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Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored by
other organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of con-
tents is reviewed for appropriate and comprehensive coverage and for
interest to the audience. Some papers may be excluded to better focus
the book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS Books Department
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Preface

I am greatly honored to be given the opportunity to participate and
write a few words not only on my behalf but also on behalf of the
Serbian Academy of Sciences and Arts on such a solemn yet joyful
occasion which marks the jubilee of our esteemed colleague, Professor
Frank Karasz. The title as well as the many chapters in this book could
hardly be more appropriate, considering the area of polymers that
Professor Karasz has covered and to which he has made and is still
making so many important contributions. We have been following this
area of science for the past 50 years—from the fundamental side, in
which the complex phenomena appearing in polymer science were barely
understood, to the practical side, when very few plastics were used until
the present where we understand more every day. Our use o f plastics
now makes it difficult to understand how we could live without them. As
everyone is now saying “When one wishes to touch wood one realizes
that the world around us is composed of plastics.” It is in this world that
Professor Karasz made major advances. We held this meeting in this
beautiful place, Capri in recognition of his achievements and in the
recognition of his love for the beauties of the world.

Personally, I and this group of people have an additional reason to be
pleased to greet Professor Karasz on this occasion. When my country and
my nation were going through difficult times, Professor Karasz never
stopped supporting our scientists in their scientific endeavors. Every one
of us who knows about this support feels sincere gratitude to Professor
Karasz. To show our gratitude, we elected Professor Karasz to foreign
membership of the Serbian Academy of Sciences and Arts, the most that
our intellectual community can do for an esteemed foreigner, who is
close to our minds and hearts.

All that I can do at this moment is to wish Professor Karasz a long
and productive life in the continuation of his activities for the benefit of
science.

xi
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To remind him of our deep esteem, I am honored to present him on
this occasion of his birthday a modest gift—a book on Serbian culture.

Paula Putanov

Serbian Academy of Sciences and Arts
Serbia and Montenegro

Europe

xii
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Chapter 1

Introduction

Ljiljana S. Korugic-Karasz', William J. MacKnight’,
and Ezio Martuscelli’

'Department of Polymer Science and Engineering, University
of Massachusetts, Amherst, MA 01003
2CAMPEC serl, Via G. Porzio, CDN, Isola F4, 80143 Napoli, Italy

The chapters in this volume are representative of the contributions
presented at a symposium, New Polymeric Materials held in Capri, Italy,
October 22-25, 2003 on the occasion of the 70 birthday of Frank E. Karasz.

Frank Erwin Karasz was born in Vienna. His undergraduate education was
at the Royal College of Science, part of Imperial College, University of London,
where he graduated with honors in Chemistry. In his 3™ year at Imperial he was
given a research project having to do with the molecular weight determination of
PMMA, which, apparently, sparked his later interest in polymers. For some
years however his research was in the area of the theory of small molecules. His
Ph.D. thesis at the University of Washington was con-cerned with the statistical
mechanics of liquid argon/helium mixtures. After a year’s post-doctoral work
with the well-known biopolymer theoretician Terrell Hill at the University of
Oregon, he returned to small molecule behavior in collaborative research at the
National Physical Laboratory, near London, with the late John Pople. Pople and
Karasz published a series of papers dealing with transitions in what were then
called plastic crystals, nowadays rotationally disordered crystals. Remarkably
the basic Karasz-Pople theory is still somewhat in vogue after more than 40
years with commentaries and modifications appearing every now and then.

After two and a half years at the NPL, Karasz returned to the United States
to take a position at the General Electric Research Laboratory in Schenectady,
New York. One of his interests of that era was in the thermodynamics of the
helix-coil or order-disorder transition in synthetic polypeptides. He and his
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collaborator, James O’Reilly, were in fact the first to directly measure the
transition enthalpy in such a system, namely solubilized poly-y-benzyl-L-
glutamate. This was the time of the introduction of new higher performance
polymers by G.E. and others, and, in particular, the development of Noryl, an
alloy of polystyrene and poly dimethyl phenylene oxide. This mixture is not
only compatible but also miscible, with a single composition dependent glass
transition. Karasz thus became interested in the general problem of polymer
blends. Karasz left G.E. and went to the University of Massachusetts in 1967
where he and eventually all of the undersigned collaborated in an extensive set
of studies of polymer blends, which in some cases has continued to this day. A
major advance in this area was made in 1982 when, with Gerrit ten Brinke, a
comprehensive quantitative theory of copolymer blends was developed which
had both interpretive and predictive value. This mean field theory was applied,
with a long list of collaborators, to a wide variety of systems, and has been used
by many others in the past twenty years.

In 1972, Karasz, with the late Roger Porter, was successful in establishing
an NSF Materials Research Laboratory at the University of Massachusetts. In
his capacity as co-Director of this laboratory, he became acquainted around
1980 with the work of Alan Heeger and Alan MacDiarmid, both at that time at
the University of Pennsylvania, who invited Karasz and erstwhile colleague
James Chien to collaborate in the rapidly developing field of n-conjugated
conducting polymers. This led to a highly successful four P.I. team which
produced a large number of pioneering results. Karasz and his co-workers
continued to carry out research in this area and about a decade later he expanded
his field of interest to include optical properties of these polymers.
Electroluminescence was first observed in poly phenylene vinylene around 1991
and in 1993 Karasz was able to produce the first electroluminescent polymer to
emit blue light and he has continued, again with a long list of co-workers, to be a
major contributor to this field to this day.

We note that Karasz’s first scientific paper was on the adsorption of water
on Agl and TiO,, published in 1956; thus he is now in his sixth decade of a
prolific publishing career, with a total of about 550 papers to date. He has
received substantial recognition for his scientific contributions starting with the
Mettler Medal in 1975. In 1984 he and one of the undersigned (W.J.
MacKnight) were co-recipients of the Ford Prize of the American Physical
Society, and in 1985 he received the Research Award from the Society of Plastic
Engineers. He has received numerous other awards including the University of
Ferrara 600" Year Commemorative Medal, and in 2000 Polytechnic University
presented him the S.E.AM. Award. In 2002 he received the Herman Mark
Medal from the Austrian Institute for Chemical Research.

In 1991 Karasz was elected to the U.S. National Academy of Engineering
and since then he has been elected to membership in the Croatian, Indian and
Serbian Academies of Science and Art. He is also a Chevalier of the Knights of
St. John and a Fellow of the American Physical Society, the AAAS, and the
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PMSE Division of the ACS, and is currently a member of the National Materials
Advisory Board.

Karasz has long had a strong relationship with the European polymer
community and has until recently served, for example, as President of the
Scientific Council of the CNR Polymer Laboratory in Naples. He has also been
a lecturer sponsored by the Accademia Lincei of Rome. He continues to be very
actively involved at the frontiers of polymer research.

In New Polymeric Materials; Korugic-Karasz, L., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: September 29, 2005 | doi: 10.1021/bk-2005-0916.ch002

Chapter 2

Developments and Opportunities in Polymer-Based
New Frontiers of Nanophotonics and Biophotonics

Paras N. Prasad

Department of Chemistry and the Institute for Lasers, Photonics,
and Biophotonics, University at Buffalo, The State University of New York,
Buffalo, NY 14260-3000

Abstract

This article describes some recent developments at our
Institute and opportunities created by a fusion of photonics
with nanoscale science and technology as well as with
biomedical research. This fusion has opened up the new
frontiers of Nanophotonics and Biophotonics. Nanostructured
random media such as polymeric nanocomposites are showing
great promises for many photonics/optoelectronics
applications, the ones specifically discussed here are for
photovoltaics and photorefractivity. Ordered nanostructures
such as photonic crystals, discussed here, exhibit new
phenomena which can be exploited for novel applications.
Polymeric nanoparticles show great potential for optical
diagnostics and targeted optically tracked and light-activated
therapy. Some examples of these biophotonics applications for
nanomedicine are also presented.

Introduction

Photonics, the science and technology utilizing ,photons, has already
shown applications of polymeric media for new technological applications such
as polymeric light emitting diodes and polymer optical fibers. The fusion of
photonics with nanotechnology has lead to the field of nanophotonics which

6
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deals with light-matter interaction on a scale significantly smaller than the
wavelength of light used.' Polymeric nanostructures offer new opportunities for
nanophotonics. One can create nanocomposites consisting of nanodomains
where each domain performs a separate function or can induce a function in
another domain, thus producing multifunctionality. If the domains are
significantly smaller than the wavelength of light, they do not significantly
scatter. As a result the medium is optically transparent and thus very suitable for
photonics applications. Some selected examples of these nanocomposites are
presented here. An emerging class of nanophotonic materials is photonic
crystals which consist of alternating domains of different refractive index, with
the periodicity (alternating length scale) match with the wavelength of light."?
These photonic crystals exhibit a number of new optical phenomena that
confined technological applications. Polymeric media, again, offer opportunities
for fabrication of a broad range of photonic crystals with varying optical
properties. Examples of polymer-based photonic crystals are also presented
here.

Biophotonics is another new frontier, created by the fusion of photonics
with biomedical research.’ Here light-matter interaction can be used for
bioimaging, biosensing, and other types of biodetection serving as powerful
tools for diagnostics. Light-matter interaction can also be used for optically
tracked and light-activated therapy. Polymer nanoparticles have given a major
impetus to the emerging field of nanomedicine, as multiple probes for optical
diagnostics can be incorporated, together with therapeutic agents, for optically
tracked light-activated therapy. An example presented here is that for
photodynamic therapy which is based on light-induced activation of a
photosensitizer.

Random Nanocomposites

Nanocomposite processing offers the prospect of producing a mixed phase
with unique properties which may be thermodynamically not stable. An example
provided here is that of formation of an inorganic oxide glass:organic polymer
optical nanocomposite by sol-gel processing, a work which we did in
collaboration with Professor Frank Karasz.* Generally, when an inorganic glass
and organic polymer are mixed together, one would expect phase separation of
the glass and the polymer. Nanoscale processing of a composite of such
incompatible materials provides an opportunity to limit the phase separation in
nanometers. Further phase separation beyond this size scale becomes kinetically
too slow to be of any practical consequence. Since the resulting phase separation
is on the scale of nanometers, significantly smaller than the wavelength of light,
the material is optically transparent.

We utilized sol-gel processing to produce a glass-polymer composite
containing up to 50% of an inorganic oxide glass (e.g. silica or vanadium oxide)
and a conjugated polymer, poly-p-phenylenevinylene, often abbreviated as
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PPV.*® Professor Karasz and his group have done pioneering work on this
polymer and its applications. PPV exhibits many interesting optical and
nonlinear optical properties. It is a rigid polymer that, without any flexible side
chain, is insoluble, once formed. In our approach we used predoping of the silica
(or V,0s) precursor sol by mixing it with the PPV monomer precursor in the
solution phase, which was subsequently hydrolyzed to form the silica network.
Simultaneously the PPV monomer was polymerized. By controlling the
processing condition, the composite was made to form a rigid structure to be
kinetically too slow to phase separate beyond several nanometers The TEM
study of the composite confirmed the nanoscale phase separatlon ” The resulting
nanocomposite PPV:glass even at the high level (~50%) of mixing is optically
transparent and exhibits very low optical loss compared toa ﬁlm of pure PPV, a
feature clearly derived from the presence of an inorganic glass.* The composite
exhibits many features derived from inorganic glass (eg. silica) such as high
surface quality and easily polishable ends for end-fire coupling of light into the
waveguide. It also exhibits features derived from the polymer PPV, such as
mechanical strength and high optical nonlinearity.® One technological
application demonstrated for this nanocomposite is for dense wavelength
division multiplexing (DWDM) function, an important part of optical
communication technology. For this function, holographic gratings were
recorded in the PPV/sol-gel glass nanocomposite. Figure 1 shows the spectral
characteristics of these gratings.” Wavelength dispersion with very high spectral
resolution and extremely narrow band width of <50 pm were achieved.

Another example provided here is for an optoelectronic application using
photorefractivity. The photorefractive nanocomposites described here involve
quantum dots, liquid crystal nanodroplets, and a hole transporting polymer to
produce the function of photorefractivity. The photorefractive effect requires a
combined action of photocharge generation, charge separation and electro-optic
effect, the latter property producing a change of refractive index by the
application of an electric field."®"" Thus light absorption by photosensitizers
produce charge-carriers which separate in a charge transporting medium and
create a space charge field (internally generated electric field). This electric field
changes the refractive index of the medium due to the presence of the electro-
optic property. Both inorganic and organic photorefractive materials exist and
have been widely investigated.'®!' However, a nanocomposite consisting of both
inorganic and organic domains offer numerous advantages. In our approach we
utilize inorganic semiconductor quantum dots for photosensitization to generate
charge carriers. The quantum dots are nanopartlcles of semiconductors which
exhibit size dependent optical absorption.' Hence by selecting their size and
composition, one can judiciously select the wavelength of absorption maximum
to produce photosensitization (and hence photorefractivity) at a specific
wavelength. An advantage is that one can prepare photorefractive composites
for communication wavelengths in the IR (1.3 pm and 1.55 um) which is
difficult to achieve with purely organic photosensitizers.'? These quantum dots
are dispersed in a hole transporting medium (in our case PMMA doped with
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ethylcarbazole). The liquid crystal nanodroplets in the polymer host perform the
functilcs)n of an electro-optic medium, by their ability to re-orient in the electric
field.

Figure 2 shows a schematic representation of our photorefractive
nanocomposite polymer dispersed liquid crystal (PDLC) system, containing
nanodroplets of li?uid crystal and ~10 nm size CdS quantum dots dispersed in a
PMMA polymer." CdS, produced in-situ, generates charge carriers by absorbing
the 532 nm laser light. The electrons remain trapped in the nanoparticle. The
holes move and get trapped in the dark region created by an interference of two
beams (holographic exposure). There is a resulting space-charge field which
reorients the liquid crystal nanodroplet to change the effective refractive index.
The change of effective refractive index, produced by the liquid crystal, can be
very large, as the extraordinary index of 1.71 and ordinary index of 1.5 are
widely different. One can form a grating using crossing of two optical beams,
with a large refractive index change, An. The result is that one can achieve very
high diffraction efficiency, even in a thin film. A maximum net diffraction
efficiency of ~70% was achieved in our experiment. If one takes the internal
optical losses into account, the diffraction efficiency is ~100%. However, the
response time to reorient the nanodroplets in the plastic medium is relatively
slow. The formation of the grating is mainly limited by the reorientation of these
nanodroplets of liquid crystal, which is in seconds. We are conducting
experiments to control the nanodroplet size and the interfacial interaction for
producing a faster response.

200-nm liquid crystal
nanodroplet

____L 10-nm
——T- quantum dot

Figure 2. Schematic representation of polymer-dispersed liquid crystals
containing quantum dots.
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Photonic Crystals

Photonic crystals are ordered nanostructures in which two media with

different dielectric constants or refractive indices are arranged in a periodic
form."* Thus they form two interpenetrating domains, one domain of higher
refractive index and another of lower refractive index. It is a periodic domain
with periodicity on the order of wavelength of light. In analogy with an
electronic crystal of a semiconductor with a periodic lattice for a certain range of
energy of photons and certain wave vectors (that is, direction of propagation),
light is not allowed to propagate in a photonic crystal. If we generate light inside
the photonic crystal, it cannot propagate in this direction. If we send light from
outside, it is reflected. Figure 3 shows typical transmission and reflection spectra
of a photonic crystal produced by close packing of polystyrene spheres.
Here the alternating domains are that of polystyrene and air. The region of
minimum transmission (or maximum reflection) corresponds to the not-allowed
photon states and referred to as stop gap. The stop gap in a photonic crystal is
determined by the Bragg diffraction condition of a periodic lattice. Hence it is
dependent on the periodicity (the size of the microsphere in the present case).
Polymeric materials offer opportunities to manipulate this stop gap by the choice
of a wide variety of available polymers (e.g. polystyrene, PMMA, efc.). Another
approach recently demonstrated by us is that of a photonic crystal alloy.'* These
photonic crystal alloys were formed by mixing of polystyrene and
polymethylmethacrylate spheres of same size in different volume ratios. These
photonic crystal alloys are structurally ordered, but contain refractive index
disorder due to random distribution of the polystyrene and PMMA spheres.
They thus provide a random variation of scattering potential. The stop-gap
shows a monotonic shift in wavelength as a function of the composition, which
can be fitted by assuming an effective dielectric constant for the colloidal
spheres.

Photonic crystals exhibit a number of unique optical and nonlinear optical
properties which can find important applications in optical communications,
low-threshold lasing, frequency conversion, and sensing. These are:'

o  Presence of Stop gap. The existence of these stop gaps can make them
suitable for high-quality narrow-band filters. The effective periodicity can
also be changed in response to adsorption (or inclusion) of an analyte,
making photonic crystal media suitable for chemical and biological sensing.
The position of stop-gap can be changed in a nonlinear crystal by using
Kerr gate optical nonlinearity, whereby increasing intensity, the refractive
index of a nonlinear periodic domain can be changed, resulting in a change
of the stop gap position. This manifestation can be utilized to produce
optical switching for light of frequency at the band edge.
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e Local Field Enhancement. Spatial distribution of an electromagnetic field
can be manipulated in a photonic crystal to produce local field enhancement
in one dielectric or the other. This field enhancement in a nonlinear
photonic crystal can be utilized to enhance nonlinear optical effects that are
strongly dependent on the local field.

o Anomalous Group Velocity Dispersion. A photonic band structure produces
the dispersion of the allowed propagation frequencies as a function of the
propagation vector k, and determines the group velocity with which an
optical wave packet (such as a short pulse of light) propagates inside a
medium. Many new phenomena related to this dispersion effect are
predicted and have been verified. One is the superprism phenomenon,
which is extraordinary angle-sensitive light propagation and dispersion due
to refraction.

e Anomalous Refractive Index Dispersion. In nonabsorbing spectral regions,
dielectric medium exhibits a steady decrease of refractive index with
increasing wavelength (decreasing frequency). This is called normal
refractive index dispersion. Photonic crystals exhibit anomalous dispersion
of the effective refractive index near their high-frequency band edge. This
anomalous dispersion can be utilized to produce phase matching for
efficient generation of second or third harmonic of light from the incident
fundamental wavelength. Phase-matching requirement dictates that the
phase velocities (c¢/n) for the fundamental and the harmonic waves are the
same, so that power is continuously transferred from the fundamental wave
to the harmonic wave, as they travel together in phase. Our work on close-
packed polystyrene spheres has established enhancement of third harmonic
generation due to phase-matching derived from anomalous dispersion."

e  Microcavity Effect in Photonic Crystals. A photonic crystal also provides
the prospect of designing optical micro- and nanocavities embedded into it
by creating defects (e.g., dislocations, holes) into it. The size and the shape
of these defect sites can readily be tailored in a polymeric based photonic
crystal to produce microcavities of different sizes and dimensions. These
defect sites create defect associated photon states (defect modes) in the
bandgap region and are analogous to the impurity (dopant) states between
the conduction and the valence bands of a semiconductor. Microcavitiy
resonances can produce low threshold lasing.

Polymeric Nanoparticles for Biophotonics and Nanomedicine

Polymer nanoparticles are useful for a number of biophotonics
applications such as in bioimaging, optical diagnostics and nanomedicine."”
Nanomedicine is a new field which utilizes nanoparticles in new methods of
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minimally invasive diagnostics for early detection of diseases, as well as for
facilitating targeted drug delivery, enhancing effectiveness of therapy, and
providing ability for real-time monitoring of drug action.' Nanoparticles with
optical probes, light activated therapeutic agents, and specific carrier groups to
direct them to the diseased cells or tissues, provide targeted drug delivery, with
an opportunity for real-time monitoring of drug efficacy."’

Polymeric nanoparticles provide three different structural platforms for
diagnostics and therapy: (a) An interior volume in which various probes and
therapeutic agents can be encapsulated. (b) A surface which can be
functionalized to attach targeting groups to carry the nanoparticles to cells or
biological sites expressing appropriate receptors. In addition, the surface can
bind to specific biological molecules for intracellular delivery (we have used
this approach to attach DNA for gene therapy). The surface can also be
functionalized to introduce a hydrophilic (polar), hydrophobic (non-polar) or
amphiphilic character to enable dispersibility in a variety of fluid media. (c)
Pores in the nanoparticles, which can be tailored to be of specific sizes to allow
selective intake or release of biologically active molecules or to activate
therapeutic agents. Thus the area of mesoporous polymers with controlled
porosity is of intense current activity and interest.

Here we describe our approach of “nanoclinics” for optically tracked
delivery. These nanoclinics are complex surface functionalized polymeric (silica
or organically modified silica) nanoshells containing various probes for
diagnostics, and drugs for targeted delivery.'® They are produced using multistep
nanochemistry and surface functionalized with known biotargeting agents. The
size of these nanoclinics is small enough for them to enter the cell, in order for
them to function from within the cell. Through the development of nanoclinics
(functionalized nanometer-sized particles that can serve as carriers), new
therapeutic approaches to disease can be accomplished from within the cell.

We present here the example of a nanoclinic used for photodynamic
therapy. Photodynamic therapy utilizes light sensitive species or
photosensitizers (PS) Wthh preferentially localize in tumor tissues upon
systematic administration.” When such photosensitizers are irradiated with an
appropriate wavelength of visible or near infra-red (NIR) light, the excited
molecules can transfer their energy to molecular oxygen (in its triplet ground
state) present in the surrounding media. This energy transfer results in the
formatlon of reactive oxygen species (ROS), like singlet oxygen (‘O,) or free
radicals.’ ROS are responsible for oxidizing various cellular compartments,
including plasma, mitochondria, lysosomal and nuclear membranes etc.,
resulting in irreversible damage of cells. Therefore, under appropriate
conditions, photodynamic therapy offers the advantage of an effective and
selective method of destroying diseased tissues, without damaging adjacent
healthy ones.'

Most photosensitizing drugs (PS) are hydrophobic, ie poorly water
soluble, and, therefore, not dispersible in biological fluids. We used a
nanoparticle approach in which the photosensitizer was doped in organically
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modified silica-based nanoclinic nanoparticles (diameter ~30 nm), produced by
controlled hydrolysis of triethoxyvinylsilane in micellar media.'"® We used a
hydrophobic photosensitizer known as HPPH, which is in Phase I/II clinical
trials at Roswell Park Cancer Institute, Buffalo, NY, USA."” The doped
nanoparticles were spherical and highly monodispersed as determined by TEM
and shown in Figure 4. The inherent porosity of this ceramic matrix enabled the
photosensitizing drugs, entrapped within them, to interact with molecular
oxygen which can diffuse through the pores. This can lead to the formation of
singlet oxygen by energy transfer from the excited photosensitizer to oxygen,
which can then diffuse out of the porous matrix to produce cytotoxic effect in
tumor cells. The generation of singlet oxygen, after excitation of HPPH, was
checked by singlet oxygen luminescence at 1270 nm. The singlet oxygen
luminescence generated by HPPH, solubilized in micelles as well as entrapped
in nanoparticles show similar intensity and peak positions (1270 nm), indicating
similar efficiencies of singlet oxygen generation in both cases. A control study,
using nanoparticles without HPPH, shows no singlet oxygen luminescence. The
doped nanoparticles are actively taken up by tumor cells. Irradiation with visible
light results in irreversible destruction of such impregnated cells. These
observations suggest the potential of polymeric nanoparticles as carriers for
photodynamic drugs.'®
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Chapter 3

Conferring Smart Behavior to Polyolefins through
Blending with Organic Dyes and Metal Derivatives

Andrea Pucci?, Vincenzo Liuzzo, Giacomo Ruggeri'”,

and Francesco Ciardelli"™"

'Department of Chemistry and Industrial Chemistry, University of Pisa,
Via Risorgimento 35, 56126 Pisa, Italy
2INSTM, Pisa Research Unit, Via Risorgimento 35, 56126 Pisa, Italy
3INFM, Pisa Research Unit, Via Risorgimento 35, 56126 Pisa, Italy

Bis(salicylaldiminate) M(II) complexes of Nickel, Copper and
Cobalt have been prepared and mixed with ultra high
molecular weight polyethylene (UHMWPE) in order to
prepare new composite materials with interesting dispersion
and optical properties by profiting of the presence of long and
linear alkyl chains connected to the ligand structure. The
phase dispersion behaviour of the binary polyethylene films
has been studied by scanning electron microscopy (SEM) and
x-ray microanalysis, whereas the optical properties of the
oriented samples have been evaluated by UV-Vis
spectroscopy in linearly polarized light and discussed in terms
of the anisotropy induced by the mechanical orientation of the
polymer matrix. The dichroism of the d =™ electronic
transition of the oriented complexes can be modulated by
changing the nature of the metal centre according to the
different strength of the transition dipole moment.
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Introduction

Polymeric films for linear polarizer applications were generally prepared by
incorporating into oriented polymer matrices highly conjugated low molecular
weight organic molecules (1-9).

In this contest, terthiophene based chromophores properly functionalized
with push-pull organic derivatives and long alkyl lateral chains were extensively
studied for the formulation of new highly oriented ultra high molecular weight
polyethylene (UHMWPE) binary films (10, 11).

The modulation of the chromophore structure by introducing linear or
branched alkyl chains thus providing molecules with lower degree of
crystallinity and the use of polyethylene matrices with different molecular
weight and density, with the possibility to take advantages from different
preparation routes, allowed to reduce or even eliminate the distinct phase
separation between the components (12-14). Actually, the formation of
chromophore aggregates as a consequence of their separated crystallization from
the polymer matrix strongly limits their alignment along the macromolecular
chains providing oriented films with poor dichroism (13, 15, 16).

Analogously, the efficient strategy based on coupling the optical and
dispersion properties of the organic moiety and the metal properties of the
inorganic core with extremely high dispersion in polymer matrices suggested the
preparation of different metal complexes from ligands bearing alkyl chains with
different length, in order to provide the metal with a hydrophobic shell thus
allowing a favourite dispersion into polyethylene matrix (17). Nickel and
Copper molecular Schiff-Base complexes (Figure 1a) were prepared and then
mixed in the polyethylene matrix providing materials characterized by a great
level of homogeneity even, in some cases, at high complex concentration (~12
wt.%) (17).

In this work new Bis(salicylaldiminate) metal(Il) complexes with similar
structure but increased conjugation of the ligand moiety have been prepared and
dispersed into polyethylene in small concentration (3 wt.%).

The results are discussed in terms of the effect of the molecular structure of
the metal complexes on their dispersion into UHMWPE and on their anisotropic
absorption properties induced by polymer orientation.

Experimental

Apparatus and methods

FT-IR spectra were recorded by a Perkin-Elmer Spectrum One
spectrophotometer on dispersions in KBr. 'H-NMR spectra were recorded with
the help of a Varian-Gemini 200 on 5-10% CDCl; (Aldrich, 100.0 atom % D)

In New Polymeric Materials; Korugic-Karasz, L., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: September 29, 2005 | doi: 10.1021/bk-2005-0916.ch003

20

solutions. NMR spectra were registered at 20°C and the chemical shifts were
assigned in ppm using the solvent signal as reference.

The melting points were accomplished by a Reichert Polyvar optical
microscope with crossed polarizers, equipped with a programmable Mettler FP
52 hot stage. Elementary analyses were made by microanalysis laboratory at the
Faculty of Pharmacy, University of Pisa. The Scanning Electron Microscopy
(SEM) analysis was performed with a Jeol 5600-LV microscope, equipped with
Oxford X-rays EDS microprobe, instrument at the Chemical Engineering
Department of Pisa University. Optical absorption studies were carried out in
dilute (5 10 M) solutions with a Jasco 7850 UV-Vis spectrophotometer or on
polymer films in polarized light with the same instrument, fitted with Sterling
Optics UV linear polarizer. The films roughness was diminished, using ultra-
pure silicon oil (Poly(methylphenylsiloxane), 710® fluid, Aldrich) to reduce
surface scattering between the polymeric films and the quartz slides used to
keep them planar. In the analysis of the absorption and emission data, the
scattering contribution was corrected by the use of appropriate baselines. The
fitting ®procedure was performed by using Origin 5.0, software by Microcal
Origin™.

Materials

2,4-dihydroxybenzaldehyde, 1-bromooctadecane, o-Phenylene-diamine,
Nickel(II) acetate tetrahydrate (Ni(OAc),4H,0), Copper (II) acetate
monohydrate  (Cu(OAc);H,0) and Cobalt(Il) acetate tetrahydrate
(Co(OAc);4H,0) (Aldrich) were used as received. Ultra High Molecular

Weight Polyethylene (UHMWPE), Mw= 3.6 10%, density: 0.928 g/cm3
(Stamylan UH210, DSM, The Netherlands) was used as polymer matrix.

2-Hydroxy-4-(n-octadecyloxy)benzaldehyde

3.7 g (0.026 mol) of 2,4- dihydroxybenzaldehyde, 9 g (0.026 mol) of 1-
bromooctadecane, 3.1 g (0.03 mol) di KHCO; and 0.2 g (0.001 mol) of KI, were
refluxed for 24 h in 100 mL of acetonitrile. After cooling, the obtained
precipitate was filtered off and recrystallized from heptane (7.1 g, yield 70 %);
m.p: 60 °C - IR (KBr): 3444 cm™ (vo.); 1671 cm™ (ve-o) - 'H-NMR (CDCly):
0.9-1.8 (m, 35 H), 4 (t, 2 H, O-CH;), 6.4 (s, 1H, Ar), 6.5 (d, 1H, Ar), 7.4 (d, 1H,
Ar), 9.7 (s, 1H, CHO), 11.5 (s, 1H, OH) ppm.

N,N’-Bis[4-(n-octadecyloxy)-2-hydroxy-benzylidene] o-phenylenediamine
(C150Salophen)

A mixture of 2-hydroxy-4-(n-octadecyloxy)benzaldehyde (0.6 g, 1.53
mmol) and o-phenylendiamine (0.09 g, 0.83 mmol) in ethanol (15 mL) was
refluxed for 4 h. The yellow product obtanied was then filtered off and air-dried
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(0.5 g, yield 76%); m.p.= 82-85°C. FT-IR (KBr): 1613 cm” (vc-y). UV-VIS
(CH,Cly): Amax= 330 nm; & = 40000 Lmol‘cm™ - '"H-NMR (CDCl;): 0.9-1.8 (m,
70 H), 4 (t, 4 H, O-CH,), 6.53 (m, 4H, Ar), 7.3 (m, 6H, Ar), 8.6 (s, 2H, CHN),
13.7 (sl, 2H, OH) ppm.

Nickel(I) complex (NiC\30Salophen)

A mixture of C;gOSalophen (0.3 g, 0.35 mmol) and Ni(OAc),4H,O (0.09
g, 0.36 mmol) in ethanol (20 mL) was refluxed for 1 h. The red solid
precipitated was filtered off and crystallized from heptane (0.3 g, yield 94%);
m.p.= 120-122°C - FT-IR (KBr): 1605 cm” (vc=n). 'H-NMR (CDCly): 0.89-
1.79 ppm (m, 70 H), 3.96 ppm (t, 4 H, O-CH;), 6.3 (d, 2H, Ar), 6.6 (s, 2H, Ar),
7.2 (m, 4H, Ar), 7.6 (d, 2H, Ar), 8.1 (s, 2H, CHN). Anal. Calc. CssHgsN,O4Ni:
C, 73.91%; H, 9.53%; N, 3.08%. Found: C, 69.43%; H, 9.26%; N, 2.83%.

Copper(Il) complex (CuC,50Salophen)

A mixture of C,;30Salophen (0.3 g, 0.35 mmol) and of Cu(OAc),2H,0
(0.09 g, 0.36 mmol) in ethanol (20 mL) was refluxed for 1 h. The olive solid
obtained was filtered off and crystallized from heptane (0.29 g, yield 90%).
m.p.= 123-125°C. FT-IR (KBr): 1613 cm™ (vc-y). Anal. Calc. CsgHgsN,O4Cu:
C, 73.52%; H, 9.48%; N, 3.06%. Found: C, 71.70%; H, 9.67%; N, 2.90%.

Cobalt (II) complex (CoC,50Salophen)

Co(OAc),4H,0 (0.05 g, 0.2 mmol) was dissolved in 100 mL of degassed
ethanol. A solution of C,g0Salophen (0.17 g, 0.19 mmol) in 5 mL of chloroform
was slowly added at room temperature and under nitrogen atmosphere. The
mixture was stirred for 2 h. The brown precipitate was filtered off, dried and
crystallized from chloroform/ethanol (0.12 g, yield 65%). m.p.= 129-131°C. FT-
IR (KBr): 1613 cm™ (vcn)- Anal. Calc. Cs6HggN,04Co: C, 73.89%; H, 9.52%;
N, 3.08%. Found: C, 70.25%; H, 9.08%; N, 2.66%.

Film preparation by solution casting

0.5 g of UHMWPE and the appropriate amount of the metal complex were
dissolved in 75 ml of p-xylene at 125°C and stirred until complete dissolution
occurred; the solution was then cast on a glass and slowly evaporated at room
temperature.

Polymer orientation _

Solid state drawings of the host-guest films were performed on
thermostatically controlled hot stage at 125°C. The draw ratio was determined
by measuring the displacement of ink-marks printed onto the films before
stretching.
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Results and Discussion

Bis(salicylaldiminate) metal(II) complexes with long alkyl chains of Nickel,
Copper and Cobalt, respectively NiC gOSalophen, CuC,sOSalophen and
CoC,3sOSalophen, were prepared by the incorporation of metals(Il) on
substituted salicylaldehydes with o-phenylenediamine according to literature
procedures (18-21). All the prepared non-centrosymmetric complexes are
known to be planar (22) and thermally stable and are widely studied as materials
for nonlinear optical applications and more generally as precursors for the
fabrication of conjugated materials to be employed as opto-electronic devices
(23-25). .

The ligand functionalization with long and linear alkyl chains was
introduced to ensure the complexes good phase dispersion into polyethylene
matrix (Figure 1b) (17).

The Bis(salicylaldiminate) metal complexes were successively mixed (3%
by weight) with UHMWPE by solution-casting and the phase dispersion
behaviour of the binary films investigated by scanning electron microscopy
(SEM).

SEM micrographs taken for 3 wt.% NiC,3s0Salophen (Figure 2, left) and 3
wt.% CuC,sOSalophen (Figure 3, left) polyethylene films revealed a good
dispersion behaviour of the metal complexes into the polymer matrix. No
molecular aggregates are actually detectable at the polymer film surface. A
similar morphology can be proposed also for the UHMWPE film containing the
Cobalt complex on the basis of the analogy with Nickel and Copper observed by
optical microscopy investigations.

The x-ray energy dispersive spectra (EDS) (26) obtained in analyzing the
film surface displayed at 0.85 and 7.48 keV (Figure 2, right) and at 0.93 and
8.05 keV (Figure 3, right) the strongest L, and K, lines of respectively Nickel
and Copper indicating the presence of the metal complexes near the polymer
films surface but in a well dispersed forms.

The SEM investigations were also performed on the section of the same
films (Figure 4).

In all cases, a preferential presence of the metal complex close to the
surface exposed to air, in the first 10 pm thick layer approximately, was
observed as evidenced by the x-ray microanalysis, similar to what previously
observed for terthiophene chromophores dispersed by solution casting in
polyethylene films (10, 12, 14).

The binary films were successively oriented by thermo-mechanical
stretching up to 30 times the original length of each tape at a temperature close
to, but below, the melting temperature of the polymer (130°C).
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Figure 1. Previously studied Shiff-Base metal complexes (1a) and Salophen
metal complexes prepared in this work (1b)
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The opto-electronic properties of the metal complexes were compared to
those of the pure ligand dispersed in polyethylene and studied in terms of their
sensitivity to polymer matrix orientation.

The UV-Vis spectra recorded exciting an oriented UHMWPE film (draw
ratio = 20) containing the 3 wt.% of the Bis(salicylaldiminate) based ligand
(whose chemical structure is depicted in Figure 5) with a linearly polarized light
respectively parallel (0°) and perpendicular (90°) to the drawing direction, show
a broad absorption band centred at 330 nm with a shoulder at higher
wavelengths attributed to the #  * intraligand transitions (18, 19).

0,40
C1gHa70, OC1gH37
o}
T 0354 QO‘H H p
© =N N=
g ] O
g 0,301
£
o
(7]
£ 0254
—_0°
020{ —90°

R —
250 300 350 400 450 500 550 600 650 700 750
wavelength (nm)

Figure 5. UV-Vis spectra in polarized light of a UHMWPE oriented film (draw
ratio = 20) containing the 3 wt.% of the ligand and its chemical structure.

Comparing both spectra, this absorption resulted only slightly dichroic
suggesting the poor anisotropy of the ligand electronic transitions probably due
to its centrosymmetric structure (18). In addition, the scattering of the radiation
denoted the presence of microsized ligand aggregates (10) into the polymer
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matrix due to a partial phase separation induced probably by the presence of
polar -OH groups. These last might also affect the orientation of the molecules
along the macromolecular chains thus limiting their anisotropic behaviour.

