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ABSTRACT: Segregation is a well-known principle for micellization, as solvophobic components try to minimize interactions
with other entities (such as solvent) by self-assembly. An opposite principle is based on complexation (or coacervation), leading
to the coassembly/association of different components. Most cases in the literature rely on only one of these modes, though the
classical micellization scheme (such as spherical micelles, wormlike micelles, and vesicles) can be enriched by a subtle balance of
segregation and complexation. Because of their counteraction, micellar constructs with unprecedented structure and behavior
could be obtained. In this feature, systems are highlighted, which are between both mechanisms, and we study concentration,
architecture, and confinement effects. Systems with inter- and intramolecular interactions are presented, and the effects of
polymer topology and monomer sequence on the resulting structures are discussed. It is shown that complexation can lead to
altered micellization behavior as the complex of one hydrophobic and one hydrophilic component can have a very low surface
tension toward the solvent. Then, the more soluble component is enriched at the surface of the complex and acts as a
microsurfactant. Although segregation dominates for amphiphilic copolymers in solution, the effect of the complexation can be
enhanced by branching (change of architecture). Another possibility to enhance the complexation is by confining copolymers in
a (pseudo-) 2D environment (like the one available at liquid−liquid interfaces). These observations show how new structural
features can be achieved by tuning the subtle balance between segregation and complexation/solubilization.

■ INTRODUCTION

The aim of this feature article is to discuss complexation and
segregation and to illustrate their interplay. These principles are
essential for polymer and soft matter systems, radiating even to
the very heart of biological systems: life is sustained by both
complexation (e.g., double helix of DNA) and segregation (e.g.,
lipid bilayer of the cell wall). Though both principles can be
present in the same system (such as a cell), a competing
scenario between both principles is rarely encountered. In the
following text, we introduce both concepts and discuss possible
consequences in a well-balanced system, where both complex-
ation and segregation compete. The understanding and
exploitation of interactions between polymer chains is one of
the most crucial aspects in polymer science. Polymer
interactions affect all areas in polymer physics, with far-reaching
effects on material properties such as solubility,1 compatibility/
miscibility,2 mobility,3 mechanical properties,4 and the glass-
transition temperature (Tg).

5

Depending on the interactions that are present in the system,
mixtures of polymers, both in the melt and in solution, can

show segregative behavior as well as associative behavior
(complexation). If a polymer preferentially interacts with its
own type, then it phase separates (or microphase separates in
the case of copolymers) by segregation. On the other hand, if
the polymer shows a stronger effective attraction toward
entities other than its own type, then mixing is observed.
Generally, this scenario can be comprehended as a complex-
ation-driven one. In our context, we specifically ascribe the
notion complexation to the preferential interaction of polymers
with other polymers (or at least to the preferential interaction
of polymers with entities other than solvent6−16).
The preferential interaction of polymers with solvent

molecules can be best described as solubilization (though the
underlying principles are the same for complexation and
solubilization17,18). Then, not only the interaction of the
polymer segments with each other but also the interaction of
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the polymer segments with the solvent has an effect on the self-
assembly. For example, in the case of segregating polymers in
solution, self-assembly into micellar aggregates is observed for
amphiphilic (block) copolymers.
By balancing the coexistence of segregation, complexation,

and solubilization, deviations from the classical equilibrium
micellization scheme of amphiphilic copolymers (strongly
segregated blocks with clearly defined interfaces) are expected.
Therefore, the interplay of complexation/segregation/solubili-
zation could provide a pathway to new equilibrium micellar/
colloidal structures (such as core−shell−corona structures) and
functionalities, which would not be accessible otherwise for
conventional binary copolymer systems.
In the following text, we explain the principles of segregation

and complexation and their possible balancing in more detail.
Segregation. When considering different polymers in the

melt, they are only rarely miscible. By combining the enthalpic
and entropic terms of an expanded regular solution theory, the
Flory−Huggins theory provides tools for understanding the
polymer miscibility in polymer blends.19 The theory shows that
the mixing entropy vanishes for reasonable degrees of
polymerization. Because any nonspecific interactions (e.g.,
London dispersion forces) energetically favor demixing,
segregation takes place.
In addition to the demixing of polymers in the melt, the

Flory−Huggins theory also rationalizes the selectivity of
solvents. An extension of the theory also allows the
rationalization of the thermosensitive behavior of polymers.20

The selectivity of the solvent leads to segregation and the
formation of the structures that are well known from the
classical micellization scheme.
An illustration is the self-assembly of block copolymers in

solution into various micellar morphologies, as the use of
selective solvents can lead to microphase separation of the
insoluble component(s) of the polymer. This process is driven
by segregation, as segregating polymers try to minimize the
number of contacts with other components (such as solvent)
but want to maximize the number of contacts with entities of
their own type. The shape of the self-assembled structure is
dictated by the polymer architecture such as the ratio of the
different block lengths in block copolymers. As a consequence,
spherical, star-shaped micelles (core/corona-type micelles),
wormlike micelles, or vesicular micelles are observed in
solution/dispersion by the use of diblock copolymers.21 The
formation of such equilibrium structures is rather well
understood from a theoretical point of view by considering
the contributions of the polymer coil stretching in the insoluble
part, the contribution of steric interactions of solvated chains in
the corona, and the contributions from interfacial effects.22

Many water-soluble polymers phase separate from a
homogeneous solution with increasing temperature. The lowest
possible temperature at which phase separation can occur is
called the lower critical solution temperature, LCST.23 Such
behavior is often ascribed to the entropic gain upon release of
structured water molecules, which are located around polymeric
hydrocarbon moieties at low temperature. One of the most
prominent and well-studied examples among the LCST-type
polymers in aqueous media is poly(N-isopropylacrylamide)
PNIPAM.24 But poly(propylene oxide) PPO (often called also
poly(propylene glycol) PPG), poly(N,N-diethyl acrylamide)
PDEAAM,18 and poly(2-(dimethylamino)ethyl methacrylate)
PDMAEMA also belong to the class of LCST-type polymers in
water. For PPO, the phase transition occurs typically below

room temperature (dependent on concentration and molecular
weight),23 whereas PDMAEMA can have phase-transition
temperatures far above room temperature (low pH increases
the cloud points beyond the experimentally accessible
region).25

Complexation. Even though, according to Flory−Huggins
theory, polymer melts favor demixing, some examples of
miscible polymer couples are known (without microphase
separation), such as the PPO/PDMAEMA couple.26 This
miscibility is due to specific attractive interactions between the
dif ferent monomers (having anchor groups for pronounced
ionic or hydrogen bonding; see also below). Hence, we call
such resulting species complexes or coacervates (in the case of
liquidlike behavior; in the following text, we stick to the notion
“complex”).27

