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Preface

The spontaneous assembly of amphiphilic molecules in an aqueous environment
represents a generic mechanism of self-organization on the supramolecular level
exemplified by nature. In the living cell, the process of hierarchical assembly
of bio(macro)molecules propagates from the nano- to the mesoscopic level and
beyond, giving rise to highly organized structures, each perfectly adjusted for per-
forming specific functions. This self-organization across multiple length scales
occurs as an outcome of a delicate balance between a number of attractive and repul-
sive interactions: electrostatic, hydrophobic, hydrogen bonding, metal coordination,
etc., each with its characteristic strength and range.

Recent advances in polymer chemistry, in particular, in controlled radical poly-
merization, have enabled the synthesis of complex macromolecular architectures
with controlled topology, which comprise chemically different (functional) blocks
of controlled length in well-defined positions. Block co- and terpolymers, molecu-
lar and colloidal polymer brushes, and star-like polymers present just a few typical
examples. Furthermore, miktoarm stars, core-shell stars and molecular brushes, etc.
exemplify structures where chemical and topological complexity are combined in
one macromolecule.

Significant progress has been made in terms of understanding the self-assembly
of amphiphilic diblock copolymers in selective solvents. In aqueous solutions, the
assembly is typically driven by hydrophobic attraction between associating blocks
and gives rise to diverse nanostructures (micelles, vesicles) and mesophases. The-
ory has established relationships between the macromolecular architectures of ionic/
hydrophobic diblock copolymers and the equilibrium morphologies of the self-
assembled aggregates. Unusual responsive properties of micelles with pH-sensitive
coronas were predicted on the basis of the concept of coupling between ionization
of the polyelectrolyte block and the aggregation state of the copolymer molecule
and they have been recently observed in experiments. A multitude of experimental
techniques, including radiation scattering, fluorescence spectroscopy, electron and
atomic force microscopy, etc., have been used for structural and dynamic charac-
terization of the block-copolymer self-assembly in solution and at liquid—solid and
liquid—air interfaces.
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Self-assembled structures of amphiphilic copolymers have been extensively
explored in biomedicine as vectors for targeted delivery of drugs and biological
molecules (enzymes, nucleic acids), in biomaterials engineering (antifouling
surfaces), biosensors, etc. Further applications include food industry and agro-
chemistry, uptake and pre-concentration of toxic organic compounds and heavy
metal ions in water treatment, molecular templates for nano-electronic devices.
Many water-based industrial formulations include polymeric amphiphiles that ag-
gregate and co-assemble with other macromolecules, nanoparticles and surfactants
to form nano-aggregates, and different types of mesophases and structures at in-
terfaces. An important requirement for the biomedical applications are pronounced
stimuli-responsive properties of the polymeric nano-structures, that is ability of a
triggered response to smoothly varied external conditions (e.g., tiny variations in
temperature or pH) or recognition of weak specific stimuli (e.g., trace concentrations
of biologically active or toxic compounds).

The electrostatic attraction between oppositely charged ionic macromolecules
and (bio)nanocolloids is an appealing alternative mechanism for building up func-
tional nano-assemblies in aqueous media. The association of linear polyelectrolytes
in solutions or at charged interfaces leads to interpolyelectrolyte complexes or poly-
electrolyte multilayers. The strength of attractive electrostatic interactions can be
easily tuned by the pH or ionic strength of the solution. Hence, electrostatically as-
sembled structures exhibit pronounced stimuli-responsive features. The enormous
diversity of possible combinations of co-assembling components, including oppo-
sitely charged ionic polymers, nucleic acids and proteins, metal/ligand complexes,
and inorganic nano-particles, opens a fascinating perspective of the possibility to
use this mechanism to design novel functional materials based on supramolecular
and supracolloidal assemblies.

Furthermore, such advanced applications as (bio)nanoreactors or molecular tem-
plates require progressing beyond the most elementary forms of self-organization
and generic types of copolymer nanostructures. We need to explore routes of self-
and co-assembly of macromolecules into non-centrosymmetric multi-compartment
supramolecular nano-assemblies. For example, construction of nanoreactors for en-
zymatic (cascade) reactions requires immobilization of multiple proteins in close
proximity to each other in well-segregated (protective) environments. Such enzyme
cascades are very promising in biotechnological applications. The development of
pathways for fabrication of well-defined multi-domain nano-structures via the spon-
taneous assembly of elementary macromolecular building blocks represents one of
the future challenges in supra-macromolecular chemistry.

Co-assembly of amphiphilic and bis-hydrophilic block copolymers with oppo-
sitely charged polyelectrolyte blocks gives rise to sophisticated nanostructures with
compartmentalized core or corona domains. The combination of nano-sized com-
partments that differ in polarity and composition within one colloidally stable poly-
meric nanostructure is promising in the development of novel, highly effective, mul-
tifunctional polymeric reagents for wastewater treatment (e.g., an one-stage removal
of organic impurities and heavy metal ions from aqueous environment) as well as
smart nano-containers capable of incorporation of various physiologically active
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compounds, e.g., proteins and nucleic acids. Co-assembly of two ionic-neutral
block copolymers can lead to surface-compartmentalized polymer-based Janus
nanoparticles (“Janus micelles”) with two chemically different “faces” exposed to
the surrounding environment. Janus micelles with coronas solvated in a common
good solvent (e.g., water), but laterally segregated, are promising as they can se-
lectively incorporate different enzymes or metal nano-particles possessing catalytic
activity in segregated compartments, thus offering opportunities for (bio)catalytic
cascades. Janus micelles are intrinsically highly surface active; their use may cut
down the use of conventional surfactants with concomitant environmental impact.

Biomedical applications strongly require nanostructures based on the assembly
of amphiphilic macromolecules comprising functional blocks of biological origin
(peptides, oligo- or polynucleotides, polysaccharides) or their synthetic analogs.
A novel class of biohybrid copolymers comprising a synthetic block conjugated to
a polypeptide or polynucleotide block has attracted considerable attention. Their
self-assembly gives rise to diverse ordered structures in aqueous media and at
solid—liquid interfaces. The ability of biopolymer blocks to take part in specific
interactions (e.g., ligand—receptor, DNA hybridization, etc.) with target molecules
opens up a fascinating perspective for the design of novel generations of label-free
diagnostic systems, or of smart vector systems that can deliver drugs or biologically
active molecules on the basis of self-assembled bio-hybrid structures.

Based on these considerations, the European Union funded a Marie Curie
Research Training Network “Self-Organized Nanostructures of Amphiphilic
Copolymers (POLYAMPHI).” This network, consisting of 14 research teams from
7 European countries, worked successfully from 2004 to 2008. Some of the results
obtained in these collaborations are presented in these two volumes, supplemented
by chapters dealing with additional aspects of the topic. Thus, we present a com-
prehensive overview of the state of the art in experimental research and theory
of self-organization via self- and co-assembly of amphiphilic or hydrophilic ionic
(macro)molecules in aqueous solutions and at interfaces.

Pau and Bayreuth Oleg Borisov
Summer 2011 Axel Miiller
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Block Copolymer Surfactant Mixtures
in Aqueous Solution: Can we Achieve Size
and Shape Control by Co-Micellization?

Thomas Hellweg

Abstract Amphiphilic block copolymers (BCPs) are used in a steadily growing
number of applications and formulations such as cosmetics, detergents, coatings,
and enhanced oil recovery. In most of these applications, BCPs are used in complex
mixtures with normal surfactants to control the solution properties of the men-
tioned systems. In addition, these systems are used as templates for nanoparticle and
mesoporous silica synthesis. Hence, a deeper understanding of the self-assembly
processes and the formed structures is desirable to achieve a better control of the
properties of the obtained inorganic materials. This article reviews the recent lit-
erature describing physicochemical aspects of the BCP/surfactant mixtures and
attempts to identify some general features of the behavior of these systems.

Keywords Amphiphile - Block copolymer - Packing parameter - Scattering
methods - Surfactant

Contents
) Y6 06 1 Te1 5o )3 2
2 Triblock COPOLYMETS ...ttt e et 3
2.1 Tonic SUIfACLANLS ......oiiiiii ittt ettt e et e e e, 5
2.2 NONIONIC SUMACLANTS « ..\ vttt ettt e e et e et e eeieee e e eaiaeeeeeeaanns 10
3 Diblock COPOLYIMETS ..uuuteittt ittt et e e 11
3.1 Tonic SUrfaCtants .......ueieeeeeeit et et et e et e e e 12
3.2 Nonionic SUrfactants . ...........oiiiriiiiiiii et aaaas 17
I 011115 N N (S 1 1 T 21
4.1 Amphiphilic Poly(p-phenylenes). ............cooooiiiiiiiiiiiiiiiiiii e 22
5 Summary and OULIOOK .....oonnntt e 22
RETETEICES ... ettt e e e 24

T. Hellweg (<)

Physical Chemistry I and Bayreuth Centre for Colloids and Interfaces (BZKG),
Bayreuth University, Universititsstrae 30, 95447 Bayreuth, Germany

e-mail: thomas.hellweg @uni-bayreuth.de
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1 Introduction

Amphiphilic block copolymers (BCPs) have been subject of numerous studies
during the last few decades. This is due to the unique properties that arise from the
incompatibility of the blocks, leading to a large number of different self-assembled
structures and mesophases in the bulk or in selective solvents [1-4]. Studies on the
interaction of BCPs with different types of surfactant are also of great relevance
because these mixtures can be found in an important number of technical products
ranging from paints to cosmetic products to pharmaceutical formulations.

For technical purposes, triblock copolymers of poly(ethylene oxide) (PEO) and
poly(propylene oxide) (PPO) are frequently used (often called poloxamers) [5].
Since approximately 1950, these polymers have been produced on large scale as
Pluronics (BASF), Synperonics (ICI), or Genapol, and the self-assembly of these
systems is already the subject of a large number of investigations (see e.g., [6—10]).
More recently, BCPs have been used as templates for the preparation of ordered
nanostructured inorganic materials such as SBA-15 [11-13], or in the synthesis of
inorganic nanoparticles [14-23].

With respect to templating applications, it is desirable to develop techniques that
allow control of the self-assembly process and tuning of the shape of the BCP ag-
gregates. One possible way to achieve this goal is the co-micellization of BCPs with
surfactants [20, 21, 24-32]. This approach might allow control of the packing, and
hence the curvature, of the formed interface of the mixed micelles (see scheme in
Fig. 1).

In surfactant solutions, the shape of the formed self-assembled structures can be
predicted, introducing the packing parameter p [33]:

p= v ey
al

Here, a is the headgroup area, / the chain length, and V the chain volume of the
surfactant. For p < %, spherical structures are formed. p values between % and % lead
to preferentially cylindrical structures. Finally, p > % favors flat layered structures

(e.g. lamellar phases L,). Similar considerations also seem to be valid for BCPs.
The most important parameters for the control of micellar shape in diblock
copolymer solutions appear to be the cross-sectional area of the hydrophilic chain

Fig. 1 The basic idea of structural control through co-micellization
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(“headgroup”) and the ratio of the lengths of the two building blocks. This is sim-
ilar to the situation in solutions of low molecular weight surfactants. For several
nonionic surfactants (e.g., the group of alkyl oligo ethyleneoxide CiE)), the size per
headgroup changes with temperature (due to a change in hydration) and thus the mi-
celles transform from a spherical to a worm-like shape, even within a single phase
region of the phase diagram [34, 35], as the temperature increases.

In the case of diblock copolymers containing a charged block, the structure of
the micellar aggregates can be controlled by addition of salt, and transitions from
spherical micelles to rod- and worm-like structures have been observed at high salt
concentrations [36].

As already mentioned, co-micellization of BCPs with surfactants might also
allow shape control of the formed structures. Similar concepts using surfactants
and co-surfactants are already well known from microemulsion research [37-40].
In addition to templating applications, BCPs are also added to microemulsions and
lead to a huge increase in solubilization power (efficiency boosting) [41-44]. In
this case also, knowledge of the polymer—surfactant interaction is necessary to un-
derstand the fundamentals of this effect. However, the behavior of PEO-PPO-PEO
triblock copolymers upon addition of surfactant seems to be different [24, 25, 31]
to the behavior of poly(butadiene)-b-PEO diblock copolymers [29, 30]. Moreover,
in membranes of living cells, low molecular weight amphiphiles interact with po-
lar polymers. In this context, the interaction of Pluronics with lipids has also been
studied [45-47]. However, these investigations are beyond the scope of this review.

This article aims to review the recent developments in the area of BCP—surfactant
mixed systems in aqueous solution and is organized as follows: For historic reasons
and due to the high number of publications devoted to Pluronics, triblock copoly-
mers will be discussed first, and their behavior in aqueous mixtures with different
surfactants will be reviewed (Section 2).

Section 3 then reviews the behavior of diblock copolymers in mixed micelles
with surfactants. Section 4 discusses other polymer surfactant mixtures, such as mix-
tures of amphiphilic poly(para-phenylenes) (PPP) with nonionic surfactants [48].
The packing parameter and the curvature of an amphiphilic BCP are not only
influenced by means of co-micellization with a surfactant. Both parameters can
also be influenced by changing the solvent quality for one of the blocks, e.g., by
adding alcohol or salt. Denkova et al. have shown that this also leads to structural
changes [49]. However, despite the similarity of both approaches, the present re-
view will only focus on aqueous BCP surfactant mixtures. Surfactants can also be
used to assist structure formation in BCP thin films [50]. This is an area of growing
importance, but is beyond the scope of the present contribution.

2 Triblock Copolymers

The self-assembly of triblock copolymers of the PEO-PPO-PEO type in aqueous
solution was subject to a lot of studies investigating different aspects of these polox-
amer polymers. This is due to the technical importance of these systems, which are
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Fig. 2 Nomenclature of Pluronics [51]

produced under the trademarks Pluronic (BASF), Synperonic (ICI), and Genapol.
In this review, we will use the Pluronics nomenclature. For Pluronics, all names
start with P (paste), F (flakes), or L (liquid). In addition, the name contains infor-
mation about the block length ratio in the respective polymer (e.g. the 3 in P123
indicates a PEO content of 30 wt%). The first one or two numbers are a code for the
molecular weight of the PPO block. The 12 in P123 indicates for example a molar
mass of the PPO block of 4000 g/mol.

Figure 2 gives a scheme that allows interpretation of the names of the different
Pluronics commercially available.

Due to the hydrophobicity of the PPO block, these polymers are found to form
micelles at intermediate concentrations and temperatures [52, 53](approximately
1-4 wt% at room temperature). Alexandridis and coworkers reported that the hy-
drophobic cores of the formed micelles are nearly water-free and contain about
25% PEO. The structure of the obtained aggregates was investigated using light-
scattering techniques [54], NMR self-diffusion measurements, and small-angle
scattering experiments [7]. The number of studies dealing with co-micellization
of PEO-PPO-PEO triblock copolymers with surfactants is still growing and the
following discussion certainly will be far from complete. The section is divided
into two subsections, starting with a discussion of the interaction with ionic sur-
factants. The second subsection treats triblock copolymers mixed with nonionic
surfactants.
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2.1 Ionic Surfactants

The investigations into the interaction of PEO-PPO-PEO triblock copolymers
with ionic surfactants mainly focus on the surfactants sodium dodecyl sulfate
(SDS) [25, 31, 55], dodecyl trimethyl ammonium bromide (DTAB) and hexade-
cyltrimethylammonium chloride (CTAC) [31].

To our knowledge, one of the first works systematically treating the interac-
tion of PEO-PPO-PEO triblock copolymers with ionic surfactants was published
by Almgren et al. [56]. This work presents data for the interaction of the poly-
mers L64 (PEO3PPO3¢PEO;3; My, = 2900 g/mol) and F68 (PEO;3PPO3oPEO7s;
M, = 8600 g/mol) with SDS. These two triblock copolymers do not form large
multimolecular micelles at low temperatures (=293 K) in aqueous solution. Under
these conditions, only unimers are found. Upon addition of SDS to the solutions of
L64 and F68, micellization is induced. At low SDS concentrations, the obtained mi-
celles were found to be small (ca. 4-5 polymer molecules and 15 SDS molecules).
Increasing the SDS concentration leads to a complete decomposition of these mixed
micelles.

The polymer L64 is found to form micelles itself at higher temperatures
(=313K) [56]. These micelles were studied in more detail by Holzwarth et al.
using small angle neutron scattering [57]. The found aggregation numbers ranged
from 37 at 310.65K up to 54 at 328.15K for the pure polymer. Also, these pure
polymer micelles were found to decompose after addition of higher amounts of
SDS [56].

One of the rare works on the kinetics of the formation of mixed micelles of
Pluronics and surfactants also treats the system L64/SDS [58]. In temperature-jump
experiments, the authors identified three different relaxation times for the L64/SDS
mixture. The fastest (o< 1s) is associated with the binding of additional L64 unimers
to the micelles. The two slower relaxation processes are interpreted as structural
rearrangement of the mixed micelles and micelle clustering. These findings are qual-
itatively in agreement with the first kinetic investigation of these mixtures by Hecht
and Hoffmann [59].

Thermodynamic aspects of the interaction of L64 and F68 with anionic surfac-
tants were recently studied by De Lisi et al. [60-63]. The surfactants used were a
series of sodium alkanoates with different alkyl chain lengths, allowing the study of
the influence of the growing hydrophobicity of the chain. However, these works did
not look at the micellar structure.

Xu and coworkers have used the MesoDyn approach to simulate structure for-
mation in a mixture of L64 and P85 with SDS [64]. Unfortunately, this work starts
at rather high L64 and P85 concentrations (15% and higher). Most of the exper-
imental studies were done at lower volume fractions. Hence, no conclusions for
a better understanding of the experimental findings published, e.g., by Hoffmann
et al. [25, 65, 66] can be drawn. Also, high concentrations are probably of interest
especially with respect to their applications. However, for high volume fractions
no structural studies with small-angle neutron scattering (SANS) or small-angle
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X-ray scattering (SAXS) have yet been done. The interaction of L64 with three
different cationic surfactants was investigated by Mahajan et al. using SANS [67].
These authors employed the surfactants hexadecyltrimethylammonium bromide
(HDTAB), tetradecyltrimethylammonium bromide (TTAB), and dodecyltrimethy-
lammonium bromide (DTAB). For all studied cationic surfactants and all ratios of
L64 to surfactant, the authors report ellipsoidal micelles. Since this is the preferred
shape of the micelles of the pure cationic surfactants, they conclude that in this case
the shape is dominated by the surfactant [67].

A recent study by Hamley et al. also treats the interaction of different
poly(oxyalkylene) BCPs with SDS. One of the studied systems is P84 (PEO;q-
PPO43-PEO/9) and the found behavior was consistent with the previous works.
The surfactant interacts with the hydrophobic parts of the Pluronic and subsequent
formation of polymer—surfactant complexes is observed. Again, with increasing
SDS content these complexes break down progressively.

Like Almgren et al., Hoffmann and coworkers have also looked in detail at the
problem of decomposition of Pluronic micelles upon addition of surfactant [68].
In this work, the authors use different methods (e.g., surface tension measurements,
calorimetry, and dynamic light scattering, DLS) to investigate the polymer F127
(PEO¢7PPOgyPEQg7, M,12,500 g/mol). In aqueous solution, the pure polymer is
found to form micelles with a hydrodynamic radius R}, of approximately 11 nm.
Addition and subsequent increase of SDS leads to a decrease of the observed micel-
lar size down to 1 nm. In these mixed micelles, one polymer molecule is surrounded
by ca. 6 SDS molecules. Measurements of the birefringence of these solutions led
the authors to predict an anisometric structure for the obtained aggregates (see
Fig. 3). Mixed systems of F127 with the cationic surfactant TTAB were character-
ized by Wyn-Jones et al. [69]. The observations are very similar to the previous
studies. TTAB binds to F127, leading to the formation of mixed micelles. These are
then found to completely break down upon further increase of the TTAB concen-
tration. Interesting is the finding that low TTAB concentrations induce a decrease
in the critical micellization temperature (cmt) of the polymer.

Jansson and coworkers presented DLS and calorimetric investigations of the tri-
block copolymers P123 and F127 [31]. First they characterized aqueous solutions

Fig. 3 Aggregates obtained
in F127/SDS mixtures
(redrawn after [68]). The
hydrophobic PPO part
interacts with the surfactant
alkyl chains
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of the two polymers at ca. 40°C and sufficiently high concentrations. Under these
conditions, both polymers are found to form predominantly micelles. For P123, they
estimate the critical micelle concentration (cmc) to be 0.2 x 1073 wt%. This value
is in good agreement with the results of Hoffmann and coworkers [65]. The size of
the pure polymer micelles was characterized in terms of the hydrodynamic radius
and found to be approximately 10 nm for P123 and 12.5 nm in the case of F127.

Then, these polymers were mixed with SDS or CTAC and the obtained struc-
tures investigated as a function of added surfactant concentration. Also in this case,
disintegration of the polymer micelles starts upon addition of ionic surfactant. The
authors identify three concentration regimes. At low surfactant concentrations, large
mixed polymer/surfactant micelles are formed. This regime is followed by a region
of intermediate surfactant concentrations where large mixed micelles coexist with
smaller aggregates containing just one polymer molecule. Finally, at high surfactant
content only small micellar species “survive”. These findings are in good overall
agreement with the works of Hoffmann et al. [65, 68], Almgren and coworkers [56],
and Wyn-Jones et al. [69]. The P123/hexadecylammonium chloride (C;¢TAC) com-
plexes were further characterized in a subsequent work by Jansson et al. [70]. In this
study, one of the key tools was SAXS, which allows determination of the interaction
between the mixed micelles. The authors use the structure factor S(g) for this pur-
pose and applied the recently developed generalized indirect Fourier transformation
method to compute S(g) from scattering functions [71].

Jansson et al. investigated the interaction of P123/CsTAC micelles over a wide
range of molar ratios (0—19.3). For low molar ratios, the structure factor is treated in
terms of the Perkus—Yevick approximation (PY). High molar ratios (namely 19.3)
were analyzed by applying the hyper-netted chain model (HNC). Figure 14 in [70]
shows the computed structure factors of different samples. Based on the calculation
of S(g), the authors conclude that the pure P123 micelles exhibit only weak inter-
particle repulsive interactions that mainly arise from excluded volume effects. Upon
addition of the hexadecylammonium chloride, the surfactant molecules associate
with the P123 micelles, which leads to a steadily enhanced repulsion.

Finally, at the highest molar ratio all P123 micelles were decomposed and only
small surfactant/P123 complexes remain. These exhibit strong electrostatic repul-
sion and the structure factor can be well described using a Yukawa-type potential
and the HNC approximation. These findings are in line with the results of the earlier
works.

To our knowledge, currently only one article on the subject of the interaction
between Pluronics and gemini surfactants is available [72]. This work treats the
interaction of the Pluronics F108 and P103 with gemini surfactants of the type
(oligooxa)-alkanediyl-o, ®-bis(dimethyldodecylammonium bromide)/(12-EO,-12)
with x ranging from O to 3. The experimental method used in this work was isother-
mal titration calorimetry. The interaction between P103 and the cationic gemini
surfactants leads to very strong enthalpy change compared to that using classical
surfactants. Moreover, the interaction between these surfactants and P103 is stronger
than that for F108. This fact is explained by the higher hydrophobicity of P103 due
to the shorter PEO chains.
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2.1.1 Systems with More Components

In systems designed for applications, more components are usually present. Oils are
of high relevance in this context, but pharmacologically relevant compounds may
also be added to Pluronics, since these BCPs are also discussed in the framework of
drug delivery.

In this context, a work by Egger and coworkers should be mentioned in which
they used the addition of CgTAB to control the phase behavior of P105 in the ternary
system (P105)/o-xylene/water. The studied system was polymer-rich and a copi-
ous phase behavior develops upon addition of the surfactant. This indicates that the
surfactant has a strong influence on the curvature and elasticity of the P105 film
separating the two immiscible components, water and o-xylene [73]. All structuring
processes in equilibrium phases are determined by the free energy, and in systems
exhibiting low interfacial tensions the most important contribution to the free energy
arises from the curvature energy of the interfacial film. Its contribution is governed
by the film elasticity, which can be described by two elastic constants x and k. This
relationship is quantitatively described by the Helfrich equation [74]:

1
F:/<§K(C1+C2—2C0)2+C1C2’_<) ds @
N

Here, () is the spontaneous (or “natural”) curvature and C; and C; are the principal
curvatures of the film. § is the interfacial area in the sample. An interfacial film ex-
hibits a stable equilibrium curvature if —2x < ¥ < 0 holds. This corresponds to a
minimum in the curvature free energy. For flat interfaces (e.g., lamellar phases) Cy
is zero. Besides k, an additional parameter is necessary for description of the behav-
ior of phases consisting of stacked bilayers. This parameter is the compressibility
modulus B, which describes the interaction between the layers [75-77].

Information about the elasticity can be obtained using a variety of scattering
methods. Small-angle scattering is mainly used for systems with small interlamellar
spacing [75, 77-82], whereas light scattering can be applied for the study of swollen
systems [76, 83, 84]. Neutron spin-echo spectroscopy has also been used to directly
measure the bilayer dynamics in lamellar liquid crystalline phases [85-87].

In their publication Egger et al. mainly study the properties of a lamellar
phase obtained in the quaternary system PEQO37-PPOsg-PEQO3; (P105)/CgTAB/o-
xylene/water [73].

The structure of a lamellar phase L, is characterized by two important pa-
rameters, the interlamellar distance d and the already-mentioned elasticity of the
amphiphilic film. The interlamellar distance is directly computed from the position
of the Bragg singularities of the structure factor S(g) by:

_ 2nm
q0.n

d

3
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Here, go, is the g value associated with the corresponding peak-maximum of the
nth-order peak. The scattering vector g is given by:

4 . (O
q= Tsm <E> 4)

with A being the wavelength of the radiation and © the scattering angle.

The relative elasticity of the amphiphilic films determines the shape of the Bragg
peaks, which can be analyzed using the model of Caillé [78, 88]. In this model, the
peak is described by:

1(q) <|g—qo | *™" (5)

In the approach by Nallet and coworkers, smearing effects and form factor con-
tributions are also included [75]. The description of the scattering pattern of a
lamellar phase derived by Nallet et al. combines the form factor of the bilayer with a
structure factor relating the broadness of the peak (quantified in terms of the Caillé-
constant 1) to the elasticity of the bilayer by:

gk T

= 8n+/kB/d

Here, kg is the Boltzmann constant, x is the splay modulus, and B is the modulus
associated with the barocline mode of the bilayer [75].

The findings of the work by Egger and colleagues can be summarized as follows
[73]. The interlamellar spacing d is found to be of the order of 11-13 nm, dependent
on the composition of the bilayer. d strongly depends on the polymer concentration,
but is nearly independent of variations in surfactant concentration. A calculation of
the space of the polymer at the interface gives values between 1 and 3 nm?, which
change as a function of the composition. The thickness of the whole layer is around
4-5nm, but only an inner layer of about 1 nm (consisting mainly of the bromine
counterions of the CgTAB and water) dominates the form factor contribution in the
X-ray measurements.

Moreover, a variation in the molar ratio of surfactant to polymer between 7 and
13 does not have any effect on the width of the first-order Bragg peak. In terms of
the Caillé constant, this would usually be interpreted as a constant elasticity of the
bilayer. However, neutron spin-echo experiments on the same system reveal that the
addition of surfactant significantly changes the bending elasticity of the polymer-
based lamellar phase (Egger et al., unpublished results). The width of the first-order
Bragg peak remains constant because of the influence of the increasing electro-
static repulsion, which is due to the increased number of charges associated with the
CgTAB. This changes the compressibility of the bilayer stack (B). Hence, decreas-
ing Kk is compensated by increasing B in this system, leading to a nearly constant
value of the Caillé constant 1.

Several interesting works dealing with the incorporation and localization of
hydrophobic compounds into Pluronic/surfactant mixed micelles were recently

(6)
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Fig. 4 F88 micelles in the absence (left) and presence (right) of the surfactant CTAC ( filled cir-
cles). The green symbols represent the fluorescence dye. In pure F88 micelles the dye is located
in the outer hydrophilic and water-swollen corona. When the surfactant is added, the electrostatic
attraction between the dye C343 and the positively charged CTAC headgroups drags the dye inside
the mixed micelles

published by Singh and coworkers and by Bhattacharyya et al. [89-92]. In these
works, P123 and F88 are studied in the presence of CTAC. These aqueous ternary
systems were mixed with small amounts of a fluorescent probe (C343) (see scheme
in Fig. 4). The shift of the fluorescence gives information about the local environ-
ment of the fluorescence probe. The authors report the interesting finding that the
CTAC addition drives the negatively charged fluorescence dye inside the micelles.
This can be understood by assuming that the CTAC headgroups (positively charged)
are located at the boundary between the hydrophobic and the hydrophilic part of the
Pluronic micelle and that the electrostatic interaction “sucks” the fluorescence probe
inside the mixed micelle. However, the length of the ethylene oxide block seems to
be crucial for the penetration depth of the dye.

2.2 Nonionic Surfactants

Polar compounds like alcohols or sugars can be seen as the simplest case of a non-
ionic “surfactant”. Therefore, we will start the discussion with mixtures of such
OH-containing compounds with BCPs. Their influence on the structure formation
in solutions of amphiphilic triblock copolymers was studied by Alexandridis et al.
[93, 94].

In these works the influence of different alcohols (ethanol, glycerol, propylene
glycol, and glucose) on the phase behavior of P105 was studied mainly by small-
angle X-ray scattering. This is a simple process that involves looking at the liquid
crystalline phases of the polymer and analyzing the respective peak positions as a
function of alcohol concentration. Changes in the peak positions were attributed to
changes in the “natural” curvature of the BCP film due to swelling of the different
blocks by the added alcohols.

One of the best-investigated groups of nonionic surfactants are the oligo ethylene
glycol mono-n-alkyl ethers (see e.g., [38, 95]). Calorimetry-based examinations
of the interaction of one of these surfactants (hexaethylene glycol mono-n-
dodecyl ether; Ci2Eg) with the Pluronic F127 (PEOg¢7PPOgPEQg;) and L64
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(PEO3PPO3)PEO3) were published by Couderc and coworkers [96, 97]. The
most important result of these studies is that there is a strong interaction between
F127 and C;E¢. In addition, the authors also investigated the influence of the
homopolymers PEO and PPO on the cmc of Cj;Eg. The homopolymers have no
significant effect on the micelle formation. Hence, interaction (co-micellization)
is related to the amphiphilic nature of the Pluronic. The cmc for the F127/C,Eg
mixture was determined for several different ratios, and the authors were able to
describe the observed behavior using a regular solution theory [96]. The same holds
for the L64/C,E¢ system [97]. In conclusion, these studies reveal that there is a
synergy between F127 and Cj;E¢ that makes this type of mixture interesting for
technical solubilization problems.

The micellar shape of L64 micelles in the presence of the nonionic surfactant
Triton X-100 was investigated by Mahajan and coworkers using SANS. They found
that, in contrast to ionic surfactants, the shape is dominated by the L64 and that the
formed mixed micelles are always spherical [67]. Without L64, Triton X-100 forms
micelles of ellipsoidal shape. Unfortunately, the authors did not study other non-
ionic surfactants with different headgroup areas and tail volumes. A study very
similar to the one by Egger and coworkers [73] (see previous section) was pub-
lished by Kunieda and coworkers. However, instead of a cationic surfactant these
authors used pentaoxyethylene dodecyl ether (C,Es) and penta(oxyethylene) oleyl
ether (Cis.1Es). The investigated Pluronics were P85 and P105 [98]. In this case,
the surfactants can also be used to tune the phase behavior of the system and the
properties of, e.g., the lamellar phase (interlamellar spacing, etc.). With Ci;Es, an
extended lamellar phase region is formed in P86 solutions. With P105, the phase
behavior was slightly different. Only upon addition of high amounts of C2E5 a
lamellar polymer-rich phase was generated. This phase was found to coexist with a
lamellar phase of pure C|;Es.

In recent works, mixed systems of P123 and C,E¢ were investigated by scatter-
ing techniques [99, 100], calorimetry [101], and rheology [102]. The most important
findings in these works were a decrease in the critical aggregation concentration
(cac) of the polymer, which was induced by the presence of the nonionic surfactant
C12E¢ and the sphere-to-rod transition that was induced by the surfactant.

3 Diblock Copolymers

A common point in several of the publications treating diblock copolymers is the
fact that the used copolymers often comprise a PEO block as a hydrophilic part.
A system very similar to the previously discussed Pluronics is a diblock copolymer
of ethylene oxide and propylene oxide. This type of copolymers was studied by, e.g.,
Taboada et al. [103, 104]. Unfortunately, to our knowledge no data are available
concerning the interaction of these PPO-PEO diblocks with surfactants. It would
certainly be of interest to compare the behavior of these systems to the findings for
Pluronic surfactant mixtures. However, as already mentioned, most of the diblock
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Fig. 5 Cryo-TEM image of solution of PEOg;-PB4g in water. Scale bar: 100 nm

copolymers employed in studies on copolymer—surfactant interaction contain a PEO
block. It is known that the presence of PEO in surfactant solutions leads to a signifi-
cant decrease of the cmc of the respective surfactant. Often, a kind of pearl-necklace
structure of micelles interconnected by the PEO was observed [105-107].

As hydrophobic block, several groups have used different chains. Polystyrene
(PS) was studied by Bronstein and coworkers [27]. Nordskog and coworkers have
investigated different PEO-b-polybutadiene copolymers (PEOs3-PB37 [28], and
PEOg¢2-PB4g [29, 30], PEO;25-PB55 [108]). Figure 5 shows an example of the
structures found in aqueous solutions of PEOg;-PB4o. The polymer mainly forms
rod-like aggregates. The other two investigated PB—PEO diblock copolymers also
form rod-like structures in water when no surfactant is added. A homologous sys-
tem with a slightly different block length was recently studied by Shimoni and
Danino [109].

Works on the co-micellization of PEO-b-poly(methacrylate) (PEO-b-PMA) with
charged surfactants were also published [110]. The PEO-b-PMA copolymers belong
to the group of so-called double hydrophilic BCPs. A special case in this group are
double hydrophilic BCPs, which have one block that can become hydrophobic upon
heating or due to changes in other external parameters. An example of this kind
of systems is PEO-b-poly(N-isopropylacrylamide) (PEO-b-PNIPAM), which was
studied recently [111]. PNIPAM has a 0 temperature of ca. 33°C in water and wants
to phase-separate beyond this so-called lower critical solution temperature (LCST).
In the following subsections all the mentioned works will be summarized.

3.1 Ionic Surfactants

Bronstein and coworkers have investigated PS-b-PEO (PS,,-b-PEO,,,, with n ~ 10
and m ~ 68) in aqueous solution and in mixtures of this polymer with cetyl
pyridinium chloride (CPC) and SDS [20, 21, 27]. DLS experiments on the pure
PS-b-PEO solutions reveal two relaxation modes. The faster one is attributed to
micelles and the slower one to micellar clusters. Addition of surfactant to these so-
lutions significantly alters the structures found.

In contrast to the behavior of the triblock copolymers described in the previous
section, the PS,,-b-PEO,, block copolymers were found to behave differently. Using
DLS and ultracentrifugation, Bronstein et al. were able to show that the mixtures
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are rather complex and contain micelles, micellar clusters, and supermicellar ag-
gregates. At approximately 14 x cmc, excess micelles of the added surfactant are
formed.

The same type of diblock copolymer with slightly different block length was also
characterized by Castro et al. with respect to its interaction with SDS [112]. The
polymer is poly(styrene oxide)-PEO with 17 and 65 monomer units, respectively.
In aqueous solution, this polymer forms micelles with a hydrodynamic radius of
approximately 12.7 nm and an aggregation number of ca. 150 [113]. On the basis of
measurements of the dissymmetry of the static light scattering intensity [114], the
structure of the formed polymer micelles was found to be spherical [113]. The cmc
of this type of diblock copolymer was found to be very low.

Upon addition of SDS, the hydrodynamic radius of the formed structures de-
creases to approximately 1 nm, indicating a complete decomposition of the polymer
micelles similar to that observed in the case of Pluronics. This would mean that this
type of polymer behaves differently compared to the similar polymers studied by
Bronstein et al. and also differently to the PB-b-PEO copolymers discussed next.
The same authors additionally investigated a similar poly(styrene oxide)-PEO poly-
mer with 15 and 63 monomer units) [115]. In this study, the authors used sodium
decyl and sodium octyl sulfate as well as SDS as surfactants. Sodium dodecyl and
sodium decyl sulfate were found to have a similar influence on the BCP micelles.
The interaction between PS|5-b-PEOg3; and sodium octyl sulfate was found to be
weaker than for the other two anionic surfactants, and higher amounts of this slightly
more hydrophilic compound have to be added to obtain a decomposition of the BCP
micelles. However, a problem in studies of BCPs with PS blocks is certainly the
high glass transition temperature of the PS (7 ~ 378 K) making equilibration rather
slow. In solutions of only the polymers, the obtained micelles are usually completely
frozen.

Nordskog et al. observed a behavior similar to that found by Bronstein et al. for
mixed systems of PEOg;-b-PB4y with DTAB [29]. In this work, worm-like BCP
micelles were characterized by SANS, DLS, and Cryo-TEM. Upon addition of
the cationic surfactant, the apparent hydrodynamic radius (R},) calculated for these
block copolymer solutions started to decrease until a plateau value of approximately
15 nm was reached. Further addition of surfactant did not lead to any further change
in size of the mixed polymer/surfactant micelles. Using SANS it was possible to
show that above a certain threshold concentration, excess micelles of the surfactant
were formed. Below this threshold, all added surfactant is incorporated into mixed
BCP/DTAB micelles and, hence, the change in size is due to structure reorganization
induced by the DTAB.

The same polymer was also studied in mixtures with SDS [30]. With this anionic
surfactant, the observed change in the apparent hydrodynamic radius was similar. In
Fig. 6 the change is plotted schematically.

For all used surfactants, the found change occurs in a rather narrow interval of
surfactant concentrations.

A series of PEO-PB copolymers mixed with SDS was also studied by Pispas
and Hadjichristidis [116]. For the polymers PB;g3-b-PEO;o and PB74-b-PEQys36,
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Fig. 6 Apparent hydrodynamic radius (Ry) of the mixed BCP/DTAB micelles as obtained from
a second-order cumulant analysis of the intermediate scattering functions of the PEOg;-b-PB4g
surfactant mixtures in water. The above behavior was observed for SDS, CTAB, and also for CiE5

the behavior upon addition of SDS is very similar to the findings by Nordskog et al.
However, for two slightly different polymers with shorter PB block (PB;;-b-PEO377
and PBy4-b-PEOgg) the authors did not observe a monodisperse sample at high SDS
concentrations. Laplace inversion of the correlation functions obtained using DLS
always indicated the presence of a slow mode. This behavior corresponds to the
findings reported for PEOg;-b-PB4o/SDS [30] and also to recent results by Shimoni
and Danino [109]. At intermediate concentrations, these systems also exhibited a
bimodal decay of the intensity correlation functions. At concentrations much higher
than the cmc of SDS, the correlation function of the solutions of the PEOg;-b-
PB4o/SDS mixtures became finally monomodal. This suggests that such a regime
might also be reached for PB;;-b-PEO377 and PB,g-b-PEOgg upon further increase
of the SDS concentration.

A diblock copolymer that is very close to PEO-b-PPO is the PEO-b-
poly(butylene oxide) (PEO-b-PBO) system. This kind of BCP was mixed with
SDS by Hamley and coworkers and they found a drastic increase of the observed
hydrodynamic radius from about 9 nm to approximately 100 nm, even at the lowest
studied SDS concentration. Such a big increase of Ry, can only be interpreted by the
formation of vesicles. Figure 7 is taken from the original paper [55] and the size
distributions shown (obtained by DLS) clearly reveal the size increase. Only for
the highest SDS concentration peaks, probably corresponding to excess SDS mi-
celles can be observed. All measurements were done at 1 wt% of PEOg-b-PBOyy.
Looking at these results again shows that studies of PEO-b-PPO might also lead to
unexpected interesting results.

The system MPEGs3-b-PNIPAM ;3 (MPEG is PEO with a methyl endgroup)
was studied by Pamies et al. [111]. SDS was used as surfactant component in
this work too. Related to the thermo-responsive character of the PNIPAM block,
this type of BCP exhibits an interesting self-assembly behavior. SDS has a strong
influence on this behavior, and the finally obtained structure depends on the tem-
perature and the SDS concentration. The results are summarized by the authors
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Fig. 7 Distributions of hydrodynamic radius (Ry) in aqueous mixtures of PEO;g-b-PBO;o with
SDS. Ry, of the pure polymer aggregates is about 9 nm. The addition of SDS leads to an enormous
increase in Ry, which can only be explained by vesicle formation. Copyright Elsevier; reproduced
from [55] with permission

schematically. The scheme is reproduced in Fig.8 and shows that real mixed
micelles of SDS and MPEGs3-b-PNIPAM 3 are obtained for intermediate SDS
concentrations. At higher SDS content, the surfactant forms micelles inside the
MPEGsj3 brush of the BCP micelle. All formed structures are found to change with
changes in temperature.

Other interesting systems are PEO-b-PMA mixtures with cationic surfactants.
Kabanov and coworkers studied these systems by applying a variety of different
techniques and found the formation of mixed polymer surfactant complexes [110,
117]. In both studies, they investigated mixtures of PEO74-b-PMA |36 with the sur-
factants CTAB, DTAB, TTAB, cetylpyridinium bromide (CPB), and dodecylpyrid-
ium bromide (DPB). In stoichiometric mixture (charge neutrality), aggregates with
diameters ranging from 85 to 125nm were observed. Electron microscopy using
staining techniques revealed that the formed structures are vesicles.

The same authors also examined the structural changes in these systems in-
duced by changes in block length of the BCPs. Besides the previously studied
PEO76-b-PMA 36, this work presents data for PEO;19-b-PMAss [118]. Turbidity
measurements indicate that the BCPs with the shorter PMA block lead to more tur-
bid solutions upon addition of the surfactants. However, the size of the obtained
complexes is similar.

In a more recent article, the same group studied the stability of mixtures of
PEO»,19-b-PMAyg; with hexadecyltrimethylamonium bromide (HTAB). For an
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Fig. 8 Effect of SDS addition and temperature on the assembly and contraction of polymer surfac-
tant complexes in aqueous solutions of the diblock copolymer MPEGs3-b-PNIPAM| 3. Copyright
Elsevier; reproduced from [111] with permission

electro-neutral mixture, they observed stable aggregates with an effective diam-
eter of 80 nm by DLS [119]. The identical polymer was also used to investigate
the anisotropy of the formed complexes and their change upon addition of aliphatic
alcohols [120].

A study systematically changing the degree of charge of mixed PEO;7o-b-
PMA 39/CTAC micelles was published by Li and Nakashima [121]. In this study, the
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authors found two main factors that have an impact on the size of the obtained mixed
polymer/surfactant micelles. The first parameter is the polymer concentration, and
the second is the degree of charge reached upon addition of the cationic surfactant
CTAC. The most important experimental techniques used in this work were DLS
and fluorescence spectroscopy employing pyrene and other probe molecules.

At charge neutrality, the authors increased the polymer concentration and found
the formation of stable micelles above a polymer weight concentration of 0.01 g/L.
The hydrodynamic radius of the obtained mixed micelles was approximately 38 nm
and remained constant upon further increase of the concentration. Hence, the
authors concluded that the cac for the totally charge-neutral polymer surfactant
mixture is close to 0.01 g/L (see Fig.3b of [121]). For lower ratios of polymer to
CTAC (incomplete charge neutralization) the found micelles are larger, growing up
to R, = 100 nm for the lowest CTAC concentration used. The fluorescence investi-
gation revealed that the probes are incorporated in a region of the mixed micelles
that exhibits a polarity comparable to, e.g., ethyl acetate.

A further BCP studied by the Kabanov group was PS-b-poly(acrylic acid) (PS-b-
PAA). In all cases the PS block had a length of 86 monomer units. The PAA block
length was varied from 100 up to 900 acrylate units. These polymers precipitated
upon addition of CPB [122].

The aforementioned group has also studied the interaction of amphiphilic di-
block copolymers with surfactants carrying the same charge as the polyelectrolyte
block [123]. The ionic block in this study was poly(N-alkyl-4-vinylpyridinium bro-
mide) and the cationic surfactants added were CTAB, DTAB, CPB, and DPB. It was
shown that the surfactants form different structures with the charged amphiphilic
diblock copolymers. The type of structure formed depends on the surfactant concen-
tration. At low surfactant concentration (<cmc), hydrophobic clusters are formed
that consist of the surfactant alkyl chains and the hydrophobic block of the copoly-
mer. At high surfactant concentration, a change in complexation character is re-
ported [123].

Poly(a-methylstyrene)-b-poly(N-ethyl-4-vinylpyridinium) copolymers (PMeS-
b-PE4VP) were also scrutinized by Kabanov et al. [124]. The publication focused
on the interaction of PMeS|y9-b-PE4VP,gy with the two-tail surfactant sodium
bis(2-ethylhexyl)sulfosuccinate (AOT). The formed complexes were found to pre-
cipitate from aqueous solutions, but could be solubilized in most common organic
solvents.

3.2 Nonionic Surfactants

Co-micellization of diblock copolymers with nonionic surfactants has not been as
intensely studied as the other previously discussed cases. Some results for a mixture
of PB4,-b-PEOg( with the nonionic surfactant C,E5 will be presented [125].

DLS experiments were performed for several mixtures of the polymer with in-
creasing amounts of C|>Es. In the following the surfactant concentration is given as
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Fig. 9 Relaxation rate distribution for mixed solutions of B4;-b-EOgy and Cj>E5 with molar ratio
rm = 2 for three different scattering angles. The two modes reveal the coexistence of worm-like
and spherical aggregates

rm. Im 1S the molar ratio of the total surfactant concentration to the total copolymer
concentration as given by:

CcEs

(N

m CpB,,—b—PEOg
The measured intensity time correlation functions were analyzed by inverse Laplace
transformation [126, 127], leading to the relaxation rate distributions shown in
Figs.9 and 11.

The results shown in Fig.9 were obtained for a r, value of 2. The computed
distribution is found to be bimodal. This was also the outcome for pure aqueous
PB4,-b-PEQOg solutions [29] (see Fig. 5). In Fig. 10 the z-averaged relaxation rates
for both modes are plotted against the squared magnitude of the scattering vector ¢2.
Both modes show a linear dependence on ¢? that is typical for center of mass diffu-
sion. From the slopes of the linear fit, the diffusion coefficients and hydrodynamic
radii were computed, leading to apparent hydrodynamic radii R, = 175 and 11 nm,
respectively.

