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The thermoresponsive dispersion properties of triarm-
shaped diblock copolymers of thermoresponsive poly(N-iso-
propylacrylamide) {poly(NIPAAm)} as a core unit and poly(/N-
hydroxyethylacrylamide) {poly(HEAAm)} as a hydrophilic
outer shell were investigated. The core and the outer shell were
synthesized by atom-transfer radical polymerization (ATRP).
The block polymer was completely dissolved in water up to
107°M with no turbidity even above lower critical solution
temperature (LCST). Above the LCST (ca. 33.6°C) polymer
aggregates, in which the NIPAAm moiety was shrunk and
formed a hydrophobic core, were monitored by dynamic light
scattering measurements, while no signal was observed below
the LCST. The size of globular aggregates with diameter in the
range 35 to 170 nm was kinetically controlled by incubation in
the transition-temperature region near the LCST. The size was
stable above that temperature region.

Recently, much attention has been directed to synthesis of
block copolymers!— composed of a water-soluble segment and/
or a thermoresponsive segment, with the expectation of their
showing intelligent properties including thermally induced self-
assembly in water.' The remarkable progress that has been
made recently in controlled radical polymerization (CRP),*3
including atom-transfer radical polymerization (ATRP),>-'6
allows structural design of block polymers with infinite variety
in terms of monomer selection, shape, and molecular weight of
each block. As a thermoresponsive segment, poly(NIPAAm) is
the most utilized polymer, with lower critical solution temper-
ature (LCST) of about 32°C. Various poly(NIPAAm)-based
block copolymers combined with hydrophobic polymers®!4
or hydrophilic polymers with linear (AB and ABA types),'°
triarm,'!> multiarm,'” and dendritic'® structures have been
synthesized. The aim has been to investigate thermoresponsive
properties as aqueous dispersions, micellar assemblies (nano-
particles), and gel systems for potential applications such as drug
and gene nanocarriers.'

In this communication, we report the preparation, character-
ization, and dispersion properties of a triarm-shaped diblock
copolymer of thermosensitive NIPAAm and hydrophilic
HEAAm as inner and outer blocks, respectively.

As one of the simplest multiarm thermosensitive unimers
(an isolated form in aqueous solution), a triarm block polymer
was designed in which each arm consisted of an inner
thermosensitive poly(NIPAAm) block and an outer hydrophilic
poly(HEAAm) block. The thermosensitive unimer dissolved in
water even at temperatures above the LCST, at a certain
concentration, to reveal the phase transition of NIPAAm units
in a homogeneous dispersion. Cao and his colleagues'' have
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Scheme 1. Reaction scheme for the synthesis of triarm poly-
(NIPAAm-b-HEA Am) diblock copolymer through atom transfer
radical polymerization.

reported similar but inverse triarm-shaped block polymers
consisting of inner hydrophilic poly(2-hydroxyethyl methacry-
late) {poly(HEMA)} and outer poly(NIPAAm) blocks. They
reported a sol-gel transition of the polymers induced by the
LCST. In addition, poly(HEAAm) reveals good water solubility
compared with poly(HEMA), which does not dissolve in water.

A schematic synthetic route for the preparation of the triarm
block polymer is shown in Scheme 1. 1,3,5-Benzenetriyl tris(2-
bromo-2-methylpropanoate), as a trifunctional initiator, was first
synthesized by esterification from 1,3,5-benzenetriol and 2-
bromo-2-methylpropionyl bromide. Polymer II was prepared by
successive ATRP of NIPAAm and HEAAm via polymer I.
ATRP with NIPAAm and HEAAm was conducted in a mixture
of dimethyl sulfoxide (DMSO) and isopropanol at 40 °C, and
in aqueous ethanol (ethanol:water = 4:1) at 20 °C to produce
polymer I and polymer II, respectively. In both ATRP reactions
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1,1,4,7,10,10-hexamethyltriethylenetetramine  (HMTETA) and
Cu'Br were used as ligand and catalyst, respectively. The degree
of polymerization of NIPAAm and HEAAm units was estimated
from 'HNMR analysis as triarm poly(NIPAAm225); I and
triarm poly(NIPAAmM225-b-HEAAmS547); II. The overall M,
value of the block copolymer was 266000 gmol~".

The dispersion properties of the triarm polymers I and II
revealed dependences on both concentration and temperature.
Below the LCST, triarm poly(NIPAAm); I and triarm poly-
(NIPAAm-b-HEAAm); II dissolved completely in pure water.
As expected, an aqueous solution of triarm poly(NIPAAm);
I changed from transparent to turbid when the temperature
exceeded the LCST, due to macroscopic aggregation by
dehydration of NIPAAm units.