In the UHMWPE oriented film (draw ratio = 30) containing the 3 wt.% of
NiC,sOSalophen the bands attributed to the intraligand electron transitions
resulted red-shifted of about 40-50 nm due to the interaction with the metal
(Figure 6) (19). In addition, a new broad absorption at higher wavelengths, in
the range from 400 to 500 nm, is observed (Figure 6). This absorption is
attributed to the charge-transfer (CT) transitions from the excited filled d orbital
electrons of the metal to the empty n* orbitals of the imine chromophore of the
ligand (27) and is demonstrated to be responsible for the non-linear optical
response of Bis(salicylaldiminate) metal complexes (23).

0,20
35
& 0,154
8
&
5
» 0.10-‘
<
0054 —0°
90°

250 300 350 400 450 500 550 600 650 700 750
wavelength (nm)

Figure 6. UV-Vis spectra in polarized light of a 3 wt.%
NiC,50S8alophen/UHMWRPE oriented film (draw ratio = 30)

The n  =n* intraligand transitions appeared no influenced by the light
polarization direction even after complex formation, whereas a dichroic, even if
just pronounced, behaviour of the CT band can be detected. This indicates that
the total dipole moment of the d =* transition, oriented along the symmetry
axis of the molecule (19, 28), is partially aligned along the drawing direction of
the polymer.

In Figure 7, the UV-Vis spectra in polarized light of oriented UHMWPE
films with draw ratio respectively 20 (up) and 30 (down) containing the 3 wt.%
of CuC,3OSalophen are reported.
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Figure 7. UV-Vis spectra in polarized light of 3 wt.%
CuC,50Salophen/UHMWPE (oriented films with draw ratio = 20, up and 30,
down)

With respect to the corresponding Nickel complex the ©  n* electronic
transitions attributed to the ligand coalesce into a single broad band pointed at
about 320 nm, as observed in solution (22). In addition, the charge-transfer
transition results blue-shifted of about 50 nm and exhibits an appreciably
increased intensity and resolution. Moreover this band showed increased
dichroism and resulted scarcely influenced by the drawing extent. On the other
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hand, as for Nickel complex composites, the intraligand absorption band
appeared poorly influenced by the orientation process.

On passing to Cobalt complexes dispersed into the UHMWPE oriented
matrix, the UV-Vis absorption spectra change again (Figure 8).
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Figure 8. UV-Vis spectra in polarized light of a 3 wt.%
CoC,50S8alophen/UHMWRPE oriented film (draw ratio = 20)

The # =* intraligand electronic transitions result further blue-shifted to
about 310 nm, scarcely resolved and characterized by a complete isotropic
behaviour. On the other hand, the anisotropy of the CT absorption band, centred
at about 375 nm, appeared more distinct than those of Nickel and Copper
complexes dispersed in oriented polyethylene. Moreover, additional evident
shoulders came out at higher wavelengths, in the range between 450-600 nm, as
in solution (29).

The particular enhanced anisotropy of the d n* transition band of Cobalt
and Copper Bis(salicyladiminate) complexes with respect to Nickel system may
be derived from a different contribute to the electronic transition by the metal
centre. In fact, Bis(salicyladiminate) Cobalt and Copper complexes are known
to exhibit larger non-linear optical response associated to the CT transition than
Nickel derivatives due to the different charge distribution on the excited
electronic states (19, 22).
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This behaviour leads to d n* electronic transitions characterized by
increased dipole moment for Cobalt and Copper with respect to Nickel
complexes (19, 22). The higher hyperpolarizability and transition dipole
moment of the d =* electronic transition may represent the reason why
CoC,s0Salophen and CuC,3OSalophen dispersed in oriented UHMWPE show
appreciably higher dichroic behaviour for the CT absorption band than
NiC,30Salophen when excited by a linearly polarized radiation.

Conclusions

Bis(salicyladiminate) Nickel(II), Copper(Il) and Cobalt(Il) complexes
(Figure 1b) were prepared by functionalizing the ligand moiety with long and
linear alkyl chains able to confer the metal complex a good compatibility with
the polyethylene matrix as evidenced by previous dispersion studies performed
on Schiff-Base metal(II) complexes (Figure 1a).

The strategy based on increasing the optical properties by extending the
conjugation path of the molecule, adopted in organic highly anisotropic
terthiophene based chromophores, was here applied to modify the ligand
structure with the introduction of a phenyl ring. The insertion of this aromatic
unit did not change the phase behaviour of the complexes in polyethylene with
respect to Schiff-Base Nickel and Copper complexesstUHMWPE binary films
but, on the other hand, strongly contributed to the increase of the organic moiety
conjugation leading to materials characterized by a special anisotropy of the
charge-transfer transition band.

Indeed, the Nickel, Copper and Cobalt complexes with the C,s0Salophen
ligand in polyethylene films showed after polymer matrix orientation an
anisotropic behaviour attributed to the above charge-transfer d n* electronic
transition, whose effect was particularly influenced by the electronic nature of
the metal centre.

These results reported here provide an excellent starting basis for the
preparation of polyethylene composite films with molecularly dispersed metal
complexes where the supramolecular interactions between the dispersed phase
and the continuous matrix is confirmed by the optical response.

The presence of these metal species with a controlled morphology can be
considered as a way to prepare polyethylene films showing new optical and
catalytical properties.

In New Polymeric Materials; Korugic-Karasz, L., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: September 29, 2005 | doi: 10.1021/bk-2005-0916.ch003

32

Acknowledgments

Dr. Paolo Elvati and Mr. Piero Narducci are kindly acknowledged for the
helpful discussions and SEM measurements.

References

Land, E. H. US 2,289,714, 1942,

Land, E. H. US 2,289,713, 1948.

Land, E. H.; Grabau, M. US 2,440,105, 1948.

Land, E. H.; West, C. D. Colloid Chemistry 1946, 6, 160-190.

Land, E. H. US 2,454,515, 1942,

Broer, D. J.; Van Haaren, J. A. M. M.; Van de Witte, P.; Bastiaansen, C.

Macromol. Symp. 2000, 154, 1-13.

7. Montali, A.; Bastiaansen, C.; Smith, P.; Weder, C. Nature 1998, 392, 261-
264.

8. Dirix, Y.; Tervoort, T. A.; Bastiaansen, C. Macromolecules 1997, 30, 2175-
2177.

9. Dirix, Y.; Tervoort, T. A.; Bastiaansen, C. Macromolecules 1995, 28, 486-
491.

10. Tirelli, N.; Amabile, S.; Cellai, C.; Pucci, A.; Regoli, L.; Ruggeri, G.;
Ciardelli, F. Macromolecules 2001, 34, 2129-2137.

11. Ciardelli, F.; Cellai, C.; Pucci, A.; Regoli, L.; Ruggeri, G.; Tirelli, N.;
Cardelli, C. Polym. Adv. Techol. 2001, 12, 223-230.

12. Pucci, A.; Ruggeri, G.; Moretto, L.; Bronco, S. Polym. Adv. Technol. 2002,
13,737-743. _

13. Pucci, A.; Moretto, L.; Ruggeri, G.; Ciardelli, F. e-Polymers 2002, Paper
No 15, Paper No 15.

14. Pucci, A.; Ruggeri, G.; Cardelli, C.; Conti, G. Macromol. Symp. 2003, 202,
85-95.

15. Palmans, A. R. A.; Eglin, M.; Montali, A.; Weder, C.; Smith, P. Chem.
Mater. 2000, 12, 472-480.

16. Montali, A.; Palmans, A. R. A.; Eglin, M.; Weder, C.; Smith, P.;
Trabesinger, W.; Renn, A.; Hecht, B.; Wild, U. P. Macromol. Symp. 2000,
154, 105-116.

17. Pucci, A.; Elvati, P.; Ruggeri, G.; Liuzzo, V.; Tirelli, N.; Isola, M.;
Ciardelli, F. Macromol. Symp. 2003, 204, 59-70.

18. Di Bella, S.; Fragala, I.; Ledoux, I.; Diaz-Garcia, M. A.; Lacroix, P. G.;
Marks, T. J. Chem. Mater. 1994, 6, 881-883.

19. Di Bella, S.; Fragala, I.; Ledoux, I.; Diaz-Garcia, M. A.; Marks, T. J. J.

Amer. Chem. Soc. 1997, 119, 9550-9557.

SalbdiP ol ol e

In New Polymeric Materials; Korugic-Karasz, L., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: September 29, 2005 | doi: 10.1021/bk-2005-0916.ch003

20.

21.
22.

23,
24.

25.
26.
27.

28.
29.

33

Aiello, I.; Ghedini, M.; La Deda, M.; Pucci, D.; Francescangeli, O. Eur. J.
Inorg. Chem. 1999, 1367-1372.

Chen, D.; Martell, A. E. Inorg Chem. 1977, 26, 1026-1030.

Di Bella, S.; Fragala, 1.; Ledoux, I.; Marks, T. J. J. Amer. Chem. Soc. 1995,
117, 9481-9485.

Lacroix, P. G. Eur. J. Inorg. Chem. 2001, 339-348.

Sano, T.; Nishio, Y.; Hamada, Y.; Takahashi, H.; Usuki, T.; Shibata, K. J.
Mater. Chem. 2000, 10, 157-161.

Leung, A. C. W.; Chong, J. H.; Patrick, B. O.; MacLachlan, M. J.
Macromolecules 2003, 36, 5051-5054.

Goodhew, P. J.; Humphreys, J.; Beanland, R. In Electron Microscopy and
Analysis; Taylor & Francis: London, 2001.

Bosnich, B. J. Amer. Chem. Soc. 1968, 90, 627-632.

Di Bella, S.; Fragala, 1. Synth. Met. 2000, 115, 191-196.

Hitchman, M. A. Inorg. Chem. 1977, 16, 1985-1993.

In New Polymeric Materials; Korugic-Karasz, L., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: September 29, 2005 | doi: 10.1021/bk-2005-0916.ch004

Chapter 4

Functional Materials Based on Self-Assembled Comb-
Shaped Supramolecules

Gerrit ten Brinke' and Olli Ikkala®

!Laboratory of Polymer Chemistry, Materials Science Centre, University
of Groningen, Nijenborgh 4, 9747AG Groningen, The Netherlands
’Department of Engineering Physics and Mathematics, Center for New
Materials, Helsinki University of Technology, P.O. Box 2200, FIN-02015
HUT, Espoo, Finland

In this paper we will review the main features of our approach
to create functional materials using self-assembly of hydrogen-
bonded comb-shaped supramolecules. Typically, the
supramolecules consist of homopolymers or diblock
copolymers, where short chain amphiphiles are hydrogen-
bonded to the homopolymers or to one of the blocks of the
copolymer. The side chains serve several important goals, such
as improved processing, additional ordering leading to
hierarchically ordered materials, functionalization and swelling.
Moreover, if required, they can be easily dissolved away after
having served their role in the self-assembling process.
Applications include proton conductivity (anisotropic,
switching), electronically conducting nanowires, polarized
luminance, dielectric stacks, membranes, and nano objects.
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Polymer molecules involving chemically different chain moieties within a
single molecule, either by covalent linking or by physical bonds, tend to self-
assemble in periodic structures with a characteristic length scale in the nanometer
range. A large number of different architectures is available, such as diblock
copolymers, triblock copolymers, graft copolymers, their supramolecular
versions, etc. Together these create a very flexible tool for preparing materials for
nanotechnology applications (1-9). This flexibility includes a variety of different
periodic structures with the possibility to tune the length scale(s) from 1-1000nm.
Another level of complexity is introduced by combining block copolymers with
supramolecular concepts (10). In particular, comb-shaped supramolecules
obtained by attaching side groups by physical interactions (ionic, hydrogen
bonding, metal coordination, etc) to homopolymers or block copolymers have
been thoroughly investigated over the last decade (11-20). In this review we will
restrict ourselves to comb-shaped supramolecules involving hydrogen bonded
short chain amphiphiles. In many cases the presence of such short side chains will
result in microphase separation with a characteristic length scale in the order of 3-
Snm. If diblock copolymers are used in combination with amphiphiles that form
hydrogen bonds to one of the blocks, hierarchically ordered materials are formed
with a large length scale corresponding to the microphase separation between
both blocks and another short length scale due to the microphase separation
within the domains formed by the comb-shaped blocks (19-20). An important
additional feature, implied by the supramolecular nature of the side chain
bonding, is the possibility to remove the side chains in a straightforward manner
after they have served their role in the self-assembling process. The concept is
illustrated in Figure 1.

Hierarchical structures Cleaving (optional)
20-100 nm
>

nanoporous
membrane

core-shell
nanorods

Figure 1. Concept to construct hierarchically self-assembled supramolecules
structures with selected applications based on removal of side chains (20).
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Comb-Shaped Supramolecules in Action

During the last decade the hydrogen based comb-shaped supramolecules
formed the basis for the development of a series of possible applications (20).
These make use of specific properties that can be attributed to the presence of the
side chains, such as self-assembly, swelling, processability, cleavage, etc.

Homopolymer-based comb-shaped supramolecules

Homopolymer-based examples of functionality include (anisotropic) proton
conductivity, polarized luminance and electronically conducting nanowires.

In the first case poly(4-vinylpyridine) (P4VP) is protonated by toluene
sulfonic acid (TSA) to obtain an acid-base complex that exhibits temperature
activated protonic conductivity. To this stoichiometric salt pentadecylphenol
(PDP) is hydrogen bonded and a comb-shaped supramolecule is formed (see
Figure 2 without PS block).

Hydrogen bondin,
d f/ Progton transfer
R o A
)40 O

PAVP(TSA), ((PDP), ,

Covalent bonding /,:—|

PS-block-P4VP(TSA), PDP), , m

Figure 2. Scheme of PS-b-P4VP(TSA)(PDP) complex

This P4VP(TSA),o(PDP),, complex self-assembles into a lamellar
morphology below ca. 100°C, which can then be exploited to prepare
anisotropically proton conducting materials (Figure 3). The side chain induced
self assembly together with the acid doping are the essential ingredients
underlying this application.

Polarized luminance has been demonstrated using poly(2,5-pyridinediyl)
(PPY) in combination with camphersulphonic acid (CSA) and octylgallate (OG).
PPY is first protonated with CSA, which leads to an efficient photoluminescence
quantum yield. Further hydrogen bonding with octylgallate (OG), allowing
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multiple hydrogen bonds, leads to comb-shaped supramolecules that can easily
be processed and that self-assemble in the form of a layered structure. Due to the
fluid nature of the thin films, the rodlike entities can be oriented by simple shear.
SAXS demonstrates that indeed highly ordered structures are formed. After
evaporation of OG a corresponding well-ordered solid film is obtained exhibiting
polarized luminescence. Here processability is combined with structure
formation and cleavability (22-25).

: %/i

_
,1

10 H/ﬂ
7~ : é—"‘/'f
1 06 ’?”/‘/;*/ ¥ A 1 i I
50 60 70 80 90
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Figure 3. Anisotropic proton conductivity in macroscopically aligned
P4VP(TSA); o(PDP); . @ » denotes charge hopping frequency (21).

Electronically conducting nanowires have been constructed on the basis of
polyaniline (PANI) (26). Polyaniline (PANI) is one of the most interesting
polymers in the area of electronically conducting polymers. Protonation of PANI
by strong acids is known to render conducting polymer salts. Although rather
stiff, PANI is by no means a rigid rod polymer. Therefore, it is to be expected
that electrical conductivity of PANI-based systems may greatly benefit from
confinement of PANI chains within narrow cylinders. To create cylindrical self-
assembled structures hydrogen bonded polyaniline supramolecules were made
combining ionic- and hydrogen bonding. This combination serves a dual
purpose: the protonation introduces the electrical conductivity and the hydrogen
bonding allows self-assembly. The iminic nitrogens of PANI were first nominally
fully protonated using camphorsulfonic acid (CSA) to yield PANI(CSA)q s and
then hydrogen bonded to 4-hexylresorcinol (Hres). Both hydroxyl groups seem to
be required to prevent macrophase separation. As demonstrated by the SAXS
data, the resulting rodlike supramolecules indeed self-organize into hexagonally
ordered cylindrical structures for a number y of Hres units per aniline repeat unit
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in the range y=0.5-2.0. Upon formation of the cylinders that contain 3-4 PANI
molecules per cylinder, the electrical conductivity increases two orders of
magnitude as shown in Figure 4. As in the case of proton conductivity, this
application uses the side chain induced self-assembly and doping.

1| [PAvicCSA), Ghres),

00 05 1.0 1.5 20

Figure 4. The strong increase in conductivity O as a function of the amount of
Hres coincides with the formation of PANI containing cylinders (26).

Diblock copolymer-based comb-shaped supramolecules

If, instead of homopolymers, suitable block copolymers are used as starting
materials, characteristic two length scale hierarchical structures may be formed
upon complexation with amphiphiles (19-20). These systems form the basis for a
variety of applications. Besides the hierarchical structure formation,
characteristic features used advantageously include improved processing, doping,
swelling and cleaving. The structure formation and subsequent cleaving of side
chains is schematically illustrated in Figure 1. The best-studied example involves
a diblock copolymer of polystyrene (PS) and poly(4-vinyl pyridine) where
pentadecylphenol is hydrogen bonded to the P4VP block: PS-b-P4VP(PDP) (sec
scheme of Figure 2 without the TSA). Usually, a microphase separated
morphology, consisting of PS and P4VP(PDP) domains, is present throughout
the experimental temperature range with a characteristic length scale in the order
of 10-50 nm. Under stoichiometric conditions, i.e. one PDP molecule per
pyridine group, below ca. 65°C a short length scale layered structure, due to the
comb-shaped nature of the P4VP(PDP),, blocks, is formed inside the
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P4VP(PDP) domains (27). Lamellar-within-lamellar, lamellar-within-cylinders
and lamellar-within-spheres, as well as the complimentary structures have all
been demonstrated and imaged by TEM (19, 28, 29). A characteristic example is
presented in Figure §.

Figure 5. Lamellar-within-lamellar self-assembled morphology of PS-b-
P4VP(NDP), where NDP is nonadecylphenol (29).

An interesting example, where the presence of a hierarchical structure is
explicitly used, involves proton conductivity. As already discussed before,
complexation of P4VP with a strong acid, such as methane or toluene sulfonic
acid (TSA), creates a proton conducting material. If a stoichiometric
complexation with TSA is taken and subsequently combined with the hydrogen
bonding PDP amphiphiles, self-assembly leads to a layered structure below ca.
140°C, where the polar layers are proton conducting. If instead of homopolymer
P4VP, a suitable P4VP-b-PS block copolymer is used, a hierarchically ordered
lamellar-within-lamellar material, similar to the one illustrated in Figure 5, is
obtained. After applying an appropriate oscillatory shear protocol to such a PS-b-
P4VP(TSA)(PDP) sample (see scheme in Figure 2), the macroscopic ordering is
improved, although far from perfect (30). As a result a material is obtained
exhibiting different proton conductivity in the three different directions (21).
Figure 6 presents the conductivity data.

If in stead of TSA, MSA is used, a much more complex phase behavior
results involving different structural transitions and concurrent temperature
switching in proton conductivity (19). Below ca. 100°C, again a lamellar-within-
lamellar structure is present. Above 100°C, the short length scale lamellar
structure disappears at the corresponding order-disorder transition temperature.
Higher temperatures improve the miscibility of PDP with PS until they become
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completely miscible at ca 135°C. Since, the miscibility of PDP with PAVP(MSA)
decreases, PDP gradually diffuses into the PS phase thereby increasing its
relative volume fraction. As a consequence, an order-order transition to a
hexagonally ordered cylindrical morphology occurs with PAVP(MSA) forming
the cylinders. The sequence of transitions and the corresponding conductivity
data are presented in Figure 7.

~~

o
Nrsa ) P4VP-block-PS &
“SPDP g

10

Figure 6. Anisotropic proton conductivity of hierarchically structured lamellar-
within-lamellar PS-bP4VP(TSA),; o(PDP);, (21).

Self-assembly in block copolymer systems leads to well-ordered structures
which are potentially interesting for photonic crystals applications (31-32). The
transport of electromagnetic radiation can be manipulated using photonic band
gap materials, which contain periodic structures with sufficiently high dielectric
contrast. There are, however, several important problems to be solved before this
potential can be fully realized. One of this is the large periodicity required. A
large periodicity requires high molecular weight block copolymers, which are
notoriously difficult to prepare in a single crystal-like state. In connection with
these two requirements, a large periodicity and a well-ordered structure, the
comb-shaped supramolecules concept is expected to have some advantages as
well. The presence of supramolecular side chains gives rise to strong stretching
of the polymer backbone in the microphase separated state and thus to enhanced
spacing of the ordered structure (33). Moreover, they do so while increasing the
molecular mobility at the same time. Recently we demonstrated that in the case
of high molar mass PS-b-P4VP diblock copolymers, PS-b-P4AVP(DBSA),, where
DBSA denotes dodecyl benzene sulfonic acid, forms self-assembled one-
dimensional optical reflectors for an excess of DBSA, i.e. y > 1.0 (34). This is
demonstrated in Figure 8 showing a series of transmission data. The obvious next
step consists in exploiting the complex phase behavior of PS-b-
P4VP(MSA)(PDP), discussed above in connection with switching proton
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conductivity, to prepare materials with reversible switching band gaps (35). This
application forms a perfect example of the very effective swelling induced by the
side chains to obtain the large periodicities required.

MSA P4VP-block-PS
.

L ~48A PDP 1, ~350 A Temperature T (°C)

220 180 160 140 120 100 80
Tv i1t 1 v T 1717 T T T
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Figure 7. Sequence of transitions occurring as a function of temperature in
PS-b-P4VP(MSA),o(PDP);o. A: T<I100°C, B: 100<T<140°C, C: T>140°C.
Right: Corresponding proton conductivity (19).

Self-assembled periodic structures of block copolymers offer unique
possibilities to prepare nanoporous membranes. Block lengths may be selected in
such a way that hexagonally ordered cylindrical structures are formed. Taking the
minority block to be degradable allows for a straightforward way to produce such
membranes. Liu and co-workers (36) prepared thin films with nanochannels from
poly(tert-butyl acrylate)-block-poly(2-cinnamoylethyl methacrylate), where the
tert-butyl groups are cleavable by hydrolysis and poly(2-cinnamoylethyl
methacrylate) is photo-crosslinkable. The latter property is used to crosslink the
matrix.

Our concept to prepare hierachically structured materials consisting of
supramolecules, obtained by physically bonding amphiphilic molecules to one
block of a block-copolymer, allows for an alternative route towards nanoporous
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films. In fact, the cleavability of the supramolecular side chains make these
systems ideally suited. A most simple example concerns the preparation of
membranes containing hollow self-assembled cylinders with polymer brushes at
the wall. To allow crosslinking of the membrane afterwards, diblock copolymers
of polyisoprene and poly(2-vinylpyridine) (PI-b-P2VP) were selected as starting
material.

—0—DBSA
—A— PS-block-PAVP(DBSA), ,
—@— PS-block-PAVP(DBSA),
—0— PS-block-PAVP(DBSA),,
—m— PS-block-P4VP 238.1k/49.5k

200 400 600 800 1000
Wavelength 4 [nm]

Transmission [%)]
8

Figure 8. UV-Vis transmission graphs for PS-b-P4VP(DBSA), for a high molar
mass block copolymer, which leads to very long periodicities in excess of 100nm
enabling the formation of a bandgap (34).

To increase the tendency to microphase separation between the PI block and
the P2VP-based comb-shaped block octylgallate (OG) was selected as the
hydrogen bonding amphiphile (see scheme Figure 9). For appropriate block
molar masses, a cylindrical morphology was obtained where the cylinders are
formed by the comb-shaped P2VP(OG) blocks. The order of the structure may
extend over macroscopic distances by the application of suitable external fields,
e.g. large amplitude oscillatory shear. Figure 10 shows a SAXS picture
demonstrating the macroscopic alignment of the cylinders achieved by shear. It
was taken during in-situ synchrotron X-ray measurements (ESRF, Dubble), with
a specially designed rheometer placed in the beamline (37-39). This so-called
“tooth” rheometer provides a rather well-defined shear profile and allows the
SAXS measurements to be taken tangentially and radially. After the alignment,
the supramolecular side chains, accounting for no less than 75% of the material
inside the cylinders, can easily be dissolved afterwards, leaving a porous
membrane.
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Figure 9. Scheme of octylgallate hydrogen bonded to the P2VP block of a
PI-b-P2VP diblock copolymer.

Figure 10. Cartoon of tooth rheometer design and tangential X-ray picture
(incoming beam along 1-direction) of PI-b-P2VP(0G)y.75, demonstrating the
macroscopic alignment of the cylinders parallel to the shear direction (37-39).
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Self-assembly of block copolymers has been used extensively to prepare
individual polymeric “nano-objects” (40-44). The comb-shaped supramolecules
discussed at length in this review allow a novel and general concept to prepare
core-corona type aggregates. The procedure to such nano-objects is illustrated in
Figure 1 for nano-rods. In the case of PS-b-P4VP(PDP) supramolecules self-
assembling into a hexagonally ordered cylindrical morphology with the comb-
shaped P4VP(PDP) forming the majority phase and PS the cylinders, the
dissolution of the side chains will lead to "hairy rods". Figure 11 presents an
explicit example of nanorods consisting of a PS core and a P4VP corona (43-44).

A=

/)
G277\
E3 3T

£y /

77 ET

Figure 11. Preparation of hairy rod objects from PS-b-P4VP(PDP), , (44).

In summary, we have shown that the combination of self-assembly at
different length scales leads to structural hierarchies that may be exploited to
create functional materials. In the present review this was accomplished by
combining block copolymer self-assembly with supramolecular concepts. The
physically bonded short chain amphiphiles lead to self-assembly at a length scale
of a few nm. An order of magnitude larger length scale is provided by the block
copolymer itself. Very recently this has been extended to include an even larger
length scale upon using colloidal particles (45).
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Chapter 5

Helical Conformations of Conjugating Polymers
and Their Control of Cholesteric Order
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The optical activity of chiral helix-forming polymers, which
derives from uneven populations of the left-handed and right-
handed helical conformations, depends on solvent condition as
well as molecular weight. This molecular weight dependence
has been analyzed by a statistical mechanical theory of the
linear Ising model, taking into account the restriction of the
conformation of the terminal units. These chiral helix-forming
polymers form cholesteric liquid crystals at high
concentrations, which are characterized by the cholesteric pitch
P. P changes with the conformational transition, which is well
explained by a statistical mechanical theory of P considering
chiral repulsive and attractive interactions among helical
molecules.
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In solution most linear polymers do not take ordered conformations and are
usually randomly coiled, whereas some polymers are rigid and even rod-like,
with a-helical polypeptides as typical examples. However there are a number of
polymers situated between these two extremes, which are not very flexible nor
rod-like. They are referred to as stiff polymers or semi-flexible polymers
depending on their situation or their stiffness. It is established that the
conformation of such a non-flexible polymer is well described by the wormlike
chain model(/-6), which is characterized by the persistence length g. This
parameter tells how close is the average shape of the polymer to a straight rod.
The finite stiffness of the polymer arises from its local rod-like structure, which
is in many cases formed of a helical conformation. Typical helices studied
extensively are single-stranded helices such as a-helical polypeptides(7-
11),polyisocyanates(12-14), and polysilylenes(15,16), double-stranded helices
xanthan(/7-19) and succinoglycan(20), and the triple helix of schizophyllan (21-
23).

Another point to note here is that the conformation of a linear polymer, or its
microscopic structure, determines the macroscopic structure of its solutions in
two ways. In one way helical polymers tend to be rod-like, and such rod-like
polymers, which have large g, form lyotropic liquid crystals at high
concentrations. This means that the microscopic property such as g controls the
liquid crystal formation(24-27). In the other way if the polymer has a helical
conformation of one screw sense, its solution shows large optical activity and
becomes cholesteric when it forms a liquid crystal. Indeed this occurs for
polymers with chiral groups and/or nematic liquid crystals doped with chiral
solvents(/2-14), and the cholesteric pitch P of the solution changes when its
conformation changes with temperature and/or solvent. Theories based on the
wormlike chain model have been proposed to explain the liquid crystal
formation(25-27) and cholesteric order(28,29) in stiff polymer solutions.

We have been interested in dilute solution properties of linear polymers,
particularly where helical conformations are of importance. These polymers, if
chiral, show remarkable optical activity and undergo conformational transitions
of their helical conformations with the change in solvent condition.

+~~~§—@—)7. b, 5

2 3
Scheme 1. a-Polypeptides (1), polyisocyanates (2), polysilylenes (3)

Such polymers include polypeptides 1, polyisocyanates 2, and polysilylenes
3 in addition to triple-helical polysaccharide schizophyllan, where the side chain
for 2 is partially or totally chiral, and those for 3, R1, and R2, one or either of
them is chiral.

In New Polymeric Materials; Korugic-Karasz, L., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: September 29, 2005 | doi: 10.1021/bk-2005-0916.ch005

49

In addition to the dilute solution properties, helical polymers are usually rod-
like and solutions of such polymers at high concentrations form lyotropic liquid
crystals, which are cholesteric for polymers with some asymmetric center. Beside
a-helical polypeptides(30-34), we find liquid crystalline behavior of such
polymers as schizophyllan(35), polyisocyanates(/2-/4,36-39), and polysilylenes
(40,41). The present paper reviews these dilute solution and concentrated
solution properties of such polymers from experimental and theoretical points of
view, referring mainly to our previous and present results. In the following,
typical experimental results for polysilylenes(40-45), schizophyllan(28,29,46,47)
and polyisocyanates(48-52), along with theoretical analysis are presented.
Consult ref. 9-11 for helix-coil transitions in polypeptides.

Theory of Conformational Transitions in Dilute
Solution

We consider a polymer chain of N repeat-units, and each unit can be in
either of the P (left handed or right handed) and M(right handed or left handed)
conformations: P and M can be helical conformations of different senses, or one
can be ordered and the other is disordered. Thus the polymer chain consists of an
alternating sequence of M-chains and P-chains. The partition function Zy of this
chain is written(53,54)

Z,=AM""'B 6))
Here M is the statistical weight matrix defined by
U, VU
M =[ M PJ @
Vim Up
where uy and up are the statistical weights of the units in the right-handed helical
conformation and left-handed helical conformation, respectively, and v is the

transition probability between the two helices. They are related to the respective
free energies dependent on temperature 7 by

u,(T) =exo[-G, (T)/RT]  u,(7)=exp[-G, (T)/RT]
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v(T) = exp(-AG, / RT) 3)

where Guy(7), and Gp(T) are the free energies for the M- and P-units,
respectively, and AG(7T) for the reversal unit. It can be shown that only the
difference 2AGy(T)= Gp(T)- G(T) is of physical significance, and AG(T) is
measured from their average. The vectors A and B specify the situations of two
terminal units and are defined by

A=(au, u,) B=(b) @

1

Here a=0 or b=0 specifies that the initial or terminal unit does not take the M-
conformation(53,54). For example, the terminal units of an a-helical polypeptide
are not involved in the helical conformation, which is shown by setting a=5=0.
The fraction fys of the M-units in the chain and the number #; of the alterations of
the sequences are obtained by the standard procedure in statistical mechanics as

onz) ., , 20z
d(Inu,) " a(lnv)

As shown previously(53,54), the transition behavior, namely the fyy-N
relation changes with the restriction on the terminal units conformations. Figure 1
shows some results of theoretical calculations for fis, where the left panel is for
the case of @=b=1 and the right panel is for the case of a=5=0; fis changes from

fu=(1/N) o)

1 1

v=0.005 v=0005 J
i §
-~ H - 8 /
1 oL.N Lo
oF 2 3
)
-
K] -1
09 1 1.1 0.0 1 1.1 1.2
um
Um

Figure 1. Theoretical dependence of 2fir-1 on uy and N with v=0.005.
Lefi: Case of a=b=1 Right: Case of a=b=0
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0 to 1 as 2fyr-1changes from —1 to +1. They show entirely different wuy
dependence with varying N. In the former case, fi; becomes zero at a critical
point uy=up irrespective of N, or this behavior is a definite proof for the former
situation. In the latter case the critical point (or critical temperature) moves
toward larger uy as N decreases. Lifson et al.(49) formulated the helix reversal
in chiral polyisocyanates as the former case. However the situation depends on
polymer and solvent and the theory does not tell which would be the case for
individual polymers. Indeed the latter is the case with helix-coil transitions in
polypeptide and order-disorder transition in aqueous schizophyllan, a triple-
helical polysaccharide. This choice may be justified because in these polymers
the ordered conformations are stabilized by hydrogen bonds formed along the
helix axis between neighboring residues, and terminal residues cannot be ordered
because they have no such partner on one side. We will show how to solve this
problem from experimental data combined with the theory. Experimentally the
optical activity is expressed by specific rotation [a] or molar ellipticity [0], or
Kuhn’s dissymmetry ratio g,(=[0] /¢; €, the molar absorption coefficient), where
they change parallel with each other. When the polymer chain consists of left-
handed (M) and right-handed (P) helices only, with the fractions fy and fx(=1-
Jw), then these parameters measure 2 fy —1. This formulation is essentially the
same as that of Lifson, et al.(49) except for the explicit consideration of the
terminal conformation. Assuming the left-handed and right-handed helices are
symmetric, gus (or [0] ) can be converted to fiy by gavs (or [0])/gm(or [0]w)
=2fu-1, where gm(or [8]\) is the corresponding value for a perfect M helix.

Experimental Results and Discussion

Polysilylenes are composed of Si-Si main chains with two pendent groups on
each Si atom. These main chains tend to be planar because of their o-
conjugation, but to be skewed off planar due to the interactions of pendent
groups with themselves and with the main chain, resulting in helical
conformations. When these pendent groups are chiral or there exists chiral
perturbations, the helical conformations are biased on one sense, and the solution
shows large optical activity. This is actually the case with stereo-specifically
deuterated poly(hexyl isocyanate)s discovered by Green et al.(12-14,48-52). On
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the other hand Fujiki and collaborators(/5) have synthesized a number of such
polysilylenes showing large optical activity. Among them poly{n-hexyl-[(S)-3-
methylpentyl]silylene}(PH3MPS) (semi-flexible, g=6.1 nm in isooctane at 25°C)
and poly{[(R)-3,7-dimethyloctyl]-[(S)-3-methylpentyl]silylenc}(PRS) (rod-like,
¢=103 nm in isooctane at 25°C) have been studied in great detail(4/-45). It was
found that their absorption spectra virtually show no transition in spite of a large
change of g, in isooctane. Thus we have considered as in the case of chiral
polyisocyanates that these polymers are essentially helical and the change in gus
is due to the change in the proportion of left-handed and right-handed helices.
The fraction fi; of M units is calculated from gy or from [0] by

fu(@)=12) (8. /8, +1) =/([6)/[6),+1) @

Here the subscript signifies the corresponding value for the complete M helix.
Using an appropriate value for gy, or [0]y;, the experiment can be compared with
the theory.

Figures 2 and 3 plot Kuhn’s dissymmetry ratio g, for the two polymers
PH3MPS and PRS as functions of temperature and chain length V. It is seen that
2fu-1 changes with both temperature (left panel) and chain length (right panel).
Particularly this remarkable chain length dependence indicates these polymers to
be linear cooperative systems. In addition PRS is unique in that it undergoes a
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Figure 2. Changes of guss with temperature and molecular weight for PH3IMPS
in isooctane)(44). Symbols: experimental data; curves, theoretical values.
Synbols and curves(lefi), shified upward by the number in the parentheses.
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Figure 3. Changes of gas with temperature and molecular weight for PRS in
isooctane)(45). Symbols: experimental data; curves, theoretical values. Curves
- and symbols, shifted downward by the number in the parentheses (right).

helix sense inversion such that one sense is favored over the other below a
critical temperature T, but the other is favored above 7.. This helix sense
inversion is a general phenomenon shown to occur in other chiral
polysilylenes(/5), copolyisocyanates(/4,37-39) and polyisocyanates(55-57).

Indeed Hino et al.(57) have found that poly{3[(S)-2-methylbutoxy]phenyl
isocyanate} (P3MBuOPI) has a T, around —30°C. Recently we confirmed their
finding using fractionated samples of different molecular weights(58). Figure 4
shows results of circular dichroism [0]y;, for five P3MBuOPI samples with
different N, in tetrahydrofuran (THF), exhibiting 7, at —32°C irrespective of
molecular weight (58). This behavior is the same as that found with PRS. It
must be noted in the intrinsic viscosity data of Figure 5 that despite this helix
sense inversion, [n] changes smoothly even around T, indicating that their global
conformations show no sign of transition. Examined in detail, PRS is stiffest(45),
but PH3MPS is relatively flexible(42,43), and as T is lowered, the former
becomes slightly stiffer whereas the latter appreciably stiffer. On the other hand,
P3MBuOPI is much flexible (g=3.,nm) compared with these poly(silylene)s.
This flexibility may be ascribed to reduced conjugation in the main chain amide
bonds due to conjugation to side chain phenyl groups. Its [n] increases gradually
with increasing temperature, and, taken literally, it tends to shrink at lower
temperature. Such a trend has never been observed in other systems. The values
of g for polysilylenes have been analyzed in terms of the broken helix
model(59,60).
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Figure 4. Temperature dependence of [6] 27, for poly{3[(S)-2-
methylbutoxy]phenyl isocyanate} (P3MBuOPI) in terahydrofuran. (lefi)(58).
Ny, = weight-average degree of polymerization.

