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Preface

A promising approach and ongoing challenge in macromolecular science exploits
the formation of complex ordered structures by (macro)molecular self-assembly.
The various examples of biomacromolecules in nature impressively demonstrate
how a well-defined primary molecular structure can lead to a rich complexity of
structure and function on a hierarchy of different length scales. Our growing ability
to control molecular structures in synthetic macromolecules opens new pathways to-
ward novel complex macromolecular architectures, where hierarchical organization
and long-range interactions enable to design new functions and tailor physical and
chemical properties. The combination and interplay of these well-balanced “internal
fields” with “external fields” such as mechanical, electrical, magnetic, electromag-
netic, and/or the interactions with surfaces are a powerful tool to create defect-free
and perfectly ordered macromolecular structures on a macroscopic scale, leading to
new material properties, processes, and applications.

Therefore, the scientific understanding, control and manipulation of macro-
molecules, and the implementation in devices and applications of higher complexity
are of critical importance for advances and breakthroughs of emerging technolo-
gies. Complex macromolecular systems play a key role in technology areas such as
the generation, conversion, storage, and conservation of energy, organic electronics,
photonics, information storage, and communication and display technology.

Within this context, the German Research Foundation (Deutsche Forschungs-
gemeinschaft) established in 1998 at the University of Bayreuth the Collaborative
Research Centre (Sonderforschungsbereich) SFB 481 on Complex Macromolecular
and Hybrid Systems in Internal and External Fields. The basis for this Collaborative
Research Centre was the long-term interdisciplinary research focus on “Macro-
molecular and Colloid Research” at the University of Bayreuth. This focus included
research groups from macromolecular chemistry, physical chemistry, experimental
physics, theoretical physics, and materials science & engineering. After a maximal
funding period of 12 years, members of SFB 481 now present highlights of their
scientific achievements in the form of review articles in Volumes 227 and 228 of
Advances in Polymer Science.

The first volume contains review articles on electric field-induced effects on
block copolymer microdomains (by H. Schoberth, V. Olszowka, K. Schmidt, and
A. Boker); on experiments and simulations of the nanopattern evolution in block



X Preface

copolymer thin films (by L. Tsarkova, G.J.A. Sevink, and G. Krausch); on non-
lithographic approaches for topographical structuring of polymer surfaces utilizing
external mechanical fields and buckling instabilities (by A. Schweikart, A. Horn,
A. Boker, and A. Fery); on a generalization of the usual hydrodynamic descrip-
tion of destabilization and reorientation of layered systems under shear flow (by
D. Svensek and H.R. Brand); on the thermal diffusion in polymer blends, focusing
on experimental and theoretical investigations on the patterning and structure forma-
tion processes (by W. Kohler, W. Zimmermann, and A. Krekhov); and on foaming
of polymer blends, microstructured and nanostructured by triblock terpolymers (by
H. Ruckdischel, P. Gutmann, V. Altstddt, H. Schmalz, and A.H.E. Miiller).

The second volume provides review articles on recent advances in polyelectrolyte
stars and cylindrical brushes (by Y. Xu, F. Plamper, M. Ballauff, and A.H.E. Miiller);
on various aspects of interfacial self-assembly of nanoparticles in liquid-liquid
interfaces and in block copolymers (by N. Popp, S. Kutuzov, and A. Boker);
on the materials development and photophysics of azobenzene-containing block
copolymers as potential media for reversible volume holographic data storage and
azobenzene-containing molecular glasses for the controlled formation of surface
relief gratings (by H. Audorff, K. Kreger, R. Walker, D. Haarer, L. Kador, and
H.-W. Schmidt); on donor—acceptor block copolymers with nanoscale morphology
for photovoltaic applications (by M. Sommer, S. Hiittner, and M. Thelakkat); and
on recent advances in the improvement of polymer electret films with potential ap-
plications in microphones, sensor devices, electret filters, and in energy-harvesting
devices (by D.P. Erhard, D. Lovera, C. von Salis-Soglio, R. Giesa, V. Altstddt, and
H.-W. Schmidt).

On behalf of all members of the Collaborative Research Centre 481 on Com-
plex Macromolecular and Hybrid Systems in Internal and External Fields, we
wish to thank the Deutsche Forschungsgemeinschaft for financial and administra-
tive support, the voluntary reviewers of the proposals for their invaluable judgment
and advice, the Bavarian State Ministry of Sciences, Research and the Arts, and
the University of Bayreuth for their ongoing support to continuously develop and
strengthen the interdisciplinary research focus on “Macromolecular and Colloid Re-
search” at the University of Bayreuth. Undoubtedly, all of these measures helped to
advance the impact and international visibility.

Bayreuth, April 2010 Hans-Werner Schmidt
Axel Miiller

The authors would like to dedicate these two volumes of Advances in Polymer
Science to their colleagues and friends, Prof. Raimund Stadler and Prof. Lorenz
Kramer, members of this Collaborative Research Centre, who passed away much too
early. Their scientific vision and inspiring research had a great impact on progress
and success of this Collaborative Research Centre.
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Polyelectrolyte Stars and Cylindrical Brushes

Youyong Xu, Felix Plamper, Matthias Ballauff, and Axel H.E. Miiller

Abstract This review summarizes recent work in the field of polyelectrolyte stars
and cylindrical brushes. Synthesis of anionic and cationic polyelectrolyte stars and
cylindrical brushes by different synthetic strategies is introduced. Solution proper-
ties such as titration, osmotic pressure, and inter-polyelectrolyte complexes (IPECs)
of the stars and brushes are briefly discussed. We also highlight the use of core—shell
polyelectrolyte brushes as the template for the preparation of superparamagnetic hy-
brid cylinders.

Keywords Core—shell structures - Cylindrical brushes - Polyelectrolytes - Star -
Superparamagnetic
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1 Introduction

The past decades have witnessed tremendous developments in nanoscience and
the nanotechnologies [1, 2]. Various nanostructures [3, 4] such as nanoparti-
cles (NPs) [5], nanowires (NWs) [6], and nanotubes [7] have been successfully
prepared and widely studied. They showed interesting properties, which will
be turned into real applications for the near future. In the developing of these
nanostructures, soft materials like polymers have been playing an important role
for the templated synthesis, surface protection, and surface functionalizations of
nanostructures [8]. First, the size of the polymer chains falls in the nanometer scale,
which makes them natural soft building blocks. Second, polymers show diversified
topologies [9—13], which contributed greatly to the templated synthesis of nanos-
tructures in different dimensions. Scheme 1 summarizes the general topologies of
polymers. Third, polymers can also self-assemble into different superstructures,
either in bulk or in solution. These superstructures broaden the possibilities of
applications. Fourth, owing to their vast possibilities of functionalities, polymers
can respond to different external or internal stimuli, such as pH, solvent, ions,
temperature, radiation, and electric or magnetic fields [14].

Polyelectrolytes, which are macromolecules carrying covalently bound anionic
or cationic groups with counterions providing electroneutrality, play vital roles in
the life process, industry and daily life [15-17]. Owing to the intra- and inter-
molecular Coulombic interactions, they demonstrate special solution properties,
which are strongly influenced by the type and concentration of salt in aqueous solu-
tion. In addition to the electrostatic forces, the flexibility of the polymer backbones
and molecular architectures also show great impact on their properties [18]. Many
theoretical studies on the simple linear polyelectrolytes have revealed the nature of
their behavior in aqueous solutions [19, 20]. Counterion condensation in the case of
rod-like polyelectrolytes has been studied intensively in recent years [21]. However,
polyelectrolytes with other architectures present a more complicated problem. Only
recently have polyelectrolytes with nonlinear topologies attracted considerable the-
oretical and experimental interests, mainly originating in their possible applications
as nano-building blocks and nano-templates [18].
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The synthesis of polyelectrolytes with well-defined architectures, however, has
imposed many challenges to the polymer chemists. Many polymerization techniques
are not tolerable to the ionic functional groups. In most cases, preparation of
polyelectrolytes involves the protection and deprotection of the ionic groups in
the monomer. For polyelectrolytes with different architectures, various synthetic
strategies are required. Recently, we have synthesized various complex architec-
tures containing polyelectrolytes with different nonlinear topologies, such as comb-
shaped [22], hyperbranched [23-25], Janus-type [26], stars [27, 28] and brushes
[29-31].

Branched polyelectrolytes, like nonionic branched polymers, show interesting
properties like much lower viscosities compared to the linear analogues [17]. By
using the self-condensing vinyl copolymerization (SCVCP) strategy, we have suc-
cessfully synthesized cationic and anionic hyperbranched polyelectrolytes [23, 25].
The degree of branching can be tuned by the ratio of the initiator-monomer (in-
imer) and the monomer. The inherent disadvantage of hyperbranched polymers is
the broad molecular weight distribution, which causes nonuniformity and reduces
their attraction for theoretical models and critical applications, which require well-
defined structures.

In theoretical models and real applications, isotropic and anisotropic architectures
are demanded. Polyelectrolyte stars and cylindrical brushes are best candidates for
these studies. Star polymers have a core and certain number of arms, and show
spherical architectures [32], while cylindrical (molecular) brushes have long lin-
ear backbones and a large number of linear side chains, and exhibit worm-like
morphologies [33]. Recent progress in controlled/living polymerization techniques
has made it possible to prepare polyelectrolyte stars and cylindrical brushes with
defined structures and molecular weights [34, 35]. In this review we will summarize
this recent progress in the study of polyelectrolyte stars and cylindrical brushes.
The focus will be put on the synthesis, solution properties, and some of their appli-
cations. The use of polyelectrolyte cylindrical brushes as templates for the building
of one-dimensional hybrid nano-structures will also be highlighted.

\_/'\
linear ring star
network randomly branched comb or brush

Scheme 1 General topologies of polymers
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2 Polyelectrolyte Stars

Star polymers are composed of a small multifunctional core and a given number
of arms [32, 36]. The core determines the arm number, and the arms determine the
size of the stars. In the ideal case, the number of arms is constant throughout the
sample and the arm length is the same for all the arms. However, real stars may
deviate from the ideal situation. Often synthesis hardly provides both defined arm
number and arm length. Hence, it is important to determine both the distribution of
the arm number and arm length.

2.1 Synthesis of Polyelectrolyte Stars

Generally, there are two strategies to prepare star polymers: the core-first strategy
[37—44], and the arm-first strategy [45-52]. The arm-first strategy starts with the
linear arms first. Since the arms are prepared separately, many living/controlled
polymerization techniques can be employed. Thus, the linear arms can be syn-
thesized in a defined manner. Then one of the chain ends will be functional-
ized for further crosslinking reactions. Based on the functionalities of the chain
ends, the arm-first methods can be divided into macroinitiator (MI) method and
macromonomer (MM) method.

The MI method utilizes initiator-functionalized linear chains, which initiate the
polymerization and crosslinking of a difunctional monomer (e.g., divinylbenzene).
The active chain ends also attack the neighboring linear chains ends, and a core
with crosslinked microgel is formed. In the meanwhile, certain numbers of linear
chains are attached to the core. However, it is always difficult to obtain star polymers
with narrow distribution of arm numbers. Quite often, many linear polymers are not
attached to the core, which leads to problems in the course of the purification and for
finally applications. By using multifunctional coupling agents, it is possible to get
stars with uniform arm numbers. But the purification process is always unavoidable
and difficult.

The MM method was recently developed by Matyjaszewski et al. [53]. The linear
polymer chains are capped with monofunctional polymerizable groups. By copoly-
merization of the MM and coupling agents like divinylbenzene initiated from a small
initiator, quite uniform star polymers with narrow molecular weight distributions
can be obtained in a very high yield. Scheme 2 describes the difference between MI
and MM methods.

There are only a few cases in which polyelectrolyte stars have been prepared
by the arm-first strategy. Qiao et al. prepared pH responsive poly(acrylic acid)
stars by the MI method using atom transfer radical polymerization (ATRP),
which was used to form layer-by-layer (LBL) polyelectrolyte multilayers with
linear cationic polyelectrolytes [54]. Matyjaszewski et al. obtained cationic poly[2-
(dimethylamino)ethyl methacrylate] (PDMAEMA) stars and anionic PAA stars also
using the MI method, which formed all-star LBL layers [55]. Ishizu et al. obtained
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MI method
B Primary MI
/B Star-linear reaction 5 .
MI ATRP Br Star-star reaction / High
- <> > " < I\’lw/Mn
/_Q_/ N\/&Br Through whole process
DVB
MM method
Primary Mi

~I
MM (‘\/\/&
o ATRP Star-linear <& _
/\O)kr Br Star-star Star-linear Low
N\/&Br e
EBrP reachon NG reaction M,,/M,,
/
7~ )t r\/\/

S | SMM Il
tage tage
DVB MM

Scheme 2 MI and MM methods for the arm-first strategy [53]. Reprinted by permission of ACS

Arm

;

Polymerization
—_——

Multi-functional initiator

Star polymer

Scheme 3 Core-first strategy for the synthesis of star polymers

poly(methacrylic acid) (PMAA) stars using the same strategy [56]. Miiller et al.
used anionic polymerization of tert-butyl acrylate and star-coupling with ethyleneg-
lycol dimethacrylate, followed by hydrolysis to obtain PAA stars [17, 57].

Based on the findings of the arm-first strategy, it is possible to obtain stars with
well-defined arm length. The main problem of this strategy is the arm number
distribution. Moreover, purification may cause many difficulties in the synthesis.
In contrast, the core-first strategy requires multifunctional initiators and further
polymerization initiated from the core. This is shown in Scheme 3. The maximum
arm numbers of the stars are determined by the number of functionalities in the
core. In the ideal case, the initiating efficiency of the core is close to unity, which
will produce well-defined stars with precise numbers of arms. However, due to the
steric hindrance and the limit of the polymerization techniques, it can be difficult to
obtain full initiating efficiency.
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The first step for the core-first stars is the synthesis of multifunctional initiators.
Since it is difficult to prepare initiators that tolerate the conditions of ionic
polymerization, mostly the initiators are designed for controlled radical poly-
merization. Calixarenes [39, 58-61], sugars (glucose, saccharose, or cyclodextrins)
[62—-68], and silsesquioxane NPs [28, 69] have been employed as cores for various
star polymers. For the growth of the arms, mostly controlled radical polymerizations
were used. There are only very rare cases of stars made from nitroxide-mediated
radical polymerization (NMRP) [70] or reversible addition-fragmentation chain
transfer (RAFT) techniques [71, 72]. In the RAFT technique one has to differentiate
between approaches where the chain transfer agent is attached by its R- or Z-
function. ATRP is the most frequently used technique to build various star polymers
[27, 28].

An important issue in controlled radical polymerizations is radical-radical cou-
pling. Due to the high local radical concentrations around the initiators, this may
cause intra- or inter-molecular coupling of chain ends. When it happens intra-
molecularly, loops of arms are formed. When it happens inter-molecularly, star—star
coupling or even networks are generated. In order to obtain star polymers with de-
fined architectures, measures should be taken to avoid these radical couplings in the
polymerization process (see below).

When it comes to the polyelectrolyte stars prepared by the core-first strategy,
almost all of them have been prepared by ATRP [44, 68, 73—78]. We have been
active in the preparation and characterization of cationic and anionic star poly-
mers using the core-first strategy by ATRP [27, 28, 79-82]. Anionic PAA stars
were prepared by multiple steps [27]. First, multifunctional ATRP initiators with
5, 8, and 21 initiating sites were prepared by the esterification of glucose, sac-
charose, and B-cyclodextrin, respectively, with the o-bromoisobutyrate function.
Second, the growth of poly(tert-butyl acrylate) (PtBA) by ATRP took place from the
initiators. By using different molar ratios of monomer to initiation sites and varying
the monomer conversion, PtBA stars with different arm lengths could be obtained.
The PtBA stars were analyzed in terms of their molecular weight distribution by gel
permeation chromatography (GPC) with viscosity detection. The number-average
molecular weights, M,, obtained are in agreement with the values calculated from
conversion and monomer to initiator ratio. Finally, the PAA stars were obtained by
removing the tert-butyl group of the PtBA stars via treatment with trifluoroacetic
acid. The rather mild conditions provide almost quantitative elimination of isobuty-
lene, yielding (PAA,), (n equals number-average degree of polymerization per arm,
whereas x assigns the number average arm number). The ester groups used to attach
the arms to the core stay almost completely intact, as shown by aqueous GPC. It is
possible to methylate the PAA stars for the MALDI-TOF mass spectrometry analy-
sis and the molecular weight values correlate with the theoretical ones. The synthetic
procedures for the PAA stars and typical initiator are presented in Scheme 4.

In order to know the true arm numbers and arm lengths of the PAA stars,
we cleaved the PAA arms from the core by alkaline treatment for further analy-
sis of the arm length and arm length distribution. It is found that the lengths of
the cleaved arms do coincide with the expected values. This has been verified by
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Scheme 4 Typical multifunctional initiators based on 3-cyclodextrin and the synthetic procedures
for PAA stars

both endgroup determination of the cleaved PAA from NMR measurements and
MALDI-TOF measurements of the methylated PAA arms. This indicates that the
initiation site efficiency is close to unity and the resulting PAA stars carry the arms
of designed values.

In a similar manner, PDMAEMA stars were also prepared [28]. The same
initiators were used for the synthesis. In order to achieve a higher number of arms,
another new type of initiator was employed [83], namely silsesquioxane NPs bear-
ing a high number of hydroxyl functions. On average, 58 initiation sites could be
introduced per molecule. Using these particles, moderately polydisperse star poly-
mers (PDI~1.4) with a certain arm number distribution were obtained.

The PDMAEMA stars are weak cationic polyelectrolytes. But they can be easily
transformed into strong cationic polyelectrolytes poly{[2-(methacryloyloxy)ethyl]
trimethylammonium iodide} (PMETAI) stars by quaternization with methyl
iodide. Asymmetric field flow fractionation (AFFF) measurements showed that the
silsesquioxane core remained intact. The PMETAI brushes were also subjected to
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Scheme 5 Cleavage process of the silsesquioxane based PDMAEMA stars and the GPC analysis
of the stars and cleaved segments [28]. Reprinted by permission of ACS

alkaline cleavage reactions. The initiation site efficiency was considerably lowered
(only 0.3-0.7), especially for the initiators with a high number of functionalities.
In the case of the stars with silsesquioxane cores, the initiation site efficiency could
be extracted by both conventional cleavage of the arms and by a statistical method:
star-like fragments were detached from the core by HF and analyzed by GPC.
The results were in good agreement with those from the conventional cleavage
reactions. Scheme 5 depicts the cleavage and GPC analysis.

It is possible to observe the morphologies of the cationic PMETALI stars in so-
lution by cryogenic transmission electron microscopy (cryo-TEM). Figure 1 clearly
shows the distinct and well-separated structures in the vitrified solution. In some
cases it is even possible to see the silsesquioxane core [28].

2.2 Titration Curves

The degree of ionization of weak polyelectrolytes depends on the degree of neutral-
ization, 0., and therefore on the pH. To monitor the ionization behavior of the weak
polyelectrolytes, one can measure the pH while adding strong acid or base solution.
The degree of neutralization o, can be calculated from the added amount of acid
or base. An important value is the pK; or pKy, which denotes the negative decadic
logarithm of equilibrium constant of dissociation of acids or protonation of bases.
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Fig. 1 Cryo-TEM image of the PMETALI stars in 2 wt% aqueous solutions [28]. Reprinted by
permission of ACS

For polyelectrolytes, with a large number of acid or base functions these values are
apparent only.

For the PAA stars, they were titrated against NaOH solutions [27]. Figure 2
displays the pH dependence on the degree of neutralization, o = [Na* ] / [COOH],,
where [COOH], is the total concentration of carboxyl and carboxylate groups and
[Na*] is equal to the amount of added NaOH. In general, the titration curves of the
PAA stars are similar to that of the linear PAA. It can be seen that with constant arm
length, but increasing arm numbers, the titration curves shift to higher pH. Thus,
the apparent pK, values are higher for the stars with larger arm numbers. This is
in good agreement with the theoretical predictions that relate the shift of the pK,
to the confinement of the counterions within the polyelectrolyte star [84, 85]. How-
ever, with constant arm number but increasing arm length, the apparent pK, values
even decrease (see the inset of Fig.2). When increasing the arm length, the mean
segment density within the PAA stars decrease and less counterions are confined
within the star.

Similar findings were observed for the titration of PDMAEMA stars by HCI1
solutions [80]. Due to the protonated PDMAEMA units and the confinement of
counterions inside the PDMAEMA stars, further added HCI decreased the pH, but
the protonation of the inner part of the stars needs a lower pH. Thus, the apparent
pKy values are higher than that of the linear PDMAEMA, and increase with the
number of arms.
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Fig.2 Potential titration curves of the PAA stars (PAA o), (filled squares), (PAA1go)g (filled cir-
cle), (PAA1o)s (filled triangles), and linear PAA oo (open squares). Inset is the cutout of (PAA75)g
(open triangles), (PAA160)g (open diamonds) and (PAA o )g (filled circles) [86]. Reprinted by per-
mission of Wiley-VCH

2.3 Osmotic Pressure

The osmotic pressure is one of the colligative properties, which depends on the
molar concentration of the particles present in the solution. For the polyelectrolytes,
however, only the counterions contribute to the osmotic pressure because their
number is much larger than the number of macroions. For the polyelectrolyte, the
real osmotic pressure is much lower than that calculated by the van’t Hoff law be-
cause a large portion of the counterions is confined around the polyelectrolyte chains
[84, 85, 87-89]. The ratio between the real osmotic pressure and the theoretical
calculated one, the osmotic coefficient, ¢, is a direct measure of the fraction of non-
confined counterions.

For weak polyelectrolytes, the osmotic coefficient depends on the degree of neu-
tralization and the concentration of the polyelectrolytes. We have investigated the
osmotic coefficient of the PAA stars [27]. Only a low degree of neutralization was
obtained under these conditions. Figure 3 shows that the osmotic coefficient is less
than 0.4, indicating strong confinement of the counterions in the PAA stars. For a
constant arm length, the osmotic coefficient decreases with increasing arm number.
Again, this can be attributed to the stronger confinement due to the higher segment
density in the PAA stars with higher arm numbers. Up to now, however, the experi-
mental data cannot be explained by theory in a quantitative manner [90].
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Fig. 3 Osmotic coefficient of (PAA1gp),, (filled squares, o. = 0.24) and (PAA1q9)g (filled circles,
o = 0.25) in dependence of concentration [86]. Reprinted by permission of Wiley-VCH

For comparison, the strong cationic PMETALI stars were also subject to osmotic
pressure measurements [28]. Comparing the fully charged PMETALI stars with dif-
ferent arm numbers and arm lengths, similarly we found that with the increased
charge density the osmotic coefficients decrease. But the trend is not as pronounced
as it is for the PAA stars. This is again in contrast to theory as discussed above for
the PAA stars. Nevertheless, the results for the osmotic coefficient show that more
than 90% of the counterions are confined within the strong cationic PMETALI stars
as predicted by theory (Fig. 4).

2.4 Effect of Counterions on the Dimensions
of Polyelectrolyte Stars

As discussed above, the strong correlation of the counterions to the macroions leads
to a remarkable osmotic pressure within the macroions, in this case the polyelec-
trolyte stars. To decrease this pressure, the arms of the polyelectrolyte stars are
strongly stretched in dilute solution in the absence of added salt. However, if salt
is added to the solution, the osmotic pressure difference will be reduced greatly,
and the stretching of the arms will be diminished dramatically. Under these condi-
tions the size and conformation of the polyelectrolyte stars will be comparable to
the solution structure of uncharged star polymers.
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Fig. 4 Osmotic coefficients of star (PMETAIL 79)13 (filled squares), (PMETAlL70)9 5 (filled cir-
cles), (PMETAI,19)s.4 (open pentagons), (PMETAL 79)s 6 (filled pentagons) and (PMETAI g0)3.1
(open triangles). Dashed line: theoretical dependence for the fully ionized star with 18 arms and
DPym = 170. Bottom: comparison of (PMETAI 79);s with PAA star (PAAjg9)21 with oo = 0.24
(open squares) [28]. Reprinted by permission of ACS

The influence of added monovalent counterions to the strong cationic PMETAI
stars was studied first (see Fig.5) [28]. Dynamic light scattering (DLS) measure-
ments of the PMETALI stars solutions with different ionic strength (NaCl and Nal
solutions) show that the hydrodynamic radius, Ry, of the stars decreases with the in-
creasing concentration of NaCl. At low ionic strength, the R}, of the stars is around
24 nm, which is about half of the contour length of the single arm, indicating the
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Fig. 5 Dynamic light scattering (DLS) of PMETALI brushes in NaCl (filled squares) and Nal (open
circles) solutions [28]. Reprinted by permission of ACS

considerable stretching of the arms due to the high osmotic pressure within the
stars. In the solution with very high ionic strength, however, the Ry, is reduced to
15 nm, which is quite close to that of the unquaternized PDMAEMA stars in or-
ganic solvent. Interestingly, for the measurements in Nal solutions the stars showed
salting-out and salting-in effect. When the concentration of Nal is higher than 1 M,
Ry, increases again, probably due to some ion-specific interactions, which was also
observed for spherical cationic brushes [91].

If multivalent counterions are added to the polyelectrolyte star solutions, fast
exchange of the counterions will happen [92], and a large number of monovalent
counterions will be replaced by a concomitant number of multivalent ions. This
will cause a remarkable decrease of the osmotic pressure, and the polyelectrolyte
stars/brushes will collapse. Indeed, this has been proven by adding divalent and
trivalent counterions to the PMETALI star solutions. The DLS measurements de-
scribed in Fig. 6 at constant ionic strength show that both the divalent and trivalent
counterions can induce the collapse of the PMETAI stars at very low concentra-
tion. When the concentration is high enough, precipitation of the polymers were
observed, probably due to the linking of the stars by the multivalent counterions.
It is also shown that the trivalent counterions caused more pronounced drop of the
Ry, than the divalent ones did, since they have more effect on the reduction of the
osmotic pressure within the star [79].

The collapse of the PMETALI stars by the multivalent counterions can be used
to tune the size and morphology of the stars by counterions which change their va-
lency by an external stimulus. Hence, trivalent counterion [Co (CN)¢]*~ can undergo
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Fig. 6 DLS of PMETAI brushes with di- (filled circles) and trivalent (filled squares) counterions.
The arrow indicates the onset of aggregation [79]. Reprinted by permission of ACS
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Fig. 7 UV radiation induced stretching of the PMETAI arms measured by DLS [79]. Reprinted
by permission of ACS

photoaquation reaction and can be turned into one divalent counterion and one
monovalent counterion. By using this effect, “nanoblossoms” were built using the
PMETALI stars and [Co(CN)]’~ counterions. At constant ionic strength, adding
these counterions will cause the collapse of the stars as described above. When they
were subjected to UV radiation, the trivalent counterions were transformed into di-
valent and monovalent counterions which increased the osmotic pressure within the
stars. The effect of the UV radiation is shown in Fig. 7, and apparent increase of Ry,
was observed. Thus the arms of the stars opened, which resembles blooming of real
flowers in sunlight [79] (see Scheme 6).

2.5 Temperature Responsiveness of the PDMAEMA Stars

Linear PDMAEMA exhibits a lower critical solution temperature (LCST) in wa-
ter, that is the polymer becomes insoluble at elevated temperatures. We have
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Fig. 8 Cloud points at 0.1gL~" of star-shaped PDMAEMA in dependence of M, and pH.
The open symbols represent linear polymers. The lines are a guide to the eye [80]. Reprinted by
permission of ACS

systematically investigated the thermo-responsive behavior of linear and star-shaped
weak polyelectrolyte PDMAEMA. Since the pH changes with temperature, it is im-
portant to keep the pH constant for all the samples by buffer solutions [80] (Fig. 8).

We found that the observed cloud points (determined by turbidity measurements
at 500nm) only depend on the molecular weights (according to a Flory—Huggins
behavior) at high pH, and that the architecture of the polymer does not show a sig-
nificant impact. However, at lower pH a slight modulation is observed: in addition
to the shift of the whole cloud point curve to elevated temperatures, the cloud points
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of stars with higher segment densities are shifted to slightly higher temperatures
compared to stars with lower segment density. Figure9 clearly shows the pH de-
pendence of the cloud point for a linear polymer and two stars with similar DP of
the arms.

Interestingly, in the buffered solutions of PDMAEMA stars with 0.1 M NaCl,
addition of small amounts of multivalent counterions can induce an upper criti-
cal solution temperature (UCST), i.e., demixing upon lowering the temperature (see
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Fig. 9 Cloud points at 0.1gL~' of linear and star-shaped PDMAEMA in dependence
of pH. (Open squares) PDMAEMA og; (filled triangles) (PDMAEMA ) ;; (filled asterisks)
(PDMAEMA 7) 5 [80]. Reprinted by permission of ACS
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Fig. 10 Dependence of the cloud points of aqueous (PDMAEMA7),¢ solutions (0.1gL~"! in
buffer of pH8 + 0.1 MNaCl) on the [Co (CN)6]37 concentration (upper curve assigns LCST-type
cloud points, bottom curve refers to cloud points of the UCST-behavior) [81]. Reprinted by per-
mission of ACS
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Fig. 10). The UCST-type cloud points shift to higher temperatures with the increased
concentration of added trivalent counterions, whereas the LCST-type cloud points
hardly change. Thus, the LCST-type transition can be adjusted by pH, while the
UCST-type cloud points can be adjusted by the concentration of trivalent counteri-
ons. It is also possible to switch the UCST behavior of the PDMAEMA by using
the light-sensitivity of hexacyanocobaltate(IIl) as the trivalent counterions. Under
UV illumination, the trivalent counterions are turned into a mixture of divalent and
monovalent counterions and the UCST-behavior disappears [81].

2.6 Ordered Structure in Solution

It has been predicted by theory that the polyelectrolyte stars can form different kinds
of ordered structures in solutions at high concentrations. Likos et al. [93, 94] pointed
out the different crystal structures for polyelectrolyte stars with certain arm numbers
and densities (see Fig. 11). This has been used to explain the anomalous structure
with the concentrated polyelectrolyte star solutions. Ishizu et al. [95] successfully
demonstrated this ordering by small angle X-ray scattering (SAXS) for concentrated
PAA star solutions with arm number 30 and 97 (displayed in Fig. 12). No such
phenomenon was seen for the polyelectrolyte star polymers under scrutiny here.
The reason for this may be located in the finite polydispersity of the present systems
that may suppress the formation of ordered phases.
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Fig. 11 Theoretical phase diagram of polyelectrolyte stars with charge ratio oo = 1/3, drawn in
the density functionality plane [93]. Reprinted by permission of IOP
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Fig. 12 SAXS intensity profiles for PAA stars with arm number = 97 and DP,yy, = 25 at different
concentrations [95]. Reprinted by permission of ACS

2.7 Inter-Polyelectrolyte Complexes of Polyelectrolyte Stars

Polyelectrolytes carrying different charges tend to form inter-polyelectrolyte
complexes (IPECs) [96-101]. Polyelectrolyte stars, in particular, can form IPECs
with oppositely charged polyelectrolytes of different architectures. We have in-
vestigated the IPECs formed by PAA stars with different arm number (5, 8, and
21) and linear cationic poly(N-ethyl-4-vinylpyridinium bromide) (P4VP-EtBr)
[82]. It is possible to obtain water-soluble complexes. However, two populations
of complex species with a large difference in size were found. The mixtures of
the oppositely charged polymeric components remain transparent until their base-
molar ratio exceeds a certain threshold value, which depends on the number of
arms of the poly(acrylic acid) stars and the ionic strength. The small complex
species are the major fraction, and are assumed to be the particles of water-soluble
IPEC. The large complex species are the minor fraction, and are considered to
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be complex aggregates. The fractions of these complex species but not their sizes
distinctly depend on the number of arms of the poly(acrylic acid) stars and the
charge ratios as well as the ionic strength (See Scheme 7).

IPECs may have an application for gene delivery. Miillen et al. prepared cationic
polyelectrolyte stars from a dendritic polyphenylene core, which formed stable
IPECs with series of negatively charged DNA [102]. When treated with high con-
centration of NaCl, the DNA can be released from the complexes. Wang et al. found
that oppositely charged polyelectrolyte stars can form IPECs of various morpholo-
gies such as fiber bundles and vesicles by tuning the molecular weights, charge
ratios, and polymer concentrations [103]. Applying the LBL technique, Qiao et al.
[54] and Paula et al. [55] have prepared pH responsive multilayers by star/linear and
star/star complexes, respectively.

2.8 Core=Shell Polyelectrolyte Stars

For the core-first strategy it is possible to build the star block copolymers by con-
secutive polymerization of different monomers. There are many examples of this
type of core—shell polyelectrolyte stars, most of which are amphiphilic. Tenhu et al.
have prepared block copolymer stars with PMMA as the core and PAA as the shell
[74, 76]. Since the core is hydrophobic and the shell is water soluble, they can
self-assemble into interesting cylindrical structures in aqueous solutions. Detailed
studies showed that the self-assembly behavior is greatly influenced by the arm
numbers and the ionic strength [77]. The core—shell polyelectrolyte stars can also
serve as the template for the synthesis of inorganic NPs. Shi et al. [104] prepared
stars with PS as the core and PVP as the shell. In toluene, the stars form inverse
molecular micelles. Gold NPs can be generated in the PVP part, forming the inor-
ganic/organic hybrid materials.

2.9 Some Applications of Polyelectrolyte Stars

The chain ends of the star polymers can be functionalized. So it is possible to link
these sites and form networks or gels of stars. Depending on the chemical nature
of the chain end, the crosslinking can be permanent or stimuli-switchable. Patrick-
ios et al. [105] have prepared crosslinked double hydrophilic star copolymers made
from methacrylic acid (MAA) and poly(ethyleneglycol methacrylate) (PEGMA).
Meyer et al. [106] synthesized photocrosslinkable PMAA stars, which could serve
as well-defined model polyelectrolyte networks. The polyelectrolyte stars can also
be used as template for some nanomaterials. Want et al. [107] prepared strong an-
ionic polyelectrolyte stars by sulfonation of the PS stars. They were used as the
template for the preparation of conducting polyaniline.
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Scheme 7 Schematic description of the IPECs formed by PAA stars and P4AVPB. (a) PAVPB and
PAA stars with arm number = 5 and 8, and (b) P4VPB and PAA stars with arm number = 21 [82].
Reprinted by permission of ACS



Polyelectrolyte Stars and Cylindrical Brushes 21

3 Cylindrical Polyelectrolyte Brushes

When a linear polymer is grafted with a large number of much shorter side
chains, cylindrical polymer brushes are formed [33, 108-111]. They are also
denoted as “bottlebrushes” or “molecular brushes.” Although most cylindrical
polymer brushes contain linear side chains, dendritic or even hyperbranched space
demanding grafts can also render cylindrical shapes, which leads to the so-called
dendronized [112-116] and hypergrafted [117, 118] polymers, respectively. In this
review, we will focus on cylindrical brushes with linear side chains. Due to their
anisotropic nature in topology, they have attracted more and more research interest
in their synthesis, bulk, or solution properties, as well as applications.

3.1 Synthesis of Polyelectrolyte Cylindrical Brushes

Three main strategies have been successfully developed for the synthesis of cylin-
drical polymer brushes: grafting through, grafting to, and grafting from. Scheme 8
shows the processes for each preparation strategy.

The grafting through strategy means the preparation of cylindrical brushes by
the polymerization of preformed MMs. This was the first method in the synthesis of
cylindrical brushes. For the first time, Tsukahara et al. [108] successfully obtained
cylindrical brushes by the radical polymerization of MMs. Short polymer chains
with a polymerizable vinyl chain end were first made by anionic polymerization and
sequential end-functionalization. Further radical polymerizations of the premade
MMs yielded cylindrical brushes with uniform side chains. This method was then
further employed by Schmidt et al. [109, 119-121] and Ishizu et al. [122-127] to

grafting through =
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macromonomer
grafting to W "
—_—
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functional polymer
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Scheme 8 Three different strategies for the preparation of cylindrical brushes
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prepare cylindrical brushes with different functionalities and architectures. The most
obvious merit of this method lies in the high grafting density of the side chains.
However, due to the great steric hindrance caused by the MMs, it is difficult to ob-
tain very long brushes by this method. Conventional radical polymerizations can
only afford cylindrical brushes with a rather broad distribution of the backbone
length. More importantly, it is very difficult to obtain complete conversion of the
MMs, which results in a more difficult purification process. To remove the resid-
ual MMs from the reaction mixtures, fractionation is generally required. These, in
combination, have limited the use of this strategy for the preparation of cylindrical
brushes with well-defined structure.

Nevertheless, many cylindrical polyelectrolyte brushes have been prepared by
this strategy. Schmidt et al. [128] prepared weak anionic PMAA brushes by the
polymerization of Pt BMA MM and further hydrolysis. However, fractionation was
necessary to remove the remaining MMs. Wegner et al. [129] prepared PtBA MMs
by ATRP and chain-end functionalization. Radical polymerization and subsequent
hydrolysis reactions led to the PAA brushes. It is also possible to prepare strong
anionic brushes with sulfonate groups by the sulfonation of PS brushes. How-
ever, it is difficult to avoid the side-reactions and crosslinking [128]. Using the
same strategy, Schmidt et al. [119, 128] also prepared cationic poly(2-vinylpyridine)
(P2VP) brushes and from there quaternized cationic brushes.

Cylindrical brushes can also be built by coupling reactions between the pre-
formed monotelechelic polymers and preformed multifunctionalized long back-
bones, namely, the “grafting to” strategy [130, 131]. The advantage of this technique
is that both backbone and side chains can be well defined since they are prepared
separately. For example, Matyjaszewski et al. [132] prepared both backbones and
grafts by ATRP and click chemistry for the coupling reactions. However, it is diffi-
cult to obtain high grafting densities with the “grafting to” method because of the
high steric hindrance caused by the crowding of the side chains. Incomplete cou-
pling reactions between the side chains and backbones cause additional problems
for the purification as compared to the “grafting through” method. So far, examples
of polyelectrolyte brushes prepared by this strategy are very rare.

Finally, the “grafting from” strategy was first employed to synthesize differ-
ent cylindrical brushes with both well-defined backbones and side chains by
Matyjaszewski et al. [133]. Generally, a narrowly distributed long backbone is
first prepared via living polymerization techniques, followed by functionalization
to attach initiating groups to the backbone for the further grafting polymerizations.
The backbone polymer determines the length and distribution of the cylindrical
brushes. To obtain very long functional backbones, different living polymerizations,
such as anionic polymerization [31], ATRP [30, 133, 134], and RAFT polymeriza-
tion [135] have been employed. For example, in our group [31, 136], anionic
polymerization of silyl-protected 2-hydroxylethyl methacrylate (HEMA) and fur-
ther esterification reactions produced long polyinitiators with DP, up to 3,200 as
shown in Scheme9.

For the grafting of the side chains, different controlled polymerization techniques
were also applied. In addition to the rare cases of ring-opening polymerizations
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Scheme 9 Preparation of polyinitiators by anionic polymerizations and further functionalizations

(ROP) [137] and NMRP [138], ATRP has been the dominating technique for the
preparation of most of the side chains [30, 31, 133, 134]. In the case of polyini-
tiators the situation is more complicated. Due to the very high local concentration
of radicals around the linear polyinitiators, the rate of polymerization is normally
higher than that for the ATRP initiated by small initiators. The concentration of
the catalyst/ligand complex should therefore be kept low to avoid inter- or intra-
molecular coupling reactions [133]. Although few cylindrical brushes made by
ATRP showed high initiating efficiency (e.g., with polystyrene side chains [30]),
low initiating efficiencies were commonly reported [29, 139-141], in particular for
a-methyl substituted monomers like methacrylates, due to the steric hindrance and
slower initiation compared to the rate of propagation. Matyjaszewski et al. [140]
reported on the improvement of the initiating efficiency by a lower monomer con-
centration, a higher concentration of the active Cu(I) catalyst by adding Cu(Il), and
halogen exchange.

So far, the “grafting from” strategy has proven to be the most successful one
for the preparation of cylindrical brushes. Both anionic [30, 31, 142, 143] and
cationic [29] polyelectrolyte cylindrical brushes with well-defined backbones and
side chains were prepared. We have also prepared core—shell brushes with PAA as
the core or shell, which will be discussed later [30, 31]. Recently we have been able
to prepare strong anionic brushes with sulfonate groups by direct ATRP of ionic
monomers in organic solvent [144].
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Scheme 10 Synthesis of PDMAEMA, PMETAI brushes and side chain cleavages

We also prepared weak and strong cationic cylindrical brushes using the “grafting
from” strategy. PDMAEMA cylindrical brushes were prepared by the combina-
tion of anionic polymerization and ATRP using this strategy [29]. A polyinitiator
with DP, = 1,500 and a very low polydispersity served as the backbone and linear
PDMAEMA chains were grafted from it. Several measures, such as halogen ex-
change, lower monomer concentrations and slower growth by adding Cu(Il) ions,
were taken into account to improve the grafting density. For the determination of
the initiating efficiency, PDMAEMA brushes were first quaternized to their ammo-
nium salt and were later subject to cleavage of the side chains and the ester groups
in the monomer unit by strong base. This led to linear PMAA, measured by aque-
ous GPC. By comparing the molecular weights of the linear PMAA and that of the
calculated values, the initiating efficiencies can be obtained. It is found that even
when the above-mentioned measures had been taken, the initiating efficiencies were
all only around 50%. Scheme 10 displays the synthesis of PDMAEMA, PMETAI
brushes and the process for the cleavage of side chains.

3.2 Morphology of the Polyelectrolyte Cylindrical Brushes

Due to the strong repulsion of the side chains, cylindrical brushes normally ex-
hibit worm-like morphologies in good solvent. Based on the electrostatic repulsion,
polyelectrolyte cylindrical brushes, carrying a large number of charged side chains,
show even more extended structures than their neutral analogues. It is possible to an-
alyze their morphology by atomic force microscopy (AFM) on suitable substrates
[29]. Figure 13a shows the worm-like morphologies of the strong cationic PMETAI
brushes deposited on the negative mica surface in the dry state. Also, cryo-TEM is
a powerful tool to examine the true morphologies of the brushes in solution, since
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Fig. 13 (a) AFM height image (Z range 7 nm) and (b) cryo-TEM image of PMETAI brushes [29].
Reprinted by permission of Elsevier

there is no interaction with a surface [29, 142, 145, 146]. Figure 13b reveals the
extended worm-like structures of the same brushes in aqueous solution. The size
and structure determined by these two methods show similar results which in turn
proves the reliability of the AFM measurements.

