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a  b  s  t  r  a  c  t

Stimuli-responsive  block  copolymers  that  exhibit  multiple  thermal  transitions  are  an
emerging  topic,  important  for understanding  thermo-sensitive  self-assembling  processes
and furthermore,  for developing  interesting  molecular  devices.  This  review  describes
synthetic  strategies  for building  di-  and  multiblock  copolymers  composed  of several
thermo-responsive  segments  that  provide  multiple  transitions.  The  structural  and  com-
positional  factors  that  affect  the  transition  temperatures  (upper  or lower  critical  solution
temperatures,  UCST  and  LCST)  are  discussed.  The  aggregation  behavior  is  highlighted
through  several  examples  of  diblock  and  multiblock  copolymers  showing  sequential  ther-
mal transitions.
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1. Introduction

Stimuli-sensitive or so-called “smart” polymers that
are capable of undergoing a transition from hydrophilic
to hydrophobic in response to an external stimulus
have been investigated and reviewed extensively [1–6].
While most of the fundamental studies have focused on
thermo-responsive systems with a single phase transition
temperature, more complex tailored polymers with multi-
ple transitions between soluble and insoluble states have
recently been designed and studied for better understand-
ing of the structural effects on phase transitions, necessary
for developing interesting molecular devices [7,8]. Recent
reviews have highlighted the advances in multi-stimuli
responsive systems capable of multiple phase transitions
in response to other types of stimuli, such as pH, ionic
strength, light, magnetic fields, enzymatic action or redox
agent [9–14], but less emphasis has been put on the
emerging systems that can exhibit stepwise temperature-
sensitive phase transitions. Therefore, these systems will
be the focus of this review. Some of the suggested applica-
tions of stimuli-responsive materials lie in biomedical and
pharmaceutical fields, such as gene or drug delivery, cell
carrier systems and imaging [15–21], analytical field, such
as chromatography and biosensing [22], and membrane
and separation technology [23–25]. Many of these applica-
tions require controlled interactions with (bio)molecules
and a precise non-linear response to the stimuli. Advanced
synthetic techniques have given researchers a toolkit
to design copolymers with pre-defined distributions of
responsive and functional segments that could eventually
fulfill such requirements.

The thermo-responsiveness of polymers may  be gen-
erally described by two threshold temperatures. The
polymers are soluble at all compositions above the upper

critical solution temperature (UCST) and below the lower
critical solution temperature (LCST). There are considerably
fewer reports on the UCST-type systems in aqueous solu-
tions [26] than on polymers exhibiting the LCST transition.
The latter type of behavior is attributed to a local struc-
tural transition involving water molecules that surround
specific segments of the polymer, which depends on the
delicate balance between polymer-solvent hydrogen bond-
ing and hydrophobic and hydrophilic polymer-polymer
interactions [1]. However, simply analyzing the balance
of hydrophobic and hydrophilic molecular fragments does
not always predict the exact LCST [27], as it is affected also
by other factors, such as molar mass, polymer architec-
ture, end groups, neighboring blocks and possible linkers
in the case of block copolymers, concentration, spatial
separation between the comonomers, and the presence
of salts or additives [1,28,29]. The order of hydrophilic
and hydrophobic segments in multiblock systems can be
controlled by block copolymerization, and amphiphilic
or double-hydrophilic thermo-responsive diblock copoly-
mers exhibiting a single thermal transition have been
widely studied, particularly for their self-assembling char-
acteristics [30–34]. Di- or multiblock copolymers with at
least two blocks that show well distinguishable LCSTs
enable sequential changes in amphiphilicity and thus,
graded temperature-controlled self-assembling behavior
in aqueous solutions.

In this review, we  will first present the synthetic
strategies for building thermo-responsive di- and multi-
block copolymers, focusing especially on the controlled
syntheses of systems that consist of several thermo-
responsive segments in the same polymer. We  will then
review the factors that influence the phase transition tem-
peratures and how these can be used in tailoring the
thermo-responsive self-assembling behavior. Finally, the
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