We briefly describe the different types of interactions that can
lead to complexation: ionic, H-bonding, and van der Waals
attraction (including dipole−dipole interactions). Here, long-
ranged ionic bonding is one of the most prominent types of
interaction. An interpolyelectrolyte complex (IPEC)28 is
formed by the mixing of two oppositely charged polyelec-
trolytes (which are polymers with multiple charges along the
chain).29−35 The major driving force for complexation can be
traced back to the entropic gain due to the release of
counterions. As an alternative to ionic bonding, hydrogen
bonding is another effective way to marry two different
polymers. As classic examples, protonated poly((meth)acrylic
acid) (P(M)AA) forms insoluble complexes with poly(ethylene
oxide) (PEO),36 poly(vinyl methyl ether), or poly(4-vinyl-
pyridine).37 P(M)AA is an effective hydrogen bond donor,
interacting also with other hydrogen bond acceptors such as
poly(acrylamides).38,39 Although PNIPAM is immiscible with
structurally similar poly(vinylpyrrolidone), it forms strong
complexes with PAA. Hence, PNIPAM, which as a secondary
amide can be both an H-bond acceptor and donor, has less H-
bond donor ability than PAA. Still, in some cases the H-bond
donor abilities are visible when being offered a more effective
H-bond acceptor such as poly(N,N-diethyl acrylamide)
(PDEAAM).40 As a tertiary amide, PDEAAM cannot act as
an H-bond donor, but the two ethyl groups donate inductively
electron density to the amide bond. Similar effects were
observed for poly(N-vinyl caprolactam) PVCl and PNIPAM.41

Architectural effects on PNIPAM/PDEAAM complexation will
be discussed in the main part.
For more unusual combinations such as poly(styrene) and

poly(vinyl methyl ether),42 poly(styrene) and poly(phenylene
oxide),43 and poly(methyl methacrylate) and poly(vinylidene
fluoride),44 the van der Waals attraction (including dipolar
interactions) can be considered to be an origin of miscibility.
Compared to a polymer melt, the situation is even more

multifaceted in solution. First, the effective interaction
potentials are altered in solution/dispersion by solvent−
polymer interactions compared to the bulk polymer state. We
need to differentiate between strongly and weakly interacting
components. The transition occurs on the order of kBT for
single bead/bead interactions, as will be discussed later. During
complexation, two entities of different polymers form non-
covalent bonds, which lead to hardly hydrated (and often
insoluble) products. Here, an attractive polymer−polymer
interaction must be present as a prerequisite for the creation
of such bonds. Then, solvent−polymer contacts can be
replaced by favorable polymer−polymer contacts, while the
original constituents (e.g., the homopolymers) might be soluble

Langmuir Invited Feature Article

DOI: 10.1021/acs.langmuir.6b04602
Langmuir 2017, 33, 4091−4106

4092

http://dx.doi.org/10.1021/acs.langmuir.6b04602


under the same conditions. Often, the solubilizing groups take
part in polymer complexation (such as ionic groups or
hydrogen bonding entities), aggravating the solubility and
facilitating the precipitation of the complex.
In the following, we call the ratio of the polymeric

components taking part in the complex the complex
composition. A complex in which the complex composition
leads to the highest thermodynamic gain is called a
stoichiometric complex. This is typically the case when each
bond donor has been offered one bond acceptor.
Balancing Complexation and Segregation. After the

introduction of segregation and complexation, we anticipated
that both effects are antagonistic: complexation counteracts

segregation.45 They are mechanistically rather different, which
can be seen when comparing their phase diagrams.45

As addressed before, a specific attraction between the
polymers is required for the complex formation. Still,
segregation can occur as a result of solvent selectivity. Hence,
possible scenarios of amphiphilic systems will be addressed in
the following list alongside nonamphiphilic systems. For
simplicity we focus on cases in the absence of any non-
interacting, solubilizing polymer blocks (such as PEO in the
case of interpolyelectrolyte complexation/IPEC formation).30

Then, the following different general scenarios of binary
mixtures of attractive (complex forming) polymeric compo-
nents in (selective) solvent need to be distinguished:

Figure 1. Possible micellar/colloidal structures obtained after the complexation of one polymer partner with the other part in homopolymer mixtures
(top, a/b cases) and diblock copolymer examples (bottom, A/B cases). Only linear polymers and core/corona-type micelles are shown for tutorial
simplicity (excluding possible branched polymers or wormlike/vesicular morphologies/transitions, which would further broaden the micellization
scheme). For the amphiphilic block copolymers, the actual complexation depends on the interaction energy compared to the interplay of segregation
strength and entropic conformational penalty due to corona chain folding. Completely insoluble polymer systems, such as stereocomplexes of
poly(lactide)s, are not depicted here.
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• Solvophilic case: The homopolymers/blocks are equally
soluble (a/A cases in Figure 1):

• Nonstoichiometric complexes (with possible
structures a2, a3, A2, and A3 in Figure 1):

• One of the polymers/blocks in excess
provides solubility/colloidal stability of the
insoluble complex (IPECs,31,33 some hydro-
gen-bonded polymer,46 and copolymers of
NIPAM and DEAAM within a certain
temperature region40)

• Stoichiometric complexes (structures a5, a6, a7,
A5, A6, and A7 in Figure 1):

• Good colloidal stability/solubility of the
complex is provided by the solubilizing
effect of the complexed partners, which
stay at the surface of the complex (structure
a7/A7, Figure 1)

• Poor colloidal stability/solubility due to
attractive interactions between interacting
polymer components of different colloidal
entities (shown for rather strong complexes
such as IPECs28 but also for weaker
complexes between units of NIPAM- and
DEAAM-containing copolymers within a
certain temperature region;40 structure a6/
A6, Figure 1)

• Case of differing solubilities (amphiphilic case): One
polymer/block is soluble, and the other is insoluble (b/B
cases in Figure 1 with possible core−shell−corona
structures b3/B3 due to balanced segregation/complex-
ation):

• Nonstoichiometric complexes with soluble major
component:

• Excess soluble polymer/block provides
solubility/colloidal stability of the insoluble
complex (one example is the complexation
between PPO and PDMAEMA in the
heat,47 as shown below; structures b2, b3/
B3, and b4/B4 in Figure 1)

• Stoichiometric complexes and nonstoichiometric
complexes with an insoluble major component:

• Colloidal stability/solubility of the complex
is provided by the solubilizing effect of the
complexed partner, which stays at the
surface of the complex (PPO/PDMAEMA
is such an example;47 structures b2, b3/B3,
and b4/B4 in Figure 1).

