential to obtain well defined materials
for further characterization. The last two objectives were in keeping with the overall goa
of understanding the effect of topology on bulk and surface properties of multicomponent

polymer systems.
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12 MATERIALSAND METHODS

Linear polyoxyethylene (POE) was chosen as a precursor for the cyclic
component, cyclic POE, utilized in the present study. POE was chosen since various
synthetic techniques already exist for synthesis of cyclic POEs and they have been
extensively used for the synthesis of polyrotaxanes. As a result, it was possible to use
existing synthesis methods instead of spending time and effort on developing new ones.
Cyclic POE aso afforded the advantage of being mobile in the amorphous state at room
temperature due to its low glass trangtion temperature, T, (~ -72 to -65 °C), lending to
the hope that blending or rotaxanating a rigid polymer with cyclic POE could lead to
interesting new dynamics for the rigid polymer as well as the flexible cyclic POE.
Moreover, POE is a polar and hydrophilic polymer and when combined with a
hydrophobic polymer would result in an amphiphilic system, possibly leading to novel
properties and applications. In order to study the effect of cycle size on bulk and surface
properties of blends and polyrotaxanes, four different cycle sizes were used. These
corresponded to number average molecular weights of 400, 600, 900 and 1500 g/mol or
average number of repeat units of 9, 14, 20 and 34, respectively. As shown in Figure
1.2a, the four cycles exhibit difference sizes and different chain flexibilities making them
ideal candidates for this study.

Linear polystyrene (PS) was chosen as the second component for the present
systems because of its rigidity (T, ~ 100 °C) and hydrophobic nature, characteristics
opposite to that of cyclic POE. Moreover, polystyrene can be easily synthesized using
conventional free radical techniques and terminates aimost always by coupling of two

chain ends.”” Termination by coupling was important for incorporating bulky end groups
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at both the chain ends in order to synthesize true polyrotaxanes. Free radical initiators
containing triarylphenyl moieties® were for used for polymerizing styrene in the presence
of cPOE,,, cPOE,,, cPOE,, and cPOE, to yield polyrotaxanes with different cycle
sizes. 2D diffusion-ordered NMR spectroscopy (2D DOSY) was used to verify the
structure. Polyrotaxanes based on polystyrene and crown ethers have been synthesized
before, however, the effect of cycle size on threading yields and properties of the
resulting structures have not been studied. Figure 1.2b shows a single polystyrene chain
threaded by the four cycle sizes used. Clearly the morphology and dynamics of the four
cycles would be very different in polystyrene rotaxanes with different cPOEs because of
their size differences.

In order to observe the effect of topology on polymer blends, polystyrene and
cyclic POE blends were compared with those polystyrene and linear POE blends. The
only chemical difference between cyclic and linear polymers is the loss of the end group.
The effect of the end group is not expected to play a significant role for high-molecular
weight polymers but becomes important for low-molecular weight polymers. The
molecular weights of linear and cyclic POE used in the present study were in the
oligomeric range and thus the end group effect was also expected to play role. Thus, to
separate the topological effect (due to cyclization) from the end group effect, linear POES
with two different end groups were utilized. These were hydroxyl-terminated POE
(IPOE) and methoxy-terminated POE (IPDME). Four different molecular weights: 400,
600, 900 and 1500 g/mol and five different POE blend concentrations (ranging from 1.5 —

40 wt%) were used.
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Figurel.2 (a) Space-filling models of different cyclic poly(oxyethylene)s utilized in
the present study. (b) Space-filling model of a polystyrene chain threaded
through cyclic poly(oxyethylene) of different sizes. From left: cPOE4qo,
CPOEﬁOO, CPOEg()() and CPOE1500.
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Nomenclature: Throughout the remainder of this document, the following
nomenclature will be adopted. Linear hydroxyl-terminated POE, linear methoxy-
terminated POE and cyclic POE of different molecular weights will be denoted by the
notation |POE

IPDME,,, and cPOE,,,, respectively (MW is the number average

MW? MW?

molecular weight of cPOE). Blends of poloystyrene with cyclic POE, hydroxyl-
terminated POE and methoxy-terminated POE will be referred to as polystyrene-blend-

cPOE,,,, polystyrene-blend-IPOE,,,, and polystyrene-blend-IPDMEE,,,. Polyrotaxanes of

MW
polystyrene and cPOE will be referred to as polystyrene-rotaxa-cPOE, .

The bulk properties of blends and polyrotaxanes were characterized by
differential scanning calorimetry (DSC) and advanced solid-state nuclear magnetic
resonance (NMR) measurements. DSC provided information on thermal behavior of
polystyrene and POE in the blends and polyrotaxanes. Thermal properties observed were
used to obtain information on the miscibilities and dynamics of the POE and polystyrene
components in the blends and polyrotaxanes. Solid-state NMR measurements were used
to obtain information on morphology and dynamics. 'H/"?C NMR line-widths and 2D

WISE NMR?® experiments provided information about component mobilities while 'H

NMR?' spin-diffusion experiments were used to determine domain sizes.

13 SCOPE OF DISSERTATION

In keeping the objectives outlined in Section 1.1, the present study was divided
into six chapters. Chapter 2 deals with the synthesis and purification of cPOEs utilized in
the present study. POE cycles with different cycle sizes were synthesized and the effects

of different cyclization conditions on cycle yields were addressed. The synthetic scheme
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used for cyclization resulted in some linear byproducts along with the desired cycles. A
novel purification method was proposed and demonstrated for purification of cPOE from
its linear by products by inclusion complexation with o-cyclodextrin.*> Analytical
techniques like gel permeation chromatography (GPC), matrix assisted laser
desorption/ionization time of flight spectrometry (MALDI-TOF) and 'H/"°C solution
NMR were used to obtain proof of synthesis and purification of cycles.

In Chapter 3 rotaxanation scheme for synthesis of polystyrene-rotaxa-cPOE was
described. Polystyrene was polymerized in the presence of cPOEs of different sizes and
the amount of cPOE incorporated onto the polymer backbone was monitored as a
function of cycle size. Proof of threading was obtained by 2D diffusion ordered NMR
spectroscopy (2D DOSY) in solution. Control experiments were also conducted in order
to eliminate cPOE incorporation into the polystyrene backbone by chemical linkage due
to chain transfer.

Chapter 4 addresses the effect of topology and end groups on physical blends of
polystyrene and cPOE, IPOE and IPDME. The effect of molecular weights and
concentrations of the cPOE, IPOE and IPDME were also addressed. Information on phase
behavior and dynamics of blend components were obtained by DSC data. Further
information on morphologies and chain mobilities was obtained by solid-state NMR
measurements. Chapter 5 describes the effect of architecture on morphologies and
dynamics of polyrotaxane components using DSC and solid-state NMR measurements.
The effect of cycle size on morphology and dynamics in a polyrotaxane was also
described. Polystyrene-rotaxa-cPOEs were also compared to their topological

counterparts, polystyrene-blend-cPOEs.
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In Chapter 6 surface properties of polystyrene-rotaxa-cPOE, polystyrene-blend-
cPOE and polystyrene-blend-IPOE were investigated. Thin films of the above materials
were subjected to different environmental conditions and their effects on surface
properties were studied. Hydrophobic or hydrophilic nature of the resulting surface was
determined by contact-angle measurements. The effect of molecular weight and
concentrations were also taken into account. Chapter 7 provides a summary of the results

obtained and some recommendations for future work.
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CHAPTER 2

SYNTHESS, PURIFICATION AND CHARACTERIZATION OF
CYCLIC POLY(OXYETHYLENE)

2.1 INTRODUCTION

2.1.1 Cyclization Methods

Interest in the synthesis and characterization of cyclic polymers (sometimes also
referred to as polymer rings or macrocycles) first developed when it was discovered in
the early 1960s that certain cancer DNA viruses existed in a cyclic form (Figure 2.1)." It
was found that cyclization of DNA lead to conformational constraints resulting in
unusual properties.'” In an effort to better understand these natural macrocycles and to
emulate their unusual properties, chemists and polymer scientists have turned towards
synthesis and characterization of more easily accessible synthetic macrocycles, that is,
cyclic polymers. Cyclic macromolecules have also generated a great interest in the field
of polymer science as they provide an opportunity to study the effect of polymer

architecture on its solution, melt and solid-state properties.

Figure2.1 — Schematic drawing of a closed cyclic DNA double helix. Black and blue
ribbons represent the two strands of DNA.*
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To date cyclic polymers have been prepared generally by one of three different

5-10

routes. (1) ring-chain equilibration,”™ (2) ring closure of end-functionalized linear

11-27

precursors under conditions of high dilution, and (3) ring expanson by bond

28-31

insertion.™ The ring-chain equilibration method used for the synthesis of cyclic
poly(dimethyl siloxanes) was the first method employed for the synthesis of cyclic
polymers and is based on back-biting reactions. However this method had two
limitations: the molecular weights of cyclic polymers obtainableislimited to ~ 30 kg/moal
and the cycles obtained are of different sizes, usually smaler than the linear starting
material >

To overcome these limitations various ring closure techniques have been
developed. These include ring closure of a,w-end-functionalized linear polymers using

12,16-19

complementary difunctional coupling agents, intramolecular end-to-end coupling of

a,w-heterodifunctional linear polymers,*™ electrostatic self-assembly and covalent
fixation of oppositely charged polymers and coupling agents™® and ring-closing
metathesis (RCM) of linear polymers having terminal allyl groups” (Figure 2.2). Ring
closure syntheses routes are not limited by the molecular weight and typically yield cycle
Sizes similar to that of the linear starting material. With these routes, however, product
mixtures often include linear byproducts from unreacted linear precursor, intermolecular
chain extension, or end-capping of the linear precursor at one or both ends by a coupling

12,16-26

agent Purification requires the separation of cyclic species from these linear
byproducts. Recently based on the ring expansion strategy, Grubbs et a. have shown that
cyclic polyolefins can be cleanly synthesized by ring-opening metathesis polymerization

(ROMP) of cyclooctenes using a cyclic ruthenium-based catalyst.*
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Figure2.2 - Ring closure techniques for polymer cyclization. (a) Bimolecular coupling
of a,w-end-functionalized linear polymers wusing complementary
difunctional coupling agents, (b) unimolecular process for intramolecular
end-to-end coupling of o,w-heterodifunctional linear polymers, (c)
pseudo-unimolecular process by electrostatic self-assembly and covalent
fixation of oppositely charged polymers and coupling agents and (d)
unimolecular process by metathesis condensation. X and Y are
complementary reactive groups. Z is an allyl group.
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This method is unique because no purification isrequired. Not al cyclic polymers
are available by ROMP. Most reported syntheses of cyclic polymers have employed
either ring-chain equilibration or ring closure that involve rather complicated purification
schemes because of the need to separate linear and cyclic molecules with similar physical
and chemical properties. The different separation techniques employed will be discussed

in the Section 2.1.3.

2.1.2  Cyclic Poly(oxvethylene)

Cyclic poly(oxyethylene) (POE) is a cyclic polyether and can be regarded as a
polymeric homologue of crown ethers” (see Figure 2.3 for structures). The first feasible

33-36

synthesis of crown ether, 18-crown-6 (18c6), was reported by Pedersen in 1967.” Since

then various strategies have been developed for synthesis of small to large crown ether

16-18,21,37-42

analogues. The interest in such macrocycles derives from their ability to complex
various metal ions, organic ions and uncharged molecules, thus finding applications as
selective reagents and sensors. Medium-sized cyclic POE’s such as 30-crown-10, 42-
crown-14 and 60-crown-20 have also been employed in the synthesis of rotaxanes and
polyrotaxanes (see Chapter 3 and references therein) by threading through a linear
monomer or a polymer moiety.

Generdly, crown ethers are prepared in the laboratory by Williamson
etherification reactions, either by reaction of a hydroxyl-terminated POE with a POE-
ditosylate derivative in the presence of abase,”* or by reaction of a hydroxyl-terminated
POE, which already has the required number of oxyethylene units, with arenesulfonyl

chlorides and heterogeneous KOH or NaOH."****** The |atter one-pot method was first

reported by Okahara et a. for synthesis of crown ethers in the size range of 15c5 to
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24c¢8." This method was later utilized for preparation of a larger cyclic POE (M, =1000
g/mol) by Vitali and Masci but with very low-yields ~ 8%.” Yu et a. conducted this
reaction under pseudo-high-dilution conditions and were able to produce large cyclic
POE’s (M, up to 20 kg/mol) with high-yields (up to 90%).”" Cyclization processes
involved reaction of hydroxyl-terminated POE with tosyl chloride® or

17,18

dichloromethane™™ under alkaline conditions, ring closure being effected by formation of

17,18

either an acetal""® or an ether linkage® (Figure 2.3). High yields of cycles were obtained
in this case because of the use of extremely high-dilution conditions by the pseudo-
dilution method. The crude cyclization product in both the cases consisted of linear
chain-extended POE polymer along with the synthesized macrocycles. The linear
impurities were separated from the POE cycles by fractiona precipitation which reduced
the overall cycle yields by 25%.*

Recently, Tezuka et a. have reported an efficient method to synthesize cyclic
polymers from their linear precursorsin almost quantitative yields. The Tezuka method is
a pseudo-unimolecular synthesis reaction in which the functional groups of both the

20,22,43

polymer and coupling agent are charged. Electrostatic self-assembly of the
components is followed by covalent fixation to quantitatively yield a large variety of
well-defined nonlinear polymer topologies. They have also extended this method to
synthesis of macrocyclic POE using telechelic POE having quinuclidinium salt groups.”
While the Tezuka method is quantitative, the synthetic scheme of this reaction

necessitates use of extremely high-dilution conditions (< 2 mM); thus limiting the utility

of this scheme for bulk synthesis.*
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Figure2.3— Structure and cyclization schemes for cyclic poly(oxyethylene). (a)
Chemica structure of ether-linked cyclic poly(oxyethylene), also known
as crown ether. (b) Cyclization by reaction of a hydroxyl-terminated POE
with a POE-ditosylate derivative in the presence of a base, leading to an
ether linkage. Here x + y = n."* (c) Cyclization by reaction of a hydroxyl-
terminated POE, which already has the required number of oxyethylene
units, with p-toluene-sulfonylchloride (TsCl) and KOH, leading to an
ether linkage.” (d) Cyclization by reaction of a hydroxyl-terminated POE,
which aready has the required number of oxyethylene units, with
dichloromethane (CH,Cl,) and KOH, leading to an acetal linkage.”* In all
these reactions linear byproducts are also produced along with the desired
cyclic product.
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Since the present project required synthesis of cyclic POE in bulk quantities, the
method outlined by Yu et al. was employed here. The problem with reduced yields during
the purification of cyclic POE from linear byproducts was circumvented by developing a

4,45

novel and versatile strategy for purifying cyclic polymers from their linear byproducts.

2.1.3  Purification Methods

Linear byproducts are typicaly removed with fractionation techniques like
fractional precipitation, preparative sSize excluson chromatography or liquid
chromatography at the critical condition (LCCC).**** One of the most effective
methods is LCCC in which the conditions (e.g., solvent quality, temperature, solid phase)
are adjusted for a given polymer so that the linear species elute at the same time
regardless of molecular weight; the separation then only depends on chain architecture.
For example, LCCC provides excellent resolution of some cyclic and linear
polystyrenes.””  As long as their characteristic peaks do not overlap, cyclic and linear
polymers can be efficiently separated by preparative LCCC after establishing the critical
condition. However, baseline resolution will not be possible for all linear/cyclic polymer
mixtures.” Characteristics that could impede separation include low molecular weights,
large polydispersities, and the presence of different functional groups in the linear
byproducts versus the ring polymers. Most of the separations using LCCC were
demonstrated on mixtures in which both precursor and product were characterized by
narrow molecular weight distributions.

Moreover, such purification methods typically reduce yields and are not very
efficient since the physical characteristics upon which they are based are similar for

cyclic polymersand their linear precursors. White et a. have reported an efficient method
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to separate cyclic materia from charged linear byproducts based on their chemical
differences using a macroporous anion-exchange resin.* However, this method is not
applicable if the linear byproducts do not have charges on either chain end. Some
cyclization methods do not proceed through charged linear precursors (e.g., ring-closing
metathesis).” Recently, we presented a new and versatile method to separate cyclic
polymers from linear byproducts by inclusion complexation of the linear byproducts with

cyclodextrins (Figure 2.4).**

- O
R e =

Figure2.4— Purification of cyclic polymers prepared from linear precursors by
incluson complexation of linear byproducts with cyclodextrins. The X
and Y represent functional end groups that may be the same or different,
charged or uncharged, and are not necessarily identical in the byproducts
and precursor. The CD-included linear byproducts precipitate from
solution and are thus separated from the cyclic polymer product.**

Cyclodextrins (0, B and y) form inclusion complexes with a wide variety of low
molecular weight compounds as well as linear polymers, both organic and inorganic.’**
Cyclodextrins have been used extensively to separate and purify small molecules based

on structural characteristics like branching or specific configurations.’ By comparison,

relatively little work has been done to separate and purify polymers using cyclodextrins.
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Some reports have described the selective complexation of polymers based on differences

863 or stereoregularity.” Porbeni et al. suggested

in their structure,”” molecular weight
the use of y-cyclodextrin for separating poly(dimethylsiloxane) from its cyclic
oligomers.’” Harada et al. have shown that cyclic oligomers of ethylene glycol larger
than four repeat units (i.e., 12-crown-4) do not form inclusion complexes with O-
cyclodextrin (a-CD), as they are too large to fit in the cyclodextrin cavity.® They have
also shown that a-CD forms complexes with POE terminated not only with hydroxyl
groups but also with other functionalities, provided the end groups are not larger than the
size of the a-CD cavity.”® Even if end groups are charged, inclusion complexation will
occur,” and if a given end group or polymer is too large to fit inside the cavity of a-CD,
then the larger [3- or y-CD can be used. Thus, inclusion complexation with cyclodextrins
can be used to separate a variety of linear byproducts, whether charged or uncharged,
from the corresponding macrocycles.

This was demonstrated for purification of cyclic poly(oxyethylene) from its linear
precursor and chain-extended byproducts. The successful cyclization and purification is
confirmed by '"H and "C NMR, GPC, and matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS). The effect of polymer size on cycle
yields was also studied. The thermal behavior of pure POE cycles was compared to that

of linear POE’s by differential scanning calorimetry (DSC).
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2.2 EXPERIMENTAL SECTION

2.2.1 Materials

All  materials were obtained from Aldrich unless indicated otherwise.
Tetrahydrofuran (THF, anhydrous, 99.9%), heptane (anhydrous, 99.9%), ethyl acetate,
tetrahydrofuran (HPLC grade, 99.8%), methyl sulfoxide-d, (DMSO-d,) and a-
cyclodextrin  (a-CD; Wacker) were used as received. a-Hydro-w-
hydroxypoly(oxyethylene) (IPOE, M_[J 0.4, 0.6, 0.9, 1.5, 3.4 and 8.0 kg/mol), a-methyl-
w-methoxypoly(oxyethylene) (IPDME, M_ O 0.5, 1.0 and 2.0 kg/moal), p-toluene-
sulfonylchloride (TsCI, 98%) and potassium hydroxide (KOH, 85%; Fisher) were dried
under vacuum prior to use. a-Hydro-w-hydroxypoly(oxyethylene) is commonly known
as poly(ethylene glycal). a-Methyl-w-methoxypol y(oxyethylene) is commonly known as

poly(ethyleneglycol)dimethyl ether.

2.2.2 Instrumentation

"H NMR spectra were measured with a Bruker DRX 500 on 1-wt% solutions in
DMSO-d,. “C NMR spectra were measured with a Bruker AMX 400 on 5-wt% solutions
in CDCl,. Gel permeation chromatography (GPC) was conducted in THF (1 mL/min) on
a Waters system (2690 separations module) using a 2410 differential refractive index
detector and three Styragel columns at 303 K (5-pm beads: HR 0.5, 50 A, 0-1 kg/mol;
HR 3, 10° A, 0.5-30 kg/mol; HR 4, 10° A, 5-600 kg/mol). Samples were prepared as 10
mg/mL solutions; injection volumes were 100 L.

Matrix assisted laser desorption/ionization time of flight (MALDI-TOF) mass

spectrometry was conducted on a Micromass TofSpec 2E with two different matrices,
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dithranol and a-cyano-hydroxycinnamic acid (CHCA). Samples were prepared by
mixing equal (v/v) amounts of 10 mg/mL solutions of the analyte (in THF) with the
matrix (dithranol in THF, or CHCA in 1/1 acetonitrile/water v/v). No salt was added and
1 pL of the final solution was allowed to evaporate on a MALDI plate. The
measurements were conducted at a background pressure of 10° Torr using a voltage of 20
kV. The laser wavelength was 337 nm and 10 laser shots were collected per second.
Spectra are an average of 30-50 laser shots.

Differential scanning calorimetry (DSC) was conducted on SEIKO 220C under
nitrogen purge. Sealed aluminum pans containing 10-15 mg of samples were used for
measurement. The power and temperature scales of the calorimeter were calibrated
against the enthalpies of fusion and melting temperature of pure indium and tin. All the
thermograms were corrected for baseline by subtracting the spectrum for an empty
aluminum pan, measured under the same conditions. A typical experiment consisted of
fast cooling to -150 °C, dow heating to 150 °C, hold at 150 °C for 10 mins, slow cooling
to -150 °C, hold at -150 °C for 5 mins and slow heating to 150 °C. Heating and cooling
rates of 10 °C /min were used for all the measurements. The thermograms reported here
are al obtained from the second heating cycle. Vaues of the enthalpies of fusion were
obtained from peak areas. Melting temperatures were obtained from the peak maxima.
Percentage crystallinity was calculated using a published value of enthalpy of melting for

a100% crystalline POE (200 Jg).”
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2.2.3  Synthesis of Cyclic Poly(oxvethylene)

POE M_~0.4, 0.6, 0.9 & 1.5 kg/mol: The procedure described hereisfor M_~ 1.5
kg/mol. Glassware, stir bars and syringe needles were dried at 120 °C overnight. Round-
bottomed flasks with stir bars were sealed with rubber septa and a stopcock adapter, and
cooled while evacuating and backfilling with dry N,. Finely ground KOH (2.2 g, 33.3
mmol) was dispersed in a mixture of THF and heptane (75/25 v/v, 100 mL) and stirred
under nitrogen at 40 °C. POE (5 g, 3.33 mmol based on number-average molecular
weight) and TsCl (635 mg, 3.33 mmol) were dissolved in 100 mL of THF in a separate
flask. This solution was then added drop-wise to the KOH dispersion via a syringe pump
over a period of 24 h. After stirring for a further 12 h, the mixture was filtered and the
solvent was removed initially by rotary evaporation and finally under high vacuum.

POE M, ~ 3.4 & 8.0 kg/mol: Same as above except dichloromethane was used as solvent

and linking agent.

2.2.4  Purification

The product obtained above (4.2 g) was dissolved in 42 mL of distilled water (100
g/L). An agueous solution of a-CD (105 mL, 100 g/L) was added to the product solution

at room temperature; the amount added (105 mL) was determined so that the ratio of a-
CD to linear byproducts, estimated as 25% of the crude product from the GPC
chromatogram, was 10/1 (w/w). The resulting clear solution was ultrasonicaly agitated
for 15 min, became turbid, and was allowed to stand overnight at room temperature.
Depending on the concentration and molecular weight of linear byproducts, a white
precipitate or gel formed. The mixture was centrifuged and filtered to obtain a clear

agueous solution. Rotary evaporation of this solution gave a solid crude materia that



contained the cyclic product and some unthreaded a-CD or residual linear byproducts
(trapped if gelation occurs). This solid mixture was dissolved in ethyl acetate (200 mL)
and filtered to remove the unthreaded a-CD. The filtrate was rotary evaporated to obtain

the product which was analyzed usng GPC. The procedure was repeated twice to
remove the linear byproducts. The pure cyclic product was a white waxy solid (2.5 g,
50%). 'H NMR (500 MHz, DMSO-d,), & (TMS, ppm): 35. “C NMR (400 MHz,
CDCl,), 8 (TMS, ppm): 70.3.

Notation: The notation IPOE, IPDME and cPOE will be used for linear hydroxyl-
terminated, linear methoxy-terminated and cyclic poly(oxyethylenes)s, respectively.
Where molecular weight of POE needs to be mentioned, the notation IPOE,,,, IPDME,,,,

and cPOE,,, (MW refersto the molecular weight of POE) will be used.