3.3 pH Responsiveness of Weak Cationic Brushes

PDMAEMA is a weak cationic polyelectrolyte and the apparent pK, value for
PDMAEMA stars with a large number of arms is around 8. The same behavior is
expected for PDMAEMA brushes. In this case, a change of the ionization degree is
expected to cause structural changes. DLS measurements of a PDMAEMA brush at
different pH values were carried out [29]. All measurements were performed in the
absence of salt at very low concentration (0.2 gL_l) to avoid intermolecular aggre-
gation at high pH values. An obvious pH dependence of the apparent hydrodynamic
radii is observed, as is shown in Fig. 14. The apparent hydrodynamic radii steadily
decreased with increasing pH. Structural changes were directly observed by cryo-
TEM measurements at different pH values. More extended structures appeared at
low pH, while at high pH the brushes were extraordinarily shortened.

3.4 Effect of Added Counterions on Strong Cationic Brushes

The strong cationic PMETAI brush adopts a rather elongated conformation due to
the large osmotic pressure along the brush layer, as illustrated in Fig. 12b. Addition
of salt to the solution will lower the net osmotic pressure. Thus, the stretching of the
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Fig. 14 Apparent hydrodynamic radii of PDMAEMA brush in 0.2gL~' aqueous solution at
different pH values [29]. Reprinted by permission of Elsevier
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Fig. 15 Apparent hydrodynamic radii of the PMETAI brushes as a function of NaBr concentration
[29]. Reprinted by permission of Elsevier

polyelectrolyte chains should be diminished and the conformation should collapse.
Figure 15 shows the change of the apparent hydrodynamic radii of the PMETAI
brush with increasing added NaBr concentration [29]. Increasing the NaBr concen-
tration from O to 1 M leads to a remarkable decrease of Ry. This is in accordance
with the findings reported on spherical polyelectrolyte brushes and polyelectrolyte
stars. When the salt concentration is higher than 1 M, Ry, increases again. This has
also been found for the other polyelectrolyte systems. A specific ion interaction
with the cationic polyelectrolytes can be invoked as the reason for this unexpected
phenomenon. The collapse of the PMETAI brushes at high salt concentration was
directly visualized by AFM.

When the monovalent counterions are replaced by divalent or trivalent counteri-
ons, the osmotic pressure within the polyelectrolyte architecture will decrease dra-
matically due to the exchange of a considerable amount of entrapped, monovalent
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counterions with rather few multivalent counterions. Therefore a contraction or col-
lapse should be observed at a much lower concentration of added salt. Here we
chose two cyanometalates, [Ni (CN),]*~ and [Co (CN),]*~, as the di- and trivalent
counterions, respectively [145].

AFM measurements were performed from highly dilute solutions (0.02gL_1)
to avoid aggregation. The influence of the divalent counterions is studied first. The
concentration of added salt was 2.2 x 10~>mM. Given the small concentration of
added salt, a molar charge ratio Z_,, can be defined which is given by the ratio of
the added anionic charges and the cationic charges carried by the PMETAI brushes.
For the case Z_, = 0.66, all [Ni(CN) 4]2_ ions present in the system would not suf-
fice to neutralize the positive charges of the cylindrical brush. Therefore the brushes
still kept their worm-like structures. When the charge ratio Z_,, was increased to
unity, most of the brushes collapsed into globular structures. However, an entirely
new feature appears at high dilution when Z_,, = 0.75. AFM measurements reveal
an intermediate helical state with a pitch of ca. 25 nm. The chains twist in order
to relieve a part of the strain caused by the contraction along the long axis of the
molecule. In some cases this leads to a helix with several turns. One explanation of
the helix formation is given on the basis of entropic arguments [147]. The helical
structures can increase the overlapping volume of the brushes, and thus increase the
entropy of the whole system.

The same phenomenon was observed with trivalent counterions at Z_, = 1.
Figure 16 shows the typical AFM image of the brushes with added trivalent counte-
rions and enlarged portions. Clear helical structures are observed. Since there is no

Fig. 16 (a) AFM height image of PMETAI brushes with added trivalent salt spin-coated on mica,
Z_ J+ = 1, z range 12nm, brush concentration 0.02 gL_l, and the trivalent salt concentration
2.2 x 1072mM; (b, ¢) show a typical right- and left-handed helix, respectively [145]. Reprinted
by permission of Royal Society of Chemistry
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Scheme 11 Morphology change of the PMETAI brushes with added [Co (CN)¢]*~ counterions
and UV radiation

chiral unit within the chains, both right-handed and left-handed helices are observed
in similar numbers. Figure 16a shows that the helical conformation is an intermedi-
ate state between the stretched and fully collapsed spherical conformation.

Similar to the “nanoblossom” system discussed for star polymers [79], the pho-
tosensitive trivalent counterion [Co (CN)6}37 at charge ratio Z_,, = 1, leading to
a full collapse of the brushes, were illuminated with UV light, transforming them
into divalent and monovalent counterions. The charge ratio shifts to Z_,, = 0.66
for the divalent counterions and the brushes returned to the elongated conformation.
Scheme 11 describes this switching of the conformation in a schematic way [145].

Simulation were performed to study the influence of counterions of different va-
lencies on the morphology of the brushes [148]. The results are in good agreement
with our experimental findings. Moreover, Wegner et al. [146] and Grohn et al. [149]
studied the influence of the aggregating behavior of polyelectrolytes with multiva-
lent counterions.

3.5 [Inter-Polyelectrolyte and Surfactant Complexes
of Cylindrical Polyelectrolyte Brushes

Cylindrical polyelectrolyte brushes can form complexes with oppositely charged
surfactants and polyelectrolytes. Although the polyelectrolyte cylindrical brushes
behave similarly to their linear analogs when forming complexes with surfactants,
their distinctive cylindrical nanostructures make it possible to visualize directly the
morphology changes by microscopy such as AFM.

Recently, Schmidt et al. [150] reported helical structures formed by a complex of
sodium dodecyl sulfate (SDS) and a cationic polypeptide cylindrical brush. When
SDS was in excess, a worm-to-sphere transition was observed. Detailed studies
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Fig. 17 AFM height images of (a) pure PMETAI brushes; (b) PMETAI brushes with SDS, with
Z = 0.5; (¢) PMETAI brushes with SDS, Z = 1; (d) PMETALI brushes with SDS, zZ, = 1
with added o-CD (equimolar with SDS); (e) same, but with added B-CD; (f) sample with -CD
after addition of AdAC (equimolar with B-CD). The scale bars represent 200 nm and the brush
concentration is 0.02gL~! [152]. Reprinted by permission of ACS

revealed that the alkyl chain length of the surfactants plays a key role [151]. It is
believed that the B-sheet formation of the polypeptide side chains induced the heli-
cal conformation of the atactic backbone.

We also investigated the complex formation between SDS and PMETALI cationic
brushes[152]. However, no helical intermediate conformations were observed. Only
pearl-necklace structures formed at intermediate ratios. When the charge ratio
reached unity, the brushes collapsed into spheres. By adding cyclodextrins (o-CD
and B-CD), supramolecular inclusion complexes formed with SDS and liberated
the brushes. Thus worm-like conformation recovered. A competitive complex agent
1-adamantylammonium chloride (AdAC) can remove the B-CD from the SDS-B-CD
complex, causing the recollapse of the brush. This has given some hints to construct
sensors or devices on the nano-scale [153]. Figure 17 depicts the conformational
transitions of the PMETAI brushes thus effected.

A study of the IPECs formed by polyelectrolyte brushes and oppositely charged
linear polyelectrolytes has also been carried out [154, 155]. Recent simulation work
indicated that formation of IPECs with linear polyelectrolytes can also induce the
collapse of the brushes [156]. Our experimental work [157] concerning the IPECs
between PMETAI brushes and linear poly(styrene sulfonate) (PSS) is in agreement
with these simulations.
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3.6 Amphiphilic and Double-Hydrophilic Core—Shell
Cylindrical Brushes

Core—shell cylindrical brushes have gained increasing interest due to their unique
properties and applications as nano-templates. Thus, Matyjaszewski et al. and our
group first prepared core—shell brushes [30, 134]. We have been studying core—shell
brushes containing ionic blocks [30, 31]. Amphiphilic and double hydrophilic core—
shell brushes were prepared and studied for their solution properties.

Amphiphilic core—shell brushes in selective solvents can be seen as cylindrical
unimolecular micelles [30]. Changing the solvent quality can adjust the thickness of
the core or shell of these amphiphilic brushes. Figure 18 presents 'H-NMR spectra
of amphiphilic cylindrical brushes with PS-b-PAA side chains in different solvents.
In CD3;0D, which is a good solvent for PAA but a poor solvent for PS, the signals of
the PAA shell are clearly observed, while no signal of PS is detected, indicating the
complete collapse of the PS core. By adding CDClI; to this solution, the PS signals
appear in the spectrum (see the range 6.0-7.0 ppm). Now the PS core is solvated by
CDCl3 and therefore has an extended conformation.

Simulation work using Monte Carlo (MC) methods have proved that a selective
solvent, which is good for the shell but bad for the core, leads to instability in the
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Fig. 18 'H-NMR spectra of an amphiphilic core-shell polymer brush with PS-b-PAA side chains
([S23 —b—AAjg6]5;0) in (a) CD30D, and (b) CD30D/CDCI3 (v/v = 1/1) [30]. Reprinted by
permission of ACS



Polyelectrolyte Stars and Cylindrical Brushes 31

-

"'.*’-LGDnm" ¢ . -

T

0 50 100 150
Length (nm)

Fig. 19 AFM phase image of amphiphilic brushes [AAss-nBAgi |50, With PAA core, dip coated
on mica from toluene solution. The right image shows the typical pearl-necklace conformation
[158]. Reprinted by permission of ACS

cylindrically uniform structure followed by the appearance of undulations of the
collapsed core [158]. Experimental evidence has been reported for this. We have
prepared amphiphilic core—shell brushes with PAA as the core and poly(n-butyl
acrylate) (PnBA) as the shell. In the mixed solvent of methanol and chloroform,
they adopt extended worm-like conformations due to the solvation of both the core
and the shell. However, in the selective solvent toluene, the PAA core collapsed and
so-called pearl-necklace structures formed (see Fig. 19) [158]. The same brushes
can also form polychelates with multivalent counterions such as Cd>* and Fe’*.
Here similarly undulated structures were also observed [159-161].

We also prepared double hydrophilic core—shell brushes with PMAA as the core
and poly(oligoethyleneglycol methacrylate) (POEGMA) as the shell. Due to the
weak polyelectrolyte nature of the PMAA, at low pH the brushes also showed
typical pearl-necklace conformations, whereas at high pH the core adopts more ex-
tended structures [158]. The polychelates of the brush and Fe** behave in a similar
way to the amphiphilic polychelates.

3.7 One-Dimensional Magnetic Nanohybrid Templated
by Core—Shell Brushes

The core—shell polyelectrolyte brushes can serve as the one-dimensional templates
for different nanomaterials since different metal ions or small molecules can be
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Scheme 12 Schematic illustration for the synthesis of a wire-like assembly of magnetic/
semiconducting NPs inside a core—shell cylindrical polymer brush

incorporated inside the brushes. Thus, Schmidt et al. [119, 162] succeeded in the
synthesis of a linear array of gold nanoclusters and gold NWs using cylindrical poly-
mer brushes with P2VP core and PS shell as templates. Ishizu et al. [163] prepared
polypyrrole within the core of polymer brushes with P2VP-b-PMS side chains, aim-
ing to prepare conducting molecular wires. The poly(o-methylstyrene) (PMS) shell
of these polymer brushes served as an insulating layer. All these brushes were syn-
thesized by grafting through strategy, and precipitation fractionation was required
to obtain brushes from the mixtures with linear MMs.

We have used core—shell cylindrical polymer brushes with PAA core and PnBA
shell as templates for the growth of different inorganic NWs and nanohybrids, such
as CdS [160], CdSe [164], and Fe,O3 [161] (see Scheme 12).

Superparamagnetic maghemite (Fe;O3) NPs were generated in situ in the core
of the PAA-b-PnBA core—shell brushes [31, 161] as described in Scheme 12. The
carboxylate groups coordinate with Fe’™ ions and form the polychelate. AFM
and TEM measurements show distinct pearl-necklace conformations for the poly-
chelates of the brushes with Fe>*. After the alkalization and oxidation reaction small
maghemite NPs formed within the core of the brushes distributed in a wire-like man-
ner and the brushes returned to the extended worm-like morphologies.

Figure 20 shows typical magnetization curves. The magnetic properties of the
hybrid nanocylinders were investigated at temperatures ranging from 2 to 295 K.
It is found that the fabricated NPs are superparamagnetic in the temperature range
of 25-295 K, since no hysteresis is observed. At 2 K, magnetization measurement
showed a symmetric hysteresis loop, demonstrating the ferrimagnetic nature of the
NPs at very low temperatures. The blocking temperature is defined as the temper-
ature above which the particles are free to align with the magnetic field during the
measurement time and thus behave superparamagnetically. It is directly related to
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Fig. 20 Magnetization curves for the hybrid nanocylinder of the polymer brush
([AA37-nBA4g),500) and iron oxide nanoparticle (NP) at different temperatures [161]. Reprinted
by permission of Wiley-VCH
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Scheme 13 Introducing-into strategy for the synthesis of magnetic hybrid cylinders

the particle size. For the maghemite particles fabricated in the brushes, the blocking
temperature of the hybrid superparamagnetic nanocylinders is extremely low, indi-
cating very small particle sizes. Such small particles have very weak response to the
magnetic field. So it is very difficult to manipulate or align these hybrid cylinders at
room temperature. Moreover, the solubility of the template amphiphilic core—shell
brushes always generates problems in all experiments and mixed organic solvents
are needed to disperse the brushes and the hybrids.

In order to improve the solubility and the magnetic response of the hybrid, we
have developed a different strategy. First, double hydrophilic core—shell brushes
with PMAA as the core and POEGMA as the shell were successfully synthesized
[165, 166]. In a separate process, magnetite NPs with size around 10 nm were
prepared by coprecipitation. Due to the specific interaction of the carboxylic groups
and the magnetite surface, we are able to introduce the magnetite particles into the
core of the brushes. This introducing-into strategy is described in Scheme 13. The
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hybrid also shows superparamagnetic properties at room temperature. Owing to the
increased size, we can align the magnetic hybrid in moderate magnetic field on the
substrate on a large scale.

4 Conclusions and Outlook

Controlled polymerization techniques have enabled the preparation of well-defined
polyelectrolytes of different architectures. Polyelectrolyte stars and cylindrical
brushes are two typical examples with isotropic and anisotropic nature, respec-
tively. Different synthetic strategies have been developed for these polyelectrolytes.
However, the “core first” and “grafting from” strategies have turned out to be the
most suitable methods for the synthesis of polyelectrolyte stars and cylindrical
brushes.

Weak polyelectrolyte stars exhibit an interesting behavior in solution, such as
higher apparent pK, for the polyacid stars and higher apparent pK, for the weak
polybase stars, and much lower osmotic pressures, both when comparing them to
their linear analogues. Adding monovalent salt reduces the net osmotic pressure and
leads to a contraction of the stars. Divalent and trivalent ions cause the collapse of
the polyelectrolyte stars. By using a complex trivalent counterion which can undergo
a photoaquation reaction, “nanoblossoms” can be built under the UV radiation. The
temperature responsiveness of the weak polyelectrolyte PDMAEMA stars was also
investigated. Their normal LCST behavior strongly depends on pH. Adding trivalent
counterions can even induce a UCST behavior. The stars can also form IPECs with
oppositely charged polyelectrolytes.

Polyelectrolyte cylindrical brushes behave in similar ways as the polyelectrolyte
stars in many aspects. Due to their anisotropic architecture, their morphologies can
be tuned between worms, helices, and spheres. Polyelectrolyte core—shell cylin-
drical brushes have been used for the fabrication of inorganic NPs or NWs. In
particular, superparamagnetic hybrid cylinders with magnetic NPs in the core of the
brushes were prepared. They can be aligned on the substrate in magnetic field. This
provides another way for the directed assembly of hybrid materials in a controlled
manner.

However, there are still challenges remaining in both the synthesis and char-
acterizations of the polyelectrolyte stars and cylindrical brushes. The synthesis
still requires multiple steps for the protection—deprotection or derivative reactions.
Straightforward methods are needed in the synthesis. The control of the uniformity
of the arm number, arm length, side chain number, and side chain length is still a
challenge. Nevertheless, more exciting opportunities lie in the study of the polyelec-
trolyte stars and cylindrical brushes. For example, it is possible to find more ordered
phases in the solutions for the stars and brushes. Hence, polyelectrolyte stars and
brushes present highly valuable building blocks for nanoscopic and hybrid systems.
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Various Aspects of the Interfacial Self-Assembly
of Nanoparticles

Nicole Popp, Sergej Kutuzov, and Alexander Boker

Abstract We describe the interfacial self-assembly of nanoparticles at liquid-liquid
interfaces and in block copolymers. At the interface of two immiscible liquids,
the particles assemble into disordered but densely packed monolayers. This self-
assembly process was investigated ex situ with scanning force microscopy (SFM)
and transmission electron microscopy (TEM), and laser scanning confocal mi-
croscopy (LCSM) methods. Adsorbed particles can be crosslinked at the interface
to fabricate mechanically stable capsules and membranes. In addition, it was shown
by pendant drop tensiometry that Janus particles consisting of gold and iron oxide
show a significantly higher interfacial activity than homogeneous gold or iron oxide
nanoparticles of comparable size and chemical nature. For the self-assembly of
nanoparticles in block copolymer mixtures, it was shown theoretically and exper-
imentally that these composite materials form hierarchically ordered structures.
Therefore, thin films from mixtures of a cylindrical polystyrene-block-poly(2-
vinylpyridine), with tri-n-octylphosphine oxide-covered CdSe nanoparticles were
prepared and investigated with SFM, TEM, and grazing-incidence small angle x-ray
scattering (GISAXS) after thermal annealing.
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- Nanoparticles - Janus particles
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Abbreviations

DFT Density functional theory

FLIP Fluorescence loss induced by photobleaching

FRAP Fluorescence recovery after photobleaching

GISAXS Grazing-incidence small-angle X-ray scattering

LbL Layer-by-layer

o Oil

PS Polystyrene

PS-b6-P2VP  Polystyrene-block-poly(2-vinyl-piridine)

RhB Rhodamine B

SCFT Self-consistent field theory

SFM Scanning force microscopy

TEM Transmission electron microscopy

TOPO Tri-n-octylphosphine oxide

W Water

1 Introduction

This chapter is concerned with the increasing use of liquid interfaces as templates for
the self-assembly of colloidal particles [1]. In particular, besides micrometer-sized
colloids, nanoscopic particles with sizes down to a few nanometers have recently
been investigated. On one hand, control of the structure formation processes at
the nanometer level poses a challenging problem. On the other hand, the use of
nanoparticles yields ample opportunities for the fabrication of nanostructured de-
vices (e.g., nanoporous containers or filtering devices). In addition to the use of
classical oil-water (O/ W) emulsion systems, like the so-called Pickering emul-
sions, fluid interfaces such as found in block copolymer nanostructures can be
employed. Here, the nanoparticles impart specific functions to the nanostructures,
such as magnetism or charge transport, as required in magnetic data storage media
or polymer-based photovoltaic devices, respectively.



Various Aspects of the Interfacial Self-Assembly of Nanoparticles 41

1.1 Pickering Emulsions

More than a century ago, Pickering [2] and Ramsden [3] investigated paraffin—water
emulsions contains solid particles such as iron oxide, silicon dioxide, barium sul-
fate, and kaolin and discovered that these micron-sized colloids generate a resistant
film at the interface between the two immiscible phases, inhibiting the coales-
cence of the emulsion drops. These so-called Pickering emulsions are formed
by the self-assembly of colloidal particles at fluid—fluid interfaces in two-phase
liquid systems (Fig. 1).

The desorption energy, which is directly related to the stability of emulsions,
depends on the particle size, particle—particle interaction and, of course, particle—
water and particle—oil interactions [4, 5].

Almost 80years after Pickering’s discovery, the behavior of the colloidal par-
ticles was described theoretically by Pieranski, who argued that the assembly of
spherical particles at the O/ W interface was determined by a decrease of the total
free energy [5]. The placement of a single particle with an effective radius r, at the
interface between an oil and water leads to a decrease of the initial interfacial energy
Ey to E) yielding an energy difference of AE;:

n-r? 2
E|—Ey=AE; = ——— [Yo,w — (%/w — ¥0/0)] ey
Yo/w

Here, the three contributions to the interfacial energy arise from the particle—oil
interface (¥p/0), the particle-water interface (}%,w), and the oil-water interface
(Yo w)- From (1) it is evident that, for a given emulsion system (i.e., with fixed %0,
¥p/w. and Yo w), the stability of the particle assembly is determined by the square
of the particle radius r. For microscopic particles the decrease in total free energy
is much larger than the thermal energy (a few kg7, where kg is the Boltzmann con-
stant and 7 is temperature) leading to an effective confinement of large colloids
to the interface. Nanoscopic particles, however, are confined to the interface by an
energy reduction comparable to thermal energy. Consequently, nanoparticles are

oil

__________.....--—P

Fig. 1 Self-assembly of solid nanoparticles at the oil-water interface

water | um scale

I 2-20 nm
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Fig. 2 Changes in wettability .
of solid particles at the oil D B> 00 oil N\ 0 <90°
oil-water interface at contact 1 * il

angles 6>90° and < 90° i" .aiﬂ'

easily displaced from the interface, leading to a constant particle exchange at the
interface, the rate of which depends on particle size. The thermally activated escape
of small particles takes place more often than for larger ones and, for the equilibrium
state of assembly, the total gain in free energy is lower for smaller particles. There-
fore, assemblies of larger particles are more stable. This size dependence allows the
nanoparticle assembly to attain their equilibrium structure at the interface, whereas
micrometer-size colloids might be trapped in a non-equilibrium state. Following
these theoretical thoughts, various colloidal systems with particles of different size
and surface chemistry (e.g., polystyrene lattices, silica particles, etc.) were described
in the literature [4, 6-9]. Moreover, the behavior of nanometer-size particles was in-
vestigated in detail due to their high potential for the construction of hierarchical
and functional structures [10-13].

In addition to the size of the nanoparticles, the interfacial tension and, therefore,
the wettability of a particle surface, also dictates the desorption energy [4]. The
wettability is described by the contact angle 8 between the solid and the oil-water
interface. The stability of oil-in-water (O/W) emulsions or water-in-oil (W/O) emul-
sions depends on this contact angle. In general, the less-wetting liquid becomes the
dispersed phase. If 0 is lower than 90°, O/W emulsions are more stable; at contact
angles greater than 90°, W/O emulsions are favored (Fig. 2) [14].

The variation of the desorption energy with the contact angle is displayed in
Fig. 3. Binks and Lumsdon investigated a toluene—water system with constant inter-
facial tension of 36 mN/m by using silica nanoparticles of constant radius of 10 nm
and various wettabilities [4]. At a contact angle of 90°, a maximum in desorption

3000 r

2500
Fig. 3 Variation of the
desorption energy E (equal 2000
to kg T') of a spherical particle - [
at a planar oil-water interface < 1500 F
as a function of the contact w [
angle 6. The depth of
immersion into water is 1000 [
shown as A, the particle radius [
(R) is 10 nm, and the 500 F
interfacial tension (Yo /w)
is 36 mN/m. Reprinted with ot L

permission from Langmuir

[41. Copyright (2000) 0 30 60 90 120 150 180

American Chemical Society 8/°
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energy was observed. Increasing or decreasing the contact angle, starting from the
maximum stabilization at 90°, also decreased the stability of the emulsion. If the
contact angle was between 0 and 20° or between 160 and 180°, the energy was
10kgT or less, which is on the order of magnitude of the desorption energy of con-
ventional surfactants [15].

So far, the stabilizing effect has only been described for particles with a homo-
geneous surface, i.e., a surface with homogeneous wettability. Later in this chapter,
we will give a brief introduction to the theoretically anticipated behavior of particles
with a heterogeneous surface exhibiting heterogeneous wettability.

1.2 Nanoparticles as Building Blocks

Besides the basic interest in the parameters governing particle interfacial assem-
bly, there is also considerable technological potential associated with the structures
formed at liquid-liquid interfaces. For example, nanoparticles could serve as build-
ing blocks for capsules and membranes with nanoscopic pores for filtering or
encapsulation and for delivery purposes.

During recent years, several approaches for the design of nano- and microscopic
capsules have been described in the literature. The electrostatic adsorption of poly-
electrolytes [16—18] or particles [19] has also been investigated. Capsules have been
successfully produced by polymerization in so-called mini-emulsions [20]. The
most promising process so far uses a nanometer-to-micrometer-sized solid template
of a water-insoluble substance, which is subsequently degraded to yield a hollow
material [21-23]. These capsules swell in appropriate solvents and are filled by
a diffusion-controlled process from the surrounding phase. The drawbacks of this
method are the broad pore size distribution, and the ex situ filling procedure, during
which only substances sufficiently small to pass the pores from the outside can be
inserted into the capsule. Further experiments have focused on the use of liquid—
liquid interfaces (i.e. water droplets dispersed in oil or a flat oil-water interface)
as templates for the production of microporous capsules and membranes. Schiith,
Fowler and others grew zeolite structures or silica spheres at such interfaces, but
failed to generate structures with defined pore sizes and size distribution [24-28].

Pore size control in microparticle colloidal assemblies was reported by
Dinsmore et al., using assembly of the particles at fluid interfaces, followed by
sintering. The resulting interstices of the quasi-hexagonal array of particles gave
pores in the range of several hundred nanometers [29, 30]. Furthermore, Godel
et al. fabricated elastic, nanoporous membranes from silica-polyisoprene hybrid
materials spread in a Langmuir trough. Crosslinking the nanoparticle-polyisoprene
film by UV radiation, followed by dissolution of the silica particles gave robust
polymer membranes with pore sizes between 30 and 500 nm [31-34].

It remains a challenge, however, to fabricate capsules and membranes with
precisely controlled pore size and a pore size distribution on the lower nanome-
ter scale. Capsules with pores between 5 and 20 nm have been a long-standing goal
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for encapsulation and immuno-isolation of cells for treatment of diabetes, cancer
and other illnesses [35-38]. After implantation of living cells into a host, pores of
this size protect the cells from the host’s immune response, yet allow exchange
of nutrients and secreted chemicals. Existing approaches towards fabrication of
immuno-isolating capsules might result in a distribution of pore sizes too broad to
be effective [35], or might require laborious lithographic processing of one capsule
at a time [39].

A novel approach for the synthesis of such materials lies in the use of a
nanoparticle toolkit that consists of particles with diameters ranging from 2 to
10nm. The necessary toolkit is readily available due to the developments on
nanoparticle synthesis (CdSe, Au, SiOy, etc.) and surface functionalization methods
using state-of-the-art techniques [40, 41]. So far, there are only a few publications
dealing with the fluid-directed self-assembly of nanoparticles. Many papers, how-
ever, describe particle self-assembly at solid interfaces. Korgel et al. for example
created self-organized superstructures from 5Snm gold particles [42—-44]. Anal-
ogous experiments using CdSe, CdTe, and HgTe nanoparticles were described
by Bawendi et al. [45]. First studies on the nanoparticle self-assembly at curved
(droplet) interfaces in Pickering emulsions were recently published by Lin et al. [12,
46, 47], Mann et al. [48], Dai et al. [49], and Mohwald and coworkers [10, 11, 13].

1.3 Homogeneous Nanoparticles at Fluid Interfaces

The structure of CdSe nanoparticles segregated to the fluid interface as shown by
confocal microscopy (Fig.4a) has been investigated ex situ with scanning force
microscopy (SFM) and transmission electron microscopy (TEM) methods. All re-
sults point to a monolayer of nanoparticles with liquidlike ordering at the interface
(Fig. 4b,c) [46].

In another approach, the interfacial diffusion of the nanoparticles was determined
using two photobleaching methods: fluorescence loss induced by photobleaching
(FLIP) and fluorescence recovery after photobleaching (FRAP). It was found that
the lateral diffusion of the nanoparticles at the interface as well as the diffusion
normal to and from the interface deviated by about four orders of magnitude from
the values obtained in free solution [46].

Moreover, a study using pendant drop tensiometry to follow the change in in-
terfacial tension accompanied by simultaneous ex situ TEM measurements yielded
insight into the mechanism of nanoparticle adsorption to the liquid interface [50]. As
can be inferred from the data in Fig. 5, different stages of adsorption can be distin-
guished. The TEM images in Fig. 6 show the mechanism of nanoparticle monolayer
formation in detail. First, free nanoparticle diffusion to the interface occurs. Sec-
ondly, the particles pack closer and form clusters that grow to form a closely
packed particle array, lowering the interfacial tension. Finally, thermally activated
exchange between adsorbed and incoming particles is observed leading to a tightly
packed monolayer and only a slow decrease in interfacial tension at later times.
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Fig. 4 (a) Fluorescence confocal microscope image of water droplets dispersed in toluene,
covered with CdSe nanoparticles. (b) Differential interference contrast optical microscopy
image of dried droplets on a silicon substrate. Inset: The atomic force microscopy height sec-
tion analysis shows twice the thickness of a monolayer. (¢) TEM image of a dried droplet.
Inset: Auto-correlation function of the TEM image reveals a mean particle distance of 7.2 nm,
which is in good agreement with the value expected for particles with 4.6nm diameter and
0.8 nm hydrocarbon ligand. Reprinted with permission from Langmuir [46]. Copyright (2005)
American Chemical Society

These observations point to the formation of a nanoparticle monolayer by nucleation
and growth. Furthermore, the relationship between the free diffusion and the diffu-
sion for the late stage of adsorption as calculated from the changes in interfacial
tension reveals an energy barrier at late stages that corresponds to the activation en-
ergy for a thermally triggered escape of nanoparticles from the interface. This is in
good agreement with the observed packing behavior.

To fabricate mechanically stable capsules and membranes from the spheri-
cal nanoparticle assemblies, the adsorbed particles need to be crosslinked at the
interface. This can be done by the use of nanoparticles that are stabilized by re-
active organic molecules. CdSe nanoparticles, stabilized by benzene vinyl ligands,
segregated to the toluene—water interface and were subsequently crosslinked us-
ing a water-soluble radical initiator. This process yielded robust membranes that
maintained their integrity even when removed from the interface (Fig. 7) [47]. Such
crosslinked nanoparticle assemblies show high elasticity, extraordinary stability in
water, and even serve as effective diffusion barriers for small molecule dyes. Using
the process described above, a nanoparticle membrane has been generated in an
Eppendorf tube at the toluene—water interface (Fig. 8). After removal of the organic
phase and introduction of an aqueous Rhodamine B solution, a well-defined diffu-
sion of the dye across the membrane was observed within about 15 min, without any
sign of turbulent mixing (Fig. 8) [47].
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Fig. 5 Dynamic interfacial tension (y) measurements of a toluene—water interface during adsorp-
tion of 6-nm CdSe nanoparticles to a pendant water drop in toluene (CdSe concentration was
1.58 x 10~° mol/L). The circles mark the time at which TEM samples shown in Fig. 6 were pre-
pared. The inset depicts the data on a logarithmic time scale. Reprinted with permission from
Physical Chemistry Chemical Physics [50]. Copyright (2007) RSC Publishing

Consequently, the use of functionalized ligands attached to the nanoparticles
is shown to provide an effective means of stabilizing the interfacial assembly by
crosslinking. Moreover, the nanoparticle assembly proved to be as elastic and robust

% R, o :

Fig. 6 Series of TEM images of 6-nm nanoparticle adsorption to the toluene—water interface at dif-
ferent adsorption times as marked in Fig. 5: (a) 230, (b) 1060s, (c) 14005, (d) 3514 s, (e) 4700s,
and (f) 10,800s. Structure formation via nucleation and growth of clusters can be seen. Scale
bars: 40 nm. Reprinted with permission from Physical Chemistry Chemical Physics [50]. Copy-
right (2007) RSC Publishing
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Fig.7 Confocal microscope image from different viewing angles of a nanoparticle sheet prepared
by crosslinking the functional ligands. Scale bars: 50 um. Reprinted with permission from Journal
of the American Chemical Society [47]. Copyright (2003) American Chemical Society

as expected for a nanometer thin sheet of polystyrene (PS). This work can be seen
as a proof-of-concept for the use of nanoparticles as building blocks for nanoporous
membranes and capsules.

A drawback of the crosslinking strategy used initially for nanoparticle as-
semblies is the elevated temperature (~60°C) necessary to initiate the radical
crosslinking of the vinyl benzene ligands Ligand systems have since been de-
veloped that allow crosslinking at room temperature. Ring-opening metathesis
polymerization was employed using a norbornene derivative as the ligand at-
tached to CdSe/ZnS core—shell nanoparticles in combination with a water-soluble
poly(ethylene glycol)-conjugated (PEGylated) Grubbs catalyst. It was shown that
these novel nanoparticles form stable assemblies at the toluene—water interface
and that these assemblies could be crosslinked to yield well-defined CdSe/ZnS
capsules [51]. Recently, Kotov et al. reported on the spontaneous formation of
two-dimensional free-floating nanoparticle sheets from tetrahedral CdTe nanocrys-
tals in solution [52]. Computer simulations revealed the interplay between the

CdSeltoluene

Fig.8 Rhodamine B dye (RhB, red solution) diffusing across a membrane of crosslinked nanopar-
ticles (dotted line). The bold arrows point to the interface in each tube. The two right-hand
images represent a time frame of about 15 min. Subsequent addition of water to the RhB/water
droplet replaces the CdSe/toluene solution leading to a RhB/water—water interface separated by
the nanoparticle membrane. Reprinted with permission from Journal of the American Chemical
Society [47]. Copyright (2003) American Chemical Society
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electrostatic interaction and the anisotropic hydrophobic attraction between the
nanoparticles to be crucial for the aggregation process. In addition, Tsukruk et al.
generated free-standing polymer-nanoparticle composite films of only 20 nm thick-
ness for sensor applications using a layer-by-layer (LbL) assembly technique [53].

1.4 Janus Particles at Fluid Interfaces

A Janus particle is defined as having two distinctly different hemispherical or
surface regions; polar and apolar regions are one example. Such a particle is char-
acterized by the contact angle of the polar region and the contact angle of the apolar
region. The ratio of the areas of the polar and apolar regions can be changed, where
the angle a specifies the position of the surface boundary between both regions.
(Fig.9) Values of « of either 0° or 180° correspond to homogeneous particles, while
a Janus particle in the original meaning would have a value of ¢ of 90° due to the
equal polar and apolar regions [54].

As discussed by Binks and Lumsdon, amphiphilic Janus particles can exhibit
an interfacial activity several times higher than simple homogeneous particles [54].
Janus particles combine the amphiphilic character of surfactants and the physical
properties of nanoparticles, which opens new opportunities in emerging areas of
nanotechnology and emulsion stabilization.

Recently, Perro et al. [55] reviewed the developments in the field of Janus
particles over the last 15 years, describing various strategies to obtain Janus-type
particles using polymer precursors. One strategy is based on the self-assembly of
ABC terpolymers in bulk [56, 57] or in solution [58]. Another uses the electrostatic
interactions of AB and CD diblock copolymers, which lead to inter-polyelectrolyte
complexes [59]. A different synthetic concept is to obtain Janus particles made
of inorganic materials, e.g., acorn-like particles made of PdSx—CogSg [60] or

Apolar

surface
region

oil

water

Polar
surface
region

Fig. 9 Geometry of a Janus particle at the oil-water interface. The relative areas of the polar and
apolar particle surface regions are parameterized by the angle o. 8 denotes the immersion angle of
the particle at the oil-water interface. Reprinted with permission from Langmuir [54]. Copyright
(2001) American Chemical Society
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dumbbell-like CdS—FePt [61] and Ag—CoFe,03[62]. Recently, Duguet et al. showed
the synthesis of an intermediate Janus particle composed of an inorganic part
such as SiO; and an organic part consisting of PS, yielding dumbbell-like and
snowman-like shapes [63]. Granick and coworkers successfully synthesized silica
Janus colloid particles in large quantities at the liquid-liquid interface of molten
wax and water [64, 65]. Moreover, Cohen et al. produced Janus-type microcapsules
via LbL assembly followed by stamping an additional polymer layer onto one side
of the LbL-capsule [62].

In addition to the efforts concerning the synthesis of Janus particles, their in-
terfacial behavior was also of interest in order to verify Binks’ predictions [54]
experimentally. In this respect, it is a challenging problem — especially for polymer-
based Janus structures — to clearly demonstrate the Janus character of the synthe-
sized objects [66, 67]. The advantage of inorganic Janus particles is that they have a
well-defined structure and geometry, which can often be visualized by electron mi-
croscopy. Thus, the interfacial properties of Janus particles can be directly compared
to their homogeneous analogues. Recently, Glaser et al. [68] prepared Janus parti-
cles (Fig. 10) consisting of a gold part and an iron oxide part following a synthesis
by Yu et al. [69]. For the Janus particles, the mean diameter of the gold particle is
around 4 nm while the diameter of iron oxide is about 10 nm, resulting in an overall
diameter of about 14 nm. (The diameters were determined by the image analysis
program package Image] from the National Institutes of Health, Bethesda, MD).
The homogeneous nanoparticles show a slightly smaller diameter compared to the
overall size of the Janus type: the gold nanoparticle diameter is about 10 nm and
the iron oxide nanoparticle diameter is about 7 nm (Fig. 10). Then, the particle am-
phiphilicity was tuned by ligand exchange with dodecanethiol or octadecanethiol on
the gold part, and their interfacial activities were compared to those of the homoge-
neous gold and iron oxide particles using pendant drop tensiometry. The reduction
in interfacial energy supported the theoretical predictions of Binks and Lumsdon
(Fig. 11) [54, 68].
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Fig. 10 TEM images of the nanoparticles: (a) Janus particles consisting of gold (darker
spheres) and iron oxide (brighter spheres); (b) homogeneous iron oxide particles; (c¢) gold par-
ticles. Scale bars: 25nm. Reprinted with permission from Langmuir [68]. Copyright (2006)
American Chemical Society
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Fig. 11 Dynamic interfacial tension () measurements of a hexane—water interface during
adsorption of nanoparticles to a pendant water drop in hexane (for all particle types, concentration
was 1.2 x 10~* mmol/L). The gold moieties were modified using dodecanethiol (DDT) or octade-
canethiol (ODT). NP homogeneous nanoparticles, JP Janus particles. Reprinted with permission
from Langmuir [68]. Copyright (2006) American Chemical Society

1.5 Self-Assembly of Nanoparticle/Block Copolymer Mixtures

Incorporating nanoparticles into polymer matrices produces novel hybrid materi-
als with special electrical, magnetic, and optical properties. One approach is to
directly evaporate or synthesize inorganic nanoparticles inside well-ordered block
polymer templates. Cohen [70], Sohn [71, 72], Moller [73] and coworkers have
shown that polymer—nanoparticle composites can be generated by directly reducing
the metal precursors inside block copolymer templates of different morpholo-
gies. Jaeger and coworkers demonstrated that by evaporating a series of metal
nanoparticles on polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) tem-
plates, well-aligned metal wires could be obtained on the PS domains after thermal
treatment at 180°C [74]. The disadvantages of these methods are lack of control of
the size distributions of the nanoparticles, and lack of control of the position dis-
tributions of the nanoparticles inside the polymer matrices. Recently, Cheyne and
Moffit demonstrated the formation of mesoscopic wires and cables via co-assembly
of PS-decorated CdSe nanoparticles and a polystyrene-block-poly(ethylene oxide)
(PS-b-PEO) block copolymer at the water—air interface [75]. Another approach was
inspired by theoretical predictions of Balazs and coworkers [76-78], who calcu-
lated the morphology and thermodynamic behavior of copolymer—particle mixtures
without requiring a priori knowledge of the equilibrium structures. The method
combines a self-consistent field theory (SCFT) for the polymers with a density
functional theory (DFT) for the particles. They applied this theory to diblock
nanoparticle mixtures. The theory predicts ordered phases where particles and di-
blocks self-assemble into spatially periodic structures. They allowed the particles,
by changing their solubility, to interact with both parts of the diblock copolymer
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a

Fig. 12 Two-dimensional density plots for the diblock/particle systems obtained from the
SCFT/DFT theory. Plots are for yagN = 20, yap = xsp = 0.02, N = 1000, f = 0.35, and
¢, = 0.15. Plots on the left represent the distribution of the A blocks and plots on the right repre-
sent the distribution of the centers of mass of the particles. Light regions indicate a high density,
while dark regions indicate low densities. The image in part (a) shows that the system displays
a cylindrical phase when R, = 0.1R( and the image in part (b) shows that the mixture forms a
lamellar phase when the particle size is increased to R, = 0.3R¢. Reprinted with permission from
Macromolecules [77]. Copyright (2002) American Chemical Society

and found that variations in the particle—block interaction energies can induce phase
transitions in the morphology of the mixture. At fixed interactions, variations in
particle size can also induce similar transitions (Fig. 12).

Experimentally, Thomas and coworkers found that hydrocarbon-coated gold
nanoparticles, with a diameter of 3.5 nm, segregated to the interface between the
microdomains of poly(styrene-block-ethylene propylene) (PS-b-PEP) copolymer,
whereas larger hydrocarbon-coated silica nanoparticles (21.5 nm in diameter) were
located at the center of the PEP domains [79]. In the absence of specific enthalpic
interactions between the two types of nanoparticles and the polymer matrix, the re-
sult suggests a profound influence of entropic contributions to the self-organization
process. For large particles, the decrease in conformational entropy of the respec-
tive polymer subchains after particle sequestration is dominant, whereas for smaller
particles, the decrease in entropy is outweighed by the particle translational entropy.

Manipulating the location of nanoparticles in the materials can also be achieved
by controlling the surface properties of the nanoparticles. By using enthalpic interac-
tions, Kramer and coworkers found that gold nanoparticles covered with sufficient
thiol-terminated PS ligands are held inside the PS microdomains in polystyrene-
block-poly(2-vinyl-piridine) (PS-b-P2VP) copolymers, whereas gold nanoparticles
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covered with both PS and P2VP ligands selectively segregate to the interfaces of PS
and P2VP to minimize the interfacial energies [80, 81]. A similar phenomenon was
also observed by Composto and coworkers for immiscible polymer blends in the
presence of silica nanoparticles [82]. Subsequent reports demonstrated that control-
ling the ligand density on the surface of gold nanoparticles also greatly affects the
nanoparticle positional distribution inside the PS microdomains. Strong enthalpic
interaction between the gold nanoparticles and pyridine units in P2VP drive the
nanoparticles with low PS ligand density to the interface of PS and P2VP, whereas
at high PS ligand density, the blocking of enthalpic interaction results in a distribu-
tion of gold nanoparticles inside the PS microdomains [83, 84].