In Fig. 11 the situation is different. The distribution functions shown are only
mono-modal and were obtained for a higher surfactant concentration (ry, = 7). This
clearly indicates that the large BCP aggregates were decomposed and that smaller
mixed micelles with a narrow size distribution were obtained. This observation is
similar to the effect observed upon addition of SDS and C{,TAB [29, 30] and sug-
gests a behavior of the Ry, value of the polymer micelles as depicted in Fig. 6. The
hydrodynamic radius computed from the data in Fig. 11 is 13.4nm. This value is
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close to the previously reported radii for mixed micelles with SDS and C;,TAB.
The headgroup area of the three surfactants is similar and, hence, has a similar in-
fluence on the packing of the BCP molecules. In all cases, the polymer content of
the finally obtained mixed micelles is rather high and the behavior of the PB-5-PEO
polymers differs significantly from the comportment of Pluronics. These results are
in good agreement with a recent study by Shimoni and Danino [109]. This group
studied the structure formation in mixtures of PEQO;4-b-PB(; with the nonionic
surfactant Triton X-100.

A system analogous to the PB-b-PEO polymers are poly(isoprene)-b-PEO
copolymers (PI-PEO). This type of copolymer was studied by Kunieda and cowork-
ers in mixtures with the nonionic surfactants Ci,E3, C2Es, Cj12E¢, Ci2E7, and
C2Eg [128]. The starting point in these investigations was the respective pure sur-
factant solution, and PI-PEO (C,50EO7¢) was subsequently added. Therefore, only
the region of the phase diagram with high polymer content should be comparable to
the studies of the PB—PEO/surfactant mixtures.

However, for this region of the phase diagram the authors found evidence for
the formation of spherical composite micelles with the different C,E,, surfactants.
This is very similar to the behavior of the PB-PEO system in the presence of ionic
and nonionic surfactants. For the surfactants Cj;,E; and C,Eg, Kunieda et al. report
the presence of two distinct micellar species, one copolymer-rich and the other only
containing surfactant. This observation is in agreement with the findings for the
mixture of PB4o-PEOg, with SDS, where excess surfactant micelles were also found
using SANS [29].

An interesting type of diblock copolymer is the group of PEO—poly(dimethyl-
siloxane) polymers [129]. Recently, the phase behavior of these polymers was
investigated as a function of added nonionic surfactant (C|,Es). Mixing of these two
compounds in water induces the formation of several liquid crystalline phases [130].

3.2.1 Systems with More Components

One of the most striking effects with respect to BCP—surfactant interaction is cer-
tainly the efficiency-boosting effect of BCPs in microemulsions [41-44].

This effect was studied for several surfactants of the CiE; type by adding
poly(ethylene propylene)-b-PEO (PEP,-PEO,) copolymers to the respective micro-
emulsion. The phase behavior of a ternary system of oil, water, and CiE; is very
complex and can be tuned using temperature since the hydration of the ethylene
oxide part of the surfactant, and therefore the packing parameter, changes with tem-
perature [37-40, 131].

The easiest way to represent the changes in the phase behavior of these systems
is to monitor the changes in a so-called fish diagram. This specific cut through the
phase prism is schematically shown in Fig. 12.

Efficiency boosting mainly leads to two changes in the fish diagram. The X-point
moves to the left (to lower total surfactant concentration) and the three-phase region
becomes smaller (fish body). This was shown by Stubenrauch and coworkers for the
system H,O-n-octane-CgE3 [132].
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Fig. 12 Scheme of a cut through the temperature-dependent phase prism of microemulsions based
on GiE; surfactants. This type of cut is known as a fish diagram. To compare the phase behavior of
different systems it is usually sufficient to investigate the changes of the position of the X-point
(fish tail point). y denotes the total surfactant mass fraction. In the case of BCP-containing
microemulsions, ¥ also includes the BCP mass. The black area (fish body) indicates the three phase
region where an excess water and an excess oil phase coexist with a bicontinuous microemulsion.
At the fish-tail point the system becomes monophasic and first a bicontinuous structures appears
(L3). L, then indicates the formation of a lamellar phase at higher surfactant content. Above and
below the fish 2 phase regions occur

Upon addition of PEP5-PEOs, the X-point moves strongly the left without signif-
icantly changing the temperature dependence. The effect becomes more pronounced
with increasing polymer concentration. When 15% of the total amount of surface
active components is polymer, ¥y can be as low as 0.02 to reach a single phase
microemulsion. In the absence of the BCP, the surfactant weight fraction has to be
10 times higher for a complete solubilization of both solvents in a microemulsion.
In the same article, a very similar behavior was reported for H,O-n-decane-CgE4
with the same BCP. However, for this microemulsion the efficiency boosting by
PEPs-PEOs also leads to a growing lamellar phase (L), which finally extends to
the X-point.

The size of the used BCP does not significantly influence the efficiency-boosting
effect, but longer polymer blocks are able to suppress the formation of the liquid
crystalline phases [132]. The system H,O-n-decane-CoE4 with PEP5-PEOs was
also studied by SANS [133].

4 Other Systems

There is of course a high number of other polymer structures available that also
exhibit amphiphilicity and it is beyond the scope of this article to summarize all of
these works. A few interesting examples will be mentioned. However, the selection
is of course biased by the interests of the author.
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4.1 Amphiphilic Poly(p-phenylenes)

The aggregation behavior of amphiphilically substituted poly(para-phenylenes)
(PPP) was studied in our group [48, 134]. In these oligomers, each benzene ring of
the aromatic backbone is substituted with an alkyl chain (Ci,Hjs5) and an oxyethy-
lene chain in para position to the alkyl substituent. This amphiphilic substitution
scheme generates a boundary between the hydrophilic and hydrophobic substituents
in a plane parallel to the major axis of the PPP. Amphiphilically substituted PPPs
represent a relatively new class of materials. Applications of these and similar back-
bone polymers in photo- and electroluminescent devices might arise from their
peculiar electronic structure. Moreover, their structure suggests an interesting self-
assembly behavior, but to our knowledge only a few systems of this type have been
studied so far [135-140].

In the case discussed here, the PPP oligomers were uncharged and due to the used
substitution scheme similar to nonionic surfactants of the C,,E,, type. However, the
oligomers were found to be insoluble in water. They could only be solubilized in
the presence of surfactants (e.g., CgE4). Under these conditions the rather small
oligomers self-assemble into huge rod-like mixed oligomer surfactant aggregates
with a length between 300 and 800 nm, as estimated on the basis of DLS data [141].
Using SANS and solvent contrast variation, it was possible to calculate a PPP to
surfactant ratio of 1:3 in these fiber structures [142]. This mixed self-assembled
system is a good example of structures only arising from the interaction of a polymer
with a surfactant.

During the last 6 years there has been growing interest in BCPs comprising
bio-inspired blocks, which are currently of great interest [144—148]. Most of the
published works only treat the structure formation of pure solutions of these poly-
mers. Not much is known about the interaction with surfactants. A recent study of
the BCP PS3gg-poly(L-lysine);sg is the only available work (at least to our knowl-
edge) related to the interaction of surfactant with biohybrid copolymers [149]. In
this study, the nonionic surfactant C1oE¢ was added to solubilize the BCP. This
shows that surfactant can also be used in these slightly more complex BCP systems
to change the packing and the curvature of the formed structures.

5 Summary and Outlook

Mixed BCP/surfactant systems are of growing interest, which manifests in the high
number of publications treating this subject. However, it is still difficult to find sys-
tematic studies of the interplay between the two components and it is very important
to vary parameters like the headgroup area and the alkyl chain length of the surfac-
tant, and also the block length of the BCPs, over a wider range of values.

In summary, it can be said that these systems seem to follow the same princi-
ples as do “classical” surfactant/co-surfactant mixtures. Packing parameters and the
natural curvature of the mixed films govern the formed structures. Hence, to some
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extent the size and shape can be controlled by mixing BCPs with surfactants. There-
fore, the answer to the question in the title is a “partial yes”.

Some differences between BCP/surfactant systems and surfactant/co-surfactant
mixtures arise from the large difference in size and from the polymer-specific chain
entropy contributions to the free energy of the systems. Moreover, in contrast to
“simple” surfactant-based samples, the polydispersity of the polymer chains is also
an important issue for structure formation. Polydispersity might lead to coexistence
of different structures (e.g., spheres and worm-like structures) in the same polymer
solution. This is due to the fact that small differences in the degree of polymerization
of one of the blocks might lead to different packing parameters for a part of the size
distribution.

For triblock copolymers of the Pluronics type, the interaction is now well estab-
lished. These BCPs behave very similarly when mixed with different surfactants.
The behavior is qualitatively independent of the block lengths and also indepen-
dent of the type of surfactant used. At high surfactant concentration, a complete
decomposition of the polymer micelles is usually observed. In the final state, the
mixed micelles only contain a single polymer molecule. This behavior is caused by
the interaction of the hydrophobic PPO block with the alkyl tails of the different
surfactants. It is also a common feature of these mixed systems that low surfactant
concentrations lead to a decrease of the cmt of the different Pluronics. However, for
other triblocks the available number of studies is rather small and it is not necessar-
ily possible to transfer the outcome of the studies on the behavior of Pluronics to
other systems.

For diblock copolymers, the found behavior is even more diverse. This arises
from the large variety of the different blocks having different 7,, charge, etc.
However, screening the available results at least allows the identification of some
similarities in the group of BCPs made of PEO and an apolar chain (e.g., PB or PS).
In this case, the decomposition of the BCP micelles often leads to rather monodis-
perse mixed micelles containing more than one BCP molecule. Above a certain
threshold in the surfactant concentration, additional surfactant leads to the forma-
tion of small surfactant micelles coexisting with the mixed ones.

Also, the group of double hydrophilic BCPs (e.g. PEO-PMA) shows some uni-
versality when oppositely charged surfactants are added. In the charge-neutral state,
stable colloidal structures are produced that also exhibit low polydispersities.

Due to the high number of possible variables there is still a lot of work to do in
this area. Surprisingly, only a very small number of publications has investigated
the interaction of diblock copolymers with nonionic surfactants.

Concerning the BCPs used, a systematic comparison of different hydrophobic
blocks is still missing (variation of the hydrophobicity and 7). In this context, a
promising system with a low T, for the hydrophobic block is polyisobutylene-b-
PMA, which was recently characterized by Pergushov and coworkers [143]. These
authors have already investigated the micellization of such copolymers by means
of SANS and DLS. It will be certainly interesting to study this system in mixtures
with surfactant because fast equilibration of the mixed micellar structures can be
expected due to the low T (T ~ 208 K).
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Moreover, BCPs with bio-inspired blocks have recently received growing inter-
est [144-148, 150]. However, for these systems very few data are available at present
concerning their co-micellization with surfactants [149]. But these new materials
will certainly be of great interest in the future.
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Non-ionic Thermoresponsive Polymers in Water

Vladimir Aseyev, Heikki Tenhu, and Francoise M. Winnik

Abstract Numerous non-ionic thermally responsive homopolymers phase separate
from their aqueous solutions upon heating. Far fewer neutral homopolymers are
known to phase separate upon cooling. A systematic compilation of the polymers
reported to exhibit thermoresponsive behaviour is presented in this review, includ-
ing N-substituted poly[(meth)acrylamide]s, poly(N-vinylamide)s, poly(oxazoline)s,
protein-related polymers, poly(ether)s, polymers based on amphiphilic balance, and
elastin-like synthetic polymers. Basic properties of aqueous solutions of these poly-
mers are briefly described.
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Abbreviations

p Average density

n Viscosity

Aj Second osmotic virial coefficient

Ac Acetate

Ad Adenine

Al Alcohol

c Polymer concentration

CAC Critical aggregation concentration

CMC Critical micellization concentration

CMT Critical micellization temperature

G Partial heat capacity

DLS Dynamic light scattering

DLVO Derjaguin—Landau—Verwey—Overbeek theory

DSC Differential scanning calorimetry

ELP Elastin-like polymer

Es Ester

Eth Ether

LCST Lower critical solution temperature

kg Boltzmann constant

M, Number average molar mass

M, Weight average molar mass

Oz Oxazoline

PDI Polydispersity index

SANS Small angle neutron scattering

SLS Static light scattering
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t Time

To Theta temperature

Tep Cloud-point temperature

Tiem Demixing temperature

1, Glass transition temperature

Tax Temperature of the maximum heat capacity

TM-DSC  Temperature-modulated differential scanning calorimetry
UCST Upper critical solution temperature

Note that in order to keep style and consistency we abbreviate poly(N-
isopropylacrylamide) as PiPAAm, though other abbreviations are typically used
(PNIPAM, pNIPAAm, etc.). We also use such abbreviations as Ac for acetate, Ad
for adenine, Al for alcohol, Eth for ether, Es for ester, Oz for oxazoline.

1 Scope of the Review

Numerous supramolecular structures of varying complexity are formed in nature
upon self-assembly of biomacromolecules via non-covalent interactions in aqueous
media. Many of such molecules are amphiphilic, i.e. they consist of hydrophilic
and hydrophobic moieties. Thus, ionic or highly polar groups provide the over-
all solubility of the molecules in water. Formation of hydrogen bonds between
the hydrophilic polar groups of a macromolecule and water molecules contributes
favourably to the free energy of mixing. Synthetic amphiphilic macromolecules also
form self-assembled structures in aqueous media. They are widely used in indus-
trial applications as emulsifiers and viscosity modifiers. Their newer applications
include various nanocontainers, nanoreactors, etc. Their ultimate self-organization
derives from the relative contribution of non-covalent interactions, such as hydrogen
bonding, van der Waals interactions, ionic interactions, metal-ligand interactions,
hydrophobic interactions, and the entropy contribution. One can also induce self-
assembly or trigger transitions between different geometries of the assemblies by
adjusting the solvent quality. Such polymeric systems serve as stimuli-responsive
materials, for which specific properties can be tuned by an appropriate stimulus.
Among the possible stimuli are temperature, pH, electric and magnetic fields, ions,
reactants, visible and UV radiation, and mechanical stress. These materials are also
known as smart, intelligent, or environmentally responsive materials.

The last few years have seen the development of new interdisciplinary branches
of science that have led to ordered supramolecular architectures based on well-
defined polymers assembled via non-covalent interactions. Our analysis of the
literature (using SciFinder Scholar software [1]) reveals a faster-than-linear growth
of the number of publications on this topic during the last decade. Thus, the an-
nual number of publications (journals, patents and reviews) on ‘“‘self-assembling
polymer” (as a keyword) increased fivefold, reaching almost 1000 articles per year.
The number of publications on “stimuli-responsive polymers” or on “thermorespon-
sive polymers” in 2008 was about 100, which is six to seven times higher than the
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number published in 1998. The most widely studied water-soluble thermoresponsive
polymer, poly(N-isopropylacrylamide), PIPAAm, was the subject of about 700 pub-
lications in 2008 (word search), which is about four times higher than in 1998. The
number of reviews on “poly(N-isopropylacrylamide)” in highly ranked international
journals is five to ten per year, and we believe that this number is an underestimated
value. In contrast, there are only a few studies on other thermoresponsive polymers.
For example, about 17 and about 25 papers per year, respectively, have been pub-
lished on two of the structural isomers of PIPAAm: poly(2-isopropyl-2-oxazoline)
and polyleucine.

The apparent discrepancy between the numbers of publications also reflects dif-
ferences in the terminology used in various branches of science and in different
scientific schools, which may lead to miscommunication between scientists. Thus,
the terms “thermoresponsive” and “thermosensitive” or “lower critical solution tem-
perature” and “cloud point” are used interchangeably, although their meanings are
not necessarily identical. The latter case is particularly unfortunate because it pre-
vents quantitative comparison of the literature values. Another factor to consider
is that the number of publications on applications of PIPAAm is growing much
faster than the number of reports on its fundamental properties. The upcoming years
may witness the disappearance of the gap between synthetic and natural water-
soluble polymers, that is, between chemistry, biology, medicine and physics. The
design, synthesis, characterization and controlled self-organization of well-defined
polymer-based nanomaterials will be key research areas in the next decades.

Due to the large number of existing reviews on stimuli-responsive materials, we
limit this publication to articles focussed on dilute aqueous solutions of neutral ther-
moresponsive linear homopolymers and refer our readers to the most recent publica-
tions covering other related cases, e.g. copolymers, various gels, self-organization
of block and graft copolymers with highly hydrophobic blocks, applications, etc.
Unfortunately, the number of intelligent copolymers currently available is so vast,
that the self-organization in aqueous solutions of each one of them cannot be de-
duced de-novo on the basis of our current understanding of basic self-assembly
principles. We trust that the understanding of these principles for homopolymers is
the first step to the further understanding of more complex systems. For this rea-
son, in this publication we review homopolymers that either exhibit a lower critical
solution temperature (LCST) or those few polymers for which solubility in water
decreases upon cooling.

2 Synthesis

The synthesis of well-defined polymers and of complex polymer architectures has
been greatly facilitated by recent developments in controlled radical polymeriza-
tion, which has opened up new possibilities in the design and also in the preparation
of functional nanostructures based on supramolecular assembly. Controlled radical
polymerization is an attractive alternative to anionic polymerization for preparing
polymeric building blocks of well-defined size and a low polydispersity index
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(PDI). It allows the precision synthesis of a variety of novel well-defined polymer
architectures having exciting structure—property—function relationships (such as
block and graft copolymers, stars, brushes and bottle-brush structures) starting from
a vast array of commercial functional monomers. Thus, controlled radical poly-
merization has been investigated extensively for poly(N-alkyl)acrylamides by using
atom transfer radical polymerization (ATRP) [2—15], reversible addition fragmen-
tation chain transfer (RAFT) [16-22], nitroxide-mediated polymerization (NMP)
[23-26] and degenerative chain transfer polymerization (DTP) [19, 27-29]. In this
review, discussion of polymer synthesis has been kept to a minimum. Interested
readers are referred to other reviews or books listed in Table 1. The syntheses of
various thermoresponsive homopolymers, block copolymers and end-functionalized
polymers have been reviewed recently by Aoshima and Kanaoka [30].

3 Polymers in Aqueous Media: Selected Reviews

The years 2006-2008 were the most productive in terms of the number of reviews on
amphiphilic polymers. Over ten detailed reviews on thermoresponsive water-soluble
polymers were published in English in 2006 [1]. In Table | we list the reviews to
date that are the most related to the scope of the current review and, from our point
of view, those that fully cover all aspects of thermoresponsive polymers. The key
phrases in the table are not just the key words given by the authors, but rather the
highlights of the contents.

Table 1 The most recent reviews devoted to the water-soluble thermoresponsive polymers

Title Authors Key phrases Year Ref.
Synthesis of water-soluble polymers
Synthesis of stimuli- Aoshima S, Synthesis of various functionalized 2008 [30]
responsive polymers by Kanaoka S N-isopropylacrylamide- and
living polymerization: vinylether-based polymers;
poly(N-isopropylacrylamide) grafting onto various substrates;
and poly(vinyl ether)s detailed review of

thermoresponsive polymers,
block and graft copolymers;
synthesis of PIPAAm of various
shapes; ionic and neutral block
copolymers; self-assembly;
stimuli-responsive polymers; new
initiating systems and synthetic

methodologies
RAFT-synthesized diblock McCormick CL, Stimuli-responsive block copolymers 2008 [21]
and triblock copolymers: Sumerlin BS, via RAFT; micelles and vesicles;
thermally induced Lokitza BS, postpolymerization modification
supramolecular assembly Stempka JE utilizing crosslinking and
in aqueous media copper-catalysed azide—alkyne

click chemistry

(continued)
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Title Authors Key phrases Year Ref.
RAFT radical Lowea AB, Stimuli-responsive polymers; 2007 [31]
polymerization and McCormick CL controlled-structure (co)polymers;
the synthesis of detailed list of monomers and chain
water-soluble transfer agents; RAFT mechanism;
(co)polymers under limitations of homogeneous
homogeneous aqueous RAFT; modification of
conditions in gold surfaces; control over the
organic and aqueous copolymer structure for subsequent
media self-assembly in response to
changes in temperature
Controlled/living Braunecker WA, Structure—reactivity correlations and 2007 [3]
radical Matyjaszewski K rules for catalyst selection in
polymerization: ATRP; chain transfer agents in
features, RAFT; mediating agent in stable
developments, and free-radical polymerization;
perspectives nitroxide-mediated polymerization;
degenerative transfer
polymerization
Carbocationic Goethals EJ, Living/controlled polymerizations; 2007 [32]
polymerizations Du Prez F vinyl ethers; disubstituted olefins
and styrenics; pseudo-cationic
polymerization; block copolymers;
telechelic polymers
Supramolecular structures formed by amphiphilic polymers
Polymer-assisted Rozenberg BA, Principles of nanoparticle stabilization 2008 [33]
fabrication of Tenne R against aggregation; interaction
nanoparticles and forces; polymeric surfactants;
nanocomposites polymer adsorption;
nanotechnology; properties of
nanoparticles and nanocomposites
Supramolecular Harada A, Physicochemical aspects of 2006 [34]
assemblies of block Kataoka K self-assembly of
copolymers in hydrophilic-hydrophobic block
aqueous media as copolymers; Pluronics; block
nanocontainers copolymers with a peptide or ionic
relevant to segment; micelles with cross-
biological linking in the core or in the corona;
applications drug delivery systems; capillary
electrophoresis; surface
modification; non-viral gene
vectors
Block copolymers Lazzari M, Lin G, A collection of reviews on block 2006 [35]

in nanoscience

Lecommandoux S

copolymer self-assemblies, from
synthesis to applications; vesicles
and micelles; stimuli-responsive
assemblies; polypeptide-based
block copolymers; nanotubes and
nanofibres; applications

(continued)
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and on solid surfaces; theories and
computer simulations; AB and
ABA block copolymers; micellar
architectures; co-micellization;
colloidal nanostructures; controlled
drug delivery; polyion micellar
complexes; metal nanoparticles;
surface modification
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Table 1 (continued)
Title Authors Key phrases Year Ref.
Solution self-assembly  Lutz JF Synthesis; macrosurfactants, 2006 [36]
of tailor-made polysoaps, polyelectrolytes as
macromolecular building blocks; preparation of
building blocks spherical, cylindrical,
prepared by multicompartment, and
controlled radical schizophrenic micelles, polymer
polymerization vesicles, polyion complexes;
techniques bottom-up self-assembly;
stimuli-sensitive colloids
Block copolymers in Hamley IW Monograph; from basic physical 2005 [37]
solution: chemistry to applications; theory,
fundamentals and modelling and experiment; dilute
applications and concentrated solution; neutral
and polyelectrolyte block
copolymers; variety of phase
transitions; phase diagrams;
adsorption; applications
Block copolymer Gohy JF Micelles from AB and ABC block 2005 [38]
micelles copolymers in organic and aqueous
solvents; preparation, control of
micellar morphology; new trends in
the field
Linear and non-linear Hadjichristidis N, Linear, star-shaped miktoarm, and 2005 [39]
triblock Tatrou H, cyclic ABC terpolymers;
terpolymers. Pitsikalis M, self-organization in aqueous and
Synthesis and Pispas S, organic solvents; microphase
self-assembly in Avgeropoulos A separation in the bulk: theory and
selective solvents experiment
and in bulk
Phase behaviour and Abetz V, Linear, star, cyclic, and other 2005 [40]
morphologies of Simon PFW topologies of block copolymers;
block copolymers phase diagrams: theory and
experiment; microphase separation;
crossing the boundaries between
different phases; blends;
superlattice
Micellization of block  Riess G Synthesis and self-assembly in solution 2003 [41]

(continued)
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Title Authors Key phrases Year Ref.
Stimuli-responsive polymers and self-assembly
Complex coacervate Voets 1K, Co-assembly of neutral-ionic blocks, 2009 [42]
core micelles de Keizer A, graft, random copolymers with
Cohen Stuart MA oppositely charged species in
aqueous solution; synthetic
(co)polymers of various
architectures; biopolymers;
multivalent ions; metallic
nanoparticles; surfactants;
polyelectrolyte block copolymer
micelles; metallo-supramolecular
polymers
Smart polymers: Galaev I, A collection of reviews on 2008 [43]
applications in Mattiasson B stimuli-responsive polymeric
biotechnology and (eds) materials and their application
biomedicine
Protein-based smart Rodriguez- ELPs and block copolymers, adjustable 2008 [44]
polymers Cabello JC, demixing temperature, TM-DSC
Reguera J, splits the dehydration of the
Prieto S, polymer and simultaneous 3-spiral
Alonso M formation, self- assembling,
filaments and fibrils, pH- and
photoresponse, applications
Smart polymers and Aguilar MR, pH- and thermally responsive 2007 [45]
their applications as Elvira C, polymers; PiPAAm neutral and
biomaterials Gallardo A, charged copolymers; hydrogels;
Viazquez B, polymers with amphiphilic balance:
Roman JS Pluronics or Poloxamer, Tetronics;
thermoresponsive biopolymers;
dual stimuli-responsiveness
Thermosensitive Dimitrov I, Large collection of water-soluble 2007 [46]
water-soluble Trzebicka B, copolymers; controlled synthesis;
copolymers with Miiller AHE, self-assembly; hydrogels; doubly
doubly responsive Dworak A, thermoresponsive polymers;
reversibly Tsvetanov CB combinations of stimuli:
interacting entities thermoresponsive and zwitterionic
properties, LCST and UCST
properties, thermo- and
pH-responsive properties, magnetic
field and thermoresponsive
properties, thermo- and
light-sensitive polymers;
solvent-sensitive PEO conjugates
Design of rapidly Choi HS, Yui N Thermoreversible supramolecular 2006 [47]
assembling assembly; fast gelation and slow
supramolecular dissociation; intermolecular ionic

systems responsive
to synchronized
stimuli

interactions; stimuli-sensitive
hydrogels

(continued)
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Title Authors Key phrases Year Ref.
Towards smart Rodriguez- Nanoparticles, their preparation and 2005 [48]
nano-objects by Herndndez J, morphologies; responses to changes
self-assembly of Chécot F, in pH, temperature, ionic strength,
block copolymers in Gnanou Y, etc.; stabilization of self-assembled
solution Lecommandoux S morphologies in dilute solution via
various mechanisms; applications
in the biomedical field
Stimuli-reponsive Gil ES, One of the most cited reviews; 2004 [49]
polymers and their Hudson SM classification of stimuli-responsive
bioconjugates polymers; temperature-responsive;
pH-responsive; smart polymers;
homo and block copolymers;
intelligent polymers; hydrogels;
micelles; bioconjugates; drug
delivery
Self-assembly of block ~ Wright ER, Phase behaviour in aqueous solution; 2002 [50]
copolymers derived Conticello VP thermo-reversible self-assembly of
from elastin-mimetic diblock and
elastin-mimetic triblock copolymers into
polypeptide protein-based nanoparticles and
sequences nanotextured hydrogels
Structural properties of  Mortensen K SANS; block copolymer micelles; 2001 [51]
self-assembled polymeric surfactants;
polymeric PEO/PPO-based Pluronics or
aggregates in Poloxamers
aqueous solutions
Water soluble poly- Kirsh YE N-Vinylamides, N-vinylpyrrolidone, 1998 [52]
N-vinylamides: N-vinyllactams, monomers and
synthesis and polymers, synthesis and properties
physicochemical in aqueous solutions, hydration
properties phenomena
Colloidal stability of thermoresponsive polymers above LCST
Conformation- Khokhlov AR (ed) A collection of reviews on 2006 [53]
dependent design of temperature-responsive polymers;
sequences in polymer and biopolymer physics
copolymers and chemistry; colloidal stability;
protein-like copolymers
Folding and formation =~ Zhang G, Wu C PiPAAm; amphiphilic linear, grafted, 2006 [54]
of mesoglobules in and segmented copolymers;
dilute copolymer ionomers; hydrophilically and
solutions hydrophobically modified PiPAAm;
viscoelastic effect
Temperature Aseyev V, PiPAAm; PVLC; PMVEth; microgels; 2006 [55]
dependence of the Tenhu H, graft and block copolymers;
colloidal stability of Winnik FM colloidal stability of homopolymers

neutral amphiphilic
polymers in water

beyond the phase separation
boundary; mesoglobules

(continued)
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Title Authors Key phrases Year Ref.
Applications
The development of Oh JK, Heterogeneous polymerization; pre- 2008 [56]
microgels and nanogels Drumright R, paration of hydrogels by means of
for drug delivery Siegwart DJ, photolithographic and micro-
applications Matyjaszewski K molding methods, continuous
microfluidics, modification of bio-
polymers, and heterogeneous free
radical and controlled/living radical
polymerizations; reverse micelles
Responsive polymers in Bajpai AK, Responsive stimuli-sensitive materials; 2008 [57]
controlled drug Shukla SK, polymer blends; interpolymer
delivery Bhanu S, complexes; classifications of
Kankane S interpenetrating networks; block
copolymers; drug delivery profiles
and systems
Polymeric nanocarriers: Sosnik A, A comprehensive and updated patent 2008 [58]
new endeavours for the Carcaboso AM, compilation of the most recent
optimization of the Chiappetta DA inventions relying on polymer-based
technological aspects nanoparticulated carriers; polymeric
of drugs nanoparticles, dendrimers,
polymeric micelles, and
polymersomes
Smart polymers: physical Kumar A, A reversible collapse of linear, free 2007 [59]
forms and Srivastava A, chains in solution; bioseparation;
bioengineering Galaev 1Y, protein folding; covalently
applications Mattiasson B crosslinked reversible gels;
chain-adsorbed or surface-grafted
forms; smart surfaces and
membranes; microfluidics and
actuators
Functional copolymers of Rzaev ZMO, N-Isopropylacrylamide-based random, 2007 [60]
N-isopropylacrylamide Dinger S, block and graft copolymers; ionic
for bioengineering Pigkin E and neutral blocks; bioconjugates
applications
Physical stimuli- Rapoport N Core—shell micelles; drug loading; 2007 [61]
responsive polymeric internal and external stimuli; pH,
micelles for anti-cancer temperature, ultrasound,
drug delivery light-responsive polymeric micelles
Functionalized micellar Sutton D, Nanomedicine; micelle 2007 [62]
systems for Nasongkla N, pharmacokinetics; multifunctional
cancer-targeted drug Blanco E, Gao J polymeric micelles; responsive drug
delivery release; N-isopropylacrylamide-
based core—shell micelles; Pluronics
Molecular design of Jeong JH, Kim SW, Cationic polymers; 2007 [63]

functional polymers for Park TG

gene therapy

poly[2-(dimethylamino)ethyl
methacrylate]; nonviral carriers;
polylexes

(continued)
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Title Authors Key phrases Year Ref.
Poly(2-oxazolines) in Adams N, Various architectures and chemical 2007 [64]
biological and Schubert US functionalities prepared by living,
biomedical application cationic ring-opening
contexts polymerization; amphiphilic
polyoxazolines; block copolymers;
poly(2-oxazoline)-based
lipopolymers; poly(oxazoline)-based
vectors; stimuli-responsive systems
Polymeric micelles to van Nostrum CF  Pluronics; poly(ethylene glycol)-lipid 2004 [65]

deliver photosensitizers
for photodynamic
therapy

conjugates; pH-sensitive
PiPA Am-based micelles; polyion
complex micelles; drug loading;

biodistribution studies; therapeutic
efficiency

4 Thermal Responsiveness versus Hydrophobic Association

4.1 Sensitivity and Responsiveness

Any flexible macromolecule in solution is sensitive to temperature changes, which
typically result in a variation of the coil size. In a given solvent, excluded volume
interactions and elastic forces determine the swelling of a neutral linear macro-
molecule [66, 67]. If the thermal energy kg T of the repeating units is high, excluded
volume interactions prevail over the attraction between the repeating units and, con-
sequently, the macromolecule swells. This is the case for a thermodynamically good
solvent, in which a linear homopolymer adopts the conformation of a very loose ex-
tended coil. The constraints limiting chain expansion are the C—C covalent bonds
and the entropy of the coil. The latter decreases with the coil swelling, due to the
lesser number of possible conformations.

It is worth stressing here that thermal sensitivity is a general phenomenon for
polymers in solution: the solubility of all polymers in any solvent depends on
temperature. For that reason, Allan Hoffman defined intelligent stimuli-responsive
polymers as polymers that respond to a small physical or chemical stimulus with
large property changes [68-70]. The coil-globule transition is a typical polymer
response to a change in its solution temperature.

The internal energy of the segmental interactions, which represents the excluded
volume effect, can be expanded as a power series of the segment density p:

U = VKT (p*Ar +p°As +...) .

The second osmotic virial coefficient of the expansion, A,, is a measure of the
thermodynamic quality of the solvent for the polymer and accounts for binary
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interactions between the repeating units of the chain and depends on the temper-
ature and the form of the interaction potential between the segments. Under theta
conditions, i.e. when T = Tg, the polymer adopts an ideal Gaussian coil conforma-
tion and its repeating units can be described simply as non-interacting molecules of
an ideal gas connected in a chain. Consequently, a polymer solution is in a ©-state
when A, =0 and the molar mass of the polymer is infinitely high [71].

The mean-field theory adequately predicts the coil-to-globule transition of a sin-
gle polymer chain in organic solvents upon cooling below Tg [72]: the thermal
energy of the repeating units becomes lower than the minimum of the potential
corresponding to the van der Waals interactions, the solvent turns into a thermody-
namically poor one (i.e. A, < 0) and condensation of the repeating units takes place.
A single macromolecule of infinite molecular weight undergoes the transition at 7g.
However, for real polymers of finite molecular weight, e.g. polystyrene dissolved in
cyclohexane, the transition of the chain occurs at T < Tg [73-75]. Light scattering
and osmotic pressure are typical experimental methods used to determine A,. These
methods require dilute solutions and extrapolation to zero polymer concentration.
If there are many chains in the solution, the attraction between the repeating units
causes intermolecular aggregation. Hence, Tg is experimentally defined for a given
polymer/organic solvent system when M — oo and ¢ — 0.

This type of transition is conveniently represented as a phase diagram in which
the phase separation boundary, or binodal, indicates the temperature for which a
given polymer—solvent mixture passes from a one-phase system to a two-phase sys-
tem that consists of a polymer-rich phase and a polymer-poor phase. In other words,
the binodal corresponds to the temperature at which the coil-globule transition takes
place followed by polymer precipitation (see Fig. 1a). The shared maximum of the
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Fig. 1 Possible phase diagrams for polymers showing either (a) UCST (e.g. PS in cyclohexane)
or (b) LCST type II (e.g. PIPAAm in aqueous medium) phase separation behaviour. Tge, is the
demixing temperature, Tg is the theta temperature, and Tgp is the temperature corresponding to the
Berghmans point [76]. For both polymers, T in their solid state is well above Tye,. For this UCST-
type polymer, T, cannot be lower than Tgp. At temperatures below Tgp, the polymer is frozen in,
and phase morphology is preserved [77]. For the LCST-type polymer shown, partial vitrification
takes place at Tgp < T < Ty [78]
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spinodal and binodal is the upper critical solution temperature (UCST). Polystyrene
(PS) in cyclohexane is a classic polymer/organic solvent system known to show a
UCST behaviour [79-81]. In accordance with the Flory theory, the solubility of PS
in cyclohexane decreases and its UCST shifts towards lower polymer concentrations
on increasing the polymer molar mass.

Non-ionic polymers can also undergo a coil-globule transition in aqueous solu-
tions [82-99]. However, their transition significantly differs from the transition of
polymers in organic media. Hydrogen bonds and hydrophobic and hydrophilic in-
teractions contribute much more to the solubility of a polymer in water than do short
range van der Waals interactions, which prevail in solutions of polymers in organic
solvents. For water-soluble polymers, the experimental value of A, reflects the bal-
ance of these interactions. In analogy with polymers in organic media, for a single
thermoresponsive macromolecule of infinite molar mass, the ®-condition is realized
in water at T = Tg when Ay = 0, M = o and ¢ = 0. Consequently, the col-
lapse of an amphiphilic homopolymer can be classified as a coil-globule transition
if A, < 0 in the globular state.

The majority of non-ionic water-soluble polymers undergo phase separation
upon heating. The phase separation of these polymers can be described by a phase
diagram with an LCST, which reflects a local structural transition involving wa-
ter molecules surrounding specific segments of the polymer in solution. There are
only a few reports on neutral water-soluble polymers, whose properties drastically
change upon cooling their aqueous solutions. To the best of our knowledge, the
UCST-type separation originating from the coil-globule transition has not been re-
ported, though a decrease of the A, value has been observed.

For further reading, readers are encouraged to consult the book by Koningsveld,
Stockmayer and Nies, which contains an extensive list of phase diagrams for various
binary polymer—solvent mixtures [100]. The book also contains a detailed review of
the general thermodynamic principles of the phase equilibrium.

4.2 The LCST-Type Transition

The LCST was first described by Heskins and Guillet for an aqueous solution of
PiPAAm [101]. When the temperature of a solution is raised above the phase sep-
aration temperature (a point on the binodal, also known as the demixing, Tyem,, Or
the cloud-point temperature, T¢p, depending on the experimental technique used),
the hydrophobic backbone and other nonpolar groups of the polymer tend to as-
sociate. This causes intra- and intermolecular aggregation leading to collapse of
the individual polymer chains (microphase separation) and precipitation of the
polymer (macrophase separation). The LCST depends upon pressure [97, 98] and
the polydispersity of the polymer. The solution demixing is reversible when the
temperature drops below Tgen,; however, the rate of polymer redissolution is often
slower and the chain expansion takes place at a lower 7', which results in a so-called
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thermal hysteresis [95]. Studies on kinetics of the demixing and remixing processes
of PiPAAm/water solutions show that all molecular changes are reversible if the
temperature remains less than ca. 6-8 K above the LCST for less than a few min-
utes, and that the PIPAAm chains reswell into coils in less than a few seconds [102].
If a PIPAAm/water solution is annealed at higher temperatures, the time of remixing
may increase up to 1 day or even more [78].

The most common experimental techniques for constructing a phase diagram are
turbidity detection (T¢p) or microcalorimetry (Tgem ). Change in turbidity of solutions
can be slow or abrupt, depending on the polymer, its concentration in solution, and
the heating/cooling rate. The temperature at which the transition is detected can vary
by as much as 30°C for a given polymer, depending on these parameters. For the
same experimental settings, the temperature of the endotherm onset, Tgem, usually
coincides with T¢p, whereas the endotherm maximum, Ti,y, is slightly higher than
T¢p (see Fig.2) [103]. Unfortunately, different experimentalists define the position
of T, on the transmittance versus temperature curve in different ways, even for the
equilibrium heating/cooling (i.e. for the zero rates). Chytry and Ulbrich have listed
existing definitions of T¢;, obtained using a UV-Vis spectrometer [104]:

1. The temperature of the first appearance of cloudiness (shown in Fig. 2)
2. The temperature of the intersection of the baseline (reading of absorbance of
unheated solution) with the tangent to the cloud curve drawn in the inflection
. The temperature at the inflection point
4. The temperature of different stages (expressed in percentages) of absorbance in-
crease or transmittance decrease, e.g. 10% drop in transmittance

W

Optical Density

28 29 30 31 32 33 34 35 36
Temperature (°C)

Fig. 2 Typical microcalorimetric endotherm at a heating rate of 15°C/h (solid line) and turbidity
curve at a heating rate of 24°C/h (circles) obtained on an aqueous poly(N-isopropylacrylamide)
solution (M,, = 414,000 g/mol, PDI = 2.8, ¢ = 0.04 wt%). Ti,ax, temperature of the maximum
heat capacity; AC,, difference in the heat capacity before and after the transition; Tyen, demixing
temperature; Tcp. temperature of the first appearance of cloudness. Reprinted with permission from
the American Chemical Society [105]
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For solutions of most polymers in organic and aqueous media, the phase separa-
tion temperature depends on the polymer mass fraction and, in some cases, on the
polymer molar mass. Taking into account differences in the experimental parameters
(e.g. heating/cooling rate) and the diversity of approaches used to define the phase
separation temperature, the reader has certainly realized by now that it is not pos-
sible to quantitatively compare experimental data on apparently similar or identical
polymeric systems reported by different researchers.

4.3 Phenomenological Classification

To facilitate the description of the phase separation phenomenon of aqueous
polymer solutions, Berghmans and Van Mele proposed the following phe-
nomenological classification of their miscibility with water. Type I polymers
[e.g. poly(N-vinylcaprolactam), PVCL] are species that follow the classic Flory—
Huggins behaviour [106, 107]: their LCST (i.e. the absolute minimum in the
phase diagram) shifts upon increasing the polymer molar mass towards lower
polymer concentrations. Type II polymers (e.g. PIPAAm [78, 108]) are polymers
for which the minimum of the demixing curves is hardly affected by chain length
(see Fig. 1b). For Type II polymers, the architecture has a negligible effect (e.g. the
LCST of star PiPAAms is similar to that of linear polymer [109]), except for poly-
mers with hydrophobic or hydrophilic end-groups [110-112] and polymers with a
high number of arms [113] or spherical brushes [114, 115]. Type III polymers [e.g.
poly(methylvinylether), PMVEth] exhibit a bimodal phase diagram, presenting two
critical points for low and high polymer concentrations corresponding to the Type I
and Type II behaviours, respectively [116-119].

4.4 The Hydrophobic Interaction

Water-soluble neutral polymers consist of hydrophilic groups (e.g. amide groups,
ether groups), which are able to interact strongly with water molecules and induce
water solubility, and hydrophobic groups (e.g. vinyl backbone). The formation of
hydrogen bonds between polar groups of the polymers and the water molecules is
the initial driving force for dissolution. The word “hydrophobic” can be misleading.
It implies that the dissolved substance dislikes water, whereas, in fact, the interac-
tion between a hydrophobic molecule and water is attractive due to the dispersion
forces. However, the attraction between the water molecules is much stronger than
the van der Waals forces: water molecules simply “love” themselves too much to
let nonpolar substances interfere with their association. The hydrophobic parts of
the amphiphilic macromolecule organize the surrounding water molecules, leading
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to the formation of an ordered hydration layer. The restructuring of water is en-
tropically unfavourable, and thus the hydrophobic substances are only sparingly
water-soluble, while trying to minimize the entropic loss of the system [120, 121].
This feature of hydrophobic molecules in water is known as the hydrophobic effect
[122-129] and it gives rise to the hydrophobic interaction, i.e. to a strong solvent-
mediated “attraction” between hydrophobic molecules in order to minimize the
contact surface between hydrophobes and water. Therefore, an amphiphilic water-
soluble polymer experiences both repulsive and “attractive” forces. The sum of these
forces determines the solubility of the amphiphile in water and thus the value and
the sign of the experimentally obtained A, in solution. For readers interested in un-
derstanding the unique properties of liquid water and its solutions, we recommend
the most recent book by Arieh Ben-Naim [129].

The LCST transition in aqueous systems reflects first of all a local structural
transition involving water molecules surrounding the polymer. At low temperature,
the polymer is hydrophilic and the water molecules are bound to its polar groups
and to each other via hydrogen bonds. Infrared spectroscopy studies on PIPAAm
showed the existence of the amide I (C=0---HN, C=0---H,;0) and the amide
II (N-H---O=C, N-H---OH,) hydrogen bonds as well as non-hydrogen-bonded
C=0 and N-H groups [130-135]. The polymer molecules adopt an extended coil
conformation. The relative magnitude of the hydrophobic effect increases with tem-
perature. At higher temperatures, water molecules are released in bulk, allowing
associative contacts between the newly exposed hydrophobic monomer units [136].
Thus, during the demixing of PiPAAm, the bound water molecules are liberated,
resulting in the formation of intramolecular hydrogen bonds between the carbonyl
and amine functions of the N-isopropylamide side residues [137]. A negative total
entropy change upon heating controls the system over the enthalpy of the hydrogen
bonding, and the change in the free energy of the mixing becomes positive, causing
chain contraction and, eventually, phase separation. In some cases, it leads to a sol—
gel transition: a sol state (a random coil conformation) below 7o el and gelation
above Tgel sl

4.5 Cooperativity of the LCST Transition

The high-temperature collapse of a non-ionic single chain in water has been de-
scribed using concentration-dependent interaction parameters. Although the average
radius of gyration of a chain decreases at high temperature according to phe-
nomenological parameters, the molecular origin of the temperature inversion can
only be understood if one considers the molecular property of polymer—water in-
teraction. Tanaka F et al. developed a description of the phase separation with a
closed loop miscibility gap that takes place in aqueous solutions of poly(ethylene
oxide) (PEO) [138]. The authors explicitly included the hydration [139] in order



Non-ionic Thermoresponsive Polymers in Water 45

to find the molecular origin of the high-temperature collapse. In this description,
the model assumed random and independent hydrogen bonding (referred to as H-
bonding) between PEO and water molecules along the chain. It was adequate to
describe the experimental phase diagrams of PEO. This hydration mechanism was,
however, unable to describe the sharp collapse of PIPAAm chains. The concept
of cooperative hydration has allowed the theoretical derivation of the flat cloud-
point curves of the LCST type observed in aqueous PiPAAm solutions [140]. The
cooperativity in hydration is caused by a positive correlation between neighbour-
ing bound water molecules due to the presence of the large hydrophobic isopropyl
side groups. If a water molecule succeeds in forming an H-bond with an amido
group on a chain, a second water molecule can form an H-bond with the chain
more easily than the first one because the first molecule causes some displace-
ment of the isopropyl group, thus creating more access space for the next molecule.
As a result, consecutive sequences of bound water appear along the chain, which
leads to a pearl-necklace-type chain conformation [ 140, 141]. When the solution is
heated, each sequence is dehydrated as a whole, resulting in the sharp collapse of
the chain. This concept of cooperative hydration has successfully been applied to
describe theoretically the phenomenon of co-nonsolvency of PIPAAm in a mixed
solvent of water and methanol or other alcohols [142]. The concept of coopera-
tive hydration has also allowed derivation of a unified model of the association-
induced LCST phase separation in aqueous solutions of telechelic PEO and PiIPAAm
(Fig.3) [143].

Fig. 3 Sequential hydrogen bonds formed along the polymer chain due to the cooperative inter-
action between the nearest neighbouring bound water molecules. The average length of sequences
sharply reduces as temperature approaches 7T, from below. The random-coil parts (thin circles) are
collapsed near T¢p. Reprinted with permission from the American Chemical Society [140]
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4.6 Elastin-Like Polymers

Protein-based polymers are composed of repeating peptide sequences, where the
repeating unit can be as few as two or as many as hundreds of residues [144]. Among
them, elastin-like polymers (ELPs) are multiblock synthetic copolymers consisting
of the pentapeptides VPGXG, where V stands for L-valine, P for L-proline, G for
glycine, and X represents any natural amino acid except proline [145, 146]. ELPs are
water-soluble at temperatures lower than their demixing temperature and precipitate
at higher temperatures. However, ELPs are usually described in the literature not as
LCST type polymers but as polymers that exhibit an inverse solubility temperature
(ITT) in water. The Tyen, of ELPs depends on their composition. The hydrophobicity
scale for the amino acid residues X and T¢, of the corresponding ELPs is presented
in [144]. The design of EPLs with a desired Ty, within Tge,, = 0 — 100°C has
recently been reviewed [44, 147].