2.3 RESULTSAND DISCUSSION

2.3.1 Proof of Cyclization and Purification

Ring closure of a-hydro-w-hydroxypoly(oxyethylene) was achieved via ether or
acetal linkage by reaction with tosyl chloride or dichloromethane, respectively in the
presence of solid KOH. End-to-end intramolecular coupling was promoted over
intermolecular chain extension by conducting the reaction at high dilution (ca. 10° M)
using a pseudo-dilution method. In a pseudo-dilution method, the reactants (POE and
linking agent in this case) are dowly added to the reaction flask (containing KOH and
solvent in this case) resulting in alow instantaneous concentration in the reaction flask.
For low-molecular-weight POE (0.4-1.5 kg/mol), TsCl was used as a linking agent and

the reaction was conducted in a THF/Heptane (75/25 v/v) mixture. Heptane is a non-
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solvent for POE and was used to reduce end-to-end distance and facilitate cyclization.
Higher-molecular-weight POE (3.4 and 8.0 kg/mol) has limited solubility in THF at room
temperature and precipitated out in the syringe during addition to the KOH containing
reaction flask; dichloromethane was used instead. Dichloromethane also acted as a
linking agent and effected ring closure by formation of an acetal linkage. This synthesis
was based on methods reported by Booth et al. for preparation of low- to high-molecular-
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weight cyclic poly(oxyethylene). Ishizu and Akiyama have reported cyclization of
poly(oxyethylene)s (M, = 8 and 20 kg/mol) by reaction of their disodium salts with 1,4-
dibromobutane in DMF. They reported cyclization with no chain extension even a
relatively high concentrations of glycol (10°-10° M).* We repeated this procedure for
POE (M, 1.5 kg/mol) without success.

The crude product obtained from the above reactions (ring closure by both ether
and acetal linkage) was a mixture of linear precursor, chain-extended polymer and cyclic
polymer as depicted by the GPC chromatogram in Figure 2.5b. The GPC chromatogram
of the starting material (Figure 2.5a) contained a single narrow peak. After cyclization,
the major peak was found at higher elution time, indicating formation of the cyclic
polymer,® and a broad shoulder assigned to chain-extended polymer was found at lower
elution times (Figure 2.5b).

The linear precursor and the chain-extended polymer form inclusion complexes
with a-CD,** while the cyclic POE does not.” Thus, mixtures of cyclic and linear POE
can be separated by a ssimple precipitation procedure; pure cyclic polymer will be located

in the supernatant. Figure 2.5¢ shows the GPC chromatogram of the product obtained
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Figure2.5—- GPC chromatograms for (a) a-hydro-w-hydroxypoly(oxyethylene) linear
starting material, (b) crude product of cyclization, and (c) a-CD-purified
product. GPC chromatograms are shown as signa intensity (differential
refractive index) vs. elution time. Molecular weight of the starting material
in this case was 1.5 kg/mol.

from the supernatant following precipitation of the linear byproducts with a-CD. It does
not contain the broad shoulder at lower elution times, thereby signifying remova of
chain-extended byproducts.

a-CD forms complexes with linear POE in a 2:1 stoichiometry (two oxyethylene
repeat units to one a-CD).” This stoichiometry was used along with a rough estimate of
the fraction of linear byproducts present (from GPC) to calculate the amount of a-CD
added to purify a given gquantity of the crude product mixture. Since concentrated
solutions of high-molecular-weight linear poly(oxyethylene) and a-CD lead to gelation,”

initial concentrations were kept low to minimize physical entrapment of cyclic POE and

a-CD in the gel. Depending upon the concentration and the amount of a-CD used,
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purification sometimes resulted in separation of high-molecular-weight species first
(disappearance of low-elution-time shoulder from 20 to 22 min) with some low-
molecular-weight linear species till present (a small shoulder to the left of the main
peak, from about 22 to 23 min). This preferential complexation of a-CD with higher
molecular weight poly(oxyethylene)s has been reported before.®  Subsequent re-
complexation/precipitation with a-CD removes the remaining linear species. The GPC
trace of the purified cyclic POE (Figure 2.5¢) did not change after the second
complexation / precipitation. It is dightly broader (polydispersity = 1.10) than the GPC
chromatogram of the starting material (polydispersity = 1.04), with atail at lower elution
times (22 to 23 min) that appears in the same range as the linear starting material.
However, removal of linear species was confirmed with ‘H NMR and “C NMR
Spectroscopy .

Using dry DMSO-d,, it was possible to detect the hydroxyl end groups of a-

hydro-w-hydroxypoly(oxyethylene) as a triplet at 4.5 ppm in the spectrum of the linear
precursor and crude cyclization product. This peak was not present in the 'H NMR
spectrum of the a-CD-purified product, which contained a single peak at 3.5 ppm (Figure
2.6a) . *C NMR shows disappearance of terminal -CH,OH peaks and -CH,CH,OH peaks
at 61.6 and 72.5 ppm, respectively for POE cycles with both ether and acetal linkages
(Figure 2.6). POE cycles with ether linkage showed a single peak at 70.3 ppm while POE
cycles with acetal linkages showed two additional peaks at 66.8 and 95.5 ppm due to -

OCH,OCH.- and -OCH,O- moieties, respectively (not shown).
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Figure2.6 - (a) '"H NMR spectra of linear POE and cyclic POE in DMSO-d.. The
expanded region shows the triplet due to terminal hydroxyl group whichis
absent in spectrum of cyclic POE. (b) “C NMR spectra of linear POE and
cyclic POE in CDCI,. Molecular weight of the starting material in this case

was 1.5 kg/moal.
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In addition to "H NMR spectroscopy, MALDI-TOF mass spectrometry was also
used to confirm the absence of linear byproducts in the purified product. Figure 2.7
shows MALDI-TOF spectrafor (a) the linear starting material in dithranol, (b) the crude
product of cyclization in dithranol, (c) the crude product of cyclization in CHCA, and (d)
the a-CD-purified product in dithranol. Each spectrum contains envelopes of peaks
separated by 44 amu, which is the mass of an ethylene oxide repeat unit. The peak
labeled "L" in Figure 2.7a appears at 1318 amu and corresponds to a sodium-cationized
linear poly(oxyethylene) containing 29 oxyethylene repeat units.” Minor peaks in this
spectrum correspond to potassium-cationized species. Figure 2.8a shows an expanded
portion of this spectrum.

Figure 2.7b shows the MALDI-TOF spectrum for the crude product in dithranol.
The peak labeled "L" (1318 amu) represents unreacted linear precursor. A low-frequency
distribution of higher-molecular-weight species is also observed which corresponds to
chain-extended linear polymer. Besides the major set of peaks, a minor set of peaks is
also observed between 800 and 2000 amu. Each of these minor peaks shows a
molecular-weight decrease of 18 amu from the corresponding major peaks in the
MALDI-TOF spectrum of the linear starting material (Figure 2.7a). These peaks are
more clearly identifiable in the MALDI-TOF spectrum of the crude product usng CHCA
as amatrix (Figure 2.7¢).* In this spectrum, the peak labeled "C" appears at 1300 amu
and represents the cyclized product of the n = 29 linear precursor (1318 amu). The
molecular-weight decrease of 18 amu is consistent with loss of a water molecule upon
ring closure. These peaks are again shown in an expanded form in Figure 2.8b. The shift

of main peak to the left by 18 amu is clearly visible here.
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Figure2.7— MALDI-TOF mass spectra for (a) a-hydro-w-hydroxypoly(oxyethylene)
linear starting material in dithranol, (b) crude product of cyclization in
dithranol, (c) crude product of cyclization in a-cyano-hydroxycinnamic
acid and (d) a-CD-purified product in dithranol. The peak labeled "L" is
the linear species at 1318 amu (n = 29, Na cationized); this species
appears at 1300 amu after cyclization and is marked "C". The linear
byproducts appear in the crude product more prominently when dithranol
is used as the matrix.” Molecular weight of the starting material in this
case was 1.5 kg/mol.
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MALDI-TOF mass spectra for (a) a-hydro-w-hydroxypoly(oxyethylene)
linear starting materia in dithranol, (b) crude product of cyclization in a-
cyano-hydroxycinnamic acid and (c) a-CD-purified product in dithranol.
The most intense peak in (a) at 1318 amu corresponds to a sodium-
cationized poly(oxyethylene) species containing 29 oxyethylene repeat
units. The secondary peak in (&) at 1334 amu corresponds to a potassium-
cationized poly(oxyethylene) species containing 29 oxyethylene repeat
units. The most intense peak in (b) and (c) at 1300 amu corresponds to a
sodium-cationized cyclic poly(oxyethylene) containing 29 oxyethylene
repeat units. The secondary peak in (b) and (c) at 1316 amu corresponds to
a potassium-cationized cyclic poly(oxyethylene) species containing 29
oxyethylene repeat units. Molecular weight of the starting material in this
case was 1.5 kg/mol.
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Figure 2.7d shows the MALDI-TOF spectrum of the a-CD-purified product in
dithranol. The peaks due to chain-extended polymer have disappeared. Again, the peak
labeled "C" at 1300 amu arises from the cyclic poly(oxyethylene) with 29 oxyethylene
repeat units.” The minor peaks in Figure 2.7d represent potassium-cationized cyclic
species and can be more clearly seen in Figure 2.8c For example, the minor peak to the
right of the peak labeled "C" appears a 1316 amu and corresponds to the n = 29
potassium-cationized cyclic POE.” These minor peaks cannot be due to linear species
since they are separated from the major peaks by 16 amu and not 18 amu. Thus the tail at
lower elution times in the GPC trace for the purified product may be due to cyclic
polymers formed from larger cycles or perhaps even catenanes.

In conclusion, cyclic poly(oxyethylene) prepared from linear precursors has been
purified by inclusion complexation and precipitation of linear byproducts using a-CD.
Since cyclodextrins are capable of forming incluson complexes with a wide variety of
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linear polymers (organic, inorganic, hydrophobic, hydrophilic),”™ they can be used to
separate a wide variety of macrocycles from their linear byproducts even if the physica
properties of the two are smilar. This method can thus be used for purification of awide

variety of cyclic from species from their linear byproducts.

2.3.2 Cycle Yields for Different Experimental Parameters

The synthetic scheme described above was the one that corresponded to the most
optimized conditions for cyclization of polyoxyethylene. The synthesis of cyclic
polymers is based on the competition of an intramolecular reaction over the
intermolecular reaction. Since the intra- and intermolecular reactions are same, they will

have the same rate constant of reaction and the yield of cycles formed will only depend
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on the relative probability of intramolecular condensation, P, over that of probability of
intermolecular condensation, P,. This ratio can be predicted by Jacobson-Stockmayer

type calculations” and is given by equation 1:*

m p_[ s 3/2 y
’ P, 2 r2> N,C (2.1)

Where C is the concentration of active chain ends, M is the molecular weight of the

polymer, (r*) is the mean square end-to-end distance and N, is Avogadro’'s number. It
should be noted that for arandom-coil polymer (r*y O M, thus cycle yields are expected to
be inversely proportional to the polymer molecular weight.

In order to increase the yields of macrocycles, cyclization reactions were
conducted at high dilution using a pseudo-dilution method where a solution of POE and
linking agent was added to a KOH suspension in solvent over along period of time. The
first experimental parameter that was varied was the time for addition of POE and TsCl.
It was observed the cycle yields did not change significantly even after halving the time
of addition that had been reported in the literature, presumably because the instantaneous
concentration of POE was till in the range of 10° M. This was advantageous as this
considerably reduced the time of reaction.

In the case of ether-linked POE cycles, the mean-square end-to-end distance was
reduced by using a THF/heptane mixture where heptane is a poor solvent for POE. The

percentage yield of cycles (M of linear precursor: 1500 g/mol) was monitored as a



function of heptane ratio: 0%, 25% and 50%. THF/heptane mixture with 25% heptane
resulted in maximum yield (ca. 75%) whereas 50% heptane resulted in most of the
polymer precipitating out. Cyclizations for linear precursors with M, ~ 600 and 1500
g/mol were also conducted in dioxane: a theta solvent for low molecular-weight POE.
The macrocycle yields in both the cases were only dightly lower than those obtained
from THF/heptane mixtures. Cyclizations were also conducted using diethyleneglycol
ditosylate instead of tosyl chloride. There was no sgnificant change in cycleyields.

Macrocycle yields as a function of molecular weight were also monitored for four
different molecular weights of linear precursors. 400, 600, 900 and 1500 g/mol. The
yields for the four different molecular weights as a function of molecular weight are
shown in Figure 2.9. Increasing yields with increasing molecular weights of linear
precursors seem to be opposite to the relationship predicted by Jacobson-Stockmayer
equation. However, it must be noted that equation 1 was initially derived for high-
molecular weight polymers.” In order to observe the effect of molecular weight better,
higher molecular POE cycles had to be synthesized. As mentioned earlier POE with
molecular weights higher than 1500 g/mol has limited solubility in THF a room
temperature. Instead, dichloromethane was used as a solvent as well as alinking agent for
the entire range of molecular weights studied (400—-8000 g/mol).

Figure 2.9 shows the cycle yields as afunction of molecular weight. From Figure
2.9 it can be seen that cycles yields for acetal-linked POE cycles are dightly higher than
those for ether-linked POE cycles. Booth et al. have postulated that high yields in this
case result from the high efficiencies of formation of acetal linkage because of the high
reactivity of chloro ether end group. For acetal-linked POE cycles, cycle yields again

increase with increasing molecular weight up to 3400 g/mol and then start decreasing.
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The present results seem to indicate that there must be an optimum molecular weight for
most efficient cyclization. Cyclization yield increases with molecular weight initially,
reaches a maximum and then decreases in accordance with equation 1. Low cycle yields
for short POE chain lengths can be due to non random-coil like behavior in solution. Here
the probability of two chain-ends from the same polymer chain being next to each other
and reacting is reduced resulting in low cyclization yields. Beyond a certain optimum
polymer length, the polymer starts behaving as a random coil and Jacobson Stockmayer
eguation becomes valid. This optimum molecular weight for POE cycles, cyclized using
CH,CI, asa solvent and linking agent seems to be 3400 g/mol.

The cycle yields obtained in the present study compare fairly with the literature.
Values ranging from 35-93% have been reported for acetal- and ether-linked POE
cycles™™ The maximum yield of 93% was obtained for acetal-linked POE cycles
synthesized from a linear precursor with a molecular weight of 3000 g/mol. Since the
literature data did not correspond to the same cyclization conditions (solvent and
concentration) for different molecular weights, it was difficult to obtain a comparison of
cycle yields as a function of molecular weight. However, from the literature data and
from the present study it appears that 3000-3400 g/mol is an optimum molecular for
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synthesis of POE cycles.
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Figure2.9- Cycle yields as a function of molecular weight for POE cycles with ether
linkage (THF, solvent and TsCI, linking agent) and acetal linkage (CH,Cl,,
solvent and linking agent).

2.3.3  Thermal Analysis

Although many linear and cyclic polymers have been prepared, there are few
reports on comparative studies of the crystallinity of cyclic and linear polymer of smilar
chain lengths. A few examples of these studies include crystallinity behavior of large

74-76

linear and cyclic alkanes by Wegner et a.,”” of large linear and cyclic polyurethanes by
Hocker et a.,” and of small and large linear and cyclic poly(oxyethylene)s by Booth et
al.”® Booth et al. conducted an extensive set of experiments using DSC, WAXS, SAXS
and Raman spectroscopy and compared the crystallization behavior of linear and cyclic

polyoxyethylenes (M, ~ 1000-10,000 g/mol). They observed that the crystal structures of
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the low-molecular-weight linear and cyclic POE’s were essentialy the same as that of
high-molecular-weight POE. The cyclic polymers crystallized in the twice-folded
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conformation and the linear polymers in the extended conformation. They also

observed that the enthalpies of fusion of the cycles were lower than those of linear
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polymers,™ while the melting temperature were the same as (cCPOE M, ~ 1000-3000
g/mol)™™* or lower (CPOE M_~ 4000-10,000 g/mol)® than those of the corresponding
linear polymers. In the present study thermal behavior of very low molecular weight (M,
~ 400, 600, 900 and 1500 g/moal) linear and cyclic POE’sis compared. Thermal analysis
results for medium-molecular-weight linear and cyclic POE (M, ~ 3400 and 8000 g/mol)
are also reported.

Low-molecular-weight POE: Figure 2.10 shows the DSC melting thermograms

for IPOE,,, and cPOE,, at a heating rate of 10 °C / min. While IPOE,_, exhibited a

1500 1500

symmetric melting peak, the melting peak for cPOE,, was dightly broader and
asymmetric. cPOE,, showed a similar melting point (T ) and lower enthalpy of fusion

(A, H) when compared to the IPOE ., In fact, all the four low molecular weight cycles

showed lower A, H values when compared to their linear analogs (Table 1). The melting
temperatures for cPOE,,, cPOE,, and cPOE,, samples were lower than those of
corresponding linear polymers. cPOE,,,, cPOE,, and cPOE, , samples, however, had low
melting points (T, < 30 °C) and were incompletely crystalline at room temperature.
Consequently cooling these samplesin the DSC prior to an experiment resulted in further
crystallization and the resulting DSC curves were broad. Thus the melting point data for
the small cyclesis prone to dlightly larger errors (+ 5 °C). T_ and A, H data for cPOE,,

and IPOE, is within the same range as the published data for linear and cyclic POE of
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Figure 2.10 — DSC thermograms for IPOE,, and cPOE

1500*

the same size (data taken from ref 81 shown in Table 1). The melting temperature and
enthalpy of melting from literature were slighter lower than our results which could be
due to differences in thermal history and heating rates employed (data were collected at a
lower heating rate of 2 °C/min in the literature report).”*

Since the smallest size studied in the literature was POE,,,”*" it was not possible
to compare the results for smaller cycles (400-900 g/mol). However, the present data on
very small POE cycles (400-900 g/mol) seems to agree with low enthalpy values for
cycles versus linear, as has been observed for both small and large cycle sizes (1000-
10,000 g/mol).”®* The low enthalpy values and low degree of crystalinity for POE

cycles versus linear can arise because of severa reasons. (1) a significant difference in

chain packing in the crystalline rings compared to the chains; (2) a decreased fraction of
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each chain incorporated into the crystalline layers of the rings; (3) rejection of a greater
fraction of small POE molecules from the crystalline lamellar of the rings. One might
expect (1) to play a maor role however Viras et al. found that the cyclic polymers
crystallized in the same way as their linear analogs i.e. as alternate right- and |eft-handed
helices forming a monoclinic cell. They also found that the small cycles formed lamellae
in which the parallel helix axes were twice folded. From low-frequency Raman
spectroscopy they found that both (2) and (3) were a contributing factor to the low levels
of crystalinity for cycles versus rings.” Since, extensive studies have aready been
conducted on chain folding and conformation in POE cycles versus linear, they were not
investigated further in this study.

Literature data on T_ values for cyclic versus linear POE (1500-3000 g/mol)

78,81

shows no appreciable difference between the two.™™ Within experimenta error, we on
the other hand have observed a difference in the melting points of the cycles versus linear
inthe M, range of 400-900 g/mol. The reason for this difference is not yet clear. Whether
it arises from incomplete crystallization or from smaller sizes of crystals formed needs to
be investigated further.

Medium-molecular-weight POE: Table 1 shows the data for cPOE and

3400

cPOE,,,. The A H values are lower for cycles versus linear signifying reduced
crystallinity. The melting temperatures for cyclic POE are still dightly lower than those
of linear POE but the difference is smaller when compared to low molecular weight
samples. The melting temperature data for cPOE, IPOE and IPDME as a function of
chain length is plotted in Figure 2.10. Flory e a had postulated that the melting

temperature of a polymer is related to the polymer chain length as follows:”
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1
T_ T 0 X (2.2

where x_is the average degree of polymerization, const is a constant related to enthal py
of melting of a repeat unit and T, represents the melting temperature for infinite
molecular weight. This relationship holds true for both cPOE and IPOE as shown in

Figure 2.10. Datafor IPDME is also plotted in Figure 2.10 and fits very well to the best-

fit line for IPOE’s. From Figure 2.10, T, was calculated to be ~ 72 °C for both cPOE and
IPOE. Thiswas much as expected: values in the range of 69-78 °C have been reported for
poly(oxyethlene)s, those at the bottom end of the range being obtained by extrapolation
of results for low-molecular-weight poly(oxyethylene)s.”**

Using the T_and A, _H values measured, it is possible to calculate the entropy of

fusion (A,.S) for cyclic and linear POE (Table 1):

T = fus H
" Aﬁm S

(2.3)

A, S values for cycles are lower than those of linear POE. This is as expected as the
cycles are more conformationally restricted in the melt when compared to their linear
analogs.

Because of the high levels of crystalinity in linear POEs, IPDME,,, IPDME,,,

1000?

cPOE,,, cPOE,,, cPOE,,, and cPOE, , samples, a glass transition was not observed.
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Repeated attempts to observe it by quenching from melt were unsuccessful. cPOE,,

cPOE,,, and IPDME,, showed glass transitions at -72 °C, -69 °C and 70 °C, respectively.

0.40 o cPOE
= [POE
s IPDME
0.38
0.36
£
s 0.34+
S
i
0.32
0.30
0.28 \ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12

100/X,,

Figure 2.11 — Méelting temperature for IPOE, IPDME and cPOE samples as a function of
average degree of polymerization (X). The solid and dashed lines
represents best fit lines for cyclic POE and linear POE (IPOE and
IPDME), respectively.
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Table2.1- DSC datafor linear POE, linear PDME and cyclic POE.