In the melt, block copolymer interfaces can be considered as “fluid”, with dynam-
ics much slower than for conventional liquids. However, the use of block copolymer
interfaces provides an opportunity to study the nanoparticle assembly at fluid in-
terfaces in more detail since the polymer melt can be quenched at any stage of the
assembly process. This allows the “quasi in situ” study of nanoparticle assembly at
the block copolymer interfaces. Therefore, thin films from mixtures of a cylindrical
PS-b-P2VP diblock copolymer with tri-n-octylphosphine oxide-(TOPO)-covered
CdSe nanoparticles were prepared and investigated with SFM, TEM, and GISAXS
after thermal annealing. Surprisingly, these composite materials are found to form
hierarchically ordered structures via a cooperative self-organization. On the one
hand, the cylindrical microdomains of the copolymer dictate the spatial distribution
of the nanoparticles within the film. On the other hand, nanoparticles are found to
segregate to the interfaces, mediating interfacial interactions and surface energies,
resulting in an orientation of the cylindrical domains normal to the surface, even
when the interactions of one of the blocks with the substrate are strongly attrac-
tive (Fig. 13). Thus, the synergy between two assembly processes produces unique
structures, without the use of external fields, and opens a novel route to new self-
directing, self-assembling architectures [85].

To reveal the details of the cooperative self-organization of the PS-b-P2VP block
copolymer/nanoparticle composites leading to the above-described hierarchically

Fig. 13 (a) TEM image of cross-section of a PS-b-P2VP block copolymer/CdSe nanoparticle film
after annealing at 170°C for 2 days. (b) Data from GISAXS measurements: of the same film at
incident angle of 0.09° with a penetration depth of 61 A. Reprinted with permission from Nature
[85]. Copyright (2005) Nature Publishing Group
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Fig. 14 Series of in-situ GISAXS images of a cylindrical nanoparticle-doped PS-b-P2VP film
during thermal annealing at 180°C: (a) Oh, (b) 4 h, and (c) 14 h after spin coating. Reprinted with
permission from Advanced Materials [86]. Copyright (2007) Wiley-VCH

ordered structures, the structure formation process was investigated with in situ
GISAXS during thermal annealing. It was found that the orientation of the
microdomains starts at the free surface and propagates into the film (Fig. 14),
while the CdSe nanoparticles segregate to the P2VP phase, filling the cylinders
from the top. To demonstrate the universality of this process, lamellar microdomain
morphologies were used in addition to cylindrical ones. The results are shown in
the SEM image in Fig. 15, where the microdomains of a lamellar PS-b-P2VP block
copolymer oriented perpendicular to the substrate can be seen. The inset depicts the
decoration of the lamellae with CdSe nanoparticles (bright spots).

Fig. 15 High resolution SEM image of the lamellar PS-b-P2VP/CdSe nanoparticle composite thin
film after annealing in CHCI; for 1 day, without staining. The image is taken at 1 kV acceleration
voltage. Reprinted with permission from Advanced Materials [86]. Copyright (2007) Wiley-VCH
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2 Conclusion

The interfacial self-assembly of nanoparticles has been discussed and examples are
highlighted above. For liquid-liquid interfaces, the reduction in the interfacial en-
ergy is the dominated driving force. Nanoparticles assemble at the interface of two
immiscible liquids in a disordered but densely packed monolayer. With increasing
surface coverage, there exists an increasing difference between the diffusion at the
early and late stages of adsorption. This reveals an energy barrier at late stages that
corresponds to the activation energy for a thermally triggered escape of nanoparti-
cles from the interface.

A promising application of the self-assembly of nanoparticles at droplet surfaces
is the interfacial crosslinking of chemically functionalized nanoparticles. This en-
ables the encapsulation of water-soluble or oil-soluble materials inside the resulting
nanocontainers. By varying the concentration of reactive moieties, it will be possible
to control the permeability and strength of these nanostructured membranes.

A special case of nanoparticle self-assembly is the Janus particle. It was shown
that Janus particles are considerably more active than homogeneous particles of
comparable size and chemical nature and that the interfacial activity can be in-
creased by increasing the amphiphilic character of the particles. Thus, the Janus par-
ticles show a significant advantage in the stabilization of emulsions and foams over
homogeneous particles as they unify the Pickering concept and the amphiphilicity
of a simple surfactant.

For the self-assembly of nanoparticles in block copolymers, it was shown that
these composite materials form hierarchically ordered structures via a cooperative
self-organization: The microdomains of the copolymer dictate the spatial distri-
bution of the nanoparticles within the film. The nanoparticles segregate to the
interfaces, mediating interfacial interactions and surface energies, resulting in an
orientation of the block copolymer domains normal to the surface. With respect to
the wide range of synthetic methods for the production of well-defined nanoparti-
cles of various types, the self-assembly of nanoparticles into hierarchically ordered
structures, using interfacial interactions, represents a rich new area leading to po-
tential applications in optical, acoustic, electronic, and magnetic materials.
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Abstract This review covers synthesis, materials development, and photophysics
of azobenzene-containing block copolymers as potential media for reversible vol-
ume holographic data storage. For high-density holographic data storage, volume
gratings must be inscribed in millimeter-thick samples to achieve efficient angle
multiplexing. It is demonstrated that block copolymers with azobenzene side-groups
in the minority block develop no detrimental surface relief structures and exhibit
superior performance regarding volume gratings, compared to homopolymers and
statistical copolymers. Several material concepts for optimizing the refractive index
modulation and the stability of volume gratings are presented. Stabilities of more
than 2 years were achieved. Most important is the development of polymer blends
comprising the azobenzene-containing block copolymer and an optically transpar-
ent homopolymer. This enables the preparation of millimeter-thick samples with the
required optical density of ~0.7 at the writing wavelength by conventional injection
molding techniques. The inscription of up to 200 holograms at the same lateral po-
sition was demonstrated. In addition, more than 1,000 write/erase cycles can be
performed. This is the first time that the inscription and erasure of the long-term
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stable angle-multiplexed volume gratings in a rewritable polymeric medium have
been achieved by purely optical means.

A second important application for azobenzene-containing materials is the con-
trolled preparation of surface relief structures. It is demonstrated that azobenzene-
containing molecular glasses are an ideal class for efficient formation of surface
relief gratings (SRGs) with amplitude heights of more than 600 nm. Clear relation-
ships can be established between the chemical structure of the molecules and the
behavior of SRG formation. All results are in agreement with the gradient force
model by Kumar et al. The surface patterns are stable enough to be transferred to a
polymer surface via replica molding.

Keywords Angle multiplexing - Azobenzene - Diblock copolymers - Holographic
data storage - Molecular glasses - Phase gratings - Surface relief gratings
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Abbreviations and Symbols

45° Electric field vector at an angle of 45° to the plane of incidence
AFM  Atomic force microscopy

AIBN Azobisisobutyronitrile

ATRP Atom transfer radical polymerization

BS Beam splitter

c Cylindrical

CCD  Charge-coupled device

CD Compact disc
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do Thickness of the film

Admax Maximum SRG height

DSC Differential scanning calorimetry

E Electric field vector of the incident light
f Gradient force

GPC Gel permeation chromatography

h Planck constant

HEMA Hydroxyethylmethacrylate

HOE Holographic optical element

1 Intensity

Iy First order Bessel function

k Absorption coefficient

kp Boltzmann constant

A Wavelength of laser beam

Iep Left circularly polarized light

m Miscible

M, Number average molecular weight

My, Weight average molecular weight

n Diffraction efficiency

n Refractive index of the sample

n Refractive index modulation

1 max Maximum refractive index modulation
An Amplitude of the refractive index change between sample and air
NEXAFS Near-edge X-ray absorption fine structure
NMP Nitroxide mediated polymerization

NMR Nuclear magnetic resonance

% Frequency

OD Optical density

p Electric field vector parallel to the plane of incidence
P Polarizer

P Polarization induced by the electric light field
PAP Photoaddressable polymers

PB Polybutadiene

PDI Polydispersity index

PDMS Poly(dimethyl)siloxane
PMMA Polymethylmethacrylate
POLMIC Polarized light microscopy

PS Polystyrene

rcp Right circularly polarized light

ROM Read-only memory

ru Repeating unit

s Sphere

S Electric field vector perpendicular to the plane of incidence

S/ Sensitivity
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SAXS  Small angle X-ray scattering
SRG Surface relief grating

T Time constant of the build-up of the volume grating

(%) Time constant of the build-up of the surface relief grating
t Writing time

T Temperature

Ty Glass transition temperature

TEM Transmission electron microscopy

TGA Thermogravimetric analysis

THF Tetrahydrofuran

UV/vis  Ultraviolet/visible

WA Normalized weight of block A
WAXS  Wide-angle X-ray scattering
WORM  Write-once read-many

0 Angle of incidence of the laser beam
Ao Phase difference between volume and surface relief grating
X Electrical susceptibility

1 Introduction

In the past few decades, the amount of information to be stored has rapidly increased,
and will increase even more dramatically in the future. This development has led
to an ongoing effort in searching for new concepts and materials for data storage.
Optical data storage is commercially well established and the storage capacity and
data transfer rate have substantially increased from CD-ROM to multilayer Blu-ray
discs. With the future demand for storage capacities and transfer rates, the concept
of two-dimensional optical storage employing only stacked layers will eventually
encounter its limits and the step to new three-dimensional data storage is required.
The formation of holographic gratings, especially volume gratings, is one of
the most promising techniques in this field. This method makes use of the entire
volume instead of a single layer, so that storage capacities in the terabyte range
on the size of a conventional compact disc will be achievable. Write-once media
for holographic data storage are mainly based on photopolymers [1-6]. Generally,
this concept relies on a diffusion-driven process of a monomeric species caused by
light-induced initiation of a polymerization in defined regions. The storage mecha-
nism — a refractive index modulation — arises from the created concentration gradient
between exposed, photo-polymerized areas and the depleted surroundings. In con-
trast to this class, photochromic materials are rewritable. The most important class
are azobenzene compounds. Owing to the rich photochemistry of azobenzene chro-
mophores, a large variety of small-molecular and polymeric compounds has been
synthesized for use as smart light-responsive materials for various potential appli-
cations, which is summarized in a recently published book by Zhao and Ikeda [7].
Most widely known is the effect that, upon light absorption, the azobenzene moieties
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N=N hv', k,T N=N
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Fig. 1 Schematic representation of the reversible trans—cis—trans photo-isomerization of
azobenzene. Upon absorption of UV light, a trans-to-cis conversion is induced; with visible (blue)
light, a cis-to-trans conversion occurs until an equilibrium between both isomers is reached. The
thermodynamically less stable cis isomer can thermally return to the trans isomer

Fig. 2 Schematic representation of the reorientation of azobenzene chromophores by excitation
with linearly polarized light. Since both the cis and the trans state are excited by illumination with
the writing wavelength, the molecules perform repeated reorientations until they end up with their
transition dipole moments perpendicular to the light polarization. (Adapted with permission from
[8]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA)

can reorient in the solid state (see Fig. 1) through multiple reversible trans—cis—trans
photo-isomerization cycles.

With polarized light this process continues until the molecular transition dipole
moment of the azobenzene is turned perpendicular to the exciting laser field and
electronic excitations are no longer possible. As a consequence, the exposed ar-
eas become macroscopically birefringent. Since the shape-anisotropic azobenzene
moiety has different polarizabilities parallel and perpendicular to its axis, the ex-
posed areas have a different refractive index compared to the non-exposed areas
(see Fig.2). Illumination with a light intensity pattern caused by two interfering
coherent laser beams thus creates a holographic phase grating.

Tailoring a suitable material for applications in holographic data storage is a chal-
lenging task. A good holographic storage material should fulfill a combination of
required properties including, for example, high photosensitivity, the possibility of
preparing thick samples with a sufficiently low optical density, high optical quality,
high dynamic range, high-fidelity recording, and sufficient long-term stability.

Azobenzene-containing materials can be classified into two groups: polymer-
based systems and molecular glasses. Azobenzene chromophore units, which are the
optically addressable moiety, can be incorporated into polymer systems in several
ways, as is schematically illustrated in Fig. 3.
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Fig. 3 Schematic representation of different polymer materials and molecular glasses containing
azobenzene moieties. Azobenzene chromophore units (shaded circles); non-absorbing repeating
units of the polymer (open circles); azobenzene-containing molecular glasses (shaded circles
enclosing “Y”)

With respect to the application as three-dimensional holographic storage mate-
rial or as material for surface structuring, these materials behave quite differently.
For holographic data storage utilizing the volume, thick samples are required in or-
der to perform angle multiplexing with a high angular selectivity. To this end the
optical density has to be sufficiently low, so that the laser beam can penetrate the
sample. This is not achievable with homopolymers and molecular glasses, since
they exhibit an optical density far too high. On the other hand, in order to utilize effi-
ciently the trans—cis—trans isomerization for enhanced writing speeds and improved
stabilization, the azobenzene chromophores have to be close to each other to benefit
from the so-called “cooperative effect”. Several ways to decrease the optical density
were investigated. Diluting the chromophores by statistical copolymerization is not
a real option since the cooperative effect and, hence, the long-term stability of the
grating are lost. Therefore, block copolymers with microphase separation are the
most promising class for holographic storage.

The formation of surface relief gratings (SRGs) is detrimental to volume gratings,
if three-dimensional data storage is desired. Since SRGs are thin gratings, they have
no angular selectivity. Moreover, their diffraction efficiency is usually higher than
those of phase gratings in the volume. The formation of SRGs is most pronounced
on the surfaces of homopolymers and glasses. Copolymers also show this effect,
albeit to a smaller degree.
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Homopolymers with azobenzene units as side-groups were first introduced by
Ringsdorf and Schmidtet al. [9, 10]. Here, the azobenzene units were attached to the
polymer backbone as side-groups via a flexible spacer. These polymers form ther-
motropic liquid crystalline phases. Their applicability as a holographic data storage
medium was described by Eich et al. and later by various other groups [11-13].
Over the years, many different polymer systems were synthesized and the trans—
cis—trans photo-isomerization of homopolymers was also investigated with respect
to applications as optical data storage materials. For instance, Hvilsted et al. re-
ported the synthesis and characterization of various polyesters with liquid crystalline
azobenzene side-groups [14] and also of azobenzene-containing peptide oligomers
[15]. Statistical copolymers with azobenzene dyes attached to the polymer backbone
were first investigated as dye-containing liquid crystalline polymers [9, 16]. About
10 years later they were investigated in view of holographic data storage. Natansohn
et al. investigated different types of azobenzene-containing statistical copolymers.
Statistical methacrylate copolymers with azobenzene side-groups were also stud-
ied by Zilker et al. [17, 18] and by Hagen et al. [8] However, both homopolymers
and statistical copolymers tend to develop SRGs in addition to the volume phase
gratings during holographic exposure [19, 20]. Both properties in combination with
the too high optical density exclude them from volume holography data storage
applications.

Almost all polymer blends consisting of two or more polymers form macrophase-
separated morphologies with sizes in the micrometer range. Thus they show bulk
light scattering and are therefore not suitable for holographic data storage. One liter-
ature example is known, however, where this issue was overcome and multiplexing
of 20 holograms could be accomplished. In this case the blend system was realized
from two polymers with similar backbones [21].

Block copolymers composed of an amorphous block and a block containing the
azobenzene side-groups are of interest because they form microphase-separated,
uniform, and regular morphologies below 100nm. Hence, in contrast to polymer
blends, they do not scatter visible light. In addition, the cooperative effect is main-
tained in the confined geometry. Consequently, the interest in block copolymers with
azobenzene chromophores has increased substantially over the past years. Our work
on azobenzene-containing block copolymers and blends of azobenzene-containing
block copolymers with amorphous non-absorbing homopolymers with respect to
holographic volume storage will be reviewed in this chapter. Several other research
groups have also reported on block copolymers carrying azobenzene chromophores
in one block. They were mostly synthesized by controlled radical polymerization
techniques such as atom transfer radical polymerization (ATRP) [22—41] or nitrox-
ide mediated polymerization (NMP) [42]. Alternative approaches like a subsequent
polymeranalogous reaction on the anionic preformed polymerbackbone have also
been reported [43—45]. Only very few holographic experiments, especially with re-
spect to angle multiplexing, have been reported, however.

An interesting new class and an alternative to polymers are small molecules
forming stable amorphous phases, so-called molecular glasses. They represent an
emerging material class of great potential for electronic, optical, and electro-optical
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applications. Such materials are already used in a number of devices, e.g., in
photoconductor drums, organic light emitting devices, organic solar cells, photore-
fractive materials, and anti-reflective coatings [46-53]. In contrast to functional
polymers, molecular glasses have the advantages of a well-defined molecular struc-
ture, the absence of structural defects, the absence of undefined end groups, and a
uniform molecular weight. Molecular glasses with glass transition temperatures (7;)
well above room temperature are obtainable. Non-planar and space-filling molecu-
lar structures are common features used to suppress crystallization.

Molecular glasses can be envisioned for the same applications as photoad-
dressable polymers, but they have been studied far less extensively. It has been
demonstrated that photoinduced birefringence can also be generated in thin films
of azobenzene-based molecular glasses [54-58]. Like homopolymers, they form
SRGs in addition to gratings in the volume when illuminated with two interfering
laser beams.

In addition to the above-mentioned polymer-based blends, azobenzene-
containing sol-gel-based systems are a third material class. It was shown by Stumpe
et al. that an efficient SRG formation can be obtained using ionic azobenzene units,
which were stabilized in a polyelectrolyte matrix via an in situ sol-gel reaction [59].

This review on our research on azobenzene-containing block copolymers and
molecular glasses for holographic gratings and data storage is structured as fol-
lows. Section 2 outlines general synthetic pathways to azobenzene-containing block
copolymers and molecular glasses, gives examples, and reports on the basic physi-
cal properties. In Sect. 3, the optical setup with its variations for the generation and
characterization of holographic gratings is briefly described. Section 4 is devoted to
SRG formation in azobenzene-containing materials and covers structure-property
relations with respect to an efficient and controlled formation of SRGs as well as
methods to suppress SRGs. Section5 covers holographic volume gratings based
on azobenzene-containing block copolymers and structure-property relations with
respect to an improvement of the refractive index modulation and the long-term
stability. Section 6 describes features of volume holograms for data storage appli-
cations in more detail. The angle multiplexing of thick gratings and the parallel
inscription of entire pages of bit patterns with a spatial light modulator (SLM) are
addressed, which are prerequisites for high-density data storage.

2 Materials: Design, Synthesis, and Properties

2.1 Azobenzene-Containing Block Copolymers

Block copolymers with liquid crystalline side chains were investigated for the
first time by Adams and Gronski in 1989 [60]. A polymeranalogous reaction was
used to attach the mesogenic side-groups to one of the blocks. In a similar way,
block copolymers with azobenzene chromophores were synthesized by Ober et al.
[43, 44]. In the scope of this review the synthesis of azobenzene-containing block
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Fig. 4 General synthetic strategy to obtain block copolymers with azobenzene-containing
side-groups via polymeranalogous reaction; (open circles) protected functional groups, (filled cir-
cles) functional groups, (rectangles) azobenzene chromophore units

copolymers, which combine the optical properties of azobenzene chromophores
with the properties of block copolymers, will be discussed. Such block copolymers
are hardly accessible by the direct living polymerization technique of correspond-
ing azobenzene monomers. Therefore the synthetic strategy via a polymeranalogous
reaction with one of the blocks was utilized. This approach is schematically illus-
trated in Fig. 4. It includes several advantages. For instance the monomers used
for the anionic polymerization can be easily purified according to well-known
procedures. This is in contrast to monomers, which already bear the azoben-
zene chromophore moiety and other polar substituents. Such monomers cannot be
easily purified and polymerized under living anionic conditions due to possible
termination, side, and transfer reactions during polymerization. In addition, block
copolymers based on commercial monomers can be easily prepared in laboratory
quantities in the range of 100-200 g, allowing several polymeranalogous reactions
with azobenzene side-groups to be performed.

It is of great advantage to activate the low-molecular-weight side-groups instead
of the polymer. Activation of the polymer or the block copolymers often results in
crosslinked and insoluble materials. Low-molecular-weight azobenzene-containing
side-groups can be transformed into an activated species via common organic chem-
istry reactions. Furthermore, the polymeranalogous reaction allows simple variation
of the side-groups on a given block copolymer as well as easy access to statistically
substituted blocks, if two chemically different side-groups are chosen.

In Fig.5 the synthesis of a block copolymer system based on polystyrene
(PS) and hydroborated 1,2-polybutadiene (PB) is shown. Polystyrene and
1,2-polybutadiene were chosen due to the well established polymerization con-
ditions and techniques of the two monomers. Polystyrene-block-1,2-polybutadiene
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Fig. 5 Schematic representation of the block copolymer synthesis using the example of poly(2-
(2-(4-(4-(4-cyano-phenylazo)-phenoxy)-butyric ~ acid)ethyl ester)ethylene)-block-polystyrene.
(Adapted with permission from [61]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA)

block copolymers were synthesized according to a procedure described by Bates
et al. [62] and Singer et al. [63]. The polymerization was started with the stere-
ospecific synthesis of 1,3-butadiene in cyclohexane utilizing dipiperidinoethane as
complexation agent to yield more than 95% of the 1,2-polybutadiene. Tetrahydrofu-
ran (THF) was added to break the complexation of the living chain ends and styrene
was added to prepare the second block. The molecular weights were determined by
gel permeation chromatography utilizing THF as eluent and narrowly distributed
polystyrene standards.

Subsequently the polybutadiene segment was functionalized by quantita-
tively converting the olefin double bonds of the 1,2-polybutadiene block via a
hydroboration reaction to hydroxyl functions. In the last step various azobenzene-
chromophores were attached via a polymeranalogous reaction. The synthesis and
characterization as well as photophysical aspects of block copolymers based on
an amorphous polystyrene block and a functionalized 1,2-polybutadiene block
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bearing methoxyphenylazobenzene chromophores have been described in detail
previously [61]. Homopolymers as well as block copolymers bearing methoxy-
azobenzene side-groups are not liquid crystalline. We present here the synthesis and
characteristic data of block copolymers with covalently linked cyano-azobenzene
chromophores as side-groups, which are liquid crystalline and form a nematic
mesophase [64].

The characteristic polymer data for a series of block copolymers with cyano-
azobenzene are summarized in Table 1. Within the presented block copolymer series
1 the molecular weight of la—e is similar with approx. 500-600 styrene repeat-
ing units. Block copolymer 1f has approximately twice the molecular weight. The
azobenzene content of the minority blocks varies from 27.4 to 1.9 wt%. The thermal
behavior was investigated by differential scanning calorimetry (DSC), thermogravi-
metric analysis (TGA) and polarized light microscopy (POLMIC). The DSC curves
of the block copolymers 1a—d are shown in Fig.6. For la—c two glass transi-
tions were observed, whereas for 1d only the glass transition of polystyrene could
be detected. The Tys at ~52°C are assigned to the azobenzene minority blocks,
which are approximately at the same temperature as determined for the corre-
sponding homopolymer (7;: 49°C). The cyanoazobenzene-based homopolymer was
prepared in a similar way as described above starting with the anionic polymeriza-
tion of 1,2-polybutadiene, conversion to hydroxyl-functions and polymeranalogous
reaction with the azobenzene moieties (M,: 5,100 gmol ! corresponding to approx-
imately 17 repeating units, PDI: 1.15, >98% conversion). The second T, located
at ~102°C, is observed for all block copolymers and attributed to the polystyrene
majority block. Block copolymer 1a exhibits additionally a peak at 87°C (ho-
mopolymer: 89°C) which is assigned to the melting point of the semi-crystalline
side chains. The melting peak of 1a is the transition temperature into a liquid crys-
talline phase. The transition to the isotropic phase was found at a temperature of
180°C. The homopolymer exhibits a lower clearing temperature at 137°C. This
increase of the clearing temperature is attributed to the higher degree of polymer-
ization of the block containing the azobenzene chromophors in the block copolymer
compared to the homopolymer. Similar findings were demonstrated by Stevens et al.
[65]. For 1b a clearing temperature of 150°C was detected, whereas the other block
copolymers do not reveal a liquid crystalline phase in DSC. Annealing experiments
of 1a at 172°C revealed in the POLMIC that a fine birefringent texture is formed,
which confirms the liquid crystalline phase behavior.

For comparison, a statistical copolymer was synthesized by a common free rad-
ical polymerization of hydroxyethyl methacrylate (HEMA) and styrene with AIBN
as initiator, followed by a polymeranalogous reaction to the azobenzene-containing
polymer (M,: 33,000gmol~!, PDI: 1.6). The copolymer, comprising 28 wt% of
azobenzene side-groups, exhibits a 7, at 88°C, but no liquid crystalline behavior
was observed.

In order to prove the microphase separation of both blocks, which is required to
maintain the cooperative effect of the azobenzene chromophores, thin films of 1a
(cyanoazobenzene content: 27.4 wt%) were investigated by transmission electron
microscopy (TEM; see Fig.7) and small angle X-ray scattering (SAXS). The



H. Audorff et al.

70

o[quostur u ‘sasoyds s ‘[eaLIpur[£d 2 {pauyap-[[om jou st Ao[oydIoA
SJUQWIRINSBAW DHJD) JO SISLq Y UO SIA—A (] PUB JIAN WOIJ san[eA a5eIoAe :sjun m::moaomg
SJUSLIAINSEAW SIA-A ) PUB YIAIN AQ PIUTLIGO SAN[BA STBIAE :(%) UOLORLY JYSIOM |

w Y01 48! 000°LIT L 011 61 1'86 11 NO
w 001 ¥0'1 000'%S 14 90$ v 9'L6 £
NN
S 201 Il 000°L9 11 909 6'S 16 PI
s €01°8S €'l 000°19 LT 8CS 001 006 o0 oﬁ/
2 201°9¢ SI'l 00089 €€ ovs SLI S8 qr 0”0
.U 13 . 13 . . N C
01°1S SI'l 006°'LL 19 €€S v'LT 9CL 1 Yooig
ydioy (0.)%1 W/ W W gan oSdnu LM Sdm

sdnoi3-oprs

QUIZUIQOZBOURAD SUIUIRIU0 00[q dudrpeinqAjod-z‘] © pue }o0[q duaikisA[od © uo paseq sauds 1owA[odod yoo[q ay) jo sentedoid onsueloerey) [ JqeL



Holographic Gratings and Data Storage in Azobenzene-Containing Materials 71

! " - TPS L

o Tm ! g( ) T' 27.4 wt% 1a
S
C
)

17.5 wt% 1b

10.0 wt% 1c¢

5.9 wt% 1d
o
x
)

l n 1 n 1 n 1 n 1 n
0 50 100 150 200 250

temperature [°C]

Fig. 6 DSC curves of cyanoazobenzene-containing block copolymers 1a—d with different weight
fraction of the azobenzene block. Second heating curves at a rate of 10K min~! are shown

Fig. 7 Electron transmission micrograph for 1a (My: 76,900gmol~'; PDI: 1.15; minority seg-
ment: 27.4 wt%) cast from toluene, annealed three days at 120°C, and stained with RuO4 (60 min)

polystyrene matrix was preferentially stained with RuO4 vapor and, therefore, ap-
pear black in the pictures. This is in agreement with the observations of Mao et al.
[43]. The cyanoazobenzene domains were transparent to the electron beam and,
therefore, appear as the bright minority phase. A cylindrical morphology was iden-
tified with a domain spacing (distance between cylinders) of 43 nm which is in very
good agreement with the lattice distance calculated of the SAXS profile (42 nm).
The cylinder diameter was detected to be 13 nm. A cylindrical morphology was ob-
served for block copolymer 1b. Block copolymer 1¢ was assigned to a spherical
morphology as expected for a 9.3 wt% minority block content. The TEM picture
of the stained film sample of block copolymer 1d had very low contrast; therefore,
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the assignment of the morphology was difficult. Block copolymer 1d was also as-
signed to a spherical morphology. In the X-ray diffraction pattern only one peak is
observed at ¢ = 0.26nm™" for 1¢ corresponding to a lattice distance of 24 nm. Block
copolymer 1d was similar (¢ = 0.30nm™!; lattice distance: 21 nm). For the block
copolymers 1e and 1f no indications of a phase separation were observed, neither in
the TEM micrograph nor in the SAXS measurements. It should be noted that both
block copolymers behave during the optical and holographic measurements similar
to statistical copolymers, supporting the existence of a non-phase-separated solid
state.

Azobenzene-functionalized AB block copolymer systems are not limited to
polystyrene-poly-1,2-butadiene-based block copolymers. In addition, we have pre-
pared similar AB block copolymers, which are based on an amorphous PMMA
matrix block and an azobenzene-functionalized PHEMA block [66] and on a PS
matrix block and a functionalized PHEMA block [67].

2.2 Azobenzene-Containing Molecular Glasses

Azobenzene-containing molecular glasses were first introduced by Shirota et al. in
1998 [68]. One azobenzene chromophore was linked to an arylamine derivative.
Since then some azobenzene-containing molecular glasses with different topologies
and a different number of chromophores have been reported [55, 57, 69, 70]. In
the following we present the synthesis and the characterization of molecular glasses
with azobenzene chromophores which are based on different topologies with two,
three, or four azobenzene moieties as illustrated in Fig. 8.

Most of the azobenzene-containing molecular glasses known from literature
are synthesized by aryl-aryl and N—aryl coupling reaction. In contrast to this, the
synthesis of our azobenzene-based molecular glasses is accomplished by linking
azobenzene chromophores to the cores by an ester linkage (Fig.9). This route in-
cludes several advantages. The formation of the ester linkages between the core and
the side-groups allows easy access to a large variety of compounds. In this case the
core (2 and 4) can carry the hydroxyl functions or the acid functions (3). In addition,
commercially available compounds can be used, e.g., 4-hydroxyazobenzene and

Fig. 8 Schematic structure of different topologies of photoaddressable azobenzene containing
molecular glasses with two, three, and four azobenzene moieties; (open circles) core; (filled
rectangles) azobenzene chromophore units
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Fig. 9 Synthetic route to the photoresponsive azobenzene containing molecular glasses with two,
three, and four azobenzene moieties

the acid chloride of 4-carboxyazobenzene. More complex substituted azobenzene
moieties are easily accessible by utilizing common azobenzene coupling reactions.
Using these substituted azobenzenes, it is possible to tailor the thermal and optical
properties of the azobenzene-containing molecular glasses.

Typical examples of azobenzene-containing molecular glasses corresponding to
the topologies given in Fig. 8 are shown in Fig. 10. These compounds are based on
different core compounds with two, three, or four arms of unsubstituted azobenzene
chromophores. The thermal and morphological properties of the compounds were
investigated by DSC, TGA, POLMIC, and X-ray diffraction. The characteristic ther-
mal properties of 2—4 are given in Table 2 and representative DSC curves are shown
in Fig. 11.
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Fig. 10 Structures of the azobenzene-based molecular glasses 2—4 with two, three, and four
azobenzene moieties

Table 2 Thermal properties of the photochromic molecular glasses

MW First heating® Second heating®
Compound  (gmol ™) Tn(°C)  Tya(°C)  T,(°C) Trecryst (°C) Tm(°C)
2 757 234  nd. 98 n.d. n.d.
3 918 160,175 n.d. 92 n.d. n.d.
4 1,205 257 nd. 109 212 257

*Obtained from DSC: heating and cooling rate: 10K min~! under N,

Fig. 11 DSC curves T T T T T T T

of azobenzene-containing !
3 T,=98°C
molecular glasses 2—4. ° g
Second heating curves at a o
rate of 10K min~! under N, 2
Tg=92°C
S —
3
Tg=109°C
fe)
x
° 4
l 1 1

40 80 120 160 200 240 280
temperature [°C]

An important aspect of azobenzene-containing molecular glasses is the formation
of a stable amorphous phase and of homogeneous, scatter-free thin films with good
optically isotropic properties. In the DSC curves in Fig. 11, glass transitions are visi-
ble. Compounds 2—4 exhibit glass transition temperatures in the range of 92—-109°C.
Compound 4 recrystallizes before melting, whereas for 2 and 3 no recrystalliza-
tion could be detected. Compound 3 shows a polymorphic melting behavior which
can often be found in molecular glasses. On cooling, no crystallization occurs for
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all compounds. Therefore, stable amorphous phases can be obtained from all three
compounds. The solid-state properties of 2—4 are confirmed by POLMIC inves-
tigations and X-ray measurements. From solution, thin amorphous films of these
compounds can be spin-coated which remain amorphous if not heated above their
glass transition temperature. They showed no crystallization for months when stored
at room temperature.

3 Holographic Setup

Azobenzene chromophores are photochromic materials and, therefore, exhibit sig-
nificantly different absorption spectra for a frans-rich state and a cis-rich state.
Holographic experiments are performed at a wavelength where both species absorb
light. In contrast to the writing process, reading of the holographic grating occurs far
outside of the absorption region of the chromophores (Fig. 12). In our case the writ-
ing laser wavelength is often at 488 nm and the reading laser wavelength at 685 nm.

The holographic setup which was used for the experiments is shown in Fig. 13.
Gratings are inscribed with the blue—green (488 nm) or the green line (514 nm) of
an Ar" ion laser (Coherent Innova 300). A beam splitter divides its output into two
coherent beams which are superimposed in the plane of the sample. The beam di-
ameter is about 2mm. The intensity of each beam is adjusted to 1Wcm™2. The
angle of incidence to the surface normal of the sample is +14°, which causes a
grating period of 1um. The state of polarization of each writing beam is controlled
with a combination of half-wave or quarter-wave plates and Glan-Thomson polar-
izers. The holograms are read out with an s-polarized red diode laser at 685 nm. In
this way the diffraction efficiency can also be monitored in situ during inscription,
which is important for determining the rate of hologram formation. The power of the
transmitted and the diffracted beam is measured with two photodiodes, the signals
of which yield the diffraction efficiency of the grating [72].

1.0} trans rich state 4
— 0.8 -
]
Fig. 12 cis-Rich s,
and frans-rich absorption 5 06 i
spectra of azobenzene =
derivatives. The writing laser S 04 |
wavelength (488 nm) and the -
reading laser wavelength writing reading |
(685 nm) are indicated. 0.2 1
(Reproduced with permission r
from [61]. Copyright 0.0 1 1 .
Wiley-VCH Verlag GmbH & 300 400 500 600 700

Co. KGaA) wavelength [nm]
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- writing
laser

reading
laser

Fig. 13 Schematic representation of the holographic setup. Half-wave (A/2) or quarter-wave
plates are used to adjust the polarization states of the writing beams. PD photodiode; P1, P2,
P3 polarizers; BS beam splitter. The coordinate system defines the directions which are referred to
in the text. (Reprinted with permission from [71]. Copyright 2009 American Chemical Society)
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From the measured diffraction efficiency 1, it is possible to calculate the refrac-
tive index modulation n;. Assuming the grating vector is oriented perpendicular to
the normal of surface of the sample and that the Bragg condition is met, the follow-

ing formula [73, 74] is valid:
. o mdom
— Bt Sty 1
n=sm (lcose)’ M

where dp is the thickness of the sample, A is the wavelength of the reading beam
and 0 is its angle of incidence of the readout beam.

A typical course of the refractive index modulation n; as a function of time is
shown in Fig. 14. The holographic gratings were inscribed in four different ex-
periments for 5, 10, 50, and 250s. In the beginning, n; rises very steeply, until a
maximum (anax) is reached. Subsequently, here after ~50s, it decreases again,
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which is due to a loss of contrast of illuminated and non-illuminated areas. After
the writing laser is turned off, a short-term relaxation occurs. The refractive index
modulation as a function of time shows a strongly non-linear behavior. In such a
case, both the growth during writing and the decay after the laser is turned off can
generally be described by stretched-exponential functions [75-78].

For temperature-dependent experiments the sample is placed in a box of anodized
aluminum with optical windows. In its walls it contains meandering water pipes
connected to an external thermostat (Julabo Ultratemp 2000). Long-term stability
experiments up to several years can be performed at room temperature. To this end
the samples with inscribed holograms are stored in the dark and their diffraction
efficiencies are measured at pre-defined times with a separate diode laser.

The polarization of the laser beams is a highly important parameter, since their
combination yields different results during a holographic experiment. The single
polarization states are denoted as s (electric field vector perpendicular to the plane
of incidence), p (electric field vector parallel to the plane of incidence), 45° (elec-
tric field vector at an angle of 45° to the plane of incidence), rcp (right circularly
polarized light), and lcp (left circularly polarized light). Their combination yields
different polarization configurations, which are summarized in Fig. 15.

Two laser beams with different polarizations can be combined to produce op-
tical gratings. Seven different combinations are mainly used. The configuration sp
(s- and p-polarized laser beam brought to interference) generates a pure polarization
grating with spatially constant intensity but varying polarization direction. A pure
intensity grating is obtained with the combination ss (two s-polarized laser beams).
+45° (+45°- and —45°-polarized laser beam) and “right and left circularly polar-
ized” (rlcp) are mainly polarization gratings with a small contribution of intensity

:l_»x O
ss !
pp | —

145°
rrep | ()
$45°| «—
rlecp | — !
sp | / "\ O /"

Fig. 15 Electric-field distribution at the sample surface for seven different polarization configu-
rations at five phase differences between the writing beams. (Adapted with permission from [71].
Copyright 2009 American Chemical Society)
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variation, whereas pp (two p-polarized laser beams), ++ 45° (two +45°-polarized
laser beams), and “right and right circularly polarized” (rrcp) are mainly intensity
gratings with a slight variation of the polarization direction.

In experiments to produce SRGs, pp, rlcp, and +45° configurations are com-
monly utilized, whereas the configurations ss and sp are preferred to produce volume
gratings. In the case of the volume gratings, polarization gratings as opposed to in-
tensity gratings usually lead to a higher refractive index modulation. Details of the
influence of the different polarization configurations on the formation of SRGs are
given in Sect. 4.2.3 and [71] and on the formation of volume gratings in Sect. 6.3.1.

As mentioned before, the advantage of holography is that the entire volume of the
material can be used for storage and not only the surface. This is realized via mul-
tiplexing techniques, e.g., wavelength, shift, phase, or angle multiplexing, and thus
it is possible to inscribe several holograms on the same section of the holographic
storage material. Angle multiplexing uses the Bragg selectivity of thick holographic
grating and, therefore, multiple holograms can be inscribed in the sample at different
angles and read out independently.

For writing and reconstruction of complete data pages [79], a separate setup
is used which is schematically shown in Fig. 16. Here one of the writing beams
(the object beam) is expanded to a diameter of about 5cm and is sent through a
computer-controlled SLM similar to those operating in data projectors. Patterns of
dark and bright pixels are generated with a liquid-crystal array. The Fourier trans-
form of the bit pattern (obtained by the focusing achromatic lens behind the SLM) is
superimposed with the reference beam on the sample. For reconstruction, the object
beam is blocked and the reconstructed light pattern of the diffracted reference beam
is imaged onto the sensitive area of a CCD camera (PCO Pixelfly). The arrangement
of achromatic lenses between sample and camera warrants that the Fourier transform
of the diffracted light pattern can be detected by the camera, which corresponds to
the image on the SLM during inscription. Inscribing the Fourier transform in the
sample rather than the direct image has the advantage that slight perturbations or

writing \
laser \

Fig. 16 Setup for simultaneous inscription and reconstruction of entire pages of bit patterns. SLM
spatial light modulator; CCD charge-coupled device camera; P1, P2, P3 polarizers; A /2 half-wave
plate. (Adapted with permission from [80]. Copyright 2009 SPIE)
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imperfections within small area elements of the storage material are less detrimental
to the bit error rate [2]. In this setup the reconstruction is performed at the writing
wavelength for simplicity, but at a lower intensity.

4 Surface Relief Gratings

Holographic recording materials may develop SRGs in addition to phase gratings
in the volume when exposed to interfering laser beams. SRGs obtained from an
initially smooth film are associated with macroscopic material transport. In amor-
phous azobenzene-containing materials, this takes place at temperatures far below
the glass transition temperature. This effect was first discovered by Natansohn et al.
and Kumar et al. [19, 20] in 1995 and was mainly investigated in polymers carrying
azobenzene units as side-groups [81-83].

Understanding the process of SRG formation and finding ways of controlling it
is of high technical importance. SRG formation is detrimental to high-density data
storage in the volume and must therefore be avoided. On the other hand, there are
several applications for which highly uniform SRGs with adjustable spacing and
amplitude are of interest. Liquid-crystal anchoring, waveguide couplers, polariza-
tion discriminators [84], and antireflective coatings [85, 86] for the visible range
are considered as possible applications for SRGs. In addition, SRGs might be used
as channel waveguides [87], holographic optical elements (HOE), and in optical
security devices [88].

Figure 17 (left) shows a schematic view of a sinusoidal SRG with the grating
constant A and the modulation height Ad (peak to valley) on a thin film with the
initial thickness dy. The grating period A can be adjusted according to the Bragg
condition by the angle of incidence of the two laser beams normal to the surface.
If films with sufficient thickness are used, the maximum achievable height largely
depends on the material. Within this maximum, the height can be easily adjusted
by the radiant power. A so-called egg-crate structure (Fig. 17 right) can be obtained
if the substrate with a sinusoidal SRG is rotated by 90° and an additional SRG is
superimposed. In such a case, the distance from peak to peak corresponds to the

a) rotating the sample by 90°
b) superimposing a second SRG
—

Fig. 17 Left: schematic representation of a sinusoidally shaped SRG with the modulation height
Ad, initial film thickness dp, and the grating constant A. Right: rotating such a sample by 90° and
superimposing a second SRG yields an egg-crate structure
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Fig. 18 Inscribed surface structures in an azobenzene-containing polymer; left: SRG; right: egg-
crate structure, which was produced by superimposing two SRGs with the sample being rotated
90° prior to the second inscription process. (Reprinted with permission from [20]. Copyright 1995
American Institute of Physics)

grating constant. In Fig. 18, literature examples of surface structures originated on
a thin film of an azobenzene-containing polymer are shown [20]. More complex
structures can be found in [84].