Figure 5. Temperature dependence of intrinsic viscosity. (right)
PRS in isooctane(45); PH3MPS in isooctane(44); P3MBuOPI in
tetrahydrofuran)(58). Allows, locations of the critical temperature T,

Theoretical Analysis

Basic considerations. Lifson et al.(49) derived a theory of conformational
transitions to describe the transition behavior of stereo-specifically deuterated
poly(hexy! isocyanate)s [aPdHIC: poly((R)-1-deuterio-n-hexyl isocyanate)(5/)
and BPAHIC : poly((R)-2-deuterio-n-hexyl isocyanate)(50), where it is assumed
that terminal units of the polymer chain are allowed to take both left-handed and
right-handed helical conformations. This corresponds to the case with a=b=1
mentioned above. Although this assumption has been used also in other
analyses(44,45,50,51), it’s validity is not obvious experimentally nor
theoretically. In the following we show it is indeed valid for the polyisocyanates
and PH3MPS.

Data Analysis. The theory describes 21 as a function of N with uy and v
as solvent dependent parameters, whereas the experiment gives 2fu-1 as a
function of (M=NM,, M;=the residue molecular weight) at a specified solvent
condition. Thus comparison of these two sets of information will give the values
of uy and v at the specified condition if they are consistent with one another.
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Therefore focusing on the dependence of g, or [8] on molecular weight, these
data are analyzed in terms of the helix reversal model theory, which is specified
by setting a=b=1 and uy=1/up. Actually only the ratio uy/up is of physical
significant. Thus fi, at a fixed T is a function of N, with un/up =exp(-2AGy/RT)
and v as adjustable parameters dependent on the solvent condition employed.
The helix sense reversal of PRS is explained in terms of a double-well potential
for the rotation about Si-Si bonds, which give rise to the difference in energy and
entropy contributions between the left-handed and right-handed helices, such that
the sum of these contributions (AG}) vanishes at T.(45). Solid curves for gas vs
N, in Figures 2 and 3 represent the theoretical values with the optimal values for
uy and v(50), which follow the data points precisely. This validates the theory
and provides the parameters without additional assumption. Copolymers can be
treated by an approximate theory more conveniently,(53-55) although detailed
simulations can be made based on the matrix method (53,54,64).

Figure 6 shows [o])sg for BPAHIC in 1-chlorobutane at 0°C(59). Here the
solid curve represents the theoretical values obtained by fitting the data to the
theory with a=b=1 and follows the data points (symbols) closely. The same data
are compared with the theory with a=b=0 for various values of v (dashed lines).
However 2fy-1 becomes negative at low N for any value of v, indicating this
condition to be invalid. The same is true for PH3MPS, and indeed no
combination of #y and v could fit the data. Thus this is also a type of polymer
with a=b=1. The importance of the conformation of the terminal residue has been
exemplified theoretically(53,54) with data for achiral polyisocynanates obtained
with chiral initiators (61,62).

The main chains of these polymers consist of alternating sequences of the
left-handed and right-handed helices, and the average sequence length < /> is
determined by the combination of the parameters uy;, v and N. It has been shown
that < /> for infinite N is about 37nm (184 Si atoms) for PRS at the critical
temperature of 3°C and about 7nm (36 Si atoms) for PH3MPS. On the other
hand, it is about 77nm (444 units=888 atoms) for BPdHIC and 52 nm (300 units)
for (P3MBuOPI) in terahydrofuran. This large difference in < /,> between the
two types of polymer is due to the difficulty in helix reversal, i.e, the difference
in AG.. In polyisocyanates a helix reversal consists of a few units, which contain
a cis-trans conformation change of an amide bond, costing a high energy(63). It
should be remarked that all the three polymers, which undergo the helix sense
reversal, show no sign of global conformation transition at 7. It is seen in Figure
4 that [8]70 shows a remarkable N dependence at a fixed temperature. This
similar behavior has been found on chiral polyisocyanates and polysilylenes.
The behavior of P3MBuOPI is similar to that of BPdHIC shown in Figure 6 and
is more remarkable than the polysilylenes, which is ascribed to large AG; for
polyisocyanates. Although it does now show helix sense reversal below 20°C,
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2AG, in dichloromethane suggest 7. would be around 50°C. Molecular
characterizations such as UV absoption spectra, 2AGy and AG,, and their
correlations to the global conformation (g) of helical polysilylenes are
theoretically analyzed elsewhere(/6,60) in connection with those of poly(alkyl
isocyanm)s 1.0

a=b=0

—
Lo
=
&
) / , a=b=1
;o v v=0.00173
! I'l "1 Q? uy = 1.001
’,
l', 4 l'l
e -~
Y ) 2 | P B
10? 10°

Figure 6. 2fi-1 obtained from optical rotation of poly{(R)-2-deuterio-n-hexy!
isocyanate} in 1-chlorobutane.

Symbols, experimental data (50), solid curve, theoretical values with
uy=1.01 and v= 0.00174 and a=b=1, (50) dashed curves, theoretical values
with v=0.05 and uy=1.0282, 0.02 and 1.0112, and 0.01 and 10038.

Microscopic-Macroscopic Structure Correlation

Schizophyllan is a p-1,3-D-glucan with one glucose unit as the side
chain per three main-chain glucose units directed outward from the helix
core(21-23). At low temperature an ordered structure is formed of the side chains
with water molecules in the vicinity, which is disordered as the temperature is
raised. (46,47,66-73) This is a typical linear cooperative transition as found by
heat capacity in the left panel of Figure 7.(71,73) The triple-helix is rigid and
intact in water and forms a cholesteric liquid crystal, whose pitch P or cholesteric
wave number ¢, (¢.=27/P) changes with the transition as seen in the right panel
of the same figure (47). This change in g, with T and concentration(28,29,46,47)
has been explained by the theory(28,29,47) with chiral repulsive and attractive
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interactions among the helices. It has been shown that g, changes with
temperature and concentration without conformational transition and even
changes its sign for polypeptide solutuions(32-34). Such changes are also well
explained by the theory as the result of the cooperation of the repulsive and
attractive interactions amplified by the concentration factors(28,29,47).

. 8 ' T
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e/gen’ (A)
. | 040(3.0)
i .
i o 038223)
08 i =
2 i 030 (1.57]
04 f : ,
” Wﬂfwo'”“-o)
-~
0.2 2 ‘_.-‘-‘f‘-‘—-l——l»o_nms)_
o Wom«»
0.0 Etepeoogos™ | . 1 . .
10 20 30 -
o
T/°C »

Figure 7. Order-disorder transition in aqueous solutions of schizophyllan. Left:
Heat capacity data for two samples of different molecular weights(M,, =97,800,
184,000 (47,71,73). Right: Temperature dependence of cholesteric wavelength
Jor D0 solutions of schizophyllan KR-14(M,,=237,000) at the indicated
concentrations. Solid curves, theoretical values. In the right panel, the data
points and theoretical curves are shifted vertically by the values in the
parentheses for viewing clarity(47).

Solutions of such stiff polysilylenes as poly[n-hexyl-(S)-(2-
metylbutyl)silylene] and poly[n-decyl-(2-methylpropyl)silylene](15,40,41) have
been found to become liquid crystalline at high concentrations. It was therefore
expected that a solution of such a polymer with a chiral dope would become
cholesteric as found with polyisocyanate solutions and if the dope undergoes a
helix sense reversal, the pitch of the doped solution would change its sign. To
check this possibility, the cholesteric pitch P of a nematic solution of Opoly[n-
decyl-(2-methylpropyl)silylene] O doped with PRS(RS-6) was measured at
various temperatures(74). Figure 8 shows the temperature dependence g of the
solution. It is seen that g, decreases rapidly with lowering temperature and tends
to vanish, or P tends to diverge, at lower temperature. This change in P parallels
that of g.us of a PRS sample at infinite dilution shown in the insert, although the
reversal of sense of P could not be observed. Thus we conclude that the
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microscopic structure change as revealed with g, induces the change in
cholesteric structure. Similar observations have been made by Green’s
group(14,37-39) on co-polyisocyanates covering a wide range of T,

02 ——7——7—— 7T

T/°C

Figure 8. Temperature dependence of cholesteric wavelength q. of an isooctane
solution of poly[n-decyl-(2-methylpropyl)silylene] (ZID2XA, M,,=49,000) doped
with PRS(RS-6, M,, =39, 000(74). The insert shows the curve of gass for the
doped PRS in dilute solution(45). c=0.3395 glem’;

ZID2XA: RS -6=0.1937:0.0168(74).

So far helix-forming polymers are shown to be generally semiflexible and
locally of helical conformations. The imbalance in the populations of left-handed
and right-handed helical conformations gives rise to remarkable optical activity
and induces cholesteric order in nematic liquid crystals. All these results are
explained consistently by the general framework of theories based on linear Ising
model of chain conformations(53,54) for a variety of polymers including a-
helical polypeptides, a triple-helical polysaccharide schizophyllan, chiral
polysilylenes, and chiral polyisocyanates(10,11,49-54,58,59,66,67,70-73) and
the theory of cholesteric liquid formation considering chiral repulsive and
attractive interaction among polymer chains(28,47,53,54). With these types of

' theoretical analyses, further prediction may be facilitated with a fewer data.
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Chapter 6

Molecular Orbital Theory Predictions
for Photophysical Properties of Polymers:
Toward Computer-Aided Design of New
Luminescent Materials

Zoltan A. Fekete

Department of Physical Chemistry, University of Szeged, H-6701 Szeged,
P.O. Box 105, Hungary (email: Capri3@fekete.mailshell.com,
fax: (36-62) 544652, telephone/voicemail (1-781) 6235997

Molecular orbital (MO) calculations at the semiempirical
quantum chemical level have been utilized to study a number
of chromophores and polymer building block model molecules.
Various conjugated systems — including poly(phenylene-
vinylene) derivatives - are considered for potentially
luminescent materials targeted across the visible spectral range.
After mapping out the relevant geometries at the ground and
corresponding excited states, optical transition (absorption as
well as emission) energies and oscillator strengths are
estimated. Systematic correlation of these calculated properties
with measured ones in known materials may guide designing
new advanced polymers.

! Dedicated to Professor Frank E. Karasz for the occasion of his 70" birthday
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Introduction

Polymers for optical-¢lectronic applications (7-3) — such as light-emitting
diode (PLED) substrates (4-7) or polymer lasers (8, 9)— are among the most
intensively studied new advanced materials. In the past, discovering of promising
new candidate structures (like that of F.E. Karasz' classic segmented blue
emitting polymers (10, 11) whose backbone is shown on Scheme 1a), and then
establishing structure-activity relations as they are systematically varied, required
a lot of ingenuity as well as difficult trial-and-error search. Modern theoretical
chemical calculation methods have now reached the stage where they can be used
on systems of size

1a: R, = OCH,, R, = 0—, R, = O(CH,);—
1b: R, =H,R, =—, R, = CH-CH—

1c: R=H
1d: R=0CH,

Scheme 1. Structures of PPV-related polymers and PPV3 model compounds.
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relevant to actual applications (i.e. hundreds to thousands of atoms). In this
contribution I demonstrate how to utilize these computational techniques in
describing photophysical behavior of polymers, in order to aid the design of
materials with custom-tailored electronic-optical properties. A few select
example molecules are presented, chosen mostly to relate to Karasz's seminal
works in the field of poly(phenylene-vinylene) (PPV, Scheme 1b) based PLED
materials (3). Results on these small models (the trimer PPV3 1¢, and its
bis(trimethoxy) substituted analog 1d) reveal the molecular orbital basis of
photophysical behavior in these systems, as will be shown below. In the future
we plan larger scale computations that include larger segments containing several
of these chromophores, to model interactions in the solid polymer phase between
them as well as with the embedding matrix. Calculations of this type may clarify
the nature of the photoexcited states and the efficiency of their generation in
PLEDs. The discussion here is limited to semiempirical methods (similarly to
most reports that have appeared to date (/2)) which require much less
computational effort than do ab initio methods, although with the increase of
available computing power the later are also beginning to be applicable to
medium-sized systems (13).

Computational methods

A computationally efficient combination of various semiempirical quantum
chemical methods was used (12, 14), as they are implemented in the MOPAC
(15) and Arguslab (16-18) program packages. All the sofiware runs on
commodity personal computers (with AMD Athlon or Intel Pentium class
processors). The polymer molecules were modeled with oligomers of sufficient
length. For this investigation typically 3-6 repeat units are included in most cases.
It has been demonstrated experimentally (e.g. by distyrylbenzenes in relation to
PPV-based polymers (6, 19)) that in these systems a trimer often exhibits some of
the essential features of the extended conjugated polymer already.

The initial geometries for the ground state (S,) and then for the excited states
(singlet S, and triplet T,) were optimized by the semiempirical AM1 method (/4-
16, 20). All degrees of freedom were fully relaxed with no symmetry or other
geometrical constraints applied. The electron spin was restricted according to the
state multiplicity (RHF singlet and triplet calculations (21)). In the excited states
electron correlation was taken into account by using single-excitation
configuration interaction for two electrons in two orbitals (the MECI option in
the MOPAC program) in these runs. The potential energy minima located were
verified by calculating the Hessian force matrix and checking that no imaginary
eigenvalues occurred.
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At the appropriate points on the potential energy hypersurfaces obtained, the
bandgap is estimated as the HOMO-LUMO energy difference, while optical
absorption and emission energies are approximated from the distance between
the curves forming the Frank-Condon envelope, as illustrated schematicaily on
Figure 1. Spectral intensity is characterized by transition moments and oscillator
strengths for the radiative transitions (’Sy—"S), °S;—~"CSy), calculated from a
configuration interaction computation (using Slater-type Gaussian orbital base).
The INDO1/S-CI Hamiltonian was used in the calculations on electronic
transitions (76-18, 22-25). The Einstein-coefficient B,, for stimulated emission
was also determined, which is useful for judging feasibility of application as a
laser substrate. Radiative lifetimes were calculated as well.

*e

Relaxed excited state

Absorption Emission

Unrelaxed ground state

Electronic energy

Generalized deformation coordinate (e.g. stilbene twist)

Figure 1. Schematic plot of a cut through potential energy surfaces.

In addition to the above-mentioned static quantities, the dynamics of the
evolution of states was also investigated. The dynamic reaction coordinate
(DRC) capability of MOPAC, in conjunction with configuration interaction, was
used to trace the evolving excited state as it starts from the geometry
corresponding to the energy minimum in the ground state. Relaxation following
the Frank-Condon vertical transition is simulated in this ssmiempirical treatment.
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Results and discussion

Excited-state molecular dynamics

To illustrate the DRC trajectories calculated, Figures 2a-c show potential
energy plots of the S, state of 1,4-divinyl-benzene (a model minimal core unit of
phenylene-vinylene polymers), evolving from the ground state upon
photoexcitation (°S,—"CS|.transition). The zero of the energy scale applied on
this figure is set to the initial point reached by the vertical Frank-Condon
transition. Different timescale events can be observed over the course of this 4
picosecond simulation. The fastest changes are demonstrated on Figure 2a, with
the first 40 fs shown with 0.1 fs calculation timesteps; similar fast modes
superimposed on the slower ones are seen at later times as well. The slower
changes can be discerned from Figures 2b and 2c, where averages of 20 points
(binned over 2 f5) and of 400 points (binned over 40 fs) respectively are plotted
to smooth out the rapid oscillations. Since the calculation yields not only the
energy, but the coordinates, MO contributions and partial charges of all atoms as
well, much theoretical information can be gathered about the relaxing excited
state on the femtosecond-picosecond timescale relevant for photophysical
processes. For example, the behavior of "breathers” (26) (multi-quanta vibronic
states) can be analyzed in extended z—conjugated systems such as PPV-based
polymers. Figure 3 illustrates tracing the skeletal motions by displaying the
temporal evolution of the C,-C, and C,-C; distances of the phenylene ring in
1,4-divinyl-benzene. The vibronic relaxation of the ground state after S;—S,
luminescent transition can be studied in the same way.

Conformational mapping of PPV-based polymers

_ Although their continuous conjugation along the polymer backbone makes
these systems stiff, the rather low barrier to rotation around the vinyl-phenyt
linkage lends them considerable freedom of movement. The actual extent of this
freedom depends on a delicate balance between the tendency of the 7~bonding
atoms to align co—planarly and the steric hindrance of groups bound to them. It is
of interest to map out this conformational behavior theoretically. Semiempirical
quantum chemical methods provide a computationally feasible way of calculating
a large number of points on the potential energy hypersurface. As a simple
example, data on phenylene ring rotation in a methoxy-substituted
distyrylbenzene chromophore (Scheme 1d) is presented. This investigation
concerned semi-rigid rotation: the terminal phenylene units were held fixed (as if
embedded in a very viscous medium), aligned co—planarly with each other; the
middle ring was set at certain angles with respect to them, while geometry of the
connecting atoms was optimized with these constraints. The ground and excited
state potential energy curves so obtained are shown on Figure 4.
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2a: R=H
2b: R=CH,
2c: R=NH,
2d: R=0H
2e: R=F
2f. R=Cl
2g: R=CN
2h: R=0CH,

Scheme 2. Structures of substituted PPV3 model compounds.

Table I. Calculated spectral characteristics of substituted PPV3 molecules
Molecule J,(nm) fo Je(nm) f. %(ns) Bp (10" mJ’)

2a 334 197 379 209 1.03 318
2b 27  0.70 3 204 107 312
2c 70 164 25 164 1.50 2.65
2d 61 184 16 184 127 292
2e -2 1.82 -1 1.95 1.10 2.96
2f 52 199 6 199 112 3.07
2g 77 154 31 154 1.64 253
2h 59 182 13 182 127 2.86

NOTE: transition wavelengths for 2b-h are shown relative to those of 2a

Substituent effects on PPV3-based blue-emitting chromophores

A series of 2,5-disubstituted phenylene-vinylene oligomers (Scheme 2) were
investigated to reveal systematic trends with varying the substituents. Calculated
properties are listed in Table 1.

Systematic changes of the absorption and emission wavelengths (A, and A.)
can be seen with varying the substituents, even though the absolute values
calculated (shown in the first line of Table I) appear too low.

Something old, something new — something borrowed, something
blue-emitting?

An obvious advantage of theoretical calculations is that they can be carried
out for compounds not yet in existence. Predicted properties can guide selection
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3a 3b

Scheme 3. Structures of crosslinked PV-related polymers and model compounds.

of desirable target molecules to be synthesized. Based on these calculations I
propose one interesting new type of polymer’ (Scheme 3a), which borrows
building blocks from traditional PPV variants, but connects them together in a
novel way that may potentially provide for useful luminescent behavior. The
chromophore would be the familiar PPV3 trimer segment, but built
perpendicularly to the double-stringed backbone. This orientation inhibits energy
transfer (since the dipole-dipole overlap is near zero), so that the short segment
may be luminescent emitter even in the presence of a longer conjugated segment
since it is orthogonal to it. At the same time the uninterrupted conjugation along
the backbone provides better carrier mobility than that possible with molecules
designed with flexible saturated alkyl spacers. Also the rigid backbone prevents
aggregation of the chromophores either with each other or with the backbone. In
this respect it resembles ladder-type polymers, but it is more flexible. There is
also similarity with the idea of using pendant group chromophores (7, 27-29), but
in this case they are held apart at well defined orientations. A variant on this
theme is 3b, which has the simpler polyacetylene backbone instead of a PPV-like
one. Calculations are currently in progress for model compounds 4a and 4b. As
illustrated on Figure 4, displaying the angle between the transition dipole of the
intended chromophore and the one polarized along the backbone, there is indeed
significant oscillator strength at near-perpendicular direction.

% Actually producing this kind of polymer would likely be difficult, but what
would Frank's next seventy year without challenges?
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4b

Scheme 4. Structures of model compounds for crosslinked PV-related polymers.
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Chapter 7

Impact of Cyano-Functional Group on Luminescence
of Poly(m-phenylenevinylene) Derivatives:
Its Dependence on Conjugation Length

Liang Liao', Yi Pang"’, Liming Ding’, and Frank E. Karasz’

'Department of Chemistry and Center for High Performance Polymers
and Composites, Clark Atlanta University, Atlanta, GA 30314
’Department of Polymer Science and Engineering, University

of Massachusetts, Amherst, MA 01003

Soluble cyano-substituted poly(1,3-phenylene vinylene) (8)
and poly[(1,3-phenylene  vinylene)-alr-tris(1,4-phenylene
vinylene)] (10) derivatives have been synthesized and
characterized, in comparison with a green—emitting poly[(1,3-
phenylene vinylene)-alt-(1,4-phenylene vinylene)] derivative
(9). Chromophores in these polymers are well defined as a
result of m-conjugation interruption at adjacent m-phenylene
units, leading to blue-emission for film 8 (Ay,=477 nm) and
red-emission for film 10 (An.,~640 nm). Optical color tuning
in these polymers is achieved through controlled insertion of
different oligo(p-phenylene vinylene) length. Although the
chromophore of 10 contains only 4.5 phenylene-vinylene units
with cyano-substitution on ~50% of the vinylene units,
emission An,, of 10 is comparable to that of cyano-substituted
PPV derivative 1. An LED based on 10 emits red-light (644
nm) with an external quantum efficiency of 1.2%.
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Since the discovery of polymeric light-emitting diodes (LEDs),' n-
conjugated polymers have attracted significant attention over the past decade
because of their potential applications in display technologies.? In a typical LED
device, the emitting polymer layer is sandwiched between two electrodes.
Electroluminescence (EL) is achieved by injecting electrons from a cathode into
the conduction band and holes from an indium tin oxide (ITO) anode into the
valence band of the polymer emissive layer. Combination of the injected holes
and electrons leads to formation of excitons, which emit photons upon returning
to ground states via radiative relaxation. To achieve highly efficient LEDs,
charge carrier injection (including both electrons and holes) as well as charge
transport must be balanced, and the energy barriers at the electrode-polymer
interface be minimized.’

For poly(p-phenylenevinylene) (PPV), injection and transport of holes is
easier than that of electrons, which make this polymer useful as a hole-transport
material® in LEDs. The relative poor electron affinity of PPV, which leads to a
low rate of electron injection, however, has been a major barrier in the
development of PPV-based bright LEDs. An increase in the electron affinity of
PPV would lead to improved charge injection and transport. This concept has
been successfully demonstrated by comparing poly[(2-methoxy-5-ethylhexyloxy-
1,4-phenylene)vinylene] (MEH-PPV, 1a)* with the cyano-substituted MEH-PPV
1b (Scheme 1); the latter significantly enhanced EL efficiency than 1a, reaching
an external quantum efficiency as high as 4%. In addition, attachment of cyano
group shifts the emission color of MEH-PPV (yellow) to longer wavelength,
although the unspecified chromophore length in CN-MEH-PPV somewhat
hampers the estimation of each cyano group’s contribution to the optical
properties. Furthermore, the effect of the cyano group on the charge injection
may vary with the chromophore conjugation length, which remains to be a
poorly understood issue.

a: R=2-ethylhexyl, R'=methyl, X=H;
b: R=2-ethylhexyl, R'=methyl, X=CN;
¢: R=R'=hexyl, X=CN

Scheme 1. Chemical structures of MEH-PPV (1a) and CN-MEH-PPV (1b).
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Recent studies have shown that poly[(1,4-phenylenevinylene)-alt-(1,3-
phenylenevinylene)] (PpPVmPV) derivatives 3 are bright green-emitting
materials.>*™® While replacement of the p-phenylene in 3 with an m-phenylene
leads to the blue-emitting poly(1,3-phenylenevinylene) (PmPV) 2, extension of
the para-phenylenevinylene block length along the chain provides a yellow-
emitting material 4. To improve the electroluminescence of these polymers, a
logical approach is to attach a cyano-functional group on the vinylene bond,
which increases the electron affinity of the polymer backbone.* On the basis of
its relative position to the substituted phenyl rings, there are two possible
positions (o and B on the vinylenes of 2-4) to locate the cyano-group. Since
steric interaction between the cyano-substituent at the a-position and the alkoxy
group on the phenyl ring (shown in 7) can cause significant twisting of a -
conjugated polymer backbone,'"'> a preferred choice is to attach the cyano-
substituent at the B-position (Scheme 2). The alkoxy substituent on the phenyl
ring of 5 is located at the ortho-position relative to the vinyl bond, which permits
resonance between the alkoxy and cyano groups to lead to the resonance
structure 6.

2
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[
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B\
* or n
3
® il
¢ OR
4 ¢ g OR ( riC
t Ar Ar Ar
- A
i ¢ P
OR Vd.r'q OR 'rslz T
5 6 © 7

Scheme 2. Ground-state resonance forms for B- and a-cyano-substituted
compounds. Charge transfer resonance is forbidden between an alkoxy and o-
Cyano group.
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It should be noted that the cyano-substituent in PPV 1b is at the o-
position relative to the methoxy on one phenyl, but at the B-position relative to
the alkoxy on the other phenyl ring. Steric interaction of cyano-substituent with
the adjacent methoxy (or alkoxy) in 1b, which prevents the co-planarity, reduces
its electronic interaction with the PPV backbone. @ To achieve the
maximum/optimum effect of a cyano-group on the optical properties of PPV, it
is thus desirable to place the cyano-group at the B-position as shown in 8-10.
Our recent study™ on 9 has shown that the polymer emits yellow light (Apax =
578 nm), which is red-shifted by ~45 nm from its parent polymer 3. To further
evaluate the optical impact of cyano-substituent, we now report the synthesis and
optical properties of two specific examples of 8 and 10.

(R =n-hexyl)

Polymer synthesis and characterization

The monomer, 2-hexyloxy-5-methylbenzene-1,3-dicarbaldehyde 12, was
prepared from dibromide 11.°  Knoevenagel condensation of monomer 12 with
1,3-phenylenediacetonitrile proceeded smoothly in the presence of potassium ¢-
butoxide to afford a cyano-substituted poly(1,3-phenylenevinylene) derivative 8.
The polymer 10 was synthesized similarly by condensation of dialdehyde 17'°
with 1,3-phenylenediacetonitrile. Solubility of 10 in THF was lower than that of
8, partially attributing to the lower m-phenylene linkage in the former. The
infrared spectra of polymer films of 8 and 10 showed the characteristic cyano
(~C=N) stretch band at ~2207 cm™' in a medium intensity.'* Absence of carbonyl
absorption at ~1700 cm™ in the polymer films indicated that the reaction was
complete. Degree of polymerization (DP) of 8-10 was estimated to be 23, 54,
and 4, respectively (Table 1). Lower Mw of 10 was partially attributed to its low
solubility in solvents. Elemental analysis results" of 8 and 10 were satisfactory.
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Absorption and photoluminescence (PL) of 8. UV-vis absorption and
fluorescence of 8 in tetrahydrofuran (THF) are shown in Figure 1, and the results
are summarized in Table 1. The absorption spectrum of 8 at 25 °C exhibited a
broad band with Ay, ~ 319 nm, which was slightly red-shifted from that of its
parent polymer 2 (R=n-hexyl, Anex = 308 nm).” Lowering the temperature to
~108 °C caused a slight bathochromic shift (by ~3 nm) without resolving the
hidden vibronic band structure.

Fluorescence spectrum of 8 in THF solution exhibited a broad emission
band at 25 °C (Figure 1). As the polymer solution was cooled, the emission Ama
(451 nm at 25 °C) was slightly red-shifted to 455 nm at —108 °C, but notably
blue-shifted to 427 nm at —198 °C. The initial small bathochromic shift was
attributed to the molecular conformational response to the low temperature. As
the temperature was further lowered to —198 °C, the polymer chromophore was
frozen into a rigid solid matrix, in which the molecules no longer moved and
rotated freely. This rigid environment reduced or eliminated the solvent effect
on the excited state, which require reorientation of solvent molecules, thereby
causing the emission spectra o shift to the lower wavelength.'®
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Absorption and photoluminescence (PL) of 10. UV-vis absorption of 10
in THF at 25 °C (Figure 2) exhibited a broad absorption band with Ap, = 464
nm, which was about 14 nm red-shifted from that of its parent polymer 4. As the
temperature was lowered to —108 °C, the absorption band was further red-shifted
by about 18 nm (A, = 482 nm), attributing to the adoption of more planar
conformation at the low temperature. The temperature-induced bathochromic
shift from the solution of 10 was notably larger than that from 8, due to the
longer conjugation length in the chromophore of the former. It should be noted
that the true chromophores for polymers 8, 9, and 10 can be represented by the
molecular fragments 18, 19, and 20, respectively, as a result of the effective n-
conjugation interruption at m-phenylene units. While the fragment 18 contains
one cyano substitution, the fragments 19 and 20 include two cyano-substituents.
The bathochromic shift in the solution absorption A, for each cyano
substitution can be estimated to be, therefore, ~11 nm for 18, ~20 nm for 19,
and 7 nm for 20. In other words, the effect of cyano-substitution on the optical
absorption appeared to be weakly dependent on the chromophore conjugation

length.

Fluorescence of 10 in THF at 25 °C exhibited a broad band (A .« =566
nm) and a shoulder at ~608 nm. The emission shoulder at ~608 nm became
slightly more pronounced as the solution temperature was decreased to —108 °C,
attributing to the reduced molecular motion and vibration at the low temperature.
The emission Ay, at —108 °C was red-shifted by ~13 nm to 579 and 624 nm, as
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Figure 1. UV-vis absorption (solid line) and fluorescence (broken line) spectra
of polymer 8 in THF at 25 C, —108 C, and—-198 C. The spectra at
different temperatures are offset for clarity.
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Figure 2. UV-vis absorption (solid line) and fluorescence (broken line) spectra
of 10 in THF at 25 C, —-108 <C, and —198 C. The spectra at
different temperatures are offset for clarity.
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the chromophore adopted a more planar conformation at the low temperature.
Further cooling the sample to —198 °C did not reveal additional vibronic
structures.

Thin Film Properties. The solid-state spectra were acquired from films
spin-cast on quartz plates. The absorption A, values were at about 325 and
502 nm for the films 8 and 10 (Figure 3), respectively. The film absorption Apmax
values were red-shifted from their respective solution A, by about 6 and 40 nm
(Table 1), respectively, indicating the strong chromophore-chromophore
interaction present even in the ground states. It should be noticed that the
bathochromic shift from the solution to film states was about 0 nm and 18 nm in
the absorption spectra of their parent polymers 2° and 4,'® respectively. Presence
of the polar cyano functional group, therefore, significantly contributed to the
increased chromophore-chromophore interaction in the films 8 and 10, which
tunes the absorption A,y to the longer wavelength.

Fluorescence spectra of both films 8 and 10 exhibited the similar
emission profiles as that of their respective solutions. The emission peaks were
centered near 477 and 640 nm for 8 and 10, respectively, providing blue and red
emission. It should be noticed that the emission Apy, of 10 (640 nm) was
comparable to that of CN-PPV 1¢ (660 nm),'” although the chromophore of the
former polymer contained only 4.5 phenylene-vinylene units with ~50% of the
vinylene bonds bearing cyano-substituent. In addition, UV-vis absorption Ampg
of film 10 (Apa = 502 nm) occurred at a slightly longer wavelength than that of
film 1¢ (Amax = 490 nm), further indicating that both polymers had very similar
bandgaps. It is clear that placement of cyano-substitution at B-position of the
vinylene bonds offers some advantages in tuning the optical properties of PPV
materials.

EL Properties. @ LED devices of ITO/PEDOT/polymer/Ca/Al
configuration were fabricated to examine the EL properties. The double layer
devices yielded the blue (Apa = 476 nm), yellow (Apax 558 & 587 nm), and red
(Amax = 644 nm) emissions for 8, 9, and 10, respectively (Figure 4). The color
tuning was achieved through increasing the effective conjugation length in the
polymer. The emission peak full widths at half maximum (fwhm) were about 84,
122, and 111 nm for 8, 9, and 10, respectively. Although the chromophores in
each polymer are well defined with equal conjugation length, their emission
bands were not significantly narrower than that from regular PPV derivatives 1.
Among the possible reasons are molecular aggregation and excimer formation.'®
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It was noted that the emission color of 8, 9, and 10 was red-shifted from
that of their respective parent polymers, whose EL emission (Table 1) was
centered near 445 and 462 nm for 2, 513 and 523 nm for 3,° and 560 nm for 4."°
The bathochromic shift induced by the cyano substitution was estimated to be
~30 nm (from 2 to 8), 45-64 nm (from 3 to 9), and 80 nm (from 4 to 10). The
larger effect of cyano substitution in 10 than that in 9 could be rationalized by
considering the alkoxy-cyano interaction. As seen from the molecular fragment
19, the effective chromophore in 9, both cyano groups are interacting with the
alkoxy groups on the same benzene ring, which may dilute the resonance effect
and result in a smaller dipole moment. In the chromophore 20, however, two
cyano groups are distant away from each other, and its resonance interaction
with an adjacent alkoxy substituent would be independent from each other,
thereby generating a larger molecular dipole. In other words, the chromophore-
chromophore interaction is anticipated to be stronger in film 10 than that in films
8 and 9. The larger effect of cyano substitution in 10 is attributed, at least
partially, to the stronger resonance interaction between the alkoxy and cyano
groups in the chromophore.

Figure 5 shows the dependence of current density and luminance of
devices on the applied voltage. The turn-on voltages for devices of 8, 9, and 10
are 8, 4.5, and 4 V, respectively. The higher turn-on voltage for the device of 8
appears to be related to the short conjugation length (or larger band gap) in the
chromophore. The external quantum efficiency was determined to be 0.0085%,
0.03%, and ~1.2% for 8, 9, and 10, respectively. Although the current densities
were at a comparable level in both devices of 9 and 10, the brightness of the
latter was improved by about two orders of magnitude.

Conclusion

We have synthesized and examined cyano-substituted poly(p-
phenylenevinylene) derivatives 8-10, in which m-phenylene units are regularly
inserted along the main chain to provide uniform chromophores of different
conjugation length. In these polymers, the cyano-substituents are attached at a
specified location (i.e., B-position on vinylene) to achieve the maximum
resonance effect between an electron-donating alkoxy and an electron-
withdrawing cyano group. Such effect appears to be larger when the two
adjacent cyano-groups in the chromophore are separated from each other, as
seen in the molecular fragment 20. This improved resonance interaction has
been demonstrated to be useful in color tuning, leading to red-emitting material
10 (Amax~644 nm), whose chromophore contains only 4.5 PV units. The
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external quantum efficiency of the device using 10 reaches ~1.2%. Since the
charge injection in 10 is not balanced with the device configuration of
ITO/PEDOT/10/Ca/Al, the EL efficiency is expected to be further improved
under optimum conditions. Comparable EL efficiency between 10 and CN-
MEH-PPV 1b suggests that 50% of cyano substitution is sufficient to reach the
desirable level of charge injection properties.
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Chapter 8

Interaction of Poly(ethylene oxide) and
Poly(perfluorohexylethyl methacrylate) Containing
Block Copolymers with Biological Systems

H. Hussain', K. Busse", A. Kerth?, A. Blume’,
N. S. Melik-Nubarov’, and J. Kressler'

Departments of 'Engineering Science and *Chemistry, Martin-Luther-
University Halle-Wittenberg, D-06099 Halle, Saale, Germany
3School of Chemistry, M.V. Lomonosov Moscow State University,
Moscow 119899, Russian Federation

Amphiphilic di- and triblock copolymers containing
hydrophilic  poly(ethylene oxide) and hydrophobic
poly(perfluorohexylethyl methacrylate) are forming micelles
and larger aggregates in aqueous solution as demonstrated by
various scattering techniques. Measuring the surface pressure
(m)-area (4) isotherms in conjunction with infrared reflection
absorption spectroscopy (IRRAS) the surface coverage of pure
block copolymers and the penetration into lipid monolayer as
model membranes (1,2-diphytanoyl-sn-glycero-3-phospho-
choline) can be followed during compression. Since the block
copolymers have potential application for chemosensitizing
effects in anti tumor treatment, the nontoxicity was
determined using K562 human cells.
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Amphiphilic block copolymers form various supramolecular structures such
as spherical micelles, vesicles, cylindrical micelles and other complex
aggregates in solution (/). Though both the diblock and triblock copolymers
form micelles in water, yet the association behavior of the respective block
copolymers is significantly different. Diblock copolymers prefer to form
individual micelles with little tendency for cluster formation, except at very
high concentration, while the triblock copolymers with hydrophobic end-blocks
have tendency to form intermicellar network structure, caused by inter-micellar
bridging (2). Triblock copolymers in a solvent selective for the middle block are
assumed to form flower-like micelles with the middle block looping in the
micelle corona at low concentration (3).