Sample T,(°C) T.(°C) A H (Jg) % crystallinity A, S (JgK)
IPOE,,, -72 4 91 46 0.33
IPOE,,, - 21 128 64 0.43
IPOE,,, - 37 143 71 0.46
IPOE,, , -2 50 (47°) | 172 (165) 86 0.53
IPOE,,, -° 64 200 100 0.59
IPOE,,, -* 65 200 100 0.59
cPOE,, 72 7 27 13 0.10
cPOE,,, -69 7 44 22 0.16
cPOE,,, -° 26 107 54 0.36
cPOE__, - 48 (47) | 136 (140" 68 0.42
cPOE,,, -° 61 190 95 0.57
cPOE,,, -° 63 195 98 0.58

IPDME,,, -70 15 116 58 0.40

IPDME,, -® 39 130 64 0.42

IPDME,, -® 61 190 95 0.57

* Samples were highly crystalline and it was difficult to detect a T,

°T_and A, H values taken from ref 81.
Error for T,: +2°C, T (IPOE) : £2°C, T (cPOE): £ 5°C, A H: +10 Jg.
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2.4  CONCLUSIONS

Cyclic poly(oxyethylene) has been synthesized and purified by ring closure with
ether as well as acetal linkages. Cycles with ether linkages were synthesized from POE
molecular weights of 400, 600, 900 and 1500 g/mol. Cycles with acetal linkages were
synthesized from POE molecular weights of 400, 600, 900, 1500, 3400 and 8000 g/mol.
Cyclic POE was purified from its linear byproducts by forming incluson complexes of
linear POE with a-cyclodextrin. Cyclization and purification was confirmed by GPC, 'H,
“C NMR and MALDI-TOF mass spectrometry. Cycle yields as a function of molecular
weight were monitored: cycle yields increased with molecular weight up to 3400 g/moal,
and then decreased. POE cycles showed lower melting temperatures and lower

crystallinity values when compared to their linear precursors.
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CHAPTER 3

SYNTHESISOF POLY STYRENE-rotaxa-CYCLIC
POLY(OXYETHYLENE)

3.1 INTRODUCTION

Polyrotaxanes'” are macromolecules comprised of rotaxane moieties; rotaxane
moieties consist of a cyclic component threaded by a linear polymer component with no

covalent bonds between the two.">”®

Depending upon the location of the cyclic
component, they can be classified as main-chain or side-chain polyrotaxanes. Main-chain
polyrotaxanes, where a linear polymer chain threaded through a cyclic moiety constitutes
the polymer backbone (Figure 1) are the simplest of these. They can be further classified
as a polypseudorotaxane when no blocking groups are present to prevent dethreading or a

12,69
7 Polypseudorotaxanes are

true polyrotaxane when blocking groups are present.
thermodynamically unstable and can revert back to parent components if provided with a
sufficient impetus (this could be a change in pH, temperature or as simple as making a
dilute solution). True polyrotaxanes on the other hand are stable to such reversion unless
a covalent bond is cleaved. Main-chain polypseudorotaxanes and true polyrotaxanes are

the subjects of this particular study. Both of these types will be designated as rotaxanated

polymers.
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3.1.1 Synthetic Schemes for Main-Chain Rotaxanated Polymers

As shown in Figure 3.1, main-chain rotaxanated polymers can be synthesized by
two predominant methods: (1) direct mixing of preformed polymers with cyclic
molecules and (2) in situ threading during polymerization (ref 9 and references therein).
The first method is more efficient as it is typically driven by thermodynamic interactions;
most common example of this is the case of POE / a-cyclodextrin-based rotaxanated

111 Mixing leads to formation of polypseudorotaxanes which can be then be

polymers.
converted into polyrotaxanes by endcapping with bulky groups. Typically high threading-
ratios are obtained by this method and controlled synthesis is possible. However, this
approach is limited by its applicability to only certain polymer/macrocycle pairs. The
second method is more versatile as the synthesis involves polymerization of monomers in
the presence of the macrocycles and can be applied to any linear/macrocycle system. The
threading yields in this case depend on the strength of attractive forces between the two

components, such as H-bonding or charge transfer interactions. This kind of threading is

usually referred to as statistical threading.'*

3.1.2  Statistical Threading for Synthesis of Rotaxanated Polymers

Rotaxanated polymers have been prepared by the statistical threading method
using step-growth as well as chain-growth polymerizations. Step-growth polymerization

has been utilized for synthesis of rotaxanated polymers with a number of polymer

12-15 16,17

backbones such as polyesters, polyurethanes, polyamides,'® polyimides,"

polybenzimidazoles,” polyazines,”' and polytriazoles;** cyclic components have included
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Figure3.1—- Schemes for synthesis of main-chain polypseudorotaxanes and true
rotaxanes: (a) by threading of preformed polymers, (b) by polymerizing in
the presence of cycles. (¢) Thermodynamic equation for rate constant of
threading, K,,.
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12-17 18,22

crown ethers,”"" cyclodextrins®® and cucurbituril.®® In some of these cases bulky

monomers were incorporated to yield true polyrotaxanes.”*

Main-chain rotaxanated polymers by chain-growth polymerizations have been
typically prepared by free-radical polymerizations. Some examples of these include
polymerization of vinylidene chloride, styrene and methacrylonitrile” in the presence of
B-cyclodextrin, thermal polymerization of styrene in the presence of cyclic urethane,***’
polymerization of acrylonitrile,”® methacrylate,” methylmethacrylate” and styrene®’ in the
presence of crown ethers (30c10, 42c14 and 60c20). All these polymerizations resulted in
the synthesis of polypseudorotaxanes. Moreover, threading of poly(methacrylate),
poly(methyl methacrylate) and polystyrene’*’ was purely statistical in nature as there is
no specific interactive force between the polymer and the cycles (compared to hydrogen
bonding in polyurethanes and crown-ether-based rotaxanated polymers'®). Threading and
stability of these polypseudorotaxanes was justified by using the argument that if the
molecular weight of the linear polymers is large enough, chain entanglements will
prevent dethreading of cycles and blocking groups at the chains ends would not be
necessary.””** Bulky blocking groups were also utilized for synthesis of polystyrene and
crown-ether-based true polyrotaxanes.”’ Threading ratios (moles of crown ether per
backbone repeat unit) for polystyrene/crown ether polyrotaxanes were however still low
(0.0033) when compared to those for polyurethanes (0.3) probably because of the lack of
attractive forces.

As shown in Figure 3.2 enthalpy of threading (4,,H) for statistical threading is

slightly negative (slightly attractive), zero (no attraction), or positive (repulsive).

Threading in these cases is usually entropically governed and its efficiency can be
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improved by application of Le Chatelier’s principle through use of a large excess of
macrocycles. Threading yields are thus dependent upon the ratio of cyclic and linear
components as well as their absolute concentrations. Geometric factors like the size and
rigidity of the polymer backbone, macrocycles as well as the blocking groups also play
an important role.'?

Based upon the experiments by Schill® and Harrison,™* it was established that
the cycles must contain at least 22 atoms (carbon, oxygen or nitrogen) in order to be
threaded by a methylene chain (approx 4.5 A in diameter). Based upon the above
experiments it was aso proven that triphenylmethyl (trityl) blocking groups could

30-32

constrain up to and including 29-membered cyclic polymers.™ The larger tris(p-tert-

butylphenyl)methyl blocking group has been shown to block up to 42-membered cyclic

30-33

polymers.™ ™ Flexibility and size of the macrocycles govern threading yields for statistical
threading.” While threading yields as a function of cycle size have been studied for
polyester-** and polyurethane-"* based rotaxanated polymers, threading yields for purely
statistical threading as function of cycle size have not been reported.

Current research was focused on the synthesis of polypseudorotaxanes and
polyrotaxanes with a hydrophobic polymer like polystyrene as the backbone and
hydrophilic cyclic POE threaded onto it. Free-radical initiators with bulky blocking
groups at the chain ends were used to synthesize true polyrotaxanes. Threading yields as
a function of cycle size were aso studied. Synthesis of polyrotaxanes was proven by an
NMR technique called 2D diffusion-ordered NMR spectroscopy (2D DOSY)** (section
3.1.3). Besides polystyrene/cyclic poly(oxyethylene)-based polypseudorotaxanes,

attempts were a'so made to synthesize poly(methyl methacrylate)- and polyimide-based

polypseudorotaxanes using cyclic POE. These polymer backbones are expected to have
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small attractive interactions between the polymer backbone and the oxyethylene repeat

units. DOSY was utilized to study the stability of these polypseudorotaxanes in solution.

3.1.3 Diffusion-Ordered NMR Spectroscopy (DOSY)

Successful synthesis of rotaxanated polymers is typically established by
subjecting the the crude product to multiple dissolution/precipitation steps. Macrocycle
content in the product is followed spectroscopically after each step until it becomes
constant. The entire macrocycle fraction in the product is then presumed to be threaded.
This method is very qualitative and not reliable as sometimes the cycles are physically
trapped in the polymer matrix (not mechanically linked but as a blend) and not easily
separated. After dissolution/precipitation, analytical techniques like GPC and thermal
analysis are sometimes utilized to confirm the synthesis of rotaxanated polymers. These
techniques are not very sensitive and are unreliable when low macrocycle contents are
present. Thus a more direct and sensitive technique is required. Diffusion-ordered NMR
spectroscopy (DOSY) has recently been used to provide definitive proof of threading and
to differentiate a rotaxanated polymer from a blend with unthreaded macrocycles.™

DOSY correlates trandational self-diffusion coefficients of a molecule with its
molecular structure via chemical shifts. If sufficiently dilute solutions are used, self-
diffusion coefficients are only a function of the size of the molecule. The size of the
cycles typically used in the synthesis of rotaxanated polymers is much smaller than that

of the polymer backbone. Thus relatively smaller cycles will diffuse at a much faster rate
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Figure3.2— Schematic of information obtained by 2D diffuson ordered NMR
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when compared to the larger polymer backbones if they are present as physical blends
(Figure 3.2a) On the other hand, if the cycles are threaded onto a polymer backbone, the
cycle would diffuse a the same rate as the polymer because the cycles are now
mechanically linked to the polymer (Figure 3.2b).

Similar diffusion coefficients will also be obtained if the two entities are
chemically attached (as in the case of block or graft copolymers). Thus, based on DOSY
only, it isdifficult to differentiate between covalently attached cycle/polymer species and
mechanically linked rotaxanated polymers. Control polymerizations with a commercially
available 18c6 have been conducted for this reason. 18c6 consists of 18 main-chain atoms
and is thus too small to be threaded.** Control polymerizations with linear hydroxyl- and

methoxy-terminated poly(oxyethylene) were also conducted.

3.2 EXPERIMENTAL SECTION

3.2.1 Materials

All materials were obtained from Aldrich unless indicated otherwise. Toluene
(anhydrous, 99.9%), methanol (Fisher), methylenechloride (CH,Cl,), tetrahydrofuran
(THF), N-methyl pyrrolidone (NMP, anhydrous, 99.9%) acetic anhydride, pyridine, 2,2 -
azobisisobutyronitrile (AIBN), dibenzo-24-crown-8 (DB24¢8) and dibenzo-30-crown-10
(DB30c10) were used as received. Styrene (99%) was purified by passing the monomer
through a tert-butylcatechol-removal column to remove the inhibitor, drying over CaH,
and distilling by vacuum distillation. Methyl methacrylate was purified by passing the
monomer through a tert-butylcatechol-removal column to remove the inhibitor and

drying over CaH,  Blocking group free radical initiators: meso-4,4-bis(p-tert-
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butylphenyl)-4-phenylbutyl-4,4’ -azobig 4-cyanopentanoate] and  meso-p-[tris(p-tert-
butyl phenyl)methyl] phenyl-4,4’ -azobi g 4-cyanopentanoate] were synthesized according

33,41

to the procedure outlined in the literature.™ These two initiators will be referred to as
BG1 and BG2 from here on and are shown schematically in Figures 3.3a and 3.3b,

respectively.
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Figure3.3— Structures for free-radical blocking group initiators used in the present
study: (@) meso-4,4-bis(p-tert-butylphenyl)-4-phenylbutyl 4,4’ -azobiq 4-
Cyanopentanoate], BG1 and (b meso-p-[tris(p-tert-
butyl phenyl)methyl]phenyl 4,4’ -azobig] 4-cyanopentanoate], BG2.**
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2,2’ -Big 4-(3,4-dicarboxy-phenoxy)phenyl]propane  dianhydride  (Bisphenal A
dianhydride, BPADA) was recrystallized from a mixture of toluene and acetic anhydride.
50 g of BPADA was refluxed with 200 mL of toluene and 25 mL of acetic anhydride
until it yielded a homogeneous mixture. This mixture was allowed to cool overnight;
BPADA crystals obtained were filtered and refluxed again with 200 mL of toluene and
10 mL of acetic anhydride. On cooling, purified crystals of BPADA were obtained in ~
60% yield. m-phenylene diamine (m-PDA) was purified by sublimation under vacuum at
65 °C (x 3). m-PDA is photo- and air-sensitive and was stored in the dark in an inert
atmosphere.

Cyclic POE (cPOE) was synthesized and purified according to the procedure
outlined in Chapter 2. Four different cycle sizes were used: POE,, POE,,, POE,,, and
POE., .. These corresponded to cycle sizes with 9, 14, 20 and 29 repeat units, respectively

(based upon the most intense peak in their FAB or MALDI spectra).

3.2.2 Instrumentation

Gel permeation chromatography (GPC) was conducted in THF (1 mL/min) on a
Waters system (2690 separations module) using a 2410 differential refractive index
detector and three Styragel columns at 303 K (5-pm beads: HR 0.5, 50 A, 0-1 kg/mol;
HR 3, 10° A, 0.5-30 kg/mol; HR 4, 10° A, 5-600 kg/mol). Samples were prepared as 10
mg/mL solutions; injection volumes were 100 pL. ‘*H NMR spectra were measured with a
Bruker DRX 500 on 1-wt% solutions in CDCI,. "C NMR spectra were measured with a
Bruker AMX 400 on 5-wt% solutions in CDCI.. A recycle delay of 10 s was used to
ensure quantitative anaysis. Diffuson-ordered NMR spectroscopy (DOSY) was

conducted on 1-wt% solutions in CDCI, at a temperature of 25 °C using a Bruker DRX
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500 spectrometer. The DOSY experiments were conducted using the bipolar pulse pair
and longitudinal eddy current delay (BPP-LED) pulse sequence. Field gradient
calibration was accomplished using the self-diffusion coefficient of pure water at 25 °C
(2.299 x 10° m’s"). The gradients were applied for 2 ms and the diffusion time was 80
ms. Gradient settling times were 500 us and the eddy current elimination duration was 5
ms. Homospoil gradients were applied for 1 ms during diffusion and eddy current settling
durations. The gradients were incremented 16 times from 1.7 G/cm to 63.0 G/cm,
resulting in attenuation of the polystyrene resonances to approximately 2% of their
original intensities. A total of 32 free induction decays containing 8k complex data points
were collected at each gradient. The recycle delay was 10 s and 8 dummy scans were

applied before the first data.

3.2.3 Synthesis
All glassware was dried overnight at 120 °C. All liquids were transferred via gas-

tight syringes unless otherwise mentioned.

(A) Synthesis of polystyrene-pseudorotaxa-cyclic poly(oxyethylene)

A test tube equipped with a stir bar and rubber septum was evacuated and
backfilled with argon (x3). cPOE,, (2 g, 3.33 mmole) was heated to 40 °C till it melted.
Molten cPOE was transferred to the test tube via a disposabl e pippete and allowed to cool
to room temperature under argon. AIBN (7 mg, 0.043 mmole) was added to the test tube
and the test tube was evacuated and backfilled with argon one more time. Styrene (0.50
mL, 4.3 mmole) and anhydrous toluene (2 mL) were added to the above mixture followed

by stirring till a clear solution was obtained. The test tube was then subjected to
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degassing by the freeze-pump-thaw (FPT) method until no bubbles appeared after
thawing. The test tube was then warmed back to room temperature, backfilled with argon
and placed in an oil bath, preheated to 90 °C. The solution was left stirring for a period
of 3 days during which it turned viscous. CH,CI, (ca 5 mL) was added to the above
reaction mixture, followed by slow addition of the resulting solution (via pipette) to 200
mL of vigoroudy stirred methanol. A white solid precipitated out, which was collected
by filtration and then subjected to dissolution/precipitation in CH,Cl./methanol three to
five times. The final product (350 mg, 70% yield based on styrene) was dried under
vacuum (at 60 °C) and analyzed by '"H NMR, DOSY and GPC. Unthreaded cycles were
recovered by rotary evaporation of the filtrate obtained from the dissol ution/precipitation
step.

The above procedure was repeated for cPOE,, cPOE,  and cPOE,, cycles.

(B) Synthesis of polystyrene-rotaxa-cyclic poly(oxyethylene)

Same as reaction (A) except blocking-group initiators, BG1 (47 mg, 0.043
mmole) or BG2 (54 mg, 0.043 mole) were used instead of AIBN. The procedure was
repeated for cPOE,,, cPOE,,,, cPOE,, and cPOE .. Polymer yields were lower in this
case (100200 mg, 20—-40% yield based on styrene). BG2 resulted in lower yields than
BG1l and BG1l was used for further polymerizations. Polystyrene obtained after
polymerization in the presence of cPOE,,, cPOE,, and cPOE,, cycles precipitated easily
into methanol and afforded a white solid. The polymerization product obtained with

cPOE,. ., did not precipitate easily and formed a milky solution in methanol. Work-up for

1500

this reaction involved centrifugation of the milky solution followed by filtering which

yielded a fine white powder. This powder was again dissolved in CH,Cl, and precipitated

82



into methanol followed by centrifugation and filtering. The above procedure was repeated

5times. Yieldsin this case were even lower (10-20%) dueto loss of material in work-up.

(C) Control polymerization of styrene with 18-crown-6

Same as reaction (B) except 18-crown-6 (2 g, 7.6 mmole) was used instead of

cyclic POE. (32% yield based on styrene)

(D) Control polymerization of styrene with a-hydro- «hydroxy poly(oxyethylene)

Same as reaction (B) except linear a-hydro-w-hydroxy poly(oxyethylene), IPOE,,

(29, 3.33 mmole) was used instead of cyclic POE (16% yield based on styrene).

(E) Control polymerization of styrene with a-methyl- co methoxy pol y(oxyethylene)

Same as reaction (B) except linear a-methyl-w-methoxy poly(oxyethylene),
IPDME,, (3.3 g, 3.33 mmole) was used instead of cyclic POE (27% yield based on

styrene).

(F) Attempted synthesis of polystyrene-rotaxa-dibenzo 24-crown-8

Same as reaction (B) except dibenzo 24-crown-8 (2 g, 4.46 mmmole) was used

instead of cyclic POE (35% yield based on styrene).
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(G) Attempted synthesis of polystyrene-rotaxa-dibenzo 30-crown-10

Same as reaction (B) except dibenzo 30-crown-10 (2 g, 3.73 mmmole) was used

instead of cyclic POE (35% yield based on styrene).

(H) Synthesis of poly (methyl methacrylate)-pseudorotaxa-cyclic poly(oxyethylene)

A test tube equipped with a stir bar and rubber septum was evacuated and
backfilled with argon (x3). cPOE,, (2 g, 3.3 mmole) was heated to 40 °C till it melted.
Molten cPOE was transferred to the test tube via a disposabl e pippete and allowed to cool
to room temperature under argon. AIBN (5 mg, 0.033 mmole) was added to the test tube
and the test tube was evacuated and backfilled with argon one more time, followed by
addition of methyl methacrylate (0.35 mL, 3.3 mmole). The test tube was then subjected
to degassing by the freeze-pump-thaw (FPT) method until no bubbles appeared after
thawing. The test tube was then warmed back to room temperature, backfilled with argon
and placed in an oil bath preheated to 70 °C. The solution was left stirring for a period
of 3 days during which it turned into a white solid. THF (ca. 5mL) was added to the test
tube to dissolve the solid product, followed by slow addition of the resulting solution (via
pipette) to 200 mL of vigoroudly stirred distilled water. A while solid precipitated out,
which was collected by filtration and then subjected to dissolution/precipitation in
THF/water at least five times. The final product obtained (300 mg, 60% yield based on
methyl methacrylate) was dried under vacuum (at 60 °C) and analyzed by ‘H NMR,

DOSY and GPC. The above reaction was repeated with cPOE, ,, cPOE,, and cPOE

4007 1500
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(1) Synthesis of BPADA-mPDA polyimide-pseudor otaxa-cyclic poly(oxyethylene)

cPOE,,, (800 mg) was weighed into a two-necked 50-mL round-bottom flask
equipped with a gooseneck, septum and stir bar. This was left overnight under vacuum to
remove any residual water. Anhydrous NMP (2 mL) was syringed into the flask and the
mixture stirred until cPOE dissolved. After dissolution of cPOE in NMP, 104 mg of
purified m-PDA was added to the flask (under positive argon flow). The resulting mixture
was again stirred till mPDA dissolved. Following the dissolution of m-PDA, 500 mg of
purified BPADA was weighed and poured into the reaction flask (under positive argon
flow). The solution turned viscous after a period of hours and was left at room
temperature for duration of 24 hrs. A solution of acetic anhydride and pyridine (1.5 mL,
50/50 v/v) was syringed into the reaction flask and left overnight. The resulting mixture
was diluted by adding approximately 5 mL of anhydrous NMP. The resulting solution
was added drop wise (via pipette) to 200 mL of vigoroudy stirred methanol and a fibrous
yellowish product precipitated out. The product obtained was filtered, collected and
subjected to the dissolution/precipitation steps three more times. The resulting solid
product was dried overnight at 140 °C (580 mg, 100% yield based on BPADA and m-
PDA). It was further analyzed by ‘H NMR and DOSY . The above reaction was repeated

for cPOE,,,, cPOE,, and cPOE,,, cycles.
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3.3 RESULTSAND DISCUSSION

3.3.1 Attempt Towards Synthesis of Polystyrene-pseudorotaxa-cyclic Poly(oxyvethylene)

Gibson et al. reported the synthesis of polystyrene-pseudorotaxa-“42C14” with
threading yields of 12 wt% (weight fraction of cycles in the polymer). We repeated this
procedure for synthess of polystyrene-pseudorotaxa-cPOE,, by free-radical
polymerization of styrene in the presence of cyclic POE,, using AIBN as an initiator. A
large excess of cyclic POE (4 times the mass of styrene) was used to drive the threading
forward based on Le Chatelier’s principle. cPOE melt was not miscible with the styrene
monomer for the concentrations used (80 wt% of POE) and the two formed two distinct
layers. Toluene was used as a cosolvent to maintain homogeneity in the polymerization

medium.

.’__.(CHZCHZO)H\.M AIBN
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e,

Figure3.4— Synthesis scheme for polystyrene-pseudorotaxa-cyclic POE using AIBN
as an initiator. Reaction product is either a polypseudorotaxane or a
physical blend of polystyrene and cyclic POE.
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Work up for the above reaction involved removal of any unthreaded cyclic POE
by multiple precipitations of the polymer from methylene chloride into excess methanol
(which is a good solvent for POE but a nonsolvent for polystyrene). After five
dissolution/precipitation steps the residual amount of cyclic POE in the polymer was
measured by '"H NMR and was found to be low: 0.5 wt%. Because of the low cycle
content it was not possible to decidedly determine whether the macrocycles were
threaded or not by conventional techniques like GPC and thermal analysis, 2D DOSY
was used instead. Figures 3.5a and 3.5b show the 2D DOSY spectra for polystyrene-
pseudorotaxa-cyclic POE,,“ and pure cyclic POE,, respectively. The diffusion
coefficient of cyclic POE in the polypseudorotaxane is different from that of polystyrene
and corresponds to the same value as that of pure, unthreaded cyclic POE. In fact the 2D
DOSY spectrum of polystyrene-pseudorotaxa-cyclic POE® was identical to that of a
physical blend. The above reaction was repeated for different cycle sizes (cPOE,,,
cPOE,, and cPOE_ ) and different reaction conditions (temperature and time of
polymerization) with the same result. Thus it was concluded that even if the POE cycles
threaded onto the polymer backbone during polymerization, dethreading occurred either
during workup (dissolution/precipitation) or during dissolution of samplesfor NMR.

Previous reports of polypseudorotaxanes (especially ones without any attractive
forces) have been justified using the argument that if the molecular weight of the linear

9,27

polymers is large enough, chain entanglements will prevent dethreading.™" Inter-chain
entanglements do not exist in dilute solutions and the number of intra-chain
entanglements are considerably reduced in dilute solutions. Thus, even if the molecular

weight of polymer backbone is large enough, it seems unlikely that the cycles will remain
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Figure3.5—- 2D DOSY spectrafor (a) polystyrene-pseudorotaxa-cPOE, . * (1 wt%), log
(D,./ m’s’) =-10.38 and log (D, / m’s") = -9.63 (b) pure cPOE,,, log
(D, / m’s") = -9.56. Spectra were measured for 1 wt% solutions in
CDCl, at room temperature.
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threaded onto the polymer backbone in a solution just because of chain entanglements.
Thus, polypseudorotaxanes in solutions can only be obtained if there is an attractive force
between the polymer and the cycles and it does not get screened due to presence of the
solvent. No such attractive force exists for the current polystyrene/cPOE systems. True
polyrotaxanes were synthesized instead using blocking-group free radical initiators to

prevent dethreading of cycles.

3.3.2 Synthesis of Polystyrene-rotaxa-cvclic Poly(oxyvethylene)

Blocking-group free-radical-initiator BG1 was used to synthesize true
polyrotaxanes by polymerizing styrene in the presence of cPOE,,,. BG1 was synthesized
according to a published procedure and consisted of triarylmethyl moieties which are

3341

capable of constraining cycle sizes up to 42 atoms.™" Since polystyrene terminates
amost entirely by combination under appropriate conditions, a true polyrotaxane was
expected. Toluene was used as a cosolvent to improve miscibility between styrene and

2743-45

cPOE as well as to reduce the reaction viscosity. Very viscous polystyrene solutions
in glycols have been shown to exhibit retarded termination rates.® A slow termination
would result in termination by disproportionation and combination and would result in
inefficient blocking of chain ends.

The crude product from polymerization was subjected to five
dissolution/precipitation steps in CH,Cl./methanol and the residual amount of POE
monitored by ‘H NMR. The amount of POE in the polymer did not change after the
second precipitation step and was around 4.5 wt%. The success of the rotaxanation

reaction was also confirmed using 2D DOSY NMR. Figure 3.6 shows the 2D DOSY

spectra of polystyrene-rotaxa-cyclic POE,, and pure cyclic POE,,. The diffusion
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coefficient of cyclic POE,,, in the polyrotaxane is same as that of polystyrene and much
dower than that of free cyclic POE,,, thus indicating that the cycles are threaded onto the
polymer backbone. Polymerizations were aso carried out with cPOE,,, cPOE,, and

cPOE,_, to observe the effect of cycle size on threading. Threading was confirmed by 2D

DOSY and threading yields were calculated from '"H NMR peak areas. Dibenzo 24-
crown-8 (DB24c8) and dibenzo 30-crownl-10 (DB30cl10) did not thread presumably
because of the cycle cavity being filled by rotating phenylene units. Results for different

polymerizations are shown in Figure 3.7.