It is remarkable that macroscopic material transport takes place more than 100°C
below the T; and that SRGs with grating constants on the order of one micrometer
with amplitudes of several hundred nanometers can be formed within a short time.
Substantial experimental and theoretical work was devoted to clarifying the mech-
anism behind SRG formation. A number of theories have been put forth to describe
this phenomenon. Hvilsted et al. applied a mean-field model [89] to the formation of
SRGs [90]. Rochon and co-workers [91, 92] developed a model in which this effect
is ascribed to a pressure gradient between illuminated and non-illuminated areas.
The theory of Yager and Barrett [93] explains the SRG build-up by the competition
between photoexpansion and photocontraction. Henneberg and co-workers [94]
introduced a viscoelastic-flow model. According to the model proposed by Lefin
et al. [95], the azobenzene chromophore moves like an inchworm owing to the
isomerization between the stretched trans and the bent cis state, resulting in a trans-
lational movement so that the material transport can occur. Although each model
describes parts of the observed effects correctly, none of them is able to reproduce
all experimental results. Kumar et al. introduced a model based on a time-averaged
gradient force. This is the only theory which can account for different polarizations
of the laser beams.

Whereas azobenzene-containing polymers in general tend to develop SRGs, we
demonstrate in the following that efficient suppression of SRGs is possible, too. This
is a basic requirement for holographic data storage, since the SRGs are detrimen-
tal to angle multiplexing. In contrast to the suppression, we demonstrate efficient
formation of the SRGs by utilizing azobenzene-containing molecular glasses as a
novel class of materials. Incipient with the temporal evolution of SRGs, a deeper
understanding will be provided by theoretical consideration. This allows one to op-
timize SRG formation either by the design of the chemical structure of the material
or by selecting certain experimental conditions. The formed surface structures are
stable enough to be used in a replica molding process and, thus, can be transferred
to common polymer surfaces, which opens a variety of further applications.
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4.1 Efficient Suppression of SRGs

4.1.1 Azobenzene-Containing Block Copolymers

Efficient suppression of the formation of SRGs must be accomplished if stor-
age in the volume via multiplexing techniques is to be performed. As shown
above, it is well known that the illumination of azobenzene-containing materials
with holographic gratings causes a fast formation of SRGs. In the following, the
SRG formation on solution-processed thin films of different types of azobenzene-
functionalized polymers is discussed. We compare the formation of surface gratings
between a homopolymer 5, a statistical copolymer 6, and a block copolymer 7
functionalized with methoxy azobenzene side-groups (Fig. 19). The syntheses of
the polymers were performed as described in Sect.2.1. A detailed description
can be found in [61]. Optical gratings were inscribed with two laser beams in
pp-polarization at a wavelength of 488 nm with an intensity of 2Wem™!. After
exposure of the surface of the homopolymer 5 with a rather low molecular weight
(My: 4,700gm01’1), a pronounced surface grating with 100 nm modulation height
was detected after only 120s of inscription. The statistical copolymer 6 (M,:
31,000 gmolfl ; PDI: 1.5, azobenzene content: 29.5 wt%) formed a much shallower
SRG of about 5 nm modulation height after an even longer writing time of 250s.
It is still remarkable that, in spite of the relatively low content of photoactive chro-
mophores in the polymer backbone, they are able to move ~70wt% of the inactive
polystyrene material over macroscopic distances. In the case of the film of block
copolymer 7 (M,: 56,000gmol ™!, PDI: 1.03, 11 wt% azobenzene), absolutely no
modification of the surface was detected up to a very long writing time of 3,600s.
This block copolymer is representative of all other block copolymers investigated.
In none of them were surface gratings found after a holographic experiment. Macro-
scopic mass transport is obviously not possible when the azobenzene chromophores
are confined in the minority phases and the matrix consists of a polymer block with
a glass transition well above room temperature.

4.1.2 Liquid Crystalline Perfluoroalkyl-Azobenzene Polymers

Besides exclusion of the mass transport through confinement in a solid matrix of
block copolymers, there are other possible ways to suppress SRG formation.

It is known that a free surface is required for SRG formation. An azobenzene-
containing polymer surface covered with a 25 nm-thick non-photoactive layer seems
to be sufficient to fully suppress SRG formation [96]. Here, we demonstrate that
polymers with azobenzene moieties as side-groups and terminal perfluoroalkyl
chains can efficiently suppress SRG formation in a similar manner.

Perfluoroalkyl segments, —(CF;),F, are intrinsically liquid-crystalline and can
be used as building blocks in self-assembling materials. In combination with other
units, such as short alkyl segments, they generate highly organized mesophases
[97]. Another important property of the semi-fluorinated moieties is that they can
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Fig. 19 AFM images of surface relief gratings on thin films of different types of azobenzene-
containing polymers. Writing wavelength: 488 nm, intensity: 2 W cm ™2, grating period: ~1um in
all cases. Top: homopolymer 5, writing time: 120 s; middle: statistical copolymer 6, writing time:
2505; bottom: block copolymer 7, writing time: 3,600 s. Note the different scale bars. (Adapted
with permission from [61]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA)

form organized low-energy surfaces [43, 98, 99]. In order to make use of these
properties we investigated a series of random copolymers with azobenzene moi-
eties as side-groups and different lengths of the terminal perfluoroalkyl chains 8a—c
(Fig. 20 right). The backbone is based on anionically synthesized polyisoprene
with a M, of 17,000 gmol_l and a PDI of 1.10. Details of the synthesis of the
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Fig. 20 Right: chemical structures of the azobenzene-containing statistical polymers 8a—c with
perfluoroalky segments; the length of the perfluoroalkyl chains is n =4 (8a), n = 6 (8b) and n = 8
(8c). Left: the graph shows the amplitude formation as calculated from the diffraction efficiency
according to (2) for 8a, 8b, and 8c vs writing time (writing intensity: 8 Wcem™2). (Adapted with
permission from [100]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA)

perfluoroalkyl polymers are published and can be found in [101]. Liquid-crystalline
properties were examined by DSC and wide-angle X-ray scattering (WAXS). For
the polymers 8b (n = 6) and 8c (n = 8), a smectic phase was identified with layer
spacings of 4.6 and 5.2 nm, respectively. For the polymer 8a (n = 4) no mesophase
was observed [100]. From near-edge X-ray absorption fine structure (NEXFAS)
analysis and contact-angle measurements it is concluded that in thin films of these
polymers the fluoro-groups are on the surface and highly oriented. The order in-
creases with the length of the perfluoroalkyl segments [101].

Holographic experiments were conducted on thin films of the polymers 8a, 8b,
and 8¢ with initially smooth surfaces as previously evidenced by AFM. After ex-
posure, the surfaces were investigated by AFM again. Surprisingly, with a light
intensity of 8 Wem ™2, writing times of several thousand seconds were required to
reach the maximum of the diffraction efficiency. Since the diffraction efficiency
of SRGs is much larger than the diffraction efficiency arising from the oriented
chromophores, the grating amplitude, Ad(z), can be directly calculated from the
diffraction efficiency according to the equation for thin gratings from Magnusson

und Gaylord. It reads
2nAd(t)An
=g === 2
=% ( Acos6 > @

with J; being the Bessel function of first order, 8 the angle of incidence of the
laser beam, A the vacuum wavelength of the reading laser, and An the difference
between the refractive indices of the azobenzene-containing material and air. From
Fig. 20 it can be seen that the non-liquid crystalline azobenzene polymers 8a and the
smectic polymer 8b form SRGs under these conditions. In contrast, the polymer 8c,
with the longest chain, did not form SRGs. These results are confirmed by AFM
investigations. Nevertheless, the diffraction efficiency for 8c is not zero and this
indicates that a phase grating in the bulk is present instead of an SRG.
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If the perfluorinated chain is long enough and smectic phases are formed, thin
films of such polymers exhibit a highly rigid and self-assembled liquid crystalline
order of the perfluoro-groups on the surface, which prevents the subjacent azoben-
zene chromophores from forming SRGs. But in-plane orientation in the volume still
remains possible. More details can be found in [100].

4.2 Efficient Formation of SRGs with Azobenzene-Containing
Molecular Glasses

Besides SRG formation in thin polymer films with azobenzene side-groups, this
phenomenon was recently observed in azobenzene-containing molecular glasses
[56, 70, 102—104]. In general, molecular glasses are similar to polymers and exhibit
a glass transition, which is usually associated with polymers. However, compared
to polymers, molecular glasses are well-defined and possess one chemical struc-
ture, uniform molecular weight, the absence of structural defects, and the lack of
undefined end groups.

The following section is dedicated to the SRG formation in molecular glasses.
As mentioned above, numerous models have been proposed to describe the pro-
cess of SRG formation [90, 92-94, 105, 106], but none of them is able to explain
fully all experimental details. In particular, most of the models do not explicitly take
the polarization state of the laser beams into account. The only exception is the
model by Kumar et al. [107] which relates SRG formation to a gradient force.
The following sections are in large parts devoted to experimental and theoretical
considerations to validate and enlighten the processes behind SRG formation. The
presented investigations were performed on thin films of azobenzene-containing
molecular glasses based on a triphenylamine core. The synthesis was performed
as described in Sect. 2.2. The chemical structures of the molecular glasses 9a—e and
their glass transition temperatures are shown in Fig. 21. The T values vary from 89
to 122°C.

4.2.1 Temporal Evolution of SRG Formation

The time which is necessary to achieve the maximum modulation height is of prac-
tical interest. As shown above in (2), for thin gratings the diffraction efficiency can
be correlated to the height. Since the reading laser is outside the absorption band,
the temporal evolution of the diffraction efficiency and, hence, of the height can be
directly monitored without influencing the grating during inscription. Exemplarily,
the temporal evolution of the diffraction efficiency on a solution-processed thin film
of the triphenylamine-based molecular glass 9b, which bears a terminal CF3 sub-
stituent, is shown in Fig.22. Prior to the holographic experiments, the films were
annealed at 80°C below the glass transition temperature (7, of 9b: 99°C) to remove
residual solvent traces. The curve in Fig. 22 reveals that the maximum diffraction
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Fig. 21 Chemical structures of azobenzene-containing molecular glasses 9a—e based on tripheny-
lamine and their glass transition temperatures
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Fig. 22 Temporal evolution of the diffraction efficiency 1 () during hologram inscription on a
thin film of the azobenzene-containing molecular glass 9b. Writing was performed with the laser
polarization configuration +45°. The black triangles corresponds to measured data, whereas the
curve represents the fit of (3). In the first few seconds, the diffraction efficiency due to reorientation
of the chromophores in the bulk is visible (see inset); later-on the influence of the SRG dominates.
(Reprinted with permission from [71]. Copyright 2009 American Chemical Society)

efficiency and, therefore, the height is reached very quickly. The time to reach the
maximum in molecular glasses can be in the range of an order of magnitude faster
than in polymers. This is representative for all molecular glasses and in agreement
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with the observations of Kim et al., who attribute the fast and efficient formation to
the absence of entanglements in molecular glasses [55, 108].

A closer look at the curve in Fig. 22 (see inset) yields that, within the first few
seconds, the diffraction efficiency crosses a small maximum and decays to zero,
followed by a steep rise. This indicates that there are two main processes which
contribute to the growth of the diffraction efficiency: the volume grating, which is
due to chromophore reorientation dominating in the first few seconds, and the SRG,
which mostly contributes to the observed diffraction efficiency at later times. Since
they are out of phase by 180°, the diffraction efficiency returns to zero after a few
seconds. After 60s of inscription, the diffraction efficiency of the SRG is always
much higher than that of the volume grating by at least one order of magnitude.
Typical values of the maximum diffraction efficiency of the volume grating in the
experiments presented here are around 0.1%, whereas for the SRGs they can reach
30% or more.

In simulations of the temporal evolution of the diffraction efficiency, both of the
above processes must be taken into account, as has been described by Reinke et al.
[109] and later by Sobolewska et al. [110]. In the model of Sobolewska et al., the
time-dependent diffraction efficiency reads

2 [(nl (t)do)? + (Ad(t)An)? + 2n1(t)d0Ad(t)Ancos(A¢)] %
[Acos(0)] ’

n(t)=Ji 3)

where the first term of the sum describes the increase of the refractive index mod-
ulation of the volume grating up to its maximum value 11 nax With an exponential
function, the second term describes the growth of the SRG height up to its maximum
Admax, and the third term the coupling between the two gratings. 7; and 7, are the
corresponding time constants of the build-up of the volume and SRGs, respectively.
An is the amplitude of the refractive index change between sample and air, dy the
thickness of the film, and A¢ the phase difference between volume and SRG which
is assumed to grow to a maximum value A@pnax over time. The fit of (3) in Fig. 22
matches the experimental data very well. The maximum phase difference A@max
between the two gratings is obtained as 180°.

With (3) it is possible to calculate the modulation height of an SRG, Ad(t), from
the measured diffraction efficiency 1(¢) at all times 7. Nevertheless, the diffraction
efficiency arising from the SRGs is often much higher than that arising from the
chromophore reorientation, so that the latter is neglected for high SRGs. By ne-
glecting the second and third terms in the square-root expression of (3) one ends up
with the simpler (2). Hence, for high SRGs, both equations yield the same result.
The SRG heights calculated with (2) were independently verified by atomic-force
microscopy (AFM) measurements. In all cases, the SRG height as measured by
AFM and the value calculated from (2) differed by no more than 13%. In Fig. 23 an
AFM image of a SRG on a thin film of the methoxy-azobenzene-based molecular
glass 9d is shown. It exhibits a perfectly sinusoidal cross-section with a modulation
depth (peak to valley) of 610 nm and a grating constant of 1.0 um.
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Fig.23 AFM image of a SRG on a thin film of the azobenzene-containing molecular glass 9d. The
modulation height of the grating is 610 nm with 1.0 um grating period obtained with a +45° polar-
ization configuration. (Reprinted with permission from [71]. Copyright 2009 American Chemical
Society)

4.2.2 Formation of SRGs: The Gradient Force Model

The reason for this remarkable mass transport during illumination is still not fully
understood and several theories have been devised to explain the mechanism behind
the formation of SRGs. But as mentioned above, with Kumar’s gradient force model
it is possible to account for the polarization of the laser beams which obviously plays
an important role during the build-up of a SRG. In the framework of this theory
[84, 107] the formation of a SRG is ascribed to the presence of a time-averaged

gradient force f:
P (7)) (((s25)7) ).

where P is the polarization induced by the electric light field and y the electrical
susceptibility of the material at the optical frequency of the laser. In the following
we refer to the coordinate system as shown in Figs. 13 and 15, where the x axis
defines the direction of the grating vector, the z axis is perpendicular to the surface
of the sample, and the y axis is perpendicular to the plane of incidence. For reasons
of symmetry, macroscopic material transport can only occur parallel to the x axis
and, therefore, parallel to the grating vector. In this case, (4) can be simplified to

, . d
=6 (%ixExaEx> , &)

where E is the x component of the electric field vector and the subscript i stands for
the spatial coordinates x, y, and z. The real part of the optical susceptibility y/, =
Xix ini £ My is the sum of the initial material susceptibility y; ;,; prior to inscription
and its spatially varying component Ay/, after irradiation. The electric-field vector
in the x—y plane is shown in Fig. 15 for different polarizations of the writing beams
at several values of the phase difference between them.
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Assuming the influence of the electric field to be constant and comparing
different azobenzene-containing molecular glasses at one given polarization setting,
then only the material susceptibility ' influences f;. The optical susceptibility can
be written as

x=m—ik)?—1=n>—k>—1-i2nk — y' =n’>—k>—1. (6)

The absorption coefficient k and the refractive index n (and their spectral variation)
depend on the material and can be varied by introducing different substituents into
the periphery of the azobenzene chromophore.

Volume phase gratings have the minima of the refractive index modulation in
the illuminated regions and the maxima in the dark regions of the material, be-
cause the long axis of the shape-anisotropic azobenzene moieties (with the highest
polarizability) is turned away from the electric-field vector. For a phase shift of 180°
between SRG and volume grating, the maxima of the SRGs must then be in the illu-
minated areas. Hence, the direction of material transport of the SRGs must be from
dark to light regions, which is in accordance with (5) for positive x/,, as is the case
for the investigated materials.

4.2.3 Influence of the Polarization of the Writing Beams

On the basis of the above-mentioned theoretical considerations, holographic ex-
periments with different polarization settings of the writing beams were performed.
These led to different SRG heights, which can be explained by the different strengths
of the gradient force fy. The term E,(d/dx Ey) can be written as the product of a
periodic function of x, which is the same in all seven settings, and an amplitude
which depends on the polarization. The normalized values of f; are summarized in
Table 3.

In ss and sp configuration, either the x component of the electric field vec-
tor E, or its derivative is zero, so fy is zero and no significant SRG is observed.

Table 3 Comparison of selected characteristics of the SRGs for different polarization states of the
writing beams

Polarization configuration ss pp*  ++45° rrep +45°  rlep sp

Normalized f, 0 1 0.5 0.5 0.5 0.5 0

Normalized average maximum 005 1 0.83 092 077 077 0.12
height of SRGP

Normalized average height of SRG 0.09 1 0.38 041 096 093 0.07
after 60s°

Maximum growth rate of 9d (nms~') 0.9 17.7 10.6 95 212 207 1.3

Time to reach maximum growth 67 29 49 49 16 16 70
rate of 9d (s)

:For all normalized quantities, the value of pp has been arbitrarily set to 1
Heights are given as an average of all materials with respect to the corresponding polarization
configuration
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Fig. 24 Maximum height of the SRGs of azobenzene-containing molecular glass series 9a—e as
calculated from the measured diffraction efficiency (according to (2)) for the different polarization
settings. The lines are a guide to the eye. (Adapted with permission from [71]. Copyright 2009
American Chemical Society)

The polarization settings +£45°, 4+ 45°, rlcp, and rrcp have the same normalized
fx =0.5; hence, they generate comparable SRG heights as can be seen in Table 3
and in Fig.24. The highest value of f; is obtained with two p-polarized writing
beams. Consequently, this configuration yields the highest SRGs of all polariza-
tions. It is reasonable to assume that the maximum SRG height is reached when
fx is balanced by the surface energy. The fact that the height obtained with pp is
not twice that of, for example, rlcp indicates that the surface energy varies with the
height in a nonlinear fashion.

The SRG heights after 60 s of illumination are given in Table 3. They behave dif-
ferently compared to the maximum heights shown in Fig. 24. After 60 s, the settings
£45° and rlcp generate much higher SRGs than ++ 45° and rrcp, although they
all have the same value of f;. According to Kumar et al., an important factor for
the build-up of SRGs is the plastification or softening of the material caused by the
trans—cis—trans isomerization cycles. In the case of the polarization gratings gen-
erated by +45° and rlcp, such a plastification takes place throughout the material,
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in contrast to the intensity gratings (+-+ 45° and rrcp), which feature no plastifi-
cation in the dark regions. As a consequence, the SRGs increase more rapidly for
the polarization gratings. The maximum height, on the other hand, is slightly higher
for the intensity gratings. This may be due to a nonlinear relationship between light
intensity and the degree of plastification. Further details can be found in [71].

4.2.4 Influence of the Substituents at the Azobenzene Unit

For a comparison of azobenzene-containing molecular glasses three molecular pa-
rameters are important: absorption coefficient, susceptibility, and volume of the
chromophore. The glass transition temperature T, of the investigated materials has
no measurable influence on the formation of SRGs. The T, values of all materials
differ by only 30°C and are well above room temperature, e.g., the lowest 7, was
determinded to 89°C for compound 9d.

The maximum SRG heights are shown in Fig. 24. The highest SRGs are formed
in 9d. In 9¢, which shows the lowest values, the formation of SRGs is hindered by
the methyl group. The optical densities per micrometer at the writing wavelength of
488 nm, which are proportional to the absorption coefficients, are listed in Table 4.

At a writing wavelength of 488 nm one is still exciting the nm* transition (see
Fig. 12). Therefore, the absorption coefficient is not only influenced by the oscilla-
tor strength of the chromophores, but also by slight spectral shifts of the transition
due to the different absorption of the trans and cis states. Stronger absorption leads
to the enhanced frans—cis—trans isomerization cycles and, therefore, to a stronger
plastification of the material at a local scale, yielding higher SRGs.

The absorption constant k and the refractive index » are related via the Kramers—
Kronig relations. Hence, an increase of the optical density, either due to an increase
of the oscillator strength or a spectral red shift of the transition, leads to an increase
of the refractive index. Since n is larger than k by two orders of magnitude and usu-
ally decreases more slowly with increasing distance from the absorption maximum,
it yields the main contribution to the optical susceptibility. Therefore, the effect of

Table 4 Parameters of SRG formation of the five molecular glass formers

Molecular glass 9a 9b 9¢ 9d* Ye
Normalized OD/pm at 488 nm 0.71 0.82 0.85 1 1.04
Normalized x’ at 488 nm 0.69 0.79 0.76 1 1.03
Normalized average maximum height of SRGP 0.73 0.84 0.58 1 0.89
Normalized average height of SRG after 60s° 0.48 0.48 0.21 1 0.66
Average writing time (s)® 201 272 356 87 121
(Normalized average writing time) ™! (s~!)P 0.43 0.32 0.18 1 0.72
Maximum growth rate with pp (nms™!) 7.9 7.2 4.2 17 11
Time to reach maximum growth rate with pp (s) 40 47 64 27 40

:For all normalized quantities, the value of 9d has been arbitrarily set to 1
Heights and writing times for each material are an average of the polarization configurations
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plastification due to the higher absorption coefficient is enhanced by an increase
of the susceptibility, resulting in higher SRGs. The relative susceptibilities of the
five materials as obtained from ellipsometry, which determines the driving force f;
for material transport, are listed in Table 4. They show clear correlations with the
maximum SRG height.

4.2.5 Replica Molding of SRGs and Imprinting on Polymer Surfaces

Important technical applications of SRGs are expected in the field of HOEs, security
devices, or for adjusting the haptic properties of surfaces. Advantageously, surface
structuring by this method is an optical, non-contact approach where no mechan-
ical or chemical processes are required. Superimposition of SRGs allows one to
create a variety of complex patterns [84]. As shown earlier, azobenzene-containing
molecular glasses can develop SRGs several hundred nanometers in size within min-
utes. For applications, however, it is convenient for the created surface patterns to
be transferred to more stable and durable polymers. But such structures cannot be
directly imprinted onto a polymer surface since the polymer must be heated to tem-
peratures close to, or above, the T, of the molecular glass.

Replica molding can be used to circumvent this problem. For this, a liquid pre-
polymer is cast over the master (the molecular glass) which has the holographic
relief structure on its surface. As pre-polymer, the commercially available PDMS
silicone elastomer (Sylgard 184, DOW Chemical) was used, which is character-
ized by good thermal stability, optical transparency, and low interfacial free energy.
The SRGs on the glass film are stable enough for replicas to be cast, which are
then, after thermal curing, used as dies for imprinting onto polymer surfaces. Such
a process sequence is shown in Fig. 25. The SRG master was inscribed on a film
of azobenzene-containing molecular glass 9e. With a glass transition temperature
of 122°C, the SRGs resist in the curing temperature of PDMS of 60°C (step I).
After separating it from the master, its surface structure was imprinted onto a poly-
carbonate sheet in a heated laboratory press (heated to 180°C and pressed with a
force of SkN for 2 min; step II). All steps were characterized by AFM. The results
of the AFM measurements are presented in Fig. 25 for a typical example. All three
gratings (master, replica, and imprint) show only slight distortions.

5 Holographic Volume Gratings

Holographic volume gratings in homopolymers and statistical copolymers with
azobenzene side-groups have been investigated by several authors [10-14, 16, 112].
In general, these materials develop not only phase gratings but also SRGs when
illuminated with polarized light. For data storage applications, where multiple holo-
grams are to be inscribed at the same position by multiplexing techniques, the
latter must be avoided. It is indeed possible to inscribe simple volume gratings
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Fig. 25 Example of replica molding and imprinting of a surface pattern. Left: 3D surface plots
of AFM measurements of the original SRG structure generated holographically on compound 9e
(top), the replica on the silicone elastomer (middle), and a polycarbonate imprint (bottom). Right:
corresponding cross-sections. (Adapted with permission from [111]. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA)

in homopolymers and copolymers. Our approach is to use diblock copolymers as
storage materials, since they exhibit marked benefits as compared to homopolymers
and copolymers. A comparison of azobenzene-containing homopolymers, statistical
copolymers, and block copolymers with respect to the photophysical properties of
their volume gratings, such as achievable refractive index modulation as well as
short-term and long-term stability, will be presented in the following to reveal the
advantages of the block copolymer approach. In particular, structure-property rela-
tions will be given and a materials design will be discussed.

5.1 Inscription and Evaluation of Volume Phase Gratings
in Thin Films

The inscription of a single holographic volume grating was performed on homo-
geneous transparent thin films. Particularly in homopolymers and copolymers with
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a high azobenzene chromophore content, the film thicknesses are limited to about
100pm due to their high optical densities, which should not exceed ~0.7 at the
writing wavelength in order for the light to penetrate the entire sample.

Polymeric thin films in this thickness range can easily be prepared from solution
by spin coating or doctor blading techniques. Drying the films at elevated tempera-
tures under high vacuum or under inert atmosphere is necessary to remove residual
solvent traces, which cause softening of the material and contribute to fast relaxation
of the oriented chromophores to an isotropic state.

To compare different materials and preparation conditions, holographic gratings
were always inscribed up to the first maximum of their diffraction efficiency n
which — as was shown in Sect.3 — is connected with the refractive index mod-
ulation n;. The refractive index modulation was calculated from the diffraction
efficiency according to (1). Besides the value of the refractive index modulation,
the stability of the grating is another important parameter which can be observed by
monitoring the diffraction efficiency for a given time. A further parameter which is
related to the refractive index modulation, and therefore to the diffraction efficiency,
is the sensitivity. The sensitivity can be considered to be the inscribed refractive
index modulation per time and is defined as

S'(t) = v (7)

with I denoting the intensity of the laser beams, ¢ the writing time, and d the film
thickness. For a holographic data storage material a high sensitivity is desirable.
One has to note that there is more than one possible expression for the calcula-
tion of the sensitivity of a holographic storage medium. However, in each equation
the light intensity and the writing time are inversely proportional to the sensitivity.
Hence, a highly sensitive material is obtained if less radiant energy is needed for
a specific refractive index modulation. But in general a fair comparison between
material classes can hardly be made. In an irreversible photopolymer system, the
light energy is only necessary for the initiation of the polymerization and not dur-
ing the whole grating formation process, which happens due to the diffusion of the
monomers after irradiation. In contrast, azobenzene-containing materials are irra-
diated throughout the whole grating formation process and, therefore, yield a low
sensitivity in comparison to photopolymer systems.

All calculations from the measured diffraction efficiency to other numbers char-
acterizing the material require the knowledge of either the sample thickness or the
angular dependence of the diffraction efficiency. We chose the latter method since
angle-dependent measurements can be performed easily in our set-up. The thick-
ness values calculated from the holographic data were compared with independent
measurements performed with a step profiler. The results always agreed within a
few percent. To calculate n; we inserted the optically determined thickness, since it
corresponds exactly to the location of the hologram.
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5.2 Improvement of Refractive Index Modulation and Stability

5.2.1 Comparison of Homopolymers, Statsitical Copolymers,
and Block Copolymers

The refractive index modulation of a holographic grating determines the fraction
of the intensity of the laser beam which is diffracted. If hundreds of holographic
gratings are to be superimposed at the same spot, all gratings have to share this
value. It is obvious that the achievable refractive index modulation should be as
high as possible in order to inscribe as many holograms as possible in a defined
volume. In azobenzene-containing materials the refractive index modulation often
reaches values in the range of 1074 to 1072, depending on the azobenzene con-
tent in the polymer film and on the chemical structure of the chromophore. In
particular, azobenzene side-groups forming liquid crystalline mesophases generally
exhibit far better refractive index modulations. As described in Sect. 2.1, nematic
mesophases are formed in cyano-azobenzene-containing side-group polymers. As
we show in the following, the achievable refractive index modulation also depends
on the polymer type. This is illustrated in Fig. 26 where the values of a homopoly-
mer, a statistical copolymer, and block copolymers la—e (see Table 1) based on
cyano-azobenzene side-groups are compared. The homopolymer, which has the
highest concentration of azobenzene moieties, shows the highest refractive index
modulation 11 ymax With a value of 1.6 x 10~2. For the block copolymers 1a—e the n;
values increase with increasing azobenzene block length, i.e., with higher azoben-
zene concentration. The statistical copolymer exhibits a refractive index modulation
of only 1.2 x 1073, which is more than an order of magnitude lower than for the
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Fig. 26 Maximum refractive index modulation (1] max) and azobenzene-content normalized max-
imum refractive index modulation (n1max/c) of different types of cyano-azobenzene-containing
polymers



Holographic Gratings and Data Storage in Azobenzene-Containing Materials 95

homopolymer. It should be pointed out that at a similar azobenzene concentration,
block copolymer 1a has a much higher maximum refractive index modulation than
a statistical copolymer. This strongly supports the concept of block copolymers as
ideal materials for further development of holographic storage media. The main dif-
ference and advantage with respect to the statistical copolymers utilized here is the
confinement of the azobenzene side-groups in the nanostructured morphology. The
improvement is even more pronounced when the refractive index modulation is nor-
malized with respect to the chromophore concentration. All the block copolymers
have higher values of 71 /c than the statistical copolymer and the block copoly-
mers 1a and 1b have even higher values than the homopolymer.

As mentioned, within the block copolymer series 1a—e the refractive index mod-
ulation n1 max decreases with decreasing chromophore content. Interestingly, the
same trend can be observed in the normalized values. One might assume, there-
fore, that the refractive index modulation is correlated with the block length of the
shorter blocks, since these steadily decrease from 1a to 1e (Table 1).

Naturally, block copolymers exhibit different morphological phases if the vol-
ume ratio of the two blocks is changed. The block copolymers 1a and 1b form
cylindrical morphologies, while for 1¢ and 1d the azobenzene side-groups are con-
fined in spheres, but exhibit different azobenzene contents and, therefore, different
domain sizes. From the figure one cannot clearly conclude that the domain size plays
a role for the maximum achievable refractive index modulation. Thus — as we will
demonstrate in the following section — one has to investigate the influence of the
morphology.

Besides the absolute value of the refractive index modulation, the stability is
an important parameter, particularly for the development of a storage material. In
Fig.27 the temporal variation of the diffraction efficiency of volume gratings is
plotted for films of a statistical copolymer 6 (azobenzene content: 29.5 wt%) and
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Fig. 27 Stability of volume gratings in thin films of the statistical copolymer 6 and block copoly-
mer 7 with methoxy-azobenzene side-groups
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a block copolymer 7 (11 wt% azobenzene), both containing methoxy-azobenzene
side-groups and a comparable azobenzene content. The stability is quite different.
Whereas more than 60% of the initial diffraction efficiency is still present in the
block copolymer after 2 weeks, it decays nearly completely within a few days in the
statistical copolymer. Here again the confinement and the cooperative effect of the
azobenzene side-groups, which are present in the block copolymer, are responsible
for this improvement.

5.2.2 Influence of the Block Copolymer Morphology

It was demonstrated above that both the value and the stability of the refractive index
modulation are far better for block copolymers than for statistical copolymers with
comparable azobenzene content. But the influence of the morphology and the do-
main size on the refractive index modulation remains unclear. To investigate this we
chose a block copolymer series with three different morphologies: lamellar, cylin-
drical, and spherical. In Fig. 28 the growth and decay for different morphologies of
the block copolymers 10 (M,: 45,900 gmol’l; azobenzene content: 31 wt%) and 11
(M,: 42,400 gmol’l; azobenzene content: 25 wt%), which are based on a PMMA-
PHEMA backbone, are shown [66, 113]. Both block copolymers exhibit a similar
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Fig. 28 Growth and short-term stability of the normalized photoinduced birfringence relating to
the azobenzene content in PMMA-based block copolymer films with a lamellar (azobenzene con-
tent: 31.6 wt%), cylindrical (23 wt%), and spherical (7.9 wt%) morphology. Writing time: 3,600 s,
writing wavelength: 532 nm, reading wavelength: 630 nm
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molecular weight, but 10 forms a lamellar morphology, whereas 11 forms a cylin-
drical morphology. In order to obtain a spherical morphology it is possible to blend
block copolymer 11 with a PMMA matrix homopolymer, until a transition from
the cylindrical morphology to a spherical one occurs. In all three morphologies, the
azobenzene chromophores are reoriented in their constrained environment upon ir-
radiation with polarized light, but great differences in behavior during the writing
process as well as during the decay of the gratings are observed. The maximum in-
duced birefringence normalized to the azobenzene concentration was found to be
different and depends on the morphology. The highest photoinduced birefringence
was measured for the lamellar morphology and the lowest for the spherical mor-
phology. In the lamellar structure, the maximum birefringence was reached after
less than 800 s and then decreased, whereas in the morphologies with cylinders and
spheres the birefringence continued to increase slightly. After the laser is turned
off, a significantly different short-term relaxation behavior is observed. The spheres
show only a slight decay, the cylindrical morphology has nearly a constant value,
and the lamellar phase even shows an increase in the refractive index modulation.
One has to note that the diameters of the cylindrical and spherical morphologies are
the same (12nm as determined by TEM), since they are based on the same block
copolymer and, therefore, have the same length of the shorter block. However, they
behave differently in the holographic experiments, and because of this we have to
conclude that the performance of thin films of azobenzene-containing block copoly-
mers during a holographic experiment depends on the block length, the morphology,
and the domain size.

5.2.3 Influence of Azobenzene Side-Groups in Block Copolymers

It is known from the literature that the chemical structure of the azobenzene
side-groups influences the photophysical properties. In particular, liquid crystalline
moieties improve the refractive index modulation. In block copolymers, however,
the influence of the chromophores is difficult to assess due to the additional de-
pendence of the refractive index modulation on morphology and domain size.
Therefore, a series of block copolymers with different azobenzene chromophores
but similar backbones was investigated. The data are normalized to the azobenzene
content for better comparison. The investigated block copolymers series is based
on a polystyrene—polybutadiene backbone. The chemical structures are shown in
Fig.29 and the characteristic data on the molecular weight, PDI, and azobenzene
content are summarized in Table 5. Volume gratings were inscribed in thin solution-
processed films with ss polarization of the laser beams (writing wavelength: 514 nm;
fluence: 500mW cm~2). Three main parameters were investigated: the refractive
index modulation, the stability of the volume gratings, and the sensitivity S’. In
azobenzene-containing materials, the refractive index modulation and, therefore,
the diffraction efficiency and the sensitivity exhibit a non-linear evolution with time.
To illustrate this, the sensitivity values of each grating were calculated at the time
t for which the refractive index modulation had reached half its maximum value.
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Fig. 29 Long-term stability of holographic gratings in thin films of block copolymers with
different azobenzene side-groups

Table 5 Characteristic properties of block copolymers with different azobenzene side-groups

Block copolymer 1b 12 13 14
My (gmol~1)? 68,000 71,000 76,000 56,000
PDI 1.15 1.14 1.07 1.03
Azobenzene content (wt%) 17.5 18.9° 26.9 10.6
Normalized refractive index modulation (1072)¢ 2.52 2.46 1.80 1.39
Norm. refractive index modulation after 90 h 1.15 0.81 0.77 0.56
Normalized sensitivity (1072cm?J~!)¢ 436 2.01 2.84 1.62

:Obtained from SEC with respect to polystyrene standards
Polymeranalogous reaction not quantitatively converted
:Normalized to the azobenzene content (11 max/C)
Calculated according to (7); normalized to a thickness with an OD of 0.5 at the writing wavelength

Equation (7) indicates that the sensitivity depends on the sample thickness. Thus, the
values of the sensitivity were additionally normalized to a film thickness for which
the optical density at the writing wavelength would be 0.5. The results are summa-
rized in Table 5. The normalized long-term stabilities of the gratings are shown in
Fig.29.

The refractive index modulation of the block copolymer 1b carrying cyano-
azobenzene side-groups is more than twice that of the methoxy-substituted block
copolymer 14. In addition, 1b exhibits a much higher sensitivity than 14. This is
just a consequence of (7), in which the sensitivity increases with the refractive in-
dex modulation. Furthermore, 14 exhibits a continuous decay after the writing laser
is turned off, similar to that shown in Fig. 27. Block copolymer 1b, in contrast, even
shows an increase by 15% within a few hours, and the refractive index modulation
is stable for years. In this case, the so-called post-development is not due to a dif-
ferent morphology as discussed above. Rather, the liquid crystalline character of the



Holographic Gratings and Data Storage in Azobenzene-Containing Materials 99

chromophores improves the performance by stabilizing the order parameter of the
oriented domains after the laser is turned off. Block copolymers 12 and 13 with the
bisazo- and nitro-substituted azobenzene, respectively, exhibit a behavior of refrac-
tive index modulation and stability which is in between that of the materials with
the cyano- and methoxy-substituted azobenzene side-groups.

5.2.4 Block Copolymers with Photoactive Chromophores
and Non-photoactive Mesogenic Side-Groups

In Sect.5.2.3 it was demonstrated that block copolymers with liquid crystalline
azobenzene side-groups form stable volume gratings, whereas non-liquid crystalline
chromophores do not. This observation was extended to inscribe stable volume
gratings with non-liquid crystalline azobenzene chromophores in combination with
non-photoactive anisotropic mesogens in the shorter block. This is advantageous for
two reasons. First, the cyano-azobenzene chromophore shows a slightly decreasing
diffraction efficiency after several inscription processes, whereas the methoxy-
substituted chromophore does not. The second reason is that, in this way, the
chromophore content can be reduced even further without a loss of refractive in-
dex modulation, which is desirable to prepare thick samples for angle multiplexing.

For a detailed investigation, a series of different block copolymers was synthe-
sized which differed with respect to the ratio of azobenzene vs non-photoactive
mesogenic side-groups. The introduction of both side-groups is possible by a
polymeranalogous reaction and yields a random distribution of azobenzene chro-
mophores and mesogenic side-groups along the backbone of the shorter block. The
characteristic data are given in Table 6.

The mesogen content in the photo-addressable minority block varied from 0
(block copolymer 14) to 76 mol% (14d). Thin films of each material were prepared
by spin-coating and dried under high vacuum at room temperature or annealed at 50,
80, and 120°C for 20 h. Figure 30 (top) shows the maximum achievable refractive
index modulation 71 max for these block copolymers as a function of mesogen con-
tent and annealing temperature. The corresponding writing times of the refractive
index modulation are shown in Fig. 30 (bottom).

The achievable refractive index modulation increases with mesogen concentra-
tion. This clearly demonstrates that the non-absorbing mesogen side-groups are
reoriented jointly with the azobenzene side-groups, i.e., a cooperative effect between
the different aromatic side-groups in the minority phases exists. The increase of the
n1,max values with annealing temperature to a maximum can be interpreted in terms
of an induced liquid crystalline ordering of the side-groups. With increasing anneal-
ing temperature, azobenzene and mesogenic side-groups are expected preferentially
to attain parallel orientation, which favors the cooperative reorientation during holo-
gram inscription. If the annealing temperature is too high and approaches the 7; of
the matrix, the light-induced orientation of the azobenzene units is no longer sta-
ble and, therefore, the maximum refractive index modulation decreases. This can be
seen for the samples annealed at 120°C.
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Table 6 Characteristic properties of the block copolymer series based on a polystyrene block and
a 1,2-polybutadiene block containing methoxy-azobenzene and mesogenic side-groups
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Fig. 30 Top: maximum
refractive index modulation
for the block copolymers
14-14d after different
annealing conditions. In all
cases the annealing time was
20 h. Writing wavelength:
488 nm; writing intensity:
2W cm™2. Bottom: required
writing times to the
maximum of the refractive
index modulation. Note the
logarithmic scale in the lower
part. (Adapted with
permission from [72].
Copyright Wiley-VCH Verlag
GmbH & Co. KGaA)

Azo Mesogen
M, wps WPB content content
(gmol™') PDI (Wt%) (Wt%) (mol%) (mol%)
14 56,000 1.03 89.4 10.6 100 0
14a 53,700 1.02 89.2 10.8 86 14
14b 54,100 1.02 89.9 10.1 65 35
14¢ 54,600 1.02 87.9 12.1 48 52
14d 55,300 1.03 87.4 12,6 24 72
15 65,500 1.03 70.8 29.2 50 50
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A disadvantage of introducing mesogenic side-groups is that they require much
longer writing times, which is unfavorable for data storage applications. Apparently,
the long mesogenic groups do not have sufficient free volume in their environment,
so their reorientation takes a longer time.

The stability of inscribed holographic gratings was investigated on the four block
copolymers 14-14c¢ with different contents of mesogenic side-groups and the same
block length, and on block copolymer 15 with a longer photoaddressable block.
The gratings were written up to the maximum of the growth curve. The samples
were placed in separate boxes in the dark at a constant temperature of 22°C. Over
a period of nearly 2 years, the diffraction efficiencies were measured with a diode
laser at pre-defined times. The results are displayed in Fig. 31.

Block copolymer 14 without mesogenic side-groups showed a fast decay of
the refractive index modulation already in the first few minutes and had reached
half of its original n; value after roughly one week (Fig.31). As little as 14 mol%
mesogenic side-groups (14a) led to much improved stability; the hologram decayed
by only 18% during a period of 270days. In the case of block copolymers 14b,

b 14c 15
b /14b ey
1.0 e=—m—— N
14a;
. 08 k a
i L ]
- 06 14
S 04t .
0.2 a
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I
Fig. 31 Long-term stability =
of holographic gratings for ~
block copolymers 14—14¢ and <
15. Note the logarithmic time L
axis in the lower plot. 02} 4
(Adapted with permission L
from [72]. Copyright 00l vt i i i
Wiley-VCH Verlag GmbH & 0.01 0.1 1 10 100

Co. KGaA) time [d]
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14c, and 15, which contain higher amounts of mesogenic side-groups, the diffrac-
tion efficiencies even increased slightly. These gratings are stable for more than
two years. From the data it cannot be concluded whether the post-development
effect is due to a spontaneous slow increase of the orientation in the illuminated
areas of the gratings or a reorientation in the dark regions. Other studies with
homogeneous illumination of liquid crystalline azobenzene polymers revealed an
increase in orientation after thermal treatment [114]; hence, a similar effect may
also occur here in the described block copolymers. More details can be found in
[72,79, 80].