Amphiphilic block copolymers of poly(ethylene oxide) (PEO) as
hydrophilic block and fluorine containing hydrophobic block might be of great
potential interest because of the very peculiar properties of fluorine-containing
materials such as low surface energy, high contact angle, reduced coefficient of
friction, bio-compatibility and oleo- and hydrophobicity (4). A number of
investigations have been reported in the literature on the aggregation behavior
of the amphiphiles having PEO as the hydrophilic block and fluorine containing
hydrophobic segments (5-8).

Amphiphilic block copolymers in water readily adsorb at an interface. The
polymers are arranged in a way that the hydrophobic block anchors at the surface or
interface and the hydrophilic block extends into the solution. In addition,
amphiphilic block copolymers have many applications in biophysics,
biomedicine, and biotechnology because of their penetration into lipid
membranes (9, /0). When exposed to nonionic block copolymer surfactants
(poloxamers), the recovery rate of electrical or burn injuries have been found
considerably faster (11, 12). Investigations on the penetration of lipid model
membranes by amphiphilic molecules have developed a better understanding of
some complex physiological issues such as the function of lung surfactants in
mammalian lungs, which has led to the development of therapeutic agents for
the respiratory distress syndrome, a condition resulting from a deficiency of
lung surfactants (13, 14), and might prove helpful in solving other complicated
biomedical challenges such as the chemo-sensitizing mechanism of the
anticancer activity of some amphiphilic polymers such as pluronic type
surfactants, in multidrug resistance tumor cells (15).

In this chapter, self-association in water, and interaction with model
membranes of PEO and poly(perfluorohexylethyl methacrylate) (PFMA)
containing amphiphilic di- and triblock copolymers are discussed.
Furthermore, the cytotoxicity of the block copolymers was tested.

Experimental Section

Synthesis of Block Copolymers
The block copolymers were synthesized by atom transfer radical polymerization
(ATRP) as reviewed elsewhere (16). The generalized chemical structure of the
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Figure 1. Chemical structure of the PFMA-block-PEQ-block-PFMA copolymer.

Table I. Molecular Characteristics of the Copolymers.

M,( kg/mol) wt.-% PFMA

N
Copolymer (SEC results) ('H NMR results) M./M,
PEQ,F12-D 23 12 1.1
PEOSF15-D 49 15 1.03
PEO,,F5 11.5 5 1.1
PEO,,F9 15.6 9 2.1
PEO,,F11 159 11 1.9
PEO,F14 23.6 14 12

*In the abbreviation scheme PEO,Fy x represents the PEO molar mass (kg/mol) and y
the PFMA wt.% in the block copolymer. To differentiate di- from triblock copolymers, -
D has been added when a monofunctional macroinitiator was used.
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triblock copolymer and the characteristic data of the block copolymers are given
in Figure 1, and Table I, respectively.

Dynamic Light, Small Angle Neutron and X-ray Scattering

The aqueous polymer solutions were prepared in double distilled water. Clear
solutions were obtained after overnight stirring at room temperature. However,
in some cases a few minutes ultrasonic treatment in addition to stirring was
given as well to get clear solutions. Dynamic light scattering (DLS)
measurements were performed with an ALV-5000 goniometer at A = 532 nm at
an angle of 90°. The correlation functions were analyzed by the CONTIN
method (/7), giving information on the distribution of decay rate (I). Apparent
diffusion coefficients were determined and the corresponding apparent
hydrodynamic radii (Ry,pp, radius of the hydrodynamically equivalent sphere)
calculated via Stokes-Einstein equation. Small angle neutron scattering (SANS)
have been performed at D22, ILL Grenoble, and KWSII, FZ Jiilich. Small angle
X-ray scattering (SAXS) measurements were done at BW4 beamline at
HASYLAB, Hamburg. The obtained scattering data are corrected for
background scattering and Lorentz corrected.

Surface Pressure and Infrared Reflection Absorption Spectroscopy

All experiments were performed with a Wilhelmy film balance (Riegler &
Kirstein, Berlin, Germany). The Teflon trough system of the Infrared Reflection
Absorption Spectroscopy (IRRAS) setup consisted of a sample trough and an
additional reference compartment connected by three small holes to the sample
trough to ensure an equal height of the water surface in both troughs (Riegler &
Kirstein). The lipid and the polymers were dissolved in chloroform and known
amounts were spread onto ultrapure water. The lipid (1,2-diphytanoyl-sn-
glycero-3-phosphocholine) (DPhPC) (chemical structure is given in Figure 2)
and the polymers were dissolved in chloroform and known amounts were spread
onto water surface. The compression speed of the barriers was 0.03 nm? per
lipid molecule per minute and the experiments were performed at 20°C %
0.5°C. To keep the air humidity constant, the experimental setup was kept in a
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Figure 2. Structure of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC).
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closed container. To ensure the full evaporation of the solvent, the compression
was started 15 min after the spreading of the chloroform solution. For
monolayer penetration experiments, the lipid monolayer was obtained as
discussed above and then a known amount of the polymer solution in water was
injected through the film into the subphase.The surface pressure (7)-arca (4)
isotherm was measured after waiting for 30 min in each case. The same
procedure was followed to study the behavior of the block copolymer chains at
the surface in the presence of lipid monolayer by IRRAS.

Infrared spectra were recorded with an Equinox 55 FT-IR spectrometer
(Bruker, Karlsruhe, Germany) connected to an XA 511 reflection attachment
(Bruker) with the above mentioned trough system and an external narrow band
MCT detector. The monolayer films were compressed to a desired area per
molecule, the barriers were then stopped and the IRRA spectra were recorded at
a spectral resolution of 4 cm™' using Blackman-Harris-4-Term apodization and
a zero filling factor of 2. For each spectrum 1000 scans were summed over a
total acquisition time of about 4.5 min. The single beam reflectance spectrum of
the reference trough surface was ratioed as background to the single beam
reflectance spectrum of the monolayer on the sample trough to calculate the
reflection absorption spectrum as —log(R/Ro). The reflection-absorption of the
WO-H) band was calculated by an integration of the band between 3000 and
3500 cm™. In the region above 3500 cm™ often a lower signal to noise ratio
and/or superimposed rotational vibrational bands of water vapor were observed.
This was therefore excluded from the integration procedure (18).

Cytotoxicity Measurements

For cytotoxicity experiments the block copolymer samples were dialyzed
extensively against distilled water and lyophilized. They were filtered through
sterile 0.2 pm pore size Millipore filters for sterilization. The polymer
concentration of the sterilized solutions was determined using BaCly/KlI;
technique that was previously reported for PEO homopolymer and was found to
be applicable for measuring concentration of any polymer containing ether
bonds (19, 20). K562 human erythroleucemia cells were cultured in RPMI 1640
medium (Sigma) supplemented with 10 vol.% fetal calf serum in an atmosphere
containing 5 vol.% CO, and 96% humidity. The cells density during culturing
was maintained in the 200 000-600 000 cells per mL range.

The toxic effect of the polymers on the sensitive cells was determined as
reported in literature (21, 22) The polymer aqueous solutions were diluted with
serum-free medium RPMI1640 (Sigma) up to the required concentration and
100 pL of the preparations were added to 100 pL of K562 cells (~ 10 000 cells
per well) cultured in 96-well plates. The cells were incubated with the polymers
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for one hour and then centrifuged to remove the polymer. 200 pL of the fresh
polymer-free medium, supplemented with 10 vol.% of fetal calf serum was
added to the cells and they were incubated for three days. Then 50 uL of methyl
tetrazolium blue (MTT) dye was added to the cells up to final concentration of
0.2 pg/mL. The samples were incubated for four hours and sedimented on the
centrifuge. The dye was reduced by mitochondria to give a colored product
generally known as formazan. The medium was removed and 100 pL of DMSO
was added to each well to dissolve formazan. Optical densities of the samples
were measured on Titertek Multiscan multi-channel photometer (wavelength
550 nm) (Titertek, USA) and the relative amount of cells was calculated as a
ratio of the optical density in the sample with polymer to that of control without
any additives.

Results and Discussion

Direct evidence for the presence of micelles in solution can be obtained
from DLS investigations (23). In Figure 3 typical measurements for (a) diblock
and (b) triblock copolymer solutions are depicted. Different modes, called fast
(I), intermediate (II), and slow (III), corresponding to aggregates with different
apparent hydrodynamic radii Ry, can be observed. The aggregates of
intermediate size, Ryapp between 15 and 31 nm in the solutions of samples
investigated, can be regarded as micelles with hydrophobic block making the
core and hydrophilic PEO block constitutes the corona of the micelle. The fast
mode can be attributed to the single chains in the solution and the slow mode
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Figure 3. DLS measurement of sample (a) PEO,F12-D ( 4 g/L) and (b)
PEOF11 (2 g/L). The experiments were carried out at 20 °C. The numbers 1,
11, and 111 indicate the fast, intermediate and the slow mode, respectively.
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can be assigned to large clusters (typically Ry qpp larger than 80 nm). Reduced
Ry, app values of micelles for triblock copolymers compared to those of diblock
copolymers with approximately the same PEO block length suggests that the
PEO middle block in the triblock copolymer micelles form loop in the micellar
corona, resulting in the formation of flower-like micelles as has been suggested
for block copolymers with this type of architecture (3, 24). Several groups have
reported the presence of large aggregates in addition to regular micelles in
aqueous solution of PEO containing block copolymers (25). However, in our
investigations, the presence of large aggregates or clusters were more evident in
triblock copolymer solution, an expected observation for this type of
amphiphilic triblock copolymers.

Details of the inner structure of the clusters can be obtained by SANS and
SAXS measurements. Independent of the concentration, measured in the range
between 0.05 and 1 g/mL, a very similar scattering behavior was found (Figure
4). The best approximation can be done by a cubic lattice structure of spheres,
either bee or sc. This is in agreement to the results of Francois et al. (26), who
found also a cubic structure in solutions of hydrophobically end-capped PEO in
a broad concentration range. The typical lattice constant is in the range of 20-30
nm, i.e. a typical micelle diameter.

3
S
< 04+ [Measured with SAXS:
] —o— PEO,_ F5 (1 g/mL)
02 L—n— PEO, F9 (0.2 g/mL)
1 Measured with SANS:
00+ —a— PEO, F11 (0.05 g/mL)
0.;10 0.:)3 ) 0.'06 ) 0.:19 ) 0,I12
q[A"

Figure 4. SAXS and SANS traces of Lorentz corrected scattering intensities for
three samples of different hydrophobic content and concentration. The
approximation can be obtained by assuming a cubic lattice of micelles with a
typical lattice constant of 20-30 nm.
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Interfacial Properties

Figure 5 shows the experimental 7/4 isotherms for PEOsF15-D, PEO(F11,
and PEO,F14 block copolymers (27). Due to the limited compression range of
our trough, the monolayer had to be deposited at several different surface areas
to explore the complete isotherm. The overlapping of the different parts of the
obtained isotherms was within the experimental error. The isotherms in Figure
5 have the same appearance irrespective of the block copolymer architecture.
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Figure 5. Surface pressure-area isotherms of three different block copolymers
at 20°C. The film collapse area is ~ 0.31, 1.31, and 2.65 nm*/molecule for
PEQ;sF15-D, PEO4F11, and PEQOxF14, respectively.

The collapse pressure of the monolayer was approximately 60 mN/m for
all observed copolymers. For each copolymer isotherm, different regions can be
distinguished that correspond to different chain conformations or
conformational transitions as described by scaling theories (28). A typical liquid
expanded phase can be recognized at low surface pressures, where the PFMA
hydrophobic segment anchors the polymer chain to the surface while the PEO
due to its amphiphilic nature is assumed to adopt a flattened conformation at
the interface. This phase can be considered as a self-similar adsorbed layer
(SSAL) or due to its appearance as a "pancake’. This is the characteristic phase
for the attractive monomer case (29) (i.e. the soluble block has an affinity for
the water surface). In contrast, the non-attractive interfaces repel the soluble
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block from the surface already at low surface coverage, i.e. the mushroom
regime. A pseudo-plateau is seen at £ ~ 9 mN/m for triblock which does not
exist in the non-attractive case. This pseudo-plateau has also been reported for
the PEO homopolymer chains (30) and it is assumed to be associated with the
dissolution of PEO chains into the water subphase with compression. A first
order phase transition has been predicted by theories (31, 32) for such systems.
However, with a slight but continuous variation of the surface pressure 7z with 4
in the present systems, it is difficult to interpret it as a true first order transition.
There may be different reasons for this continuous variation of # with 4 such
as the polydispersity of the PEO block (33). The plateau region is visible for all
our PEO block systems. Faure et al. (34) have reported similar behavior for
poly(styrene)-block-poly(ethylene oxide) copolymers, and interpreted the phase
transition corresponding to the plateau region as a first-order transition for
block copolymers containing long PEO chains (i.e. PS;-PEO+qq) with less and
less first order character of the transition as the chain length decreases (35). The
molecular areas 4, at the onset of the respective transition are between 22
nm?/molecule for the diblock copolymer and 85 nm*molecule for PEOyF14.
With the assumption of a dense copolymer monolayer at the onset of a quasi-
SSAL quasi-brush transition (32) and an area apgo = 0.20 nm? per PEO
monomer, the molecular areas A, can be obtained (4. = Napgo Where N is
the monomer number) (36). The Ligoure quasi-SSAL regime is assigned to a
dense pancake structure with a considerable PEO chain overlapping and the
respective areas per molecule 4.y are in good agreement with our experimental
results.

At higher surface coverage the isotherms show a very large increase of the
surface pressure. In this regime of the isotherm, a brush conformation is
expected. The brush can be viewed as tightly packed PEO chains in the water,
anchored at the surface by the PFMA blocks. The area per molecule at the film
collapse increases as PEOsF15-D < PEO,¢(F11 < PEO,oF14 as shown in Figure
5. However, from the data it is difficult to infer the influence of PEO chains at
the surface on film collapse. The behavior of PEO,gF11 and PEO,F14 at the
interface is quite different from the telechelic poly(ethylene oxide) polymers
end-capped with hydrophobic alkane groups. For example, the maximum
surface pressure of the brush conformation depended on the PEO chain length,
while we observe approximately the same surface pressure at the film collapse
for all the three copolymers investigated. This difference may be due to the
large difference in hydrophobicity of fluorine-containing PFMA and alkane
hydrocarbon chains (37). The PFMA block anchors the PEO chains more
strongly to the surface as compared with the hydrocarbon chains.
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Penetration of Amphiphilic Block Copolymers into Lipid Monolayers

Compression of pure DPhPC film leads to a phase transition to the liquid-
expanded phase which is complete at an area of approximately 1.12 nm’ per
lipid molecule. The film collapses at 7 ~ 40 mN/m and 4 ~ 0.66 nm’ per
molecule. After injecting the polymer solution into the subphase under a fully
expanded DPhPC film, a shift towards a higher area/molecule in the isotherms
can be observed. This clearly indicates the penetration of the copolymer chains
into the DPhPC monolayer. A considerable increase in surface pressure of the
fully expanded DPhPC film is observed with the injection of the copolymer
solution into the water subphase. The shift (towards higher area per molecule)
in the isotherm increases with the copolymer trough concentration. In addition,
at high surface pressures, depending upon the amount of the injected polymer
solution, the isotherms of the polymer penetrated DPhPC revert to the pure
DPhPC isotherm, indicating the expulsion of the polymer chains from the lipid
film. A similar behavior of the isotherms has been reported for poloxamers
(triblock copolymer of PEO and PPO) inserted lipid monolayer systems (9). At
high surface pressures, the isotherms of the poloxamer penetrated lipid
monolayer reverted to that of the pure lipid, and this was explained by the
elimination of the copolymer chains from the lipid monolayer.

The integrated reflection-absorption intensity (calculation details are given
in experimental section) of the corresponding WO-H) bands within the IRRA
spectra of pure DPhPC monolayer (open symbols) and PEO,(F11 block
copolymer penetrated DPhPC monolayer (filled symbols) are given in Figure 6.
The block copolymer concentration was 50 nM in the penetration experiment.
The initial increase in intensity of the WO—H) band of PEO;oF11 penetrated
DPhPC monolayers with compression can be attributed to increase in surface
density and the subsequent stretching of the PEO chains in water subphase due
to the steric repulsion between the neighboring chains resulting in a more dense
and extended conformation (inset a in Figure 6). However, due to the presence
of the lipid molecules at the surface, the number density of the polymer chains
would not be high enough to form a true brush-like conformation.

At around 0.92 nm’ area/lipid molecule (inset b), the maximum retention
surface pressure is reached. The block copolymer is still embedded in the
monolayer film, but with further compression, the intensity of W(O-H) bands
decreases. Therefore, the polymer chains do not retain their position in the lipid
monolayer. At around 0.88 nm? area/lipid molecule, the intensity of the WO-H)
band from the PEO,oF11 penetrated DPhPC monolayer approached to pure
DPhPC monolayer indicating an almost complete exclusion of the polymer
chains from the lipid monolayer (inset c). A similar trend can be followed by
the W(C-O) band from the IRRA spectrum of the PEO;oF11 block copolymer
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penetrated DPhPC monolayer during compression. This indicates that the
mechanism of PEO,oF11 penetration into the DPhPC monolayer might depend
on the interaction of the block copolymer and the hydrophobic part of the lipid
monolayer, i.c. the PFMA block might penetrate the hydrophobic acyl chains of
the lipid monolayer, and that the block copolymer chains have no preferential
interaction with the lipid molecule head group, since otherwise IRRA spectra
would be expected to show PEO bands at strong compression.
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Figure 6. Comparison of the reflection-absorption intensity of the v(O-H) band
Jvom IRRA spectra of pure DPhPC monolayer (0) and PEO,,F11 penetrated
DPhPC monolayer (m) on water surface during compression. The insets
schematically represent the behavior of the triblock copolymer chains at the
air/water interface in the presence of a lipid monolayer during compression
(details in the text).

Cytotoxicity Results

The way the toxicity measurements (i.e. the toxic effect of the block
copolymers on living cells) of the block copolymers have been carried out here,
mimics the situation of rapid clearance of the polymer from the blood. In many
cases, it is really the case: the concentration of the substance administered into
the animal blood decreases 5-10-fold during the first hour (38). Hence, the
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results of our investigations would give information about the "acute" toxicity of
the copolymers. Figure 7 shows the block copolymer concentration dependent
viability of the K562 human erythroleucemia cells (the percentage of remaining
living cells). Each experiment was repeated three times. The results indicate
that all the copolymers are practically intoxic under the test conditions.
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Figure 7. Concentration dependent cytotoxicity of different block copolymers
as mentioned in the inset, for K562 human erythroleucemia cells. The y-axis
shows the percentage of remaining living cells.

The cell viability exceeding 100 %, as can be seen in Figure 7 for some
samples, is within the experimental error. The common inaccuracy in these
studies is as large as 15 to 20 %. Therefore, the sample that exhibits above 100
% of living cells simply means that the polymer has no toxicity and nothing
else. The data of sample PEO,oF9 in Figure 7 shows a relatively low cell
viability value at lower concentration. However, this cannot be assumed as the
real toxicity of the sample. Because, usually toxicity manifests as a regular
decrease in the amount of living cells with the increase in the concentration of
the toxic agent. For example, exactly under similar test conditions, (i.e. one
hour incubation and subsequent culturing for three days), the pluronic
copolymers of L61 and L81 showed a real toxicity sigmoidal curve like
behavior, having viability of cells value ~ 0 at 0.1 wt% copolymer
concentration (39). Therefore, the behavior of the sample PEO,F9 with
relatively low viability of cell value as compared to other samples at lower
copolymer concentration does not represent the real toxicity of the sample.
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Chapter 9

Elucidating the Kinetics of f-Amyloid Fibril
Formation

Nadia J. Edwin, Grigor B. Bantchev, Paul S. Russo’,
Robert P. Hammer, and Robin L. McCarley

Department of Chemistry and Macromolecular Studies Group, Louisiana
State University, Baton Rouge, LA 70803

ABSTRACT: The formation of p-Amyloid peptide (ABi0)
aggregates was monitored by dynamic light scattering.
Various sizes of materials may be present throughout the
aggregation process, but small scatterers are difficult to detect
in the presence of large ones. Fluorescence photobleaching
recovery studies on S-carboxyfluorescein-labeled APi4o
peptide solutions readily confirmed the presence of large and
small species simultaneously. The effects of dye substitution
on the aggregation behavior of AB,4o peptide are subtle, but
should not prevent further investigations by fluorescence
photobleaching recovery or other fluorescence methods.
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The brains of individuals with Alzheimer’s disease (AD) are characterized by
insoluble extracellular amyloid plaques (1) made up of B-amyloid peptide.
Collectively called AP, these fragments contain 39-43 amino acids cleaved from
a larger and harmless membrane protein, the B-amyloid precursor protein
(BAPP) whose normal physiological function remains uncertain (2). The ABj4o

and AB,4, fragments are the predominant forms (3, 4). Both generate fibrils in

vitro by a seeded polymerization mechanism (5). As there is evidence that

protofibrils—low oligomeric species that arise early in the aggregation

process—may be the toxic form(6), methods to study the mechanism of protein

aggregation should be able to monitor continuously the kinetics of fibril growth

and identify the early and intermediate stages of assembly. Physiological

factors that induce the aggregation of soluble AB are of interest in determining

the cause of AP fibril formation (7), and it is known that the peptide tends to

self-assemble under conditions of low and neutral pH. The peptide remains in a

monomeric or low oligomeric state at high pH values.

Experimental data relating to the early stages of amyloid aggregation are
difficult to obtain (8). Methods based on mass transport must be able to
measure both rapidly and slowly diffusing peptide aggregates within the same
sample.. The most common of these, dynamic light scattering (DLS), measures
the diffusion of molecules by tracking fluctuations in the intensity of the
scattered light. The data are heavily weighted toward larger particles in the
distribution; thus, the method is most sensitive to aggregated AB. Even with this
limitation, DLS has been used successfully in kinetics studies of AP aggregation
9-15).

Fluorescence photobleaching recovery (FPR) is a well-established
technique (16-19) for the measurement of diffusion coefficients. It requires the
attachment, preferably covalent, of a fluorophore to the molecules of interest.
No matter how this is done, the resulting signals are not as heavily weighted
towards the larger sizes of a polydisperse sample as they are in DLS. In the case
of AP, it has been shown that labeling exclusively at the N-terminus of the
peptide minimizes modifications to the peptide conformation caused by the
fluorophore’s presence and preserves the original biological activity (20-21).
The present study, which is designed to investigate the formation of AB
aggregation using both DLS and FPR, marks the first application of the highly
selective FPR method to amyloid self assembly in solution.

Materials and Methods

Reagents and Chemicals

Peptides -- B-amyloid(1-40) and 5-carboxyfluorescein P-amyloid(1-40) were
purchased from Anaspec, Inc. (San Jose, CA). For DLS, B-amyloid(1-40)
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(Catalog No. 24236, Lot No. 15716) was used. For FPR, B-amyloid(1-40) and
5-carboxyfluorescein B-Amyloid(1-40) (Catalog No. 20698, Lot No. 12707 and
Catalog No. 23513, Lot No. 17235 respectively) were used. Phosphoric acid
(99.999%, Catalog No. 34,524-5) and semiconductor-grade potassium
hydroxide (99.99%, Catalog No. 30,656-8) were obtained from Aldrich
Chemical Co. Sodium chloride (99.999%, Catalog No. 10862) was obtained
from Alfa Aesar. The filters used were from Whatman, 0.02 pm (Anotop 10,
Catalog No. 6809-1102). The phosphate buffer used for DLS studies was
bought as a ready salt from Fisher Scientific (Catalog No. B81).

Sample Preparation

Dynamic Light Scattering

The samples were prepared according to the method of Aucoin (22). Briefly,
stock solutions were prepared by dissolving the peptide in filtered 10 mM KOH
(pH 11) and vortexing with a Daigger Vortex Genie 2 until completely
dissolved. B-amyloid;4 is known to exist in a monomeric state under
sufficiently basic conditions (23). In some cases, the sample was measured at
such pH values. Otherwise, the stock was adjusted to the appropriate pH with
phosphate buffer and double-filtered through 0.02 pm filters into a disposable,
polystyrene cuvette that had been thoroughly rinsed with deionized water. The
samples were prepared and kept during the experiment under nitrogen to
preserve their original pH.

Fluorescence Photobleaching Recovery

Samples for FPR were prepared in a similar manner to DLS, except in the case
of the 5-carboxyfluorescein-labeled peptide, Lot No. 17235, the sample was
difficult to solubilize, so it was sonicated in a Branson Model No. 2510 bath
sonicator. The sonication was done in five second cycles to prevent heat from
affecting the sample. A phosphate-buffered saline solution, pH 7.4 (0.5 M
phosphoric acid, 1.5 M sodium chloride, 5 M potassium hydroxide) was filtered
through a 0.02 um filter, after which it was mixed with the desired volume of
peptide stock to make a final solution of 100 pM peptide in PBS, pH 7.4 (the
final concentrations were 0.05 M phosphoric acid, 0.15 M sodium chloride, 0.5
M potassium hydroxide). Water was first added to the peptide filtrate prior to
adding the desired amount of PBS needed for 50 mM in order to prevent rapid
aggregation of sample in such high ionic strength buffer. The samples were
loaded in 0.2-mm-path-length rectangular microslides (Vitrocom) by capillary
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action, and the microslides were flame-sealed. Solutions for circular dichroism
were prepared in like manner.

Experimental Section

Dynamic Light Scattering. The solution was placed in a disposable
polystyrene cuvette, and dynamic light scattering measurements were taken with
a Zetasizer Nano ZS, (Malvern Instruments, England). The apparatus is
equipped with a HeNe laser (632.8 nm) and fiber optics detector positioned at
an angle of 173°. The data were collected with a typical acquisition time of 2
minutes and analyzed with Laplace inversion software supplied with the
apparatus (v1.1). The software reports an effective hydrodynamic diameter,
which is the diameter of a spherical particle that has the same diffusion
coefficient as that computed from the correlograms. Peaks at sizes larger than 2
um were ignored as artificial or beyond the range of interest of this study. The
intensity values, uncorrected for number or mass concentration, were recorded
from the software.

FPR Measurement. A brief summary of the FPR apparatus follows; details
have appeared elsewhere (16). A fringed pattern is bleached into the sample by
intense laser illumination (at 488 nm, 3-7 W/cm?®) of a coarse diffraction grating
(50, 100, 150, and 300 lines/inch), referred to as a Ronchi ruling (Edmund
Scientific), held in the rear image plane of an objective mounted on an
epifluorescence microscope. The stripe pattern is described by the grating
constant, K = 2n/L, where L is the period of the repeat pattern in the sample.
After the bleaching, the laser beam is shifted to lower intensity to detect the
fading, due the diffusion, of the bleached pattern without causing additional
parasitic bleaching. The detection is accomplished by a modulation system (19).
After the shutter that protects the RCA 7265 photomultiplier tube (PMT) during
the photobleaching step reopens, the Ronchi ruling is vibrated
electromechanically in a direction perpendicular .to its stripes to produce a
modulated signal, which is buffered by a Stanford Research Systems SR560
low-noise preamplifier and then fed to a tuned amplifier to isolate the effects of
shallow (typically 5%) photobleaching from random noise. The modulation
detection system not only enables shallow, weakly perturbing photobleaches to
be used, but it also eliminates decay terms due to higher Fourier components of
the stripe pattern. Thus, each diffuser gives rise to a single decay term (18). A
zero-crossing detector/peak voltage detection circuit triggers an analog-digital
card from National Instruments, (#AT-MIO-16D Part #320489-01) to acquire
the peak voltage of the modulated signal, or contrast C(z), which decays

exponentially due to diffusion: C(f) = baseline+ C(0)e ¥ o
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Results and Discussion

The aggregation kinetics of the solution were measured by DLS. The settings of
the apparatus were such that multiple repeat measurements were made from a
small volume that may or may not have contained large aggregates during the
acquisition time. Under these conditions, hydrodynamic diameters returned
from the instrument represent apparent values; however, an increase in the
observation frequency of large-diameter particles unmistakably reflects
aggregation. Figure 1 shows the presence of small aggregates immediately after
preparation of a sample. Many aggregates were bigger than the nominal size of
the membrane pores (20 nm) through which the solution was filtered. The sizes
of the aggregates in solution changed slowly over the course of the first 100
hours, as evidenced by the slow shift of the distribution toward larger diameters.
The distribution ultimately appears to become narrow—i.e., the majority of the
detected aggregates has a hydrodynamic diameter of 100-200 nm.

1000 g
& @)
10 O
L]
o
14° °
I L ] L] L 1]
0 20 40 60 80 100
t, hours

Figure 1. Growth kinetics of A at a sample concentration of 50 pM
ABy4 in phosphate buffer, pH 7.6 (I = 30 mM) by DLS. The graph
illustrates the resulting distributions from measurements at different
times following introduction of the sample into the cell. Each bubble
in the plot corresponds to a mode identified during a measurement (a
column of bubbles). The area of a single bubble is proportional to the
area (by intensity) of the peak reported from the Zetasizer. The sum of
the bubble areas for a given measurement adds to 100%. The vertical
position of a bubble corresponds to the reported diameter of the
particles in the peak. Thus, a small bubble near the bottom of the plot
signifies a weak, fast decay mode.
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The data are consistent with a report made by Kremer er al (24) for an
acceleration of growth kinetics during the first 100 hours. The results show
much slower kinetics than reported in the literature for a solution at low pH (0.1
M HCI) (7). The data of Figure 1 and similar measurements under other
conditions of pH and salt (not shown) demonstrate the limitations of DLS for
characterizing dilute solutions of macromolecules that assemble into very large
assemblies. The first problem is that the initial scattering may barely exceed
solvent levels. Then there is almost no coherent signal above baseline (except
for the solvent contribution, which occurs at very short lag times inaccessible to
the correlator). This limitation applies equally to a conventional DLS
instrument (using pinholes to define a coherence area at the detector, limiting
the scattering to a very small volume) and to instruments, like the one used here,
that rely on single-mode fiber optics to view a larger volume coherently. The
scattering above solvent level is proportional to the product of mass per volume
concentration, ¢, and the (weight average) molecular weight of the scatterer, M.
The concentration remains constant during aggregation, but M increases and,
with it, the scattering intensity above solvent level. After some aggregation, the
DLS signal becomes easier to measure, but any small diffusers that remain are
difficult to detect. It is not possible from Figure 1 to confirm or deny the
presence of small aggregates (< 100 nm) at long times. Another problem arises
when very large aggregates are present: the number of particles in the viewing
volume may be too small. Then the magnitude of unwanted fluctuations due
solely to the number of patrticles in the detected volume, (25) their rate being
governed by transit time through a long distance defined by the illumination and
detection optics, approaches that of the desired fluctuations due to diffusion on
the distance scale 2n/g, where q is the scattering vector magnitude. The large
volumes made possible by a single-mode fiber optic instrument push the number
fluctuation issue toward larger and slower diffusers, but the wide-ranging
autocorrelators now commonly in use still capture these slow signal variations.
One may anticipate a- number fluctuation problem when slow signal variations
that were not present prior to the aggregation appear. If the number of large
particles in the detected volume fluctuates from zero to just a few, then spikes in
the signal appear. Such spikes were visible in the present measurements at long
times.

Unlike DLS, the signal intensity in FPR does not increase with
aggregation. Barring quenching of dyes caused by aggregation or changes in
the ease with which dyes can be bleached, the FPR signal remains constant and
proportional to the number of dye molecules in the viewing volume. Small
diffusers do not get hidden by large ones in FPR. After determining that the
bleaching time had little effect on the diffusion values (data not shown), samples
were prepared having different ratios of S5-carboxyfluorescein labeled to
unlabeled AB,4. These samples were measured and compared to 100% labeled
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ABi40 as a test that attachment of a probe had little effect on the sample
properties (Figure 2). The diffusion coefficient of the 100% labeled sample was
within error of that measured in the mixed samples, indicating that the dye
moiety does not itself preferentially interact with unlabeled A4, molecules.

20

D/ 10% em’s™

1.5 et ——

40
% 5-CF-Ng-Amylold, ,

Figure 2. Diffusion as a function of dyed to undyed AP, expressed as
percentage of 50 uM 5-carboxyfluorescein Af,;.4o mixed with 50 pM AB; 4o
Conditions: 50 mM PBS, 150 mM NaCl, pH 7.4. Error bars are standard
deviations from triplicate runs.

Subsequently, FPR measurements were made on samples containing 100%
S-carboxyfluorescein-labeled peptide at different pH values. In Figure 3
are shown results for labeled AB,4 peptide at three different pH values
(2.7, 6.9, 11), spanning the range where the peptide is believed to exist in
the high to low oligomeric states. The diffusion coefficient values at pH
6.7 and 11 were almost identical and remained constant over a period of
two weeks. The diffusion values are consistent with theoretical predictions
(26), as are those in Figure 2. They also match experimental values for
monomeric AP, 4, measured elsewhere using diffusion-ordered NMR
spectroscopy (DOSY) (27). This gives us confidence that the attachment of
dye does not radically alter the hydrodynamic size of the peptide; however,
these preliminary results are perplexing as the AP, 4 peptide was widely
thought to aggregate within the experimental time frame at neutral pH
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Figure 3. Diffusion of 100 uM 5-carboxyfluorescein AB;.4 in 50
mM PBS, 150 mM NaCl, pH values c 6.9, m 11, » 2.7. Error bars
are standard deviation of trinlicate runs.

values. Thus, smaller values of diffusion coefficient might have been
expected at long times. At pH 2.7, the diffusion coefficient did decrease
significantly with time. When this result is converted to diameter via the
Stokes-Einstein equation (D, = kT/3ntnD, where n represents the viscosity),
one finds an enormous increase in hydrodynamic diameter from about 2.6
nm to about 860 nm. This observation correctly indicates the power of
FPR. Such a large change in size is difficult to follow by DLS, which
struggles with the small-diameter diffusers at low concentration while
requiring a particle form factor correction of unknown nature for the large
aggregates, not to mention the number fluctuation issues already discussed.
DOSY NMR spectroscopy could probably succeed during the initial stages,
despite the low concentrations, but the larger aggregates might pose
problems. Fluorescence correlation spectroscopy can handle this range of
diffusers, but in addition to a more delicate setup and the need to arrange
for a vanishingly small number of molecules labeled with a nonbleachable
dye, adequate acquisition time must be allowed to sample the full
population of diffusing entities.

The decreases in diffusion in Figure 3 do not fully reflect the presence
of macroscopically large aggregates that were visible immediately after
lowering the pH. An fluorescence microscopy image of the aggregated
peptide (100 pM S-carboxyfluorescein A4, 50 mM PBS, 150 mM NaCl,
pH 2.7), is shown in Figure 4a, accompanied by an image of the stripe
pattern in Figure 4b. Visible aggregates are present throughout, but they
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are not uniformly distributed; thus, the measured diffusion can vary within
the sample cell, depending a little on the position chosen for measurement.
One advantage of FPR is that one may choose visually to measure regions
that do not possess extraordinarily large aggregates. If the striped pattern
were to illuminate regions with many of these very large aggregates, the
recovery of the signal would be incomplete on the time scale of
observations in this study. Very long observations might then reveal the
rate of exchange of molecules into and out of the very large aggregates
and/or very slow diffusion along the fibrils.

Figure 4. (a) Fluorescence microscopy image of 100 uM S-carboxyfluorescein
AB,;40in 50 mM PBS, 150 mM NaCl, pH 2.7. (b) microscopy image of Ronchi
ruling stripe pattern in labeled gelatin.

The log-log curves of Figure 5 demonstrate the effectiveness of FPR as a tool to
detect simultaneously both the large, slow diffusers and the small, fast ones
within a given sample. Over 99% of the contrast was relaxed in these
measurements, indicating that immobile fragments were avoided. Even in cases
where a large fragment is illuminated, such that the recovery levels out after
some time, it is possible to determine the size of the mobile fraction by treating
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the immobile fraction as a baseline term during analysis. The FPR experimenter
is not easily confounded.
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Figure §. Log-log FPR traces for three pH values. (25/75 % Mixture 5-
carboxyfluorescein AP, 4o and AB,4).