The aqueous solution of block copolymer II was transparent
in the temperature region from 20 to above 60 °C. The solution
did not show any obvious change at concentrations up to 107 M
(0.25mgmL™"), indicating that the increased hydrophilicity of
outer HEAAm chains facilitate the dispersibility of polymer II.
The dispersion properties of polymer II at lower concentration
were investigated using dynamic light scattering'® (DLS, ELS-
8000, Otsuka Electronics Co., Ltd., Japan). On the basis of
preliminary experiments, we selected 0.1mgmL~' (3.76 x
10~7M) as a moderate concentration of polymer II in aqueous
solution, because 10~ M was too low to monitor by DLS, and
obvious macroaggregation was observed above 107°M even
below the LCST.

Below the LCST, at 3.76 x 10~’M DLS could not detect
polymer II. When the temperature was increased very slowly
(typically <0.1°Cmin~"), the DLS signal began to be observ-
able from 33.6 °C, although no DLS signal was observed below
33.5°C. Figure 1 shows the temperature dependence of the
aggregate size of polymer II for very slow heating. Each size
observed was stable for a longer time in a steady state after
incubation. The size of the aggregates increased with increasing
temperature and eventually reached a maximum of ca. 170 nm.
These observations indicate that the aggregate size was
thermodynamically controlled in the transition temperature
region. The aggregates were incubated in the transition temper-
ature region marked as the highlighted area in Figure 1 but not at
higher temperatures.

Interestingly, at temperatures above 37°C, no growth of
the aggregates was observed. The hard NIPAAm core was
protected by outer hydrophilic polymer chains, thus avoiding
further intra-macromolecular fusion. Moreover, in the transition
temperature region near the LCST, the NIPAAm polymer core
was unstable and half expanded with solvent but was not as
rigid as “shrunk™ cores at temperatures above the LCST. The
half expanded NIPAAm core is crucial to producing the
aggregates.

Figure 2 shows typical size distributions of polymer II
prepared in different heating conditions. When the solution
was incubated for 30min at 33.6 and 37.0°C, aggregates
with average diameter ca. 100 and 170nm, respectively, were
observed (Figures 2A and 2B), as thermodynamically stable
states. The sizes of the aggregates were also controlled kineti-
cally in terms of heating rates. Instantaneous heating allowed
control of the size of aggregates of polymer II. The size
decreased with increasing rate of temperature change. For
instance, when the solution at 25 °C was suddenly immersed in a
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Figure 1. Variation of aggregate size of block copolymer II
(0.1 mgmL~" aqueous solution) with temperature, measured by
DLS at heating rate <0.1°Cmin~".
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Figure 2. DLS size measurements of polymer II in aqueous
solution at 33.6 (A) and 40 °C (B, C, and D), prepared by slow
heating at ca. 0.1°Cmin~' (A, B) and rapid heating (C, D). In
the heating conditions for C and D, the solution was suddenly
immersed into a preheated 40 °C water bath and a boiling water
bath, respectively.

bath at 40°C for heating relatively quickly, aggregates with
smaller size (70 nm) were observed (Figure 2C). The minimum
size, 35nm, was observed at 40°C for a solution heated as
rapidly as possible by immersion in boiling water (Figure 2D).
After thermal shock, the sizes were stable at temperatures above
37°C for at least 12 h. These results indicate that the aggregate
size was determined by the process occurring in the transition
temperature region, 33.6 to 37 °C, and isolated aggregates were
stable above 37 °C.
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Figure 3. Schematic representation of the aqueous dispersion
properties of triarm block polymer II, induced by thermores-
ponsible phase transition of NIPAAm units.

Figure 3 shows a schematic representation of the depend-
ence of the aggregation properties of polymer II on the thermo-
sensitive conformational change of NIPAAm. In the case of slow
heating, the increment of globular size is due to kinetically
controlled aggregation of the polymers. In the transition temper-
ature region (from 33.6 to 37°C), the aggregate size of the
polymer gradually increased with lapse of time and reached a
thermodynamically controlled maximum size. The driving force
of aggregation was the hydrophobicity of NIPAAm units.

The maximum aggregate size is related to the chemical
design of the triarm polymer. The maximum size is self-limited
thermodynamically by maintaining microseparation of the
hydrophilic HEAAm shell and hydrophobic NIPAAm core in
the aggregates.

Instantaneous heating with the shortest elapsed time gave
the minimum size of polymer II, ca. 35nm diameter. From
volume calculation, the number of aggregates with minimum
globule size (35 nm) was more than 100 times smaller than the
number of aggregates with maximum size (170nm).'® The
minimum size aggregates may contribute to oligomeric aggre-
gates or an isolated shrunk unimer.?

In conclusion, we have demonstrated thermodynamic and
kinetic control of the aggregate size of the triarm poly-
(NIPAAm-b-HEAAm); diblock copolymer II. The aggregate
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sizes of the polymer II were controllable by setting of sojourn
time in incubation temperature region, and the aggregates
formed were stable at above the incubation temperature. The
polymer should have potential in the biomedical field for
applications such as temperature-sensitive drug delivery systems
or embolic agents.
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