5.2.5 Dynamic Relaxation Processes in Block Copolymers with Non-liquid
Crystalline Azobenzene Side-Groups

Whereas block copolymers with liquid crystalline azobenzene moieties show a
pronounced stability of the volume gratings and even feature an increase in the re-
fractive index modulation during storage at room temperature, the orientation is
much less stable in the case of non-liquid crystalline azobenzene groups. A possi-
ble assumption is that the decay of the volume gratings is associated with the glass
transition temperature of the material. The verification of this hypothesis is not easy
to achieve experimentally in block copolymers with rather short minority blocks
because the glass transition temperature cannot easily be measured with common
techniques. To elucidate the origin of the decay, both holographic and solid-state
NMR experiments were conducted at different temperatures. For the >H NMR mea-
surements, block copolymers 16a and 16b with partially deuterated azobenzene
side-groups were synthesized (see Fig. 32) in a three-step synthesis similar to that
described in Sect.2.1 (see Fig.4) [115]. The covalently linked side-groups differ
mainly in the content of the deuterium as well as in its position with respect to
the polymer backbone. Both block copolymers with these azobenzene side-groups
attached to the shorter block are expected to exhibit non-liquid crystalline phase
behavior.

The >H NMR spectra of the block copolymers 16a and 16b were recorded in the
temperature range 320-380K. The polybutadiene minority phase represents less
than 7 mol% of the block copolymer and the total amount of the deuterium atoms is
only between 0.4 and 0.5 wt%, but solid-state 2H NMR spectra can still be recorded
with sufficient resolution. Upon heating, when passing through the glass transition
temperature, the polymer chains including the deuterated side-groups become more
and more mobile, so that the attached C->H bonds perform an isotropic, liquid-
like reorientation. This leads to a narrow central line typical of a liquid. Since such
isotropic motion is only possible if the polymer chain also moves, the appearance of
the central line clearly proves that the minority phase undergoes the glass transition.
Moreover, the liquid-like spectra are first observed below the glass transition tem-
perature of the solid PS phase (7, ~ 370K). This indicates that a phase-separated
morphology is indeed present with a soft PB and a solid PS phase. In addition, no
splitting of the liquid line is observed; thus, no liquid crystalline order is found.
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Fig. 32 Schematic representation of block copolymers with partially deuterated azobenzene side-
groups 16a (M, : 93,000 gmol ~!; PDI: 1.04; azobenzene content: 18.3 wt%; 2H-content: 0.54 wt%)
and 16b (M,: 96,000 gmolfl; PDI: 1.06; azobenzene content: 19.6 wt%; 2H-content: 0.42 wt%)
and their temperature-dependent 2H NMR spectra. (Adapted with permission from [115]. Copy-
right Wiley-VCH Verlag GmbH & Co. KGaA)

From similar investigations it is known that the glass transition temperature T
lies below the appearance of the liquid line by a factor of approximately 1.25.
Therefore, the T, of the soft PB phase can be determined to 300K from these ’H
NMR data.

It is widely accepted that the decay of the refractive index modulation of holo-
graphic gratings consists of several independent processes [75—78] which can be
described by the following function:

ny = (Ce k! 4 pe=*o! 1 E)e~ket, (8)

where C, D, and E are the pre-exponential factors and k¢, kp, and kg denote the
corresponding rate constants of the different decay processes. The first decay term
is mainly attributed to cis—trans isomerization, which is significantly accelerated
at higher temperatures. The second decay may be attributed to a partial loss of
the in-plane orientation due to the free volume present at each given temperature.
Finally, the third term describes the decay caused by the movement of the back-
bone and, thus, probes the glass transition temperature (see Fig.33). In a plot of
the normalized prefactor E. (E divided by the total refractive index modulation) vs
temperature one expects a kink at the glass transition temperature. From the data in
Fig. 33 (bottom) one can determine the glass transition temperature to 307 £5K, in
good agreement with the value obtained by 2H NMR. These measurements indicate
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that a fundamental loss of the refractive index modulation in polymers based on a
butadiene segment and carrying non-mesogenic azobenzene chromophores is due to
the fact that the T is close to room temperature, so the backbone is at least partially
softened. This is not the case for liquid crystalline systems in which the structural
relaxation occurs near the clearing temperature and not near ;. More details are
givenin [115].

6 Holographic Data Storage by Angle Multiplexing

A promising way to store an enormous amount of data is to encode the informa-
tion in holographic gratings. Besides the lateral dimensions x and y of the storage
material, the third (depth) dimension z can be employed by several multiplexing
techniques. The angular selectivity of thick gratings, for example, permits the inde-
pendent inscription and reconstruction of holograms at the same lateral spot under
different angles 6. The angular resolution and, hence, the multiplexing factor are
proportional to the hologram thickness. The presence or absence of a hologram at a
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Fig. 34 Parallel holographic inscription of a two-dimensional bit pattern using a spatial light mod-
ulator (left) and read-out of the two-dimensional bit pattern (right). The reconstructed hologram of
the pattern is imaged onto a sensitive CCD detector

specific set of spatial coordinates x, y, and 6 encodes a bit of information. For effi-
cient inscription and read-out, it is advisable to write and read entire data pages in
parallel. This requires the use of a SLM and a sensitive CCD camera, as is illustrated
in Fig. 34.

Materials suitable for angle multiplexing in holographic data storage have to ful-
fill a number of properties:

e Photosensitivity: a basic condition for holographic data storage is the interaction
of the material with light and the formation of refractive index modulation.

e Sample thickness: for angle-selective volume holography, samples of 1-3 mm
thickness are required. In this case the Bragg condition ensures that diffraction
of the reading beam occurs only if the beam is irradiated at the proper angle.
Then it is possible to inscribe and reconstruct many holograms independently at
the same lateral position of the material. The thickness of a volume hologram (in
the direction of light propagation) must be much larger than its grating spacing
(i.e., in the millimeter range).

e Optical density: in order for the light to penetrate the entire thickness of the
sample, its optical density at the writing wavelength must not exceed a value
of =~ 0.7.

e Excellent optical quality: a high-density data page with as many as a million
pixels encoding digital data must be imaged onto the material and, during recon-
struction, its hologram must diffract the reading light toward the detector array,
pixel for pixel. For sufficiently low bit error rates, this requires storage materials
of very high homogeneity throughout the volume and high-quality optical sur-
faces, since the lower limit of the diffraction efficiency of holograms is given by
spurious light signals due to scattering of the reading beam.

e High dynamic range: with an increasing number of holograms which are
recorded in the same volume element, the refractive index modulation and,
hence, the diffraction efficiency of each hologram become smaller. The diffrac-
tion efficiency scales as the inverse of the square of the number of holograms.
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Hence, the maximum number is limited by the signal-to-noise ratio during
read-out of the individual holograms (i.e., by the dynamic range of the material).

e High-fidelity recording: especially for the inscription of numerous holograms
with low diffraction efficiencies, the material must respond precisely to the light
fluence during inscription.

e High sensitivity: to inscribe data at a reasonable rate, the phase gratings of suffi-
cient refractive index modulation must be formed as quickly as possible.

o Shelf-life: for commercial applications, the storage material has to exhibit a suf-
ficient shelf-life prior to the data inscription.

e Long-term stability: the material must retain the inscribed information for long
periods of time and it should not be affected by the reading beam.

These requirements are valid for both types of storage media: i.e., write-once and
rewritable materials. For write-once, read-many (WORM) storage media, an irre-
versible material, such as photopolymer systems or dye-doped thermoplastics, can
be used, which provides stable gratings after exposure. Irreversible holographic stor-
age materials seem to be fairly advanced, but less is known in the case of reversible
storage materials. Our approach for a holographic data storage material is based on
azobenzene-containing polymers. Due to the reversible nature of their light-induced
reorientations, azobenzene-based storage materials belong to the class of rewritable
materials.

As discussed above, angle multiplexing of a large number of holograms requires
storage materials with thicknesses in the millimeter range. At the same time, the op-
tical density at the writing wavelength must not be higher than about 0.7. Although
materials based on azobenzene are excited by the writing wavelength in the region
of the far less intensive n—m*-transition, the maximum thickness is reached very
quickly. Therefore, azobenzene-containing homopolymers cannot be used. Diluting
the chromophores by statistical copolymerization causes unstable gratings, since the
cooperative effects between the chromophores are lost. Block copolymers which
carry the azobenzene units in the minority phase and perform microphase separa-
tion are good candidates to reduce the optical density while maintaining the benefits
arising from the cooperative effect. However, as shown in Fig. 35, for block copoly-
mers comprising an azobenzene content between 10 and 30 wt%, the limit of the
optical density is reached within some tens of microns. In order to achieve sam-
ples with a thickness of 1-3 mm and an optical density of 0.5-0.7, the azobenzene
content should be in the range of 0.2-0.4 wt%.

Hence, the optical density per micrometer of the azobenzene-containing block
copolymers has to be further reduced. One approach is to replace part of the chro-
mophores with mesogenic groups which do not absorb the laser light but can be
reoriented together with the azobenzene moieties and enhance the birefringence of
the illuminated areas (see Sect. 5.2.4). Another very interesting technical approach
to reduce the optical density is to blend the block copolymer with a homopoly-
mer of the same chemical structure as the amorphous photoinactive matrix segment.
Blends consisting of at least 95 wt% of a photoinactive homopolymer are required
to achieve 1 mm-thick samples with the ideal optical density.
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Fig. 35 Schematic representation of the increase in the optical density at the writing wavelength
as a function of sample thickness for a neat block copolymer (light gray) and a blend material
(consisting of the block copolymer with a homopolymer corresponding to the majority block;
dark gray). The range of 0.2-0.4 wt% of the total azobenzene content in a blend system meets
the requirement of a storage medium with a thickness of 1-3 mm. For this — depending on the
azobenzene content in the block copolymer — at least 95 wt% of an amorphous, non-absorbing
homopolymer is required

6.1 Block Copolymer Blends

In a first step we prepared block copolymer blend samples. Blending with a large
amount of the homopolymer will inevitably led to a spherical morphology, but we
need to investigate whether the photophysical behavior of the minority segment is
maintained or changed.

To do this we have studied blends consisting of an azobenzene-containing block-
copolymer based on a PMMA-PHEMA segment and varying amounts of a PMMA
homopolymer. As block copolymers, the azobenzene-containing block copolymers
11 (M,: 42,400 gmol_l; PDI: 1.11; azobenzene content: 25 wt%; see Fig.28) and
17 (My: 152,000 ¢ mol~! ; PDI: 1.09; azobenzene content: 24 wt%; see Fig. 36) were
used. The block copolymers have similar compositions but different molecular
weights. Both block copolymers exhibit a cylindrical morphology in the solid state
(see Fig.36a), but the cylinder diameter varies from 17 nm for 17 to 12 nm for 11,
which is consistent with different bock lengths. Two series of blends were prepared
utilizing either block copolymer 11 or 17 together with three different amounts of
a PMMA homopolymer (My: 40,000 gmol~'; PDI: 1.05). Binary blends were pre-
pared by casting a filtered 5 wt% solution. The solvent were slowly evaporated to
allow the formation of the morphology. The polymer films were dried under vac-
uum followed by annealing at 160°C. All samples showed good optical properties
and absence of undesired scattering. TEM images of such blends reveal spheres with
a diameter which is very close to the cylinder diameter of the corresponding block
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Fig. 36 a TEM image of the block copolymer 17 stained with RuO4 showing a cylindrical
morphology (cylinder diameter: 17+3nm). b TEM image of a blend consisting of 36 wt% of block
copolymer 11 (cylinder diameter: 12 4+ 1.5nm) and 64 wt% of a PMMA homopolymer yielding a
spherical morphology (sphere radius 5.9 £0.7nm). (Adapted with permission from [66]. Copyright
2007 American Chemical Society)

copolymers (see Fig.36b). The sizes of the spheres for all blends of each series
are independent of the added amount of the PMMA homopolymer. This indicates
that the homopolymer does not interact with or swell the azobenzene-containing
minority phase. Thus, the minority segment is preserved and not affected by the
homopolymer addition.

The amount of the homopolymer added to the blend varies between 50 and
84 wt%. Whereas the sphere size remains constant, the distance between the spheres
has to increase on average with increasing amount of the homopolymer. SAXS mea-
surements of the different blends confirmed that, with increasing amount of the
PMMA homopolymer, the distance increases, thus corroborating the above findings.

As an alternative to holographic experiments, the photoinduced birefringence
can also be measured by the response of the material to polarized light. Its value
depends on the concentration of the photoactive chromophores, which decreases
with increasing amount of the homopolymer. Normalizing the results to the azoben-
zene content yields very similar results for each series of blends in which the same
block copolymer is used (see Fig. 37). This also confirms that the photoresponse is
independent of the homopolymer content.

6.2 Preparation of Thick Samples

There are several ways to prepare polymer samples with thicknesses in the mil-
limeter range, e.g., cell casting, melt pressing, and injection molding. Injection
molding is the most important technology to produce polymer parts and is a well-
established industrial process. Therefore, we focused our work on this method. For
holographic investigations of thick samples, the block copolymers 18 and 19 were
used (see Fig. 38). These block copolymers are based on a PSSPHEMA backbone
(rups: 528; rugpma: 40). Block copolymer 18 consists of 85 wt% polystyrene matrix
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Fig. 38 Schematic representation of the block copolymers used in blends with polystyrene and for
the preparation of thick samples by injection molding: Block copolymer 18 (M,: 65,000gmol ~';
Wazo: 10 Wt%; whgma: 5 wt%; wps: 85 wt%. Block copolymer 19 (M,: 71, OOOgmol’l, WAzo:
8.4 Wt%, WMesogen: 12.3 wt%; wHemMa: 1.8 wt%; wps: 85 wt%. (Reproduced with permission from
[67]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA)



110 H. Audorff et al.

segment, 10 wt% of the azobenzene content, and some residual unreacted HEMA
repeating units. Block copolymer 19 possesses a 77.5wt% polystyrene block.
In the minority block a random distribution of 8.4 wt% azobenzene side-groups,
12.3 wt% three-ring mesogenic side-groups, and 1.8 wt% hydroxyethyl methacry-
late is present. Only 24% of the HEMA moieties carry an azobenzene chromophore.
The unreacted HEMA units have no significant influence on the side chain reorien-
tation, but enhance the phase separation.

Binary blends were prepared by mixing a polystyrene homopolymer with the PS—
PHEMA block copolymers described above. For the blends, polystyrene with an M,
of 124,000 gmol ! and a PDI of 2, synthesized by a free radical polymerization, was
used. In a general solution blending procedure, 20 mL of chloroform were added
to 10 g of polymer mixture (5 wt% block copolymer and 95 wt% PS) and slowly
rotated in order to achieve a homogeneous solution. The solvent was evaporated off.
Air bubbles and remaining solvent were removed by annealing at 180°C under high
vacuum. 1.1 mm-thick samples with a diameter of 25 mm were prepared by injection
molding. The melt of the polymer blend was injected at a temperature of 200°C
with a pressure of 8 bar into a surface-polished mold. After injection molding, the
specimen exhibited a pronounced birefringence caused by flow orientation during
the injection molding process of the polymer melt. Annealing the polymeric sample
inside the mold for 20h at 130°C eliminated this issue, yielding a homogenous,
highly transparent specimen (see Fig. 39 left). The dilution with 95 wt% of PS leads
to the required low optical density of about 0.7 at the writing wavelength in a I mm-
thick sample. These injection-molded samples are suitable for angle multiplexing of
holographic gratings. Since the spherical azobenzene-containing domains in these
blends have typical sizes of 10-20nm, the concentration of these spheres in such
blends is still between 3,000 and 10,000 spheres per cubic micrometer.

U
m’." 10 mm

Fig. 39 Photographs of an injection-molded sample (25 mm diameter and 1.1 mm thickness) of
polymer blend comprising block copolymer 18; left: injection-molded sample without polarizers;
middle: sample with several inscribed holograms between crossed polarizers, right: sample show-
ing the first diffraction order of some of these holograms under illumination with white light.
(Reproduced with permission from [67]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA)
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6.3 Multiplexing of Plane-Wave Holograms

When several holograms are inscribed at different angles, they must share the
maximum achievable refractive index modulation 71 n,x. Consequently, the refrac-
tive index modulation of each hologram is much lower than 71 .

6.3.1 Intensity vs Polarization Gratings

As a starting point, the effect of subsequent writing of 20 holograms at the same
spot was studied in detail for different polarization settings of the laser beams. For
the sake of simplicity, plane gratings were used. After each writing process, the
diffraction efficiency was measured over the whole angular range covered so far.
Figure 40 shows the results of such an experiment when the writing beams had ss-
(Fig. 40 top) and sp-polarization (Fig. 40 bottom).

The polarization configuration ss generates a light intensity grating with constant
polarization in the material. Figure 40 (top) shows that in this case the last hologram

Fig. 40 Angle multiplexing
of 20 holographic gratings
inscribed in a 1.1 mm-thick
injection molded sample of a
blend of block copolymer 19
with ss- (fop panel) and
sp-polarization (bottom
panel). ss-Polarization
corresponds to a light 4 — - 0 ‘ ) ' 4
intensity grating, angle [°]
sp-polarization to a
polarization grating. Within T T T T T T T
each panel, from top to
bottom the angular 5.1 0'4
dependence of the diffraction
efficiency of all holograms is )
shown after each writing w|¥ /‘
process (vertically offset for w ! ‘
clarity). The holograms were ] ML‘ L‘ ‘
iy
v
performed at 685 nm and with e
s-polarization. (Adapted with
permission from [67]. ‘ - ;
Copyright Wiley-VCH Verlag -4 -2 0
GmbH & Co. KGaA) angle [°]

diffraction efficiency

inscribed at 514 nm with a
fluence of 10 Jem ™2 of each
writing beam; read-out was

diffraction efficiency
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always has a distinctly higher diffraction efficiency than the previous hologram.
Its signal is, in turn, sharply reduced by the next writing cycle. At the end of the
20 inscriptions, only the last two gratings show stronger diffraction than the other
holograms, all of which have the same diffraction efficiency. The difference of the
last two gratings can, at least in part, be ascribed to a non-zero cis population of the
chromophores in the illuminated areas which enhances the refractive index modula-
tion. Further writing processes eliminate these cis population gratings; those of the
last writing cycles decay spontaneously with time (see below).

Single polarization gratings lead to a higher refractive index modulation in
azobenzene materials than single light intensity gratings. Angle multiplexing with
equal exposure, on the other hand, does not result in equal diffraction efficiencies,
as Fig. 40 (bottom) shows. Here the polarization setting of the writing beams was
sp, corresponding to a polarization grating of constant light intensity. The diffrac-
tion efficiencies of the resulting holograms vary in a roughly exponential way: The
efficiency of each subsequently written grating is about 20-30% higher than that
inscribed immediately before. This is more clearly depicted in Fig. 41.

The difference between intensity and polarization gratings can be understood
as follows. If both writing beams are s-polarized, the polarization direction in the
material is also s everywhere and is not even altered upon rotation of the sample.
Only azobenzenes whose transition dipole moments have a component along the
polarization axis can be excited and reoriented. In this configuration, the temporal
order of the writing processes has no fundamental influence (except for the last
one or two gratings, the diffraction efficiencies of which are not reduced by further
inscriptions).

In the case of a polarization grating, however, the situation is fundamentally dif-
ferent. The light polarization is spatially modulated such that chromophores which

10'2;‘ E
> [
§10°F E
Q
©
5§10 3
5
= 5| e SS
S 107k osp| 4
10—6— P B B B |
5 10 15 20

hologram number

Fig. 41 Diffraction efficiencies of 20 multiplexed holograms written with different polarization
settings. The data for ss- and sp-polarization correspond to the final curves in Fig.40. ss-
Polarization generates a light intensity grating and sp-polarization a polarization grating. Reading
was performed with s-polarization. (Adapted with permission from [67]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA)
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Fig. 42 Temporal decay of some of the 20 holograms (see Fig. 40 top) during a period of 3 weeks.
(Adapted with permission from [67]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA)

have been oriented in a previous inscription process can be reoriented in different
directions in subsequent cycles. Hence, later writing processes will efficiently erase
earlier gratings. In order to achieve roughly uniform diffraction efficiencies for all
holograms, the exposure must be widely varied over the sequence of inscriptions.

For holographic information storage, both types of gratings have advantages and
disadvantages. Intensity gratings permit multiplexing with more or less equal expo-
sure times. Polarization gratings applied to azobenzene polymers, on the other hand,
have a unique feature not present in most other holographic storage materials. They
reconstruct not only the intensity and phase of the original object beam but also
its polarization [116]. The reconstructed polarization can even be perpendicular to
the polarization of the reference beam. This makes it largely possible to eliminate
light-scattering problems, since the polarizations of scattered light and reconstructed
image are then perpendicular to each other [21].

The stability of the 20 grating written with ss-polarization was recorded over a
period of 3 weeks. The decay of the diffraction efficiencies is plotted in Fig. 42.

The efficiencies of the first 15 gratings are in the same range and very stable
during the whole 3-week period. The last five holograms show decay, yet their sig-
nals still remain above those of the earlier written gratings. Part of this behavior
can be ascribed to the relaxation of the cis isomers to the trans state; another con-
tributing effect may be an increased amount of free volume around some of the
chromophores after the light-induced reorientation.

6.3.2 Possibilities for Angle Multiplexing

It is possible to inscribe many more multiplexed holograms at the same position with
these azobenzene-containing polymer blend samples. The limit is determined by the
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Fig. 43 Eighty angle-multiplexed holograms each written with a fluence of 5Jcm~2. Sequences
of four holograms were inscribed and every fifth was omitted. (Adapted with permission from [67].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA)

signal-to-noise ratio, since all holograms must share the maximum refractive index
modulation provided by the material. The diffraction efficiency of 80 multiplexed
gratings is shown in Fig. 43 as a function of sample orientation. Here a sequence of
four holograms was inscribed and every fifth was omitted.

Even for this number, roughly uniform diffraction efficiencies were achieved
by writing all of them with the same exposure. The current limiting number of
angle-multiplexed gratings for which clear discrimination levels of the diffraction
efficiency for the presence (logical “1”) and absence (logical “0”) of a grating can
be defined is around 200 (data not shown). It should be possible to increase this
number if the amount of light scattering of the material (and, hence, the detected
background signal during reading) can be further reduced.

6.4 Multiple Read/Write Cycles

Since the reorientation of the azobenzene side chains is reversible, one can erase
all information written in the entire medium by heating it above the glass transition
temperature. However, a purely optical method which also permits local erasure
would be preferable. It has been reported that in thin azobenzene-containing films,
many successful rewriting cycles are possible when deleting is performed with UV
light [117, 118]. This method is not applicable to thick samples in the millimeter
range, however, since the high absorption coefficient of the polymer in the UV re-
gion prevents penetration through the whole material. Deleting with a single beam
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of the writing wavelength has also been reported [15, 119, 120]. In those studies, the
deleted areas were not rewritten. Here, a different method is presented which allows
a very large number (more than 1,000) of successful writing and erasure cycles to
be performed.

The method consists of two steps. The first is the inscription of a holographic
grating which is phase-shifted by 180° with respect to the original grating to be
erased. In a second step, the chromophores are oriented back by a single laser beam
that is polarized perpendicularly to the writing beams. If a 2D bit pattern was writ-
ten, the first step would consist of inscribing the same information again with the
reference beam phase-shifted by 180°.

Figure 44 demonstrates as many as 1,000 writing and deleting cycles of a plane
holographic grating.

During the first few rewriting cycles the diffraction efficiency even increases.
This effect indicates an increasing degree of orientation of the chromophores in the
polarization direction of the writing beams. After about 10 cycles, the diffraction
efficiency reaches a stable value with no significant degradation, even after 1,000
cycles. In the erasure processes the diffraction efficiency is reduced by more than
two orders of magnitude.

To our knowledge, this is the first time that long-term stability of angle-
multiplexed volume holographic gratings has been achieved in a rewritable
polymeric medium, in which writing, reading, and deleting is possible by purely
optical means.

2.5 S e
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= |
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5 05 eraIure .
0.0 . ‘ . .
0 200 400 600 800 1000

writing and erasure cycles

Fig. 44 Sequence of 1,000 writing and erasure cycles of volume gratings in samples of a polymer
blend of block copolymer 19. In each cycle, an s-polarized plane holographic grating was written
with a fluence of 10 Jem™2 at 514 nm. Deleting was performed by inscribing a grating phase-
shifted by 180° with the same fluence and subsequent irradiation of a single p-polarized beam of
fluence 50 Jem 2. (Adapted with permission from [67]. Copyright Wiley-VCH Verlag GmbH &
Co. KGaA)
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6.5 Parallel Inscription of Data Pages Using a Spatial
Light Modulator

For technical applications of volume holography in the field of data storage, parallel
inscription and read-out of angle-multiplexed data pages are highly desirable for
achieving sufficiently fast data rates. This can be accomplished with a SLM, which
generates the pixel pattern during inscription, and a CCD camera for reading, as
shown in Fig. 34. Initial experimental results are presented in Fig. 45.

Eight patterns of arbitrary characters and numbers were generated and holo-
graphically stored in an injection molded specimen of a polymer blend comprising
10.9 wt% of block copolymer 18 (Fig. 38 left) and a polystyrene homopolymer with
a number average molecular weight of 124,000 gmol~!. Between each two writing
processes the sample was rotated by 1°. The reconstructed patterns are clearly rec-
ognizable, and although the quality and the sharpness are not sufficient, the principal
function is demonstrated.

Basically two problems were encountered. The first is related to the storage
process. Since the Fourier transforms of the patterns are inscribed, the light inten-
sity distribution in the material represents their spatial frequencies. At the center of
all holograms, a small bright spot is present which corresponds to low frequencies
ky = ky ~= 0. The corresponding high fluences of all holograms add up in the central
region, so a detailed reconstruction requires a high dynamic range of the storage
material. This requirement can, in principle, be avoided if an SLM is used which
allows for an adjustment of the phase shift of the transmitted light. In this case, the
light phase can be shifted by 180° between subsequent inscriptions and the effective
exposure in the central region remains small [121]. With the light modulator used
here, such a phase adjustment was not possible.

The second issue is scattered light which leads to the tiny bright dots in the
reconstructed patterns and is far more detrimental than in the case of plane-wave
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Fig. 45 Reconstruction of eight two-dimensional images which were inscribed at the same spot of
a thick sample of material 18 under angle intervals of 1° each. The object beam had a diameter of
about 1 mm in the sample. Writing was performed with a wavelength of 514 nm, ss-polarization,
and a total fluence of 2Jem ™2 per hologram. (Reprinted with permission from [79]. Copyright
2009 SPIE)
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holograms. Scattering is caused by inhomogeneities in the bulk and/or the surface of
the specimen. Improved preparation techniques are expected to reduce the amount
of inhomogeneities and, hence, light scattering. An alternative way of eliminating
it may be to inscribe polarization gratings rather than intensity gratings, because
in this case the diffracted light of the reconstruction has the same polarization as
the object beam during inscription, which can be chosen perpendicular to the po-
larization direction of the reading beam. The scattered light is then also polarized
perpendicularly to the reconstructed data and can be efficiently blocked. A disadvan-
tage of polarization gratings is that they must be inscribed with strongly different
exposures, as was discussed in Sect. 6.3.1.

7 Summary and Conclusions

We have demonstrated that azobenzene-containing materials can efficiently form
holographic SRGs and volume gratings for various kinds of applications. Two ma-
terial classes, azobenzene-containing block copolymers and molecular glasses, were
designed and synthesized and they can find applications in different fields.

SRGs are detrimental to the angle-multiplexed inscription of volume holograms
and must be avoided for high-density data storage applications. SRGs can be ef-
ficiently suppressed in block copolymers carrying the azobenzene chromophores
as side chains in their minority block. Regarding the refractive index modula-
tion and the stability of volume gratings, block copolymers are far superior to
statistical copolymers. This shows that the cooperative effects between the azoben-
zene chromophores in the minority segments of block copolymers are largely
preserved, which improves the absolute value as well as the stability of the re-
fractive index modulation. Using appropriate chromophores, e.g., liquid-crystalline
cyano-azobenzenes, yields a further improvement. With azobenzene side-groups not
possessing liquid-crystalline properties, a similar stabilization is observed if they are
combined with mesogenic side-groups.

Blending the block copolymers with different amounts of the homopolymer
corresponding to the majority phase of the block copolymer does not affect the
photophysics of the azobenzene chromophores. In this way the optical density per
micrometer at the writing wavelength can be adjusted to the desired value and thick
samples can be prepared by conventional injection molding. With an optical density
of 0.7 they contain about 3,000-10,000 functionalized spheres per cubic microme-
ter. These materials are suitable for angle-multiplexing. We have demonstrated so
far that 200 holograms can be superimposed and reconstructed independently at the
same spot and more than 1,000 write/erase cycles can be performed without signifi-
cant degradation of the diffraction efficiency. Hence, a rewritable polymeric medium
has been presented for the first time, in which writing, reading, and deleting is possi-
ble by purely optical means and in which the gratings are stable over at least 2 years.
Two-dimensional images were inscribed and read out in parallel with an SLM and
a sensitive CCD camera. Future improvements will focus on faster writing speeds
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and lower light scattering of the material, so the reconstruction, especially of entire
data pages, can be performed with a better signal-to-noise ratio.

Azobenzene-containing molecular glasses are a promising class for the con-
trolled formation of surface relief structures. They exhibit superior performance as
compared to azobenzene-containing polymers in terms of writing times and mod-
ulation heights. SRGs of more than 600 nm can be achieved within a few minutes
of illumination. The light-driven material transport on a macroscopic length scale
takes place far below the glass transition temperature. The process depends strongly
on the polarization state of the writing beams and the electrical susceptibility of the
material as described by the gradient force model by Kumar et al. The surface pat-
terns are stable enough to be transferred to a polymer surface via replica molding
techniques. Possible applications include HOEs which can be applied as security
features.
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Donor-Acceptor Block Copolymers
with Nanoscale Morphology for Photovoltaic
Applications

Michael Sommer, Sven Huettner, and Mukundan Thelakkat

Abstract Extensive research activities in synthesis and device engineering have
been devoted to the development of donor—acceptor (D—A) bulk heterojunction so-
lar cells in the last few years. Several photophysical processes occur in such devices
which have to be optimized for an efficient device operation. First, excitons that
are created upon light absorption need to reach the D/A interface within their short
exciton diffusion length (10-20 nm), where they may dissociate into holes and elec-
trons. Subsequent charge transport and charge collection can then take place at the
electrodes, given that co-continuous pathways of donor and acceptor domains are
provided. An active layer thickness of 100-200nm is required to absorb most of
the light, and vertically aligned pathways with a high aspect ratio of either phase
should percolate through the film, taking into account the small exciton diffusion
lengths. The morphologies resulting from this ideal situation resemble those of ver-
tically oriented microphase separated block copolymer thin films, and hence suggest
the exploitation of D—A block copolymers for organic photovoltaics. Furthermore,
complex block copolymer architectures are not only desired in order to improve
the morphological control but also to enhance the long term stability of the device.
The potential of such block copolymers to microphase separate into well-defined
structures several tens of nanometers in size thus addresses the morphological
requirements mentioned above. This chapter gives an overview of the emerging field
of D—A block copolymers. General synthetic efforts that have been undertaken to-
wards this direction are summarized. The D-A block copolymers prepared in our
group are reviewed and complemented with recent work on crystalline—crystalline
block copolymers.
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1 Introduction

Since the first report of an efficient organic photovoltaic (OPV) device made by
C. Tang et al. in 1986 [1], power conversion efficiencies (PCEs) are evolving
together with an increased understanding of the underlying fundamental processes
occurring in active layers of an electron donor (D) and an electron acceptor (A) [2].
The ongoing enhancement in device performance can partially be attributed to the
development of novel materials with favourable electronic properties [3—5]. More
importantly, intense efforts concerning the optimization of the active layer blend
morphology have substantially contributed to the development of PCEs that now
range between 4% and 6% [6—10]. Since charge generation and charge recombina-
tion in organic bulk heterojunction solar cells occur at the D—A interface, precise
control of the size and the shape of this interface is crucial in order to achieve further
improvements. From a materials chemists’ point of view it is therefore essential to
develop new materials as well as new concepts that allow to improve morphology
control.

A higher level of morphological control can be achieved by exploiting various
interactions between either the same molecules of donor or acceptor, or between
the donor and the acceptor molecule. Furthermore, asymmetric surface fields of the
device can induce a vertically segregated morphology suitable for bulk heterojunc-
tion solar cells [11]. For example, processing a blend of poly(3-hexylthiophene)
(P3HT) and phenyl-Cg;-butyric acid methyl ester (PCBM) blend together with a
small amount of a fluorinated PCBM derivative led to the formation of a monolayer
with the fluorinated side groups oriented to the film—air interface [12]. With the aim
of creating supramolecular pathways of donor and acceptor groups, T—T interactions
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[13] and hydrogen bonds [14] were exploited. In another study, hydrogen bonds
between only the acceptor moiety perylene bisimide (PBI) were introduced as a
structure-directing tool [ 15]. As a result, thin films comprised of a three-dimensional
mesoscopic acceptor network could be fabricated. Most strikingly, this accep-
tor network was maintained even when processing the material together with an
amorphous donor polymer, giving a D-A heterojunction with defined morphology,
charge transport pathways and domain sizes in the range of the exciton diffusion
length [16]. This result is encouraging since PBIs tend to form very large one-
dimensional stacks and crystals [17, 18], which has restricted the use of this type
of acceptor in organic solar cells up to now [19-21]. Even stronger interactions for
interface tuning can be provided by a covalent bond between the donor and the ac-
ceptor moiety. Manifold architectures have been designed, e.g. D—A dyads [22] or
double-cable polymers [23, 24], just to name a few. The motivation for the often
challenging synthesis was clearly driven by the advantage of a highly intermixed
D-A morphology capable of efficient charge separation. Once the charges are sepa-
rated, they have to percolate towards the respective electrodes. This process occurs
most efficiently when the transport pathways between the two electrodes are straight
and do not exhibit dead ends.

Indeed, the phase separation of active layers of D—A bulk heterojunction solar
cells is an intricate issue. A phase separation on the nanoscale is needed for efficient
charge transport, yet macrophase separated polymer blends do not exhibit sufficient
interfacial area for charge generation and exciton recombination will occur prior to
charge separation [25-29]. In this respect, the molecular junction — as realized in
molecular assemblies of D—A dyads, or in double cable polymers — enables intimate
and stable mixing of donor and acceptor groups, whereas a polymer blend tends to
minimize its interfacial area. Thus, these two extremes span the spectrum between
highly intermixed donor and acceptor units on the one hand and a coarse phase sepa-
rated morphology on the other hand. Consequently, something in between — a stable
morphology with co-continuous domains of D and A few tens of nanometers thin —
is sought after. Although this has been achieved quite successfully by accelerating
and subsequent freezing in the demixing process of bulk heterojunction solar cells,
the resulting morphologies are not stable and the domains are ill-defined. In con-
trast, the equilibrium microstructures of block copolymers are well-defined and can
be tuned in size and shape when the molecular weight and the length of the in-
dividual blocks are varied [30]. Therefore, block copolymers that carry electronic
functions hold great promise for the application in OPVs. Co-continuous morpholo-
gies suitable for photovoltaic active layers include cylindrical, lamellar or gyroidal
phases. The construction of such microstructures from D—A block copolymers via
self-assembly thus addresses the dilemma between the need for ordered transport
pathways and sufficient optical absorption on a length scale that is commensu-
rate with the exciton diffusion length [31]. Furthermore, techniques for preparing
macroscopically aligned domains that are oriented perpendicular to the electrodes
are well developed and have been successfully demonstrated using conventional
block copolymers without electronic functions [32-34]. A graphical illustration of
various morphological scenarios of active layers from blends and block copolymers
is depicted in Scheme 1.
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Scheme 1 Different possible donor—acceptor active layer morphologies in OPV devices. The left
drawing depicts a macrophase separated polymer blend morphology with undefined domains.
In the middle and at the right, schematic active layer morphologies of disordered and vertically
aligned microphase separated block copolymer thin films are shown. Dark and light grey domains
correspond to the donor and the acceptor phase, respectively

Whereas vertical alignment of cylindrical and lamellar block copolymers might
be advantageous for improving the device performance, gyroidal films do not re-
quire alignment. Recently, an elegant example of this has been given by Snaith et al.,
who used a double sacrificial block copolymer to incorporate a gyroidal TiO;
replicate into liquid electrolyte dye-sensitized solar cells [35]. However, the direct
formation of the gyroid mesophase from a fully functionalized D—A block copoly-
mer has not been realized up to now. The covalent connectivity of the donor and the
acceptor blocks results in another positive advantage of these highly sophisticated
polymer architectures: the equilibrium structure exhibits smaller domain sizes than
polymer blends. Further crystallization of the two phases, concomitant with an in-
crease in domain size and a decrease in interfacial area, can thus be excluded. This
is an important issue concerning the morphological long-term stability of OPVs.

In contrast to conventional and commercially available block copolymers, block
copolymers that carry electronically active blocks are relatively rare and the syn-
thesis is challenging, since multi-step organic synthetic procedures have to be
combined with one or more polymerization techniques. Further difficulties arise
from the limited solubilities and the limited amount of material available from
one batch, making the preparation of such materials tedious and time-consuming.

The first D—-A block copolymers with suitable electronic properties for charge
separation were synthesized by the group of Hadziioannou et al., using a conjugated
poly(phenylene vinylene) (PPV) block as macroinitiator for the nitroxide medi-
ated radical polymerization (NMRP) of a second styrenic coil block. This second
segment was then converted into the acceptor block by attaching Cgo molecules
[36]. As pointed out by the authors, very strong interactions between fullerene
units arising either from partial cross-linking [37] or from crystallization [38]
possibly accounted for the lack of microdomains after Cgp functionalization. In
another study, Scherf et al. prepared D—A triblock copolymers from monobromo-
terminated P3HT and dibromo-cyano substituted CN-PPVs via Yamamoto coupling
[39]. Frechét et al. made use of ring opening metathesis polymerization (ROMP) to
polymerize subsequently two macromonomers containing P3HT and fullerene. The
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products found application as compatibilizers in bulk heterojunction solar cells [40].
However, microphase separation was not demonstrated in any of these systems and
only in two cases was a photovoltaic effect with solely the block copolymer as the
active layer reported [38, 41].

The D and A moieties used in the majority of the above-mentioned synthetic ap-
proaches towards donor—acceptor block copolymers are conjugated polymers and
fullerene derivatives. This makes the preparation very challenging and special at-
tention has to be given to the introduction of appropriate solubilizing groups. A low
weight fraction of, e.g. alkyl chains should render the polymer insoluble whereas
a solubilizing group fraction that is too high will result in poor performance of
the device since the amount of active material decreases. This is a general issue in
such systems, becoming clearly visible in the case of polymers containing fullerene
[42]. PBI as an alternative electron acceptor has been investigated to a lesser degree
since the PCEs of solution-processed devices did not reach those of comparable
polymer-fullerene cells [19, 43]. The main reason was seen in the uncontrolled
crystallization of PBI, resulting in large one-dimensional crystals concomitant with
poor morphological control [19]. Yet, suitable electronic properties and absorption
in the visible range make this acceptor compound interesting for light harvesting
applications and, apparently, interest in PBI for photovoltaic applications is reviv-
ing [20, 21, 44]. In addition, the chemical derivatization of the PBI core is feasible
since the two distinct imide positions can be substituted independently without al-
tering the electronic properties [45, 46]. Making use of these facts, Thelakkat et al.
designed a highly soluble and polymerizable PBI derivative bearing a branched alkyl
substituent at one imide position and a linear, acrylate-functionalized alkyl spacer at
the other imide position. The incorporation of this monomer into block copolymers
with poly(triphenylamine) as the donor yielded highly soluble D—A block copoly-
mers exhibiting all important requirements for photovoltaic applications [47]. The
valuable design and synthesis of this polymerizable electron conducting monomer
marked the beginning of a variety of block copolymers with side-chain crystalline
PBI blocks and donor blocks, being either amorphous or crystalline (Scheme 2).

donor monomers  acceptor monomer ” [ crystalline-crystalline
block copolymers

amorphous-crystalline
block copolymers

\
ar—_J—mgci

Scheme 2 Various donor and acceptor monomers can be combined to obtain block copolymers
with amorphous or crystalline segments. In the left box, the polymerizable monomers are shown.
On the right, the architectures of the resulting two main classes of D—A block copolymers are
depicted: amorphous—crystalline and crystalline—crystalline block copolymers
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The following sections summarize the work of our group concerning the
synthesis, the morphology and the application of such D—A block copolymers
in photovoltaic devices. The chapter is divided into two main sections. The first sec-
tion covers amorphous—crystalline block copolymers, in which the donor function
is taken care of by amorphous side-chain poly(triarylamine)s with different sub-
stituents. In the second section, very recent work on crystalline—crystalline block
copolymers incorporating P3HT as the donor block is presented (Scheme 2). We try
to picture comprehensively this interdisciplinary field by giving special emphasis to
achievements as well as drawbacks in chemical synthesis. Furthermore, a broad and
detailed characterization of the novel materials is given. Finally, the chapter finishes
with results on the morphology of these complex materials, and the first promising
results concerning the application in photovoltaic devices are presented.

2 Amorphous—Crystalline Donor Acceptor Block Copolymers

2.1 Synthesis and Characterization

With the advent of the polymerizable acceptor monomer perylene bisimide acrylate
(PerAcr), an electronically eligible donor monomer and a suitable polymerization
method had to be picked from the toolbox of organic and polymer chemistry. We
chose vinyltriphenylamine (vTPA) as a starting point since the synthesis can be
carried out in only one step and its energy levels form sufficient HOMO offset
with PBI. This assured a sufficient driving force for efficient electron transfer from
D to A [29]. In general, living or “quasi-living” polymerization methods were nec-
essary to create the required block copolymer architectures. Additional criteria such
as tolerance to functional groups and impurities as well as a metal-free nature were
to be preferred. We therefore selected controlled radical polymerizations. Among
the methods available, NMRP conformed to these preconditions [48]. Based on
these building blocks, sequential NMRP of vTPA and PerAcr was performed us-
ing a common unimolecular alkoxyamine developed by Hawker et al. [49]. The
resulting synthesis of the fully functionalized block copolymers PvTPA-b-PPerAcr
is shown in Scheme 3 [47].

Interestingly, polymerizing the acrylate monomer PerAcr starting from the
styrenic PvTPA macroinitiator led to better-defined block copolymers than starting
from the acrylate-based macroinitiator PPerAcr. This is inverse to the proposed
order in the literature [48]. A reason for this can arise from chain transfer during
the polymerization of PerAcr producing dead chain ends that do not carry the me-
diating nitroxide. When PerAcr was polymerized as the second monomer, the block
length could be adjusted via the monomer to macroinitiator ratio and different block
copolymers with varying acceptor content were obtained.