Conclusions

For the first time, an FPR instrument using a modulated detection scheme has
been applied to the study of AP aggregation.  Attachment of 5-
carboxyfluorescein does not cause a specific interaction with unlabeled peptide
materials, and the resulting diffusion coefficients are similar to those measured
by DOSY NMR and from theoretical expectations. Incorporation of labeled
material into large fibrils occurs. FPR proves more sensitive than DLS for
detection of low oligomer aggregates of AP,4o coexisting with much larger
fibrils. Ongoing studies suggest that factors other than pH and time can affect
the conformation and aggregation state of AP,4. In some instances, a
contraction of fluorescently labeled AP,4 at low and medium pH has been
observed, with concomitant effects on stability. These observations deserve
additional attention, as does the reversibility of aggregate formation under
conditions of salt, pH and potential therapeutic agents. The FPR method holds
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much promise for characterization of self-assembling systems, both biological
and synthetic, in which small and very large particles coexist.
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Chapter 10

Synthesis of an ABA Triblock Copolymer of Poly(DL-
lactide) and Poly(ethylene glycol) and Blends with
Poly(e-caprolactone) as a Promising Material
for Biomedical Application
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The aim of this work was preparation of blends based on ABA
triblock copolymers [A=poly(DL-lactide); B=poly(ethylene
glycol)] and poly(e-caprolactone) (PCL), their
characterization, hydrolytic degradation study, and evaluation
of the possibility to use these materials in tissue engineering.
GPC, FTIR, 'H NMR and DSC analyses were used for block
copolymers characterization, and the corresponding blends
with PCL, were characterized by FTIR, TGA, DSC and
contact angle measurements. Porous films were prepared from
triblock copolymers, and corresponding blends using solvent
casting particulate-leaching technique. Hydrolytic in vitro
degradation was performed in phosphate buffer solution.
Preliminary cell growth experiments, using L929 mouse
fibroblasts, were performed to observe the attachment and
growth of cells on polymer matrices.
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Biodegradable and bioabsorbable aliphatic polyesters, like polylactide
(PLA), polyglycolide (PGA), and polycaprolactone (PCL), as well as their
copolymers and blends (/-4), are probably the most attractive and promising
materials for biomedical applications (biodegradable sutures, artificial skin,
bone reparation systems, scaffolds in the tissue regeneration, matrices for
implants of drug delivery systems etc.) (5-8).

Poly(lactide-co-glycolide) (PLGA) have been widely used as bidegadable
sutures and microparticle matrix for drug delivery owing to their safety,
satisfactory mechanical properties and varied degradation rates. By changing
the molecular weight and chemical composition, as well as the morphology,
polymers with degradation rates ranging from weeks to months can be obtained.
PCL was also used as a drug carrier because of its excellent drug permeability,
but it is only suitable for long-term drug delivery system, due to its high
crystallinity and low degradation rate (2-4).

Aliphatic polyesters are however, hydrophobic and they adsorb proteins
from the blood which can cause some side effects when these are implanted (9).
This phenomenon can be minimized by copolymerization or blending with
poly(ethylene oxide) (PEO), or by adding copolymers of ethylene oxide (EO)
and propylene oxide (PO), as surfactants (10-12). PPO is hydrophobic and thus
compatible with hydrophobic bulk material, whereas the hydrophilic PEO will
mitigate protein adsorption (/2).

It was reported, for a family of tyrosine/PEG — derived polycarbonates (/3),
or for PLGA/PEG copolymers and their blends with PLGA (I4), that a very
narrow PEG concentration range (between 4 and 16 wt% PEG at the surface),
had a strong regulatory effect on key cellular responses. It is believed that these
observations could be generalized and used in designing of substrates in tissue
engineering.

Thus, the main objectives in our study were to synthesize and characterize
ABA triblock copolymers (A = poly(DL-lactide), and B = poly(ethylene
glycol)), to prepare their blends with poly(e-caprolactone), and to evaluate the
efficiency of these polymer systems as supports in cell growth experiments.

Experimental

Materials

o,0-dihydroxy terminated poly(ethylene glycol) with molar mass Mn =
2000 g mol™ (PEG 2000) was supplied from Fluka (Germany).

DL-lactide (Polysciences (PA, USA)) was purified by recrystalization from
dry toluene and kept in vacunm until use.
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A catalyst — stannous octoate, supplied by Sigma Corp. (St. Louis, MO,
USA), was used as it was received.

Dlhvdroxy terminated poly(s-caprolactone), with molar mass Mn = 4.0 x

0* g mol” was purchased from Polysciences.

Synthesis of poly(DL-lactide)-poly(ethylene glycol)-poly(DL-lactide)
triblock copolymer (PDLLA-PEG-PDLLA)

ABA triblock copolymer was synthesized by ring-opening polymerization
of DL-lactide, using o,o-dihydroxy terminated poly(ethylene glycol) as
macroinitiator, in the presence of stannous octoate as a catalyst.

The feed composition was DL-lactide/PEG = 97/3 and/or 90/10 wt/wt. 0.3
and/or 1 g PEG was first introduced into the polymerization tube and melted in
vacuum, at 70 °C, for 1h. A predetermined amount of DL-lactide (9.7 and/or 9
g) and a solution of stannous octoate in dry chloroform (molar ratio
monomer/catalyst = 1000), were added to the melted and dried PEG.
Chloroform was removed from the reaction mixture using vacuum, and the tube
was sealed and put in silicone oil bath at 110 °C, for 20 h. The product was
dissolved in chloroform, precipited in methanol and dried in vacuum at room
temperature, until a constant weight was obtained.

Preparation of PDLLA-PEG-PDLLA/PCL blends

Blends with composition of PDLLA-PEG-PDLLA/PCL = 95/5, 90/10,
85/15 and 80/20 wt/wt were prepared using solvent evaporation technique. The
predetermined amounts of the copolymer and PCL were dissolved in
chloroform, precipited in methanol and dried in vacuum until a constant weight
was attained.

Characterization

Molar masses were determined by gel permeation chromatography (GPC)
(Waters, MA, USA), with Waters styragel column HT6F and Waters 410
differential refractometer detector. The eluting solvent was THF at a flow rate
of 1 ml min™.

'H NMR spectra of the triblock copolymers, were taken in deuterated
chloroform at 20 °C, on a Bruker AC 200L spectrometer (MA, USA) at 200
MHz,
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Fourier transform infra red spectra were obtained using Perkin Elmer 983
IR spectrometer (MA, USA). PDLLA-PEG-PDLLA triblock copolymers and
blends with PCL were recorded from their solution in chloroform, poured onto
NaCl disk.

DuPont DSC 910 Model (DE, USA) device was used for thermal
characterization of the ABA triblock copolymers, PCL, and their blends. The
samples were first heated under nitrogen to +100 °C, then quenched to -140 °C,
with a heating rate of 10 °C min’. This heating/cooling cycle was repeated
twice. Reported thermograms were always taken from the second heating run.

TGA spectra were obtained using DuPont 951 Thermogravimetric
Analyzer (DE, USA), at the temperature range from +50 to +600 °C, with a
heating rate of 10 °C min’, in the nitrogen atmosphere.

The contact angle measurements were carried out using a Model G-III
contact angle meter (KERNCO Instrument Co., El Paso, TX) at room
temperature and ambient humidity. Experiments were performed using liquid
drops deposited from a microliter syringe onto the smooth polymer substrates,
freshly prepared by spin-coating technique (/5). The contact angles of triple-
distilled water, glycerol, ethylene glycol (as polar), and methylene iodide (as a
non-polar solvent) drops were measured. Contact angle data were used to
calculate solid surface free-energy components of the samples.

Porous film fabrication and characterization

The porous films from PDLLA-PEG-PDLLA copolymer and PDLLA-PEG-
PDLLA/PCL blends were prepared by solvent casting, particulate leaching
method. The weight ratios polymer/salt were 85/15 for the copolymer, and
80/20 for the blends. 1 ml of the polymer solution (3.5% w/V) was poured into
the teflon molds (diameter 22 mm, height 1 mm). The solvent was left to
evaporate, and the entrapped salt particles were removed by immersing the
films in distilled water for 48 h. Sponges (1 mm thickness) were freeze dried to
remove residual water. Porosity of the films were determined by mercury
porosimetry (Autopore IT 9220, Micromeritics).

Hydrolytic degradation

Hydrolytic in vitro degradation studies of the polymer sponges prepared
from ABA triblock copolymer and its blends with PCL were performed in
phosphate buffered saline (PBS) with pH 7.4, at 37 °C. The phosphate buffer
was composed of Na,HPO, (1.15 g ), KH,PO, (0.2 g), KCl (0.2 g), and NaCl (8
g) in distilled water (1 litre). Porous sponges were placed in 15 ml PBS and
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incubated at 37 °C for various periods of time (from 0 to 60 days). The buffer
solution was replaced every 60 hours.

The degree of degradation was observed through the mass and molar mass
loss, determined by GPC and viscosity measurements, and through the water
uptake. The water uptake of the samples was calculated as the ratio (W, — Wq) /
W, where W,, and W, were the weights of wet and dry samples, respectively.

Culture of the cells and cell growth experiments

L929 mouse fibroblasts were grown in DMEM/F12 medium containing
10% fetal calf serum, 100 IU mlI” penicillin and 0.1 mg ml" streptomycin
(Culture medium, Biological Industries, Israel) at 37 °C in a 5% CO, incubator.
Experiments were performed with cells from passages 14-19.

These were performed in 6 well tissue culture polystyrene plates (Techno
Plastic Products, Switzerland). The porous biopolymer films, prepared as
described above, were sterilized using 100% ethanol which was subsequently
washed in sterile PBS. A 100 pl of cell suspension (in trypsin-EDTA solution,
Biological Industries) containing 150 000 cells (counted by haemocytometer)
was placed onto the biopolymers or previously prepared glass coverslips. After 1
h incubation period, 2 ml of culture medium was added to each well and cells
were grown in a CO, incubator for another 72 hours.

The amount of cells present on the surfaces of the materials was quantified
using a neutral red uptake assay (/6). Cells grown on the above materials were
incubated in sterile PBS containing 2% FCS and 0.001% neutral red (Sigma,
St.Louis, MO) for 2 hours at 37 °C in the CO, incubator, during which the dye
is internalized into viable cells by an active process. This was followed by a
brief wash with 4% formaldehyde in PBS, which enabled the cells to be fixed.
The internalized dye was solubilized in 1 ml of 50% EtOH, 1% acetic acid in
H,0. The amount of entrapped dye was measured spectrophotometrically at 540
nm, the absorbance is proportional to the number of viable cells in each well.

Results and Discussions
Copolymer synthesis, preparation of blends and their FTIR and NMR
analyses

The feed and copolymer composition, and some characteristics of PDLLA-
PEG-PDLLA copolymers are given in Table L.
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Table L Characteristics of the copolymers

DL-L.:I}/PEG
DLLAPES Yield Mn - 10°® w  Te®
eed ratio Copolymer % r Mw/Mn (C)
(wt/wt) composition 9 (g mol’)
(we/wy)
97/3 92/8 85.4 5.38 1.167 36
90/10 83.5/16.5 55.5 1.18 1.419 12

NOTE: ° Determined by *H NMR; ® Determined by GPC; ¢ Determined by DSC

The data in Table I indicate that when the PEG content in the feed increase
from 3 to 10%, both, the yield and the molar mass decreases. During the
polymerization reaction, competing depolymerization reactions, and other non-
specific chain scission reactions involving contaminants in the reaction
mixture, such as water, caused the formation of a product with lower molar
mass. It is also possible that the higher concentration of PEG reduce the
polymerization rate, thereby decreasing the molecular weight and yield (17, 18).
Another explanation for the yield reduction is that the methanol precipitation
used for purification, removed low-molecular oligomers, with a cut-off around
5.0 x 10° g mol” (/7). The single symmetric profile observed for all the GPC
chromatograms, suggested that the PDLLA-PEG-PDLLA triblock copolymers
contained no oligomers or residual macromonomer.

A representative '"H NMR spectrum of PDLLA-PEG-PDLLA copolymer is
shown in Figure 1. The copolymers composition (Table I) was calculated from
the integral intensities of methine protons at 5.18, and methylene protons at
3.64 ppm, which correspond to DL-LA and PEG units, respectively.

The higher PEG content of the copolymer resulted in a softer, more stick,
and therefore, a less suitable material for processing. So, for the preparation of
blends with PCL we used the copolymer with a composition of PDLLA/PEG =
92/8, having Mn = 5.38 x 10° g mol™.

Figures 2a-d show the FTIR spectra of the PDLLA-PEG-PDLLA
copolymer, PCL and PDLLA-PEG-PDLLA/PCL 90/10 and 80/20 blends.

In the spectrum of PDLLA-PEG-PDLLA triblock copolymer (Figure 2a) we
could observe a peak at 3505 cm™ for O-H streching vibration, the bands at
2945 and 2880 cm’ are attributed to C-H streching of methyl and methylene
groups, respectively. The sharp band at 1759 cm™ appears due to the carbonyl
groups, while peaks at 1454 and 1383 cm™ correspond to the asymmetrical and
symmetrical banding vibrations of CH; groups. C(C=0)-O streching peak and
the C-H banding peak can be seen at 1180 and 758 cm™, respectively.

The characteristic peaks of PCL (Figure 2b) were observed at 3440 cm™ for
O-H streching vibrations, at 2945 and 2866 cm™ for methylene groups, 1726
cm™ for carbonyl group, and 1190 cm™ for C(C=0)-O streching peak.
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Figure 1. Representative 'H NMR spectrum of PDLLA-PEG-PDLLA triblock
copolymer.
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Figure 2. FTIR spectra of PDLLA-PEG-PDLLA triblock copolymer (a); PCL
(b); and their blends: 90/10 (c); 80/20 (d).
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FTIR spectra of PDLLA-PEG-PDLLA/PCL blends, Figuress 2c,d, have
characteristic peaks of the two components. The carbonyl absorption of all
blends (95/5, 90/10, 85/15 and 80/20) was observed at 1755 cm’, which is
between the values of the same peak for copolymer and PCL. With the increase
of the content of PCL in blends, the peak at 756 cm™, corresponding to C-H
bending of lactyl units, is reduced in intensity and shifted to lower frequencies.

DSC analysis

DSC results for the PDLLA-PEG-PDLLA triblock copolymer and PDLLA-
PEG-PDLLA / PCL blends with four different compositions (95/5, 90/10, 85/15
and 80/20) are summarized in Figure 3. The glass transition temperature (Ty)
was taken at the onset of the corresponding heat capacity jump and the melting
points are the peaks temperatures of the melting endotherms.

DSC analysis of pure PCL indicated a formation of two-phase morphology
with T at =60 °C and melting point (7},) at 68 °C. For pure triblock copolymer
(Figure 3), T, was observed at approximately 36 °C.

At 5 % PCL in the blend, a single transition temperature was observed, T,
= 25 °C, and as the concentration of PCL in blends increased, it was shifted to
lower values. Thus, for blend with 20 wt% PCL, T, moved to 5 °C. As far as the
melting endotherm is concerned it was not noticed for triblock copolymer and

blend with 5% PCL, both of the samples being amorphous.
With an increase of he amount of PDLLA-PEG-PDLLA triblock copolymer

in the blends, the PCL T, decreases. 7, depression indicate that the
crystallization of PCL in blends become restricted by the presence of the
PDLLA-PEG-PDLLA soft segments.

TGA analysis

Thermal stability results are summarized in Table II.

T; is the temperature of the inflection point, AW (%) is the weight loss at T
+ cca 2°C, and T is the temperature where 97.5% of the initial weight is lost.

It can be seen that the triblock copolymer exhibits lower thermal stability
than dihydroxy terminated PCL. The first inflection point for ABA copolymer is
at 285 °C, at which the weight loss is 95.5%, while for PCL is 390 °C, with a
weight loss of 93.5%.

Temperature values for the inflection points, as well as the comparison of
the percentages of volatilized material suggest that this step can be essentially
ascribed to the degradation of the PDLLA-PEG-PDLLA portion in blends.
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Figure 3. DSC thermograms of PDLLA-PEG-PDLLA triblock
copolymer(100/0); PCL (0/100); and their blends (95/5; 90/10; 85/15; 80/20).
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Table II. TGA results for PDLLA-PEG triblock copolymer and their

blends
Sample T, (C) AW (%) T, (C)
PCL 390 93.5 450
PDLLA-PEG-PDLLA 285 95.5 330
95/5 PDLLA-PEG-PDLLA / PCL 290 95 310
90/10 PDLLA-PEG-PDLLA / PCL 285 88.5 315
85/15 PDLLA-PEG-PDLLA / PCL 280 78.6 330
80/20 PDLLA-PEG-PDLLA / PCL 275 72.5 340
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Water absorption and contact angle measurements

Water uptake of porous sponges during in vitro degradation varied
considerably, depending on the blend composition. As a semicrystalline
polymer, PCL is hydrophobic and its presence tends to lower water uptake of
the blends. Thus, as the PCL concentration in blends increased, the initial water
absorption value decreased from 0.24% for PDLLA-PEG-PDLLA/PCL (95/5) to
0.15% for PDLLA-PEG-PDLLA/PCL (80/20) blend. For both samples there is a
slight increase of water absorption with the degradation time. After 50 days
water absorption of the same blends was 0.40 and 0.25% respectively.

The increase of the hydrophobicity of blends with the PCL content was also
shown with contact angle measurements, performed at room temperature and
ambient humidity using four solvents having different polarity (water, glycerol,
ethylene glycol, as polar solvents, and methylene iodide, as non-polar). Smooth
polymer substrates on glass surface, were prepared by the spin-coating
technique. The contact angle measurement results are given in Table III. With
the increase of the PCL content in blends, and thus with the increase of the
hydrophobic component in the systems, contact angle values for polar solvents
increased, due to weaker interactions with the polymeric surface.

Calculated surface free-energy components of the samples according to the
procedure used in ref. 15, are given in Table IV. The higher values of »’
compared to ' point out that the blend surface has slightly electron donor
(basic) character as a result of oxygen atoms in the PDLLA-PEG-PDLLA and
PCL chains. As known from acid-base theory, when the surface basicity of one
component is high and the surface acidity of the other component is also high,
then better adhesion between the components occurs (15).

Table IIL. Contact angle measurements
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Content of the PCL 8 (degree)
in the blend (wt %) water __ glycerol _ethylene glycol _methylene iodide
0 68.0 65.0 51.2 36.0
5 69.5 66.5 51.2 35.0
10 70.5 67.7 52.0 29.8
15 71.0 68.2 523 294
20 74.0 71.1 524 24.8
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Table IV. Surface free-energy components (mJ/m?) for PDLLA-PEG-
PDLLA triblock copolymer (DL-LA/PEG = 92/8 wt/wt) and
PDLLA-PEG-PDLLA/PCL blends

Content of the

PCL zgv :h;)blend }’SLW " " }’SAB }’STOT
0 41.6 3.130 1.045 3.62 45.22
5 42.0 3.605 0.021 0.550 42.55
10 443 3.152 0.0935 1.081 45.38
15 44.5 3.056 0.109 1.154 45.654
20 46.2 2.500 0.186 1.36 47.56
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7=V - apolar Lifshitz-van der Waals (LW) component of the surface energy.

%"2 - polar component of the surface free energy, caused by Lewis acid-base
interactions, which comprises two non-additive parameters: the electron-acceptor surface
free energy component (ys), and the electron-donor component (ys").

Hydrolytic degradation

The hydrolytic degradation study was carried out on porous films prepared
from ABA triblock copolymer, and its blends with PCL.

Porosity of the films determined by mercury porosimetry was between 66
and 74%.

The degradation process was followed by intrinsic viscosity changes, mass
and molar mass loss. The viscosity measurements showed that the 95/5
PDLLA-PEG-PDLLA/PCL blend degraded faster than the 80/20 PDLLA-PEG-
PDLLA/PCL blend, and it is in agreement with the observed difference in their
hydrophobicity.

Figures 4 and 5 represent the changes in mass and molar mass loss during
degradation. For all observed samples, the mass loss remained constant (around
5%) during the time frame of the experiment (60 days), and it is in agreement
with the results for water uptake. The molar mass chages with the degradation
time (Figure 5), but the constant values of the mass loss indicate that it is not
reduced below the critical value, where the samples become soluble in the
aqueous medium.

Viability of cells

Mouse L929 fibroblasts were used as model cells to test the cell affinity of
the copolymer and blends films. An experiment in which cell viability was
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Figure 4. Mass loss for (0) PDLLA-PEG-PDLLA triblock copolymer and its
blends: (@) 5% PCL; (e) 10% PCL; (m) 15% PCL
and (4) 20% PCL in the blend.
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Figure 5. Molar mass loss for (o) PDLLA-PEG-PDLLA triblock copolymer and
its blends: (o) 5% PCL, (e) 10% PCL, (m) 15% PCL
and (4) 20% PCL in the blend.
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measured after seeding copolymer and different blends films with L929 cells is
shown in Figure 6. It is known that, among other factors, the degree of
hydrophobicity, surface morphology and surface physicochemical
characteristics exert profound effects on cell attachment (/9). In vitro
experiments showed that these films allowed the attachment and proliferation of
a significant number of L929 cells. The number of cells on blends was higher
than on copolymer and concidering blends, the number of cells was higher on
90/10, than on 80/20 PDLLA-PEG-PDLLA/PCL blend. It indicates that 90/10
blend has more favorable hydrophobic/hydrophilic ratio and other surface
physicochemical characteristics, like surface free energy, for cell attachment.

Conclusions

In this study an ABA triblock copolymer (PDLLA-PEG-PDLLA) with a
PEG content in a range with strong regulatory effect on cellular responce, was
synthesized. For further modification of hydrophobic/hydrophylic
characteristics its blends with PCL (copolymer/PCL=95/5, 90/10, 85/15 and
80/20 wt/wt) were prepared by solvent evaporation technique. Characterization
of copolymers were performed by GPC, FTIR, NMR and DSC. The blends with
PCL were characterized by FTIR, TGA, DSC and contact angle measurements.
Hydrolytic degradation studies on porous films obtained from the blends of
copolymers and PCL using solvent casting particulate leaching technique
indicated that these materials could be used as scaffolds in tissue engineering.
Preliminary cell growth experiments showed the attachment and proliferation of
a significant number of L929 cells. The number of cells on blends was higher
than on copolymer. Considering blends, the number of cells was higher on
90/10, than on 80/20 PDLLA-PEG-PDLLA/PCL blend indicating that 90/10
blend has more convenient surface characteristics (hydrophobic/hydrophylic
ratio, surface free energy, surface morphology) for cell attachment.
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Chapter 11

Nanocomposites Based on Cyclic Ester Oligomers

Amiya R. Tripathy, Stephen N. Kukureka,
and William J. MacKnight

Polymer Science and Engineering Department,
University of Massachusetts, Amherst, MA 01003

Introduction

The term nanocomposite as applied to polymer-based materials has come
to signify those based on clay particles, mainly of the montmorillonite type,
exfoliated in mixtures with low viscosity precursors which are subsequently
polymerized in situ. The montmorillonite clay consists of silicate layers. By
modifying the clay appropriately, usually by treating the clay layers with a long-
chain surfactant having a primary ammonium ion at one end and a carboxylic
acid group on the other, cations on the surface of the clay layers (usually Na®,
K", Mg*?, Ca*?) can be replaced by the quaternary ammonium ions. This allows
monomers such as g-caprolactam to penetrate and swell the clay layer.
Polymerization of the ¢ -caprolactam results in a composite with the clay layers
dispersed at the nanometer level in a matrix of nylon 6 (Fig. 1) (1).

The general approach outlined above has also been applied to the
synthesis of nanocomposites of poly(caprolatone), epoxy resins, and poly (lactic
acid). Usuki et al (2,3) have reported work with other synthetic materials, which
led to acrylic polymer, nitrile rubber, polyimide, polypropylene and EPDM
based nanocomposites. Nylon 6-clay composites have found applications in the
automotive industry. It is reported that they offer significant property
enhancement with respect to nylon 6. Thus the modulus of the nanocomposite is
1.5 times that of nylon 6 without clay; the heat distortion temperature increases
from 65° to 140°C and the gas barrier effect is doubled at a 2wt% loading of clay
(4-6).

This laboratory and others have been investigating the synthesis and
polymerization of cyclic oligomers of bis-phenol-A polycarbonates (BPACY),
and cyclic ester oligomers (CEO) for a number of different applications,
including reaction injection molding (RIM), reinforced reaction injection
molding (RRIM), and resin transfer molding (RTM). Both the BPACY and the
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CEO are low viscosity liquids (viscosity about 20 centipoises), either above the
glass transition temperature (T,) in the case of the BPACY or above the melting
point (Ty,), in the case of the CEO.

In the following sections, we shall discuss the synthesis and properties of
two different families of nanocomposites, one based on PBACY and the other
based on CEO.

Ring Opening

Polymerization

Figure 1. Schematic representation of exfoliation of nylon 6
and modified nanoclay

a. Nancocomposites from nanophase-separated blends of BPACY

It is possible to form nanocomposites by liquid-liquid phase separation
during polymerization of cyclic oligomers initially dissolved in a polymer with
which they do not react. We will exemplify this with cyclic carbonate oligomers
blended with styrene-acrylonitrile copolymer (SAN). The thermodynamics of
blending and kinetics of phase separation will be seen to produce unique
nanostructures, unobtainable with blends based on conventional linear polymers.
Furthermore the morphology of the resulting nanocomposites will be shown to
have interesting effects on mechanical properties with potential applications. We
also consider the more general effects of the topology of cyclic polymers on
blend miscibility and hence on the production of nanocomposites.

Cyclic carbonate oligomers

Considerable work has been done on the synthesis, polymerization and
properties of cyclic oligomers of bisphenol-A carbonate (BPACY) (7-11). The
synthesis of BPACY is by an interfacial hydrolysis/condensation of bisphenol-
A-bis(chloroformate). The resulting cyclic oligomers can be isolated as an
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amorphous material with a glass transition temperature (Ty) of 147°C and a
density of 1197 kg m>. Their absolute molecular weight M, has been
determined as 1529 by high-performance liquid chromatography (HPLC), and
they contain less than 0.05% linear contaminants. There are from 1 to 20 repeat
units in the oligomers. These BPACY cyclic oligomers can be rapidly
polymerized to linear, high-molecular-weight polycarbonate at, say, 260 °C in
the presence of a catalyst. Typical catalysts used include tetrabutylammonium
tetraphenylborate (Bu),NH(Ph),. Further details of starting materials and
preparation methods are given in (10). The polymerization proceeds by a ring-
opening polymerization mechanism (9-12) and produces linear polycarbonate
indistinguishable from that produced by conventional polymerization (10).

In situ blending with SAN - thermodynamics and phase
Behavior

Conventional blending usually involves mixing of high-molecular-weight
polymers and results in miscible or immiscible blends, which may be of
commercial interest in either form (13). However, it is also possible to undertake
in situ blend formation by polymerizing a monomer in the presence of another
polymer. This has been widely used for rubber-toughened polymers (13,14) and
in previous work on cyclic polymers (10). In situ formation of multicomponent
systems is also used for interpenetrating polymer networks (IPN), usually
formed by synthesizing or cross-linking one network in the immediate vicinity
of another (14). In the present work, BPACY cyclic oligomers are used as novel
building blocks for polymer blends. The in situ polymerization of these reactive
oligomers from an initially homogeneous mixture of styrene-acrylonitrile
copolymer enabled the preparation of materials with variable but controlled
morphologies through liquid-liquid phase separation (10).

Successful control of phase dispersion in a system such as this, to produce
nanocomposite structures, is dependent on four key factors. First the initial
mixture of cyclic oligomer and polymer to be blended must be miscible. Second,
the polymerization kinetics of the cyclic oligomers, dispersed through the host
polymer, must be more rapid than the dynamics of phase separation. Third,
phase separation of the polymers must occur in a sensible timescale to produce
immiscible structures. Fourth, phase coarsening must be restricted if the
nanostructures are to be preserved.

With the BPACY-SAN system described above, it was found that
polymerization of the cyclic oligomers took a little over 60 s. The resulting
polycarbonate had a weight-average molecular weight M,, of 39000 and a
polydispersity M,/M, of 2.6 with less than 0.25% unreacted oligomers
remaining after polymerization (10). This compares favorably with conventional
polycarbonate resins. Even when the proportion of BPACY in the mixture was
varied over the range 10 to 90% it was found that polymerization always took
place in less than 80 s.
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In order to examine progress of the in situ polymerization, a series of
samples taken from 50/50 blends was studied by heat treatment followed by
quenching and transmission electron microscopy (TEM). This was
complemented by differential scanning calorimetry (DSC). Micrographs of a
series of 50/50 samples held at 260°C (the polymerization temperature) for
times varying from 30s to 300s are shown in Fig 2. After the heat treatment
period the samples were quenched to below T, before TEM examination.
Samples held for 30s, are homogeneous but after 60 s, phase separation occurs.
The structure begins as an SAN-rich phase in a PC matrix. As the holding time
increases, a phase inversion occurs, after all the cyclic oligomers have been
converted to polycarbonate. For holding times of 150s and greater there is a
dispersion of a PC-rich phase in a SAN matrix. Further holding times only have
the effect of coarsening the PC domains. This morphology is approximately 100
times finer than that produced by conventional melt-blending of PC and SAN.
DSC confirms that for times over 60s, two T,’s are seen and there is no further
change in the overall miscibility (10). Thus it can be seen that both in situ
polymerization from cyclic oligomers and conventional melt-blending result in
complete immiscibility of PC and SAN and a resulting two-phase structure. The
significant difference is the morphology of the blend with domains produced on
a much finer nanoscale from the cyclic oligomers. Furthermore, the coarsening
of these domains and its limitations leads to further interesting features.

Kinetics of phase coarsening

The initial phase-separation processes in these immiscible blends are
nucleation and growth or spinodal decomposition. However, once the
equilibrium phase composition is reached, coarsening processes are independent
of the initial phase-separation mechanism. Nachlis, Kambour and MacKnight
(10), investigated a series of in situ polymerized BPACY/SAN blends with
compositions of 90/10, 70/30, 50/50, 10/90. They measured the number-average
radius (R) of dispersed domains as a function of time (t) and found that R = t*
where the scaling exponent a varied with blend composition. It was found that o
was highest for 70/30 mixtures (a = 1) or 50/50 mixtures (a = 0.55) whereas for
10/90 mixtures o was 0.33 and for 90/10 no coarsening was observed at all (a =
0.00).

Predictions of scaling exponents depend on the proposed mechanism of
coarsening. For Ostwald ripening, an evaporation-condensation mechanism in
which larger droplets grow at the expense of smaller ones, scaling exponents of
0.33 are predicted (15). An alternative diffusion- reaction process due to Binder
and Stauffer (16) predicts scaling exponents of between 0.33 and 1. However
these mechanisms were not devised specifically for polymers and there are some
special features of polymer phase separation which lead to pinning of domain
growth, especially for in situ polymerized cyclic systems. These effects were
first noted by Hashimoto et a/ (17) and the ideas subsequently developed by
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Muthukumar et al (18). They are particularly relevant to the production of
nanocomposites from cyclic oligomers.

In polymers there is a barrier to coarsening by diffusive mechanisms
because a large entropy barrier exists to diffusion across a sharp interface. This
means that for material to leave one domain and diffuse across the matrix to join
a larger growing domain, these entropy barriers must be overcome which is very
difficult in practice. This phenomenon can lead to ‘domain pinning’ whereby
coarsening may cease under certain conditions. The entropic barriers are
particularly effective at restricting coarsening for systems of independent
dispersed domains - either because there is a low volume fraction of the second
phase or because the dispersed domains are small. In both these cases the
important point is that the second-phase domains are not touching and so in
order for material transport to take place from one domain to another the
entropic barriers must be overcome. However, for a dispersed phase with larger
or clustered domains, which are touching then material transport is much easier
(10).

This mechanism can explain the pinning of domain growth in the 10/90
and 90/10 systems of BPACY/SAN. In both cases there is a fine dispersion of
second-phase domains which do not form local clusters. These domains do not
coarsen significantly with time. (The slight coarsening of the 10/90
BPACY/SAN system may be due to the much lower viscosity of the SAN
matrix compared with polycarbonate making material transport easier when the
polycarbonate is the second phase.) The process can be optimized using the
unique ability of cyclic oligomers to polymerize in situ giving very fine
dispersions of small second phase domains. Domain pinning and the so-called
‘frozen morphology’ (18) thus achieved point the way to a novel method of
producing nanocomposites from cyclic ester oligomers which are unobtainable
in any other way. This has interesting consequences for mechanical properties
and more general features of topological effects on blend miscibility.

Effects of nanophase separation on mechanical properties

Domain size effects have important effects on mechanical properties and
these were investigated further by Nachlis, Kambour and MacKnight (10). A
series of 70/30 BPACY/SAN2S5 blends were prepared with the polycarbonate
polymerised in situ as above. They were heat-treated at 260°C for various times
(60s, 240s, 420s, 720s) before rapid quenching to below T,. All of the cyclic
BPACY oligomers were completely converted to polycarbonate in less than 60s
and the effects of extended heat-treatment times were purely to produce greater
degrees of domain coarsening with time. Mechanical tests in tension were
conducted on both the blend samples and on pure polycarbonate and pure SAN.
As expected, the pure PC was ductile and the pure SAN was brittle in all tests.

The blend samples exhibited strong effects of domain size. Blends
consisted of dispersed second-phase particles of SAN in a PC matrix. The
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samples which had been heat-treated for only 60s (and therefore had the smallest
SAN domain size) were ductile at a strain rate of 2 x 10™* s though brittle at
higher rates. As the domain size increased, fewer specimens were ductile until
for heat-treatment times of greater than 720s, all specimens were brittle. The
ductile behavior, both of the matrix and the second-phase domains, was
confirmed by extensive electron microscopy and morphological studies. Clear
yielding was seen with neck formation and no evidence of whitening or craze
formation. At greater domain sizes, crazing and cracking was seen in the second
phase domains.

The very non-linear effects of increasing ductility with decreasing domain
size are summarized in Fig 3 (10). Previous work by Berger and Kramer has
demonstrated a brittle-to-ductile transition as brittle particles become more
finely dispersed in a ductile matrix. They proposed that the volume of an
inclusion must be at least an order of magnitude greater than the typical craze-
fibril spacing of 20 to 100 nm for craze formation to be feasible. It is also true
that the stress concentration caused by a crack in a second-phase particle is
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Figure 3. Effects of dispersed domain size on deformation of 70/30 BPACY/SAN
blends (after 10).
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smaller for smaller particles, limiting the ability of cracks to continue into the
matrix (19). The extreme versatility of cyclic systems in producing finely
dispersed composites on a micro or nanoscale by in situ polymerization can have
tremendous benefits in producing ductility with otherwise brittle materials. It is
likely that further developments in blend systems and domain pinning will help
to provide a new generation of nanocomposites from cyclic materials.

Topological effects of cyclic oligomers on blend miscibility

It is apparent that blending of cyclic oligomers with a wide variety of
polymer systems is possible, but are there more general considerations which
favor such blending over that of linear systems? Nachlis, Bendler, Kambour and
MacKnight (11) set out to examine topological effects on the thermodynamics
of polymer mixing with cyclic oligomers. They compared the miscibility of
bisphenol-A carbonate cyclic oligomers (BPACY) with a variety of linear
polymers and compared the results with those from blends of equivalent linear
oligomers. Detailed experimental studies were performed on blends with a series
of polystyrenes of narrow molecular-weight distribution complemented by
theoretical studies based on the Flory-Huggins theory of polymer mixing (20).

It was found that the BPACY oligomers were only miscible with
polystyrenes of molecular weight below 20,400 and so systems in this range
were studied in more detail. Similar work was also performed with linear
carbonate oligomers. In each case, miscibility was determined by the presence
of one T, peak in a trace obtained by differential scanning calorimetry (DSC).

Flory-Huggins solution theory, applied to polymer miscibility, combines
the enthalpy of mixing with the combinatorial entropy of mixing (together with
other non-combinatorial entropy terms in various modifications to the original
theory) (13,14). An important parameter is, the Flory-Huggins interaction
parameter. For miscibility y is negative. Careful experimental work exploring
the ‘miscibility gap’ in polystyrenes, which was found at certain molecular
weights, enabled the phase boundaries to be determined experimentally. This
included binodals and spinodals for binary systems (as well as consideration of
pseudo-binary systems and cloud point curves). The critical condition for
miscibility can also be expressed from the Flory-Huggins theory in terms of the
molecular weight distribution of the components (11) and so theory and
experiment can be compared in providing bounds to i for both blends of linear
polystyrene/cyclic polycarbonate (x PS;/PCc) and linear polystyrene/linear
polycarbonate (y PS;/PCy).

It was found that the interaction parameter y was significantly lower for
linear polystyrene/cyclic polycarbonate blends than for linear polystyrene/linear
polycarbonate blends i.e. § PS;/PCc < y PS/PC, in all cases. This was a
fundamental result which is considered further below, together with a proposed
model to explain the behavior. It did not depend, for instance, on the presence of
end groups in linear polymers since it was insensitive to changes in end groups
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and the difference between interaction parameters was too large to be accounted
for by end groups alone.

Differences in interaction parameter as well as experimental miscibility
data indicate that blends of cyclic polycarbonate oligomers are miscible over a
wider range of polystyrene molecular weights than corresponding linear
oligomers. It was proposed that this is because the interaction parameter depends
strongly on topology (11). These topological effects appear to be due to
intermolecular repulsion effects with cyclic polymers which do not exist with
linear polymers. Rings which are not catenated during synthesis cannot,
topologically, exist in a linked or threaded state so that there is effectively an
excluded volume for intermolecular interactions. Further molecular modeling by
Nachlis et al determined that the mean-square radius of gyration of a cyclic
molecule is smaller than that of a linear molecule - in fact half the value. This
smaller size corresponds to a higher density, a higher probability of self-contacts
and a reduced number of intermolecular contacts with other cyclics.