3.3.3 Threading Yields as a Function of Cycle Size

Figure 3.8a shows threading ratios (nVn) and cPOE wt% as a function of cycle
size for the systems synthesized in the present study. Figures 3.8b and 3.8c show
published threading ratios (nm/n) and crown-ether wt% as a function of crown size for
polyester-* and polyurethane-® based polypseudorotaxanes respectively. Threading
yields for polystyrene systems are much lower than those previoudy reported for
polyester- and polyurethane-based  polypseudorotaxanes.  Polyurethane-based
polypseudorotaxnes exhibit highest threading yields amongst the three. The major
difference between polystyrene/cPOE systems and polyester or polyurethane/crown
systems is the absence of any specific attractions between the monomer or polymer and
the macrocycle for polystyrene/cPOE systems. Hydrogen bonding interactions between
linear glycol precursors and the crown ether were present for polyester and polyurethane

14,16

systems.”™” Moreover, polyurethane polypseudorotaxanes exhibited hydrogen bonding
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Figure3.6 2D DOSY spectrafor (a) polystyrene-rotaxa-cPOE,,, (POE: 4.5 wt%), log
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(b)
Mn
Cycle PDI POE wt% m/n Threaded
(kg/moal)
cPOE,, 20 2.0 2.7 0.007 Yes
cPOE,, 7.8 1.8 4.5 0.007 Yes
cPOE,, 9.5 1.7 1.7 0.002 Yes
cPOE,, 16.6 2.1 2.3 0.0016 Yes
18c6 14.2 18 0.1 - No
DB24c8 11.5 19 0.06 - No
DB30c10 12.1 19 0.1 - No
Figure3.7- (@ Synthetic scheme for polystyrene-rotaxa-cPOE. Polymerization was

initiated by blocking-group free-radical-initiator BG1 in the presence of
toluene. (b) Reaction results for different POE cycles. M is the number-
average molecular weight of polyrotaxanes and was determined from
GPC. m/n is defined as the mole fraction of cycle per polymer repeat unit
and is calculated from ‘*H NMR peak areas.
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between the urethane linkage and crown ether oxygen atoms. Thus threading yields are
expected to be higher for polyesters and even more so for polyurethanes. It has been
reported that threading yields should increase with increasing cycle size."****** This
trend was observed for polyester and polyurethane based polypseudorotaxanes.***

The polystyrene/cPOE true polyrotaxanes synthesized in the present study
exhibited a very different trend for threading ratios as a function of cycle size. Threading
ratios essentially remained constant for cPOE,, and cPOE,,, and then decreased sharply

for cPOE,,, followed by a small decrease for cPOE,, .. This very different behavior for the

present systems can be understood by taking into account the blocking group size along
with the cycle size. tert-Butyl triphenyl moieties have been shown to be capable of
constraining ring sizes up to 42 atoms.” cPOE,, and cPOE,, correspond to 9 and 14
oxyethylene repeat units or 27 and 42 atoms (based on M), respectively. Thus the
blocking group initiator used for polymerizing styrene is capable of blocking both these
cycle sizes. Apparently increasing the cycle size from 27 to 42 atoms does not increase
the threading ratio.

It should be noted that the cycles employed in the present study are not all of one
uniform size. These cycles were synthesized from commercially available linear glycols
with polydispersity index (PDI) very close to 1. A PDI value ~ 1 implies a Gaussian
polymer length distribution and not one particular chain length. The cycles consist of a
distribution of chain lengths as evidenced by their FAB or MALDI spectra (Chapter 2). A
chain length of 27 or 42 atoms therefore corresponds to the number-average chain length

or in the present case to the most frequent chain length too. Based upon the above

observation, m/n values > 0 for cPOE,,, and cPOE,, , can be explained.
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Figure3.8— Threading ratios (nm/n) and wt% ring as a function of cycle size for (a)
polystyrene-rotaxa-cPOE synthesized in the present study, (b) polyester-
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cPOE,,, and cPOE,,,, correspond to 20 and 29 repeat units or 60 and 87 atoms
respectively (based on MALDI-TOF). The FAB and MALDI-TOF spectra for cPOE,,

and cPOE, ., showed the presence of smaller cycles athough in less abundance. Since the

blocking groups used here are capable of blocking cycle sizes up to 42 atoms,* only the
less abundant, small sized cycles present in cPOE,, and cPOE _, are probably threaded.
Lower threading ratios were thus obtained with cPOE,, and cPOE .

The present systems differ from the polyester and polyurethane work in another
aspect: polyester and polyurethane system were polypseudorotaxanes whereas the
polystyrene systems are true rotaxanes. The fina threading yields in the
polypseudorotaxanes were cal culated based on the constant value reached after multiple
dissolutions/precipitations. However, these polypseudorotaxanes were not analyzed under
dilute solution conditions and it is possible that they would exhibit low threading yields

14,16

in dilute solution.”™” Moreover, polystyrene/cPOE rotaxanes in the present study were
subjected to an extremely rigorous workup treatment so that even if the larger cycles
(large enough to dethread in solution over a period of time) were trapped on to the
polymer backbone they were extracted out during the work up. This was in fact
confirmed by 2D DOSY: a dilute solution of polystyrene-rotaxa-cPOE,,,, showed the
same diffusion behavior after being stored for more than two months. If larger ring sizes
were trapped on to the polymer backbone they would eventually dethread and the 2D
gpectrum would show a biexponential behavior, corresponding to threaded and
dethreaded cPOE,_ .

The possibility of larger cycles being threaded initially cannot be ruled out. In fact
the polymer obtained after rotaxanation with cPOE,,,, formed an emulsion-like milky
solution in methanol for the first few precipitations. Rotaxanes obtained with cPOE

4007
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cPOE,,, and cPOE,, did not show this behavior. Thusit is possible that larger cycles were
threaded initialy so that the macromolecule was sufficiently amphiphilic to form an
emulsion; subsequent work up probably resulted in removal of these larger cycles.
Gibson et al. reported formation of emulsions for polystyrene-rotaxa-“42cl14”. They later
reported that 42c14 used for synthesis of rotaxanes actually consisted of larger cycle sizes
(crown size of 28 repeat units or 84 atoms was the most abundant). Thus their
polystyrene-rotaxa-“42c14” system is very similar to our polystyrene-rotaxa-cPOE,,,
system. High threading ratios were reported for Gibson's polystyrene/42cl4 systems.
Gibson et al. mentioned that the high threading yields obtained for 42c14 rotaxanes might
have resulted from difficulty in extracting free crown ethers from crude products.”” They
did not use any analytical technique like 2D DOSY to confirm that the entire 42c14
present in the product was actually threaded onto the polymer backbone. Our systems
were however subjected to a rigorous work up and were confirmed to be true
polyrotaxanes by 2D DOSY. Thus, it was concluded that even if larger cycle sizes are
threaded in our systems, they are stable to dethreading at least for the time period of the
present study. Unfortunately, the exact size of the cycles threaded could not be decidedly
determined. Solid-state NMR results for polystyrene-rotaxa-cPOE,, ,, do seem to indicate
that threaded cycles sizes might be larger for these systems compared to the polystyrene-

rotaxa-cPOE,,,, polystyrene-rotaxa-cPOE,,, and polystyrene-rotaxa-cPOE,, systems

(Chapter 5).
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3.3.4 Control Polymerizations of Polystyrene

As mentioned earlier, 2D DOSY can not differentiate between a mechanically
linked threaded architecture and a covalently linked structure. Figure 3.9 shows the ‘H
NMR spectrum for polystyrene-rotaxa-cPOE,,, and polystyrene-blend-IPOE,. A single,
broad resonance due to cyclic POE is observed at 3.63 ppm in the rotaxane (Figure 3.9b).
Chemical incorporation of short POE chains into the polystyrene backbone can also lead
to broad lines due to reduced mobilities and increased ‘H-'H dipolar couplings. Hence,

control polymerizations needed to be carried out to eliminate chemical incorporation.

CHCI
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Figure3.9- "H NMR spectra for (a) polystyrene-blend-IPOE,, and (b) polystyrene-
rotaxa-cPOE,,,. Spectra were measured for 1 wt% solutions in CDCI,,.

POE: 4.5 wt%.
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Bhaduri and Nandi have shown that a mixture of glycols and t-butyl alcohol acted
as a chain transfer agent during free-radical polymerization of styrene.” Chain transfer
probably occurs by extraction of hydrogen from the terminal hydroxyl group. The present
systems do not contain this labile hydrogen and are thus expected to be stable to chain

transfer. Control experiments with 18c6, a-hydro-w-hydroxy poly(oxyethylene), and a-

methyl-w-methoxy poly(oxyethylene) were carried out to further study the chain-transfer
reactions.

18c6: In order to eliminate chain transfer with cycles, a control experiment with
18c6 was carried out. 18c6 is a POE cycle with 6 repeat units or 18 atoms and is thus too
small to be threaded; a minimum of 22 atoms is required for threading onto a methylene

31,32

chain.”™™ The polymer formed was precipitated from methylene chloride into methanol
three times. After three precipitations, the residual amount of 18c6 in the polymer was
around 0.1 wt%. 2D DOSY spectrum of the polymer showed that the residual 18c6 in the
polymer was free and not incorporated onto the polystyrene backbone (Figure 3.10).

The diffusion coefficient of 18c6 is different from that of polystyrene; if 18c6 was
incorporated into the polymer backbone they would have had similar diffusion
coefficients. Thus chain transfer to 18c6 did not occur. The diffusion coefficient of 18c6
in polystyrene is however much slower than that of pure 18c6. A possible reason for this
observation could be that 18c6 is now present in a polystyrene solution which has higher
viscosity than that of pure chloroform. Since self-diffusion coefficients depend upon the

viscosity of the solution along with molecular size, 18c6 will diffuse at a much sower

rate in a polystyrene solution when compared to a pure chloroform solution.
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Figure 3.10 - 2D DOSY spectrafor (a) polystyrene polymerized in the presence of 18c6,
log (D../ m’s") =-10.2 and log (D,, .,/ m’s") =-9.8 (b) pure 18¢6, log (D,
/ m’s") = -9.4. Spectra were measured for 1 wt% solutions in CDCI, at

room temperature.
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a-hydro-awhydroxy poly(oxyethylene): The product obtained from control

polymerization of styrene with a-hydro-w>-hydroxy poly(oxyethylene) contained 0.9 wt%
POE. 2D DOSY spectrum (Figure 3.11a) showed similar diffusion coefficients for POE
and polystyrene indicating that POE is chemically attached to the polystyrene backbone.

a-methyl- cwmethoxy poly(oxyethylene): The product obtained from control

polymerization of styrene with a-methyl-w-methoxy poly(oxyethylene) also contained
0.9 wt% POE. 2D DOSY spectrum (Figure 3.11b) showed similar diffusion coefficients
for POE and polystyrene indicating that POE is chemically attached to the polystyrene
backbone. This was surprising as methoxy terminated POE does not contain labile
hydroxyl groups. However, it is possible that the presence of oxygen atom next to the
methyl group makes the hydrogen more susceptible to abstraction and thus chain transfer
OCcCurs.

These results were important as they showed that the POE cycles had to be very
pure in order to physically thread them instead of chemically incorporating the linear

byproducts from the cyclization reaction.
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Figure3.11- 2D DOSY gpectra for (a) polystyrene polymerized in the presence of
hydroxyl-terminated IPOE, log (D,./ m’s”) = -10.3 and log (D,.../ ms’) =
-10.3 (b) polystyrene polymerized in the presence of methoxy-terminated
IPOE, log (D,,/ m’s") =-10.3 and log (D,,,,,./ ms") = -10.3 Spectra were
measured for 1 wt% solutions in CDCI, at room temperature.

101



3.3.5 Attempted Synthesis of Poly (methyl methacrylate)-pseudorotaxa-cPOE

Methyl methacrylate was polymerized using AIBN as an initiator in the presence
of cPOE in an attempt to synthesize a polypseudorotaxane (Figure 3.12). Methyl
methacrylate and cPOE have small dipolar attractions arising from polar carbonyl and
oxyethylene groups’. It was expected that these interactions might promote threading.
Moreover, methyl methacrylate and cPOE as well as poly(methyl methacrylate) and POE
are miscible in the melt. Thus addition of toluene to promote mixing was not required. As
addition of toluene is equivalent to dilution of the reaction mixture possibly resulting in
low threading, increased threading yields were again expected. After three
dissolution/precipitation steps in THF/water, 0.6 wt% cPOE was present in the reaction
product. 2D DOSY showed that cPOE and PMMA exhibited different diffusion

coefficients and cPOE was not threaded in solution (Figure 3.13).
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Figure 3.12 - Synthesis scheme for poly(methyl methacrylate)-pseudorotaxa-cyclic
POE using AIBN as an initiator. Reaction product is either a
polypseudorotaxane or a physical blend of poly(methyl methacrylate) and
cyclic POE.
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Figure3.13- 2D DOSY spectrum for poly (methyl methacrylate)-pseudorotaxa-
cPOE,, ", log (D, / m’s") = -10.77 and log (D, / m’s’) = -10.41.

600 7 cPOE

Spectrum was measured for 1 wt% solutions in CDCl, a room
temperature.

This reaction was repeated for different cycle sizes as well as with the addition of
toluene: still no threading was observed by 2D DOSY. The molecular weight of PMMA
determined by GPC (M, = 60 kg/mol, PDI = 2.0) was much higher than that for
polystyrene. Molecular weights obtained for polystyrene are probably low because of the
higher reaction temperatures as well as the presence of toluene. PMMA synthesized in
the present study has molecular weights much higher than the entanglement molecular
weight still no threading was observed in solution. This again indicated that the
polypseudorotaxanes are not stable in solution in the absence of strong attractive

interactions between the polymer backbone and the cycles. A true polyrotaxane with
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PMMA could not be synthesized as PMMA terminates by disproportionation as well as

coupling.

3.3.6 Attempted Synthesis of BPADA-mPDA Polyimide-pseudorotaxa-cPOE

An attempt was also made to synthesize polyimide-based polypseudorotaxanes
using step-growth polymerization. Polyimides were synthesized by condensation reaction
of m-phenylene diamine and a bisphenol A dianhydride. It has been shown that primary
and secondary amines form complexes with crown ethers due to the formation of
hydrogen bonds.” Thus it is expected that the strong hydrogen bond interactions formed

initially would lead to increased threading as observed for polyesters and polyurethanes.

Q 0
o
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Figure3.14 Synthesis scheme for BPADA-mPDA polyimide-pseudorotaxa-cycloPOE
by step-growth polymerization Reaction product is either a
polypseudorotaxane or a physical blend of polyimide and cyclic POE.
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However, these interactions would disappear after polymerization due to the

formation of an imide linkage. Dipolar interactions between the polar carbonyl and

oxyethylene groups are expected after the formation of an imide linkage.After work-up,

the residua POE left in the polymer was around 1 wt%. 2D DOSY showed that the

cycles were diffusing at a faster rate than polyimide and were thus unthreaded. By

meticulous purification of the monomers it was possible to synthesize polyimides with

molecular weights in the range of 100-150 kg/mol.” Stable polypseudorotaxanes in

solution were however not obtained.
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2D DOSY gpectrum for BPADA-mPDA polyimide-pseudorotaxa-
cPOE, ", log (D,,/ m’s") =-10.9 and log (D, / m’s") = -10.2. Spectrum

was measured for 1 wt% solutions in CDCI, at room temperature.
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3.4 CONCLUSIONS

Polystyrene-rotaxa-cPOE was synthesized by free radical polymerization of
styrene in the presence of cPOE of different sizes. A blocking group initiator was used to
synthesize true polyrotaxanes and the structure was confirmed by 2D DOSY . Diffusion
coefficients of cPOE and polystyrene were similar indicating mechanical linkage. Control
experiments with 18c6 showed that chain transfer to cycles did not occur. Low threading
yields were obtained with polystyrene because of lack of attractive forces between the
polymer and the cycles. Threading ratios were dependent on the cycle size as well as the
size of the blocking group. Synthesis of polypseudorotaxanes by free radical
polymerization of styrene and methacrylate was attempted. An attempt was also made to
synthesize polyimides-based polypseudorotaxanes by step-growth polymerization. 2D
DOSY showed that even if these polypseudorotaxanes were synthesized, they were
unstable in solution since they exhibited diffusion behavior smilar to that of physica

blends.
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CHAPTER 4

MORPHOLOGY AND DYNAMICS OF
POLYSTYRENE-blend-POLY (OXYETHYLENE)

4.1 INTRODUCTION

Much attention has been devoted in recent years to the characterization of
polymer blends. The increasing interest in polymer blends is mainly due to their
importance in the development of new materials with designed properties which cannot
be reached using single polymers. The manifestation of superior properties depends upon
the miscibility of the blend polymers, miscibility being defined as mixing on the
molecular scale. However, because of chain connectivity effects, mixing in polymer
blends is usually not random or homogeneous (except in the special case of polymer
blends with specific interactions e.g, H-bonding). Thus polymer A and polymer B
molecules in a blend tend to form clusters or polymer A- and polymer B — rich phases.
For amiscible blend, size of these phasesis on the molecular level (1-10 nm’). Moreover,
for atruly miscible system such phases are stable to time and/or temperature and do not
grow in size even if given sufficient incentive to do so. On the other hand, in an
immiscible blend such regions grow with time and/or temperature.”*

In reality most polymer blend components are immiscible; thus compatibilization®
of immiscible polymer blends is an active area of research. The research focus so far has
been on compatibilizing the blend components by (1) functionalizing one of the two

components to introduce specific interactions,” (2) addition of premade compatibilizers
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e.g., block and graft copolymers,”™ and (3) “in situ” generation of compatibilizing blocks

15-22

by reactive blending or mechanical aloying.” Depending upon the nature and strength
of the specific interactions, the first method can result in molecular level mixing.
Methods (2) and (3) on the other hand usualy result in um-sized dispersed phases that
are stable to further changes in size. All these techniques have the drawback of either
drastically reducing the properties of the parent polymer due to chemical modification or

involving the addition of a third component. Thus novel and innovative methods are

required for improving the miscibility of immiscible polymer pairs.

4.1.1 Miscibility of Polytyrene and Poly(oxyethylene) Blends

A classic example of an immiscible polymer pair is that of polystyrene (PS) and
poly(oxyethylene) (POE). Polystyrene and poly(oxyethylene) have been shown to be

immiscible over a wide temperature, composition and molecular weight range due to

23-27

their poditive interaction parameter (X). This immiscibility of polystyrene and

poly(oxyethylene) has been studied by inverse gas chromatography,” differential

scanning calorimetry (DSC),” scanning electron microscopy (SEM)® in the solid-state as

26,27

well as by dilute solution viscometry in solution. Partially miscible blends of

polystyrene and POE have been fabricated by incorporating a polar group in the

polystyrene backbone which leads to specific interactions (dipolar or H-bonding

6-8,28-30

interactions) between polystyrene and POE. Some examples of these polar groups

8,28 6,29

include acrylic acid,* methacrylic acid,” hydroxyl,*® and acetoxy groups.” Depending
upon the weight fraction of the polar group and the overal blend composition, either

completely miscible or partially miscible blends result.”**® An alternate method for
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improving the miscibility of these two polymers and other immiscible polymers can be

by changing the topology of one of the blend components.

4.1.2 Topological and End-Group Effects on Blend Miscibility

Physical blends of linear polymers that exhibit different degrees of miscibility
have been studied for a long time. However, the effect of polymer architecture on the
solid-state properties of polymer blends - in particular their phase-segregation behavior -
has not been studied in detail. In particular, there exist only a limited number of studies
that address the effect of cyclization of one component of a polymer blend on its solid-
state properties.’*’ Santore et al. compared the phase separation behavior of blends of
macrocyclic polystyrene (PS) with linear polyvinyl methyl ether (PVME) to that of linear
PS/linear PV ME blends of equivaent molecular weight, showing that cyclic/linear blends
exhibited LCST behavior as did linear/linear blends. The cloud points for cyclic/linear
blends were, however, 7-8 °C higher. Thus the cyclic/linear blends displayed a wider
temperature range of thermodynamic stability than equivalent linear/linear systems.™
Nachlis et a. also showed that cyclic bisphenol A carbonate oligomers were miscible
with a wider range of linear polystyrene molecular weights than were the chemically
equivalent linear oligomers® The Flory-Huggins X parameter was calculated for
cyclic/linear polymer blends and linear/linear polymer blends and it was found that the X
value was smaller for cyclic/linear polymer blends, indicating improved miscibility.*

This increased miscibility for cycle/linear polymer blends when compared to
linear/linear polymer blends can be explained by topological effects. If as synthesized,
two cyclic polymer chains are not concatenated then they cannot exist in a linked

conformation in the melt state (Figure 4.1a). This additional topological excluded volume
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interaction between cyclic polymers leads to significantly reduced entropy for cycle/cycle
blends when compared to linear/linear and cyclée/linear blends. In contrast there is no
repulsive interaction between linear/linear and cyclic/linear polymer chains and they can
interpenetrate quite easily (Figures 4.1b and 4.1d). Therefore, mixing of cyclic/linear
polymer blends is thermodynamically favored due to the significant entropy gain

32,34,35

involved in going from pure cycles to cyclic/linear polymer blends. This topological

effect can be better understood by application of Flory-Huggin’ s theory of mixing:*

AG, =-TAS, +AH, (4.18)
4.1b)
_ [ e ¢, (
AS_ =-k| —Inp, + —In
m (Nl (pl N2 (pZJ
AH_ =kTyo,9, (4.10)
X OAw, Ow, _(Wll +W22)/2 (4.1d)

AG, isthe free energy of mixing, AS, isthe combinatorial entropy of mixing and AH_ is
the heat of mixing. For polymer blends AS term is usually small, thus AG_is determined
by AH_which is proportional to Flory-Huggin's interaction parameter, x. For polymer
blends to be miscible the value of x parameter should be negative (system with specific

interactions) or close to zero.
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Figure4.1 - Schematic of different blend combinations: (a) prohibited state for a cycle
and cycle blend, (b) blend of a cycle (1) and linear (2) polymer, (c) blend
of alinear oligomer (1) with end groups (3) and linear polymer (2) and (d)
ideal blend of a high-molecular weight linear polymer (1) with polymer

).
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X is related to Aw,,, local free energy change for exchanging unlike contacts with
like contacts. This local free energy change term consists of both heat and entropy
changes.” Consider a polymer blend of cycles, 1, and linear chains, 2, as shown in Figure
4.1b. As mentioned earlier, melts of pure cyclic molecules have additional topological
excluded volume interactions when compared to melts of pure linear molecules. This
topological effect resultsin an increase in local free energy of cyclic polymer melts by an
additional free energy term, say w,.. This addition free energy term does not exist for pure
linear/linear melts. The interaction parameter, X,,.... for cyclic/linear polymer blends is
proportional to the local free energy change involved in going from melts of pure cyclic

and pure linear chains to melts of cyclic/linear chains. .. can be written as:

Xblend,c O Awy, Uwy, = (Wll T wy, )/ 2-w,12 (4.2)

Xotende = Xpienay ~ W, 12 (4.3)

Xuenac 1S the interaction parameter for cycle/linear blends and X,,..,. is the ideal interaction

parameter for linear/linear blends. Thus, the x,,..,. parameter for cyclic/linear polymer
blends should be smaller than that of linear/linear polymer blends indicating improved
miscibility. This relationship will hold true for smal aswell aslarge cycles.