In order to vary the HOMO offset at the D—A heterojunction as well as the
hole mobility of the donor block, we also prepared substituted triphenylamine and
tetraphenylbenzidine (TPD) monomers with two methoxy substituents [50, 51].
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Scheme 3 Synthetic scheme of the two possible pathways towards PvTPA-b-PPerAcr block
copolymers via NMRP. Using PvTPA as a macroinitiator for the NMRP of PerAcr gave
monomodal block copolymers whereas starting from PPerAcr as macroinitiator, a mixture of
PPerAcr and the corresponding PPerAcr-b-PvTPA block copolymer was obtained. o-DCB ortho-
dichlorobenzene, TIPNO 2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxyl

Scheme4 shows the synthesis of bis(4-methoxyphenyl)-4’-vinylphenylamine
(vVDMTPA) and N,N’-bis(4-methoxyphenyl)-N-phenyl-N'-4-vinylphenyl-(1,1’
biphenyl)-4,4’-diamine (vDMTPD). The first monomer vDMTPA can be pre-
pared from 4-bromostyrene and 4,4’-dimethoxydiphenylamine via a Buchwald—
Hartwig amination in one step [52]. However, the formation of the side product
bis(4-methoxyphenyl)-4’-vinylstyrylamine with a very similar retention factor made
the purification of large monomer batches difficult (Scheme 4a). To circumvent this,
a three-step synthetic procedure was chosen instead as outlined in Scheme 4b.
Interestingly, vTPA gives a white powder after concentrating from solution whereas
vDMTPA is viscous and difficult to handle, and therefore crystals of vDMTPA were
grown from n-hexanes. The latter step was vital for an increase in the control of
the polymerization and the common features of a living character were observed.
The NMRP in anisole for a monomer-initiator-free nitroxide ratio of 200:1:0.1 re-
sulted in low polydispersities between 1.1 and 1.2. The desired molecular weights of
PvDMTPA were obtained by either varying the polymerization time or the initiator
to monomer ratio. Figure 1a shows the linear increase of the experimental molecular
weight with conversion, and Fig. 1b size exclusion chromatography (SEC) curves
of different macroinitiators with molecular weights between 5 and 30kgmol '
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Scheme 4 a One-step synthesis of bis(4-methoxyphenyl)-4'-vinylphenylamine (VDMTPA)
and formation of bis(4-methoxyphenyl)-4’-vinylstyrylamine. b Three-step procedure of
vDMTPA. ¢ Synthesis of N,N’-bis(4-methoxyphenyl)-N-phenyl-N/-4-vinylphenyl-(1,1’ biphenyl)-
4,4'-diamine (vyDMTPD). Macroinitiator synthesis and subsequent preparation of block copoly-
mers via NMRP were carried out analogously to Scheme 3
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Fig. 1 a Linear increase of the experimental molecular weight of PDMTPA vs conversion (de-
termined by '"H-NMR) for the NMRP of vDMTPA using a monomer-alkoxyamine-TIPNO ratio
of 200:1:0.1. The extrapolated experimental molecular weight of 3.2kgmol ! at conversion = 0%
arises from calibration with polystyrene standards. b SEC curves of the elution volume of different
well-defined PvDMTPA macroinitiators

The block copolymer synthesis of PvDMTPA-b-PPerAcr was conducted anal-
ogously to the reactions with PvTPA as a macroinitiator (see Scheme 3). Note
that block copolymer synthesis with PerAcr became more difficult with increasing
molecular weight of the macroinitiator. Longer reaction times were necessary and



Donor—Acceptor Block Copolymers with Nanoscale Morphology 131
the block copolymers generally exhibited broader molecular weight distributions.
This might be due to the increased sterical hindrance of the active chain end with
increasing molecular weight of the macroinitiator, retarding the polymerization of
PerAcr and increasing the probability of side reactions such as chain end decom-
position [53]. An illustration for this is given in Figs. 2a,b, where the SEC curves
of two PvDMTPA macroinitiators with different molecular weights are shown to-
gether with their resulting block copolymers. Obviously, the SEC curve of the block
copolymer in Fig. 2a (M, P"DMTPA = 9kg mol’l) is symmetric and no macroini-
tiator signal is found, whereas the curve of block copolymer in Fig. 2b is asymmetric
due to remaining P"DMTPA (M, P"DMTPA = 18kgmol !).

Finally, the concept of the amorphous side chain poly(triarylamines) was fur-
ther extended to segments carrying TPDs. In general, the charge carrier mobility of
TPDs is expected to be superior compared to simple TPAs [54, 55]. Two methoxy-
groups were introduced to the TPD unit in the 4-position for the sake of solubility.
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Fig. 2 SEC curves of PvDMTPA and PvDMTPD macroinitiators together with their resulting
block copolymers PvDMTPA-b-PPerAcr and PvDMTPD-b-PPerAcr. PPDMTPA blocks with an
M, of 9 and 18kg mol ! were used in (a) and (b), and PvDMTPD blocks with an M, of 7 and
21kgmol ™" in (c) and (d), respectively. Subscripts denote the weight fractions. The first superscript

denotes the molecular weight of the macroinitiator and the second one the molecular weight of the
block copolymer in kilogram per mole
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Such electron-rich groups also give rise to tuning of the HOMO level [56], provid-
ing an important tool for not only controlling the solubility but also the electronic
properties. The monomer synthesis of N,N’-bis(4-methoxyphenyl)-N-phenyl-N'-4-
vinylphenyl-(1,1’ biphenyl)-4,4’-diamine (vDMTPD) and the subsequent polymer-
ization via NMRP is depicted in Scheme 3. Similar conditions already applied to the
polymerizations of VDMTPA were used here and resulted in narrow-distributed and
well defined macroinitiators PvDMTPD with polydispersities of ~1.2. However,
polymerizations of vDMTPD had to be quenched at lower conversions, typically
at ~30%, since the viscosity of the reaction mixture increased faster compared to
PvDMTPA.

When using PVDMTPD as a macroinitiator for the polymerization of PerAcr, the
success of the block copolymer synthesis generally was strongly influenced by the
molecular weight of PvDMTPD. After the polymerization of PerAcr, a clear shift
in the SEC curves towards smaller elution volumes was observed for macroinitia-
tors with chain lengths up to 10kgmol !, even though a shoulder remained at the
elution volumes of the macroinitiator (Fig. 2c). This indicates the presence of non-
functionalized PvDMTPD chains, arising either from termination reactions during
vDMTPD polymerization or from chain termination at early stages during the ini-
tiation step of the synthesis of the second block. PvDMTPD macroinitiators with
higher molecular weights between 15 and 20kgmol~! could not successfully start
the controlled polymerization of PerAcr. In such cases, the SEC traces of the prod-
ucts did not shift to smaller elution volumes, and peak broadening occurred instead
(Fig.2d). Apparently, the increasingly challenging synthesis of the second block
with higher molecular weights of the macroinitiator already observed in the case of
PvDMTPA pursued for PvDMTPD. The sterical hindrance and the electron richness
of the PvDMTPD radical might be responsible for this trend. An illustration for this
is given in Scheme 5, in which the general chain end composition mechanism of
NMRP is depicted for PvDMTPD.

Indeed, the '"H-NMR spectrum of the ethyl methyl ketone fraction of the product
after PerAcr polymerization confirmed this assumption by featuring two doublets
at 5.57 and 5.82 ppm, indicating the formation of the alkene-terminated PvDMTPD
chain ends.

The issue of chain end degradation also becomes visible when PvDMTPD is
used as a macroinitiator for the NMRP of commercially available monomers such
as 4-vinylpyridine (4vP). However, due to the fast polymerization of 4vP, chain end
degradation in the beginning of the polymerization is likely to be suppressed to
a certain degree and high molecular weight PvDMTPD macroinitiators were suc-
cessfully incorporated into block copolymers PvDMTPD-b-P4vP [57]. Mixtures
of PvDMTPD-b-P4vP and inorganic CdSe:Te nanocrystals formed highly ordered
lamellar block copolymer morphologies with the inorganic n-type particles located
exclusively in the P4vP domains. Such inorganic nanocrystal:block copolymer hy-
brid materials are very interesting for photovoltaic applications, since they combine
the different and various advantages of the single systems, namely high electron
mobility, morphological control on a nanoscopic level and processability.
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Scheme 5 Possible chain end degradation mechanisms during the NMRP of vDMTPD. Ter-
mination can occur during the polymerization of VDMTPD or when using PvDMTPD as a
macroinitiator for the polymerization of the electron conducting monomer PerAcr

2.2 Thermal Properties

The thermal properties of the homopolymers and block copolymers were investi-
gated by thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC). These measurements determine thermal stabilities and phase transitions of
the materials, information that is necessary for later device annealing procedures.
In the case of block copolymers with crystalline segments, additional insight can
be gained concerning crystal size, degree of crystallinity and mechanism of crys-
tallization. Figure 3a shows the TGA curves of the two homopolymers PvDMTPA
and PPerAcr and the block copolymer PvDMTPA ;¢°-b-PPerAcrg, 8. Subscripts de-
note the weight fractions. The first superscript denotes the molecular weight of the
macroinitiator and the second one the molecular weight of the block copolymer in
kilograms per mole.

All three compounds are thermally stable and exhibit onset temperatures of
221°C,323°C and 306°C, respectively. Also, the thermal stability is sufficiently
high, and decomposition occurs only above the temperature range of the phase
transitions. Figure 3b shows the DSC traces of these compounds. A glass transition
temperature 7, of 129°C is observed for the amorphous PvDMTPA and, compared
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Fig. 3 a TGA curves of PYDMTPA, PPerAcr and PYDMTPA 5°-b-PPerAcrgy 8. Curves were
measured at 10Kmin~! under nitrogen. b DSC curves of the same polymers measured
at 10Kmin~' in the case of PPerAcr and at 20Kmin~! in the case of PvDMTPA and
PvDMTPA ;4°-b-PPerAcrgs 8. The second heating (solid line) and the second cooling (dashed line)
cycle is shown; curves are offset for clarity

to PvTPA (T, = 150°C), is reduced by 21°C due to the methoxy substituents in
the para position. The PPerAcr block features a melting temperature Ty, of 190°C
due to the side-chain crystallization. This side-chain crystallinity is caused by the
strong m—7 interactions of neighbouring PBI units. Both transitions are present in
the block copolymer — even though the T is weak due to the small weight fraction
of the amorphous block of only 16% (see inset of Fig. 3b) — and the temperatures
of the transitions only deviate marginally compared to the homopolymers. The lat-
ter fact supports a microphase separation that leads to a crystalline PPerAcr phase
in an amorphous donor matrix. The melting enthalpies of PPerAcr and PvDMTPA
167-b-PPerAcrg,®® are 9.8 and 7.9Jg~!, respectively. In general, compared to the
homopolymer, a decrease of the melting enthalpies of the PPerAcr block with de-
creasing block length was observed.

2.3 Electronic and Optical Properties

In this section the materials are investigated in terms of their energy levels,
their UV—vis absorption profiles in film and their charge carrier mobilities. The
HOMO and LUMO levels are estimated from cyclic voltammetry (CV) in solution
and UV-vis spectroscopy. The charge carrier mobilities of PvTPA, PvDMTPA,
PvDMTPD, and PPerAcr are extracted from measurements on organic field effect
transistors (OFETs). CV measurements of PvTPA in solution feature an irreversible
oxidation peak at 0.4V vs ferrocene (Fc), giving a HOMO energy level of 5.2eV
(Fig. 4a,b) [51]. Irreversible oxidations are commonly observed for unsubstituted
TPAs and the evolving new bands arise from dimerization products that are oxi-
dized at lower potentials [58]. PvDMTPA is oxidized at 0.2 V vs Fc, corresponding
to a HOMO level of 5.0eV. The oxidation peak remains constant after several
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Fig. 4 a Cyclic voltammograms of PvTPA-b-PPerAcr (dotted line), PvDMTPA-b-PPerAcr (solid
line) and PvDMTPD-b-PPerAcr (dashed line), showing the first and second reduction of PPerAcr
and the oxidations of the poly(triarylamine)s. b Enlarged region of poly(triphenylamine) oxidation.
All curves were measured in o-dichlorobenzene containing tetrabutyl ammonium hexafluorophos-
phate at 50mV s~! vs Fc (Fc: ferrocene). ¢ Optical densities of films (70 nm) of PvTPA-b-PPerAcr
(dotted line), PvDMTPA-b-PPerAcr (solid line) and PvDMTPD-b-PPerAcr (dashed line). Due to
the similar content of PPerAcr in all block copolymers, the optical density between 400 and 600 nm
is almost equal. d Schematic depiction of the estimated energy levels in electron volts. (Parts of
this figure are reproduced with permission from [51]. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA)
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cycles, demonstrating the reversibility of oxidation. In addition, the +M-effect of
the methoxygroups contributes to the electrochemical stability of the radical cation
[59]. Surprisingly, the first oxidation of PvDMTPD also occurs at 0.2V vs Fc,
resulting in the same HOMO level as PPDMTPA. The cyclic voltammogram of
PPerAcr did not exhibit a clear oxidation peak, and therefore the monomer PerAcr
was used for HOMO level determination. This compound showed an oxidation
at 1.2V vs Fc, corresponding to a HOMO level of 6.0eV. The first reductions of
PerAcr and PPerAcr both occurred at —1.2eV. Thus, the position of the LUMO
level is 3.6 €V, and is found to be independent of the molecular weight of PPerAcr.
Generally, all events of oxidation and reduction were found to be independent of the
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molecular weight and the presence of the second block. The LUMO energy levels
of the amorphous donor blocks were estimated from the CV results and the UV-vis
absorbance in film. Figure 4c shows the absorption of the three block copolymers.
The donor blocks exhibit the typical triarylamine absorption up to 400 nm and PPer-
Acr features three characteristic bands between 400 and 600 nm, corresponding to
an aggregated state of the PBI moieties [60]. Since the absorption profile is sensitive
to changes in the relative orientation of the PBI chromophores [61], we propose
that stacking of PBI moieties occurs along one-dimensional stacks with a rotational
offset, in a similar fashion to what has been shown for low molecular weight PBIs
[17]. Figure 4d depicts the resulting energy levels of the three donor polymers with
PPerAcr as the acceptor. As can be clearly seen, the resulting energy level offsets
are sufficiently large for efficient charge separation in all the block copolymers,
being 0.8-1.0eV for AHOMO and ~1.5eV for ALUMO [51].

For the determination of the charge carrier mobility, OFETs were produced
[62, 63]. The electron mobility of PPerAcr depended strongly on the thermal history
of the transistor device. Spin casting PPerAcr from chloroform yielded devices with
weak performances and high threshold voltages around 20 V. This changed dramat-
ically after annealing the samples at 210 °C for 60 min, which is above the melting
temperature of PPerAcr of 190°C. The threshold voltage dropped significantly to
6.8V, while the current and charge carrier mobility both increased by two orders of
magnitude. Thus electron transport mobilities of up to 1.2 x 10 3ecm? Vs~ ! were
achieved (Fig. 5) [62].

The hole mobilities of PvTPA, PvDMTPA and PvDMTPD were measured as
1 x1077,3x 1077 and 1 x 10~*cm? V~!s~!, respectively, after spin casting from
toluene. After thermal annealing the OFET devices above the glass transition
temperature, mobility values of 3 x 107°,5 x 107> and 1 x 10~ *ecm 2V~ !s71,
respectively, were obtained [63]. Based on these results, we can derive several es-
sential differences between PvTPA and PvDMTPA. First, the HOMO level shifts
from 5.2 to 5.0eV. Second, PvDMTPA is electrochemically stable because the two
para positions are blocked and cannot give rise to dimerization reactions. Third,

PPerAcr

Fig. 5 Transfer
characteristics of the PPerAcr
homopolymer before and
after annealing above the Ty, o
(drain voltage 20 V). Y
(Reproduced with permission 107" 4 ] : : . . .
from [62]. Copyright 2008 0 10 20 30 40 50 60
American Institute of

Physics) VQ [V]
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a slight improvement in the hole carrier mobility is observed, most likely due to
the electron-rich methoxy substituents. The HOMO level position of PvDMTPA
is maintained in PvDMTPD, which carries TPD moieties, and the charge carrier
mobility of PYDMTPD is highest among the three donor polymers [63]. The trend
of increasing hole carrier mobilities from PvTPA to PvDMTPA to PvDMTPD has
also been confirmed using analysis of steady-state current—voltage characteristics
from co-planar diode structures [64]. Thus, if incorporated into block copolymers
with the acceptor polymer PPerAcr, this set of amorphous donor blocks is ideal
for correlating the solar cell performance with important parameters such as energy
levels, charge carrier mobility and morphology. By comparing these results with
the morphological information from electron microscopy, certain structure-property
relationships are established in the following section.

2.4 Morphology and Device Performance

In general, blends of amorphous donor polymers and PBI acceptor materials, being
either small molecules or polymers, are not capable of undergoing a controlled
phase separation. The crystallization of low molecular weight PBIs normally results
in large and inhomogeneous crystals. Blends of PPerAcr and amorphous polymers
will macrophase separate and form micron-sized domains. Block copolymers with
one amorphous block and one side-chain crystalline PPerAcr block can solve this
problem quite elegantly by confining PBI crystallization to nanometer-sized, either
cylindrical or lamellar, domains [65]. This block copolymer approach is thus unique
in controlling the size and shape of the PPerAcr acceptor microdomains, and can
now be used to tune down the structural features to the range of the exciton dif-
fusion length. Indeed, block copolymers with all the functionalities required for
photovoltaic applications can outperform their analogous polymer blends, as was
demonstrated recently for the case of PvTPA-b-PPerAcr (Fig. 6) [66].

The two TEM pictures of Fig. 6 unambiguously point out the advantage of the
block copolymer in terms of creating a larger interfacial area between the donor
and the acceptor phase (Fig. 6b). Macrophase separation, as it occurs in the blend
film (Fig. 6a), is impeded in the block copolymer due to the covalent connectivity
of the two blocks. The larger interface of D and A in the block copolymer film also
gives rise to a higher degree of photoluminescence quenching (Fig. 6¢) and finally
leads to a sixfold external quantum efficiency (EQE) and to a tenfold improvement
in the PCE. In the block copolymer film, more excitons can reach the D—A interface
where they are separated into holes and electrons (Fig. 6d). Evidently, the structural
features in Fig. 6b represent a non-equilibrium state after spin casting the block
copolymer from chloroform solutions. If at all, the domains seem to be oriented
rather parallel than perpendicular to the substrate. It has to be elucidated how such
a block copolymer thin film morphology can be aligned vertically. Yet the large
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Fig. 6 a Cross sectional TEM of active layers of a PvTPA:PPerAcr blend and b of a PvTPA-b-
PPerAcr block copolymer (BC). ¢ Optical density and photoluminescence quenching. d External
quantum efficiency (EQE) of these same films. The films are stained with RuQOy, bright regions
in (a) and (b) are due to PPerAcr domains. (Reproduced with permission from [66]. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA)

improvement of the block copolymer device demonstrates the huge potential this
approach offers and further enhancement is expected by optimizing processing and
post-production treatments. However, improvements in device performance are also
effective at the materials synthesis stage. A recent study of Haque et al. has empha-
sized the importance of the segment lengths to morphology and device performance
in PvTPA-b-PPerAcr, even when the same type of nanostructure is obtained with
different degrees of polymerization [29]. Furthermore, derivatizing the tripheny-
lamine core of PvTPA with electron-rich substituents has led to considerable device
improvements. In the following, the complex interplay between the HOMO level
offset, the hole carrier mobility, the morphology and the device performance will be
comprehensively outlined.

The morphologies of the block copolymers containing the different hole con-
ductors PvTPA, PvDMTPA and PvDMTPD were first investigated by transmission
electron microscopy of bulk samples [51]. For this purpose, the polymers were
thermally annealed above their melting temperatures, cooled down at 10K min~",
embedded into epoxy resin and microtomed (~50nm). Subsequent staining was
carried out using RuOy4, which preferentially reacts with PPerAcr. The stain-
ing time turned out to be an important parameter. Short treatment with RuOy4
vapour was necessary to generate a sharp contrast between the two phases
whereas staining times exceeding 30 min resulted in broader structures. The ob-
served effect of initial boundary staining might be due to preferential staining
of RuO4 with the amorphous PPerAcr that surrounds the crystalline PPerAcr
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Fig. 7 TEM pictures of thermally annealed bulk samples of a PvIPA4'-b-
PPerAcrgs?®, b PvDMTPA3'8-b-PPerAcr7,%5, ¢ PvDMTPA 4°-b-PPerAcrgs®® and d
PvDMTPD;o’-b-PPerAcrs; 2°. Dark domains represent PPerAcr and the brighter ones the
amorphous donor blocks. The samples were annealed above their melting temperatures, embedded
into epoxy resin, microtomed and stained with RuOy4. (Reproduced with permission from [51].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA)

phase. Such a phenomenon has been reported for semi-crystalline block copoly-
mers poly(ethylene)-b-poly(vinylcyclohexane) [67]. Figure7 shows the TEMs of
PvTPA-b-PPerAcr, PvDMTPA-b-PPerAcr and PvDMTPD-b-PPerAcr.

Figure 7a shows block copolymer PvTPA4!0-b-PPerAcrgs2® with a donor block
of ~16kgmol ™!, a PPerAcr weight fraction of 86% and an overall molecular weight
of ~26kgmol~!. The microphase separated material exhibits crystalline PPerAcr
lamellae (dark) in an amorphous PvTPA matrix (brighter). A similar morphology is
observed from PvDMTPA,3'8-h-PPerAcr7,? in Fig. 7b. Note that the term “wire-
like” used earlier [50, 51] may not reflect the real morphology, and will be replaced
by “lamellar”. The structures in Fig. 7c,d are substantially different compared to
Fig. 7a,b. Worms or fibrils of PPerAcr appear in the micrographs of both polymers,
PvDMTPA ;4”-b-PPerAcrg,®® (Fig. 7c) and PvDMTPD o’-b-PPerAcrg; 2° (Fig. 7d).
The morphologies in Fig.7a,b are of particular interest for photovoltaic applica-
tions since both domains, donor as well as acceptor, percolate through the whole
bulk sample. Since the molecular weight of the donor block is 16-18kgmol~! in
Fig. 7a,b and 7-9kgmol ! in Fig. 7c,d, the length of the amorphous segment seems
to decide on the formation of a lamellar morphology if the PPerAcr weight fraction
lies between 72% and 86%. In order to correlate these structures with the PV de-
vice performance, solar cells were constructed from the same polymers [51]. Note
that the HOMO level offset is 1.0eV in Fig. 7a and 0.8 eV in all the other polymers
and that the hole carrier mobility increases from PvTPA (Fig.7a) to PvDMTPA
(Fig. 7b,c) to PvDMTPD (Fig. 7d). Indium tin-oxide (ITO) substrates covered with
PEDOT:PSS were used for the preparation of photovoltaic devices. The active layer
was spin cast from chloroform solutions (0.5 wt%) and the devices were completed
with aluminium as top electrode. The current density—voltage (J-V) characteristics
of these four polymers are shown in Fig. 8a.

We first compare the J—V-characteristics of the two block copolymers with
PvTPA and PvDMTPA as donor, whose bulk morphologies are quite similar, as
shown in Fig.7a,b. The Jsc in the device made of PYDMTPA,g!8-b-PPerAcry, ¥
(squares) amounts to 1.14mAcm~2 which is a fivefold increase compared to
0.23mAcm 2 in PvTPA4'0-b-PPerAcrgs?® (diamonds). This indicates that D-A
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charge transfer occurs more efficiently in the block copolymer with PvDMTPA
than PvTPA as hole conductor, which is caused by the higher D/A HOMO offset
(Fig. 4d). From the higher slope of the J—V-curve of PvDMTPA 3 18_p-PPerAcry, >
(squares) at open circuit conditions, it can be concluded that charges are in-
jected more easily from PvDMTPA (HOMO = 5.0eV) than from PvTPA
(HOMO = 5.2¢V) into ITO. The maximum photovoltage that can be achieved
at the D-A interface is given by HOMOp-LUMO,, implying a loss of photovolt-
age if HOMOyp, is shifted to higher values. But this negative effect is compensated in
PvDMTPA,5!8-b-PPerAcry,? (squares) due to an improvement in the hole transfer
efficiency and, as a result, the V¢ of both devices are nearly the same (670 and
690mV).

In the following, the impact of morphology on the J-V-characteristics
of PvDMTPA-b-PPerAcr block copolymers is elucidated. Block copolymer
PvDMTPA,3'8-b-PPerAcry,® (squares) self-assembles into a lamellar morphology
and PvDMTPA ¢°-b-PPerAcrgs3® (circles) exhibits shorter PPerAcr structures (see
Fig.7b,c). The PCE of the device with the lamellar block copolymer is improved
fivefold compared to PYDMTPA 14°-b-PPerAcrg, 3 (circles). Both parameters, the
Jsc and the Vg, rise from 0.24 to 1.14mAcm 2 and from 530 to 690 mV, respec-
tively. Since the HOMO level is 5.0eV in both block copolymers and the charge
carrier mobility is not altered, the difference in morphology must be responsible
for the change in device performance. Also, the same amount of light is absorbed
by the two block copolymers, as indicated by the same optical density of the ac-
tive layers between 400 and 600 nm. PYDMTPAg'8-b-PPerAcrs,> (squares) and
PvDMTPA j4°-b-PPerAcrgy3® (circles) vary mainly in their hole conductor block
length, resulting in different volume nanostructures. PvDMTPA g 18-b-PPerAcr7235
(squares) shows a lamellar morphology and PvDMTPA ;¢°-b-PPerAcrss 58 (circles)
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exhibits shorter structures. As a consequence, charge percolation should be more
favourable in the former case. This indicates that not only an adaptation of the
energetic levels but also the generation of longer and defined charge percolation
pathways are required for improving the efficiency of a bulk heterojunction solar
cell. Albeit the correlation of thermally annealed bulk structures with the device
performance of active layers spun from chloroform can rationalize these findings,
such a comparison is critical in general. In order to provide information regard-
ing the real device morphologies, scanning electron microscopy (SEM) was done
on both PvDMTPA-b-PPerAcr devices after spin casting (Fig. 8b,c). In SEM, the
contrast is inverted compared to TEM images. Now, the bright domains repre-
sent PPerAcr and the dark regions can be assigned to PVDMTPA. The surface of
PVDMTPA 3 '8-b-PPerAcr7,® (squares) exhibits large and flaky domains of PPer-
Acr whereas the structural features of PYDMTPA ;¢°-b-PPerAcrg,®® (circles) are
smaller in terms of both, the donor as well as the acceptor domains size. On the one
hand, this corroborates the picture of a better charge percolation in the device made
of PVDMTPAzg18-b-PP€I‘ACI‘7235 (squares) and, on the other hand, indicates that
a domain size that is too small leads to inefficient charge transport and increased
recombination rates.

Finally, we consider the effect of a PvDMTPD segment carrying efficient
TPD hole transport units and compare the device performance with the block
copolymers made from PvDMTPA macroinitiators. The HOMO energy levels in
PvDMTPD and PvDMTPA both are 5.0eV so that any differences in device per-
formance can be ascribed to changes in morphology or charge carrier mobility.
Choosing PYDMTPA |4”-b-PPerAcrgy3® (circles) and P"DMTPDo’-b-PPerAcrg; %0
(triangles) for this comparison allows to exclude large effects of morphology, since
their block lengths and compositions are similar (see Fig. 7c,d). In the device made
of the PDMTPD block copolymer, the improvement in the Jsc(1.21 mAcm™~2)
is fivefold, whereas the open circuit voltage is 0.53V in both cases. This result
is encouraging since the short circuit current is highest among the four block
copolymer devices, although the TEM nanomorphology suggests the presence
of non-optimal worm-like structures. Therefore the improved current can be at-
tributed to the higher charge carrier mobility of TPDs [63, 64]. Interestingly,
devices made of block copolymers that exhibit lamellar nanostructures in the
bulk (Fig.7a,b) give higher open circuit voltages (0.67 and 0.69V, respectively)
than those with active layers from PVDMTPA ”-b-PPerAcrgs®® (circles) and
PvDMTPDo’-b-PPerAcrg?® (triangles) (Fig.7c,d). We therefore believe that a
block copolymer such as PvDMTPD-block-PPerAcr can be designed to obtain
lamellar domains, in which the synergetic effects of an improved hole transfer
efficiency, an acceptable charge carrier mobility and a desired morphology can lead
to higher PCEs.

However, another approach for improving the charge carrier mobility is to
employ conjugated, semi-crystalline polymers. Here, a further advantage is the ex-
tended absorption in the visible range. These issues are addressed in the next chapter
which is concerned with crystalline—crystalline block copolymers comprised of
poly(3-hexythiophene) and PPerAcr.
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3 Crystalline—Crystalline Donor Acceptor Block Copolymers

3.1 Synthesis and Characterization

The objective of synthesizing block copolymers with P3HT and PPerAcr involves
the combination of two polymerization methods, Grignard Metathese Polymer-
ization (GRIM) and NMRP, in a straightforward fashion. Poly(3-alkylthiophenes)
prepared via the GRIM method were first incorporated into block copolymers by
McCullough et al. using polymeranalogous reactions to generate P3HT macroini-
tiators for the atom transfer radical polymerization (ATRP) of a second coil block
[68, 69]. Later on, this concept was extended to P3HT macroinitiators for NMRP
and reversible addition fragmentation termination polymerization (RAFT) [70]. The
preparation of these macroinitiators included four steps and, therefore, we aimed at
a one-pot procedure. Protocols for the in situ introduction of different endgroups
were readily available from McCullough et al. [71], giving an obvious pathway for
a straightforward synthetic methodology towards P3HT block copolymers in two
steps (Scheme 6) [72].

The in situ introduction of the alkoxyamine at the end of the P3HT chain (cap-
ping efficiencies between 40% and 85%) was verified by 'H-NMR. The success of
this reaction sensitively depended on the fairly complex polymerization conditions.
McCullough et al. found mixtures of mono- and dicapped P3HT species, depending
on the type of Grignard used [71], whereas we could only detect small amounts of
dicapped P3HT macroinitiators. A mixture of mono- and dicapped macroinitiators
leads to a mixture of diblock and triblock copolymers, which cannot be separated
afterwards by simple extraction methods. This complicates characterization and can
be disadvantageous regarding the self-assembly of the material. To gain additional
insight into the various termination reactions of the GRIM during the in situ endcap-
ping with the alkoxyamine, the endgroups were analyzed using matrix-assisted laser

P3HT-b-PPerAcr
ONIO 1. t-BuMgCl
E?'i\ 2. Ni(dppp)Cl, «Z—)_QC:PQ)Q#
3.
¢ M °'ﬁ:© P3HT-MI e m N
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Scheme 6 One-pot synthesis of P3HT-MI macroinitiators for NMRP using the McCullough
method followed by in situ endcapping with the Grignard derivative of a common alkoxyamine
initiator. Starting from these macroinitiators, the acceptor monomer PerAcr is polymerized to give
fully functionalized, double-crystalline block copolymers P3HT-b-PPerAcr
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Fig. 9 Evolution of P3HT endgroups during the encapping reaction with the Grignard-
functionalized alkoxyamine as revealed by MALDI-TOF. The 16-mer is shown. Bz: benzylic
fragment of the alkoxyamine

desorption ionization time-of-flight (MALDI-TOF) as a function of endcapping
time. For this purpose, aliquots were withdrawn after adding an eightfold excess
of the alkoxyamine endcapper, quenched with hydrochloric acid, and analyzed by
MALDI-TOF [73]. The results are summarized in Fig. 9 and show the engroups of
a P3HT-alkoxyamine macroinitiator after 10 min, 1 h and 6 h of encapping time.
The alkoxyamine does not survive the MALDI ionization procedure and only
P3HT chains with the benzylic fragment (Bz) are observed (similar to mass spec-
trometry of the low molecular weight alkoxyamine). A quantitative evaluation of
the MALDI-TOF peak heights is critical since the peak intensities do not repre-
sent proportionally the amount of the respective species. Qualitatively, P3HTs with
hydrogen-hydrogen (H-H), hydrogen—bromine (H-Br), hydrogen—alkoxyamine
(H-Bz) and alkoxyamine—alkoxyamine (Bz—Bz) endgroups are found. On com-
paring the different spectra, most of the alkoxyamine endcapping occurs during
the first few minutes after adding the endcapper and increases only slightly after-
wards. The overall degree of alkoxyamine endcapping is small in this case (~40%
by 'H-NMR), and despite the presence of further H-Br chain ends, these are not
coupled to the initiator. Rather, the signal of the H-Br ends decreases, concomitant
with an increase of the signal of the H-H endgroups. This indicates that, despite
the presence of Grignard-functionalized alkoxyamine, H-Br-terminated chains un-
dergo a side-reaction which converts them into H-H-terminated chains. A general
strategy for obtaining higher yields of alkoxyamine-terminated P3HT is therefore
to use a larger excess of endcapper. When an excess of alkoxyamine around 15 eq
(with respect to the catalyst) was added, the degree of endcapping increased from
40% to up to 80%. However, a complete endcapping of all P3HT chains with
alkoxyamine seems unlikely as long as degradation of bromine-terminated chains
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occurs during the GRIM. We believe that the simple and straightforward one-pot
procedure compensates for incomplete encapping and, depending on the second
segment, the non-functionalized P3HT can be removed afterwards via Soxhlet ex-
traction. More critical is the presence of dicapped macroinitiators leading to triblock
copolymers, since the separation of triblock and diblock copolymers is not possible
by extraction methods. Using the in situ endcapping method presented here, the
fraction of P3HT with two alkoxyamine groups is small and, as will be shown later,
the polydispersities of the resulting block copolymers are sufficiently low (1.2-1.5).

In the second step, the P3HT-MI was used to polymerize PerAcr (Scheme 6).
The segment length of the PPerAcr can be well-adjusted by the reaction time as
well as the ratio [P3HT-MI] to [PerAcr]. Similar reaction conditions applied earlier
for block copolymer synthesis with PerAcr were successfully used here. The yield
of the polymerization is limited by the viscosity of the reaction mixture; the reaction
is typically stopped after 30-40% conversion. Purification of the products can sim-
ply be achieved by Soxhlet extraction, thereby removing non-functionalized P3HT
and monomer PerAcr. P3HT-MI macroinitiators with different molecular weights
were synthesized and incorporated into block copolymers with PPerAcr, as the
P3HT molecular weight determines the performance of solar cells to a large extent
[74]. The size exclusion chromatograms (SEC) of the block copolymers P3HT-b-
PPerAcr, hereafter referred to as BC 16, 17, 21, 25 and 30, and their corresponding
macroinitiators P3HT-MI 9 and P3HT-MI 17, are shown in Fig. 10 and demonstrate
the successful block copolymer synthesis.

The molecular weights of BC 16, 17, 21, 25 and 30 are 16.1, 16.9, 20.6, 24.8
and 29.5 kgmol’l, respectively, and the polydispersity indices are fairly low, be-
tween 1.15 and 1.31. Only for PPerAcr weight fractions as high as 80% in BC 25

a
b 1]

© ®
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: :
S

c

0
16 18 20 22 24 12 14 16 18
elution volume [ml] elution volume [ml]

Fig. 10 a Size exclusion chromatography (SEC) of the macroinitiator P3HT-MI 9 (M, =
8.9kgmol~!) and the four block copolymers P3HT-b-PPerAcr BC 16, 17, 21 and 25 (M, =
16.1,16.9,20.6 and 24.8kgmol ™!, respectively). (Reproduced with permission from [72]. Copy-
right Wiley-VCH Verlag GmbH & Co. KGaA.) b SEC curves of macroinitiator PAHT-MI 17 with
a high molecular weight of 17.0kgmol ! and a resulting block copolymer P3HT-b-PPerAcr BC
30 (M, = 29.5kgmol™"). (Reproduced with permission from [75]. Copyright (2009), American
Institute of Physics.) The curves were measured in THF containing 0.25 wt% tetrabutylammonium
bromide in (a) and pure THF was used as the eluent in (b)
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Table 1 Molecular weights, polydispersity indices, compositions and thermal properties of homo-
and block copolymers. The molecular weights were determined via SEC using polystyrene cali-
brations, the compositions via 'H-NMR and the thermal properties from DSC measurements. The
melting enthalpies are normalized to their weight fractions

Mn<P3HT Mn.overall wt% Tml Tm2 Tz:l 72:2 A['Im<P3HT
Polymer (kg mol") (kg mol ! )PDI  PPerAcr (°C) (°C) (°C) () (d g h
PPerAcr - 23 1.71 100 191 - 169 - -
P3HT-MI 9 8.9 - .12 0 208 - 180 - 13.1
P3HT-MI 17 17.0 - .12 0 223 233 192 - 16.9
BC 16 8.9 16.1 125 557 190 211 148 162 103
BC 17 8.9 16.9 124 597 191 211 148 163 8.8
BC 21 8.9 20.6 131 737 2020 — 172> — —b
BC 25 8.9 24.8 153 814 206° - 179> — b
BC 30 17.0 29.5 1.15 549 204 244  178° -—° 15.4

“The two melting points of P3HT-MI 17 are probably due to a smectic liquid crystalline behaviour
1gsee [76])

A single melting and crystallization peak appears
“The recrystallization of BC 30 shows a shoulder at ~176°C beside the main peak at 178°C

does the PDI increase to 1.53. For the preparation of active layers in bulk hetero-
junction solar cells, the donor acceptor blend composition commonly lies between
1:1 and 1:4, depending on the polymer used. The PPerAcr weight fractions in our
set of block copolymers exactly matches with these values, spanning the range
between ~50wt% (BC 16) and ~80wt% (BC 25). Similarly to our observations
regarding the increased difficulties of PerAcr polymerization with increasing My
of poly(triarylamine) (see Fig. 2), PPerAcr blocks were more difficult to synthesize
starting from the higher molecular weight macroinitiator P3BHT-MI 17. This was
manifested by prolonged reaction times and higher monomer to macroinitiator ra-
tios that were necessary to obtain the same compositions compared to P3HT-MI 9.
All parameters regarding the molecular weight, PDI and composition are shown in
Table 1.

3.2 Thermal Properties

The double-crystalline character of P3HT-b-PPerAcr was investigated by DSC
(Fig. 11) [72, 75]. The macro-P3HT-9 exhibited a melting point (7},) at 211°C,
whereas the homopolymer PPerAcr melted at 191°C. In BC 16, the two Tps
observed at 190°C and 211 °C were ascribed to melting of PPerAcr and P3HT do-
mains, respectively. The cooling curve of BC 16 showed two exotherms at 162°C
and 148°C, that are ascribed to the recrystallizations (7;) of PPerAcr and P3HT,
respectively. The macro-P3HT 17 showed two Tiys at 223°C and 233°C. The ob-
servation of a second melting peak probably is due to a smectic liquid crystalline
behaviour [76]. BC 30 exhibited two Ti,s at 204 °C and 244 °C in the heating curve,
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Fig. 11 Differential scanning [T T T T T v T v T
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but only one 7; at 178 °C in the cooling curve. This behaviour is caused by the higher
segment length of P3HT, which shifted the melting and recrystallization tempera-
tures of P3HT towards higher values. As a result, the distance between the two Ti,s
was larger in BC 30 compared to BC 16, whereas the distance between the two 7¢s
in BC 16 became smaller with increasing molecular weight of P3HT, and the two
peaks appeared as one transition in the cooling curve of BC 30. The higher melt-
ing point of the P3HT block in BC 30 points out larger P3HT crystals. We also
note that the degree of P3HT crystallinity was higher in BC 30 compared to BC 16
as indicated by the melting enthalpies AH, of the P3HT melting peak normalized
to the weight fraction. AHy, of BC 16 amounted to 10.3Jg~!, whereas 15.4Jg~!
were measured in BC 30 [75]. This tendency is in line with the melting enthalpy
of the P3HT-macroinitiators (AH,, macro-P3HT 9 = 13.1J g’l,AHm macro-P3HT
17=16.9Jg71).

3.3 Optical Properties

A common feature of P3HT homopolymer absorption is the characteristic shoulder
at 610nm, arising from P3HT aggregate formation [77]. The absorption of PPer-
Acr is only weak at this wavelength. Figure 12a shows the absorption curves of
the two homopolymers P3HT and PPerAcr, and the block copolymers BC16-25.
Clearly, the block copolymer absorption patterns are convoluted spectra of the two
homopolymers. The characteristic shoulder of P3HT is also observed in all block
copolymer films, with the intensity at 610nm roughly correlating to the P3HT
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Fig. 12 a Optical densities of thin films of P3HT, PPerAcr, and BC 16-25 after spin coating from
chloroform followed by chloroform vapour annealing. b Optical densities of BC 16 and BC 30
after spin coating from chlorobenzene. (Reproduced with permission from [75]; Copyright 2009
American Institute of Physics)

weight fraction. However, such absorption curves are only observed when the as
spun films are subjected to chloroform vapour annealing, since this type of treat-
ment breaks up the n—m interactions between adjacent PBI units in PPerPAcr [78],
and therefore gives rise to a rearrangement of the P3HT segments. The P3HT shoul-
der is only weakly developed in the block copolymer films when using chloroform
solutions for spin coating without additional chloroform vapour annealing, since no
time for chain rearrangement is given and the films dry out immediately (not shown
here).

However, when using high boiling point solvents such as chlorobenzene for spin
coating, the development of P3HT aggregates can be observed right after process-
ing. Figure 12b shows the absorption of BC 16 and BC 30 after spin coating from
chlorobenzene. Obviously, the optical density at 610 nm is higher for BC 30 than for
BC 16. Only recently, a linear correlation between the oscillator strength at 610 nm
and the degree of P3HT crystallinity was established [79], suggesting a higher P3HT
crystallinity in the film made of BC 30. This result is corroborated by the difference
in the melting enthalpies obtained from the DSC measurements (see Sect. 3.2) [75].
The different degrees of P3HT crystallinity of BC 16 and BC 30 having the same
composition make these two block copolymers ideal candidates for a comparative
study in terms of their morphological and photovoltaic properties, as is attempted in
the following.

3.4 Morphology and Device Performance

Morphological investigations were carried out using scanning electron microscopy
(SEM) on bulk and thin film samples of BC 16 and BC 30 (Fig. 13).

Since thermal annealing of bulk samples did not produce discernible features at
the surface, we applied controlled solvent vapour annealing [78] (SVA). This type
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8 ¢ BC16film SVA B ~~ e BC 16 film as cast §.