This work has produced a result of considerable general significance. The
Flory-Huggins mean field theory predicts the shape of phase boundaries well for
blends of both linear PS/linear PC and linear PS/cyclic PC. However, the
interaction parameter is significantly lower for blends of cyclic oligomers and
this has been explained in terms of a topological effects which favor blends from
cyclic systems. This enhances our ability to design systems of blends and
nanocomposites which utilize the versatility of cyclic ester oligomers.

b. Nanocomposites based on CEO’s and organoclays

In this section polyester nanocomposites produced via the in situ
polymerization of cyclic poly(butylene terepthalate) oligomers (c-PBT) and
modified organoclays in the presence of a stannoxane catalyst are discussed. /n
situ polymerization was conducted with various c-PBT and organoctay feed
ratios, and nanocomposites were also synthesized based on copolymers of in situ
polymerized c-PBT oligomers and e-caprolactone together with a modified
organoclay.

Macrocyclic polyester oligomers have unique properties such as low melt
viscosity (0.017 Pa.s, water like) and the capacity for rapid polymerization to c-
PBT virtually isothermally and without the evolution of low molecular-weight
by-products (21-23). These properties make them attractive matrix resin for
engineering thermoplastic composites. Here we assess the production of high
performance nanocomposites of ¢c-PBT and organoclay. It is possible for
polymer/clay nanocomposites to exist in two idealized forms (24-27):
intercalated and exfoliated. Intercalation involves polymer chains penetrating
the silicate layers and expanding them, increasing the d spacing. Exfoliation
involves more extensive polymer penetration into the silicate, resulting in a
random dispersion of clay layers in the polymer matrix. This random dispersion
of clay layers determines property enhancement. Clearly, whether a mixture of
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polymer and organoclay produces intercalated or exfoliated nanocomposites
depends on the characteristics of the polymer matrix and the organoclay. The
improved properties of nylon 6 - clay nanocomposites are believed to arise from
the exfoliated nature of the organoclay in the nylon matrix helped by the polarity
of the nylon (4, 29). The precursors for the c-PBT polymer are CEO oligomers
capable of in situ polymerization in the presence of a transesterification catalyst
such as stannoxane within a few minutes. CEO oligomers can successfully be
intercalated in the clay layers prior to the in situ polymerization because of their
low molecular weight [M,, = (220), n = 2-7]. Subsequent polymerization can
result in an exfoliated nanocomposite by tailoring the interactions between c-
PBT oligomers, organoclays, and the clay surface.

Nanocomposites of c-PBT/clay (28) were first made by dissolving CEO,
organoclay, and catalyst in a suitable solvent so that the clay layers would be
delaminated prior to polymerization, resulting in an exfoliated structure. Unlike
other systems this is a demonstration of in situ polymerization where the
organoclay was swollen in a catalyst solution first (usually catalyst/CEO (wt/wt)
2.6/1000) rather than a monomer (CEO) solution so that catalyst could be
intercalated within clay layers for the polymerization reaction to occur inside the
clay galleries. The intercalated-exfoliated PBT/clay nanocomposite was
produced by in situ polymerization in the presence of cyclic stannoxane catalyst
and sodium montmorillonite modified by dimethyl dehydrogenated tallow
ammonium ions. Also, we found that by adding 2wt% of modified organoclay,
the onset of degradation on TGA of the c-PBT polymer nanocomposites was
improved by 12 - 14°C compared with c-PBT polymer without clay (28).
Subsequently, we also made in situ polymerized c-PBT oligomer and e-
caprolactone copolymer nanocomposites with an in-house modified organoclay
to avoid the heat instability of the organic modifier of the organoclay and the
excessive crystallinity of c-PBT polymer (more than 70%) at the processing
temperature. Higher thermal stability and better mechanical properties are
obtained in the copolymer nanocomposites than in the corresponding CaCO;
filled composites. The experimental details are given elsewhere (28). A variety
of characterization techniques were used to investigate the blends and
nanocomposites and the results are detailed below.

Blend results

Figure 4 shows X-ray diffraction curves of the 2-6 wt% organoclay/CEO
mixtures, both before and after polymerization. There is a clear diffraction peak
at 20 = 4.7° for the 20A clay but none for the nanocomposites between 26 = 2°
and 10°. This indicates the presence of exfoliated silicate layers of organoclay
dispersed in the CEO matrix. However, when the mixture is polymerized, a
small peak at 20 = 2.3° appears for the 20A6%P sample, corresponding to a d-
spacing (dqp;) of 3.7 nm, which is higher than that for the organoclay 20A (dgo; =
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Figure 4. X-ray diffraction of c-PBT homopolymer nanocomposites

2.2 nm). This suggests that a small amount of the organoclay is not exfoliated in
the PBT but exists in the form of an intercalated layered structure. We also
observed that XRD along the edge of the compressed polymeric film of the
20A6%P does not show the diffraction pattern of a crystalline material,
indicating no further orientation of the clay layer but an exfoliated-intercalated
structure.

Further evidence of the nanometer-scale dispersion of silicate layers in the
PBT/clay is provided by the TEM micrographs, as shown in Figure 5. Individual
silicate layers, occasionally two, three or more layers stacked together, are
observed to be well dispersed in the PBT host matrix before polymerization in
Figure 5a. Here, the darker lines are clay layers and the polymer matrix is
brighter. A few multilayer tactoids also exist; but mostly single clay layers are
observed, and there are no large, undispersed clay tactoids. This indicates that
the organoclay is well dispersed and exfoliated in the c-PBT host before
polymerization and that is why the X-ray diffraction shows no peak in 20
corresponding to dispersed clay (Figure 4). The individual silicate layers have an
original thickness of ~1 nm and average length of ~100-150 nm, (31) connected
through their edge and changed to an average ~5 nm thickness and a length of
~100-200 nm in 20A6%M, exhibiting an orientation in the same direction
throughout the matrix (Figure 5a). Figure 5b shows elements of both exfoliation
and intercalation of the clay layers. The clay layers are observed to be better
oriented than before polymerization. However, clay stacks are still visible in
abundance. There are a few aggregates but mostly well-dispersed clay layers due
to the disruption of clay tactoids (originally present in the 20A6%M) located
with the polymer matrix in 20A6%P, and reflected in the X-ray diffraction of the
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Figure 5a: TEM micrograph of CEO & 20A4(6%) mixture
(before polymerization); b: TEM micrograph of CEO & 154(6%)
nanocomposites (after polymerization)

increment of the d-spacing in comparison to the original clay (Figure 4). The
average thickness of the clay stacks is ~7 nm and the length is ~200-250 nm as
observed after polymerization.

Thermogravimetric analysis of nanocomposites (Figure 6) indicates better
thermal stability than of the corresponding polymer without clay. There is an
almost 12-14 °C increment in the onset temperature of degradation of the 2wt%
nanocomposite compared with the c-PBT polymer without clay. This
observation is very much consistent with that for other reported nanocomposite
systems (32). It means that a mere 2wt% of nanoclay is capable of improving
the thermal stability of PBT. In fact, with an increase in the organoclay
percentage in the nanocomposite the thermal stability decreases gradually, when
in a nitrogen atmosphere (Figure 6). There are two possibilities for ordering of
polymer chains inside the silicate galleries: as the temperature increases to
around 160°C (the softening range of CEQO), CEO oligomers tend to melt and the
already-dispersed clay layers have enough time to aggregate prior to
polymerization. Once the polymerization starts, the movement of clay layers
will be restricted and, possibly that is the reason for the presence of aggregates
and thicker stacks in the 20A6%P than in 20A6%M. There is another
possibility: that the long hydrocarbon chain of surfactant (dihydrogenated tallow
ammonium ions) could be decomposed at the temperature of polymerization
(190 °C) so that adjacent clay layers have an opportunity for crystalline growth
on cooling. However, aggregation can be prevented during the processing if clay
is modified with some heat-stable organic modifier. Another difficulty is
excessive crystallinity of the c-PBT polymer, which makes it very brittle. Under
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these circumstances, incorporation of organoclay into the polymer matrix further
increases its brittleness.

To overcome these problems Na-montmorrilonite clay was modified with
1,2 dimethylimidazole and bromohexadecane, described in detail elsewhere
(33), c-PBT/CL copolymer was made via in situ copolymerization of CEO and
e-caprolactone using a stannoxane catalyst (I) and thus copolymer
nanocomposites were produced.
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Figure 6: TGA of c-PBT polymer clay nanocomposites in N,

The reduction of the crystallinity of the copolymer from that in CEO and CL has
been discussed (34). Also, it was found that the polymers obtained are random
copolymers. The failure characteristics (34), shown in the stress-strain curve of
the copolymer of (70/30 wt/wt) c-PBT/CL are typical of thermoplastic
elastomers. Similarly, a copolymer nanocomposite was synthesized using 15A
clay and also a copolymer composite using CaCO; was synthesized for
comparison with the C16-MMT copolymer nanocomposites.

X-ray diffraction data were taken on these nanocomposites. Figure 7a
shows a small peak at 26 = 2.1 ° corresponding to a 4.2 nm d-spacing from the
15A clay in the 15A4% 70/30 cPBT/CL copolymer nanocomposite. Clay 15A
originally had a d-spacing at 3.04 nm. Therefore, there is an increase of 1.16 nm
in d-spacing of the clay layers in the nanocomposite. The curve corresponding to
c-P BT/CL (70/30) copolymer in Figure 4a reveals the characteristic peaks of
the polymer along the dgo; and doy; planes, and they are also visible in the
15A4% copolymer nanocomposite. The X-ray diffraction curves of the C16-
MMT-modified nanoclay and the 4 wt% C16-MMT (70/30) c-PBT/CL
copolymer nanocomposite are shown in Figure 7b. C16-MMT nanoclay shows a
peak at 20 = 4.9 ° in comparison with the diffraction peak at 260 = 2.9 ° for the
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Figure 7b: WAXD of C16-MMT nanoclay c-PBT/CL copolymer nanocomposites

15A clay. The d-spacing also increases to 3.8 nm corresponding to 26 = 2.3 ° in
the 4 wt% C16-MMT copolymer nanocomposites. This indicates that there is at
least a 2.03 nm increase in d-spacing for the C16-MMT4% 70/30 c-PBT/CL
copolymer nanocomposite in comparison with an increase of 1.16 A for the 4
wt%15A 70/30 c-PBT/CL copolymer nanocomposites. This implies that
modified C16-MMT organoclay is more intercalated than the 15A. It is
interesting that the intensity of the diffraction peak is drastically reduced in both
cases (Figures 7a 7b), suggesting the breaking up of the original clay stacks in
the copolymer nanocomposites. We also observed that XRD along the edge of
the compressed copolymeric film does not show the diffraction pattern of a
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Figure 8a: TEM micrograph of c-PBT & 15A(4%) c-PBT/CL (70/30)
copolymer; b: TEM micrograph of c-PBT & C16-MMT(4%) c-PBT/CL (70/30)
copolymer

crystalline material, indicating no further orientation of the clay layer but
suggesting an exfoliated-intercalated structure. Further details of the
nanostructure can be understood from the TEM micrographs of the respective
samples.

In Figure 8a, we observe an aggregation of 15A clay in the matrix of c-
PBT/CL copolymer. Here, the darker lines are clay layers and the polymer
matrix is brighter. A few multilayer tactoids also exist but mostly undispersed
clay tactoids are observed. This indicates that the 15A organoclay is not well
dispersed in the c-PBT/CL copolymer host, which is also reflected in the X-ray
diffraction. Figure 5b shows both exfoliation and intercalation of the clay layers
of 4 wt% C16-MMT (70/30) c-PBT/CL copolymer nanocomposites. The clay
layers are observed to be better oriented than those in the 15A4% (70/30) c-
PBT/CL copolymer nanocomposite. Individual clay stacks are still visible in
abundance. There are very few aggregates but mostly well dispersed clay layers
due to disruption of clay tactoids (originally present in the C16-MMT clay) in
the polymer matrix. The average thickness of the clay stacks is ~5-6 nm and the
length is ~100-200 nm in the 4 wt% C16-MMT (70/30) c-PBT/CL copolymer
nanocomposites. As a whole the nanoclay is dispersed in the polymer matrix
with some orientation.

The GPC traces for (70/30) c-PBT/CL copolymer and the corresponding
copolymer composites, shown in Figure 9, exhibit a single peak, which differs in
magnitude and retention time between samples. It is observed that the maximum
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Figure 9: GPC traces of c-PBT/CL (70/30) copolymer composites

Table 1. GPC data of copolymer nanocomposites
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Sample M, [g/mol]*10* | M,/M,
70/30 c-PBT/CL copolymer 5.58 1.7
15A4% 70/30 c-PBT/CL nanocomposite 6.12 1.6
C16-MMT 4% 70/30 c_PBT/CL nanocomposite 8.49 1.6
CaCO3 4% 70/30 c-PBT/CL composite 7.43 1.6

shifts to higher retention time from 4 wt%C16-MMT (70/30) c-PBT/CL
copolymer nanocomposites to (70/30) c-PBT/CL copolymer. The weight
average molecular weights roughly estimated through a polystyrene calibration
curve, are shown in Table 1. The number-average molecular weight varies
between 85,000 and 55,000 and the polydispersity index remains approximately
1.6 in all cases. The maximum molecular weight is obtained in the 4 wt%C16-
MMT (70/30) ¢c-PBT/CL copolymer nanocomposites.
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Figure 10: TGA of c-PBT/CL (70/30) copolymer composites

Thermogravimetric analysis of the nanocomposites (Figure 10) indicates
better thermal stability than the corresponding copolymer without clay. There is
an almost 35 °C increase in the onset temperature for degradation of both
15A4% (70/30) c-PBT/CL copolymer and CaCO34% (70/30) c-PBT/CL
copolymer composites compared with the (70/30) c-PBT/CL copolymer without
clay. In fact, with the 4 wt% C16-MMT nanoclay the onset of degradation has
increased at least 75 °C (Figure 10) in air compared with the copolymer without
clay.

Mechanical testing was carried out on melt compressed test samples with
an average thickness of 1 mm and width 6.5 mm. The stress-strain behavior of
(70/30) c-PBT/CL copolymer (Figure 11) is typical of ductile materials - a yield
point, necking and strain-hardening until fracture. However, copolymer
nanocomposites failed in a brittle manner with yielding and a very low
elongation at break. Cold drawing with limited strain hardening was observed in
(70/30) c-PBT/CL copolymer and CaCO;4% (70/30) c-PBT/CL copolymer
composite. The Young’s modulus (E), yield stress (oy) and the stress at break
(op) exhibit an increase both in C16-MMT4% (70/30) ¢-PBT/CL and 15A4%
(70/30) c-PBT/CL copolymer nanocomposites. Copolymer nanocomposites
made from nanoclay exhibit higher moduli than the respective CaCO;
composites for the same loading. The highest modulus was observed in C16-
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a: 70/30 c-PBT/CL copolymer

b: CaC0;4% 70/30 c-PBT/CL
copolymer composite

c: 15A4% 70/30 c-PBT/CL
copolymer nanocomposite

d: C16-MMT4% 70/30 c-PBT/CL
copolymer nanocomposite

Figure 11: Stress strain curves of c-PBT/CL (70/30) copolymer composites

MMT4% (70/30) c-PBT/CL, which exhibits an almost three-fold increase
compared with the (70/30) c-PBT/CL copolymer without clay. Overall, the
copolyester nanocomposites enhance the onset of degradation by at least 75 °C
compared with c-PBT/CL copolymers without clay. The modulus of the
copolyester nanocomposite using 4 wt% in-house modified nanoclay is
improved by more than three times compared with that of the corresponding
CaCO;-filled copolymer composites.

Conclusions

Cyclic oligomers of bis-phenol A polycarbonates (BPACY), and cyclic
ester oligomers (CEO) provide routes to nanocomposite materials with
interesting properties. The rather wide range of miscibility of BPACY and CEO
with polymers affords the possibility of morphology control by in situ
polymerization of the oligomers. Phase separation taking place during each
polymerization can be controlled to produce nano-scale particles in a matrix. In
the case of in situ polymerization of BPACY in SAN, the resulting
nanocomposites show enhanced tensile strength compared with typical blends of
glassy polymers. The polymerization of CEO’s with modified mortonorillonite
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clay leads to exfoliated clay nanocomposites. The crystallinity of the CEO’s and
hence the mechanical properties of the nanocomposites can be controlled by
using mixtures of different CEO’s such as cyclic butylene terephthalate
oligomers and e-caprolactone, leading to copolymers.
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Chapter 12

Selective Solvent-Induced Reversible Surface
Reconstruction of Diblock Copolymer Thin Films

Ting Xu', Matthew J. Misner', Seunghyun Kim', James D. Sievert',
Oleg Gang’, Ben Ocko’, and Thomas P. Russell"

'Department of Polymer Science and Engineering, University
of Massachusetts, Amherst, MA 01003
’Department of Physics, Brookhaven National Laboratory,
Upton, NY 11973

Through the use of a selective solvent a reversible surface
reconstruction of diblock copolymer thin films was observed.
The solvent selectivity and solubility of the minor component
block were found to be crucial to generate nanoporous films
with pores that penetrate through entire film thickness. The
process was shown to be reversible by thermal annealing and
was easily monitored using in-situ grazing incidence small
angle x-ray scattering and scanning force microscopy. At
temperatures of 60-90°C, only a small fraction of the
nanopores relaxed to regenerate the original nanotemplate.
However, by heating to 90-100°C, the original nanotemplate
was completely regenerated. Even though the bulk mobility of
PS and PMMA is low at these temperatures, the local mobility
required to regenerate the template was sufficient.

158

In New Polymeric Materials; Korugic-Karasz, L., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: September 29, 2005 | doi: 10.1021/bk-2005-0916.ch012

159

We dedicate this contribution to Frank E. Karasz who has been
a leader in the field of polymer science for many years and an
inspiration to many.

Introduction

Block copolymers comprised of chemically distinct polymers
covalently joined at one end, self-assemble into well-defined,
ordered arrays of nanoscopic domains ranging from spheres to
cylinders to lamellae, depending on the volume fraction of the
components.! Solvent has been shown as an effective, strong and
highly directional method to manipulate the microdmain
orientation by controlling the solvent selectivity, and evaporation
rate.”'?For example, the rate of solvent evaporation and the
evaporation-induced flow were used to highly orient cylindrical
domains of a diblock copolymer parallel to the surface over very
large surface areas. Also, it was shown that solvent annealing could
be used to markedly improve long-range order of the copolymer
thin films, since solvent imparts the mobility to the copolymer that
enables a rapid removal of defects. ‘

Recently, we reported an approach to generate nanoporous
films of polystyrene-block-poly(methyl methacrylate) PS-b-PMMA
diblock copolymer by swelling the minor component cylindrical
PMMA microdomains with a preferential solvent, acetic acid. ¥ A
solvent-induced reconstruction of the film was shown to be
responsible for the formation of the pores. Upon exposure to acetic
acid the PMMA was solubilized, drawn to the surface, and
subsequently trapped at the surface upon drying. Grazing incidence
small angle x-ray scattering (GISAXS) and x-ray reflectivity
studies have shown that the pores penetrated through the entire
film and the lateral spacing of the pore was not affected by the
solvent swelling. The process was shown to be fully reversible,
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since neither block was degraded or removed to generate the pores.
Heating above the glass transition temperature of the block
copolymer resulted in a recovery of the initial film morphology i.e.,
nanoscopic cylindrical PMMA domains oriented normal to the
surface.

Here, we report on this solvent induced surface reconstruction,
emphasizing the role of solvent selectivity and solubility, the role
of the random copolymer brush used to balance interfacial
interactions, and the mechanism of the regeneration of the
nanotemplate. The regeneration of the initial nanotemplate by
thermal annealing was studied using in-situ grazing incidence
small angle x-ray scattering (GISAXS) and scanning force
microscopy (SFM). At temperatures of 60-90°C, only a small
fraction of the pores close to the bottom of the film were re-filled.
The pores were not fully filled to re-generate the nanotemplate
until being heated up to 90-100°C indicating that majority of the
PMMA block did not have mobility at temperatures below 90-
100°C.

Experimental

Two PS-b-PMMA diblock copolymers were prepared by
conventional anionic block co-polymerization and were
characterized by size exclusion chromatography that was calibrated
against polystyrene standards. One has molecular weight of
7.1x10* g/mol with polydispersity index of 1.08 with a PS volume
fraction of 0.5 that formed lamellar microdomains in the bulk. This
will be referred to as LSM71k. The other PS-b-PMMA had a
molecular weight of 6.9x10* g/mol with polydispersity index of
1.06 and a PS volume fraction of 0.29 that formed cylindrical
microdomains in the bulk. This copolymer will be refereed to as
CSM69k. Narrow molecular weight distribution random
copolymers of styrene and methylmethacrylate, P(S-r-MMA), with
58 mol% styrene and benzyl alcohol end-groups, were prepared by
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a “living” free-radical polymerization. The P(S-r-MMA) as
anchored to the native oxide layer on silicon substrates to generate
a surface that exhibits balanced interfacial interactions with respect
to PS and PMMA.'*'® Another method to balance the interfacial
interactions between each block with the substrate is to passivate
the silicon substrate by dipping it into 5% HF solution for 3
minutes and rinsing with deionized water for 3 minutes.'” This
etches the native oxide and silanizes the surface, which has been
found to produce a surface with balanced interactions. Films of
PS-b-PMMA with a thickness near the repeat period were spin
coated onto these substrates, annealed at 170°C under vacuum for
40hrs, soaked in acetic acid, and thoroughly rinsed with deionized
water.

Samples for TEM were prepared on a silicon wafer that had a
1um thick layer of thermally grown silicon oxide. After solvent
swelling and rinsing, the diblock copolymer film was floated off
the substrate by dipping into an aqueous 5% HF solution and then
transferred to copper grids. TEM was performed using a JEOL
100CX electron microscope operating at 100 kV.In order to
investigate the temperature effects on the regeneration process of
the initial nanotemplate, one sample was cut into several pieces.
Each piece was then annealed at a desired temperature under N; for
1 hr and quenched to room temperature. Tapping mode SFM was
then performed on each sample with a Dimension 3100,
Nanoscope III from Digital Instruments Corp.

The in-situ GISAXS experiments were performed on beamline
X22B at the National Synchrotron Light Source at the Brookhaven
National Laboratory, using x-rays with a wavelength of 1.567A.'®
The transversal and longitudinal coherence length is ~1-2um. A
heating stage controlled the temperature with an accuracy of 0.1°C.
The sample was heated to the desired temperature and annealed at
that temperature under N, for 6 minutes before beginning the
GISAXS measurements.
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Results and Discussions

Figure 1a shows the TEM image of an annealed LSM71K thin
film on a silicon substrate modified with random copolymer where
the surface is neutral to both blocks. Lamellar microdomains
oriented normal to the surface are seen. Figure 1b is the TEM
image after dipping the film into acetic acid, a selective solvent for
the PMMA blocks. The bright white lines in this image have the
same intensity as a section without film, suggesting that the lines
are hollow and extend completely through the film. This is
identical to what was previously seen in films with cylindrical
morphology where the minority component PMMA blocks were
drawn to the surface by the acetic acid and were trapped at the
surface upon drying. With the lamellar morphology, the same
behavior can be produced with the PS block when a selective
solvent for the PS block is used. Shown in Figure 1c is a TEM
image of an LSM71k film after a dipping into cyclohexane, a
selective solvent for the PS blocks. Here, the hollow lines are
similar to those in the films swollen by acetic acid. However, is
evident that the PS was not completely drawn to the surface, and as
a consequence, the definition of the lines is not as sharp as when
PMMA was drawn to the surface by acetic acid. The observed
difference can be attributed to the fact that cyclohexane is not as
good a solvent for PS as acetic acid is for PMMA. Thus, it is
important to choose a solvent with higher selectivity/solubility to
generate lines or pores that span the entire film.

Figure 1 TEM images of an LSM71k diblock copolymer thin film (a) after being
annealed and then (b) dipped into acetic acid, (c) cyclohexane.
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The TEM results were confirmed with GISAXS, which is very
sensitive to the formation of pores due to the high electron density
difference between the copolymer and air. Figure 2a shows the
GISAXS pattern of an LSM71k film after acetic acid exposure at a
grazing incidence angle of 0=0.2°, which is the same sample
preparation as in Figure 1b. The pattern shows multiple higher
order reflection in gy (in the plane of the film) resulting from the
lateral ordering of the lamellar microdomains normal to the
surface. There are also multiple oscillations along the first diffuse
rod (in the g, direction) with a frequency corresponding to a depth
of the nanoscopic channels. The observation of fringes out to 0.15
A suggests that the termination of the channels is sharp. Figure 2b
is the GISAXS pattern of an LSM71k film after dipping into
cyclohexane (same condition as Figure 1c). In comparison to the
data in Figure 2a, the intensity of scattering is much lower,
indicating the channel formation is not as complete and that some
of the PS remains in the channels. . Figure 2c shows the g, scans
along the first diffuse rod of both GISAXS patterns. The
oscillations in the frequency of the scans are inversely related to
the depth of the channels. As can be seen, the oscillations along g,
for the film after dipping into cyclohexane have lower frequency
than for the film after dipping in acetic acid confirming that the
channels are shallower as indicated by the TEM images.

Previous studies have shown that, with exposure to acetic acid,
nanoporous films with pores penetrating through the entire film
could be achieved'. In addition, electron density profiles obtained
by fitting the x-ray reflectivity profiles indicated that the thickness
of the random copolymer brush layer increased after swelling. It
was argued that the solubility of the random copolymer in acetic
acid and the diffusion of PMMA blocks into the brush layer could
explain the penetration of the pores through the entire film. As
stated previously, passivation of the silicon substrate is an alternate
method to balance interfacial interactions between the PS and
PMMA blocks with the substrate and to orient the PS-b-MMA
microdomains normal to the surface. Therefore, passivation can be
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used to clarify the role of the brush layer during the selective
solvent swelling.

0 0.04 008 0.2 0.16 02
9z (K

Figure 2 Grazing incidence small angle x-ray scattering pattern of LSM71k
diblock copolymer thin films prepared on a substrate modified with random
coplymer dfter being dipped into (a) acetic acid and (b) cyclohexane. (c) The qz
scans qy=0.0178 A-1 of both GISAXS patterns.

(See page 1 in color insert.)

Two thin films of LSM71k on different substrates were
prepared; one on a neutral brush modified substrate, the other on a
passivated substrate. After annealing, SFM (not shown here) shows
that, in both cases, the lamellar microdomains orient normal to the
surface. After exposure to the acetic acid, comparable SFM images
were observed for both substrates. Figure 3a is the GISAXS pattern
of an LSM71k film on a passivated surface after dipping into acetic
acid at a grazing incidence angle, 0=0.2° (same conditions as that
used to obtain the data in Figures 1b and 2a). The pattern is similar
to Figure 2a, showing higher order diffractions along ¢, and
oscillations along g, direction. Figure 3b shows the g, scans along
the first diffuse rod for both GISAXS patterns (Figure 2a and 3a).
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The fringes decayed more rapidly for the copolymer on the
passivated surfaces (at g, = 0.08 Al in comparison to the
copolymer film on a neutral brush (at g, = 0.15 A indicating a
rough termination of the empty channel. Though it is difficult to
determine the frequency of the fringes accurately, the wavelength
for the copolymer on the passivated surface is slightly higher than
that of the copolymer film on the neutral surface, implying slightly
shallower channels on the neutral brush. Therefore, the neutral
brush plays a critical role in forming channels that penetrate though
the entire film. This agrees with previous x-ray reflectivity
observations where it was argued that the PMMA blocks diffuse
into the underlining brush layer. For the copolymer thin films on
the passivated substrate, the PMMA can only go to the top of the
film, and those chains close to the copolymer/substrate interface
cannot reach the top surface during the rinsing process due to the
connectivity with the PS bock, which produces rough termination
of the channels.
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Figure 3(a) Grazing incidence small angle x-ray scattering pattern of an
LSM?7 1k diblock copolymer thin film prepared on a passivated substrate after
being dipped into acetic acid. (b) The gz scans qy=0.0178 A-1 of the GISAXS

patterns of Figure 2a and 3a. (See page 1 in color insert,)

The re-annealing process of the cylindrical microdomains,
CSM69k on a neutral brush modified Si substrate was monitored
using in-situ grazing incidence small angle x-ray scattering as well.
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With the formation of pores, the scattering intensity should be
intense due to the large electron density difference between both
blocks and air. However, when the pores are refilled with PMMA
blocks, the scattering intensity decreases due to the smaller
electron density between PMMA and PS. Thus, the refilling
process can be studied by simply monitoring the scattering
intensity. Figure 4 shows a series of GISAXS patterns captured
during the re-annealing process. The sample was first put on the
hot stage at 60°C. The GISAXS pattern shows multi-order
diffraction along q, and q,, resulting from the nanoporous film.
This result indicates that the nanoporous structure was still stable
at this temperature. From 60 to 90 °C, there is only a small
decrease in the scattering intensity, indicating that only a small
portion of the PMMA blocks has mobility. The majority of the
PMMA chains could not relax back into the pores until being

LX)

A"

A"

Figure 4 Grazing incidence small angle x-ray scattering patterns of the re-
annealing process of a CSM69k diblock copolymer thin film swollen with acetic
acid. (a) 60°C, (b) 70°C, (c) 80°C, (d) 85°C, (e) 90°C, (f) 100°C.

The film was annealed at each temperature for 6 minutes. (g) was taken
after annealing the sample at 100°C for 15 minutes.

(See page 2 in color insert.)
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heated to 90°C. The small fractions of the PMMA chains that
relaxed initially are, most likely, those chains close to the substrate
interface, where the polymer chains are stretched the most during
solvent swelling. With increasing temperature, the scattering
intensity decreased with a dramatic drop between 90-100 °C, as
shown in Figure Sa, where the qy scans at g, = 0.022 A™ for all the
GISAXS patterns plotted. As described before, the decrease in
scattering intensity results from the refilling of the pores. It should
be noted that at 100 °C, the scattering nearly vanished and with
further annealing (15 mins), the scattering intensity increased again
(note the intensity of the first order diffraction in Figure 5). This
suggests that the PMMA blocks were not closely packed within the
pores initially, thus reducing the electron density contrast between
the PMMA and PS blocks. With further annealing, the improved
packing increased the density in the PMMA domain and electron
density contrast.
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Figure 5a The q, scan at q,=0.022 A of the GISAXS patterns in Figure 4.

A series of SFM images of the swollen diblock copolymer thin
films after annealing at different temperatures is shown in Figure 6.
From both height and phase images, almost no difference was seen
on the film surface after annealing at 90°C. After annealing at
100°C for 1 hr, the film surface changed dramatically. The surface
roughness decreased, the phase contrast decreased dramatically and
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some pores were filled. After annealing at 110°C for 1 hr, no deep
pores were seen on the surface. However, the pores were not
completely filled until the film was annealed at 130°C (SFM image
is not shown here). The SFM images further show that the pores
were not refilled until heating to 100°C. These results are
consistent with the arguments made previously from the GISAXS,
where it was argued that the decrease in the scattering intensity was
due to the filling of the channels from the bottom portion of the
pores at the lower temperature.

Figure 6 AFM images of CSM69k diblock copolymer thin films after being
(a) swollen with acetic acid at room temperature and annealed at (b) 80°C,
(c) 90°C, (d) 100°C and (e) 110°C for an hour. The height scale is 15 nm and
the phase scale is 15° for all the images. (See page 2 in color insert,)

In conclusion, a reversible selective solvent induced surface
reconstruction in diblock block copolymer thin films was
investigated. A random copolymer brush layer, solvent selectivity,
and very good solvent selectivity are crucial to obtain the
nanoporous film with pores penetrating through entire film. The re-
annealing process to regenerate the nanotemplate was monitored
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using in-situ GISAXS and SFM. From 60-90°C, only a small
fraction of the pores close to the substrate interface were refilled.
The template was not fully regenerated until the annealing
temperature was close to the glass transition temperature of the
film.
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Chapter 13

Thermoplastic Molecular Sieves: New Polymeric
Materials for Molecular Packaging
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New polymeric materials based on syndiotactic polystyrene
(s-PS) are presented. These materials are able to absorb
rapidly and efficiently volatile organic compounds from water
and air, also when present at very low concentrations and can
be considered as the first example of polymeric molecular
sieves, as they display a high sorption selectivity similar to
zeolites. Moreover these new molecular sieves are
hydrophobic and hence seem particularly suitable for water
and moist air purification. Different aspects relative to the
structure, absorption properties, and host-guest interactions of
these new polymeric materials are described.
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Introduction

Syndiotactic polystyrene (s-PS), whose synthesis was reported about two
decades ago (I, 2), is a easily crystallizable and high melting (~270 °C)
stereoregular polymer presenting a very complex polymorphic behavior (3).

In addition to four different crystalline forms, several clathrate structures,
mainly including halogenated or aromatic hydrocarbons as guest molecules,
have been described (4).

The crystalline 3-form is nanoporous and can be obtained by removal of
guest molecules from clathrate samples, by suitable solvent treatments (5). The
corresponding crystal structure (6) is shown in Figure 1A. Sorption studies from
liquid and gas phases, into s-PS samples (mainly films) being in this nanoporous
8-form, have shown that this thermoplastic material is able to absorb selectively
some organic substances from different environments also when present at low
concentrations (3, 7, §).

To our knowledge, this is the first case of polymeric semicrystalline
material whose sorption ability is higher for the crystalline phase than for the
amorphous phase.

These polymeric molecular sieves present narrow distributions of nanopore
volumes (of the order of 120-170 A* ) and hence, like zeolites, good molecular
selectivities. In fact, in both cases, the nanopores correspond to cavities with
well defined positions and shapes inside crystalline lattices (9).

Sorption studies from liquid and gas phases, into s-PS samples being in the
nanoporous §-form (7), have shown that this thermoplastic material is able to
absorb selectively some volatile organic compounds (VOCs) (mainly
halogenated or aromatic hydrocarbons) also when present at low concentrations
(5, 7-9), forming the corresponding clathrate forms. These sorption studies have
suggested that this material is promising for applications in chemical separations
as well as in water and air purification. In particular, thin polymeric films have
been suggested as sensing elements of molecular sensors (/0). Moreover, these
materials are hydrophobic (their water absorption as well as adsorption are
negligible) while absorb rapidly and efficiently all VOCs mostly presented in
industrial waste waters (benzene, toluene, chloroform, tetrachloroethylene,
trichloroethylene, etc.) and hence seem particularly suitable for water and moist
air purification.

It is worth noting that these new molecular sieves are based on
thermoplastic polymers and as a consequence could be used not only as powders
or grains (as carbon adsorbents) but also processed to obtain morphologies and
manufacts possibly useful for molecular separation processes (e.g., acrogels or
membranes or macroporous beads).
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In the following sections, different aspects relative to the structure,

absorption properties, and host-guest interactions of syndiotactic polystyrene
crystalline -form will be discussed.

Shape and Volume of the Cavities

Empty Volume Calculation

The monoclinic structure of the §-form of s-PS (6) (space group P21/a, a =
175 A,b=119 A, ¢ =7.7 A, and y = 117°) has per unit cell two identical
cavities centered on the center of symmetry, bounded by 10 phenyl rings (Figure
).

2b

AN SN A
Wy AR N\ T
1 ., 7’ ’ A L/ ¢
D4 hY
NN ke l
TOANY R N

Figure 1: Region of empty space (dotted) calculated for the & -form, by
assuming r= 1.8 4 (that is a typical van der Waals radius of chlorine atoms or
methyl groups) shown for three different views of two unit cell: along ¢ and
perpendicular to ac and bc planes. Along the c view, the phenyl rings that define
the boundary of the cavity are bolded and labelled by heights (expressed as
fractions of ¢c=7.7 4 )
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A complete filling of the cavities by guest molecules generates clathrate
structures generally presenting an organization of the polymeric host very
similar to that observed for the 5-form.

Crystal structure data contain all the information necessary to evaluate the
empty volume fraction as well as the shapes and sizes of possible empty spaces
(cavities and/or channels). The fraction of empty volume (®.) can be defined on
the basis of the volume that can be filled by a hypothetical sphere of radius r
).