• Poor colloidal stability/solubility due to
attractive interactions between interacting
polymer components of different colloidal
entities (structure b5/B5 in Figure 1)

• Solvophobic case: Both homopolymers/blocks are
insoluble. Here, most complexes are also insoluble
(prominent examples are stereocomplexes, as for
PMMA48 or poly(lactide)s49)

A summary of the basic scenarios for exemplary homo- and
copolymers is depicted in Figure 1.
The above-mentioned list and Figure 1 discuss the possible

interplay between segregation and complexation, as could
happen in solution-based systems. Binary polymer melt
mixtures lack such variety, though weakly segregating systems
might have similar features.50,51 Considering the solvophilic

component, there can be a competition between solubilization
and complexation for polymer systems containing components
of very different solubilities: although the solvophobic polymer
component segregates from the solvent, the other solvophilic
polymer component can interact both with solvent (possible
structures B2, b1, and b2 in Figure 1) and with the segregated
solvophobic polymer part (possible structures b3/B3, b4/B4,
and b5/B5 in Figure 1). By changing the viewpoint and
considering the solvophobic component, there can be a
competition between segregation and complexation at the
same time: the solvophobic polymer either undergoes total
segregation (toward solvent and solvophilic polymer; b1 and
B2 in Figure 1) or it undergoes complexation with the
solvophilic polymer. Under which circumstances does one
interaction prevail? What will be the structure of the colloidal
entities? Could there be any intermediate situation where both
segregation and complexation are well balanced, and how
would these micelles look? A possible answer to these questions
is also shown in Figure 1b3/B3. Here, a micellar core−shell−
corona structure made of simple diblock copolymers is
postulated, but other morphologies and polymer architectures
can be envisioned as well (e.g., worms/vesicles). They would
further enrich the micellar variety. For instance, the balance of
segregation and complexation could yield micellar multi-
compartment containers52−56 with two different solvophobic
domains only by the use of binary amphiphilic polymers.
However, actual examples of such micellar constructs are rarely
described. This might be due to a lack of profound knowledge
of interaction patterns, which is required to proceed with
advanced macromolecular and micellar engineering to such
well-balanced/subtle structures. Furthermore, it is rather
difficult to predict the morphology of the otherwise segregated
micellar construct:22 whereas the complexation-induced in-
crease in solvophobic volume and the concomitant shift in
solvophobic/solvophilic balance would favor wormlike and
vesicular aggregates compared to spherical core/corona
micelles (analogous to Israelachvili’s packing parameter),57

the possible complexation-induced reduction of interfacial
tension between the insoluble components and solvent would
hint at the opposite direction. Below, we will discuss a specific
example in which the latter contribution is dominant for
branched systems though segregation prevails for block
copolymers.
After making the reader aware of possible extensions in the

general micellization scheme, we will discuss specific examples
in the following text. We will discuss the PPO and PDMAEMA
couple and also the PNIPAM and PDEAAM couple and
compare the experimental results with the results from
optimized58 Monte Carlo simulations.59,60 We dedicate one
section to highlighting the general behavior of PPO with
respect to PDMAEMA before we discuss different measures to
influence the PPO/PDMAEMA interaction. We know that
architectural aspects have a direct influence on the polymer
properties.61 This also includes complexation. However, a full
understanding of the underlying mechanisms with respect to
architecture is missing. This review is supposed to contribute to
this area, emphasizing compositional aspects (monomer
sequence: statistical copolymers vs block copolymers) and
topological aspects (stars vs linear polymers). Because
investigating different interaction strengths gives a more
broad understanding of the subject, we also regard different
types of interaction. As an example, we pick systems governed
by van der Waals interactions and hydrogen bonding. Then, the
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requirements for harvesting weak effective attractions (e.g., for
hydrogen bonding or van der Waals attraction) in dilute
solution and at interfaces are discussed.60

■ IDENTIFYING COMPLEXING POLYMER COUPLES

To investigate the effect of complexation, one first needs to find
polymers that form a complex. Theoretical approaches can help
to find such suitable couples. However, the direct prediction
and application of the Flory−Huggins interaction parameter, χ,
for a certain polymer/solvent and polymer/polymer couple is
sometimes difficult62 because χ is altered by architecture.63

From a practical point of view, other concepts apart from the
Flory−Huggins theory were introduced to predict the polymer
solubility. Hildebrand related the solvent/solvent interactions
to the parameter δ, which is the square root of the vaporization
enthalpy per molar volume.64 The latter is proportional to the
intermolecular attraction. Polymers and solvents with similar δ
values are believed to have similar attractive forces, and
solubility is predicted according to the principle “like dissolves
like”. To relate the solubility to functional groups with different
types of interactions (such as dispersion forces, dipolar
interactions, or H-bonding), Hansen introduced a three-
dimensional space to categorize both solvents and polymers.65

Again, the solubility is predicted for spatial proximity between
the location of the polymer and solvent in Hansen space.
Atactic PPO is an oily, low-Tg viscous polymer, and the

crystallization of PPO is favored when the isotactic content is
increased, leading to solid materials with reduced solubility.66

In contrast, atactic PPO of moderate molar mass is soluble in
very different solvents such as (warm) hexane and (cold)
water.67 This behavior can be termed chameleonic,68 increasing
the expectation that compatibility between PPO and other
polymers can be found.
Beneficially, atactic PPO is known to have a rather large

interaction radius in Hansen space,69 meaning that rather
different solvents are good solvents for PPO and the number of
nonsolvents is rather low.70 There were attempts to predict
such interpolymer complexation leading to (partial) miscibility
with the aid of solubility parameters. By extrapolating literature
data for the Hildebrandt parameter δ, one obtains δ ≈ 17 (J
cm−3)0.5 for PDMAEMA at 25 °C.71 In turn for PPO, the Hoy
concept of calculating δ by regarding additive molar cohesion of
all substituents and backbone components gives δ ≈ 17 (J
cm−3)0.5.72 This value is in accordance with experimental PPO
literature data.73 Hence, the theoretical Hildebrand approach
points to a compatibility of the polyether PPO and the
structurally rather different methacrylate-based PDMAEMA
(Figure 2). Indeed, the bulk miscibility of PPO and
PDMAEMA was demonstrated for their corresponding block
copolymers,26 indicating that both partners are prone to form
polymer complexes under certain circumstances.

We also discuss the monomer sequence61 within NIPAM
and DEAAM copolymers (Figure 3), although the correspond-

ing block copolymers have only a low tendency to segregate
(within certain temperature/concentration regimes, they
provide examples from the top rows of Figure 1: a2, a5, and
a6/A6).74 At the same time, we investigate their thermores-
ponsive properties. These properties are also a direct measure
of the complexation between the NIPAM and DEAAM units.
After discussing such NIPAM- and DEAAM-based copolymers,
we will switch to another segregation strength when turning to
the PPO/PDMAEMA couple (they provide examples from the
bottom rows of Figure 1: B2, b3/b4).47,75 In the following text,
we place emphasis on our own work but also compare related
work from other authors.