4 f BC 30 film as cast

Fig. 13 SEM images of BC 16 and BC 30. a,b Surface of bulk samples after solvent vapour
annealing (SVA). ¢,d Thin film morphologies after spin coating from chloroform followed by SVA.
e,f Thin film morphologies after spin coating from chlorobenzene. Bright domains are ascribed to
PPerAcr and dark domains to P3HT. Scale bar is 200 nm in all pictures

of treatment led to the formation of fibrilar morphologies in both block copolymers.
Figure 13a,b presents the surface of micron-thick bulk samples after SVA. Bright
PPerAcr fibrils were observed in a darker matrix of P3HT. While the distance be-
tween the fibrils was ~20nm in BC 16, an increased spacing of ~30nm was found
in BC 30, reflecting the increased M, of P3HT. A fibrillar structure could also be
produced in thin films of BC 16 spun cast from chloroform and subjected to SVA
(Fig. 13c). By contrast, thin films of BC 30 were almost featureless at the surface
after SVA, even after prolonged annealing times (Fig. 13d). We also tested whether
fibrillar morphologies formed after spin coating the block copolymers from higher
boiling point solvents such as chlorobenzene. Here, no distinct features were ob-
served in films of both BC 16, and BC 30 (Fig. 13e,f), even though the film of BC 30
suggested slightly larger domains as a result of the higher M, of P3HT. DSC mea-
surements indicated further evidence for the latter (higher melting point of P3HT
block in BC 30).

Photovoltaic devices were produced using the common device architecture
indium tin-oxide (ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)/block copolymer/aluminium. The solar cell performance was eluci-
dated by measuring the EQE and the current density—voltage (/-V') characteristics
(Fig. 14).

Although PPerAcr fibrils formed after SVA in the device of BC 16, the best
performance was obtained after simple processing of both block copolymers from
chlorobenzene. A possible reason for the lower performance of devices subjected
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Fig. 14 Photovoltaic performance of BC 16 and BC 30 after processing from chlorobenzene
solutions. a External quantum efficiency (EQE) and b J-V-curves under AM 1.5G conditions
(100mW cm™2). (Reproduced with permission from [75]. Copyright 2009 American Institute of
Physics)

to SVA might be dewetting, as was observed for a similar block copolymer [80].
Devices with 60 nm thin films gave an outstanding EQE value of 31% for BC 30,
whereas BC 16 only delivered 3% (Fig. 14a) [75]. The J-V measurements of the
device with BC 30 yielded a short circuit current Jsc of 1.5mAcm™2, an open cir-
cuit voltage Voc of 0.44V and a PCE n of 0.2% (Fig. 14b). The device with BC
16 as the active layer exhibited Jsc = 0.08 mAcm~2,Voc = 0.51V, n = 0.007%
and FF = 0.17. We assume the higher degree of crystallinity of P3HT in BC 30
to be the main reason for the drastic improvement of the performance of BC 30
compared to BC 16 (see Sects. 3.2 and 3.3). Also, larger P3HT domains can be ex-
pected in films of BC 30, which should result in a better charge percolation. This
is obvious from the difference in the molecular weights of the two P3HT macroini-
tiators employed, but also from the difference of the overall molecular weights (see
Table 1). Consequently, the hole carrier mobility is expected to be higher in BC
30 than in BC 16. Indeed, OFET measurements of films of BC 16 and BC 30 re-
vealed hole carrier mobilities of 3 x 107> and 5 x 1073 cm? V~!s~!, respectively
[75]. While the huge difference in the hole mobilities of BC 16 and BC 30 is as-
cribed to P3HT domain percolation and crystallinity here, we note that a dependence
of hole transport mobility on molecular weight has already been observed in pristine
P3HT homopolymers [81]. However, the dramatic improvement in the hole carrier
mobility of BC 30 by more than two orders of magnitude obviously plays a role
at the enhanced device performance of BC 30. The high EQE of 31% expected to
yield higher PCEs; however, the low fill factor of 0.25 apparently limited the overall
device performance. Such photovoltaic parameters appear low when compared to
state-of-the-art solar cells [3—5, 7-10]; however, an EQE value of 31% is especially
encouraging when considering maximum values of only ~20% obtained for blend
devices comprised of P3HT and low molecular weight PBIs [20, 21, 82].
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While no EQE measurements were reported in a recent study by Emrick et al. us-
ing a similar P3BHT-PBI block copolymer, a good PCE of 0.49% was demonstrated
[80]. Here, a low molecular weight P3HT block (5.5 kgmol’l) was used, and the
devices were thermally annealed prior to electrode deposition. We achieved the best
PCE (0.2%) from devices made of BC 30 (M, of P3HT: 17kg mol ™! ) after spin cast-
ing from chlorobenzene, and thermal annealing led to a decrease of all photovoltaic
parameters. Considering the relatively high P3HT chain length in BC 30, we note
that the differences in molecular weight, composition and device performance indi-
cate a large potential for further device optimization.

The overall device efficiencies presented here are still moderate compared to con-
jugated polymer/fullerene based systems [3-5, 7—10]. In this respect we like to point
out that by using fully functionalized block copolymers the “idealized morphology”
as proposed in Scheme 1 has only been achieved in bulk samples [51, 66], and in
thin films with domain orientations parallel to the substrate [78]. We therefore esti-
mate that — among the synthesis of new materials — the largest potential lies within
the achievement of vertically oriented block copolymer domains exhibiting a high
degree of long-range order in film.

4 Conclusions

Different polymerization methods have been employed to generate donor—acceptor
block copolymers with different architectures carrying all functionalities re-
quired for the application in OPV cells. Donor—acceptor block copolymers
with amorphous poly(triarylamine) segments and side-chain crystalline PBI
segments show exciting nanostructures and outperform their analogous blend sys-
tems by far. However, the limited charge carrier mobilities of the donor blocks
and the moderate absorption are inherent drawbacks of such systems. Relief
might be produced by replacing the amorphous donor segment with conjugated,
semicrystalline blocks such as P3HT. In this respect, block copolymers com-
prised of P3HT and side-chain crystalline PBI blocks are promising materials
which are just beginning to be investigated. These materials not only address
the issues of an improved hole carrier mobility and an extended absorption.
More importantly, they enable to confine PBI crystallization to microdomains,
thus preventing the uncontrolled growth of crystals observed in blends of con-
jugated polymers and low molecular weight PBIs. Double-crystalline block
copolymers P3HT-b-PPerAcr show large differences in device performance
when the molecular weight or the composition is varied. On the one hand,
these differences point out that structure formation is governed by several pro-
cesses and therefore complex. One the other hand, these results demonstrate a large
potential of device optimization. Further efforts are necessary to fully understand
and control the crystallization behaviour and the resulting microstructures, which
ultimately determine charge separation, charge recombination, and charge transport.
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Recent Advances in the Improvement
of Polymer Electret Films

Dominik P. Erhard, Deliani Lovera, Cosima von Salis-Soglio, Reiner Giesa,
Volker Altstidt, and Hans-Werner Schmidt

Abstract Polymer electret materials are electrically charged dielectric polymers
capable of quasi-permanently retaining their electric field. However, environmental
influences such as temperature and humidity reduce their charge stability and re-
strict applications. Therefore it is of great importance to provide a broad pool of
polymer electret materials and to enhance further the charge storage behavior. In
this context we report on concepts, measures, and solutions to improve the electret
performance of commodity and high performance thermoplastic polymers, which
was carried out at the University of Bayreuth in recent years. It is demonstrated
that the commodity polymer polypropylene can be manufactured into excellent
electret films when certain trisamide additives are incorporated in very low concen-
trations. Polypropylene can be employed at temperatures up to its continuous service
temperature of 70°C. To achieve higher temperature windows we investigated the
commodity blend system of poly(phenylene ether) (PPE) and polystyrene (PS). We
demonstrate that especially PPE/PS blend films with a composition of 75/25 ex-
hibit remarkably good charge storage retention during the isothermal surface decay
(ITPD) tests at 120°C. In addition, the commercially available high performance
thermoplastic polyetherimide (PEI) resin containing special phosphorus(IIl) addi-
tives shows very good electret properties at elevated temperatures. These properties
can be further enhanced by physical aging; resulting in a charge retention after 24 h
at 120°C as high as 95%. The same beneficial effect of physical aging can be used
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to advance PPE and PPE/PS blends. Polymer electret materials with such charge
storage properties have the potential to be employed in microphones, sensor devices,
and electret filters.

Keywords Charge storage properties - Commodity polymers - Corona charging -
Electret materials - High performance polymers - Physical aging - Polymer films
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Abbreviations

CST Continuous service temperature

DMA Dynamic mechanical analysis

DSC Differential scanning calorimetry

E" Loss modulus

FEP Fluorinated ethylene propylene copolymer

F-PEI Fluorinated polyetherimide

i-PP Isotactic PP

ITPD Isothermal surface potential decay

M, Number average molecular weight

My, Weight average molecular weight

NMP N-Methyl-pyrrolidone

PDI Polydispersity index My, /M,

PEEK Poly ether ether ketone
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PEI Polyetherimide

PEIpyr Ultem®1000 purified by twofold reprecipitation from dichloro-
methane into ethanol

PES Polyethersulfone

PFA Perfluoralkoxy copolymer

PI Polyimide

PP Polypropylene

PPE Polyphenylene ether, i.e., poly(2,6-dimethyl-1,4-phenylene ether)

PPS Polyphenylene sulfide

PS Polystyrene

PTFE Polytetrafluoroethylene

SIBS Poly(styrene-b-isobutylene-b-styrene) triblockcopolymer

T Temperature

Ts9, Temperature at which 5% weight loss occurred in TGA

tage Period of time at which physical aging was performed

Tage Physical aging temperature

TEM Transmission electron microscopy

T, Glass transition temperature

TGA Thermogravimetric analysis

TiteD Temperature at which ITPD was performed

TSC Thermally stimulated discharge current

Vv Surface potential

Vo Initial surface potential

Ah Enthalpy relaxation

€ Dielectric constant

Ninh Inherent viscosity [dL/g]

1 Introduction

A dielectric material is called electret if it exhibits a quasi-permanent electric field,
which is either caused by trapping of electrostatic charges (homocharge electret) or
by macroscopically oriented dipoles (heterocharge electrets), as illustrated in Fig. 1
[1-3]. While dipole orientation is mainly obtained after cooling a polymer melt in
an electric field, real charges can be injected into the material by various methods.
Amongst others, corona charging is the most common technique because it is fast,
easy to perform, and cost-efficient [4].

The charge storage in materials such as waxes, rosins, and sulfur was recognized
in the eighteenth century by Gray. However, the name “electret” was introduced by
Heaviside in 1885 since electrets were considered the electrical counterpart of mag-
nets [5]. First systematic investigations of electret materials were performed in 1919
by Eguchi and later by Gemant and Gross [6—8]. Until then, only natural materials
had been recognized as electrets. The development and application of electrets ad-
vanced substantially along with the discovery that some synthetic polymers are good
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Fig. 1 Schematic of a cross-section of a real-charge electret film with one electrode (top) and a
dipolar electret film with two electrodes (bottom) [1]

electret materials. For example, poly(tetrafluoroethylene) (PTFE) and thermoplas-
tic perfluorinated vinyl ethers (PFA) and fluorinated ethylene propylene copolymers
(FEP) exhibit very good charge storage capabilities combined with excellent ther-
mal stabilities. Polypropylene (PP) is also considered a good electret material but
additionally an inexpensive commodity polymer and easy to process. However, the
relatively low continuous service temperature (CST) [9] of PP represents a limita-
tion for applications in devices operated at higher temperatures.

Electret materials are meanwhile used in a large number of modern high-tech
applications including microphones, acoustic sensors, transducers, radiation and
pollution dosimeters, power generators, filters, and many more. Additionally, elec-
tret technology is of great interest in the field of biomaterials, for instance in callus
formation and wound healing [10, 11]. When used in cellular or in multilayer sand-
wich structures, polymer electrets can exhibit piezoelectricity. Such materials are
ferroelectrets, as they show typical features of ferroelectric materials such as piezo-
and pyroelectricity [12—-17].

The charge storage capability of a polymer electret material is to a large extent
determined by the chemical nature of the polymer. In semi-crystalline polyolefins,
for example, the crystal domains are embedded in an amorphous matrix and form a
heterogeneous solid state morphology, where charge trapping and transport mecha-
nisms depend on the degree of crystallinity. It has been proposed that shallow traps
are located in the peripheral and boundary parts of the crystals, while charges with
higher release energy are trapped in the central region of the spherulites [18-20].
In amorphous polymers, charge trapping occurs in particular sites of the polymer
backbone, for instance at dipoles formed by electronegative atoms, or in between
interacting segments of adjacent polymer chains [21-24].

The electret behavior of a polymer material is not only the result of the chemical
structure of the polymer itself. Especially when employing commercial resins and
films, end groups, catalyst residues, concentration, the type of processing aids and
additives, processing conditions, and the thermal history have a great impact on the
electret behavior of the particular material. All these parameters are commonly not
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entirely disclosed by the manufacturers. As will be demonstrated in this chapter,
these parameters in particular change the electret performance dramatically. Con-
versely, the knowledge of these effects can be utilized to tailor and optimize polymer
electret materials.

1.1 Electret Properties of Commercial Polymers

To get a general insight into the electret performance of commercial materials,
first a comprehensive study on polypropylene resins and films of high-performance
polymers was conducted. Generally it is impractical to investigate the various mech-
anisms of charge storage and charge decay in electrets at room temperature. At such
a low temperature, surface and space charges, as well as dipoles, remain immo-
bile in a good electret polymer over a period of decades. Therefore the method of
isothermal surface potential decay (ITPD) has been introduced which presents an
accepted and efficient technique to investigate the intrinsically slow charge drift in
polymer electret films [1-3]. Here the characterization of the electret materials is
performed by measuring the surface potential of charged films which are annealed
under isothermal conditions at elevated temperatures, for example at 90°C. At these
temperatures the trapped charges and dipoles may regain freedom of motion and
drift in order to restore electrostatic charge neutrality and/or recombine with ions
from the air; thus the surface potential decays in a period of hours.

Among the commodity polymers, isotactic polypropylene (i-PP) is an impor-
tant thermoplastic polymer due to its very good mechanical and thermal properties
and consequently broad application spectrum. To identify commercial grades of
i-PP and i-PP copolymer resins from different manufacturers which might serve
as suitable electret materials and as basis for our research, several types were in-
vestigated [25]. Figure 2 shows the ITPD curves at 90°C of three different i-PP
films which were obtained by compression molding. Moplen®HP522H is a grade
for the production of biaxially oriented polypropylene films and, according to the
manufacturer, does not contain any slip or antiblocking agents nor calcium stearate.
The surface potential is rapidly reduced by almost 20% within minutes and then
remains constant. After 24 h at 90°C about 77% of the initial surface potential is
still present. The second i-PP grade, Borealis® PP HD601CF, is a film resin also
without slip, antiblocking additives, or calcium stearate, and is mainly used for the
production of non-oriented films in a chill roll process. The ITPD behavior is very
similar to the first grade: After 24 h at 90°C about 73% of the initial surface po-
tential is still present. The third i-PP resin, Borclean®HB300BF from Borealis, is a
high quality film resin specially developed for dielectric applications and also con-
tains neither slip, antiblocking, antistatic, nor nucleating additives. The ITPD curve
shows a different decay characteristic. The surface potential decreases more slowly
but constantly and after 24 h at 90 °C only about 64% of the initial surface charge is
maintained. In summary, Moplen®HP522H exhibits the best electret performance
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Fig. 2 Isothermal surface potential decay (ITPD) as a function of the annealing time at 90°C
of films (60-80 um thickness) compression molded using different commercial i-PP homopoly-
mer grades: Moplen®HP522H (Basell), Borealis® PP HD601CF and Borclean® HB300BF (both
Borealis)

of all investigated i-PP resins. Other i-PP resins, and in particular i-PP copolymers
with ethylene, exhibited worse electret behavior.

On one hand these results show how important it is to select the right grade
and manufacturer, but on the other hand indicate that the electret performance of
i-PP can be still improved. In Sect. 3 of this review we will present our research on
additives which improve the electret performance of i-PP by acting as charge traps.

Generally, commercial polyolefin resins contain a variety of additives, most im-
portantly antioxidants which are typically based on sterically hindered phenols or
organophosphite derivatives [26]. Hence we investigated the influence of the pri-
mary antioxidant Irganox®1010 (a sterically hindered phenol) and the secondary
antioxidant Irgafos®168 (an organophosphite) on the electret properties of i-PP
films. To obtain an i-PP sample without additives we used an i-PP reactor pow-
der provided by Borealis, which was additionally extracted successively for 2 days
each with acetone, ethanol, and cyclohexane. Afterwards, the above-mentioned anti-
oxidants were re-incorporated into the extracted polypropylene in a concentration
range of 0.05-0.3 wt%. The impact on the surface potential decay is shown in Fig. 3.
The surface potential decay at different concentrations follows nearly the same trend
as the non-additivated reference polypropylene. Only the Irganox®1010 sample
with 0.15wt% shows a small improvement. These results show that the generally
applied antioxidants have no influence on the electret performance and consequently
commercial grades without extraction were used for further studies.

Of special interest for automotive and filter applications are temperature-stable
electret materials which maintain their shape and electret properties at high temper-
atures, typically around 120°C. With commodity polymers (Fig. 4) this requirement
cannot be fulfilled due to their low CST of max. 100°C for instance of i-PP.



Recent Advances in the Improvement of Polymer Electret Films

Fig. 3 Surface potential
decay curves at 90°C of i-PP
films containing different
concentrations of

Irgan0x® 1010 (top) and
Irgafos® 168 (bottom)

High performance polymers

PB!

Pl
PEI, PAI
PES, PSU

161
210 -
g m PP
= O 0.30 wt.%
S ool A 015wt%
[ ’ o,
[0) 4 7 0.05wt.%
g Irganox®1010
8 08} 2 g
o
5
o |
o 07} M i
(0]
N ] VAN
: .
5 06|
Z O’0=— 1 i 1 i 1
0 200 400

Annealing time at 90°C [min]
2 10F m ' ’ ' i
g m i-PP
= 2 O 0.30 wt.%
3 09k P A 015wt%
S 3 7 0.05wt%
= ®,
8_ x Irgafos*168
8 08} u ]
£
@ M
8 0,7 |- g B
N
©
€
S 0,6 " E
Z 0,0=— 1 1 i 1

LcP
PEEK
PPS
PTFE, PFA
PVDF

0 200
Annealing time at 90°C [min]

400

>

P

£

Continuous service temperature

Engineering
polymers PET, PBT :
PC I POM !
PA6-3-T i PAG, PA46,
PAGE, PA11, PA12,...
Commodity PPE/PS blends
polymers PMMA BB
ABS
PE
PS SAN L
amorphous semi-crystalline
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Therefore we investigated several commercial films of high performance polymers
with respect to their charge storage properties [27]. Among the investigated high
performance polymers are poly(ether ether ketone) (PEEK), poly(phenylene sul-
fide) (PPS), poly(ether sulfone) (PES), polyetherimide (PEI), and polyimides (PI).
These high performance polymers exhibit CSTs higher than 160°C [28], thus ex-
ceeding the CST of engineering polymers, such as polyethylene terephthalate (PET),
polycarbonate (PC), polyamide-6 (PA6), or polyoxymethylene (POM).

Figure 5 displays the ITPD curves determined at 90°C of PEEK, PES, and PPS
films [27]. Both sulfur-containing polymer films exhibit a pronounced charge drain-
off within the first 180 min and hence cannot be considered as electret materials.
PEEK, on the other hand, shows a moderate surface potential decay and maintains
around 50% charge after 24 h at 90°C. The charge storage characteristics of com-
mercial polyimides and polyetherimide (Ultem®1000) films at 90°C are displayed
in Fig. 6. Kapton®HN (PI) films lose almost the complete surface potential within
24 h, exhibiting a steep decay in the first minutes. Upilex®R renders better results,
since its potential decay is moderate and after 24 h around 45% of the applied charge
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Fig. 5 Isothermal surface potential decay (ITPD) as a function of the annealing time at 90°C of
commercial films (50 um thickness) of PPS, PES, and PEEK (all manufactured by Lipp-Terler,
Austria). Films were corona charged for 15s to +400V [27]. Published by permission of WILEY-
VCH
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Fig. 6 Surface potential as a function of the annealing time at 90°C of commercial films (50 pm
thickness) of PEI Ultem®1000 (Lipp-Terler), PI UpileX®R (Ube Europe), and PI Kapt0n®HN
(DuPont). Films were corona charged for 15s to +400V [27]. Published by permission of
WILEY-VCH

is still maintained. The thermoplastic PEI shows even better electret performance.
Annealing at 90°C also leads to charge decay in the first minutes, but the ITPD
curve tends to level off at a final charge retention of 70%.

In conclusion, the electret behavior of commercial high performance polymer
films depends strongly on the chemical structure and cannot be easily predicted.
Among the investigated polymers, PEI films exhibited the best charge storage
capability. However, at a remaining surface potential of 70%, further improvement
is still desired.
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Based on these results, our recent research on polymer electret materials focuses
on the understanding of (1) the role of the chemical structure of the polymer, (2) the
influence of additives, and (3) the variation of processing parameters on the electret
performance. As schematically illustrated in Fig. 7, the objective of our research is
to provide concepts and methods to improve substantially the electret performance
of polymer materials.

This review summarizes our work at the University of Bayreuth over the
last few years on improving the electret performance of the commodity poly-
mer isotactic polypropylene (Sect. 3) and the commodity polymer blend system
polystyrene/polyphenylene ether (Sect. 4) to provide electret materials based on
inexpensive and easily processable polymers. To open up polymer materials for
electret applications at elevated temperatures we concentrated our research on
commercially available high performance thermoplastic polyetherimide resins and
synthesized several fluorinated polyetherimides to identify structure-property rela-
tions and to improve further the performance at elevated temperatures (Sect. 5).

2 Experimental

Depending on polymer type and final application, various methods are utilized to
charge an electret material [1-3]. The most commonly applied method is corona
charging since it is easy to perform, fast, cost-efficient, and also allows charging
on an industrial scale. Therefore we used mainly corona charging; this method is
described in greater detail below. Polymer films with thicknesses between 50 and
100 um were used as samples. These films were either purchased in the form of
sheet films or fabricated by compression molding. In several initial trials we estab-
lished that all films had a similar thickness and the films underwent the same cooling
conditions. Commercial films were used as received.
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2.1 Corona Charging

Squares (40 x 40 mm?) of polymer films were mounted onto aluminum plates us-
ing conductive double-sided adhesive tape. Samples were charged in a standard
point-to-plate corona setup; a photograph of the triode employed is depicted in
Fig. 8. The setup was built at the University of Bayreuth with the helpful input of
G.M. Sessler and J. Hillenbrand (Technical University of Darmstadt). The schematic
circuit diagram of the corona triode is sketched in Fig. 9 [4]. A grid (mesh size
0.2 mm) ensures a homogeneous electric field across the film surface. In preliminary
experiments, charging conditions such as voltage, grid size, and distances were op-
timized. A tip-to-grid distance of 80 mm and a grid-to-specimen distance of 5 mm
were employed. The corona voltage was set to +12.5kV and the grid voltage to
+400V, resulting in uniform film surface potentials between 400 and 420 V. The
minimum charging time in the range of 15-30 s was optimized for each polymer.

aluminium

conductive tape

corona needle
grid

electret
film

movable sample holder

Fig. 8 The left picture shows the corona setup. In the insert the corona needle and the grid elec-
trode inside the corona chamber are shown. The picture on the right shows a polymer film sample
mounted on the aluminum electrode with conductive, double-sided adhesive tape

corona tip (12.5 kV) ———4

grid (400 V)

sample
electrode Vi

Fig. 9 Schematic circuit diagram of the corona triode setup
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2.2 Isothermal Surface Potential Decay

The charge storage characteristics of the corona charged films were evaluated by
the isothermal surface potential decay (ITPD) method. Here the surface potential
of the electrets films is determined as a function of the exposed time at elevated
isothermal temperatures. Under these conditions the trapped charges and dipoles
may regain freedom of motion and drift in order to restore electrostatic charge neu-
trality and/or recombine with ions from the air, causing the surface potential to decay
much faster than at room temperature. The electret film samples were placed on top
of a computer-controlled x—y-table and the surface potential was measured by a
capacitive probe connected to an electrostatic voltmeter (Monroe Electrostatic Volt-
meter 244A) at nine defined locations 2 mm above the sample surface on each film
(Fig. 10).

The first measurement was taken at room temperature immediately after charg-
ing. To accelerate the charge decay, the substrates were then kept at a constant
temperature in a convection oven. The surface potential measurements were suc-
cessively conducted after 30, 90, 180, 360, and 1,440min (24 h). After each time
period the films were removed from the oven, cooled to room temperature, the re-
maining surface potential measured, and then returned into the oven. For PP the
isothermal temperature was 90 °C [27, 29-33]; for high performance polymer films
higher temperatures up to 160 °C might be applied. The reported data reflect the
average of 3 different films with 9 values (i.e., 27 surface potential values in total);
the deviation was below 5%. Figure 11 displays the ITPD curves corresponding to 9
different locations on one i-PP electret film. It is obvious that all curves are within a
deviation of less than 5%. For better visualization and comparison, normalized data,
meaning the ratio of initial and actual surface potential, are used to plot ITPD decay
curves. In the plots shown in this work either the curve based on those averaged val-
ues at several time periods is shown or the value of the averaged normalized surface
potential value after 24 h is given.

Although several pathways can be held responsible for the charge decay in a film,
we believe that the decay is dominated by drift through the bulk and that possible
surface conduction mechanisms play a minor role. First, charges migrate relatively
quickly into the upper layer of the bulk film and thus away from the surface. Second,

374V

sensor electrostatic voltmeter

polymer film

Fig. 10 Schematic drawing
of the surface potential
measurement setup electrode movable table
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Fig. 11 Isothermal potential decay (ITPD) curves of 9 different locations of an i-PP film sample,
distributed in a similar pattern as illustrated. Please note the break in the y-axis

the surface potential is measured strictly around the center of a large film area;
hence charge neutralization at the edges is negligible. As a consequence, the surface
potential decay at the measurement positions is governed by the charge drift through
the bulk.

2.3 Thermally Stimulated Discharge Current

The discharge of the polymer electrets can also be characterized by thermally stimu-
lated discharge current (TSC) measurements using an open-circuit setup as depicted
in Fig. 12. The charged film is heated linearly at 200 K/h (3.33 K/min) inside an
electronically controlled oven (Heraeus S042EK). A circular induction electrode of
50 mm diameter was mounted 3 mm above the non-metalized surface of the charged
film and the discharge current between this electrode and the sample holder was de-
termined by a sensitive electrometer (Keithley 600B). The actual temperature was
measured close to the sample with a PT1000 and temperature and discharge cur-
rent were recorded, resulting in TSC curves similar to the one displayed in Fig. 13.
The advantage of this method is that it gives information about the different levels
of charge depth and release in the electret film. First, the polarity of the mea-
sured current is directly related to the released charge type. A homocharge shows
a current of opposite polarity regarding the initial corona charging, whereas a het-
erocharge exhibits a current of the same polarity. Second, the position and size of
the signals is directly related to intrinsic relaxation temperatures, such as T, f3, or
Y relaxations [34].
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Fig. 12 Schematic drawing
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Fig. 13 Representative TSC curve of a 100 um-thick compression molded polystyrene film.
Heating rate was 200 K/h

3 Polypropylene Electrets

It is a challenge and of commercial interest to enhance the charge storage behavior
of commodity polymers. The main arguments are simple processability and a low
price compared to fluorinated electret materials. Of particular interest in this context
is isotactic polypropylene (i-PP). Two principal strategies are applied to improve the
electret properties of i-PP. It was demonstrated that a substantial improvement of
the charge stability can be achieved by introducing elongated voids during process-
ing, resulting in porous films, although at the expense of reduced transparency and
mechanical properties [32, 35-37]. The electret properties of polypropylene films
can also be improved by selected additives that act as charge traps as illustrated in
Fig. 14. This second approach will be discussed in this chapter in greater detail.
Applicable additives must have the ability to form isolated nanostructures at very
low concentrations in order to act efficiently as charge traps.

3.1 Trisamides as Electret Additives

Recently, a new class of efficient nucleating/clarifying agents based on 1,3,
5-benzenetrisamide chemistry was introduced [38—40]. Due to the stable amide
linkage, these compounds possess excellent thermal and chemical stability and
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Fig. 14 Schematic representation of an electret film in which charges are trapped by additives

Fig. 15 General structure
of trisamides investigated
as electret additives

hydrogen bonding
units

H central core
N (o]
O/ o HN )
peripheral apolar

substituents

are — depending on their chemical structure, concentration, and temperature —
soluble in the polypropylene melt and a few are able to efficiently nucleate and
clarify i-PP. The high efficiency is reflected by the very low additive concentration
required (below 200 ppm).

Here, we report on the use of trisamides as electret additives in i-PP. A general
structure of these compounds is shown in Fig. 15. The molecules have a C3-
symmetry and consist of a central core, three units capable of forming hydrogen
bonds, and nonpolar peripheral substituents. The central core can be a triphenyl-
amine, benzene, or cyclohexyl unit. The hydrogen bonds are in most cases formed
via amide groups and the peripheral substituents consist of alicyclic or aliphatic lin-
ear or branched hydrocarbons. The direction of the linkage between the core and the
one, two, or all three substituents can be inverted so that either the carbonyl or the
amine groups are attached to the core.

Figure 16 illustrates the formation of charge traps upon cooling from the i-PP
melt via self-assembly of trisamides. First, the additive needs to be fully dissolved
in the melt (A). During cooling, primary supramolecular columns develop due to
intermolecular stacking of the molecules and the formation of hydrogen bonds
(B). In this self-assembly, process columnar macrodipoles are created which suc-
cessively self-assemble into supramolecular nano-objects that consist of several
columns (C). Upon crystallization of the polymer, these nano-objects stay separated
from each other and can act es charge traps (D). It should be pointed out that isolated
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Fig. 16 Schematic representation of the steps to create supramolecular charge traps via self-
assembly of trisamides
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nano-aggregates are formed only in a defined concentration range of the additive. At
higher concentrations, percolation and the formation of a three-dimensional network
occur, which promotes charge drift.

The following comparison demonstrates the importance of self-assembly and the
formation of macrodipoles to yield efficient electret additives. Compounds 1 and 2
(Scheme 1) are trimesic acid derivatives; 1 comprises a trisamide with three sec-
ondary amide groups and cyclohexyl substituents, whereas 2 features tertiary amide
groups and fully substituted cyclohexyl moieties. As a consequence, compound 2
has no amide protons with which to build intermolecular hydrogen bonds.

In Fig. 17 the ITPD curves of i-PP films at 90 °C, with and without 0.003 wt% of
additive 1 and 2, respectively, are presented. It is obvious that only 1 improves the
charge storage behavior of i-PP compared to neat i-PP. The surface potential decay
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Fig. 17 Isothermal surface potential decay (ITPD) curves at 90°C for equal concentrations
of 1 and 2 in i-PP films and of neat i-PP films. While compound 1 enhances the electret prop-
erties of i-PP films, compound 2 causes a fast decay of the charge

curve of i-PP containing 2 quickly drops far below the value of neat i-PP. This
clearly demonstrates the difference between both compounds in the performance as
electret additive and consequently the requirement of self-assembly and formation
of macrodipoles in isolated additive domains.

3.1.1 Additive Concentration Dependence

It was found that a strong correlation exists between the charge storage properties
and the concentration of the additive [29, 31]. In order to obtain excellent electret
characteristics, the formation of a three-dimensional network structure of the addi-
tive, which acts as pathway for charge drift and neutralization, has to be avoided
and isolated additive domains are essential. Therefore, the additive concentration
has to be decreased to a certain level — depending on the additive solubility and
phase behavior — to generate isolated additive domains in the form of supramolec-
ular nano-aggregates. In the following, two examples are given to demonstrate a
strong concentration dependence.

The first example is compound 3, which is a triphenylamine-based trisamide with
cyclohexyl substitution. The influence of the additive concentration on the charge
storage properties is shown in Fig. 18. Three concentration ranges can be distin-
guished: range III from 0.25 to 0.15 wt% represents a heterogeneous system where
the additive is not completely soluble in the polymer melt at the processing tem-
perature of 260 °C, leading to non-dissolved additive particles. Range II from 0.15
to 0.03 wt% defines the optimum concentration for nucleation. Here, the additive
is completely dissolved and, upon cooling, rod-like nanostructures are formed. In
this range the surface potential reveals a minimum because the percolating network
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Fig. 18 Dissolution temperature of additive 3 (red filled circles) and surface potential of 50 um-
thick i-PP films after annealing at 90°C for 720 min, as a function of the additive concentration of
3 for two independently prepared series (filled triangles, open triangles). The end of the region II
(grey) at 0.15 wt% marks the concentration below which the additive is completely soluble in the
polypropylene melt at 260°C (horizontal dashed line) [29]. Reprinted by permission of Elsevier
Ltd

of the rod-like nanostructures provides pathways which allow the charges to drift.
Below concentrations of 0.03 wt% (range I) the surface potential increases consid-
erably, which makes this range very interesting. Here, the rod-like nanostructures
are not in contact anymore and thus isolated additive nano-domains arise that act as
charge traps [29].

The second example discussed here is based on the cyclohexyl-substituted 1,3,5-
benzenetrisamide 1. The upper graph of Fig. 19 displays the surface potential decay
curves of i-PP containing 1 at five different concentrations ranging from 0.05 wt%
down to 0.003 wt%. At the highest concentrations of 0.05 wt% and 0.025 wt% the
ITPD curves show improved electret behavior in the beginning, although they level
off after 24 h to the same value as the i-PP reference. The three lower concentrations
of 1 exhibit significantly enhanced charge retention. The optimum concentration is
at 0.013 wt%; 90% of the initial charge is still present after 24 h. The bottom graph of
Fig. 19 shows the residual surface potential after 24 h at 90 °C plotted as a function
of the concentration of 1. It is obvious that there is an optimum concentration and
that higher concentrations neither improve nor deteriorate the electret properties.

Transmission electron microscopy (TEM) studies were carried out to examine
size and shape of the isolated additive domains at these low concentrations. In
films with a thickness of 50-100nm the additives in the polymer can be selec-
tively stained with RuQOy4. Figure 20 (left) shows the TEM image of an i-PP film
comprising 0.01 wt% of compound 1. Here, an isolated small additive nanostruc-
ture at a thickness of 20 nm is visible. No values regarding the length of the additive
aggregate can be given, as this length depends on the position of the rod-like struc-
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Fig. 19 Surface potential in dependence on annealing time at 90°C for different concentrations
of 1ini-PP (fop). The decay curve of neat i-PP (filled squares) is included for comparison. Residual
surface potential after 24 h at 90°C as a function of the concentration of additive 1 (bottom)

ture with respect to the cutting direction. At a higher concentration of 0.04 wt% of
compound 1, twofold larger additive crystals with a thickness of about 40 nm were
found (Fig. 20 right).

3.1.2 Influence of the Cooling Rate

To study cooling rate effects which might affect the supramolecular self-assembly
of trisamides in i-PP, we investigated the influence of the processing conditions
on the electret performance. Isotactic polypropylene containing 0.09 wt% of com-
pound 1 was chosen for these experiments. After compression molding, the films
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Fig. 20 Transmission electron microscopy images of i-PP films containing compound 1 at
0.01 wt% (left) and 0.04 wt% (right) showing isolated nano-aggregates of the additive [31].
Reprinted by permission of Elsevier Ltd

were cooled at different rates. At a cooling rate of 10 K/min a three-dimensional
fibrillar network structure is formed and a surface potential of only about 50% is
retained, which is substantially below the i-PP reference (cooled at the same rate).
The surface potential decay curve is shown in Fig. 21 (top) with a polarized opti-
cal light microscopy picture of a corresponding sample between crossed polarizers
taken at 170 °C immediately after melting the sample. The picture clearly shows
the pronounced birefringent network structure of the additive, which is responsible
for the rapid discharge. A significant improvement of the charge storage behavior
was achieved by utilizing a higher cooling rate of 300 K/min (Fig. 21 bottom). The
charge retention after 24 h at 90 °C was 89% of the initial value and higher than
that found for the reference material cooled under the same conditions. In this case,
optical light microscopy between crossed polarizers revealed no birefringent traces
of the additive, as expected.

In addition, the same experiments were carried out at much lower additive con-
centrations of 0.0024 wt% and 0.005 wt%, corresponding to range I in Fig. 18.
In these experiments no improvement of the electret properties by increasing the
cooling rate was observed. This can be explained by the fact that in range I, isolated
supramolecular aggregates are already formed at the relatively low cooling rate of
10 K/min.

3.1.3 Influence of the Charging Conditions

Two charging methods were applied to study the influence of the charging
conditions [41]. The samples were either surface charged by a corona method
or volume charged by mono-energetic electron beams of different energies, achiev-
ing penetration depths up to 6 um. In all cases, surface potentials of about 200 V
were chosen. For these investigations we used additive 4 (Scheme 2), a trisamide
derivative with cyclohexyl substitution and, compared to compound 1, one inverted
amide linkage. The charge decay in isotactic polypropylene (i-PP) films of 50 um
thickness containing additive 4 at concentrations in the range of 0.004-0.250 wt%
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Fig. 21 Surface potential as a function of annealing time at 90°C of compression-molded i-PP
films of 50 wm thickness with compound 1 at a concentration of 0.09 wt% (circles) in comparison
with the i-PP reference treated under the same conditions (squares). The films were produced at
different cooling rates of 10 K/min (top) and 300 K/min (bottom). Corresponding polarized opti-
cal microscopy pictures were taken at 170 °C directly after melting the films [31]. Reprinted by
permission of Elsevier Ltd

was investigated. After charging the films, the decay of the surface potential was
studied by the isothermal discharge method at 90 °C. Results for i-PP films contain-
ing 0.125 wt% of additive 4 are shown in Fig. 22. The samples were charged with
corona discharge or electron beam at 2, 5, 10, or 15keV. As far as the effect of the
charging method is concerned, no significant difference was found for films with
additive 4 between those charged with the corona or electron-beam method.

In Fig. 23 results of TSC measurements are depicted using the same material.
The data pertain to corona (top graph) and 10keV beam-charged samples (bottom
graph), respectively. Independent of the charging method, there are peaks at
130-140°C and at 165°C, though the 165°C peak is related to charge release
during the melting process of i-PP. The population of the higher-temperature
peak, corresponding to the area under the peak, decreases with increasing addi-
tive concentration, while the population of the lower-temperature peak increases.
A higher-temperature peak means slower isothermal charge decay (larger activation
energies), thus lower concentrations of additive 4 are more efficient in charge reten-
tion than higher concentrations, as was explained before. A noticeable difference
between corona charged and beam charged samples is not observed.
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Fig. 22 Isothermal surface potential decay at 90 °C of i-PP films containing 0.125 wt% of additive
4. The films were corona charged (filled circles) or charged with electrons of energies from 2 to
15keV [41]. Published by permission of IOP Publishing Ltd

3.2 Bisamides as Electret Additives

A comparative study on the influence of chemical structure and solubility of a series
of low-molecular-weight 1,4-phenylene-bisamides in i-PP was conducted to ex-
plore their performance as electret additives [30]. Bisamides are also capable of
forming well-defined nano-aggregates via self-assembly from the i-PP melt upon
cooling. Here, a comparison of a dicyclohexyl-substituted 1,4-phenylene-bisamide
5 and the asymmetrically substituted cyclohexyl/n-alkyl-1,4-phenylenebisamide 6
will be presented; the chemical structures are included in Fig. 24. The symmetry
of the molecule, the type of substitution, and the length of the alkyl chain have an
influence on the solubility in the i-PP melt while the nucleation efficiency and the
ratio of the o~ to B-crystal modification will have an effect on the charge storage
properties.
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Fig. 23 TSC measurements of corona charged i-PP films containing different concentrations
of additive 4 (top) and TSC measurements of electron-beam-charged i-PP films with different
concentrations of additive 4 (bottom) [41]. Published by permission of IOP Publishing Ltd

The additives were incorporated in a concentration range from as low as
0.0005wt% (Sppm) up to 0.25wt% (2,500ppm). Films containing additive $§
in concentrations up to 0.01 wt. % (100 ppm) exhibit a significantly higher charge
storage capability in comparison to neat i-PP, as indicated by a residual surface po-
tential of 360V after annealing at 90 °C for 24 h (Fig. 24 top). In contrast, the more
soluble asymmetric compound 6 with one aliphatic side chain is not capable of
improving the charge storage behavior of i-PP over the entire investigated concen-
tration range (Fig. 24 bottom). This observation indicates that such compounds do
not form isolated nanostructures, which would act as charge traps.

In this section we have demonstrated that certain nucleating agents based on sub-
stituted 1,3,5-benzene trisamides and bisamides are efficient additives to improve
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Fig. 24 Additive concentration dependence of the surface potential (after annealing at 90 °C for
24 h) of 50 um-thick i-PP films comprising bisamide 5 (fop) and 1,4-phenylene bisamide 6 (bottom)
[30]. Reprinted by permission of the American Chemical Society

the electret properties of isotactic polypropylene (i-PP). It was found that a strong
correlation exists between the charge storage properties and the phase behavior of
the additive. In order to obtain excellent electret characteristics, the formation of
a three-dimensional network structure of the additive, which acts as a pathway for
charge drift and neutralization, has to be prevented and isolated additive domains
need to be generated to act as efficient charge traps. We found that, to achieve this,
the additive concentration has to be decreased to low levels. Further improvement
of the charge storage behavior was achieved by increasing the cooling rate applied
during film processing. These results obtained with the selected compounds clearly
demonstrate the potential of this class of additives to produce i-PP electret materials.
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4 Poly(phenylene Ether)/Polystyrene Blends Electrets

4.1 Electret Properties of Poly(phenylene Ether) and Polystyrene

Poly(2,6-dimethyl-1,4-phenylene ether) (PPE), also incorrectly named PPO, is a
high-temperature amorphous thermoplastic possessing a glass transition tempera-
ture of 215°C and characterized by relatively low moisture absorption [42], high
dielectric strength [43], and excellent mechanical and thermal properties [44]. How-
ever, the thermal degradation of PPE starts around its glass transition temperature;
hence the neat polymer suffers from degradation during processing, which pre-
vents its commercial use. Blends of PPE and PS, however, can be processed at
lower temperatures than neat PPE, which is a successful approach to improve its
melt processability. Besides their useful mechanical and thermal properties, PPE/PS
blends have been extensively studied as a model system for miscible blends, as they
belong to the few polymer pairs which are totally miscible across the entire com-
position range. PPE is commercially marketed in blends or graft copolymers with
polystyrene (PS), for instance as Noryl® or Luranyl®KR resins.