Strictly speaking, the mechanism of the reversible temperature-modulated phase
transition of ELPs differs from the transition of the thermosensitive polymers such
as PIPAAm. First of all this isbecause some of the ELPs may either be non-ionic
or weakly charged. However, a number of common features of aqueous solutions
of ELPs and of PiIPAAm are evident. For example, kinetic studies on solutions
of poly(VPGVG) showed that the phase separation process is faster than the pro-
cess of redissolution. This behaviour is similar to the thermal hysteresis reported
for PiIPAAm [78, 95, 102] and has been verified using temperature-modulated dif-
ferential scanning calorimetry (TM-DSC) [44, 78, 148], a technique capable of
separating phenomena that overlap thermally but present a different time response.
TM-DSC uses a periodically alternating heating programme superimposed on the
constant heating rate and allows differentiating between overlapping phenomena.
Thus, the endothermic peak for aqueous poly(VPGXG) solutions was found to be
a sum of two processes. The first endothermic process corresponds to the destruc-
tion of the ordered hydrophobic hydration structures surrounding the polymer chain.
The other, exothermic, process arises from the chain folding into a (3-spiral struc-
ture. The hydrophobically driven association of B-spirals results in the formation
of filaments composed of three-stranded dynamic polypeptide B-spirals that grow to
several hundred nanometers in length and gradually segregate from the solution. The
phase-separated poly(VPGXG) above T, contains 63 wt% of water and 37 wt% of
polymer [44], which is surprisingly close to the mass fraction of polymeric material
within single chain globules and mesoglobules formed by fully amorphous synthetic
polymers having high T, such as PIPAAm [55]. For comparison, the thermal hys-
teresis reported for PIPAAm was interpreted as partial vitrification of the polymeric
material in the polymer-rich phase [78].
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5 Self-Organization versus Steric Stabilization

5.1 Colloidal Stability

For polymer solutions, a decrease in the solvent thermodynamic quality tends to
decrease the polymer—solvent interactions and to increase the relative effect of
the polymer—polymer interactions. This results in intermolecular association and
subsequent macrophase separation. The term “colloidally stable particles” refers
to particles that do not aggregate at a significant rate in a thermodynamically
unfavourable medium. It is usually employed to describe colloidal systems that
do not phase separate on the macroscopic level during the time of an experi-
ment. Typical polymeric colloidally stable particles range in size from ~1 nm to
~1 um and adopt various shapes, such as fibres, thin films, spheres, porous solids,
gels etc.

Any system, if left alone, finally adopts its stable state. The time required for
that process to occur is determined by the magnitude of the activation energy bar-
riers, which separate the stable and metastable states. A system under a given set
of conditions is called thermodynamically metastable if it is in a state correspond-
ing to a local minimum of the appropriate thermodynamic potential for specified
constraints imposed upon the system, e.g. constant temperature and pressure [71].
If this system can exist in several states, the state of the lowest free energy is
called the thermodynamically stable state. Thus, the coil conformation corresponds
to the lowest minimum of the chain free energy and, therefore, is thermodynami-
cally stable. In contrast, the globular conformation of a single chain is a metastable
state for the polymer in solution. Globules of single chains tend to associate and
adopt a new phase of energy lower than the sum of the energy of individual glob-
ules dispersed in the solvent. Colloidally stable particles are thermodynamically
metastable.

Standard colloid chemistry strategies have been developed over the years in or-
der to prevent or at least minimize interparticle contacts. We review them briefly
here since they help in understanding the properties of the aggregates formed in
aqueous solutions of thermosensitive polymers heated above their T¢,. In highly
dilute polymer solutions, the rate of the globule—globule contacts is slow, which
limits macroscopic phase separation. The stability of more concentrated polymer
dispersions in water is enhanced either electrostatically or sterically. Electrostatic
stabilization is typically realized using either ionic initiators or ionic surfactants or
dissociating co-monomers in the polymer syntheses conducted in emulsions. Par-
ticles are obtained, which repel each other due to the entropic (osmotic) pressure
caused by the counterions between the surfaces. Interactions of the charged sur-
faces are usually explained by the Derjaguin—Landau—Verwey—Overbeek, (DLVO)
theory, which combines short-range attractive van der Waals and long-range electro-
static double-layer forces. The strength of the repulsion force between the particles
and the thickness of the electric double layer may be altered by changing the ionic
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strength of the aqueous medium [149]. At high electrolyte concentrations, the re-
pulsion between the particles vanishes and the coagulation of the particles is fully
diffusion controlled [150, 151].

Stabilizing repulsive forces may also arise from specific chemical and/or physical
properties of the particle surface. It is often suggested that the high hydrophilicity
of a surface could lead to interparticle repulsion, even if the surface does not pos-
sess any electric charge or repulsive polymer layer. This type of repulsion has been
ascribed to a force, the hydration or structural force, which arises as a consequence
of the specific structure of the hydrogen-bonded water layer on the particle surface.
It has been suggested that the overlap of two structurally modified boundary layers
gives rise to the hydrophilic repulsion [152—154]. The existence of such hydration
forces remains the subject of debates. It has been argued that, in most cases, the
short-range non-DLVO forces may simply be repulsive forces, such as the undula-
tion or protruding forces, especially when the surface is rough [155, 156].

Steric stabilization is achieved via grafting the particle surface with water-soluble
polymers, e.g. PEO. The repulsive force has an entropic origin; when two grafted
surfaces approach each other they experience a repulsive force once the grafted
chains begin to overlap and the mobility of the chains decreases [149, 150]. Steric
stabilization by non-ionic hydrophilic polymers is independent of the medium
ionic strength, assuming that the added electrolyte does not drastically change the
thermodynamic quality of the aqueous solvent. PEO has been shown to be an effec-
tive steric stabilizer, even at high electrolyte concentrations, as long as the molecular
mass of PEO is high [157]. The use of PEO is often also considered advantageous
because PEO largely prevents the adsorption of proteins onto polymer surfaces and,
thus, increases the biocompatibility of the polymer [158].

5.2 Hydrophobic Self-Association

Although we limit the review to thermoresponsive homopolymers, a discussion
of the self-association and the colloidal stability of thermoresponsive and non-
thermoresponsive amphiphilic copolymers is unavoidable. Thermally responsive
polymers, which undergo changes in solubility with changes of the solution tem-
perature, are an alternative to the polymers carrying hydrophobic moieties, i.e. the
repeating units that are not soluble in water at 7 = 0 — 100°C and normal pres-
sure. Similar to the low-molar-mass surfactants, amphiphilic non-thermoresponsive
block, graft and telechelic copolymers self-organize into diverse micellar struc-
tures in the block-selective solvents above a certain concentration, which is either
called the critical micellization concentration (CMC) or the critical aggregation
concentration (CAC). The advantages of the amphiphilic block copolymers over
the classical detergents lie in the low CAC, in the highly tuneable composition and
architecture, as well as in the dependence of the micellization on selective solvents.
The shape and the size of these self-assemblies are governed by the balance between
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three major forces acting on the system, reflecting the constraints between the
core-forming blocks, the interaction between the chains in the corona (steric or elec-
trostatic), and the surface energy between the solvent and the core [159]. The most
commonly observed morphologies are spheres, cylinders and vesicles [41, 160—
162]. Block, graft and random copolymers are known to form unicore or multicore
micelles in selective solvents [163]. In addition, a variety of other structures have
been reported, including toroids [164], helices [165], disks [166], nanotubes [167]
and multicompartment micelles [168]. Such complex self-assemblies have rarely
been observed for classical low-molar-mass surfactants.

The characteristic feature of neutral thermoresponsive polymers showing the
LCST behaviour in water is an increased hydrophobicity at elevated temperatures.
This feature may lead to the coagulation of the colloidal dispersion. Therefore, in
order to avoid macroscopic phase separation above Tgen, the surface of the hy-
drophobic particles needs to be adjusted, either by using amphiphilic additives
(e.g. detergents) or by careful chemical modification of the surface (e.g. using PEO
blocks or grafts). In the latter case, the thermoresponsive backbones or segments
collapse and associate upon heating, thus leading to the formation of colloidally
stable core—shell structures. The demixing temperature of the modified polymers
varies, depending on the fraction of hydrophilic or hydrophobic moieties. The size
of the aggregates can be altered either by changing the polymer concentration or
its chemical composition in the case of copolymers. PEO-grafted copolymers form
less dense particles than homopolymers or block copolymers, due to the unavoid-
able incorporation of a fraction of the PEO grafts in the aggregated phase [169].
The role of the amphiphilic grafts or blocks on the colloidal stability of microgels
or aggregates formed above the LCST has recently been reviewed [55, 170, 171]
(see Table 1).

The chains within the polymeric micelles may exhibit retarded mobility (slow ki-
netics), depending on the 7;, of the core-forming blocks, which results in the forma-
tion of either equilibrium or non-equilibrium metastable supramolecular structures
[160, 172—-175]. For thermoresponsive polymers, the formation of the equilibrium
morphologies is easily controlled by adjusting the heating rate and the polymer con-
centration, in comparison to the non-thermoresponsive polymers, upon their direct
dissolution in water [54, 55]. If the core-forming block exhibits a high T, micel-
lar exchange can become suppressed for the block copolymers [41], so that frozen
micelles are formed and no chain exchange between micelles is possible [176]. Poly-
mers containing blocks with high 7, form aggregates with a compact glassy core,
and either show very low CAC or cannot be directly solubilized in aqueous media.
In the latter case, copolymers are first dissolved in a solvent common for both blocks
and then transferred into the aqueous medium.

Actually, the term “micelle” refers to the equilibrium structures and, therefore,
the non-equilibrium structures prepared at T < T of the core should be called
“micelle-like aggregates”. However, the term “micelle” is extensively used in litera-
ture. If dynamic systems are aspired, it is therefore advisable to employ amphiphilic
block copolymers, which bear a hydrophobic block with a low 7.
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5.3 Protein-Like Copolymers

Protein-like copolymers are a special case of thermosensitive copolymers capable
of forming small colloidally stable aggregates in solutions heated above their LCST
[177-182]. In globular proteins, the hydrophilic units mainly cover the water-
exposed surface of the globule, thus preventing interprotein association, whereas
hydrophobic units mainly form the core of the globule. Amphiphilic copolymers can
mimic the behaviour of biopolymers and, in certain cases, that of globular proteins.
The theoretical model of protein-like copolymers ascribes the term “memory” to
amphiphilic copolymers, stating that a polymer chain tends to reassume the confor-
mation in which it was synthesized, due to the unique distribution of repeating units
along this chain. The synthesis of protein-like copolymers from typical synthetic
monomers is difficult, and only few reports on successful synthesis are available
[181, 182]. PiPAAm-graft-PEO copolymers in water close to the demixing temper-
ature of the backbone turned out to be able to remember the original conformation
in which they had been grafted [183, 184].

5.4 Mesoglobules of Homopolymers

When a homopolymer in solution encounters a situation in which the thermo-
dynamic quality of the solvent is poor, individual chains of the homopolymer
undergo a coil-to-globule collapse. The globules associate immediately, and macro-
scopic phase separation seems unavoidable. However, it has been reported that a
number of polymers in water or in organic solvents form equilibrium globules,
i.e. single chain globules that remain isolated in solution without immediate as-
sociation and precipitation. We have presented in a recent review a compilation
of homopolymers reported to exhibit this behaviour in water [55], forming sta-
ble single chain globules or multimolecular aggregates, termed “mesoglobules”
[185, 186]. Mesoglobules of thermosensitive polymers that are formed beyond Tgem
are spherical in shape and monodispersed in size and typically have a radius on
the order of 50-200 nm. Various thermoresponsive polymers and their derivatives
form colloidally stable suspensions instead of the expected macrophase separation
upon heating of their dilute aqueous solutions above Tgen, including homopoly-
mers such as PIPAAm [55, 187], PVLC [55], and poly(methylvinyl ether), PMVEth
[55, 188, 189]. The fact that mesoglobules are metastable structures can be demon-
strated experimentally. For example, when a phase-separated PIPAAm solution is
subjected to centrifugation at 4000 rpm at elevated temperature above T, it forms a
two-phase system consisting of a transparent liquid and a white gel [190]. Nonethe-
less, in a wide range of conditions the mesoglobules remain colloidally stable.

The properties of the mesoglobules depend on factors related to the intrinsic
properties of the polymers and to experimental protocols. Thus, increasing the
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content of hydrophobic comonomer leads to a lowering of Tyer, of aqueous PIPAAm
and concomitant decrease in the size of the mesoglobules [54, 187, 191]. Rapid
heating and lowering the polymer concentration have a similar effect. We should
add here that the same phenomenon takes place in organic solvents. For example,
the precipitation time of PS globules formed by polymers of high molar mass is
essentially longer (tens of minutes or even hours) than that of the shorter chains in
the solution of the same polymer mass concentration [192]. This suggests a possible
general mechanism responsible for the colloidal stability of mesoglobules formed
by homopolymers in either organic or aqueous media [55].

Various mechanisms have been proposed to account for the stability of mesoglob-
ules [54, 55, 188, 189]. One such mechanism is the viscoelastic effect, which was
introduced by Tanaka H for colloidally stable droplets of PMVEth [188, 189].
Accordingly, a collision of two mesoglobules is not effective as long as the time of
their contact is shorter than the time required for establishing a permanent chain en-
tanglement via the chain reptation. Fluorescence spectroscopy allowed us to confirm
the contributions of the viscoelastic effect and also of the partial vitrification of the
polymer to the mechanism underlying the stability of PIPAAm mesoglobular phases
[187]. It also led us to observe directly for the first time that PIPAAm mesoglobules
undergo a gradual conversion from fluid-like particles into hard spheres within a
narrow temperature window, Tgem, < T < 36°C, a phenomenon that had been in-
ferred, but not proven, by light scattering data. Mesoglobules grow in size and mass
within this temperature range. We suggested that changes in the hydration layer
surrounding the PiIPAAm chains and the exchange of water—polymer H-bonds for
interchain H-bonds are involved in the process. For temperatures higher than Tge,,
vitrification of the mesoglobule core can occur, enhancing particle stability and the
resistance towards merging [78]. The results of our experiments suggest that this
process is indeed significant, but only for 7 > 36°C, a temperature ~6 — 7°C above
Tyem- Also, the possibility that electrostatic effects contribute to the stabilization
of PIPAAm mesoglobules cannot be excluded [55, 193]. Since our previous re-
view [55], some new fascinating and important evidence has appeared, including
experimental [54, 194-203] and theoretical [204-206] aspects of the mesoglobu-
lar phase.

6 List of Thermoresponsive Homopolymers

In this section we outline the publications and selected features of neutral thermore-
sponsive homopolymers exhibiting the LCST phase separation in aqueous media,
see Tables 2 and 3, and also those whose properties drastically change upon cool-
ing, see Table 4. We will utilize the definitions for transition temperatures used by
the authors. Due to the huge number of polymers of this type, some biopolymers
such as polysaccharides will not be described here.



52 V. Aseyev et al.

Table 2 Neutral thermoresponsive homopolymers exhibiting LCST-type phase separation
behaviour in water

Structure Properties

1. Polymers bearing amide groups

N-Substituted poly(acrylamide)s and poly(methacrylamide)s

Poly(N-alkyl(meth)acrylamide)s or N-monosubstituted and N-disubstituted
poly(acrylamide)s (1a) and poly(methacrylamide)s (1b), where Ry = H,

~Ro CHj, C,Hs etc. and R, = CHs, CoHs, C3Hy, etc

Homopolymers with Ry = H, CHz and R, = CHj3 do not show the LCST
behaviour in water in the temperature range of 0 < 7' < 100°C

Homopolymers with Ry = H, CH3, C;Hs and R, = C,Hs, C3H7,
excluding two pairs of R; = CHj3 or C;H5 with R, = C3H7 (propyl,
isopropyl or cyclopropyl), show the LCST behaviour in water in the
temperature range of 0 < 7' < 100°C

1 Homopolymers with other Ry and R; are insoluble in water under normal

conditions

/(/jj/ Poly(N-ethylacrylamide) PEAAm [207-212]
n 72.8 < LCST < 85.5°C for 3300 < M, < 7400 g/mol upon heating; phase
e} NH diagram based on T¢, (0 < ¢ < 10 wt%); LCST of the linear PEAAm is
between 1 and 3 wt% and increases with decreasing M [210]; estimated
2 Tep = 74°C for ¢ = 1 wt% [207]; Tinax = 82°C for ¢ = 5-20 wt% [211]
Hysteresis, the effect of the heating/cooling rate on the phase diagram [210]
Chemically crosslinked hydrogel shrinks upon heating [207]; T¢, = 62°C
[210]; Thax = 78.2°C [213]
T¢p of solutions and gels increases with increasing SDS content and
decreases with increasing KCI content or crosslinker [210]
Solubility of PEAAm in various solvents [210]
T, = 138.6°C for M, = 204,000 g/mol, PDI = 3.3 [207]
LCST type copolymers with styrene, 20°C < T, < 75°C [207]; other LCST
type copolymers of PEAAm [211]

Poly(N-ethylmethacrylamide) PEMAAm [207, 214-217]
Structural isomer of PIPAAm
Tep = 58°C[207]; To = 67°C (phase equilibria) [215]; T = 70.5°C
(My, — oo from 61,000 < M,, < 2,040,000 g/mol, 1.7 < PDI < 4.5,
3 studied using viscometry) [217]; Tep = 70°C [214]
Thermosensitive microgels functionalized with phenylboronic acid [215]

Poly(N,N’-ethylmethylacrylamide) PEMAAm [218-222]

Structural isomer of PIPAAm

TDSC = 73.8°C (M, = 18,100 g/mol, PDI = 1.12, ¢ = 0.1 wt%) [220];
Tep = 70°C (M = 10,000 g/mol, ¢ = 0.1 wt%) [218];
58 < Tp < 68.8°C inversely depending on 5400 < M, < 36,500 g/mol
and ¢ = 0.05-5 wt% [221]; T, = 56°C [210]

Tacticity [223]; ATRP and RAFT polymerizations result in PEMAAm of
similar stereochemistry [221]

Presence of a carboxyl end group instead of an alkyl one elevates T, by
3-4°C[221]

Block copolymers with PIPAAm and PnPAAm; hysteresis [219]
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Structure
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Poly(N,N’-diethylacrylamide) PDEAAm [49, 207, 211, 224-237]

Phase diagrams and concentration dependences [226, 228-231]

25°C < T, < 36°C [207, 224, 226]; Tp = 29°C, My, = 124,000 g/mol,
c= 0.2 wt% [238]; Top = 30.5°C, My, = 91,000 g/mol,
c= 0.5 wt% [239, 240]; T, = 32°C, M = 10,000 g/mol,
c= 0.1 wt% [218]; Thax = 32°C for ¢ = 5-20 wt% [211]

Decrease in the T, with increasing M [226, 231]

Chemical crosslinks of PDEAAm decrease T¢;, for 3—4°C in comparison
with the linear polymer [227]

Addition of salt decreases T, [103]

Tacticity: syndiotactic and isotactic polymers [223, 230, 235, 236];
isotactic PDEAAm is soluble in water (T, = 31°C), but syndiotactic
PDEAAm is insoluble [223]

Copolymers [211, 241-244] and hydrogels [233, 234, 245]

T, =~ 90°C, estimated from [211]

Poly(N-n-propylacrylamide) PnPAAm [130, 131, 218, 237, 246-249]
Structural isomer of PIPAAm
Precise analysis of molecular parameters; for A, = 0 and
My, = (13.3-159) x 10* g/mol: Ty = 22.54 + 0.01°C [249]
Tep = 25°C, M = 10,000 g/mol, ¢ = 0.1 wt% [218]; Tp = 25°C
(M = 14,400 g/mol, PDI = 1.1, ¢ = 0.1 wt%) [219]; T, =24°C
[246, 247]; My = 361,000 g/mol: T, = 23.2°C (c = 0.002 wt%),
Tiem = 23.0°C, Tiax = 24.5°C (¢ = 17,100 unit mol/g) [130]
Thermoresponsive gels [130, 250-252]; T, = 25°C [247]
Syndiotactic PnPAAm with various racemo diad contents: the high
cooperativity results from the local formation of ordered structures
(presumably helical) in the dehydrated state [253]
Block copolymers with PIPAAm and PEMAAm; hysteresis [219]

Poly(N-n-propylmethacrylamide) PnPMAAm [130, 254-256]

Tep = 28°C [256]; My, = 602,000 g/mol: T, = 27.2°C
(c = 0.002 wt%), Tgem = 26.9°C, Tinax = 28.0°C
(c= 1.70 x 10~* unit mol/g) [130]

Complete resolubilization at 25°C, transition is very slow (h) and takes
place in a wide range of T' [254, 255]

Thermoresponsive gels [130]

Poly(N-isopropylacrylamide) PiPAAm, but generally abbreviated as
PNIPAM [45, 49, 55, 86, 101, 130, 207, 257-265]

Detailed reviews on synthesis and properties of homo- and copolymers
[21, 30, 43, 45, 49, 53, 260]

LCST = 27-32°C, phase diagram [78, 101, 108, 266]; phase diagram of
nanosized gel particles [267]; My, = 553,000 g/mol: T, = 31.2°C
(c = 0.002 wt%), Tgem = 30.9°C, Thpax = 32.1°C
(c= 2.10 x 10~* unit mol/g) [130]

Cooperative hydration [140]

(continued)
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Properties

Tep decreases by 2°C when M, increases from 5400 to 160,000 g/mol
[103]; T¢;, is independent of M if M > 10° g/mol [78, 266]

No intermolecular aggregates are detected at ambient temperature [55]

Colloidally stable mesoglobules above 50°C [54, 55, 194-203]

Density of polymeric material within a fully collapsed single chain
globule or a mesoglobule is 0.3-0.4 g/mL [54, 55, 95, 187], close to
0.40 g/cm? predicted on the basis of a space-filling model [268];
fractal dimension of the collapsed state is 2.7 [55, 187]

Hysteresis understood as limited diffusion of water into the hydrophobic
aggregates above the LCST that retards PiPAAm rehydration
[95,269]

T, = 130°C [270]; T, = 140°C [78]

Effect of tacticity [271, 272]

Effect of salt follows the Hofmeister series [273, 274]

Addition of SDS increases T¢p: low SDS concentrations — dispersion of
colloidal particles, high SDS concentrations — a solution of
“necklaces” by SANS [275]; the coil-globule transition in solutions
of SDS T, = 34°C [276]

Addition of a saccharide decreases Tep [277]

Oligomers show opposite thermal properties when they are freely
dissolved or bound to a gold nanoparticle [278]

Brushes grafted to latex particles [279, 280]; polymer-protected gold
nanoparticles [281, 282]; various copolymers [45, 49, 55, 259]; drug
delivery, tissue engineering [45], thermoresponsive gels [130]

Poly(N-isopropylmethacrylamide) PIPMAAmMm, but generally named
PNIPMAm [86, 104, 130, 257, 283, 284]

For M, = 57,000 g/mol, My/M, = 1.7, c = 2 wt% and heating rate of
1°C/min, T, = 48°C and complete resolubilization upon cooling at
38°C, [284]; for fractions 3000 < My, < 11,000 g/mol and
¢ = 0.05wt%, 61 > T, > 48°C [103]; for ¢ = 1 wt% and heating
rate of 1°C/min, T¢, = 43°C and complete resolubilization upon
cooling at 35°C [86]; My, = 420,000 g/mol: T, = 41.2°C
(c = 0.002 Wt%), Tgem = 41.8°C, Thax = 42.0°C
(c= 1.81 x 10~* unit mol/g) [130]

Tp = 43-44°C at normal pressure and 10 < T, < 50°C at high pressure
(0.1-200 MPa) induced coil-globule transition of anthracene-labelled
PiPMAAm (50,000 and 140,000 g/mol, PDI = 1.4-1.6,
¢ < 0.001 wt%); pressure—temperature phase diagram [97]

Kinetics: transition is very slow and takes place in a wide range of T';
hysteresis is more pronounced than in the case of PIPAAm [86, 284]

Copolymers, effect of NaCl and other cosolutes [103]

Thermoresponsive gels [130, 285-288]

T, = 176°C [289]

(continued)
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Poly(N-cyclopropylacrylamide) PcPAAm [131]

Tep = 47°C, My, = 211,000 g/mol, PDI = 4.4, 1 wt% [229];

Tp =49°C, M, = 700,000, 0.5 wt%[131]; T, = 57°C [207, 229]

Thermoresponsive copolymers [290]

Tp = 30°C for copolymer with 5 mol% pyrene side groups used for
stabilization of carbon nanotubes in water [291]

Tp = 48°C for PcPAAm-protected gold nanoparticles [292]

Continuous volume change for thermoresponsive gels, T, = 40-50°C
[247]

Poly(N-(L)-(1-hydroxymethyl)propylmethacrylamide), abbreviated to
P(L-HMPMAAm) [293]

P(L-HMPMAm) shows optical activity; polymer chains may form packed
structures and hence a low hydration state in water

Tep = 30°C, My, = 58,700 g/mol, 0.4 wt%; above T¢p, forms solid
precipitates; the turbidity of supernatant is not affected by further
heating up to 55°C

Upon cooling the turbidity starts to decrease at 21°C; hysteresis is
explained by the low hydration state in water due to the compact
structure of the polymer

Size distributions of P(L-HMPMAm) are bimodal below T¢;, (6°C)

P(DL-HMPMAm) is optically inactive; possesses better solubility in
water than P(L-HMPMAm); it exhibits some degree of turbidity at
34°C, but the transmittance does not decrease to 0%; no hysteresis

P(DL-HMPMAm) forms a clear coacervate above 34°C; forms no solid
precipitate; steric hindrance between the side chains (racemic
monomers) results in relatively expanded structures of polymeric
chains above 34°C

No intermolecular aggregates of P(DL-HMPMAm) below T¢, (6°C)

Poly(N-acryloylpyrrolidine) [207, 237, 294-298]

Tep = 51°C for My = 15,000 g/mol, ¢p = 1 wt% [294]; Tep = 52°C
[237]; T, = 56°C [298]; no intermolecular aggregates were detected
at ambient temperature [294, 297]

Hydrophobic end-groups of the RAFT agent decrease T¢p:
e.g., Iep = 55-56°C for M, = 17,000 g/mol and PDI = 1.84,
whereas T, = 48°C for M, = 5000 g/mol and PDI = 1.47
(cp = 3 Wt%) [297]

A small hysteresis between the heating and cooling runs [297]

T¢p decreases upon increasing NaCl concentration [297]

Chemically crosslinked hydrogel shrinks upon heating

Tep = 50—60°C; collapse is not abrupt [207]

Tacticity [223]

Self assembling thermosensitive copolymers, e.g., block copolymers with
poly(butyl acrylate) [294-297]

T, = 142°C [295]
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Poly(N-acryloylpiperidine) PAOPip [237, 299, 300]

PAOPip is soluble below T, = 4-6°C in the basal buffer (pH 7.0) and
completely insoluble above 8°C [237, 299]

Purification of thermolabile proteins from a crude solution by affinity
precipitation [43]

Tacticity [223]

14

Poly(N-vinyl caprolactam) PVCL [52, 55, 170, 260, 301-306]

Detailed reviews on synthesis and properties on homo- and copolymers
[52, 55, 170]; no reports have been found on the controlled radical
polymerization

Phase diagram: LCST = 31°C, M, = 470,000 g/mol [307]; LCST 30°C
[116]; if My, < 10° g/mol then LCST depends on M

Intermolecular aggregates are formed by the My, < 10* g/mol samples
even below T, [55]

Tep = 38°C, M, = 3200 g/mol, PDI = 2-2.5,c = 1072 wt%:
coil-globule transition by fluorescence technique [194]

Colloidally stable neutral mesoglobules above 50°C [55]

T¢p decreases with increasing NaCl concentration [308]

T;p increases with increasing SDS [308, 309] and cetylpyridinium

Chloride concentration [309]

Ty = 190°C [107]

Poly(N-vinyl propylacetamide) [307]
Phase diagram: LCST = 40°C, M, = 30,000 g/mol

Poly(N-vinyl-5-methyl-2-oxazolidone) [124]
Tp = 40°C [124]; T, = 65°C [303]
Effect of cosolute on LCST [124]

O
16
N Poly(N-vinyl isobutyramide) PViBAm [310-313]
n Structural isomer of PIPAAm (reversed amide linkage): differences in the
NH properties have been analysed using microcalorimetry [314],
17 o pressure-dependent solubility analysis [315] and light scattering [316]

Tep = 35-39°C[310, 313]

Used to prepare poly(vinylamine) by hydrolysis of the side chain
[312,317]

Polymer-protected Pt nanoparticles [318]

Copolymers [311, 312, 319, 320]

Protein related polymers

18 Synthetic
polypeptides

Protein-based polymers are composed of repeating peptide sequences

ITT-type phase transition: although the transition resembles the LCST
type, these polymers usually form helical structures in precipitated
state

(continued)
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An overview of modern synthesis and self-association of homo- and
block/graft copolypeptides can be found in [321-327];
peptide-based amphiphiles [328]

Selected examples of neutral homopolypeptides are discussed below

19 Poly(VPGXG): V,
L-valine; P, L-proline;
G, glycine; X, any
natural amino acid
except proline

Elastin-like synthetic biopolymers or “elastic protein-based
polymers”: consist of repeating pentapeptides
[44, 50, 144, 322, 329-344];

ITT-type transition; detailed reviews [44, 144, 331]

0°C < T¢p < 100°C depending on X: above T, a random coil turns
into a B-spiral and precipitate

T:p is dependent on pH and the ionic strength

Hydrophobicity and conformational preferences of the constituent
amino acids define the LCST behaviour: T, of the peptides could
be adjusted by replacing valine residues by more hydrophobic
isoleucine, leucine or phenylalanine residues [329]

Example: T, = 25°C for (GVGVP)251 at 0.7 wt% and
M = 100,000 g/mol [144]

TM-DSC on elastin-like biopolymers reveals two simultaneous
processes representing chain collapse (endoterm) and -spiral
formation (exoterm); above T¢p

Elastin-like biopolymers fold and assemble, due to the periodicity of
repeating sequences[44, 344]

Short chains based on GVGVP pentad sequence: effects of M,
chemical composition, and salt concentration on the secondary
structure and T¢p [329]

Methacrylate-functionalized poly(VPGVG) prepared by RAFT [345]

Poly(L-proline) PPro [346, 347]

Precipitated polymer is in the ordered crystalline state; theoretically
predicted Tg = 100°C for M;, = 53,000 g/mol using temperature
dependence of the second virial coefficient [346]

20 O n Helical structure of oligoprolines [348, 349]
Poly(N-acryloyl-L-proline methyl ester) PAProMEs [350-355]
n T,p = 14°C[350, 351]
o N Tep = 17.5°C for M, = 12,200 g/mol, My, /My, = 1.26 [353]
15°C < Tep < 20°C, depending on the tacticity
MeO,C 4000 < M, < 17,000 g/mol, My /M, < 1.22 [352, 353]
21 15°C < Tgp < 43.5°C, random copolymers with
N,N-dimethylacrylamide [352]
Synthesized using RAFT polymerization [352, 353]
Poly(N-acryloyl-4-trans-hydroxy-L-proline methyl ester) PAHProMEs
n [353]
o N OH Tep = 49.5°C for My, = 11,000 g/mol, My /M, = 1.29 [353]
Synthesized using RAFT polymerization [352, 353]
99 MeOC

(continued)
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Poly(methyl 2-alkylamidoacrylate)s

(0] Poly(methyl 2-alkylamidoacrylate)s [356]
)k R;: poly(methyl 2-acetamidoacrylate), water-soluble

HN R Ru: poly(methyl 2-propionamidoacrylate), thermosensitive
R3: poly(methyl 2-isobutyracrylate), thermosensitive
n R4: poly(methyl 2-n-butyramidoacrylate), insoluble in water
e
23 O 0
0} Poly(methyl 2-propionamidoacrylate) [356-359];

)K/ LCST = 49-50°C, M;, = 670,000 g/mol, PDI = 2.7: the phase
HN diagram (T¢;, vs. ¢, 0.1 < ¢ < 10 wt%) is flat above 4 wt%; below

4 wt%, T decreases with the increasing ¢; ¢ = 0.5 wt%: sharp

n transition at T, = 51°C, no hysteresis [356, 357]
e Shows no endotherm during the phase transition; the difference with the
24 O o iPr-containing polymer results from the size of the hydrophobic group
[356]
T¢p decreases with salt concentration in line with the Hofmeister series
[356, 357]
o] Poly(methyl 2-isobutyracrylate) [357]
Tep = 19°C: ¢ = 0.5 wt%, sharp transition, no hysteresis [357]
HN Shows endotherm during the phase transition [357]
n
25 O O/
Poly(oxazoline)s
/k\N/\)\ Poly(2-substituted-2-oxazoline)s are polymeric non-ionic tertiary
)\ n polyamides obtained from 2-substituted oxazolines via living cationic
2 O R ring-opening polymerization [64, 360-365];

Poly(2-methyl-2-oxazoline), PMOz, is soluble in water at

0°C < T < 100°C; polyoxazolines with ethyl, propyl and isopropyl
pendants show the LCST behaviour; the transition is sharp with fast
responsivity in comparison to PIPAAm; transition is reversible, and
shows no noticeable hysteresis; no polyoxazolines with four or more
carbon atoms have been reported to be soluble in water

[362, 366-370]; poly(2-alkyl-2-oxazoline)s with 1-7 pendants are
crystallizable and form oriented crystalline filaments [365, 371-376];
while those with 611 reveal glass transition temperatures [365]

/k\N/\)\ Poly(2-ethyl-2-oxazoline) PEOz [366, 367, 370, 377-383]
)\/n Phase diagram and LCST [377, 383]
27 O Tep > 100°C (M, < 10,000 g/mol) [383]; T, > 90°C (M, = 8000 g/mol,

PDI = 1.02, ¢ = 1 wt%) [366, 367]; Ty = 90.6°C (M, = 6700 g/mol,
PDI = 1.15, ¢ = 5 g/l) and Ty = 69.3°C (M,, = 37,300 g/mol,

PDI = 1.6, ¢ = 5 g/l) [382]; 78°C > T, > 66°C (9200 g/mol

< My < 40,000 g/mol, ¢ = 5 g/l) [383]; 60°C < Ty < 78°C

(M > 20,000 g/mol) [370, 377-379]
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Effect of crosslinks: Tep = 68°C of PEOz hydrogel is lower than the
Tp = 73°C of the linear polymer with comparable molecular mass
[381]; this is similar to PIPAAm hydrogels [382]

Effect of salt [377]

- At pH < 3.5 forms a H-bonded complex with poly(methacrylic acid)

PMAA [385], this is similar to PIPAAm/PMAA complexation (pH < 6.3)
[386]

Ty = 60°C [371]; Ty = 149°C for M, = 14,920 g/mol, PDI = 1.2 [365]

)
A

28 O

Poly(2-n-propyl-2-oxazoline) PnPOz
Structural isomer of PIPAAm (reversed amide linkage with N in the main
chain and propyl instead of isopropyl pendant)
Tp = 23.8°C (M = 12,000 g/mol, PDI = 1.04, c = 1 wt%) [366];
Tep = 25°C (M, = 3068 g/mol, PDI = 1.13, ¢ = 2 wt%) [387];
Tep = 42.9°C (M, = 3100 g/mol, PDI = 1.1, ¢ = 5 g/l) and
Tep = 22.5°C (M, = 18,000 g/mol, PDI = 1.46, c = 5 g/1) [382]
T, = 40°C [371]; Ty = 145°C for M, = 12,160 g/mol, PDI = 1.3 [365]

2

o

29

Poly(2-isopropyl-2-oxazoline) PiPOz [64, 366, 388-390]

Structural isomer of PIPAAm (reversed amide linkage with N in the
main chain)

Tep = 36°C (M, = 16,700 g/mol) [370]; T, = 38.7°C
(M, = 9700 g/mol, PDI = 1.02, c = 1 wt%) [366]; T, = 47°C
(M, = 3907 g/mol, PDI = 1.09, c = 2 wt%) [387];
45°C < Tp < 63°C, T decreases with increasing M,
(1900 < M, < 5700 g/mol, PDI < 1.05, ¢ = 0.1 wt%) [388]

Telechelic and heterotelechelic with hydroxy, amine or acetal groups: T¢p
is highly concentration-dependent [389]; hydrophobic methyl,
n-nonyl, piperidine, piperazine as well as hydrophilic
oligo(oxyethylene) end groups decrease the LCST; the effect of the
end group polarity on T¢;, is stronger than with PIPAAm [390]

Insoluble aggregates of PiPOz are formed when the precipitated polymer
is kept for 24 h above T, = 65°C; precipitated polymer is fibrous
[372, 373, 387]

T, = 70°C[372]

II. Poly(ether)s
Poly(oxide)s

301( VECHEI/}”

Polyoxide is a polymer with oxygen atoms in the main chains [124];
polyoxides withx = 1, 3 (except PPO), 4, 5, etc. are not soluble in
water at any temperature

L0,

31 n

Poly(ethyleneoxide) or poly(ethylene glycol) PEO or PEG
[124, 391-394]

One LCST-type critical temperature of 7o = 106°C (estimated at
3 MPa) and two critical temperatures corresponding to the UCST
behaviour: Tgl = —12 £ 3°C (estimated in supercooled state) and
Toll = 115°C (estimated at 3 MPa) [124, 395]
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LCST-type behaviour: To, = 96°C for My = 20,000 [396],
To = 96 + 3°C [124]

Addition of salt decreases Tg [124, 396-400]: To = 90°C, 2 M LiCl;
To = 82°C,2 M CaCly; Te = 80°C,2 M MgCly; To = 76°C,2 M
NH4Cl; To = 73°C, 2 M StCly; T = 60°C, 2 M CsCl; T = 60°C,
2 M NaCl; Tg = 57°C,2 M KCI; Tog = 56°C, 2 M RbCl [397]

To = 35°C, 0.45 M K;,SO4 and Tg = 45°C, 0.39 M MgSOy4 [124]

Crystallizable, —65°C < Ty < —20°C depending on M and crystalline
content [124, 401]

(/O Poly(propyleneoxide) or poly(propylene glycol) PPO
32 n [103, 124, 125, 402]
M < 400 g/mol is water-soluble at room temperature; M = 1200 g/mol is
soluble up to 2 wt%; solubility of M > 2000 g/mol PPO is less than
0.1 wt% [103, 124, 125]
For ¢ = 0.05 wt%: T, = 15°C for M = 3000 g/mol and T, = 35°C for
M = 1200 g/mol [403]; estimated T = —53°C for M = oo [124]
For ¢ = 4.15 g/L, My, = 1,000 g/mol: 35°C < T, < 40°C, broad
transition with T, = 40.9°C [103], transition enthalpy is
1.4 kcal/mol of repeating units, similar to the values observed for
PiPAAm and PMVEth
Limited solubility is suggested to result from spiral folding of the chain
into tightly coiled disks in aqueous solution [402]
Crystallizable, T, = —75°C for high M [124]

Poly(vinylether)s

M\ Polyether is a polymer with oxygen atoms in the main or side chain.
n Among them, thermoresponsive poly(vinylether)s have oxymethylene
OE/\O}R and/or oxyethylene pendants in their side chains [30, 124, 404—406]
3 X Phase separation temperature of vinyl ethers can be controlled by varying
the number of the pendant oxyethylene units and/or the
hydrophobicity of an w-alkyl group, R
Tcp measurements typically reveal an abrupt reversible transition within
AT = 1°C; no hysteresis
Homopolymers of ethyl vinylether and higher alkyl vinylethers are
insoluble in water

M Poly(methylvinylether) PMVEth [30, 32, 55, 103, 188, 260, 407-416]
n Bimodal phase diagram [188, 417, 418]
34 O\ Colloidally stable droplets of PMVEth [188]
LCST1 = 32-33°C (c < 30 wt%) and LCST2 = 28°C (¢ > 30 wt%)
[116-119, 417, 418]; intermolecular aggregates exist below T [55]
DSC: broad endothermic peak typically has a low ACp shoulder on the
lower temperature side [103, 417, 418]
Addition of salt decreases T¢, [103, 407]
Polymer-protected gold nanoparticles [413]
Time-limited colloidal stability; stable droplets [188]; mesoglobules
above 50°C; liquid—liquid macrophase separation within a month [55]

3
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Isotactic PMVEth is crystallizable, —19 < T, < —40°C
[118, 119, 124, 417, 418]
Copolymers [30, 414, 419-422]

H,

O

Poly(2-methoxyethylvinylether) PMOVEth [405, 423, 424]

T.p = 63°C [405]; Tep = 70°C (My = 20,000 g/mol, PDI = 1.11,
1 wt%) [405]

T¢p decreases by 5°C as M, increases from 10,000 to 20,000 g/mol;
further increase in M, hardly affects T, [405]

No hysteresis [405]

Gradient, random and block copolymers with PEOVEth [424]

6

(0]
36 v\o/\

Poly(2-ethoxyethylvinylether) PEOVEth [404, 423, 424]

Tep = 20°C (M;, = 22,000 g/mol, PDI = 1.13, 1 wt%) [405]

No hysteresis [405]

Gradient EOVEth-co-MOVEth undergo gradual thermally induced
association above T, = 20°C, forming micelles with a hydrophobic
core of EOVE-rich segments. The size of the micelles decreases
monotonously with further increasing solution temperature, whereas
block copolymers reveal two-step transition, and random copolymers
one-step transition [424]

Block copolymers with poly(hydroxyethyl vinyl ether), PHOVEth:
sol—gel transition at 20.5°C, ¢ = 17 wt% [423, 425]

Poly(2-(2-ethoxy)ethoxyethylvinylether) [426]
Phase diagram ¢ < 50 wt% [427]; the T, curve is flat except in a very
dilute region
Tep = 40°C[428]; LCST = 40.0-40.5°C (M,, = 20,000 g/mol,
PDI = 1.33 and M, = 34,000 g/mol, PDI = 1.26) [427]
Thermoresponsive copolymers [420, 428]

Poly(4-hydroxybutylvinylether) [30, 420, 429]

Tgem ~42°C

Derived from a silyloxy-protected pendant counterpart

Polymers with shorter or longer —(CH,)- spacers are soluble or insoluble
in water, respectively

Alkylglycidylethers: poly(methyl glycidyl ether), poly(ethyl glycidyl
ether), poly(ethoxyethyl glycidyl ether) [430-432];

14.6°C < Tip < 57.7°C is strongly affected by the length and structure of
the alkyl chain [430, 431]

Anionic ring-opening polymerization

Ether bond in the main and side chain

Temperature-dependent sol-gel transitions

Copolymers of glycidyl methyl ether with ethyl glycidyl ether
to adjust T¢p, [432]

(continued)
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III. Polymers bearing phosphate groups

Poly(phosphoester)s
9 o Poly(phosphoester)s are polyphosphates obtained through ring-opening
\(\P/ V\o/)n polymerization of cyclic phosphoester monomers;
('3 poly(2-methoxy-2-oxo-1,3,2-dioxaphospholane), or poly(methyl
40 R ethylene phosphate), is not reported to show the LCST behaviour;
poly(phosphoester)s are biodegradabile and biocompatible [433-438]
0] Poly(2-ethoxy-2-oxo-1,3,2-dioxaphospholane) or poly(ethyl ethylene
f\'p'/ov\o’)n }I])hosphatg [437, 439, 440] PO POV
(lj Tp = 38°C (M, = 14,600 g/mol, PDI = 1.25, ¢ = 1 wt%) [440]
a NS Transition is thermoreversible with small hysteresis
Gold nanoparticles [438]
0] o Poly(2-isopropoxy-2-oxo-1,3,2-dioxaphospholane) or poly(isopropyl
(- V\o’)n ethylene phosphate) [437, 439, 440]
|

(o)
42Y

Tep = 5°C [440]

Linear copolymers [437, 440]; addition of NaCl decreases T¢p; transition
is thermoreversible with small hysteresis

Gold nanoparticles [438]

Table 3 Selected examples of thermoresponsive neutral polymers based on amphiphilic balance
and showing the type of LCST behaviour

Structure

Properties

=}

Poly(N-methylacrylamide) PMAAm [207]

Estimated T¢p, > 100°C

T, = 178.5°C, M,, = 185,000 g/mol, PDI = 3.6
LCST-type copolymers with styrene, 20°C < T, < 100°C

Poly(N,N’-dimethylacrylamide) PDMAAm
[195, 207, 222, 236, 454-456];

LCST: estimated T¢, > 100°C [207, 454], T, =~ 200°C [195]

Chemically crosslinked hydrogel shrinks upon heating [207]

Ty = 125.7°C, My, = 156,000 g/mol, PDI = 3.4 [207];

T, = 122°C [454]; T, = 105°C [295]

Tacticity [223]; isotactic PDMAAm is highly crystalline and
only partially soluble in water [457, 458]; however, in [223]
PDMAAmMm samples are reported to be soluble in water
regardless of the tacticity

LCST type copolymers with styrene, 20°C < T, < 100°C
[207] and with 2-methoxyethylacrylate, 9°C < T, < 80°C
[454]; AB diblock copolymers [455]

(continued)
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45 Poly(N-

alkyl(meth)acrylamide)s
bearing hydroxyl groups

N-monosubstituted and N-disubstituted poly(acrylamide)s and
poly(methacrylamide)s [459]

The precursor polymers, e.g.
poly(N-2-hydroxypropylmethacrylamide),
poly[N,N-bis(hydroxyethyl) acrylamide] and
poly(N-[tris(hydroxymethyl)-methyl] acrylamide): the T¢,
is tailored by varying the acylating agent (acetylation and
cinnamoylation) or by varying the extent of acylation

Poly(vinylpyrrolidone) [303, 460, 461]

Phase separation and solubility behaviour [124, 461]

Estimated and measured Tg = 140 +5°C [124], To = 160°C
[303]

Salt and aromatic cosolutes decrease T¢p : My, = 78,000 g/mol,
27°C < Tp < 77°C [462-465]

To = 28°C, M, = 99,000-457,000 g/mol in 0.55M Na,;SO4
[461]

T, =86+ 1°C [124]

Poly(N-acryloylmorpholine) pAOM

RAFT polymerization [300, 466—468]

Well soluble in water; T, is probably 100°C

36 < Ttp < 80°C thermosensitive fluoroalkyl-end-capped
PAOM homo- and co-oligomers [469, 470]

Tacticity [223]

Poly(N-tert-butylacrylamide) [471, 472]

LCST: theoretical T, = —5°C; T, = 108°C

T, = 27°C for random
poly[(N-tert-butylacrylamide)-co-acrylamide] with 50:50
molar ratio of N-tert-butylacrylamide/acrylamide

0.2 mm thick film made of chemically crosslinked random
poly[(N-tert-butylacrylamide)-co-acrylamide], with 27:73
molar ratio of repeating units, reversibly swells and
contracts in the range of 6-80°C

Poly(2-substituted-2-oxazoline)s

Copolymers with adjusted Tgen, by changing the comonomer
composition and molecular weight [382, 473, 474];
gradient or random copolymers of POz and either iPOz or
EO0z23.8°C < T, < 75.1°C [366, 367]; gradient
copolymers of iPOz with 2-N-propyl-, 2-N-butyl-, and
2-N-nonyl-2-oxazoline, 9°C < T¢p < 46°C [387]

Block copolymers and thermoresponsive micelles [475];
cylindrical molecular brushes [476]; comb and graft shaped
poly(oligoEOz methacrylate)s [477]; polyion complex
micelles stabilized with PiPOz [478]

Poly(2-ethyl-2-oxazoline)-block-poly(e-caprolactone):
thermally reversible sol—gel transition [479, 480]