■ MONOMER SEQUENCE: COPOLYMERS OF NIPAM
AND DEAAM

Hydrogen bonding is an important parameter in many aqueous
polymer solutions. Intrapolymeric H-bonding is often involved
in LCST behavior76 and UCST behavior.77 As a consequence,
the cloud point of PNIPAM can be reduced by offering a more
efficient H-bond acceptor than PNIPAM itself.78 An efficient
H-bond acceptor requires an increased electron density, which
can be provided at a PDEAAM carbonyl oxygen. Here, the two
ethyl groups inductively donate electron density to the amide
bond.17 Different substitution patterns at the amide nitrogen of
poly(acrylamides) can lead to quite different cloud points.79

But even though PDEAAM lacks the polar secondary amide
proton of PNIPAM and conveys an additional carbon atom per
monomeric unit, both polymers phase separate close to 32
°C.23 The reason for the almost identical LCST of PDEAAM
and PNIPAM might be enhanced H-bonding, even to water.
With this background, one would expect rather invariant cloud
points upon copolymerizing acrylamides NIPAM and DEAAM,
but a synergistic effect can be observed for copolymers of
NIPAM and DEAM.78

In this context, the influence of the arrangement of segments
along the polymer chain needs to be addressed. Is mere
connectivity sufficient to trigger the synergistic behavior, or is
spatial proximity required? A block copolymer would suffice for
the connectivity criterion, whereas a statistical copolymer
provides a close prearrangement of the interacting sites.
Therefore, copolymers with similar molecular weight were
prepared by controlled radical polymerization. At the same
time, copolymers with a blocklike arrangement and statistical
arrangement were compared to their homopolymers.74

The homopolymer mixtures were reported as being
unaffected by the presence of the other partner, yielding
phase-separation temperatures close to those of the pure
homopolymers.40 The block copolymers phase separate at
temperatures that are close to those of the homopolymers,
showing that mere connectivity is not sufficient to induce
complexation. In contrast, statistical copolymers of PNIPAM

Figure 2. Structure of poly(propylene oxide) PPO and poly-
(dimethylaminoethyl methacrylate) PDMAEMA.

Figure 3. Structure of poly(N-isopropylacrylamide) PNIPAM and
poly(N,N-diethyl acrylamide) PDEAAM.
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and PDEAM showed a pronounced synergistic depression of
cloud points.78 A 1:1 copolymer exhibits phase separation at 20
°C instead of the expected 32 °C (Figure 4). Naturally,
preferred hydrogen bonding between the two interacting
species is proposed as an explanation for attraction between
the species, leading to complexation.80 This indicates that
connectivity as such is not the only reason for the depression of
the cloud points.
It turns out that the block copolymers behave like an ideal

mixture of homopolymers. This is seen by IR analysis of the
temperature-dependent amide I′ band (Figure 5, left side),
which can be divided into subbands. For the block copolymer,
the subband fractions resemble the arithmetic average of the
PDEAAM and PNIPAM homopolymer fractions. By this
calculation, each homopolymer contributes to the subband
according to the composition of the copolymers when possible
synergistic effects are absent. Hence, the block copolymer
shows the behavior of the ideal PDEAAM and PNIPAM
mixture, and the statistical copolymer deviates from the ideal
curves.
There is no direct evidence for a zipping mechanism between

the different blocks (structures A2 and A5 in Figure 1). The
rather weak interaction between NIPAM and DEAAM does not
pay for the loss in conformational entropy upon intramolecular
folding of the NIPAM-based block to the PDEAAM block. In

contrast, the spatial proximity between DEAAM and NIPAM
units within the statistical copolymer provides a good condition
for enhanced interaction. These observations and interpreta-
tions indicate that the local (mutual) concentration between
weakly interacting partners is essential for the interaction.
In sum, these experiments show that the preferential

interaction between NIPAM and DEAAM units can be best
harvested in a statistical copolymer. A strictly alternating
polymer of DEAAM and NIPAM is hardly accessible; one
might expect that the alternating sequence could even prevail
over the performance of the statistical one. In contrast, the
block copolymer prevents the synergistic interaction between
the two constituents.
By simulating a simple coarse-grained model consisting of a

generic polymer made up of A and B beads, which attract each
other, we were able to obtain deeper insight into the
aforementioned system.59 Comparing the properties of an
alternating (as an approximation for a statistical copolymer)
and a diblock copolymer gives insight into the processes
involved in the complexation of the DEAAM/NIPAM
polymers. These simulations show that within an alternating
copolymer the collapse of the polymer is visible at very small
attractive interaction potentials (Figure 6). In contrast, the
diblock copolymer is unaffected until a considerably larger
interaction potential is applied. Above a certain threshold (∼0.5

Figure 4. Typical phase diagram for copolymers of NIPAM and DEAAM as a function of the NIPAM mole fraction x (adapted from ref 40 with
permission from Elsevier).

Figure 5. Temperature-dependent IR spectra of the amide I′ band of a statistical copolymer (left) and the temperature-dependent contribution of
the subband at 1600 cm−1 for the homopolymers (red PDEAAM, blue PNIPAM), their theoretical arithmetic average (red dots with blue interior),
the statistical copolymer (purple line), and the diblock copolymer (pink squares; adapted with permission from ref 74).
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kBT), the diblock copolymer is even more effective in arranging
an internal complexation than the alternating copolymer. This
can be explained by the many mutual contacts available upon
looping back. Despite the spatial proximity of comonomers in
an alternating copolymer, a large number of mutual contacts are
already prearranged along the chain. These next-neighbor
contacts, however, do not increase the number of newly
arranged, attractive contacts, which would have been expected
upon conformational reorganization. Because of complexation,
this precollapsed state of the alternating copolymer makes the
transition to an insoluble collapsed structure more favorable.
This explains the experimental results for the statistical
copolymers.
We conclude that statistical copolymers are capable of

harvesting weak interactions, whereas the complexation is even
more pronounced for diblock copolymers at intermediate
interaction energies (we define the border between strong and
weak interaction at ∼1 kBT; ionic interactions can be more than
1 kBT). These observations are in line with the experimental
results. By the aid of the transition-temperature decrease, a
destabilization of the soluble structure of the statistical
copolymer compared to that of the block copolymer can be
estimated to be on the order of 0.03 kBT. In the statistical
copolymers, the weak attraction between DEAAM and NIPAM
is sufficient to render such a destabilization, whereas the block
copolymers are not suited for harvesting the synergistic
behavior.