We investigated the electret behavior of PPE and PS films and found that the
charge storage performance of PPE is very good [45]. Figure 25 shows the ITPD
curves of both blend components at 90°C. PS films lose their initial charge more
rapidly and maintain a surface potential of 58% after 24 h; in contrast, PPE films
retain 90% of their initial charge.

The charge storage behavior of neat PPE and PS films was also studied by TSC
measurements; the results are plotted in Fig. 26. PS exhibits a small current related
to its B-relaxation and discharges rapidly when the temperature exceeds the onset
of the a-relaxation (i.e., Ty) due to an increased mobility of charge carriers. The
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TSC thermogram of PPE shows a broad discharge peak between 75°C and 150°C.
These positive current peaks represent the dipole reorientation in the PPE electret.
As the temperature reaches 150°C, the ¢-relaxation peak appears in form of two
maxima at 166°C and 188 °C, respectively. This indicates that the charge decay of
neat PPE is based on several simultaneously occurring mechanisms. Some polar
groups might be aligned in the direction of the electrical field during the charging
process [34, 46] or real charges may be trapped at particular sites along the polymer
chain, for example at strong electronegative atoms and/or between tightly packed
moieties [23].

The reason for the good electret performance of PPE can be explained by the
combination of a high glass transition temperature (215°C) with a low dielectric
constant of 2.6 [47]. Insulating polymers with low dielectric constants are generally
promising charge storage materials. Indeed, PTFE is the polymer with the lowest
dielectric constant (¢ = 2.10) and smallest loss of all dielectric materials known so
far [48, 49].

4.2 Electret Properties of Poly(phenylene Ether)/Polystyrene
Blends

In this section, a systematic evaluation of the charge storage behavior of PPE/PS
blends is provided to develop tailored electrets with enhanced temperature stability
and processability.

In Fig. 27, the surface potential decay curves of positively charged PPE/PS blend
films with three different compositions are presented as a function of the annealing
time at 90°C and compared to neat PS and PPE films. Two blends with 50 wt%
PS and 75 wt% PS show a significantly improved electret behavior in comparison
to neat PPE. Particularly, the PPE/PS blend 75/25 is capable of maintaining 98%
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Fig. 28 TSC thermograms of PPE/PS blends compared to neat PPE and PS obtained at a heating
rate of 200 K/h. The weight compositions refer to the ratio of PPE/PS. Films of 100 um thickness
were charged to +400V for 30s

of its initial surface potential after 24 h of annealing at 90°C. This experimental
observation indicates an unexpectedly strong synergistic behavior and deviates from
a simple rule-of-mixture approach.

In Fig. 28, the TSC thermograms of the PPE/PS blend films are again compared
to neat PPE and PS films. The maxima of the discharge peaks of the blends were
observed at 140°C for the 25/75 PPE/PS blend, at 160°C for the 50/50 PPE/PS
blend, and at 177 °C for the 75/25 PPE/PS blend. The o peaks in TSC are associated
with the glass transition of the blend; thus the release of charges is a consequence
of cooperative motions of the chains. Moreover, the blends do not show the low
temperature discharge peaks of neat PS around 80°C.
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To investigate the potential of these blends for electret applications at elevated
temperatures, the annealing temperature for the ITPD experiment was increased to
120°C and 150°C; the effect on the surface potential decay is presented in Fig. 29.
The complete potential loss at 120 °C of the 25/75 PPE/PS blend and PS films is due
to the fact their glass transition temperatures are below this temperature. At 120°C
(Fig. 29 top) the two PPE/PS blends 75/25 and 50/50 are still in the glassy solid state
and show similar ITPD trends compared to the curves obtained at 90°C, but with
accelerated decay. The 75/25 PPE/PS blend films still possess a remaining surface
potential of 74% after 24 h at 120°C.

The charge decay of both the neat PPE as well as the 75/25 PPE/PS blend films is
noticeably accelerated after raising the temperature to 150 °C (Fig. 29 bottom). After
annealing for 24 h, nearly the entire initial surface potential is lost. Although this
annealing temperature is still below the onset of the glass transition temperatures
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Fig. 30 Bulk film density of the PPE/PS blends as function of the PS weight fraction. The dashed
line shows a prediction based on a simple rule-of-mixture approach

of both materials at 212°C and 161 °C, respectively, the relaxation processes and
cooperative segmental motions of the polymer chains below 7; are responsible for
this accelerated charge decay.

The observed behavior of the PPE/PS blends can be associated with two partic-
ular morphological characteristics. The first one is related to the packing density of
the blends on a molecular level. A higher packing density of the blends in the glassy
state as predicted from a rule-of-mixture approach can indeed be identified by the
macroscopic density as a function of the blend composition, as plotted in Fig. 30.

This increase in density, or negative excess volume of mixing, is common for
compatible blends with strong intermolecular interactions [50]. Miscibility of PPE
and PS is a result of a strong 7-7 electron interaction between the aromatic rings of
PPE and of PS [51, 52]. The maximum in blend density at a PPE weight content of
75 wt% directly correlates to the observed optimum in charge storage behavior. The
increased packing density limits segmental motions below 7; and thus effectively
reduces the charge drift.

Another peculiarity of the PPE/PS blends on a molecular level also might ex-
plain the observed temperature dependence of the surface potential decay behavior.
As mentioned before, complete miscibility of PPE/PS across the whole composition
range is generally assumed. As shown in Table 1, a detailed DSC study revealed the
presence of a single glass transition for all materials. Nevertheless, a negative devi-
ation from the theoretical values predicted by both the Fox [53] and the Couchman
equations [54] was calculated. In addition, the AT, values revealed rather broad glass
transitions of the blends. These observations indicate the presence of some sort of
micro-heterogeneity in the mixed phase and local fluctuations in blend composi-
tion [55].
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Table 1 Glass transition behavior [T, and 7, width (AT, )] measured by DSC and DMA as well as
theoretical values predicted by Fox [53] and Couchman [54] equations for the neat materials and
PPE/PS blends

DSC DMA Calculated
PPE/PS  Ty-onser[°Cl  To-mipoint[°C]  AT,[°C] To-g"[°C] Ta-rox[°C] Ts-coucnman|°C]
100/0 212 215 6 213 212 212
75125 161 169 15 169 178 180
50/50 127 135 15 141 146 148
25/75 106 111 11 116 118 120
0/100 89 94 9 100 89 89

E” [MPa]

1 1 a 1 L M 1
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-40 0 40 80 120 160 200 240

Temperature [°C]

Fig. 31 Loss modulus E” as a function of the temperature for injection-molded PPE/PS blends
as determined by DMA. The low-temperature shoulder at around 90 °C exhibited by the blends is
indicated. The weight compositions refer to the ratio of PPE/PS [45]. Reprinted by permission of
Elsevier Ltd

To verify additionally the occurrence of such local inhomogeneities, dynamic
mechanical analysis (DMA) experiments were conducted on melt-processed spec-
imens. The peak position of the loss modulus (E”) of the blends shown in Fig. 31
reflects the trends observed by DSC. However, a further relaxation phenomenon in
the blends at temperatures below the glass transition is revealed by the presence of
a low-temperature shoulder at around 90-100°C, coinciding with the glass transi-
tion temperature of PS. This feature is evidence that a certain fraction of PS is not
intimately mixed with the PPE. It has previously been reported that PPE/PS blends
can show such micro-heterogeneities when the limit of the thermodynamic equilib-
rium was not reached [56]. PS domains with sizes up to 10 nm have been reported
to co-exist in an intimately mixed PPE/PS phase [51, 57]. The resulting nano-scale
phase boundaries might also act as charge traps and thus restrict the charge decay
of the blends as compared to that of neat PPE and be responsible for the very good
electret behavior of the 75/25 PPE/PS blend.
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4.3 Physical Aging of Poly(phenylene Ether)/Polystyrene Blends

One of the parameters related to the synergistic behavior observed for the electret
performance of PPE/PS blends is the increased packaging density of the blends in
comparison to the neat polymers. Amorphous polymers such as PPE and PS undergo
physical aging and volume relaxation when they are held at temperatures below
their glass transition temperature Ty [58, 59]. The T; is linked to the o-relaxation,
below which the material is rigid and glassy, and above which it is soft, flexible,
and rubbery, and is an important parameter for amorphous polymers [60, 61]. The
a-relaxation process is generally related to the thermal energy required for changes
in the conformation of the polymer backbone and cooperative segmental motions.
Below the glass transition, only very slow processes which attempt to establish the
equilibrium take place. Annealing of an amorphous polymer at temperatures be-
low its Ty is generally called sub-7; heat treatment or physical aging [58, 62]. The
structural relaxation during physical aging affects various mechanical, optical, and
barrier properties [64]. The material becomes stiffer and more brittle, the creep rate
decreases, the density increases, and the T is shifted to higher temperatures [60, 61].
Since physical aging occurs in a broad temperature range below T, amorphous poly-
mer electrets might occasionally undergo physical aging during usage [63].

In this part of the work, a physical aging treatment (Table 2) was employed as
a method to increase the density of the blends and to study the effect on charge
storage properties. In Fig. 32 the effect of physical aging on the surface potential of
PPE/PS blends prior to corona charging is presented as a function of different an-
nealing temperatures Titpp after 24 h. In addition to the Tirpp of 90 °C, experiments
were also conducted at 120°C and 140°C. The physical aging conditions had to
be adjusted for each blend composition and are summarized in Table 2. Note the
difference between the physical aging temperature (T,ge) and the charge decay ac-
celeration temperature (Tirpp ) during the remaining potential measurements.

A beneficial effect of the aging treatment was found for almost all blend compo-
sitions and homopolymers. Notable are the very high charge retentions of up to 98%
at 90°C. At a Tipp of 120°C, PS and the 25/75 PPE/PS blend films lose all their
charge because their 7; is exceeded. The physical aged PPE and the 75/25 PPE/PS
blend films performed remarkably well. Charge retention values of 89% and 79%,
respectively, were determined. Even at a higher Tirpp of 140 °C, the physically aged

Table 2 Glass transition temperatures Ty, physical
aging temperatures prior to corona charging T,ge, and
aging periods f,ge of the investigated PPE/PS blend
compositions in wt%

PPE/PS T,[°C] Toee[°C] fage [h]
100/0 215 160 12
75125 169 150 12
50/50 135 120 12
25/75 111 95 12

0/100 94 80 12
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Fig. 32 Surface potential
retained by non-aged and
physically aged PPE/PS blend
films and their corresponding
homopolymer films. The
aging conditions are
presented in Table 2. The
ITPD measurements were
carried out at Tyypp = 90°C
(top), Tirpp = 120°C
(middle), and Tyrpp = 140°C
(bottom) for 24 h
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PPE and 75/25 PPE/PS blend films retained 69% and 62% of their initial charge, re-
spectively. These are excellent values considering a Titpp of 140 °C.

The superior charge retention of the aged PPE compared to the aged PPE/PS
blends might be related to the density of the materials prior to physical aging. As
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mentioned previously, PPE/PS blends are more densely packed in the glassy state
compared to calculated densities based on the pure components. During the aging
treatment, the blends gain intrinsically lower mobility, higher relaxation times and
slower densification than the rule-of-mixture would suggest. In contrast, PPE has a
high fractional free volume which is a driving force in the facilitation of chain pack-
ing during physical aging [52]. PPE has a higher volume relaxation rate compared
to the blends [64], which means that for the given aging conditions, it would reach
a similar degree of packing more quickly than those blends with 50 wt% of PPE
and more.

The change of the TSC spectra with the composition of the PPE/PS blends is
depicted in Fig.33. After physical aging, the peaks shift to higher temperatures
and show higher currents. However, with increasing amounts of PPE, the aging-
induced peaks shift and their amplitudes are diminished. It is clearly visible that,
with increasing amounts of PPE, the discharge peak shifts to higher temperatures,
indicating an overall higher charge storage stability.

Considering the slower volume relaxation rate that the PPE/PS blends have in
comparison to neat PPE, our results show that a physical aging treatment at suitable
conditions can effectively reduce the free volume of amorphous materials and lead
to further improvement of the charge retention.

4.4 Charge Storage of Ternary Blends

As outlined in the previous section, the good charge storage of the binary PPE/PS
blends was in part attributed to the proposed presence of heterogeneities in the poly-
mer bulk. In this section, heterogeneities are further introduced by adding a third
component, namely the triblockcopolymer poly(styrene-b-isobutylene-b-styrene)
(SIBS) to form ternary polymer blends with PPE and PS [65]. The chemical struc-
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Scheme 3 Chemical structure of the poly(styrene-b-isobutylene-b-styrene) triblockcopolymer
(SIBS) used in this study. The SIBS (grade 103T; Kaneka Co.) had a M,, of 78 kg/mol (PDI =
1.74) at a PS content of 34.2 wt%

ture of the SIBS employed in this study is depicted in Scheme 3. SIBS was chosen
since PPE/SIBS blends have been reported in the literature as materials with a good
combination of fracture toughness, impact strength, and mechanical properties [66].
In the following, first results on a correlation between electret properties, blend com-
positions, and final morphologies are presented.

In Fig. 34 the normalized charge decay curves as a function of the annealing
time at 90 °C of the PPE/PS 75/25 blends modified with 5, 10, and 20 wt% of SIBS
are presented. The ITPD measurements at 90 °C showed no substantial difference
regarding different blend compositions. Increasing the ITPD temperature to 120°C
results in a higher mobility of the charge carriers and accelerates the charge decay.
Increasing amounts of SIBS increases the charge decay at the beginning. However,
the blend with 5 wt% of SIBS possesses a better charge stability than the reference
material after 24 h of annealing.

The blend morphology was investigated by transmission electron microscopy.
The TEM micrographs of the blend PPE/PS 75/25 modified with SIBS are shown in
Fig. 35. The PS domains are readily stained by RuO4 [67] and appear as the darkest
regions in the micrographs, while the miscible PPE/PS matrix is dark grey and the
elastomer blocks are imaged as bright regions. In these micrographs, a dispersed
“sea-island” blend morphology can be observed, where the copolymer domains have
a core-shell morphology formed by grey or non-colored cores with black edges. The
elastomeric blocks of SIBS are not miscible in the PPE/PS matrix and hinder the free
dispersion of the PS blocks. Therefore, PS segments are only partially dissolved in
the matrix and can be distinguished as the dark edges around the dispersed phases
or “islands”. The dispersed SIBS have a size between 25 and 90 nm in diameter and
start to coalesce only when the SIBS content reaches 20 wt%.

Based on these results, it can be concluded that the charge storage of immiscible
blends is influenced by the size and degree of dispersion of the dispersed phase.
Since the size of the dispersed phase increases with the SIBS content in the blend,
a limit of charge storage improvement will exist. In the aforementioned example of
the PPE/PS blends with SIBS, such a limit was reached when the dispersed phase
reached around 100 nm (5 wt% of SIBS). A larger dispersed phase, as was the case
with the PPE/PS blend at 20 wt% SIBS, may decrease the charge storage capability.

In Fig. 36, the surface potential decay of a 75/25 PPE/PS blend film with 2.5 wt%
of SIBS was evaluated at three different temperatures (120 °C, 130°C, and 140 °C)
and compared to the corresponding PPE/PS blend. The addition of only 2.5 wt%
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SIBS, which has a particle size between 15 and 70 nm, clearly enhances the charge
storage behavior of the 75/25 PPE/PS. After 24 h at Trrpp = 120°C the ternary blend
exhibits a remaining surface potential of 81% compared to 65% of the correspond-
ing PPE/PS blend. Increasing Tirpp leads to a linear decrease in the retained surface
potentials of all films. However, the material obtained with 2.5 wt% SIBS is able to
store 59% of the initial charge when annealed at a Typpp of 130 °C for 24 h.

In summary, this section demonstrates that the intrinsically good electret
properties of PPE can be further enhanced by blending with PS. Particularly,
the PPE/PS blend with a composition of 75/25 exhibited an excellent charge storage
capability, even at elevated temperatures. A similar performance can be achieved
with neat PPE in combination with physical aging prior to corona charging. These
results support the assumption that the origin of charge decay is related to sub-T
segmental motions, which are reduced either by blending with PS or by physical
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Fig. 35 TEM micrographs
of the 75/25 PPE/PS blend
modified with 5 wt% (top),
10 wt% (middle), and 20 wt%
(bottom) of SIBS [65].
Published by permission

of the Society of Chemical
Industry

aging of the PPE film. Incorporation of charge trapping sites by compounding the
PPE/PS blend with the third component SIBS also leads to an improvement of the
charge storage properties.

5 Polyetherimide Electrets

As mentioned in the introduction, the commercial polyetherimide Ultem®1000
reveals the most promising electret behavior among the other high performance
polymers investigated. However, a chemically identical polyetherimide synthesized
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Fig. 36 Surface potential retained for the 75/25 PPE/PS blend films modified with 2.5 wt% SIBS
after annealing for 24 h at a Titpp of 120, 130, and 140 °C [65]. Published by permission of the
Society of Chemical Industry

in our laboratory showed an extremely poor charge storage capability (Fig. 37) [68].
Both samples were compression molded in the very same manner and subjected to
the same ITPD experiments. The commercial Ultem® 1000 sample retained 75% of
the initial surface potential, whereas the synthesized PEI 7a loses its surface po-
tential rapidly, resulting in an almost complete charge drain-off within 24 h. The
observed discrepancy in the electret performance can be attributed to additives in-
corporated in the Ultem® 1000 PEI which act as electret-enhancing agents in PEL

In order to corroborate the above assumption we identified additives present in
the commercial material and subsequently compounded these additives into puri-
fied PEI (denoted as PEIy,;) to prove their function as electret-enhancing additives.
We also investigated the influence of water and the influence of physical aging on
the electret performance of PEI electret films. In addition, another approach to im-
prove the charge storage capability of PEI by chemically modifying the polymer
itself will be presented.

5.1 Additives in Polyetherimide Ultem®1000

Purification of commercial Ultem®1000 by reprecipitation and extraction will
remove low-molecular-weight compounds, such as oligomers and additives, typi-
cally added as processing aids, plasticizers, antistatics, and most importantly for
high temperature polymers, antioxidants. It was found that with each purification
step the charge storage capability of Ultem®1000 deteriorated dramatically, which
we attributed to the removal of additives acting as charge traps [68]. The presence of
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Fig. 37 Chemical structure of PEI (identical for Ultem®1000 and 7a) and isothermal surface
potential decay (ITPD) curves of compression molded and corona charged films of Ultem®1000
and 7a [68]. Published by permission of Wiley Periodicals Inc

charge traps resulting from additives in commercial Ultem® 1000 would explain the
better ITPD performance of the as received samples compared to the purified sam-
ples. It would be beneficial in the scope of this work to identify chemically the
extracted compounds, since they might function as electret additives in a similar
manner as the additives for i-PP discussed in Sect. 3.

To identify the postulated charge trap additives in Ultem®1000, the residue in the
extract obtained after the precipitation procedure was purified and characterized by
spectroscopic methods. Besides PEI oligomers, one majority compound was present
which was identified as an organophosphonite identical to the antioxidant sold un-
der the trade names Irgafos®P—EPQ (Ciba) or Sandostab®P-EPQ (Clariant). The
chemical structure is depicted in Fig. 38 [68]. Secondary antioxidants — in this case
bulky organophosphorus compounds — are commonly employed as high temperature
heat stabilizers. These P(III) compounds prevent degradation and oxidation of the
molten polymer by hydroperoxides and P(V) species are formed during processing
[69-71].

Next Irgafos®P-EPQ had to be confirmed in its assumed function to improve the
electret performance of PEL Therefore Irgafos®P-EPQ was melt compounded with
purified PELyy in a twin-screw mixer at 366 °C and batches with different compo-
sition were prepared. In a first series, an initial additive concentration of 5,000 ppm
(0.5 wt%) Irgafos®P—EPQ was chosen, which was further diluted by adding PEL,y,,
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Fig. 38 Chemical structure of Irgafos®P—EPQ (top) and isothermal surface potential decay (ITPD,
bottom) curves of melt compounded, compression molded, and corona charged films of PEIyy,
additivated with 5,000 (filled diamonds), 3,200 (filled pentagons), 2,200 (filled triangles), 1,200
(filled circles), 700 (filled inverted triangles), and Oppm (filled hexagons) Irgafos®P-EPQ. For
comparison, the curve for commercial Ultem®1000 films (open squares) is also included [68].
Published by permission of Wiley Periodicals Inc

yielding additive load levels of 3,200, 2,200, 1,200, and 700 ppm. PEI,, was also
extruded under the same processing conditions to supply a control sample. All films
were obtained by compression molding at 320 °C, were corona charged, and their
electret performance was determined by ITPD measurements.

Figure 38 shows the ITPD curves of PEl,, films with Irgafos®P-EPQ in
comparison to a commercial Ultem®1000 film. In the sample without additives
nearly all surface potential is depleted within 24 h at 90 °C. Adding Irgafos®P-EPQ
clearly improves the charge storage capability of PEI,. A pronounced improve-
ment of the electret performance with increasing additive level was observed.
Films with the highest concentration of 5,000ppm Irgafos®P-EPQ exhibited a
retained surface potential of 79%, which is slightly better than that of commercial
Ultem®1000 films (75%). Films with lower additive concentrations of 3,200 ppm,
2,200 ppm, and 1,200 ppm show decay curves with very similar surface potentials of
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52-55%. These results suggest that, in this concentration range, the ratio of oxidized
P(V) and phosphonite P(III) species is balanced. Hence, the electret performance
is dominated by the organophosphite Irgafos®P-EPQ acting as charge trap and not
by thermal degradation products. At the lowest concentration of 700 ppm the film
exhibited a charge retention of only 25%, which is still distinctly better than that of
the purified PEly: (3%).

The mechanism of Irgafos®P-EPQ as secondary antioxidant is based on the ox-
idation of phosphonite P(III) to phosphonate P(V). Based on the dramatic charge
drain of thermally stressed PEI samples, we conclude that only the added phos-
phonite P(III) species is capable of acting as a charge trap in PEI and not the
oxidized P(V) derivative. Consequently, the added Irgafos®P-EPQ acts in two ways,
suppressing thermal degradation, which itself accelerates charge decay, and as a
charge trap.

To assess the scope of commercial secondary antioxidants as electret en-
hancers, we selected Irgaf0s®126 as another P(III) compound as additive for
PEL Irgafos®126 [72, 73], (Fig. 39) is a known organophosphite which is oxi-
dized during heat stabilization, forming organophosphates. Irgafos®126 was melt
compounded with PEI,; in the same fashion as described above for Irgafos®
P-EPQ. Electret films with concentrations of 5,000, 3,200, and 1,200 ppm were
corona charged and subjected to ITPD measurements. Films of PEI,, containing

Normalized surface potential [V/V]
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Fig. 39 Chemical structure of Irgafos® 126 and isothermal surface potential decay (ITPD) curves
of melt compounded, compression molded, and corona charged films of PEl,, additivated
with 5,000 (filled diamonds), 3,200 (filled pentagons),1,200 (filled triangles), and O ppm (filled
hexagons) Irgafos®126. For comparison, the ITPD curve of commercial Ultem®1000 films (open
squares) is also included [68]. Published by permission of Wiley Periodicals Inc
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5,000 ppm Irgafos®126 exhibited a remaining surface potential of 86% and hence
superior to the electret performance of the commercial Ultem®1000 (75%). For
films with concentrations of 3,200 ppm and 1,200 ppm Irgafos®126 in PEI,y., ITPD
curves comparable with curves obtained with compounds containing Irgafos®P-
EPQ were measured, with retained charges of 50% after 24 h.

In summary, at comparable concentrations, films containing Irgafos®126 are su-
perior electret materials compared to films containing Irgafos®P-EPQ. This result
is in agreement with the fact that Irgafos®126 is a more efficient antioxidant than
Irgafos®P-EPQ [70].

5.2 Influence of Water Content

In order to elucidate the effect of water absorption on the charge storage behavior of
commercial Ultem®1000 films (50 um thickness; Lipp-Terler), samples with vari-
ous water contents were prepared. The water content was determined by a weight
gain method using a Mettler Toledo MX35 micro-balance with a resolution of 1 ug.
The water content of as-received films was determined by Karl-Fischer analysis
to 0.74 wt%, compared to an equilibrium water absorbance of PEI at 1.39 wt%
[27, 74]. As a preconditioning step, the specimens were dried under vacuum at
125°C for 24 h to ensure a water content of less than 0.02%. By additional im-
mersion treatments, the water content of these PEI films was increased to films with
0.45 wt% and 0.66 wt%.

Figure 40 compares the ITPD curves of Ultem®1000 films containing different
amounts of water. The stability of the surface potential decreases with increasing
amounts of water in the Ultem®1000 films. The largest decay in surface potential
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Fig. 40 Isothermal surface potential decay (ITPD) curves of Ultem®1000 films (50 wm thickness)
with 0.02, 0.45, 0.66, and 0.79 wt% absorbed water as a function of the annealing time at 90 °C
[27]. Published by permission of WILEY-VCH
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was observed for the highest water content of 0.79 wt%, which is identical to the
amount of water in commercial as-received films. After the annealing period of
24h at 90°C, 71% of the potential was still present. In conclusion, these results
demonstrate that water in PEI films has a moderate influence on the electret behavior
but does not cause a dramatic potential loss.

Thermal degradation products formed during melt processing may inflict the
electret performance of polymers. To purify further the melt compressed films, in-
dividual compression molded films of commercial Ultem®1000 were immersed in
deionized water for 30h at 90°C, for 7 days at 80°C, and for 4 days at 23 °C.
To provide comparable conditions before charging, all soaked films were dried at
110°C for 14 h without vacuum, and then equilibrated at ambient atmosphere and
temperature for 1 h before corona charging. This treatment was necessary since on
one hand it was practically impossible to charge films reproducibly without this
equilibration step and on the other hand this much better reflects conditions en-
countered in possible applications. According to Karl-Fischer analysis, compression
molded films of Ultem®1000 contained 0.50 wt% and compression molded, im-
mersed, and subsequently dried films of Ultem®1000 contained 0.46 wt% water
[68]. These almost identical values indicate that the films very quickly absorb water
up to this value during the equilibrating step.

Figure 41 (top) depicts the ITPD curves. Surprisingly, all films stored in water ex-
hibit a distinctly better charge storage capability than untreated Ultem®1000 films.
Films immersed in water at 80 °C for 7 days maintain almost their initial surface po-
tential of 98%. A shorter immersion time in combination with a lower temperature,
more precisely 4 days at 23 °C, renders electrets which retained 94% of the initial
value. Also an excellent electret (97%) are films which were immersed in water for
a shorter period of time, but at a higher temperature (30h at 90 °C). To interpret
these results, we argue that polar compounds and degradation products have the po-
tential to accelerate the charge decay in electret materials. It is also feasible that,
during the immersion in water, these polar compounds were removed or diminished
by diffusion into the water phase, and this process is most efficient using hot water.

In addition to the excellent charge retention, the ITPD curves of films immersed
in water at 80 °C and 90 °C (magnified view of Fig. 41, bottom) show a maximum
after 90 min at 90 °C, indicated by a relative surface potential of 103% and 102%,
respectively. This maximum is reproducible and not an artifact. Such an increase
of the surface potential is documented in the literature [75, 76] and is due to the
coexistence of hetero- and homocharges. Surface charges with the same polarity
as the corona electrode are called homocharges and are real charges [1-3]. Het-
erocharges, however, are linked to dielectric absorption involving dipoles or ionic
charges and are aligned opposite to the applied field during charging. The observed
initial increase in net homocharge is due to the decay of the heterocharge and is just
what one would expect if both heterocharges and homocharges were present in a net
homocharge sample [75]. Generally, only in very stable corona charged polymer
electrets containing heterocharges can this initial increase in the ITPD curve be
observed. If heterocharges are absent, this effect is not observed.
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Fig. 41 Isothermal surface potential decay (ITPD) curves of compression molded (320 °C) films
of Ultem®1000 which were immersed in water at 90 °C for 30h (filled pentagons), at 80 °C for
7 days (filled diamonds), and at 23 °C for 4 days (filled triangles), dried, and corona charged (top).
For comparison, the curve for untreated compression molded Ultem®1000 films (open squares) is
also included. The bottom graph shows a magnified view of the region boxed in the top graph [68].
Published by permission of Wiley Periodicals Inc

5.3 Physical Aging of Ultem®1000 Films

As summarized in Sect. 4.3, physical aging of amorphous polymers can improve
the resulting electret performance. Consequently, now PEI is subjected to such a
treatment and the impact on the electret properties is investigated. The degree of
physical aging can easily be monitored by DSC; during the controlled heating of an
aged sample, an endothermic peak reflecting the enthalpy recovery appears around
T, [77]. Hodge et al. described this phenomenon in great detail and reported DSC
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curves and the corresponding enthalpy relaxations (Ah) of various amorphous phys-
ically aged polymers [78-80].

Therefore non-aged Ultem®1000 films were compared to Ultem®1000 films
aged at Tyge = 200°C, which is below the T, of PEI at 220 °C. The aging periods
(tage) varied between 30min and 4 days. The enthalpy relaxation (Ah) was cal-
culated from DSC traces according to Hutchinson by the area subtraction method
[59, 81]. The enthalpy relaxations of PEI Ultem®1000 as a function of aging time
are displayed in Fig. 42. The Ah value continuously increases with increasing phys-
ical aging time and levels off. Ultem®1000 reaches a low Ak during the starting
period of aging, but over longer times reaches a Ah of 3.73J/g. Belana et al. also
studied the physical aging of Ultem®1000; however their maximum aging period
was only up to 48h [77]. Within this range their reported Ak values agree with our
results.

The results for the ITPD curves at Tyrpp = 120°C for Ultem®1000 are depicted
in Fig. 43. Note the difference between the physical aging temperature (7, ), aging
time (fage), the charge decay acceleration temperature (7irpp), and time (fitpp),
respectively. For the ITPD of the non-aged Ultem®1000, a pronounced charge
drain-off is observed. After 24 h at Tyrpp = 120°C only 18% of the initially applied
surface potential is still present. When Ultem®1000 was aged at 200 °C for 30 min
the charge decay is slightly delayed. An elongation of the aging process to 24 h
raises the charge storage capability significantly, finally reaching its maximum at
95% when the film was aged for 4 days at 200 °C. Although this aging process is
energy and time consuming, Ultem® 1000 can be converted to an electret material
with outstanding high temperature stability with 95% of the initially applied charge
retained after 24 h at Tirpp = 120°C.

Figure 44 presents the TSC spectra of non-aged and aged compression molded
and charged films of Ultem®1000. As mentioned before, amplitude and location of
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Fig. 42 Dependence of the enthalpy relaxation (A#) at 20 K/min on the aging time of compression-
molded Ultem®1000 films at an aging temperature Tage 0f 200°C



Recent Advances in the Improvement of Polymer Electret Films 199

< 1.0 B F—e!

> TR Ye—_

=, m

< ospm

Z O\

Q L\ 0

© O

Q 06F

9 O

< L N

© N

2 04}

B L —e—44d -
= o2k —*—24h RS
£ " | —=—30min O
S " — 0— non-aged i
Z 00 " 1 " 1 " 1 " 1 " 1 " 1 " 1

0 200 400 600 800 1000 1200 1400
Annealing time at 120°C [min]

Fig. 43 Isothermal surface potential decay (ITPD) curves as a function of time at 7irpp = 120°C
of compression-molded Ultem® 1000 films aged at Toge = 200°C
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Fig. 44 Thermally stimulated discharge (TSC) curves recorded at a heating rate of 200 K/h of non-
aged and aged compression-molded Ultem®1000 films. Films of 100 wm thickness were corona
charged to 4400V for 20s

the resulting peaks reflect the characteristics of the trapping depths for charges in the
material. The non-aged Ultem®1000 film shows a very broad peak between 100 °C
and 220 °C with a maximum around 175 °C. According to the literature, three sub-
relaxations are located in this temperature range, denoted as 3 relaxations [82, 83].
In aged Ultem®1000, this peak is shifted to a higher temperature value with a max-
imum at 200 °C. Compared to the non-aged Ultem® 1000, the broad peak has been
shifted both in the onset and in the maximum by around 50 °C. Moreover, in the aged
Ultem®1000 film a new peak at 220 °C has developed which corresponds clearly to
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Fig. 45 Isothermal potential decay (ITPD) as a function of the time at Tirpp of compression-
molded and corona charged Ultem®1000 films, aged at Tage = 200°C for tuge = 4 days prior to
corona charging

the T, of the polymer. This peak is not visible in the non-aged Ultem®1000 since the
films are completely discharged within the 3 relaxation before 220 °C is reached.

TSC spectra hold information about the temperature above which the charge
decay progresses, indicated by the onset of the discharge. However, for many ap-
plications the charge decay at temperatures below the first discharge peak is of great
interest. Therefore ITPD measurements of aged Ultem®1000 at elevated tempera-
tures were performed since these measurements are particularly interesting for the
development of electret materials with high temperature stability.

Figure 45 depicts the ITPD curves of aged Ultem® 1000 films (Tage = 200°C for
tage = 4 days), which were evaluated at Tyrpp = 90°C, 120°C, 140°C, and 160 °C.
The aged Ultem®1000 films were capable of retaining the entire initially applied
surface charge after 24 h at Tyrpp = 90°C and lost only 5% at 120 °C. Above this
temperature (Tirpp = 140°C and 160 °C), where the onset of the 8 peak at 125°C
is reached (see Fig. 44), the charges drain off faster. After 24 h at Tirpp = 140°C the
aged Ultem®1000 sample still maintains 60% of its initially applied charge, which
is three times better than the non-aged Ultem®1000 at Titrep = 120°C shown in
Fig. 43.

5.4 Fluorinated Polyetherimides as Electret Materials

Another approach to improve the charge storage capability of polymers is the
synthesis of specially tailored materials. The structure variations and the synthesis
conditions of the polymers have to be optimized to comply with the corona charging
method and the final application. Suitable polymers have to be of low-k type, since a
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high dielectric constant leads to dipole orientation during charging and thus neutral-
izes the trapped homocharges. Further, the T, of the polymer should be considerably
higher than the application or ITPD temperature.

It is well known that the introduction of fluorine atoms in the polymer backbone
can efficiently reduce the dielectric constant [1]. In addition, fluorinated moieties
usually improve the charge storage capability. Based on this knowledge, we modi-
fied the polymer structure of PEI by introducing trifluoromethyl groups and thus ob-
tained polymers containing increasing amounts of fluorine [84]. Scheme 4 displays
the chemical structure of the two synthesized series of fluorinated polyetherim-
ides (F-PEI) based on 4,4’-(4,4’-isopropylidenediphenoxy) bis(phthalic anhydride)
7 and 4,4'-(4,4-hexafluoroisopropylidenediphenoxy) bis(phthalic anhydride) 8. PEI
7a will again serve as a reference polymer, since it contains no fluorine and is struc-
turally identical to the commercial PEI Ultem®1000, but is free of any additives
which might alter the electret performance.

Table 3 summarizes the fluorine content, inherent viscosities, and thermal
properties of the synthesized fluorinated polyetherimides The inherent viscosi-
ties (for conditions, see footnote of Table 3) of the F-PEI polymers varied from
0.34 to 0.72dL/g. PEI 7a was obtained at an inherent viscosity of 0.47 dL/g, which
is comparable to the value of commercial Ultem®1000 (Minh =0.5dL/g). DSC
measurements showed that all F-PEIs are amorphous with a T, range from 220°C
to 247 °C. Within the first series denoted as 7a, 7b, and 7d, T, between 220 and
224 °C were detected, whereas 7c¢ exhibits a slightly higher 7, of 232 °C. Polymers
8a, 8b, and 8d show T, between 234 and 236 °C, whereas the T, of 8c is at 247 °C.
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Scheme 4 Chemical structures of the synthesized fluorinated polyetherimides
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Table 3 Fluorine content, inherent viscosities, and thermal properties of FPEIs 7a—d and 8a-d

Polymer Fluorine content [wt%] Ninn® [dL/g] Tgb [°C] T59,°[°C]
Ultem®10009 0 0.50 221 535
Ta 0 0.47 221 535
7b 8.6 0.34 220 530
Tc 13.9 0.50 232 530
7d 14.2 0.46 224 495
8a 16.3 0.66 234 535
8b 22.2 0.40 236 540
8c 24.6 0.72 247 530
8d 25.0 0.53 235 535

#Inherent viscosity of a 0.5 g/dL solution in NMP at 25 °C
"DSC: heating rate 10 K/min; data of the second heating run
“TGA: heating rate 10 K/min in air; temperature at 5 wt% loss
dCommercial pellets obtained from GE plastics
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Fig. 46 Remaining surface potential of fluorinated PEIs after 24 h at 90 °C. The fluorine content
in wt% of each polymer is given in parentheses below. The compression molded films of 100 um
thickness were corona charged to 4400V for 20 s [84]. Published by permission of WILEY-VCH

Comparing each structure of the first series 7a—d to the structurally similar poly-
mers of the second series 8a—d, the second series possesses 7, which are 11-16°C
higher. This indicates that by replacing two methyl groups with two trifluoromethyl
groups in the dianhydride moiety, the flexibility of the polymer chain decreases. All
synthesized F-PEIs exhibit excellent temperature stability: In air they show a 5 wt%
loss between 530 °C and 540 °C, but for 7d, the T5q, is at 495 °C.

Compression molded F-PEI films of 100 um thickness were utilized to investi-
gate their charge storage characteristics. After corona charging to 4400V for 20,
ITPD measurements at 90 °C were conducted. Figure 46 compares the remaining
normalized surface potentials of all F-PEIs after 24 h at 90 °C.
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In the case of the non-fluorinated PEI 7a synthesized with m-phenylene di-
amine as comonomer, a fast charge decay occurs and a residual surface potential
of only 3% remained. By exchanging the dianhydride moiety 7 with its hexa-
fluorinated analog, F-PEI 8a was obtained which is an outstanding electret material:
The renaming surface potential after 24h at 90°C is as high as 87%. Introduc-
ing an additional trifluoromethyl group into the diamine comonomer by using
3,5-diaminobenzotrifluoride yields the F-PEIs 7b and 8b. Again, 8b based on the
hexafluorinated dianhydride outperforms 7b with residual surface potentials of 85%
and 61%, respectively. The charge retention of 8b is at a similarly high level as
8a. However, the electret performance of 7b is clearly improved compared to 7a.
These results indicate that the introduction of only one trifluoromethyl group into
the diamine moiety of the polymer improves the electret performance significantly.
Very similar is the behavior of 7¢ (56%) compared to 8c (79%). Here the polymer
with the higher fluorine content (8c) exhibits the better charge retention. Peculiarly,
the polyetherimides composed with the non-coplanar hexafluorinated diamine, 7d
and 8d, show a different behavior. Here, 8d exhibits a better electret performance
with charge retention of 76% compared to 8d with 63%.

From a general point of view, due to the amorphous nature of PEI a large number
of localized states (“traps”) are present, which are formed by dipole—dipole interac-
tions of the polymer chains, resulting in internal fields which delay the charge drift
in the bulk film. The introduction of fluorine modifies the molecular electronics lev-
els due to the high electronegativity of the fluorine atoms. It is remarkable that by
replacing only two methyl groups with trifluoromethyl groups in the dianhydride
moiety of the PEI, the charge retention capability in the electret films is improved
from poor to very good.

6 Conclusions and Outlook

In this chapter we have presented concepts and methods to improve polymer electret
materials. Corona charging was employed for film charging since this method pos-
sesses the advantages of being cost-effective, easy to perform, and applicable in
short periods of time.

The commodity polymer isotactic polypropylene (i-PP) is known to exhibit good
charge storage capability with moderate surface potential decays at temperatures up
to 90 °C. We demonstrated that certain additives based on substituted 1,3,5-benzene
trisamides and bisamides are efficient additives to improve the electret properties of
i-PP. Due to their chemical structure which enables H-bonds, these additives self-
assemble in the i-PP matrix and these supramolecular aggregates act as charge traps,
effectively hindering the charge drift. We found for an optimization of this effect, the
additive concentration has to be decreased to a very low level. Further improvement
of the charge storage behavior could be achieved by increasing the cooling rate
applied during film processing. These results obtained using selected compounds
clearly demonstrate the potential of this class of additives to provide optimal i-PP
electret materials.
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However, the range of application of i-PP is limited by its continuous service
temperature of 70 °C. This issue inevitably requires other polymer systems which
withstand higher temperatures. On this account, we presented experimental results
highlighting the potential of neat poly(2,6-dimethyl-1,4-phenylene ether) (PPE) and
of poly(2,6-dimethyl-1,4-phenylene ether)/polystyrene (PPE/PS) blends as materials
possessing an excellent electret performance even at elevated temperatures. The ox-
idative degradation of neat PPE during melt processing constitutes a drawback that
can be overcome by blending with polystyrene. Particularly, PPE/PS blend with a
composition of 75/25 exhibited excellent charge storage capability, even at tem-
peratures up to 120 °C. Incorporation of charge trapping sites by compounding the
PPE/PS blend with the third component SIBS also leads to an improvement of the
charge storage properties. The aforementioned results demonstrate that blending is
a promising approach towards satisfying the demands of electret applications.

With the commercial polyetherimide (PEI) Ultem®1000 we presented another
high performance polymer which possesses promising charge storage characteris-
tics. We successfully removed and identified phosphorus-based antioxidant addi-
tives, which are responsible for the good electret performance. Reincorporation of
such additives into purified PEI demonstrated the beneficial effect. However, out-
standing electrets can also be achieved by modifying the chemical structure of PEI.
Introducing trifluoromethyl groups at the right position in polyetherimides distinctly
improves the charge storage capabilities in comparison to non-fluorinated PEIL.

A very simple but yet time-consuming treatment to improve amorphous electret
materials is physical aging prior to corona charging. For instance, the charge reten-
tion of Ultem® 1000 films after 24 h at 120 °C can be raised from 18% to 95% when
the films were physically aged at 200 °C for 4 days.

The materials and methods presented in this review allow access to charge stor-
age materials with extraordinary high temperature stability which can be employed
for instance in microphones, sensor devices, and electret filters. In addition, such
excellent electrets are of fundamental importance for piezoelectric devices within
the rapidly emerging field of energy harvesting.
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