(continued)
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Effect of salt: NaCl lowers the LCST [367]

A variety of amphiphilic random, block and star copolymers of
2-methyl-2-oxazoline with 2-oxazoline-bearing pendant
hydrophobic moieties (LCST behaviour was not studied)
[371, 481-484]

>

50a OH

<

50b o

(50a) Poly(vinylalcohol) PVAI

(50b) Poly(vinylacetate) PVAc [303, 485—490]

PVAL: estimated Tg = 125°C [303]

PVALl is obtained from PVAc by alcoholysis, hydrolysis or
aminolysis [485]; PVAI-PVAc with the degree of
hydrolysis below 83% shows the LCST behaviour between
0 and 100°C; T, decreases with increasing VAc content
[124, 491-493]

Properties of aqueous PVAI-PVAc solutions are affected by the
degree of hydrolysis, temperature, pressure, addition of
electrolytes; H-bonds are disrupted at T = 54 — 67°C [491]

PVALl is highly crystallizable: needs to be heated above 70°C to
solubilize

PVAL with the degrees of hydrolysis above 87% are not soluble
at all

For PVAI-PVAc, 50% of VAc, To = 25°C [494]

PVAI-PVAc: Tg = 97°C for M, = 13,500, 34,400,

74,100 g/mol [397, 487]

T, =70—99°C [124, 401]

(51a) Poly(ethyleneoxide) PEO

(51b) Poly(propyleneoxide) PEO

Copolymers, PEO-PPO-PEO block copolymers, Pluronics or
Poloxamer, Tetronics [45, 49, 51, 392, 495-503]

PEO37-PPO56-PEO37: micellization at 12-18°C and
Tep = 91°C of LCST type [499]

Hydrophobically end-capped poly(EO-co-PO): T, is in the
range of 18—71°C depending on the end group,
¢ = 0.5wt%; sharp phase transition within 3°C and small
hysteresis; two liquid phases above T¢p; Tty is linearly
decreases with increasing concentration of salts (NaySO4
and Na3POy) [504]

Self-assembling polymers containing PEO in the side chain
form a class of thermoresponsive polymers based on
amphiphilic balance [49]; R is w-alkyl group or H

Substituting the hydrophilic groups that make the polymer
water-soluble with hydrophobic groups, one can convert a
polymer, originally soluble in water at all temperatures, into
a polymer soluble in water only below a given temperature
and vice versa [207]

Example: grafted polymethacrylates (molecular brushes)

[30, 505-515]

(continued)
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Polymers show reversible cloud points with no hysteresis;

T¢p of these polymers depends on chemical composition and
can be adjusted between 20 < 7' < 90°C

Tp is strongly dependent on the lengths of PEO chain

T¢p is not dependent on c, flat phase diagram

Typically T, < 0°C; longer flexible PEO side chains
decrease T, [516]

Poly[2-(2-ethoxyethoxy)ethylacrylate] PEEO2A [297]

Tep = 9°C for My, = 17,500 g/mol, PDI = 1.66 at c = 1 wt%;

Copolymers with oligo(ethylene glycol) methyl ether acrylate
9 < Tep < 49.9°C; no hysteresis

Poly[2-(2-methoxyethoxy)ethylmethacrylate)] PMEO2MA
[297, 509, 512]

Tep = 28°C for M, = 16,700 g/mol, PDI = 1.72, ¢ = 3 wt%
[512]

T.p in water is around 26-27°C, M,, = 10,000-37,000 g/mol,
PDI < 1.1, ¢ = 0.2wt% [509]; T¢, decreases with
increasing the M,

Very weak hysteresis [509, 512]

T, = —40°C [509]

Effect of tacticity [509]

Block copolymers with PS [509]

Poly(2-[2-(2-methoxyethoxy)ethoxy]ethylmethacrylate)
PMEO3MA [509]

Tep = 49-52°C, M, = 10,000-37,000 g/mol, PDI < 1.1,
¢ = 0.2wt%; T, decreases with increasing the M,

Very weak hysteresis

T, = —47°C

Effect of tacticity

Block copolymers with PS and PMEO2MA

o o1,

56 8-9

Poly[oligo(ethyleneglycol)methacrylate] POEGMA with side
chains of eight or nine ethylene oxide units [294, 512]

Tep = 83°C for M, = 15,000 g/mol, PDI = 1.08, ¢ = 1 wt%
[294]; T, = 90°C for M,, = 10,000 g/mol, PDI = 1.18,
c=3wt% [512]

Very weak hysteresis for homo- and copolymers [294, 512];

Copolymers POIMEO2MA-co-OEGMA): flat phase diagram;
measured T¢, were in the range of 28-90°C;

Tep = 28 +1.04 x DPOEGMA [512]; self-assembling block
copolymers [294]

OH

~20%

OH
s7p O° O ~80%

mixture of isomers

Poly(2-hydroxypropylacrylate) PHPA, mixture of isomers
[207, 517]

Strong concentration dependence of Tep : Tep = 16°C at
¢ =10wt% [207]; T, = 18.3°C at ¢ = 1.5 wt%,
Tep =21.4°Cat c = 1.0 wt%, T, = 26.7°C at ¢ = 0.5 wt%,
Tp = 33.3°C at 0.25 wt% (M, = 11,100 g/mol,
PDI=1.21) [517]

For dilute solutions, the phase transition is broad and it is
broader upon dissolution than upon precipitation [517]

(continued)
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For dilute solutions, redissolution of PHPA upon
cooling occurs at higher temperatures than
precipitation upon heating [517], i.e. hysteresis is
reversed to the hysteresis observed PIPAAm [95]

Ty =21.7°C (M, = 11,100 g/mol, PDI = 1.21) [517]

Random copolymers [207, 517]

Poly(2-hydroxyethylmethacrylate) PHEMA [518-524]

My /M, < 1.25, ¢ = 0.50 wt%: for M, < 10,900 g/mol
Tep > 100°C, for 10,900 < M, < 14,300 g/mol
39 > T, > 28°C, M, > 14,300g/mol is insoluble;
range of transition temperature is very broad ~15°C;
enhanced water solubility of these PHEMA at pH
2.2 is due to protonation of the terminal morpholine
groups derived from the ATRP initiator [518]

Copolymers [518], hydrogels [519, 524]

Urea raises the degree of swelling of PHEMA gels:
My = (1-50) x 103 : Ty = 10°C in aqueous 4 M
urea, Tg = 27.2°C in 6 M urea, and Ty = 52.5°C in
8 M urea [523]

Isotactic PHEMA: T = 15.3°C for
My, = 39,000 — 816,000 [522]

HEMA copolymers are biocompatible and blood
compatibility [525, 526]

N-substituted polymethacrylamides with
alkylaldonamide side chains

Phase diagram for the polymer with x = 10 and
¢ > 20 wt%; thermotropic and lyotropic properties;

Physical gel melts upon heating and consequently
adopts a birefringent glassy lamellar phase, lamellar
phase, and isotropic solution [527]

n (0]
y _(CHa) Il
60 O NH NH O

NN SCt)

OH

Poly(amidohydroxyurethane) PAmHU [528, 529]

Tep = 57°C for My, = 18,700 g/mol, ¢, = 1-3 w/wt%

The molecular architecture of studied polymer suggests
a coil-to-micelle demixing scenario

PAmHU is crystalline

22°C < Tpp < 57°C of PAmHU/water/ethanol mixture

61 Hyperbranched polyethers

(61a) 1,4-butanediol diglycidyl ether with triols such as
trimethylolethane and trimethylolpropane [530]

19.0 < Tep < 40.3°C: (c = 1.0wt%) is adjustable
depending on the hydrophilic/hydrophobic balance
of 1,4-butanediol diglycidyl ether and triols

(61b) 1,2,7,8-diepoxyoctane with ethylene glycol,
di(ethylene glycol), tri(ethylene glycol),
1,2-propanediol, and glycerol [531]

23.6 < Tp < 67.2°C: (c = 1.0wt%) is adjustable
depending on the composition

—48.8 < Ty < —29.7°C; highly branched polyethers are
flexible polymers

(continued)
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62 Oligo(ethylene oxide)-grafted
polylactides

Glycolides with pendent oligoEO monomethyl ether
substituents [532]

One or two EO units: more hydrophilic than polylactide
but insoluble in water

Three EO units: T, = 19°C, M;, = 59,800 g/mol,
PDI = 1.16, ¢ = 1.5Wt%

Four EO units: M,, = 10,600 g/mol, PDI = 1.12,
c=1.5wt%: T, =37°C

63 Methoxy-terminated
dendronized polymethacrylates

PGI: Ty, = 62.5-64.5°C (c < 4 wt%, M independent, no
specific morphologies for aggregates is observed
above Ty, aggregation is dependent on heating rate
and concentration, and also differs for heating and
cooling

PG2: T, = 64.2-65.7°C (¢ < 2 wt%, uniform spherical
aggregates above T¢;, uniformity is independent of
heating rate and concentration)

Ty < —80°C for both

Thermoresponsiveness results from the entire
branch-work and not from just a peripheral
decoration

Change methyl for ethyl groups at the periphery of the
polymers has a pronounced effect on LCST [533]

64 Isobutyramide-terminated
poly(amidoamine) dendrimers

Dendrimers of generation G3, G4, and G5 (32, 64, and
128 terminal VIBAm groups) showed T, of 76, 60
and 42°C, respectively, in 10 mM phosphate buffer
(1.0 wt%, pH 9.0); phase diagram for ¢ < 1 wt%

T¢p increases with increasing urea concentration

Tep decreases with increasing hydrophilicity of
generations; this finding was rationalized in terms of
densely packed structures, which facilitate the
dehydration process (impact of steric hindrance on
LCST) [534-536]

Poly(organophosphazene)s with two side groups of
poly(ethylene oxide) and amino acid esters, where
R; = H, CH3, COOR;, CH,COOR;,
CH,CH,COOR;, CH(CH3)CH,CHj3 and
R, = CH3, C;Hs, CH,CgHs [30, 49, 303, 537-542]
50°C < Tp < 93°C, depending on the structure of the
side groups
Biodegradable thermosensitive polymer [543]
Reversible sol—gel transition upon heating [540]
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Table 4 Neutral thermoresponsive homopolymers, for which the solubility in water decreases
upon cooling

Structure Properties
o) Poly[6-(acryloyloxymethyl)uracil] [544]
n NHJ< UCST type of transition: T, =~ 60°C for ¢ = 0.1 wt%
o/ /—<\__<NH Since NH and C=0 groups of uracil act as donors and
0 acceptors, interpolymer complexes are formed upon
66 0 decreasing temperature and increasing the strength of the
hydrogen bonds

Phase transition is shifted to lower temperatures upon addition
of urea or adenosine (complementary nucleic acid base to
uracil) preventing the complex formation in cold water

(/ (0] \/\)\ Poly(ethyleneoxide) PEO
67 n Two critical temperatures corresponding to the UCST

behaviour

Tol = —12+3°C, estimated in supercooled state [124]

PEO shows UCST behaviour (7¢pIl = 115°C) above its LCST
(Tep = 106°C) under pressure of 3 MPa, between 106 and
115°C PEO demixes (immiscibility island); phase
behaviour studied using SANS [395]

Hydrostatic pressure lowers both the LCST and the UCST
[395]

Poly(methylvinylether) PMVEth
n Two UCSTs are theoretically predicted for the low and high
') polymer concentrations using thermodynamic perturbation
68 A theory of Wertheim for saturation interactions

(i.e. hydrogen bonds) [545-547], adapted to the lattice
model [417]

One UCST < —15°C has been experimentally observed at
¢ > 80wt% [418]

Poly(methacrylamide) PMAAm [124, 548-551]

The second virial coefficient and the intrinsic viscosity were

n found to increase with increasing temperature; highly
/ concentrated PMAAm solutions form gel upon heating
0 NH, [548]
69 To = 6°C, M,, = 320,000g/mol (T dependence of the second

virial coefficient) [548]; Tg > 30°C, M, = 78,000g/mol
[549]; Te > 100°C [550]

Effect of salts (perchlorates, thiocyanates, chlorides, sulphates
of uni- and bivalent metals); electrophoretic measurements
suggests that both anions and cations are bound on the
polymer chain; salting-in effect of cations (increasing with
increasing surface charge density); the effect of anions is
unfavourable to dissolution [551]

T, > 100°C [124]

(continued)
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70a

L+l

O\‘/
70b o]

(70a) Poly(vinyl alcohol) PVAI

(70b) Poly(vinyl acetate) PVAc [493]

PVAI-PVAc gels form upon cooling; prepared by freeze/thaw
cycling [552, 553]; the gel-sol transition for physically
crosslinked PVA hydrogels is 55-70°C [554]

Both the LCST and the UCST behaviour in an aqueous mixture
of 99-89% hydrolysed PVAI (DP = 1,700, ¢ > 15 wt%)

n
07 SNH e
71 I

Poly(N-acrylylglycinamide) [124, 555-561]

Aggregation of chains occurs in solutions with ¢ < 1 wt%

Physical thermoreversible gels are formed from solutions
annealed below room temperature; gels melt upon heating
above their T,

T increases with molar mass (23.5°C < Tr, < 78.6°C for
27,600 < M, < 944,000 g/mol) and with polymer
concentration (67.4°C < T, < 87.0°Cfor3 < c <7)

Effect of added reagents on gelation; [1] of PAG solution
containing 2 M NaCNS is higher than that of pure aqueous
solution

T, = 182 £2°C [557]

n

5 © NHYNHZ

0]

Poly(N-methacrylylglycinamide) [555, 561]

Physical thermoreversible gels: gels melt upon heating;

Solubilities and properties of PMG and PAG are similar, but
higher ¢ and/or M are required for PMG, and T, of gels are
lower than for PAG

T, = 226°C [561]

Table 5 Structural isomers of PIPAAm

Isomer of PIPAAm Abbreviation Tep (°C)
Poly(N-ethylmethacrylamide) PNEMAAmM 67-71
Poly(N, N-ethylmethylacrylamide) PNNEMAAmM 56-74
Poly(N-n-propylacrylamide) PnPAAm 23-25
Poly(N-isopropylacrylamide) PiPAAm 27-33
Poly(N-vinylisobutyramide) PViBAm 35-39
Poly(2-n-propyl-2-oxazoline) PnPOz 22-25
Poly(2-isopropyl-2-oxazoline) PiPOz 36-63
Polyleucine PLeu Insoluble
Polyisoleucine PiLeu Insoluble

7 Some Generalizations

7.1 Structural Effects

As noted above, only a qualitative analysis can be done in view of the different
approaches to defining the Tcp, and, in general, the use of Tcp or Tgen instead
of the LCST as a uniform and unique temperature to define the phase transition
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of any polymer of a certain molar mass. We highlight in this section important
evidence on the structural features of a polymer chain that affect its thermal
response in water. Thus, Kano and Kokufuta report that the thermally induced
interactions between macromolecules in solution, as well as between polymer
chains and solvent molecules, depend on whether the o-carbon in the back-
bone bears an H atom (AAm) or a methyl group (MAAm) and whether the
N-propyl pendant group is branched (iP) or linear (nP) [130]. From a compar-
ison of T¢p values for PIPAAm and PIPMAAm, one may expect that a methyl
group in the main chain in the o-position increases solubility. This agrees with
the reported molar fraction of the C=O---HN bonds at temperatures near the
demixing temperature: 0.13 for PIPAAm [131] and 0.42 for PIPMAAm [132],
and also 0.30 for PnPAAm [131] and 0.40 for PnPMAAm [132]. Based on the
H-bonds fraction, Kano and Kokufuta noted that the solubility order ought to be
PiPMAAm > PnPMAAm > PnPAAm > PiPAAm, which disagrees with their
measurements of Tygey, (PIPMAAmM > PiPAAm > PnPMAAm > PnPAAm) and
of the endothermic enthalpy (PnPMAAm > PnPAAm > PIPMAAm > PiPAAm)
[130]. Analysis of the highly diverse T, values collected in Table 2 does not offer
any evident conclusions. This certainly calls for further systematic studies on the
structural effect of the constituent repeating units.

7.2 Structural Isomers of PIPAAm

The structural isomers of PIPAAm with corresponding literature values of T, are
given in Table 5.

To the best of our knowledge, the last two structural isomers of PIPAAm are
not soluble in water (PLeu [144, 441, 442] and PiLeu [144]). Urry defined Leu as
a more hydrophobic residue than iLeu [144]. Small rearrangement of the methyl
group from Leu to iLeu results in a 5°C rise on the hydrophobicity scale. PLeu
and PiLeu are crystalline polymers. PLeu forms o-helical structures, the so called
leucine zippers, consisting of two parallel a-helices. PiLeu forms fewer o-helices,
favouring the formation of B-structures (Fig .4) [144, 443].

A comparison of the isomers suggests that:

1. PnPAAm vs. PIPAAm and PLeu vs. PiLeu: the solubility is higher (i.e. higher
T.p) for polymers with an isopropyl pendant in the side chain rather than

n-propyl.

(/NH (I) o
n

Fig. 4 Chemical structures /QNH |
of polyleucine (73) n
and polyisoleucine (74) 73 74
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2. PNEMAAm vs. PNNEMAAm: methyl group in the main chain causes higher
solubility.

3. PViBAm vs. PIPAAm: reversed amide linkage (NH group linked to the main
chain in the case of PViBAm, vs. C=0 for PIPAAm) results in better solubility.

4. PiPOz vs. PIPAAm: tertiary amide linkage and N in the main chain enhances
solubility. However, if both N and C=0 are in the main chain, solubility decreases
(see PLeu vs. PIPAAm).

5. As an overall tendency, a C=0 group positioned closer to the end of the pen-
dant group, and N closer to the backbone, results in an increase in the polymer
solubility.

Structural differences, together with differences in the synthesis, result in consider-
able variations of the physical properties of the PIPAAm structural isomers. Thus,
PiPOz is a crystalline polymer [389] and is able to crystallize from water as a fibrous
material when its solution is annealed for 24 h above T¢, = 65°C [373, 387]. Co-
agulated PiPOz particles exhibit hierarchical structures with two levels of ordering
that are micron-sized spherical particles consisting of fibrils with a cross-sectional
diameter of about 30—50 nm and a length of several microns [373]. The densely
packed microspheres formed in dilute solutions are uniform in size and shape and
resemble a ball made of rattan.

7.3 Hpysteresis

Hysteresis in the heating/cooling cycles of polymer—water systems featuring an
LCST has been ascribed to the limited diffusion of water into the dense hydropho-
bic aggregates formed above the LCST, which effectively delays the hydration of
the aggregates and the eventual resolubilization of the polymer upon cooling be-
low the LCST [95, 269]. In order to increase the rate of response, macroporous
hydrogels have been prepared [444, 445]. Macroporous thermoresponsive hydro-
gels allow molecules of water to enter freely within the polymer matrix, and to
leave it quickly, in response to a temperature change. Pore forming agents, foaming
reagents or solvent mixtures are typically used to prepare macroporous hydrogels.
An alternative synthetic procedure, cryogelation, has been introduced recently for
bioseparation [445-448]. Since the pore surface can be functionalized to recognize
target molecules, hydrogels are suitable media for the reversible immobilization
or separation of biomacromolecules. Thus, macroporous PiPAAm-based hydrogels
were used for the reversible adsorption of bovine serum albumin [449, 450] and
to concentrate its aqueous solutions [451, 452] or to concentrate aqueous solutions
of lignin [453]. PEO-grafted PiIPAAm [169] or PEO-grafted PVCL [107] have also
been used as fast-response polymeric systems, based on the expectation that PEO
chains may provide hydrophilic channels, thus facilitating the diffusion of water
molecules through the collapsed polymer matrix for temperatures above Tyep, .

The limited diffusion of water molecules into the collapsed polymer matrix
does not explain why the cooling/heating rates are different for the kinetically fast
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process of hydrophobic hydration/dehydration. A qualitative analysis of the data
listed in Tables2 and 3 suggests that the phase transition in water of polymers
with T; well below the phase separation boundary show a weak heating/cooling
hysteresis, if any at all. This is the case for thermoresponsive poly(vinylether)s,
poly(phosphoester)s, as well as acrylate- and methacrylate-based copolymers con-
taining PEO in their side chains. The majority of thermoresponsive N-substituted
poly(acrylamide)s and poly(methacrylamide)s, for which the phase transition shows
hysteresis, have a T, value above 100°C. In this case, the polymer concentration and
the rate of heating/cooling affect the hysteresis. One may assume, consequently, that
this type of hysteresis originates in the kinetically slow exothermic process of par-
tial vitrification of the phase-separated polymer, which is also responsible for the
stability of the mesoglobular phase [78, 108, 187]. Polyoxazolines with ethyl and
n-propyl pendant groups also show sharp LCST transitions and faster response to
changes in temperature, compared to PIPAAm. Poly(2-ethyl-2-oxazoline) (PEOz)
has a T, = 60°C [371]. The T, of PEOz takes place for a temperature higher than
T,. PnPOz (T; = 40°C [371]) has a T¢, = T;,. The transitions are reversible, with no
hysteresis if solutions are heated/cooled with sufficiently high rates.

As stated above, the hysteresis of ELPs in the course of the ITT transition results
from the overlap of two kinetically different processes: a fast endothermic process,
which corresponds to the destruction of the ordered hydrophobic hydration, and a
second exothermic process arising from the B-spiral chain folding.

7.4 Effect of Macromolecular Architecture

The polymer architecture affects the demixing behaviour of thermoresponsive poly-
mers [562]. On the basis of theoretical studies it is expected that, as a rule,
branched macromolecules are more soluble than their linear analogues [563-565].
This prediction was confirmed experimentally in the case of a solution of star-like
polystyrene in cyclohexane (an UCST-type phase separation) for which an increase
in the degree of branching resulted in a decrease in the temperature of demixing
[566, 567]. On the basis of a review of water-soluble polymers of various shapes by
Aoshima and Kanaoka [30], it appears that water-soluble polymers do not offer a
uniform tendency in their LCST-type phase behaviour.

Xu and Liu recently reported the syntheses of the well-defined 7-arm and 21-
arm PiPAAm stars with a B-cyclodextrin core [278, 568] and presented a thorough
analysis of the literature on thermoresponsive stars and polymer brushes tethered
to curved surfaces, such as latex particles [279, 280, 569], gold nanoparticles
[282] and microgels [570]. A unique feature of these architectures is that they
form a densely packed spherical core and a less-dense outer shell [159]. As a re-
sult of such a non-uniform density distribution, two temperature-induced phase
transitions have been observed experimentally in several systems based on PIPAAm
[279, 280, 282, 568, 569]. One transition has been ascribed to the phase transition
of the inner segments of PIPAAm, whereas the other transition, which is concentra-
tion dependent, was assigned to the collapse of the outer PIPAAm segments [282].
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The two-step transition can also be explained in terms of the n-clustering that in-
duces the collapse [571]. Attractive many-body interactions between the polymer
repeating units take place within the most dense regions in the vicinity of the par-
ticle core and result in n-clustering [279, 280, 568, 569]. The collapse of the outer
layer occurs at higher temperatures due to the lower local chain density. Accord-
ing to the n-clustering concept, the n-clustering increases with decreasing polymer
length, i.e. polymer brushes with short chains should have a lower 7¢,. This was ob-
served experimentally for surface-adsorbed PiPAAm brushes [279, 280, 569]. Also,
the T¢, of 7-arm and 21-arm PiPAAm stars increases with increasing the arm length
[568]. Solutions of 21-arm PiPAAm stars with relatively long arms exhibit a bi-
modal DSC curve, which the authors explained on the basis of the two-layer brush
concept used to account for the two-step collapse of PIPAAm brushes grafted on the
gold nanoparticles.

7.5 Cyclic Polymers

There have been a few recent reports on the synthesis of macrocyclic PIPAAms
aimed at exploring the effect of topological constraints on the solution properties
of PIPAAm. The polymers were obtained by “click” intramolecular coupling of
linear heterofunctional a-azido-m-alkynyl-PiPAAm samples synthesized via RAFT
[572] or via ATRP [573, 574] polymerizations. The phase separation of cyclic Pi-
PAAms (c-PiPAAm) and their linear counterparts (I-PiPAAm) in aqueous solution
was monitored by microcalorimetry and turbidimetry. Qiu et al. reported that the
T4em values of c-PiPAAms were systematically higher than those of the correspond-
ing [-PiPAAm precursors [572]. As the size of PIPAAm increases, the gap in Tyem
between linear and cyclic PIPAAms becomes narrower, implying that as the ring
size becomes larger, the effect of topological constraint on the LCST of cyclic
polymers becomes smaller. It should be noted that the Tgevalues reported by Ye
et al. [573] followed slightly different trends, which may be attributed to differ-
ences in measurement protocols or in the detailed chemical structure of the coupling
groups. The ring size of the cyclic polymers also exerts a marked effect on the en-
thalpy change during the phase transition. The enthalpy of the phase transition (AH )
for [-PiPAAms (6000-19,000 g/mol) remains constant (6.06 and 6.40 kJ/mol per
NIPAM unit), which is consistent with the reported AH values of 5.5-7.5 kJ/mol
per repeating unit upon phase transition for linear PIPAAm. In contrast, the phase
transition enthalpies of c-PiPAAms are significantly lower than those of ordinary [-
PiPAAm, with AH values of 3.86, 4.47 and 5.38 kJ/mol for c-PiPAAm of molecular
weight 6000, 12,000 and 19,000 g/mol, respectively. In addition, the density of the
mesoglobules formed by c-PiPAAm was lower than that of /-PiPAAm mesoglobules
[573]. The density difference was attributed to the lack of chain interpenetration
and entanglements in the c-PiPAAm mesoglobules. The hydration and dynamic
behaviour of c-PiPAAm in water was investigated by means of high frequency di-
electric relaxation measurements. Additional cooperativity in the molecular motions
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of the amide functional groups of each monomer unit in the polymer chains with a
cyclic topology was observed, compared to /-PiPAAm of similar molecular weight.
This enhanced cooperativity may contribute to the increase in the LCST of aqueous
solutions of c-PiPAAm, compared to that of /-PiPAAm, in the 10 g/L concentration
domain probed [575].

7.6 Telechelic Amphiphilic Polymers

Polymers that carry a hydrophobic group at one chain end tend to form core—shell
structures in which the hydrophobic core is insulated from the water by a brush-
like corona of PIPAAm chains [576]. Flower-like micelles, consisting of loops of
hydrated polymer chains having both end groups entrapped in the micellar core,
form in solutions of PIPAAm carrying a hydrophobic group at each chain end
[577, 578]. The introduction of hydrophobic end-chains affects the phase behaviour
of PiIPAAm solutions in two ways. First, the miscibility of the polymer in water be-
comes poorer as a result of direct interactions between water and the alkyl chains.
Second, the mixing entropy of the polymer chains is reduced due to the increase of
their apparent molecular weight via micelle formation. Both factors favour phase
separation, so that LCST tends to shift downwards. However, association of the
end chains does not affect the hydration of the main chains, except for segments
near the micellar core, because they remain exposed to water even when associa-
tion takes place. Therefore, the telechelic PiPAAm/water system is an interesting
example of the coexistence, without competition, of two phenomena: end-chain
association and hydration. These phenomena were monitored experimentally by
microcalorimetry, light scattering [579, 580] and small angle neutron scattering
(SANS) [581]. A theoretical study of systems featuring coexisting LCST behaviour
and hydrophobic association via hydrophobic end groups was described by Okada et
al. for systems with “random” hydration (such as PEO) and “cooperative” hydration
(such as PiPAAm) [143].

There have been only a few reports so far on the preparation of telechelic
or semi-telechelic hydrophobically modified poly(oxazolines). Volet et al.
have described the synthesis and solution properties of semi-telechelic poly(2-
methyl-2-oxazolines) (PMOz) bearing an n-dodecyl- or an n-octadecyl group
at one chain end [475]. Telechelic PMOz with a perfluorooctyl group at one
end and a hydrocarbon group 6-18 carbons long were prepared with a view
towards the creation of multidomain micelles containing segregated fluori-
nated and hydrocarbon hydrophobic compartments [582]. Hydrophobically end-
modified poly(2-ethyl-2-oxazolines) (PEOz) and poly(2-isopropyl-2-oxazolines)
(PiPOz) bearing an n-octadecyl chain on both termini or on one chain end only
were prepared by cationic ring-opening polymerization of 2-ethyl-2-oxazoline
and 2-isopropyl-2-oxazoline, respectively, and subsequent end-group modi-
fication [583]. The polymers had M, ranging from 7000 to 13,000 g/mol,
a size distribution My/M, < 1.20, and end-group functionality >0.97. All
polymers, except the semi-telechelic sample C;g-PiPOz (M, =13,000 g/mol),
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formed core—shell micelles in cold water with a hydrodynamic radius (Ry) of
7-12 nm and a core radius (R.), determined by analysis of small angle X-ray
scattering (SAXS) data, of ~1.3 nm. Aqueous solutions of all polymers under-
went a heat-induced phase transition detected by an increase in solution turbidity
at Tep of 32-62°C, depending on the polymer structure and size. Temperature-
dependent light scattering measurements and fluorescence depolarization studies
with the probe diphenylhexatriene revealed that extensive intermicellar bridg-
ing takes place in solutions heated in the vicinity of Tg,, leading to microgels
(Rn > 1 um). Further heating caused these assemblies to shrink into objects with
Ry, of about 300-700 nm, depending on the size and structure of the polymer. Upon
heating aqueous semi-telechelic PiPOz at 65°C for 24 h, extensive crystallization
occurred, as already noticed for aqueous solutions of the unmodified PiPOz [584].
Interestingly, telechelic PiPOz samples were shown to resist crystallization from
hot water. This resistance to crystallization was taken as an indication that the loops
formed by polymer chains captured in the flower micelles that exist in cold water,
retain their conformation in the aggregates formed upon heating telechelic PiPOz
samples above their phase transition temperature. This behaviour is rather unique
because other end-modifications of the PiPOz chains reported so far, for example
grafting onto polysaccharides [585], do not hinder its crystallization from hot water.

7.7 Cononsolvency

The PiPA Am chain exhibits peculiar conformational changes in water upon addition
of a second water-miscible solvent such as methanol, tetrahydrofuran or dioxane.
Although the second solvent is a good solvent for the polymer, the polymer chain
collapses in certain compositions of the mixed solvent, followed by the eventual
reswelling when the second solvent is the major component [586, 587]. The ten-
dency for phase separation is also strongly enhanced by the presence of the second
solvent. For instance, the LCST of aqueous PiPAAm solutions shifts to a lower tem-
perature when methanol is added. The temperature drop is the largest, from 31°C
down to 7°C, for a specific molar fraction, 0.35, of methanol. This enhanced phase
separation in mixed good solvents is known as cononsolvency. Crosslinked PIPAAm
gels are also known to collapse sharply in water in the presence of methanol, at
a specific molar fraction of around 0.3, and gradually recover their swollen state
with increasing methanol content [588]. There have been efforts to understand co-
nonsolvency by the combination of three parameters [587] and also by the formation
of stoichiometric compounds between the solvent molecules [589]. Without consid-
ering direct hydrogen bonds between polymer and solvent, however, it is difficult to
explain the sharp LCST behaviour. Tanaka F et al. recently derived a polymer expan-
sion factor for PIPAAm in mixed water and methanol as a function of the solvent
composition on the basis of competitive hydrogen bonds between PiPA Am/water
and PiPAAm/methanol [142]. This approach allowed them to model the sharp re-
entrant coil-to-globule-to-coil transition of PIPAAm in mixed water/methanol.
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8 Postscript

Arieh Ben-Naim wrote in his latest book that: “The field of aqueous solutions has
become so huge that it is impossible to review the whole field in a single book”
[129]. He added that “the behaviour of water and of aqueous solutions of simple
solutes is reasonably well understood”. This review led us to conclude that the
solutions of amphiphilic polymers in water still present mysteries, in spite of the
staggering number of publications on this topic. The literature provides mechanisms
responsible for the phase behaviour of aqueous amphiphilic polymer solutions, yet
most existing theoretical approaches still require proper experimental validation. It
is our hope that the systematic presentation of the experimental data collected for
a great variety of amphiphilic thermoresponsive polymers contained in this review
will help experimentalists and theoreticians in their quest towards a rational under-
standing of the phenomena involved and the intricate relationships among them.
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From Coordination Polymers to Hierarchical
Self-Assembled Structures

Yun Yan, Arie de Keizer, Martien A. Cohen Stuart,
and Nicolaas A.M. Besseling

Abstract In this review, novel hierarchical self-assembled structures based on
reversible organo-metallic supramolecular polymers are discussed. Firstly, we dis-
cuss recent advances in the field of coordination polymers, considering cases in
which transition metal ions and bis- or multiligands are used to build up organo-
metallic supramolecular polymers. Secondly, we review hierarchical self-assembled
structures based on these coordination polymers, such as polyelectrolyte layer-by-
layer films, capsules, complex coacervate core micelles and microemulsions, and
nanoribbons. Finally, we give a short perspective on the formation of coordination-
polymeric hierarchical self-assembled structures. The implications of fundamental
and applied research, as well as aspects of new technologies are also discussed.
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- Micelles - Polyelectrolytes - Self-assembly - Supramolecular polymers
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1 Introduction

Putting metals into polymers has been a goal for polymer scientists for the past two
decades because the valuable physical and chemical properties of many materials
can be attributed to metallic elements. Examples include magnetic materials used
in data storage, superconductors, electro-chromic materials, and catalysts. Introduc-
tion of a metallic element into polymers is therefore expected to endow polymers
with desirable optical, electrical, or magnetic properties [1]. Many efforts were
made in this field to create macromolecular chains in which metal atoms were co-
valently built into the polymeric architecture [2, 3]. Very recently, metal-mediated
self-assembly has emerged as a powerful easy-to-process procedure for creation of
supramolecular metal-containing polymeric structures [4-9]. This approach helps
to create self-organized, functional materials whose properties complement those of
purely organic systems [7-9].

In this review, the terms “metallosupramolecules” or “coordination polymers”
are used for the polymeric structures formed from metal ions and small polytopic
ligands (> 2 ligand groups per molecule) in which the metal ions are an integral part
of the polymer backbone. Figure 1 illustrates the formation of a linear chain from
metal ions and bisligand molecules. In this review, we will not consider block poly-
meric structures that consist of two or three chemically different polymer chains
coordinatively bonded at their chain ends to form one single linear macromolecule
[10-13], nor polymers containing coordination bonds in the side chains of a covalent
polymer backbone [14—16]. In this framework, two classes of coordination polymers
are discussed. First, we will consider irreversible coordination polymers, which are
based on the kinetically inert metal-ligand coordination bonds. In this case, the
binding constants between ligands and metal ions are very large, and at ambient tem-
perature exchange of ligands in solution is extremely slow. Hence, the chain length

= Metal ion = Bisligand

Fig. 1 Formation of coordination polymers from metal ions and bisligands. Note that the poly-
meric chain is held together by metal-ligand coordination bonds so that metal ions are an integral
part of the chain
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distribution is effectively frozen. This class of coordination polymers, which is very
similar to the covalently synthesized metallo-organic polymers and can be charac-
terized by standard polymer analytical tools, is usually formed in uncoordinating
organic solvent. Second, we will discuss reversible coordination polymers, or equi-
librium coordination polymers, which are based on kinetically labile coordination
bonds in a coordinating solvent (usually water) with medium binding constant.
The binding constants are smaller than for the “inert” coordination polymers, and
exchange of ligands with solvent molecules occurs. This latter class is of par-
ticular interest for constructing functional devices [7-9, 17-19]. The well-defined
coordination geometries, the variety of binding strengths, and the ligand exchange
kinetics give these coordination polymers stimuli-switchable properties. In addition,
judicious choice of the transition metal ions and of the steric and electronic ligand—
metal ion interactions add more variables for producing smart materials with useful
properties, including strong absorption, high quantum yields, suitable excited state
lifetimes, luminescence, and tunable redox states [20-22].

This review focuses on the most interesting reversible coordination polymers and
their application in various hierarchical self-assembled structures, including thin
films, microcapsules, micelles, microemulsions, and nanoribbons. These structures
have in common that they are hierarchical assemblies containing metal-mediated
reversible coordination polymers as a main component. The charges carried by
the coordination polymers are utilized to interact with oppositely charged compo-
nents, including nanoparticles, polyelectrolytes, block copolymers, and surfactants.
Specific features of these objects, introduced by the coordination polymers, as well
as the influence of additional salt are discussed.

2 Reversible Coordination Polymers

2.1 Metal Ions and Ligands Suitable for Forming
Coordination Polymers

Most transition metal ions can be coordinated into a polymeric structure. These
metal ions have empty or unsaturated d or f atom orbitals (receptors) that can
accept electrons from ligand molecules (donors) to form coordination bonds. The
first-row transition metal ions, such as, Fe?*, Co?*, Ni**, and Zn?*, usually form
labile coordination bonds with ligands in coordinating solvents such as water [23],
whereas those of the second- and third-row transition metal ions often form irre-
versible coordination bonds [24]. There are also exceptions, such as some lanthanoid
ions (e.g., Nd** and La*") that can form labile coordination bonds with carboxylic
groups [25].

Generally, the ligands required for formation of coordination polymers must have
at least two ligand groups, which allow the growth of the chain and form polymeric
chains (see Fig.1). Structures of different polytopic ligand molecules (1-9) are
presented in Fig. 2. Bisligands that bear two ligand groups are the most investigated
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Fig.2 Structures of the polytopic ligand molecules based on terpyridine (1, 7, 8), pyrazolypyridine
(2-4), pyridine-2,6-dicarboxylic acid (5), Schiff base (6), and phenanthroline (9) ligands. Note,
that 1-6 and 9 are ditopic ligands (bisligands), and that 7 and 8 are three-head ligands. Structures
4 and 5 are flexible and water-soluble, and the others are all rigid. In molecule 5, when m = 3, it is
denoted as LyEOy4
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category, and include examples such as the terpyridine series ligands (1)
synthesized by Constable [21, 26, 27] and Kurth [22]; the 2,6-bis(benzimidazolyl)-
pyridine (BIP) ligands (2—4) synthesized by Rowan et al. [28]; the 1,11-
bis(2,6-dicarboxypyridin-4-yloxy)-3,6,9-trioxaundecans, abbreviated as L,EO4(5),
developed by Vermonden et al. [25, 29]; the phenanthroline ligand (9, [30, 31]); and
the Schiff base ligand (6, [32]). As another variation, multiligands with more than
two ligand groups (7, 8) were also introduced [33, 34]. The latter enable formation
of branched coordination polymers. The steric structure of the multiligands indeed
adds additional variables that control the structure of the coordination polymers. If
the spacers between the heads are rigid like in molecules 1-3, 6, and 9, the resultant
coordination polymers are also rigid. Typical examples are the coordination poly-
mers synthesized by Kurth et al. [22] on the basis of rigid terpyridine ligands and
Fe(II) ions. Coordination polymers of this kind are usually soluble only in organic
solvent. When flexible spacers are used, like the ethylene oxide (EO) spacers in
molecules 4 and 5, the coordination polymers are flexible, and also rings can be
formed in aqueous solution. The formation of rings and chains in aqueous solutions
of Zn>* and molecule 5 has been systematically investigated by Vermonden and
coworkers [35].

2.2 Structure of Coordination Polymers

The structure of coordination polymers depends both on the coordination geome-
try of the transition metal ions and on the steric structure of the ligands, as well as
on the rigidity of the ligand molecules. Chains, rings, and branched structures can
be formed depending on the metal-ligand combination. For example, in the case
of rigid assembly between a bisligand and first-row transition metal ions, straight
chains are usually formed. Examples include the dynamic coordination polymers
based on bisphenanthroline ligands and Cu(I) and Ag(I) ions (Fig.3a) [30, 31],
or those based on the bisterpyridine ligand with rigid benzenyl spacers and Fe(II),
Co(II), and Ni(II) ions (Fig. 3b) [8]. Formation of such rigid coordination polymers
is usually illustrated as shown in Fig. 3c.

A flexible spacer between the two ligand groups of the bisligand molecule en-
ables formation of ring-like structures. Vermonden et al. [29] have synthesized a
series of bisligands with flexible oligo ethylene oxide (EO) as spacers. When four
EO units are used, the smallest possible rings of coordination polymer are composed
of two metal-ligand coordination centers. More than five EO units enable the for-
mation of rings with only one coordination center (Fig.4a [35]). However, at high
concentrations, chain-like structures occur in these systems. It should be noticed
that long chains can be formed only at 1:1 molar mixing ratio between metal ions
and bisligand molecules. Excess of either results in additional ends, which restrict
the growth of the chain. In the 1:1 mixed L,EO,4 (where L, is the bisligand) and
Zn(II) system, rings are the dominant species at L,EO,4 concentrations lower than
about 20 mM, whereas chains govern the system at higher concentrations (Fig. 4b).
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Fell, Coll, Nill

Fig. 3 Dynamic coordination polymers based on (a) the ditopic phenanthroline ligand, and Cu(I)
and Ag(I) ions (metals are shown as M); (b) the ditopic terpyridine ligand, and Fe(Il), Co(Il), and
Ni(II) ions. (¢) General scheme of formation of such rigid coordination polymers

Chains

20
C/mM

Fig. 4 (a) Formation of rings and chains in solutions of flexible coordination polymers. (b) Con-
centrations of monomers in rings (C,) and chains (C,) as a function of total monomer concentration
(C) for metal-to-monomer ratios of 1
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Fig. 5 Different branched structures (a-c) formed by coordination polymers. The metal ions are
drawn as solid circles. The numbers in the figures represent the structures in Fig. 2

Interestingly, branched structures are formed when Nd** or La3" ions are used

in combination with these same L,EQOy4 ligands [25]. Since the radii of these ions
are much larger than that of Zn>* ions due to presence of half saturated f orbitals,
one Nd** or La** ion can bind three heads (ligand groups). In this way, the Nd** or
La3* ions act as branching points or as crosslinkers, as illustrated in Fig. 5. Combi-
nation of such lanthanide ions and first-row transition metal ions in metal/bisligand
mixed systems lead to the formation of branched coordination polymers [36, 37].
Multiligands constitute another possibility for construction of branched coordi-
nation structures. In this case, the multiligands form the crosslinks. Kurth et al.
[33] modified the spacer of terpyridine ligands to build star-like three-head ligands
(7 and 8 of Fig. 2). It can be imagined that introduction of third-row transition metal
ions to multiligands will yield even more complicated network structures. These
have not been reported so far. The possible structures of the coordination polymers
are summarized in Table 1.
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Table 1 Possible structures of coordination polymers formed from metal ions of different rows
and ligands of different structures

Bisligands
Metal ions Rigid Flexible Multiligands (>3 heads)  Bis + multiligands
1st row Chain Chain, Ring  Branched Branched
2nd, 3rd row Branched Branched Branched Branched
1st+2nd or 3rd row  Branched Branched Branched Branched

2.3 Properties of Reversible Coordination Polymers

2.3.1 Formation of Reversible Coordination Polymers

Reversible coordination polymers in a coordinating solvent are equilibrium systems.
In the simplest case, in a solution of metal ions M and bisligands L, (monomers)
where every ligand monomer has two identical ligand groups L connected by a
spacer, the metal ions M may bind with one or two ligand groups. Two types of
complexes can be formed: a 1:1 complex ML in which a metal ion is coordinated
by one ligand group (and one or more solvent molecules), and a 1:2 complex ML,
in which a metal ion is coordinated by two ligand groups. The equilibrium concen-
trations of all species in the solution can be described by the binding constants:

K, — ML
M][L]
ML)
27 ML[L]

Where [L], [M], [ML], and [ML;] are the concentrations of free chelating groups,
free metal ions, and metal ions coordinated by one and by two chelating groups, re-
spectively. Expressions for the chain-length distributions for open chains and closed
rings have been derived by adapting Jacobson and Stockmayer’s theory [38] through
introducing the probability that a metal ion is coordinated once, or twice, respec-
tively [25].

The length of coordination polymers is highly dependent on the L, to M ratio.
For first-row transition metal and bisligand systems at high enough concentrations,
polymerization is maximal at molar ratio y = Cetal/ Cligand = 1. Slight deviations
from this ratio result in a dramatic reduction of the average chain length. Figure 6a
shows the dependence of the average number of the monomers in one coordination
polymer chain of the bisligand terpyridine—Fe(II) system as a function of y for dif-
ferent concentrations [39]. Two features are remarkable in this figure: (1) The curve
rises sharply at exactly the mixing ratio of y = 1; the higher the concentration , the
longer the average chain length that can be achieved. (2) An excess of metal ions
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Fig. 6 (a) Prediction of the average number of monomers (bisligands) per chain (<n>) as a func-
tion of the mixing ratio y in the coordination polymer Fe(II)-1 system (one benzenyl ring as the
spacer). The monomer concentrations for curves a, b, and c are 1073, 1074, and 107> mol/L,
respectively. Adapted from [8]. Reprinted with permission from the Royal Chemical Society.
(b) Maximum values of the average length of chains and rings as a function of the metal/monomer
ratio y for several ratios K; /K, for the Zn-5 coordination polymer systems. Plots are shown for
K, /K> values of 1, 10, and 1000. Adapted from [35]. Reprinted with permission from the Ameri-
can Chemical Society

results in longer assemblies than does an excess of monomers. In practice, it is im-
possible to achieve an exact 1:1 mixing ratio, so that a slight excess of metal ions is
usually used to create coordination polymers.

The average chain length is also affected by the ratio of K| to K;. The larger
the ratio, the more sensitively the chain length decreases with excess metal. As
theoretically analyzed by Van der Gucht et al. [35] in the L,EO4—Zn(II) system, the
maximum average chain length at the same y (y > 1) decreases as the K; /K, value
increases from 1 to 1000 (Fig. 6b). Figure 6 demonstrates that it is easier to create a
polymeric structure of coordination polymers in systems of lower K; /K, ratio than
in the opposite conditions where the mixing ratio between metal ions and ligand
molecules is crucial. The dependence of the length of the coordination polymers on
mixing ratio and concentration can be used to control the hierarchical assemblies.
This was employed by Yan et al. [40] to realize the synergistic formation of complex
coacervate core micelles and coordination polymers in mixed systems of metal ions,
bisligand, and diblock copolymers. This will be reviewed in further detail in Sect. 3.

2.3.2 Concentration Dependence

A remarkable characteristic of reversible supramolecular polymers, including re-
versible coordination polymers, is the concentration dependence of the equilibrium
chain-length distribution. For covalent polymers, no matter how high or low their
concentration, the polymer chain lengths are fixed, and the increase of the specific
viscosity with concentration arises from hydrodynamic interactions and entangling
of the polymer chains at higher concentrations. In the case of reversible coordina-
tion polymers, their structure is different for low and high concentrations. At low
concentrations, they exist in the form of oligomers; whereas at high concentrations,
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Fig. 7 Predicted average number of monomers per chain (<n>) as a function of concentra-
tion for different mixing ratios y for the Fe(II)-1 coordination systems (one benzenyl ring as
the spacer). Here, the stability constants of Fe(I) and terpyridine are used (log[K»] < log[K]).
Adapted from [8]. Reprinted with permission from the Royal Chemistry Society

the degree of polymerization is increased automatically so that they exist in the form
of polymers. For a fully reversible coordination polymerization at y = 1 and when
rings do not form or can be neglected, the polymerization degree can be expressed
as <n> ~ C%_ where C is the total monomer concentration. According to this re-
lationship, high <n> values can be expected at high concentrations when y = 1.
When y # 1, the initial increase of the degree of polymerization levels off at higher
concentrations at a value of <n> = 1/(1-y). This is clearly seen in Fig. 7.