The region of empty space calculated for the 5-form, by assuming r = 1.8
A, that is a typical van der Waals radius of chlorine atoms or methyl groups is
shown as a dotted region for three different views of the unit cell, along ¢ and
perpendicular to ac and bc planes, in Figure 1. The figure shows that this empty
space corresponds to finite cavities (two per unit cell) centered on the center of
symmetry of the crystal structure, whose boundary is essentially defined by 10
phenyl rings. By considering, for instance, the view along the c axis, there are
four phenyl rings below the cavity (average height 0), four phenyl rings above
the cavity (average height ¢ = 7.7 A), and two phenyl rings whose average
height is equal to the average height of the cavity (c/2) (bolded rings in Figure
1). For a probe sphere with 7 = 1.8 A, the cavity has a volume of nearly 115 A®
and its maximum dimension is nearly 8.1 A (essentially along the a-b direction)
while its minimum dimension is nearly 3.4 A (essentially along the c axis).

Following the same procedure, the shapes and volumes of the hypothetical
cavities generated by ignoring the presence of the guest molecules have been
evaluated for the clathrate structures® and the relative cavity volumes are
reported in the last column of Table I.

Table I : Crystal Structure Parameters, Guest Volume Fraction, Guest
Volume, and Volume of the Cavity for the 5—form and Three Different
Clathrates of s-PS

Guest | Guest | Cavity

Crystal
a(d)| bA) | c(d)| y | volume | volume | volume
structure fraction® | (4°)° A’
S -form 17.5°| 11.8°| 7.7° | 117° 115
ssPSDCE | 17.19[12.19] 7.7¢ [ 120° | 0.22 91 125

s-PSf/iodine | 17.3° | 12.9°| 7.7° | 120° [ 0.29 124 151

s-PS/toluene | 17.6" [ 13.3' | 7.7° | 1217 [ 0.30 132 161

NOTE: *Guest volume fraction = Vigeq/(4 X Vayrenic unit)- Volume calculations are based
on the van der Waal radii. *Calculated with the assumption of r = 1.8 A. °From Reference
6. “From Reference 4c. *From Reference 4b. ‘From Reference 4a.
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Nitrogen Sorption Experiments

Following standard procedures for porosity evaluation of powders (/1), by
nitrogen sorption experiments at low temperature (77 K) on amorphous and
semicrystalline s-PS samples, it is possible to give an experimental evaluation of
the 3-form cavity size.

Sorption and desorption isotherms of 8- and y- (not nanoporous) form
samples are compared in Figure 2, where the sorption is expressed as cm® of
nitrogen in normal conditions (1 atm, 0 C) per gram of polymer.

80 M T T T

N, sorption volume (cm%g)
8 8 8§ 8 8 3

-
o

0
00 02 04 06 08 10
PIP°
Figure 2: Sorption (continuous curves) and desorption (dashed curves)
isotherms of nitrogen at 77 K into s-PS powder samples, including & and y
crystalline phases.

Moreover, starting from p/py 0.6, there is a steeper increase of sorption of
the 3-form up to p/p, = 0.9. This makes the sorption difference between the 5 -
form and the other semicrystalline samples particularly large (nearly 70 cm’/g)
at p/po = 0.98. It is also worth noting that for the 3-form powder there is a
remarkable hysteresis in the sorption-desorption phenomenon.

Because the two samples present similar crystallinity, it has been assumed
that the sorption increase observed for the &-form sample is essentially
associated with condensation of nitrogen molecules into the crystalline
nanoporous phase and that the observed hysteresis is due to the formation of
polymer-gas intercalates.

In the assumption of formation of s-PS/nitrogen intercalates, the number of
N, molecules per crystalline cavity can be approximately evaluated. In fact, if
nnz and neyiy are moles of nitrogen and cavities, respectively, for a given mass
of polymer M,,, then:

ny,  (PVy M )/RT _ 4PV, My,

Beavity (M pol Xc )/ 4M gy, RTX,

=0.01867y, /X, (D
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where Vy, is the volume of nitrogen (for P = 1 atm and T = 273 K) sorbed

in the crystalline phase per gram of polymer, M,,, is the molecular mass of the
styrenic unit, X, is the crystalline fraction of the §-form polymer sample, and 4
is the number of styrene units per cavity in the 8 crystalline phase.

On the basis of eq 1, by taking Vn, =70 cm®/g (from Figure 2), and X, =

0.43 (determined from the X-ray diffraction pattern (not reported here)), the
number of nitrogen molecules per crystalline cavity is calculated to be close to
3.

Two possible limit evaluations of the space occupied by the molecule of N,
can be obtained considering the space occupied by three molecules in the two
possible nitrogen crystalline structures (cubic and hexagonal) (/2): 137 and 163
A3, respectively (/3). In our assumptions these volumes can be taken as a rough
evaluation of the volume of the cavity of the crystalline phase. This independent
evaluation is in satisfactory agreement with the calculated volumes of column 8
in Table 1.

Absorption of VOCs from Water

Chlorinated and aromatic hydrocarbons are readily sorbed by the
nanoporous crystalline form of s-PS. Just as an example, sorption kinetics of
1,2-dichloroethane (DCE) from saturated (8100 ppm) or diluted (100 ppm)
aqueous solutions by powder s-PS samples, (/4) characterized by surface areas
of nearly 4 m’/g, are shown in Figure 3. In addition to powders in 8-form,
powders in the orthorhombic B crystalline form (a = 8.81 A, b=28.82 4, c =
5.1 A) (15) which absorb low molecular mass compounds only into the
amorphous phase (/6), are also considered. The stability of the crystalline -
form of s-PS in the presence of organic compounds can be attributed to a much
lower fraction of empty volume than for the §—form (9) which is due to a larger
density (1.078 g/cm® for the B-form vs. 0.997 g/cm’ for the 8-form).

It is apparent that for 6-form powders, few minutes are sufficient to obtain
substantial sorption of DCE from water solutions, whereas B-form powders sorb
DCE more slowly and to a lower extent. Sorption from s-PS samples, which are
amorphous or in crystalline forms other than 8, is negligible for low DCE
activities as occurs for  -form samples. For the considered 3-form sample, the
equilibrium sorption of DCE from 100 and 10 ppm aqueous solutions is of 7
and 4.5%, respectively. These results hence indicate the occurrence of high
partition coefficients between the polymeric phase and the aqueous phase. The
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reported results indicate that nanoporous crystalline samples of s-PS can be
suitable for water purification from some chlorinated hydrocarbons. As will be
discussed in the next sections, the occurrence of different conformational
equilibria of some guest molecules, into amorphous and clathrate phases of s-
PS, allows evaluation of the guest contents into both phases. On this basis, it is
established that sorption involves preferentially the clathrate phase and that
desorption from clathrate phase is much slower than desorption from amorphous
phase (8).

2 y
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g DCE/100 g of dry polymer
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Figure 3: Sorption kinetics of DCE from saturated (8100 ppm, solid lines) or
100 ppm (dashed lines) aqueous solutions by semicrystalline powder
samples:( )& -form and ( ) B-form

Nature of the Host-Guest Interactions

FTIR study of conformational selectivity

For the conformational studies, 1,2-dichloroethane (DCE), 1,2-
dichloropropane (DCP) and 1-chloropropane (CP) have been chosen as guest
molecules, since they present similar and simple conformational equilibria and
the different conformations are reasonably populated and readily detectable by
spectroscopic means. In fact, the FTIR spectra of these chlorinated compounds
in the wavenumber range 1500-450 cm’, present a number of well-resolved
peaks. Moreover, due to the relative simplicity of these molecules a complete
normal vibrational analysis is feasible, which has allowed unambiguous
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assignment of the various absorptions to the normal modes of the different
conformers (/7-19).

A comparison between the conformational equilibria of the three
considered chlorinated compounds into s-PS films is presented in Figure 4, as a
plot of the fraction of the trans conformers (see Scheme 1) versus the molar
concentration of the chlorinated compounds in the polymer samples.

i ﬁwwﬁ

For each set of data, the maximum value of the guest molar concentration
(the experimental point on the extreme right of each curve of Figure 4)
corresponds to that observed immediately after sorption. The other experimental
points correspond to the same samples after different desorption procedures.

Data corresponding to DCE sorption from a 0.5 wt % aqueous solution
followed by isothermal desorption at 40 °C (empty circles), 60 °C (filled
circles), and 80 °C (squares) relative to B- and 6-form s-PS samples are labeled
A and B, respectively, in Figure 4. It is apparent that, the trans and gauche
conformations are nearly equally populated for DCE molecules sorbed in the
amorphous phase of samples including the dense and impermeable B crystalline
phase (16) (data set A in Figure 4).

The observed fractions of trans conformer (Xt) are intermediate between
those observed for pure liquid (Xt = 0.35) and for vapor (Xt = 0.75) DCE (/7).
For equal sorption conditions, the DCE concentration is higher and the fraction
of its trans conformer is larger when DCE is sorbed into 8-form crystalline
samples (cf., e.g., data points on the extreme right of curves B and A of Figure
4). Moreover, the Xt value increases up to 0.94 as DCE concentration in the
polymer is reduced by desorption (curve B in Figure 4), that is to the same value
obtained for DCE sorption into nanoporous polymer samples from very diluted
aqueous solutions (10 ppm) (8).
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Figure 4: Plot of the fraction of the trans conformers for the three chlorinated
hydrocarbons considered (see scheme 1) as a function of molar concentration of
the chlorinated compounds in s-PS semicrystalline films (expressed as mole of
guest per mole of styrene monomeric units): (4) DCE absorbed from a 0.5 wt%
aqueous solution by a 3 -form film; (B) DCE absorbed from a 0.5 wt% aqueous
solution by a nanoporous 6 -form film; (C) DCP absorbed from pure liquid by a
nanoporous & -form film; and (D) CP absorbed from pure liquid by a
nanoporous & -form film.

A similar behavior is observed for DCP. For instance, sorption experiments
into a nanoporous s-PS film from pure liquid, followed by desorption at room
temperature (data set C in Figure 4), show large Xt values, larger than those
measured for diluted DCP solutions in benzene (Xt = 0.65) (/8) or for liquid
DCP (Xt = 0.62) (23), which increase as desorption proceeds.

In contrast the CP behavior is completely different, in fact the population of
the trans conformer is not increased by clathration into s-PS. Take for example
CP sorbed from pure liquid at room temperature by a nanoporous s-PS sample:
although the clathration phenomenon is confirmed by the typical changes in the
X-ray diffraction patterns (6), Xt remains close to 0.2 (data set D of Figure 4),
which is not far from the value observed for liquid (0.27) and vapor (0.38) CP
19).

These results, therefore, indicate that the conformational equilibria of the
chlorinated compounds are poorly affected by sorption into the amorphous
polymer phase. Moreover, the conformational equilibrium of CP is poorly
affected also by inclusion into the s-PS nanoporous phase. On the contrary, for
DCE and DCP, the conformers presenting two trans chlorine atoms are largely
prevailing into the clathrate phases.
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The observed increases of the Xt values during guest desorption procedures
can be explained by a faster desorption kinetics from the amorphous phase. In
particular, by assuming Xt values for both phases independent of guest
concentration, guest contents into clathrate and amorphous phases can be
evaluated from the above-described FTIR peak intensities. For instance, Xt for
DCE sorbed into the amorphous phase can be reasonably assumed equal to 0.51,
which is equal to the experimental value observed for different amorphous and
semicrystalline samples sorbing DCE only into the amorphous phase (see, e.g.
curve A of Figure 4 and ref. 8). As for the clathrate phase, Xt can be assumed
close to 0.94, i.e., the highest experimental value observed for §-form s-PS
samples after substantial guest desorption (see curve B in Figure 4) as well as
after DCE absorption from diluted solutions (8).

In these assumptions, separate desorption kinetics from the amorphous and
clathrate phases of s-PS can be evaluated (8b). Just as an example, desorption
kinetics at 40 °C from amorphous and clathrate phases of a s-PS film after DCE
sorption from a 0.5 wt % aqueous solution (based on the Xt values
corresponding to the empty circles of curve B of Figure 4) are shown in Figure
5.

Concentration (wt %)
F'S
f
>

1 c -

L L] T T L] L
0 500 1000 1500 2000 2500 3000 3500
Time (min)

Figure 5:Desorption kinetic of DCE at 40°C from a s-PS film, after sorption
Sfrom a 0.5 wt% aqueous solution: () overall; (B) for the clathrate phase; (B)
Jor the amorphous phase. Data of curves B and C have been calculated on the

basis of Xt variations (see text).

Initially, in the considered sample, DCE is partitioned almost evenly in the
amorphous and the crystalline phases, while the difference in the desorption
rates between the two phases is dramatic. For instance after about 60 h the DCE
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content in the amorphous phase has decreased by about 90% of its initial value,
while, in the crystalline phase, the reduction is close to 10%.

Analogous conformational studies, applied to sorption kinetics relative to
semi-crystalline 8-form s-PS samples, have indicated that the absorption of the
considered chlorinated compounds from aqueous solutions occurs preferentially
into the crystalline phase and essentially only into the crystalline phase for low
guest concentrations (8). This sorption mechanism based on the formation of a
clathrate crystalline phase involves a high potential selectivity, typical of host-
guest compounds.

Gas sorption (CO, and CH,) and transport into a polymeric crystalline
phase have already been observed for isotactic poly(4-methyl-1-pentene) (21,
22). However in that case the molecules do not form clathrate structures but
dissolve in the crystals at about 1/3 to 1/4 the level they do in the amorphous
phase.

The Role of Electrostatic Interactions: Molecular Modelling Results

The nature of host-guest interactions and the role of electrostatic ones in s-
PS clathrates have been subject of several theoretical studies (14, 23, 24).

The occurrence for DCE and DCP (but not for CP) of conformational
selectivity, favouring the trans conformers in the cavities of the 3-form of s-PS,
indicates the presence of specific attractive, rather than van der Waals repulsive,
interactions involving the trans chlorine atoms. In fact, since chlorine atoms and
the methyl groups present similar van der Waals radii (close to 1.8 A), if the
conformational selectivity had been due to repulsive non-bonded interactions, it
would have been observed also for CP (see Scheme 1).

It is reasonable to assume that the specific locations of the phenyl rings
delimiting the cavities of the nanoporous structure would influence the location
of the two chlorine atoms of DCE and DCP, thus determining the observed
conformational selectivities.

A molecular mechanics approach is used in the following to rationalize the
previously described experimental conformational results. This can contribute to
elucidating the nature of the host-guest interactions into s-PS clathrate
compounds.

As for the polymeric host, an electrostatic potential map, relative to the
cavity region of the unit cell of the nanoporous 8-form of s-PS indicated
(dotted) in Figure 1, at a quote of 1/2c, is shown in Figure 6A.
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Figure 6: Potential maps, relative to the cavity region of the unit cell of the
nanoporous J-form of s-PS of indicated (dotted) in Figure 1, at a quote of 1/2c:
(A) electrostatic potential of the cavity; electrostatic potential maps relative to
the trans (B) and gauche (C) conformers of DCE positioned with respect to the
cavity in a way suitable to minimize the overall potential energy. The zero
energy curves is dotted and positive and negative are dashed and continuous,
respectively

The map of Figure 6A shows that the electrostatic potential is essentially
negative in the central part of the cavity while it is prevailingly positive in some
regions that are external to the cavity.

As for the chlorinated guests, trans and gauche conformers of DCE,
positioned with respect to the cavity in the way suitable to minimize overall
potential energy, are shown in Figure 6, parts B and C, respectively. For
comparison with electrostatic potential of the cavity (Figure 6A), the
electrostatic potential of both conformers of DCE is also shown.
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It is apparent on inspection that there is a good electrostatic fit between the
quadrupolar trans conformer and the substantially quadrupolar cavity. Presence
of a center of symmetry in the geometric center of the cavity determines
quadrupolar character of the electrostatic potential. Furthermore, negative
regions of electrostatic potential (left-bottom and right-upper corners in figure
6A) are determined by the presence of phenyl rings at a quote %; ¢ in the cavity
boundary.

The positive electrostatic region of the DCE trans conformer, corresponding
to the carbon and hydrogen atoms (Figure 6B), presents a good superposition
with the negative electrostatic nature of the cavity (Figure 6A).

The electrostatic fit between the cavity and the substantially dipolar gauche
conformer (cf. Figure 6C with Figure 6A) is instead poor. Strictly analogous
considerations hold for DCP. On the contrary, CP is dipolar and its electrostatic
field is essentially independent of its conformation, as a consequence its
electrostatic interaction with the cavity is similar for all conformers.

Results of minimizations of the host-guest interaction energies for the
different guest conformers, into the cavity of Figure 6, parts B and C, are
reported in Table II.

Table IL. Host-guest Interaction Energies®

DCE DCP CP
T G T G T G
Van der Waals -12.8 -12.8 -16.0  -16.1 -135  -13.6
Electrostatic ~ -1.1 0.0 -0.8 0.2 0.2 -0.6
Total -13.9 -12.8 -168  -15.9 -143  -14.2

NOTE: *Results of minimization of the interaction energies (kcal/mol) with the cavity of
figure 1 for trans and gauche conformers of chlorinated guests.

For the sake of simplicity, only the absolute energy minimum situations of
both conformers are listed. It is apparent that for all the considered chlorinated
guests the main attractive contribution (up to 16 kcal/mol) is of van der Waals
type, being however poorly dependent on the guest conformation. The
electrostatic attractive contribution is smaller for all the considered chlorinated
compounds; however, it is nearly 1 kcal/mol larger for the trans conformers,
with respect to the gauche conformers, for both DCE and DCP. On the other
hand, the electrostatic contribution to the minimum energy values is poorly
dependent on the CP conformation. Hence, the calculations of Figure 6 and
Table II are able to rationalize the absence of conformational selectivity for CP
and the preference toward trans conformers for DCE and DCP, in the cavities of
the 3-form s-PS.
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Concluding Remarks

In this contribution different aspects relative to the structure, absorption
properties, and host-guest interactions of syndiotactic polystyrene crystalline
nanoporous 8-form have been presented.

Semi-crystalline 3-form samples are able to absorb, mainly in the crystalline
phase, most of the volatile organic compounds present in industrial wastes from
liquid or gaseous mixtures (i.e. to form clathrate), also when those are present at
low concentrations. Hence, these materials provide possible industrial uses for
environment pollution control or for water and moist air purification. In
particular semi-crystalline 8-form polymer films have been tested as sensing
probes for the detection of chemical pollutants (for example in resonant sensors)
(10) since they display a good rigidity and at the same time they present a higher
sensitivity and selectivity than other polymeric sensing films used so far.

Furthermore, it is worth noting that the crystalline 8-form could provide an
innovative approach in the area of polymeric materials with optoelectronic and
photonic properties. Indeed, the 8-form offers the possibility to arrange the
photoactive molecules with a high degree of positional order while polymeric
materials used so far are usually based on the dispersion of photoactive
molecules in an amorphous polymer matrix, on the chemical bonding of
photoactive groups to the polymer backbone (functionalization), or on the
inclusion of the photoactive groups in the polymer chain as monomers. All these
traditional procedures lead to the formation of amorphous phases are
characterized by a disordered distribution of the photoactive groups. It is also
worth emphasizing that it has been, recently, established the possibility to obtain
three different planar orientation of the crystalline phase in &-form semi-
crystalline film samples (25) allowing thus a tuning of the orientation of the
guest molecules absorbed in the crystalline phase through the control of the
orientation of the host crystalline phase. This possibility is particularly relevant
in the case of photoactive guest molecules (for example fluorescent,
photoreactive, photochromic, with nonlinear activity, ...) as it is possible to
distribute the molecules in an isolated way with a high orientational and
positional order.
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Chapter 14

Modeling Transport Properties in High Free Volume
Glassy Polymers

Xiao-Yan Wang, Kenneth M. Lee, Ying Lu, Matthew T. Stone,
L. C. Sanchez, and B. D. Freeman

Department of Chemical Engineering, University of Texas at Austin,
Austin, TX 78712

Molecular modeling techniques are applied to study the cavity
size distributions and transport properties of two very
permeable polymers, poly (1-trimethylsilyl-1-propyne)
(PTMSP) and a random copolymer of tetrafluoroethylene and
2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole (TFE/BDD),
which have very similar and large fractional free volumes, but
very different permeabilities. Using atomistic models, cavity
size (free volume) distributions determined by a combination
of molecular dynamics and Monte Carlo methods are
consistent with the observation that PTMSP is more permeable
than TFE/BDD. The average spherical cavity size in PTMSP
is 11.2 A, whereas it is only 8.2 A in TFE/BDD. These cavity
size distributions determined by simulation are also consistent
with free volume distributions determined by positron
annihilation lifetime spectroscopy (PALS). The diffusivity,
solubility and permeability of CO, in these polymers were also
obtained through molecular simulation. The diffusivity and
permeability of CO, in PTMSP are higher than in TFE/BDD.
Good agreement is observed between the simulation and
experimental data.
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Introduction

Polymer membranes with controlled permeability have found wide
application in industrial gas separauons, food packaging, water and air
purification and biomedical engineering.! Poly(1-trimethylsilyl-1-propyne)
(PTMSP) and the random copolymer of tetrafluoroethylene and 2,2-
bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole (TFE/BDD) are known to have
very high permeability coefficients for glassy polymers and are potentially very
useful for membrane separation technology.?

PTMSP has the highest permeability coefficients among all polymeric
materials.>* Moreover, PTMSP exhibits very unusual gas and vapor transport
properties. It is more permeable to large orgamc vapors, such as n-butane, than
to small, permanent gases, such as nitrogen.*’ TFE/BDD is a glassy random
copolymer with very high permeability and excellent chemical resistance. 36
There are two commercially available TFE/BDD copolymers containing 65 or
87 mol % BDD from Du Pont (Wilmington, DE) under the trade names Teflon
AF1600 (TFE/BDD65) and AF2400 (TFE/BDD87).> We chose TFE/BDD87
for study because of its higher fractional free volume (FFV) and also very high
permeability. Table 1 presents chemical structures of PTMSP and TFE/BDD87,
and Table 2 gives some physical properties of PTMSP and TFE/BDDS87.
PTMSP is a substituted polyacetylene that contains double bonds in the
backbone and a bulky trimethylsilyl [Si(CH3);] side group. PTMSP’s density of
0.75 g/cm® is rather low relative to the 1.0 g/cm® or higher density typical of
other glassy polymers. TFE/BDD87’s apparently “higher” density is a result of
fluorine replacing every possible hydrogen in the structure. Both PTMSP and
TFE/BDD87 are loosely packed glassy polymers with stiff chain backbones.
Notice that both polymers have relatively high glass transition temperatures,
even though they have large FFV values.

The high permeability in these polymers is partially associated with the
extremely high ﬁ'actlonal free volumes (FFV). In general, higher FFV polymers
are more permeable Group contribution, zero pressure PVT data and
experimental methods can be used to determine free volumes.”

Based on density and group contribution estimates of occupied volume, the
FFV values of TFE/BDD87 and PTMSP are 0.32 and 0.34, respectlvely
These values were calculated using the van der Waals volumes of repeat units
and group contribution increments. These values are almost twice the values for
conventional, low-free-volume glassy polymers such as polysulfone, which has
a FFV of 0.156 by the Bondi method'? and 0.133 from zero pressure PVT data."
The FFV value of TFE/BDD87 is also obtained using experimental low pressure
PVT data.” Although both TFE/BDD87 and PTMSP have comparable FFV’s,
PTMSP is much more permeable than TFE/BDD87. This suggests that FFV is
only part of the story behind their permeation properties and that the distribution
of free volume may also be important.
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Table 1. Structure of the TFE/BDD87 and PTMSP

Polymer Formula
[ o] (e ¢ |
R R ] o | || Jos
TFE/B o P
(AF2400) \/
/\
FaC CFa
TFE BDD
CHy
'[_l—c } { c==¢ } 0.50
os0 1/ -
FIMSP H;,C—SII——CHa HsC H;,C—\Si—CHg
SHy
CHs
trans cis

Table 2. Some properties of TFE/BDD87 and PTMSP at T = 298 K

Densi T, FFV%
g 3 %
Polymer (g/cm’) °C) FFV% (PVT datd’)
TFE/BDD87 1.74 240 32 314
PTMSP 0.75 >280 34 NA

FFV = fractional free volume
T, = glass transition temperature.

Positron annihilation lifetime spectroscopy (PALS) measurements support this
view. They show,> on the time scale of the PALS experiment, that the largest
accessible free volume elements in TFE/BDD87 are smaller and in much lower
concentration than in PTMSP. In addition to PALS, there are several other
experimental methods that can be used to characterize the cavity size
distribution of a polymer, such as photochromic'* and spin probe'’ methods.
Although tremendous progress has been made, the cavity size distribution
of a material is still very difficult to measure. Molecular modeling provides an

In New Polymeric Materials; Korugic-Karasz, L., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: September 29, 2005 | doi: 10.1021/bk-2005-0916.ch014

190

alternative method and its utility is demonstrated herein. Hofmann et al. 1 have
calculated the free volume distribution in high free volume PTMSP and two
lower free volume polymers using a geometric method. In our work’, cavity size
distributions (CSDs) for TFE/BDD87 and PTMSP were calculated using a
combination of molecular dynamics and Monte Carlo techniques. The algorithm
used to determine CSDs is based on energetic rather than geometric
considerations and is described in detail in reference 17.

In this work, the permeability of CO, in PTMSP and TFE/BDD87 is
obtained from molecular simulation.

Methodology

Permeability

The permeability coefficient, P, of a polymer film to a penetrant is given by
the relationship:'®'®

Nl
Dy — P

P=

M

where N is the steady-state penetrant flux cm®(STP)/(cm? -5), 1 is the film
thickness (cm), p; and p, are the downstream (permeate) and upstream (feed)
pressure, respectively, and also Ap=p,-p, . The permeability is often

expressed in barrers, and 1barrer =10"%cm>(STP) - cm /(cm? - s - cmHg) , where
STP represents standard temperature (273.15 K) and pressure (1 atm).

The permeability coefficient defined in eq. (1) can also be expressed as a
product of diffusivity and solubility, that is:

P=SD )

where S is the solubility coefficient and D is an average diffusion coefficient.
Permeability is often measured experimentally by the constant pressure/variable
volume method. For comparison, P, , which is obtained by extrapolating

permeability coefficient data to zero pressure difference across the film
(Ap =0), are presented in Table 3 for PTMSP and TFE/BDD87. From Table 3,

CO; has extremely high permeability in both TFE/BDD87 and PTMSP. In this
study, we will calculate the diffusivity and solubility of CO, in TFE/BDD87 and
PTMSP through molecular modeling. Then, we will obtain the permeability of
CO; in PTMSP and TFE/BDD87 based on eq. (2).
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Table 3. Comparison of experimental values of permeability of TFE/BDD87
and PTMSP to a series of gases and vapors at ¢ =35°C and Ap=0 18,19
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Py (barrer)

Penetrant TFE/BDD87" PTMSP”
H, 2100 15000
0, 960 9000
N, 480 6600

Co, 2200 27000

CH, 390 15000

C,H, 210 31000

CF, 66 3100

C,Fs 13 2400
Solubility

Experimentally, the sorptionl9 of penetrants into a glassy polymer is usually
described by the dual mode model:

Cubp ©)

where C is the equilibrium penetrant concentration in the polymer at pressure
p(atm); it has units of (volume of penetrant (cm’)/volume of polymer (cm’)). kp
is the Henry’s law parameter which describes penetrant dissolution into the
equilibrium densified polymer matrix. C}, is the Langmuir capacity of the glass.
b is the Langmuir affinity parameter describing the affinity of a penetrant for a
Langmuir site. The Langmuir capacity is equivalent to the maximum
concentration of solute molecules in the unrelaxed (Langmuir) matrix of a
glassy polymer. It can be viewed as a measure of excess free volume of a
polymer.

The solubility of a penetrant in a polymer is defined as the ratio of
equilibrium penetrant concentration to penetrant pressure:

C v b
S=—=k,+C,
P b H1+bp

Q)

Infinite dilute solubility coefficient, Sy, is calculated as follows:
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Sy=1limE =ky +Cypb ®)
p>0p

Sy, also called the Henry’s law solubility coefficient, can be calculated using
the Widom insertion method® through molecular simulation. In this method, we
calculate the energy Au of randomly inserting a particle into a molecular
configuration. Au is the interaction energy between the inserted particle and the
rest of the particles in the system. The dimensionless solubility, or Widom
insertion factor B, is expressed as:

B = (exp(~Au/kT)) (6)

where (- ) represents an ensemble average. The Widom insertion method is most

effective for systems with low to moderate densities; it may give poor estimates
for low free volume systems. The dimensionless insertion factor B is related to
experimentally determined Henry’s law solubility coefficient S, by

B = T So = T
273.15 273.15

(kp +Cyyb)(1atm) ™

Diffusion

Experimentally, diffusion coefficients are usually calculated from
permeability and solubility data using eq. (2). Permeability and solubility can be
measured easily.

In molecular simulation, diffusion coefficients are calculated from the
Einstein relationship®®:

D, = lim —([n()-r O ®

where r; is the position vector of atom i ([r,(t)—r,(O)F) represents the
ensemble average of the mean-square 'displacement of the inserted gas molecule
trajectories; r;(f) and r,;(0) are the final and initial positions of the center of

mass of the gas molecules over the time interval ¢. Diffusion coefficient can also
be obtained from the velocity autocorrelation function’.
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Modeling details
Building Amorphous Cells

The Material Studio®* software of Accelrys Inc. was utilized to construct
the amorphous packing structure. The COMPASS force field?® was used in all
simulations. The nonbonded interactions of COMPASS force field include a
Lennard-Jones 9-6 function for the van der Waals interaction and a coulombic
function for the electrostatic interaction.

For PTMSP, the initial polymer chain was constructed including 50 repeat
units with a 50:50 probability for the occurrence of cis and trans monomers,
mimicking what is believed to be the structure of PTMSP material polymerized
in the presence of TaCls catalyst *'® Two PTMSP chains (each with 50 repeat
units) were folded in the Amorphous Cell at a density of 0.75 g/cm® which
corresponds to the experimental density. The resulting cell length was 29.2 A.
60 initial states were constructed and followed by 5000 steps of emergy
minimization to eliminate the “hot spots”. Afterwards, a 10 ps NVT MD run at
298 K was performed for each of the 60 states to equilibrate structures.

For TFE/BDDS87, the initial polymer chain was constructed from 100
repeat units with 13 mol % TFE and 87 mol % BDD monomers and a density of
1.74 g/cm®, which corresponds to the experimental density. The resulting cell
length was around 28 A. 60 initial states were constructed and followed by
10,000 energy minimization steps and a 10 ps MD run in the NVT ensemble.
The temperature was also set to 298 K.

- It is assumed that the resulting equilibrated structures are representative of
the glassy polymers.

Simulation of Cavity Size Distribution

A cavity-sizing algorithm!’ was then applied to each of the above
equilibrated configurations. The following is a quick review of cavity-sizing
algorithm.

i A polymer structure is generated by MD (or MC) simulation.

ii  The force field used to create the above structure is replaced with a

pure repulsive force field. All atoms remain in fixed locations.

iii A trial repulsive particle is then randomly inserted into the repulsive
polymer structure and a local energy minimum is located in the
repulsive force field.

iv  After the minimum is determined, attractive interactions are turned on,
and the size of the test particle is adjusted until its potential interaction
with all other atoms becomes zero. This size is taken as the diameter of
a spherical cavity.
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v A check is then made to determine whether the initial random
inserting point is inside the cavity or not. The cavity is only accepted if
the initial point is inside the cavity. This procedure leads to volume
distribution rather than a number distribution of cavities.

vi Steps iii to v are repeated enough times to get a representative
distribution of cavity sizes for a given structure.

Simulation of Diffusion, Solubility and Permeability Coefficients

Diffusion coefficients were determined by adding 5 CO, molecules to each
of 10 independent states. After each state was equilibrated for 60ps, the
diffusion constants were calculated by molecular center of mass displacement
over a 100ps interval for PTMSP and TFE/BDD87. Finally, an average value of
D was calculated from ten independent states.

The Widom insertion method”® was used to simulate the solubility of CO,
in PTMSP and TFE/BDD87. For each of the polymer’s 60 configurations, we
performed 20,000 CO, configurations.

The permeability is then obtained using eq. (2).

Results and Discussion
Free volume

Figure 1 presents a typical structure of PTMSP. Large cavities are observed
in the structure. Table 4 presents the fractional cavity volume (FCV) and the
average cavity size from Reference 7. The fractional cavity volume is the
fraction of space occupied by spherical cavities defined by our cavity size
algorithm. In other words, not all of the free volume is in the form of well-
defined spherical cavities. FCV is yet another measure of free volume. Also

included in Table 4 are the radii R, (A) of the larger free volume elements of

the polymers from the PALS measurements.® The average cavity size of PTMSP
and TFE/BDD87 from our simulations are consistent with the PALS
measurements.

The fractional free volume from Reference 3, fractional cavity volume, and
the average cavity size of PTMSP are larger than that of TFE/BDD87. From
Table 3, we see that the permeation coefficients of PTMSP are much larger than
those of TFE/BDD87, even though PTMSP and TFE/BDD87 have comparable
free volume values. This suggests that free volume can only partly explain the
permeation properties. Figures 2 and 3 will show that the cavity size distribution
has a big influence on the permeability.
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Figure 1. A typical packing model for PTMSP. Large cavities are observed.
(See page 3 of color inserts.)

Table 4. Comparison of fractional cavity volume (FCV), average cavity size,
PALS data of PTMSP and TFE/BDD87

Average Cavity 2xR, (4)

7
Polymer FCV% Size (4)" (rom PALS’)
TFE/BDD87 13.2 8.2 11.9
PTMSP 15.6 11.2 13.6

Cavity Size Distribution

Cavity size distribution provides an alternative means to examine this
problem. Hofmann et al.'® have studied the free volume distribution in ultrahigh
free volume PTMSP and two lower free volume polymers by computer
simulation. PTMSP shows a broader free volume distribution than the low free
volume polymers.

The cavity size distributions of PTMSP and TFE/BDD87 determined based
on the algorithm described before are presented in Figures 2 and 3. The
distribution in Figure 2 (PTMSP) is shifted towards larger cavity sizes relative to
that of TFE/BDD87. The largest cavity diameter found in PTMSP is about 16 A;
in contrast, the largest cavity diameter found in TFE/BDD87 is 12 A.
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Figure 2. Cavity size distribution in PTMSP at T = 298 K and
p=0.75g/ cm®  from molecular simulation. The average cavity size is 11.2 4,
and the fractional cavity volume is 15.6%. PTMSP has higher permeability than

TFE/BDDS87 (see Table 3). PTMSP has a smaller fraction of smaller cavities
than TFE/BDD87 (see Figure 3).
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Figure 3. Cavity size distribution in TFE/BDD87 at T = 298 K and
p=1.74g/cm® from molecular simulation. The average cavity size is 8.2 4,

and the fractional cavity volume is 13.2% (see Table 4). TFE/BDD87 has a
higher fraction of smaller cavities than PTMSP.
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This result is also consistent with PALS data that show larger free volume
elements in PTMSP than in TFE/BDD87.% 3 PALS free volume distributions are
bimodal.® The larger of the two cavities in PTMSP is 13.6 A, while in
TFE/BDD87 it is 11.9 A (see Table 4).
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Figure 4. Mean-square displacement of CO;, in PTMSP and TFE/BDD87 at
298K during NVT molecular dynamics. Lines represent linear fit of data.
(See page 3 of color insert.)

Table 5. Comparison of diffusion, solubility and permeability of CO; in
PTMSP and TFE/BDD87 at T=298K (Experimental data from Ref. 26,27)

Diffusion Permeability
(105cm? /s) (Barrers)

Simul. Exp. Simul. Exp.  Simul. Exp.

Solubility
Polymer

“PTMSP®*®  10.7+1.6 9.6  3.5:0.05 3.0 35000 35200
TFE/BDD? 129445 4.5 1.1+0.05 0.56 16000 3000
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Diffusivity

Diffusivity of CO, in PTMSP and TFE/BDD87 at T = 298 K was
calculated by eq. (8). Figure 4 compares the displacement of CO, in these two
polymers as a function of time. CO, diffuses much faster in PTMSP than in
TFE/BDD87, which may be due to the larger cavities in PTMSP. The
cumulative distribution of the cavity size distribution of TFE/BDD87 and
PTMSP from Reference 7 shows that 50% of the cavities in PTMSP exceed 11.3
A, whereas 50% of the cavities in TFE/BDD87 exceed 8.1 A. The diffusion
coefficients we obtained from molecular dynamics simulations are listed in
Table 5 along with the experimental data. We observe very good agreement
between simulations and experiments.

Srinivasan ez al. % concluded that the fast diffusion instead of high
solubility is responsible for the large gas permeability observed for PTMSP. Our
simulation results appear to be in agreement with their conclusions. The

diffusion coefficient of CO, in PTMSP is about 3.0x10cm? /s, but is only

about 0.754 x108¢cm? /s in polysulfone.?® Larger cavities in PTMSP may
contribute to its faster diffusion coefficient.

Solubility and Permeability

The solubility of CO, in PTMSP and TFE/BDD87 measured by the Widom
insertion method is given in Table 5. We also present the experimental solubility
of CO, in this same table. Note that the solubility values presented in Table 5 are
dimensionless Widom insertion factors.