■ POLYMER TOPOLOGY: COPOLYMERS OF PPO
AND PDMAEMA

We have already learned that statistical/alternating copolymers
are efficient in harvesting very weak mutual attractions between
the different monomeric units. This was shown for DEAAM-
and NIPAM-based copolymers. To enhance the effect of
segregation, we turn to the PPO/PDMAEMA couple, where
PPO forms hydrophobic aggregates in the heat. However,
statistical or even alternating copolymers of propylene oxide
PO and dimethylaminoethyl methacrylate DMAEMA are not
available with the current synthesis toolbox. Only blocklike
polymers, which are also favorable for efficient segregation, are
available. Hence, measures other than statistical copolymers

need to be taken in order to harvest the effects of the weak
attractive forces between PO and DMAEMA units. One of the
successful measures is the introduction of a branched
architecture.81 Hence, the solution properties of a star-shaped
copolymer82 were compared with those of the corresponding
diblock copolymers in order to study the effect of topology. So-
called miktoarm stars are compared to related combinations
such as PPO-b-PDMAEMA and PPO-b-PEO with similar block
lengths as in the miktoarm star.75 Miktoarm stars are star-
shaped polymers where different polymeric constituents are
linked by one central core.83

Interestingly, hardly any attention was paid to the PPO/
PDMAEMA interaction until 2011, when their bulk miscibility
was discovered.26 Though studies of PPO- and PDMAEMA-
containing systems in dilute aqueous environments are
available, none of them mention any preferential interaction
between both partners.84,85 Hence, special requirements are
needed to induce a complexation between PPO and
PDMAEMA in dilute media. This is due to a rather weak
attractive interaction. Then, advanced macromolecular archi-
tecture is essential to harvest this interaction in dilute aqueous
solution. Hence, architectural effects on polymer−polymer
complexation are one important aspect in this review as we try
to answer the question of whether PPO segregation or PPO/
PDMAEMA complexation prevails in PPO- and PDMAEMA-
derived copolymers. Here, the three-dimensional connectivity
of the chains comes into play by addressing the topology of
polymers at the same time.86 Note that the introduction of
branching (as achieved by taking star-shaped, brush-shaped, or
hyperbranched/dendritic polymers) also increases the number
of end groups, which might affect Tg and the overall solubility
of the macromolecular construct.87

For PPO/PDMAEMA, the exact origin of complexation is
still under debate. We assume that rather short-ranged van der
Waals forces (such as dipolar interactions) are important.
Amplified by crystallization, these van der Waals forces are
often the reason for the interaction between polymers of
different tacticity, leading to stereocomplex formation.
Syndiotactic and isotactic polymers precipitate simultaneously
from a common solution, as is known for PMMA48 and poly(L-
lactide)/poly(D-lactide).49 Stereocomplex formation between
chemically different polymers is rather rare.88 In this case, they
form so-called heterostereocomplexes. A similar mechanism
cannot be excluded for the complexation of atactic PPO with
atactic PDMAEMA on a more local level. Then, the attraction
of certain triads in the PDMAEMA backbone (such as mr
triads) to a certain configuration or conformation of PPO
might facilitate the interaction, as indicated by NMR.47,75 In
turn, the solubilizing noncomplexing dimethylaminoethyl
groups of PDMAEMA are still available to provide colloidal
stability,25 which also explains the low interfacial tension of the
PPO/PDMAEMA complex toward water.47

The evolution of hydrophobic domains with temperature was
investigated for all polymers. PPO is a thermoresponsive
polymer with a rather low transition temperature,23 and
PDMAEMA has higher transition temperatures, dependent
on pH (here close to 55 °C).89 At low temperature, all of the
involved polymers are supposed to be well solvated and soluble.
Then upon heating, PPO is expected to become insoluble first.
We trace the evolution of the hydrophobic domains with

suitable probes, such as pyrene and 4-(dicyanomethylene)-2-
methyl-6-(4-dimethylaminostyryl)-4H-pyran (4HP). Pyrene is
a well-known fluorescent probe for the detection of hydro-

Figure 6. End-to-end distance in units of the bead diameter σ of a
terminal 100-bead section as a function of the interaction parameter ε
for 1:1 diblock copolymers (black filled symbols; each block is 100
beads long) and for strictly alternating copolymers with an A/B ratio
of 1:1 (blue open symbols; total length 200 beads; adapted in part
from ref 59 with permission from Wiley).
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phobic surroundings. The intensity of vibrational subbands I1
and I3 is affected by the surrounding polarity (leading to
changes in I3/I1). 4HP detects a hydrophobic environment by a
virtual shifting of the emission peak (by different contributions
of two overlapping, broad emission peaks).90 A nonpolar
environment causes a decreasing wavelength λmax at the
maximum in the emission spectrum. By taking λmax, the
formation of hydrophobic domains (as in the form of micelles)
can be traced (Figure 7). Each dye has advantages and

disadvantages. For example, 4HP is more insensitive to
fluorescence quenching because of the presence of tertiary
amine groups, which can be an issue for pyrene. In turn, pyrene
gives a more gradual response due to gradual changes in the
intensity of the subbands, whereas λmax of 4HP could provide a
more stepwise transition (on−off/digital) due to the dominion
of one of the subbands. In the following text, we concentrate on
4HP measurements and a qualitative picture, whereas later a
quantitative comparison with simulations is based on the
analysis of the pyrene response.
For both block copolymers PPO-b-PEO and PPO-b-

PDMAEMA, λmax is close to the value of 4HP in pure solvent
at temperatures of around 0 °C, meaning that both the
fluorescent dye and polymer are well solvated. λmax drops above
5 °C, which indicates the evolution of the first hydrophobic
domains. This could be caused by assembled polymer
(micelles) or even by unimolecular micelles, which consist
only of one polymer, hosting a shielded hydrophobic domain.
Finally, λmax levels off at approximately 15 °C.
The behavior of miktoarm star PEO-(PDMAEMA)3.1-PPO is

different (the PEO arm is noncomplexing but acts as a
reference for all experiments; see also below).47 The single
constituents are soluble at low temperature, and the star-
polymer solution exhibits nonpolar, hardly solvated domains at
these temperatures. This is demonstrated by a rather low λmax
value at 1 °C. This unexpected behavior can be traced back by
different techniques. IR spectroscopy of the carbonyl stretching
vibration shows features of a nonpolar environment at low

temperature.75 The PDMAEMA groups are apparently involved
in some type of complexation. NMR showed a decreased
intensity of both PPO and PDMAEMA signals in the star
polymer (compared to the unaffected PEO signal), which is in
favor of complex formation between PPO and PDMAEMA.
Most striking is probably the analysis of the fluorescence data
(Figure 7), whose λmax can be interpreted as the arithmetic
average over the signal of entrapped dye and the signal of dye
dissolved in the bulk solution. Upon heating, the partitioning
changes according to the involved thermodynamics. The
equilibrium constant for dye uptake into the hydrophobic
domain can be extracted, and with such temperature-dependent
data at hand, the entropy and enthalpy of dye uptake can be
derived by the help of the van’t Hoff equation.91 Then it turns
out that the thermodynamic parameters for dye uptake are
identical for both the PEO-b-PPO micelles and the PPO-b-
PDMAEMA micelles. That means that in both cases the
chemical environments in the micelle interiors are the same.
They possess a PPO-dominated core, and hence PPO
segregation prevailed for the micellar PPO-b-PDMAEMA/
water system (structure B2 in Figure 1). Still, we are rather
close to a balance of segregation/complexation, which is seen in
the following fact: in contrast to the diblock copolymers, the
miktoarm star does not provide a pure PPO domain but a
different microenvironment in aqueous solution. This can be
explained by the presence of a complex, altering the polarity of
PPO by mixing with PDMAEMA (equivalent to structures B4
and B5 in Figure 1).
These results show that the local segment density is again