The dependence of the degree of polymerization on the overall concentration
for a flexible reversible coordination polymer is more complicated because rings
may occur. However, rings are only important when the overall concentration is not
much larger than the critical concentration. Otherwise, the behavior is about the
same as for systems that cannot form rings at all. The concentration dependence of
the rings and chains is illustrated in Fig. 4b, which shows that long chains dominate
at high concentrations. The concentration-dependent degree of polymerization was
successfully verified by Chen et al. using Monte Carlo simulations [41].

Using La*t and Nd*>* ions to construct coordination polymers with the same
bisligands S(see Fig. 2), the increased concentration results in a shift of the y value
at which <n> is a maximum (Fig. 8). At low concentrations, the maximum occurs
at y = 0.67. This indicates that for low concentrations, coordination polymers dom-
inate in which the metal to bisligand ratio is 2:3. Upon increasing the concentration,
the maximum shifts towards higher values [25], indicating that the ratio of metal
ions to bisligands in the coordination polymers increases.

2.3.3 pH Dependence

Owing to the weakness of the interactions between the ligands and the metal
ions as compared to covalent bonds, the response of these coordination poly-
mers to environmental changes is expected. The ligands are generally Lewis bases
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Fig. 8 Shift of the stoichiometry of the coordination polymer in the La-5 system, where six EO
units were used as the spacer. Adapted from [25]. Reprinted with permission from Wiley-VCH

and, therefore, protons and metal ions compete for the ligands; thus, the equilibrium
is affected by the pH of the solution. The pH can be used to shift the equilibrium,
e.g., to tune the length of the coordination polymers into a specific range, so that the
polymer is pH-responsive.

2.3.4 Charge Nature

In coordination polymers, metal ions are an integral part of the polymer backbone.
The metal ions are always positively charged, but the ligands themselves are gener-
ally charge-neutral with only a few exceptions. If the ligands are positively charged
[42, 43] or neutral [18-20], e.g., terpyridine ligands, the resultant coordination poly-
mer is positively charged. If the ligand is negatively charged [29], the sign of the net
charge carried by each coordination center is determined by the summation of the
charges of metal ions and bisligand. In this case, the net charge on the coordina-
tion polymers can be negative, neutral, or positive. Neutral coordination polymers
are rare [44]. Most reported coordination polymers are either positively [45-48] or
negatively charged [25, 35, 37].

Because of their charged nature, coordination polymers resemble covalent poly-
electrolytes (Fig.9). Therefore, they were called metallosupramolecular polyelec-
trolytes (MEPEs) by Kurth et al. [8, 9]. Because of the charges, the MEPEs interact
with polymers, colloids, or other molecules that carry opposite charges [49, 50].
In the following we discuss some typical examples from the literature.
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Fig. 9 Illustration of the polyelectrolyte nature of the coordination polymers

3 Nanostructures Based on Coordination Polymers
3.1 Thin Layer-by-Layer Films

According to Kurth et al. [43, 49-55], positively charged MEPEs can be incorpo-
rated into thin films by the layer-by-layer (Ibl) method. In this method, multilayer
fabrication is readily achieved by repeated immersion of the substrate in solutions
containing coordination polymers and oppositely charged polyelectrolytes, respec-
tively (Fig. 10a). The thickness of the film can be controlled within nanometer
precision. The obtained films are UV-active owing to the presence of coordination
polymers. The polarity in the layer is reduced as compared to multilayers of strong
polyelectrolytes. This is attributed to the more hydrophobic nature of the film, which
strongly alters the diffusion of the ions through the layers. Formation of planar 1bl
films from coordination polymers and oppositely charged species turns out to be
very effective, regardless of the structure of the coordination polymers. Replacing
linear coordination polymers with branched ones by replacement of bisligands with
terligands does not seem to affect the formation of 1bl multilayers [33].

The deposition process is independent of the substrate geometry. In the case
of a planar substrate, the above procedure results in planar films. When colloidal
particles are used as the substrate, multilayer fabrication is readily achieved by re-
peatedly dispersing the particles in a solution of coordination polymers, centrifuging
them off, and washing them [52, 54]. The alternating negative and positive zeta-
potentials of the particles measured after each deposition step are consistent with
an alternating particle surface. Removal of the colloidal template core yields mul-
tilayer capsules composed of coordination polymers and covalent polyelectrolytes
(Fig. 10b). These can be potentially used as microreactors. The multilayers contain-
ing coordination polymers are very resistant to metal-ion exchange. Even in the
presence of a strong chelating agent that can disassemble the coordination polymer
in solution, the multilayers were not influenced [54].

The superior stability against metal-ion exchange of the Ibl film made from coor-
dination polymers and oppositely charged covalent polyelectrolytes can be used to
immobilize metal ions (Fig. 11) [42, 55, 56]. Since the metal ions themselves cannot
be assembled with oppositely charged polyelectrolytes by the 1bl method, other as-
sistant interactions are required. For example, by immersion of a negatively charged
PSS-covered substrate in a mixed solution containing metal ions and monoligand
with an aryl tail, metal ions were immobilized into the 1bl film. The n—r interaction
between the aryl tail and metal-ligand coordination interaction assembled the metal
ions into rod-like supramolecular arrays, which in turn interacted with PSS layers
through electrostatic attraction [55, 56].
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Fig. 10 Layer-by-layer assembly from a positive coordination polymer and an oppositely charged
covalent polyelectrolyte, as viewed (a) from the side and (b) from the top

Fig. 11 Immobilization of discrete metallo-units in thin films by combining electrostatic attraction
of oppositely charged species with aryl aggregation of metallo-units. Adapted from [56]. Reprinted
with permission from Wiley-VCH
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3.2 Langmuir and Langmuir-Blodgett Films

The charged nature of the coordination polymers also allow them to interact with
oppositely charged amphiphiles, so that the surface chemical properties of the coor-
dination polymers can be tailored. Kurth et al. [57-62] combined an Fe(I)-MEPE
and dihexadecyl phosphate (DHP) to prepare a polyelectrolyte—amphiphile com-
plex (PAC, as shown in Fig. 12). This PAC is hydrophobic and dissolves in organic
solvents. The organic solution containing PAC can thus spread at the air—water in-
terface to form a Langmuir film. The PAC monolayer collapses at a remarkably
high surface pressure of 62mNm~! and the slope of the isotherm is rather steep,
indicating that the PAC monolayer is stiff owing to the strong van der Waals attrac-
tion arising from the long DHP chains. Consequently, the resulting Langmuir films
can be transferred onto a substrate to form Y-type Langmuir-Blodgett (L-B) layers.
At room temperature, 20% water is contained in the film. The release and uptake of
water is reversible.

e —

T A A

0 e (Ve O o (FEEEEE SRR o (e (®) o (R

i
e 1111 ZE:“
SRR e

Fig. 12 Formation of Langmuir (bottom left) and L-B (bottom right) films of the polyelectrolyte—
amphiphile complex PAC at an air—water interface. Adapted from [60]. Reprinted with permission
from the American Chemical Society
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The formation of PACs can be used to tailor the magnetic properties of the
coordination polymers [63, 64]. Generally, in the presence of ligand, the crystal
field around the metal ions is very strong so that the metal ions are forced into the
low spin (LS) state. For Fe(Il) ions, there are even numbered unpaired electrons that
are forced to pair in the tp, orbitals with low energy. In this case, the Fe(II) incor-
porated in the coordination polymer is diamagnetic. However, in a PAC, the phase
transition of the hydrophobic chains induced by increasing temperature provides
enough energy to alter the spin state of Fe(Il) from LS to HS (high spin) (Fig. 13).
The PAC therefore shows high temperature molecular magnetism, which is linked
to the structural arrangement of the amphiphilic matrix.

The PAC as a whole can also be assembled on the basal surface of graphite in the
presence of long chain alkanes. The long chain alkanes function as an orientating
template on which perfectly ordered straight nanostructures of PACs are formed
[61, 65, 66] (Fig. 14). Such straight nanostructure formation is closely related to
the rigid skeleton of the Fe(II)-MEPEs. In the case of flexible MEPEs, no such
regular structures can be obtained on the graphite. This result clearly shows that the
incorporation of coordination polymers in the PAC indeed adds tunable parameters
for the molecular assemblies.

3.3 Micelles

3.3.1 Micelle Formation

When the coordination polymer is mixed with an oppositely charged neutral diblock
polymer, the electrostatic interaction will drive complex coacervate formation [40].
But, the growth of the complex coacervate will be constrained by the presence of
the neutral blocks, and be stabilized at a finite size. In this way, so-called complex
coacervate core micelles (C3Ms), or polyion coacervate (PIC) micelles are formed.
This micelle formation is analogous to the formation of C3Ms in covalent poly-
electrolyte/ block polymer systems [67, 68]. Obviously, the coordination polymer,
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Fig. 14 Adsorption of PACs
on the basal plane of graphite.
Top: Representative scanning
force microscopy (SFM)
image of PAC adsorbed in the
presence of C3;Hgg on the
basal plane of graphite.
Middle: SFM image of a
sample prepared from about
twice the concentration and
recorded with harder tapping
than usual. Bottom: Molecular
model for the formation of
straight rods on the basal
graphite surface. Adapted
from [61]. Reprinted with
permission from Wiley-VCH

which together with the charged block of the diblock copolymer resides in the core
of this particle, is acting as a homopolyelectrolyte in this micellar formation. For the
Zn-5/P2MVP41-PEO;(5 system, it is striking that even at a concentration as low as
9 ppm, this C3Ms can still be formed [69]. At this concentration, the “coordination
polymers” themselves are actually “oligomers” with a very low polymerization de-
gree since the critical concentration is about 20 mM for the coordination polymers
(See Fig. 4b) [35]. Similarly sized covalent polyelectrolytes cannot form micelles at
all [67]. The formation of micelles with coordination polymers at low concentration
must therefore be due to the responsive chain length of the coordination polymers.
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Fig. 15 Formation of C3Ms in mixed systems of Zn-5 (with four EO in the spacer) and diblock
copolymer P2MVP4; — PEO,o5. Adapted from [40]. Reprinted with permission from Wiley-VCH

In the presence of oppositely charged block copolymers, the local concentration of
coordination complexes is greatly enhanced, so that it is suitable to form polymeric
structures (Fig. 15). These long coordination polymers simultaneously promote the
formation of complex coacervate core micelles [40].

3.3.2 Critical Micellar Concentration

The low formation concentration of these micelles indicates a low critical micel-
lar concentration (CMC) for such micellar systems. Because no components are
surface-active in this micellar system, the CMC cannot be obtained from surface
tension measurements, the standard method for conventional surfactant molecules.
Instead, the CMC is determined from the variation of the static light scattering in-
tensities with concentration (Fig. 16a) [69, 70]. In contrast to ionic surfactants, the
CMC of these C3Ms increases with salt concentration (Fig. 16b). But, the aggre-
gation number decreases with the square root of the salt concentration before the
micelles fall apart, which indicates that the decrease of the aggregation number is
caused by screening of the electrostatic interaction between the oppositely charged
pairs in the core [69]. Kramarenko et al. [71] have predicted theoretically that the
increase of salt concentration also results in a decrease of the core—shell interfacial
tension, which swells the core. Dynamic light scattering (DLS) indicates that the
average hydrodynamic radius of C3Ms does not change significantly with chang-
ing salt concentration. However, the presence of metal ions in the C3Ms containing
Zn-L,EO4 coordination polymer allows high enough electron contrast to see the
cores directly by TEM. As can be seen in Fig. 16c, d, TEM indicates that the polydis-
persity of the C3Ms increases with increasing salt concentration, while the average
size stays more or less constant [69].

3.3.3 Stability

Unlike C3Ms formed from covalent polymers, which are stable only in a very nar-
row range of mixing ratios at around charge-neutral mixing [72-76], the C3Ms made
from a coordination polymer and a covalent block copolymer can be stable at a large
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Fig. 16 (a) Scattered light intensity (I, solid squares) and mean hydrodynamic radius (Ry, open
circles) versus polymer concentration in P2MVP4;-b-PEOys /Zn-L,EO4 micellar system at f~ =
0.5, where f~ is the fraction of negative charge in the solution. (b) Variation of the scattered light
intensity for micellar systems of different concentrations with increasing [NaCl]. The scale for
the 1.77 mM system is given on the right axis in arbitrary units. The inset is the variation of the
scattered light intensity with polymer concentration at 100 mM NaCl. (¢) Cryo-TEM image of the
micelles at f~ = 0.5 where no NaCl is present. (d) Cryo-TEM image for the same micellar system
in the presence of 80 mM NaCl. Adapted from [69]. Reprinted with permission from the American
Chemical Society

excess of the coordination polymer (Fig. 17a) [69, 77]. This can be explained by the
concentration responsiveness of the coordination polymers. At low concentrations,
the excess “coordination polymers” actually exist in the form of “oligomers”, which
consist of a few monomers only. These oligomers behave like large inorganic ions,
which are in such a low concentration that they cannot affect the micelles. Similarly,
no obvious influence of excess bisligand on C3Ms can be detected.

However, excess of metal ions may result in a completely different effect. If first-
row transition metals are used, excess of metal ions will not produce clear effects
on C3Ms, but if the first-row transition metal ions are replaced by those in the sec-
ond or the third rows, C3Ms can be destroyed by the excess metal ions (Fig. 17b).
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Fig. 17 Variation of the scattered light intensity in a solution of P2MVPy;-b-PEO»¢s upon addition
of (a) Zn-L,EOy4 (filled squares) and Nd-L,EQy4 (open squares); (b) zinc ions (filled squares)
and neodymium ions (open squares). f~ is the fraction of negative charge in the solution, and
[M]/[LyEO4] is the molar ratio of metal to bisligand. Adapted from [77]. Reprinted with permission
from the American Chemical Society

The reason for this is the formation of positively charged coordination chain ends
that exert repulsive forces between the positively charged block of the block copoly-
mers and drive the falling-apart of the C3Ms.

3.3.4 Wormlike Micelles

It is also remarkable that wormlike micelles are sometimes formed, namely when
the diblock copolymers are in excess. In cryo-TEM images, these micelles resem-
ble strings of spherical micelles, suggesting that a weak attraction exists between
these building blocks. Depending on the overall concentration of the system, worm-
like micelles can be found at a negative charge fraction of 0.20-0.35; they always
coexist with spherical micelles (Fig. 18). The presence of a modest amount of addi-
tional inorganic salt does not suppress the formation of worms. Although the mech-
anism of how these wormlike micelles are formed is still not fully understood, solid
experimental evidence, including results from cryo-TEM, SAXS, angular depen-
dence, and depolarized DLS, has unambiguously confirmed their existence [78, 79].

3.4 Microemulsions

The formation of micelles with coordination polymer has unveiled a new way to pro-
duce water-soluble inorganic/organic hybrid self-assembled hierarchical structures.
A range of functional metal ions can be incorporated in the core so that these C3Ms
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Fig. 18 Wormlike micelles
formed in the system of Zn-5
(with four EO in the spacer)
and diblock copolymer
P2MVPy4-PEO;(s where the
negative charge ratio

£ =+ [+ =033,
Adapted from [78]. Reprinted
with permission from the
American Chemical Society

can be used as nanocarriers for different medical purposes. Moreover, the loading
amount of metal ions in the core is adjustable by swelling the core using the method
of fabrication of complex coacervate core microemulsions (C3-UEs) [80]. The prin-
ciple of making C3-UEs is to use a mixture of charged-neutral diblock copolymers
(dp) and like-charged homopolymers (4p) instead of only dp, in combination with
oppositely charged hp, as illustrated in Fig. 19a. Analogously, by using a mixture of
diblock copolymer and homopolymer of like charge in combination with oppositely
charged coordination polymer, the amount of metal ions per particle can be tuned.
We have successfully increased the loading of Zn>* ions in the Zn-5 C3-uEs by as
much as ten times (Fig. 19b) [81]. When a homopolyelectrolyte of the same charge
sign as the coordination polymer is used, one can lower the amount of metal ions in
these microemulsion particles by dilution. Hence, the particle size and internal com-
position can be simply set by varying the compositions of the mixture from which
they are formed.

3.5 Nanoribbons

The principle of combining coordination polymers with oppositely charged modules
can be used to create a variety of assembled structures. In the case of using a
polypeptide as the oppositely charged template, we can even obtain well-defined
nanoribbons. For instance, in the charge-neutralized mixture of the Zn—L,EOy4 co-
ordination complex and an ABA-type polypeptide, micrometer-long ribbons with
width of 20nm and thickness of 2~3 nm were formed (Fig.20a) [82]. Here, the
middle B block is positively charged at pH < 6.8 due to the presence of histidine
groups, whereas the outer A block is always charge-neutral. We found that the coor-
dination polymers play a crucial role in the formation of these nanoribbons, because
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a

Corona

Fig. 19 (a) Formation of a complex coacervate core microemulsion (C3 — UE) droplet. The core
comprises anionic homopolymer (green, hp~), cationic homopolymer (purple, hp™*), and cationic
block (red, dp™) of diblock copolymer. The corona consists of the electroneutral hydrophilic
blocks (blue) of the diblock copolymer. (b) Formation of C3-UE containing coordination poly-
mers. Adapted from [81]. Reprinted with permission from the Royal Chemical Society

no ribbons can be achieved by other ways of neutralizing the charges on the B block,
e.g., by using either covalent polyelectrolyte PANa, or by increasing the pH. We in-
fer that it is theadaptable polymerization degree of the coordination polymers that
allows uninterrupted folding and closely packing of the B block of the polypep-
tide. Cryo-TEM and X-ray data suggest that the nanoribbons are single-stranded,
unbundled B-stacks [82]. At pH 5.4, the histidine residues in the middle B block
are positively charged. In the presence of an equivalent amount of the negatively
charged coordination complex ([Zn—L2E04]2’)n, the histidine residues in the block
form electrostatic complexes. This compensation of the positive histidine charges
enables the middle blocks to simultaneously fold into B-sheets and to stack. In this
process, linear coordination polymers form simultaneously out of small, ring-shaped
oligomers, owing to the interactions with histidine-rich surfaces of the B-stacks. In
contrast, covalent polyelectrolytes do not have this adaptability and could therefore
interfere with the packing of folded strands, thereby disfavoring the formation of
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Fig. 20 (a) Amino series of the ABA-type polypeptide. The middle (shaded) block contains his-
tidine groups that can be positively charged at pH < 6.8. (b) Cryo-TEM image of the nanoribbons
formed from Zn-5 coordination polymers and the polypeptide. (¢) CD spectra of the polypeptide
in different conditions: black, pH 5.4, polypeptide alone; red, pH 5.4, with Zn-L,EQy; green, pH
5.4, with sodium polyacrylate (PANa); and blue, pH 11, polypeptide alone. (d) Mechanism for the
nanoribbon formation. Note that the coordination chains are formed at low concentrations in the
presence of the oppositely charged B blocks in the polypeptide. Adapted from [82]. Reprinted with
permission from Wiley-VCH
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nanoribbons. If the charge on the histidine groups is removed by increasing the pH
to 11, and no coordination polymer is present, the packing of the folded structures
is probably not close enough, and only B-turns are provided, which cannot pack into
a dense array.

4 Conclusions and Perspectives

We have reviewed recent advances in the development of hierarchical self-assembly
structures on the basis of coordination polymers. The judicious combination of
reversible coordination polymers with oppositely charged species allows us to fab-
ricate a variety of nanometer-sized self-assembled structures. Formation of films,
hollow spheres, micelles, microemulsions, and nanoribbons has been observed.
These secondary nanostructures can be used as new functional materials.

The metallocoordination polymer systems are very promising for the fabrication
of molecular devices and advanced functional materials. The examples given in this
review cover only a small fraction of coordination polymers that have been synthe-
sized. Many more systems with oppositely charged species have not been explored
yet. We expect that more coordination polymers and oppositely charged modules
with special functional groups will bring unexpected surprises to the field of hier-
archical self-assembled structures based on coordination polymers. For instance,
modifying the spacer group structure of ligands may produce significant differ-
ences in the morphology of the aggregates in the coordination polymer/oppositely
charged species mixed systems, as observed by us in recent work. Using coordi-
nation polymers formed from different metal ions will endow the mixed systems
with interesting optical, electronic, or magnetic responsive properties. If valence-
variable metal ions, such as iron, are used, then the mixed systems may display
redox-switchable properties.

In addition, multilayers of oppositely charged coordination polymers can be pro-
duced via Ibl methods. Usually, the 1bl method is only applicable for oppositely
charged polyelectrolyte systems. By dipping a substrate alternately into positively
and negatively charged polyelectrolyte solutions, multilayers can be produced. The
charged nature of coordination polymers can also be used in this process. In our
laboratory, we have obtained multilayers containing only coordination polymers by
alternately dipping a mica or silica wafer into solutions of a positively charged and
a negatively charged coordination polymer. When photosensitive components are
introduced to the system, the optical properties of the film are expected to be tuned
reversibly. It can be imagined that when only coordination polymers are used, the Ibl
films might show interesting optical, electronic, or magnetic properties. This might
open a new vista in the world of advanced functional materials. Compared with the
efforts made in the synthesis of various coordination polymers, the hierarchical as-
sembly of them is still a virgin to be explored. We expect in the near future that more
interesting work will appear in this field.
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Processes of Ordered Structure Formation
in Polypeptide Thin Film Solutions

Ioan Botiz, Helmut Schlaad, and Giinter Reiter

Abstract An experimental study is presented on the hierarchical assembly of
a-helical block copolymers polystyrene—poly(y-benzyl-L-glutamate) into aniso-
tropic ordered structures. We transformed thin solid films into solutions through
exposure to solvent vapor and studied the nucleation and growth of ordered three-
dimensional structures in such solutions, with emphasis on the dependence of
these processes on supersaturation with respect to the solubility limit. Interestingly,
polymer solubility could be significantly influenced via variation of humidity in
the surrounding gas phase. It is concluded that the interfacial tension between
the ordered structures and the solution increased with humidity. The same effect
was observed for other protic non-solvents in the surrounding gas phase and is
attributed to a complexation of poly(y-benzyl-L-glutamate) by protic non-solvent
molecules (via hydrogen-bonding interactions). This change of polymer solubility
was demonstrated to be reversible by addition or removal of small amounts of pro-
tic non-solvent in the surrounding gas phase. At a constant polymer concentration,
ordered ellipsoidal structures could be dissolved by removing water or methanol
present in the solution. Such structures formed once again when water or methanol
was reintroduced via the vapor phase.
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1 Introduction

Many biological and synthetic macromolecular systems can self-assemble in a
hierarchical way, and may even have the ability to undergo a third, fourth, etc. order-
ing process [1—13]. Structured polymeric materials often exhibit remarkably diverse
assemblies of building blocks, frequently arranged in a hierarchical way on multiple
length-scales that range from nanometers to macroscopic sizes. As one sub-group of
such polymers, rod—coil block copolymers are attracting significant interest for the
development of functional surfaces based on novel self-assembled polymeric struc-
tures. Rod—coil block copolymers consist of a rigid block, for instance a polypeptide
that has internal order and a well-defined shape, and an amorphous block with ran-
dom (statistical) conformations. Due to the combination of stiff parts that partially
interact via directional forces, and a highly flexible coil part, it is expected that such
systems are able to generate structures of various shapes, possibly providing in-
teresting properties. Ordered structures on surfaces based on such systems may, for
example, be used for purposes such as the development of novel sensors or actuators.

In this context, investigation of the processes of structure formation in thin films
of polypeptide block copolymer solutions is the first step towards control of the ways
such polymers follow during ordering. By exposure to solvent vapor, thin films can
be transformed into solutions while keeping the geometry of a thin film. Combined
with microscopy, this approach allows the study of the nucleation and growth of
ordered solid structures in solutions by varying systematically and within a single
sample the concentration of polymer (cp), from a “critical concentration” (Ceritical OF
polymer solubility) up to very concentrated solutions [14].
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The present study focuses mainly on diblock copolymers and star block
copolymers based on a coiled polystyrene (PS) part and an o-helical poly(y-benzyl-
L-glutamate) (PBLGIlu) part. However, for the purpose of comparison, simpler
systems like homopolymers were also investigated. Thin films were analyzed
mainly by optical microscopy (OM) and atomic force microscopy (AFM). The
central focus was on the process of nucleation and its dependence on environmental
parameters like humidity.

2 Experimental

2.1 Polymers

The primary sample investigated was an AB; heteroarm star block copolymer,
denoted PSg3—(PBLGlus;)g, consisting of eight poly(y-benzyl-L-glutamate)
(PBLGIu = B) blocks on average, attached to the backbone of a single amorphous
polystyrene (PS = A) block (see the chemical structure in Fig. la). A schematic
representation of this polymer is given in Fig. Ib. Figure 1c shows one possible
arrangement of the helices in an ordered state. Details about the synthesis and
the characterization of this polymer are given elsewhere (see the appendix of
[14]). The o-helical secondary structure of PBLGlu — the result of intramolecular
hydrogen-bonding interactions — makes PBLGIlu a rigid macrodipole with a high
overall permanent dipole moment (theoretically 3.5 Debye per repeat unit) caused
by the organization of the individual dipoles of the carbonyl groups of the peptide
bond such that they point along the helix axis [15-17].

For the purpose of comparison, we also studied a homopolymer of PBLGlu and
two diblock copolymers having the same PS block (52 repeat units) and differing
PBLGIu blocks (31 and 104 repeat units) [18].

<3l
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Fig. 1 (a) Chemical structure and (b) representation of PSe3—(PBLGlus7)g heteroarm star block

copolymer. (¢) 3D representation of a possible arrangement of the a-helical PBLGlu block in the
ordered state. The arrows indicate the dipole moment of PBLGIu
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2.2 Preparation and Observation of Thin Film Solutions

Thin solid films of PSg3—(PBLGlus;)s with an average thickness of a few tens
of nanometres (as determined by ellipsometry) were obtained by spin-casting of
chloroform (CHCl3) polymer solutions onto hydrophilic UV/ozone-cleaned silicon
wafers.

Increasing molecular mobility by heating the polymers was not possible because
the polymers decomposed before melting. The morphology of none of the spin-
coated solid films changed over time, even when the films were heated to 200°C for
60 min. The films were therefore exposed to solvent vapor and turned into concen-
trated polymer solutions, in order to enable the polymer chains to move, which, in
turn, facilitated the structure formation processes. Finally, after structure formation,
the dry samples were characterized in detail by OM (Leitz, Metallux 3, Germany)
and AFM (Dimension 3000, Nanoscope III, Veeco, USA) in the tapping mode
(TM-AFM).

Polished silicon substrates were used because of their excellent reflective proper-
ties, which, coupled with an interference phenomenon due to reflected light coming
from the film—air and the substrate—film interfaces, gave us the possibility to use
OM for our studies. Swelling the spin-coated films in such reflection geometry in a
saturated solvent atmosphere allowed us to study processes of structure formation
in solutions in real time and direct space by OM. Moreover, using OM for such thin
films allowed the variation and direct evaluation of the polymer concentration (cp)
by determining the thickness of the swollen films from the interference colors.

Interference colors were calibrated in order to obtain values of the (solution) film
thickness. First, several films with different thicknesses (in steps of about 20 nm
between 5 and 200 nm in thickness) were spin-coated from solutions of increasing
polymer concentration. The thickness of each film was measured in the dry state by
ellipsometry. In parallel, the interference color of each film was determined by OM.
Consequently, we obtained a series of distinct interference colors together with the
corresponding film thicknesses. The thickness of films having an interference color
in between these calibrated colors was interpolated, allowing continuous determi-
nation of the thickness of a “film-solution” during swelling and de-swelling. The
calibration films used are shown in Fig. 2a. Taking into account that the colors de-
pend somewhat on the setup of the optical microscope (light intensity, sensitivity of
the CCD detector), the refractive index (which slightly depends on c¢p), and the sub-
jective judgment of the experimenter, we obtained an absolute thickness resolution
of about 10 nm. However, relative changes during swelling/de-swelling and during
structure formation could be observed with a higher precision of a few nanometers.

2.3 “Equilibrium” and “Off-Equilibrium” Experiments

By exposing thin films to solvent vapor, the swelling of thin films could be done
using two different approaches: either by condensation of solvent vapor onto the
cooled film surface (denoted as “off-equilibrium” experiments) or by exposure of
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Fig. 2 Swelling and de-swelling of thin films: (a) calibration series used in this study (color ver-
sus film thickness, ranging from 20 to 190 nm); (b) evolution of the polymer concentration during
swelling and de-swelling as a function of film temperature; and (¢) corresponding temporal evolu-
tion of the polymer concentration (c,) during swelling and de-swelling (using chloroform vapor)

thin films to chloroform under conditions without any gradients in temperature
(denoted as thermodynamic “equilibrium” experiments). Generally, condensation
is controlled by the temperature T¢ to which the film surface was cooled below
the temperature T of the ambient solvent vapor phase, i.e., by the undercooling
AT =Tx - Tc.

It is important to emphasize that during experiments in ambient air, the polymer
molecules were in contact with water molecules from the air. In order to obtain dry
air conditions, we used phosphorus pentoxide (P,0Os) as a desiccant.

To expose thin solid films to solvent vapor, a homebuilt sample chamber was
used. It contained two compartments connected via an opening that could be closed
when needed. Using two compartments (one for solvent and one for the sample) al-
lowed cooling or heating of both the sample and the solvent independently by using
separate Peltier heating/cooling stages for each compartment. The limited tempera-
ture range (between about —10 and 65°C) imposed by the Peltier elements did not
allow us to use solvents with high boiling points and low volatility [for example
N, N-dimethylformamide (DMF) with a boiling point of 153°C]. However, solvents
such as CHCl3 or tetrahydrofuran (THF) were well suited.

When performing off-equilibrium experiments, solvent (heated to 50°C in the
solvent compartment) was sent into the neighboring compartment, where the sam-
ple was initially kept at 35°C. The walls of the sample compartment, however, were
not heated. Thus, the sample chamber always stayed approximately at room tem-
perature, with the exception of the sample it contained. After a few minutes, the
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sample was in equilibrium with solvent vapor at the temperature of the sample
compartment. Under such conditions, not much solvent could be found within the
film because its temperature was above the temperature of the vapor phase, which
was mainly determined by the temperature of the walls of the sample chamber.
Decreasing the sample temperature to a few degrees below the temperature of the
surrounding vapor phase led to solvent condensation onto the film and allowed for
its swelling. It should be noted that at the same time as condensation of solvent
molecules onto the films, small amounts of water from the surrounding air within
the chamber were also condensed onto the film, except when precautions (P,Os)
against humidity were taken.

2.4 Determining the Concentration of Thin Film Solutions

By using an optical microscope, solvent condensation could be followed in real time
and direct space via the change of the interference colors of the film. As the amount
of polymer in the film stayed constant (this quantity is proportional to the thick-
ness of the dry spin-coated film), a change in film thickness was directly related
to the amount of solvent incorporated into the film, i.e., corresponded to swelling
by solvent. From the interference colors the thickness (4) of the swollen film
could be deduced. The initial film thickness (%) was determined by ellipsometry.
Accordingly, the polymer concentration cp in the solution of the swollen film was
determined by:

CP:ho/h (1)

In Fig.2b, a typical temperature-dependence of cp is shown for a film during
swelling/deswelling and for a constant temperature of the solvent reservoir. The
corresponding evolution in time is shown in Fig. 2¢c. Keeping the film at a constant
and low temperature led to a slow but steady decrease of the cp due to continuously
condensing solvent molecules (see Fig. 2¢ for the lowest cp). Thus, for experiments
of long durations, cp was kept roughly constant by continuously increasing slightly
the sample temperature.

Similarly to swelling the film via solvent condensation (i.e., decreasing cp), cp
could be augmented by increasing the sample temperature and thereby evaporat-
ing solvent from the film. A pronounced hysteresis in c¢p(7T') was observed. At a
given temperature, cp differed between the decreasing and the increasing tempera-
ture branch (see Fig. 2b). Finally, at a time chosen to stop the experiment, the sample
was dried completely by simply heating the film to relatively high temperatures, for
example to 65°C.

In summary, one can distinguish three stages during exposure of thin films to
solvent vapor: (1) swelling of films up to (low) cp; (2) controlled de-swelling by
partial evaporation of the solvent from the swollen films; and finally (3) complete
drying of films.
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3 Results and Discussions

3.1 Nucleation in Solution Films in Dry Air

In order to obtain high molecular mobility of polymers, films were swollen until cp
decreased to about 5%. At this concentration, the molecules were distributed homo-
geneously and the molecular mobility was high. As the viscosity of such an isotropic
solution was comparatively low, surface tension was able to smooth the surface of
the film quickly within seconds (heterogeneities in film thickness, as observed by
OM on spin-coated films, disappeared). This smoothing process was taken as a clear
indication for having reached the isotropic phase.

At cp of about 5%, no changes in time were detectable by OM. The films stayed
smooth for many hours. However, when ¢, was increased to above 50%, the films
started to exhibit local changes in thickness (the corresponding heterogeneities on
the film surface could be observed directly under the optical microscope), which
were related to the formation of ordered structures within the film. At such increased
cp, the average distance between neighboring molecules became small enough to
allow for the formation of nuclei, which led to the growth of ordered structures.
This process can be compared to undercooling a polymer melt, thus allowing for
nucleation and growth of ordered solid structures. At present, it cannot be decided
whether these ordered structures grew from an isotropic solution or from an already
(pre)ordered liquid crystalline (LC) phase [19-32]. However, AFM measurements
performed after drying the solution film did not indicate any order of the phase
surrounding these grown structures.

Figure 3 presents a typical example, which demonstrates that OM is undeniably
able to follow in situ both the exposure of films to solvent vapor (i.e. the formation
of a solution film by solvent swelling) and the structure formation process. Figure 3a
shows the smooth, homogeneous surface of an initially 50 £ 2 nm thick film that had
been previously swollen in CHCl3 vapor (using an off-equilibrium approach) up to
a thickness of about 1 um and was subsequently brought back to 95 +5nm, i.e., to
cp of about 53 +5%.

After reaching a polymer concentration of 53 £ 5%, the film stayed homoge-
neous for about 20 min (see Fig. 3a). Later on, isolated “inhomogeneities” started to
appear randomly within the film, as observed directly under the optical microscope
(see Fig. 3b). Of course, OM has its limitations in resolution (the lateral resolution
in this case is about 1 wm) and the optical contrast is typically weak. This contrast
is generated mainly by variations in film thickness and to a minor extent by small
differences in the refractive index between the solution and the solid phase. Fortu-
nately, at a concentration of cp = 53 & 5%, the growth process was slow enough to
be followed in real time. In addition, the nucleation density was low enough that
individual objects were sufficiently separated so that they could be resolved by OM.
Thus, structure formation could be clearly detected, starting after approximately
25 min at 53 5% of polymer. After about 30 min, the surface was extensively cov-
ered with isolated objects (Fig. 3c). It is worth emphasizing that OM allowed us to
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Fig. 3 (a—d) Series of OM and (e, f) AFM topography images showing the temporal evolution
of a 50 & 3nm thick film at ¢, = 53 £5% after (a) 20, (b) 25, and (¢) 30 min. (d—f) Final film
morphology after total drying of the film. This film was spin-coated from chloroform solution and
swollen under dry air conditions (P,0Os) using chloroform vapor. The inset in (f ) represents a phase
AFM image magnified in a region on top of the ellipsoidal structure. The sizes of images are (a—c)
100 x 100, (d) 35 x 35, (e) 5 x 5, and (f) 0.8 x 0.8 um?

verify that these structures already existed in solution and were not formed only at
a later stage, for example during the drying of the film. After the rapid initial stage
of their formation, these objects did not measurably increase in size, even for pro-
longed times of up to 1 day. This stop in growth can be attributed to the reduction
of the concentration of the remaining solution below the critical concentration of
supersaturation, due to extraction of the molecules forming the grown objects.

After 30 min at 53 4= 5% of polymer, the sample was dried and analyzed by OM
and AFM. Isolated, randomly distributed ellipsoidal structures embedded in a sur-
rounding film of low degree of order could be identified, as shown in Fig. 3d—e.
A detailed morphology of such an ellipsoidal three-dimensional (3D) structure is
shown in Fig.3f. The inset of this figure shows the result of phase-contrast of
TM-AFM, which allowed the detection of parallel straight stripes on top of the
ellipsoidal structure. These stripes are spaced at an average characteristic distance
of molecular dimension: 12 3 nm, which is comparable to about twice the contour
length of one block of PBLGlusz; in the a-helix conformation. Intermolecular hy-
drogen bonding may act normal to the long axis of PBLGlu o-helices, forming long
linear stacks of helices (showing as one stripe). This probably explains the existence
of parallel straight stripes spaced at a molecular distance and homogeneously cov-
ering the whole surface of the grown objects.
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Fig. 4 Series of AFM topography images showing the morphology of 50 & 3nm thick films
swollen at different cp,: (a) 53, (b) 55, (¢) 57, (d) 65, and (e) 85%. The dependence of nucleation
density N on ¢ is shown in (f). Thin films were spin-coated from chloroform solution and swollen
under dry air conditions (P,0Os) using chloroform vapor. Note that for (a) and (b) off-equilibrium
experiments were used, and on-equilibrium for (c), (d), and (e). The arrow in (f) indicates the
Ceritical Of 47 £ 3% (solubility in chloroform), below which no structures could be detected experi-
mentally. The size of all images is 2.5 x 2.5um?

Figure 4 presents the experimentally determined dependence of the number
density [33-36] N(cp) of ellipsoidal objects nucleated in thin films swollen in
chloroform vapor to variable cp (ranging from 53 up to 85% of polymer). N, the
total number of structures per unit area, was determined by OM and/or AFM af-
ter complete drying of the films. These experiments were performed under dry air
conditions. As can be seen in Fig. 4a—e, the number of ordered ellipsoidal struc-
tures increased with cp. At the same time, the size of ordered ellipsoidal structures
decreased. Figure 4f represents a summary of N(cp) for all experiments that were
performed under dry air conditions. N increased with cp (see Fig. 4f) because it is
less difficult to form a nucleus at higher cp when molecules are close to each other.
However, at large numbers of nuclei per unit volume, the resulting ordered struc-
tures will rapidly meet each other (coalesce) during growth due to the short distance
between the nucleation sites. Thus, the maximum size of these structures is always
smaller than the average distance between the initial nucleation sites. Accordingly,
the average size of the structures will be small (see Figs. 4d—e). In order to obtain
bigger structures, cp was decreased until only a few objects nucleated, which then
could grow to larger sizes at high nucleation density (see Fig.4a). Consequently,
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in order to be able to employ OM as an observation tool, experiments focused on
rather small cp that were close to a critical concentration cgitical. Under such con-
ditions, the formed structures could exceed the micrometer size. Interestingly, all
films that were exposed at cp lower than ca. 53% never showed any indication of
nucleation during exposure to chloroform vapor, and no ordered structures were de-
tectable after drying of these films. Thus, one may conclude that the solubility limit
in chloroform (represented by citical) Was slightly below 53%. An extrapolation
of the N(cp) curve (Fig. 4f) to 10~3 objects per um? (one object per cm?, i.e., one
object per surface of the whole film) yielded critical = 47 = 3% (refer to the black
vertical arrow in Fig. 4f). In order to estimate the error bars for this value of ccritical»
the uncertainty in determining the polymer concentration Acj, = 4=5% for each point
of the N(cp) curve has to be taken into account. Two graphical extrapolations, using
either the highest or lowest possible values given by Acp, tol0~8 objects per um?
were made, yielding Accritical = £3%.

The line in Fig. 4f represents a fit to a theoretical description [35, 36] of the
nucleation density as given by the following equation:

N :
InN=InP-— (kT)3 ' []1‘1(Cp/6'critica1)}2 ”

Here, P is an intercept (its exact value depends on the details of the theoretical
model chosen) representing the maximum possible number of nuclei for cp = 1, O
characterizes the type of growth, o represents the interfacial energy between nucleus
and solution, f3 is a shape factor, v represents the volume of the monomeric species,
k is the Boltzmann constant, and 7 is the absolute temperature.

3.2 Nucleation in Solution Films in Ambient Air

The ordering process was also studied under ambient air conditions, i.e., without
P,Os as desiccant to eliminate the humidity of the surrounding gas phase. Thus,
during an off-equilibrium film-swelling process, some water molecules were also
condensed when condensing solvent vapor onto the film surface, and during the
equilibrium experiments, thin films were in contact with water molecules contained
in surrounding gas phase.

As shown in Fig. 5, OM allowed the structure formation process to be followed
in situ and in real time in thin film solutions. Figure Sa shows the smooth, ho-
mogeneous surface of an initially 30 & 3nm thick film that was initially swollen
in chloroform vapor up to a thickness of about 600 nm and then brought back to
100nm (i.e., at cp = 305%). At this concentration, the film surface was initially
homogeneous (see Fig.5a). However, it quickly became inhomogeneous due to
the appearance of many individual objects protruding from the surrounding film.
Structure formation could be clearly observed starting after approximately 6 min at
cp = 30+ 5% (see Fig.5b). Again, OM allowed verification that these structures
already existed in solution.
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Fig. 5 (a—e) Series of OM and (f) AFM topography images showing the temporal evolution of a
thin film during swelling: (a) after 10s, (b) after 6 min, (c) after 60 min. (d) Magnification of (c).
(e) Magnification of the dried film shown in (f). This film was spin-coated from tetrahydrofuran
solution and swollen using chloroform vapor at ¢, = 30 & 5%. The sizes of the images are (a—c)
100 x 100, (d, e) 45 x 45, and (f) 2.5 x 2.5 um>

After comparatively rapid formation, the resulting objects did not increase
significantly in size, even after prolonged times (see Fig.5c). It is supposed that
the concentration of chains remaining in solution decreased below supersaturation.
After 60 min at cp = 30 &= 5%, the sample was rapidly dried and analyzed by OM
and AFM. The observed isolated structures of ellipsoidal shape were embedded in
a film with a low degree of order, as shown in Figs. Se—f. Note that a magnified area
of the still-swollen film (at ¢, = 30 = 5%) shown in Fig. 5d allowed the observation
of protrusions, which corresponded to the ordered ellipsoidal structures shown in
Fig. 5e. This was confirmed by subsequent AFM investigations after drying the film.

Systematic experiments revealed that under ambient air, ordered ellipsoidal struc-
tures could be obtained at cp as low as 16-25%. Below cp of 16-25%, no nucleation
and growth of structures could be detected. This raises the question of why struc-
tures could be formed in ambient humid air at such low cp? As demonstrated for
dry air conditions, the concentration below which no structures could be nucleated
was as high as 47%. Evidently, the only difference between both experiments is the
presence of some water molecules in the surrounding gas phase.
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Fig. 6 Representation of nucleation density N versus polymer concentration cp as determined
from off-equilibrium (filled symbols) and equilibrium (empty symbols) experiments carried out
under ambient conditions at low humidity (right pointing triangles) and at high humidity (left
pointing triangles). The dotted and solid arrows indicate the experimental ccritical (solubility in
chloroform) of about 25 4+ 3% and 16 + 2% determined for less and more humid environments,
respectively. Note that below these ccritical DO structures could be detected experimentally. The
lines represent the theoretical fits obtained using (2). The isolated line at high cp represents a fit for
data points presented in Fig. 4f

It has to be concluded that humidity could lower cica- To rationally explore
such a possibility, all results obtained under various ambient air conditions were
sorted as a function of the humidity in the laboratory. Such separation allowed us to
realize that results obtained in air of ca. 30% humidity (‘“sunny days”) differed from
results obtained under ca. 50% humidity (“rainy days”) (see in Fig. 6 the right- and
left-pointing triangles, respectively). As can be seen in Fig. 6, the two series led to
different values of ccyitical Of about 25 3% and 16 £ 2%, respectively, below which
no structure formation was detectable. The lines in Fig. 6 represent fits to the data
using the theoretical description of (2).

In 1984, Russo and Miller [37] showed that small amounts of water, which can
be easily absorbed even from the atmosphere under normal ambient conditions,
seriously alter the phase behavior and morphology of PBLGIu homopolymer solu-
tions. This observation is also relevant for the present experiments. When swelling
PBLGlu films in humid air, water molecules from the atmosphere obviously entered
the polymer solution film. Based on the experiments presented above, it thus can be
concluded that water (a non-solvent for the polymer system) facilitates ordering and
structure formation, even at low polymer concentrations. In order to verify this state-
ment, complementary experiments were performed on films prepared in air of 100%
humidity. Under such conditions, a higher amount of water molecules was expected
to condense on the film surface during the film-swelling process. Such conditions
of water-saturated air were obtained by including a few droplets of water in the



Processes of Ordered Structure Formation in Polypeptide Thin Film Solutions 129

Fig. 7 OM (a) and TM-AFM (b topography, ¢ phase) images showing the morphology of a film
made of PSg3—(PBLGlu37)s and exposed to chloroform vapor at 100% humidity for 50 min at cp
of about 10-15%. Sizes of images are (a) 25 x 25, (b) 17.5 x 17.5, and (¢) 3.5 x 3.5 umz

sample chamber before the film-swelling process was started. At 100% humidity, a
significantly larger amount of water molecules condensed on the film surface dur-
ing the swelling process compared to the case of ambient air conditions (30-50%
humidity).

In the corresponding experiments, 25 4+ 2nm thick films were exposed to chlo-
roform vapor under off-equilibrium conditions. The subsequent OM and AFM
investigations — performed after drying of the film — revealed (Fig.7) that the re-
sulting morphology consisted of ellipsoidal ordered structures. By comparing the
details of the ellipsoidal structures shown if Fig. 7c with the ones obtained under
ambient or dry air conditions, it can be concluded that the morphology is essentially
unaffected by the presence of water, at least on the length-scales that are resolved
by OM and AFM.

Results of systematic experiments performed for various concentrations of
the solution films at 100% humidity are summarized in Fig. 8a (see the upward-
pointing triangles). They prove that it was possible to form ellipsoidal ordered
structures under 100% humidity conditions even at a very low cp of about 3—-5%.
One can determine (by extrapolation) a ccritical Of about 0.5 £0.4%, below which no
structure formation will be possible. It should be noted that the way of determining
the concentration introduces a large number of uncertainties, particularly for low
values of cp.