The above derivation does not take into account the nature of the end groups and
their effects on blend miscibility. For typical high-molecular-weight polymer blends, end
group effects can be ignored because of their low concentrations. However, for blends
with low-molecular-weight polymers or oligomers, it has been shown that the X

39,40

parameter can be changed by the nature of the end groups.™ For example, consider a
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blend of oligomer,1, and polymer, 2 (Figure 4.1c). Oligomer 1 now has a finite volume
fraction, y, of end-groups, 3. Flory-Huggin's parameter, ... for blends of oligomers

(with finite end groups) and polymer chains can now be written as:**

Xolende = Xptenay ~ y(X Xz t (1_ y)XlS ) (4.4)

Xviende = Xvienas ~ We (4.5)

where X, 1S again the idea interaction parameter for high-molecular-weight
linear/linear blends. X3 is the interaction parameter between polymer 2 and the end group
3. X13 is the interaction parameter between oligomer 1 and the end group, 3. y is the
volume fraction of end groupsin the oligomer 1. The additional terms due to end groups
can be collectively represented by afree energy term, w,; w, can be negative or positive.
Xoenae < Xoenas 1T r€PUISIVE interaction between the end group 3 and its polymer backbone 1
(X13) is greater than the repulsive interaction between the end group 3 and polymer 2
(X23) (i.. W, > 0). Xyee > Xuengy If repulsive interaction between the end group 3 and its
polymer backbone 1 (X13) is less than the repulsive interaction between the end group 3
and polymer 2 (x23) (i.e. w, < 0). Thus miscibility of a polymer blend can be changed by
changing the nature of the end group.

Based on the above hypothesis it can adso be argued that the miscibility

differences between cyclesdlinear polymer blends and linear/linear polymer blends

derives from the loss of the end groups. However, it should be noted that in the limit of y
approaches 0, x,,..,, approaches x. Thus, the end group effect is not significant for blends

of high molecular weight polymers. The cyclic PSSPVME blend study mentioned earlier
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was conducted on high molecular weight cyclic polystyrene (M, = 247 kg/mol) and thus
end group effects are not expected to play a major role there.”* The study conducted by
Nachlis et al. was conducted on cyclic bisphenol A carbonate oligomers where the end
group effect might play arole. However, the authors did not find a strong dependence of

the x parameter on the nature of the end group and concluded that the difference between

the x values for cyclic/linear and linear/linear polymer blends was too large to be due to
the chemical nature of the end group.* Based on the experimental and theoretical
consideration it is postulated that both topologicd and end group effects will affect the
miscibility behavior for blends of low-molecular-weight polymers. The extent of
compatibilization by cyclization or by changing the nature of the end groups will depend
upon the w, and w, values. If w/2 > w_ then topological effects will dominate. If w,> w/2
then end group effects will be more prevalent. However, for blends of high-molecular
weight polymers only topological effectswill be prevalent asw, = 0 in this case.

The above hypothesis was tested in the present study by comparing the miscibility
behavior of low-molecular-weight cyclic poly(oxyethylene)/polystyrene blends and linear
a-hydro-w-hydroxypoly(oxyethylene)/polystyrene  blends. Linear  a-methyl-w-
methoxypoly(oxyethylene)/polystyrene blends have aso been studied to address the
effect of end-groups. Different phase separation processes in these blends can lead to
different morphologies and domain sizes. Differences in miscibility between the two
blends can also lead to very different dynamics in the two blends as a partially miscible,
low-T, component would exhibit slower dynamics when compared to an immiscible,
low-T, component. DSC and solid-state NMR measurements have been conducted to
study the effect of topology and the nature of the end-groups on blend dynamics and

morphology.
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4.1.3  Solid-State NMR for Determining Dynamics and Morphology in Polymer Blends

Various experimental techniques are available to study heterogeneity of multi-
component polymer systems. DSC, DRS, DMS, transmission electron microscopy, X-ray
scattering, neutron scattering and NMR spectroscopy. Neutron scattering and SAXS in
particular have been extensively used to study the phase separation process and to
determine the domain sizes. These techniques however have the disadvantage of
requiring labeled samples and strong electron density contrasts, respectively. DRS and
DMS are very useful for studying the different relaxation processes in polymers and thus
provide a measure of mobility at a particular temperature. However, it is not aways
simple to assign a molecular origin to these relaxation processes. Solid-state NMR
provides an alternative, nondestructive way to determine blend properties. Detailed
information about the molecular dynamics, morphology, miscibility, and domain size of
polymer blends can be directly derived from NMR parameters such as ‘H and “C line
widths, relaxation times and from spin diffusion behavior.

There are various NMR techniques for characterization of molecular motions,
gpanning a wide range of time scales. The experiment of choice depends on amplitude
and rate of molecular motions since some measurements are sensitive to motions on the
MHz frequency or faster time scale while others are sensitive to mid-kHz or slower
fluctuations. Proton wideline NMR spectroscopy (WISE) is a well known technique for
gualitative determination of mobility in chemically homogeneous systems. This
experiment yields information about the dynamics by measuring the degree to which the
proton line shapes are averaged by molecular motion. Typical proton lines in solids are
broad due to hetero- and homo-nuclear dipolar interactions. Narrow line widths are

obtained in mobile systems (e.g., low-T  polymers) where the motions are fast on the
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time-scale of the dipolar linewidths (tens of kHz)." However in chemically
heterogeneous systems it becomes difficult to separate the overlapping 'H lineshapes.
Instead, 2D heteronuclear wide-line separation (WISE) NMR can be used to obtain
information about molecular dynamics in a heterogeneous system. The 2D WISE
experiment provides chemical resolution in the “C dimension and the corresponding
lineshapes are shown in the ‘H dimension. For every “C resonance, WISE vyields a
proton wide-line spectrum which reflects the dipolar couplings and hence the mobility of
the protons next to the “C nucleus.”*

Differences in the mobilities between the different component can also be used to
determine domain sizes by spin diffuson experiments. A dipolar filter sequence (based
on mobility differences) can be used to select the magnetization of one component in a
two-component system. This, when followed by a mixing time leads to the migration of
magnetization from the selected component to the suppressed component. This
magnetization transfer proceeds until the system reaches equilibrium. The rate of spin
diffusion indicates the level of mixing in the probed system and can be used to calculate

43-45

domain sizes of the two components.
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4.2 EXPERIMENTAL SECTION

4.2.1 Materials

Unless stated otherwise, all starting materials and solvents were purchased from
Aldrich and used without further purification.

POE: a-Hydro-w-hydroxypoly(oxyethylene) (IPOE, M, 0 0.4, 0.6, 0.9 and 1.5,
kg/mol)and a-methyl-w-methoxypoly(oxyethylene) (IPDME, M, [0 0.5, 1.0 and 2.0

kg/mol) were dried under vacuum for a period of days. Cyclic POE (cPOE, M, 1J0.4, 0.6,
0.9 and 1.5 kg/mol) was synthesized and purified according to the procedures outlined in
Chapter 2.

Polystyrene: Styrene (99%) was purified by subjecting the monomer to a tert-
butylcatechol-removal column to remove the inhibitor Polystyrene (PS) was synthesized
by free-radical polymerization in toluene (styrene: 20 wt%) using AIBN (1 wt% of
styrene) as an initiator. The resulting polymer was dissolved in CH,CI, and precipitated
into methanol thrice. M, = 15 kg/mol, M, = 20 kg/mol and PDI = 1.33 by GPC. Yield:
60%

Blends. Blend samples of polystyrene and linear hydroxyl-terminated POE,
polystyrene and linear methoxy terminated POE and polystyrene and cyclic POE were
prepared by solution mixing in toluene (10 wt% solids). Both polymers of a given blend
composition were dissolved in toluene separately, mixed and sonicated for 15 min. The
clear solutions were cast onto petri dishes and left overnight in the hood at room
temperature. The dried film was scraped off and further dried at 60°C for 48 hrs under
vacuum. This was followed by annealing at 120 °C for 24 hrs under vacuum. The

annealed samples were allowed to owly cool back to room temperature over a period of
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hours and were stored at room temperature in a dessicator under vacuum. The final blend
concentration was confirmed by quantitative 'H NMR in CDCI,. Five different blend
concentrations were investigated: 1.5, 4.5, 10, 25 and 40% (by weight of POE in PS).

Notation: In this section, the notation IPOE,,,, IPDME,,, and cPOE,,, (MW refers

to the molecular weight of POE) will be used for linear poly(oxyethylene), linear
poly(oxyethylene) dimethyl ether and cyclic poly(oxyethylene)s, respectively, and
generic POE will be used for al three. Subsequently their blends with polystyrene will be

identified by PS-blend-IPOE,,,, PS-blend-IPDME,, and PS-blend-cPOE,,. When

Mw?

different concentrations are used they will be mentioned separately.

4.2.2 Instrumentation

Differential scanning calorimetry (DSC) was conducted on a SEIKO 220C under
nitrogen purge. Sealed aluminum pans containing 15-30 mg of samples were used for
measurement. The power and temperature scales of the calorimeter were calibrated
against the enthalpies of fusion and melting temperature of pure indium and tin. All the
thermograms were corrected for baseline by subtracting the spectrum for an empty
aluminum pan, measured under the same conditions. A typical experiment consisted of
fast cooling to -150 °C, dow heating to 150 °C, hold at 150 °C for 10 mins, slow cooling
to -150 °C, hold at -150 °C for 5 mins and slow heating to 150 °C. Heating and cooling
rates of 10 °C /min were used for all the measurements. The thermograms reported here
are al obtained from the second heating cycle. Vaues of the enthalpies of fusion were
obtained from peak areas and known blend weight fractions. Melting temperatures were
obtained from the peak maxima. Percentage crystdlinity was calculated using a published

value for the enthalpy of melting for a 100% crystalline POE (200 Jg).”
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All solid-state NMR measurements were carried out on a Bruker DSX-300
spectrometer in a Bruker double-resonance MAS probehead. Spinning speeds of 5 kHz

were used for all measurements and al spectra were collected at room temperature (24
°C). Standard cross-polarization (CP) and direct polarization (DP) (i.e.,, single pulse
excitation) pulse techniques were used with *H and *C 90° pulse lengths of 5 ps. For “C

spectra, 1k to 4k scans were accumulated for signal averaging. Unless stated otherwise

contact times of 1 ms and recycle delays of 4 s were employed. Two-dimensional wide
line-separation (2D WISE)* spectra were collected with a contact time of 250 ps and a
recycle delay of 3s; 128 t, increments of 4 s were measured for spectral widths of 125
kHz in the 'H dimension. Number of scans ranged from 128-512.

'H dipolar magnetization transfer (i.e, spin diffusion) experiments® were
measured with recycle delays of 5's, "H 90° pulse lengths of 5 ps and 'H 180° pulse
lengths of 10 ps. The dipolar filter sequence used in this work has been described
previoudy.” It consists of a cycle of 12 102 pulses separated by a delay time, 7, that can
be repeated n times, followed by a mixing time and detection either in the *H or “C
dimension. During the mixing time, the protons in the rigid component gain
magnetization from the protons in the mobile POE component through spin diffusion
until equilibrium isreached. The filter strength can be adjusted by varying the delay time

and/or the number of cycles, n. In the present study these parameters were optimized such
that the end value corresponded to the blend composition. The parameters used were 7=
10 ps and n = 5. The variable spin diffusion or mixing time (t,) was incremented from

100 psto 1.6 s. Following the spin diffusion period, the magnetization was detected as a

free induction decay (FID). 32 scans were collected for each diffusion time. To correct
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for spin-lattice relaxation during the spin-diffusion time, the experiment was conducted a
second time but with the selection filter removed (number of dipolar filter cycles, n = 0).

The ratio of |, (with selection) to | (without selection) was plotted versus t ** to

POEO
obtain the spin diffusion curve.

To examine the structure of the material selected with the dipolar filter, cross-
polarization to “C was added just after the selection sequence. This experiment was
conducted with t = 10 ps, a 1-ms CP time and 3-s recycle delay. The “C FID was
detected with *H decoupling.

The spin-diffusion coefficient for the mobile phase was computed from the spin-
spin relaxation time (T,) of the selected mobile-phase magnetization. This was measured
by placing a Hahn echo sequence directly after the selection filter. For these

measurements, t_was fixed at 10 ps and 7 was incremented from 20 ps to 6 ms. After

normalization, the echo maxima were plotted as a function of 27 to provide the echo

decay curves. D_. . was calculated using empirically established relations between D

mobile mobile

and 72:"
Dy = (4.55x107 (40,,)'? +0.007) nm? fms for 0< dv,, <300 Hz ~ (469)
D, = (1. 7x107* (4v,,) + 0.22) nm’ /ms for 300 < Av,, <1100 Hz (4.6b)
i
T, = 4,
> xdo I (4.60
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Using D, . values obtained as above, D was caculated. D is the effective spin

mobile

47,48

diffusion coefficient and is given by:

_ \ Drigid V Dmobile

eff ( \/ D,a * \/ D, opite )/ 2

D (4.7)

D___ isthe spin-diffusion coefficient of rigid component. Value of 0.8 + 0.2 nm’/ms* was

rigid

used for polystyrene.

4.3 RESULTSAND DISCUSSION

4.3.1 DSC
Topological and end-group effect: To investigate the topological and end group

effects on blend miscibility, three different blends were studied: PS-blend-IPOE, ,, PS-

blend-IPDME,,, and PS-blend-cPOE,,. |IPOE,,, IPDME,, and cPOE,,6 ae al semi-
crystalline in nature and exhibited a melting endotherm in the DSC heating curve (data
not shown). The melting temperatures (T, ), enthalpy of fusion (A H), percentage

crystallinity (X)) and glass transition temperature (T .,.) vaues for IPOE,,, IPDME,, and

cPOE,, are tabulated in Table 2.1 (for a discussion on thermal behavior of POE samples
refer to Chapter 2).

Figure 4.2 shows the DSC thermograms for PS-blend-1POE

4007

PS-blend-IPDME_,
and PS-blend-cPOE,, at POE concentration of 10 wt%. PS-blend-IPOE,,, shows a
melting endotherm for POE and a glass transition for PS that is very close the

temperature at which the T, for pure polystyrene appears. A separate T, for POE was not
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Figure4.2— DSC thermograms (second heating, 10 °C/min) for PS-blend-cPOE4, PS-
blend-IPDMEsy and PS-blend-IPOE4p. DSC thermogram of pure
polystyrene is also shown (PS). POE: 10 wt%.
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discernible at this concentration. However the melting temperature and Ag o/ values for
IPOE in the blends are very close to that of pure POE indicating the presence of a
separate POE phase. PS-blend-IPDMEs, and PS-blend-cPOE4q did not show a melting
endotherm.

A depressed T, for PS was observed for PS-blend-IPDME,, and PS-blend-
cPOE,,, with the PS-blend-cPOE,; showing the most depressed T,. This decreasein T  for
polystyrene points towards some degree of mixing between the two components where a
certain fraction of POE is dispersed in a polystyrene-rich phase. The weight-fraction of
POE incorporated into the polystyrene phase was calculated from the T_ of polystyrenein

the blend using Fox equation:®

1 =Wes | Wror
T T

gPS gPOE

- (4.8)

gPS,b

where T isthe T, of polystyrene in the blend, w, and w,_ are the weight fractions of

polystyrene and POE in the blend, and T and T

gPOE

are the T, values of the two
homopolymers.

Figure 4.3 shows the weight fraction of POE incorporated in polystyrene for PS-
blend-IPOE,,, PS-blend-IPDME,  and PS-blend-cPOE,,,. For PS-blend-cPOE, the entire
blend POE fraction (10 wt%) is incorporated in the polystyrene phase, while for
IPDME,-and IPOE, -based blends, the fraction incorporated is lower. These results
indicate that the three blends show very different miscibility behavior where PS-blend-
cPOE,, is the most miscible and PS-blend-IPOE,, is the most phase-separated. IPDME,

shows an intermediate behavior between the cPOE and |POE blends.
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Figure4.3- Waeight fraction of POE incorporated into PS for PS-blend-IPOE,,, PS-
blend-IPDME,, and PS-blend-cPOE,,, caculated from the T of PSin the
blends using the Fox equation. The dashed line represents the overall
weight fraction in the blend: 0.10.

Thus, DSC shows that both topology and end groups affect the miscibility
behavior for PS and POE blends; topological effects are however greater than the end
group effects. Based upon the depressed T of PS, it was determined that the entire blend
fraction was incorporated in the PS-rich phase for cPOE blends. However, besides the
glass transition for PS, a second transition (T ) was observed in the range of -10to 0
°C for PS-blend-cPOE,, and PS-blend-IPDME,, (see Figure 4.2). Typically the presence
of two T's is taken as an indication of a partially phase-separated system. However,
recent literature has shown that even miscible blends exhibit dynamic heterogeneity and
might exhibit two different transition temperatures. The transition observed in the

present study occurred at a much higher temperatures than that of pure POE (-72 °C) and
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was attributed to the nanoconfined cPOE or IPDME fraction present in the blends.

Further discussion of thistransition is deferred to Section 4.4.

Effect of composition: The effect of blend composition on miscibility behavior of

PS-blend-IPOE,,,,

PS-blend-IPDME,, and PS-blend-cPOE,, was studied by DSC. Figure

4.4 shows the weight fraction POE incorporated in the PS phase calculated from the T, of

PS in the blend. For PS-blend-IPOE, , amost none of the POE fraction is incorporated

into PS, that is, most of the POE is present as a separate POE-rich phase.
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e
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Figure4.4—- Weight fraction of POE incorporated into PS for PS-blend-cPOE,,

Overall POE wt fraction

PS-

blend-IPDME,, and PS-blend-IPOE,, as a function of overall blend POE
fraction. The solid line represents the case when the entire blend POE
fraction isincorporated in the PS phase.
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For PS-blend-cPOE,

400°

even up to 40 wt% overall POE fraction in the blend, about
30 wt% is incorporated in the PS phase: cPOE blends show significantly enhanced
miscibility when compared to |POE blends. PS-blend-IPDME,, showed an intermediate
behavior between the cPOE and IPOE blends up to 10 wt% blend composition. The
weight fraction of POE incorporated into the PS-rich phase was lower than that of cPOE
but higher than IPOE. This fraction decreases for 25 wt% and 40 wt% blends™ indicating
that the critical composition for PS-blend-IPDME,, is around 10 wt%. Compare this to
PS-blend-cPOE,, that seemsto be almost all miscible up to 40 wt%. PS-blend-IPOE,, on
the other hand isimmiscible over the entire composition range as reported before.

Figure 4.5 shows the DSC thermograms for PS-blend-IPOE,,, PS-blend-IPDME,,
and PS-blend-cPOE, , for POE blend fraction equal to 25 wt%. PS-blend-cPOE,, shows a
broad depressed T, and no melting endotherm. PS-blend-IPOE,, shows a melting
endotherm due to POE and two distinct T's for PS and POE. The T 'sfor POE and PSin
the blend are very close to T, values of homopolymers, indicating complete phase
separation. The thermogram for PS-blend-IPDME,, shows a melting endotherm for

IPDME and atransition, T ,.., very close to that of the homopolymer IPDME. The glass

lPOEl
transition due to polystyrene was not visible in this case. However, the presence of a
melting endotherm and a distinct T, for IPDME indicated a significant amount of phase-

separation.
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Figure4.5- DSC thermograms (second heating, 10 °C/min) for PS-blend-cPOE4, PS-
blend-IPDMEsy and PS-blend-1POE4p. POE wt fraction: 25 wt%. DSC
thermogram of pure polystyrene is also shown (PS).

Effect of molecular weight: The effect of POE molecular weight on blend
compatibility was also studied by DSC. Figure 4.6 shows the weight fraction POE
incorporated in the PS phase as a function of POE chain length for a POE blend
concentration of 4.5 wt%. PS-blend-cPOE has much more POE fraction incorporated in
the PS-rich phase compared to PS-blend-IPOE, again signifying improved miscibility.
PS-blend-IPDME again shows an intermediate behavior between PS-blend-cPOE and PS-
blend-IPOE. The weight fraction of POE incorporated for PS-blend-IPDME seems to
decrease much more with chain length. This seems to indicate that with further increase

in chain length IPDME would behave in the same way as IPOE, that is, would be
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completely phase separated. This behavior is also consistent with the theory which

predicts lower end-group effects with increasing molecular weight. On the other hand, the

POE weight fraction incorporated in PS phase for PS-blend-cPOE seems to have reached

a constant value and does not change significantly from 600 to 1500 g/mol. It is expected

that high molecular weight cycles will also be miscible with polystyrene.

POE wt fraction in PS-rich phase
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Figure4.6— Weight fraction of POE incorporated into PS for PS-blend-cPOE, PS-
blend-IPDME and PS-blend-IPOE as a function of POE molecular weight.
The solid line represents the overall weight fraction in the blend: 0.045.
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4.3.2 Solid-State NMR

'H and °C NMR

'H solid-state NMR spectra of all the samples consist of a narrow peak due to the
mobile POE superimposed on a broad peak due to the rigid polystyrene. Since POE peaks
are narrow, it was possible to compare their line widths. Figure 4.7a shows the solid-state

'H NMR spectra (expanded to just show the POE region) of. PS-blend-cPOE,_ , PS-blend-

IPDME,,, and PS-blend-IPOE, , for POE concentration equal to 10wt%. The line width
for cPOE (Av,,, ~ 400 Hz) is amost 10 times broader than that of IPOE (Av,, ~ 40 Hz),
signifying considerably reduced mobility for cPOE in the blends when compared to
IPOE. The PDME peak in PS-blend-IPDME consists of a narrow component
superimposed on a broad component suggesting two different dynamic regimes for
PDME in the blends.

The reduction in mobility for cPOE and IPDME versus IPOE in blends as
evidenced by 'H line shapes could be due to two reasons. intrinsic mobility differences
and/or due to (2) differences in miscibility between the blends leading to different
dynamic environments and hence different mobilities. 'H line shapes of pure cPOE,
IPDME and |POE were identical (Figure 4.7b). Thus the mobility differences between the
cPOE, IPDME and IPOE components in the blends are not derived from their intrinsic
mobility differences but from their different miscibility behavior. Based upon the line
widths, PS-blend-cPOE, is the most miscible, PS-blend-IPOE,, the least miscible and
PS-blend-IPDME,, blends exhibit an intermediate behavior between the two, that is,

partially miscible.
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'H solid-state NMR line shapes (from bottom to top) for: (8) PS-blend-
IPOE,,,, PS-blend-IPDME_, and PS-blend-cPOE, . POE: 10 wt%. Spectra
collected at room temperature with a spinning speed of 5k. The spectra are
expanded to just show the POE component and the broad component due
to PS is not shown. (b) IPOE,, IPDME_,and cPOE,, samples. These
samples were liquids at room temperature and it was not possible to
collect spectra under spinning conditions. Instead, spectra were collected
at room temperature under static conditions. '"H NMR solid-state spectra
for PS-blend-cPOE,,, and PS-blend-IPDME,, were broad and featureless
under static conditions. Spectra for blends were collected under spinning
conditions for this reason.
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Differences in line widths were also observed by “C solid-state NMR. Figure 4.8
shows the POE region of DP (direct polarization) spectra for PS-blend-cPOE,,, PS
blend-IPDME,, and PS-blend-IPOE, . The spectrum for PS-blend-IPOE,,, contains three
peaks for |POE at 61 ppm (due to -CH,CH,OH), 70.3 ppm (due to -CH,CH,O-) and 72.5
ppm (due to -CH,CH,OH). Peaks due to end groups at 61.3 and 72.5 ppm are not present
in the spectrum for PS-blend-cPOE,,. Spectrum for PS-blend-IPDME,, contains two
peaks for IPDME at 58.5 ppm (due to -CH,CH,OCH,) and 70.3 ppm (due to -CH,CH,O—
). The peak due to —-CH,CH,OCH, is overlapped with the main peak at 70.3 ppm in this
case. Compared to the DP spectrum of PS-blend-cPOE,, (Av,, ~ 100 Hz), the POE peak
at 70.3 ppm for PS-blend-IPOE,, (Av,, ~ 30 Hz) is very narrow. PS-blend-IPDME,,
again shows an intermediate line shape consisting of a narrow component superimposed

on a broad component.
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Figure4.8 - Selected regions of “C solid-state NMR spectra for () PS-blend-cPOE,,
PS-blend-IPDME,, and PS-blend-IPOE,,. POE: 10 wt%. Spectra
collected at room temperature with a spinning speed of 5k using single-
pulse excitation and 1-srecycle delay. * represents SSB due to polystyrene
peak at 127 ppm.