essential for the effectiveness of complexation (or the
effectiveness of a weakly attractive pair potential). The loss in
conformational entropy does not allow an efficient folding of
one block to the other block in the case of weak attraction
between the different parts in block copolymers. However,
hardly any back bending is required for the different arms in the
miktoarm star, as the interacting sites are close anyway
(especially at the core of the star). The increased mutual
segment density within the miktoarm star enhances the
complexation. By analogy, polymers with PPO grafts along a
PDMAEMA backbone might also lead to complex formation:92

a comparison of the NMR in good (chloroform) and selective
solvent (D2O) shows a considerable reduction in the signal for
PDMAEMA in comparison to PPO when changing the
solvation from organic to aqueous solution. This is despite
the fact that PDMAEMA should be soluble and PPO should be
insoluble under the conditions used.
Simulations allowed us to rationalize these results on

miktoarm stars and diblock copolymers. We saw before that
an alternating arrangement renders an enhanced interaction
between the attractive partners at low interaction energies.
Similarly, the miktoarm stars enhance the complexation
compared to that of the corresponding diblock copolymers
(Figure 8). In the model, one arm (B, in our context PPO) is
kept the same throughout all simulations. For the other arm
type (A, in our context PDMAEMA), the length (in the case of
the diblocks) or the number of arms (in the case of stars) is
varied. The behavior of the B arm was investigated by
comparing miktoarm stars to diblock copolymers with the
same molecular weight and composition. Upon increasing the
arm number at very low attractive interaction energies ε, there
is an increase in the end-to-end distances of both A and B arms
compared to the situation in the diblock. This is a direct
consequence of excluded volume effects. However, upon

Figure 7. Fluorescence spectroscopy of different polymer solutions in
pH 8 buffer (+ 0.1 M NaCl) showing the wavelength at the emission
maximum λmax of 4HP as the probe (10−6 M; λexit = 470 nm, λem =
480−750 nm); assignment: 1.0 g/L PEO114-(PDMAEMA90)3.1-PPO69
miktoarm star polymer (red, open hexagons; indices assign the degree
of polymerization and the arm number respectively), 0.4 g/L PPO69-b-
PDMAEMA100 (blue, open squares), 0.16 g/L PEO114-b-PPO69 (black,
open circles), and for comparison pure PPO69 (without solvent;
downward-directed gray triangles) and pure solvent (without polymer;
upward-directed gray triangles; for all, heating 20 K/h; lines are a
guide to the eye; reprinted with permission from ref 47).
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increasing the strength of the attraction between A and B beads,
the collapse of the B arm in the miktoarm star is more
pronounced than the collapse of the B block in the diblock
copolymer. For the block copolymers, the collapse of the B arm
is hardly affected by any excess length of the A arm (the diblock
copolymers show all the same behavior for the B arm), but the
increase in the arm number strongly affects the conformation of
the B arm. This is a direct indication of the enhanced
complexation between A and B in the miktoarm star.
By systematically varying the composition and the topology

in both the experiment and the simulations, we gained better
insight into the internal complexation behavior. The content of
PDMAEMA (A beads) was changed within one type of
topology, whereas the topology was changed at constant
composition. Hence, diblock copolymers and miktoarm star
polymers with different arm numbers and block lengths were
investigated. To further improve the comparability between
both methods, we performed fluorescence experiments with
pyrene as a probe molecule, which is able to reflect more
gradual changes in the complexation behavior.93

The fraction of complexed PPO was extracted from the
simulations. Most strikingly, the experimental I3/I1 ratio at low
temperatures shows the same relative trends as the fraction of
complexed B beads in the simulations (Figure 9). Hence, the
fraction of complex from the simulations correlates to the
pyrene fluorescence response of these polymer solutions. As
another important finding, we see now limited complex
formation for the diblock copolymers, which seems to
contradict the 4HP results. Therefore, it is reasonable to
assume that the 4HP method underestimates the complexation
in the case of diblock copolymers. Here, the pyrene method
gives larger values for the content of the complex (or the
content of complexed PPO), which are well in line with the
simulation results. Nevertheless, the 4HP results nicely reflect
the general trends, which were also corroborated by the pyrene
method and the simulations: higher branching and a higher
content of PDMAEMA (A beads) favor complexation and lead
to an increased amount of PPO (B beads) in the complex.

Such enhanced complexation (in the miktoarm star) can
have far-reaching (and amplified) effects, as will be discussed in
the following text for the structure of these hydrophobic
entities (micelles). After having learned about the special
interaction of PDMAEMA and PPO within these polymers, the
aggregation behavior with temperature needs to be addressed.
This question was answered using scattering methods, mainly
with a combined dynamic light scattering (DLS) and static light
scattering (SLS) approach but also with small-angle X-ray
scattering (SAXS). The DLS and SLS combination allowed not
only the extraction of the different hydrodynamic radii for a
complex multicomponent system but also the extraction of the
amount of scattered light originated from each scattering entity.
Under certain conditions, one would expect the coexistence

of unimers and micelles. This is also true for our system, but so-
called loose aggregates in the size range of 100 nm are also
detected. Their overall contribution is small, though the
amount of light they scatter can be considerable because of
their large size and molar mass. Such loose aggregates were
often observed for water-soluble polymers, and their origin is
still under debate.94,95 By the help of this combined DLS and
SLS attempt, we were able to extract the scattering intensity of
the unimers and micelles alone or in combination with the
loose aggregates, whose reorganization can be followed by the
same method (Figure 10). This was achieved by extrapolating
to low angle for each temperature. The obtained extrapolated
scattering intensity (as red bars) for each species correlates
directly to the product of mass concentration and molar mass
(according to the Zimm equation).96 By certain assumptions, it
can be translated into a mass contribution (blue bars in Figure
10). Generally, scattering from unimers (hydrodynamic radius
Rh ≈ 5 nm) can be seen up to approximately 20 °C for a PEO-
b-PPO solution.75 At higher temperatures, the unimers
aggregate into micelles (their scattering increases), and the
scattering of the loose aggregates decreases. In contrast,
unimers are detected up to high temperature for the miktoarm
star, though the polymer contains hydrophobic domains even at
very low temperature (Figure 7). It turned out that
approximately 99% of the miktoarm stars are present as
unimers (even up to 49 °C). This result was corroborated by an
independent determination of the average aggregation number
Nagg using a fluorescence quenching approach.97 Hence, it is

Figure 8. End-to-end distance of the polymer arms as a function of the
interaction parameter ε for star polymers with 1 (black circles), 3 (red
open triangles), 5 (red open pentagons), and 7 (red open diamonds)
A arms (all arms for stars: N = 100 beads each) and end-to-end
distance for diblock copolymers with N = 100 (black circles; in total
200 beads), N = 300 (black filled triangles), N = 500 (black filled
pentagons), and N = 700 (black filled diamonds) A particles. Most
symbols for the diblock copolymers overlap. (Adapted in part from ref
59 with permission from Wiley.)