The lines in Fig. 8a represent the best fits to the experimental data based on (2).
These fits contained three parameters: P, QB 6>v?/(kT)? and ccriicar. The fitted val-
ues of citical Were compared to those obtained by graphical extrapolation and are
summarized in Table 1. As can be seen, the two sets of values are in reasonable
agreement. In Fig. 8b, the fitted values for Q'/ 3[31/ 3ov2/3 /KT are presented as a
function of humidity of the surrounding gas phase, with only the interfacial tension
o between ordered structures and the surrounding solution as a variable. This pre-
sentation clearly shows that ¢ varied with humidity: the greater the amount of water
(a non-solvent for PBLGIlu) in the surrounding gas phase, the higher the value of ¢
(see Fig. 8b). In Fig. 8c, we show that Q'/38'/36v2/3 /kT and critica are also corre-
lated and that o varied inversely with criicar: the lower was ccritical , the higher was .
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Fig. 8 (a) Representation of nucleation density N versus polymer concentration cp as determined
from off-equilibrium ( filled symbols) and equilibrium (empty symbols) experiments carried out: in
dry air (squares), at low humidity (right pointing triangles), at high humidity (left pointing trian-
gles) and in water-vapor-saturated air (upwards pointing triangles). (b, ¢) Variation of interfacial
tension o between the solid ordered structures and solution. The interfacial tension o increased
with an increase in surrounding gas phase humidity (b), and with the decrease of polymer solubil-

ity Ceritical (C)

Table 1 Compari§on of Humidity Extrapolated ceritical Fitted ccritical
Ceritical Values obtained both (%) (%) (%)

experimentally (by

extrapolation) and by fitting 0 47+3 442+£23

according to (2), for different 30 2543 21.342

humidity conditions 50 16+2 13.3+2
100 0.5+04 22241

3.3 Influence of Protic Non-Solvents on Nucleation
in Thin Film Solutions

What could be the explanation for such dependence, knowing that water is not a sol-
vent, neither for PBLGIu nor for PS? However, PBLGlu does offer several possible
sites that can interact with water via hydrogen-bonding interactions (for example,
the polar L-glutamate backbone and the polar ester group).

In the search for a tentative concept to explain the dependence of ¢ on humid-
ity of the surrounding gas phase, one may assume that protic non-solvent (water)
molecules form a complex with PBLG via hydrogen-bonding interactions. This
complex is then expected to exhibit a lower solubility ccritica. Among the various
possibilities for hydrogen bonding, the two hydrogen bonds of type C=0---H-O
between the oxygen atom of the ester carbonyl group and hydrogen atom of water
seem to be most favorable. The ester group is located at the exterior of the PBLGlu
helix and is not otherwise involved in hydrogen bonding. The secondary amide
groups of the PBLGIlu backbone, on the other hand, are involved in intramolecu-
lar hydrogen bonding, stabilizing the a-helical conformation of PBLGlu, and are
hidden inside the core of the helix. Other possibilities of hydrogen-bonding inter-
actions (for example C-H - - - O-H) cannot be excluded, but will not be considered
further.
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If this concept is valid, it means that other non-solvents, with similar properties
akin to water, should also be able to complex the PBLGIlu and to modify its
solubility. Furthermore, this concept implies that non-solvents without hydrogen-
bonding capabilities should not be able to complex the polymer. If these conclusions
were proven, they would represent strong support of our concept of polymer
complexation.

In order to test the hypothesis, two series of off-equilibrium experiments were
performed by exposing thin films to chloroform vapor mixed with small amounts
of (1) methanol and (2) toluene. Methanol is a “strongly hydrogen-bonding” protic
non-solvent that can form hydrogen bonds with the polymer. Toluene, although it
is a good solvent for PS, does not dissolve PBLGlu (at room temperature). It is
an aprotic “poorly hydrogen-bonding” non-solvent [38] for PBLGlu and does not
strongly interact with PBLGlu, and certainly does not form hydrogen bonds. Small
amounts of methanol or toluene molecules were added to the surrounding gas phase
by placing several droplets of these liquids in the sample chamber before swelling of
the film. Humidity was avoided either by flushing the sample chamber with nitrogen
before the start of the experiment (in the case of methanol, as methanol is absorbed
by P,0s) or by using P,0s (in the case of toluene).

An example of such off-equilibrium experiments in the presence of methanol will
be described. Polypeptide films of 40 4= 3 nm thickness were exposed to chloroform
vapor mixed with a small amount of methanol molecules and swollen up to cp =
5+ 2%, which was subsequently increased in two steps to cp of 30 + 5% for 30 min
and then to cp of 45 £ 5% for 2 min before the film was finally dried.

As can be seen in Fig. 9a—b, ellipsoidal ordered structures were obtained at low cp
of 30+ 5%. In addition, many smaller ordered structures formed at the higher poly-
mer concentration (45 +5%). It has to be noted that both concentrations were lower
than the critical concentration found in experiments performed in dry air without
the addition of small amounts of a protic solvent like methanol. This experiment,
together with previous and with additional experiments, proved that ordered ellip-
soidal morphology does not depend on the type of non-solvent (water or methanol).
In Fig. 9c we have summarized the corresponding results. With respect to results
obtained in dry air, we observed that methanol did decrease citical, and toluene did
not affect ceigical. Accordingly, these results strongly suggest that complexation of
PBLGlu by protic non-solvents via hydrogen-bonding interactions causes a decrease
in solubility.

3.4 Reversible Influence of Protic Non-Solvents on Nucleation
in Thin Film Solutions

In order to investigate whether formation and dissolution of the ordered structures
in thin film solutions can be controlled by simply changing the vapor pressure
of a protic non-solvent, more complex off-equilibrium experiments were de-
signed. Experiments were performed under dry air conditions and in a vapor
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Fig. 9 (a, b) AFM topography images presenting a bimodal distribution of ordered ellipsoidal
structures of a 40 + 3nm thick film spin-coated from chloroform solution. The film had been ex-
posed using off-equilibrium experiments to a mixture of chloroform and methanol vapor under dry
air conditions (obtained by flushing the sample chamber, before film swelling, with a N, flow)
at ¢, = 30% (for 30 min) and at higher ¢, = 45% (for 2 min). (¢) Representation of nucleation
density N against polymer concentration ¢, as determined from off-equilibrium experiments car-
ried out by exposing thin films to chloroform vapor under dry air conditions and adding methanol
(filled spades) or toluene (filled clubs). Off-equilibrium experiments carried out by exposing thin
films to THF vapor under ambient air conditions are indicated by filled squares. Note that dry air
conditions have been obtained either by using P,Os (in the case of toluene) or by flushing the sam-
ple chamber with N, flow (in the case of methanol) before the film swelling process. The lines are
the fits for data points obtained under (from right to left): dry, less humid, more humid and highly
humid air conditions (see Fig. 13a). Sizes of images are (a) 10 x 10, and (b) 3 x 3 umz

atmosphere with the controlled addition and subsequent removal of water or
methanol molecules. Conditions were realized by flushing the sample chamber
with N, flow before performing the swelling of the film. During formation and
dissolution of ordered structures, cp was kept relatively constant (small fluctuations
around this value could not be excluded). The two sets of experiments — either using
water or methanol molecules in the surrounding gas phase — yielded similar results.
Therefore, only results for the addition and removal of methanol are presented here.

First, a 40 + 3nm thick solid film of PS¢3—(PBLGlus7)s heated to a tempera-
ture of 35°C was exposed for 10 min to chloroform vapor inside a sample chamber,
which was kept approximately at room temperature. The swelling of this film started
under dry air conditions. Then, the temperature of the film was lowered until the film
was swollen to 5 2% of polymer.

After 2 min at cp = 5 £ 2%, the sample temperature was raised, causing an in-
crease of cp to 34 +5%. The sample was kept at this concentration for about 10 min.
The morphology resulting at this stage is shown in Fig. 10a. No isolated objects were
observed within the resolution of OM.

After these 10 min, methanol vapor was added in the sample chamber by opening
a valve to a supplementary chamber where methanol had been heated to 55°C. After
about 5 min, one could observe the appearance of isolated objects. These objects
became better developed and more clearly visible after about 9 min (see Fig. 10b).

Then, methanol molecules were removed from the sample chamber (the valve be-
tween the two chambers had been closed and the chamber purged with a very weak
N, flow for 15 min). After 5 min, the isolated objects started to dissolve and almost



Processes of Ordered Structure Formation in Polypeptide Thin Film Solutions 133

a b c

Fig. 10 Structure formation and dissolution in a 40 + 3 nm thick film of PSg3—(PBLGlus7)g
swollen in chloroform vapor at about 34 + 5% of polymer: (a, ¢, ) no methanol molecules present;
(b, d) small amounts of methanol molecules present; (f) totally dried film. Before performing the
swelling of the thin solid film, the sample chamber was flushed with N, flow in order to create
dry air conditions. Regions marked with dotted lines show (d) presence, (e) disappearance, and
(f) reappearance of structures. Size of all OM images is 50 x 50 um?

all of them had disappeared after 19 min (see Fig. 10c). Two minutes later, methanol
molecules were added again by opening the valve between the two chambers. Iso-
lated objects reappeared after about 2 min and developed into better defined objects
during the following 10 min (see Fig. 10d). This procedure of adding and removing
methanol was repeated a second time. As expected, the isolated objects dissolved
within about 15 min (see Fig. 10e). However, this time, not all objects were dis-
solved completely. Thus, when adding methanol molecules again, after about 5 min,
the previously dissolved objects appeared again, as shown in Fig. 10f (after complete
drying of the film). However, not all of the previously visible structures reappeared.
Some of them (formed after the second addition of methanol molecules) dissolved
completely when methanol molecules were removed and did not reappear again
when methanol molecules were added for the third time (compare the regions inside
the dotted elliptical forms in Fig. 10d—f).

Detailed features of these isolated objects being formed in film solutions were
studied by AFM after completely drying the film solutions. In Fig. 11, two AFM
topography images are shown for objects similar to those visible in Fig. 10f. As can
be seen, two types of populations of ordered structures were present: ellipsoidal
structures, which were most probably formed by nucleation from a single seed, and
“double” ellipsoidal structures, which may have been formed from two neighboring
seeds. Seeds may have resulted from ordered structures that were only partially
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Fig. 11 AFM topography images showing ordered structures obtained in a 40 +3nm thick film
of PSe3-(PBLGlus7)g swollen in chloroform vapor, under dry air conditions (the sample chamber
was flushed with N, flow before film swelling) and at about 34% of polymer. Note that the two
images are from the same film but of slightly different regions on the film surface. Sizes of images
are (a) 10 x 10, and (b) 4 x 4um?

dissolved. From such seeds, a “double” structure (see Fig. 11b) has probably grown
when re-adding non-solvent molecules. No such seeds were found when the ordered
structures were totally dissolved.

In summary, adding small amounts of water or methanol molecules to the
surrounding gas phase can induce nucleation and growth of ellipsoidal ordered
structures up to more than 10 um in size. Without such additions, nucleation does not
occur at such low polymer concentration. It can be concluded that water or methanol
molecules complexed the PBLGlu and, consequently, increased the interfacial ten-
sion between the ordered structures and solution, which, in turn, facilitated structure
formation by decreasing the polymer solubility. After removal of water or methanol
molecules, at constant cp, these ordered structures dissolved due to the increased
polymer solubility.

Ordered structures reappeared at the same cp when water or methanol molecules
were added again to the surrounding gas phase. This structure formation/dissolution
cycle can be repeated, which proves the reversibility of the process of structure
formation and dissolution.

Finally, all these results support the validity of the concept of complexation of
PBLGIu by protic non-solvent molecules via hydrogen-bonding interactions. Such
complexes exhibit a lower solubility cctical, Which explains the dependence of the
interfacial tension o on the degree of humidity of the surrounding gas phase. Among
the various possibilities for hydrogen bonding, the two hydrogen bonds of type
C=0---H-O between the oxygen atom of the ester carbonyl group and hydrogen
atom of water seem to be most favorable (see Fig. 12). The ester group is located at
the exterior of the PBLGlu helix and is not otherwise involved in hydrogen bond-
ing. As already indicated, the secondary amide groups of the PBLGlu backbone,
on the other hand, are involved in intramolecular hydrogen bonding, stabilizing the
o-helical conformation of PBLGlu, and are hidden inside the core of the helix.
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Fig. 12 Representation of a PBLGlu o-helix (taken from [1]) and the coordination of water (or
alcohol) molecules to the ester carbonyl group in the side chain via hydrogen bonding

3.5 Origin of Bimodal and Multimodal Distributions in Size
of the Resulting Ordered Objects

So far, mainly OM has been used to directly observe in real time the nucleation
and growth of ordered polypeptide solid ellipsoidal structures in thin solution films.
Detailed characterization of these ellipsoidal structures will be given in this section.
In particular, more information will be presented on how these structures form at the
molecular level, and about the forces that lead to formation of ellipsoidal ordered
structures with an aspect ratio of about 2. It will also be explained how two different
populations of ordered structures can be generated in a single film.

The chosen experimental approach could not prevent slight fluctuation of cp
around its set value by about 2-3%, including small drifts of cp. Experimentally,
it is often observed (after exposure of the films to solvent vapor and subsequent
complete drying) that in a single sample, several types of structures are generated,
differing basically only in size. In order to address this behavior, the consequence of
an abrupt change in cp, say, from cp to cp + 15%, was examined. Figure 13 shows a
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Fig. 13 (a—d, f, g) Series of AFM topography images and (e) an OM micrograph showing differ-
ent distributions of ordered structures on the film surface. (a, b) Bimodal distribution of a 50+ 3 nm
thick film prepared under dry air conditions (off-equilibrium experiment) at ¢ = 53% (for 10 min)
and at slightly higher ¢y, = 56% (for 15min), respectively. (¢, d) Bimodal distribution of a
254 2nm thick film prepared under ambient air conditions (off-equilibrium experiment) at cp; =
30% (for 15.5h) and at higher c¢p; = 45% (for 7h), respectively. (e-g) Multimodal distribution
of a 40 £ 3nm thick film prepared under ambient air conditions (off-equilibrium experiment) at
¢pt = 18% (for 2 h), at higher cy2 = 25% (for 30 min), and at cp3 = 45% (for 5 min), respectively.
The dotted squares indicate a zoomed-in region. Arrow in (b) and dotted regions in (a, e) indicate
large objects. The sizes of images are (a) 10 x 10, (b) 2.5 x 2.5, (¢) 9.5 x 9.5, (d) 1.25 x 1.25,
() 45 x 45, (£) 4.5 x 4.5, and (g) 2.25 x 2.25 um?

series of AFM topography images and an OM micrograph of different distributions
of ordered structures observed in films after various experimental conditions.

In a first experiment, a 50 = 3 nm thick film was exposed to chloroform vapor un-
der dry air conditions (off-equilibrium experiment) at two different concentrations:
¢p1 = 53% and subsequently at a slightly higher concentration, cpy ~ 56%. The ex-
periment was followed in real time under the optical microscope. A spin-coated film
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was initially swollen to 5% of polymer and was then concentrated to c,1. After about
10 min, the concentration was again increased (to cp2 of ca. 56%) by increasing the
film temperature by 0.5°C. After about 15 min at ¢, the sample was completely
dried and investigated by AFM.

The two AFM topography images of Fig.13a, b show the resulting distribution
in size of the obtained ordered structures. As can be seen, the ordered structures
were of ellipsoidal shape, randomly but evenly distributed over the whole film sur-
face. What is interesting in these images is the fact that there were two distinct
distributions of ellipsoidal structures, which could be differentiated according to
their size. There were relatively few structures that averaged about 1um along
their longer axis (referring to the structures inside the dotted ellipses in Fig. 13a
and to the structure indicated by the black arrow in Fig. 13b). These larger struc-
tures were formed at the lower ¢,y and could be directly detected by OM. However,
the majority of objects were smaller and only slightly exceeded an average size of
500 nm. It may be assumed that the two types of structures appeared at cp; and ¢py,
respectively.

In a second off-equilibrium experiment (see Fig. 13c, d), this time performed
under ambient (humid) air conditions, the ordering process was followed in a 25 +
2nm thick film exposed for a long duration (tens of hours) to chloroform vapor.
After swelling of the film (up to 5% of polymer), ¢, was increased to ¢p; = 30%
and the sample was kept for 15.5 h. After reaching the concentration ¢y, ellipsoidal
3D structures formed rapidly, typically within a few minutes, as confirmed directly
by OM (not shown) and later on by AFM (see the white ellipsoidal structures in
Fig. 13¢c). No further changes were detectable for the rest of time (ca. 15h) at cp;
and structures did not grow further.

Finally, the c,; in the film was increased quickly to c¢,» = 45% for 7h before
rapidly drying the sample. Subsequent AFM analysis (Figs. 13c, d) showed that the
larger ellipsoidal objects detectable by OM were surrounded by smaller structures
of similar shape (for each population, both shape and size were rather uniform).
These smaller structures were formed at the concentration ¢, and contained almost
all available material. The ordered structures were separated by narrow depressions
containing only very few molecules (depleted regions).

The above and additional experiments (not shown, under both dry and ambient air
conditions), proved that the size of the observed objects did not increase measurably
beyond the size reached after a few minutes of exposure at cp, even when the time
was increased to more then 10h. Why did growth not continue?

First, it has to be emphasized that rather low values of ¢p, very close to the cigical
were chosen. Under such conditions only few nuclei were formed, which facili-
tated their observation by OM. As already discussed, once a nucleus has formed,
it continues to grow, taking up molecules from the surrounding until cp of the
remaining solution dropped below the critical (refer to Fig. 13c, d). At this moment,
the reservoir of molecules available for insertion into the ordered structures became
exhausted and growth stopped.

Accordingly, the bimodal distribution in size observed in Fig. 13c, d can be ex-
plained in the following way: The bigger structures were nucleated and grew at
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the lower cp1. The comparatively lower number density of objects was determined
by the value of ¢; (see Fig. 8a). As these objects grew, they finally exhausted the
reservoir of available molecules and thus growth came to a halt. However, when the
polymer concentration was subsequently increased to a significantly higher value
Cp2 > Ceritical» @ second process of nucleation and growth of structures was initiated.
Because the initial distance to ccitical Was quite large, the resulting number of nuclei
was higher because there was a higher probability for nucleation (see e.g. Fig. 8a).
This second nucleation and growth process was again stopped, either when the reser-
voir of available molecules became exhausted (see Fig. 13a, b) or when the growing
structures coalesced (see Fig. 13c, d).

Based on this explanation, any multimodal distribution in size can be obtained
just by increasing the cp in an appropriate number of steps. Figure 13e, g present
an additional off-equilibrium experiment that was also performed under ambient
air (i.e., humid) conditions. The ordering process in a 40 &= 3nm thick film was
again followed in real time during exposure to chloroform vapor at three subsequent
values of cp: cp1 = 18% (for 2h), a slightly higher value of ¢y, = 25% (for 30 min),
and ¢p3 =45% (for Smin). Note that c,; was chosen close to the solubility limit, and
small concentration fluctuations (caused by temperature fluctuations of ca. 0.1°C)
may have crossed citical temporarily. Thus, growth may have been interrupted by
short periods of partial dissolution.

OM had confirmed (see Fig. 13e) that two populations of structures were formed
at ¢p1 and cp2. AFM allowed the identification of a third population of structures that
formed at cp3 (see the multitude of small structures, less then 100 nm?, in Fig. 13g).
In Fig. 13g, one can see an ellipsoidal structure formed at cp, that is surrounded by
the much smaller objects formed at cp3.

Figure 13f presents a structure of about 5 um formed at cp,;. This type of structure
is marked by the dotted ellipses in the OM of Fig. 13e. The shape of this struc-
ture indicates a “tandem-like” structure, which is most probably the result of the
small fluctuations of ¢, in between ¢pi max and cp1 min. The nucleus formed initially
at cprmax and started to grow, but was then partially dissolved when ¢j; became
Cplmin < Ceritical» asSUMing that some seeds could remain. If two such seeds remained
close together, a tandem-like structure could grow when the polymer concentration
increased again to ¢p| > Ceritical. Such a multipart structure may thus be the result of
nucleation by self-seeding.

3.6 Kinetics of Growing Ordered Objects

It should be pointed out that in all experiments, the resulting structures were de-
tectable by OM after a few minutes. Certainly, under an optical microscope, such
structures can only be detected when their size becomes large enough (=500nm).
So, how fast did these structures grow? In a control experiment, cp was increased
rapidly (within a few seconds) from 5 to 100%. Only small and less well-defined
objects of about 100 nm were formed (see Fig. 14). No large ordered structures
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Fig. 14 TM-AFM typical images (a topography, b phase) showing the surface of a 30 =2nm
thick PSe3—(PBLGlusz7)s film after its exposure to chloroform vapor for 5 min and rapid drying.
This film was first swollen at about 5% of polymer (the film temperature was decreased from 35
to —5°C). After swelling, the film was then heated very fast (in about 10s the film temperature
was increased from —5 to 65°C) in order to extract all the solvent from the film. No large ordered
structures could be observed. The dotted square in (a) indicates the region that is shown magnified
in (b). The sizes of images are (a) 2 x 2um?2, and (b) 500 x 500nm?

were observed (see Fig. 14a). Consequently, the molecules need more than a few
seconds to order themselves on large scales. For example, during spin-casting the
solvent evaporates very quickly and, consequently, the molecules are deposited on
the substrate in a non-organized fashion. Thus, the time of several seconds dur-
ing which solvent evaporates is not sufficient for ordering. Similarly, when the ¢,
was increased rapidly from 5 to 100%, molecules did not have time for ordering at
large scales (larger than about 100 nm, see Fig. 14b). During such rapid drying, the
molecules pass any polymer concentration cp (for example 30%) in much less than a
second, which is not enough to allow a distinct nucleation and growth process yield-
ing well-defined ordered objects. On the other hand, the above experiments proved
that molecules could become ordered into larger ellipsoidal structures within about
2min when exposed to solvent vapor under constant conditions. Thus, it may be
concluded that molecules needed more than a second but less then 2 min to form
micrometer-sized ordered structures in solution.

3.7 Origin of the Anisotropic Shape of the Resulting
Ordered Objects

As previously shown (Figs. 3 and 5), it was also attempted to follow the kinetics of
structure formation. In Fig. 3, at ¢, of about 53%, the first indication of the forma-
tion of ordered structures became visible after about 25 min. At this concentration,
the growth process was sufficiently slow to be followed in real time. In addition,
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the nucleation density was low enough so that individual objects were sufficiently
separated and could be resolved by OM. These structures, as revealed by AFM
analysis after total drying of the film, possessed an anisotropic shape (ellipsoidal,
with an aspect ratio of length to width of about 2). A similar anisotropic shape has
been observed for all experiments performed with the polymer system of this study.
So, why do the observed structures grow laterally faster in one direction and slower
along the orthogonal direction?

To answer this question, anisotropic growth has to be related to the intermolecular
interactions between the molecules. One has to find out which is the most favor-
able way for molecules to arrange with respect to these two growth directions. It is
known that PBLGlu o-helices possess high dipole moments (about 3.5 Debye per
unit and sites for hydrogen-bonding interactions. Thus, the mechanism of structure
formation will most probably be based on strong dipole—dipole interactions between
rather rigid PBLGlu o-helices. Note that, at larger scales the grown objects have to
be electrically neutral, implying that the high dipole—dipole moments have to be
compensated for. Directional hydrogen-bonding interactions may contribute to lat-
eral ordering of PBLGlu o-helices (normal to the long axis of the o-helix).

Two possibilities could be causing an asymmetric growth of ellipsoidal struc-
tures: (1) anisotropic transport phenomena and/or (2) directional intermolecular in-
teractions. The observed 3D structures were formed in solution, in which molecules
can move easily. The large lateral size of the formed objects (much larger than the
molecular length-scale) and their random orientation in space (the long axis of the
ellipsoidal objects does not exhibit any preferred directions) indicate that anisotropic
transport within the solution is probably not responsible for the shape. Therefore,
anisotropy in lateral growth may be attributed to specific intermolecular interac-
tions between the o-helices. These interactions will affect the growth rate in various
directions.

Figure 15 shows a rather complex morphology, which will help to identify a po-
tential growth mechanism of ordered structures. This morphology resulted from
exposure of a 100 & 5nm thick film to chloroform vapor under dry air conditions
(off-equilibrium experiment) at ¢, = 54 & 5% for 25 min. Probably due to the high
amount of available molecules in such a thick film and the correspondingly high
nucleation density, the shape of the formed structures is not unique, varying from
isolated ellipsoidal to “meandering” structures (see Fig. 15a, b).

As an attempt to explain these meandering structures, one may assume that they
resulted from coalescence of many initially ellipsoidal structures that coalesced dur-
ing growth. The initial ellipsoidal structures are indicated in Fig. 15c. These initial
structures grew in the plane of the substrate in the fast (f) and the slow (s) direction.
After coalescence, growth stopped in one direction.

The clearly visible lines (represented by broken white lines in Fig. 15c, d) are
thus supposed to be the result of such coalescence between initial structures during
the growth process. The dotted black lines in Fig. 15d indicate the variable directions
of the long axis of the initially nucleated structures. The long axis also represents
the orientation of parallel stripes building up these objects. These stripes could be
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Fig. 15 Series of OM (a) and AFM (b, ¢, d topography, e phase) images showing the coalescence
of ordered structures in a 100 &= 5nm thick film prepared under dry air conditions (off-equilibrium
experiment) at ¢, = 54 4= 5% for 25 min. The arrows marked f indicate the fast-growing direction
(along the normal to chain axis of o-helices). The arrows marked s indicate the slow-growing
direction (parallel to chain axis of o-helices, i.e. normal to main chain axis). The white dotted lines
represent a coalescence line, and the black dotted lines indicate the random orientation of initially
nucleated structures. The elliptical forms in (c) are the initial ellipsoidal structures. The sizes of
images are (a) 100 x 100, (b) 19 x 19, (¢) 5 x 5, (d) 1.25 x 1.25, and (e) 0.75 x 0.75 um?

clearly distinguished by examining the surface of the assembled structures by AFM.
Their average width (see Fig. 15e), was measured to be 12 +3 nm. This size is com-
parable to the molecular dimension of the investigated molecule, more precisely, to
the length of two o-helices in series (see Fig. 1c).

Such long, straight, parallel stripes have been always observed on top of the
ellipsoidal structures (see the inset in Fig. 3f). A typical example is also shown at
a higher resolution in Fig. 16a. From the height profile presented in Fig. 16b, the
average width of the stripes is about 12 + 3 nm. Taking into account the above con-
siderations, one may conclude that comparatively strong lateral interactions between
a-helices (hydrogen-bonding interactions) favor fast growth along the axis normal
to a-helical chain, i.e., along the long axis of the ellipsoidal structures. Slow growth
then results in the direction along the chain axis of o-helices and will determine the
width of the ellipsoidal structures. These observations, together with the average
width of the stripes of about 12 4+ 3nm, suggests a model for a possible molecu-
lar organization inside the stripes (in the plane direction of the ellipsoidal ordered
structures; see Fig. 16¢).
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Fig. 16 (a) AFM topography image showing the parallel straight stripes on top of an ellipsoidal
structure. (b) Height profile made in the region indicated by the arrow marked s in (a). The average
distance between the stripes was about 12 4+ 3 nm. (¢) Representation of a possible arrangement of
a-helices inside the parallel stripes observed on top of ellipsoidal structures and indicated in (a)
by arrows marked f. The white arrows indicate the dipole moments. The size of image (a) is:
250 x 250nm?

3.8 Growth in the Out-of-Plane Direction of the Resulting
Ordered Objects

The out-of plane growth is based on interdigitation of o-helices (interdigitation
takes place along vertical direction; see later). An interdigitated molecular arrange-
ment can compensate for the high dipole—dipole interaction between o-helices
during the course of growth.

Each o-helix carries a considerable permanent dipole moment of about
3.5 Debye per unit. Its value can be approximated by placing 0.5-0.7 positive unit
charge near the N-terminus and 0.5-0.7 negative unit charge near the C-terminus
of the o-helix. An interdigitated molecular arrangement with alternating directions
of the peptide blocks from neighbouring molecules (see Fig. 16c) allows the com-
pensation of these high dipole moments of o-helices. Such an arrangement can
also explain, along and normal to the PS chain axis (as indicated in Fig. 1), a 2D
growth of structures. It should be noted that PBLGlu o-helices have the tendency
to be aligned parallel to the substrate due to the high dipole interactions between
PBLGIlu a-helices and the hydrophilic substrate. It seems even possible to link
PBLGIu o-helices via hydrogen bonds to OH groups of the UV/ozone-treated
silicon substrate.

Figure 17 presents a case where clear steps in height inside ordered structures
could be observed. A thinner region inside an ordered object (see the dark part in
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Fig. 17 (a) AFM topography image showing a complex coalesced multistructure. (b) Magnifi-
cation of grey square in (a) showing a defect. (¢) 3D representation of the defect shown in (b).
(d) Height profile made in the region indicated by the white broken line in (b). The sizes of images
are (@) 5 x 5, (b, ¢) 1 x 1um?

Fig. 17b, c) offered a possibility to visualize how the ordered structures are built
up in the direction normal to the surface plane. A cross-section (see height profile
in Fig. 17d) yielded a depth of this zone of about 7.5 nm. This value is comparable
to the estimated total length of the molecule along the PS chain axis of 7.5nm
(see Fig. 1c). Such steps within the ordered structures, having a mean height about
7.5 nm were observed quite frequently in experiments. Thus, one may assume that
the PSg3—(PBLGlu3s7)s molecules are stacked with the PS main chain axis normal
to the substrate plane.

On the basis of the experiments shown above, one may suppose that the growth
in height of the observed ordered structures can be explained by a stratified arrange-
ment, i.e., lamellar layering (see Fig. 18). Such an arrangement of the peptide blocks
would avoid the unfavorable contact between the PS segments and the hydrophilic
silicon substrate.

3.9 Concerted Changes of the Growth Direction: Dependence
on Polymer Architecture

Finally, there is an interesting and so-far unexplained feature that appeared when
structures became larger than about 1 um. In Figs. 11, 13f, 15c—e and 17a—c, one
can detect concerted changes in the growth direction for these large-scale structures.
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Fig. 18 Possible 3D molecular organization model of PSg3—(PBLGlus7)s heteroarm star block
copolymer. The inset represents a 3D AFM topography image showing a typical ellipsoidal solid
structure
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Fig. 19 (a) TM-AFM phase image showing a magnification of the film surface presented in
Fig. 13f. (b) TM-AFM phase image showing a magnification of the film surface presented in
Fig. 15c. (c¢) Distribution of orientation angle (6) showing the number of appearances of a certain
orientation angle over 100 measured values. The white and black dotted lines in (a) and (b) empha-
size the orientation angles denoted by 8. Sizes of images are (a) 1 x 1, and (b) 1.74 x 1.74 um?

A multitude of long, parallel straight lines show a simultaneous change in orienta-
tion, causing a change of the orientation angles by a well-defined value. Examina-
tion of a large number of such large-scale structures yielded an angle (denoted by 6)
of about 135-157° between two consecutive domains (see Fig. 19).

The most frequent values were centered around 136° and 151°, with the
occurrence of 151° being almost twice as often as that of 136°. It may be concluded
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that the large scale structures formed at a cp close to ccyisica1 did not grow in a straight
line to big sizes, but that concerted and cooperative discrete changes in orientation
angle occurred at distances of the order of 1 um.

One may ask if this effect of changing orientation depends on macromolecular
polypeptide architecture. To answer this question, various other polypeptide sys-
tems having different architecture were examined. Thin films made of PBLGIu
homopolymer, linear PSs;—PBLGlu g4 diblock copolymer, linear PSs,—PBLGlus;
and star shaped PS¢3—(PBLGlus7)s were exposed simultaneously to chloroform va-
por under ambient air conditions in an “open” system with a continuous but slow
evaporation of gas (estimated to be about 0.2 mL/h) from the sample container to
the environment. This allowed a slow increase in the polymer concentration cp.

Under such conditions, the initial polymer concentration cp in the films was es-
timated to be about 50 £ 20%. After 195 h, the films were taken out of this sample
chamber and dried completely at room temperature. Investigating all four sam-
ples by OM and AFM demonstrated a clear ordering process (see Fig.20). OM

Fig. 20 TM-AFM phase images showing the morphology of (a) a 54 & 2nm thick film made of
PSe3—(PBLGlu37)s star block copolymer; (b) a 60 & 3nm thick film made of PSs;—PBLGlus; di-
block copolymer; (¢) a 65 £ 3 nm thick film made of PSs5,—PBLGlu,o4 diblock copolymer; and (d) a
70+ 3nm thick film made of PBLGlu homopolymer. All three films were exposed to chloroform
vapor for 195 h under ambient air conditions in an “open” system. The white arrows in (a) indicate
artifacts (horizontal lines) resulting from removal of some noisy lines acquired during TM-AFM
scanning. Sizes of images are (a) 1.75 x 1.75, (b, ¢) 1.5 x 1.5, and (d) 0.5 x 0.5 umz
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Fig. 21 Orientation angle (6) distribution showing the number of appearances of a certain
orientation angle over 100 measured values for: PSg3—(PBLGlus7)s, PBLGIu homopolymer,
PS52—PBLG1U104, and P552—PBLGIU31

(not shown) confirmed that large-scale ordered structures, up to tens of microme-
ters, were obtained for all systems. As revealed by AFM, all four polymer systems
showed micrometer-long, straight parallel stripes that often changed their orienta-
tion (see Fig.20). The measured orientation angles for all four polymer systems
were found to be in the range of 130-160°. A summary of an extended study is
presented in Fig. 21, which clearly demonstrates that the concerted discrete changes
in orientation occurred in a similar way in all the studied polypeptide systems, in-
dependent of architecture.

4 Conclusions

OM allows the direct observation in real time of nucleation and growth in thin
solution films, here demonstrated for the formation of ordered polypeptide struc-
tures. The variation of the nucleation density (number of nuclei per area) with
concentration could be determined by combining OM and AFM. Interestingly, the
nucleation density was sensitively affected by the humidity of the surrounding gas
phase. For example, in dry air up to about 50% of polymer could be homogeneously
dissolved in chloroform, whereas only about 20-30% of polymer could be dissolved
under ambient air conditions without formation of ordered structures. The influence
of humidity can be expressed in terms of the ccritical, below which no structures were
formed. Increasing the humidity of the surrounding gas phase led to a decrease
of the value of the crisical. The functional dependence of the number of ordered
objects per unit area on cp, in combination with theoretical considerations, allowed
the determination of a value for the interfacial tension ¢ between the polymer and
the solution. Accordingly, the decrease in ccritica; With humidity can be linked to
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an increase in ©. It is proposed that complexation between water molecules and
PBLGlu chains, favored by hydrogen-bonding interactions, is responsible for the de-
crease of the “solubility” of the polymer in chloroform, leading to ordering at even
very low ¢,. Furthermore, it could be demonstrated that other protic solvents can
also cause a similar decrease in solubility. Consequently, the solubility of complex
molecules like polypeptides (which contain sites of different polarity, hydrophilic-
ity, or hydrophobicity) not only depends on the quality of the solvent chosen but can
also be varied by the presence of small amounts of a non-solvent, which nonetheless
can interact locally with specific sites on the molecule.

At a given concentration, the resulting ellipsoidal structures grew to a certain
size and then growth stopped. However, after an abrupt increase of the concentra-
tion, additional structures of smaller size but of similar shape formed. This arrest of
growth was due to a decrease of the concentration of the surrounding solution be-
low supersaturation, i.e., the reservoir was depleted by molecules integrated into the
ordered structures. Consequently, such two-step growth processes led to a bimodal
distribution in size of ordered structures in the film.

All structures possessed an anisotropic ellipsoidal shape, which can be attributed
to asymmetric growth in lateral directions. The surface of these structures exhib-
ited straight parallel stripes of a width similar to the molecular dimension of the
peptide blocks. On the basis of these results, it can be concluded that anisotropic
structure formation is due to specific directional interactions acting along the vari-
ous axes of the molecules. Intermolecular hydrogen bonds act normal to long axis of
PBLGIu a-helices. This might explain the existence of parallel straight stripes over
large scales and spaced at a molecular distance. The existence of steps in height
of molecular dimension, along the axis normal to substrate, suggests a stratified
arrangement, i.e., lamellar layering of the molecules.

Large-scale structures formed at a polymer concentration slightly above ccyigical
showed growth morphologies dominated by concerted discrete changes in orien-
tation of a multitude of parallel stripes. The experiments performed in this work
proved that the ellipsoidal morphology and the appearance of concerted changes
in orientation during the growth of large-scale structures depended on neither the
environmental conditions nor the polymer architecture. Thus, the ordering process
of polypeptide-based copolymers and the resulting morphology were basically con-
trolled by the solubility of the polymer.
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Amphiphilic Polymers at Interfaces

Katarzyna Kita-Tokarczyk, Mathias Junginger, Serena Belegrinou,
and Andreas Taubert

Abstract Self-assembly phenomena in block copolymer systems are attracting
considerable interest from the scientific community and industry alike. Particu-
larly interesting is the behavior of amphiphilic copolymers, which can self-organize
into nanoscale-sized objects such as micelles, vesicles, or tubes in solution, and
which form well-defined assemblies at interfaces such as air-liquid, air—solid, or
liquid-solid. Depending on the polymer chemistry and architecture, various types
of organization at interfaces can be expected, and further exploited for applications
in nanotechnology, electronics, and biomedical sciences.

In this article, we discuss the formation and characterization of Langmuir mono-
layers from various amphiphilic block copolymers, including chargeable and thus
pH-responsive materials. Solid-supported polymer films are reviewed in the context
of alteration of surface properties by ultrathin polymer layers and the possibilities
for application in tissue engineering, sensors and biomaterials. Finally, we focus
on how organic and polymer monolayers influence the growth of inorganic materi-
als. This is a truly biomimetic approach since Nature uses soft interfaces to control
the nucleation, growth, and morphology of biominerals such as calcium phosphate,
calcium carbonate, and silica.
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Abbreviations

A Mean area per molecule

AFM Atomic force microscopy

ATRP Atom transfer radical polymerization

BAM Brewster angle microscopy

BF Breath figure

BSA Bovine serum albumin

C Compressibility

CA Contact angle

cac Critical aggregation concentration

d Monolayer thickness

DMAP 4-Dimethylamino-pyridine

DOPE Dioleoyl phosphatidyl ethanolamine

FTIR Fourier transform infrared (spectroscopy)

G Gas (monolayer phase)

HOPG Highly ordered pyrolytic graphite

1 Relative reflectivity

Iy Incident light intensity

I Reflected light intensity

L-B Langmuir—Blodgett (film transfer)

LbL Layer-by-layer

LC Liquid condensed (monolayer phase)

LCST Lower critical solution temperature
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LE

LS

L-S
MPC
m-PDA
NTA
OmpF

p

P2VP
P4VP
PAA

PB
PBLG
PCL
PDEAM
PDMAEMA
PDMS
PEE
PEG
PEO
PFMA
PFS
PHEMA
PI

PLA
PLLys
PMAA
PMBPS
PMOXA
PNIPAM
POPC
POSS
PP

PPO
PPS

PS

PSS
PtBA
PTFE

T

Tteoll

Tt

T

s
RAFT

Liquid expanded (monolayer phase)
Superliquid (monolayer phase)
Langmuir—Schaefer (film transfer)
2-Methacryloyloxyethyl phosphorylcholine
10,12-Pentacosadiynoic acid
Nitrilotriacetic acid

Outer membrane protein F

Pressure

Poly(2-vinyl pyridine)

Poly(4-vinyl pyridine)

Poly(acrylic acid)

Polybutadiene

Poly(y-benzyl-L-glutamate)
Poly(e-caprolactone)
Poly(2,2-diethylaminoethyl methacrylate)
Poly(2,2-dimethylaminoethyl methacrylate)
Poly(2-dimethyl siloxane)

Poly(ethyl ethylene)

Poly(ethylene glycol)

Poly(ethylene oxide)
Poly(perfluorohexylethyl methacrylate)
Poly(ferrocenyl silane)
Poly(2-hydroxyethyl methacrylate)
Polyisoprene

Poly(lactic acid)

Poly(L-lysine)

Poly(methacrylic acid)
Poly[(+4)-2,5-bis(4’-[(S)-2-methylbutoxy]phenyl)styrene]
Poly(2-methyl-2-oxazoline)
Poly(N-isopropylacrylamide)

Palmitoyl oleoyl phosphatydilcholine
Polyhedral oligomeric silsesquioxane
Polypropylene

Poly(propylene oxide)

Poly(propylene sulfide)

Polystyrene

Poly(styrene sulfonate)

Poly(tert-butyl acrylate)
Poly(tetrafluoroethylene)

Surface pressure

Collapse pressure

Surface pressure (from kinetic movements)
Surface pressure (from repulsion of charges)
Surface pressure (from carbon chains repulsion)
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Reversible addition fragmentation chain transfer (polymerization)
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S Solid (monolayer phase)

SAM Self-assembled monolayer

SANS Small angle neutron scattering
SBF Simulated body fluid

T Temperature

T, Glass transition temperature
TEOS Tetraethyl orthosilicate

tBA tert-Butyl acrylate

THF Tetrahydrofuran

XPS X-ray photoelectron spectroscopy

1 Amphiphilic Polymers at the Air-Water Interface

1.1 Soluble and Insoluble Monolayers at the Air—Water Interface

The air-water interface is a phase boundary where many physicochemical
phenomena take place. Some examples are biofilm formation on the surface of
oceans, foaming of soap in a bath tub, and oil lenses on the surface of freshly
cooked soup, which are all interface-related phenomena. Each of these examples,
however, has a slightly different underlying principle.

The asymmetry of the air—water interface with respect to the dielectric per-
mittivity of the two media, water and air, is responsible for phenomena such as
adsorption/desorption from/to solution, and spreading of molecules on the free wa-
ter surface [1]. When a molecule bearing an electric moment is placed in a phase
boundary region between air and water, its orientation will no longer be random.
To the contrary, it will strongly depend on the type of intermolecular interactions
in the bulk liquid and interactions among the molecules (of the same kind) in the
interfacial region. Surfactant molecules in the film will be oriented in such a way
that the parts of higher electric field density are directed towards the medium of
higher dielectric permittivity. Harkins [1] described the above differently, postulat-
ing the rule of the least dramatic change of the force field, which says that molecules
adopt such an orientation at the interface so that transferring a molecule from one
phase to another is least dramatic.

Adsorption refers to a tendency of water-soluble amphiphilic molecules (surfac-
tants) to preferentially gather at the interface, and thus minimize their free energy by
adopting a specific molecular orientation, i.e. hydrophilic parts of the molecule will
be anchored in water, while hydrophobic parts will be exposed to air. The number
of molecules that adsorb to the interface (and thus the layer lateral density) will
depend on the chemical constitution, amphiphilicity, and solubility of the material.
It is known that at a specific concentration called the “critical aggregation
concentration” (cac), aggregates will start forming in solution and remain in equi-
librium with the adsorbed (Gibbs) layer. Therefore, from that point on, no further
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adsorption can be expected — instead, various self-assembled morphologies are built
in solution. Adsorption in surfactant systems is typically described by the extent of
lowering of the surface tension of water. The slope of a Gibbs isotherm (surface
tension versus log concentration) defines the interfacial activity of a surfactant and
allows calculation of the molecular area in the adsorbed film.

Several classes of amphiphilic compounds, such as lipids and some polymers, are
characterized by very low cac values. This means that they are practically insoluble
in water, and studies of their adsorption behavior are hardly possible. On the other
hand, they dissolve in organic solvents, and from such solvents the compounds can
be spread at the air—water interface. This way, after the solvent evaporates, insoluble
(Langmuir) films are formed, which also lower surface tension of water. However,
due to very poor solubility of the constituting material, the equilibrium between the
interfacial film and the molecules in solution is strongly shifted towards film forma-
tion. This fact is important for experimental investigations of Langmuir monolayers,
where two-dimensional film behavior can be studied assuming that there is no par-
titioning of the molecules between the film and bulk (subphase).

1.2 Characterization of Langmuir Monolayers

1.2.1 Surface Pressure—Area Isotherms

In practice, Langmuir monolayers are investigated by using a Langmuir trough — a
Teflon trough filled with water, aqueous salt solution or buffer, and equipped with
one or two moving barriers. The barriers compress the interfacial layer only, there-
fore the area available for molecules will decrease, and the response of the film
can be monitored. Conventionally, surface pressure is measured, which is the dif-
ference between the surface tensions of the pure subphase (water or buffer) and the
subphase covered by the film. Surface pressure () can be thus considered as the
two-dimensional analogue of pressure (p).

The most common method for measuring surface pressure is the Wilhelmy
method [2, 3]. A thin plate of highly wettable material (platinum, mica or filter
paper), is placed in water perpendicularly to the free water surface. By means of
a torsion wire, the plate is coupled to a force-measuring device. The force is mea-
sured to compensate for the mass increase of the plate due to the contact angle (CA)
change when the amphiphilic material makes a film. The CA is, in turn, related to
surface tension.

For Langmuir films, surface pressure is plotted against the area per molecule
(A), resulting in m—A isotherms. The pattern of such isotherms depends not only
on the chemical structure of the film-forming substance, but also on experimen-
tal conditions. The increase in surface pressure corresponds to more ordered
phases in the film. The 7—A isotherm of a monolayer provides basic information on
the material’s film-forming properties and the area per molecule at different stages
of film compression. Additionally, conclusions may be drawn on the presence and
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kind of phase transitions in the film, monolayer stability at given experimental
conditions, and the film collapse pressure, m.o1. Moreover, compressibility (Cs) of
the monolayer phases can be calculated.

In the case of Langmuir films, depending on the number of molecules per unit
area (surface density), surface phases are distinguished as the analogues of three-
dimensional phases, namely gas (G), condensed liquid (LC) and solid (S), Fig. 1.
Additionally, two phases exist: expanded liquid (LE) and superliquid (LS), an
intermediate between condensed liquid and solid [1]. The film’s physical state is pri-
marily determined by intermolecular interactions between amphiphilic molecules,
the range and strength of which change with film compression. Also, changes are
observed in the orientation and packing of molecules at the interface.

At very large molecular areas (where the surface pressure is close or equal to
zero), a monolayer displays similarity to a two-dimensional gas. Molecules on the
surface do not interact and have practically unlimited freedom of translation in two
dimensions, analogously to the ideal gas. Because the mean area per molecule is
many times larger than the actual molecular size, virtually no limitations are present
as to the molecular orientation at the water surface. Monomolecular films in the gas
state are not particularly interesting when studying molecular organization in two
dimensions; however, when compressing such a gaseous monolayer we can learn
at which mean molecular area the molecules actually start interacting and the film
formation process starts.

Upon film compression, the area available per molecule in the film decreases and
intermolecular interactions become stronger as the molecules approach each other.
Additionally, molecular dimensions can no longer be neglected, and interactions
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among hydrocarbon chains should be taken into account. Considering ionized
monolayers, an increase in surface pressure is observed due to mutual repulsion
between charged molecules, which is a deviation from the ideal gas state. Davies
and Rideal [4] suggested that the measured surface pressure is the sum of 7g (car-
bon chain repulsion), my (pressure from the kinetic movement of molecules), and
7 (repulsion of the charged fragments).

With continuous film compression, a first-order phase transition from the gaseous
phase to a two-dimensional expanded liquid (LE) can be observed [5]. In this region,
the m—A dependency is of hyperbolic shape for most compounds, and the monolayer
compressibility is considerably lower than in the gas phase, because cohesion forces
act between hydrocarbon chains. Harkins and Jura [6] applied the relationship be-
tween film compressibility and molecular area as a possible interpretation of the

liquid expanded state; compressibility, Cs,was defined as C; = — }4 (3—2) .