Effect of composition: The effect of composition on "H NMR line shapes and POE
mobilities in the blends were aso studied. Figure 4.9 shows the 'H line shapes for PS-
blend-cPOE,,, PS-blend-IPDME,,, and PS-blend-IPOE,,, as a function of POE weight
fraction. The "H line shapes for cPOE in its PS blends are much broader than those of
IPOE blends in the entire composition range studied. The line shapes for PS-blend-
cPOE,, show a dight narrowing for 25 and 40 wt% blends. However, they are still 20

times broader than the |POE line shapes. PS-blend-IPDME, , shows a superposition of
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Figure4.9- 'H solid-state NMR line shapes as a function of POE wt fraction in the

blend for (a) PS-blend-cPOE,, (b) PS-blend-IPDME, , and (c) PS-blend-
IPOE,,,. Spectra collected at room temperature with a spinning speed of
5k. The spectra are expanded to just show the POE component and the
broad component due to PSis not shown.

two line shapes for the POE fractions up to 10 wt%. These two line shapes can be

deconvoluted into a broad component similar to the cPOE line shape and a narrow

component similar to the |POE line shape. Thisis consistent with the DSC results where

it was caculated that only a fraction of POE in polystyrene-blend-IPDME,, is

incorporated in the PS phase. Thus the fraction that is incorporated would exhibit slower

dynamics and broad line shapes while the POE fraction that is not incorporated would

exhibit relatively fast dynamics and narrow line shapes. IPDME line shapes for 25 and 40
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wt% blends show a drastic decrease in line width and the line widths become very similar
to IPOE/PS blends. Thisis again consistent with the DSC results where it was found that
the maority of the POE fraction is not incorporated into the PS phase for PS-blend-

IPDME composed of 25 and 40 wt% of POE.

Effect of molecular weight: The line shapes for PS-blend-cPOE,, (POE equal to
4.5 wt%) as a function of molecular weight are shown in Figure 4.10. The line widths
seem to decrease with the increasing size of cyclic POE. The POE 'H line shape for PS-
blend-cPOE,,,, is composed of two components. a relatively narrow peak superimposed
on a broad component. The presence of these two line shapes again indicates the presence
of two different mobility regimes: a very mobile regime similar to that of pure IPOE and
a dower regime which exhibits some degree of miscibility with polystyrene. However,
the relatively broad "H line shapes for all four cyclic POE blends suggest a large degree
of miscibility between cPOE and polystyrene when compared to IPOE. "H line shapes for
IPDME/PS and IPOE/PS blends are not shown as a function of POE molecular weight

since except for PS-blend-IPDME,, and PS-blend-IPOE

400"

the IPDME and IPOE were
semi-crystalline a room temperature for al concentrations studied. Crystalline
components show up as broad peaks in "H NMR spectra. This complicates analysis of *H
lines shapes because of the difficulty in unambiguously assigning the resultant broad ‘H

line shapes to miscibility or crystallinity.
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Figure 4.10 — 'H solid-state NMR line-shapes as a function of molecular weight for PS-
blend-cPOE. POE: 4.5 wt%. Spectra collected at room temperature with a
spinning speed of 5k. The spectra are expanded to just show the POE
component and the broad component due to PSis not shown.

2D WISE

Up till now only the mobility of the POE component in the blends was di scussed.
DSC analysis showed that for PS-blend-cPOE, polystyrene T is depressed due to the
presence of cPOE. Solid-state NMR was used to further investigate dynamics of
polystyrene in the blends; 2D WISE NMR was employed for this purpose. In 2D WISE,
differences in molecular mobility are probed by "H line shapes, which are separated in the
second dimension by the *C chemical shift. High molecular mobility resultsin narrow ‘H
lines and vice versa. Figure 4.11 shows 2D WISE spectrum for PS-blend-cPOE,,, (POE

equal to 10 wt%). All the signals corresponding to polystyrene (40 ppm, 127 ppm and
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144 ppm) are significantly broader than the POE signal with line widths ca. 30 kHz.,
indicating the presence of rigid segments on the tens of kHz time scale. In contrast a
narrow ‘H line at 70.3 ppm due to POE was observed indicating significant mobility.
These results confirmed that no mobility of highly mobile amorphous POE isimparted to

polystyrene in any significant portion for 10 wt% blends.

127ppm 70.3 ppm

-62.5 0.0 62.5 625 00 62.5
1H (kHz)

H (kHz)

.

125 kHz

Figure4.11- 2D WISE NMR spectrum and ‘H dipolar dlices for PS-blend-cPOE,.
POE: 10 wt%. 127 ppm: phenyl group of polystyrene. 70.3 ppm:
methylene group of POE. Contact time of 250 us, effective spin diffusion
time of 125 ps. Spectrum collected at room temperature with a spinning
speed of 5k.
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Figure 4.12 shows the dipolar dices (polystyrene: 127 ppm) for PS-blend-cPOE,,
and PS-blend-IPDME_, at different blend concentrations: 4.5, 25 and 40 wt%. 'H line
widths do not change significantly between 4.5 and 25 wt% blend for PS-blend-cPOE,,.
Slight narrowing of peak is observed for 40 wt% blend with an emergence of a narrow
component at the top. These results were surprising in light of the DSC results which
showed that the T, of the 25 wt% blend is around 37 °C and that of the 40 wt% blend is
around 25 °C. Thus it was expected that polystyrene would exhibit significant mobility
for these blends. However, experimentally determined transition temperatures are
dependent upon the frequency of measurement for polymers. Thus the T of polystyrene
will shift to higher temperatures when observed by 2D WISE as the frequency of
measurement in this case is around tens of kHz, while DSC measurements are conducted
at 1-10 Hz. Additionally, 2D WISE spectra were collected with a short contact time of
250 ms to avoid spin-diffusion. Short contact times result in discrimination against
mobile components and thus the spectra measured are not indicative of the actual mobile
and rigid polystyrene fractions.

The *H dipolar dices for IPDME/PS blends were rather broad and did not change
with blend composition. A glass transition for polystyrene was not observed for PS
blend-IPDME,,, (POE equal to 25 and 40 wt%) by DSC. Based on the 2D WISE
experiments it can be deduced that the glass transition for polystyrene in IPDME/PS

blendsis higher than that of cPOE/PS blends at the same concentration.
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Figure 4.12 — 'H dipolar dlices of the polystyrene phenyl peak at 127 ppm for (a) PS-
blend-cPOE,, and (b) PS-blend-IPDME,, a different blend
concentrations: 4.5, 25 and 40 wt%. Contact time of 250 s, effective spin
diffusion time of 125 pus.

'H Spin Diffusion

To probe the extent of mixing in PS-blend-cPOE, 2D WISE NMR experiments
were carried out with variable mixing times. During this mixing time, magnetization from
the mobile component diffuses to the rigid component until equilibrium is reached.
Complete equilibration results in equal line shapes of al lines in the proton wide-line
dimension. Figure 4.13 shows the 2D WISE spectra for mixing times of 500 ps and 10
ms for PS-blend-cPOE,,, (POE equa to 10 wt%). After 500 s, 'H spin diffusion has

occurred but not yet equilibrated. After 10 ms, proton magnetization has equilibrated and
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Figure 4.13 - (&) and (b) 2D WISE NMR spectra of PS-blend-cPOE,, (POE: 10 wt%) as

a function of mixing time, 7. (c) "C CP MAS spectrum for PS-blend-
cPOE,,, (POE: 10 wt%) with a contact time of 250 pis.
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the 2D spectrum projection on “C axis is equivalent to that obtained from 1D “C CP
MAS spectrum (Figure 4.13c). Increasing the mixing times further did not result in any
more changes in line shapes. Thus an effective spin diffusion time of 10 ms sets an upper
bound to the cPOE,, domain size in the blend which can be calculated using a ssmple
formulafor maximum diffusive path length:

L=(6D,,1)" (4.9)

eff

where D, is the effective spin diffusion coefficient and 7 is the delay time for the spin
diffusion process. A vaue of D, = 0.41 nm’/ms (see experimental section) yielded a
maximum domain size of ca. 5 nm. 2D WISE experiments were however not successful
for IPOE and IPDME blends as the extremely mobile IPOE and IPDME protons did not
cross-polarize to carbons efficiently. Thus "H spin diffusion experiments were carried out
to measure and compare domain sizes for PS/cPOE, PS/IPDME and PS/IPOE blends.

The mobility difference between the polystyrene and the POE phases allowed us
to utilize a dipolar filter sequence to select the magnetization of the POE component
only. This was followed by a mixing time during which the magnetization equilibrated.
Figures 4.14a shows 'H spectra for filter on and filter off. The broad component present
in the filter off experiment (corresponding to polystyrene) disappears when the filter is
turned on. The efficacy of the filter was further confirmed by a “C CP experiment after
selection of magnetization with the filter. Figure 4.14b shows a single peak for POE (70.3
ppm) and no peaks in the polystyrene region (40, 127 and 144 ppm). Figure 4.15 shows
the spin diffusion curves consisting of normalized intensity of POE as a function of the

square root of the mixing time for PS-blend-cPOE,,, PS-blend-IPDME,, and PS-blend-

4007
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Figure4.14 - Top: 'H solid-state NMR spectra for PS-blend-cPOE,, (POE: 10 wt%o)
with the filter on and the filter off. Bottom: *C CP MAS NMR spectrum
for PS-blend-cPOE,, (POE: 10 wt%) after selection. Note the absence of
peaks for polystyrene at 40, 127 and 144 ppm.
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Figure4.15- 'H NMR spin-diffusion curves plotted as normalized intensity of POE,
| o/l oo 8 @ function of the square-root of the mixing time, t**, for PS-
blend-IPOE,,, PS-blend-IPDME,  and PS-blend-cPOE, . POE: 10 wt%

4007

IPOE,,, (POE equal to 10 wt%). The three blends show very different spin-diffusion
behavior. The spin-diffusion curve for PS-blend-cPOE, , shows a monotonic decrease for
small diffusion times until a plateau value is reached. This plateau value corresponds to
the POE proton fraction present in the blend (~ 0.2).

A detailed account of spin diffusion between two polymer phases has been given
in refs 44 and 45, where it is shown that for smal t_, I/, monotonically decreases with
t ¥* and can be fitted well with a straight line. As indicated by the dotted line in Figure 4,

thisinitial rate approximation behavior fits very well for PS-blend-cPOE, . The intercept
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of thisline with the abscissayieldst _*** which is a measure of the diameter of the mobile

phase, d, ;"

2¢
dPOE :ﬁ“l)ff’ff'tm* (410)

where £ is the “geometry parameter” and depends upon the morphology; € = 1 for
lamellar, 2 for cylindrical and 3 for a spherical domain. D, is the effective spin diffusion
coefficient and was calculated from the T, values measured for POE as described in the

experimental section (D__. values measured for different blends are tabulated in Table

mobile
4.1). Assuming a spherical morphology for POE, the domain size of POE was calculated
to be ca. 5 nm. This result is in good agreement with the result obtained from the 2D
WISE experiment. The spin-diffusion curve for PS-blend-IPDME_, could be fitted with
two different decay lines: afast decay followed by a slow decay indicating two different
domain sizes. The POE domain sizes for PS-blend-IPDME,, were caculated using
equation 4.10 from the intercepts of the two best-fit lines with the abscissa and are
tabulated in Table 4.1. The IPOE spin-diffusion curve did not show significant decay for
the mixing times used, indicating large POE domains. The POE domain size in this case
was estimated to be greater than 100 nm based on the slope of the spin-diffusion curve.
These results show that for POE blend fraction of 10 wt%, cPOE, is dispersed
as discrete domains (with d... ~ 5 nm) in a polystyrene matrix thus indicating complete
miscibility of cPOE,, in PS as evidenced by DSC: the entire blend fraction is

incorporated in the PS phase (Figure 4.3). PS-blend-IPOE,, on the other hand form

separate POE and PS phases with only asmall level of mixing. This was again seen from
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DSC where PS and POE behaved as a mixture of pure homopolymers. PS-blend-
IPDME,,, formed two different domains: small (~ 10 nm) and large domains (> 40 nm),
indicating the presence of two different POE phases. one that is mixed in the polystyrene
matrix and the other that is present as a separate POE-rich phase. Thisis again consistent
with the DSC results where it was seen that only a part of PDME blend fraction is

incorporated in the PS-rich phase.

Effect of composition: Figure 4.16 shows the spin-diffusion curves for cPOE, /PS
blends at different blend concentrations. The domain sizes calculated from the initial rate
approximation are tabulated in Table 4.1. For cPOE, /PS blends, the POE domains are
still of the order of tens of nanometers even up to blend concentrations of 40 wt%.
IPOE,,/PS blends on the other hand formed domains larger than 100 nm for al the
concentrations studied. Domain sizes for IPDME, /PS blends increased drastically for 25

and 40 wt% concentration indicating phase separation at these concentrations.

Effect of molecular weight: Figure 4.17 shows the spin-diffusion curves for
PS/cPOE,,, 4.5 wt% blends with different cycle sizes. PS-blend-cPOE,,, and PS-blend-
cPOE,,, show a fast monotonic decrease initialy similar to PS-blend-cPOE,,. However,
the spin-diffusion curves for these also consist of a slow decay following the initial fast
decay. The superposition of the two decays indicates the presence of two different
domain sizes. The spin-diffusion curve for PS-blend-cPOE , , shows a similar behavior

but with larger slope values indicating the presence of bigger domains.”*
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Figure4.16 — '"H NMR spin-diffusion curves plotted as normalized intensity of POE,
| o/l oo 8 @ function of the square-root of the mixing time, t**, for PS-
blend-cPOE,, at different POE blend concentrations.

The initial rate approximation was used to calculate the domain sizes and the
values obtained are tabulated in Table 4.1. For PS/cPOE blends, POE domain sizes are
relatively small (< 10 nm) for al the four molecular weights. PS/IPOE blends formed
POE domains larger than 100 nm for al the samples. In the case of IPDME/PS blends,
the PDME domain size becomes greater than 100 nm for the IPDME,, sample indicating
much more phase separation at this molecular weight.

Based on the domain sizes measured, the number of POE chains present in these

domains, N, was calculated using equation 4.11.:

POE’
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3
_ PN A pog

N POE — 6Mn (4.11)

where p is the density of POE, N, is Avogadro’s number and M, is the number-average
molecular weight of POE. The assumption used for deriving equation 4.11 is that the
mobile domain is comprised of POE chains only and that POE assumes a spherical
morphology in the blend. Using equation 4.11 and d, . values tabulated in Table 4.1 it
was estimated that ca. 30-100 POE chains are present in the cPOE domains. Compare this
to IPOE domains that consist of more than 10° POE chains. Thus PS/cPOE blends exhibit
smaller domains when compared to IPDME and IPOE. However, cPOE chains in
polystyrene blends exhibit some degree of clustering and can be termed as nanophase-

Separated.
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Table4.1- Calculated domain sizes and long periods for PS/cPOE, PSIPDME and
PS/IPOE blends obtained from spin diffusion experiments. £=3.

POE
I e N T
1.5 0.07 4 12 8
45 0.07 4 10 6
PS/cPOE, 10 0.07 5 9 4
25 0.07,0.01 14°, 39° 18°, 49° 410°
40 0.01 24°, 61° 26", 66’ 25
PS/CPOE, 45 0.07 5 10 5
PS/CPOE,, 45 0.07 5 11 6
PS/CPOE, ., 45 0.01 9,23 20°,52° | 11° 29
1.5 0.07,0.01 6", 23° 19°, 73 13°, 50°
4.5 0.07,0.01 9, 35 20°, 77° 11°, 42°
PSIPDME,_, 10 0.07,0.01 10°, 37° 17, 63 7,27
25 0.007 >100 >220 >120
40 0.007 >100 >220 >120
PS/IPDME,, 4.5 0.01 14°, 45° 31%,100° | 17°,55
PS/IPDME,, A5 0.007 > 100 >220 >120
PS/IIPOE,,
i QEZ 1.5-40 0.007 > 130 >300 >170
PS/IPOE, .,

*Domain sizes calculated from the initial fast decay in the spin-diffusion curve.
"Domain sizes calculated from the slow decay in the spin-diffusion curve.
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4.3.3 Dynamics in Blends: hindered glass transition

An elevated glass transition for POE, T ., was seen for PS/cPOE blends and

POE?
some of the PS/IPDME blends. PS/cPOE blends showed this transition for al the cycle
sizes up to 10 wt%. POE domain sizes in blends that exhibited this transition were < 10
nm (as determined by ‘H spin diffusion), yet a separate transition for POE was observed.™
However, this transition occurred at a much higher temperature (ca. 60 K higher) than
that of pure POE, indicating that the presence of polystyrene significantly slows down the
POE dynamics for these domains.

The very different dynamic behavior for PS/cPOE and PS/IPOE blends was a so
observed by solid-state NMR as demonstrated by their *H line shapes. "H line shapes for
PS/cPOE blends were broad indicating that mobility of cPOE in PS/cPOE blends is
considerably hindered due to its proximity with rigid polystyrene phase. Whereas, IPOE
in PS/IPOE blends exhibited narrow line shapes and fast dynamics because it formed a
phase that is separated from the PS phase and not much affected by it. IPDME behavior
was intermediate of the two: superposition of fast and sow dynamics due to two
different-sized domains and hence dynamic regimes. The above results point towards a
dynamically heterogeneous system where mobile cPOE or IPDME components are
dispersed in arigid polystyrene phase

Dynamic heterogeneities in miscible and nanophase separated polymer systems
have been reported before. This dynamic heterogeneity in miscible blends has been
observed before for blends of POE and PMMA.*® TMDSC,” ESR* and solid-state
NMR**"* measurements have shown two different dynamic behaviors for POE and
PMMA in the blends where POE dynamics are slower than that of pure POE but still

faster than that of PMMA in the blend. A fast relaxation for POE has been reported for
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miscible blends with poly(styrene-co-p-hydroxypolystyrene).” This relaxation was
assigned to non cooperative relaxation in POE segments and it was proposed that this
dynamic behavior is similar to that of nanoconfined polymers.® Dynamic heterogeneities
have aso been observed for nanophase-separated polymers with incompatible main-chain

60-64

and side-chain components.”™ ™ It has been proposed that the nanophase separated side-
chains exhibit a separate relaxation from the main-chain and that this transition can be
viewed as “hindered glass transition” due to nanoconfinement.* The results presented in
this study add to the increasing evidence in the literature which supports the presence of

heterogeneous dynamics in miscible or nanophase-separated polymer systems.

4.4 CONCLUSIONS

Solid-state properties of PS-blend-cPOE, PS-blend-IPDME and PS-blend-IPOE
were investigated using differential scanning calorimetry and solid-state NMR. cPOE
was found to be more miscible with polystyrene than IPDME and IPOE. |POE was
completely immiscible and exhibited domain sizes and dynamics corresponding to a
phase-separated system for al POE concentrations and molecular weights. IPDME was
partially miscible and exhibited domain sizes and dynamics intermediate to that of cPOE
and IPOE. cPOE exhibited dowed dynamics and formed nanometer-sized domains in its
PS blends. The nanometer-sized domains indicated that cPOE was dispersed in small
clusters and can be considered as nanophase-separated. A hindered glass transition for
cPOE and IPDME was observed in some of the blends and was attributed to the

nanoconfined cPOE/IPDME domains.
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CHAPTER S5

MORPHOLOGY AND DYNAMICS OF
POLYSTYRENE-rotaxa-CYCLIC POLY(OXYETHYLENE)

51 INTRODUCTION

A wide variety of novel polymer architectures have been reported in the literature.
Of these, branched, graft, comb, star and dendrimeric polymers are some examples of
unusual polymer architectures obtained by covaent modifications. Various strategies for
synthesis of the above architectures have been devised and once synthesized their
properties have been extensively characterized.” Polyrotaxanaes and polycatenanes
represent a different class of novel polymer topologies as they consist of noncovaently
linked polymer moieties.”™ Polyrotaxanes consist of linear polymers threaded through
cyclic molecules™ while polycatenanes consist of mechanically-linked cyclic polymers.”
While a broad range of mechanicaly linked polymers have been synthesized and

10-12

reported,” ™ relatively few studies on their physical properties exist.

It has been shown that solubility behavior of polymers can be significantly
changed by polyrotaxanation sometimes resulting in complete solubilization of otherwise
intractable polymers.”** Polyacrylonitrile threaded through 60c20 was found to be
completely soluble in methanol when alarge fraction of 60c20 was present.” Polyamides
have been found to be completely soluble in water when threaded through

cyclodextrins.™ Solution behavior of rotaxanated polymers has also been found to be very

different from parent polymers with polyrotaxanes exhibiting higher intrinsic viscosities”®
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and lower diffusion coefficients.” This unusua behavior has been attributed to the more
extended conformation of polyrotaxanes resulting in larger hydrodynamic volumes.”*"
Characterization of rotaxanated polymers in the melt has shown that melt
viscosities of some of the polyester-based rotaxanes were lower than those of parent
polymers, because of the lower degree of entanglement in polyrotaxanes.”” Thermal
analysis studies of rotaxanated polymers have also revealed unusual properties. Polymer
backbones threaded through rigid cycles like cyclodextrins had higher glass transition

18,19

temperatures, T, than model polymers.™" Moreover, threading in these cases sometimes
resulted in complete inhibition of crystallization for otherwise crystallizable polymer
chains. On the other hand, rotaxanated polymers comprised of flexible macrocycles like
crown ethers exhibited significant mobility for crowns even after threading.** When a
high degree of threading was achieved, crown ethers were even able to move along the

13,16,22

backbone and crystallize as a separate phase. Properties of the polymer backbones

were also significantly changed resulting in lower melting temperatures and crystallinity
levels for semi crystalline polymers and reduced T, values for anorphous polymers.™***
Crystallinity measurements on catenane copolymers also showed lower melting
temperatures and percentage crystallinities in comparison to model polymers because of
architectural differences.*

The properties mentioned above correspond to the macroscopic properties of
these unique topologies. Very little is known about the molecular-level morphol ogies and
dynamics experienced by rotaxane components. While properties like solubility, viscosity
and melting/softening temperatures determine processibilities of polymers, morphologies

and dynamics of polymer chains influence their end use properties. For example,

morphology and domain sizes of rubbery particles dispersed in a glassy matrix affect
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mechanical properties like impact strength.” Localized chain mobilities have been shown
to influence impact resistance™ as well as gas permesability of polymers.” Nagapudi et al.
conducted some studies on polyurethane/crown ether” and polyacrylonitrile/crown ether®
polypseudorotaxanes. For both these systems, crown ethers showed significantly faster
dynamics than the polymer backbone indicating that even after threading, cycles retained
their localized mobility. In the case of polyacrylonitrile/60c20 systems, 2D WISE NMR
revealed the presence of less mobile crown segments that were attributed to those in
contact with the rigid polymer phase at the interfacial region. The presence of this
interface was confirmed by spin-diffusion NMR experiments which revealed an interface
size of 2-4 nm and a crown domain size of 6-8 nm.*

Keeping the above results in mind, solid-state properties of polystyrene-rotaxa-
cPOE were explored in the present study. The main difference between the present
systems and the systems investigated earlier was the presence of blocking groups at the
polymer chain ends. These blocking end groups completely precluded dethreading during
measurements (especially during high temperature measurements) and thus the properties
measured corresponded unequivocally to those of a rotaxane structure. Polystyrene-
rotaxa-cPOE was synthesized with different cycle sizes (Chapter 3) and thus morphology
and dynamics of these systems could be investigated as a function of cycle size.
Properties of polyrotaxanes were also compared to those of physical blends of
polystyrene and cPOE. DSC and solid-state NMR experiments were conducted to
determine the phase behavior, morphology and mobilities of polyrotaxane components.
"H/®C NMR line widths and 2D WISE NMR experiments provided information about

component mobilities while *H spin-diffusion experiments were used to determine
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domain sizes. The solid-state NMR experiments used in this section have been described

in detail in Chapter 4 and in references 34 and 35.

5.2 EXPERIMENTAL SECTION

5.2.1 _Materials
Polystyrene-rotaxa-cPOE samples were synthesized as described in Chapter 3.
Four different polyrotaxanes corresponding to different cycle sizes were used for
characterization. Polystyrene-blend-cPOE samples were prepared as described in Chapter
4. Details of the samples employed in the present study are tabulated in Table 5.1
Notation: In this section the notation cPOE,,,, (MW refers to the molecular weight
of POE) will be used for cyclic poly(oxyethylene). Polyrotaxanes will be referred to as

PS-rotaxa-cPOE,,, and physical blends as PS-blend-cPOE,,,,.