Figure 9. Comparison of the simulated fraction of complexed B
particles (∼PPO beads in the complex) at ε = 0.6 kBT (full symbols,
left axis) to the experimentally measured hydrophobicity (I3/I1 at 1 °C,
open symbols, right axis; reproduced with permission from ref 93.)
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quite surprising that the PEO-b-PPO aggregates into micelles
with an approximate Nagg of 200 (as assessed by SAXS),
whereas the introduction of three more soluble arms reduces
Nagg to unity. Another scaling approach helps us to understand
this observation.
We need to address the influence of a varying arm number

on Nagg, when the arm number of the soluble component is
changed (here, differences in PDMAEMA and PEO are
neglected because of their similar arm lengths). One would
expect a decrease in the aggregation number by increasing the
number k of soluble grafts due to increasing spatial demands of
the soluble component. This can be quantified theoretically by
a scaling approach (Nagg ≈ k‑3/5) when assuming the presence
of spherical (core−corona-type) micelles (as observed in our
system).47 Then, the aggregation number should drop from
about 200 to approximately 90 when increasing the arm
number k from 1 to 4. Hence, the spatial demands inside the
corona of the proposed miktoarm star micelles cannot explain

the drastic reduction in Nagg. This corona effect is even less
pronounced when assuming complexation. The only parameter
that enters the scaling and can explain the drastic reduction in
aggregation number is the interfacial tension between the
complex and bulk water. And indeed, experiments at higher
concentrations of both homopolymers revealed the beneficial
role of PDMAEMA, covering the complex and reducing its
surface tension considerably. Because PDMAEMA is more
soluble than PPO, it stays at the surface of the complex and acts
like a microsurfactant (possible structures b2, b3, and b4/B4 in
Figure 1; see also Figure 11). Therefore, the soluble component
transfers its solubility to the complex, which becomes well
dispersed. Here, major aggregation is prevented and colloidal
stability is provided. Hence, we conclude that the complexation
between an insoluble and soluble homopolymer in most cases
increases the colloidal stability of stoichiometric complexes,
whereas the complexation between equally soluble polymers in

Figure 10. Comparison of the intensity of scattered light (extrapolated to q → 0; red, open striped bars) with the mass concentration by use of a
scaling approach (blue full bars); the left diagrams are at 5 °C, and the right-hand side is obtained at 49 °C. Top row: PEO114-b-PPO69. Bottom row:
PEO114-(PDMAEMA90)3.1-PPO69 (adapted from refs 47 and 75 with permission from the American Chemical Society and the PCCP Owner
Societies, respectively).

Figure 11. PDMAEMA acting as a complexant and as a microsurfactant (right-hand side), leading to a colloidal stabilization of PPO in the aqueous
phase (images; left vial, 5 wt % PPO in water; right vial, additional 5 wt % linear PDMAEMA; optical micrograph of the same dispersion; all images
taken at room temperature; reproduced from ref 47, copyright 2012 American Chemical Society).
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a stoichiometric ratio often decreases the colloidal stability (as
seen for NIPAM/DEAAM-containing copolymers).74

We also conclude that the starlike architecture promotes
induced, internal complex formation (analogous to structure B4
in Figure 1), which overcomes the tendency to segregate, which
is otherwise encountered in the PPO-containing block
copolymers (B2): both PPO-b-PDMAEMA and PEO-b-PPO
form micelles with PPO in the core without any indications of
complex formation at high temperature. However, the
fluorescence data shows a slightly more hydrophobic complex
on the edge of PPO insolubility at low temperatures before
segregation and micellization occur.
There are also some indications that segregation prevails for

complexes of other PPO-containing complexes such as block
copolymers of PPO and PAA,98 which can undergo hydrogen
bonding. For PAA-b-PPO-b-PAA, a reentrant transition was
reported upon heating. The solutions become turbid (probably
at the beginning of the PPO transition, also inducing the
complexation between PPO and PAA at low pH), and further
heating leads to clear solutions, which could be micellar
constructs with PPO in the core.98 Hence, these polymers
could behave analogously to PPO-b-PDMAEMA, with the
difference being that no pronounced turbidity is visible for
PPO-b-PDMAEMA below the transition of PDMAEMA. This
might be caused by the stronger hydrogen bonding between
PPO and PAA compared to the interactions of PPO and
PDMAEMA. Referring to Figure 1, we therefore postulate a
reversed sequence for PAA-b-PPO-b-PAA: the block copolymer
intermingles upon initial heating (analogous to structure B5 in
Figure 1) before it rearranges into core−corona micelles (B2 or
even B3/B4). For the PPO-b-PDMAEMA diblock copolymer,
the schematic description in Figure 1 ends after the formation
of the core−corona star-shaped micelle (structure B2 in Figure
1). This behavior is in contrast to the miktoarm star, which
prevents this core−corona star-shaped micellar structure but
moves immediately forward to a structure analogous to B4 in
Figure 1. This happens even without intermolecular aggrega-
tion. This is because the complexation enables a reduction of
interfacial tension and finally leads to the prevention of
aggregation. In this respect, the observed behavior is
unprecedented: whereas complexation leads to aggregation
for soluble homopolymers, the principles observed here prevent
polymer aggregation in the case of amphiphilic systems. This
behavior is summarized in Figure 12: changes in architecture
(e.g., when going from a linear to a branched structure) can

lead to completely different solution behavior. However, these
observations are not general, as complex formation for PAA-b-
PPO-b-PAA (induced by the stronger hydrogen bonding
between PAA and PPO, which probably also allows back
bending) leads initially to turbid solutions. Still, all of these
observation provide confidence that micellar core−shell−
corona structures of binary polymers (Figure 1, B3) might be
available by fine tuning the system.

■ INTERFACIAL COMPLEXATION
By discussing three architectural possibilities (statistical,
blocklike, and miktoarm star copolymers), it became clear
that block copolymers are not predestined to efficiently harvest
the complexation between weakly attractive monomers in dilute
solution. At higher concentration or especially in the bulk, there
are fewer architectural demands for the induction of complex-
ation.26,47 Therefore, we turned to other means of increasing
the spatial proximity of both complexing blocks. One possibility
would be to confine the polymer spatially, which could increase
the proximity between all components of the polymer. One
possibility of confining the polymer spatially is by bringing it
onto an interface, which reduces the spatial freedom
perpendicular to the interface: the polymer is confined in a
slitlike (pseudo-) 2D space. It was investigated whether
interfaces are capable of inducing an approach of the otherwise
(entropically) avoiding blocks by comparing the compression
(and expansion) isotherms obtained using a Langmuir trough.
Compression isotherms give information on the spatial
demands of the spread molecules at the interface and the
ability to stabilize the interface. Here, the behavior of PPO-b-
PEO, PPO-b-PDMAEMA, and PEO-b-PDMAEMA at an oil−
water interface was investigated at 35 °C. In all cases, the block
lengths were comparable. PPO is soluble in decane (and
insoluble in water under the conditions used), whereas PEO
and PDMAEMA possess an opposite solubility profile.
Surprisingly, only PPO-b-PEO is a strong amphiphile,
effectively stabilizing the interface down to rather low mean
molecular areas, mma’s. At the same time, rather high surface
pressures SP can be achieved before film collapse occurs
(Figure 13). In contrast, PPO-b-PDMAEMA is only weakly
anchored at the interface, showing the expulsion of molecules
from the interface upon compression at considerable lower SP
than those for PPO-b-PEO (structures D in Figure 13). Such
expulsion occurs at SPs comparable to those of bishydrophilic
PEO-b-PDMAEMA, though PPO-b-PDMAEMA is supposed
to be an amphiphile. Apparently, the amphiphilic behavior is
weakened, probably similarly to what was observed for the
reduction in interfacial tension upon complexation of PPO and
PDMAEMA.47 Even more surprising in the expanded state
(structures A in Figure 13), PPO-b-PDMAEMA occupies a
reduced interfacial area in comparison to PEO-b-PDMAEMA.
All of these observations are in favor of a complexation of PPO
and PDMAEMA in the diblock copolymer induced by the
presence of the interface.
Why does the interface induce complexation between PPO