Table 5 shows that the simulation solubility of CO, in PTMSP compares
quite well to the experimentally measured solubility. On the other hand,
simulations predict a much higher solubility of CO, in TFE/BDD87. The
substantial error in the simulation based solubility makes it unclear whether the
two polymers follow the experimentally observed trend that CO, is more soluble
in PTMSP than in TFE/BDD87. The over-predicted solubility of CO, in the
fluorinated copolymer TFE/BDD87 may suggest a weaker-than-anticipated
cross interaction between carbon and fluorine. A recent study has shown that the
hydrogen-fluorine interaction is weaker than the expected geometric mean.?

With simulation based values for the solubility and diffusion coefficients,
we can use eq. (2) to find the permeability of CO, in each polymer. Table 5
shows that the permeability predicted by simulation compares well with the
experimental permeability for PTMSP. The simulation results over-predict the
experimental results for TFE/BDD87. Nevertheless, we find that computer
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simulations predict the trend that the permeability of CO, in PTMSP will be
higher than in TFE/BDD87.

Conclusions

Although PTMSP and TFE/BDDS87 polymers have large and similar
fractional free volumes, PTMSP is much more permeable to gases (see Table 2).
As an explanation, it has been suggested that PTMSP has larger free volume
elements and more connected regions of free volume than TFE/BDD87.%¢ Our
cavity size distribution results from molecular simulation support the idea that
PTMSP has, on average, larger cavities (see Figures 2-3). However, our
algorithm does not address the issue of cavity connectivity. It is also been
demonstrated that molecular simulations of glassy structures can be produced
and probed with a cavity size algorithm to obtain results that are consistent with
existing PALS measurements.

Our molecular dynamics simulation results show that the diffusion
coefficient of CO, in PTMSP is larger than in TFE/BDD87, and they agree well
with the experimental data. The simulation solubility of CO, in PTMSP
compares quite well to the experimentally measured solubility. We find that
simulation measured permeability predicts the trend that the permeability of CO,
in PTMSP is higher than in TFE/BDDS87. Larger cavities in PTMSP may
account for the faster diffusion.
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Chapter 15
New Hyperbranched Urethane Acrylates
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Novel type of crosslinkable polymeric photoinitiators with
hyperbranched architecture were synthesized and
characterized. This type of UV curable hyperbranched
urethane acrylates utilizes xanthate groups for
photoinitiation and controlled crosslinking. A series of
polymers were synthesized with different types of
functionalization by varying type of the hydroxyl alkyl
(meta)acrylates. Obtained polymers have low viscosities
and high molecular weights. Glass transition temperatures
of crosslinked samples were surprisingly high for their
chemical compositions.

1. Introduction

During the last two decades, the field of hyperbranched polymers has
been well established with a variety of studies on synthesis, structure,
properties and possible applications of these unique materials (1).
Hyperbranched polymers are highly branched macromolecules with a large
number of end groups, which can be exploited to determine the physical and
chemical properties of the resulting products (2). These properties
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make them attractive in many application fields, especially in coatings,
where high degree of functionalization and high molecular weights can give
enhanced coatings properties (3). One of the most promising fields of
application of hyperbranched polymers in coating technologies is in UV
curable coatings. These coatings use photoinitiated polymerization of
(meta)acrylates for rapid production of polymeric cross-linked materials
with defined properties. The fastness and efficiency of this process are
reasons for the wide employment of UV initiated crosslinking in
applications where emphasis is on the mechanical and optical properties of
materials.

The use of acrylated hyperbranched polyesters in UV curable systems
has already been described in several papers (4,5). It was shown that they
have lower viscosity and higher curing rates than the linear polymers of
similar molecular weights. The mechanical properties of cured films can be
controlled by varying a number of acrylate groups in hyperbranched
polymer precursor or by introducing non-reactive groups. However, because
of the high level of functionalization of these oligomers, the obtained films
are very hard and brittle, and have poor flexibility.

Urethane-acrylate oligomers in UV-curable coatings give films with
excellent mechanical properties and chemical resistance. Our group has
developed new hyperbranched urethane-acrylates with high functionalities
and molecular weights, and with acceptable viscosities (6).

The large number of end groups in hyperbranched polymers can be
used for incorporation of crosslinkable groups (such as acrylate) and
photactive groups in the same macromolecule. In this way, one can obtain
photoinitiators with high molecular weight and with reactive sites that can
participate in polymerization. In UV curing applications, the advantages
expected from the reactive polymeric photoinitiators include good
compatibility and low migration, which reduces problems associated with
the low molar mass photoinitiators.

Here we describe the use of xanthate mediated controlled radical
initiation for crosslining of xanthate urethane-(mata)acrylate terminated
hyperbranched polymers. The process can be represented as shown in
Scheme 1(7-10).

Under UV light this photoinitiators decompose and give two
unsymmetrical free radicals with distinctly different reactivities toward
monomers. One of them acts as initiator, while the other is stable radical
species with a high reversible termination efficiency (radicals I and II in
Scheme 1, respectively). In this work, we have applied this type of initiation
and controlled photopolymerization in the synthesis of a novel type of
hyperbranched urethane acrylate.
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Scheme 1. Xanthate mediated controlled radical polymerization

2. Experimental

2.1. Materials

Isophorone diisocyanate (IPDI) was purchased from Hils.
Polyethyleneglycol(6)  monoacrylate (PEA6),  polypropyleneglycol
monoacrylate (PPA6), polypropyleneglycol monomethacrylate (PPMS5S) and
2-hydroxyethyl acrylate were kindly provided by Laporte Performance
Chemicals. Hexanediol diacrylate (HDDA) was purchased from BASF. 2,2-
bis(methylol) propionic acid (Bis-MPA) and ditrimethylolpropane (DITMP)
were purchased from Perstorp AB. Dibutyltin dilaurate (DBTDL) catalyst
and Potassium ethyl xanthogenate were obtained from Merck, and 1-
hydroxy-cyclohexyl-phenyl-ketone (Irgacure 184) photoinitiator was kindly
provided from Ciba. All chemicals were used as received.

2.2 General

'H NMR and '>C NMR spectra were recorded in d-chloroform and
dimethyl sulfoxide-ds on a Varian GEMINI 200 spectrometer operating at
200 MHz. The FT-IR spectra of the samples were recorded with a Bomem
MB-102 spectrometer. Differential scanning calorimetry (DSC)
measurements were carried out on a Perkin Elmer Pyris 6 DSC analyser.
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The complex dynamic viscosity (n*) of oligomers were measured with a
Rheometrics mechanical spectrometer RMS-605 operating in rate sweep
mode, using a cone and plate geometry. Dynamic mechanical measurements
of cured oligomers were performed on Rheometrics RMS-605 in the
temperature sweep mode. The experiments were carried out on the
rectangular bars (1 x 12.5 x 63 mm) between 25 and 150 °C at frequency of
1 Hz. The samples for dynamic mechanical analysis (DMA) were cured in a
mould consisting of two transparent polyester films separated by 1 mm
thick spacer. The distance of the sample to the focal point of UV-lamp was
10 cm, and the sample was exposed to the UV-light for 5 minutes on both
sides to ensure uniform curing of the sample.

Hyperbranched urethane-acrylates were diluted with HDDA (20 wt.%).
The coating films were drawn on metal plates (40 + 5 um) and cured using
2” metal halide lamp (UVPS, 80 W/cm) at conveyor speed of 10 m/min.
Hardness of coatings was determined by Persoz pendulum. The flexibility of
the coatings was determined by measuring the Erichsen indentation.

Synthesized polymers were denoted using the following abbreviations:
H(X).(PEA),, where a and b are the number of xanthate and acrylate groups
per molecule, respectively. Residual OH groups are not denoted in the
abbreviations and their numbers can be calculated from the following
expression N(OH) = 16 - b - c. For example, HX)s(PEA)s describes a HBP-
UA theoretically modified with 8 xanthate and 6 acrylate groups based on
PEAG.

2.3 Synthesis

Synthesis of hyperbranched polyol

Hyperbranched polyester-polyol with ditrimethylolpropane as a core
and ditrimethylolpropionic acid as a branching element, was prepared by a
procedure described in the literature (11), which includes a one pot
polycondenstion reactions with p-toluenesulfonic acid as catalyst on 140 °C.
A 4-necked reaction vessel equipped with a stirrer, a nitrogen inlet, a
thermometer and a water-trap was charged with ditrimethylolpropane (62.5
g 025 mole) The temperature was raised to 140°C and
ditrimethylolpropionic acid (402 g, 3 mole) and p-TSA (2.32 g, 0.0135
mole) were added. The course of the reaction was followed by acid value
titration. The reaction was continued until an acid value of 8 mg KOH/g
was obtained.

Esterification of hyperbranched polyols with a-haloacids

Hydroxyl groups of hyperbranched polyol were partially modified (50
% of OH groups) with a-haloacids (2-bromo propionic acid and
monochloracetic acid). In a 4-necked reaction flask equipped with a stirrer,
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a N, inlet, a cooler and a water-trap were charged 100.0 g (0.974 mole OH)
of the hyperbranched polyol (HBP) and 74.54 g (0.487 mole) 2-
bromopropionic acid. The temperature was raised to 175°C over 2 hours
and the reaction was continued at this temperature. The course of the
reaction was followed by acid value titration. The reaction was continued
until an acid value of 12.5 mg KOH/g was obtained.

Synthesis of hyperbranched polyesters with xanthate moieties

A 250 mL three-necked flask was charged with a solution of the 2-
bromopropionic acid modified hyperbranched polymer (10.00 g) in ethyl
acetate (25 mL). Potassium O-ethyl xanthate (4.70 g, 0.029 mole) was
added in portions over a period of 1h. The reaction mixture was stirred at
room temperature overnight. The obtained mixture was filtered off, the
residual salt was extracted and washed with water, the organic phase was
dried over anhydrous MgSO, and solvent was evaporated under reduced
pressure. Yield was 7.85 g (70.2 %).

The same procedure was repeated with HBP modified with
monochloracetic acid. Yield was 72.6 %.

Synthesis of hyperbranched urethane acrylate with xanthate moieties

Hyperbranched urethane acrylates was synthesized in a three-step
procedure. In the first step, halogen groups from hyperbranched polyester
(with already partially modified hydroxyl group with 2-bromopropionic acid
or monochloracetic acid) were substituted with xanthate groups, as
described in the previous preparation. The NCO-bearing adduct was
synthesized in a separate flask, equipped with a mechanical stirrer, a
thermometer, and a cooler by the reaction of equimolar amounts of IPDI
and hydroxyalkyl (meta)acrylate at 35 to 40°C with DBTDL. Hydroxyalkyl
(meta)acrylate was added over a 90-minute period while maintaining the
temperature below 35°C. The reaction temperature was then allowed to
increase from 35°C to 40°C within 30 minutes, and the reaction mixture
was stirred at 40°C for 90 minutes. These two reaction mixtures were
combined and the reaction was continued at 75°C for about 8 hours. The
reaction was followed by FT-IR and stopped when the NCO-peak (2267 cm’
') had disappeared. The obtained mixture was filtered off, the residual salt
was extracted and washed with water, dried over anhydrous MgSO, and the
solvent was evaporated under reduced pressure.

For the reasons of comparison the similar procedure was repeated with
unmodified hyperbranched polyester and in that way hyperbranched
acrylate without xanthate groups was obtained.

All other urethane acrylates were synthesized in the same procedure
with different hydroxyl alkyl (meta)acryltes listed in Table 1 .
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Table 1. The synthesized hyperbranched urethane acrylates

Chemical structure of 1o
Urethane Acrylate hydroxyl acrylate Yield (%)
H(PEA
(P )6 Ho’f\/ OZ\O(\ -

HOORPEA), m{\ﬂ);(\ o
o]
HEO®PAY: |,
°\‘</°)‘~g/\ 77.4
HOOEENDe Ho%/ 027(4 80.6
o]

3. Results and discussion

Partial modification of hyperbranched polyols has great influence on
their thermo-mechanical and chemical properties, as it can be seen from
Table 2. Polyesters synthesized as in Sheme 2 were used as polyol core for
the synthesis of hyperbranched urethane-acrylates.

HooC 'gl{,& HOOC-CH,-Cl
) oj;i l

OH Br HBP
J{,,L{"‘g* JL{ J
A ﬂ i
OH OH
o]
OH H(Br)g
H(Cl)g OH Kos00s1
5
KCS,0CH; | (3) @

Ho~

)j\{oj—{ow O N Oi{MSiO/\
(}\(m OH oH OH

0 0

HXa)s HXos H

oH
Scheme 2. Modification of hyperbranched polyester with xanthate groups
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In addition, xanthate groups have lower polarity, as compared to
hydroxyl groups, and this has influence in lowering the viscosity of
hyperbranched polymers. As it can be seen from Figure 1 the modification
of hydroxyl groups have great impact on thermal properties of
hyperbranched polyesters. Contrary to the linear polymers, glass transition

" temperature for hyperbranched polymers has its origin in translational

motions of macromolecules and therefore is more sensitive to the chemical
nature of terminal units and less to molar mass (Table 2.) (12, 13).

Table 2. Properties of hyperbranched polyols

* (Pas, Tg
Sample at ';Hfso)’c “C)
HBP 810° 19
H(Br)s 218.1 -6
H(Xg)s 98.5 0
H(Cl)g 94.1 -13.8
H(Xa)s 44.2 -6

Urethane acrylate oligomers gave the UV curable materials with best
mechanical and chemical properties, but because of high polarity lack from
high viscosities. This was more pronounced with multifunctional oligomers
where polar interactions were even stronger. In order to avoid this we used
aloxylated (meta)acrylated monomers which gave the hyperbranched
urethane acrylates with lower concentration of polar urethane groups, which
in turn reduce the density of hydrogen bonding and viscosity of the
oligomers (see Table 2) (14).

HBP

//'—/\——_H—(—l;
Fﬂ
e

Endo Up

(3),(PEA),

T

T T T T T T

U 1
a5 S0 s 0 25 so 75 100
Temperature, °C

Figure 1. DSC curves of hyperbranched polymers
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Hyperbranched urethane-acrylates were synthesized in a three-step
process. In the first step, halogen groups from HBP (with already partially
modified hydroxyl group with 2-bromopropionic acid or monochloracetic
acid) were substituted into xanthate groups by reacting with potassium O-
ethyl xanthate as shown in Scheme 2. The NCO bearing precursor was
obtained from IPDI cycloaliphatic diisocyanate which possesses two NCO
groups of the unequal reactivity (15). The secondary cycloaliphatic NCO
group is up to 10 times more reactive than the primary aliphatic NCO group
in urethane reaction (with DBTDL as the most selective catalyst). During
the adduct synthesis there are some side reactions (reaction of primary NCO
group;, alophonate and biuret making reactions) which alter the
stoichiometry and same unreacted IPDI remains in the reaction mixture.
This unreacted IPDI can react with hyperbranched polyol giving high
molecular weight products.

HO)SPPM)g o OOPERDS
o ‘)r\
" o)
2 f‘“)f’
ocN ( o
o s™s
S= o 1(;\

"°}§>'>?'° Hoo O‘Y(OJTSVOO S8,
HO OH \ —ﬁ\u o/\/or\
/ﬁr« Yo

H A)
HOOWPPA), QORHEDS
Schema 3. Synthetics routes for obtaining urethane-acrylates

This is also the reason for broadening the molecular weights
distribution of the hyperbranched urethane acrylate compared to that of the
starting polyols. It is well known that branched macromolecules have lower
hydrodynamic volumes then their linear counterparts, and molecular
weights obtained from GPC measurements are unrealistically low. From
GPC measurements, only the distributions of molecular volumes (i.e., sizes)
are reliable.
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Table 3. Properties of hyperbranched urethane-acrylates

n* (Pas)
Urethane Acrylate at 1Hz, 30 °C
20% HDDA
HX)s(PEA)s 23.45
HX)s(PPA)s 11.74
HX)s(PPM)s 6.70
HX)sHEA)s 119.80

The complex dynamic viscosity (n*) at 1 Hz of oligomers diluted with
20 wt.% HDDA are shown in Table 3. Frequency dependence of the
viscosity is shown in Figure 2. It can be seen that the type of hydroxyalkyl
(meta)acrylate has great influence on viscosity of the hyperbranched
urethane acrylate polymers. This modification puts acrylate groups on the
end of the polymers, thus reducing the polarity of the system. Although the
urethane groups are very polar their influence is limited because they are
now in the inner part of the molecule (Sheme 4.).

Wx vy }fx\; UUNEoS =

”**ﬂg‘{ ,igwem

Scheme 4. Idealized structure of Hyperbranched urethane acrylate
H(X)s(PEA)s
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Urethane acrylate with short spacer between urethane and acrylate
groups (2-hydroxy ethyl acrylate) had higher viscosities than those with
polyethylenglycol or polypropyleneglycol spacer. At the same time,
polymers with polypropyleneglycol spacer had the lowest viscosity due to
higher mobility and lower polarity. It should be also mentioned that all HB-
UA exhibit Newtonian behaviour (figure 2). This indicated that there were
no intermolecular entanglements like in linear polymers. This was in good
agreement with results obtained earlier for the more perfect dendrimers
(16,17). Hence, it follows that hyperbranched urethane acrylate were small,
compact (non-interpenetrating) “globules”.

H(X),(HEA),

| &—o—a O o o

100 4

@ HO0,(PEA),
&- -A——/_‘\“““f b b——a—b—A
= . HOX),(PPA),

10 —./-\.—/‘\‘/‘-—v—-o—o—o—o—o——o—-'
0 o——6- —
3 H(X),(PPM),

0,1 i 10 100
, rad/s

Figure 2. Complex dynamic viscosity of HB-UA

Dynamical mechanical analysis

Viscoelastic properties of UV-cured oligomers were characterized by
DMA in a temperature-scanning mode. Once again, the properties of cured
materials were largely influenced by type of modification of hyperbranched
polyol. Figure 3 shows the tand curves of hyperbranched urethane acrylate
diluted with 20% HDDA. Glass transition temperature, Tg, was
determined as the temperature of the maximum on tand peak. HB-UA based
on 2-HEA had highest Tg and broadest shape of tand curves. The broad
tand curves indicate that obtained network was very inhomogeneous, i.e.
there is a broad distribution of chain lengths between points of crosslink’s.
This is expected because the H(X)s(HEA)s also had the broadest distribution
of molecular volumes (by SEC). In addition, this polymer has largest
concentration of acrylate and polar urethane groups compared with other
urethane acrylates.
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Figure 3. tan$ curves of crosslinked HB-UA

The introduction of polyalkyleneoxide chains, in other polymers, as
flexible spacers between compact hyperbranched core and reactive groups,
increased mobility of macromolecular segments in cured network and
decrease the value of Tg. Therefore, hyperbranched polymers based on
PEA6 and PPA6 had lower Tg’s (34.1 and 44°C, respectively) compared
with one based on 2HEA (75°C). Polypropyleneoxide chains, as already
mentioned, are bulkier and less polar and therefore the crosslinked
materials based on them will have lower Tg values. The height of tand
curves of cured acrylate shows observable differences. The height of the
tand peak reflects the mobility of the chain segments between points of
crosslinks in the transition temperature region. Therefore, the heights of the
tand curves decreased with decreasing lengths and mobility of alkyleneoxide
chains in hyperbranched urethane acrylate, in the following order PPAG,
PEAG, 2HEA. :

The type of unsaturation (acrylate or methacrylate) also affected the
properties of cured materials. Due to its stiffer structure, the methacrylate
group gave material that generally exhibited higher Tg values, and in same
time the lower height of tand peak. So, polymers based on PPMS5S have
higher Tg compared to polymer based on PEA6 (8°C higher) even with very
similar concentration of functional groups and lover polarity of the
polypropylene oxide chains. However, one should remember that the
hyperbranched urethane acrylates consisted of approximately 60 or more
weight percent of polyalkyleneoxide chains. Nevertheless, Tg values of
35°C and higher are unexpectedly high for this composition and this can be
attributed to high level of functonalization of its hyperbranched\star
structure.
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Figure 4. Comparasion of tand curves for different types of crosslinking

and photoinitiation

The influence of xanthate groups on properties of crosslinked materials
was twofold. On the one side, their presence decreased the concentration of
urethane-(meta)acrylate groups and polarity of systems, thus decreasing Tg
values. In addition, in modification of hyperbranched polyol with isocyanate
adduct, the most exsposed hydroxyl groups had already been taken by
xanthate groups so polar urethane groups were situated deeper in the
hyperbranched polyester backbone. In that way the polarity of polymers
were further decreased. On the other side, they were reactive groups as well,
therefore increasing functionality (not in the same way as (meta)acrylate
groups) and in the same time increasing Tg values. As it can be seen from
Figure 4 the properties of cured materials were almost the same, so it can be
concluded that the above mentioned effects cancelled each other.
Hyperbranched polyester modified with xanthate groups can be used as
macro photoinitiator without the attached (meta)acrylates groups. As
expected, Tg value of the material cured in this manner was somewhat
lower, because the average acrylate functionality of this system was also
lower.

Hardness and flexibility

Properties of the UV curable coatings were determined by measuring
coating properties such as pendulum hardness (Persoz hardness) and
flexibility (Erichsen cupping). Coating formulations comprised of
hyperbranched urethane acrylates and 20 wt% of reactive diluent (HDDA).
Hardness represents ability of a film to resist surface abrasion and flexibility
determined by the viscoelastic character of the polymer. Generally, UV
curable oligomers give either soft, flexible substances or hard and brittle
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materials. Furthermore, lack of entanglements in hyperbranched polymers
give them amorphous morphology and brittle film forming properties.
However, these materials combine high crosslinking density with flexible
segments between them and provide films with good hardness and
flexibility (Table 3).

Table 3. Properties of UV cured coatings

Hardness Erichsen Tg Tg
Polymer ' | Flexibility | (DSC, °C) | (DMA, °C)
(Persoz, sec)
(inm)
H(PEA)s 120 8 225 46.0
HX)(PEA)s 92 8 28.0 44.0
HX)s(HEA)s 150 8 37.0 65.1
HX)s(PPA)s 40 8 13.6 34.9
HX):(PPM)s 110 8 41.1 50.5
Conclusion

The results of this study show versatility of hyperbranched urethane
acrylates and synthetic ways to control their size and functionality during
the synthesis. The thermal and mechanical properties of the hyperbranched
urethane acrylates were investigated in order to determine the relationship
between their chemical composition, structure and properties of crosslinked
materials. Viscosity, reactivity and mechanical properties of crosslinked
materials can be precisely controlled over a vide range of their values. In
addition, novel type of living radical polymerization for obtaining highly
crosslinked materials was investigated. The obtained materials show good
compromise between hardness and flexibility and offer great possibilities in
different applications.
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Chapter 16

Charge Percolation Mechanism of Ziegler—Natta
Polymerization: Part II: Importance of Support
Nanoparticles

Branka Pilic’, Dragoslav Stoiljkovic*", Ivana Bakocevic',
Slobodan Jovanovic?, Davor Panic’, and Ljiljana Korugic-Karasz*

'Faculty of Technology, University of Novi Sad, Bul. Cara Lazara 1,
21000 Novi Sad, Serbia
*Faculty of Technology and Metallurgy, University of Belgrade,
11000 Belgrade, Karnegijeva 4, Serbia
3Technical Faculty, University of Novi Sad, 21000 Novi Sad, Trg Dositeja
Obradovica 3, Serbia
“Department of Polymer Science and Engineering, University
of Massachusetts, Amherst, MA 01003

In the heterogeneous Ziegler-Natta (ZN) polymerization. solid
catalyst precursor TiCl; alone or solid supports (MgCl,, Al,O;,
SiO,, graphite etc.), impregnated by liquid TiCl,, are
fragmented by ball-milling and during polymerization to the
particles of nano-dimensions. Transition metal (Mt) ions are
immobilized and distributed on these particles. The theory of
active centre ensembles and charge percolation mechanism
(CPM) of ZN polymerization have been applied to predict the
effects of Mt distribution on catalysts  productivities.
*CPM - Part I: Fundamentals has been presented in (22).
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A half century has passed since Karl Ziegler and Giulio Natta discovered
that olefins can polymerize in the presence of transition metal compounds as the
precursors of active centres. It was discovered by K. Ziegler in 1953 that high
density polyethylene was easily made at low pressures with a binary mixtures of
metal alkyls and transition metals salts, such as AIEt; and TiCl,. G. Natta in
1954 demonstrated that the same catalysts, and to a greater extent, catalysts
containing lower valent transition metal chloride salts such as TiCl;, could form
isotactic polymers from a-olefins (/). Almost at the same time it was discovered
that transition metal oxides could be used as the active centres precursors for
olefin polymerization. Since that time a tremendous amount of research work has
brought to the development of several generations of catalysts, including
supported ones.

According to the broad definition, the Ziegler-Natta catalyst is a mixture of
a base metal alkyl of the group I to Il metals and a transition metal salt of
groups IV to VIII metals (/). In addition to them, some Mt oxides (e.g.
chromium, vanadium, molybdenum) can serve as active centre precursors, too.
The most important from the scientific and commercial point are the systems: 1)
Classical Ziegler-Natta complexes, i.e. TiCl;/AIEtCly; 2) CW complexes, i.e.
TiCl,/AlEt;; 3) Mt oxides based on Cr, Mo, V, e.g. Cr,0s.

Transition metal (Mt) precursors are activated by metal alkyls: an alkyl
group and a vacant orbital are formed on Mt. It is assumed that monomer
molecules activate Mt oxides. In addition to the alkylation and vacant orbital
formation, a significant amount of Mt is reduced to lower oxidation states. As a
result of preparation and activation, Mt exists in several oxidation states, i.c.
Ti**, Ti and Ti*? in the case of Ti or from Cr*? to Cr"® in the case of chromium
oxide.

Support Nano-Particles

In TiCl; based systems less than 1 % of the Ti is active. The remaining
solid TiCl; acts as a support with the surface area up to 40 m*/g (/). The B form
of TiCl; has a linear structure, while o, y and & forms have a layer structure. The
a-TiCl; modification has crystals resembling hexagonal shaped platelets.

The morphology of these titanium chloride particles can vary considerably
by the method of preparation, e.g. the choice of the reducing metal alkyl or metal
and the conditions of reducing during their synthesis.

TiCl, prepared by reduction of TiCl, with AIEt,Cl consists of small o, B
and 0 crystallites. Their coherent scattering regions (c.s.r.) in the direction 001,
found from XRD data, are in the range of 2 to 12 nm (2). Those primary
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crystallites are densely packed to the bigger particles (K) that have the size of
15-200 nm. The particles K are agglomerated to the particles L that have the
size of 100-500 nm. The particles L are agglomerated to the bigger particles (1-3
um), that are further agglomerated to the almost spherical granules with the
radius in range 10-30 um.

o-TiCl; prepared by the electrolysis of TiCl, with metal Ti has irregular
shape particles (90 %) and polyhedron particles (10 %) with various sizes. The
o-TiCl; is described as staking of Ti and Cl atomic planes in the c-axes. The
staking sequence is -CI-Ti-Cl-Cl-Ti-Cl-CI-Ti-Cl-. The CI-Cl bond is weaker than
the Ti-Cl bond, and there are surfaces of terraces (100-1500 nm) terminated with
Cl planes (3).

When subject to a mild shear force, such as agitation during
polymerization, the optically visible TiCl; granules are disintegrated into smaller
primary crystalline particles, i.e. they defoliate easily producing small flat
leaflets that are described as flat polygons whose diameters vary from 30 to 100
nm (/). The disintegration is presumed to take place by cleavage along the
loosely held chlorine-chlorine layers.

CW complexes are prepared by supporting liquid TiCl4 on crystalline
MgCl, and afterwards reducing by AlEt;. The key of the success of MgCl, as a
support is the crystal structure, which is very similar to that of TiCl; in both
interatomic distances and crystal forms (). The details on the structures of o, B
and & forms are described elsewhere (). In all cases the MgCl, crystal consists
of layers of Mg ions sandwiched between two layers of Cl ions.

The size of MgCl, particles varies from several tenths to several hundreds
of nanometers (5) and decreases during milling to a greater extent in the
direction perpendicular to the (001) plane than to the (110) plane (6,7). The
shear forces during the milling cause the Cl-Mg-Cl layers to slide over each
other, producing hexagonal MgCl, primary crystallites of only a few layers of a
thickness of 3-4 nm and diameter of 20-40 nm (8). The surface area of milled
MgCl, is up to several hundreds m%/g.

Highly dispersed graphite (200-300 m%g), obtained by grinding in a
vibratory mill, has been used as the support for TiCl,, too (9,/0). The size
crystallite is 6-10.5 nm and the defect content is 0.8-1.6 %. It is well known that
graphite has regular hexagonal layer lattices that can easily defoliate under the
shearing force.

SiO, and Al,O; are used as supports for chromium oxides. The support
particle size is normally in the range of 30 to 150 um (/7). It is well known,
however, that SiO, and Al.O; have irregular hexagonal layer lattices. The surface
area of those supports can be up to several hundreds m¥/g (/2,13,14).

In all cases, the support particles, that have very high surface area, are
physically defoliated and fragmented to leaflets and platelets, or can be
represented by a great number of separate micro crystal blocks and small
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coherent regions jointed to one another. The possibility of a support to be
fragmented into small flat nano particles is of great importance for
polymerization.

Natta (/5) noticed the importance of the layer lattice of the supports: "The
production of highly isotactic polymers was found to depend on the presence of
both a catalyst and of a highly crystalline substrate (having a layer lattice).
Catalytic complexes containing transition metals and metal-organic groups,
which alone do not polymerize the a-olefins, are not stereospecific catalysts
when adsorbed on the surface of amorphous substrates, but become highly
stereospecific when adsorbed on highly crystalline supports. Furthermore, there
are some insoluble crystalline compounds (having a layer lattice) that alone, or
even in the presence of aluminum alkyls, cause virtually no polymerization; but
when added to soluble complexes (which again are inactive alone) yield
stereospecific polymerization systems. The structure of the crystalline support
is of great importance."

Distribution of Transition Metal on Support

In Ziegler-Natta catalysts it is very important to know the distribution of Mt
compounds on the support surface, because it is directly related to the catalysts
performance (/6). These Mt compounds are distributed over the leaflets,
platelets and micro blocks of the support.

The active centres are found in the primary particles of TiCl:. Two active
centers are said to be present per primary particle (/). The titanium distribution
on the surface of Ziegler-Natta catalysts has been observed by scanning Auger
electron microscopy (/6). All particles of the TiCl; showed the similar tendency,
suggesting that Ti had a homogeneous surface distribution.

In the case of TiCl, supported on MgCl,, a considerable reduction of Ti™
by AIEt; takes place, not only to Ti" but to Ti** as well. MgCl, has a crystal
structure very similar to that of violet TiCl;. This indicates the possibility of an
epitactical coordination of TiCl, units (or TiCl; units after reduction) on the
lateral coordinatively unsaturated faces of MgCl, crystals. For both monomeric
TiCly and TiCl;, coordination on the (110) face is favored relative to
coordination on the (100) face (/7).

It was found by scanning Auger electron microscopy that various states of
titanium clusters existed, suggesting that TiCl, can not be supported evenly on
the surface of MgCl, (/6). It was shown that TiCl, reacts with the defects of
MgCl, structure. The concentration of these defects is associated with the size of
the coherent scattering range determined from X-ray data (7).

In New Polymeric Materials; Korugic-Karasz, L., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: September 29, 2005 | doi: 10.1021/bk-2005-0916.ch016

219

It is reported that the quantity of adsorbed TiCl, on Al,O; is in the range of
1 to 3 Ti atoms/nm’ (14).

In spite of more than 40 years of research effort, many aspects concerning
the physico-chemical state of Cr species on silica remain controversial (/8).
Usually, a highly dispersed state of surface-stabilized chromate species can be
achieved through many redispersion cycles of sublimation volatilization,
spreading, deposition and stabilization of bulk CrO;. The supported Cr species
may be present on silica in a mixture of different valence (+6, +5, +4, +3, +2),
coordination and distribution states, depending on the preparation conditions.
When the content of CrO; exceeds the saturation coverage under a given
condition, the excess of CrO, decomposes into aggregated Cr,O; on the support
surface during calcination. The Cr content on industrial Phillips CrOx/SiO2
catalysts is ca. 1 wt.% (i.e. 0.4 Cr/nm?) (/8). The average distance between Cr
ions is in the range from 0.65 nm to 16 nm for Cr contents of 6 wt.% to 0.01
wt.%, respectively (/3).

Characterization of chromia/alumina catalysts by X-ray photoelectron
spectroscopy and proton induced X-ray emission has shown that chromia is well
dispersed not only on the surface but also in the bulk (/9).

AlEt,ClI and TiCl, were adsorbed irreversibly on graphite at the rate 0.8-2
molecules/nm?, i.e. the surface of the support is almost completely covered by
adsorbates (9,10).

The empirical data are related to the distribution of Mt on entire support
surface. According to our knowledge, however, there are no data on the number
of Mt atoms on the individual surface regions such as leaflets, platelets and
crystal blocks.

Theory of Active Centre Ensembles

N. I. Kobozev developed a theory of active centre ensembles in 1939. (20).
Panchenkov and Lebedev (2/) presented a short outline of that theory. If atoms
of a metal are applied to the surface of an ideal crystal, thermal motion will
result in their spreading over the entire surface. When a crystal has a block
structure, the atoms of a metal getting onto definite portions of the crystal
surface need excess energy for surmounting the geometrical (and, consequently,
energy) barriers and for motion over the entire surface. Thus, the surface of an
adsorbent is divided into closed sections from a geometrical and energy
viewpoint, in which at a given temperature non-activated motion of the atoms of
the applied metal takes place. N. 1. Kobozev called these section regions of free
migration or migration regions. Therefore, the applied metal atoms arrange
themselves on the surface of a support in the form of isolated aggregates or
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ensembles consisting of a certain number of atoms localized by the regions of
free migration, as shown schematically in Figure 1.

In the simplest case it was found possible to derive a law of the distribution
of the active centres on the support surface by assuming that the atoms of the
metal being applied get onto a portion of the surface independently, i.e. the
presence of one or more atoms of the metal in a given region does not change the
probability of the following atom getting into the same region. This assumption
is quite justified physically when the number of atoms of the applied substance is
not too great relative to the dimensions of regions. It was shown by Kobozev that
distribution of atoms over the surface of a support with a block structure obeys
Poisson's law: P, = V' ¢'"/n!. Here P, denotes the probability of formation of »-
atomic ensembles if the average number of atoms in one region is v. n is an
integer, i.e. n=1, 2, 3... The value of v can be presented as v= Nxs/S. Here N
denotes the total number of metal atoms applied onto a support that has the
specific surface area S (m*/g) fragmented into regions having the surface area s.
The number of migration regions n, is equal to n, = S/s.

»

x Polential eneryy

Figure 1. Distribution of Mt atoms by support regions (20,21)

Some examples of calculated Poisson's distribution of metal atoms onto
support regions are given in Table I. For average number of metal atoms in one
region v =2, the probability that some region contains exactly n =2 atoms is Pn
= 0.27. For a high number of regions #,, it means that 27% of all regions contain

In New Polymeric Materials; Korugic-Karasz, L., el a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: September 29, 2005 | doi: 10.1021/bk-2005-0916.ch016

221

exactly » =2 metal atoms. The other regions contain the higher (n >2) or lower
number (n = 0 or n = 1) of metal atoms.

According to the theory of active ensembles, for a given catalytic process,
the active centre is an ensemble consisting of a definite number of metal atoms.
For example, if an active centre consists of #» =2 metal atoms, than only those
support regions that contain two metal atoms participate in the catalytic-process.
The other regions, having more or less than two metal atoms, are not active.

Table I. Distribution of Metal Atoms onto Support Regions

Pn for

n v=2 v=3 v=4
1 027 0.15 0.07
2 027 022 0.15
3 0.18 022 020
4 009 017 020
5 004 010 0.16
6

0.01 0.05 0.10

Charge Percolation Mechanism of Ziegler-Natta
Polymerization

Recently a new charge percolation mechanism (CPM) of olefin
polymerization by supported transition metal (Mt) complexes has been presented
(22). 1t is known that different oxidation states of Mt are obtained by activation,
i.e. ME™D ME™ to Mt™, producing irregular charge distribution over the
support surface. The tendency to equalize the oxidation states by a charge
transfer from Mt™" (donor, D) to Mt"™" (acceptor, A) cannot be fulfilled since
they are immobilized and highly separated on the support. But, monomer
molecules are adsorbed on the support producing the clusters with stacked n-
bonds making a m-bond bridge between A and D (Figure 2). Once a bridge is
formed (percolation moment), a charge transfer occurs. A and D equalize their
oxidation states simultaneously with the polymerization of monomer. Polymer
chain is desorbed from the support making the surface free for the subsequent
monomer adsorption. The whole process is repeated by oxidation-reduction of
another A-D ensembles immobilized on the same support region.
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According to CPM, an active centre ensemble consists of two Mt 