5.2.2 Instrumentation

Differential scanning calorimetry (DSC) was conducted on A SEIKO 220C under
nitrogen purge. Sealed aluminum pans containing 15-30 mg of samples were used for
measurement. The power and temperature scales of the calorimeter were calibrated
against the enthalpies of fusion and melting temperature of pure indium and tin. All the
thermograms were corrected for baseline by subtracting the spectrum for an empty

aluminum pan, measured under the same conditions.
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Table5.1- Molecular weight and POE contents for PS-rotaxa-cPOE and PS-blend-
cPOE samples.

PSM,* POE M,
Sample
(kg/mol) (g/mol) POE wt% Nooe/NoS
PS-rotaxa-cPOE,, 20.0 400 2.7 1.4
PS-rotaxa-cPOE,, 7.8 600 4.5 0.6
PS-rotaxa-cPOE,,, 9.5 900 1.7 0.2
PS-rotaxa-cPOE, 16.6 1500 2.3 0.3
PS-blend-cPOE,, 15.0 400 15 0.6
PS-blend-cPOE,, 15.0 400 45 1.8

* M, is the number-average molecular weight of polyrotaxanes and was determined from
GPC. °N,/N,. is the average number of POE molecules per molecule of PS, calculated
from the known weight fractions and molecular weights of POE and PS.
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A typical experiment consisted of fast cooling to -150 °C, slow heating to 150
°C, hold at 150 °C for 10 mins, ow cooling to -150 °C, hold at -150 °C for 5 mins and
dow heating to 150 °C. Heating and cooling rates of 10 °C /min were used for al the
measurements. The thermograms reported here are al obtained from the second heating
cycle.

All solid-state NMR measurements were carried out on a Bruker DSX-300
spectrometer in a Bruker double-resonance MAS probehead. Spinning speeds of 5 kHz
were used for all measurements. Samples were allowed to equilibrate at the desired
temperature for 20-30 mins. Standard cross-polarization (CP) and direct polarization
(DP) (i.e., single-pulse excitation) pulse techniques were used with *H and “C 90° pulse
lengths of 5 ps. For “C spectra, 1k to 4k scans were accumulated for signal averaging.
Unless stated otherwise, contact times of 1 ms and recycle delays of 4 s were employed.
Two-dimensional wide-line separation (2D WISE)* spectra were collected with a contact
time of 250 ps and a recycle delay of 3s;, 128 t, increments of 4 ps were measured for
spectral widths of 125 kHz in the *H dimension. Number of scans ranged from 128-512.

'H dipolar magnetization transfer (i.e. spin diffusion) experiments® were
measured with recycle delays of 5's, "H 90° pulse lengths of 5 ps and 'H 180° pulse

lengths of 10 ps. The dipolar filter sequence used in this work has been described

previoudy.” It consists of a cycle of 12 12 pulse separated by a delay time, 7, that can
be repeated n times, followed by a mixing time and detection either in the *H or “C
dimension. During the mixing time, the protons in the rigid component gain
magnetization from the protons in the mobile POE component through spin diffusion
until equilibrium isreached. The filter strength can be adjusted by varying the delay time

and/or the number of cycles, n. In the present study parameters used were r = 10 ps and
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n = 5. The variable spin diffusion or mixing time (t ) was incremented from 100 ps to
800 ms. Following the spin diffusion period, the magnetization was detected as a free
induction decay (FID). 32 scans were collected for each diffusion time. To correct for
spin-lattice relaxation during the spin-diffusion time, the experiment was conducted a
second time but with the selection filter removed (number of dipolar filter cycles, n = 0).

The ratio of |, (with selection) to | (without selection) was plotted versus t ** to

POEO
obtain the spin diffusion curve.

The spin-diffusion coefficient for the mobile phase was computed from the spin-
spin relaxation time (T,) of the selected mobile-phase magnetization. This was measured
by placing a Hahn echo sequence directly after the selection filter. For these
measurements, t_was fixed at 10 ps and 7 was incremented from 20 ps to 6 ms. After

normalization, the echo maxima were plotted as a function of 27 to provide the echo

decay curves. D__ . was calculated using empirically established relations between D

mobile mobile

and 72:%
Dy = (4.55x107 (40,,)'? +0.007) nm? fms for 0 < Av,, <300 Hz ~ (5.13)
D, = (1.7x10‘4 (4v,,) +0.22)nm2/ms for 300 < Av,, <1100 Hz (5.1b)
7,=— (5.10)
2 = AC
mUI/Z
Using D, . values obtained as above, D was caculated. D is the effective spin

30,31

diffusion coefficient and is given by:
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D, =1 )
\/7 (\/Drigid +\/D’"”bile )/2

(5.2)

D___ isthe spin-diffusion coefficient of rigid component. Value of 0.8 + 0.2 nm’/ms” was

rigid

used for polystyrene.

53 RESULTSAND DISCUSSION

5.3.1 DSC

Figure 5.1 shows the DSC thermograms for PS-rotaxa-cPOE with different cycle
sizes. Two glass transition temperatures were observed for all four polyrotaxanes. The
higher transition temperature, T ., corresponded to the glass transition of the polystyrene
backbone while the lower temperature transition, T, was atributed to the glass
transition of threaded POE cycles. Table 5.2 shows the different T, values measured for
the polyrotaxanes and for pure polystyrene with bulky end groups. Polyrotaxanes utilized
in the present study had low molecular weights that varied over a broad range (Table
5.1). Itiswel known that glass transition temperatures of polymer depend upon their
molecular weight, especially for low-molecular-weight polymers. For amorphous
polymers in bulk, the variation in T with molecular weight is described by the empirical

relation:**

C
< g0 V (5.3
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Figure5.1 - DSC thermograms (second heating, 10°C/min) for PS-rotaxa-cPOEaq,
PS-rotaxa-cPOEgyo, PS-rotaxa-cPOEog and PS-rotaxa-cPOE; sx.
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Here T, is the glass transition temperature of a polymer with infinite molecular
weight and C is a material constant. Table 5.2 lists the T, values calculated for pure
polystyrene using known values of 7,0 =377 K, C=1.15x 10° molK/g** and molecular
weights (tabulated in Table 5.1). By this method it was possible to determine the effect of
the threaded cPOE on polystyrene 7, without the additional influence of molecular
weight. Surprisingly, the measured 7,ps values for the polyrotaxanes were almost
identical to those calculated for pure polystyrene.

Table 5.2 dso lists the polyrotaxane T, values calculated using the Fox equation
for miscible or partially miscible blends. These T . values are al much lower than the
ones measured. Based on the above results it appears that threading of POE cycle does
not affect the glass transition of polystyrene. Table 5.2 also lists T, values calculated
using the Fox equation without considering the effect of molecular weight. For PS
rotaxa-cPOE,,, and PS-rotaxa-cPOE,,, T . values calculated by this method appeared
similar to those measured. However, calculated T, vaues for PS-rotaxa-cPOE,,, and PS-

rotaxa-cPOE,_, did not match up with the measured values. Moreover, the calculated

values did not follow the same trend as that of measured values.

These results were very surprising because physical blends of polystyrene and
cPOE showed reduced T 's even at very low POE content (down to 1.5 wt%). These
results were also surprising because earlier studies on rotaxanated polymers had reported
reduced T 's for rotaxanated polymer backbones when compared to the pure polymer.
However, all these studies were conducted on polypseudorotaxanes and thus different
from the present systems. Moreover, the effect of molecular weight on T, of polymer

14,20,23,34

backbones has not been considered before for rotaxanated systems.
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Table5.2 -

polystyrene in PS-rotaxa-cPOE.

Experimental and calculated glass transition temperatures for cPOE and

Tg,Ps (OC) Tg,Ps (OC) Tg.PS (OC) Tg.POE(OC)
Sample

measured corrected” calculated® | measured
PS-bulky ends 104
PS-rotaxa-cPOE,, 99 98 90 (95) -7
PS-rotaxa-cPOE,, 89 89 77(90) -1
PS-rotaxa-cPOE,,, 92 92 87 (98) -6
PS-rotaxa-cPOE,,, | 98 97 90 (96) -4

g PS

weight. T

for pure polystyrene with bulky end groups, corrected for the effect of molecular
- Was calculated using equation 5.3 and the molecular weights of

polyrotaxanes tabulated in Table 5.1. A value of T o = 104 °C was used for polystyrene
with bulky end groups. This value was obtained by experimentally measuring the T,of a
high molecular weight polystyrene with bulky end groups.

“T,. calculated by taking into account the effect of cPOE. T, was calculated using
equation 4.8 as described in Chapter 4 and corrected T . values for pure polystyrene.

Numbers in parenthesis were also calculated using equation 4.8 but did not take the effect
of molecular weight into account (T ;= 104 °C).
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Interestingly, a recent study on copolymers of Bisphenol A polycarbonate and
benzylic amide [2]catenane aso showed identical T, values for the copolymer and the
polycarbonate homopolymer for the same molecular weights. Dynamic mechanical
analysis of the copolymers showed that the spectrum for the copolymer was identical to
that of pure polycarbonate with an additional peak at -6 °C attributed to localized
mobility of the catenanes. Thus, the authors concluded that incorporation of a mechanical
linkage in the polycarbonate backbone did not significantly alter the inherent segmental

24,35

mobility of the polycarbonate chains.™™ These results seem to be in agreement with our
results as threading a rigid polystyrene chain through a more mobile POE cycle does not
seem to significantly change itsintrinsic mobility.

While transition temperature for polystyrene did not change after threading, cPOE
exhibited higher T _'s values than that of pure cPOE (Table 5.2). T, valuesfor POE cycles
in polyrotaxanes were in the same range as the ones observed for physical blends of
polystyrene and cPOE (-10 to O °C, Chapter 4). In Section 4.3.3, this high-temperature
transition, T .., was assigned to cPOE chains nanoscopically confined in a rigid
polystyrene matrix and labeled a “hindered glass transition”. One can imagine that a
similar scenario exists for polyrotaxanes. Here, cPOE chains are not only confined to
nanoscopic dimensions but are also now physically tethered to the rigid polystyrene
chains.

Based upon the known weight fractions and molecular weights of cPOE and
polystyrene in the polyrotaxanes, the number of POE cycles per polystyrene molecule
was calculated. On average, less than one POE cycle is threaded per polystyrene chain
(cf. Table 5.1). Thus it can be assumed that the POE cycles are amost completely

surrounded by the polystyrene chains. Based on this assumption it is logica to assume
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that the mobility of cPOE will be greatly affected due to the presence of alarge number
of polystyrene chains next to it. Another thing to noteisthat T_ . values measured for the
polyrotaxanes were in the same range as those measured for physical blends. This was
surprising as in the case of polyrotaxanes, cycles are now linked to the polymer backbone

and are expected to exhibit slower dynamics.

5.3.2 Solid-State NMR

'H Wideline NMR: In order to further investigate POE dynamicsin polyrotaxanes,
solid-state "H NMR line-shape experiments were conducted. In Chapter 4 it was observed
that after blending with polystyrene, cPOE exhibited considerably slowed dynamics
when compared to IPOE. "H NMR line widths for POE were almost 10 times broader for
cycles versus linear POE in the blends. In the present chapter, cPOE dynamics in
polyrotaxanes versus blends are compared. Figure 5.2 shows the room-temperature ‘H
line shapes for PS-rotaxa-cPOE,,, (CPOE: 2.7 wt%) and PS-blend-cPOE,,, (CPOE: 1.5
wt%).

According to '"H NMR, a much larger POE mobile fraction was present for the
blend versus the polyrotaxane at room temperature. This was interesting as the
polyrotaxane consisted of amost twice as much cPOE compared to the blend. Mobile
fractions of the other three polyrotaxanes were aso less than those of the corresponding
blends at room temperature. This indicated that the cPOE in the rotaxanes was indeed
immobile when compared to the POE in blends. Variable-temperature ‘H NMR

experiments were conducted to see if the POE mobility in the rotaxanes would increase
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Figure5.2— 'H solid-state NMR line shapes for PS-rotaxa-cPOE,,, (CPOE: 2.7 wt%o)
and PS-blend-cPOE,, (cPOE: 1.5 wt%). Spectra were collected at room
temperature with rotor spinning speed of 5k.

with increasing temperature. Figure 5.3 shows ‘H NMR line shapes for PS-rotaxa-
cPOE,,, at different temperatures. The mobile fraction for the polyrotaxane does increase
with increasing temperature as evidenced by the increasing intensity of the narrow
component at the top. In comparison, ‘H line-shape intensities for POE in PS-blend-

cPOE,, did not change with temperature.
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Figure5.3—- 'H line-shapes at different temperatures for PS-rotaxa-cPOE, , (POE: 2.7
wt%) and PS-blend-cPOE,, (POE: 1.5 wt%) samples.
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The mobile fraction at different temperatures was roughly quantified from the
ratio of peak areas of the mobile component and the overall peak. Figure 5.4 shows the
mobile weight fractions at different temperatures for PS-rotaxa-cPOE,,,, PS-rotaxa-

cPOE,,,, and PS-blend-cPOE, . As qualitatively seen earlier from "H NMR line shapes,

the mobile fraction increases with temperature for the rotaxanes and is nearly constant for
the blend. Even at high temperatures, the calculated mobile fraction for the rotaxanes was
less than that of the overal cPOE fraction present. PS-blend-cPOE on the other hand
showed a constant mobile fraction equal to the overall POE fraction in the blend. At any
given temperature, the mobile fraction for the PS-rotaxa-cPOE ., was greater than for
PS-rotaxa-cPOE, . PS-rotaxa-cPOE,, and PS-rotaxa-cPOE,,,, consisted of nearly equal
weight fractions of POE, thus the difference in their mobile fractions is expected to
derive from the difference in their cycle size. The blocking groups used for polyrotaxane
synthesis have been reported to constrain cycle sizes up to 42 atoms (M, ~ 616 g/mol). In
Chapter 4 it was proposed that only the smaller cycle sizes are being threaded for cPOE,,
and cPOE,, polyrotaxanes. From solid-state studies on polyrotaxanes it appears that
larger cycle sizes (at least larger than cPOE,,) might have been trapped for PS-rotaxa-
cPOE,,, systems.

The POE mobile fraction versus temperature data for polyrotaxanes were fitted to
straight lines and the temperatures for zero mobile fractions were extrapolated. Vaues

ranging from 8-10 °C were obtained. Although this was a very crude approximation, it

correlated fairly well with the DSC data (Figures 4.2 and 5.1).
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Figure5.4—- Mobile POE weight percentages at different temperatures for PS-rotaxa-
cPOE,,, (triangles), PS-rotaxa-cPOE,, (circles) and PS-blend-cPOE,,
(squares).

According to DSC, the glass transition for cPOE in blends and polyrotaxanes was
in the range of -10 to 0 °C. "H NMR measurements correspond to motions in the tens of
kHz regime. Thus the temperature of onset of motion is expected to be shifted to a higher
temperature when measured by NMR. Based on WLF-type calculations this shift is
expected to be around 15 — 20 °C.* Hence, at room temperature cPOE is mobile (or as
mobile as it is possible to be) in a physical blend. The fact that the mobility does not
increase with increase in temperature provides proof for the same. Threaded cPOE on the
other hand is not completely mobile at room temperature. It appears that there are two

mobility regimesfor POE in polyrotaxanes. a mobile phase smilar to cPOE in blends and
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a rigid phase corresponding to cPOE threaded onto polystyrene. These two mobility
regimes can also explain the DSC data according to which both the polyrotaxanes and
blends exhibited a glass transition in the same temperature range. It is postulated that the
T, o transition seen in DSC for polyrotaxanes and blends corresponds to the mobile POE
phases present in polyrotaxanes and blends. While this mobile phase is composed of the
entire POE fraction in the blends, only a fraction of the POE fraction in polyrotaxanes is
responsible for the DSC transition. The other fraction isrelatively rigid and is expected to
behave like polystyrene to which it is attached. The above two-phase model is of course a
smplified one; in redlity it is possible that a distribution of mobilities exists for POE in

the polyrotaxanes.

2D WISE NMR: 2D WISE NMR spectroscopy was also conducted to observe

37,38

cPOE dynamics in polyrotaxanes and blends. In a 2D WISE experiment,”™ the motional
information provided by ‘H wideline measurements is unambiguously correlated to the
chemical structure using “C chemical shifts (see Chapter 4 for a more detailed
discussion). Figure 5.6 shows the 2D WISE spectra for PS-rotaxa-cPOE,,, and PS-blend-
cPOE,,, collected at room temperature. "H line shapes for the polystyrene peak at 40 ppm
are identical for the rotaxane and the blend (also seen as dipolar slicesin Figure 5.6). ‘H
line widths for the POE peak at 70.3 ppm are different in the blend and the polyrotaxane.
While the peak for the blend is narrow and sharp, a rather broad peak is observed for the

polyrotaxane.
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Figure5.5- 2D WISE spectra and ‘H dipolar dlices for (a) PS-blend-cPOE,,, and (b)
PS-rotaxa-cPOE,,. 40 ppm: overlapping methine and methylene groups of
polystyrene. 58 ppm: SSB of phenyl group of polystyrene. 70.3 ppm:
methylene group of POE. Contact time of 250 us, effective spin-diffusion
time of 125 us.
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From the dipolar dlices for the POE peak, it can be seen that the POE line-shape
in polyrotaxane is actually composed of two components, indicating different dynamic
environments for threaded POE as discussed earlier. This two-component dynamic

environment has been reported before for polyacrylonitrile-pseudor otaxa-60c20.”

'H spin-diffuson NMR: In Chapter 4, cPOE domain sizes were measured for
physical blends. It was observed that cPOE was almost uniformly dispersed as
nanometer-sized domains in the polystyrene matrix indicating that cPOE does not
agglomerate to form large clusters of pure cPOE. In a polyrotaxane system, cycles are
now threaded onto a rigid polymer chain; chances of agglomeration are even less in this
case and domain sizes similar to or less than those in blends are expected. The spin-
diffusion experiments used in the present study utilized a dipolar filter that provided

29,38

selection based on mobility differences.™™ At room temperature, sufficient mobile signa
was not present for the polyrotaxanes (especialy ones with smaller cycles). Thus, spin-
diffusion experiments were conducted at higher temperatures (up to 80 °C) in some cases
to maximize the mobile signal. Figure 5.7 shows the spin-diffusion curves for PS-rotaxa-
cPOE,,, and PS-blend-cPOE,, at 80 °C. The two diffusion curves were nearly identical,
the only difference being the equilibrium end value. For a physical blend, the end value
reached was the same as the theoretical end value whereas for the polyrotaxane, the
experimental end value was smaller than the theoretical value. As discussed before, a
fraction of the POE is immobile for polyrotaxanes even at high temperature and is thus

not selected by the filter. cPOE in blends is completely mobile and the entire blend

fraction is selected by thefilter.
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Figure5.6 — Spin-diffuson NMR curves plotted as normalized intensity of POE,
| o/l e @ @ function of square-root of mixing time, t,”* for PS-rotaxa-
cPOE,, (top) and PS-blend-cPOE, , (bottom). Experiments conducted at
80 °C. The dashed horizontal lines represent the theoretical end values for
the spin diffusion process, computed from the ratio of cPOE to PS protons.
The dashed inclined lines are the best fit lines for the initial approximation
method.
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Domain sizes for the polyrotaxanes and the blends were determined using the

39,40

initial-approximation method outlined by Mellinger et a.™ (also see Chapter 4). For

small t %, 1__/I

m ! POE

roeo decreases monotonically with t,**and can be fitted well with a straight

line (as shown in Figure 5.6). The intercept of this line with the abscissa yields t ***

which isameasure of the diameter of the mobile phase, d,,.*“

2e
dPOE :ﬁ",D?ff'tm* (54)

Here D, is the effective spin diffusion coefficient and was calculated using equation 5.2.
D, ... values were estimated from measured spin-spin relaxation times, T, as described in
the experimental section. Interestingly the T, relaxation curves for the rotaxanes could not
be fitted to a single exponentia function indicating dynamic heterogeneity (Figure 5.7).
This was consistent with the *H line shape and 2D WISE results which also showed
presence of different mobility regimes. The T, relaxation curves for polyrotaxanes were
fitted to a biexponential function and a weighted average of the T, was used to calculate
D, ... (Table 5.3). As mentioned earlier, it is possible that a distribution of mobilities
exists for cPOE in polyrotaxanes. The smplified two-phase model was merely used to
obtain an average T, value and to calculate domain sizes. As seen in equation 5.4, d.. is
related to the square root of D, Thus a small change in D, value is not expected to
change d... significantly. Domain sizes were cal culated assuming a spherical morphology
for POE (& =3). Assuming a spherical morphology is reasonable for this case because of
the low weight fraction of POE present (1.7 - 4.5 wt%). The calculated domain sizes are

tabulated in Table 5.3.
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Figure5.7 = Hahn echo decay curves for PS-rotaxa-cPOE, collected at 25 °C (circles)
and 80 °C (triangles). Salid lines are the best fit curves obtained using a
bioexponential fitting function.
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Table5.3- Domain sizes for POE and PS in PS-rofaxa-cPOE4y and PS-blend-
cPOE4 samples calculated from spin-diffusion curves measured at
different temperatures. The initial approximation method was used to
calculate the domain sizes.

Temp Dpoc O d. d,’ d’
Sample
(°C) (nm?/ms) (nm) (nm) (nm) (nm)
PS-rotaxa-cPOE,, 80 0.10 4 - 12 8
PS-rotaxa-cPOE,,, 80 0.10 4 - 11 7
PS-rotaxa-cPOE,,, 25 0.10 4 - 15 9
80 0.05 5 - 17 12
PS-rotaxa-cPOE, 25 0.08 5 (5)° (D)° 17(17)° | 12 (10)°
80 0.04 8 (6)° (2)° 28(21)¢ | 20 (1)
PS-blend-cPOE,, 25 0.07 4 - 8 12
80 0.04 4 - 8 12
PS-blend-cPOE,_, 25 0.07 5 - 10 5
PS-blend-cPOE, 25 0.07 5 - 11 6
PS-blend-cPOE 25 0.07 9 - 20 11

1500

“d..Was calculated using equation 5.4.
°d, = d. /W, * where w.._ is the weight fraction of POE in the polyrotaxane and & = 3

(spherical morphology).

CdF’s = dL - dPOE -2d

int

“The values in the parentheses were calculated using the numerical simulation model

described in the text.
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The cPOE domain sizes for the rotaxanes are only dightly smaller than the
domain sizes for physical blends (cf. Table 5.4). This small decrease might arise from the
fact that even at 80°C, the entire POE fraction could not be selected for the
polyrotaxanes, actual POE domain size might be larger in this case. The domain sizes
showed only a dight dependency on cycle size for cycles in the range of 400-900 g/mol
(when measured at the same temperature). cPOE,,,, showed slightly larger d,.. values.

The spin-diffusion data for PS-rotaxa-cPOE,_ , also showed the presence of a finite

1500

interface which was more clearly visible for data collected at 80°C (cf. Figure 5.9). In

this case the 1 /I, value did not immediately decrease with t ** and there was a small

el lpoeo
lag before the diffusion process took place. The first few data points were excluded in
this case to calculate the domain size using the initial approximation method. The initial
approximation method is supposed to be valid for only small interface sizes. Thus,
besides using the initial rate approximation, ssimulations were also carried out using a spin
diffuson model. This model takes into account the presence of a finite interface along
with the magnetization source and the sink. A FORTRAN computer program provided by
the Max Planck Ingtitute for Polymer Research was used for this purpose. The
mathematical description of the data treatment as codes for these simulationsis described
in reference 35. The domain size calculated using the above simulation is also tabulated
in Table 5.4 (in parenthesis). These values correspond reasonably well with the values
obtained by the initial approximation method (once you subtract the interface size).
Domain sizes for cPOE,, and cPOE,, could only be measured at a high
temperature and thus it was not possible to determine the effect of temperature. cPOE,,

did not show a significant change in cycle size from 25 to 80 °C. cPOE,,, showed a small

increase in domain size (still smaller than the blend) but more interestingly, the interface
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size increased with an increase in temperature. In an interface, chain mobilities are
intermediate to those of rigid and mobile components. Thus, if the interface is sufficiently
mobile, it is possible to select the interface along with the mobile phase using an
appropriate filter. Selection or non-selection of the interface depends on its mobility and
the strength of the filter. Using the same filter strength, it was only possible to detect an
interface for PS-rotaxa-cPOE,,, probably because of its greater mobility due to a larger
cycle size. With an increase in temperature, the mobile fraction of the interface should
increase and thus result in alarger domain size. This was in fact observed in Figure 5.5
where the mobile fraction increased much more with temperature for cPOE,, than
cPOE, . Thus it is possible that for smaller cycles, the interface might be more rigid or
even too small to detect.