When the film is compressed further, an increase in surface pressure is observed
as compressibility decreases, where the 7—A dependency becomes approximately
linear. Such a state is called the liquid condensed (LC) phase, and is analogous
to a three-dimensional liquid. This phase is characterized by strong intermolecular
interactions. Further isothermal compression of a monolayer leads to its conver-
sion from a liquid to solid (S) state, which occurs at low area per molecule. For
many alcohols and carboxylic acids, the above transition takes place with the occur-
rence of an LS phase [7]. The surface pressure at which the above transition appears
is strongly dependent on temperature ('), and, for substances whose hydrophobic
part is a straight alkyl chain, also on the kind of polar group. In the solid phase,
long-range molecular packing is observed. Molecules are oriented perpendicular or
almost perpendicular to the free water surface, the 7—A isotherm is linear and char-
acterized by a steep slope (typical for low film compressibility) and the presence of
strong interactions between the hydrocarbon chains.

The surface phases not only differ with respect to molecular packing, but also
regarding ordering within condensed domains [8]. Four parameters describe indi-
vidual phases [5]: positional ordering, bond direction (crystalline lattice) ordering,
ordering with respect to molecular axes inclination, and axis symmetry, which
describes the arrangement of double bonds planes. The above parameters allow
for differentiation between short-range packing (which decreases exponentially
with distance) and quasi long-distance packing.

Further monolayer compression beyond the solid phase is practically impossi-
ble, as it would decrease the area per molecule down to values smaller than actual
molecular areas. Therefore, the compression of a solid film inevitably leads to mul-
tilayer formation and, subsequently, to film collapse. This collapse is observed in
the m—A isotherm as a sudden change in the slope of the solid phase line, beyond
which surface pressure does not increase anymore.
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1.2.2 Brewster Angle Microscopy

The most common microscopy technique for visualizing monolayers at the
air-water interface is Brewster angle microscopy (BAM) [9]. The information
available from BAM images concern monolayer morphology (domain forma-
tion, aggregation and crystallization of molecules at the surface) and the existence
of surface phases. The BAM’s advantage is that the addition of dyes and markers is
not required — images are obtained owing to the difference in light reflectivity by
regions of different thickness.

The intensity of light reflected from the phase boundary between two media (air
and aqueous solution) whose refractive indices are n; and n;, respectively, depends
on the angle of incidence and polarization of the incident light. In the case of the
phase boundary covered with a thin surface film, the intensity of reflected light is
minimal at the Brewster angle, but it does not vanish totally and is sufficient to
obtain a monolayer image using a sensitive camera (Fig. 2.) The intensity of the re-
flected light strongly depends on the phase boundary properties, such as monolayer
thickness (d), interface roughness [9], and monolayer anisotropy [10].

BAM is an excellent tool for the observation of various changes in monolayers,
such as the degree of film ordering at various compression phases, domain forma-
tion, phase transitions, monolayer transformation into a multilayer structure, and the
influence of ions and other additives contained in the aqueous phase on the proper-
ties of surface films [11]. The microscopic observation of monolayer changes with
temperature allows the building of phase diagrams of monolayers from amphiphilic
substances [5, 12]. In combination with other techniques, BAM may be used for the
estimation of the inclination angles of molecules in certain phases of the monolayer
[13]. BAM was also applied for the observation of surface structures in adsorption
films [14], and in studies on the influence of water-soluble detergents on the behav-
ior of Langmuir monolayers [15, 16].

Rodriguez Patino et al. [17] presented a method for estimating monolayer thick-
ness (d) from relative intensity of light reflected from the interface. The grey level
scale of BAM images was correlated to the relative reflectivity (/) — this allows for
the estimation of changes in d upon film compression. The above method can only
be applied to monolayers displaying no optical anisotropy, i.e. monolayers for which
one value of refractive index can be assumed. For the calculation of surface film

CCD camera

polariser
analyser

objective

water ~— monolayer

Fig. 2 Scheme of the Brewster angle microscope; o denotes the angle of incidence
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thickness, the following formula is used: / = C- d?, where [ is relative reflectivity,
calculated as the ratio of reflected light intensity, ., and incident light intensity
Iy I = I/ ), and C is a constant.

It needs to be mentioned here that many other experimental techniques are
available for studying monolayers at the air—water interface. Most frequently, sur-
face potential is measured to evaluate the molecular orientation of amphiphiles
at the interface. This method is, however, better suited to the study of small
molecules. Polymeric amphiphiles, due to their conformational dynamics, are dif-
ficult to analyze and simple dielectric layer models do not apply, or produce large
errors. Grazing incidence X-ray diffraction provides information on molecular pack-
ing, and spectroscopic methods are used to study molecular interactions and the
structural changes of molecules upon compression. Fluorescence microscopy is use-
ful for studying two-dimensional organization of small molecular mass amphiphiles;
however, it is not applied to polymer monolayers. For a more comprehensive
overview of experimental methods used to study monolayers at the air—water
interface, the reader is referred to more specialized articles, e.g. [18].

1.3 Polymer Monolayers

The formation of polymer films at the air—water interface includes slightly different
requirements than those known for amphiphiles of small molar mass. In particu-
lar, films of homopolymers can be built [19-21], in which cases no amphiphilic
balance can be discussed; to the contrary, the balance of interactions between macro-
molecular chains and between macromolecules and water controls the polymer
spreadability. In other words, the bulk (subphase) cohesion has to be overcome by
the attraction for the interface for the polymer to build stable monolayers [22]. It is
not necessary that the polymer is water-insoluble, but individual monomers must be
surface-active, i.e. must be able to adsorb to the interface from bulk solution.

In contrast to small molecules, the two-dimensional behavior of polymers at the
air—water interface and the resulting surface pressure isotherms are to a large ex-
tent determined by multiple rearrangement possibilities of the polymer chains. In
particular, transitions from a pancake to mushroom and brush conformations are
observed, uncommon for short-chain amphiphiles (Fig. 3). Additionally, the behav-
ior of water-soluble (hydrophilic) blocks is dramatically different from small polar
headgroups (-OH, —COOH, phosphate, etc.). As long as the tendency of hydrophilic
blocks to interact with water (buffer) is similar (in particular, that the hydrogen
bond formation, electrostatic repulsion, and counter-ion stabilization phenomena
are qualitatively the same), the large sizes of hydrophilic blocks in the case of poly-
mers amplify those effects and, therefore, a high sensitivity of some hydrophilic
blocks to environmental variables can be observed.
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1.4 Monolayers from Amphiphilic Block Copolymers

A certain class of polymers, block copolymers, is of special interest in the field of
surface engineering owing to their unique molecular structure and the vast versatil-
ity of the resulting architectures (e.g. di-, tri- and starblock) [23]. Block copolymers
are macromolecules composed of covalently linked sequences or blocks of two
chemically distinct monomer units. Even monomers that are non-compatible (e.g. in
terms of solubility or polarity) can be covalently linked and the resulting material
exhibits custom-made novel properties. If the block copolymers are composed of
a hydrophilic and a hydrophobic block, an amphiphilic molecule will result, ca-
pable of forming self-assembled aggregates in solution, Langmuir monolayers at
the free water surface, and various structures on solid supports. In this section,
we will review properties of floating (Langmuir) films from such macromolecular
amphiphiles. We will then discuss their behavior on solids, and the potential appli-
cations of such nanoscale structures for controlling bio-inspired processes such as
mineralization.

1.4.1 Poly(ethylene oxide)-Based Block Copolymers

Block copolymers containing poly(ethylene oxide) (PEO) have attracted attention,
mainly due to the high hydrophilicity of this polymer and its biocompatible and
protein-repellent properties. However, to promote formation of aggregates or mono-
layers, PEO has to be combined with a hydrophobic block.
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The extensive plateau present in 7—A isotherms from PEO-containing diblocks
corresponds to PEO dehydration, until, at the high surface density regime at ca.
10mNm™!, these hydrophilic blocks assume a brush-like conformation [24] and
the mean molecular area is controlled solely by the hydrophobic block. In partic-
ular, polystyrene—poly(ethylene oxide), PS-PEO, monolayers were studied [25-27]
for block copolymers of different PEO lengths. Experimental data reveal the plateau
length scaling to be consistent with theoretical predictions and to show a continu-
ous transition from self-similar layer to quasi-brush arrangement [27]. Addition-
ally, those findings were confirmed by dynamic elasticity experiments [27, 28]
on PS-PEO monolayers. More specifically, the methods of surface waves and
light scattering were employed to evaluate the film elasticity and, thus, the rela-
tive contribution of the individual blocks to the film properties at various stages of
compression.

The compressibility of PEO blocks in the subphase clearly depends on the size
and properties of the hydrophobic block, and the dimension of the PEO fragment
itself. For example, it was shown that PEO can be effectively compressed by a fac-
tor of three [29], following the predictions for PEO behavior in a good solvent. As
mentioned before, desorption of PEO from the air—water interface and the forma-
tion of a brush was also observed in this case, and seems to be a well-established
phenomenon.

Additionally, neutron reflectivity experiments for polymers with large PEO frac-
tions show a depletion layer, due to the presence of a densely packed PS layer,
with repulsive character towards the PEO blocks [25]. The formation of surface
micelles was also suggested, similarly to polystyrene—poly(acrylic acid), PS-PAA,
micelles at the air—water interface [30], to explain the film thickness variations at
different compression stages. Multiple morphologies were indeed observed after
transferring PS—PEO [31, 32] and PEO-PS—PEO [33] block copolymer films from
water to solid substrates, including “dots” and spaghetti-like tubes, depending on
the polymer structure (Fig. 4). On the other hand, a surface light scattering study on
analogous PS—PEO diblock copolymers did not point to aggregation at the air—water
interface [34]. To the contrary, significant PEO chain stretching into the aqueous
phase was observed.

Apart from spherical and spaghetti-like aggregates, ring and chain morphologies
were observed on glass surfaces after monolayer transfer [35], depending on the
spreading concentration during film preparation. More specifically, high spreading
concentrations lead to spaghetti-like structures, while monolayer compression start-
ing from low surface coverage tends to result in rings and chains. The formation of
such structures is attributed to the kinetically trapped mobility of PS chains, which,
once entangled, retain this morphology. This observation demonstrates how sample
preparation may strongly influence the self-assembly behavior of amphiphilic block
copolymers on solid surfaces.

It is interesting to compare monolayers from PS—PEO block copolymers formed
by linear and heteroarm star polymers, where the polymer architecture plays
a significant role in the morphology of the interfacial film. In particular, star-
shaped polymers tend to build well-defined circular domains after transfer to solid
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Fig. 4 Atomic force microscopy (AFM) images (4 x 4 um) of different morphologies observed in
L-B films from a diblock copolymer, PS459-6-PEOg;, (M, 51,300 g mol’l), transferred to silicon
from the air—water interface. These structures are obtained by variation of experimental parameters:
top row (a), transfer pressure 1 mNm™; top row (b), transfer at 4mNm~; bottom row (a) and (b),
transfer at 2mNm~!. Reprinted from [31] with permission. Copyright 2002 American Chemical
Society

substrates, behavior that is uncommon for linear diblock copolymers [36]. For
star-shaped polymers, the formation of curved interfaces is favored, even at high
surface pressure. In fact, surface pressure—area isotherms resemble isotherms mea-
sured for linear block copolymers with small PEO fraction, the difference being
a considerable shift towards larger molecular areas. This effect is understandable
for star-shaped molecular architectures. The authors suggest a packing model at
the air—water interface, including transformation of the interfacial aggregates from
lamellar via cylindrical to spherical [37], depending on the content of PEO. This
interpretation should be feasible if no rearrangements take place during the film
transfer to a solid substrate, which is assumed, but in fact not proven. Therefore,
details of the molecular organization of those star copolymers at the air—water
interface remain unsolved so far.
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In the PS-PEO series, hyperbranched block copolymers were also studied [38],
and showed a peculiar spreading behavior that was different from that of their linear
and star counterparts. Namely, it is shown that for such hyperbranched polymers
there is no clear separation of the monolayer to a hydrophilic and a hydrophobic
region. To the contrary, both blocks form a uniform phase on the water surface, and
thus the limiting molecular area depends on the total area of the whole polymer, irre-
spective of the block ratio. On the other hand, liquid and solid phases were observed
upon compression, analogous to “classical” unbranched compounds, and the block
ratio influenced the film morphology at higher surface pressure, leading to a bilayer
formation from compounds of small PS content. The smaller area per molecule for
polymers containing larger PS blocks is explained by the fact that such long chains
would still have the possibility to orient towards the air phase, instead of spreading
flat at the interface. In this way, a certain level of hydrophobic—hydrophilic segrega-
tion is observed.

When poly(perfluorohexylethyl methacrylate), PFMA, was used as the hy-
drophobic block, monolayers from PFMA-PEO-PFMA triblock copolymers
[39, 40] essentially resembled the ones reported for PS-PEO diblocks with a
low PS content. With longer PEFMA blocks, two plateau regions are observed in
the compression isotherms: one long region at 10mNm~! that is typical for PEO-
containing monolayers, and one at higher surface pressures, above 30mNm~!, in
the brush regime. This interesting feature is independent of the PEO content in the
polymers, indicating a phase transition within the PFMA blocks to a closely packed
layer. Good reversibility of the isotherms, however, does not support the possibility
of polymer crystallization in that region. Instead, it is interpreted as rearrangement
of the hydrophobic blocks from a horizontal to vertical packing at the interface.

In the case of polymers composed of PEO and a dendritic hydrophobic part, the
molecular organization on the free water surface strongly depends on the dendrimer
generation [41]. More specifically, low generation dendrimers do not exclude PEO
from the interface, whereas the dimensions of high generation dendrimers are larger
than the PEO hydrodynamic radius and, therefore, the hydrophilic block is forced
into the aqueous phase. The hydrophilic-lipophilic balance plays an important role
in film stability, again in terms of the dendron generation, i.e. higher generation
dendrons are more hydrophobic and considerably increase film stability, making
Langmuir-Blodgett (L-B) film transfers possible with a small number of defects.

A combination of PEO with a crosslinkable polybutadiene (PB) segment yields
block copolymers that produce monolayers at the air—water interface, which can be
further stabilized by crosslinking [42]. For example, Ahmed et al. successfully ap-
plied the crosslinking strategy to analysis of intermediate polymeric self-assembled
structures formed during the transfer of a monolayer from air—water interface to
a solid substrate. It is known that upon transfer, monomolecular films often re-
organize due to the contact with a solid substrate — such interactions may lead
to very interesting morphologies, however, the aggregates formed on solids most
often do not reflect the true monolayer morphology at the free water surface. There-
fore, “freezing” the monolayer structure with a crosslinking agent after the transfer,
and subsequent immersion in water, prevents rapid reorganization and preserves the
monolayer morphology.
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Similarly to star-shaped PS-PEO block copolymers, the influence of polymer
architecture on monolayer behavior was also studied with PB—PEO diblock copoly-
mers [43]. In this case, four-arm stars were prepared with different volume frac-
tions of the hydrophilic blocks. Analogously to linear and star-shaped PS—PEO
copolymers, the PB-PEO stars produce monolayers, the isotherms of which are
characterized by three distinct regions. First, at large molecular areas, a “pancake”
conformation is assumed, followed by a pseudoplateau at ca. I0mNm ™!, the extent
of which depends strongly on the PEO fraction. Third, with further compression, a
brush phase is postulated. The isotherm interpretation is essentially similar to that
described for other PEO-containing block copolymer monolayers, and in particular
the monolayer behavior does not differ much from linear PB-PEO. Films transferred
to mica surfaces reveal small domains at low transfer pressure, corresponding to in-
dividual stars. Monolayers transferred at high surface pressure have the morphology
of entangled wires (stripes), which form at high surface density due to repulsion of
PEO blocks and hydrophobic attraction between PB cores.

Detailed modeling of hydrophobic—hydrophilic-hydrophobic (BAB-type)
polymers from PEO and a hydrophobic polyester was presented in [44], includ-
ing the molecular interactions in the monolayers. In particular, it was found that the
final polymer conformation, with the hydrophilic block displaced from the inter-
face, is assumed relatively early during the film compression, i.e. at ca. 9mNm~!,
This observation is supported by the fact that there is only a very small contribution
to the film surface pressure from chain conformational changes.

Poly(e-caprolactone)—poly(ethylene oxide), PCL-PEO, five-arm star block
copolymers, where the hydrophobic blocks are attached as the star peripheral
units, show very interesting monolayer properties due to the crystallization of PCL
blocks [45]. The investigations of PCL-PEO self-assembly is motivated by the
fact that those polymers are biocompatible and could be used for biological and
medical applications, especially in drug delivery and tissue engineering. Therefore,
understanding their behavior in asymmetric environments, and in particular on
various surfaces, is of crucial importance. In the case of PCL-PEO star copolymers,
a plateau in the isotherms is also observed, but this time attributed not to PEO
dehydration and brush formation, but to the (reversible) formation of the crystalline
phase in the hydrophobic film region. Melting of PCL crystals upon film expansion
shows a hysteresis effect and happens at surface pressures slightly lower than the
plateau region. Additionally, crystallization of the copolymer is observed after film
transfer to mica. Because both PCL and PEO tend to form a well-organized solid
phase upon the removal of water (drying), the effect is stronger than for any of the
homopolymers.

The same group studied linear PCL-PEO at the air—water interface [46], and the
authors showed that hair-like crystalline structures form due to crystallization of
PCL blocks. At low surface pressure, homogeneous and smooth monolayers were
observed after film transfer to mica. A transition was observed at ca. 13mNm™!
that corresponds to the crystallization process. This process was not reversible
(on the timescale of the experiment), and the crystal morphology differed markedly
from that previously observed for PCL homopolymers, indicating a strong influ-
ence of the PEO segments on the crystal structure. PCL-PEO-PCL triblocks of the
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BAB type essentially show two regimes when spread and compressed at the air—
water interface [47], which is consistent with the behavior of PCL-PEO diblock
copolymers discussed above. At a surface pressure below ca. 122mNm™! (i.e. in the
semidilute regime) the films show liquid character, whereas high surface pressure in-
duces the PCL crystallization process, which leads to very small areas per molecule.

PEO-polypeptide block copolymers, another combination potentially interesting
for biomedical applications, were also shown to produce stable monolayers with
very interesting features relating to the orientation of peptide helices at the inter-
face, additionally influenced by the presence of poly(ethylene glycol), PEG [48]. In
particular, PEG seems to adsorb partly at the interface, and thus inhibits the perfect
perpendicular arrangement of the polyleucine helices. On the other hand, the helical
conformation of peptide segments is unaffected by the monolayer packing state, as
shown by CD spectroscopy.

Another PEO-peptide system was investigated by Park et al. [49]. In this case,
poly(y-benzyl-L-glutamate), PBLG, a rod-like helical block, was used as the hy-
drophobic part. Thermodynamics of the monolayer behavior are governed by two
major, competitive effects: (a) entropy loss when PEO blocks form a brush, and
(b) decrease in enthalpy when PBLG rods undergo packing. Depending on the pre-
vailing effect, the consequence is either a positive or negative temperature influence
on the surface pressure.

Poly(L-lactide) (PLA) blocks were used as hydrophobic moieties [50] to produce
cell-growth-supporting polymeric scaffolds. In this context, Langmuir monolayers
are a particularly interesting tool as they allow for control of film thickness as long
as a brush-like polymer film is formed. Transfer of such a film to a solid support may
result in monomolecularly thin and exceptionally well-organized scaffolds. For such
applications, it needs to be ensured that the polymer retains its monolayer packing
properties after transfer, which may not be the case on every solid surface. In the
cited study [50], horizontal deposition (by the Langmuir—Schaefer, L-S method)
of PLA-PEO monolayers to a glass slide resulted in an organized brush structure,
where PLA blocks, oriented towards the glass, provided good polymer adhesion to
the surface; PEO chains, extended towards the aqueous environment, were supposed
to control cell adhesion.

Rod-coil diblock copolymers containing poly[(+)-2,5-bis(4’-[(S)-2-methylbut-
oxy]phenyl)styrene], PMBPS, as the hydrophobic part and hydrophilic PEO blocks
form ordered monolayers as a result of coalescence of small, spherical surface
aggregates [51]. Such aggregates presumably form during the monolayer deposi-
tion and result from the high glass transition temperature (7y) of PMBPS. Film
compression leads to the formation of cylinder-shaped aggregates in which the
rod-like PMBPS assumes a flat arrangement, and the subsequent increase in surface
pressure leads to the arrangement of the cylinders and the formation of a true,
but relatively unstable, monolayer. The monolayer stability strongly depends on the
length of the hydrophobic blocks. It is highest for diblock copolymers containing the
shortest PMBPS fragments. In comparison to coil—coil diblock copolymers, such as
linear PS-PEOQ, this system is characterized by an additional “control” parameter,
i.e. the presence of a rod-like block that controls the monolayer morphology at the
air—water interface.
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Disturbances of the hydrophilic—hydrophobic balance of the monolayer-forming
material could also be a factor to exploit when studying film responsiveness to
external stimuli. In combination with the oxidation-responsive poly(propylene
sulfide), PPS, PEO forms di- and triblock copolymers whose molecular and
supramolecular organization is strongly dependent on the oxidative stress present
in the system [52]. Monolayers from PPS—PEO on an aqueous subphase remain
stable due to PPS hydrophobicity. However, in the presence of hydrogen peroxide in
the subphase, oxidation of the PPS blocks occurs and the hydrophilic-to-lipophilic
balance is disturbed, producing hydrophilic species. Obviously, an increased hy-
drophilicity favors dissolution of the material in the subphase and, consequently,
a decrease of the mean molecular area. In this study [52], the monolayer model
was used to explain physical details of vesicle degradation under the oxidative
stress.

Partly soluble triblock copolymers are also sometimes used for monolayer
studies. Such investigations could provide data on desorption kinetics, and allow for
comparison of the film structure, whether spread or adsorbed. However, attention
should be paid to data interpretation in such cases because intricate equilibriums
take place in such systems. A somewhat confusing study has been presented con-
cerning the monolayer miscibility between PLA and PEO-PPO-PEO (also known
as Pluronic) in monolayers [53]. The authors attempted to discuss interactions be-
tween the triblock copolymer and a homopolymer (PLA) on the basis of Langmuir
monolayer experiments; however, the results show unrealistic values for molecular
areas, and therefore conclusions from those measurements cannot be quantitative.
In particular, surface pressure—area isotherms for pure polymers and their mixtures
reveal, in the compressed state, areas per monomer unit of the order of 3 A? and
below. Such low values cannot be real and most probably result either from material
dissolution in the subphase or poor spreading at the air—water interface. Indeed, the
isotherms do not appear smooth, which suggests low film stability and difficulties
in forming a true monolayer.

The same system was used to study the interactions between the polymer mono-
layer and a water-soluble protein, bovine serum albumin (BSA) [54]. As could be
expected, an increasing amount of PLA in monolayers considerably hindered BSA
adsorption, as did the increase of PEO length in the block copolymers. However,
many points of this study remain unclear, for example the details of polymer—protein
molecular interactions and the protein concentration dependence. No proof was pre-
sented that the protein was actually integrated into the monolayer, rather than the
interaction being unspecific adsorption (despite PEO—protein repellence), and there
was no discussion on the diffusion limit of protein integration.

The same group showed that pure Pluronics produced reasonably stable
Langmuir monolayers, which seemed, however, to be far from thermodynamic
equilibrium due to the fact that high compression rates were applied [55]. The
monolayers were of liquid expanded character, and a short pseudo-plateau at
12mNm~! was only observed for the polymers with short PEO blocks. This result
does not seem consistent with the interpretation of the monolayer morphology,
where the plateau is described as the result of PEO desorption from the air—water
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interface. For many other PEO-containing polymers studied (see examples above),
the extent of the plateau transition is longer for longer PEO blocks, yet in this case
the overcompression effect and a kinetic trapping of the chains out of equilibrium
are likely to produce the artifact.

Pluronic monolayers were subject to surface rheology investigations at the air—
water interface, both after adsorption from solution and after film spreading [56].
The difficulty in studying spread monolayers from this class of polymers obviously
results from their high solubility, but nevertheless some clues on the elastic film
behavior could be demonstrated. In particular, up to surface pressure values of ca.
10mNm~!, the viscoelastic behavior of spread and adsorbed monolayers appears
identical. At higher pressure, the film behavior strongly depends on the block ratio,
where rearrangements within the interfacial layer and possibly desorption of the
polymer molecules take place.

On the other hand, Pluronic-based pentablocks (ABCBA), where A is
poly(2,2-diethylaminoethyl methacrylate), PDEAM, build stable and reversibly
temperature-responsive monolayers [57]. This behavior, however, was only ob-
served in a narrow pH range, consistent with the pH responsiveness of the terminal
blocks (see Sects. 1.4.3 and 1.4.4). Both pH and temperature enhance the hydropho-
bicity of PDEAM blocks, leading to multiple possibilities for triggering polymer
conformations at the air—water interface. At constant temperature, very high and
very low pH subphase values tend to influence the system most, while at physio-
logical pH of ca. 7.4 the temperature effect is most pronounced. Crossing the lower
critical solution temperature (LCST) changes the hydrophilic—hydrophobic balance
in this material, leading to the formation of more hydrophobic surface aggregates.

1.4.2 Silicon-Containing Block Polymers

Silicon-based polymers have interesting properties for the development of new ma-
terials. They are characterized by high hydrophobicity and low glass transition
temperatures, thus yielding soft materials. Polydimethylsiloxanes, for example, are
known for their oxygen permeability, which leads to their application in biomedi-
cal sciences. Therefore, a number of studies have concentrated on the amphiphilic
self-assembly of block copolymers based on silicon-containing blocks.

For example, siloxane phosphonate ester macromolecules were studied in the
context of molecular rearrangements during film compression at the air—water inter-
face [58]. The authors analyzed thermodynamic contributions to the film stability,
mainly resulting from formation and breaking of the hydrogen bonds between the
phosphate groups and subphase water. Due to the irregular shapes of those macro-
molecular amphiphiles, including multiple side chains and large three-dimensional
hydrophobic parts, their organization at the air—water interface is hindered and a
simple model for molecular packing could not be suggested.

Block copolymers containing a silabutane hydrophobic part were investigated by
surface pressure—area isotherms and X-ray reflectivity [59-61]. Stable monolayers
were obtained, with a typical smooth transition from a pancake to brush-like
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conformation. X-ray experiments clearly show two layers: the melt of silabutane
exposed to the air, and a hydrated layer of poly(2-hydroxyethyl methacrylate),
PHEMA, (containing 29% of water) extending towards water. As expected, the film
thickness increases with increasing surface pressure.

Mixed films of polystyrene-b-poly(ferrocenyl silane) (PS—PFS) and polystyrene-
b-poly(2-vinyl pyridine) (PS-P2VP) were prepared at the air—water interface [62]
and studied in the context of new superstructure formation resulting from the sys-
tem complexity. PS—PFS is, in fact, a hydrophobic copolymer and as such does not
spread on the water surface; however, a certain proportion of this polymer can be
embedded in the monolayer from PS—P2VP. The morphology of monolayers trans-
ferred to silicon wafers was studied by scanning tunneling microscopy, and revealed
a hexagonal lattice of spherical micelles from PS—P2VP (Fig. 5). Similar structures
were observed when polystyrene—poly(4-vinyl pyridine), PS-P4VP, was co-spread
with liquid crystalline 4'-pentyl-4-cyanobiphenyl [63], from PS-P2VP of different
P2VP lengths spread from various solvents [64], and from mixed films of PS-P2VP
with the addition of PS homopolymer [65]. The addition of PS—PFS leads to in-
creased micelle density and the formation of tubular structures, which first coexist
with the micelles and become a prevailing morphology with increasing content of
PS-FS. Interestingly, higher surface pressure favors the formation of tubes and, fi-
nally, of thin wires of very monodisperse dimensions, which can be compacted into
a mesh by application of electric field. Again, such structures on solid surfaces may
or may not be directly correlated with the morphology of a floating monolayer,
and the assumption that they form at the air—water interface remains to be con-
firmed experimentally. In any case, this study demonstrates that a film transfer could
lead to multiple nanoscale morphologies that can be additionally trigged by external
stimuli.

Fig. 5 Morphology of an
L-B film of a PS-b-P2VP
blend transferred to silicon at
10mNm™!; scan size

1 x 1 um. Reprinted from
[62] with permission.
Copyright 2004 American
Chemical Society e
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Fig. 6 Representation of different film organization during PMOXA-PDMS-PMOXA monolayer
compression at the air—water interface. Hydrophobic and hydrophilic blocks are depicted in gray
and black, respectively. Reprinted from [66] with permission. Copyright 2006 American Chemical
Society

The structure of poly(2-methyl-2-oxazoline)—poly(dimethylsiloxane)—poly-
(2-methyl-2-oxazoline) (PMOXA-PDMS-PMOXA) triblock copolymer monolay-
ers was investigated in the context of hosting an amphiphilic peptide, alamethicin
[66]. Compression isotherms, BAM, and lateral film compressibility studies show
that the triblock copolymers at the water surface assume the pancake conformation
at low surface pressure, and that compression causes the PDMS coils to transform
to loops during the extensive plateau region at ca. 15-20mNm~! (Fig. 6). The steep
rise of surface pressure following the plateau corresponds to stretching of the loops
and, finally, of the whole polymer molecules, to yield a thick polymer layer, as
shown by relative light reflectivity measurements. PMOXA-PDMS-PMOXA block
copolymers successfully mimic lipid bilayers in terms of hosting transmembrane
peptides and proteins. Alamethicin, a channel peptide, was found to adopt a similar
aggregation pattern in those polymer monolayers, and the influence of the polymer
matrix prevented the peptide aggregates from early collapse [66]. Additionally,
the excess mixing energy in the polymer—peptide monolayers was lower than in
analogous lipid—peptide films, showing that soft and flexible polymers can be a
proper matrix for biomolecules. Indeed, the insertion of outer membrane protein
F (OmpF), a channel protein, into polymer films depends strongly on the polymer
size, yet seems to be more hindered than insertion into palmitoyl oleoyl phosphaty-
dilcholine (POPC) lipid monolayers [67].

Interesting PEO-containing block copolymers were synthesized by Lee et al.
[68]. These authors attached oligomeric silsesquioxane (POSS) cages to the termini
of a middle PEO block to produce BAB-type block copolymers. The resulting
polymers form stable monolayers, the properties of which depend on the block
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ratio. Brewster angle imaging shows no particular features in the film morphol-
ogy. However, compared to other PEO-containing amphiphiles, block copolymers
studied here are of more liquid-condensed character and do not reveal the typical
plateaus associated with PEO desorption/dehydration. The films remain stable up to
surface pressures above 30mNm~!, where multilayer structures supposedly form,
indicated by heterogeneous features in BAM images. A large PEO fraction, on the
other hand, leads to unstable monolayers as the material desorbs to the subphase
due to increased hydrophilicity. The most interesting feature of POSS-PEO-POSS
films is the arrangement of POSS cages into a bilayer structure at high surface pres-
sure, as evidenced by X-ray reflectivity studies. This packing, however, contributes
to film instability, despite anchoring in water by PEO blocks.

1.4.3 Charged and pH-Responsive Polymers

Several examples of pH-responsive block copolymer monolayers have been
described, primarily formed by polymers containing at least one chargeable block.
For charged amphiphiles, a significant contribution to surface pressure from the
electrostatic term needs to be considered, independently from van der Waals inter-
actions [4]. For example, the strong pH-responsiveness of P2VP-PS—-P2VP [69]
is due to the higher water solubility of P2VP blocks at low pH. n—A isotherms
are shifted to larger areas at basic pH (where the chains are at the interface and
thus occupy larger areas). Interestingly, the formation of “nano-donuts” is observed
after the films are transferred to solid substrates at high pH. The formation of
such structures is supposed to result from kinetic trapping of aggregates during the
monolayer spreading, where PS blocks would form the aggregate core and P2VP
chains, floating at the interface, would build a corona. On the other hand, it remains
unclear whether such nano-donuts indeed form at the air—water interface or during
the L-B transfer due to polymer interactions with the substrate.

A very interesting pH-dependent behavior was observed for monolayers from
polymers carrying oppositely charged moieties: phenylboronic acid and tertiary
amino groups [70]. In this case, condensed films form on pure water, which con-
siderably expand at low pH due to the electrostatic repulsion between protonated
ammonium cations. This electrostatic effect weakens with pH increase and is also
demonstrated by decreased molecular areas.

Polymer brushes at the air—water interface were formed from poly(ethyl
ethylene)—poly(styrene sulfonate), PEE-PSS, diblock copolymers [71]. In this
system, PEE is the hydrophobic part with liquid properties at room temperature,
whereas PSS is the water-soluble polyelectrolyte. Experiments at different salt con-
centrations show a transition from the osmotically swollen to the salted brush, in
which about 90% of the counter-ions remain immobile.

The carpet-brush monolayer structure was also found in poly(isoprene)-
b-poly(styrene sulfonate), (PI-PSS), monolayers, depending on the compression
state and salt concentration in the subphase [72]. The brush formation is con-
trolled primarily by electrostatic interactions, and not so much by steric hindrance,



Amphiphilic Polymers at Interfaces

Fig. 7 PSS (hydrophilic)
layer structure change by salt
concentration: (1) The brush
is not influenced by salt
addition in the bulk at low
concentration. (2) Added salt
ions enter the brush layer and
a screening effect results in
shrinking of the brush chains.
(3) Structural transition from
the carpet + brush to
carpet-only PSS layer by
further addition of salt.
Reprinted from [72] with
permission. Copyright 2007
American Chemical Society
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(2)

with density increasing beyond a threshold salt concentration. It is shown that a
transition from carpet-brush to a carpet-only morphology occurs with increasing
salt concentration (Fig.7) as the hydrophilic portion of the film changes from the
osmotic regime via the salted brush region. Furthermore, film compression leads to
expulsion of ions from the hydrophilic film section, leading to chain extension and

therefore an increase in brush thickness.
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The morphology of poly(tert-butyl styrene)-b-poly(styrene sulfonate) mono-
layers at the air—water interface was studied in situ by microscopy and X-ray
scattering [73]. Although the surface—pressure area isotherms did not reveal any
particular features (plateaus, kinks etc.), microscopy shows reversible interfacial
modulation in the direction perpendicular to the compression direction, above
10mNm~!. This phenomenon is not due to density modulations in the film, but
rather results from film buckling. Because the hydrophilic blocks are charged, it
could be expected that film buckling reduces the electrostatic energy by separating
charges. On the other hand, considering film rigidity, the wrinkling mechanism for
an elastic rigid layer seems more plausible.

Apart from synthetic polymers, peptidic polymers with pH-responsive blocks
were investigated in the context of Langmuir monolayers. In this case, apart
from hydrophobicity differences between different blocks, the monolayer prop-
erties depend on the secondary structure of the individual blocks at different pH.
Hydrophobic interactions between blocks with different secondary structures may
be different, as shown in [74], leading to different molecular packing in the film.

1.4.4 Acrylate-Based Polymers

Block copolymers containing acrylates as hydrophilic blocks are interesting not only
for their surface micellization properties [30, 75], but also because their aggregation
and film-forming characteristics can be regulated by subphase pH and the concen-
tration of counter-ions [76]. The responsiveness of PAA to pH leads to the expansion
of those blocks in the aqueous phase (thus increasing the molecular area) at high pH,
and contraction to a more globular form at low subphase pH [77].

In monolayers of poly(1,1-diethylsilacyclobutane)—poly(methacrylic acid) a very
interesting phenomenon was observed concerning the behavior of the water-soluble
blocks. Namely, Mouri et al. [78] found by X-ray reflectivity that the hydrophilic
layer is divided into two parts of very distinct behavior. Its first part, positioned
closer to the hydrophobic part of the film (and thus closer to the air—water inter-
face), behaves like a dense carpet-like layer, while the second part, immersed deeper
in the aqueous phase, has the character of a less dense polyelectrolyte brush layer.
Additionally, the “roughness” of this diffuse brush layer is considerably larger than
that of the densely packed, upper poly(methacrylic acid), PMAA, layer. This be-
havior is governed by the size of the hydrophilic block: for small PMAA blocks,
a limiting size is observed, below which only a dense, carpet-like layer forms. Ad-
ditionally, it is shown that the thickness of the dense layer is independent of the
surface pressure, while the presence of a brush layer can only be detected at surface
pressure higher than 20mNm~". This could be either due to low X-ray reflectivity
contrast of the diffuse layer, or simply due to the fact that at low surface pressure no
brush-like layer is formed because the hydrophilic chains are fully hydrated in the
subphase. At higher surface pressure, however, the brush layer thickness increases
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with monolayer compression. With the addition of the hydrophobic homopolymer,
only the carpet layer is formed to reduce the interfacial energy of the film [79].

The same group investigated the pH-dependent behavior of the above polymers
[80], and in particular the presence and characteristics of the dense and diffuse parts
of the hydrophilic layer. Interestingly, the monolayer nanostructure was similar at
acidic and neutral conditions; however, at basic pH, long PMAA blocks did not
reveal the carpet or brush structures anymore, due to strong dissociation of weakly
acidic hydrophilic blocks and sodium condensation.

Niwa et al. [77] reported that the mean molecular area occupied by PAA-PS di-
block copolymers is primarily controlled by the size of the hydrophobic block: with
very large PS chains, coiled conformation is assumed, whereas systematic decrease
in length of PS leads to a brush-like morphology of the film. This result is consis-
tent with other studies on acrylate-based diblock copolymers [81], showing that the
hydrophobic block controls the molecular dimensions at the interface, independent
of its chemistry. Interestingly, when monolayers of PEO-PS are prepared and PAA
homopolymer is added to the subphase, a significant influence is only observed
at acidic pH [82]. This suggests strong interactions between PEO and unionized
PAA, explained by reversible interpolymer complexation and formation of hydro-
gen bonds.

A similar effect on PAA hydrophilic blocks takes place when PVP is present in
the subphase at low pH [83]. This particular pH-dependent behavior was further ap-
plied to obtain solid films with pH-controlled permeability to small molecules [84].
Membranes were prepared from ABA-type polyelectrolytes containing PAA middle
blocks and PSS side blocks with the addition of small cationic amphiphiles. The
membranes possessed pH-switchable properties towards hydrophilic molecules,
whereas transport of hydrophobic species was pH-independent. This result is
explained by pH-dependent disturbance of cationic amphiphile monolayers by
the polyion (formation of “pores”), the conformation of which is strongly pH-
dependent.

PS—PAA monolayers turned out to be an excellent “template” for polyelec-
trolyte layer-by-layer (LbL) deposition [85]. In contrast to a lipid monolayer, the
block copolymer film enabled monolayer viscosity measurements after adsorption
of each added layer. In addition, it seems that the viscoelastic properties of the
polyelectrolyte multilayer are dominated by the properties of the underlying block
copolymer monolayer.

Dendronized polystyrene—poly(tert-butyl acrylate), PS-PtBA, polymers produce
stable monolayers, in contrast to dendronized PS—PAA [86]. Interestingly, PS—PtBA
seems to aggregate at the air—water interface into monodisperse spherical structures,
up to a plateau region at 24mNm~!. At higher surface pressures, the film becomes
unstable and large aggregates form. This behavior is due to the fact that both blocks
are relatively hydrophobic, and the amphiphilic balance to allow for spontaneous
film spreading is not present in this material. On the other hand, the hydrophobicity
difference is still sufficient to maintain the monolayer at the free water surface,
without any evidence of large-scale aggregation or collapse. The appearance of
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surface aggregates with a very low aggregation number is explained by the molecu-
lar architecture of dendronized polymers, and the authors suggested that a different
ratio of the two polymer blocks within a dendritic molecule should lead to homoge-
neous monolayers composed entirely of surface micelles.

Poly(2,2-dimethylaminoethyl methacrylate)—poly(methylacrylic acid), PDMA-
EMA-PMAA, block copolymer monolayers were transferred to solid substrates to
produce interlayers for pH-controlled solid supports to host biological species [87].
In this particular case, the pH dependence of the floating monolayers was investi-
gated by in situ titration. At high pH, the slightly hydrophilic PDMAEMA blocks
(in their uncharged state) occupy a larger area at the air—water interface, whereas a
pH decrease leads to protonation and extension of those blocks into water. This way,
the molecular area decreases (at constant pressure), and the blocks segregate to pro-
duce distinct hydrophilic and hydrophobic regions of the monolayer. The resulting
increase of film thickness was confirmed by ellipsometry after film transfer to solid
substrates.

Poly(N-isopropylacrylamide), PNIPAM, is a well-known temperature-responsive
polymer and has also been used as a hydrophilic block. When coupled to PS,
this material produced monolayers at the air—water interface that also show a
temperature-dependent change in the film packing [88]. The film packing is dis-
cussed as a “train” conformation (PNIPAM adsorbed on the interface at low surface
pressure) and as “loops and tails”, which are present at higher surface pressure
(above 24mNm’1), and is characterized by a certain level of immersion of the
hydrophilic blocks in the subphase. It is found that the train conformation is
temperature-independent, whereas the more condensed phase exhibits higher com-
pressibility with increasing temperature. This shows that the temperature-dependent
behavior of this polymer is strongly related to the hydration state of the PNIPAM
blocks.

In summary, Langmuir monolayers are an excellent model for investigating the
principles of amphiphilic organization in systems containing water-insoluble block
copolymers. In particular, details on monolayer morphology can be obtained, and
valuable information is available on the block responsiveness to either environ-
mental stimuli or to the increase in film packing during monolayer compression.
Importantly, the behavior of hydrophilic blocks in water (including dehydration
processes, hydrogen bond formation, carpet/brush organization) can be analyzed
in detail and correlated to the formation of amphiphilic self-assemblies in solution.
Moreover, the monolayer approach is excellent for producing LbL films and mono-
or multilayers on solid substrates. Such thin and organized films on solid supports
are more applicable and thus exceptionally interesting, in particular in the context of
responsiveness to an electric field, controlled permeability, and scaffold production
for tissue engineering.
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2 Amphiphilic Block Copolymers on Solid Surfaces

Surface characteristics of materials are decisive for their performance. The
ever-increasing number of publications on block copolymer-modified surfaces
shows that such modifications impart novel properties to surfaces, which are essen-
tial for the design of tailor-made materials and their specific applications.

The inherent ability of block copolymers to self-assemble into various well-
ordered supramolecular structures makes them attractive for numerous technolog-
ical applications. For instance, thin films self-assembled from block copolymers
have been used as building blocks in nanotechnology and materials science [89-91].
Block copolymers have been employed directly without further manipulation as
nanomaterials [92], or used as self-organized templates for the creation of nanos-
tructured materials [92, 93]. Block copolymer blends demonstrated their applicabil-
ity as patterning templates for the fabrication of well-ordered arrays [94], as well as
for nanoscale manufacturing of more complex patterns [95]. The use of amphiphilic
block copolymers for templating applications has been reviewed by Forster [96].

This section provides an overview of the recent scientific literature on am-
phiphilic block copolymer-modified solid surfaces, including some application ex-
amples. The reader’s attention should be particularly drawn to amphiphilic block
copolymer films and aggregates on planar solid supports. Interesting examples
of other substrates such as nanoparticles [97-99] or carbon nanotubes [100—102]
have been reported as well; however, such contributions will not be the subjects of
this section.

2.1 Planar Thin Block Copolymer Films on (Planar)
Solid Surfaces

Surface modification with thin planar films from amphiphilic block copolymers
yields versatile materials with many potential applications. For instance, the wet-
ting or lubrication behavior can be tuned in a desired way. Additionally, systems
for biomaterials science can be designed. Moreover, such modifications are also ef-
fective in fields like nanoparticle synthesis or membrane mimics. These and more
examples of planar surfaces functionalized with amphiphilic block copolymers will
be presented. Since the possibilities for the preparation of such materials are as
diverse as their potential use, a short section introducing the main preparation tech-
niques will precede this discussion. Generally speaking, either a polymer film or a
film of polymer aggregates can be deposited. In Sect. 2.1, we will discuss the prepa-
ration, structure, and applications of polymer films. The formation, structure, and
application of surface aggregates follows in Sect. 2.2.
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2.1.1 Film Preparation

A widely employed and easy technique for the production of reproducible,
well-controlled, and structurally uniform thin films is spin-coating. This method
was extensively discussed by Norrman [103]. Another deposition method
transfers well-ordered, compressed monomolecular amphiphilic polymer films
(i.e. Langmuir films) from the air—water interface to solid substrates [104]. The
Langmuir monolayer transfer can be accomplished either as vertical L-B transfer
[105] or horizontal L-S transfer [106]. The resulting films possess a high degree
of molecular ordering. Furthermore, thickness and architecture control is achiev-
able via Langmuir monolayer transfer methods. On the other hand, L-B and L-S
transfers may not preserve the Langmuir monolayer structure and, depending on the
polymer—substrate interactions, lead to considerable rearrangements. Examples are
known of micelle formation during film transfer [75] and thin film dewetting [107].
Therefore, the solid substrate must be chosen carefully to minimize undesired and
amplify desired interaction effects.

Physisorption, i.e. physical adsorption, from a selective solvent to a selective sur-
face is a common and simple way to prepare thin polymer films on solid surfaces
[108, 109]. This method is usually employed for reversible immobilization of poly-
mer chains to surfaces. However, due to the rather weak interactions between the
substrate and block copolymers (mostly van der Waals forces or hydrogen bonding),
the polymer brushes are likely to desorb. Desorption can occur upon exposure to
good solvents or the polymer chains can be displaced by other, more strongly bound
adsorbates. Under certain conditions, the films might also be thermally unstable.

Irreversible attachment of block copolymers to solid substrates can be achieved
by grafting techniques involving a chemical bond between polymer and support.
The covalent bond provides the polymer-modified surface with a certain chemical
resistance and robustness. Covalent immobilization can be accomplished either by
grafting-to or grafting-from methods [108]. Grafting-to refers to the attachment of
preformed, end-functionalized polymers to substrates exhibiting adequate reactivity.
This method offers the advantage of precise control and thorough characterization
of the preformed polymers. Prior to immobilization, the chemical structure, molec-
ular weight, and polydispersity can be adjusted. However, high grafting densities
and, thus, high thicknesses are hardly achievable because diffusion of the preformed
macromolecules through the already immobilized polymer chains to the active sites
on the surface becomes more difficult with growing polymer film thickness [109].