and PDMAEMA? The surface energy of a clean decane/water
interface is high, and the spread polymer (even the non-
amphiphilic homopolymer) remains at the interface at low
surface coverage (in the form of a so-called pancake-like
conformation). This allows favorable contacts between the
monomeric units of the polymer and the interface. Here, the
less-polar moieties of a monomeric unit are located more in the
oil phase, whereas the more-polar parts are directed toward the

Figure 12. Internal complexation induces hydrophobicity but prevents
intermolecular aggregation (interfacial tension reduction, reprinted
with permission from ref 47, copyright 2012 American Chemical
Society).
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aqueous phase. Especially at high mma’s, the polymer chains
are rather confined to the 2D interface by their contribution to
decrease the in interfacial tension; concomitantly, their
conformational freedom is reduced considerably. As a
consequence, the monomeric units of different blocks are
now closer to each other than compared to the same polymer
within a common solvent. This allows the harvesting of the
weak attractive forces between the PPO and PDMAEMA
blocks, leading also to a more compact sandwich-like pancake
at the interface. Apparently, the presence of oil does not
strongly influence the complexing abilities between PPO and
PDMAEMA. In contrast, PPO-b-PEO and PEO-b-PDMAEMA
try to maximize the covered surface per molecule, avoiding the
sandwich structure in the expanded state. These observations
are again in line with simulation results.60

In sum, the experiments probably provide the first report on
the complexation of weakly interacting partners induced by a
liquid/liquid interface. Instead of enhancing the solubilization
of each complexant and thereby reducing the possible complex
formation by offering good solvents for each complexant (a
polar aqueous solvent for the hydrophilic PDMAEMA
component and a nonpolar solvent for the lipophilic PPO
component), the opposite is observed: complexation is
facilitated in the pseudo-2D environment of a liquid/liquid
interface. On the first level of understanding, this can be
explained by the confining effect of such a (dilute) 2D
environment, as the interacting partner is brought into closer
contact compared to the situation in bulk solution.

■ CONCLUSIONS

As an important aspect of this review, different architectural
pathways for the interaction enhancement between attractive
comonomers were described. The statistical or alternating
copolymerization is suitable for the weakest attractive
interaction between the two comonomers. This was demon-

strated for copolymers of N-isopropylacrylamide (NIPAM) and
N,N-diethyl acrylamide (DEAAM). Their respective block
copolymers do not give any indication of attraction between
DEAAM and NIPAM, whereas the proximity of DEAAM and
NIPAM and the concomitant induction of complexation in
statistical copolymers leads to a detectable depression of cloud
points in dilute solution. As an alternative, the (mutual) local
segment density can be increased by use of miktoarm stars. At
the core of the star, the availability of weakly attractive
comonomers is increased considerably, without the need to pay
a conformational (entropical) penalty as in diblock copolymers.
Then the complexation inside the miktoarm star is facilitated,
whereas the (pairwise) interaction potential needs to be
increased in order to see a similar effect for block copolymers.
However, the complexation can also be triggered by the
preassembly of the block copolymers at liquid/liquid interfaces,
whereas hardly any complexation takes place in bulk water.
This was shown for copolymers made of dimethylaminoethyl
methacrylate (DMAEMA) and propylene oxide (PO). In the
absence of solubilizing, noninteracting parts, the complexation
between equally soluble polymer constituents often leads to
complexes of low solubility/colloidal stability. In contrast, the
complexation of a soluble component with an already insoluble
polymer (which might need some time for equilibration) can
lead to complexes with increased colloidal stability or even to
soluble internal complexes carried by single polymer molecules.
In conclusion, the miktoarm architecture is best suited for

moderate interaction energies (as for PPO and PDMAEMA),
and the statistical/alternating monomer sequence is preferred
for weaker attraction (as observed for PDEAAM and
PNIPAM). Taking the competition of segregation and
complexation into account, researchers started to slowly
approach this topic, especially when a delicate and subtle
balance as a function of block length and pH influences the

Figure 13. Compression isotherms of (block) copolymers PEO114-b-PPO69 (in blue), PPO69-b-PDMAEMA100 (in red), and PEO114-b-PDMAEMA71
(in gray) at an n-decane−water interface at 35 °C: surface pressure SP against mean molecular area mma and a schematic molecular description of
the isotherm features (here, the single PEO blocks are depicted in black; the PPO, in red; and the PDMAEMA, in blue; adapted from ref 60 with the
permission of The Royal Society of Chemistry).
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complexed or segregated state of PDMAEMA-based block
copolymers in heat (together with PAA).99

We hope that all of these results will stimulate more research
in this area because other macromolecular architectures such as
graft and hyperbranched polymers could provide proximity
between weakly interacting partners in the dilute solution.
Further advances are expected because other available materials
(such as copolymer microgels with blocklike chains between
cross-links)100 might be predestined to show unexpected
effects. Also, many more polymer couples with weakly attractive
interactions are to be discovered. In this way, a better
understanding of the structure−property relationship of such
opposing effects of complexation on the interfacial tension and
on the hydrophobic/hydrophilic balance would be helpful. We
assume that simulation efforts could contribute significantly to
advance this area of research. Then, the classical micellization
scheme could be tremendously expanded, yielding new self-
assembled entities with novel structures and properties. Those
could help to fine tune the swelling or guest release profiles due
to the complex-induced multicompartmental structures. Here, a
fine tuning of the interaction strength would be beneficial,
which might lead in the end to reversible switching between
segregation and complexation. Finally, the unprecedented
structures could also be preserved with the help of sophisticated
cross-linking chemistry. We hope that this research opens a
toolbox suitable for the precise engineering of interaction
patterns and novel macromolecular structures. Then, we expect
new applications to be at hand in a short time.
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