As mentioned earlier the solid-state NMR data for polyrotaxane systems were
mainly analyzed based on a two-phase model. However, it is possible that a distribution
of domain sizes exist for the polyrotaxane systems leading to distribution of mobilities.
This distribution in properties was indicated by the T, data as well as the spin-diffusion
data T, data showed a non exponential behavior and the spin-diffusion data seemed to
indicate a bimoda behavior which could not be fitted completely assuming a single
domain size. Thus, the domain sizes tabulated in Table 5.3 correspond to the typical
smallest cPOE domains present in the polyrotaxanes. Further studies need to be
conducted to fully characterize the distribution of properties.

Another thing to note is that the domain sizes for cPOE in physical blends did not
change with measurement temperature (Table 5.3). Thus it can be safely said that cPOE
is truly dispersed as stable nanometer-sized domains and no macrophase separation

occurs even at high temperatures. Interestingly, cPOE in polyrotaxanes aso forms
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domain sizes of the order of 4-8 nm. As described in Chapter 4, the number of POE
chains in these spherical domains were calculated to be around 30-100. Thus, even in a
rotaxanated structure, cPOE is not dispersed on a molecular scale but is instead

nanophase-separated.

54 CONCLUSIONS

Solid-state properties of PS-rotaxa-cPOE were investigated using differentia
scanning calorimetry and solid-state NMR. Two transitions were observed in the DSC
thermograms for rotaxanes corresponding to glass transitions of polystyrene, (T ) and

cPOE (T

gPOE) * TgPS

values did not seem to be much affected by the presence of cPOE once
the polystyrene molecular weight was taken into account. T .. values were in the same
range as those observed for physical blends and were attributed to nanoconfined cPOE
domains. ‘H wideline NMR and 2D WISE experiments showed the presence of two
different dynamic regimes for cPOE in the rotaxanes. The mobile phase was smilar to
cPOE in blends while the less mobile phase corresponded to cPOE chains next to
polystyrene. The mobile fraction in polyrotaxanes increased with an increase in
temperature and thus spin-diffusion studies could be conducted at high temperatures to
determine domain sizes. The measured domain sizes (4-8 nm) were dightly smaller than
the corresponding blends probably because the immobile cPOE fraction was not selected
in this case. The nanometer-sized domains indicated that cPOE was dispersed in small

clusters similar to the physical blends.
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CHAPTER 6

SURFACE CHARACTERIZATION OF
POLYSTYRENE-blend-CYCLIC POLY(OXYETHYLENE)
AND POLY STYRENE-rotaxa-CYCLIC POLY(OXYETHYLENE)

6.1 INTRODUCTION

In Chapters 4 and 5 bulk properties of polystyrene-blend-cPOE and polystyrene-
rotaxa-cPOE were discussed. For applications of multi-component polymer systems as
coatings, adhesives, biomedical devices, membranes etc., surface properties also play a
very important role. Achieving the desired surface properties is usually dependent upon
the ability to locate the desired functiona moieties at the surface. The design of a
polymer system for surface modification is thus governed by its final application: high-
energy polar components are used when adhesive properties are desired while low-
surface-energy components like silicones and fluorocarbons are typically used for foul-
rel ease applications.

Fouling of polymeric surfacesis an issue in such diverse applications as ship hull
coatings,' water filtration membranes® and biomedical devices.” Fouling of ship surfaces
due to secretion of adhesive proteins by marine organisms leads to increased ship drag
and increased fuel consumption.” Fouling of water filtration membranes by proteins and
oils in feed waters leads to decreased permeate flux and changing solute selectivity with
time.*® Protein adsorption and denaturation on surfaces of implanted biomaterials can

lead to reduced biocompatibility of the biomedical devices.*
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Much of the work on ship hull coatings has been focused on development of foul
release coatings instead of foul resistant coatings. These foul-release coatings are usually
based on non-stick polymers like polydimethylsiloxane (PDMS) and its derivatives. The
reason these polymers are so popular in this field is because of their high chain mobility
(or low T ). High chain mobility or low modulus of these polymers facilitates easy release
of any foreign materials sticking to them. While these polymers act as good foul-release
materials in air as well as in water, they do not however prevent adhesion of foreign
substances in water. A considerable amount of work (theoretical aswell as experimental)
has been conducted in the field of biomaterials to understand the relationship between
polymer structure and fouling resistance by biological moieties. Based on this work, one
important parameter that comes into play is the interfacial energy of polymer with water
(or blood which mainly consists of water). The driving force for protein adsorption
decreases as the interfacia free energy between the polymer and water decreases. Thus it
can be hypothesized that when a non-fouling surface is to be used in an aqueous medium
(whether it is for hull coatings, water filtration membranes or blood-compatible
materials), a surface that shows low interfacia energy with water (i.e., a hydrophilic
surface) is needed. On the basis of the above considerations, a material exhibiting low
interfacial energy in water along with good flexibility can minimize adhesion and
facilitate release of biologica foulants in water. Poly(oxyethylene) has been regarded as
the most effective polymer for this purpose because of its low interfacial energy in water
and its high dynamic motion and has been widely used for biocompatible materials.’

Typical surface modification techniques include adsorption,”” grafting,”' plasma

2,3,12,13

treatment,'' or surface segregation of a surface-modifying compound (SMC) onto a

commercial coating or membrane bulk polymer. Approaches based on adsorption,
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grafting, or plasma treatment require extra processing steps, are usually not stable and
provide little control over the resulting nonequilibrium surface structure. Thermodynamic
surface segregation of SMC’s like block copolymers and comb additives has proven to be
a much more effective method as the resulting surface is in equilibrium and the actual

2,3,13 Here, surface modification is achieved by

surface segregation is an in-situ process.
preferential segregation of one component to the surface thus providing the necessary
surface properties while the other component provides the bulk properties required. It
should be noted however that this approach requires synthesis of a novel block

copolymer or comb additive each time a new coating is surface-modified, or each time a

given coating is modified with a different surface.

In this section, applicability of polyrotaxanes based on polystyrene and cyclic
poly(oxyethylene) as surface-modifying compounds is investigated. It is expected that
this approach would provide the same advantages as the approach utilizing copolymer
and comb additives with an additional benefit: rotaxanated polymers are prepared by
incorporating the macrocycle as an additive in the polymerization of the linear
component. Compared to the synthesis and design of new block copolymers and comb
polymers, they can be used to prepare a variety of surface-modifying compounds using
the existing chemistry for synthesis of bulk materials. The physically trapped
macrocycles can then be made to segregate to the surface in response to an appropriate
external stimulus. Besides surface segregation behavior of polystyrene-rotaxa-cPOE,
surface segregation behavior of polystyrene-blend-cPOE was also investigated. Thin
films of polyrotaxanes and blends were annealed under an aqueous environment in order

to provide an enthalpic driving force for surface segregation. (Figure 6.1) Contact-angle
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studies were conducted in order to characterize the surface of annealed films. Stabilites of
these films were examined by immersion in water followed by further contact-angle

measurements.

Surface segregation has been shown to be an enthalpically as well as entropically
driven phenomenon.” Typically surface segregation of a polymer component takes
place such that the surface tension of the material is minimized. However, it has been
shown that entropically driven surface segregation of end-groups in oligomers and comb
polymers also reduces the surface free energy considerably.'”" This entropic advantage
to surface segregation is missing for our systems as there are no free chain ends in POE

cycles making this study particularly interesting.

&b polysyrene ¢ cPOE

Figure6.1— Left: Schematic of an ascast film of polystyrene-rotaxa-cPOE or
polystyrene-blend-cPOE. Right: Expected agueous-annealing-induced
segregation of cPOE to the film surface.
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6.2 EXPERIMENTAL SECTION

6.2.1 Materials

Toluene (HPLC grade) was used as received from Aldrich. PS-rotaxa-cPOE
samples were synthesized as described in Chapter 3. PS-rotaxa-cPOE,,, (POE: 4.5 wt%)
and PS-rotaxa-cPOE,,, (POE: 2.3 wt% ) were used for film studies. PS-blend-cPOE
samples were prepared as described in Chapter 4. PS-blend-cPOE,, (POE: 4.5 and 10
wt%) and PS-blend-cPOE ., (POE: 10 wt%) were used for film studies. Control samples

of pure polystyrene and PS-blend-IPOE_, (POE: 4.5 wt%) were also used for film studies.

6.2.2 Film Preparation

Polymer films were prepared on glass dides by spin-coating at 1000 rpm from a
10 % (w/v) polymer solution in toluene. Prior to film preparation glass dides were rinsed
with hexanes and acetone and dried under vacuum. Polymer solutions were degassed by
ultrasonication and then filtered through a 0.20 um filter before casting on to dlides. Film
thicknesses were less than 50 um. After spin-coating, the films were dried under vacuum
overnight to remove any residua toluene. This was followed by annealing at 105 °Cin an
agueous environment for a period of 48 hrs. This was achieved by two methods: (1)
exposing films to a water-saturated atmosphere by placing them in an oven equipped with
beakers of heated water and (2) placing the films directly in closed vessel containing
boiling water. Annealed films were rapidly quenched to room temperature, vacuum dried
to remove any adsorbed water and examined by optical microscopy and contact-angle
measurements. Stability studies were conducted on films obtained above by immersionin

distilled water that was continuously stirred. Contact-angle measurements were again
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conducted after the above treatment. Pure PS, PS-rotaxa-cPOE and PS-blend-cPOE,,
films were transparent. PS-blend-cPOE, , films were trans ucent while pure POE and PS-

blend-IPOE films were white and opaque.

6.2.3 Contact-Angle Measurements

Contact-angle measurements were conducted on a VCA 2500XE video contact-
angle system from AST Products. A 2-pl drop of distilled water was syringed onto a
microscope slide using a microliter syringe. The image of the drop was immediately
captured using the camera and analyzed to yield contact-angles. This was followed by
addition of another drop to the first drop and measuring the contact-angles again.
Usually, 2-3 drops were used to obtain contact-angles for a particular film area. Contact-
angles were also measured on different areas of the films by repeating the process

described above.

6.2.4 Biosettlement Assay Studies

Biosettlement assay studies were conducted by Dr. Finlay in Prof. Calow’s Lab
at the University of Birmingham in Birmingham, UK. Enteromorpha zoospores and
gporelings were used for settlement and removal studies. Zoospores were settled in
individual dishes containing 10 ml of zoospore suspension in the dark at ~20 °C. After 1 h
the dlides were gently washed in seawater to remove zoospores that had not attached. The
density of zoospores attached to the surface was counted using an image analysis system
attached to a fluorescent microscope. Spores were visualised by autofluorescence of

chlorophyll.
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For removal studies, dides with settled zoospores (as above) were exposed in a
water channel for 5 min at maximum velocity (equivalent to a 53 Pa wall shear stress).

The number of sporesremaining attached was compared with unexposed control dlides.

6.3 RESULTSAND DISCUSSION

6.3.1 Control Films

Figure 6.2 shows the contact-angle pictures obtained for pure PS and pure POE
control films. Contact-angles close to zero imply complete wetting of a polymer surface
by water while higher values signify a more hydrophobic surface. A contact-angle of ~
92° was observed for the PS surface in accordance with its hydrophobic nature and
reported literature values. POE films showed an initial contact-angle value of 20°
followed by complete wetting. Contact-angle values for the pure PS and pure POE
control films did not change after annealing in an agueous atmosphere and thus the
pictures shown in Figure 6.2 are representative of both as-cast films as well as annealed
films. As-cast film of PS-blend-IPOE,, (POE: 4.5 wt%) showed a contact-angle similar
to that of pure PS. After annealing in an agqueous environment, contact-angles reduced to
that of POE signifying surface segregation of IPOE. The control films were also
subjected to stability studies by immersing in distilled water for 3 days. The contact-angle
for the polystyrene film did not change after immersion in water. POE is soluble in water

and thus the pure POE film washed away after immersion in water.
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Contact-angle
Sample

As-cast and aqueous-annealed | After immersion in water

. :

As-cast and aqueous-annealed | After immersion in water

o _

< 20’ and receding

Polystyrene
92°

As-cast

. 900 -

Aqueous-annealed After immersion in water

B _

PS-blend-IPOE,,

90°

< 20°and receding

Figure 6.2 - Contact-angle pictures for control samples consisting of pure PS, pure
POE and PS-blend-IPOE,, films. Contact-angles were measured for as-
cast and agueous-annedled films and aso after immersion in water for 3

days.
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The PS-blend-IPOE,, film showed a contact-angle of pure PS after immersion in

water indicating that the surface-segregated POE had been removed from the surface.

6.3.2 PS-blend-cPOE

Contact-angle measurements were also conducted on PS-blend-cPOE films
(Figure 6.3). cPOE,, at blend concentrations of 4.5 and 10 wt% did not exhibit contact-
angles of POE even after annealing thus indicating that cPOE did not segregate to the
surface for these blends. Surface segregation studies were then conducted for cPOE,,
blends with a POE content of 10 wt%. The PS-blend-cPOE,, film exhibited a contact-
angle of 20° after annealing in an agueous atmosphere. However, film stability studies
showed that this film was not stable to water as the contact-angle after immersion in
water was 20°.

The above results were interesting because PS-blend-IPOE films showed that
IPOE,,, was segregated to the surface even for wt fractions as low as 4.5 wt% whereas
cPOE,,, did not. In Chapter 4 it was observed that low-molecular-weight POE cycles
were much more miscible with polystyrene than their linear counterparts. Thus it is
possible that because of this increased miscibility, surface segregation of POE cycles
does not take place. Moreover, as mentioned earlier the entropic advantage to surface
segregation islost for cyclic blends. Low-molecular-weight polymers tend to segregate to
the surface because of the tendency of chain ends to preferentialy segregate to the

13-15

surface.” ™ Cyclic polymers do not have chain ends and thus it is possible that surface-
segregation is mainly driven by enthalpic considerations. Based on solid-state studies of

PS/cPOE blends, it was found that cPOE,. ., showed the least miscibility.
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Contact-angle
Sample

As-cast and aqueous-annealed

PS-blend-cPOE,

(cPOE: 4.5 & 10 wt%) 90°

As-cast and aqueous-annealed

PS-blend-cPOE 4, 90°
(cPOE: 4.5 wt%) -
As-cast
PS-blend-cPOE, 5,
(cPOE: 10 wt%) 90° -
Aqueous-annealed After immersion in water

PS-blend-cPOE 5,

(cPOE: 10 wt%) 90°

<20°and receding

Figure6.3- Contact-angle pictures for PS-blend-cPOE films. Contact-angles were
measured for as-cast and aqueous-annealed films and also after immersion
in water for 3 days.
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Film studies were conducted on PS-blend-cPOE . at 10 wit% concentration.

1500
Contact-angles similar to that of pure POE were observed after the aqueous-annealing
treatment, indicating surface segregation of cPOE .. After immersion in water for three
days, the contact-angle values reverted back to that of a polystyrene film. Thus athough
it was possible to obtain surface segregation with POE cycles of a certain size and at a
certain blend fraction, the resulting films were not stable against immersion in water.

Polyrotaxanes as surface-modifying compounds were thus investigated since POE cycles

are mechanically trapped onto the polystyrene backbone and can not be washed away.

6.3.3 PS-rotaxa-cPOE

PS-rotaxa-cPOE,, and PS-rotaxa-cPOE, , were chosen for film studies as the
former had the highest POE wt fraction (4.5 wt%) while the | atter consisted of the biggest
cycle size. Surface segregation of POE was not observed for these films even after
annealing in boiling water. As-cast and agueous-annealed films showed contact-angles of
pure polystyrene as shown in Figure 6.4. It is yet unclear if this is the result of
mechanical trapping of POE cycles on to the polymer backbone or because of the low
weight fraction of POE.

116,17

Surface segregation studies on block copolymers™**" and comb polymers®* have
shown surface segregation for both. Comb additives consist of a large number of free
chain ends which could promote surface-segregation. End-groups are however not
present for some of the block copolymers yet surface segregation was seen. Surface
segregation for comb as well as block copolymers have been observed for overall weight

fractions as low as 2 wt% for the surface-segregating component. Thus covalent linkage

of the components does not hinder surface segregation for block or comb polymers. The
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number of surface segregating chains per molecule of the polymer backbone were
however higher than ones investigated here. For example, for the case of comb additives
consisting of poly(methyl methacrylate) (PMMA) backbone with POE side chains, two
repeat units of POE were present per repeat unit of PMMA or 60 wt% of a
macromolecule was composed of POE.” In the case of a polysulfone-POE block
copolymer, five repeat units of POE were present per polysulfone repeat unit or 35 wt%
of a macromolecule was composed of POE." For polystyrene-rotaxa-cPOE,,, on average
one repeat unit of POE was present per hundred repeat units of polystyrene or 4.5 wt% of
a macromolecule was composed of POE. From blend studies it was seen that only
cPOE,, present at higher concentrations (¢ 10 wt%) segregated to the surface. Hence it is
postulated that along with the fact that the cycles are now physically trapped, low cycle
content of the rotaxanes also prevents surface-segregation. On average, one POE cycleis
threaded through a polystyrene chain: even if provided with the required impetus, this
one cycle is not sufficient to drag the polystyrene chain to the surface. Whether higher
threading ratios or larger POE weight fractions would lead to surface segregation needs

to be investigated further.
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Contact angle

Sample As-cast and aqueous-annealed

PS-rotaxa-cPOE,

(cPOE: 4.5 wt%) 90°

As-cast and aqueous-annealed

PS-rotaxa-cPOE,,

(cPOE: 2.3 wt%)
90°

Figure6.4—- Contact-angle pictures for PS-rotaxa-cPOE,,, and PS-rotaxa-cPOE,,,
films. Contact-angles were measured for as-cast and agueous-annealed
films.

6.3.4 Biosettlement Assay Studies

Biosettlement assay studies were conducted on polystyrene-blend-cPOE,, films,
control polystyrene films and plain glass dides. Settlement and removal of Enteromorpha
gpores and sporelings were investigated. Settlement studies with spores showed that
settlement was lower for polystyrene and the polystyrene blend film when compared to
glass. Removal for all three samples was amost the same. In case of sporeling
settlements studies it was observed that dightly less sporelings attached to blend film
when compared to the control polystyrene film or a glass dide (Figure 6.5). Prior to
biosettlement studies, films were incubated in distilled water for a period of hours. As
mentioned earlier blends films were not stable in water. Thus it is expected that the
polystyrene-blend-cPOE,,, films mainly consisted of polystyrene at the surface during

biosettlement studies and for this reason behaved similarly to pure polystyrene.
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Biomass (Chla ug/ml)

Glass PS PS-blend-
cPOE1500

Figure6.5— (@) Images of typical dides demonstrating growth of sporelings after 8
days. From the left: glass, PS, PS-blend-cPOE,, (b) The growth of
sporelings after 8 days, measured as chlorophyll a (Chlaug/mL). From the
left: glass, PS, PS-blend-cPOE,,

6.4 CONCLUSIONS

Surface studies on PS-blend-cPOE and PS-rotaxa-cPOE films were conducted by
contact-angle measurements. As-cast films of blends and polyrotaxanes showed that
polystyrene was predominantly present at the surface (contact-angle of ~ 90 °). For PS-
blend-cPOE,, , (POE: 10 wt%) films, cPOE segregated to the surface after annealing in an
aqueous environment. Film stability studies showed that it was possible to wash away the
POE from the surface after immersing in water. Surface segregation did not occur for

blends with low-molecular-weight cycles (cPOE,,) nor for the polyrotaxanes.
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7.1

CHAPTER 7

CONCLUSIONSAND RECOMMENDATIONS
FOR FUTURE WORK

CONCLUSIONS
The major findings of the present work are summarized below.
Cyclic polyoxyethylene was synthesized and purified from its linear byproducts by
inclusion complexation with a-cyclodextrin. Cyclization and purification was
confirmed by GPC, 'H, >C NMR and MALDI-TOF mass spectrometry. Cycle yields
as a function of molecular weight were monitored: cycle yields increased with
molecular weight up to 3400 g/mol, and then decreased. POE cycles showed lower
melting temperatures and lower crystallinity values when compared to their linear

precursors.

Polystyrene-rotaxa-cPOE was synthesized by free radical polymerization of styrene
in the presence of cPOE of different sizes and the structure was confirmed by 2D
DOSY. Threading ratios were dependent on the cycle size as well as the size of the
blocking group. Synthesis of polypseudorotaxanes by free radical polymerization of
styrene and methacrylate was attempted. An attempt was also made to synthesize

polyimide-based polypseudorotaxanes by step-growth polymerization. 2D DOSY
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showed that even if these polypseudorotaxanes were synthesized, they were unstable

in solution since they exhibited diffusion behavior similar to that of physical blends.

Solid-state properties of PS-blend-cPOE, PS-blend-IPDME and PS-blend-IPOE were
investigated using differential scanning calorimetry and solid-state NMR. cPOE was
found to be more miscible with polystyrene than IPDME and IPOE. |IPOE was
completely immiscible and exhibited domain sizes and dynamics corresponding to a
phase-separated system for all POE concentrations and molecular weights. IPDME
was partially miscible and exhibited domain sizes and dynamics intermediate to that
of cPOE and IPOE. cPOE exhibited dowed dynamics and formed nanometer sized
domains in its PS blends. The nanometer-sized domains indicated that cPOE was
dispersed in small clusters and can be considered as nanophase-separated. A hindered
glass transition for cPOE and IPDME was observed in some of the blends and was

attributed to the nanoconfined cPOE/IPDME domains.

Solid-state properties of PS-rotaxa-cPOE were investigated using differential
scanning calorimetry and solid-state NMR. Two transitions were observed in the DSC
thermograms for rotaxanes corresponding to glass transitions of polystyrene, (T o)

and cPOE (T

gPOE) * TgPS

values did not seem to be much affected by the presence of
cPOE once the polystyrene molecular weight was taken into account. T .. vaues
were in the same range as those observed for physical blends and were attributed to
nanoconfined cPOE domains. 'H wideline NMR and 2D WISE experiments showed
the presence of two different dynamic regimes for cPOE in the rotaxanes. The mobile

phase was similar to cPOE in blends while the less mobile phase corresponded to
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7.2

cPOE chains next to polystyrene. The mobile fraction in polyrotaxanes increased with
an increase in temperature and thus spin-diffusion studies could be conducted at high
temperatures to determine domain sizes. The measured domain sizes (4-8 nm) were
dightly smaller than the corresponding blends probably because the immobile cPOE
fraction was not selected in this case. The nanometer-sized domains indicated that

cPOE was dispersed in small clusters similar to the physical blends.

Surface studies on polystyrene-blend-cPOE and polystyrene-rotaxa-cPOE films were
conducted by contact-angle measurements. As-cast films of blends and polyrotaxanes
showed that polystyrene was predominantly present at the surface (contact-angle of ~
90 °). For polystyrene-blend-cPOE,, , (POE: 10 wt%) films, cPOE segregated to the
surface after annealing in an aqueous environment. Film stability studies showed that
it was possible to wash away the POE from the surface after immersing in water.
Surface segregation did not occur for blends with low-molecular-weight cycles

(cPOE,,,) and nor for the polyrotaxanes.

RECOMMENDATIONS FOR FUTURE WORK

Test the validity of the Jacobson-Stockmayer equation for cycle yields as a function
of molecular weight by synthesizing cyclic POE with molecular weights greater than
8 kg/mol.

Synthesi ze polystyrene and cyclic POE polyrotaxanes with higher threading yields by

incorporating polar groups like hydroxyl groups in the polymer backbone. Hydrogen
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bonding interaction between the hydroxyl group and the cyclic POE should result in

improved threading yields.

Study the miscibility behavior of high-molecular-weight cyclic POE and linear
PDME with polystyrene. This will provide a better understanding of the effects of

topology and end groups in improving blend miscibility.

Explore the possible applications of blends of cyclic and linear polymers as
separation membranes. Once the cyclic component is extracted from the polymer
matrix, uniformly dispersed nanometer sized pores will result which might provide

better separation properties.

Conduct variable-angle X-ray photoelectron spectroscopy (XPS) measurements to
observe surface composition for polyrotaxanes and blends as a function of depth.
Contact-angle measurements are only sensitive to depths of ca. 10 A and do not

provide a complete picture of the surface composition.
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