This obstacle can be overcome by using the grafting-from approach, yielding
high grafting densities and high film thicknesses [110]. Polymerization strate-
gies for grafting-from were reviewed by Edmondson et al. [111]. As the surface-
initiated growth of (block co)polymers brushes emerged more than one decade
ago, the interested reader is referred to a review and references therein [112].
Other well-established techniques for surface modification, such as drop- or zone-
casting, immersion, vapor deposition, lithography, printing, or stamping, have been
described [113-116] and can also be applied for surface functionalization with block
copolymers.
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2.1.2 Planar Solid-Supported Amphiphilic Block Copolymer Membranes

Rakhmatullina et al. reported the synthesis of amphiphilic triblock copolymers
grafted on gold surfaces [117]. The polymer brushes were composed of two ter-
minal hydrophilic poly(2-hydroxyethyl methacrylate) blocks and a hydrophobic
poly(n-butyl methacrylate) core. As the triblock copolymers were synthesized by
surface-initiated atom transfer radical polymerization (ATRP), a good control over
the brush thickness through the molecular weights was achievable. Molecular
weight, and thus block length, could be easily controlled by varying the poly-
merization times. Gel permeation chromatography and nuclear magnetic resonance
spectroscopy revealed the molecular weight and composition of the block copoly-
mers. Grafted on the substrate, the polymers were investigated by ellipsometry, CA
measurements, and atomic force microscopy (AFM). These analytical techniques
provided information about layer thickness and surface topography. Additionally,
the orientation of methacrylate ester groups directly connected to the polymer
backbone could be preliminarily estimated from the results of polarization mod-
ulation infrared reflection absorption spectroscopy. These measurements revealed
an increase of the chain tilt towards the gold surface during growth of the individ-
ual blocks. Rakhmatullina et al. suggested that the brush orientation is influenced
by the chain length, as well as by interchain interactions. Due to the structural
analogy of this triblock copolymer system to naturally occurring lipid membranes
[118-120], the authors suggested that they could serve as mimics of complex biolog-
ical membranes or a robust platform for sensing applications. Most recently, it was
demonstrated that solid-supported bilayers from diblock amphiphilic copolymers
can be also achieved by a combination of covalent and hydrophobic interactions.
Such largely defect-free bilayers can be produced after consecutive L-B and L-S
transfers [196].

For the preparation of smart responsive materials, Rowe et al. applied a com-
bination of ATRP and reversible addition fragmentation chain transfer (RAFT)
polymerization techniques to produce, among others, PS-PNIPAM and PMAA-
PDMEAMA block copolymer brushes grafted from flat silicon surfaces [121].
The brushes were subjected to different solvents to monitor their rearrangement
properties, which were investigated by CA measurements. The brushes exhibited
rearrangement capabilities in response to different solvents, which is particularly
interesting with regard to the possibility of using microphase separation to impart
novel properties to the material for a wider field of applications.

Amphiphilic triblock copolymer membranes have also been prepared by vesicle
fusion through interfacial adsorption of polyelectrolyte vesicles on different model
substrates [122]. In contrast to the system reported before, PDMAEMA was used as
the hydrophilic block. The resulting amphiphilic polymer self-assembled in aqueous
solution into vesicles of 40-50 nm [123]. Under the experimental conditions chosen,
the hydrophilic PDMAEMA blocks were positively charged. Through electrostatic
interactions, these vesicles could be adsorbed on negatively charged surfaces. A re-
organization of block copolymer vesicles into a thin polymeric layer on neutral,
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highly ordered pyrolytic graphite (HOPG) surfaces could be observed. However,
these films were not stable and started disrupting and dewetting upon drying. In
contrast, negatively charged SiO, and mica substrates induced fusion of adsorbed
vesicles, resulting in the formation of planar supported block copolymer films.

2.1.3 Alteration of Surface Properties Through Modifications
with Block Copolymers

Altering surface properties such as wettability or lubrication through surface mod-
ification with block copolymers is very interesting for industrial applications. For
example, Pluronic triblock copolymers were found to adsorb on hydrophobic model
surfaces such as PS [124] or PDMS [125]. Lee et al. investigated the adsorption of
a series of PEO-PPO-PEO triblock copolymers on a PDMS model surface and
the resulting lubrication properties [125]. The lubrication behavior was strongly
correlated to the adsorption properties of the triblock copolymers on the PDMS
surface. An increase in PPO block molecular weight led to an increase of adsorbed
copolymer amount. Increasing the PEO molecular weight, while keeping the PPO
block size constant, resulted in increased adsorption of the PEO blocks. Thus, both
blocks play an important role for the adsorption and lubrication properties. The
lubrication capabilities of PEO-PPO-PEO copolymers in aqueous media were at-
tributed to the reduction of hydrophobic interactions between PDMS surfaces by
coating the surfaces with the copolymer and facilitating the formation of an aque-
ous lubricating film at the sliding interface. Such systems might find applications
as aqueous lubricants, which are, compared to conventional oil-based lubricants,
environmentally compatible.

Block copolymer coatings for tuning the interfacial properties of PDMS surfaces
also play an important role in biomaterials science because PDMS surfaces are often
employed in biomedical devices [126]. Iwasaki et al. reported the functionalization
of pretreated PDMS films with well-defined triblock copolymers by spin coat-
ing [127]. The polymers were prepared using RAFT polymerization. Hydrophobic
PDMS-based polymers were copolymerized with 2-methacryloyloxyethyl phospho-
rylcholine (MPC). The polymeric coating material was spin-coated on thin PDMS
films and chemically immobilized via hydrosilylation. The block copolymers were
very effective in reducing the surface friction coefficient and improving wettability.

As mentioned above, such materials are promising coatings in biomaterials
science. Therefore, Sect.2.1.4 will be dedicated to the use of amphiphilic block
copolymers for biomedical and biotechnological applications.

2.1.4 Application in Biomaterials Science and Nanotechnology

Thin block copolymer films on surfaces are interesting materials for biomedical
and/or biotechnological applications, e.g. tissue engineering. Their chemical versa-
tility allows for the adjustment of desired properties, such as protein repellence or
adhesion, and biocompatibility. Mostly, biodegradable PLA- or PCL-based block
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copolymers are used as biomaterials. Chemical modifications offer the possibil-
ity of introducing functional (bioactive) groups, which could affect cell adhesion
and proliferation. One possibility is the surface modification of PLA-based sup-
ports by introducing amphiphilic block copolymer derivates. Therefore, Kubies et
al. employed the L-S monolayer transfer technique to prepare well-organized stable
brush structures of amphiphilic block copolymers containing PLA blocks for surface
functionalization of PLA-based biomaterials [50]. Di- and triblock copolymers were
prepared with PLA as hydrophobic block and with varying hydrophilic blocks, such
as PEO or poly(L-aspartic acid). The densely packed block copolymer monolay-
ers were horizontally transferred to PLA-covered, silanized glass slides. Dynamic
CA measurements were used to study the stability and changes occurring at the
modified PLA support upon exposure to water. These investigations aim to reveal
the system’s feasibility for potential applications in tissue engineering. In a further
step, the hydrophilic blocks could be functionalized with special moieties (binding
ligands or charges) protruding into the aqueous medium. This enables cell adhesion
and proliferation upon contact with the extracellular matrix to be influenced.

Even though PLA-based polymers are already widely used biomedical materi-
als, there are still difficulties concerning controlled degradation, material defects
caused by unstable melt viscosity, and high crystallinity causing poor compatibility
with soft tissue. One way to overcome these issues is by altering the polymer ar-
chitecture into branched systems. Recently, the synthesis and characterization of a
PLA-derived linear-dendritic copolymer was reported [128]. Specifically, a triblock
copolymer was prepared by polycondensation of multihydroxyl-terminated PEG
polymers with lactic and glycolic acids. The resulting barbell-like block copolymers
are biocompatible and biodegradable. Floating monolayers at the air—water interface
were transferred by the L-B method to pretreated silicon wafers and investigated by
AFM and CA measurements. Non-homogeneous films resulted, with the hydropho-
bic blocks pointing away from the solid substrate. The degradation properties could
be tuned by the degree of branching. Hydrolytic degradation experiments showed
that the degradation rate increased with increasing number of arms and with de-
creasing arm length. These results could create new possibilities for the use of such
novel polymers as biomaterials.

Another PLA-based amphiphilic polymer exhibiting favorable degradation prop-
erties was presented by Mert et al. [129]. Diblock copolymers with hydrophobic
PLA and hydrophilic methoxy-PEG moieties were prepared. Polymer solutions
were dip-coated from chloroform and toluene solutions onto glass slides. In this
work, a systematic CA (static and dynamic) and surface free energy characterization
of the polymer films was performed. Interestingly, the solvent used for the dip-
casting deposition of the block copolymer films had an influence on the equilibrium
water CA values. If toluene was used instead of chloroform, the CAs decreased. This
effect became even more pronounced with increasing PEG content. This compre-
hensive study revealed more insight into structure-properties relations on the surface
and might improve the understanding of bio- and physico-chemical events occurring
at surfaces of biomaterials.
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Apart from PLA-based polymers, amphiphilic polymers containing fluorinated
blocks are also favorable materials for biomedical applications. Due to their anti-
fouling properties, fluorinated polymers are feasible materials for coatings in bio-
materials science. However, their inert nature hampers chemical modification for
the development of novel materials. In order to alter the properties of fluorinated
polymers, rather harsh conditions have to be employed.

Controlled radical polymerization techniques, such as ATRP or RAFT, of-
fer synthetic pathways for the design of tailor-made fluoropolymers. In a recent
contribution, three different fluorine-containing monomers were polymerized and
copolymerized with fert-butyl acrylate (tfBA) via RAFT [130]. Hydrolysis of the
tert-butyl groups yielded well-defined fluorinated block copolymers with water-
soluble PAA blocks. The copolymers irreversibly adsorbed to non-functional
poly(tetrafluoroethylene) (PTFE) surfaces from a series of organic solvents. X-ray
photoelectron spectroscopy (XPS) revealed that poly(2,3.,4,5,6-pentafluorostyrene)-
block-PtBA, and its hydrolyzed derivative showed the highest adsorption degree
to the PTFE substrate. Receding CA values indicated fast deprotonation of PAA
during the wetting process. Consequently, modification of PTFE with amphiphilic
block copolymers led to a surface with switchable wetting properties: hydrophobic
in air and hydrophilic in aqueous environment.

Martinelli et al. used ATRP to prepare amphiphilic diblock copolymers from
styrene and modified styrene monomers [131]. In order to impart amphiphilic-
ity and low surface energy to the material, styrene monomers were modified with
PEGylated-fluoroalkyl side chains. By introducing the fluorinated moieties, it was
supposed that surface and interface segregation will enhance the organization in
the surface region. In order to investigate microphase separation, thin polymer
films were produced by spin-coating from chloroform or tetrahydrofuran (THF)
solutions onto glass slides or silicon wafers. Films on glass were investigated
by CA and XPS measurements; films on silicon wafers by AFM, X-ray absorp-
tion, and X-ray scattering techniques. Figure 8 shows a tapping mode AFM phase
image of a block copolymer bearing 51 styrene units and 17 styrene units with
PEGylated-fluoroalkyl functionalization. AFM, as well as X-ray scattering mea-
surements, suggest a lying-cylinder morphology of the thin polymeric film with a
nearest neighbor spacing of 20 nm. This approach offers a suitable preparation path-
way for the creation of complex, dynamic surfaces, which are potentially applicable
as biofouling-resistant coatings.

In a related study, these polymeric coatings were used in bioassays to explore
their ability to resist the settlement and reduce the adhesion strength of two differ-
ent marine algae [132]. The films consisted of PS and functionalized PS carrying
amphiphilic fluorinated side chains. The test organisms (macroalga Ulva linza and
unicellular diatom Navicula perminuta) differ in their settlement characteristics and
in their adhesion biology. Consequently, the two species showed different adhesion
behavior on the amphiphilic films. Ulva sporelings (i.e. young plants) exhibited a
much weaker adhesion on the films with a higher content of amphiphilic PS deriva-
tive, whereas Navicula cells adhered weaker to coatings with a lower percentage of
amphiphilic side chains.
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Fig. 8 Tapping mode AFM phase image of styrene-PEGylated-fluoroalkyl styrene polymer film.
Reprinted from [131], with permission from Wiley-VCH 2008

It is known that surface morphology and topography strongly influence the
adhesion strength of biomaterials on polymer coatings. In this case, rearrangements
of the surface structure and changes in roughness after immersion of the films in
water were observed by AFM, which might be the reason for the reported differ-
ences in the biological performance of the polymeric coatings. However, the results
provided by AFM might rather be a hint than a proof for the suggested explana-
tions. As long as deep insights into the chemical processes related to the adhesion
mechanisms are missing, the explanation will remain speculative.

The inherent ability of (amphiphilic) block copolymers to spontaneously self-
assemble into well-defined and adjustable nanodomains can also be used for a
variety of nanotechnological applications, such as nanolithography or nanopattern-
ing [133-135]. Nanostructured templates from block copolymers are an effective
tool for the synthesis of nanoparticles [96] and a few interesting examples are pre-
sented below.

One recent study describes the synthesis of nanoparticles with an unconventional
donut-like shape [136]. In this example, thin films from PS-P2VP-PEQO triblock
copolymers, spin-coated under high humidity conditions, serve as a template for
nanoparticle preparation. Since both the PEO and P2VP blocks can be swollen with
water, the authors suggest that kinetically frozen holes form during this process.
Thus, cavity formation is assumed to take place, which could result in the observed
donut-like structures in the polymer films. The nanoparticle precursors, inorganic
salts, were selectively coordinated to the periphery of the holes and, by applying an
oxygen plasma, donut-like oxide nanoparticles were synthesized under preservation
of the nanostructure. This procedure is schematically depicted in Fig. 9.
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Fig. 9 Nanostructure in a thin film of PS-P2VP-PEO and the fabrication of atypical nanopar-
ticles from the nanostructure. Reprinted from [136] with permission. Copyright 2008 American
Chemical Society

Additionally, spherical nanoparticles could be attached to the donut-like
structures by incorporating other types of inorganic salts to the center of the
holes. This example demonstrates the application of block copolymer templates
beyond the synthesis of typical spherical nanoparticles and proves the potential of
such templates to control the shape and complexity of the synthesized nanoparticles.

Comparable polymer film features were observed by Bolognesi et al. [ 137]. Thin
films were formed from amphiphilic block copolymers with hydrophobic PS and
hydrophilic polyfluorene derivates by the breath figure (BF) technique. Similar to
the example before, a polymer solution evaporates in the presence of wet air. The
films are prepared by casting a small amount of polymer solution in carbon disulfide
on a glass microscopy slide under a flow of moist nitrogen. The thickness of such
films is approximately 10 um. The presence of humidity in the atmosphere is crucial:
as the solvent starts evaporating, water droplets condense on the cooled surface of
the solution, and holes are formed in the film. After evaporation is completed, a thin
film remains and the temperature increases rapidly; thus, evaporating water droplets
produce cavities within the film, and holes on the film surface [138]. In this case,
the BF technique allowed the preparation of thin polymeric films with a controlled
morphology, exhibited by regularly arranged holes on the film surface. Due to their
photoluminescence, such polyfluorene-based films like those shown in Fig. 10 have
been suggested for potential applications in electronic and electrochromic devices.

2.2 Block Copolymer Aggregates on Planar Solid Surfaces

In solution, amphiphilic block copolymers self-assemble into various morpholo-
gies, such as micelles, rods, vesicles, or larger aggregates. A number of factors,
including the structure of the amphiphile (chemical constitution and relative block
lengths of the individual blocks) and properties of the solution (concentration, pH,
temperature, and solvent) affect the size and shape of such aggregates [139].
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Fig. 10 Fluorescence optical and confocal (inset) microscopy image showing a honeycomb-
structured porous film. The average hole diameter is 2.2 um. Reprinted from [137] with permission.
Copyright 2009 American Chemical Society

This section is mainly dedicated to micellar and vesicular structures on solid
surfaces. In particular, current examples of interesting features concerning the mor-
phology and architecture of such aggregates on surfaces will be presented and
discussed.

Some techniques suitable for the deposition of planar thin block copolymer
films, such as spin-coating or drop-casting, are also feasible for the preparation
of surface-immobilized aggregates from amphiphilic block copolymers. They have
been described previously (Sect. 2.1.1); however, one method frequently used for the
preparation of polymer aggregate films, the LbL assembly, will be briefly described
here. LbL involves consecutive adsorption steps of polyanions and polycations from
solution to solid substrates. It is applicable to substrates varying in size and to-
pography. The adsorbates can be selected from a pool of small organic molecules,
polymers, proteins, or particles. In particular, the use of polyelectrolytes rather than
small molecules is advantageous because good adhesion of a layer to the underlying
substrate requires a certain number of ionic bonds [140].

In aqueous media, micelle formation is driven by the minimization of the
interactions between the surrounding medium and the hydrophobic chains, lead-
ing to a core—shell structure with the non-soluble segments situated in the core
and the hydrophilic blocks building the corona. Such nanometer-sized aggregates
are successfully used in different industrial and technological fields like drug de-
livery, cosmetics, or as colloidal stabilizers. A system potentially interesting for
biological engineering was reported by Bougard et al. [141]. The amphiphilic
block copolymers were composed of PDMAEMA and PCL. The hydrophilic
PDMAEMA provided pH and temperature responsiveness, whilst hydrophobic
PCL is biocompatible and biodegradable. Micelles were prepared by adding water
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to a polymer solution in THF. The resulting aggregates were deposited onto freshly
cleaved mica sheets and studied by AFM. Several deposition methods were ap-
plied: the micellar films on mica were either dried under ambient conditions or
freeze-dried before surface investigations. By employing the latter method, micelle
aggregation during solvent evaporation and deformation by interaction with the
substrate can be avoided. Indeed, individual spherical micelles on mica could be
visualized by AFM, proving that the applied freeze-drying procedure effectively
preserved the original morphology of the micelles.

One contribution that made use of the LbL self-assembly of polymeric micelles
also reported the persistence of the micellar structure by AFM investigations [142].
Micellar multilayer films were produced from two different polymers. Anionic
micelles were produced from poly(2,2-diethylaminoethyl methacrylate)-block-
poly(methacrylic acid) (PDEAM-b-PMAA) block copolymers. Here, the PMAA
block is negatively charged at pH 9. Cationic micelles were produced by replac-
ing PMAA block with a PDMAEMA block that was positively charged due to
quaternization, which imparted a permanent cationic charge to the corona-forming
PDMAEMA blocks [143]. Micellar multilayer films were produced on planar silica
by alternate LbL self-assembly from those polymers. By soft-contact AFM investi-
gations at each step of this procedure, micelle-like surface aggregates were clearly
observed, suggesting that the micellar morphology could be retained throughout the
whole multilayer structure.

Electrostatic LbL self-assembly was also applied to the preparation of photoac-
tive nanostructured micellar films on quartz or silicon plates from amphiphilic
poly(sodium styrenesulfonate-stat-2-vinylnaphthalene) and the cationic polyelec-
trolytes poly(diallyldimethylammonium chloride) or poly(allylamine hydrochlo-
ride) [144]. Similar to the examples described before, AFM studies evidenced the
preservation of the micellar structure in the films. Such materials might be inter-
esting for (bio)sensing applications, light emitting and photochromic devices, or
energy conversion systems.

In contrast to these three examples of preserved micellar film morphologies on
solid surfaces, the time-dependent evolution of the shape and height of the deposited
structures on mica has also been reported [145]. Directly after the deposition of am-
phiphilic PI-PEO diblock copolymers on freshly cleaved mica, ultrathin and flat
islands showing asymmetric and/or irregular features were observed by AFM. Due
to the physicochemical properties of the particular PI-PEO polymer, it was assumed
that micelle dissociation took place. However, during exposure to ambient condi-
tions, the mica surface became less hydrophilic and the amount of adsorbed water
decreased. The surface structures observed initially gradually changed from asym-
metric/irregular to circular.

Additionally, a current publication demonstrates that external stimuli, for in-
stance pH, can trigger the surface patterns of the deposited aggregates [146]. Mixed
aggregates of PS-block-poly(L-lysine) (PS—-PLLys) polymers were dispersed in wa-
ter with the aid of a nonionic surfactant, and deposited on HOPG substrates. Since
PLLys is a pH-responsive peptide, it is able to undergo conformational transitions
depending on the pH. Resulting changes in the wetting behavior of the surfaces
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were studied by AFM. At pH 8, the mixed aggregates on graphite exhibit a spherical
geometry and are well separated, whereas at pH 11 the interaction of the aggregates
with the surface changes and a tendency to fuse is noticeable.

Polymersomes, i.e. polymer vesicles, are hollow spherical structures with dimen-
sions ranging from nanometers to hundreds of micrometers. Due to their morphol-
ogy, they can be applied to the encapsulation of various agents or as nanoreactors
for controlled processes taking place in the aqueous core [139].

In a recent work, Rosenkranz et al. immobilized biotin-functionalized PMOXA—
PDMS-PMOXA polymersomes on pretreated glass slides via streptavidin—biotin
binding [147]. The authors showed that these particular polymersomes are ideal
tools for protein folding studies on a single-molecule level. Therefore, fluores-
cently labeled phosphoglycerate kinase was encapsulated during vesicle formation.
Alternating unfolding and refolding transitions were monitored via photoinduced
electron transfer between the fluorescent dye and the tryptophan residues.

Scientific interest in surface-immobilized polymersomes is not limited to their
encapsulation capabilities, as they are fascinating objects to study in their own
right. Lately, a study has been performed in which commercially available, nonionic
Pluronic block copolymers were utilized as vesicle-forming building blocks [148].
The vesicles used in this work are not very stable and tend to aggregate and change
their size within a few hours. In order to overcome these problems, the vesicles
were stabilized with a permanent interpenetrating polymer network from pentaery-
thritol tetraacrylate. These stabilized vesicles were further immobilized on glass or
mica surfaces by Mg?*-mediated electrostatic interactions. Interestingly, the immo-
bilization was reversible and detachment of the vesicles from the surfaces occurred
with increasing temperature. At 35°C, almost all immobilized vesicles were re-
leased; however, up to now, there are merely speculative explanations for this effect.
Responsiveness to external stimuli of the immobilized vesicles was probed by in-
troducing a second, more hydrophilic Pluronic, to the system. Using confocal laser
scanning microscopy, the shape transformation from spherical to cylindrical upon
addition of the more hydrophilic polymer could be visualized, as shown in Fig. 1 1.

Fig. 11 Confocal laser scanning microscopy images: (a) immobilized vesicles containing a
membrane-encapsulated dye, and (b) after Pluronic addition to the immobilized vesicles. Reprinted
from [148] with permission. Copyright 2008 American Chemical Society
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In summary, this section gives an overview of the recent fundamental,
technological, and industrial interest in amphiphilic block copolymer-modified
planar solid surfaces. Apart from the wide range of possible applications, such sys-
tems are particularly interesting for their accessibility to numerous surface-sensitive
analytical techniques, in contrast to systems in solution, for instance. This advan-
tage of amphiphilic block copolymers on planar solid supports allows for deeper
investigations and insight into the fascinating world of self-assembling processes,
resulting morphologies, and the underlying mechanisms. As a consequence, the al-
teration, development, and improvement of surface properties can be accomplished
in a targeted and controlled way. Thinking of contact lenses or medical implants,
polymer-modified materials already play an important role in our everyday lives.

3 Mineralization of Amphiphilic Polymers and Related
Compounds

The previous paragraphs have discussed the structure and dynamics of amphiphilic
polymers at the air—water interface and at solid surfaces. In this section, we will dis-
cuss the use and impact of these functional soft interfaces for studying biomimetic
and bio-inspired crystal growth. Interfaces have been recognized as a key element,
which controls nucleation, growth, growth kinetics, chemistry of the deposited min-
eral, crystal shape, crystal organization, crystal phase, and crystal size. However, the
exact pathway by which the surface or interface controls the mineralization is still
under investigation.

Initially, surfactant monolayers and similar systems were employed for investi-
gating mineralization processes, a development that was spearheaded by Addadi,
Mann and others [149-151]. These developments were also reviewed several times
[152-156]. Although it has been recognized that biological templates are mostly
polymeric, there have been surprisingly few studies on how polymeric surfaces and
interfaces regulate crystallization [81, 157]. These and related studies will be dis-
cussed in the remainder of the text.

3.1 Mineralization at the Air—Water Interface

Although the study of mineralization of polymeric monolayers at the air—water inter-
face is so far not well-developed, there are related studies showing that the chemical
nature of the interface is a key factor in the nucleation and growth of an inorganic
solid beneath organic monolayers [153—155]. DiMasi and colleagues performed a
series of studies on the mineralization of calcium carbonate beneath various fatty
acid monolayers. Using synchrotron X-ray techniques, the authors show that, unlike
earlier hypotheses, there is no indication of an epitaxial or quasi-epitaxial interaction
of the calcium ions and the crystals with the monolayer [158]. Rather, they found
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that crystals nucleated on the stearic and arachidic acid monolayers are not oriented
specifically with respect to the monolayer. Moreover, X-ray reflectivity measure-
ments show that four to eight fatty acid molecules bind to one Ca>*, which supports
the notion that there is no epitaxial growth of the mineral beneath the monolayer. Fi-
nally, the authors show that the escape of CO; is the dominant factor for polymorph
selectivity. This latter statement will have to be reconsidered in light of a recent
study by Gebauer et al., who showed that the calcium carbonate crystal phases are
already selected at the nucleation stage [159].

Zhang et al. used Langmuir monolayers to study the initial stage of nucleation
and crystallization of calcium phosphate [160]. The monolayers used in their study
consisted of dipalmitoylphosphatidylcholine, arachidic acid, and octadecylamine.
The experiments show that the adsorption of calcium ions to the respective mono-
layer is a prerequisite for subsequent nucleation. The authors also demonstrate
that calcium phosphate forms through a multistage assembly process, in which
first an amorphous calcium phosphate dihydrate layer forms, which then recrys-
tallizes to form a crystalline hydroxyapatite layer (Fig. 12). This transformation of
an amorphous phase to a crystalline phase provides direct evidence of a multistep
crystallization process, which the authors claim is similar to the processes occurring
in biomineralization.

Besides calcium carbonate and phosphate, only a few minerals have been studied
with bio-inspired monolayers. Letellier et al. investigated the formation of calcium
oxalate monohydrate at phospholipid monolayers [161]. The authors claim that lat-
tice matching and hydrogen bonding cannot be a dominant factor in the control of
crystal orientation. Rather, non-specific electrostatic interactions, similar to those
reported for calcium carbonate [162], seem to control the crystallization of calcium
oxalate monohydrate.

In support of this, Sommerdijk and colleagues recently reported that an epitax-
ial interaction between organic template and the inorganic phase is not required for
nucleation and growth control [163]. Rather, charge and polarization matching, or
mutual templating effects, play key roles in nucleation and growth. Mutual tem-
plating means that residual mobility of the monolayer enables a more flexible

t ® R : 7
@({az o P043_ ¥ amorphous calcium phosphate () crystalline calcium phosphate

Fig. 12 Schematic of multistep crystal assembly process: (a) increase of the precursor concentra-
tion; (b) formation of amorphous calcium phosphate; (¢) phase transformation from amorphous to
crystalline calcium phosphate. Reprinted from [160] with permission. Copyright 2004 American
Chemical Society
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interaction between the organic and the inorganic. This results in an optimized
surface energy configuration of both the nucleus and the monolayer. Charge and
polarization matching are related to charge distributions in a given system. Besides
Coulomb, polarization and van der Waals forces also need to be considered, but a
quantification of these different contributions is difficult at the moment.

In short, the experiments above suggest that the older hypothesis of epitaxial
interaction [156] is probably not the key interaction governing (bio)mineralization
processes. Indeed, Fricke et al. show that self-assembled monolayers (SAMs) of
highly charged amphiphilic dendron-calix [164] arenes template different calcium
carbonate crystal phases. At high charge densities of 6.7-7.2 COO~ /nm?, vaterite
forms. At lower charge densities of 4.65-5.00 COO~ /nm?, aragonite crystals form
beneath the monolayer. The same authors and other groups [162, 165, 166] also
showed that the formation of calcite with a highly polar [01.2] face oriented towards
the monolayer is favored at relatively low charge densities of 2.0-2.4 COO~/ nm?.

Similarly, Pichon et al. used Langmuir monolayers to investigate the role and im-
portance of nondirectional electrostatic interactions in mineralization [165]. Instead
of calixarenes, they varied the charge density at the monolayers via supramolecu-
lar interactions of bis-urea-based surfactants. By mixing three different surfactants
in different ratios, domains with different distributions of ammonium groups could
be generated. The charge densities did not change at a macroscopic level but were
found to differ at a nanoscopic level. The data by Pichon et al. [165] and by Fricke
et al. [162] thus support the concept of a more complex interaction between the
organic interface and the growing inorganic phase.

Besides the type(s) of interaction (charge density vs. epitaxial vs. others) an-
other effect to consider is internal rearrangement of the template during min-
eralization. Ahn et al. investigated the mineralization of calcium carbonate at
the air—water interface via reflection-absorption Fourier transform infrared (FTIR)
spectroscopy on monolayers of stearic acid, octadecylsulfate sodium salt, and 10,12-
pentacosadiynoic acid (m-PDA) polymerized by UV irradiation [167]. With stearic
acid, calcite nucleates at its (010) face. During mineralization, however, the stearic
acid molecules tilt away from the surface normal to accommodate the geometry of
the (010) of calcite plane. For the octadecyl sulfate monolayers, calcite nucleates
at its (001) face. The hydrocarbon chains become more disordered during min-
eralization to better fit the carbonate spacing in the calcite (001) plane. With the
acidic polydiacetylene m-PDA, calcite nucleates at its (012) face. FTIR measure-
ments show that the alkyl side chains of the polymer reorganize to optimize the
interaction with the (012) calcite surface. These data thus suggest that symmetry
reduction along with stereochemical and lattice matching are important in inducing
the unique co-alignment of the crystalline phase.

One of the major issues associated with the translation of monolayer data into
true biological processes is that many monolayers, such as stearic acid monolayers,
are only loosely related to natural nucleation sites. For example, synthetic mono-
layers such as the ones discussed above often crystallize, which leads to a rather
stiff template. Presumably, this is one reason why epitaxial interactions keep com-
ing up in discussions. Moreover, the density of functional groups in a crystalline
monolayer is much higher than in a natural protein or carbohydrate. Finally, the
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chemistry in biological environments is more complex than that of carboxylic acids
alone. In summary, there are three requirements that need to be fulfilled for near-
biological model surfaces in order to better understand the nucleation and growth
of biominerals: (a) the surfaces must be “softer” than simple fatty acid monolayers,
(b) their chemistry must be more closely related to natural compounds associated
with crystal growth, and (c) the distance between the nucleation sites must be more
closely related to natural systems.

A few attempts towards such templates have been reported, but the situation is
still far from clear. Buijinsters et al. investigated the influence of the chemistry of
organic SAMs by using amide-containing phospholipids [168]. Calcium ions and
amide-containing phospholipids self-assemble into well-defined two-dimensional
domains at the air—water interface, which are templates for the crystallization of
calcium carbonate. Under these monolayers, calcium carbonate crystallized in the
unexpected [10.0] orientation. It is assumed that this preference is related to the high
degree of organization of the SAM and the restricted conformational freedom of the
headgroups in these molecules.

Volkmer et al. used amphiphilic cyclic peptides based on asparagines and pheny-
lalanine. These peptides favor the formation of calcite crystals. Furthermore, in
addition to the “normal” [10.4] faces, a new set of diamond-shaped [01.2] crys-
tal faces formed, depending on the concentration of the amphiphilic peptides. These
additional crystal faces also form in the presence of proteins isolated from sea urchin
spicules or sponge spicules [169]. There, similar calcite crystals were formed with
[01.1] (I = 1-5) faces [166].

In a related study, Cavalli et al. investigated octapeptides consisting of four
leucine and four glutamic acid units with (a) a free amino N-terminus, (b) termi-
nated with dioleoyl phosphatidyl ethanolamine (DOPE), or (c) N-acetyl residues

[170]. All peptides formed stable monolayers, with 189 Az molecule™! for (b) and

61 Az molecule™! for (c). With monolayers of (b), calcium carbonate crystallized as
calcite with two different habits. Apart from a small amount of pyramidal [01./]-
oriented crystals (I = 1,2), a new type of indented crystals nucleated from a [10.0]
face. With monolayers of (c), similar crystals formed, but less efficiently.

The above studies show that although there has been some work on calcium
carbonate mineralization at the air—water interface, we are far from a quantitative
and robust model of how interfaces control (bio)mineral formation. The situation
is even more difficult for other minerals. Calcium phosphate is an equally impor-
tant biomineral, and a number of studies have been done on the synthesis, structure,
and properties of bio-inspired polymer/calcium phosphate materials [154]. How-
ever, there are even less data on the effect of surfaces and interfaces on calcium
phosphate nucleation and growth than for calcium carbonate.

Unlike with calcium carbonate, there are a few computational studies on the
interaction of organic molecules with calcium phosphate. Leeuw and Rabone inves-
tigated the adsorption of citric acid to the (0110) and (0001) faces of hydroxyapatite
[171]. Their molecular dynamics simulations show that, in vacuo, citric acid ad-
sorbs very strongly to the hydroxyapatite surfaces. In solution, citric acid competes
with water molecules at the surfaces. As a consequence, only those surfaces whose
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geometry closely matches with the structure of citric acid are viable adsorption sites.
Indeed the adsorption energy of citric acid on the (0110) surface is much larger
than on the (0001) surface. The differences in these energies are 225.1kJ mol~! and
308.8kJmol~! for vacuum and in solution. These studies show that citric acid can be
an efficient growth inhibitor for the (0110) surface. As a result, the crystal shape of
hydroxyapatite grown in the presence of citric acid would become elongated along
the c-direction.

So far, the only study on mineralization of polymer monolayers was reported
by Casse et al. [81]. They used PAA-block-poly(n-butylacrylate) block copolymers,
which form stable monolayers even at high ionic strength and relatively high and
low pH values of the subphase. With lower concentrations of calcium and phos-
phate, uniform polymer—calcium phosphate hybrid films composed of ca. 40 nm
spherical calcium phosphate particles are formed. At higher precursor concentra-
tion, the films are less ordered with large blocks of material beneath the polymer
monolayer. The key result of this study is that a rather flexible polymer film at the
air—water interface is well suited for the templating of uniform particles with identi-
cal sizes and a high degree of two-dimensional organization. Furthermore, it shows
that low supersaturation of calcium phosphate and a well-defined, non-crystalline
interface are crucial for controlling calcium phosphate mineralization.

3.2 Mineralization at the Air—Water Interface with Additives
in the Subphase

In an extension of the pure monolayer experiments discussed above, admixtures in
the subphase have also been shown to dramatically influence crystallization at the
interface. DiMasi and colleagues showed that PAA present in the subphase affects
the induction time and growth rate of calcium carbonate films from supersaturated
calcium carbonate subphase [172]. The PAA additive was used as a simple model for
the acidic proteins believed to play a role in many biomineralization processes. The
addition of PAA led to a density reduction in the region of the hydrocarbon tails of
the monolayer. The density dropped from pcag/pw /= 0.98 to pcao/pw == 0.7. These
findings indicate interruptions of the molecular packing at the interface, caused by
small amounts of PAA coming to the surface. In contrast to the PAA, the presence
of calcium ions led to an increase in the surface ordering of fatty acid films.

In a further study, DiMasi and colleagues investigated the kinetics of amorphous
CaCOj3 formation at a fatty acid monolayer interface using synchrotron X-ray re-
flectivity measurements [173]. In-situ experiments found three different parameters
that control CaCO3 mineralization in the presence of arachidic acid monolayers,
PAA, and Mg?* ions. Firstly, the crystal growth rate depends on the concentration
of counterions and not on the polymer concentration in solution. Secondly, the sol-
uble polymer only affects the lifetime of the amorphous calcium carbonate. And
finally, the sole effect of Mg?* is to delay the mineral film formation. These data
thus suggest that competitive adsorption (e.g. Mg?* vs. Ca?") is another parameter
to consider in controlled mineralization processes.
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Fig. 13 (a—d) SEM micrographs at different magnifications recorded from BaSOy crystals grown
at the air—water interface with a monolayer of stearic acid in the presence of ethanol. Reprinted
from [174]. Reproduced by permission of The Royal Society of Chemistry

Rautaray et al. showed that BaSO, crystallization beneath stearic acid monolay-
ers is strongly affected by traces of alcohol (Fig. 13) [174]. The reason for this effect
is not understood so far. It is believed that the adsorption of ethanol at the air—water
interface affects the organization of stearic acid molecules, which in turn affects the
interaction of the monolayer with the growing inorganic phase. It has also been sug-
gested that the dielectric constant changes as ethanol accumulates at the monolayer.
This could lead to enhanced barium binding at the monolayer and lead to different
levels of supersaturation and different crystallization rates.

3.3 Mineralization at the Solid-Liquid Interface

Besides the air—water interface, a number of studies have been performed at solid
surfaces, mostly on SAMs. Similarly to the work discussed above, most studies
on the mineralization of solid surfaces were performed with calcium phosphate and
calcium carbonate. There are few studies directly focusing on amphiphilic polymers,
but there are a number of reports that include amphiphilic molecules or polymers in
conjunction with other compounds.
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In a rather technical approach, Sciaratta et al. deposited acrylic acid on
poly(propylene) (PP) via a plasma approach [ 175]. Although the number of -COOH
groups increased with the duration of the plasma treatment, the nucleation of CaCO3
on the modified PP decreased significantly. The authors suggest that the CaCO3 nu-
cleation efficiency is reduced because the specific interactions of the inorganic
material with the carboxylic groups were overcompensated by the influence of the
disordered gelatinous film structure generated by the plasma technique. The porous
gel-like film of PAA showed a non-regular arrangement on PP. The authors claim
that this arrangement could not support LbL deposition of cations and anions. These
data are consistent with other data showing that higher supersaturations are required
for nucleation on gel-like films [176].

A completely different approach for the modification of solid surfaces, which
involves SAMs, has attracted quite some attention [163] and some reports on the
mineralization of SAMs have also appeared [177, 178]. Pokroy and Aizenberg stud-
ied the growth of calcium carbonate on a wide variety of SAMs terminated with
different functional groups [179]. Their SAMs were responsible for two effects.
Firstly, they controlled crystal orientation and, secondly, they modulated the crystal
shape. The authors explain the change of the crystal shape by way of the anisotropy
of lattice mismatch strains between the SAM and the nucleated crystal plane. This
means that the change in crystal shape occurs by adjusting the lattice misfits be-
tween the SAM and the nucleating crystal. Calculations of the mismatched strains
and reconstruction of the crystal shape based on the strain-induced differences in
the growth rates supported the hypothesis.

Aizenberg studied the crystallization of calcium carbonate with the aid of orga-
nized organic surfaces patterned with specific initiation domains on a submicrom-
eter scale to control patterned crystal growth. She used specifically tailored SAMs
of m-terminated alkenethiols micropatterned on metal surfaces by soft lithography.
These SAMs enabled the investigation of various aspects of the crystallization pro-
cess, including crystal size, crystallographic orientation, and morphology selection
[180].

Onuma et al. deposited regular calcium phosphate nanodot arrays on SAMs of
carboxylic acid-terminated thiols. The arrangement of the initial calcium phosphate
nanodots reflects the structure of the thiol surface. After some time, the calcium
phosphate particles become more disordered than in the initial stage. These experi-
ments show that the growth rate and the morphology differ from the initial stage to
the late stage of nucleation [181].

Besides calcium minerals, the growth of a few other inorganic salts on solid
surfaces has also been studied. Silica is another important biomineral [81, 182],
yet it has not been studied extensively in the context of surface mineralization.
Tahir et al. synthesized a new nitrilotriacetic acid (NTA)-terminated alkenethiol,
which can self-assemble on gold surfaces. Using the well-known coordination of
Ni** and NTA, the enzyme silicatein could be immobilized on the surface of gold
nanoparticles. Exposure of these functional particles and control experiments in
the absence of silicatein showed that silica precipitates only on silicatein-modified
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surfaces. Furthermore, the formation of interconnected silica spheres in the vicin-
ity of surface-bound silicatein indicates that its active site is oriented towards the
solution [183].

Although many research groups have studied the effects of acidic moieties on the
mineralization of various inorganics, there have only been a few studies on the ef-
fect of basic polymers [184—186]. In the context of surface mineralization, Schwahn
et al. investigated calcium carbonate mineralization on gold nanoparticles modified
with 4-dimethylamino-pyridine (DMAP). Small-angle neutron scattering (SANS)
experiments showed that at least three different template structures were formed.
The larger aggregates mainly consist of DMAP and the smaller ones consist of
colloidal gold attached to DMAP. After 15h of mineralization, SANS detects an
increased number of larger particles. In contrast, the amount of smaller particles
decreased with further mineralization [187].

Rautaray et al. grew hydroxyapatite on the surface of gold nanoparticles [188].
The gold particles were capped with aspartic acid such that calcium ions could bind
to the carboxylate residues. The authors suggested that upon Ca’>* addition, the
surface-modified gold nanoparticles form aggregates that serve as templates for the
growth of hydroxyapatite. Although this hypothesis was not proven, the data sug-
gest that the morphology of calcium phosphate crystals strongly depends on the
nanogold surface modifier [ 188] (Fig. 14).

DiMasi et al. used two examples of SAMs with variable structural adaptabil-
ity. The monolayers were constructed from bisureido-heptylene surfactants carrying
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dodecyl chains and valine- and glycine-based headgroups [157]. This study showed
that the valine headgroups make the monolayer sufficiently flexible that it rear-
ranges upon calcium ion addition. The mineralization studies showed that with
valine headgroups, calcite nucleates in rhombohedral tablets with modified faces.
SAMs of the glycine-based surfactant undergo no structural change in the pres-
ence of calcium ions, which is why calcite nucleates as polycrystalline particles
surrounding a spherulitic core. DiMasi et al. speculate that the one-dimensional
order and hydrogen-bond-controlled spacing in the valine film has similarities to
protein-based organic matrices in living organisms, which direct biomineralization.

Buijnsters et al. show that a high degree of organization is responsible for the
efficient nucleation growth of [10.0]-oriented calcite, irrespective of the surface con-
centration of the lipid [168]. They assign this preference to the high order in the
SAM, which leads to a correspondingly high order of the functional groups on the
surface. This is caused by the formation of intramolecular hydrogen bonds between
the phosphate group and the phenoxy moiety of the SAM.

Ball et al. used poly-L-lysine (PLLys), poly-L-glutamic acid (PLGlu), and poly-
L-aspartic acid (PLAsp) polyelectrolyte multilayers for the investigation of calcium
phosphate nucleation. The content of PLGlu in the multilayers (0-100%) dramat-
ically affects the lag time preceding crystal growth. Polyelectrolyte multilayers
containing 0% PLGlu induce crystal growth after 475 + 55 min, whereas with 100%
PLGlu crystal growth occurred in a shorter time of 275 #+ 60 min. Furthermore, by
mixing PLAsp and PLGlu in the multilayers, B-sheet formation occurred within the
polyanion layer. The B-sheet content increased with a higher amount of PLGlu un-
til it reached a plateau at a ratio of PLGlu of 40%. Coincidentally, the lag time is
longest at ca. 1100min at PLGlu fractions between 30 and 40% PLGlu, and de-
creases again at larger fractions of PLGlu. The reason for this behavior is not fully
understood, but it is suggested that this effect could be caused by variations of the
surface potential of the polyelectrolyte multilayer or by phase segregation between
regions rich in PLAsp and PLGlu [184].

Leonor et al. synthesized a bioactive polyethylene (PE) by incorporating sulfonic
acid functional groups and by soaking in a calcium hydroxide solution [189]. One
type of PE was soaked in simulated body fluid (SBF) right after sulfonation, while
the other type of PE was treated with calcium hydroxide before soaking in SBE.
Samples treated only by sulfonation did not induce apatite nucleation. When the PE
sample was further treated with calcium hydroxide after sulfonation, apatite formed
after 48 h of immersion in SBF. On the basis of the {-potential and XPS data, the au-
thors proposed a reason for the differences in the mineralization effectivity (Fig. 15).
The first step is the formation of —SO3H groups with negative charges by releasing
Ca”* from the PE. Next is the formation of amorphous calcium sulfate with a posi-
tive charge by combining —~SO3H with Ca®>* ions from the SBF. With the positively
charged calcium sulfate at the surface, negatively charged phosphate ions from the
SBF can combine to form an amorphous layer of calcium phosphate. The last step
is the transformation of amorphous calcium phosphate into crystalline apatite.

Finally, the controlled deposition of other minerals on polymer surfaces with at
least partly amphiphilic character has also been studied. Dutschke et al. investigated
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Fig. 15 Relationship between the changes in the surface structure and the potential of the incor-
poration of —SO3H groups into PE in the apatite formation process on its surface in SBE. Reprinted
from [189]. Reproduced by permission of The Royal Society of Chemistry

TiO, formation on PS surfaces [190]. The study shows that only hydroxy-
lated PS surfaces induced mineralization. In contrast, PS surfaces treated with
H,SO4 or SO3 do not lead to mineralization except for a few TiO, spots. Subse-
quently, Strohm et al. observed TiO; mineralization on PS spheres modified with
poly(dialkyldimethylammonium chloride) [191]. These studies show that (at least
for TiO; ) nucleation and growth on hydrophobic surfaces is not favored. It is neces-
sary to induce hydrophilic sites where nucleation and growth can occur. Moreover,
the chemistry of the hydrophilic surface is a key parameter that governs the details
of the mineralization, similarly to other examples discussed above.

Filmon et al. initiated calcium phosphate mineralization by immobilizing alka-
line phosphatases (AlkP) on PHEMA [192]. The authors also modified the neutral
surface of PHEMA by carboxymethylation and further investigated the mineraliza-
tion process in an in vitro assay that compared the effect of additional carboxylic
acid groups and the effect of AIkP/PHEMA hybrid. In both systems, the formation
of globular calcospherites could be observed. These findings confirm the assumption
that molecules containing carboxylic residues act as mineralization nucleators [193].

Although not specifically related to surface mineralization, two theoretical
studies are also of interest. Schepers et al. investigated the very early steps
of calcite/collagen biomineral formation via molecular dynamics simulation of
teleopeptides mimicking the tail of a collagen fiber protein [194]. Based on the
simulated energy profiles obtained for several putative adsorption sites, quantitative
analysis of protein—ion bonds could be provided. In a nutshell, the data suggest that
proteins have the ability to trap and pre-organize specific ions from the aqueous
solution, and hence promote local aggregate formation.

Yang and coworkers performed a series of simulations on o-D-galactose,
o-D-mannose, O-D-xylose, and o-L-rhamnose, which represent the active side
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chain of coccolith-associated polysaccharides [195]. These polysaccharides control
calcite growth of Emiliania huxleyi. The simulations showed that crystal formation
depends on two main parameters. Firstly, the strength of the binding and the shape
of the resulting crystal are important. The majority of the saccharides bind more
strongly to acute stepped surfaces than to planar surfaces, and most bind more
weakly to obtuse-shaped surfaces. Moreover, crystal formation depends on the ter-
mination of the crystal surface (CO32~ vs. Ca®>*), which directly affects the binding
of the polysaccharide to the mineral. The second influencing factor depends on the
stereochemistry between the polysaccharide and crystal surface. The polysaccha-
rides can influence hydrogen bond formation between solution and surface. In some
cases, the interactions between polysaccharide and surface can block the water and
disrupt its ordering.

In summary, this chapter shows that the interaction between (polymer) surfaces
and inorganic minerals is far from understood, although some interaction principles
can be formulated. It clearly shows that the mineralization is a multistep process.
Furthermore, polarization matching, mutual templating, molecular rearrangements
etc. appear to be key factors for mineralization, not epitaxial interaction between
organic template and nucleating inorganic phase. First studies also suggest that
amphiphilic polymers could be a robust and flexible tool for the study of interface-
controlled mineralization processes.
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